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The T-box transcription factor TBX1 has critical roles in the cardiopharyngeal lineage and the gene is haploinsufficient in DiGeorge syndrome, a typical developmental anomaly of the pharyngeal apparatus. Despite almost two decades of research, if and how TBX1 function triggers chromatin remodeling is not known. Here, we explored genome-wide gene expression and chromatin remodeling in two independent cellular models of Tbx1 loss of function, mouse embryonic carcinoma cells P19Cl6, and mouse embryonic stem cells (mESCs). The results of our study revealed that the loss or knockdown of TBX1 caused extensive transcriptional changes, some of which were cell type-specific, some were in common between the two models. However, unexpectedly we observed only limited chromatin changes in both systems. In P19Cl6 cells, differentially accessible regions (DARs) were not enriched in T-BOX binding motifs; in contrast, in mESCs, 34% (n = 47) of all DARs included a T-BOX binding motif and almost all of them gained accessibility in Tbx1–/– cells. In conclusion, despite a clear transcriptional response of our cell models to loss of TBX1 in early cell differentiation, chromatin changes were relatively modest.

Keywords: TBX1, chromatin accessibility, transcriptional response, DiGeorge syndrome, embryonic stell cell


INTRODUCTION

TBX1 is a transcription factor encoded by a gene that is haploinsufficient in DiGeorge/22q11.2 deletion syndromes and in the mouse (Greulich et al., 2011; McDonald-McGinn et al., 2015; Baldini et al., 2017). It is a critical player in the development of the pharyngeal apparatus, which gives rise to organs and structures that are affected by many birth defects. The mechanisms by which TBX1 regulates transcription are only now beginning to emerge, but many questions remain. It binds DNA to a typical T-BOX consensus motif (Castellanos et al., 2014; Fulcoli et al., 2016), and interacts with transcription regulators such as chromatin remodeling complexes, histone modifiers, as well as repressive co-factors (Stoller et al., 2010; Okubo et al., 2011; Chen et al., 2012; Fulcoli et al., 2016), and positively regulates H3K4 monomethylation (Fulcoli et al., 2016). In the mouse, Tbx1 is expressed early in development (from around E7.5) in the cardiopharyngeal mesoderm, the developing anterior foregut/pharyngeal endoderm and in the surface ectoderm. Timed-deletion of the gene has revealed a requirement as early as E7.5–E8.0 (Xu et al., 2005) for the development of the 4th pharyngeal arch artery that will form much later. While this phenomenon could be explained by a number of mechanisms, one possibility is that TBX1 primes enhancers for downstream activation or repression, thereby creating asynchrony between the time of requirement and the phenotypic consequences. To address this issue, we have used two cellular models that respond transcriptionally to Tbx1 gene dosage, mouse P19Cl6 and embryonic stem cells (mESCs), but that are at an early stage of differentiation, and we tested the effects of Tbx1 inactivation on transcription and on chromatin remodeling. mESCs (Tbx1+/+ and Tbx1–/–) were subjected to a widely used cardiac mesoderm differentiation protocol (Kattman et al., 2011) and selected using a fluorescence activated cell sorting (FACS) approach. We selected a subpopulation that expresses the highest level of Tbx1 and pursued it for ATAC-seq (Buenrostro et al., 2015) and RNA-seq. The results obtained from the two cellular models indicate that TBX1 inactivation does not have a strong effect on chromatin remodeling at the differentiation stages tested despite having significant effects on transcription. We discuss possible mechanisms to explain our results.



MATERIALS AND METHODS


P19Cl6 Cells

We plated 5 × 105 cells in a 35-mm dish in Dulbecco-Modified Minimal Essential Medium supplemented (Sigma-Aldrich #M4526) with 10% fetal bovine serum (Gibco #10270106). After 24 h, at confluence, we added 10 uM 5-Azacytidine (5-Aza, Sigma-Aldrich #A2385) to induce differentiation. For ATAC-seq, cells were harvested after a further 24 h. For quantitative ATAC experiments in time course, 24 h after 5-Aza treatment we replaced the media with fresh media containing 1% DMSO. Samples for qATAC were harvested 13 h after transfection (T1), 24 h after 5-Aza induction (D1), and 24 h after DMSO treatment (D2).



Mouse Embryonic Stem Cells (mESCs)

E14-Tg2a mESCs were cultured without feeders and maintained undifferentiated on gelatin-coated dishes in GMEM (Sigma Cat# G5154) supplemented with 103 U/ml ESGRO LIF (Millipore, Cat# ESG1107), 15% fetal bovine serum (ES Screened Fetal Bovine Serum, US Euroclone Cat# CHA30070L), 0.1 mM non-essential amino acids (Gibco, Cat# 11140-035), 0.1 mM 2-mercaptoethanol (Gibco, Cat# 31350-010), 0.1 mM L-glutamine (Gibco, Cat# 25030081), 0.1 mM Penicillin/Streptomycin (Gibco, Cat# 10378016), and 0.1 mM sodium pyruvate (Gibco, Cat# 11360-070). The cells were passaged every 2–3 days using 0.25% Trypsin-EDTA (1X) (Gibco, Cat# 25200056) as the dissociation buffer.

For differentiation, E14-Tg2a mESCs were dissociated with Trypsin-EDTA and cultured at 75,000 cells/ml in serum-free media: 75% Iscove’s modified Dulbecco’s media (Cellgro Cat# 15-016-CV) and 25% HAM F12 media (Cellgro #10-080-CV), supplemented with N2 (GIBCO #17502048) and B27 (GIBCO #12587010) supplements, penicillin/streptomycin (GIBCO #10378016), 0.05% BSA (Invitrogen Cat#. P2489), L-glutamine (GIBCO #25030081), 5 mg/ml ascorbic acid (Sigma A4544) and 4.5 × 10–4 M monothioglycerol (Sigma M-6145). After 48 h in culture, the EBs were dissociated with trypsin-EDTA and reaggregated for 40 h in serum-free differentiation media with the addition of 8 ng/ml human activin A (R&D Systems Cat#. 338-AC), 0.5 ng/ml human BMP4 (R&D Systems Cat# 314-BP), and 5 ng/ml human VEGF (R&D Systems Cat#. 293-VE). The 2-day-old EBs were dissociated and 6 × 104 cells were seeded onto individual wells of a 24-well plate coated with 0.1% gelatin in StemPro-34 medium (Gibco #10639011), supplemented with SP34 supplement, L-glutamine, 5 mg/ml ascorbic acid, 5 ng/ml human-VEGF, 10 ng/ml human bFGF (R&D Systems 233-FB-025), and 50 ng/ml human FGF10 (R&D Systems 338-FG-025). After 48 h, we added new StemPro-34 media, supplemented with SP34 supplement, L-glutamine, 5 mg/ml ascorbic acid and kept for 96 h. We harvested cells for RNA-seq and ATAC-seq analysis at day 4 of differentiation (Figure 1A).


[image: image]

FIGURE 1. Experimental protocols and reagents used in this study. (A) Top: differentiation protocols for P19Cl6 cells, transfected with Tbx1-targeted or non-targeted siRNA. Cells were assayed at day 1 of differentiation. Bottom: differentiation protocol used for mES cells. Cells were assayed at day 4. (B) Representative plot of the gating strategy used for immunophenotyping of cells during mES differentiation. The PDGFRA+; KDR–, PDGFRA+; KDR+, PDGFRA–; KDR+ subpopulations were identified at day 4 of differentiation by FACS using anti-PGFRA and anti-KDR antibodies. (C) Quantitative real time PCR. Tbx1 expression was evaluated in the three subpopulations and in unsorted cells (Tot.). P, PDGFRA; K, KDR. (D) Strategy to generate a knockout allele of Tbx1 using CRISPR-Cas9 and homologous recombination. The top line shows the WT sequence of ex 3/7 (or 5/9). In yellow, the gRNA sequence; in italic the PAM sequence, CGG. The two intermediate lines indicate the predicted amino acid sequences. The bottom line indicates the sequence of the recombinant allele. WT sequence is shown in uppercase; the sequence inserted by homologous recombination is shown in lowercase, this includes a V5 tag (underlined), a stop codon, and a diagnostic EcoRI digestion site (in bold). (E) PCR amplification of the targeted region from Tbx1 homozygous clones 4D and 5H, and from WT digested with EcoRI. (F) Tbx1 expression revealed by reverse transcription PCR. Left panel: PCR of samples collected at the differentiation stages indicated on WT mES cells. At day 4, the analysis was performed on total populations (T) and on FACS-purified subpopulations. The right panel shows the same experiment performed using the Tbx1–/– clone 5H. P, PDGFRA; K, KDR.




CRISPR-Cas9-Mediated Targeting of mESCs

Tbx1 knockout was induced in E14-Tg2a using Alt-RTM CRISPR-Cas9 System (IDT) following the manufacturer’s specifications. This genome editing system is based on the use of a ribonucleoprotein (RNP) consisting of Alt-R S.p. Cas9 nuclease complexed with an Alt-R CRISPR-Cas9 guide RNA (crRNA:tracrRNA duplex). The crRNA is a custom synthesized sequence that is specific for the target (Tbx1KO:/AltR1/rUrG rGrCrC rGrArG rUrArC rArCrU rArCrC rArCrC rGrUrU rUrUrA rGrArG rCrUrA rUrGrC rU/AltR2/) and contains a 16 nt sequence that is complementary to the tracrRNA. Alt-R CRISPR-Cas9 tracrRNA-ATTO 550 (5 nmol catalog no. 1075927) is a conserved 67 nt RNA sequence that is required for complexing to the crRNA so as to form the guide RNA that is recognized by S.p. Cas9 (Alt-R S.p. Cas9 Nuclease 3NLS, 100 μg catalog no. 1081058). The fluorescently labeled tracrRNA with ATTOTM 550 fluorescent dye is used to FACS-purify transfected cells. The protocol involves three steps: (1) annealing of the crRNA and tracrRNA, (2) assembly of the Cas9 protein with the annealed crRNA and tracrRNAs, and (3) delivery of the ribonucleoprotein (RNP) complex into mESC by reverse transfection. Briefly, we annealed equimolar amounts of resuspended crRNA and tracrRNA to a final concentration (duplex) of 1 μM by heating at 95°C for 5 min and then cooling to room temperature. The RNA duplexes were then complexed with Alt-R S.p. Cas9 enzyme in OptiMEM media to form the RNP complex, which was then transfected into mESCs using the RNAiMAX transfection reagent (Invitrogen). After 48 h incubation, cells were trypsinized and ATTO 550 + (transfected) cells were purified by FACS. Fluorescent cells (approximately 65% of the total cell population) were plated at very low density to facilitate colony picking. We picked and screened by PCR 96 clones. Positive clones were confirmed by DNA sequencing.



Fluorescence Activated Cell Sorting (FACS)

For FACS, EBs were collected and allowed to settle by gravity. After washing with PBS, the cells were dissociated using the Embryoid Body dissociation kit (cod. 130-096-348 Miltenyi Biotec) according to the manufacturer’s protocol. Dissociated cells (1 × 106 cells/100 μl) were incubated with primary antibodies (PDGFRα-APC, mouse cod.130-102-473; KDR VEGFR2-PE (KDR), mouse cod. 130-120-813 Miltenyi Biotec) directly conjugated (1:50) in PBS-BE solution (PBS, 0.5%BSA, 5 mM EDTA) for 20 min on ice. Subsequently, cells were washed twice with 2 ml of PBS-BE. Cells were sorted using the BD FACS ARIAIIITM cell sorter.

Total RNA was isolated using QIAzol lysis reagent (QIAGEN) and for qRT-PCR it was reverse-transcribed using the High Capacity cDNA Reverse Transcription kit (Applied Biosystem catalog no. 4368814). Quantitative real-time PCR was performed using SYBR Green PCR master mix (Applied Biosystem catalog no. 4309155). Relative gene expression was evaluated using the 2−ΔCT method, and Gapdh expression as the normalizer. Primer sequences are listed on Table 1.


TABLE 1. Primer sequences.
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ATAC-seq Assay

Differentiated P19Cl6 cells and mESCs were collected and then washed two times in PBS, harvested, counted using a hemacytometer chamber and pelleted. 50.000 cells/sample for P19Cl6 and 15.000 cells/sample for mESC were treated with Tagment DNA Buffer 2x reaction buffer with Tagment DNA Enzyme (Illumina) according to the manufacturer’s protocol. After washes in PBS, cells were suspended in 50 μL of cold lysis buffer (10 mM Tris-HCl, pH 7.4, 10 mM NaCl, 3 mM MgCl2, 0.1% IGEPAL CA-630) and immediately spun down at 500 × g for 10 min at 4°C. Fresh nuclei were treated with Transposition mix and Purification (Illumina #FC121-130), the nuclei were incubated at 37°C in Transposition Reaction Mix (25 μL reaction buffer, 2.5 μL Transposase, 22.5 μL Nuclease free water), purified using Qiagen MinElute PCR Purification Kit (catalog no./ID: 28006) and eluted in 10 μL of nuclease free water. Sequencing libraries were prepared from linearly amplified tagmented DNA. Fragmentation size was evaluated using the Agilent 4200 TapeStation. We sequenced two biological replicates for each experimental point. Sequencing was performed with an Illumina NextSeq500 machine, in paired-end, 60 bp reads.



Quantitative PCR ATAC (qATAC)

P19Cl6 cells were plated at a density of 5 × 105 cells per well on a 35-mm tissue culture dish containing 25 pmol of a pool of Silencer Select Pre-Designed Tbx1 siRNA (Life Technology), non-targeted control (Life Technology) and 7.5 μl of RNAiMAX Reagent (Life Technology) diluted in 500 μl of Opti-MEM Medium (Thermo Fischer #31985062). We collected samples at three time points (see P19Cl6 paragraph above and scheme on Figure 4A). For each time point we assayed two biological replicates. Cells were collected, washed, trypsinized and counted. Chromatin from 5 × 104 cells was then tagmented, purified and used for quantitative PCR evaluation. To this end, we have used loci bound by TBX1 (Fulcoli et al., 2016) and located in open chromatin. For real-time PCR, we used biological duplicates for each time point and each duplicate was divided into two technical replicates. Two different controls were used: Gapdh promoter (positive control) representing open chromatin, and a desert island locus (negative control), which does not contain any genes in a range of about 80 kb. Quantification was performed using 2−ΔCT calculation relative to Gapdh promoter (positive control). The data are expressed as the average of two biological replicates and the standard deviation. Primer sequences are reported on Table 1.

RNA was also extracted from each sample and the expression of genes associated with the above loci was evaluated using real-time reverse transcription PCR (qRT-PCR). Quantitation was performed using relative quantification (RQ) and calculated with the standard error of the mean of two biological replicates.



RNA-seq

mESCs in dishes were washed with cold PBS to which 1 mL of Trizol was added. Lysates were harvested and vortexed in order to promote the lysis of cells. 200 μL of chloroform was added to 1 mL of lyste in order to separate the phases. The mixture was centrifuged at 12000 g for 15 min. The upper phase was removed and transferred into a new tube containing 500 μL of isopropanol and the solution was incubated for 20 min at room temperature. After 20 min the solution was centrifuged for 10 min at 12000 g. Pelleted RNA was washed twice with Ethanol 80% and centrifuged for 5 min at 7500 g. Pellet were resuspended, and the concentration was estimated using a Nanodrop. Libraries were prepared according to the Illumina strand specific RNA-seq protocol. Libraries were sequenced on the Illumina platform NextSeq 500, in paired end, 75 bp reads.



RNA-seq and ATAC-seq Data Analysis

Expressed and differentially expressed (DE) genes related to the analysis of the RNA-seq samples in the P19Cl6 cellular model were retrieved from published datasets (Fulcoli et al., 2016). Mouse ESCs RNA-seq raw sequences were first evaluated for quality using FastQC1, then mapped to the mouse genome (mm9) using TopHat2 2.0.14 (Kim et al., 2013) with -r 170 –mate-std-dev 50 –transcriptome-index transcriptome –library-type fr-secondstrand -N 3 –read-edit-dist 5 and all other parameters as default. The transcriptome was built using the Mus_musculus.NCBIM37.67.gtf annotation downloaded from the ensemble database2. Only uniquely mappable sequences were retained for further analysis. For each sample, the gene expression was quantified in terms of raw counts using HTseq 0.7.1 (Anders et al., 2015) with -m intersection-nonempty -s reverse for all annotated genes. The next analysis was carried out using RNASeqGUI 1.2.1 (Russo et al., 2016), where the expressed genes were first selected using the proportion test, then the raw counts were normalized using the upper quartile method. Finally, the DESeq2 module was used to identify differentially expressed (DE) genes. Genes with adjusted p-values < 0.05 were considered DE. Pathway analysis was carried out for both cellular models using gprofiler2 (Raudvere et al., 2019), with the expressed genes as background and a threshold of 0.05 for the FDR value.

For ATAC-seq analysis, FastQC quality check showed 10–20% contamination of Nextera Transposase Sequence primers (Turner, 2014) in the range 33 to 47 bp. We removed these sequences using cutadapt (Martin, 2011) with the following option -a CTGTCTCTTATACACATCTCCGAGCCCACGAGAC -A CTGTCTCTTATACACATCTGACGCTGCCGACGA. Sequences were then aligned to the mouse genome (mm9) using Bowtie2 2.3.4.3 (Langmead and Salzberg, 2012) with the default parameters. Only uniquely mappable reads were retained. A customized R script was used to remove reads with mates mapping to different chromosomes, or with discordant pairs orientation, or with a mate-pair distance > 2 kb, or PCR duplicates (defined as when both mates are aligned to the same genomic coordinate). Reads mapping to the mitochondrial genome were also removed. Coverage heat-maps and average enrichment profiles (TSS ± 10 kb) in each experimental condition were obtained using ngs.plot (Shen et al., 2014) and evaluated on the expressed genes of the cellular models.

ATAC peaks were identified using MACS2 2.1.2.1 (Feng et al., 2012) with the option –nomodel –shif100 –extsize 200 that are the suggested parameters to handle the Tn5 transposase cut site. In particular, peak calling was performed independently on each ATAC-seq sample of the P19Cl6 cellular model. Then, for each condition a consensus list of enriched regions was obtained using the intersectBed function from the BedTools 2.29 (Quinlan and Hall, 2010), with the default minimum overlap and retaining only the peak regions common to both replicates. In contrast, for the mouse ES cellular model, due to the lower coverage, the two replicates were first merged into a single signal, after which MACS2 was applied to the pooled samples for each experimental condition.

For the P19Cl6 ATAC cellular model, unless otherwise specified, differentially enriched regions (DARs) were obtained using DEScan2 1.6.0 (Righelli et al., 2018) by loading all of the MACS2 peaks, and performing the peak consensus with the finalRegions function (zThreshold = 1, minCarriers = 2 parameters) and using edgeR with estimateDisp, glmQLFit (robust = TRUE parameter), glmQLFTest, in this order and with the defaults parameters. For the pooled mouse ES samples, the function sicer_df (Zang et al., 2009) was used to identify the DARs, setting 200, 400, 0.00001, 0.0001 as parameters for window size (bp), gap size (bp), and FDR_vs_Input, FDR, respectively.

Peaks, consensus peaks, and DARs were annotated with genes using ChIPseeker 1.22 (Yu et al., 2015) by associating to each peak/region the nearest gene, setting the TSS region [−3000, 3000] and downloading the annotation “may2012.archive.ensembl.org” from Biomart (using the makeTxDbFromBiomart function) and the org.Mm.eg.db database. Finally, the annotated genes were intersected with the DE genes.

For both cellular models, transcription factor binding motifs were obtained using the findMotifsGenome program of the HOMER suite3.

Volcano plots, pie-charts, and other data reshaping were performed using standard R-scripts.

Overlaps among different regions were identified using the intersectBed function from the BedTools 2.29, with default minimum overlap and reporting each original entry once.




RESULTS


Cell Differentiation Models

P19Cl6 cells were subjected to a differentiation protocol that has been previously described (Mueller et al., 2010) (Figure 1A). Cells were transfected with scrambled or Tbx1-targeted siRNAs, harvested at day 1 of differentiation and processed for ATAC-seq in two biological replicates.

Mouse ES cells were targeted using CRISPR-Cas9 in order to generate a homozygous Tbx1 loss of function mutation by inserting multiple stop codons and polyA signals into exon 5 by homologous recombination. We obtained two correctly targeted homozygous mutant clones and selected one of them (5H) for further experiments because it did not express any Tbx1 mRNA (Figures 1D,E). Clone 5H and the parental cell line (WT) were subjected to a differentiation protocol (Kattman et al., 2011) according to the scheme shown in Figure 1A. WT cells expressed Tbx1 at day 4, while no expression was detected in Tbx1–/– cells (Figure 1F).

To enrich for Tbx1-expressing cells, we subdivided the population of mES cells by FACS using the standard markers PDGFRA and KDR (a.k.a. VEGFR2) at day 4 of differentiation (Figure 1B). We extracted RNA from sorted populations, KDR+; PDGFRa−, KDR+; PDGFRa+, KDR−; PDGFRa+, and from the total, unsorted population. qRT-PCR showed that by far the highest expression of Tbx1 was in the KDR−; PDGFRa+ population (Figure 1C). The same fractionation was performed on Tbx1–/– 5H cells and we found that the quantitative distribution of cells in the fractions was similar (Supplementary Figures S1, S2). We selected this subpopulation for further experiments solely on the basis of Tbx1 gene expression, as we aimed at capturing cells at the earliest time point with robust expression of this gene. Therefore, ATAC-seq and RNA-seq assays were performed using KDR−; PDGFRa+ day 4 cells from the WT and Tbx1–/– lines, in two biological replicates.



Chromatin Accessibility Assay


P19Cl6 Cells

Control (scrambled siRNA treated) and Tbx1 depleted (Tbx1KD) cells exhibited a similar distribution and intensity of ATAC-seq signal, which was mostly localized to the promoter region of genes, as expected (Figures 2A–C).
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FIGURE 2. ATAC-seq data using P19Cl6 cells differentiated at Day 1. (A) Heat maps of signal distribution around the transcription start site (TSS) ± 10000 bp of 14476 expressed genes in two control (NT, non-targeted siRNA) and two Tbx1KD (SIT) replicates. (B) Average profiles of enrichment at the TSS in control and Tbx1KD cells. Note the similar distribution of all four samples. (C) Pie charts illustrate the distribution of ATAC-seq consensus peaks relative to gene features. The distributions are very similar in controls (nt, number of consensus peaks = 23759) and Tbx1KD cells (siT, number of consensus peaks = 26847).


We next compared ATAC-seq data with TBX1 ChIP-seq data previously reported for this cell line, and under the same differentiation conditions (Fulcoli et al., 2016). Surprisingly, we found that only 80 ATAC peaks (out of a total of 23759 non-targeted siRNA peaks) overlapped with 72 TBX1 ChIP-seq peaks (3% of the 2388 TBX1 peaks), indicating that most TBX1 binding sites are located in closed chromatin, i.e., ATAC-negative.

We next compared chromatin accessibility profiles in control and Tbx1KD cells in order to identify differentially accessible regions (DARs) between the two conditions. We found a total of 177 DARs, of which, 72 (41%) had reduced accessibility and 105 (59%) had increased accessibility following Tbx1 knockdown (Figure 3A). The 177 DARs were annotated with 175 distinct genes, according to Ensembl gene ID (Supplementary Table S1). Comparison of this gene list with previously identified differentially expressed genes (DEGs) (Fulcoli et al., 2016) revealed that only 16 (9%) were differentially expressed (Figure 3A,B, list in Supplementary Table S1); thus, in most cases, chromatin changes identified in our dataset were not associated with transcriptional changes measured by RNA-seq. We examined the distribution of DARs relative to gene features (Figure 3C) and found that compared to the distribution of all peaks in the WT population (Figure 2C), there was a relatively low presence in the promoter regions (32.2 vs. 61.1%) and a relatively higher representation in distal intergenic regions (42.9 vs. 25.8%).
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FIGURE 3. Analysis of differentially accessible regions (DARs) in Tbx1KD vs. control P19Cl6 cells. (A) Volcano plot of all peaks. Regions with significantly different accessibility are indicated as black dots. Red dots indicate DARs associated with differentially expressed genes (DEGs). (B) The Venn diagram intersects DEGs with genes associated with DARs. There were 16 genes in common between the two groups. (C) Pie chart showing the distribution of the 177 DARs relative to gene features. Note the reduced representation of promoter regions and a relatively higher representation of distal intergenic regions compared to the general populations of peaks shown in Figure 2C. (D) Logos of the most significantly enriched motifs detected in the 177 DARs.


Analysis of DAR sequences identified a set of known motifs of transcription factors with homeodomains (OCT4, NANOG), high mobility group domains (SOX2, SOX17, SOX15), and zinc finger domains (ZIC1, ZIC2, ZIC3) (Figure 3D). Interestingly, several of these proteins are pluripotency factors, but we did not detect any enrichment of T-BOX binding motifs. This is consistent with the finding that only one of all of the DARs identified here overlapped with TBX1 ChIP-seq peaks (indicated in Supplementary Table S1).

The finding that almost no TBX1 ChIP-seq peaks changed accessibility after loss of TBX1 was very surprising to us. In order to test whether accessibility changes might follow Tbx1 KD at a later time than the one tested here, we performed a time-course experiment on 5 ChIP-seq peaks located in open chromatin and associated with five target genes (Fulcoli et al., 2016). The experimental scheme is shown in Figure 4A. At each time point, we carried out quantitative ATAC (qATAC) in control and Tbx1KD cells. At each point, we also measured the expression of the target genes. The results (Figures 4B,C), which were normalized for the accessibility at the GAPDH promoter, confirmed that at D1 (the time tested by ATAC-seq) there was no change in chromatin accessibility. However, at D2, 4 out of 5 loci showed increased accessibility in the Tbx1KD condition. In all cases, gene expression changed at earlier time points (T1 or D1, Figure 4C), suggesting that differential expression, for these genes, preceded chromatin changes. These results suggest that the effects of Tbx1 KD on chromatin accessibility are most likely to be indirect.


[image: image]

FIGURE 4. Changes in chromatin accessibility during differentiation in P19Cl6 cells. (A) Experimental scheme illustrating the three time points tested, T1 (13 h after transfection of siRNA), D1 (24 h after 5Aza addition to the media), and D2 (24 h after addition of DMSO to the media). (B) Quantitative ATAC assays of previously identified TBX1 binding sites associated with the genes indicated. All sites were found to be accessible by ATAC-seq. In all cases, accessibility tends to increase at D2. The negative control locus is located in a gene desert region (see Table 2 for primers sequences). Values are the average of two biological replicates ± standard deviation. (C) Gene expression analysis by quantitative real time PCR of the same genes. Values are the average of two biological replicates ± standard error of the mean.




Mouse ES Cells

We performed ATAC-seq assays on two biological replicates of differentiating WT and Tbx1–/– mES cells selected by FACS (PDGFRA+; KDR−). The distribution of ATAC-seq peaks was similar between control and mutant cells (Figures 5A–C). We found a total of 138 DARs, of which 26 (19%) decreased accessibility, and 112 (81%) increased accessibility in Tbx1–/– cells. Their distribution, compared to WT peaks distribution (Figure 5C) showed a relatively lower representation in the promoter regions (43.5 vs. 75.2%) and relatively higher representation in the distal intergenic regions (31.2 vs. 15%), similarly to what we found in P19Cl6 DARs. The 138 peaks were annotated with 138 distinct genes, according to Ensembl gene ID (Figure 5D and Supplementary Table S3), of which 9 (6.8%) were also differentially expressed (Supplementary Table S3). Sequence analysis of DARs revealed an enrichment of T-BOX binding motifs (Figure 5E), suggesting that T-BOX proteins, including TBX1 might occupy some of these sites. The two T-BOX motifs shown in Figure 5E are almost identical, and one or the other was found in 47 DARs (34% of all DARs) (Supplementary Table S3, T-BOX column). Interestingly, 43 out of 47 (91%) were more accessible in mutant cells, suggesting that in these cells, TBX1 may work to maintain the chromatin closed at selected loci, consistent with results obtained in the time course experiment with P19Cl6 cells.
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FIGURE 5. ATAC-seq of PDGFRA+; KDR– differentiating mESCs at Day 4 of differentiation. (A) Heat maps of signal distribution around the transcription start site (TSS) ± 10000 bp of the 13075 expressed genes in two Tbx1+/+ (WT) and two Tbx1–/– (KO) biological replicates. (B) Average profiles of enrichment at the TSS of the 13075 expressed genes in WT and KO cells. (C) Pie charts of the distribution of ATAC-seq peaks in WT (top left, number of peaks = 11362), KO (top right, number of peaks = 13622), and DARs (bottom, n = 138) relative to gene features. Note that as for P19Cl6, the DARs are relatively less enriched in the promoter region, and more enriched in the distal intergenic regions. (D) The Venn diagram intersects DEGs with genes associated with DARs. There were nine genes in common between the two groups. (E) Logos of the most enriched known motifs in the 138 DARs. The two consensus sequences are almost identical and reproduce a typical T-BOX binding motif.





Transcriptional Profiling

Transcriptional changes in response to Tbx1 knockdown have been reported for P19Cl6 cells (Fulcoli et al., 2016). Here, we performed RNA-seq analysis on WT and Tbx1–/– cells that derive from the same differentiation experiments (two biological replicates) as the ATAC-seq experiments described above. Results revealed 642 genes to be differentially expressed; 412 down-regulated, 230 up regulated in Tbx1–/– cell line compared to the parental WT cell line in two biological replicates (Supplementary Table S2). We tested the expression of 5 of these differentially expressed genes by qRT-PCR in the total unsorted population, in FACS-purified PDGFRA+; KDR−, PDGFRA+; KDR+, and PDGFRA−; KDR+ cells at day 4 of differentiation. For each population, we tested WT and Tbx1–/– genotypes. Results show that differential expression is evident only in the PDGFRA+; KDR− population, indicating that the expression changes are unlikely to be due to generic (non Tbx1-linked) differences between cell lines (Supplementary Figure S3). A list of all genes expressed in these cells is shown in Supplementary Table S4. Next, we carried out functional profiling/gene ontology analyses with g:Profiler2 using DEGs from mES cells and from P19Cl6 cells (Fulcoli et al., 2016) using identical criteria. Results are shown side-by-side on Table 2. Results were very similar in the two models for the gene ontology category “biological process” because in both cases, DEGs were enriched in developmental genes. However, we noted substantial differences in the category of “cellular component” where mESC showed strong enrichment of genes related to the extracellular matrix (ECM), while in contrast, P19Cl6 cells showed enrichment for genes related to intracellular components. KEGG pathway analysis showed again a strong enrichment of ECM-related pathways but with some limited overlap with the P19Cl6 results, as both models showed focal adhesion to be among the enriched pathways. The enrichment of the KEGG pathways “ECM-receptor interaction” and “basal cell carcinoma” categories in the mESC model is also consistent with recent findings in the mouse (Alfano et al., 2019; Caprio et al., 2020).


TABLE 2. GO analysis.
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DISCUSSION

Data analysis of two cell culture models provided a snapshot of the chromatin accessibility, as measured by ATAC-seq, with and without TBX1 function, or dosage reduction. The use of cell culture systems has limitations because they do not mimic complex developmental processes, but they also have some advantages because they are relatively homogeneous compared to whole-organ or whole-embryo material. This is particularly true for our mESC model in which we used a specific subpopulation at a specific differentiation point. In both models, loss of TBX1 led to significant transcriptional changes, as measured by RNA-seq, indicating that both models respond robustly to loss or reduced dosage of TBX1.

In differentiating P19Cl6 cells, the intersection of ATAC signals with a map of TBX1 binding sites, which was previously published for the same cell line and under the same experimental conditions, revealed that almost all of the binding sites were located in ATAC-negative regions. Thus, TBX1 binding does not require accessible chromatin, at least by ATAC assay. Unfortunately, we were not able to confirm this finding in differentiating mES cells because in our hands, currently available batches of commercial anti-TBX1 antibodies failed to perform in ChIP experiments. In future experiments it will be of interest to establish whether TBX1 can function as a pioneer factor. In a recent paper, it was shown that TBX20, a T-BOX transcription factor that belongs to the same sub-family as TBX1, mostly binds (2/3 of the cases) in closed chromatin regions in endocardial cells (Boogerd et al., 2016). Thus, T-BOX proteins may not need ATAC + regions to bind chromatin. It is also possible that TBX1, at early stages of differentiation, contributes to maintaining the chromatin closed at selected loci. Indeed, in mESC experiments almost all the DARs with a T-BOX binding motif showed increased accessibility in Tbx1–/– cells.

Gene ontology (GO) analysis of DEGs in response to loss of TBX1 in the two models revealed broad differences, but also some similarities. In both cases, DEGs were enriched in genes involved in developmental processes, as expected; in both cases, the focal adhesion KEGG pathway was significantly enriched. The latter has been validated recently in different cultured cells and in mouse mutants (Alfano et al., 2019). However, in general, GO enrichment was more dispersed in P19Cl6 cells compared to differentiated mES cells, where there was higher enrichment of specific GO terms, perhaps reflecting a more differentiated state and/or a more homogeneous cell population. Particularly evident was the presence of ECM-related genes in the mESC-derived cells.

We selected PDGFRA+; KDR− cells for our studies on the basis of Tbx1 gene expression; data in the literature suggest that mESC-derived PDGFRA+; KDR− cells have a marker profile that is similar to paraxial mesoderm (Sakurai et al., 2006; Tanaka et al., 2009; Craft et al., 2013), which includes head mesenchyme, a tissue that expresses high levels of Tbx1. The mesenchymal nature of the PDGFRA+; KDR− cell population is also consistent with high expression of genes encoding collagens and vimentin. Tbx1-expressing mesenchymal cells contribute to various tissues of the neck and face, including some muscle, bones, and connective tissue (Adachi et al., 2020).

P19Cl6 cells were chosen for our experiments because: (a) availability of a Tbx1 ChIP-seq map; (b) availability of an established protocol to differentiate these cells into a cardiomyocyte lineage; and (c) evidence that loss of Tbx1 alters transcription. The results presented here, however, suggest that the mESCs may be a better model because of the opportunity to obtain more relevant cell types. Nevertheless, in terms of chromatin remodeling, the overall results were consistent in the two models. Indeed, despite a significant transcriptional response to loss of TBX1, we detected a very modest chromatin response in both models. We cannot exclude that the selected differentiation protocols might have affected the ability of TBX1 to remodel chromatin. For example the use of 5-Aza, a DNA methylation inhibitor, might have created an artificial chromatin landscape in P19Cl6 cells. However, because the use of two different protocols has yielded similar results, we believe that overall our data are not significantly biased by the protocols used.

We have previously proposed that TBX1 is a priming factor that regulates deposition of H3K4me1 in H3K27Ac-negative regions, presumed to be inactive enhancers (Fulcoli et al., 2016). The finding of closed chromatin at TBX1 binding sites is indirectly supported by the findings that in P19Cl6 cells, binding regions generally lack acetylation of H3K27, and that genes associated with TBX1 ChIP-seq peaks showed low level of expression (Fulcoli et al., 2016). However, H3K4me1 triggers a number of mechanisms that eventually lead to the opening of the chromatin (reviewed in Calo and Wysocka, 2013). Thus, we would have expected a more extensive chromatin remodeling than the one that we observed. However, H3K4me1 deposition may also lead to long range chromatin changes, which were not tested in our experiments (Yan et al., 2018). In any case, it is possible that the putative priming activity of TBX1 leads to chromatin changes that are downstream of the differentiation time window tested here. TBX1 has been shown to interact with multiple proteins. Absence or insufficient concentration of critical interactors in the models tested might have reduced the ability of TBX1 to remodel chromatin. The observed late chromatin remodeling in response to loss of TBX1 (Figure 4) suggests that the transcription factor may prime enhancers, which are later bound by other factors that are responsible for remodeling. A recent study tested the effect of FOXA2 loss of function on chromatin remodeling during ES-based endoderm differentiation into pancreatic cells (Lee et al., 2019). FOXA2 is a pioneer transcription factor that, like TBX1, regulates H3K4me1 deposition in early phases of differentiation (to definitive endoderm), but its loss did not cause significant ATAC-seq changes at this stage. It was only at later stages of differentiation, when H3K27 acetylation occurred, that ATAC-seq changes became significant (Lee et al., 2019). Our qATAC time course results, though limited to a small number of loci, is consistent with the hypothesis that chromatin remodeling may occur at later stages of differentiation.

The development of optimized protocols that will allow the monitoring of Tbx1-expressing cells throughout their differentiation will help to address this hypothesis in the future.
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FIGURE S1 | Analysis of surface markers PDGFRA and KDR expression in Tbx1+/+ and Tbx1–/– mESC lines at day 4 of differentiation. (A,D) Tbx1+/+ and Tbx1–/– cells labeled by primary antibodies PDGFRA (APC-A) and KDR (PE-A). 4 fractions were identified: Q1-2 = PDGFRA+/KDR−; Q2-2 = PDGFRA+/KDR+; Q4-2 = PDGFRA−/KDR+; Q3-2 = PDGFRA-/KDR−; (B,C,E,F) Negative controls (NC) are cells not incubated with primary antibodies.

FIGURE S2 | Plots showing FACS controls. (A) Tbx1+/+ cells labeled by PDGFRA-APC antibody and isotype control-PE (left); and by isotype control-APC and KDR-PE antibodies (right); (B) Tbx1–/– cells labeled by PDGFRA-APC antibody; and isotype control-PE (left), by isotype control-APC and KDR-PE antibodies (right).

FIGURE S3 | Plots showing gene expression assays of five genes in differentiating mESCs. These genes were identified as differentially expressed by RNA-seq in sorted PDGFRA+; KDR− cells. Quantitative real time PCR in unsorted cells at D4 (WT d4 tot. and Tbx1–/– d4 tot.) and in sorted subpopulations showed that the clearest differential expression is only detected in the PDGFRA+; KDR− subpopulation (data shaded in yellow) for all genes tested.

TABLE S1 | Differentially accessible regions in P19Cl6 cells with gene annotation, intersection with differentially expressed genes, and intersection with TBX1 ChIP-seq peaks.

TABLE S2 | Differentially expressed genes in differentiating mESC. Columns contain the Ensembl Identifier, the corresponding Gene Symbol, the log2 FoldChange of KO/WT and the Adjusted p-value (cut off = 0.05).

TABLE S3 | Differentially accessible regions in differentiating mES cells with gene annotation, intersection with differentially expressed genes.

TABLE S4 | Genes expressed in PDGFRA+; KDR− mES cells at d4. Columns contain the Ensembl Identifier, the corresponding Gene Symbol and the normalized upper quartile gene expression counts for each sample.


FOOTNOTES

1https://www.bioinformatics.babraham.ac.uk/projects/fastqc/

2http://www.ensemble.org

3http://homer.ucsd.edu/homer/
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A Mutation in VWA1, Encoding von Willebrand Factor A Domain-Containing Protein 1, Is Associated With Hemifacial Microsomia
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Background: Hemifacial microsomia (HFM) is a type of rare congenital syndrome caused by developmental disorders of the first and second pharyngeal arches that occurs in one out of 5,600 live births. There are significant gaps in our knowledge of the pathogenic genes underlying this syndrome.

Methods: Whole exome sequencing (WES) was performed on five patients, one asymptomatic carrier, and two marry-in members of a five-generation pedigree. Structure of WARP (product of VWA1) was predicted using the Phyre2 web portal. In situ hybridization and vwa1-knockdown/knockout studies in zebrafish using morpholino and CRISPR/Cas9 techniques were performed. Cartilage staining and immunofluorescence were carried out.

Results: Through WES and a set of filtration, we identified a c.G905A:p.R302Q point mutation in a novel candidate pathogenic gene, VWA1. The Phyre2 web portal predicted alterations in secondary and tertiary structures of WARP, indicating changes in its function as well. Predictions of protein-to-protein interactions in five pathways related to craniofacial development revealed possible interactions with four proteins in the FGF pathway. Knockdown/knockout studies of the zebrafish revealed deformities of pharyngeal cartilage. A decrease of the proliferation of cranial neural crest cells (CNCCs) and alteration of the structure of pharyngeal chondrocytes were observed in the morphants as well.

Conclusion: Our data suggest that a mutation in VWA1 is functionally linked to HFM through suppression of CNCC proliferation and disruption of the organization of pharyngeal chondrocytes.

Keywords: hemifacial microsomia, VWA1, zebrafish, cranial neural crest cell, whole exome sequencing


INTRODUCTION

Hemifacial microsomia (HFM [MIM: 164210]), also known as otomandibular dysostosis and craniofacial microsomia, is a type of rare congenital genetic syndrome caused by developmental disorders of the first and second pharyngeal arches. The estimated occurrence rate is 1 in 5,600 live births, with no gender or laterality differences (Grabb, 1965; Xu et al., 2015). As one of the manifestations of the oculo-auriculo-vertebral spectrum (OAVS), recently re-estimated to show a prevalence of 3.8/100,000 live births, additional clinical findings are also frequently found in HFM patients, including other craniofacial anomalies and conditions affecting other organs and systems, such as urogenital anomalies, brain anomalies, microcephaly, heart defects, and short stature (Tasse et al., 2005). These variable clinical classifications have led to difficulties in classifying the severity of the disease. To date, several generations of classification systems have been developed, from the original Pruzansky-Kaban classification, which focuses mainly on the mandible and glenoid fossa (Kaban et al., 1988), to the SAT system, which takes skeletal malformations, auricular involvement and soft tissue defects into consideration, and finally to the widely accepted OMENS (Orbit, Mandible, Ear, Nerve, Soft tissue) and OMENS + system, which further includes additional disease manifestations (Tuin et al., 2015).

A complex etiology underlies this genetic syndrome. Environmental factors (e.g., retinoic acid exposure and vasoactive medications), maternal intrinsic factors (e.g., multiple pregnancies and maternal diabetes), and genetic factors, including both chromosomal variations (e.g., karyotype abnormalities of 14q22.3–q23.3) and mutations, can all lead to HFM (Ou et al., 2008; Northup et al., 2010). Most cases with documented pedigrees exhibit an autosomal-dominant inheritance pattern with incomplete penetrance and variable degrees of craniofacial deformities (Vendramini-Pittoli and Kokitsu-Nakata, 2009). To date, three possible pathogenic hypotheses have been proposed: (1) vascular abnormality and hemorrhage, which may interfere with the development of the first and second pharyngeal arches; (2) damage to Meckel’s cartilage, which may lead to apparent malformation; and (3) disruption of the development of cranial neural crest cells (CNCCs), which may disrupt the normal formation of maxillofacial bones (Chen et al., 2018). The three hypotheses are interconnected as CNCCs give rise to Meckel’s cartilage, and vascular abnormality can either interferes with CNCC development or cause damage to Meckel’s cartilage. Disruption of CNCC development can also in turn cause vascular malformation. Yet, there are significant gaps in our knowledge of the pathogenic genes underlying this syndrome.

In vertebrates, CNCCs origin from the ectoderm. They make up a mesenchymal core between the ectoderm and the endoderm along with the mesoderm cells and play important roles in the development of cartilage bones, peripheral nervous system and connective tissues of the head and neck (Schilling and Kimmel, 1994; Kimmel et al., 1998; Frisdal and Trainor, 2014). After gastrulation, CNCCs separate from the neural plate via epithelial-mesenchymal transition and migrate to the pharyngeal arches, where their development is further regulated by both intrinsic patterning information and endodermal signals such as RA (retinoic acid), FGF (fibroblast growth factor) and WNT (Frisdal and Trainor, 2014). In humans, the first pharyngeal arch gives rise to structures including the zygomatic arch, maxillary, mandible, malleus and incus, whereas the second pharyngeal arch gives rise to the stapes, styloid process and lesser horn of hyoid (Frisdal and Trainor, 2014). The patterning is conserved in zebrafish, where the first pharyngeal arch forms the jaw and the second forms jaw supporting structures (Schilling and Kimmel, 1994).

Here we analyzed an extended five-generation HFM pedigree. A novel candidate pathogenic gene, VWA1 (MIM: 611901), encoding von Willebrand factor A domain-containing protein 1, was identified by whole-exome sequencing (WES). Functional studies in zebrafish showed that vwa1 contributes to craniofacial cartilage development by supporting both the proliferation of CNCC and the organization of pharyngeal chondrocytes.



MATERIALS AND METHODS


Participants

The study was conducted on an HFM pedigree at PUMCH (Peking Union Medical College Hospital). A comprehensive clinical history was taken and a complete physical examination was performed on all subjects. Ethical approval for this study was obtained from the institutional review board of PUMCH (JS-796). All participants or their legal guardians gave informed written consent to all clinical and genetic studies. All in vivo experiments were carried out in accordance with CALAS (Chinese Association for Laboratory Animal Science).



WES and Variants Identification

WES was performed on five patients, one asymptomatic carrier, and two marry-in members of the pedigree. Genomic DNA was extracted from peripheral blood samples using a TIANamp Blood DNA Kit (Tiangen, Beijing, China) according to the manufacturer’s protocol. Exome enrichment was performed using a Sure Select Human All Exon v6 kit (65 Mb) (Agilent, Santa Clara, CA, United States), which yielded an average sequencing depth of 100-fold and a coverage of 99%. Uncovered regions were checked for large genomic deletions and none was found. Enriched shotgun libraries were sequenced on a HiseqX platform (Illumina, San Diego, CA, United States). SNPs and indels were functionally annotated using ANNOVAR and categorized into missense, nonsense and splice-site mutations, and other genomic features.

To identify the most likely pathogenic mutations, we filtered out (1) synonymous and non-coding variants (with the exception of splicing site mutations that might create an ectopic splicing site); (2) variants with an allele frequency of 0.005 or higher in the 1000 Genomes (1KG) Project, Exome Sequencing Project (ESP6500) and the Genome Aggregation Database (gnomAD); (3) variants that were not detected in one or more of the affected participants; and (4) variants that were present in the marry-in members of the pedigree. After filtration, rare or novel mutations in patients of the pedigree were verified by polymerase chain reaction (PCR) amplification and Sanger sequencing.



Molecular Analysis of Variants

The webserver Phyre21 and the online software program PSIPRED (v3.3)2 were used to predict secondary and tertiary structural variations associated with potentially pathogenic mutations of candidate genes (Huang et al., 2014; Kelley et al., 2015). The web-based program String3 was used to predict functional protein associations with WNT, BMP (bone morphogenic protein), FGF, RA, and endothelin-1 pathways, which are closely related to craniofacial development (Frisdal and Trainor, 2014; Graf et al., 2016).



Zebrafish and Embryos

Adult zebrafish were maintained under standard conditions (Hans and Westerfield, 2007), and embryos were staged using standard methods (Kimmel et al., 1995). Tuebingen and the transgenic fish lines, Tg (sox10:EGFP) (ID:CZ156, ba2Tg/ +) and Tg (nkx2.3:EGFP) (Li et al., 2018), were used in the experiments.



Knockdown and Knockout of vwa1

The morpholino oligonucleotide, 5′-TTC GGA CCT CCA TGA CGG GAC TAA A-3′, targeting the translation start site of zebrafish vwa1 (vwa1-ATG MO) was designed and synthesized by Gene Tools (Gene Tools). To verify that the craniofacial deformities observed in these morphants were the result of reduced expression of vwa1 rather than off-target effects of the morpholino, we injected a 1.5-fold (w/w) greater amount of a morpholino targeting p53 (5′-GCG CCA TTG CTT TGC AAG AAT TG-3′) together with the vwa1-ATG MO (Robu et al., 2007). To validate the efficacy of vwa1-ATG MO, we constructed pCS2 + vwa1-ATG-MO-mCherry plasmid, inserting the morpholino binding sequence into the translation initiation site of mCherry. We injected the in vitro transcribed mRNA with/without vwa1-ATG morpholino into 1-cell embryos and observed the fluorescence at 1 dpf.

We also knocked out vwa1 in zebrafish using the CRISPR/Cas9 system. Detailed methods were in accordance with previous work (Wu et al., 2018). Four guide RNAs (gRNAs, Supplementary Table 1) were mixed and co-injected with Cas9 into 1-cell stage embryos. The gRNAs were designed prior to construction of the Genome-Scale Guide Set using the CRISPR Design Website4. Templates for gRNA production were generated by annealing and elongating a forward primer containing a T7 promoter and guide sequence and a reverse primer encoding the standard chimeric gRNA scaffold. The sequences used are presented in Supplementary Table 1. The DNA template was in vitro transcribed, and gRNA was microinjected into 1-cell embryos. The efficacy of gRNA was verified by extracting crude genomic DNA from whole vwa1-knockout zebrafish embryos, followed by PCR amplification and sequencing (Wu et al., 2018). A morpholino targeting upf3a was also injected to inhibit compensatory effects of DNA damage (Shum et al., 2016).



Whole-Mount in situ Hybridization

Whole-mount in situ hybridization (ISH) was performed on zebrafish as previously reported (Thisse and Thisse, 2008). A template for the vwa1 antisense probe was constructed by amplifying full-length zebrafish vwa1 using the forward primer 5′-ATG GAG GTC CGA AAG GCG CT-3′ and the reverse primer 5′-TAA TAC GAC TCA CTA TAG GGT CAA GCC GTG CAG CAG AGT C-3′ containing the T7 polymerase sequence. The antisense probe was synthesized using T7 polymerase. Probes against dlx2a (Akimenko et al., 1994), crestin (Xia et al., 2013), and sox9a (Chiang et al., 2001) were also used. Unless stated otherwise, these experiments were repeated for three times, and at each time 30 embryos were stained for each gene at each experimental setting.



Cartilage Staining

Embryos were fixed in 4% paraformaldehyde (PFA) at 4°C overnight and then washed in phosphate-buffered saline containing 0.1% Tween-20 (PBST) for 8 h. After staining cartilage with 0.015% Alcian blue overnight at 4°C, embryos were rehydrated with a graded series of alcohols to distilled water and then treated with 0.25% trypsin at room temperature until embryo tissues became transparent. The embryos were then transferred to a solution of 1% KOH/3% H2O2 for 10 min and washed twice in PBST for 5 min each (Li et al., 2018). Embryos were also fixed and stained with Wheat Germ Agglutinin (WGA) (Invitrogen) and DAPI (Sigma-Aldrich) as described by Dale and Topczewski (2011) to show the structure of pharyngeal chondrocytes (Sisson et al., 2015). Z-stack images of the embryos were taken using either a Zeiss LSM 510 or LSM 700 laser confocal microscope. Unless stated otherwise, these experiments were repeated for 3 times, and at each time 50 embryos were stained for each injection setting.



Immunofluorescence

Tg (sox10:EGFP) zebrafish embryos were fixed with 4% phosphate-buffered paraformaldehyde and washed with PBST for 20 min, then immunostained with PHH3 (1/400; sc-374669, Santa Cruz Biotechnology) antibodies. Terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL) assays were performed using the In Situ Cell Death Detection Kit, TMR red (12156792910, Roche) according to the manufacturer’s instructions. DAPI (4′,6-diamidino-2-phenylindole) was used to visualize nuclei. Anti-PHH3 staining was designed to indicate proliferation and TUNAL assays to indicate apoptosis. In either analysis, only cells that were double positive for anti-PHH3/TUNEL and EGFP were counted manually in order to make sure that they were CNCCs. All immunofluorescence images were captured using a Nikon A1R + confocal microscope using the same settings for all experiments. The experiments were repeated for 2 times.



Statistical Analysis

All experiments were performed in triplicate, and unpaired t-tests were used to analyze all data sets. Results were considered statistically significant at p < 0.05. Congruent results (>85% of the embryos observed) were reached in all phenotypic observational experiments and all selected images are representative.




RESULTS


Clinical Presentation

8 of 11 direct relatives in this five-generation pedigree displayed HFM to varying degrees (Figure 1A). The proband showed grade III bilateral ear deformities and III:1 in the pedigree had grade II unilateral ear deformity according to the Marx classification, whereas other patients exhibited unilateral grade III ear deformities. All patients exhibited mandibular hypoplasia. Pure-tone audiometry testing showed moderate to severe conductive hearing loss. The family denied consanguinity. Detailed physical examination, along with cardiac, renal, and abdominal ultrasound was carried out on all 12 living members of the pedigree and no deformities of other systems were diagnosed. The disorder appeared to follow an autosomal-dominant segregation pattern with incomplete penetrance and variable expressivity. Individual IV:3 and V:3 showed no malformation of all the systems examined, and refused to give blood for sequencing. Individual IV:1 was predicted to be a carrier of the pathogenic gene.
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FIGURE 1. HFM pedigree and the identification of vwa1. (A) Diagram of the five-generation HFM pedigree. This is a five-generation Chinese kinship in which 8 of 11 direct relatives displayed HFM to varying degrees. The proband showed grade III bilateral ear deformities; individual III:1 in the pedigree had a grade II unilateral ear deformity, whereas other patients exhibited unilateral grade III ear deformities. All patients exhibited mandibular hypoplasia. Circles denote females and squares denote males. The text immediately below the symbols shows the ID of the corresponding family member; [image: image] indicates that whole-exome sequencing was done. (B) Sanger sequencing results of the VWA1 mutation in the pedigree. Patients III:1, IV:5, V:1, V:2 and V:4, and the asymptomatic carrier IV:1, all had the same non-synonymous point mutation (c.G905A:p.R302Q) in VWA1, whereas the two marry-in members of the family (IV:2 and IV:6) did not.




Identification of VWA1 Mutation and Molecular Analysis Results

In order to identify the variants, we first collected peripheral blood from family members and extracted cDNA. Individual IV:1 was regarded as carrier and the two marry-in members (IV:2 and IV:6) were regarded as controls. After careful filtration as mentioned in the method section, WES revealed eight candidate genes: VWA1, SLC35G4, HRC, KLK1, ZBTB45, FBLN2, HECW1, and PGBD3. These eight genes were present in all six living affected individuals tested. All candidate genes went through secondary and tertiary structure predictions and expression profiles of all genes that have homologs in zebrafish were constructed (data not shown). Basing on: (1) VWA1 mutation caused the most apparent structural changes; (2) VWA1 associated variance had previously been reported in a patient presenting with mandibulofacial dysostosis and microtia (Zhang et al., 2010); (3) vwa1 showed specific expression in the mandible area of zebrafish, we suspected that VWA1, encoding WARP (von Willebrand factor A-domain-related protein 1), was most likely associated with HFM. The non-synonymous point mutation (c.G905A:p.R302Q) in the VWA1 gene was shared by all patients tested and the predicted carrier as well (Figure 1B).

Secondary and tertiary structures of sequences flanking the mutation were predicted (Figures 2A–C). The mutation introduced a R302Q amino acid substitution in the protein’s loop area, altering upstream and downstream secondary structures as well, including the possible disruption of a helix and introduction of several sheets (Figure 2A). The change from arginine, a basic amino acid, to glutamine, a neutral amino acid, altered the position of the amino acid’s side chain and brought changes to the local tertiary structural prediction, indicating changes in both the conformation and function of WARP (Figures 2B,C). Prediction of protein-to-protein interactions of WARP were carried out and five pathways: WNT, BMP (bone morphogenic protein), FGF, RA, and endothelin-1, which are closely related to craniofacial development, were selected for detailed analysis (Frisdal and Trainor, 2014; Graf et al., 2016). This analysis showed that WARP may interact with four proteins-FGF23, SPP1 (osteopontin), CDH2 (cadherin 2), and SDC2 (syndecan 2)-of the FGF pathway (Figure 2D). These taken together indicated that VWA1 is indeed a strong candidate pathogenic gene of this HFM pedigree.


[image: image]

FIGURE 2. Predicted WARP structures, protein interactions and conserved domains. (A) Predicted secondary structures of wild-type and mutant protein sequences flanking the mutation. Secondary structural features are annotated as follows: pink cylinder, α-helix; yellow arrow, β-sheet; black line, coil; Conf, confidence; Pred, predicted; H in Pred line, helix; C in Pred line, coil; E in Pred line, sheet; AA, amino acid; red arrow, mutant amino acid. Local (B) and global (C) views of the predicted tertiary structures of wild-type (green) and mutant (blue) proteins. Structural superposition analyses demonstrating the change in protein structure brought about by the mutation are also displayed. (D) Protein-to-protein interactions of WARP with the FGF pathway. Predictions using the web-based program, String, indicated that WARP may functionally interact with four proteins of FGF pathway: FGF23, SPP1, CDH2, and SDC2. (E) Domains of WARP conserved in humans and zebrafish. Humans and zebrafish have the same WARP conserved domains: a von Willebrand factor A-domain, the first fibronectin type III repeat, and the second fibronectin type III repeat.




VWA1 Homolog in Zebrafish, vwa1, Is Specifically Expressed in the Mandible

The protein encoded by VWA1 in humans was shown to contain three conserved domains: a von Willebrand factor A-domain, the first fibronectin type III repeat and the second fibronectin type III repeat. There is one homologous gene, vwa1, in zebrafish which has the same conserved domains (Figure 2E).

To verify that vwa1 plays an important role in craniofacial development, we first examined its spatiotemporal expression during zebrafish embryonic development using in situ hybridization (n = 45). We found that, from 19 h post-fertilization (hpf) to 1 day post-fertilization (dpf), vwa1 expression was observed at the medial edge of the pharyngeal arch, with a slight concentration in the rostral region that gives rise to craniofacial structures (Figures 3A–D). At 19 hpf and 1 dpf (Figures 3B,D). From 2 to 4 dpf, expression of the vwa1 gene in the head became increasingly concentrated in the mandibular region (Figures 3E–J). Staining for vwa1 in the pharyngeal-pouch was more intense than that in the pharyngeal arch (Figures 3F–H). Expression of vwa1 was also found in the epidermis of the brain and somites (Figures 3C,D), which was in accordance with previous reports in mice (Brachvogel et al., 2008; Allen et al., 2009). These observations strongly suggest that zebrafish vwa1 is specifically expressed in the mandible during the period of pharyngeal arch development.
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FIGURE 3. vwa1 expression in developing zebrafish embryos. In situ hybridization (ISH) results showing the expression of vwa1 at 19 hpf (A,B), 1 dpf (C,D), 2 dpf (E,F), 3 dpf (G,H) and 4 dpf (I,J) stages in lateral (A,C,E,G,I), dorsal (B,D) and lateral-ventral (F,H,J) views. At 19 hpf and 1 dpf, vwa1 was expressed throughout the body, with expression in the head being higher than that in other parts of the body (black arrows in A,C). At 19 hpf and 1 dpf, vwa1 expression was detected at the medial edge of the pharyngeal arch (black arrows in B,D). At 2 dpf, vwa1 staining in the head began to increase slightly, especially in the mandible (black arrow in E). At 3 dpf and 4 dpf, expression of vwa1 was restricted to the mandible (black arrows in G,I). Staining of vwa1 in the pharyngeal pouch was stronger than that in the pharyngeal arch (black arrows in F–H). vwa1 was also expressed in the epidermis of the brain (D) and in somites (C,E,G,I).




Reduced vwa1 Expression Causes Malformation of Pharyngeal Cartilage

To determine if vwa1 is required for the development of pharyngeal cartilages, we knocked down its function in zebrafish embryos using an antisense morpholino oligonucleotide targeting the translation start site of vwa1 mRNA (vwa1-ATG MO) at the 1-cell stage, which is proved effective. Higher amounts of vwa1-ATG MO caused more severe deformities (Supplementary Figure 2), and in subsequent experiments a dose of 1 ng was applied.

To reduce off-targeting effects of morpholinos, we co-injected a 1.5-fold (w/w) greater amount of p53 MO together with vwa1-ATG MO (Robu et al., 2007). Previous research has shown that p53 null mutation in mice can rescue the craniofacial damage caused by disruption of Brca1 (Robu et al., 2007; Kitami et al., 2018). We performed injection of p53 at different concentration without vwa1-ATG MO to rule out its potential effects and no visible malformation was observed at each concentration (Supplementary Figure 2). Co-injection of p53 MO together with vwa1-ATG MO induced observable phenotypic changes in 132/150 embryos. After injecting 1 ng vwa1-ATG MO and 1.5 ng p53 MO, there was a reduction in the overall size of jaw structures at 4 dpf compared with uninjected controls (Figure 4Aa,d). Alcian blue staining revealed that the first and second pharyngeal arches were severely hypoplastic, and the third to seventh pharyngeal arches (Cb1-5) were absent (Figure 4Ae,h). The joint junctions were also abnormal: the angle between cartilage derived from the first pharyngeal arch, Meckel’s (M) and palatoquadrate (Pq), became smaller, and the angle between cartilage derived from the second pharyngeal arch, ceratohyal (Ch), became larger (Figure 4Ae,i,h,l). Besides, injected embryos also demonstrated ventral swelling suggestive of cardiovascular dysfunction. Whether vwa1 had potential effects on cardiovascular development would require further study.


[image: image]

FIGURE 4. Deformities of pharyngeal cartilage in vwa1 morphants and mutants. (A) Deformities of pharyngeal cartilage in vwa1 morphants. The figure shows the jaws of uninjected and vwa1 morpholino (MO)-, p53 MO- and vwa1 + p53 MO-injected morphants under a stereoscope and Alcian blue staining of morphant embryos. Injection of 1 ng vwa1-ATG MO caused jaw structures to almost completely disappear (b, f, and g). Injection of 1 ng vwa1-ATG MO with p53 MO reduced the overall size of jaw structures at 4 dpf compared with uninjected controls and 1.5 ng p53 MO-injected morphants (a and d), whereas there was no significant difference compared with controls after injection of p53 MO (a–d and i–l). The first and second pharyngeal arches were severely hypoplastic (brown ⋆ in h and l), and the third to seventh pharyngeal arches (Cb1-5, circled in e) were absent (h). Joint junctions were abnormal: the angle between cartilage derived from the first pharyngeal arch, Meckel’s (M) and palatoquadrate (Pq) became smaller, whereas the angle between cartilage derived from the second pharyngeal arch ceratohyal (Ch) became larger (brown ⋆ in h and l). (B) Deformities of pharyngeal cartilage in vwa1-knockout mutants. a, b, c, and d shows Alcian blue staining results for uninjected embryos and embryos injected with vwa1 gRNAs, upf3a MO, and vwa1 gRNAs together with upf3a MO. Embryos injected with vwa1 gRNAs or upf3a MO showed no significant deformities in pharyngeal cartilage compared with uninjected embryos (b and c). Injection of vwa1 gRNAs together with upf3a MO resulted in pharyngeal cartilage deformities similar to those in vwa1 morphants, including hypoplasia of first and second pharyngeal cartilages, disappearance of the third to seventh pharyngeal arches, and abnormal joint junctions (brown ⋆ in d).


To further verify the causal relationship between vwa1 variants and the malformed pharyngeal cartilages observed in vwa1 zebrafish mutants, we knocked out vwa1 using four different gRNAs, all of which proved effective. Alcian blue staining revealed no deformities in the vwa1-knockout mutant (Figure 4Bb). Given the phenotype of vwa1-ATG morphants, this unexpected finding suggested potential compensatory effects. To mitigate potential genetic compensatory effects attributable to DNA damage, we co-injected vwa1-knockout mutants with morpholinos targeting upf3a to inhibit nonsense-mediated RNA decay (Shum et al., 2016). Embryos injected only with upf3a MO had no significant deformities in pharyngeal cartilages (Figure 4Bc). Embryos co-injected with upf3a MO showed deformities in pharyngeal cartilage similar to those of vwa1-ATG morphants, including hypoplasticity of the first and second pharyngeal cartilages, the disappearance of third to seventh pharyngeal arches and abnormal joint junctions (Figure 4Bd). Collectively, these data suggest that vwa1 plays a very important role in craniofacial development, such that its loss causes deformities of pharyngeal cartilage.



Migration and Differentiation of CNCCs Are Not Affected by vwa1

The higher expression of vwa1 in the pharyngeal endoderm led us to examine morphogenesis of the pharyngeal pouch in vwa1-ATG morphants. To this end, we knocked down the expression of the vwa1 in Tg (nkx2.3:EGFP) transgenic fish (Li et al., 2018), in which we could observe the pharyngeal endoderm cells. At approximately 38 hpf, the pharyngeal pouch in vwa1-ATG morphants appeared somewhat wider, but there were no striking differences compared with controls (Figure 5A).
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FIGURE 5. Effects of reduced vwa1 on the development of pharyngeal cartilage. (A) Endodermal pouch in Tg (nkx2.3:EGFP) embryos. At about 38 hpf, when the endodermal pouch is almost fully formed, no apparent difference was observed in the pharyngeal pouch in vwa1 morphants (right) compared with uninjected morphants (left). (B) vwa1 knockdown causes a reduction in cranial neural crest cell numbers. At about 19 hpf, when neural crest cells migrate to the cranial area, the expression of crestin in vwa1-knockdown embryos was not obviously different from that of uninjected control embryos (a and b). At 30 hpf, when migration of neural crest cells is complete, dlx2a was expressed in similar domains, but the area of these domains was reduced significantly in vwa1 morphants (c and d). At 48 and 72 hpf, when the cranial neural crest has differentiated into pharyngeal chondrocytes, sox9a was expressed in similar domains, but the areas of these domains were reduced significantly in vwa1 morphants (e–h). These data show that, in vwa1 morphants, neural crest cells generally could migrate to the pharyngeal arch and specify to chondrocytes, but their numbers were reduced.


We next used in situ hybridization to monitor the expression of the following marker genes involved in the migration and specification of the CNCCs: crestin, which is expressed in neural crest at about 19 hpf, a time when CNCCs migrate to the cranial area; dlx2a, which is expressed in all CNCCs in the pharyngeal arches at 30 hpf, when CNCCs have completed their migration; as well as sox9a, markers of cartilage differentiation (Yan et al., 2002; Johnson et al., 2011; Kim et al., 2015). At 19 hpf, there was no obvious difference in crestin expression between vwa1-ATG morphants and uninjected embryos, suggesting that CNCCs can migrate normally to the arches. At 30, 48 and 72 hpf, dlx2a and sox9a were expressed in similar domains, but the areas of these domains were significantly reduced in the vwa1-ATG morphants compared with uninjected embryos. These data show that, in the vwa1-ATG morphants, CNCCs were generally capable of migrating to the pharyngeal arches and differentiating into chondrocytes, but their number was reduced (Figure 5B).



Proliferation of CNCCs Requires vwa1

We hypothesized that the reduction in the number of CNCCs was attributable to changes in their proliferation and/or apoptosis. To identify proliferating and apoptotic cells, we immunostained for PHH3 and performed TUNEL assay, respectively, at 30 hpf. To confirm that the cells we observed in pharyngeal arches were indeed CNCCs, we used Tg (sox10:EGFP) embryos. Immunofluorescence images were captured (Figures 6A,B) and statistical analysis of 20 vwa1-ATG morphants vs. 20 uninjected embryos on cell proliferation, and 10 vwa1-ATG morphants vs. 10 uninjected embryos on cell apoptosis showed that proliferation of CNCCs was reduced significantly from an average of 41.30 ± 3.02 cells per fish (uninjected embryos) to 20.35 ± 3.45 cells per fish (vwa1-ATG morphants) (n = 20, p < 0.05), whereas apoptosis was not significantly affected, with that of that of uninjected embryos being 1.50 ± 0.81 cells per fish and vwa1-ATG morphants being 1.40 ± 1.11 cells per fish (n = 10). These data, combined with the bioinformatics prediction of protein-to-protein interactions of WARP (Figure 2D), suggest that vwa1 is required for the proliferation of CNCCs. It may regulate CNCC proliferation via crosstalk with FGF pathway and its knockdown leads to deformities of pharyngeal cartilages by reducting CNCC proliferation.
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FIGURE 6. Proliferation and apoptosis of cranial neural crest cells at approximately 30 hpf. (A) Immunofluorescence results showing anti-phosphohistone H3 (PHH3) staining demonstrating cell proliferation. Merged image demonstrates higher anti-PHH3 signals in cranial neural crest cells compared with uninjected embryos. Arrows: pharyngeal arches. (B) Apoptosis assessed by immunofluorescence detection of TUNEL assay. The apoptosis signal in the vwa1 + p53 MO group did not coincide with EGFP fluorescence. Arrows: pharyngeal arches. (C) Comparison of apoptotic and proliferative numbers of neural crest cells in pharyngeal arches between vwa1 + p53 MO-injected embryos and uninjected control embryos. The difference in cell proliferation was statistically significant (p < 0.05, Student’s t-test). Lower/upper whiskers: 1st and 4th quartiles of the data; box: 2nd and 3rd quartiles of the data; mid-line: median of the data; ×: mean value of the data; *: significantly different.




vwa1-ATG Morphants Exhibit Disorganization of Pharyngeal Chondrocytes

As WARP is localized to the extracellular matrix of chondrocytes (Allen et al., 2006), we hypothesized that the arrangement of chondrocytes might be altered and could contribute to the pharyngeal cartilage deformities. To examine this, we used fluorescent wheat germ agglutinin (WGA) to stain glycoproteins in the chondrocyte membrane. The uninjected embryos exhibited a very stereotypic shape among individuals at 4 dpf, with thin and elongated chondrocytes assembled on top of one another, forming a characteristic “stack of pennies” organization (Figure 7A). In the vwa1-ATG morphants, many of the cartilage elements were not only smaller, but greatly deformed as well-compared to the uninjected ones (Figure 7B). These results show that knockdown of vwa1 leads to disorganization of pharyngeal chondrocytes and subsequent deformities in pharyngeal cartilage.


[image: image]

FIGURE 7. Knockdown of vwa1 leads to disorganization of pharyngeal chondrocytes at 4 dpf. (A) In uninjected control embryos at 4 dpf, craniofacial cartilage had formed and showed a very stereotypic shape between individuals, exhibiting the characteristic “stack of pennies” organization in which thin and elongated chondrocytes are assembled on top of one another to form their respective cartilage element. (B) In vwa1 morphants, the size and length-width ratio of many cartilage chondrocytes were smaller and the cartilage elements were greatly deformed compared with those of uninjected controls.





DISCUSSION

In the present study, point mutations in 8 candidate genes shared by all affected individuals: VWA1, SLC35G4, HRC, KLK1, ZBTB45, FBLN2, HECW1 and PGBD3, were identified by WES in this five-generation HFM pedigree. Basing on structural prediction, literature review and functional study in zebrafish, we predicted the c.G905A:p.R302Q mutation in the VWA1 gene to be most likely associated with HFM. In the fifth generation, the mutation in V:1 and V:2 was inherited from a non-HFM mother (IV:1), indicating incomplete penetrance of the disease. Although only a single base is mutated, in silico prediction demonstrated that it may lead to significant changes in the secondary and tertiary structure of VWA1 protein, suggesting substantial changes in protein function.

VWA1 was primarily known for its expression in cartilage cells, in basement membranes of the peripheral nervous system and in skeletal and cardiac muscle (Fitzgerald et al., 2002; Allen et al., 2008; Fitzgerald, 2019). Subsequent research also revealed a distinct localization of VWA1 in the inner ear vasculature, suggesting a potential role in maintaining its integrity (Duong et al., 2011). Although VWA1 has surfaced in research on several diseases and has been suspected to be associated with neuro-musculoskeletal disorders, to date, no direct disease-causing variants have been directly identified (Dieppedale et al., 2013; Fitzgerald, 2019). Zhang et al. (2010) previously reported copy number variance of VWA1 and PYGO2 in a patient presenting with mandibulofacial dysostosis and microtia. At that time, VWA1 was suspected, but not confirmed, to be among the candidate genes responsible for the abnormal phenotype. Considering the low incidence of HFM, the fact that the mutation in was found in unrelated sporadic case and a five-generation pedigree reinforces the validity of the conclusion that the c.G905A:p.R302Q mutation in VWA1 is a likely pathogenic mutation for HFM.

Knockdown of vwa1 using vwa1-ATG MO resulted in hypoplasia of facial cartilage in zebrafish. In contrast, knockout of vwa1 using CRISPR/Cas9 (with four different gRNAs) did not cause deformities in pharyngeal cartilage. Notably, Vwa1 knockout in mice also did not induce observable craniofacial deformities as was reported in a previous study (Allen et al., 2009). The inconsistency in vwa1-ATG MO knockdown and CRISPR/Cas9 knockout led us to further inspect the mechanisms behind. We speculated that the lack of pharyngeal cartilage deformity in vwa1-knockout zebrafish was attributable to genetic compensation, which is considered a possible explanation for phenotypic differences between gene knockout and gene knockdown (Ma et al., 2019). mRNA bearing a premature termination codon promptly triggers a genetic compensation response that involves upf3a and components of the COMPASS complex (Ma et al., 2019). After we knocked down the function of upf3a, the vwa1-knockout zebrafish exhibited deformities similar to those in vwa1-knockdown embryos. These data show that vwa1 dysfunction genuinely affects craniofacial development. Notably, apart from craniofacial anomalies, knockdown of vwa1 also resulted in ventral swelling, which might indicate cardiovascular dysfunction. Neural crest cells also participate in the development of the heart and similar situation where a gene plays important roles in both ear and cardiovascular development has been reported in eya4 (Schönberger et al., 2005; Wentzel and Eriksson, 2011). Therefore, whether vwa1 holds potential effects on cardiac development requires further exploration. The phenotypic changes in zebrafish indicated potential haploinsufficiency mechanisms behind the potential pathogenic effects of vwa1. However, the possibility that truncated WARP produced by the point mutation in humans may interfere with normal WARP function and demonstrate a dominant negative pathogenic fashion was not excluded (Messina et al., 2016a, b).

In vwa1-ATG morphants, the chondrocytes of pharyngeal cartilage appeared smaller and disorganized compared with the normal characteristic “stack of pennies” organization. This observation is understandable as WARP serves as an important component of the extracellular matrix (ECM), whose composition is a complex mixture of collagens and non-collagenous proteins (Allen et al., 2006). Research has revealed a regulatory role for proteoglycans, glycosaminoglycans, proteases, and glycosidases in cell proliferation and differentiation (Roughley, 2006). Moreover, the special avascular nature of cartilage further highlights the important effects of the ECM on the diffusion, distribution, and binding capacity of signaling molecules (Esko and Selleck, 2002; Cortes et al., 2009). ECM proteins also have the capacity to bind to receptors and initiate signal transduction (Streuli, 1999). Therefore, a disturbance in the ECM microenvironment caused by knockdown of vwa1 could contribute to the overall phenotypic deformities in pharyngeal cartilage.

Upon reducing vwa1 function, the remaining cartilaginous elements in vwa1-ATG morphants seemed to adopt appropriate patterns, both the first and second pharyngeal arch derived structures were affected, and markers for craniofacial development were generally expressed in appropriate locations. These data suggest that vwa1 does not play a vital role in the migration, aggregation or specification of cranial neural crest cells, but may be very important in regulating their number. In support of this hypothesis, the size of both craniofacial cartilage and cranial neural crest cell marker domains were reduced in vwa1-ATG morphants, indicating a change in CNCC number. Reduced CNCC number could result from decreased proliferation and increased apoptosis, which have both been proven to be associated with different kinds of craniofacial anomalies. For example, reduced proliferation of CNCCs in the medial nasal process mesenchyme is required for upper lip closure and has been identified in the pathogenesis of cleft lip (Everson et al., 2017). Meanwhile, increased apoptosis of CNCCs could affect secondary palate fusion and has been proven to be associated with significant mid-facial anomalies such as cleft palate (Wilson et al., 2016; Welsh et al., 2018; Wang et al., 2019). Based on our data, we observed a decrease in cell proliferation, but no change in cell apoptosis, in vwa1-ATG morphants. Taken together, these data indicate that vwa1 is required for the proliferation of CNCCs.

CNCCs’ proliferation, apoptosis, migration and differentiation have been reported to be tightly regulated by a delicate and intricate extracellular signaling system, which includes SHH, WNT, RA, FGF, endothelin and BMP (Frisdal and Trainor, 2014; Graf et al., 2016; Everson et al., 2017). As an important component of the ECM, VWA1 is likely to regulate CNCC proliferation via extracellular signal transduction. Bioinformatics analyses predicted possible crosstalk of WARP with four proteins in the FGF pathway: FGF23, SPP1, CDH2, and SDC2. The FGF pathway is known to play crucial roles in the specification, patterning and migration of cranial neural crest cells (Diez Del Corral and Morales, 2017). Elements of this pathway have also been shown to regulate cranial neural crest cell proliferation (Sasaki et al., 2006). In particular, FGF23, a bone-derived hormone produced by osteoblasts and osteocytes that signals through FGFRs and α-Klotho, has a well-established association with renal phosphate wasting diseases (Erben, 2017). While research has demonstrated regulatory roles of FGF23 on osteoblast and chondrocyte proliferation in vitro and in vivo (Kawai et al., 2013), its effects on cranial neural crest cells await further study. CDH2 plays important roles in the adhesion, proliferation and migration of somatic cells (Marie et al., 2014), and has also been reported to function in the morphogenesis of zebrafish inner ear (Babb-Clendenon et al., 2006). SPP1 is an ECM protein closely associated with tumorigenesis and bone remodeling (Sousa et al., 2012; Saleh et al., 2016). Previous researches have reported its potential expression in cranial suture tissues of zebrafish (Topczewska et al., 2016). SDC2 has been reported to regulate angiogenic sprouting in zebrafish (Chen et al., 2004), and has distinct expression in embryonic zebrafish brain (Hofmeister et al., 2013). The overlap of spatiotemporal expression patterns and functional similarities between WARP and these proteins further support the possibility of their potential interactions. The crosstalk with these membrane proteins and secreted signaling molecules suggests complicated interactions among signaling pathways, especially the FGF pathway, which may underlie the suppressive effects of vwa1 knockdown on the proliferation of cranial neural crest cells (Figure 2D).



CONCLUSION

We reported that VWA1 is a strong candidate gene for HFM, showing that vwa1 variants influences the proliferation of CNCCs and the organization of pharyngeal chondrocytes. More patients with VWA1 mutations and corresponding genetic mouse models will be required to further confirm the causal role of this gene. The identification of this candidate gene for HFM can not only help to decipher the pathways involved in craniofacial development, but provide possible targets for genetic testing and therapeutic intervention as well.
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FIGURE S1 | Efficacy of vwa1-ATG Morpholino. (A) Structure of pCS2 + vwa1-ATG-MO-mCherry plasmid. (B) At 1 dpf, fluorescence could be observed in embryos injected with pCS2 + vwa1-ATG-MO-mCherry mRNA (a), showing that the mRNA could be translated into mCherry fluorescent protein. No fluorescence was observed in embryos co-injected with pCS2 + vwa1-ATG- MO-mCherry mRNA and vwa1-ATG MO (b), showing that mCherry was effectively knocked down. Fluorescence similar to that of pCS2 + vwa1-ATG-MO-mCherry injected embryos was observed in embryos co-injected with pCS2 + vwa1-ATG-MO-mCherry mRNA and p53 MO (c), showing that unspecific MO could not knock down mCherry.

FIGURE S2 | Deformities of pharyngeal cartilage in vwa1 morphants. The figure shows the jaws of uninjected and vwa1 morpholino (MO)-, p53 MO- and vwa1 + p53 MO-injected morphants Alcian blue staining of morphant embryos in different dose. Injection of vwa1-ATG MO and vwa1 + p53 MO caused deformities in pharyngeal cartilages, and higher amounts of MO caused more severe deformities. There was no significant difference compared with controls after injection of p53 MO.

TABLE S1 | Sequences of the primers of gRNA and the probes of the markers.


FOOTNOTES

1http://www.sbg.bio.ic.ac.uk/phyre2

2http://bioinf.cs.ucl.ac.uk/psipred/

3https://string-db.org

4http://crispr.mit.edu
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Background: Epigenetic dysregulation is one of the postulated underlying mechanisms of neural tube defects (NTDs). Polycyclic aromatic hydrocarbons (PAHs), a group of environmental pollutants that are reported as a risk factor of NTDs, may cause decreased genome-wide DNA methylation. With DNA extracted from neural tissues, this study identified gene(s) whose hypomethylation was related to elevated risk for NTDs and examined whether its hypomethylation is related to PAH exposure.

Results: Using data profiled by Infinium HumanMethylation450 BeadChip array from 10 NTD cases and eight controls, ZIC4, CASP8, RAB32, RARA, and TRAF6 were identified to be the top five genes in NTD-related hypomethylated gene families. Among all identified genes, ZIC4 had the largest number of differently methylated CpG sites (n = 13) in the promoter region and 5′ UTR. Significantly decreased methylation in the ZIC4 promoter region and 5′ UTR was verified in an independent cohort of 80 cases and 32 controls (p < 0.001) utilizing the Sequenom EpiTYPER platform. Hypomethylation of ZIC4 was associated with a higher risk of NTDs [adjusted OR = 1.08; 95% confidence interval (CI): 1.03, 1.13] in a logistic regression model. Mean methylation levels in the promoter region and 5′ UTR of ZIC4 tended to be inversely associated with levels of high-molecular-weight PAHs in fetal liver among NTD fetuses (β [95% CI]: −0.045 [−0.091, 0.001], p = 0.054). Six and three CpG sites in the ZIC4 promoter region and 5′ UTR were inversely correlated with antioxidant indicators and protein oxidation markers (ρ: −0.45 to −0.75, p < 0.05) in fetal neural tissues, respectively. In a whole-embryo cultured mouse model, hypomethylation of the Zic4 promoter region and 5′ UTR and upregulation of Zic4 were observed, coupled with increased NTD rates after BaP exposure. The antioxidant N-acetyl-L-cysteine normalized the changes observed in the BaP exposure group.

Conclusion: Hypomethylation of the ZIC4 promoter region and 5′ UTR may increase the risk for NTDs; oxidative stress is likely to play a role in the methylation change of Zic4 in response to PAH exposure in NTD formation.

Keywords: neural tube defects, DNA methylation, polycyclic aromatic hydrocarbons, Zic4, oxidative stress


INTRODUCTION

Neural tube defects (NTDs), a group of fatal and disabling congenital defects, are caused by the failure of the morphogenetic process of neural tube closure during embryogenesis. NTDs have a multifactorial etiology and are thought to arise from complex gene–environment interactions that remain poorly understood (Copp and Greene, 2010). Epigenetic regulation has been suggested to string fetal development, and DNA methylation is one of the best-characterized epigenetic modifications, which coordinates normal gametogenesis and embryogenesis. Emerging evidence of an association between DNA methylation dysregulation and NTD formation indicates that alterations in fetal methylation may underlie NTD etiology.

The developmental origins of health and disease hypothesis asserts that exposure to environmental pollutants during embryonic development, a critical period for epigenetic reprogramming, leads to epigenetic dysregulation, and results in increased disease risk (Heindel and Vandenberg, 2015). Several previous epidemiological studies support a positive association between maternal polycyclic aromatic hydrocarbon (PAHs) exposure and elevated risk for the development of NTDs in offspring, when PAHs or PAH–DNA adducts were used as exposure markers in maternal serum, placental tissue, cord blood, and cord tissue (Ren et al., 2011; Yuan et al., 2013; Wang et al., 2015; Yi et al., 2015). PAHs are common persistent organic pollutants in the environment formed during incomplete combustion of organic materials. The substances therefore easily reach the fetus by crossing the placenta barrier (Perera et al., 2005; Al-Saleh et al., 2013; Mohammadi et al., 2017). Moreover, decreased genome-wide DNA methylation associated with PAH exposure has been reported in studies of genomic DNA derived from umbilical cord blood cells (Herbstman et al., 2012; Tang et al., 2012). Thus, epigenetic change is postulated to be a possible mechanism through which the interaction between PAH exposure and NTD-related genes is mediated.

Transplacental PAHs can cause oxidative stress (OS), leading to macromolecular oxidative damage. Evidence from human, animal, and cell studies suggests that PAH-induced OS plays a role in DNA methylation dysregulation, especially in DNA hypomethylation (Fan et al., 2012; Lan et al., 2016; Udomsinprasert et al., 2016; Zhu et al., 2017; Huang et al., 2019b). Although several studies have demonstrated that decreased methylation levels in certain genes may relate to NTD formation using a candidate-gene approach (Rochtus et al., 2016; Tian et al., 2018; Zhang et al., 2019; Huang et al., 2019b), no study has ever identified hypomethylated NTD-related genes based on genome-wide DNA methylation analysis. In addition, the mechanisms through which these DNA hypomethylation changes arise are yet to be fully explored.

In this study, we identified hypomethylated genes in NTD cases, utilizing genome-wide DNA methylation data profiled by the Infinium HumanMethylation450 array. The methylation level of the identified gene was validated with the neural tissue of fetuses from an independent cohort of cases and controls. We then evaluated the association between methylation levels in the identified gene and fetal PAH exposure. To gain insight into the possible mechanisms of the observed methylation change, correlations between the methylation levels of CpG sites in the identified gene and concentrations of OS markers in fetuses were further analyzed. Finally, a mouse model was utilized to test the findings from the case–control studies in human subjects, with the methylation and expression of the identified gene being assayed in mouse embryos treated with benzo[a]pyrene (BaP) and embryos co-treated with BaP and antioxidant N-acetyl-L-cysteine (NAC).



MATERIALS AND METHODS


Human Subjects

Neural tube defect cases and controls were recruited from Shanxi Province in northern China between 2011 and 2014 (Ren et al., 2011). Epidemiological studies have shown that the prevalence of NTD in this Province is very high, 31.5/10,000 in 2014 (Liu et al., 2016). Cases were terminated fetuses following prenatal diagnosis of an NTD or stillborn infants with an NTD; controls were aborted fetuses due to unintended pregnancies. Experienced pathologists performed the autopsy and collected brain, spinal cord, and liver tissues from cases and controls. All tissue samples were immediately stored at -80°C after collection. Data on sociodemographic characteristics and lifestyle of case and control mothers, including periconceptional folic acid supplementation, were collected with a questionnaire at birth or at pregnancy termination. Written informed consent was obtained from all women. This study was approved by the Institutional Review Board of Peking University (Beijing, China).



Animals and in vitro Whole-Embryo Culture

In this experiment, 2-month-old primigravida CD-1 (ICR) mice were used. The mice were provided food and tap water ad libitum and housed in a temperature- and humidity-controlled facility with an ambient temperature of 21 ± 2°C, relative humidity of 50 ± 10%, and a 12-h light/12-h dark cycle. Embryonic day 0 (E0) was designated at first detection of a vaginal plug after the mating period. As described previously (Huang et al., 2019b), mouse embryos were dissected out of the uteri at E8.5. The maternal membranes, decidua, and Reichert’s membrane were removed under sterile conditions in Hank’s medium. Then, the embryos were distributed alternately into culture bottles with rat serum in a gas atmosphere of O2, CO2, and N2. The bottles were then sealed, and embryos were cultured for 48 h at 37°C with 1‰ dimethyl sulfoxide (DMSO), 5 μM BaP or 5 μM BaP, and 5 μM NAC at a rotation speed of 25 rpm. Neural tissue was separated from the E10.5 mouse and stored at −80°C for further analysis. The Institutional Animal Care and Use Committee at Peking University approved all protocols describing the animal research reported here.



Methylation Assay

As described previously (Wang et al., 2017), methylation assays for human subjects’ DNA extracted from neural tissue were carried out in two independent stages. In the first stage, genome-wide DNA methylation was profiled with DNA of 10 NTD fetuses and eight controls using the Infinium HumanMethylation450 BeadChip (HM450K; Illumina, San Diego, CA, United States). In the second stage, the differentially methylated CpG sites discovered in the first stage were validated in 80 NTD fetuses and 32 controls with the Sequenom MassARRAY system.

QIAamp DNA Mini Kit (QIAGEN, Hilden, Germany) was used for genomic DNA extraction. NanoDrop 2000 Ultramicro spectrophotometer (Thermo Fisher Scientific, MA, United States) was used to quantify and assess the purity of the extracted DNA. Bisulfite conversion was performed with 500 ng DNA utilizing the EZ DNA Methylation Kit (Zymo Research, CA, United States) according to the manufacturer’s protocol. In consideration of conversion efficiency, all samples were prepared in duplicate to curtail potential biases which may induce distorting results. The profile of genome-wide DNA methylation was assessed with the HM450K in accordance with Illumina’s instructions. The methylation status for identified candidate genes was extracted from the array database. In the second stage, validation of the candidate gene identified through microarray assay was conducted with the Sequenom EpiTYPER (Sequenom, San Diego, United States). DNA was amplified with bisulfite-specific PCR. Bisulfite-specific primers were designed with EpiDesigner1 as shown in Supplementary Table 1. PCR products were treated with shrimp alkaline phosphatase to dephosphorylate unincorporated dNTP before reverse transcription and base-specific cleavage. After that, the methylation status for each CpG locus was analyzed with the Sequenom mass spectrometer.

The methylation level of the candidate gene in mice was examined with the Sequenom MassARRAY EpiTYPER using DNA isolated from embryo neural tissue. Bisulfite-specific primers were designed using EpiDesigner for amplicon covering the promoter region and 5′ UTR matched with sequence identified in the human candidate gene. The sequence of the primer is listed in the Supplementary Material (Supplementary Table 2).



Candidate Gene Identification

Candidate genes were identified with hypomethylated NTD-related gene families, using the HM450K array data. Genes with a significantly lower methylation level in cases than in controls were identified using the criteria of p < 0.05 and Δβ < −0.2. Based on genes summarized by Copp et al. (2003), Copp and Greene (2010) as a reference, genes and gene families were identified if they had ever been reported to be involved in any disturbance of the cytoskeleton, cell proliferation and neuronal differentiation, neuroepithelial cell death, transcriptional regulation, and chromatin dynamics or sonic hedgehog signaling pathway. Then the identified genes were selected with the following criteria: no significantly hypermethylated CpG site in the promoter region and 5′ UTR and two or more hypomethylated CpG sites in the promoter region and 5′ UTR. Qualified genes with the most hypomethylated CpG sites were chosen as candidate genes for further study. In this study, coordinates were converted from the hg19 genome assembly to GRCh37. The promoter region is defined as within 1,500 bp upstream of the transcription initiation site. TSS200 refers to the 0–200 bases upstream of the transcriptional start site (TSS). TSS1500 is the 200–1500 bases upstream of the TSS, and 5′ UTR is within the 5′ untranslated region, between the TSS and the ATG start site.



PAH Analysis

As described previously (Wang et al., 2015), PAHs in fetal liver tissues were quantified by gas chromatograph–mass spectrometer. The PAH concentrations were calculated by subtracting the blanks from the detected concentration in the samples and are reported as ng/g lipid. The sum of high-molecular-weight PAHs (H_PAHs), i.e., PAHs with four or five fused aromatic rings, was utilized to represent fetal exposure levels. A total of 53 fetuses were available for PAH analysis in the present study.



OS Marker Detection

Selected OS markers in fetal neural tissues were detected and quantified by a commercial kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China). Concentrations of glutathione peroxidase (GPx), superoxide dismutase (SOD), and total antioxidant capacity (TAC) are used as antioxidant indicators. Oxidative macromolecular damage markers included malondialdehyde (MDA) and protein carbonyl (PC), which, respectively, represent lipids and protein oxidation. A total of 20 NTD cases were available for OS analysis in the present study.



RNA Isolation and Real-Time PCR

Mouse neural tissues were collected, and RNA was extracted with TRIzol (Invitrogen). DNase I digestion (DNA-free, Ambion) was used to remove genomic DNA. Reverse transcription of RNA was conducted immediately with random hexamers (Superscript VILO cDNA synthesis kit). The 7500 Fast Real-Time PCR system (Bio-Rad) was used for performing real-time PCR with iTaqTM Universal SYBR Green Supermix (Bio-Rad). The threshold cycles were calculated with the CFX manager software of Bio-Rad. The primers are given in Supplementary Table 3. Gapdh was used to normalize the Zic4 level.



Whole-Mount in situ Hybridization Assay

To capture the level of candidate gene expression during neural tube closure with lower background and stronger signals, E9.5 mouse embryos were used for whole-mount in situ hybridization according to previously described procedures (Huang et al., 2019b). Briefly, digoxigenin-labeled RNA probes for in situ hybridizations were synthesized with pGEM-T (Promega) followed by in vitro transcription utilizing T7 RNA polymerase (Roche). Mouse embryos were rehydrated and bleached with hydrogen peroxide, followed by incubating with hybridization mix containing digoxigenin-labeled RNA probe. TBST containing 1% sheep serum was used to block the samples at the end of hybridization. Embryos were incubated in developing solution (NBT/BCIP, Roche) for color detection, after which a dissecting microscope was used periodically for photographing.



Western Blot

Protein extraction was conducted with E10.5 whole embryo using RIPA buffer on ice. The concentration of the extracts was determined with the Bradford assay. Traditional methods were used to perform western blotting. The primary antibodies were rabbit anti-ZIC4 (1:500, Proteintech, Chicago, United States) and anti-β-TUBULIN (1:10,000, Proteintech, Chicago, United States). ImageJ was used to make densitometric comparisons. β-Tubulin density measurements were used as loading controls.



Statistical Analysis

In the human subject study, the χ2 test or Fisher’s exact test was used to assess differences in proportions of demographic characteristics between the groups of NTDs and controls. For the HM450K array data, an independent t-test was performed in analyses of differentially methylated CpG locus within each gene between cases and controls. Multiple comparison correction was carried out with the Benjamini–Hochberg false discovery rate (FDR) method. CpG loci were determined as significantly hypomethylated in the discovery stage if the following criteria were met: FDR p < 0.05 and absolute β difference > 0.2. Shapiro–Wilk test was performed to test the normality of methylation data of ZIC4 in the validation stage. t-Test was conducted to examine the differences in methylation intensity of ZIC4 between NTD cases and controls validated with the Sequenom MassARRAY system in the validation stage. The association of the ZIC4 methylation status with risk for NTDs was evaluated by odds ratios (ORs) and 95% confidence intervals (CIs) obtained with logistic regression. In order to acquire a comprehensible interpretation of the coefficient, β-score with negative centuplicate transformation was applied in the logistic model. Maternal occupation and educational level, unplanned pregnancy, parity, and folic acid supplementation were adjusted for in logistic regression. A linear regression was modeled to evaluate the effect of fetal liver H_PAH levels on methylation status of ZIC4. Spearman’s correlation analysis was used for exploring the correlation between ZIC4 methylation and OS markers in neural tissues of NTD fetuses. Data of differentially methylated CpG loci for the Zic4 gene and the abundance of mRNA and protein are expressed as means ± SEs (or SDs) among embryos from the DMSO, BaP, and BaP and NAC co-treatment groups in the mouse study. One-way analysis of variance (ANOVA) was performed to examine the differences among groups. In all tests, a two-tailed p value < 0.05 was considered statistically significant. The statistical package of SPSS 23.0 (IBM Co., Armonk, NY, United States) was used in data analyses.



RESULTS


Identification of Candidate Genes

Following our prespecified selection criteria, data analysis of the HM450K assay revealed that ZIC4, CASP8, RAB32, RARA, and TRAF6 were the five most common genes with more hypomethylated CpG sites located within the promoter region and 5′ UTR in NTD cases than in controls (Supplementary Material, Supplementary Table 4). ZIC4 had 11 significantly different methylation CpG sites in its promoter region and 5′ UTR, with the absolute value of the β difference being greater than 0.2 after Benjamini–Hochberg correction, which ranked first among all reported NTD-related genes in our microarray data.



Methylation of ZIC4 Gene in the Microarray Data

According to the HM450K microarray data, 74 probes covered the ZIC4 gene in the chip, and 22 probes were in the promoter region and 5′ UTR. Forty-nine out of the 74 (66.2%) CpG sites of the ZIC4 in NTD cases were found to be hypomethylated compared to those in controls. And 13 of the 49 CpG sites were significantly hypomethylated in the promoter region and 5′ UTR. Among those 13 CpG probes, nine (cg03355998, cg21127068, cg06369327, cg05548555, cg26791399, cg15287443, cg26224785, cg06166523, and cg02820514) were located in the TSS1500, and four (cg23957311, cg21639713, cg24620761, and cg02387803) were in the 5′ UTR. In the promoter region and 5′ UTR, 11 out of the 13 hypomethylated CpG sites got Δβ < −0.2, and no hypermethylated CpG site was found. Details of the CpG sites in ZIC4 are presented in Supplementary Table 5. The schematic diagram for the location of CpG sites in the ZIC4 gene examined by Infinium HumanMethylation450 BeadChip is presented in Supplementary Figure 10.



Validation of ZIC4 Methylation With a Larger Case–Control Cohort

To verify the hypomethylated CpG sites in ZIC4 that were identified in the above microarray data, the methylation status of CpG sites in the ZIC4 promoter region and 5′ UTR was assayed with the Sequenom EpiTYPER platform with DNA extracted from the neural tissues of subjects consisting of 80 NTD cases and 32 controls. The demographic characteristics of both mothers and fetuses are shown in the Supplementary Material (Supplementary Table 6).

Two DNA amplicons targeting the promoter region and 5′ UTR of ZIC4 were designed to verify the hypomethylated CpG sites identified by microarray analysis (Figure 1A). Amplicon within the TSS1500 region covered four CpG sites (CpG1 to CpG4), among which CpG2 and CpG3 were identical to cg02820514 and cg05548555 discovered in the microarray, respectively. Another amplicon enclosed six CpG sites located in the 5′ UTR (CpG5 to CpG10), in which CpG5, CpG6, and CpG7 were consistent with the cg26791399, cg06369327, and cg21127068 CpG sites, respectively, which were found to be significantly hypomethylated in microarray analysis.
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FIGURE 1. Location and methylation statuses of CpG units examined in ZIC4. (A) Schematic diagram of CpG sites examined in the ZIC4 gene. Green dots represent significantly hypomethylated CpG sites discovered by microarray. CpG sites validated with the Sequenom MassARRAY system are indicated as gray (without a significant difference) or blue (significantly hypomethylated) dots. (B) Methylation levels of ZIC4 detected in an independent sample of NTD cases and controls using the Sequenom MassARRAY system. *Difference is significant between NTD cases and non-malformed controls (p < 0.05).


Of these 10 CpG sites, eight demonstrated significant hypomethylation in NTD cases, except for two microarray-matched CpG sites (Figure 1B). All eight CpG sites were kept differentially methylated after applying the Benjamini–Hochberg correction. The β difference of cases and controls was between 6.1 and 22.2%. Detailed information is presented in Supplementary Table 7 of the Supplementary Material.

The average methylation level of ZIC4 (11.1%) decreased in cases than in controls (24.0%). We utilized logistic regression model to test the association of the mean methylation level of ZIC4 with the NTD risk. Hypomethylation of ZIC4 was associated with a higher risk for NTDs (aOR = 1.08; 95% CI: 1.03, 1.13). Increased risk for spina bifida and anencephaly, two major subtypes of NTDs, was also in association with ZIC4 hypomethylation (Table 1).


TABLE 1. Associations between ZIC4 average methylation and NTD risk in the validation stage.
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ZIC4 Methylation and PAH Exposure

Polycyclic aromatic hydrocarbon exposure is a proposed risk factor for NTDs (Ren et al., 2011; Wang et al., 2015). We used a linear regression model in a subcohort of the NTD group to investigate the relationship between PAH concentration and methylation level of ZIC4. Among the 53 NTD cases, the mean ZIC4 methylation level was negatively associated with H_PAH concentrations in fetal liver (β [95% CI]: -0.047 [−0.093, −0.001], p = 0.046), which indicates that when H_PAHs increase by one unit, there will be a 4.7% decrease in the average methylation level of ZIC4. H_PAH and ZIC4 continued to be negatively associated after adjustment for folic acid use, although the β value did not reach statistical significance (β [95% CI]: −0.045 [−0.091, 0.001], p = 0.054). As a supplement, we also determined the correlation between H_PAH level and methylation status for each CpG site in ZIC4. Pearson correlation analysis revealed a negative correlation between H_PAHs and the four CpG sites (CpG5, CpG7, CpG8, and CpG10) and the mean methylation level of ZIC4. The details for the correlation analysis are presented in Supplementary Material, Supplementary Table 8.



ZIC4 Methylation and OS Markers in Human NTD Cases

To determine whether OS is correlated with ZIC4 methylation level in NTD cases, correlation analyses were carried out in a subcohort of the NTD group, using levels of OS markers (SOD, GPx, TAC, MDA, and PC) and the methylation levels of ZIC4 in fetal neural tissue. The methylation status of six CpG sites (CpG2, CpG3, CpG4, CpG7, CpG8, and CpG10) presented a moderate to strong inverse correlations with the level of GPx, an antioxidant indicator. Three sites (CpG2, CpG7, and CpG8) were negatively correlated with the protein oxidation marker—PC (Table 2).


TABLE 2. Correlation analysis of ZIC4 methylation statuses and levels of OS markers in neural tissues of NTD cases.
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Zic4 Methylation and Expression in Mouse Embryos Exposed to BaP

A mouse whole-embryo in vitro culture model treated with BaP, a well-studied H_PAH, was used to examine the role of PAHs on the Zic4 methylation indicated in the human study. We previously reported a significantly higher rate of NTD incidence (13%) in BaP-treated mouse embryos (Huang et al., 2019b). In this study, methylation status of an amplicon within the Zic4 promoter region and 5′ UTR was examined, using DNA extracted from the neural tissue of embryos cultured in vitro for 48 h.

Two of the four detected CpG sites (CpG2 and CpG3) demonstrated significant hypomethylation in mouse embryos after BaP exposure, compared to the DMSO control, with β differences of 3.9% and 1.1%, respectively, (Figure 2). The other two CpG sites also showed decreased methylation levels in the BaP group, although the differences were not statistically significant. The details on the methylation status of Zic4 of mouse embryos are presented in the Supplementary Material (Supplementary Table 9).
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FIGURE 2. Methylation status of Zic4 in mouse embryos. DNA isolated from neural tissue of E10.5 mouse in the DMSO, BaP, and BaP and NAC co-treatment groups was utilized to examine the methylation levels of the CpG site covered in the amplicon in the promoter of the Zic4 gene. *p < 0.05 between the DMSO and BaP groups.


Because decreased methylation in the promoter region and 5′ UTR is expected to upregulate the gene expression, mRNA and protein expression of Zic4 gene in mouse embryo were examined. According to real-time PCR, Zic4 mRNA expression was significantly increased in the BaP-treated group compared to the DMSO control group (p < 0.05; Figure 3A). Expression of Zic4 was localized to the neural tissues, especially in the brain and the upper part of the spinal cord, in E9.5 embryos from the BaP group as demonstrated by using in situ hybridization (Figure 3D). Western blotting revealed that Zic4 protein expression level was greater in embryos from the BaP group compared to the control group, although the difference was not statistically significant (Figures 3B,C).
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FIGURE 3. Zic4 mRNA and protein expressions in mouse embryo after BaP and antioxidant NAC treatments. (A) Quantitative real-time PCR analysis of the relative abundance of Zic4 mRNA normalized to Gapdh in neural tissues of embryos treated with BaP or BaP–NAC co-treatment. The transcript levels are means ± SE of two biological replicates (n = 5). (B) After BaP and BaP–NAC co-treatment, the protein levels of Zic4 in the whole embryo were measured by western blotting. β-Tubulin was used as a loading control, and data are presented as means ± SD (n = 5). (C) Representative blots of Zic4 and β-tubulin protein levels. (D) Representative whole-mount in situ hybridizations of Zic4 expression in E9.5 mouse: (i) DMSO-treated embryos, (ii) BaP-treated embryos, and (iii) BaP- and NAC-co-treated embryos. *p < 0.05 vs. DMSO control; #p < 0.05 vs. BaP and NAC co-treatment.




Effects of Antioxidant on Zic4 Methylation and Expression

We evaluated whether OS plays a role in Zic4 methylation during NTD formation. To this end, the methylation status in the promoter region and 5′ UTR of Zic4 was evaluated using the neural tissue of E10.5 embryos cultured with BaP and antioxidant NAC co-treatment. BaP-induced NTD is rescued by NAC in vitro (Huang et al., 2019b). In this study, three of the four detected CpG sites had increased methylation levels in embryos co-treated with BaP and NAC (Figure 2), although the differences were not statistically significant. The details on methylation features of locus-specific CpG sites in Zic4 are reported in Supplementary Table 9.

The relative abundance of Zic4 mRNA and protein was also examined in embryos cultured in serum with BaP and NAC. NAC normalized Zic4 mRNA upregulation induced by BaP exposure (p < 0.05; Figures 3A,D). Results from in situ hybridization indicated that the increased Zic4 expression in the brain and upper spinal cord was alleviated by co-exposure to NAC. NAC treatment also tended to mitigate elevated protein expression caused by BaP exposure (Figures 3B,C).



DISCUSSION

Polycyclic aromatic hydrocarbon exposure, which is associated with higher NTD risk, has been reported to cause a reduction in DNA methylation levels in humans (Herbstman et al., 2012; Lee et al., 2017). Increasing evidence suggests a link between DNA methylation dysregulation and NTDs, but to date, no study has identified hypomethylated genes based on a genome-wide methylation profile. Using HM450K microarray data, we identified several hypomethylated genes ZIC4, CASP8, RAB32, RARA, and TRAF6. Among these, CASP8, RARA, and TRAF6 have been reported to be involved in the NTD formation, and ZIC4 and RAB32 are family members of NTD-related genes. Caspase-8, products of CASP8, plays the role of initiator in the death receptor-induced apoptotic pathways (Zhao et al., 2009). As a member of the RAR gene family, RARA encoded retinoic acid receptor alpha which regulates differentiation, apoptosis, and transcription of clock genes and is essential for normal embryonic development (Elmazar et al., 1997). Also, the protein encoded by TRAF6 mediates the downstream signal transduction of various cell surface receptors and is reported to play a crucial role in apoptosis during neural tube closure (Lomaga et al., 2000). In sum, CASP8, RARA, and TRAF6 may be involved in NTD formation through dysregulation of cell differentiation or apoptosis according to existing studies. RAB32 belongs to the Rab family that regulates membrane trafficking. Only RAB23, a member of the Rab family of small GTPases, has been reported to be associated with NTD development (Hor et al., 2018), while no study on Rab32 and neural tube closure have been retrieved.

We further validated ZIC4, one of the identified genes with most of the hypomethylated CpG sites, using a larger sample of NTD fetuses and non-malformed controls. The mean methylation levels of the detected CpG locus in the promoter region and 5′ UTR of ZIC4 was negatively associated with H_PAH concentrations in liver tissues of cases that were available for OS analysis in the present study. Likewise, ZIC4 methylation levels were inversely correlated with OS markers in neural tissues of NTD cases. We performed a further validation utilizing a mouse model in which decreased methylation and elevated expression of Zic4 was found in embryos from the BaP treatment group in which an increased rate of NTDs has been reported (Huang et al., 2019b). Antioxidant NAC mitigated the Zic hypomethylation and upregulation induced by BaP exposure in mouse embryos cultured in vitro.

ZIC4, the gene with the most hypomethylated CpG sites among qualified genes in the discovery stage, belongs to the Zic gene family, which encodes zinc finger proteins. After validating the CpG sites within the ZIC4 promoter region and 5′ UTR in another independent cohort of subjects, ZIC4 hypomethylation was found among NTD cases, and a statistically significant association was found between ZIC4 hypomethylation and increased NTD risk. Zinc finger proteins may interact with key transcriptional coactivators in SHH, WNT, and NODAL signaling pathways, which are known pathways in neural tube closure (Diamand et al., 2018). A study on zebrafish provided evidence that Zic1 and Zic4 are crucial for the formation of the dorsal roof plate and dorsal hindbrain (Elsen et al., 2008). In both humans and mice, however, Zic4 only hampers cerebellum development when there is a combined trans-heterozygous loss of Zic1 and Zic4 (Diamand et al., 2018). Zic4 overexpression could inhibit the activation of β-catenin-mediated reporter (Fujimi et al., 2012), which may repress the expression of Pax3 and Cdx2, two vital effectors involved in caudal neural tube closure and/or elongation (Zhao et al., 2014). In support of this, we observed increased expression of mRNA and protein of Zic4 in mouse embryos with a high NTD rate (Huang et al., 2019b), accompanied by the hypomethylated Zic4 promoter region and 5′ UTR in neural tissues after BaP exposure. In Xenopus gastrula embryos, a Wnt/β-catenin signaling reporter vector (TOPFLASH vector) was found significantly lowered after coninjection of Zic4 RNA (Fujimi et al., 2012). Overexpression of Zic4 may hinder the proliferation and specification of neural stem cells via disturbance in Wnt/β-catenin signaling, which could eventually impair the axis formation and the development of the forebrain, midbrain, and hindbrain. Thus, we speculate that Zic4 hypomethylation might impair neural tube closure through Wnt/β-catenin signaling. In sum, Zic4 hypomethylation may play a vital role in PAH-induced NTDs, while whether dysregulated Zic4 expression directly leads to morphological change needs to be further examined in future studies. To the best of our knowledge, no previous study has reported dysregulated methylation of Zic4 in NTD formation.

PAH exposure is associated with elevated risk for NTD (Ren et al., 2011), and DNA methylation biologically mediates the effects of PAH exposure by affecting the epigenome (Martin and Fry, 2018). Accordingly, we examined the relationship of H_PAH concentrations in fetal liver tissue and the methylation status of the Zic4 promoter region and 5′ UTR in NTD cases. A linear regression model revealed that hypomethylation of ZIC4 is associated with H_PAH levels in NTD cases. To further explore the impact of PAH exposure on DNA methylation, we assessed the Zic4 methylation status using the neural tissue dissected from mouse embryos after BaP exposure, which has also been reported to have an elevated incidence of NTD (Huang et al., 2019b). Levels of locus-specific methylation for two out of the four analyzed CpG sites were significantly hypomethylated in the promoter region and 5′ UTR of Zic4 after BaP treatment in vitro. Although growing evidence suggests that PAH exposure may be correlated with decreased global DNA methylation (Herbstman et al., 2012; Martin and Fry, 2018), the effects of environmental exposure on Zic4 methylation either in vivo or in vitro were unknown. Several studies have examined the correlation between PAH concentrations and methylation levels for some target genes, but the inconsistency from studies on humans, animals, and cells suggests that we should interpret our findings with caution. For example, PAH concentrations in maternal serum have been reported to positively correlate with DNA methylation levels of several NTD-related genes, including CTNNA1, PAX3, and MYH2 (Wang et al., 2017; Lin et al., 2019); a pilot cross-sectional study conducted in Mexico found that urinary 1-hydroxypyrene, a PAH metabolite, was negatively associated with the methylation levels of interleukin 12 and p53 gene promoters (Alegria-Torres et al., 2013). These results indicate that DNA methylation regulation may be mediated by PAH exposure, but it remains a challenge to reveal the underlying perplexing mechanisms when it comes to different effects of PAH exposure on distinct genes. Further investigations are required to confirm whether PAH exposure could alter the methylation status of Zic genes.

Growing evidence suggests that OS induced by environmental insults may cause DNA methylation dysregulation. To examine the possible mechanisms through which PAH exposure relates to aberrant DNA methylation, we investigated the relationship between OS markers and methylation level of ZIC4 in fetuses from the NTD group. Several CpG sites in the ZIC4 promoter region and 5′ UTR were inversely correlated with antioxidant indicators and protein oxidation markers. A whole-embryo culture model was utilized to further explore the role that OS played in DNA methylation aberration after BaP exposure. We previously showed that NAC could rescue NTDs and alleviate OS induced by BaP exposure in vitro (Huang et al., 2019b). After detecting the Zic4 methylation level in mouse embryos developed in culture media with BaP and BaP–NAC co-treatment, we found that NAC treatment partially attenuated the hypomethylation of Zic4 and normalized upregulated gene expression in neural tissues. NAC is a by-product of glutathione and is essential in the maintenance and metabolism of glutathione, which can prevent OS and its negative downstream effects (Kerksick and Willoughby, 2005). NAC treatment rescues global hypomethylation induced by OS after arsenic exposure, in both human THP-1 cells (Song et al., 2019) and chicken embryos (Han et al., 2011). In addition, according to a Vienna randomized trial which aimed to explore the impact of antioxidant-rich diet on the epigenetic profile of genes encoding mismatch repair enzymes, the methylation status of MLH1 is negatively correlated with DNA strand breaks induced by OS, and there is an increase in MLH1 methylation status after antioxidant intervention. This study indicated that antioxidants might lead to an increase in methylation status (Switzeny et al., 2012). All of this evidence consistently supports our hypothesis that OS mediates methylation dysregulation after PAH exposure. It has been reported that concentrations of 8-hydroxy-2′-deoxyguanosine (8-OHdG), an informative biomarker of DNA oxidative damage, are significantly increased in the maternal serum of NTD cases compared to that of controls (Yuan et al., 2015). Evidence from human cell and mouse studies indicate that 8-OHdG may inhibit DNA methylation by suppressing human DNA methyltransferase (DNMT) and murine Dnmt3a (Turk et al., 1995; Maltseva et al., 2009). Moreover, OS may induce excessive S-adenosyl-L-methionine consumption which would cause a decrease in methyl donor and then block methylation reaction. Furthermore, the upregulation of the demethylation enzyme ten-eleven translocation may also play a role in OS-induced hypomethylation (Chia et al., 2011; Huang et al., 2019a). Although no other specific evidence for Zic4 methylation and OS is available in the literature, the negative correlation between markers of OS and ZIC4 methylation in fetuses, together with hypomethylated Zic4 after BaP exposure rescued by NAC in mouse embryos, suggests that PAHs may mediate ZIC4/Zic4 methylation via OS.

A strength of this study is that we used neural tissues to detect tissue-specific DNA methylation, which is crucial for elucidating the etiology of NTD. However, our results should be considered alongside the limitations mentioned below. We did not investigate transcript-expression data for ZIC4 in fetuses because it can be quite challenging to collect tissues from terminated NTD cases that are fresh enough for RNA assays. However, the mouse model may provide some clues for Zic4 expression as compensation. In addition, we only detected methylation levels within the promoter region and 5′ UTR because that is the most studied region. Future studies should take methylation status in other regulatory regions into consideration.



CONCLUSION

Our study is the first to show that hypomethylated ZIC4 in neural tissues is associated with an elevated NTD risk. The findings from the human study and the mouse model provide novel evidence for the assumption that OS is a possible mechanism contributing to the methylation change of ZIC4/Zic4 in response to PAH exposure in NTD formation.
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Spina bifida is a common neural tube defect (NTD) accounting for 5–10% of perinatal mortalities. As a polygenic disease, spina bifida is caused by a combination of genetic and environmental factors, for which the precise molecular pathogenesis is still not systemically understood. In the present study, we aimed to identify the related gene module that might play a vital role in the occurrence and development of spina bifida by using weighted gene co-expression network analysis (WGCNA). Transcription profiling according to an array of human amniocytes from patients with spina bifida and healthy controls was downloaded from the Gene Expression Omnibus database. First, outliers were identified and removed by principal component analysis (PCA) and sample clustering. Then, genes in the top 25% of variance in the GSE4182 dataset were then determined in order to explore candidate genes in potential hub modules using WGCNA. After data preprocessing, 5407 genes were obtained for further WGCNA. Highly correlated genes were divided into nineteen modules. Combined with a co-expression network and significant differentially expressed genes, 967 candidate genes were identified that may be involved in the pathological processes of spina bifida. Combined with our previous microRNA (miRNA) microarray results, we constructed an miRNA–mRNA network including four miRNAs and 39 mRNA among which three key genes were, respectively, linked to two miRNA-associated gene networks. Following the verification of qRT-PCR and KCND3 was upregulated in the spina bifida. KCND3 and its related miR-765 and miR-142-3p are worthy of further study. These findings may be conducive for early detection and intervention in spina bifida, as well as be of great significance to pregnant women and clinical staff.
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INTRODUCTION

Spina bifida is one of the most common central nervous system (CNS) malformations found in fetuses: the neural tube shows incomplete closure, and is usually complicated by other neurological abnormalities and comorbidities such as hydrocephalus. Spina bifida can be broadly classified into two groups: spina bifida aperta and spina bifida occulta. The former refers to meninges or nerve tissue bulging out of the spinal canal through spina bifida and forms a cystic mass, so it also called spina bifida cystica, including myelomeningocele, meningocele, myelocele, etc. In general, there is no need to treat spina bifida occulta. Spina bifida mentioned in this study refers to spina bifida aperta. Spina bifida is often either treated after birth or an intrauterine defect repair is undertaken (Alabi et al., 2018). However, complications such as hydrocephalus, fecal dysfunction, voiding dysfunction, and limb mobility disorders cannot be completely avoided. To date, the etiology of spina bifida is not fully understood and may be related to genetic and environmental factors. Elucidation of the pathogenesis of spina bifida is urgently required in order to reduce harm to the fetus, as well as that to society and the family.

Low folic acid levels in pregnant women, or antiepileptic drugs such as valproic acid taken during pregnancy, and a history of obesity and diabetes in pregnant women are environmental risk factors for the disease. Folic acid supplementation in pregnant women, a prenatal diagnosis, and fetal in utero therapy can effectively reduce the number of children born with birth defects (Molloy et al., 2017). Evidence has shown that in spite of sufficient folic acid intake by pregnant women, impaired uptake and utilization of folic acid can also contribute to neural tube malformation (Gonseth et al., 2015). Gene mutations in methylene–tetrahydrofolate reductase and methionine synthase reductase lead to a folate metabolic disturbance. Reduced folic acid uptake causes the down-regulated expression of transcription factor AP-2 alpha, which may increase the level of DNA methylation in the fetus. All of these are likely genetic risk factors that affect the incidence of neural tube malformation.

The establishment and improvement of disease animal models are important for revealing the pathogenesis of human spina bifida, and play key roles in testing novel interventions (Smith et al., 1978; Duru et al., 2001; Danzer et al., 2005). Recent years, researchers have explored the effects of some risk factors by using these animal models (Zhao et al., 2008; Qin et al., 2016), and take further measures such as gene and cell therapy strategies to intervene to reduce the occurrence of perinatal birth defects (Melo-Filho et al., 2009; Turner et al., 2013; Wei et al., 2020a). It is indicated that genetic therapy may become a novel strategy for treating birth defects. Therefore, it is necessary to analyze the gene expression profiles of fetuses with neural tube defects (NTDs), which allows us to further understand the genetic determinants and epigenetic factors involved in this pathological mechanism. Nagy and colleagues (Nagy et al., 2006) contributed a dataset of whole genome mRNA expression profiles from amniocytes in amniotic fluid samples of nine people (GSE4182: five spina bifida and four healthy control samples). They revealed three novel candidate genes: Src like adaptor (SLAP), leukocyte specific transcript 1 (LST1), and mal, T cell differentiation protein like (BENE), which can play an important role in the pathogenesis of NTDs.

However, more than a decade has passed since their results were reported, and many new and effective bioinformatics methods have appeared. Many questions are worthy of further exploration such as a study on gene co-expression modules in human amniocytes from patients with spina bifida. In this study, we used genes in a GSE4182 dataset that were in the top 25% of variance from spina bifida and healthy control amniocytes to construct a co-expression network by WGCNA. We attempted to identify promising candidate biomarkers or potential therapeutic targets of spina bifida from modules in which highly correlated genes clustered. Furthermore, a study of specific molecular and biological functions of these hub genes may be better for understanding the underlying mechanisms of the disease. Based on our previous findings of diagnostic miRNAs in the serum of pregnant women with fetuses that have NTDs, we reveal the candidate genes in a hub module and a miRNA–mRNA interaction network for spina bifida.



MATERIALS AND METHODS


Microarray Dataset Collection

The Gene Expression Omnibus (GEO) database1 was used to obtain gene expression profiles for spina bifida. Exclusion criteria: (1) Profiles based on cell lines and animal models were excluded. Inclusion criteria: (1) Only homo sapiens species samples with spina bifida and healthy controls were included in this study. The GSE4182 dataset was detected on a platform of Affymetrix GeneChip Human Genome U133 Plus 2.0 [HG-U133_Plus_2]. GSE4182 included nine amniotic fluid samples from pregnant women with spina bifida (N = 4) or healthy (N = 5) fetuses. Amniocytes in the amniotic fluid were collected by amniocentesis, from which fetal mRNA was isolated and analyzed. In this study, the expression profile was acquired directly from a public database.



Data Preprocessing

The RAW data of the expression dataset, GSE4182, in .CEL format were obtained from a GEO database. The “affy” package in R was used to conduct the normalization and background correction of data. Probe level data were then converted into gene expression values. For multiple probes corresponding to a gene, the average expression value was taken as the gene expression value in this study. The distribution patterns of disease and control samples (before and after clustering analysis and outliers removement) were observed by principal component analysis (PCA).



Identification of Differentially Expressed Genes in Spina Bifida

The “limma” package in R was used to obtained Differentially Expressed Genes (DEGs) between spina bifida and healthy control samples in the expression data. We then carried out a significance analysis of microarrays and set the selection criteria as a false discovery rate (FDR) value <0.05 and log2| fold change| >1 (fold change >2) for further network construction.



Construction of Co-expression Network

The “WGCNA” package in R was used to construct the co-expression network based on the expression data profile of these top 25% variant genes. The microarray quality was checked by the “impute” package in R, which could detect whether the genes had missing values and ensure they were good samples. We performed sample clustering to plot the sample tree, and to detect and delete outliers. We then performed Pearson’s correlation matrices for pair-wise genes and found a soft thresholding power β value by using the pickSoftThreshold function of WGCNA.



Identification of Hub Genes

First, we defined the module with the largest absolute value of Pearson’s correlation of module membership (MM) and a p-value < 0.05 as the hub module. Furthermore, we defined hub genes in co-expression networks as genes that satisfy two conditions: the absolute value of the Pearson’s correlation of MM >0.8 and the absolute value of the Pearson’s correlation of gene trait (GS) relationship >0.2, which represented high module connectivity and high clinical significance, respectively. We subsequently obtained real hub genes by taking the intersection of hub genes in a co-expression network and significantly DEGs. On the basis of this, such real hub genes were used to construct an miRNA–mRNA regulatory network.



Functional Enrichment Annotation

Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analyses of real hub genes were performed by using the online program: Database for Annotation, Visualization, and Integrated Discovery (DAVID) (Dennis et al., 2003). The GO terms were divided into biological process (BP), cellular component (CC), and molecular function (MF). Statistical significance was considered as a p-value < 0.05.



Prediction of miRNA Target Genes and Construction of miRNA–mRNA Regulatory Network

TargetScan2 is a miRNA target prediction database that is used for mammals by searching for the presence of conserved 8, 7, and 6 mer sites that match the seed region of each miRNA (Agarwal et al., 2015). As a database, miRTarBase3 contains more than 360,000 miRNA–target interactions that have been validated experimentally by reporter assay, western blot, microarray, and high-throughput sequencing (Chou et al., 2018). These two online tools were used to predict target mRNAs in our previous study of diagnostic miRNAs (miR-142-3p, miR-144, miR-720, miR-575, and miR-765) in the serum of pregnant women with fetuses that had spina bifida (Gu et al., 2012). We took the intersection of predicted target mRNAs and real hub genes, and used the results to construct an miRNA–mRNA regulatory network. Furthermore, the network was visualized by Cytoscape 3.7.1 (Shannon et al., 2003).



Samples Collection

The samples used in this study are from the sample bank of our department, which were collected as previously described (Zhang H. et al., 2019). The study was approved by the Ethics Committee of Shengjing Hospital, China Medical University. The ethics number is 2015PS264K. All consent was obtained to use the samples for testing. Six cases of spinal cord tissue were obtained from fetuses induced labor by spina bifida, and eight cases of spinal cord tissue were obtained from fetuses induced labor by non CNS congenital malformations which were approximately similar age used as normal controls, as shown in the Supplementary Table 1. Tissue samples from spina bifida and healthy control fetuses were collected at pregnancy termination by experienced pathologists and stored at −80°C until analysis.



Quantitative Real Time Polymerase Chain Reaction

Subsequently, quantitative real time polymerase chain reaction (qRT-PCR) was used to verify the expression of the key genes in spinal cord tissue of clinical samples. Total RNA was isolated from each sample using Invitrogen (15596026) Trizol reagent by our research team member according to the manufacturer’s instructions. Reverse transcription from total RNA to cDNA and qRT-PCR were performed using the Takara PrimeScript RT Master Mix (RR036A) and SYBR Green Premix (RR420A), respectively. The results were analyzed using the 2-ΔΔCt method and represented as fold changes, normalized to GAPDH. The PCR primers used in this study were shown in Supplementary Table 2. Statistically significant was considered as the p-value < 0.05.



RESULTS


Data Preprocessing and DEG Identification

The raw data of a GSE4182 dataset that included four spina bifida and five healthy control samples was downloaded. Such data were then preprocessed by conducting format transformation, the filling in of missing data, background correction, and data standardization. The expression matrixes of a total 21,626 genes of these nine samples were obtained. After performing sample clustering to plot the sample tree, it was found that disease sample GSM94601 was clustered with other healthy samples. Then sample GSM94601 was removed as an outlier from a subsequent analysis (Figure 1A). We then matched the disease state of samples with their expression matrixes. The remaining eight samples were re-clustered and a sample dendrogram and trait heatmap were plotted (Figure 1B). At the same time, we performed PCA which showed that samples of spina bifida (except sample GSM94601) were distributed on the left side, while healthy control samples were distributed on the right side. The PCA results were identical with those by clustering analysis. The PCA results before and after outlier removement are shown in Figures 1C,D. The hierarchical cluster analysis heatmap showed significantly different distributions of gene expression patterns between spina bifida fetuses and healthy control samples (Figure 2A). Under the threshold of FDR < 0.05 and fold change >2, a total of 2,634 DEGs (1,277 up-regulated and 1,357 down-regulated) were chosen for further analysis, as shown in Figure 2B.
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FIGURE 1. Data Preprocessing. (A) Samples clustering of total nine samples in the GSE4182 to detect outliers. (B) Re-clustering of the remaining eight samples: sample dendrogram and trait heatmap. The clustering was based on the expression data of DEGs between healthy controls and spina bifida samples. In the disease state, white color means healthy controls and red color means spina bifida. (C) PCA for spina bifida and healthy control samples before outlier identification and removal. (D) PCA for spina bifida and healthy control samples after outlier identification and removal.
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FIGURE 2. Heatmap and volcano plot of DEGs. (A) The heatmap of DEGs. (B) The volcano plot of DEGs. Red represents upregulated genes and green indicates down-regulated genes. Black means nondifferentially expressed genes.




Co-expression Network Construction

Based on variance analysis, the top 25% of genes (5,407 genes) was obtained from GSE4182 with eight samples. These 5,407 genes were further analyzed and screened using WGCNA. We explored the value of the weight parameter β of an adjacency matrix by setting up a set of soft-thresholding powers (from 0 to 20). In this study, the soft-thresholding power was chosen as β = 8 where the curve first reached R^2 = 0.88, to construct a weighted network based on a scale-free network distribution (Supplementary Figures 1A–D).

The minimum number of genes was set as 30 for each module, and a clustering of module eigengenes obtained. We then calculated the dissimilarity coefficients between the genes and plotted the system cluster tree. Modules with a similarity above 70% were merged (Supplementary Figure 2A), and a dynamic tree dendrogram was redrawn (Figure 3A). Finally, a total of 19 modules was obtained using a dynamic tree-cutting method. The number of genes in each module is listed in Table 1.
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FIGURE 3. (A) Dendrogram of the top 25% of genes clustered based on a dissimilarity measure (1-TOM). (B) Heatmap of the correlation between module eigengenes and spina bifida. (C) Genetic network heatmap based on topological overlap. (D) Scatter diagrams for module membership vs. gene significance of disease state in turquoise modules. (E) Heatmap of gene expression in the module and feature vector histogram.



TABLE 1. The number of genes in the 19 modules.
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Identification of Clinically Significant Module

After relating modules to traits, high correlations were observed in traits of the disease state (healthy control or spina bifida) in the turquoise module (Supplementary Figures 2B,C). A clinically significant module was defined as a module with a maximum correlation coefficient (meanwhile p-value < 0.05). In this study, a turquoise module (correlation coefficient = 0.99, p < 1–200) was considered a clinically significant module and eligible for further analysis, as shown in Figure 3B. A genetic network heat map was obtained by calculating topological overlap between the top 25% of genes (Figure 3C). Each row and column of the heat map corresponds to a gene, with the darker the color, the higher the topological overlap, and the higher the density of genes. In Figure 3D, scatter diagrams for MM versus gene significance of disease state are shown in the turquoise modules. We then drew a heat map of gene expression in the turquoise module and its feature vector histogram (Figure 3E).



Identification of Hub Genes

First, the 1000 real hub genes were obtained by screening genes which | GS| >0.2 and | MM| >0.8 in the turquoise module (with total 1996 genes). Then, we overlapped these real hub genes with DEGs with fold change >2 (with total 2634 genes). Finally, the 967 candidate genes (as shown in Figure 4) were obtained for subsequent functional enrichment analysis and miRNA-mRNA network construction.
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FIGURE 4. Venn plot of real hub genes in turquoise module and DEGs. The intersection in deep red represents the 967 genes that are common between the real hub genes in the turquoise module and DEGs.




Functional Enrichment Annotation

The results of GO and KEGG analysis of these candidate genes were shown in the Figure 5. It is worth noting that biological processes related to central nervous system development (GO:0007417), cell migration (GO:0016477), keratinization (GO:0031424), innate immune response (GO0045087), inflammatory response (GO:0006954), establishment of skin barrier (GO:0061436), keratinocyte differentiation (GO:0030216), and epidermis development (GO:0008544) were enriched in the top 20 of the results. It may be associated with the skin defect, spinal dysraphism (with or without myelomeningocele) of the spina bifida fetus. The chip samples were collected from amniotic fluid cells, and amniotic fluid cells are derived from fetal exfoliated skin. In a fetus with spina bifida, the edge of the skin of spina bifida may be exfoliated into amniotic fluid and detected. Therefore, the expression of genes in amniotic fluid cells is thought to reflect fetal conditions. The KEGG pathways analysis of these candidate genes indicated that pathways for neuroactive ligand-receptor interaction (hsa04080), NF-kappa B signaling pathway (has04064), osteoclast differentiation (hsa04380), cytokine-cytokine receptor interaction (has04060), and cell adhesion molecules (CAMs) (hsa04514) may play vital roles in the pathological processes of spina bifida.
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FIGURE 5. Gene Ontology annotation and pathway enrichment analysis of significantly different genes in turquoise module. (A) Top 20 biological process (BP) terms of GO analysis. (B) Top 20 cellular component (CC) terms of GO analysis. (C) Top 20 molecular function (MF) terms of GO analysis. (D) KEGG pathway enrichment analysis. Red color means –log10 (p-value), blue color means the gene count.




Construction of miRNA–mRNA Regulatory Network

Our previous study (Gu et al., 2012) explored circulating miRNAs in pregnant women’s sera as potential biomarkers for spina bifida fetuses. We revealed that the expression of five types of miRNAs (miR-142-3p, miR-144, miR-720, miR-575, and miR-765) in the sera of spina bifida fetuses and pregnant women was up-regulated more than two times. Such miRNAs decreased in maternal serum 24 h after delivery, suggesting that maternal serum levels of these five types of dysregulated miRNAs are associated with pregnancy, and which could also reflect fetal conditions to some extent. MicroRNA target genes were predicted by TargetScan and miRTarBase, of which two or more miRNAs might target the same mRNA. The mRNAs appeared simultaneously in the 967 candidate genes and simultaneously predicted ranges were considered as credible mRNAs and shown in the miRNA–mRNA regulatory network (Figure 6). According to the above principles, miRNA-720 did not have credible predicted target genes and was absent in this network. The details of DEGs in credible miRNA–mRNA regulatory networks in spina bifida are shown in Table 2. Three key genes, YOD1, TSPAN6, and KCND3 were, respectively, linked to two miRNA-associated gene networks, of which their potential biological function and underlying mechanism are worthy of further discussion and research.
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FIGURE 6. The miRNA-mRNA regulatory network in the spina bifida. The network consisted of four miRNAs (yellow) and 39 mRNAs (light pink). YOD1, TSPAN6, and KCND3 were considered as the three key genes connecting two miRNA gene networks (turquoise).



TABLE 2. DEGs in the confirmed miRNA-mRNA regulatory networks.
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Validation in the Clinical Samples

To further validate the results of the microarray analysis, we examined the expression of the three key genes which have dysregulated expression in spina bifida by qRT-PCR using spinal cord samples from spina bifida and control fetus with induced labor with non CNS congenital malformations. Subsequently, we found that KCND3 and YOD1 were upregulated and TSPAN6 was downregulated in spina bifida samples. The unpaired t-test was used for statistical analysis of the data shown in Figure 7. However, only the difference of KCND3 between the two groups had statistical significance (p < 0.05), which was consistent with our previous analysis. TSPAN6 had the same decreased expression trend with our bioinformatics analysis results, but did not show a statistically significantly difference between the two groups. However, the changing trend of YOD1 was in the opposite direction.
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FIGURE 7. Validation in the clinical samples by qRT-PCR. KCND3 (A) upregulated in spina bifida samples. TSPAN6 (B) and YOD1 (C) did not show significantly statistical difference between two groups. *p < 0.05 compared to the control group.




DISCUSSION

Spina bifida is one of the most common serious birth defects found worldwide for which prenatal treatment options remain limited. Researchers have thus recognized the urgency for improvements in early preclinical diagnosis and treatment levels. In recent years, our research group has been devoted to the study of the genetic and epigenetic etiology and pathogenesis of spina bifida (Fan et al., 2011; Shan et al., 2012; Wei et al., 2013; Zhang H. et al., 2019; Zhang H.N. et al., 2019; An et al., 2020; Liu et al., 2020), as well as the diagnosis and prenatal diagnosis of diseases (Gu et al., 2012; An et al., 2015), gene therapy (Ma et al., 2020) and stem cell therapy (Li et al., 2012; Wei et al., 2020a,b) and other etiological treatments, which are conducive to improving the level of disease prevention and treatment. However, we still believe more needs to be done. In this study, WGCNA was used to explore pathological processes and marker genes in amniotic fluid cells of the spina bifida fetus. In this study, we identified a miRNA–mRNA regulatory network that consisted of four miRNAs and 39 mRNAs. TSPAN6, YOD1, and KCND3 are considered key genes in this network.

As a member of the tetraspanin family, tetraspanin-6 (TSPAN6) was predicted to be co-regulated by miR-142-3p and miR-144 in spina bifida. Guix and colleagues (Guix et al., 2017) reported that TSPAN6 was increased in Alzheimer’s disease brains and promoted Aβ-peptide accumulation by affecting the autophagosome–lysosomal pathway and slowing down the degradation of Amyloid precursor protein (APP)–C-terminal fragments. At the same time, TSPAN6 increased exosome-mediated secretion of APP–C-terminal fragments. TSPAN6 was found to be important for cognition and to affect properties of the postsynaptic terminal (Salas et al., 2017). Deletions at TSPAN6 cause epilepsy female-restricted with intellectual disability (Vincent et al., 2012). In addition, TSPAN6 affected mitochondrial antiviral signaling (MAVS) formation in a ubiquitination-dependent manner, which further negatively regulated the retinoic acid–inducible gene I-like receptor (RLR) pathway and host antiviral immune response (Wang et al., 2012). In general, all-trans retinoic acid was employed as a spina bifida aperta–inducing agent by our research group (Xue et al., 2018; Zhang H.N. et al., 2019) and other international peers (Oria et al., 2018). TSPAN6 may be tractable as a therapeutic target for spina bifida based on the results obtained from a literature search and data analysis.

As a gene encoding deubiquitinating enzyme, YOD1 was predicted to be co-regulated by miR-142-3p and miR-144 in spina bifida. Previous studies suggested that YOD1 correlated with another congenital malformed disease: nonsyndromic cleft lip, with or without cleft palate (NSCL/P). RNA interference and overexpression experiments indicated that YOD1 could enhance cell migration during lip and palate formation through the transforming growth factor (TGF)-β3 signaling pathway (Zhou et al., 2018). A mutation of YOD1 may lead to impeded cell migration resulting in NSCL/P (Ju et al., 2018). We therefore have reason to speculate that YOD1 plays a similar role in spina bifida. A few studies have highlighted the significant role of YOD1 in neurodegenerative disease. Tanji et al. demonstrated that the neurogenic proteins that cause Huntington and Parkinson’s diseases induced upregulation of the YOD1 level (Tanji et al., 2018). Ubiquitin-directed AAA-ATPase p97 cooperating with YOD1 played an essential role in the clearance of ruptured lysosomes by autophagy, in which a mutation caused inclusion body myopathy and neurodegeneration (Papadopoulos et al., 2017). Overall, such data suggest that the deubiquitinase YOD1 contributes to the pathogenesis of neurodegenerative disease by affecting the ubiquitin–proteasome system and autophagy–lysosome pathway. Data has also suggested that YOD1 plays an important role in the development of an antiviral immune response. Liu and colleagues reported YOD1-mediated K63-linked deubiquitination could activate an innate antiviral immune response against viral infection, and the aggregation of MAVS (Liu et al., 2019). In addition, a catalytically inactive mutant of the deubiquitinase YOD1 enhances antigen cross-presentation (Sehrawat et al., 2013). YOD1 antagonizes ubiquitin ligase TRAF6/p62-dependent interleukin-1 signaling to NF-κB (Schimmack et al., 2017). Past studies have suggested that YOD1 and TSPAN6 both affect MAVS formation and an active antiviral immune response by regulating the ubiquitination pathway. More speculatively, spina bifida may be related to a type of viral infection.

As a gene encoding potassium voltage-gated channel subfamily D member 3, KCND3 was predicted to be co-regulated by miR-142-3p and miR-765 in spina bifida. It was shown that a mutation in KCND3 was associated with the autosomal dominant inherited neurodegenerative disorder, spinocerebellar ataxia types 19 and 22 (SCA19/22) (Duarri et al., 2012; Lee et al., 2012; Paucar et al., 2018; Hsiao et al., 2019). Moreover, KCND3 pathogenic variants may be responsible for a wider phenotypic spectrum than previously thought, including autosomal recessive early-onset sporadic cerebellar ataxia (Kurihara et al., 2018), childhood epileptic encephalopathy (Wang et al., 2019), Parkinsonism, and cognitive impairment (Huin et al., 2017). However, further experimental studies are needed to validate a dysfunction of the potassium voltage-gated channel exists in spina bifida.

In this study, novel biomarkers of spina bifida have been provisionally identified from the viewpoint of coexpression network analysis. Our findings also provide novel insights into an miRNA–mRNA regulatory network in spina bifida. The genes we identified as key genes were derived from the hub module (with highest correlation with disease, shown in Figure 3B) by WGCNA. Furthermore, the miRNAs we used for constructing the miRNA-mRNA network were obtained from our previous verified dysregulated microarray results in spina bifida. Based on our preliminary experimental validation results, KCND3 was upregulated in the spina bifida group, which supports that KCND3 may play a role in the development of spina bifida. This result corresponded to that of our bioinformatics analysis. According to Figure 6, miR-765 and miR-142-3p may play a role by regulating the expression of KCND3 involved in the development of spina bifida. But how they participate in the disease onset remains unclear. These details need to be confirmed by further in depth experimental studies, and this will be an important research direction to uncover the molecular mechanisms of abnormal expression of these gene and miRNAs in spina bifida. Furthermore, future research and validation studies need to be based on larger sample sizes.



CONCLUSIONS AND FUTURE PROSPECTS

The incidence of NTDs is still high in some underdeveloped countries and regions. According to reports, folic acid–preventable spina bifida–related stillbirths and child mortalities are still widespread in Ethiopia (Dixon et al., 2019). Recently, our team and international peers have reported that in utero amniotic fluid stem cell therapy techniques may promised new hope to sufferers of NTDs (Abe et al., 2019; Huang et al., 2020). Our research group has made some important improvement in the field of transamniotic bone marrow mesenchymal stem cell transplantation therapy as well (Wei et al., 2020a,b). In this study, we identified a miRNA–mRNA regulatory network including four miRNAs and 39 mRNAs in spina bifida and implicate TSPAN6, YOD1, and KCND3, ubiquitylation pathways, and an antiviral immune response as modulators of neural tube malformations. Following the verification of qRT-PCR and KCND3 was upregulated in spina bifida. KCND3 and its related miR-765 and miR-142-3p appear worthy of further study. However, it remains unclear whether amniocytes reflect the genetic, epigenetic and/or environmental influences related to spina bifida. Such findings and proposed mechanisms obtained from our bioinformatics analyses require validation in spinal cord and adjacent tissues from spina bifida samples by further experimental research using larger sample sizes.
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Supplementary Figure 1 | Determination of soft-thresholding power in the WGCNA. (A) Analysis of the scale-free index for a set of soft-thresholding powers (β). (B) Analysis of the mean connectivity for a set of soft-thresholding powers. (C) Histogram of connectivity distribution when β = 8. (D) Checking the scale free topology when β = 8.

Supplementary Figure 2 | (A) Screening of modules needed to be merged. (B) Cluster dendrogram of relation between modules and clinical traits. (C) Clustering heatmap of relation between modules and clinical traits.

Supplementary Table 1 | Summary of clinical features of samples in this study.

Supplementary Table 2 | Sequences of primers used for qRT-PCR.
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Local Macrophage-Related Immune Response Is Involved in Cochlear Epithelial Damage in Distinct Gjb2-Related Hereditary Deafness Models
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The macrophage-related immune response is an important component of the cochlear response to different exogenous stresses, including noise, ototoxic antibiotics, toxins, or viral infection. However, the role of the immune response in hereditary deafness caused by genetic mutations is rarely explored. GJB2, encoding connexin 26 (Cx26), is the most common deafness gene of hereditary deafness. In this study, two distinct Cx26-null mouse models were established to investigate the types and underlying mechanisms of immune responses. In a systemic Cx26-null model, macrophage recruitment was observed, associated with extensive cell degeneration of the cochlear epithelium. In a targeted-cell Cx26-null model, knockout of Cx26 was restricted to specific supporting cells (SCs), which led to preferential loss of local outer hair cells (OHCs). This local OHC loss can also induce a macrophage-related immune response. Common inflammatory factors, including TNF-α, IL-1β, Icam-1, Mif, Cx3cr1, Tlr4, Ccl2, and Ccr2, did not change significantly, while mRNA of Cx3cl1 was upregulated. Quantitative immunofluorescence showed that the protein expression of CX3CL1 in Deiters cells, a type of SC coupled with OHCs, increased significantly after OHC death. OHC loss caused the secondary death of spiral ganglion neurons (SGNs), while the remaining SGNs expressed high levels of CX3CL1 with infiltrated macrophages. Taken together, our results indicate that CX3CL1 signaling regulates macrophage recruitment and that enhancement of macrophage antigen-presenting function is associated with cell degeneration in Cx26-null mice.
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INTRODUCTION

Traditionally, the inner ear has been recognized as an “immune privileged” organ, similar to the eyes or brain. However, there is increasing evidence that immune responses are involved in the inner ear damage process induced by various exogenous stresses, including noise, ototoxic antibiotics, toxins, or viral infection (Fredelius and Rask-Andersen, 1990; Keithley and Harris, 1996; Ladrech et al., 2007; Fujioka et al., 2014; Kaur et al., 2015a). During these cochlear damage processes, macrophages/monocytes are the major immune cells contributing to cochlear immune responses (Hirose et al., 2005, 2014; Sato et al., 2010; Kaur et al., 2015b). The role of macrophages in inner ear damage has not been fully elucidated, and it is generally believed that they are involved in phagocytosis, antigen presentation, or production of immune and inflammatory molecules (Hu et al., 2018). Chemokines and cytokines induced by different stresses are also involved in the regulation of macrophages/monocytes and cochlear pathogenesis (Wood and Zuo, 2017). Moreover, treatments targeting inflammation can effectively alleviate the different types of inner ear damage that have involved an immune response (Canlon et al., 2007; Wakabayashi et al., 2010; Arpornchayanon et al., 2013).

Previous studies on cochlear inflammation mostly focused on acquired deafness caused by exogenous stresses. However, macrophage invasion has also been observed in degenerated stria vascularis in a mouse model of Pendred syndrome, which is a hereditary deafness model caused by mutations in the SLC26A4 gene (Jabba et al., 2006). This finding indicates that an immune response is associated with hereditary deafness caused by gene mutation, and it raises more questions. Is an immune response involved in other types of hereditary deafness? Will the possible immune response have distinct characteristics due to different deafness genes? Can the inner ear damage of hereditary deafness be alleviated by modulating the immune response? To clarify the above problems, it is necessary to explore the types and characteristics of immune response in more genetic deafness models.

GJB2 [encoding connexin 26 (Cx26)] is the most common deafness gene, and its mutations are responsible for a quarter of hereditary deafness cases worldwide (Rabionet et al., 2000; Dai et al., 2009). Cx26 assembles with connexin 30 to form gap junctions, which allow small molecules to pass through adjacent supporting cells (SCs) and fibrocytes in the mammalian cochlea (Harris, 2001; Forge et al., 2003; Zhang et al., 2005). In Cx26-null mice, auditory hair cell (HC) and SC deaths with secondary spiral ganglion neuron (SGN) degeneration are the major pathological changes (Sun et al., 2009; Wang et al., 2009; Chen et al., 2014). These pathological phenomena are highly similar to the cochlear damage induced by noise or ototoxic antibiotics, although the underlying mechanism is different (Jiang et al., 2017; Sha and Schacht, 2017). Moreover, HC and SGN deaths induced by noise or ototoxic antibiotics are associated with macrophage recruitment and cochlear inflammation (Kaur et al., 2018; He et al., 2020). Taken together, these observations indicate that macrophage-related inflammation may contribute to cochlear damage in GJB2-related deafness.

In this study, two distinct murine models were established to investigate the immune response in a Cx26 knockout. One line was the systemic Cx26-null model, which can induce rapid and significant HC and SC deaths (Chen et al., 2014). The other line was the Cx26-null model of targeted cells, which leads to moderate HC death and delayed SC degeneration. The observation of cochlear macrophages was quantified and compared in these models. Moreover, chemokines and cytokines were analyzed quantitatively. These findings will help us better understand the characteristics and role of the immune response in GJB2-related deafness.



RESULTS


No Macrophage-Related Immune Response Before Cochlear Cell Death Induced by Knockout of Cochlear Cx26

Cx26f/f; Rosa26CreER mice were used to establish a systemic Cx26-null mouse model (Figure 1A). Cochlear Cre activation was visualized by tdTomato expression, and almost all types of cells in the cochlea could be activated (Figures 1B,b). Images of nuclear staining [4′,6-diamidino-2-phenylindole (DAPI), blue] and stereocilia staining (phalloidin, white) were merged to visualize HCs and SCs (Figures 1C,D). At P10, no significant HC or SC loss was observed in the systemic Cx26-null group (Figures 1E,F). CD45 immunostaining (green) was performed to show the distribution pattern of residual macrophages in the scala tympani side of the basilar membrane (BM) at P10 (Figure 1G). The image was captured at the BM level (Figure 1G). Quantification of the results (n = 4 mice in each group) showed that there was no significant difference in the number of CD45+ cells in all turns of the BM or the osseous spiral lamina (OSL) between the control and systemic Cx26-null groups (Figures 1H,I).
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FIGURE 1. Cell degeneration pattern and distribution of macrophages in the systematic Cx26-null mouse model at P10. (A) Cx26f/f; Rosa26CreER mice were injected subcutaneously with tamoxifen at P0 and P1 and sacrificed at P10. (B,b) tdTomato staining (red) showed that Cre recombinase was activated in cells of the cochlea. (C,D) Representative images of HCs and SCs (F-actin, white) in different regions from control and Cx26-null groups. (E,F) Quantifications of OHC (E) or DC (F) survival in different groups. (G) Distribution of CD45+ cells (green) in the scala tympani side of the BM of different groups. (H,I) Comparison of the numbers of CD45+ cells in BM (H) or OSL (I) between control and Cx26-null groups. The scales in (C,D,G) represent 50 μm. SGN, spiral ganglion neuron; OC, organ of Corti; OSL, osseous spiral lamina; SV, stria vascularis; SL, spiral ligament; BM, basilar membrane; HC, hair cell; SC, supporting cell.




Recruitment and Activation of Macrophages in Response to Acute Cell Degeneration in Systemic Cx26-Null Mice

Cx26f/f; Rosa26CreER mice were used to establish a systemic Cx26-null mouse model (Figure 2A). Consistent with our previous report, significant degeneration of HCs and neighboring SCs was observed in the middle cochlea of the systemic Cx26-null group at P16 (white arrowheads, Figure 2B; Chen et al., 2014). Cell counts (n = 4 mice in each group) showed that the proportions of surviving outer hair cells (OHCs) and Deiters cells (DCs, a type of SC coupled with OHCs) were 30.7 ± 11.5% (p < 0.0001) and 34.7 ± 11.7% (p = 0.0001) in the middle region, while no loss of OHCs or DCs was observed in the apex or base at P16 (Figures 2C,D). Immunostaining of CD45 (green) and CX3CR1 (red) was performed to show the morphology and distribution pattern of macrophages in the scala tympani side of the BM or OSL region (Figures 2E–N). In the area of the BM, cell counts (n = 4 mice per group) showed that the number of CD45+ cells in the middle region of the systemic Cx26-null group (8.0 ± 0.8) increased significantly compared with that of the control group (5.3 ± 0.3, p = 0.0181; Figures 2E–N,P). Cross-sectional views were generated to show the distribution of macrophages (Figures 2G,L, yellow lines in panels E and K indicate locations of corresponding cross sections). Similarly, the number of CX3CR1+ cells also increased in this area (3.5 ± 0.5 in the control group and 6.8 ± 0.6 in the Cx26-null group, p = 0.0068, Figures 2E–N,P). Moreover, we examined the cell morphology, an essential indicator of macrophage activation. In the systemic Cx26-null group, most of the CD45+/CX3CR1+ cells near the cochlear injury displayed enlarged cell bodies with dendritic projections, which indicated that they were activated macrophages (Figure 2N). However, some CD45+/CX3CR1+ cells were round and small, suggesting that they were infiltrated monocytes. Quantification showed that the average size of CD45+/CX3CR1+ cells in the middle cochlear region of the systemic Cx26-null group (595.2 ± 139.4 μm2) was significantly larger than that of the control group (395.5 ± 104.0 μm2, p < 0.0001, Figure 2Q). No significant difference in the number of CD45+ cells in OSL regions was observed between the control and systemic Cx26-null groups (Figure 2O).
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FIGURE 2. Cell degeneration pattern and distribution of macrophages in the systemic Cx26-null mouse model at P16. (A) Systemic Cx26-null mice were sacrificed at P16. (B) Representative images of OHCs and DCs (F-actin, white) in different turns from the control and Cx26-null groups. White arrowheads indicate the absence of OHCs and DCs in the middle cochlea of the Cx26-null group. (C,D) Quantifications of OHC (C) or DC (D) survival from different groups. (E–H) Double labeling of immune cells with CD45 (green) and CX3CR1 (red) in the middle cochlea of the control group. (J–M) Double labeling of immune cells with CD45 (green) and CX3CR1 (red) in the middle cochlea of the Cx26-null group. (G,L) Cross-sectional views were generated to show the distribution of macrophages, and yellow lines in (E,K) indicate locations of corresponding cross sections. The white boxes in (H,M) are magnified in (I,N). (O) Comparison of the numbers of CD45+ cells in OSL between control and Cx26-null groups. (P) Comparison of the numbers of CD45+ and CX3CR1+ cells on the scala tympani side of the BM between control and Cx26-null groups. (Q) Quantifications of macrophage size in different regions from control and Cx26-null groups. The scales in (B,E) represent 50 μm. The scale in (I) represent 25 μm. *Significant difference from the control group (p < 0.05).




Dynamic Recruitment and Activation of BM Macrophages in Response to Mild OHC Death in Targeted-Cell Cx26-Null Mice

The Cx26f/f; Fgfr3iCreERT2 line (Figure 3A) was used to establish a targeted-cell Cx26-null mouse model. The tdTomato signals (red) were mainly observed in DCs and pillar cells (PCs) at P7, which suggests that Cx26 can be knocked out successfully in these cells (Figures 3B,b). In this line at P16, local Cx26 deletion induced OHC loss without corresponding DC death in the base (white arrowheads, Figure 3C). Occasionally, scattered OHC death was observed in the middle cochlear region (white arrowheads, Figure 3C). In targeted-cell Cx26-null mice, quantification (n = 4 mice per group) showed that the proportions of surviving OHCs were 98.8 ± 1.2%, 89.2 ± 13.3%, and 62.8 ± 6.9% in the apical, middle, and basal cochlear regions, respectively (Figure 3D). At the same time (P16), no significant DC loss was observed in any turns of this line (Figure 3E). Under normal conditions, macrophages labeled by CD45 and CX3CR1 staining in the base exhibited amoeboid morphology (Figures 3F–J). Cross-sectional views were generated to show the distribution of macrophages (Figures 3H,M). However, macrophages in the cochlear base of the Cx26-null group displayed enlarged cell bodies with multiple protuberances (Figures 3K–O). Quantification (n = 4 mice per group) showed that the number of CD45+ cells in the basal region of the Cx26-null group increased significantly (6.0 ± 0.7 vs. 3.3 ± 0.8, p = 0.0047, Figure 3Q). Similarly, the number of CX3CR1+ cells in the base also increased (5.3 ± 0.8 vs. 2.8 ± 1.3, p = 0.0307, Figure 3Q). The average size of BM macrophages in the basal region of the Cx26-null group (493.8 ± 80.9 μm2) was larger than that of the control group (387.4 ± 108.5 μm2, p = 0.0239, Figure 3R). No significant difference was observed in the number of CD45+ cells in all turns of the OSL region between the control and Cx26-null groups (Figure 3P).
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FIGURE 3. Cell degeneration pattern and distribution of macrophages in the targeted-cell Cx26-null mouse model at P16. (A) Cx26f/f; Fgfr3iCreERT2 mice were injected subcutaneously with tamoxifen at P0 and P1 and sacrificed at P16. (B,b) tdTomato staining (red) showed that Cre recombinase was mainly activated in DCs and PCs. (C) Representative images of OHCs and DCs (F-actin, white) in different regions from the control and Cx26-null groups. White arrowheads indicate the absence of OHCs in the middle and basal cochleae of the Cx26-null group. (D,E) Quantification of OHC (D) or DC (E) survival from different groups. (F–I) Double labeling of immune cells with CD45 (green) and CX3CR1 (red) in the base of the control group. (K–N) Double labeling of immune cells with CD45 (green) and CX3CR1 (red) in the base of the Cx26-null group. (H,M) Cross-sectional views were generated to show the distribution of macrophages, and yellow lines in (G,L) indicate locations of corresponding cross sections. The white boxes in (I,N) are magnified in (J,O). (P) Comparison of the numbers of CD45+ cells in OSL between control and Cx26-null groups. (Q) Comparison of the numbers of CD45+ and CX3CR1+ cells in the BM between the control and Cx26-null groups. (R) Quantifications of macrophage size in different regions from the control and Cx26-null groups. The scales in (C,F) represent 50 μm. The scale in (J) represent 25 μm. *Significant difference from the control group (p < 0.05).


Mice in the Cx26-null group were sacrificed at P60 (Figure 4A). At P60, OHC loss in the basal turn was further aggravated and extended to the middle cochlea. At the same time, DCs in the base began to disintegrate significantly, and this damage gradually extended to DCs in the middle cochlea (white arrowheads, Figure 4B). Cell counts (n = 4 mice per group) showed that the proportions of surviving OHCs were 73.5 ± 9.4% (p = 0.0037) or 17.5 ± 6.7% (p < 0.0001) in the middle or basal cochlea of the Cx26-null group, respectively (Figure 4C). The proportion of surviving DCs in the base was 28.4 ± 19.6% (p = 0.0008, Figure 4D). In the scala tympani side of the BM, most of the macrophages were double positive for CD45 and CX3CR1 (Figures 4E–L). However, the number of macrophages in the OSL area remained unchanged (Figure 4M). The number of CD45+ cells in the middle cochlea (6.5 ± 1.1) and the base (7.5 ± 1.1) of the Cx26-null group increased significantly, compared with that of the control group (4.75 ± 0.4 in the middle cochlea, p = 0.0447; 4.25 ± 1.1 in the base, p = 0.0112, Figure 4N). CX3CR1+ cell counts showed similar results (Figure 4N). In the middle cochlea of the Cx26-null group, the mean size of BM macrophages was 556.4 ± 105.6 μm2, much larger than that of the control group (372.7 ± 106.0 μm2, p = 0.0004, Figure 4O). Similarly, macrophages in the base of the Cx26-null group were larger than those in the control group (667.2 ± 144.8 μm2 vs. 439.9 ± 129.7 μm2, p < 0.0001, Figure 4O).
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FIGURE 4. Cell degeneration pattern and distribution of macrophages in the targeted-cell Cx26-null mouse model at P60. (A) Targeted-cell Cx26-null mice were sacrificed at P60. (B) Representative images of OHCs and DCs (F-actin, white) in different regions from the control and Cx26-null groups. White arrowheads indicate the absence of OHCs or DCs in the middle or basal cochlea of the Cx26-null group. (C,D) Quantifications of OHC (C) or DC (D) survival from different groups. (E–H) Double labeling of immune cells with CD45 (green) and CX3CR1 (red) in the middle (E,F) and basal (G,H) cochleae of the control group. (I–J) Double labeling of immune cells with CD45 (green) and CX3CR1 (red) in the middle (I,J) and basal (K,L) regions of the Cx26-null group. (M) Comparison of the numbers of CD45+ cells in the OSL between the control and Cx26-null groups. (N) Comparison of the numbers of CD45+ and CX3CR1+ cells in the BM between the control and Cx26-null groups. (O) Quantification of macrophage size in different turns from the control and Cx26-null groups. The scales in (B,E) represent 50 μm. *Significant difference from the control group (p < 0.05).




Increased Number of MHC-2-Positive Cells in the Targeted-Cell Cx26-Null Mice

MHC-2 and CD45 double staining was performed in the targeted-cell Cx26-null mouse model at P60. Most CD45+ cells also expressed MHC-2, and a dendritic-to-amoeboid morphology suggested that these CD45+/MHC-2+ cells were macrophages (Figures 5A–L). The number of CD45+/MHC-2+ cells in the middle cochlea (5.3 ± 0.3) increased significantly, compared with that of the control group (3.7 ± 0.3, p = 0.024, Figure 5M). Similarly, CD45+/MHC-2+ cells in the base of the Cx26-null group were larger than those in the control group (5.3 ± 0.3 vs. 2.7 ± 0.3, p = 0.047, Figure 5M).
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FIGURE 5. MHC-2 staining in the targeted-cell Cx26-null mouse model at P60. (A–C) Double labeling of immune cells with MHC-2 (red, A) and CD45 (green, B) in the middle region of the control group. (D–F) Double labeling of immune cells with MHC-2 (red, D) and CD45 (green, E) in the middle cochlea of the Cx26-null group. (G–I) Double labeling of immune cells with MHC-2 (red, G) and CD45 (green, H) in the base of the control group. (J–L) Double labeling of immune cells with MHC-2 (red, J) and CD45 (green, K) in the base of the Cx26-null group. The white boxes in (B,E,H,K) are magnified in (C,F,I,L), respectively. (M) Comparison of the numbers of CD45+ and MHC-2+ cells in the BM between the control and Cx26-null groups. The scales in (A,C) represent 50 and 25 μm, respectively. *Significant difference from the control group (p < 0.05).




Positive Correlation of the Number of BM Macrophages With the Death Rate of OHCs

Linear regression was used to analyze the correlation between the number of macrophages and OHC loss. Different turns of the cochlea were analyzed separately. In the targeted-cell Cx26-null line, a significant correlation was found between numbers of BM macrophages and OHC loss in the middle cochlea (r = 0.7273, p = 0.0014, Figure 6A) and the base (r = 0.7917, p = 0.0003, Figure 6B). At P60, there were differences in OHC loss in the corresponding turns. Therefore, we conducted a unified analysis of OHC loss in different regions at this time point. Similarly, a positive correlation was found between numbers of BM macrophages and OHC loss at P60 (r = 0.6798, p = 0.0003, Figure 6C).
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FIGURE 6. Correlation between the number of BM macrophages and the OHC loss rate in targeted-cell Cx26-null mice. (A) Correlation between the number of BM macrophages and OHC loss in the middle cochlea. (B) Correlation between the number of BM macrophages and OHC loss in the base. (C) Correlation between the number of BM macrophages and OHC loss at P60.




Expression of Cytokines and Chemokines in the Different Cx26-Null Mouse Models

To identify the cytokines and chemokines involved in the macrophage-related immune response of the Cx26-null mouse, a group of mRNAs of inflammation-related genes (Ccl2, TNF-α, IL-1β, Tlr4, Cx3cl1, Mif, Cx3cr1, Ccr2, and Icam-1) was quantitatively analyzed. At P16, a small amount of OHC loss can cause macrophage recruitment in the targeted-cell Cx26-null line. Therefore, we prioritized detection of the cochlear mRNA of this model at this time point. Compared with those in the control group, the mRNA levels of Ccl2, Ccr2, TNF-α, IL-1β, Tlr4, Cx3cr1, Mif, and Icam-1 in the Cx26-null group were not significantly different. However, the mRNA of Cx3cl1 was significantly increased (n = 5 per group, p = 0.0009, Figure 7A). To further verify our results, Cx3cl1 mRNA from the cochleae of the systemic Cx26-null mice was also quantified. At P16, the Cx3cl1 mRNA level of the systemic Cx26-null group increased by 61.4 ± 9.8% compared with the control group (n = 6 in each group, p = 0.0006, Figure 7B). P7 is the last time point at which the entire BM can be completely dissected. Considering the recruitment of macrophages mainly occurs at the scala tympani side of the BM, we dissected the BM tissue of this line and extracted mRNA at P7. However, the mRNA level of Cx3cl1 showed no significant difference between the experimental and control groups at P7 (n = 6 in each group, p = 0.76, Figure 7C).
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FIGURE 7. Changes in mRNA expression levels of inflammation-related genes. (A) Changes in mRNA expression levels of inflammation-related genes in the cochlea from control and targeted-cell Cx26-null groups at P16 (n = 5 in each group). (B) Changes in Cx3cl1 mRNA levels in the cochlea from control and systemic Cx26-null groups at P16 (n = 6 in each group). (C) Changes in Cx3cl1 mRNA levels in the BM from control and systemic Cx26-null groups at P7 (n = 6 in each group). ***Significant difference from the control group (p < 0.001).




Dynamic Changes in the Expression Level of CX3CL1 in the Cochlea and the Number of Macrophages in the Rosenthal Canal of Cx26-Null Mice

To provide further evidence of CX3CL1 expression, CX3CL1 immunostaining (red) was performed to quantify the expression of CX3CL1 in the organ of Corti (OC) and the Rosenthal canal (RC). Consistent with a previous report, CX3CL1 was expressed in cells of the OC, including DCs, PCs, inner hair cells (IHCs), and other SCs (Figure 8A). However, there was almost no CX3CL1 expression in OHCs (Kaur et al., 2015b). Compared with the control group, there was no significant difference in the expression of CX3CL1 in apical (Figures 8A,D) and middle (Figures 8B,E) cochleae of the OCs in the Cx26-null group at P16. However, CX3CL1 expression in the basal turn of the OC increased significantly in Cx26-null mice (Figures 8C,F, ∗ indicates the missing OHC). In the OC with OHC loss, the expression of CX3CL1 in DCs increased significantly (Figure 8F). To quantitatively analyze CX3CL1 expression in the OC, an area of the same size including DCs, OHCs, PCs, and IHCs was selected and analyzed (three to four sections per mouse, n = 4 mice in each group). This showed that the relative fluorescence density in the basal OC from the Cx26-null group increased by 60.1 ± 40.1% (p = 0.032, Figure 8G). In the RC, CX3CL1 was mainly expressed in the bodies of SGNs. However, the relative fluorescence density of CX3CL1 staining in the SGNs of the Cx26-null group did not change significantly at P16 (Figure 8H). Additionally, there was no significant difference in the number of macrophages (green) in any turns of the RC between the control and Cx26-null groups at P16 (Figures 8J,I).


[image: image]

FIGURE 8. Quantitative expression level of CX3CL1 in the OC and distribution of macrophages in the RC region from control and targeted-cell Cx26-null groups at P16. (A–C) Modiolar sections showed immunolabeling of CX3CL1 (red) of OCs in different regions from the control group. (D–F) Parallel images of CX3CL1 immunostaining in different regions from the targeted-cell Cx26-null group. The white boxes at the bottom right of the (C–F) show the DAPI staining in OCs, and * indicates missing hair cell. (G,H) Quantification of CX3CL1 immunostaining in OCs (G) or SGNs (H) in the different groups at P16 (n = 4 mice in each group). (I) Quantification of macrophage numbers per 10,000 μm2 of the RCs in different groups at P16 (n = 4 mice in each group). (J) Modiolar sections showed macrophages (CD45, green) and CX3CL1 (red) immunolabeling in RC regions from different groups. *Significant difference from the control group (p < 0.05). O1, OHC1; D1, DC1; IPC, inner pillar cell; OPC, outer pillar cell; ISC, inner sulcus cell; CC, Claudius cell.


At P60, significant cellular degeneration of the SGN was observed in the middle and basal cochleae of the Cx26-null group (Figures 9A–F). Accordingly, an increase in the number of macrophages was observed in the corresponding area (Figures 9G–L). Quantification of the results (n = 4 mice in each group) showed that the number of CD45+ cells per 10,000 μm2 of RCs in the middle (7.6 ± 0.2) and basal cochleae (7.7 ± 0.6) from the Cx26-null group increased significantly compared with that of the control group (5.0 ± 0.5 in the middle turn, p = 0.0068; 4.7 ± 0.36 in the basal turn, p = 0.0003, Figure 9N). At the same time, quantification (two to three sections per mouse, n = 4 mice in each group) showed that the relative fluorescence of CX3CL1 in the apical, middle, or basal cochlea of SGNs from the Cx26-null group increased by 74.9 ± 6.9% (p < 0.0001), 128.6 ± 14.8% (p < 0.0001) or 59.3 ± 16.9% (p = 0.0059), respectively (Figure 9M). In particular, some SGNs of the middle region and base from the experimental group displayed strong expression of CX3CL1 at P60 (arrowheads, Figures 9K,L).
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FIGURE 9. SGN loss pattern and distribution of macrophages in the RC region from control and targeted-cell Cx26-null groups at P60. (A–C) Representative images of SGN in the apex (A), middle region (B), and base (C) from the control group at P60. (D–F) Parallel images in different regions from the targeted-cell Cx26-null group at P60. (G–I) Macrophages (CD45, green) and CX3CL1 (red) immunolabeling in the apex, middle region, and base of the control group, respectively. (J–L) Macrophages (CD45, green) and CX3CL1 (red) immunolabeling in corresponding regions of the targeted-cell Cx26-null group. White arrowheads indicate the SGN with high expression of CX3CL1. (M) Quantification of CX3CL1 fluorescence in SGNs in the different groups at P60 (n = 4 mice in each group). (N) Quantification of macrophage numbers per 10,000 μm2 of RCs in the different groups at P60 (n = 4 mice in each group). *Significant difference from the control group (p < 0.05).





DISCUSSION


The Macrophage-Related Immune Response Is Involved in the Degeneration Process of Cochlear Sensory Epithelial Cells Induced by Cx26 Deletion

In a previous study, CD45 labeling and morphological observation were used to identify macrophages/monocytes in a mouse model of noise-induced deafness. The majority of CD45+ cells expressed CX3CR1, while approximately 90% of CX3CR1 cells were CD68- and Iba-1 positive. This discovery allowed the authors to determine that these quad-marker-positive cells were cochlear macrophages (Hirose et al., 2005). Therefore, CD45 and CX3CR1 double labeling combined with morphological observation was used to identify macrophages in our study. Our and other studies showed that systemic knockout of cochlear Cx26 can induce developmental disorders of SCs at P9 (Wang et al., 2009; Chen et al., 2018a). There were no significant changes in the number and morphology of macrophages in the systemic Cx26-null line at P10. Since there was no significant cell death at this time point, we speculated that the recruitment of macrophages has nothing to do with disorders of SC development. In the control group of this line at P16, CD45+/CX3CR1+ cells were irregular in shape with dendritic projections, suggesting that they were residual macrophages. In the middle cochlea of systemic Cx26-null mice at P16, CD45+/CX3CR1+ cell numbers were increased in the scala tympani side of the BM where HC and SC deaths occurred. Some of the CD45+/CX3CR1+ cells were round and small without dendritic projections, suggesting that they were infiltrated monocytes. Some other CD45+/CX3CR1+ cells showed enlarged bodies with short dendritic projections, which is a morphology typical of macrophages. Obviously, this phenomenon indicated a transforming continuum between infiltrated monocytes and macrophages. Similar changes were observed in the targeted-cell Cx26-null line at P16. Taken together, the pattern of macrophage-related immune responses is consistent with that of cochlear cell degeneration induced by Cx26 knockout.



OHC Death Directly Activates the Recruitment of Macrophages

In the systemic Cx26-null mice, rapid HC and SC degeneration can trigger the recruitment of macrophages. In the targeted-cell Cx26-null mice, knockout of cochlear Cx26 is limited to PCs and DCs. DCs, a type of SCs coupled with OHCs, are believed to supply nutrients and generate a unique electrochemical environment for OHCs. Once Cx26 expression of a row of DCs is knocked out, the corresponding OHCs will die first in the base (Chen et al., 2018b). In the targeted-cell Cx26-null mice, the number of macrophages increased in the scala tympani side of the BM, where OHCs began to degenerate without SC loss at P16. This indicated that local OHC death is enough to induce recruitment and activation of macrophages. In a previous study, cochlear HCs (including IHCs and OHCs) were specifically killed by diphtheria toxin with no evident pathology among SCs, which also led to an increase in the number of macrophages (Kaur et al., 2015b). Moreover, aminoglycoside-induced OHC death was sufficient to recruit macrophages into the cochlear epithelium (Kaur et al., 2018). It should be noted that OHC degeneration of the targeted-cell Cx26-null line may have been caused by DC dysfunction, because Cx26 was not expressed in OHCs. This is completely different from the direct killing of HCs by toxins or aminoglycoside. Although the mechanism of HC death is completely different between our and their studies, a macrophage-related immune response occurred in these models. This suggested that macrophages/monocytes are highly sensitive to HC damage, especially OHCs.



In the Gjb2-Related Deafness Model, CX3CL1 (Fractalkine) Expressed by the SCs or SGNs Is Involved in Macrophage-Related Inflammation

In previous studies, immune-related gene expression was investigated in cochleae subjected to different types of damage. In noise-induced deafness, proinflammatory cytokines or chemokines, including TNF-α, IL-1β, IL-6, Icam-1, and Ccl2, were increased in cells of the stria vascularis or lateral wall (Fujioka et al., 2006; Tornabene et al., 2006; Tan et al., 2016). In an acute cochlear dysfunction model induced by mitochondrial toxin, high expression of the chemokine genes Ccl1-5, Ccr2, Ccr5, and Cx3cr1 was detected in the lateral wall (Fujioka et al., 2014). However, in the targeted-cell Cx26-null mouse model, only the mRNA level of Cx3cl1 was upregulated. Although macrophage-related inflammation occurred in the above models, the cytokines or chemokines involved are quite different. In noise- and mitochondrial toxin-induced models of cochlear damage, damage to the inner ear is more widespread, including the stria vascularis, lateral wall, and cochlear sensory epithelium. The damage to fibrocytes of the lateral wall is more likely to lead to changes in cytokines or chemokines such as TNF-α, IL-1β, IL-6, and Icam-1 (Fujioka et al., 2006; Tornabene et al., 2006; Fujioka et al., 2014). Extensive knockout of cochlear Cx26 does not cause acute and obvious cell damage to the lateral wall or stria vascularis (Zhou et al., 2016). In contrast, OHC loss is the earliest cell damage in targeted-cell Cx26-null mice at P16, and secondary SGN death occurs at P60. Immunostaining results suggested that CX3CL1 is significantly increased in DCs of damaged OCs at P16, while upregulation of CX3CL1 expression was seen in SGNs at P60. This indicated that the increased expression of CX3CL1 in DCs or SGNs may be directly induced by death of OHCs or SGNs, respectively. However, we do not yet know which signal causes the upregulation of CX3CL1 in SCs. The CX3CL1–CX3CR1 axis has a strong effect on macrophage/monocyte recruitment, and this effect has been observed in fat tissues, the spine, and bones (Han et al., 2014; Polyak et al., 2016; Shen et al., 2018). In injured cochleae, disruption of CX3CL1–CX3CR1 signaling modulates the number of macrophages (Sato et al., 2010; Kaur et al., 2015b). Treatment with anti-CX3CL1 mAb (a neutralizing antibody) can prevent macrophage migration into the synovium of rheumatoid arthritis (RA) in a murine model, and humanized anti-CX3CL1 mAb has been used to treat patients with RA (Nanki et al., 2004; Tanaka et al., 2018). Taken together, these data suggest that the recruitment and activation of macrophages may be caused by high expression of CX3CL1 in damaged cochlear regions of Cx26-null mice. Moreover, lack of CX3CR1 in macrophages enhances synaptic degeneration or SGN loss following ototoxic or acoustic injury (Kaur et al., 2018, 2019). Depletion of macrophages attenuates HC loss and hearing impairment (Mizushima et al., 2017). In the central nervous system, CX3CL1 is released from neurons and interacts with CX3CR1+ microglia. A previous study showed that CX3CL1 signaling induces a neuroprotective state in neurons (Noda et al., 2011; Mattison et al., 2013). However, genetic deficiency of CX3CR1 is associated with potentially detrimental secretion of proinflammatory cytokines causing neurotoxicity (Cardona et al., 2006). These data suggest that regulating macrophage function through CX3CL1–CX3CR1 signaling is an effective means to reduce damage to the inner ear.



The CX3CL1–CX3CR1 Axis Participates in Clearing the Debris of Dead OHCs by Regulating DCs and Macrophages

Macrophage recruitment in the Cx26-null mouse model is a process of sterile inflammation. Without a pathogen, macrophages are recruited to clear debris or facilitate wound healing. In the targeted-cell Cx26-null model, the injured SGNs caused by OC damage directly express CX3CL1 to recruit macrophages. These infiltrated CX3CR1+ macrophages promote the survival of SGNs (Kaur et al., 2015b). In the injured utricle, macrophages appear to be actively engulfing HC debris, suggesting that macrophages participate in the process of “corpse removal” in the mammalian vestibular organs and may have a role in promoting tissue repair (Kaur et al., 2015a). However, macrophages are blocked by the BM and cannot directly contact the dead OHCs in mature cochleae (Dong et al., 2018). In ototoxic drug models, SCs can completely engulf the dead bodies of HCs, a behavior highly similar to the phagocytosis of macrophages (Monzack et al., 2015). The signals of dead OHCs can induce high expression of CX3CL1 in DCs of the targeted-cell Cx26-null model. Our investigation indicated that CX3CR1+ macrophages may be regulated by DCs through the CX3CL1–CX3CR1 axis, and increased CX3CR1+ macrophages and DCs together participate in OHC debris clearance. This corpse removal may promote cochlear repair. However, the specific mechanism and the role of macrophages in the phagocytosis of DCs are still unclear.

In summary, macrophage-related inflammation is involved in the process of cell damage caused by Cx26 knockout. OHC loss caused by Cx26 knockout can recruit and activate macrophages at the scala tympani side of the BM. The death of OHCs can induce DCs to highly express the chemokine CX3CL1, which then participates in the regulation of macrophages through the CX3CL1–CX3CR1 axis.




MATERIALS AND METHODS


Mouse Models

Cx26loxP/loxP (Cx26f/f) mice and Rosa26CreER mice were provided by Prof. Xi Lin at Emory University. ROSA26CAG-loxP-stop-loxP-tdTomato (tdTomato) mice were provided by Prof. Ren-Jie Chai at Southeast University. Fgfr3iCreERT2 mice were provided by Prof. Zhi-Yong Liu at the Chinese Academy of Sciences. As reported previously, tamoxifen-inducible Cx26-null mice were generated by crossbreeding of the Cx26f/f mice with Rosa26CreER or Fgfr3iCreERT2mice. Cx26f/f; Rosa26CreER and Cx26f/f; Fgfr3iCreERT2 mice were maintained on a CBA background. We transferred these mice onto a CBA genetic background by backcrossing for more than four generations. Mouse genotyping was performed by PCR amplification of tail genomic DNA, and the genotyping primers were as follows:

Cx26 (F): 5′-ACAGAAATGTGTTGGTGATGG-3′,

Cx26 (R): 5′-CTTTCCAATGCTGGTGGAGTG-3′,

Rosa26CreER (F): 5′-AGCTAAACATGCTTCATCGTCG GTC-3′,

Rosa26CreER (R): 5′-TATCCAGGTTACGGATATAGTTC ATG-3′,

Fgfr3iCreER (F): 5′-GAGGGACTACCTCCTGTACC-3′,

Fgfr3iCreER (R): 5′-TGCCCAGAGTCATCCTTGGC-3′,

tdTomato-wild-type (F): 5′-AAGGGAGCTGCAGTGG AGT-3′,

tdTomato-wild-type (R): 5′-CCGAAAATCTGTGGGAA GTC-3′,

tdTomato-mutant (F): 5′-GGCATTAAAGCAGCGTATC-3′,

tdTomato-mutant (R): 5′-CTGTTCCTGTACGGCATGG-3′.

In this study, all mice were injected with tamoxifen (T5648-1G, Sigma-Aldrich, St. Louis, MO, United States) subcutaneously at P0 and P1 (0.75 mg/10 g body weight, once a day for 2 consecutive days). The operation procedure for the use of tamoxifen followed the chemical use guidelines of Huazhong University of Science and Technology. The preparation of tamoxifen was carried out in a fume hood, with the operator wearing masks and gloves for self-protection, and waste disposal was regulated. Consistent with a previous study, cochlear Cx26 was extensively knocked out in different types of cells in Cx26f/f; Rosa26CreER mice (Chen et al., 2018a). However, Cx26f/f; Fgfr3iCreERT2 mice exhibited Cx26 knockout in specific cells of the inner ear. Cx26f/f; Rosa26CreER and Cx26f/f; Fgfr3iCreERT2 mice were used in the experimental groups, while their littermates without Cre were used as controls.

All mice were raised in the specific-pathogen-free Experimental Animal Center of Huazhong University of Science and Technology. All experimental procedures were conducted in accordance with the policies of the Committee on Animal Research of Tongji Medical College, Huazhong University of Science and Technology.



Cochlear Tissue Preparation and Immunofluorescent Labeling

Mice (n = 4 in each group) were deeply anesthetized and sacrificed at P10, P16, and P60. The cochleae were carefully dissected from the temporal bones and fixed in 4% paraformaldehyde in 0.01 M phosphate-buffered saline (PBS) at room temperature for 1 h. For frozen sections, after decalcification with disodium EDTA for 48 h, the cochleae were dehydrated with 20 and 30% sucrose for 1.5 h each and embedded in optimal cutting temperature compound (OCT) overnight at 4°C. Modiolar sections with a thickness of 10 μm were cut for subsequent procedures. For flattened cochlear preparations, each stretched cochlear preparation was carefully dissected in ice-cold 0.01 M PBS. The sections or flattened cochlear preparations were incubated in a blocking solution (10% donkey serum with 0.1% Triton X-100) for 1 h at room temperature. Samples were then incubated overnight at 4°C with a goat anti-CD45 polyclonal antibody (1:100 dilution, AF114, R&D Systems, Minneapolis, MN, United States), a rabbit polyclonal anti-CX3CR1 antibody (1:200 dilution, NBP1-76949, Novus Biologicals, Littleton, CO, United States), a rabbit polyclonal anti-CX3CL1/fractalkine antibody (1:200 dilution, NBP1-49539, Novus Biologicals), or a rat anti-MHC Class II monoclonal antibody (1:100 dilution, ab25333, Abcam, Cambridge, MA, United States), each diluted in 0.01 M PBS with 0.3% Triton X-100. Samples were washed three times in 0.01 M PBS with 0.1% Tween-20 and then stained with Alexa Fluor 647 donkey anti-goat IgG or Alexa Fluor 488 donkey anti-rabbit IgG (1:200 dilution, ANT032 and ANT031, Antgene, China) for 2 h. DAPI (C1005, Beyotime Biotechnology) and phalloidin (0.05 mg/ml, P5282, Sigma-Aldrich) were used for nuclear and F-actin staining. Images were obtained with a laser scanning confocal microscope (Nikon, Tokyo, Japan). Visualization of macrophages was achieved using CD45/CX3CR1 immunostaining. A total number of approximately 15 macrophages from one mouse were used for quantitative analysis (n = 4 mice in each group). The size of BM macrophages was measured using ImageJ software. The immunolabeling of CX3CL1 was quantified from original images, each taken at ×60 magnification under identical conditions. For CX3CL1 expression in the OC, the same size analysis range was used in each turn of the cochleae, and this range mainly included OHCs and DCs (three to four sections per mouse, four mice per group). To quantify the CX3CL1 expression of SGNs, 10 SGNs in an RC region were randomly selected (two to three sections per mouse, four mice per group). Relative fluorescence was quantified by normalizing the ratio of average fluorescence of target cells in the Cx26-null group to that in the control group.



Macrophage Counts

Visualization of macrophages was achieved using CD45 immunostaining. To assess macrophages per 200 μm of sensory epithelium, CD45-labeled (or CX3CR1-labeled) macrophages were counted from 60 × images taken from the apex, middle, and base of the BM (n = 4 mice in each group). To assess the macrophages in the spiral ganglia, CD45-labeled macrophages were counted in 60 × images taken from the apical, middle, and basal portions of RC of sectioned specimens. Macrophages in the spiral ganglia were counted in at least three to four sections per cochlea and reported as number per 10,000 μm2 (n = 4 mice in each group).



Quantification of Cochlear HCs and DCs

To assess the patterns of damage to sensory cells, we quantified the number of surviving OHCs and DCs in the apical, middle, and basal turns of stretched cochlear preparations. After permeabilization with 0.3% Triton X-100 in 0.01 M PBS for 15 min, the samples were incubated with phalloidin (0.05 mg/ml, P5282, Sigma-Aldrich) for 30 min at room temperature. Tissues were washed three times in 0.01 M PBS with 0.1% Tween-20, and then nuclei were counterstained with DAPI (C1005, Beyotime Biotechnology). Images at 60 × magnification were captured with a laser scanning confocal microscope in different regions of the flattened preparations (Nikon). A total number of approximately 80 OHCs and DCs from each turn were taken for counting (n = 4 mice in each group).



RNA Preparation and Real-Time Quantitative Polymerase Chain Reaction

RT-qPCR was performed to determine the transcriptional expression level of the following genes: TNF-α, IL-1β, Cx3cl1, Cx3cr1, Ccl2, Ccr2, Icam-1, Tlr4, and Mif. After the animals were euthanized and killed, the membranous labyrinths of the cochleae were dissected carefully on ice. The membranous labyrinth tissue from one cochlea was used to generate one sample. There were six biological replicates for each experimental condition. Total RNA was extracted from the collected tissues using an RNAprep Pure Tissue Kit (Tiangen Biotech Co. Ltd, Beijing, China) and was reverse transcribed using a PrimeScript RT Reagent Kit with gDNA eraser (Takara Bio Inc., Shiga, Japan). Real-time PCR was performed using SYBR Green PCR Technology in a Roche LightCycler 480 instrument. Analysis of relative gene expression data between sample groups was performed according to the standard 2–ΔΔCP method. The following primers were used for RT-qPCR:

TNF-α (F): 5′-CAGGCGGTGCCTATGTCTC-3′

TNF-α (R): 5′-CGATCACCCCGAAGTTCAGTAG-3′

IL-1β (F): 5′-GAAATGCCACCTTTTGACAGTG-3′

IL-1β (R): 5′-TGGATGCTCTCATCAGGACAG-3′

Cx3cl1 (F): 5′-CTGGCCGCGTTCTTCCATT-3′

Cx3cl1 (R): 5′-GCACATGATTTCGCATTTCGT-3′

Cx3cr1 (F): 5′-GAGTATGACGATTCTGCTGAGG-3′

Cx3cr1 (R): 5′-CAGACCGAACGTGAAGACGAG-3′

Ccl2 (F): 5′-TAAAAACCTGGATCGGAACCAAA-3′

Ccl2 (R): 5′-GCATTAGCTTCAGATTTACGGGT-3′

Ccr2 (F): 5′-ATCCACGGCATACTATCAACATC-3′

Ccr2 (R): 5′-TCGTAGTCATACGGTGTGGTG-3′

Icam-1 (F): 5′-GTGATGCTCAGGTATCCATCCA-3′

Icam-1 (R): 5′-CACAGTTCTCAAAGCACAGCG-3′

Tlr4 (F): 5′-ATGGCATGGCTTACACCACC-3′

Tlr4 (R): 5′-GAGGCCAATTTTGTCTCCACA-3′

Mif (F): 5′-GAGGGGTTTCTGTCGGAGC-3′

Mif (R): 5′-GTTCGTGCCGCTAAAAGTCA-3′



Data Analysis

All data are presented as means ± SE and plotted using GraphPad Prism (Version 8.2.1, GraphPad Software Inc., La Jolla, CA, United States). The t-tests or correlation analyses were performed in SPSS software (Version 19, IBM SPSS Statistics, IBM Corp., Armonk, NY, United States), and p < 0.05 was considered to be statistically significant.
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Supplementary Figure 1 | Cell degeneration pattern and distribution of macrophages in the target-cell Cx26-null mouse model at P16 or P60 (cochlear stretched preparation). (A–D) Representative images of macrophages (CD45 labeling, green) in cochlear stretched preparations from the control (A,B) and the targeted cell Cx26-null group (C,D) at P16. (a–d) Representative images of HCs in cochlear stretched preparations from the control (a,b) and the targeted cell Cx26-null group (c,d) at P16. Layers of scanned images are illustrated in the upper left corner of (A) and (a). (E–H) Representative images of macrophages (CD45 labeling, green) in cochlear stretched preparations from the control (E,F) and targeted cell Cx26-null group (G,H) at P60. (e–h) Representative images of HCs in cochlear stretched preparations from the control (e,f) and the targeted cell Cx26-null group (g,h) at P60.


ABBREVIATIONS

Cx26, connexin 26; SC, supporting cell; DC, Deiters cell; IPC, inner pillar cell; OPC, outer pillar cell; HC, hair cell; OHC, outer hair cell; IHC, inner hair cell; OC, organ of Corti; SGN, spiral ganglion neuron; OSL, osseous spiral lamina; RC, Rosenthal canal; ISC, inner sulcus cell; CC, Claudius cell.


REFERENCES

Arpornchayanon, W., Canis, M., Ihler, F., Settevendemie, C., and Strieth, S. (2013). TNF-alpha inhibition using etanercept prevents noise-induced hearing loss by improvement of cochlear blood flow in vivo. Int. J. Audiol. 52, 545–552. doi: 10.3109/14992027.2013.790564

Canlon, B., Meltser, I., Johansson, P., and Tahera, Y. (2007). Glucocorticoid receptors modulate auditory sensitivity to acoustic trauma. Hear. Res. 226, 61–69. doi: 10.1016/j.heares.2006.05.009

Cardona, A. E., Pioro, E. P., Sasse, M. E., Kostenko, V., Cardona, S. M., Dijkstra, I. M., et al. (2006). Control of microglial neurotoxicity by the fractalkine receptor. Nat. Neurosci. 9, 917–924. doi: 10.1038/nn1715

Chen, S., Sun, Y., Lin, X., and Kong, W. (2014). Down regulated connexin26 at different postnatal stage displayed different types of cellular degeneration and formation of organ of Corti. Biochem. Biophys. Res. Commun. 445, 71–77. doi: 10.1016/j.bbrc.2014.01.154

Chen, S., Xie, L., Xu, K., Cao, H., Wu, X., Xu, X., et al. (2018a). Developmental abnormalities in supporting cell phalangeal processes and cytoskeleton in the Gjb2 knockdown mouse model. Dis. Model. Mech. 11:dmm033019. doi: 10.1242/dmm.033019

Chen, S., Xu, K., Xie, L., Cao, H. Y., Wu, X., Du, A. N., et al. (2018b). The spatial distribution pattern of Connexin26 expression in supporting cells and its role in outer hair cell survival. Cell Death Dis. 9:1180.

Dai, P., Yu, F., Han, B., Liu, X., Wang, G., Li, Q., et al. (2009). GJB2 mutation spectrum in 2,063 Chinese patients with nonsyndromic hearing impairment. J. Transl. Med. 7:26.

Dong, Y., Zhang, C., Frye, M., Yang, W., Ding, D., Sharma, A., et al. (2018). Differential fates of tissue macrophages in the cochlea during postnatal development. Hear. Res. 365, 110–126. doi: 10.1016/j.heares.2018.05.010

Forge, A., Becker, D., Casalotti, S., Edwards, J., Marziano, N., and Nevill, G. (2003). Gap junctions in the inner ear: comparison of distribution patterns in different vertebrates and assessement of connexin composition in mammals. J. Comp. Neurol. 467, 207–231.

Fredelius, L., and Rask-Andersen, H. (1990). The role of macrophages in the disposal of degeneration products within the organ of corti after acoustic overstimulation. Acta Otolaryngol. 109, 76–82. doi: 10.3109/00016489009107417

Fujioka, M., Kanzaki, S., Okano, H. J., Masuda, M., Ogawa, K., and Okano, H. (2006). Proinflammatory cytokines expression in noise-induced damaged cochlea. J. Neurosci. Res. 83, 575–583. doi: 10.1002/jnr.20764

Fujioka, M., Okamoto, Y., Shinden, S., Okano, H. J., Okano, H., Ogawa, K., et al. (2014). Pharmacological inhibition of cochlear mitochondrial respiratory chain induces secondary inflammation in the lateral wall: a potential therapeutic target for sensorineural hearing loss. PLoS One 9:e90089. doi: 10.1371/journal.pone.0090089

Han, K. H., Ryu, J. W., Lim, K. E., Lee, S. H., Kim, Y., Hwang, C. S., et al. (2014). Vascular expression of the chemokine CX3CL1 promotes osteoclast recruitment and exacerbates bone resorption in an irradiated murine model. Bone 61, 91–101. doi: 10.1016/j.bone.2013.12.032

Harris, A. L. (2001). Emerging issues of connexin channels: biophysics fills the gap. Q. Rev. Biophys. 34, 325–472. doi: 10.1017/s0033583501003705

He, W., Yu, J., Sun, Y., and Kong, W. (2020). Macrophages in noise-exposed cochlea: changes, regulation and the potential role. Aging Dis. 11, 191–199. doi: 10.14336/ad.2019.0723

Hirose, K., Discolo, C. M., Keasler, J. R., and Ransohoff, R. M. (2005). Mononuclear phagocytes migrate into the murine cochlea after acoustic trauma. J. Compar. Neurol. 489, 180–194. doi: 10.1002/cne.20619

Hirose, K., Li, S. Z., Ohlemiller, K. K., and Ransohoff, R. M. (2014). Systemic Lipopolysaccharide induces cochlear inflammation and exacerbates the synergistic ototoxicity of Kanamycin and Furosemide. J. Assoc. Res. Otolaryngol. 15, 555–570. doi: 10.1007/s10162-014-0458-8

Hu, B. H., Zhang, C., and Frye, M. D. (2018). Immune cells and non-immune cells with immune function in mammalian cochleae. Hear. Res. 362, 14–24. doi: 10.1016/j.heares.2017.12.009

Jabba, S. V., Oelke, A., Singh, R., Maganti, R. J., Fleming, S., Wall, S. M., et al. (2006). Macrophage invasion contributes to degeneration of stria vascularis in Pendred syndrome mouse model. BMC Med. 4:37. doi: 10.1186/1741-7015-4-37

Jiang, M., Karasawa, T., and Steyger, P. S. (2017). Aminoglycoside-induced cochleotoxicity: a review. Front. Cell Neurosci. 11:308. doi: 10.3389/fncel.2017.00308

Kaur, T., Clayman, A. C., Nash, A. J., Schrader, A. D., Warchol, M. E., and Ohlemiller, K. K. (2019). Lack of fractalkine receptor on macrophages impairs spontaneous recovery of ribbon synapses after moderate noise trauma in C57BL/6 Mice. Front. Neurosci. 13:620. doi: 10.3389/fnins.2019.00620

Kaur, T., Hirose, K., Rubel, E. W., and Warchol, M. E. (2015a). Macrophage recruitment and epithelial repair following hair cell injury in the mouse utricle. Front. Cell Neurosci. 9:150. doi: 10.3389/fncel.2015.00150

Kaur, T., Zamani, D., Tong, L., Rubel, E. W., Ohlemiller, K. K., Hirose, K., et al. (2015b). Fractalkine signaling regulates macrophage recruitment into the cochlea and promotes the survival of spiral ganglion neurons after selective hair cell lesion. J. Neurosci. 35, 15050–15061. doi: 10.1523/jneurosci.2325-15.2015

Kaur, T., Ohlemiller, K. K., and Warchol, M. E. (2018). Genetic disruption of fractalkine signaling leads to enhanced loss of cochlear afferents following ototoxic or acoustic injury. J. Comp. Neurol. 526, 824–835. doi: 10.1002/cne.24369

Keithley, E. M., and Harris, J. P. (1996). Late sequelae of cochlear infection. Laryngoscope 106, 341–345. doi: 10.1097/00005537-199603000-00019

Ladrech, S., Wang, J., Simonneau, L., Puel, J. L., and Lenoir, M. (2007). Macrophage contribution to the response of the rat organ of Corti to amikacin. J. Neurosci. Res. 85, 1970–1979. doi: 10.1002/jnr.21335

Mattison, H. A., Nie, H., Gao, H., Zhou, H., Hong, J. S., and Zhang, J. (2013). Suppressed pro-inflammatory response of microglia in CX3CR1 knockout mice. J. Neuroimmunol. 257, 110–115. doi: 10.1016/j.jneuroim.2013.02.008

Mizushima, Y., Fujimoto, C., Kashio, A., Kondo, K., and Yamasoba, T. (2017). Macrophage recruitment, but not interleukin 1 beta activation, enhances noise-induced hearing damage. Biochem. Biophys. Res. Commun. 493:894. doi: 10.1016/j.bbrc.2017.09.124

Monzack, E. L., May, L. A., Roy, S., Gale, J. E., and Cunningham, L. L. (2015). Live imaging the phagocytic activity of inner ear supporting cells in response to hair cell death. Cell Death Differ. 22, 1995–2005. doi: 10.1038/cdd.2015.48

Nanki, T., Urasaki, Y., Imai, T., Nishimura, M., Muramoto, K., Kubota, T., et al. (2004). Inhibition of fractalkine ameliorates murine collagen-induced arthritis. J. Immunol. 173, 7010–7016. doi: 10.4049/jimmunol.173.11.7010

Noda, M., Doi, Y., Liang, J., Kawanokuchi, J., Sonobe, Y., Takeuchi, H., et al. (2011). Fractalkine attenuates excito-neurotoxicity via microglial clearance of damaged neurons and antioxidant enzyme heme Oxygenase-1 expression. J. Biol. Chem. 286, 2308–2319. doi: 10.1074/jbc.m110.169839

Polyak, Á, Winkler, Z., Kuti, D., Ferenczi, S., and Kovacs, K. J. (2016). Brown adipose tissue in obesity: fractalkine-receptor dependent immune cell recruitment affects metabolic-related gene expression. Biochim. Biophys. Acta 1861, 1614–1622. doi: 10.1016/j.bbalip.2016.07.002

Rabionet, R., Zelante, L., Lopez-Bigas, N., D’Agruma, L., Melchionda, S., Restagno, G., et al. (2000). Molecular basis of childhood deafness resulting from mutations in the GJB2 (connexin 26) gene. Hum. Genet. 106, 40–44. doi: 10.1007/s004399900192

Sato, E., Shick, H. E., Ransohoff, R. M., and Hirose, K. (2010). Expression of fractalkine receptor CX3CR1 on cochlear macrophages influences survival of hair cells following ototoxic injury. J. Assoc. Res. Otolaryngol. 11, 223–234. doi: 10.1007/s10162-009-0198-3

Sha, S. H., and Schacht, J. (2017). Emerging therapeutic interventions against noise-induced hearing loss. Expert. Opin. Investig. Drugs 26, 85–96. doi: 10.1080/13543784.2017.1269171

Shen, Y., Li, D., Li, B., Xi, P., Zhang, Y., Jiang, Y., et al. (2018). Up-regulation of CX3CL1 via STAT3 contributes to SMIR-induced chronic postsurgical pain. Neurochem. Res. 43, 556–565. doi: 10.1007/s11064-017-2449-8

Sun, Y., Tang, W., Chang, Q., Wang, Y., Kong, W., and Lin, X. (2009). Connexin30 null and conditional connexin26 null mice display distinct pattern and time course of cellular degeneration in the cochlea. J. Comp. Neurol. 516, 569–579. doi: 10.1002/cne.22117

Tan, W. J., Thorne, P. R., and Vlajkovic, S. M. (2016). Characterisation of cochlear inflammation in mice following acute and chronic noise exposure. Histochem. Cell Biol. 146, 219–230. doi: 10.1007/s00418-016-1436-5

Tanaka, Y., Takeuchi, T., Umehara, H., Nanki, T., Yasuda, N., Tago, F., et al. (2018). Safety, pharmacokinetics, and efficacy of E6011, an antifractalkine monoclonal antibody, in a first-in-patient phase 1/2 study on rheumatoid arthritis. Mod. Rheumatol. 28, 58–65. doi: 10.1080/14397595.2017.1337056

Tornabene, V., Sato, K., Pham, L., Billings, P., and Keithley, E. M. (2006). Immune cell recruitment following acoustic trauma. Hear. Res. 222, 115–124. doi: 10.1016/j.heares.2006.09.004

Wakabayashi, K., Fujioka, M., Kanzaki, S., Okano, H. J., Shibata, S., Yamashita, D., et al. (2010). Blockade of interleukin-6 signaling suppressed cochlear inflammatory response and improved hearing impairment in noise-damaged mice cochlea. Neurosci. Res. 66, 345–352. doi: 10.1016/j.neures.2009.12.008

Wang, Y., Chang, Q., Tang, W., Sun, Y., Zhou, B., Li, H., et al. (2009). Targeted connexin26 ablation arrests postnatal development of the organ of Corti. Biochem. Biophys. Res. Commun. 385:37.

Wood, M. B., and Zuo, J. (2017). The contribution of immune infiltrates to ototoxicity and cochlear hair cell loss. Front. Cell Neurosci. 11:106. doi: 10.3389/fncel.2017.00106

Zhang, Y., Tang, W., Ahmad, S., Sipp, J. A., Chen, P., and Lin, X. (2005). Gap junction-mediated intercellular biochemical coupling in cochlear supporting cells is required for normal cochlear functions. Proc. Natl. Acad. Sci. U.S.A. 102, 15201–15206. doi: 10.1073/pnas.0501859102

Zhou, X. X., Chen, S., Xie, L., Ji, Y. Z., Wu, X., Wang, W. W., et al. (2016). Reduced Connexin26 in the mature cochlea increases susceptibility to noise-induced hearing lossin mice. Int. J. Mol. Sci. 17:301. doi: 10.3390/ijms17030301


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Xu, Chen, Xie, Qiu, Bai, Liu, Zhang, Wang, Jin, Sun and Kong. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.











	
	MINI REVIEW
published: 28 January 2021
doi: 10.3389/fcell.2021.638542






[image: image2]

The Role of Tbx20 in Cardiovascular Development and Function

Yuwen Chen1,2, Deyong Xiao2, Lu Zhang2, Chen-Leng Cai2, Bai-Yan Li1* and Ying Liu2*


1Department of Pharmacology, College of Pharmacy, Harbin Medical University, Harbin, China

2Cardiovascular Developmental Biology Program, Herman B Wells Center for Pediatric Research, Indianapolis, IN, United States

Edited by:
Weinian Shou, Indiana University Bloomington, United States

Reviewed by:
Wuqiang Zhu, Mayo Clinic Arizona, United States
 Jun Wang, University of Texas Health Science Center at Houston, United States

*Correspondence: Bai-Yan Li, liby@ems.hrbmu.edu.cn
 Ying Liu, liuying@iu.edu

Specialty section: This article was submitted to Epigenomics and Epigenetics, a section of the journal Frontiers in Cell and Developmental Biology

Received: 07 December 2020
 Accepted: 08 January 2021
 Published: 28 January 2021

Citation: Chen Y, Xiao D, Zhang L, Cai C-L, Li B-Y and Liu Y (2021) The Role of Tbx20 in Cardiovascular Development and Function. Front. Cell Dev. Biol. 9:638542. doi: 10.3389/fcell.2021.638542



Tbx20 is a member of the Tbx1 subfamily of T-box-containing genes and is known to play a variety of fundamental roles in cardiovascular development and homeostasis as well as cardiac remodeling in response to pathophysiological stresses. Mutations in TBX20 are widely associated with the complex spectrum of congenital heart defects (CHDs) in humans, which includes defects in chamber septation, chamber growth, and valvulogenesis. In addition, genetic variants of TBX20 have been found to be associated with dilated cardiomyopathy and heart arrhythmia. This broad spectrum of cardiac morphogenetic and functional defects is likely due to its broad expression pattern in multiple cardiogenic cell lineages and its critical regulation of transcriptional networks during cardiac development. In this review, we summarize recent findings in our general understanding of the role of Tbx20 in regulating several important aspects of cardiac development and homeostasis and heart function.

Keywords: Tbx20, heart, development, function, congenital heart defects

T-box (Tbx) family genes encode various transcription factors that are essential for embryonic development and organogenesis in the evolution of all metazoan, ranging from hydra to humans (Naiche et al., 2005). Cardiogenic lineage cells arise originally from the mesoderm, which is established during gastrulation (Moorman and Christoffels, 2003). Brachyury (also known as T) is considered the most ancient gene of the family and is critical to the formation and development of the posterior mesoderm (Herrmann et al., 1990); the loss of Brachyury impacts mesodermal specification and differentiation, resulting in a truncated tail in embryonic development (Papaioannou, 2001). The cardiogenic mesoderm between endodermal and mesodermal cells lumenizes and differentiates into endocardial cells (De Jong et al., 1990). Subsequently, the bilateral cardiogenic fields fuse in the midline to form the linear cardiac tube, which is followed by looping, septation, valvulogenesis, and chamber formation and maturation to become a functional heart (van den Berg and Moorman, 2009). The embryonic mesoderm of the mammalian embryo is built by a genetic network that involves master transcription factors and intracellular and intercellular signaling pathways. Previous studies have suggested that T is a direct downstream target of the Wnt3a signaling pathway, which provides a key balance between mesodermal and neuronal cell fates (Yamaguchi et al., 1999). In addition, another T-box-containing transcription factor, Eomesodermin (Eomes), plays an important role in early embryonic development, including mesodermal differentiation and migration as well as endoderm specification during gastrulation (Arnold et al., 2008). Similar to Eomes, T is also required for the formation, migration, and specification of nascent mesoderm cells (Morley et al., 2009). Along with the T-box family expanding throughout metazoan evolution (Papaioannou, 2014), family members became one of the most important master regulators in cardiovascular development, homeostasis, and function (Figure 1A). The importance of T-box family genes is further recognized by their profound contribution to inherited human disorders, including syndromic birth defects, congenital heart defects, dilated cardiomyopathy, and cardiac arrhythmogenesis (Packham and Brook, 2003; Papaioannou, 2014). The members of the TBX1 subfamily (e.g., TBX1, TBX18, and TBX20) and TBX2 subfamily (e.g., TBX2, TBX3, and TBX5) exhibit a comprehensive spatiotemporal expression pattern involved in all cardiogenic lineage cells, which are critical to cardiac development (Plageman and Yutzey, 2005; Stennard and Harvey, 2005; Just et al., 2016).


[image: Figure 1]
FIGURE 1. (A) Schematic diagram of the T-box gene family, which is important to cardiovascular development and function. (B) Schematic diagram of genomic structures of Tbx20 isoforms resulting from alternative splicing. Note, in the graph, the scales of introns and exons are not proportional to the exact sizes of each intron and exon.


Tbx1 is expressed in the pharyngeal mesoderm and endoderm, outflow tract (OFT), and second heart field (SHF) (Xu et al., 2004). A set of common CHDs, including DiGeorge syndrome (also known as 22q11. 2 deletion syndrome), tetralogy of Fallot, double outlet right ventricle, and transposition of the great arteries, are attributed to TBX1 mutations (Xu et al., 2004). Tbx18 is expressed mainly in epicardial cells and myocardial sinus horns that descend from the embryonic venous pole. The expression pattern likely underlies the major developmental program, such as myocardialization of the caval veins and differentiation of the sinus node myocardium (Christoffels et al., 2006; Wiese et al., 2009; Greulich et al., 2016). The optimal cardiac vascular network is essential for efficient perfusion in the heart. Tbx18-deficient mice develop defective coronary conduit vessels largely due to altered proepicardial cell signaling and differentiation (Cai et al., 2008; Wu et al., 2013). In this review, we will focus on the role of Tbx20 in cardiovascular development and function.


TBX20 IS AN EVOLUTIONALLY CONSERVED MASTER REGULATOR OF CARDIAC DEVELOPMENT AND FUNCTION

Tbx20 is a member of the Tbx1 subfamily (Figure 1A). Originally identified in the E10.5 mouse heart cDNA library and named Tbx12, it comprises a 3.9 kb nucleotide sequence coding for a protein containing 446 amino acids (Carson et al., 2000; Kraus et al., 2001). There are at least four Tbx20 isoforms derived from alternative splicing, designated Tbx20a-d (Figure 1B) (Stennard et al., 2003). Tbx20a encodes a full-length protein containing a conserved T-box DNA-binding domain encoded by exons 2–5 and exon 7 flanked by N- and C-terminal domains, whereas 158 amino acids in C-terminal regions are equipped with strong transactivation and transrepression domains (Stennard et al., 2003; Hammer et al., 2008). Tbx20b and Tbx20c are alternatively spliced isoforms with alternative exons 9 and 8 at the 3′end, respectively. Both Tbx20b and Tbx20c contain T-box-binding domains but lack exon 10 (Stennard et al., 2003; DeBenedittis and Jiao, 2011). Tbx20d is the shortest isoform with a truncated T-box domain (Muller and Herrmann, 1997; Stennard et al., 2003). Unlike Tbx20d, all three other Tbx20 isoforms can bind to DNA, interact with Nkx2-5 and GATA4, and function in the cooperative or synergistic regulation of transcription (Stennard et al., 2003; DeBenedittis and Jiao, 2011). Tbx20a is only expressed in the heart, while Tbx20b is expressed more broadly (Takeuchi et al., 2005; DeBenedittis and Jiao, 2011). The overexpression of Tbx20a, but not Tbx20b, induces the mesodermal marker Xbra, endodermal marker edd, and cardiogenic marker Nkx2-5, suggesting that the Tbx20 isoforms provide important dynamic regulation of cardiovascular development (Stennard et al., 2003; DeBenedittis and Jiao, 2011).

Tbx20 expression is found in almost all cardiogenic cell lineages throughout evolution from arthropod to vertebrate embryos (Ahn et al., 2000; Pocock et al., 2008). The Drosophila Tbx20 gene pair, neuromancer1 (nmr1, FlyBase:H15) and neuromancer2 (nmr2, FlyBase:mid), is expressed in early cardioblasts of the dorsal vessel (Griffin et al., 2000; Qian et al., 2005; Svendsen et al., 2009), a primitive heart-like organ in the fly. H15/midline is essential to the generation and maintenance of myofibrillar architecture and rhythmic contractile physiology (Qian et al., 2008). A series of studies demonstrated that Tbx20 in Xenopus, zebrafish, chicks, and mice functions in a very conserved fashion during heart development (Griffin et al., 2000; Iio et al., 2001). Tbx20 is one of the earliest markers in the Xenopus cardiogenic lineage. Tbx20 morpholino injection results in pericardial edema and reduced cardiac mass (Brown et al., 2003, 2005). Similarly, Tbx20 is important for driving cardioprogenitor formation and cardiomyocyte proliferation in zebrafish (Lu et al., 2017). The knockdown of Tbx20-homolog hrT in zebrafish leads to several cardiac developmental defects, including compromised cardiac looping and chamber formation (Szeto et al., 2002). Using explants from chick embryos, Tbx20 was shown to be involved in Bmp2 signaling in heart development (Plageman and Yutzey, 2004). These original findings indicate that Tbx20 has an indispensable role in cardiogenesis throughout evolution.



TBX20 IS CRITICAL FOR MAMMALIAN CARDIAC DEVELOPMENT AND FUNCTION

Tbx20 expression is found throughout mouse heart development in both cardiogenic heart fields (Kraus et al., 2001). Tbx20 is expressed in the early cardiac progenitor region, endocardium and myocardium, endothelial cells of outflow track endocardial cushion and atrial ventricular cushion, the precursor structure of cardiac valves, and atrioventricular septum (Stennard et al., 2003). Temporally, Tbx20 is found within the cardiogenic mesoderm as early as E7.5. As shown in Tbx20 knockouts, Tbx20 is required for heart looping and is essential for adequate proliferative activity in developing cardiomyocytes (Kraus et al., 2001; Cai et al., 2005; Stennard et al., 2005).

Tbx20 knockouts die at ~E10.5 with severe hypoplastic ventricular walls, in conjunction with a defect in cardiac looping (Cai et al., 2005; Singh et al., 2005). Interestingly, Tbx20 knockdown mice demonstrate a dose-dependent regulation of heart development; the knockdown mice exhibit OFT defects with a fused aorta and pulmonary arteries and hypoplastic right ventricles (Takeuchi et al., 2005). Consistent findings have been obtained in studies where gain-of-function Tbx20 mutations lead to a diverse array of cardiac defects, including abnormal ventricular walls, double outlet right ventricle (DORV), congenital atrial septal defects, patent foramen ovale (PFO), bicuspid aortic valve (BAV), and typical symptoms presented in familial tetralogy of Fallot (Posch et al., 2010; Zhang et al., 2011; Pan et al., 2015; Huang et al., 2017; Luyckx et al., 2019). In the adult heart, Tbx20 haploinsufficiency gives rise to left ventricular dilation, and systolic and diastolic dysfunction, which resembles dilated cardiomyopathy (DCM) in humans (Packham and Brook, 2003). Thus, Tbx20 is not only important to heart development but also contributes to adult heart function, homeostasis, and physiological and pathophysiological adaptation (Stennard et al., 2005), which is further confirmed by severe dilated cardiomyopathy, arrhythmias, and heart failure in Tbx20 conditional knockout adult cardiomyocytes (Shen et al., 2011). Collectively, these studies demonstrate the critical function of Tbx20 in cardiac development and function.



TBX20 FUNCTIONS AS A KEY TRANSCRIPTIONAL MODULATOR

The broad expression pattern of Tbx20 in the developing heart suggests that Tbx20 is involved in multiple cardiogenic processes by interacting with broad transcriptional networks in different regions of developing hearts (Figure 2). It has been shown that Tbx20 directly interacts with Nkx2-5, GATA4, and GATA5 to synergistically regulate cardiac gene expression in various cell types and coordinate cellular proliferation, differentiation, and chamber formation (Stennard et al., 2003; Brown et al., 2005). Tbx20 knockout mouse embryos die at ~E10.5 with hypoplastic hearts, further confirming the importance of Tbx20 in cardiac development (Cai et al., 2005; Singh et al., 2005; Stennard et al., 2005). Its interaction with Nkx2.5 likely promotes cardiogenic progenitor cell proliferation and differentiation (Prall et al., 2007). Plageman and Yutzey showed that Tbx5 promotes natriuretic factor (ANF) expression, which is negatively regulated by Tbx20 (Plageman and Yutzey, 2004). Tbx20 has also been shown to function synergistically with Isl1 and Gata4 to activate Mef2c and Nkx2-5, which are required for normal formation of the right ventricle and outflow tract, providing a potentially unifying molecular mechanism for Tbx20 as a transcriptional modulator in heart development (Takeuchi et al., 2005). Interestingly, the upregulation of Isl1 is found in Tbx20 mutant hearts (Cai et al., 2005). Isl1 is a major determinant of cardiogenic progenitor cells. Chromatin immunoprecipitation (ChIP) analyses demonstrate that Tbx20 directly binds the conserved T-half sites within the Isl1 promoter sequence, suggesting that Tbx20 is a negative regulator of Isl1 expression (Cai et al., 2005).


[image: Figure 2]
FIGURE 2. Schematic diagram of the Tbx20-mediated transcriptional network in cardiovascular development and function. Tbx20 has a broad temporal and spatial expression profile and participates in a series of cardiogenic processes via its interaction with various transcriptional networks in developing and adult hearts. OFT, outflow track; AVC, atrioventricular cushion; AVS, atrioventricular septum; IVS, interventricular septum.


In addition to negatively modulating Tbx5-mediated transcriptional function, Tbx20 also inhibits Tbx2-mediated transcriptional function and directly or indirectly represses Tbx2 expression in the myocardium, providing a great stimulus to define the specification of the chamber and non-chamber myocardium, a lineage digression in the early stage of the heart underlying all subsequent morphogenesis (Stennard et al., 2005). In the developing outflow tract and atrioventricular canal, Tbx2 directly represses Nmyc1, a member of the Myc family of nuclear proto-oncogenes, resulting in relatively lower proliferative activity (Cai et al., 2005). Tbx20 can enhance proliferation efficiency by promoting Nmyc1 expression (Cai et al., 2005). Additional analysis further demonstrated that Tbx20 can directly attenuate BMP/Smad signaling to suppress Tbx2 expression in the chambers. Subsequently, Tbx2 expression is confined to the developing atrioventricular canal region (Singh et al., 2009). It is important to highlight that Tbx20 acts as an indirect repressor to restrict precocious Tbx2 transcription by sequestering BMP-activated Smad1/5/8. The mutant isoforms of Tbx20 lacking DNA binding can bind to phosphorylated Smad1/5/8 and prevent the interaction between Smad1/5/8 andco-Smad4 (Stennard et al., 2003; Singh et al., 2009; Singh and Kispert, 2010). In addition, Mandel et al. also demonstrated that high-affinity Smad-binding sites are located in Tbx20 cardiac regulatory elements. Blocking Smad-mediated signaling can specifically lead to the loss of Tbx20-mediated function (Mandel et al., 2010), further supporting the reciprocal regulation between the BMP/Smad pathway and Tbx20. Furthermore, Tbx20 is a direct regulator of COUP-TFII, which is necessary for the establishment of atrial identity; Tbx20 conditional knockouts reduce the expression of COUP-TFII (Cai et al., 2003; Watanabe et al., 2012; Boogerd et al., 2018). Additionally, Tbx20 can directly regulate Hey2, Irx4, and genes that are essential to cardiomyocyte proliferation, such as Mycn, Erbb2, and Cdc6 (Bersell et al., 2009; Boogerd et al., 2018; Ihara et al., 2020). In addition, Tbx20 can activate PI3K/AKT/GSK3β/β-catenin-dependent pathways and promote adult cardiomyocyte proliferation (Chakraborty et al., 2013). Another interesting finding is that Tbx20 overexpression in adult mouse hearts activates cardiomyocyte proliferation via Akt-, YAP-, and BMP-mediated signaling and represses inhibitory pathways via p21, Meis1, and Btg2 (Xiang et al., 2016). Apparently, Tbx20 overexpression in cardiomyocytes promotes myocardial repair or regeneration in adult hearts in response to myocardial injury, presenting a potential therapeutic strategy (Xiang et al., 2016; Fang et al., 2020). Furthermore, a study identified that myocardial Tbx20 induction enables the activation of the endocardium by promoting endocardial cell extension and proliferation at the injury site in adult zebrafish hearts, which likely occurs via the activation of endocardial bone morphogenetic protein 6 (Bmp6) signaling (Fang et al., 2020).

Another set of experiments aiming to determine the upstream events of Tbx20 also revealed the key function of Tbx20 in ventricular wall development. Neuregulin 1 (Nrg1), a member of the epidermal growth factor family, is known for its critical role in ventricular wall trabeculation (Lai et al., 2010; Del Monte-Nieto et al., 2018). Nrg1 is expressed in the endocardium but binds to its receptors ErbB2 and ErbB4 in the myocardium to initiate trabeculation (Gassmann et al., 1995; Chang et al., 1997; Hertig et al., 1999; Bersell et al., 2009). Nrg1 is found to suppress Tbx20 expression in a dose-dependent manner, which highlights the potential mechanisms by which Nrg1 can actively downregulate Tbx20 during ventricular chamber maturation (Stennard et al., 2005). Similarly, Transcription factor AP-2 gamma (Tfap2c) was also found to be a transcriptional repressor of Tbx20 expression. Decreased expression levels of Tfap2c can upregulate Tbx20 expression (Hammer et al., 2008). More interestingly, several studies suggest that BMP-mediated signaling positively regulates Tbx20 expression (Mandel et al., 2010; Zhang et al., 2011), suggesting that important positive and negative regulatory cascades regulate Tbx20 expression during heart development.

Tbx20 is known to be expressed in the endocardium. The endocardium is not only critical to ventricular wall development and maturation but also critical to valvulogenesis. The valves are derived from precursor structures known as endocardial cushions. A series of analyses revealed that Tbx20 is required for early atrial ventricular cushion formation and endocardial endothelial-mesenchymal transformation (EMT). Tbx20 is an important player in the modulation of extracellular matrix expression along with the promotion of cell proliferation in mesenchymal valve precursor structures derived from endocardial cushions (Shelton and Yutzey, 2007). An interesting finding is that Tbx20 initiates EMT action via the Bmp2-mediated regulation of Sox9, Twist1, and Msx1 expression in the developing atrial ventricular cushion (Ma et al., 2005; Cai et al., 2011). More importantly, Tbx20 can regulate Lef1, a key transcriptional mediator of the Wnt/β-catenin pathways, in the promotion of endocardial cushion maturation and valve elongation (Cai et al., 2013). In addition, Boogerd et al. demonstrated a direct role for Tbx20 in Vcan expression in endocardial lineages during septation (Boogerd et al., 2016), further suggesting the broad impact of Tbx20 in endocardial-mediated cardiogenic events.



THE ROLE OF TBX20 IN CARDIAC FUNCTION

The propagation of electrical impulses that coordinate rhythmic and synchronized cardiac contractions to facilitate systemic circulation is regulated by the cardiac conduction system (CCS) in a spatiotemporally precise manner. The CCS is a complex set of specialized structures and cell types in the heart, which include the sinoatrial node (SAN), atrioventricular node (AVN), fast-conducting atrioventricular bundle (AVB), left and right bundle branches, and Purkinje fiber (PF) network. In addition, working cardiomyocytes also play a pivotal role in propagating electrical impulses throughout the myocardium. Congenital defects of the CCS and dysregulation of CCS homeostasis can lead to CCS dysfunction, causing life-threatening arrhythmias and increasing the risk of death in both children and adults (Wolf and Berul, 2006; Mangoni and Nargeot, 2008; Christoffels et al., 2010; Munshi, 2012; van Weerd and Christoffels, 2016). Genome-wide association studies (GWAS) in human patients with various arrhythmias have revealed a close association of abnormal electrocardiography (ECG) to many ion channels, gap junction proteins, muscle structural proteins and several critical transcription factors that function in the specification, differentiation and homeostatic maintenance of the CCS (van Weerd and Christoffels, 2016). These transcription factors include the T-box genes TBX3, TBX5, and TBX20. Tbx3 and Tbx5 are two known key transcriptional regulators of CCS development (van Weerd and Christoffels, 2016). Interestingly, although Tbx20 was not initially associated with roles in CCS development, GWAS analysis revealed that single nucleotide polymorphisms (SNPs) within TBX20 are linked to prolonged QRS duration with strong linkage disequilibrium (LD) (Sotoodehnia et al., 2010; Evans et al., 2016). These SNPs are intergenic, suggesting that these regions are involved in the transcriptional regulation of TBX20. These data suggest that Tbx20 participates in the regulation of either CCS development/maintenance or myocardial conduction. It is likely that Tbx20 coordinates and maintains the spatial and temporal control of the development and function of the cardiac conduction system via either parallel or single-gene regulatory pathways. Studies by Shen et al. demonstrated that mutant mice with conditional Tbx20 ablation in adult cardiomyocytes have dilated hearts with a rapid loss of systolic function and slower conduction and severe arrhythmia (Shen et al., 2011; Sakabe et al., 2012). ChIP and enhancer analyses revealed a broad range of direct target genes of Tbx20 that contribute to regulating cardiac rhymical function (Sakabe et al., 2012). These downstream targets are largely linked to human inherited channelopathies (Priori and Napolitano, 2006; Lehnart et al., 2007; Roberts and Gollob, 2010; Shen et al., 2011). A recent study further demonstrated that Tbx20 selectively regulates the expression of Kcnh2, which encodes the channel Kv11.1 (hERG), a critical channel responsible for ventricular repolarizing currents. The human TBX20 p.R311C mutation can lead to the loss of TBX20 transcriptional activity, which subsequently causes a lower expression level of hERG and inward rectifier current, leading to prolonged action potentials (Trudeau et al., 1995; Caballero et al., 2017). Moreover, Tbx20 is also found to regulate Kcnd2, Kcnd3, Cacna1a, Cacna1c, Atp2a2, Pln, Ryr2, and Camk2d (Shen et al., 2011), strongly supporting the critical role of Tbx20 in maintaining cardiac function.

In summary, this review summarized the recent findings related to our general understanding of the role of Tbx20 in regulating several important aspects of cardiac development, homeostasis, and heart function. These advances provide a basis for the early genetic diagnosis of associated CHDs, cardiomyopathies, and heart functional defects. However, the broad associations of Tbx20 with multiple biological events in multiple cardiogenic cell lineages during cardiac development make it difficult to map out all Tbx20-mediated upstream and downstream genetic networks intercellularly and/or intracellularly, especially the correlation of its genetic mutations found in complex CHD and cardiomyopathy patients with unique disease outcomes. Future analyses using hESC- and hiPSC-based analyses may help to confirm the findings from various animal models, thus addressing the key issues in disease progression in humans.



AUTHOR CONTRIBUTIONS

YC drafted the manuscript. DX and LZ helped with early revision. C-LC, B-YL, and YL finalized the manuscript. All authors contributed to the article and approved the submitted version.



FUNDING

This work was supported in part by the National Institute of Health P01HL134599 and R01HL145060 and Riley Children Foundation.



ACKNOWLEDGMENTS

We thank members of the Cai Lab for critical discussion and proof reading.



REFERENCES

 Ahn, D. G., Ruvinsky, I., Oates, A. C., Silver, L. M., and Ho, R. K. (2000). tbx20, a new vertebrate T-box gene expressed in the cranial motor neurons and developing cardiovascular structures in zebrafish. Mech. Dev. 95, 253–258. doi: 10.1016/S0925-4773(00)00346-4

 Arnold, S. J., Hofmann, U. K., Bikoff, E. K., and Robertson, E. J. (2008). Pivotal roles for eomesodermin during axis formation, epithelium-to-mesenchyme transition, and endoderm specification in the mouse. Development 135, 501–511. doi: 10.1242/dev.014357

 Bersell, K., Arab, S., Haring, B., and Kuhn, B. (2009). Neuregulin1/ErbB4 signaling induces cardiomyocyte proliferation and repair of heart injury. Cell 138, 257–270. doi: 10.1016/j.cell.2009.04.060

 Boogerd, C. J., Aneas, I., Sakabe, N., Dirschinger, R. J., Cheng, Q. J., Zhou, B., et al. (2016). Probing chromatin landscape reveals roles of endocardial TBX20 in septation. J. Clin. Invest. 126, 3023–3035. doi: 10.1172/JCI85350

 Boogerd, C. J., Zhu, X., Aneas, I., Sakabe, N., Zhang, L., Sobreira, D. R., et al. (2018). Tbx20 is required in mid-gestation cardiomyocytes and plays a central role in atrial development. Circ. Res. 123, 428–442. doi: 10.1161/CIRCRESAHA.118.311339

 Brown, D. D., Binder, O., Pagratis, M., Parr, B. A., and Conlon, F. L. (2003). Developmental expression of the Xenopus laevis Tbx20 orthologue. Dev. Genes Evol. 212, 604–607. doi: 10.1007/s00427-002-0276-6

 Brown, D. D., Martz, S. N., Binder, O., Goetz, S. C., Price, B. M., Smith, J. C., et al. (2005). Tbx5 and Tbx20 act synergistically to control vertebrate heart morphogenesis. Development 132, 553–563. doi: 10.1242/dev.01596

 Caballero, R., Utrilla, R. G., Amoros, I., Matamoros, M., Perez-Hernandez, M., Tinaquero, D., et al. (2017). Tbx20 controls the expression of the KCNH2 gene and of hERG channels. Proc. Natl. Acad. Sci. U.S.A. 114, E416–E425. doi: 10.1073/pnas.1612383114

 Cai, C. L., Liang, X., Shi, Y., Chu, P. H., Pfaff, S. L., Chen, J., et al. (2003). Isl1 identifies a cardiac progenitor population that proliferates prior to differentiation and contributes a majority of cells to the heart. Dev. Cell 5, 877–889. doi: 10.1016/S1534-5807(03)00363-0

 Cai, C. L., Martin, J. C., Sun, Y., Cui, L., Wang, L., Ouyang, K., et al. (2008). A myocardial lineage derives from Tbx18 epicardial cells. Nature 454, 104–108. doi: 10.1038/nature06969

 Cai, C. L., Zhou, W., Yang, L., Bu, L., Qyang, Y., Zhang, X., et al. (2005). T-box genes coordinate regional rates of proliferation and regional specification during cardiogenesis. Development 132, 2475–2487. doi: 10.1242/dev.01832

 Cai, X., Nomura-Kitabayashi, A., Cai, W., Yan, J., Christoffels, V. M., and Cai, C. L. (2011). Myocardial Tbx20 regulates early atrioventricular canal formation and endocardial epithelial-mesenchymal transition via Bmp2. Dev. Biol. 360, 381–390. doi: 10.1016/j.ydbio.2011.09.023

 Cai, X., Zhang, W., Hu, J., Zhang, L., Sultana, N., Wu, B., et al. (2013). Tbx20 acts upstream of Wnt signaling to regulate endocardial cushion formation and valve remodeling during mouse cardiogenesis. Development 140, 3176–3187. doi: 10.1242/dev.092502

 Carson, C. T., Kinzler, E. R., and Parr, B. A. (2000). Tbx12, a novel T-box gene, is expressed during early stages of heart and retinal development. Mech. Dev. 96, 137–140. doi: 10.1016/S0925-4773(00)00376-2

 Chakraborty, S., Sengupta, A., and Yutzey, K. E. (2013). Tbx20 promotes cardiomyocyte proliferation and persistence of fetal characteristics in adult mouse hearts. J. Mol. Cell. Cardiol. 62, 203–213. doi: 10.1016/j.yjmcc.2013.05.018

 Chang, H., Riese, D. J. II, Gilbert, W., Stern, D. F., and McMahan, U. J. (1997). Ligands for ErbB-family receptors encoded by a neuregulin-like gene. Nature 387, 509–512. doi: 10.1038/387509a0

 Christoffels, V. M., Mommersteeg, M. T., Trowe, M. O., Prall, O. W., de Gier-de Vries, C., Soufan, A. T., et al. (2006). Formation of the venous pole of the heart from an Nkx2-5-negative precursor population requires Tbx18. Circ. Res. 98, 1555–1563. doi: 10.1161/01.RES.0000227571.84189.65

 Christoffels, V. M., Smits, G. J., Kispert, A., and Moorman, A. F. (2010). Development of the pacemaker tissues of the heart. Circ. Res. 106, 240–254. doi: 10.1161/CIRCRESAHA.109.205419

 De Jong, F., Geerts, W. J., Lamers, W. H., Los, J. A., and Moorman, A. F. (1990). Isomyosin expression pattern during formation of the tubular chicken heart: a three-dimensional immunohistochemical analysis. Anat. Rec. 226, 213–227. doi: 10.1002/ar.1092260211

 DeBenedittis, P., and Jiao, K. (2011). Alternative splicing of T-box transcription factor genes. Biochem. Biophys. Res. Commun. 412, 513–517. doi: 10.1016/j.bbrc.2011.08.010

 Del Monte-Nieto, G., Ramialison, M., Adam, A. A. S., Wu, B., Aharonov, A., D'Uva, G., et al. (2018). Control of cardiac jelly dynamics by NOTCH1 and NRG1 defines the building plan for trabeculation. Nature 557, 439–445. doi: 10.1038/s41586-018-0110-6

 Evans, D. S., Avery, C. L., Nalls, M. A., Li, G., Barnard, J., Smith, E. N., et al. (2016). Fine-mapping, novel loci identification, and SNP association transferability in a genome-wide association study of QRS duration in African Americans. Hum. Mol. Genet. 25, 4350–4368. doi: 10.1093/hmg/ddw284

 Fang, Y., Lai, K. S., She, P., Sun, J., Tao, W., and Zhong, T. P. (2020). Tbx20 induction promotes zebrafish heart regeneration by inducing cardiomyocyte dedifferentiation and endocardial expansion. Front. Cell Dev. Biol. 8:738. doi: 10.3389/fcell.2020.00738

 Gassmann, M., Casagranda, F., Orioli, D., Simon, H., Lai, C., Klein, R., et al. (1995). Aberrant neural and cardiac development in mice lacking the ErbB4 neuregulin receptor. Nature 378, 390–394. doi: 10.1038/378390a0

 Greulich, F., Rudat, C., Farin, H. F., Christoffels, V. M., and Kispert, A. (2016). Lack of genetic interaction between Tbx18 and Tbx2/Tbx20 in mouse epicardial development. PLoS ONE 11:e0156787. doi: 10.1371/journal.pone.0156787

 Griffin, K. J., Stoller, J., Gibson, M., Chen, S., Yelon, D., Stainier, D. Y., et al. (2000). A conserved role for H15-related T-box transcription factors in zebrafish and Drosophila heart formation. Dev. Biol. 218, 235–247. doi: 10.1006/dbio.1999.9571

 Hammer, S., Toenjes, M., Lange, M., Fischer, J. J., Dunkel, I., Mebus, S., et al. (2008). Characterization of TBX20 in human hearts and its regulation by TFAP2. J. Cell. Biochem. 104, 1022–1033. doi: 10.1002/jcb.21686

 Herrmann, B. G., Labeit, S., Poustka, A., King, T. R., and Lehrach, H. (1990). Cloning of the T gene required in mesoderm formation in the mouse. Nature 343, 617–622. doi: 10.1038/343617a0


 Hertig, C. M., Kubalak, S. W., Wang, Y., and Chien, K. R. (1999). Synergistic roles of neuregulin-1 and insulin-like growth factor-I in activation of the phosphatidylinositol 3-kinase pathway and cardiac chamber morphogenesis. J. Biol. Chem. 274, 37362–37369. doi: 10.1074/jbc.274.52.37362

 Huang, R. T., Wang, J., Xue, S., Qiu, X. B., Shi, H. Y., Li, R. G., et al. (2017). TBX20 loss-of-function mutation responsible for familial tetralogy of Fallot or sporadic persistent truncus arteriosus. Int. J. Med. Sci. 14, 323–332. doi: 10.7150/ijms.17834

 Ihara, D., Watanabe, Y., Seya, D., Arai, Y., Isomoto, Y., Nakano, A., et al. (2020). Expression of Hey2 transcription factor in the early embryonic ventricles is controlled through a distal enhancer by Tbx20 and Gata transcription factors. Dev. Biol. 461, 124–131. doi: 10.1016/j.ydbio.2020.02.001

 Iio, A., Koide, M., Hidaka, K., and Morisaki, T. (2001). Expression pattern of novel chick T-box gene, Tbx20. Dev. Genes Evol. 211, 559–562. doi: 10.1007/s00427-001-0187-y

 Just, S., Raphel, L., Berger, I. M., Buhler, A., Kessler, M., and Rottbauer, W. (2016). Tbx20 is an essential regulator of embryonic heart growth in zebrafish. PLoS ONE 11:e0167306. doi: 10.1371/journal.pone.0167306

 Kraus, F., Haenig, B., and Kispert, A. (2001). Cloning and expression analysis of the mouse T-box gene tbx20. Mech. Dev. 100, 87–91. doi: 10.1016/S0925-4773(00)00499-8

 Lai, D., Liu, X., Forrai, A., Wolstein, O., Michalicek, J., Ahmed, I., et al. (2010). Neuregulin 1 sustains the gene regulatory network in both trabecular and nontrabecular myocardium. Circ. Res. 107, 715–727. doi: 10.1161/CIRCRESAHA.110.218693

 Lehnart, S. E., Ackerman, M. J., Benson, D. W. Jr., Brugada, R., Clancy, C. E., Donahue, J. K., et al. (2007). Inherited arrhythmias: a National Heart, Lung, and Blood Institute and Office of Rare Diseases workshop consensus report about the diagnosis, phenotyping, molecular mechanisms, and therapeutic approaches for primary cardiomyopathies of gene mutations affecting ion channel function. Circulation 116, 2325–2345. doi: 10.1161/CIRCULATIONAHA.107.711689

 Lu, F., Langenbacher, A., and Chen, J. N. (2017). Tbx20 drives cardiac progenitor formation and cardiomyocyte proliferation in zebrafish. Dev. Biol. 421, 139–148. doi: 10.1016/j.ydbio.2016.12.009

 Luyckx, I., Kumar, A. A., Reyniers, E., Dekeyser, E., Vanderstraeten, K., Vandeweyer, G., et al. (2019). Copy number variation analysis in bicuspid aortic valve-related aortopathy identifies TBX20 as a contributing gene. Eur. J. Hum. Genet. 27, 1033–1043. doi: 10.1038/s41431-019-0364-y

 Ma, L., Lu, M. F., Schwartz, R. J., and Martin, J. F. (2005). Bmp2 is essential for cardiac cushion epithelial-mesenchymal transition and myocardial patterning. Development 132, 5601–5611. doi: 10.1242/dev.02156

 Mandel, E. M., Kaltenbrun, E., Callis, T. E., Zeng, X. X., Marques, S. R., Yelon, D., et al. (2010). The BMP pathway acts to directly regulate Tbx20 in the developing heart. Development 137, 1919–1929. doi: 10.1242/dev.043588

 Mangoni, M. E., and Nargeot, J. (2008). Genesis and regulation of the heart automaticity. Physiol. Rev. 88, 919–982. doi: 10.1152/physrev.00018.2007

 Moorman, A. F., and Christoffels, V. M. (2003). Cardiac chamber formation: development, genes, and evolution. Physiol. Rev. 83, 1223–1267. doi: 10.1152/physrev.00006.2003

 Morley, R. H., Lachani, K., Keefe, D., Gilchrist, M. J., Flicek, P., Smith, J. C., et al. (2009). A gene regulatory network directed by zebrafish No tail accounts for its roles in mesoderm formation. Proc. Natl. Acad. Sci. U.S.A. 106, 3829–3834. doi: 10.1073/pnas.0808382106

 Muller, C. W., and Herrmann, B. G. (1997). Crystallographic structure of the T domain-DNA complex of the Brachyury transcription factor. Nature 389, 884–888. doi: 10.1038/39929

 Munshi, N. V. (2012). Gene regulatory networks in cardiac conduction system development. Circ. Res. 110, 1525–1537. doi: 10.1161/CIRCRESAHA.111.260026

 Naiche, L. A., Harrelson, Z., Kelly, R. G., and Papaioannou, V. E. (2005). T-box genes in vertebrate development. Annu. Rev. Genet. 39, 219–239. doi: 10.1146/annurev.genet.39.073003.105925

 Packham, E. A., and Brook, J. D. (2003). T-box genes in human disorders. Hum. Mol. Genet. 12 Spec No 1, R37–R44. doi: 10.1093/hmg/ddg077

 Pan, Y., Geng, R., Zhou, N., Zheng, G. F., Zhao, H., Wang, J., et al. (2015). TBX20 loss-of-function mutation contributes to double outlet right ventricle. Int. J. Mol. Med. 35, 1058–1066. doi: 10.3892/ijmm.2015.2077

 Papaioannou, V. E. (2001). T-box genes in development: from hydra to humans. Int. Rev. Cytol. 207, 1–70. doi: 10.1016/S0074-7696(01)07002-4

 Papaioannou, V. E. (2014). The T-box gene family: emerging roles in development, stem cells, and cancer. Development 141, 3819–3833. doi: 10.1242/dev.104471

 Plageman, T. F. Jr., and Yutzey, K. E. (2004). Differential expression and function of Tbx5 and Tbx20 in cardiac development. J. Biol. Chem. 279, 19026–19034. doi: 10.1074/jbc.M314041200

 Plageman, T. F. Jr., and Yutzey, K. E. (2005). T-box genes and heart development: putting the “T” in heart. Dev. Dyn. 232, 11–20. doi: 10.1002/dvdy.20201

 Pocock, R., Mione, M., Hussain, S., Maxwell, S., Pontecorvi, M., Aslam, S., et al. (2008). Neuronal function of Tbx20 conserved from nematodes to vertebrates. Dev. Biol. 317, 671–685. doi: 10.1016/j.ydbio.2008.02.015

 Posch, M. G., Gramlich, M., Sunde, M., Schmitt, K. R., Lee, S. H., Richter, S., et al. (2010). A gain-of-function TBX20 mutation causes congenital atrial septal defects, patent foramen ovale, and cardiac valve defects. J. Med. Genet. 47, 230–235. doi: 10.1136/jmg.2009.069997

 Prall, O. W., Menon, M. K., Solloway, M. J., Watanabe, Y., Zaffran, S., Bajolle, F., et al. (2007). An Nkx2-5/Bmp2/Smad1 negative feedback loop controls heart progenitor specification and proliferation. Cell 128, 947–959. doi: 10.1016/j.cell.2007.01.042

 Priori, S. G., and Napolitano, C. (2006). Role of genetic analyses in cardiology: part I: mendelian diseases: cardiac channelopathies. Circulation 113, 1130–1135. doi: 10.1161/CIRCULATIONAHA.105.563205

 Qian, L., Liu, J., and Bodmer, R. (2005). Neuromancer Tbx20-related genes (H15/midline) promote cell fate specification and morphogenesis of the Drosophila heart. Dev. Biol. 279, 509–524. doi: 10.1016/j.ydbio.2005.01.013

 Qian, L., Mohapatra, B., Akasaka, T., Liu, J., Ocorr, K., Towbin, J. A., et al. (2008). Transcription factor neuromancer/TBX20 is required for cardiac function in Drosophila with implications for human heart disease. Proc. Natl. Acad. Sci. U.S.A. 105, 19833–19838. doi: 10.1073/pnas.0808705105

 Roberts, J. D., and Gollob, M. H. (2010). The genetic and clinical features of cardiac channelopathies. Future Cardiol. 6, 491–506. doi: 10.2217/fca.10.27

 Sakabe, N. J., Aneas, I., Shen, T., Shokri, L., Park, S. Y., Bulyk, M. L., et al. (2012). Dual transcriptional activator and repressor roles of TBX20 regulate adult cardiac structure and function. Hum. Mol. Genet. 21, 2194–2204. doi: 10.1093/hmg/dds034

 Shelton, E. L., and Yutzey, K. E. (2007). Tbx20 regulation of endocardial cushion cell proliferation and extracellular matrix gene expression. Dev. Biol. 302, 376–388. doi: 10.1016/j.ydbio.2006.09.047

 Shen, T., Aneas, I., Sakabe, N., Dirschinger, R. J., Wang, G., Smemo, S., et al. (2011). Tbx20 regulates a genetic program essential to adult mouse cardiomyocyte function. J. Clin. Invest. 121, 4640–4654. doi: 10.1172/JCI59472

 Singh, M. K., Christoffels, V. M., Dias, J. M., Trowe, M. O., Petry, M., Schuster-Gossler, K., et al. (2005). Tbx20 is essential for cardiac chamber differentiation and repression of Tbx2. Development 132, 2697–2707. doi: 10.1242/dev.01854

 Singh, R., Horsthuis, T., Farin, H. F., Grieskamp, T., Norden, J., Petry, M., et al. (2009). Tbx20 interacts with smads to confine tbx2 expression to the atrioventricular canal. Circ. Res. 105, 442–452. doi: 10.1161/CIRCRESAHA.109.196063

 Singh, R., and Kispert, A. (2010). Tbx20, Smads, and the atrioventricular canal. Trends Cardiovasc. Med. 20, 109–114. doi: 10.1016/j.tcm.2010.09.004

 Sotoodehnia, N., Isaacs, A., de Bakker, P. I., Dorr, M., Newton-Cheh, C., Nolte, I. M., et al. (2010). Common variants in 22 loci are associated with QRS duration and cardiac ventricular conduction. Nat. Genet. 42, 1068–1076. doi: 10.1038/ng.716

 Stennard, F. A., Costa, M. W., Elliott, D. A., Rankin, S., Haast, S. J., Lai, D., et al. (2003). Cardiac T-box factor Tbx20 directly interacts with Nkx2-5, GATA4, and GATA5 in regulation of gene expression in the developing heart. Dev. Biol. 262, 206–224. doi: 10.1016/S0012-1606(03)00385-3

 Stennard, F. A., Costa, M. W., Lai, D., Biben, C., Furtado, M. B., Solloway, M. J., et al. (2005). Murine T-box transcription factor Tbx20 acts as a repressor during heart development, and is essential for adult heart integrity, function, and adaptation. Development 132, 2451–2462. doi: 10.1242/dev.01799

 Stennard, F. A., and Harvey, R. P. (2005). T-box transcription factors and their roles in regulatory hierarchies in the developing heart. Development 132, 4897–4910. doi: 10.1242/dev.02099

 Svendsen, P. C., Formaz-Preston, A., Leal, S. M., and Brook, W. J. (2009). The Tbx20 homologs midline and H15 specify ventral fate in the Drosophila melanogaster leg. Development 136, 2689–2693. doi: 10.1242/dev.037911

 Szeto, D. P., Griffin, K. J., and Kimelman, D. (2002). HrT is required for cardiovascular development in zebrafish. Development 129, 5093–5101.

 Takeuchi, J. K., Mileikovskaia, M., Koshiba-Takeuchi, K., Heidt, A. B., Mori, A. D., Arruda, E. P., et al. (2005). Tbx20 dose-dependently regulates transcription factor networks required for mouse heart and motoneuron development. Development 132, 2463–2474. doi: 10.1242/dev.01827

 Trudeau, M. C., Warmke, J. W., Ganetzky, B., and Robertson, G. A. (1995). HERG, a human inward rectifier in the voltage-gated potassium channel family. Science 269, 92–95. doi: 10.1126/science.7604285

 van den Berg, G., and Moorman, A. F. (2009). Concepts of cardiac development in retrospect. Pediatr. Cardiol. 30, 580–587. doi: 10.1007/s00246-008-9369-y

 van Weerd, J. H., and Christoffels, V. M. (2016). The formation and function of the cardiac conduction system. Development 143, 197–210. doi: 10.1242/dev.124883

 Watanabe, Y., Zaffran, S., Kuroiwa, A., Higuchi, H., Ogura, T., Harvey, R. P., et al. (2012). Fibroblast growth factor 10 gene regulation in the second heart field by Tbx1, Nkx2-5, and Islet1 reveals a genetic switch for down-regulation in the myocardium. Proc. Natl. Acad. Sci. U.S.A. 109, 18273–18280. doi: 10.1073/pnas.1215360109

 Wiese, C., Grieskamp, T., Airik, R., Mommersteeg, M. T., Gardiwal, A., de Gier-de Vries, C., et al. (2009). Formation of the sinus node head and differentiation of sinus node myocardium are independently regulated by Tbx18 and Tbx3. Circ. Res. 104, 388–397. doi: 10.1161/CIRCRESAHA.108.187062

 Wolf, C. M., and Berul, C. I. (2006). Inherited conduction system abnormalities—one group of diseases, many genes. J. Cardiovasc. Electrophysiol. 17, 446–455. doi: 10.1111/j.1540-8167.2006.00427.x

 Wu, S. P., Dong, X. R., Regan, J. N., Su, C., and Majesky, M. W. (2013). Tbx18 regulates development of the epicardium and coronary vessels. Dev. Biol. 383, 307–320. doi: 10.1016/j.ydbio.2013.08.019

 Xiang, F. L., Guo, M., and Yutzey, K. E. (2016). Overexpression of Tbx20 in adult cardiomyocytes promotes proliferation and improves cardiac function after myocardial infarction. Circulation 133, 1081–1092. doi: 10.1161/CIRCULATIONAHA.115.019357

 Xu, H., Morishima, M., Wylie, J. N., Schwartz, R. J., Bruneau, B. G., Lindsay, E. A., et al. (2004). Tbx1 has a dual role in the morphogenesis of the cardiac outflow tract. Development 131, 3217–3227. doi: 10.1242/dev.01174

 Yamaguchi, T. P., Takada, S., Yoshikawa, Y., Wu, N., and McMahon, A. P. (1999). T (Brachyury) is a direct target of Wnt3a during paraxial mesoderm specification. Genes Dev. 13, 3185–3190. doi: 10.1101/gad.13.24.3185

 Zhang, W., Chen, H., Wang, Y., Yong, W., Zhu, W., Liu, Y., et al. (2011). Tbx20 transcription factor is a downstream mediator for bone morphogenetic protein-10 in regulating cardiac ventricular wall development and function. J. Biol. Chem. 286, 36820–36829. doi: 10.1074/jbc.M111.279679

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Chen, Xiao, Zhang, Cai, Li and Liu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.












	
	ORIGINAL RESEARCH
published: 28 January 2021
doi: 10.3389/fcell.2021.631942






[image: image2]

A Non-coding HES1 Variant Predisposes Children to Congenital Heart Disease in Chinese Population

Yangliu Song1†, Weicheng Chen1†, Zitong Huang1,2†, Guixiang Tian1,2, Mengru Li1,2, Zhengshan Zhao1,2, Zhiyu Feng1, Feizhen Wu1, Maoxiang Qian1, Xiaojing Ma1, Wei Sheng1,2* and Guoying Huang1,2*


1Institutes of Biomedical Sciences, and Children's Hospital of Fudan University, Shanghai, China

2Shanghai Key Laboratory of Birth Defects, Shanghai, China

Edited by:
Weinian Shou, Indiana University Bloomington, United States

Reviewed by:
Deqiang Li, University of Maryland, Baltimore, United States
 Wuqiang Zhu, Mayo Clinic Arizona, United States

*Correspondence: Wei Sheng, sheng4616@126.com
Guoying Huang, gyhuang@shmu.edu.cn

†These authors have contributed equally to this work

Specialty section: This article was submitted to Epigenomics and Epigenetics, a section of the journal Frontiers in Cell and Developmental Biology

Received: 21 November 2020
 Accepted: 07 January 2021
 Published: 28 January 2021

Citation: Song Y, Chen W, Huang Z, Tian G, Li M, Zhao Z, Feng Z, Wu F, Qian M, Ma X, Sheng W and Huang G (2021) A Non-coding HES1 Variant Predisposes Children to Congenital Heart Disease in Chinese Population. Front. Cell Dev. Biol. 9:631942. doi: 10.3389/fcell.2021.631942



Background: As a key component in the NOTCH signaling pathway, HES1 plays an important role in vertebrate heart development. Variants in the HES1 coding sequence are known to be associated with congenital heart disease (CHD). However, little is known about HES1 non-coding sequence variants and their association with the risk of developing CHD.

Method and Results: We initially analyzed the non-coding sequence of the HES1 gene in 12 unrelated CHD families by direct sequencing and identified a previously unreported promoter region variant (NM_005524.4: c.−1279−1278 insAC, rs148941464) in the HES1 gene in four CHD families. The homozygous variant in patients was inherited from carrier parents with normal phenotypes, indicating a likely recessive genetic model. Given that the HES1 gene is predicted to be likely to exhibit haploinsufficiency (%HI: 11.44), we hypothesized that the HES1 homozygous variant is a genetic risk factor underlying CHD. We then carried out sequencing of this HES1 variant in 629 sporadic non-syndromic CHD cases and 696 healthy controls and performed association analysis. Interestingly, we observed a significant association of the homozygous HES1 promoter variant with CHD (18.92% of cases vs. 9.91% of controls; OR: 2.291, 95% CI: 1.637-3.207, p = 9.72 × 10−7). No significant association with CHD was observed for the HES1 promoter heterozygous variant (p > 0.05). However, association analysis tests of the HES1 homozygous variant with each subtype of CHD revealed that this homozygous variant was strongly associated with transposition of the great arteries (TGA) (OR: 3.726, 95% CI: 1.745-7.956, p = 0.0003). Moreover, the prevalence of HES1 homozygous variants in CHD patients with TGA (27.66%) was significantly higher than that in patients with other CHD subtypes or controls. Similar results were observed in a replication group of TGA (n = 64). Functional studies demonstrated that the homozygous variant in the HES1 promoter can disrupt its ability to bind RXRA, an inhibitory transcription factor, which results in abnormally high expression of the HES1 gene, indicating that this variant harbors gain-of-function effects.

Conclusions: Our findings reveal that the non-coding homozygous variant in the HES1 promoter has a gain-of-function effect and is associated with an increased risk of CHD development, especially the severe TGA subtype.

Keywords: congenital heart disease, HES1, non-coding variant, transposition of the great artery, RXRA


INTRODUCTION

Congenital heart defects (CHDs) are the most common birth defects caused by the disturbance of heart formation during embryonic development, with a prevalence of 8.98‰ among live births in China (Zhao et al., 2019). CHD phenotypes are complex and range from single, localized defects (for example, VSD and ASD) to more complex structural malformations (for example, TGA and TOF). Among these CHD subtypes, CHDs with complex structural malformations, such as TGA, are considered the most severe CHD subtypes; these are the leading cause of newborn deaths and also the cause in ~10% of cases of fetal demise (Jorgensen et al., 2014; Liu et al., 2020).

The etiology of CHD is complex and includes both genetic and non-genetic risk factors. Although non-genetic risk factors, such as environmental teratogenic factors, maternal teratogenic factors, and maternal infections (Abdulla, 1998), have been proven to be associated with CHD, an increasing number of studies in human and animal models have also identified genetic etiologies underlying CHD. Approximately 400 genes are estimated to be associated with CHD pathogenesis, including genes encoding transcription factors, cell signaling molecules, and structural proteins that are responsible for heart development (Lage et al., 2012; Li et al., 2015). Pathogenic variants in the coding exons of these genes can perturb the structure and function of the heart by influencing cell type specification, differentiation and pattern formation, leading to the occurrence of CHD.

NOTCH signaling is a highly conserved pathway that has been well-characterized in regulating cell proliferation, differentiation, and apoptosis in organogenesis in almost every tissue and organ. During heart development, the NOTCH signaling pathway is involved in the formation of the atrioventricular ducts, valves, outflow tracts, and trabeculae, and it plays an important role in maintaining the normal development of the second heart field (SHF) (de la Pompa and Epstein, 2012).

Previous studies have shown that mutations and abnormal expression of candidate genes in the NOTCH signaling pathway will lead to many types of CHD (Luxán et al., 2016). Garg et al. found NOTCH1 truncation mutations in a CHD family, and the carriers showed a variety of aortic and cardiac structural abnormalities, such as TOF, DORV, and PS (Garg et al., 2005). The association between NOTCH1 mutation or copy number variation and CHD has also been confirmed in a series of subsequent studies (Greenway et al., 2009; Wang et al., 2011). Whole-exome sequencing (WES) was performed to assess the incidence of unique, deleterious variants in non-syndromic TOF cases and proved that the NOTCH1 gene is the most frequent site of genetic variants and that the other NOTCH pathway genes tested are not a major cause of TOF in our cohort (Page et al., 2019).

As a key component in the NOTCH signaling pathway, HES1 plays an important role in vertebrate heart development (van Bueren et al., 2010). A previous study found that HES1 is expressed in the SHF and that this expression is necessary for the occurrence of cardiac outflow tracts (Rochais et al., 2009). Abnormal HES1 expression was observed in a variety of CHD types, indicating strong biological sensitivity to HES1 dosage, which has been confirmed in multiple animal models (Yuan et al., 2017; Wu et al., 2018; Zhang et al., 2018). Interestingly, our previous study found abnormal expression of HES1 in the myocardial tissues of TOF patients with no pathogenic variant in the coding region of HES1. Because genome-wide methylation sequencing data showed no differential methylation in the HES1 promoter region in TOF patients, we hypothesized that HES1 non-coding sequence variants associated with the risk of CHD development might be present.

In the current study, we analyzed the non-coding sequence of the HES1 gene by direct sequencing and identified an unreported promoter region variant that showed in vitro gain-of-function effects as a homozygous variant and was strongly associated with an increased risk of CHD development, especially the severe subtype TGA.



MATERIALS AND METHODS


Study Subjects

A total of 629 non-syndromic CHD patients were recruited from the Children's Hospital of Fudan University as the cases, and 696 unaffected healthy persons were recruited as the controls (Table 1). Blood samples were collected and stored from volunteers from a racially diverse population, including many residents of the Yangtze River Delta region of China.


Table 1. Clinical characteristics of the CHD patient cohort.
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Heart tissues were collected from 26 CHD patients undergoing surgery at the Children's Hospital of Fudan University. All CHD patients received general anesthesia and extracorporeal circulation (CPB) during the procedures. Five normal heart tissue samples were collected from children who died in accidents, such as traffic accidents, and underwent autopsy in the Department of Forensic Medicine of Fudan University. The relevant characteristics of all tissue samples are listed in Supplementary Table 1.

The study was approved by the Fudan University Children's Hospital Ethics Committee (CHFU) following the Declaration of Helsinki, and the children's guardians signed the informed consent form.



Genotyping

Genomic DNA was extracted from the peripheral blood of CHD patients and normal controls by a QIAamp DNA Blood Mini kit (Qiagen, Germany). The concentration and purity of the DNA were measured using a NanoDrop One spectrophotometer (Thermo Scientific, Wilmington, USA). The ECR sequence of the HES1 promoter was identified based on the genomic sequence of the human HES1 gene (NM_005524.4) and subsequently amplified by PCR using specific primer pairs (HES1-detect-F: GAAAACCCCAAGCCCGAAAG and HES1-detect-R: ACCCCGTCTTTCAGAAATTCC). Sequencing was performed using BigDye Terminator v3.0 reagents on a 3730 DNA Analyzer (Applied Biosystems, USA) at Shanghai JieLi Biological Co., Ltd. Samples were genotyped for the HES1 promoter variant using Mutation Surveyor software (SoftGenetics, USA). All primers used are summarized in Supplementary Table 2.



Immunohistochemistry

An anti-HES1 (1:200, 71559, Abcam, Cambridge, UK) antibody was used for immunostaining. Paraffin-fixed heart tissues were first dewaxed in xylene and then submitted to antigen retrieval in citrate buffer (10 mM pH 6.0) for 10 min with boiling in an autoclave. In addition, endogenous peroxidase was inactivated by 10 min incubation in 3% hydrogen peroxide. After the sections were processed as described above, according to the product instructions, an IHC Detection kit (Gene Tech, Shanghai, China) was used for antigen incubation and staining. Sections were incubated with anti-HES1 at 4°C overnight, incubated with secondary antibodies for 1 h at 37°C, and finally stained with DAB chromogen. The Leica DVM2500 digital microscope system (Leica, Wetzlar, Germany) was used to take pictures of the stained sections, and then the area ratio and average integrated optical density (OD) of the positively stained areas were measured using Image-Pro Plus software. The differences in protein expression between controls and patients were analyzed with the Mann-Whitney U test by SPSS (version 22.0, IBM, Armonk, NY).



RNA Extraction and RT-PCR

TRIzol Reagent (Invitrogen, CA, USA) was used to extract RNA from heart tissue. The clinical information associated with each tissue is listed in Supplementary Table 2. The quality and integrity of the extracted RNA were assessed before use. According to the instructions of the TaKaRa reverse transcription kit, a primer mix containing oligo(dT) primer and random primer was used as the reverse transcription primer to reverse transcribe RNA to generate cDNA. RT-PCR was performed in triplicate on an ABI 7900 system (Applied Biosystems, Foster City, CA, USA) using SYBR Premix (TaKaRa, Japan). GAPDH was used as the internal reference gene for standardization, and the mRNA expression level of the target gene in the sample was calculated by the 2−ΔΔCt method. The primer sequences used in the RT-PCR analyses are listed in Supplementary Table 2. The mRNA differences among the three genotypes were analyzed with the Mann-Whitney U test.



Plasmid Construction

To generate a reporter plasmid (HES1-ECR-Luc), an 850 bp HES1 (ENSG00000114315) promoter sequence (evolutionarily conserved region, ECR) was amplified by PCR using human genomic DNA as a template. The primer pairs used for PCR are shown in Supplementary Table 2. The amplified fragment was inserted into a pGL3 promoter vector (Promega, Madison, WI) digested with KpnI/XhoI and KpnI/NheI. To perform site-directed mutagenesis of the HES1 promoter, we used a KOD -Plus- Mutagenesis kit (Toyobo C., Ltd. Life Science Department Osaka Japan). With the HES1-ECR-Luc plasmid as a template, we used specific primers amplified by overlapping PCR to construct the HES1-ECRm-Luc plasmid containing the promoter variant. The plasmid sequences were then verified through Sanger sequencing (Shanghai JieLi, Shanghai, China).

The RXRA (NM_002957) pcDNA3.1-Myc-His expression plasmid was purchased from Changsha Youbao Biotechnology Co., Ltd., and RXRA siRNA was purchased from Shanghai Invitrogen.



Cell Culture and Luciferase Reporter Assay

Cell lines (293T, NIH3T3, HeLa, HL1, AC16, and H9C2) were adherently cultured in high-glucose Dulbecco's modified Eagle medium containing 10% fetal bovine serum and Pen/Strep (Gibco) incubated at 37°C in 5% CO2.

The pGL3-ECR construct was cotransfected with a Renilla luciferase reporter (pRL-TK, Promega) using Lipofectamine 3000 (Invitrogen). The luciferase activity was detected using a dual-luciferase reporter gene kit (Promega). The pGL3 promoter plasmid group was set as the control group, with the detected Renilla luciferase activity serving as the standardized internal reference. Three replicates were set up for each experimental group, and three independent experiments were performed.



Generation of HES1 Promoter Mutant Cell Lines

The minimal off-target CRISPR dual nickase (Cas9-D10A) was designed at http://crispr.mit.edu/ to flank the targeted mutation at−1279insAC in the human HES1 promoter and cloned as described at http://www.genome-engineering.org/crispr/ HeLa cells were cotransfected with the most efficient selected gRNA pair and a repair template encoding the mutant HES1 promoter sequence using Lipofectamine 3000 (Invitrogen). The transfected cells were gently plated onto 100-mm plates, and selection was initiated 24 h later with medium containing 0.20 μg/ml puromycin. Single puromycin-resistant colonies were picked in 2–3 weeks and verified using PCR and Sanger sequencing. Correctly targeted clones were picked into six-well plates and expanded. The sequences of the gRNAs used for genomic editing are shown in Supplementary Table 2.



Zebrafish Transgene Assay

Animal care and experimental protocols were approved by the Department of Laboratory Animal Science of Fudan University. All studies complied with the guidelines of Directive 2010/63/EU of the European Parliament on the protection of animals used for scientific purposes or the NIH Guide for the Care and Use of Laboratory Animals. All zebrafish experiments were performed on embryos younger than 72 hpf, and euthanasia was performed by rapid freezing followed by maceration.

Using human genomic DNA containing wild-type genotypes and homozygous variant variants as templates, the ECR fragment of HES1 was amplified by PCR. The primer pairs used are shown in Supplementary Table 2. The product fragments were individually inserted into the pTol2-E1b-GFP (Ritter et al., 2010) plasmid backbone at the BglII/XhoI site to construct recombinant plasmids containing wild-type and mutant ECR fragments. This plasmid backbone contains an E1b promoter driving GFP expression and two Tol2 transposon sites. The mMessage mMachine Sp6 kit (Ambion) was used to transcribe the Tol2 transposase mRNA in vitro.

Then, 20 ng/μl recombinant plasmid (pCNE-ECR or pCNE-ECRm) and 50 ng/μl Tol2 transposase mRNA were comicroinjected into naturally mated fertilized wild-type zebrafish eggs at the single- and two-cell stages. The injected embryos were incubated at room temperature, and then the Leica DFC310 FX microscope system (Leica, Wetzlar, Germany) was used to observe GFP expression and to take pictures at the appropriate timepoints to detect the activity of the E1b promoter.



Electrophoretic Mobility Shift Assay

HeLa cells were transfected with p-RXRA for 48 h and harvested in our laboratory. The nuclear protein contents were extracted using NE-PER Nuclear and Cytoplasmic Extraction Reagents (78835, Thermo Scientific), and their concentrations were measured using the BCA protein assay kit (Takara). Biotin-labeled and unlabeled double-stranded oligonucleotide probes were synthesized at Shanghai General Biotechnology Co., Ltd. The sequences of the wild-type and mutant probes are shown in Supplementary Table 3.

The LightShift Chemiluminescent EMSA kit (20148, Thermo Scientific) was used to assay the binding of probes and protein extracts in vitro. To prepare a binding buffer, 1 μg/μl poly(dI·dC), 50% glycerol, 1% NP-40, 100 mM MgCl2, and ddH2O were added to the 10X binding buffer. Ten micrograms of protein extracts and biotin-labeled probes were incubated in binding buffer for 20 min at room temperature. In the competition group, protein extracts and 200-fold molar unlabeled probes were incubated for 15 min in advance. Samples of the reaction solution were loaded into 6% polyacrylamide gels, and electrophoresis was performed at 100 V in 0.5X TBE for ~45 min. Then, the gel contents were transferred to a nylon membrane at 384 mA for 50 min. Detection was performed using a streptavidin-horseradish peroxidase conjugate, and the membranes were photographed using a Fujifilm Las3000 Luminescent Image Analyzer (Fuji Life Sciences, Tokyo, Japan).



Shift-Western Blotting

To identify the protein components in the protein-DNA complex, the electrophoresis gel contents were transferred to a nitrocellulose membrane (GE Healthcare Life Sciences, UK) for western blotting. The membrane was blocked with 5% BSA (bovine serum albumin) for 1 h at room temperature. Then, rabbit monoclonal anti-RXRA (ab125001; Abcam) was added and incubated at 4°C overnight (dilution at 1:1,000). Peroxidase-conjugated anti-rabbit secondary antibody (1:5,000) was added the next day, and visualization was performed by enhanced chemiluminescence (Pierce).



ChIP-qPCR Assay

HeLa cells were cross-linked with 1% formaldehyde for 10 min. Immunoprecipitation was performed using an EZ-Magna ChIP kit (Millipore, Massachusetts, USA). Chromatin fragments of 200–400 bp were incubated with 10 μl of anti-RXRA (Rb, ab125001; Abcam) at 4°C overnight. Five microliters of non-specific IgG and RNA Pol II (provided in the kit) were used as negative and positive controls, respectively. One-tenth of the volume of the supernatant containing the chromatin fragments was retained as input for normalization correction. Protein-enriched fragments were quantified by RT-PCR. The primer pairs used are shown in Supplementary Table 2.



Statistical Analysis

Data were analyzed by SPSS (version 22.0, IBM, Armonk, NY) and GraphPad Prism (version 6.0, GraphPad, La Jolla, CA). The chi-square test was used to assess the differences in genotype distribution between normal controls and patients. The association between the HES1 promoter variant and CHD was evaluated by logistic regression analysis, and the results are shown as odds ratios (ORs) and 95% confidence intervals (CIs). Student's t-test was also used for statistical analysis, as described in the figure legends.




RESULTS


Identification of HES1 Promoter Variants in CHD Families

To identify potential non-coding variants in the HES1 gene that could be responsible for CHD, we carried out direct Sanger sequencing of the promoter region of the HES1 gene in 12 unrelated families whose patients have been proven to carry no pathogenic coding variants in CHD-related genes (data not provided). The clinical phenotypes of the patients in these families are shown in Supplementary Table 4. Interestingly, a potential non-coding risk variant (NM_005524.4:c.-1279_-1278 insAC, rs148941464) was identified in the HES1 promoter region. This variant was located 1279 bp upstream of the transcription initiation site of the HES1 gene (Figures 1A,B). The results showed that 15 out of 16 (93.75%) CHD patients harbored homozygous variants in the HES1 promoter; no variant was observed in the remaining patient (family 6: II-1). Four out of the 12 CHD families (33.33%) showed cosegregation of homozygous variants and the disease phenotype (Figure 1C), indicating that the HES1 homozygous variant was overrepresented among the CHD patients. However, in other family members with a normal phenotype, we observed six individuals harboring the homozygous variant in five families (family 5:II-1, II-3; family 9:I-2; family 10:I-2; family 11:I-2; and family 12:I-2) (Supplementary Figures 1–3), suggesting incomplete penetrance; this observation is consistent with previous findings of incomplete penetrance observed in the analysis of WES data in CHD (Page et al., 2019). Moreover, the HES1 gene was predicted to be likely to exhibit haploinsufficiency in consented DECIPHER data (%HI: 11.44); thus, we concluded that the HES1 homozygous variant is a risk genetic factor underlying CHD.


[image: Figure 1]
FIGURE 1. Identification of a HES1 variant in families with CHD. (A) Description of the location and structure of the HES1 gene on the chromosome and the relative position of the promoter variant. (B) Sanger sequencing of the homozygous and heterozygous sequence alterations in genomic DNA from a carrier and an unrelated control. The variant position is indicated by a red trapezoid. (C) Family pedigrees showing the phenotype and genotype of each family member; the arrow indicates the proband. Circles indicate female family members, and squares indicate male family members. - denotes the c. -1279_-1278 insAC variant; +/− indicates individuals carrying a heterozygous variant; and −/− indicates individuals with a homozygous variant.




Association of the HES1 Promoter Variant With the Risk of CHD Development

To further investigate the relationship between the HES1 promoter variant and the risk of CHD development, we then recruited an additional 629 sporadic non-syndromic CHD cases and 696 healthy controls and performed direct Sanger sequencing of the HES1 promoter to identify heterozygous and homozygous variants. As expected, we observed a significant association between the homozygous HES1 promoter variant and disease phenotype (18.92% of cases vs. 9.91% of controls; OR: 2.291, 95% CI: 1.637–3.207, p = 9.72 × 10−7, Table 2) in the CHD cases and healthy controls. No significant association with CHD was obtained for the heterozygous variant of the HES1 promoter (p > 0.05) in this study. Considering the discordant phenotypes of different subtypes in the CHD cohort, we performed further association analysis tests of the HES1 homozygous variant with each subtype included in the CHD cohort in this study. Interestingly, the HES1 homozygous variant was strongly associated with transposition of the great arteries (TGA) (OR: 3.726, 95% CI: 1.637–3.207, p = 0.0003). Moreover, the prevalence of TGA patients with HES1 homozygous variants (27.66%) was also significantly higher than that for other subtypes or controls (Table 3). To further verify this result, we tested the HES1 variant in an additional 64 TGA cases and found that the homozygous variant was present at a similar proportion (23.44%) and was correlated with the occurrence of the disease (Supplementary Table 5). Taken together, our findings reveal that this homozygous variant in the HES1 promoter is significantly associated with an increased risk of CHD development, especially TGA.


Table 2. Association analyses of HES1 promoter variants with CHD in CHD cases and controls.
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Table 3. Association analyses of HES1 promoter variants with CHD risk in various CHD subtypes.
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Pathogenic Evidence of the Homozygous HES1 Promoter Variant in CHD Patients

To investigate the effect of the HES1 promoter variant on gene expression, we carried out IHC to evaluate the immune reactivity of an antibody against HES1 in human right ventricular outflow tract tissues (RVOTs) obtained from CHD patients and normal controls (most of the tissues that could be obtained during surgery came from TOF patients). The phenotype and genotype of the CHD patients and IHC controls are shown in Supplementary Tables 6, 7. The immune reactivity in the RVOT of patients carrying the homozygous HES1 promoter variant was significantly higher than that in normal controls (P = 0.019) (Figures 2A,B). At this level of analysis, we found a trend of increased HES1 protein levels in patients with the homozygous variant compared to the patients harboring a heterozygous variant. A similar trend of increased HES1 levels in patients with the heterozygous variant compared to patients without the variant was observed; however, neither difference reached significance (P = 0.038, P = 0.101). In addition, RT-PCR analysis of the HES1 gene in the RVOT of CHD patients indicated a trend of increased HES1 mRNA expression in the patients with the homozygous variant compared with that of patients without the variant, though again the trend was not statistically significant (Figure 2C). These findings suggested that the homozygous HES1 promoter variant is responsible for increased expression of HES1 in CHD patients.


[image: Figure 2]
FIGURE 2. HES1 expression is significantly elevated in patients with homozygous variants. (A,B) Patients with the homozygous variant showed significantly increased HES1 protein levels in right ventricular outflow tract tissues compared to normal controls (P = 0.019). Patients with the heterozygous variant did not show a significant increase. (C) RT-PCR was used to detect the expression of HES1 mRNA. The results showed a non-significant increase in the expression level of HES1 in the patients with the homozygous variant compared with that of the patients without the variant (P = 0.094). The changes in protein and mRNA levels were consistent. P-values for the Mann-Whitney U test; P-values <0.05 were considered significant.




Effect of Homozygous HES1 Promoter Variant on Gene Activity

To further explore the influence of the homozygous HES1 promoter variant, we performed luciferase assays to examine the effect of the promoter variant on gene activity in six different cell lines (NIH3T3, 293T, HeLa, H9C2, HL1, and AC16). As shown in Figure 3A, the expression of the reporter gene was significantly higher in the cells transfected with the recombinant plasmid harboring the HES1 promoter variant than in the wild-type cells, indicating that the HES1 promoter variant can increase the gene activity (P < 0.05 for NIH3T3, H9C2, HL1, and AC16; P < 0.01 for 293T, and HeLa). In addition, we used CRISPR–Cas9 technology to generate a HES1 promoter variant knock-in HeLa cell line and found that the expression of HES1 was significantly increased in this cell line (Figures 3B–D).


[image: Figure 3]
FIGURE 3. The HES1 promoter variant increases gene activity. (A) Constructs and vector plasmids with wild-type and mutant ECR fragments were transfected into six cell lines and assayed for luciferase reporter gene activity. The results showed that the luciferase activity of the construct with the mutant ECR was significantly increased compared with that of the wild-type. Data are expressed as the mean ± SD of three independent experiments. *p < 0.05, **p < 0.01, and ****P < 0.0001 by Student's t-test. (B) Schematic diagram of the position of the HES1 promoter variation and the SgRNA sequence for the target site. (C) Sanger sequencing confirmed the insertion mutation (c.−1279−1278 insAC). (D) Western blot and Q-PCR results showed that the expression of HES1 significantly increased in HES1 promoter variant HeLa cells. Data are expressed as the mean ± SD of three independent experiments. **p < 0.01 by Student's t-test. (E) A regulatory variant in the HES1 ECR increased the activity of the enhancer. pCNE-HES1-WT or pCNE-HES1-MU was injected into zebrafish with Tol2 mRNA. The enhancer activity was further increased by the variant mutation. (i,ii) Control zebrafish without vector injection. (iii,iv) Wild-type zebrafish injected with pCNE-HES1-WT. (v,vi) Mutant zebrafish injected with pCNE-HES1-MU. The statistical analysis of the percentage of zebrafish exhibiting enhancer activity after microinjection showed that a significantly higher proportion of the zebrafish injected with the mutant vector exhibited enhancer activity than the wild-type zebrafish. ***P < 0.001 by chi-square test.


Additionally, we used a zebrafish experimental model to assess the influence of this HES1 promoter variant on gene activity in vivo and found that the level of luminescence in the promoter variant zebrafish was significantly higher than that in the controls (P < 0.001) (Figure 3E), suggesting that this HES1 promoter variant was able to enhance gene expression in vivo.



Regulatory Mechanism of Homozygous HES1 Promoter Variant

We further explored the mechanism by which the HES1 promoter variant regulates gene expression. Using the PROMO database (http://alggen.lsi.upc.es/), we screened the variant-containing DNA sequence region and identified a conserved potential binding site for RXRA (T01345) (Figure 4A) in this region.
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FIGURE 4. The variant affects the inhibitory effect of RXRA on enhancer activity. (A) The variant nucleotide (boxed) is highly conserved and overlaps a predicted conserved binding site for RXRA. (B) Western blot results confirmed the successful overexpression or inhibition of the expression of RXRA in HeLa cells. Data are expressed as the mean ± SD of three independent experiments. *p < 0.05 and **p < 0.01 by Student's t-test. (C) In HeLa cells, luciferase constructs with wild-type and mutant fragments were cotransfected into cells with a human RXRA expression vector and RXRA siRNA, and the corresponding luciferase activity was analyzed. The variant affected the binding of the transcription factor RXRA to the enhancer so that the inhibitory effect was relieved, and the activity of the enhancer increased. Cotransfection with RXRA siRNA partially abolished the inhibition of enhancer activity. Data are expressed as the mean ± SD of three independent experiments. ***P < 0.001 by Student's t-test. (D) An electrophoretic mobility shift assay (EMSA) showed high-affinity, sequence-specific interaction of HES1 with a double-stranded oligonucleotide containing the wild-type (wt) sequence but not the mutant sequence (mu). The shifted signal was suppressed by the addition of an unlabeled consensus high-affinity binding site for HES1. The red arrow indicates the shifted HES1 complex. The areas indicated by the black lines represent non-specific probe binding and free probe. EMSA and supershift western blot analyses confirmed RXRA protein binding. The arrows indicate the complex containing the biotin-labeled HES1 probe and RXRA protein. (E) ChIP-qPCR confirmed that RXRA was enriched in the HES1 promoter (near the HES1 promoter variant).


We performed luciferase assays in cells with RXRA overexpression or RXRA siRNA and the wild-type or pGL3-promoter recombinant plasmids containing the variant. The results showed that increased RXRA protein was able to significantly inhibit gene activity (P < 0.0001), and knockdown of RXRA was able to increase gene activity (P < 0.0001) (Figure 4C). These results confirmed the role of RXRA in negatively regulating HES1 expression. Interestingly, the luciferase activity showed no significant difference between the cells transfected with pGL3-promoter recombinant plasmids containing the HES1 variant and the wild-type cells in the presence or absence of RXRA protein (Figure 4C). Consistently, similar results were observed in other cell lines (Supplementary Figure 5), indicating that the HES1 variant abrogated the effects of RXRA on HES1 gene activity by disturbing the binding of RXRA to the enhancer.

To further confirm whether the variant disrupted the binding of RXRA to the enhancer, we performed EMSAs using the RXRA protein and a biotin-labeled probe (HES1: −1317 to −1278) or a mutated biotin-labeled probe. As shown in Figure 4D, the biotin-labeled probe bound the RXRA protein in vitro (Figure 4D, lane 2). However, this band was diminished when a wild-type competitor was added or a mutated biotin-labeled probe was used, indicating that the binding was disrupted (Figure 4D, lane 3, lane 4). The binding of RXRA to the biotin-labeled probe was not changed when the mutant competitor probe was added (Figure 4D, lane 5). These results confirmed that RXRA can bind to the enhancer region and that the identified HES1 promoter variant disrupted the binding of RXRA. A supershift western blot was performed to verify that the shift was caused by RXRA (Figure 4D). In addition, we also directly confirmed that RXRA is enriched near the HES1 promoter variant site by ChIP-qPCR (Figure 4E).




DISCUSSION

CHD occurs as a result of abnormalities in cardiac development during embryogenesis. These abnormalities are known to be highly related to changes in cardiogenic transcription factors and other developmental pathways that coordinate the development of the heart, as indicated by the increasing number of CHDs identified to be associated with mutations or genetic variants in coding regions of cardiac development-related genes (Schott et al., 1998; Garg et al., 2003; Bruneau, 2008; Lopes et al., 2011; Zaidi and Brueckner, 2017). However, these examples can explain only a small number of CHD cases. The currently accepted hypothesis is that CHD is caused by the interactions between genetic variants and multiple susceptibility factors.

Simultaneous assessment of an entire patient exome and identification of causal genetic variations has become possible thanks to advances in DNA sequencing technology. However, a main limitation of this approach is that the mutation investigation area is limited to only the 1–2% of the whole genome that encodes proteins (Bamshad et al., 2011). The influence of genetic variation in non-coding sequences on the etiology of complex diseases has been recognized. Genome-wide association studies (GWASs) have shown that a large number of non-coding variants account for increased risks of various common diseases, usually by destroying cis-regulatory elements (CREs) that influence the expression levels of nearby genes (Visel et al., 2009; Musunuru et al., 2010; Harismendy et al., 2011; Sakabe et al., 2012). Non-coding variants might account for some congenital malformations, including CHD; however, to the best of our knowledge, this has not been extensively investigated. Mutations truncating the mRNA or modifying the structure or amino acid composition of a transcription factor could cause severe morphological phenotypes, similar to those of CHD. However, it is not clear whether mutations in the CREs of these developmental genes can lead to deleterious effects. Previous studies have found variations in CREs that affect CHD development. Non-coding mutations in TBX5 cardiac enhancers were found to cause a large number of CHDs associated with TBX5 dysfunction, effectively decoupling the heart, and hand phenotype of Holt-Oram syndrome (Smemo et al., 2012). Another study found that patients from two families with CHD carried a very similar ~1 Mb deletion upstream of SOX9; the destruction of cardiac enhancers upstream of SOX9 may be responsible for human CHD (Sanchez-Castro et al., 2013).

In our study, we found a mutation in the HES1 promoter in a family with CHD. Almost all probands (93.75%) carry this mutation, suggesting that this variant may be related to the occurrence of CHD. In a subgroup analysis, we found that the homozygous variant was significantly associated with increased CHD. Raetzman et al. noted that HES1 plays a central role in the proliferation and differentiation of a series of cell types and that it is essential for maintaining progenitor cells in an undifferentiated state (Raetzman et al., 2007). Rochais et al. found that Hes1 mutant embryos at day 15.5 had outflow tract alignment defects, including ventricular septal defects and overriding aortas (Rochais et al., 2009). At earlier developmental stages, SHF proliferation and the number of cardiac neural crest cells were repressed, and the outflow tract could not be completely extended, which indicates that HES1 is necessary for the development of the cardiac arteries. A study by van Bueren et al. found that Hes1 mutant mice exhibited a range of partially penetrant 22q11DS-like defects, including pharyngeal arch artery (PAA), outflow tract, craniofacial and thymic abnormalities (van Bueren et al., 2010). These findings suggest that HES1 is closely related to the development of the cardiac outflow tract. CHD is a structural abnormality caused by the malformation or abnormal development of the heart and large blood vessels during embryonic development, so it is reasonable that HES1 is closely related to the occurrence of CHD.

Many studies have reported that abnormal expression of HES1 is also closely related to the occurrence of CHD. One study demonstrated that overexpression of HES1 can increase apoptosis and inhibit cell proliferation and that miR-182 exerted a protective effect by suppressing HES1 in cardiomyocytes exposed to hypoxia (Zhang et al., 2018). Wu K et al. found that HES1 expression was elevated in CHD model mice and that the activation of the NOTCH signaling pathway may lead to CHD (Wu et al., 2018).

In our study, we further examined the protein and mRNA levels of HES1 in RVOT from CHD patients with different genotypes and normal controls. Then, we found that the expression of HES1 in patients with homozygous mutations was significantly higher than that in wild-type CHD patients and normal controls. The results of others' research are consistent with our observations. Because this variant is located in the HES1 promoter, we speculated that it may increase the expression of HES1 by affecting the transcription of this gene, thereby activating the NOTCH signaling pathway to disturb the normal growth and development of the cardiac outflow tract.

To test this hypothesis, we performed a series of experiments in cells and showed that the activity of the mutant enhancer was significantly higher than that of the wild-type enhancer. The effect of this HES1 promoter variant on the activity of the fragment was directly confirmed. In addition, to observe whether the HES1 promoter variant directly affects the expression of endogenous HES1, we used the CRISPR–Cas9 system to construct a mutant cell line of variant knock-in HeLa cells. The results showed that the mRNA and protein levels of HES1 were significantly higher in the mutant cell line than in the wild-type cell line. This shows that the HES1 promoter variant can indeed upregulate the expression of endogenous HES1.

We also conducted luciferase experiments with recombinant plasmids containing wild-type and mutant HES1 promoter fragments. We found that the wild-type fragment has a transcription-enhancing activity and that the variant further increased the transcriptional activity from the recombinant plasmids. Therefore, we confirmed the effect of the variant on the transcriptional activity of the promoter in vitro at the cellular level. To further explore the effect of the variant on the transcriptional activity of the promoter in animals, we constructed recombinant plasmids to drive GFP expression under the control of the wild-type and mutant HES1 promoter fragments and injected this construct into zebrafish embryos. Then, we observed the expression site and expression intensity (luminescence ratio) of GFP driven by the recombinant plasmids in zebrafish, specifically, the enhancer effect of this fragment, whether it can drive the expression of GFP in the heart, and whether the variant influenced this effect. We observed GFP expression in the heart after 72 h, at which stage the zebrafish heart has developed and has begun to differentiate and proliferate (Stainier, 2001; Ackermann and Paw, 2003). In some zebrafish embryos, GFP was also expressed in the forebrain, notochord, and blood. However, constructs with mutant fragments increased the proportion of zebrafish expressing GFP in the heart, suggesting that this HES1 promoter variant can enhance cardiac-specific expression of this fragment.

Retinoid X receptors (RXRs) are nuclear receptors that act as transcription factors by binding to specific sequences in target gene promoters, thereby participating in retinoid-mediated gene activation to mediate the biological effects of retinoids (Evans and Mangelsdorf, 2014; Piskunov et al., 2014). The retinoic acid (RA) signaling pathway has been shown to play an important role in many aspects of cardiac development, including outflow tract development, suggesting an important role for RXRA in cardiac development (Cresci et al., 1999; Merki et al., 2005; Xavier-Neto et al., 2015; Stefanovic and Zaffran, 2017). Shantae et al. observed epicardial growth retardation in RXRA mutant embryos, leading to epicardial abnormalities and ultimately to cardiac malformations. According to in silico predictions, the transcription factor RXRA can bind to this site (Jenkins et al., 2005; Mascrez et al., 2009). Thus, HES1 may be a downstream target gene of RXRA. Given the important role of the RA signaling pathway in cardiac development, we hypothesized that the susceptibility effect of the HES1 promoter variant identified here can be explained by weakened RXRA regulation. Our luciferase and EMSA results indicate that this HES1 promoter variant can alter the interaction between the RXRA transcription factor and sequence elements in the HES1 promoter, eliminating the inhibitory effect of RXRA on enhancer activity. In addition, we also directly confirmed that RXRA is enriched near the HES1 promoter variant site by ChIP-qPCR. These results all support our hypothesis. Studies have reported that RXRA directly inhibits the expression of Fgf8 by recruiting the inhibitory histone marker H3K27me3 and polycomb inhibitor complex 2 (PRC2) and that the recruitment of these factors is RXRA dependent (Kumar and Duester, 2014). Therefore, we hypothesized that this mechanism was responsible for RXRA-mediated inhibition of HES1 enhancer activity.

Our study found that the frequency of the major HES1 enhancer allele in the normal population is 70.62%, while the frequency of the minor allele is 29.38%. Therefore, according to the law of genetic balance, the theoretical frequency of homozygosity produced by heterozygous carriers of this SNP in the population should be 8.63%. The actual frequency of homozygosity in the population is 9.91%. The Hardy-Weinberg balance test was performed, and P = 0.516, indicating that the control population is in equilibrium.

Our study is the first to show that RXRA inhibits the HES1 enhancer and that a functional genetic variation in the HES1 enhancer is associated with CHD. However, this study has certain limitations. First, the sample size of the population was relatively small, especially the number of families. In the future, the sample size needs to be expanded to further confirm the mutation risk. Moreover, the number of tissue samples was also small, and it is not yet possible to unambiguously confirm that the expression of HES1 is significantly increased in the heart tissues of patients with homozygous variants. Therefore, it is also necessary to expand the sample to confirm this conclusion. In addition, although our study found that a HES1 promoter variant is associated with increased CHD, it is difficult to use animal model-based research to support direct correlation between the variant and the abnormal cardiac phenotype, largely due to the concern of the differences in genomics and the fine-tuning developmental mechanisms among different species. Thus, the pathogenic mechanism will be further explored in iPSC-based analysis in the future.



CONCLUSION

In summary, our findings reveal that a non-coding homozygous variant in the HES1 promoter has gain-of-function effects and is associated with an increased risk of CHD development, especially the severe TGA subtype.
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Hemophilia A (HA), an X-linked recessive congenital bleeding disorder, affects 80%–85% of patients with hemophilia. Nearly half of severe cases of hemophilia are caused by a 0.6-Mb genomic inversion (Inv22) that disrupts F8. Although viral-based gene therapy has shown therapeutic effects for hemophilia B (HB), this promising approach is not applicable for HA at the present stage; this limitation is mainly due to the large size of F8 cDNA, which far exceeds the adeno-associated virus (AAV) packaging capacity. We previously reported an in situ genetic correction of Inv22 in HA patient-specific induced pluripotent stem cells (HA-iPSCs) by using TALENs. We also investigated an alternative strategy for targeted gene addition, in which cDNA of the B-domain deleted F8 (BDDF8) was targeted at the rDNA locus of HA-iPSCs using TALENickases to restore FVIII function. Mesenchymal stem cells (MSCs) have low immunogenicity and can secrete FVIII under physiological conditions; in this study, MSCs were differentiated from F8-corrected iPSCs, BDDF8-iPSCs, and HA-iPSCs. Differentiated MSCs were characterized, and FVIII expression efficacy in MSCs was verified in vitro. The three types of MSCs were introduced into HA mice via intravenous injection. Long-term engraftment with restoration of FVIII function and phenotypic rescue was observed in HA mice transplanted with F8-corrected iMSCs and BDDF8-iMSCs. Our findings suggest that ex vivo gene therapy using iMSCs derived from F8-modified iPSCs can be feasible, effective, and promising for the clinical translation of therapeutic gene editing of HA and other genetic birth defects, particularly those that involve large sequence variants.
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INTRODUCTION

Hemophilia A (HA) is an X-linked recessive congenital bleeding disorder caused by mutations in the factor VIII (FVIII) gene (F8) that leads to deficient blood coagulation. Spontaneous or traumatic bleeding in daily life or during surgery is the main symptom in HA patients, and the incidence is one in 5,000 male births (Nienhuis et al., 2017). Severe HA patients have only 1% or less of normal plasma FVIII activity. Currently, the main clinical treatment of HA is preventive or on-demand intravenous injections of FVIII concentrates from normal human plasma or recombinant FVIII protein. However, due to the short half-life of FVIII, patients require repeated injections, which increase the risks of infection and induce FVIII inhibitors (Berntorp and Shapiro, 2012; Weyand and Pipe, 2019).

Hemophilia is a monogenic disease considered suitable for gene therapy because a slight increase in plasma coagulation factor activity can lessen the bleeding phenotype (Graw et al., 2005; Perrin et al., 2019). Gene therapy of hemophilia based on viral vectors has been extensively investigated. Adeno-associated virus (AAV)-mediated gene therapy of hemophilia B (HB) produced promising progress in HB animal models (Crudele et al., 2015) and clinical trials (George et al., 2017; Miesbach and Sawyer, 2018). However, certain challenges of AAV-based gene therapy for HA remain mainly because the size of the FVIII coding sequence is too large (7 kb) to be packed into the AAV vector. Therefore, a smaller B-domain-deleted human F8 (BDDF8) cDNA of 4.4 kb was incorporated in the AAV vector to obtain therapeutic effects in animal models (Sabatino et al., 2011; McIntosh et al., 2013) and in clinical trials (Rangarajan et al., 2017; Batty and Lillicrap, 2019; Pasi et al., 2020).

Cell-based gene therapy has been actively studied as a potential alternative treatment for HA. Transplanted cells can provide sustained production of FVIII in vivo. Since endothelial cells (ECs) (Kumaran et al., 2005; Follenzi et al., 2008) and mesenchymal stem cells (MSCs) (Follenzi et al., 2012; Sanada et al., 2013) can physiologically secrete functional FVIII protein, these two cell types are generally the preferred target cells for HA gene therapy. Several studies have demonstrated that transplanted liver sinusoidal endothelial cells (LSECs) or ECs can synthesize FVIII in the liver and correct the bleeding phenotype in HA mice (Follenzi et al., 2008; Shi et al., 2010; Yadav et al., 2012; Fomin et al., 2013). However, LSECs and ECs are not readily available and have poor proliferation ability. MSCs have low immunogenicity and strong renewal ability and are easy to separate and propagate in vitro. Various sources of MSCs were modified using viral vectors in vitro and then transplanted into HA mice to restore the FVIII function. Some studies have used bone marrow-derived MSCs to achieve phenotypic correction in mice (Follenzi et al., 2012). Other studies have focused on long-term therapeutic plasma levels of FVIII in HA mice by systemic delivery of MSCs derived from hFVIIIBD transgenic mice (Wang et al., 2013) or by transplantation of virus-modified MSCs in utero (Kumar et al., 2018).

Due to the self-renewal potential and multidirectional differentiation, human induced pluripotent stem cells (iPSCs) can be used as an applicable autologous cell source for ex vivo gene therapy for HA (Takahashi and Yamanaka, 2006; Wong and Chiu, 2011). Non-viral genome-editing approaches in iPSCs include actively developing in situ gene correction at the F8 locus (Park et al., 2015; Wu et al., 2016; Hu et al., 2019) and ectopic integration of BDDF8 at the safe harbor loci, such as the ribosomal DNA (rDNA) locus (Pang et al., 2016) and the H11 locus (Park et al., 2019). Differentiation of iPSCs into MSCs can be an efficient means to generate many batches of MSCs. On the one hand, iPSC-derived MSCs and bone marrow-derived MSCs have similar cell characteristics and differentiation potential (Diederichs and Tuan, 2014). On the other hand, iPSCs can be genetically modified and then continuously differentiated into MSCs to maintain long-term therapeutic gene expression for autologous gene therapy.

In our previous studies, cells from urine of a patient with severe HA with F8 intron 22 inversion (Inv22) were collected, reprogrammed into HA patient-specific iPSCs (HA-iPSCs), and used to generate F8-corrected iPSCs via in situ gene correction using TALENs (Wu et al., 2016); BDDF8-iPSCs were generated by targeted integration of BDDF8 at the rDNA locus using TALENickases (Pang et al., 2016). In the present study, F8-corrected iPSCs, BDDF8-iPSCs, and HA-iPSCs were differentiated into iMSCs (iPSCs-derived MSCs), which were characterized and transplanted into HA mice by intravenous injection. Functional restoration of FVIII and phenotypic rescue were achieved in HA mice transplanted with iMSCs derived from F8-corrected iPSCs and BDDF8-iPSCs. Our data demonstrate that ex vivo therapeutic gene editing via F8-modified iPSC-derived iMSCs is feasible, effective, and promising for the clinical translation of HA gene therapy.



MATERIALS AND METHODS


Cell Culture

Normal human iPSCs (DYR0100) were purchased from ATCC. HA-iPSCs, 17-9-iPSCs (F8-corrected iPSCs) (Wu et al., 2016), and T-7-iPSCs (BDDF8-iPSCs) (Pang et al., 2016) were generated previously by our group. Briefly, F8-corrected iPSCs were obtained by targeting the coding sequence of F8 exons 23–26 at the junction of exon 22 and intron 22 in HA-iPSCs. BDDF8-iPSCs were obtained by site-specific integration of BDDF8 at the rDNA locus in HA-iPSCs. All iPSCs were routinely cultured (37°C, 5% CO2) on Matrigel (BD Biosciences, United States)-coated 12-well plates (Corning, United States) in mTesR1 medium (STEMCELL Technologies, Canada). iMSCs derived from iPSCs were routinely cultured (37°C, 5% CO2) on 0.1% gelatin (STEMCELL Technologies)-coated dishes in MSC medium containing DMEM/LG (HyClone, United States) supplemented with 10% FBS (Gibco, United States), 2 mM GlutaMAXTM (Gibco), and 0.1% bFGF (Gibco).



Derivation of iMSCs From iPSCs

A STEMdiffTM mesenchymal progenitor kit (STEMCELL Technologies) was used to differentiate normal human iPSCs (hiPSCs), HA-iPSCs, 17-9-iPSCs, and T-7-iPSCs into hiMSCs, HA-iMSCs, 17-9-iMSCs, and T-7-iMSCs, respectively. According to the manufacturer’s protocol, iPSCs were seeded on a Matrigel-coated 12-well plate at 5 × 104 cells/cm2 in mTesR1 containing 10 μM Y27632. The cells were cultured in mTesR1 for 2 days and in STEMdiffTM-ACF mesenchymal induction medium for 4 days. The cells were then cultured in STEMdiffTM-ACF medium for additional 2 days and passaged on a 6-well plate precoated with STEMdiffTM-ACF attachment substrate. The cells were passaged every 3 days. After three passages, the cells were seeded onto a 0.1% gelatin-coated 10-cm dish in MSC medium. The medium was changed every day during differentiation.



Characterization of iMSCs

iMSCs (iPSCs-derived MSCs) were suspended at a concentration of 1 × 105 cells/mL in 1 × DPBS. A total of 5 × 104 cells were incubated with BB515-conjugated CD44, Precp-Cy5.5-conjugated CD73, PE-Cy7-conjugated anti-human CD90, APC-conjugated CD105, BV421-conjugated anti-human CD34, CD45, and HLA-DR (BD Biosciences) at room temperature for 30 min in the dark. Then, the stained cells were washed twice in DPBS. Flow cytometry analysis was performed by a flow cytometer (BD Biosciences) to detect the expression of the cell surface molecules of differentiated iMSCs.



Identification of Differentiation Potential of iMSCs

The differentiation potential of iMSCs was identified by osteogenesis (Gibco), adipogenesis (STEMCELL Technologies), and chondrogenesis (STEMCELL Technologies) differentiation kits according to the manufacturer’s protocols.



RT-PCR and qRT-PCR

Total RNA was extracted using TRIzol reagent (Sigma-Aldrich, United States), and RNA was treated with gDNA wiper mix (Vazyme, China) to eliminate genomic DNA. Then, a 500 ng RNA sample was reverse transcribed using Hiscrip® II Q RT Supermix (Vazyme). Primers based on exons 19 and 23 were used to detect the transcript of F8. Primers based on exons 23 and 26 were used to detect relative F8 (exons 23–26) mRNA levels. The glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene was used as an endogenous control.



FVIII Assay of Culture Supernatants and Cell Lysates

The culture supernatants were harvested in triplicate from 6-well plates 24 h after the medium was changed. The cells were dissociated with TrypLETM select enzyme (Gibco) and counted. After washing with DPBS, cell pellets were resuspended in 500 μL of sample diluent for ELISA (Cedarlane, Burlington, ON, Canada) and lysed by three freeze-thaw cycles. ELISA was performed using Paired Antibodies for ELISA-factor VIII:C (Cedarlane) according to the manufacturer’s instructions.



Western Blot

Cell lysates of iPSCs and iMSCs were prepared using RIPA lysis buffer (Beyotime, China) supplemented with 1 × phenylmethanesulfonyl fluoride (PMSF, 1 mM) and Protease Inhibitor Cocktail (Sigma-Aldrich). Protein in the samples was measured by a PierceTM BCA protein assay kit (Thermo Fisher Scientific, United States). Protein samples (15 μg) were loaded on an electrophoresis gel that was run for 2 h at 120 V, and the proteins were transferred to PVDF membranes (Millipore, United States). After blocking with 5% non-fat milk in 0.1% TBST (TBS containing 0.1% Tween-20), the membrane was incubated overnight with anti-LMAN1 antibodies (Abcam, England) at 4°C. The membrane was then incubated with HRP-labeled anti-rabbit IgG (Sigma-Aldrich) for 1 h at room temperature, and the signal was visualized using an ECL detection kit (Thermo Fisher Scientific). Then, the membrane was washed with stripping buffer and 0.1% TBST. After blocking, the membrane was incubated overnight with anti-β-actin antibodies (Sigma-Aldrich) at 4°C. The membrane was incubated with anti-mouse IgG (Sigma-Aldrich) for 1 h at room temperature, and the signal was visualized using an ECL detection kit (Thermo Fisher Scientific).



Transplantation of iMSCs Into HA Mice

The use and care of animals complied with the guidelines of the Ethics Committee of the School of Life Sciences of Central South University.

HA mice (strain: B6; 129S4-F8 tm1Kaz/J; Jackson Laboratory) at 6–8 weeks of age were used for cell transplantation. C57BL/6 mice at 6–8 weeks of age were used as wild-type controls. Each mouse was anesthetized with Avertin (Sigma-Aldrich) and then infused with 2 × 106 CM-Dil-labeled iMSCs derived from HA-iPSCs, 17-9-iPSCs, T-7-iPSCs, or hiPSCs. Mouse plasma was collected for the assay of FVIII activity at four time points: 1, 2, 3, and 4 weeks after transplantation. HA mice without transplanted iMSCs served as a negative control. In brief, the mice were anesthetized, and then retro-orbital blood samples were collected to isolate plasma. FVIII activity was evaluated using calibration plasma for coagulation tests (Stago, France), and Compact Max (Stago, France) was used to determine activated partial thromboplastin time (aPTT). The main organs (heart, liver, spleen, lung, and kidney) from the treated and HA mice were harvested to detect CM-Dil-positive cells by immunofluorescence analysis.



Tail-Bleeding Assay

A tail-clip challenge was carried out 1 week after transplantation. Mice were anesthetized, and the tail-bleeding assays were performed as described previously (Yadav et al., 2012; Chen et al., 2017; Neumeyer et al., 2019). Briefly, the distal part of the mouse tail with a diameter of 1.5 mm was sheared. The tail was then immediately immersed in a 50 mL Falcon tube containing isotonic saline prewarmed in a water bath to 37°C. Each mouse was monitored for 20 min to record the bleeding time. Firm pressure on the tail was applied for 1 min, and the survival rates for each group of mice were recorded in 2 days.



Statistical Analysis

GraphPad Prism 5.0 was used for data analysis. Data were analyzed using ANOVA for more than two groups. The survival curves were analyzed using the log-rank test. All values are presented as the mean ± SEM.



RESULTS


Generation and Characterization of iMSCs Derived From iPSCs

Our previous studies identified two forms of genetic modification in HA-iPSCs with Inv22 (Figure 1A). In this study, iPSCs with in situ genetic correction of F8 (F8-corrected iPSCs) were named 17-9-iPSCs (Wu et al., 2016). iPSCs with ectopic integration of BDDF8 at the rDNA locus (BDDF8-iPSCs) were named T-7-iPSCs (Pang et al., 2016). hiPSCs purchased from ATCC were used as a normal control. We differentiated HA-iPSCs, 17-9-iPSCs, T-7-iPSCs, and hiPSCs into HA-iMSCs, 17-9-iMSCs, T-7-iMSCs, and hiMSCs, respectively (Supplementary Figure 1A). iMSCs derived from iPSCs showed typical fibroblast-like morphology (Supplementary Figure 1B). All iMSC lines were positive for CD44, CD73, CD90, and CD105 and were negative for CD34, CD45, and HLA-DR (Figure 1B), which was consistent with a previous report (Xu et al., 2019). Multilineage potential tests showed that HA-iMSCs, 17-9-iMSCs, T-7-iMSCs, and hiMSCs have osteogenic, chondrogenic, and adipocytic differentiation abilities (Figure 1C). These results indicated that iPSCs were successfully and efficiently differentiated into iMSCs.
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FIGURE 1. Derivation of iMSCs from iPSCs. (A) Schematic representation of the in situ genetic correction and targeted gene addition at the hrDNA locus in F8 Inv22 HA iPS cells. (B) Flow cytometry analysis of surface markers in iMSCs derived from iPSCs. HA-iMSCs were derived from F8 Inv22 HA iPS cells. 17-9-iMSCs were derived from F8-corrected iPS cells. T-7-iMSCs were derived from BDDF8-iPS cells. hiMSCs were derived from normal control hiPSCs. (C) Identification of osteogenic, chondrogenic, and adipogenic differential potential of iMSCs.




Verification of FVIII Expression in F8-Modified iPSCs and iMSCs

Next, the expression of F8 was detected in iPSCs and iMSCs via RT-PCR. Transcripts containing the boundary of exons 22–23 were detected in 17-9-iPSCs, T-7-iPSCs, and hiPSCs and in the corresponding derived 17-9-iMSCs, T-7-iMSCs, and hiMSCs; however, the signal was not detected in HA-iPSCs and HA-iMSCs (Figure 2A), indicating that F8 was corrected in F8-modified iPSCs and iMSCs. The transcription levels of F8 mRNA (containing exons 23–26) in modified iPSCs (17-9-iPSCs and T-7-iPSCs) and corresponding derived iMSCs (17-9-iMSCs and T-7-iMSCs) were significantly higher than those in HA-iPSCs and HA-iMSCs and similar to or even higher than those in hiPSCs and hiMSCs (Figure 2B).
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FIGURE 2. Detection of FVIII expression in iPSCs and iMSCs. (A) RT-PCR analysis of F8 mRNA in iPSCs and iMSCs. Primers were based on exon 19 and exon 23 sequences. GAPDH was used as a loading control. (B) qRT-PCR analysis of relative F8 (exons 23–26) mRNA levels. The primers were based on exon 23 and exon 26 sequences. GAPDH was used as the internal reference. Bars represent the mean ± SEM (n = 3, each group); ***p < 0.001, and **p < 0.01 compared with HA-iPSCs, ns, not significant, and ***p < 0.001 compared with hiPSCs; ***p < 0.001 compared with HA-iMSCs; ns, not significant; and ***p < 0.001 compared with hiMSCs (one-way ANOVA). (C) FVIII antigen in iPSCs and iMSCs was detected by ELISA. Bars represent the mean ± SEM (n = 3, independent cultures). (D) Western blot analysis of LMAN1 protein in iPSCs and iMSCs. β-Actin was used as the internal reference.


To evaluate the FVIII expression in iPSCs and iMSCs, the FVIII antigen in the cell lysate and supernatants of iPSCs and iMSCs was detected by ELISA. FVIII expression was detected in all iPSC cell lysates but was not detected in the supernatants, indicating that FVIII was not secreted at the iPSC stage (Figure 2C). In the iMSC stage, ELISA results showed that the FVIII protein levels were 0.59 ± 0.11 ng/(106 at 24 h) and 0.68 ± 0.14 ng/(106 at 24 h) in the supernatant of 17-9-iMSCs and T-7-iMSCs, respectively, but were not detected in the samples of HA-iMSCs. Several studies have demonstrated that the complex formed by lectin mannose-binding 1 (LMAN1) and multiple coagulation factor deficiency 2 (MCFD2) serves as a cargo receptor for efficient transportation of FVIII from the endoplasmic reticulum to the Golgi (Zheng et al., 2010; Zhu et al., 2018). Detection of LMAN1 by western blot indicated that LMAN1 was expressed in HA-iMSCs, 17-9-iMSCs, T-7-iMSCs, and hiMSCs but was barely detectable at the iPSC stage (Figure 2D). These data indicated that 17-9-iMSCs, T-7-iMSCs, and hiMSCs synthesize and secrete FVIII.



Restoration of FVIII Function in HA Mice by Transplantation of F8-Modified iPSC-Derived iMSCs

To test whether iMSCs derived from F8-modified iPSCs restore FVIII function in vivo, we carried out animal studies in HA mice with a disrupted F8 gene. Initially, we labeled iMSCs using CellTrackerTM CM-Dil, a fluorescent dye (Supplementary Figure 2A). Then, CM-Dil-labeled HA-iMSCs, 17-9-iMSCs, T-7-iMSCs, and hiMSCs were infused into HA mice via the orbital vein. We collected mouse plasma and assayed FVIII activity at four time points: 1, 2, 3, and 4 weeks after transplantation. The FVIII activity was recalculated as a percentage of the activity in wild-type mice. As shown in Figure 3A, 1 week after transplantation, the FVIII activity in HA mice treated with 17-9-iMSCs, T-7-iMSCs, and hiMSCs reached the highest levels of up to 10.32, 12.91, and 9.96%, respectively, which were significantly higher than that in HA mice (4.78%). From 2 to 3 weeks after transplantation, the FVIII activity in HA mice treated with 17-9-iMSCs, T-7-iMSCs, and hiMSCs was gradually decreased but remained significantly higher than that in HA mice. The changes in FVIII activity during the 4-week observation period are shown in Figure 3B. The data indicate that the FVIII activity in HA mice treated with 17-9-iMSCs, T-7-iMSCs, and hiMSCs was the lowest 4 weeks after transplantation, which was similar to that in HA mice.
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FIGURE 3. Restoration of FVIII function in HA mice using F8-modified iPSC-derived iMSCs. (A) Relative FVIII activity was detected 1–4 weeks after transplantation. HA mice, untreated HA mice; HA-iMSCs, HA mice transplanted with HA-iMSCs; 17-9-iMSCs, HA mice transplanted with 17-9-iMSCs; T-7-iMSCs, HA mice transplanted with T-7-iMSCs; hiMSCs, HA mice transplanted with hiMSCs. Bars represent the mean ± SEM, n = 5–6; ns, not significant, ***p < 0.001, **p < 0.01, and *p < 0.05 compared with HA mice (one-way ANOVA). (B) The data in (A) are shown as a line graph to describe the changes in FVIII activity during the 4-week observation period. (C) Liver and (D) lung tissue sections of iMSC-treated HA mice were analyzed using immunofluorescence; red fluorescence represents CM-Dil-positive cells, and DAPI was used for nuclear staining.


Major organs (heart, liver, spleen, lung, and kidney) from treated and HA mice were sectioned to detect CM-Dil-labeled cells by immunofluorescence analysis. CM-Dil-positive cells were observed in the liver (Figure 3C) and lung sections (Figure 3D) of mice treated with iMSCs 1, 2, and 3 weeks after transplantation but were not detected in treated mice 4 weeks after transplantation or in HA mice. CM-Dil-positive cells were not observed in other organs (heart, spleen, and kidney) of treated and HA mice (Supplementary Figure 2B). The data show that iMSCs underwent sustained implantation in some organs, such as the liver and lungs, during the 3-week observation period, indicating that F8-modified iPSC-derived iMSCs are likely to restore FVIII function in vivo.



Phenotypic Rescue in HA Mice 1 Week After Transplantation of F8-Modified iPSC-Derived iMSCs

A tail-bleeding assay was performed to determine the phenotypic rescue in HA mice 1 week after transplantation of iMSCs derived from F8-modified iPSCs. Figure 4A shows representative images of the tails after 20 min of the bleeding assay in each group. At the recorded bleeding time, some HA mice engrafted with 17-9-iMSCs (n = 8), T-7-iMSCs (n = 6), and hiMSCs (n = 7) had already developed coagulation, while all mice of the HA group (n = 6) and animals treated with HA-iMSCs (n = 6) were still bleeding (Figure 4B). We examined the survival rates of each group 48 h after the tail-clip challenge experiment. The data indicated that none of the HA mice or animals receiving HA-iMSCs survived more than 20 h after the tail-clip challenge. Notably, two of the eight HA mice treated with 17-9-iMSCs, one of the six HA mice treated with T-7-iMSCs, and one of the seven HA mice treated with hiMSCs were alive 2 days after the tail-clip challenge, which was the endpoint of this experiment (Figure 4C). These results suggest that transplantation of F8-modified iMSCs can partially rescue the bleeding phenotype of HA mice.
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FIGURE 4. Tail-bleeding assay. (A) Representative images of the tails after 20 min of the bleeding assay for each group. (B) Bleeding time. WT, C57BL/6 mice. ns, not significant, ***p < 0.001 compared with HA mice (one-way ANOVA). (C) Proportions of surviving mice after the tail-clip challenge. HA mice, untreated HA mice (n = 6); HA-iMSCs, HA mice transplanted with HA-iMSCs (n = 6); 17-9-iMSCs, HA mice transplanted with 17-9-iMSCs (n = 8); T-7-iMSCs, HA mice transplanted with T-7-iMSCs (n = 6); hiMSCs, HA mice transplanted with hiMSCs (n = 7). **p < 0.01 compared with HA mice group (log-rank test).




DISCUSSION

Mesenchymal stem cells -based therapy for various diseases has been in progress in clinical trials, including cardiovascular diseases (Zhao et al., 2015; Bartolucci et al., 2017; Butler et al., 2017; Kim et al., 2018), neurodegenerative diseases (Syková et al., 2017; Oh et al., 2018), and autoimmune diseases (Ghoryani et al., 2019), which emphasizes the therapeutic effects of MSCs. Additionally, MSCs have been applied for tissue repair and regeneration (Tan et al., 2016; Gjerde et al., 2018; Sha et al., 2019). Therefore, MSC-based therapy has been proven to be a safe and effective strategy. The immunosuppressive effects with low immunogenicity and the ability to produce endogenous FVIII (Sanada et al., 2013) suggest that MSCs are suitable for HA therapy.

Currently, MSCs used in preclinical studies and clinical trials are mainly isolated from bone marrow and adipose tissue; these sources may be limited in a single donor and may cause heterogeneity (Phinney et al., 1999; Pevsner-Fischer et al., 2011; Zaim et al., 2012; McLeod and Mauck, 2017; Huang et al., 2019). Moreover, the MSC isolation procedure is traumatic for the patients. Therefore, considering that invasive biopsy should be avoided for bleeding diseases, iPSCs generated from urine cells were selected as the source of iMSCs of HA patients. On the one hand, the source of iMSCs can be infinite because iPSCs possess unlimited proliferative capacity (Takahashi et al., 2007; Yu et al., 2007). On the other hand, iMSCs derived from iPSCs can maintain uniform quantity and quality thus avoiding heterogeneity. At present, genetic modification of MSCs is mainly performed via viral vector transduction; hence, immunogenicity of the viral capsid and the risk of random insertional mutations has to be addressed (Kotterman et al., 2015; Evens et al., 2018; Milone and O’Doherty, 2018; Shirley et al., 2020). Non-viral genetic modification by targeted integration can be efficiently achieved at the iPSC stage for sustainable expression of the target gene, representing an applicable strategy of ex vivo gene therapy for HA. In our study, 17-9-iPSCs and T-7-iPSCs with highly effective FVIII expression and no detectable off-target effects were obtained by gene editing and were selected in vitro. This screening strategy based on non-viral transduction may improve safety of subsequent in vivo experiments. To our knowledge, this is the first report that uses iMSCs derived from F8-modified iPSCs for the treatment of HA mice.

In the present study, the therapeutic level of plasma FVIII activity was sustained for 3 weeks in HA mice transplanted with 17-9-iMSCs, T-7-iMSCs, and hiMSCs. Then, FVIII activity was decreased down to the lowest value at week 4 after transplantation. This decrease may be due to the development of immunogenicity against human cells because we used immunocompetent HA mice that were not treated with immunosuppressive drugs. The SCID-HA mice transplanted with human MSCs presented restored hemostasis 1 week after the injection (Follenzi et al., 2012; Neumeyer et al., 2019). Gao et al. (2019) reported that subcutaneous injection of endothelial colony-forming cells and placenta-derived mesenchymal stromal cells transduced with a BDD-FVIII-expressing lentiviral vector achieved long-term engraftment and FVIII expression for 2 weeks in HA mice treated with cyclosporine A. However, side effects of immunosuppressive drugs have been described (Dobbels et al., 2008; Schmidt et al., 2019; Brami et al., 2020). Wang et al. (2013) implanted hFVIIIBD-MSCs isolated from hFVIIIBD-transgenic mice into HA mice by intravenous injection and achieved a therapeutic effect that lasted for 5 weeks. This effect may be attributed to reduced immune rejection between allogeneic inbred mice. In the present study, to some extent, a decrease in CM-Dil-positive iMSCs in the liver and lung sections can explain a decline in plasma FVIII activity in the treated mice, which might have produced hFVIII inhibitors; however, additional verification of this hypothesis is needed. Future studies will involve SCID-HA mice to reduce the immune response and provide a more accurate model of the effect of autologous treatment.

In summary, transplantation of iMSCs derived from F8-corrected patient iPSCs into HA mice via the orbital vein restored FVIII function and rescued the HA phenotype. Our results provide proof-of-concept for cell-based gene therapy via targeted genetic correction of FVIII in autologous iPSCs. In future studies, iMSCs will be transplanted into an HA mouse model with immunodeficiency to test long-term efficacy of the treatment. This work also suggests a feasible strategy of therapeutic gene editing for HA and other genetic birth defects involving large sequence variants.
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Medulloblastoma (MB) is the most common malignant pediatric brain tumor, however, the mechanisms underlying tumorigenesis in different MB subgroups remain incompletely understood. Although previous studies of MB predisposition have been conducted in tertiary referral centers primarily in Caucasian cohorts, it is not unclear clear whether there exist population-specific genetic alterations in MBs. In this study, we investigated the contribution of genomic and transcriptomic alterations to the risk of malignant MB in the Chinese population (designated as the Asian cohort). We analyze the genomic and transcriptomic alterations of the Asian MB cohort by using a combination of whole-exome sequencing (WES) and RNA-deep-sequencing. In addition, we integrate publicly available data with the Asian MB cohort and identify a subset of potential MB-driving genes specifically enriched in each of the MB subgroups. We further characterize a newly identified group-3-enriched transcriptional regulator, ZNF124, and demonstrate that ZNF124 is critical for the growth of the most aggressive group-3 MB cells. Together, our analyses indicate conserved yet distinct genetic alterations and gene expression patterns of MBs between different ethnic groups. Our studies further provide an important resource for identifying potential tumor-driving factors in MBs, enhancing our understanding of the disease process for developing ethnically targeted therapies in patients with MB.

Keywords: medulloblastoma, Asian cohort, whole exome sequencing, RNA-seq, subgroup-specific regulator, ZNF124, racial and ethnic disparities


INTRODUCTION

Medulloblastoma (MB) is the most common pediatric malignant brain tumor, accounting for approximately 63% of pediatric intracranial embryonal tumors and is associated with a high mortality and morbidity rates (Northcott et al., 2019). Patients receiving conventional multimodal therapy suffer from chronic sequelae such as physical disability and neurodevelopmental disorders for years after treatment completion, indicating a need for identification of effective targets for therapy (Narayan et al., 2019; De Medeiros et al., 2020). MBs originate within the developing cerebellum or brainstem (Waszak et al., 2018) though the etiology of MB tumorigenesis is not fully understood.

Based on distinct transcriptomic and epigenomic profiling, MBs can be classified into four broad subgroups: WNT, sonic-hedgehog (SHH), group 3 (G3) and group 4 (G4). Although a cohort of MBs arises from patients with risk-enhancing familial cancer syndromes such as Gorlin syndrome, Li-Fraumeni syndrome, and Turcot syndrome (Northcott et al., 2011), the majority of MBs arise due to somatic alterations in the genome. The WNT and SHH subgroups are usually associated with genetic alterations in WNT and SHH signaling, respectively. The WNT subtype comprises 10% of all MB patients and tends to have a favorable prognosis. The majority (97%) of WNT MBs are characterized by somatic mutations in CTNNB1 or APC (Waszak et al., 2018), though somatic mutations in DDX3X, SMARCA4, and monosomy 6 are also detected in WNT MB (Northcott et al., 2012a). The SHH subgroup is prevalent in infants and adult patients, accounting for ∼25% of MBs (Srinivasan et al., 2016) and shows high heterogeneity in genetic changes and clinical presentation (Kumar et al., 2019). The typical genetic events that occur in the SHH signaling pathway are loss-of-function mutations or deletions including PTCH1 (Smith et al., 2014), GNAS (He et al., 2014), and GPR161 (Begemann et al., 2020), activating mutations in SMO (Twigg et al., 2016) and amplifications of GLI1, GLI2, and MYCN (Cavalli et al., 2017). Mutant TP53 is another key hallmark in SHH MB, especially in the SHHa-MB subgroup (Louis et al., 2016).

The criteria for G3 and G4 subgroup classification are still controversial due to the lack of validated molecular driver events (less than 10% have a clear driver mutation) (Hovestadt et al., 2020). A recent reclassification of MBs has proposed that G3 and 4 tumors exist on a continuum between the previously described G3 and G4 molecular states (Northcott et al., 2017; Sharma et al., 2019). G3 MB is mainly characterized by MYC and OTX2 amplifications or activation of GFI1 and GFI1B in some cases (Northcott et al., 2017). A set of G4 MB is associated with enhancer-hijacking-mediated PRDM6 overexpression (Northcott et al., 2014, 2017). Loss of 17p and gain of 17q (isochromosome 17q) is also prevalent in G3 and G4 MB (Northcott et al., 2017).

Most omics studies of MBs to date are from predominantly Caucasian cohorts with the genetic alterations and genomic features from Asian cohorts remaining poorly defined. It is not completely understood whether there are differences in genetic drivers of tumors between different racial ethnicities. Only two studies of MBs have been reported from Asian patients including a whole exome study of recurrent MB from only 17 pediatric patients in South Korea (Phi et al., 2018) and a small SHH-subtype MB cohort from Taiwan (Wu et al., 2020), however, a comprehensive analysis of Asian MB subgroups has not been conducted. In this study, we report the genomic landscape across a cohort of 89 MBs in the Han population from China. We further integrate molecular profiling of the new cohort of pediatric brain tumors with publicly available MB cohorts and found a set of novel potential driver genes in the individual MB subgroups, pointing to potential therapeutic targets. This dataset will serve as a foundation to gain greater fundamental insight into MB etiology and tumorigenic mechanisms for devising potential targeted therapies.



MATERIALS AND METHODS


Study Subjects and Ethics Statement for Medulloblastoma Cohort

Human tumor and matched blood samples for WES or RNA-seq analysis were obtained with informed consent. Pediatric medulloblastoma tissues (89) and matched blood samples (57 used as controls) were collected from patients from the Children’s Hospital of Fudan University and the West China Hospital. All tumor tissues and blood were examined by whole exome sequencing (WES). Fifty-nine MB tissues were subject to RNA-sequencing (RNA-seq). Four normal apparent brain tissue samples from patients diagnosed with brain diseases other than brain tumor were used as a control for RNA-seq or WES. The study was approved by the Institutional Review Boards at the Children’s Hospital of Fudan University and West China Hospitals. The sequencing platform for WES and RNA-seq was an Illumina HiSeq X10, using pair end with 150bp for RNA-seq. The subtype for MB samples is identified by a set of subtype-specific marker gene expression: WIF1, TNC, GAD1, DKK2, and EMX2 for WNT; PDLIM3, EYA1, HHIP, ATOH1, and SFRP1 for SHH; IMPG2, GABRA5, EGFL11, NRL, MAB21L2, NPR3, and MYC for G3 and KCNA1, EOMES, KHDRBS2, RBM24, and UNC5D for G4.



Whole Exome Sequencing and Somatic Variant Calling

Somatic variant analyses was conducted using the Genome Analysis Tool Kit (GATK) with best practices guidelines for genetic data preprocessing and variant calling (Mckenna et al., 2010; Mclean et al., 2019). Briefly, the fastq data files from WES were mapped to human genome (hg38) by the Burrows-Wheeler Aligner (BWA) (Li and Durbin, 2009) in the GATK4 module (Mckenna et al., 2010). We used HaplotypeCaller to call the germline mutations of single nucleotide variants (SNV) and insertion deletions (Indel) and followed the suggested pipeline of Mutect2 (Benjamin et al., 2019) to call the somatic SNVs and Indels. All variants were then annotated by ANNOVAR (Wang et al., 2010). Somatic mutations were filtered by the following criteria: (1) remove variants with alternative count reads smaller than 3; (2) remove allele frequency smaller than 5%; (3) remove variants with minor allele frequency larger than 0.01% in any of the public databases (ExAC, 1000 genome, ESP, Kaviar, HRC); (4) only include variants with ExonicFunc type in “frameshift deletion,” “frameshift insertion,” “non-synonymous SNV,” “stopgain,” and “stoploss.”



Copy Number Variation (CNV) Analysis

The mapped bam files from WES were used for CNV analysis. We followed the somatic copy number variation pipeline from GATK4 CNV1. The final segment ratio files with CNV type annotation for all tumor samples were further annotated by AnnotSV (Geoffroy et al., 2018). Considering the limitation of WES in calling CNV, we only reported large CNVs. Somatic CNVs were filtered by the following criteria: (1) AnnotSV ranking smaller than 4; (2) segment log ratio smaller than 0.5; (3) CNV length smaller than 75% of its located chromosome p/q length.



RNA-Seq Expression and Gene Fusion Analysis

The fastq data files from RNA-seq were processed by eXpress, a software package for efficient probabilistic assignment of ambiguously mapping sequenced fragments (Roberts and Pachter, 2013) with reference gene annotation from Gencode v29 (Harrow et al., 2012). The datasets were imported into DESeq2 (Anders and Huber, 2010) to get normalized expression matrix and differentiated expression statistics. We followed the pipeline from Arriba2 for the detection of gene fusions from RNA-seq data. Fusion events were filtered as follows: (1) remove events with confidence level at “low”; (2) remove events with site at intergenic regions; (3) remove events of the fused genes that only exist once in all samples; (4) remove events with both side gene type in “protein_coding,” “antisense,” “lincRNA,” “transcribed_unprocessed_pseudogene,” “transcribed_processed_pseudogene,” and at least one side with gene type in “protein_coding” and “lincRNA”; (5) remove events with only one read at the split point of the fusion gene; (6) remove events with the breakpoint in the 5′UTR or 3′UTR.



Gene Annotation

The functional annotation of genes was collected from MSigDB3. The MB-related gene lists were collected from (1) marker genes; (2) DisGeNEt (Pinero et al., 2017); (3) 51 driver gene list from published datasets (Northcott et al., 2017); (4) literature search by easyPubMed (R package).



Lentivirus shRNA Production

shRNAs against ZNF124 were designed based on the algorithm4 and the shRNA target sequences (shZNF124-1: GCAAGGACATATAAAGGCTCA and shZNF124-2: GCCAGTTCCCTTCAGAAACAC) were inserted to clone into pGreen-puro vector (SBI System Biosciences, Inc.). To produce lentiviruses, HEK293T cells were co-transfected with shRNA or GFP vector packaging using Lipofectamine 3000 reagent (Life Sciences). Supernatants were collected and filtered at 48 and 72 h following transfection. Viral supernatant was concentrated by centrifugation at 25,000 × rpm for 2 h at 4°C and used to infect cells (MOI = 5–10) overnight in the presence of 10 μg/mL polybrene. Cells were selected and maintained with puromycin (2 μg/ml). Gene expression was verified by real time PCR.



Medulloblastoma Cell Culture and Proliferation Assays

Medulloblastoma cell line D458 was cultured in DMEM/F12 media with 10% FBS, 2 mM L-glutamine, and 1% Penicillin/Streptomycin at 37°C in an atmosphere of 5% CO2.

Cell proliferation was measured by WST-1 or BrdU assays. For WST-1 assay, we used the cell proliferation reagent WST-1 (Millipore Sigma) according to its protocol. For BrdU assay, procedures were performed according to the protocols as described5. Briefly, we added the BrdU (10 μM) into medium, cultured the cells for 3 h at 37°C in an atmosphere of 5% CO2, fixed cells with 4% paraformaldehyde and permeabilized with 0.3% Triton X-100. For BrdU staining, cells were treated with 1N HCl incubating 10 min on ice and neutralized by phosphate/citric acid buffer. BrdU antibody (Thermo Fisher Scientific, # MA3-071) was added into the cells and incubated overnight at 4°C. Mouse-anti BrdU (BD Bioscience, 1:500) antibody was used to label BrdU overnight at 4°C. DAPI counterstain was included in the final washes before the samples were mounted in Fluoromount G (SouthernBiotech) for microscopy. Cell images were quantified in a blinded manner. All immunofluorescence-labeled images were captured using a Nikon C2+ confocal microscope.



Cell Apoptosis Analysis by Flow Cytometry

Medulloblastoma cells were washed with PBS and stained by Ghost DyeTM UV450 (Tonbo Biosciences) for 30 min on ice to detect the viable and dying cells according to the protocol6. After staining, cells were washed with FACS buffer (ice-cold HBSS supplemented with 2% bovine serum) and washed twice with PBS before multiparameter flow cytometric detection on a BD LSRFortessa (Becton Dickinson, San Jose, CA, United States).



Western Blotting and Quantitative PCR

Medulloblastoma cells were lysed in RIPA buffer, the protein concentration quantified (Bio-Rad), and the lysates were separated by 4–12% SDS-PAGE. Antibodies to ZNF124 (Abcam, ab168627) and GAPDH (Thermo Fisher Scientific, Catalog # 39-8600) were used in an incubation overnight. Bands were visualized with secondary antibodies conjugated to horseradish peroxidase (Bio-Rad) and ECL western blotting detection reagents (Pierce) per the manufacturer’s instructions.

Total RNA was extracted using the TRIzol Reagent (Invitrogen) and subsequently, 1 μg RNA was reverse-transcribed using the Advantages of a High-Capacity cDNA Reverse Transcription Kit (Bio-Rad). The cDNAs were then subject to real-time PCR analysis using Fast SYBR Green Master Mix in StepOnePlus Real-Time PCR system (Thermo Fisher Scientific). Primer sequences used were as follows:

ZNF124 forward 5′- AGCCTTCCGTTACTCCAA; ZNF124 reverse 5′- AGGGTTCTTCACCAGCAT; SOX2 forward 5′- TGGGTTCGGTGGTCAAGT; SOX2 reverse 5′- TCTGGTAGTGCTGGGACA; P21 forward 5′- TCACTGTCT TGTACCCTTGTGC; P21 reverse 5′- CTTCCTGTGGGC GGATTAG; BAX forward 5′- TTGCTTCAGGGTTTCATCCA; BAX reverse 5′- AGACACTCGCTCAGCTTCTTG; PUMA forward 5′- GTCCCCTGCCAGATTTGTGGC; PUMA reverse 5′- GACACTGCCGAGGGCACCAGG.



Statistical Analysis

All analyses in this research were performed using Microsoft Excel or GraphPad Prism 6.00 (San Diego, CA, United States)7 or RStudio (R v.3.3.0, https://www.R-project.org/)8. Data are presented as means ± standard deviation (SD). Comparisons in gene expression among patients were evaluated by the Friedman non-parametric analysis of variance (GraphPad PRISM 8, GraphPad Software, United States). Differences were considered significant at p < 0.05. We used a Fisher’s exact test to assess the differences in mutation rates in each subgroup MB between tumor cohorts.



RESULTS


Pediatric Brain Tumors in Asian Patients Have Similar Genetic Alterations to Their Caucasian Counterparts

We have analyzed a total of 89 MB patient tumor samples and 59 matched blood samples through whole exome sequencing (WES) and performed an analysis to determine the somatic and germline mutations via the Genome Analysis Tool Kit (GATK; Supplementary Table 1). We identified an average of 23.8 somatic mutations and 90.9 germline mutated genes on average for each Chinese pediatric brain tumor (Figure 1A and Supplementary Table 1).
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FIGURE 1. Genetic alteration landscape of Asian pediatric Medulloblastoma cohort. (A) Number of germline and somatic mutations in 89 pediatric medulloblastomas tested by WES. (B) OncoPrint summarizing recurrently altered genes and copy number variations of the 89 pediatric Medulloblastomas in the Asian cohort. (C) Recurrently mutated genes within the four subgroups of MBs. (D) Comparison between recurrently mutated genes in the Caucasian cohort (Northcott et al., 2017) based on WGS or WES data and the Asian cohort detected using WES data (this work). *P < 0.05, **P < 0.01, Fisher’s Exact test was used to assess the significance of the mutation rate.


Similar to the previously reported studies (Brennan et al., 2013; Hara et al., 2018), in WNT MBs we found frequent mutations in CTNNB1 (54%, 7/13), DDX3X (23%, 3/13), SMARCA4 (31%, 4/13), ARID1A (15%, 2/13), and chromosome 6p deletion (54%, 7/13) (Northcott et al., 2017). In SHH MBs, we found common mutations in PTCH1 (31%, 9/29) and TP53 (21%, 6/29). G3 MBs had recurrent mutations such as KMT2D (13%, 3/24), PTPRQ (13%, 3/24), and CTDNEP1 (13%, 3/24) (Northcott et al., 2012b, 2017). G4 MBs exhibited recurrent mutations in USH2A (17.4%, 4/23), ADGRV1 (13%, 3/23), NCOA4 (13%, 3/23), and PITPNM2 (13%, 3/23) (Figures 1B,C). We have further identified new sets of mutated genes associated with the centrosome (16%) and neural differentiation pathways (25%), especially in G3 (42%) and G4 (61%) MBs (Figure 1B). Interestingly, the genetic mutations in MBs did not exhibit apparent differences between genders except TP53, for which seven out of eight affected patients were female (Figure 1B and Supplementary Table 1).

When comparing the recurrent somatic mutations in the Asian cohort with the publicly available cohort (Northcott et al., 2017) with Caucasian populations, we found the mutation rates of most recurrently mutated genes are consistent between the two ethnic cohorts within MB subgroups (Figure 1D). However, there are some subtle differences. For instance, a recurrent KDM6A mutation, which is most frequently mutated in G4 MB in the Caucasian cohort (Northcott et al., 2017), but was not detected in G4 MBs in the Asian cohort (Figure 1D). The H3K27me3 demethylase KDM6A was reported to have a tumor suppressor function in medulloblastoma (Yi et al., 2020). Conversely, several recurrent mutations in the Asian cohort occurred rarely in the Caucasian cohort, including SHROOM2, encoding a key mediator of RhoA–ROCK pathway to inhibit tumor metastasis (Yuan et al., 2019), and ADGRV1, encoding an adhesion G protein-coupled receptor V1 associated with tumor invasion and metastasis (Aust et al., 2016), in SHH-MB, KMT2C, encoding a lysine methyltransferase 2C that regulates MB tumorigenesis (Roussel and Stripay, 2018) in G3-MB, ZFHX3 (zinc finger homeobox 3), ATM, encoding ataxia telangiectasia mutated protein kinase, a DNA damage checkpoint-regulator, and ADGRV1 in G4-MB (Figure 1D). These data suggest that heterogeneity exists in the prevalence of genetic mutations in MBs across distinct ethnic groups.



Pediatric Asian MB Cohort Shows Transcriptomic Pathway Alterations Similar to Caucasian Patients

To characterize the gene expression pattern of the Asian MB cohorts, we performed RNA-seq for 63 MB tumors (Supplementary Table 2), including WNT (n = 6), SHH (n = 20), G3 (n = 14), G4 (n = 19) MBs and apparently normal brain controls (n = 4, marked as NB). Clustering analyses indicated that SHH and WNT formed distinct clusters, as opposed to G3 and G4 which are less well defined, consistent with previous subgrouping studies (Cavalli et al., 2017; Figure 2A). Previously established subgroup-specific marker genes clearly differentiate between each of these MB subgroups (Figure 2B). Signature genes of each MB subgroup from the Asian cohort were consistent with previously defined Caucasian MB subgroups (Figure 2C and Supplementary Table 3).
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FIGURE 2. Signature genes for each MB subgroup and function enrichment. (A) UMAP plots for the 59 newly reported MBs and four normal cerebellar samples with similarity measured by the expression level of highly variable genes. The Caucasian MB cohort was used as the control of the known subgroup MB. (B) Heatmap of known marker genes for four subgroups of newly reported MBs showing significant differential expression across subgroups. (C) Heatmap and enriched pathway for the differential feature genes across MBs.


In the WNT MBs, highly enriched genes were related to WNT signaling pathways (p = 1.2e-6) including DKK1, LEF1, and WIF1, as well as stem cell differentiation regulators (p = 7.5e-5) such as PAX3 and FOXA1. In SHH MBs, the enriched genes were associated with Hedgehog signaling (p = 1.5e-3), RAS (p = 1.0e-2), mitotic spindle orientation (p = 2.1e-2), as well as HIPPO (p = 3.2e-2), and PI3K-AKT (p = 5.0e-2) signaling. Although a cohort of patients in the G3 subgroup shared similar gene expression patterns with G4 MB patients overall, G3 MBs were distinguished by signatures of photoreceptor cells (p = 1.7e-8), or of MAPK (p = 7.3e-4) and FOXO (p = 9.4e-4) signaling, while signatures for axon guidance (p = 5.2e-6), ECM glycoproteins (p = 5.0e-6), SMAD phosphorylation (p = 3.7e-2), and estrogen receptor signaling (p = 4.7e-2) were enriched in G4 MBs (Figure 2C). The signature genes or pathways of each MB subgroup from the Asian cohort were consistent with previously defined MB subgroups (Figure 2C), suggesting that there is no major difference in MB subgroups among different racial populations based on gene expression patterns.



Identification of Novel Gene Fusions in Asian Medulloblastomas

To identify the gene fusions within MB subgroups, we used the Arriba algorithm (Haas et al., 2019) to identify approximately 149 gene fusion events from 52 tumor samples including six WNT-MBs, 16 SHH-MB, 14 G3-MB, and 16 G4-MB in the Asian MB cohort (Figure 3A and Supplementary Table 4). Among the MB subgroups in the Asian cohort, we observed a greater number of fusion events in the SHH and G4 subgroups when compared to G3 and WNT subgroups. The most frequent fusion genes were RAP1A-TMIGD3 in two WNT-MBs and one G3-MB, and PVT1-CASC8 in two G3-MBs and one G4-MB, which is consistent with the Caucasian cohort (Northcott et al., 2017; Figure 3A). Notably, three fusion genes (XRCC6-PI4KB, LINC01138-LINC01731, and DNMT1-ZGLP1) were detected in at least two MB patients in the Asian cohort but not in the Caucasian cohort (Figure 3A). Conversely, a set of the reported MB fusion genes such as MARCKSL1-PIK3CD, DNAL1-ZNF385D, TCF4-ROCK1, GLI2-NYAP2 in the Caucasian cohort were not detected in the Asian cohort (Figures 3A,B).
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FIGURE 3. Gene fusion events in MB subtypes. (A) Gene fusions in WNT, SHH, Group3, and Group4 patients in the Asian cohort. The genes in red indicate the fusion genes also detected in the Caucasian cohort. The colors of the lines shows different types of fusions: duplication (green), inversion (brown), deletion (purple), and translocation (pink). The numbers in the block with different color indicate the numbered chromosomes where the gene located. (B) The reported fusion genes in the Caucasian cohort (up) and the novel fusion genes found in the Asian and Caucasian cohorts (down). (C) Schematic summaries of high-confidence fusion transcripts targeting known or putative MB driver genes in the Asian cohort. Selected gene fusion events were shown: ARID1A-PHACTR4 in WNT MB, VSNL1-MYCN and NFYC-PPIE in SHH MBs, ANKRD52-CS, ASAP1-WDYHV1, and PVT1-PCAT1 in G3 MBs, SAE1-NPAS1, TET3-GMCL1, and PVT1-PCAT1 in G4 MBs.


Our analysis also identified 31 novel fusion genes from at least two samples in the Asian and Caucasian MB cohorts (Figure 3B). In the Asian cohort, we identified MB subgroup-specific fusion genes such as a frameshift fusion gene ARID1A-PHACTR4 in WNT-MB (Figures 3A,C), and in-frame fusion genes (e.g., VSNL1-MYCN and NFYC-PPIE) in SHH-MB (Figure 3C), in-frame fusion genes (e.g., ANKRD52-CS and ASAP1-WDYHV1) and frameshift gene fusions such as (e.g., NF1A-GFI1 and NUS1-SLC25A13) in G3-MB (Figure 3C), as well as in-frame fusion genes (e.g., DNMT1-ZGLP1, SAE1-NPAS1, and TET3-GMCL1) and non-coding fusion genes (e.g., DNMT1-AC011511.1) in G4-MBs (Figure 3C and Supplementary Table 4). In addition, the fusion genes shared among different MB subgroups were also identified such as GJE1-VTA1 (G3- and G4-MB), PVT1-PCAT1 (G3- and G4-MB), and UNCX-AC073094.1 (SHH-, G3-, and G4- MB; Figures 3B,C) in both Asian and Caucasian cohorts. The oncogenic effect of mutations in the fusion genes such as ARID1A, PVT1, GFI1, MYCN, DNMT1, and TET3 has been identified in various tumors including medulloblastomas to regulate tumorigenesis (Bell et al., 2010; Northcott et al., 2014; Mathur, 2018; Mo et al., 2020; Onagoruwa et al., 2020; Wong, 2020), suggesting that the predicted inframe fusion proteins may possess oncogenic potential. Although the precise functions of the fusion genes in MB remain to be defined, our data suggest that novel gene fusion events might contribute to tumorigenesis in the MB cohorts.



Identification of ZNF124 as a G3-MB-Enriched Gene

To identify the candidate drivers specific to MBs, but not in other types of tumors, we integrated transcriptomic data from other pediatric brain tumors including ependymoma (EPN), high-grade glioma (HGG), low-grade glioma, (LGG), meningiomas (MNG), diffuse intrinsic pontine glioma (DIPG), and medulloblastomas (MB) from the CBTTC9 database and performed principal component analysis (PCA) to identify the MB-specific genes (Figure 4A). When integrating them with subgroup-enriched genes (Supplementary Table 4), we identified WNT signaling regulator NKD1, transcriptional regulators such as a RUNX family transcription factor (RUNX2), a homeobox-containing transcription factor (EMX2), and a LIM homeobox gene (LHX6) as potential WNT-MB subgroup-specific drivers (Figure 4B). In the SHH subgroup, we uncovered an effector of SHH signaling (GLI1), activating enhancer binding protein (TFAP4), and transcriptional regulator TFDP2 as candidate SHH-MB subgroup-specific drivers (Figure 4C). In G3 MB, besides the previously known G3 driver MYC, we also identified candidate drivers including ZNF124, also known as ZK7, a transcriptional regulator linked to cell survival and tumorigenesis in other cellular contexts (Miyake et al., 2002), TRIP10, a member of the thyroid hormone receptor interactor family, and CRABP2, a member of the retinoic acid binding protein family (Figure 4D). In G4 MB, we identified several transcriptional regulators of neural development including ZBTB18, BARHL1, and SOX4 as candidate driver genes in this subgroup (Figure 4E).
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FIGURE 4. Identification of MB-subgroup-specific candidate driver genes. (A) Principal component analysis (PCA) of MB (133), EPN (98), DIPG (32), HGG (139), LGG (261), and MNG (34) based on the publicly available transcriptomics dataset (CBTTC, https://cbttc.org/). (B–E) The exclusive potential driver genes of WNT (B), SHH (C), G3 (D), and G4 (E) MBs expression in brain tumors using CBTTC cohort.




Loss of Group 3 Specific Driver ZNF124 Attenuates Growth and Promotes Apoptosis of G3-MB Cells

We hypothesize that these MB-subgroup specific genes may play a role in MB tumorigenesis. To define and validate the function of the potential drivers in MB cell growth, we focused on ZNF124, a transcription factor whose loss has been linked to defects in cerebellar development (Poot et al., 2007), as a potential driver for G3-MB, the most aggressive G3 MB subgroup. High expression of ZNF124 is associated with poor prognosis in G3-MBs (Figure 5A), suggesting that ZNF124 may have potential functions in G3 MB tumorigenesis. qPCR and western blotting analyses indicated that ZNF124 expression is higher in G3 MB cell lines (e.g., D425, D458, and D283) (Ivanov et al., 2016) compared with SHH-MB cells (DAOY) and G4 MB cells (MB3550; Figure 5B). Knockdown of ZNF124 using lentiviral shRNA substantially reduced the proliferation of D458 cells, a G3 MB cell line (Ivanov et al., 2016), as measured by the cell proliferation assay (WST-1) and BrdU incorporation (Figures 5C,D). In addition, we found that lentiviral shRNA targeting ZNF124 effectively inhibited expression of a stemness gene SOX2 but significantly increased expression of a cell cycle inhibitor P21/CDKN1A and apoptosis-related genes such as PUMA/BBC3 and BAX in G3 MB D458 cells (Figure 6A). However, ZNF124 knockdown in the MYC-amplified D458 G3-MB cells (Ivanov et al., 2016) did not significantly change the MYC expression at both mRNA and protein levels (Figures 6A,B), suggesting that ZNF124 does not directly regulate MYC expression.
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FIGURE 5. ZNF124 is specifically required for the growth of the aggressive G3MB cell. (A) Survival (5 years) analysis of the driver gene based on the ZNF124 expression using the publicly available datasets (GEO: gse85217). (B) RT-PCR experiment to detect ZNF124 mRNA (upper) and Western blotting to exam ZNF124 protein (lower) expression in human MB cell lines. Data represent means ± SD, n = 3 independent experiments. (C) Fold change in proliferation (as measured by WST-1) of control and shZNF124-expressing D458 cells. Values are means ± SD of five independent measurements across three replicate experiments. **p < 0.01, two-tailed unpaired t-test. (D) BrdU staining images for the control and shZNF124 D425 cells (left) and the quantification (right). Data represent means ± SD, n = 3 independent experiments. *p < 0.05; **p < 0.01, two-tailed unpaired t-test.
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FIGURE 6. Knockdown ZNF124 promotes apoptosis of G3-MB cells. (A) RT-PCR data showed the efficiency of shZNF124 in MYC amplificated G3-MB D458 cells and the cell cycle inhibitor gene CDKN1A/P21, apoptosis genes BAX and PUMA and tumor stemness gene MYC and SOX2 mRNA expression. Data represent means ± SD, n = 3 independent experiments. **p < 0.01, two-tailed unpaired t-test. (B) Western blotting analysis of MYC and ZNF124 protein expression in human MB D458 cell after ZNF124 knockdown with Lenti-shRNA for 72 h. Ratio of MYC expression over GAPDH control was shown. (C,D) Dying cells were detected by flow cytometry in G3-D458 and SHH-DAOY cells after knockdown ZNF124 (C) and the comparison of the dead cells in control and shZNF124 treatment cells (D). Data represent means ± SD, n = 3 independent experiments. **p < 0.01, two-tailed unpaired t-test.


Given that ZNF124 inhibits apoptotic death in other cell contexts (Kuramoto et al., 2000; Miyake et al., 2002), we then examined the proportion of apoptotic cells after ZNF124 knockdown in different MB cell lines. ZNF124 knockdown increased cellular apoptosis in G3-MB D458 cells, but not SHH-DAOY cells (Figures 6C,D), suggesting that targeting ZNF124 increases cell death specifically in G3-MB cells.



DISCUSSION

The characteristics of distinct MBs differ by their genetic alterations and gene expression profiles. An important aspect of MB tumorigenesis is its somatic mutations. However, the genetic characteristics of MBs in Asian populations are poorly understood. Our present analyses of the landscape of somatic mutations and transcriptomic profiles of MBs reveal similar genetic alterations and gene expression profiles between Caucasian and Asian cohorts, two large racial groups, suggesting that the major tumor driving events are conserved among different races.

In this study, most of the recurrent mutations in the Asian cohort are similar to Caucasian cohorts, however, there are novel gene fusion events unique to Asian MBs. The differences among racial or ethnic groups may lie in genetic, environmental, or behavioral factors that act alone or in combination. At present, whether and how the novel gene fusion events contribute to MB tumorigenesis or progression in each MB subgroup remain to be defined in Asian cohort. To our knowledge, our study provides the first comprehensive view of somatic mutations and gene expression profiles of MBs in Han Chinese population patients. Our study provides evidence of distinct genetic alteration events or heterogeneity among different racial and ethnic groups. Given that rare mutations can be responsible for severe effects in complex human disease and cancer (Mcclellan and King, 2010; Turajlic et al., 2019), it suggests the importance of tailoring an ethnicity-based genetic testing panel and treatment strategies for Asian patients. This Asian cohort of pediatric brain tumors presents an important resource for future studies that better represent this previously underrepresented population in pediatric brain tumor research.

Our genomic analysis of MBs identifies potential genetic alterations across different MB subtypes. In the Asian cohort and the publicly available MB cohorts, CNV is more prevalent in aggressive MBs (G3 and G4) when compared with WNT and SHH MBs and other pediatric brain tumors (Northcott et al., 2017). In addition, we identified unique inframe fusion proteins that may possess oncogenic potential in the Asian MBs, suggesting that the novel gene fusion events might contribute to tumorigenesis in the Asian MB cohort.

By performing a comprehensive analysis of this new Asian cohort in combination with publicly available cohorts, we identify a set of subgroup-specific potential driver genes across different MBs (Figure 4A). Particularly, we identified ZNF124, which is highly enriched in G3 MB, the most aggressive MB subgroup. High expression of ZNF124 is associated with poor prognosis in MBs, suggesting that ZNF124 may serve as a prognostic marker in G3 MB. ZNF124 has been shown to inhibit cell death in other cellular contexts (Kuramoto et al., 2000; Miyake et al., 2002). Interestingly, we show that ZNF124 knockdown inhibits tumor cell growth and increases cell death specifically in G3-MB cells but not in SHH-MB cells, suggesting a unique role of ZNF124 in regulating the growth of the most aggressive G3 MB cells. Thus, our integrative transcriptomic profiling analysis for MB specific genes allows the identification of novel candidate driver genes that are critical for the growth of subgroup-specific MBs. Together, our present studies identify the genetic mutation landscape of the Asian ethnic population and provide an important reference for future genetic testing of cancer risk and potential targeted treatment in the patients with MBs.
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Congenital anomalies of the kidney and urinary tract (CAKUT) is a common birth defect and is the leading cause of end-stage renal disease in children. The etiology of CAKUT is complex and includes mainly genetic and environmental factors. However, these factors cannot fully explain the etiological mechanism of CAKUT. Recently, participation of long non-coding RNAs (lncRNAs) in the development of the circulatory and nervous systems was demonstrated; however, the role of lncRNAs in the development of the kidney and urinary tract system is unclear. In this study, we used the piggyBac (PB) transposon-based mutagenesis to construct a mouse with lncRNA 4933425B07Rik (Rik) PB insertion (RikPB/PB) and detected overexpression of Rik and a variety of developmental abnormalities in the urinary system after PB insertion, mainly including renal hypo/dysplasia. The number of ureteric bud (UB) branches in the RikPB/PB embryonic kidney was significantly decreased in embryonic kidney culture. Only bone morphogenetic protein 4 (Bmp4), a key molecule regulating UB branching, is significantly downregulated in RikPB/PB embryonic kidney, while the expression levels of other molecules involved in the regulation of UB branching were not significantly different according to the RNA-sequencing (RNA-seq) data, and the results were verified by quantitative real-time polymerase chain reaction (RT-PCR) and immunofluorescence assays. Besides, the expression of pSmad1/5/8, a downstream molecule of BMP4 signaling, decreased by immunofluorescence. These findings suggest that abnormal expression of Rik may cause a reduction in the UB branches by reducing the expression levels of the UB branching-related molecule Bmp4, thus leading to the development of CAKUT.

Keywords: long non-coding RNA, 4933425B07Rik, congenital anomalies of the kidney and urinary tract, kidney development, Bmp4


INTRODUCTION

Congenital anomalies of the kidney and urinary tract (CAKUT) are a group of developmental diseases with abnormal anatomical structure of the urinary system. The phenotype of CAKUT is broadly defined to include abnormalities of the kidneys, ureters, bladder, and urethra. CAKUT is a common developmental birth defect in children. On average, the prevalence of CAKUT varies from 3 to 6 per 1,000 newborns (Nicolaou et al., 2015), accounting for 20–30% of congenital birth defects (Murugapoopathy and Gupta, 2020). CAKUT is the leading cause of chronic kidney disease (CKD) in children, accounting for 40–50% of children receiving renal replacement therapy (Chesnaye et al., 2014), which is a heavy burden on the families of the children and on society.

The development of the mammalian urinary system includes three phases: pronephros, mesonephros, and metanephros. Metanephros eventually develops into a mature kidney. Metanephros development depends on the interaction between two types of cells: metanephric mesenchyme (MM) cells and ureteric bud (UB) cells. Metanephros development starts at embryonic day (E) 10.5. A signal from MM induces UB outgrowth from the nephric duct, and the UB then penetrates the MM. On E11.5, the UB forms the first T-shaped structure. After iterative branching, the UB eventually forms a renal collecting system; at the same time, a signal from the UB induces epithelial differentiation of MM cells with subsequent gradual nephron formation (Blake and Rosenblum, 2014; Short and Smyth, 2016). At this stage, abnormal UB outgrowth and branching leads to CAKUT. Insufficient UB outgrowth causes renal dysplasia, excessive UB outgrowth leads to a duplex renal collecting system, and reduced UB branching may result in renal hypoplasia or renal dysplasia (Kozlov and Schedl, 2020).

The etiological mechanism of CAKUT has not been fully elucidated. Currently, the classical etiological factors of CAKUT are considered to be genetic and environmental. Genetic factors included single gene mutation, repeat copy number variation, and abnormal chromosome structure, which account for 10, 15, and 20% of cases, respectively. However, etiological factors cannot be clearly defined in approximately half of the patients (Rosenblum et al., 2017). Thus, additional potential etiological factors of CAKUT have to be studied, including non-coding RNAs, histone modifications, and other epigenetic factors. Long non-coding RNAs (lncRNAs) may be one of these factors. lncRNAs are a class of non-coding RNAs with more than 200 nucleotides that lack an intact open reading frame and cannot encode proteins. In recent years, numerous studies have demonstrated that lncRNAs can regulate the developmental physiology of various tissues and organs, such as the circulatory and nervous systems. For instance, lateral mesoderm-specific lncRNA Fendrr anchors polycomb repressive complex 2 (PRC2), increasing PRC2 occupancy and the levels of histone H3 Lys27 tri-methylation (H3K27me3) in heart development (Grote et al., 2013). Loss of the lncRNA lncrps25 reduces locomotion behavior by regulating motor neuron progenitor development and expression of oligodendrocyte transcription factor (Olig2) (Gao et al., 2020). Expression of the MM-specific lncRNA GM29418 can regulate SIX homeobox 2 (Six2) in mouse MM cells in vitro, and Six2 has been demonstrated to regulate the development of the metanephros (Nishikawa et al., 2019). Expression of the lncRNA Hoxb3os (homeobox B3 and homeobox B2, opposite strand) is significantly decreased in the renal tissues of patients with autosomal dominant polycystic kidney disease (ADPKD) and in a mouse model of ADPKD (Aboudehen et al., 2018). Thus, we hypothesized that the presence of abnormal lncRNAs may lead to abnormal development of the urinary system and may induce CAKUT in a mouse model.

The intergenic lncRNA Rik is located at 14qC1: 46,602,806-46,637,423. A review of the literature found that abnormal expression of the lncRNA Rubie (14qC1: 46,568,263-46,587,983) located adjacent to Rik can cause vestibular malformations in the inner ear of mice. Thus, we hypothesized that Rik may participate in embryonic development including the urinary system development in mice. Therefore, in this study, we used the piggyBac (PB) transposon-based insertional mutagenesis to construct the lncRNA 4933425B07Rik (Rik) PB to insert in mice and generate a mutant mouse model (RikPB/PB) to investigate the phenotype and the possible mechanism.



EXPERIMENTAL MATERIALS AND METHODS


Mice

RikPB/+ mice were obtained by using PB transposon-based insertional mutagenesis targeted to intron 3 of the Rik gene of FVB/NJ mice (Ding et al., 2005). RikPB/+ mice were inbred to obtain RikPB/PB and Rik+/+ mice. Hoxb7/myr-Venus is a previously successfully bred mouse strain that specifically expresses a fluorescent protein in the UB epithelium (Yu et al., 2020). RikPB/PB mice were mated with Hoxb7/myr-Venus mice to obtain Rik PB insertion mice specifically expressing fluorescent protein in the UB epithelium (RikPB/+; Hoxb7/myr-Venus abbreviated as RikPB/+; Hoxb7). RikPB/+; Hoxb7 were inbreed to obtain offspring namely RikPB/PB; Hoxb7/myr-Venus (RikPB/PB; Hoxb7), RikPB/+; Hoxb7, and control mice Rik+/+; Hoxb7/myr-Venus (Rik+/+; Hoxb7). We observed the mice urinary system phenotypes by selected the same nest of different genotypes. All mice used in the experiments were specific pathogen free (SPF) and were maintained at 18–22°C, 50–60% humidity, and 12 h day/night cycle. Animals were maintained and managed according to the animal welfare and usage management regulations of the School of Life Sciences of Fudan University [Protocol Approval No. SYXK (hu) 2020-0011].



RNA Extraction and Quantitative Real-Time PCR

The TRIzol (Life Technologies, United States) method was used to extract RNA from E12.5 whole embryos, from E14.5, E16.5, E18.5, and postnatal day (P) 0.5 kidneys, and from E14.5 heart, liver, brain, lung, ureter, and bladder. RNeasy mini kit (QIAGEN, Germany) was used to extract RNA from E12.5 embryonic kidney. Genomic DNA removal, reverse transcription, and quantitative real-time polymerase chain reaction (RT-PCR) were performed according to manufacturer instructions. Genomic DNA was removed using a gDNA eraser kit (Takara, Japan), and reverse transcription was performed using a reverse transcription kit (Takara, Japan). RT-PCR was performed using the AceQ qPCR SYBR Green Master Mix (Vazyme, China) and a real-time qPCR system (Agilent Mx3000P, United States). RT-PCR primers for Rik, bone morphogenetic protein 4 (Bmp4), Wnt9b, forkhead box C1 (Foxc1), Foxc2, GATA-binding protein 3 (Gata3), cyclin dependent kinase inhibitor 3 (Cdkn3), glia maturation factor beta (Gmfb), sterile alpha motif domain containing 4 (Samd4), cell growth regulator with ring finger domain 1 (Cgrrf1), cornichon family AMPA receptor auxiliary protein 1 (Cnih1), and glyceraldehyde 3-phosphate dehydrogenase (Gapdh) are listed as follows. For Rik, 5′-TTGGGTGTGACTGGAGGAAA-3′ (forward) and 5′-CAAA CAGGATAAAGATGGGAGGT-3′ (reverse); for Bmp4, 5′-GCA AGTTTGTTCAAGATTGGCTCC-3′ (forward) and 5′-CCAT CAGCATTCGGTTACCAGG-3′ (reverse); for Wnt9b, 5′-TTC CCCGACACTCAGCAAAG-3′ (forward) and 5′-TTCCCCTT CTCAGTCTGTTCTCCG-3′(reverse); for Foxc1, 5′-GCCAAA TGGAATGGAACCCC-3′ (forward) and 5′-CGCTGGTGTGA GGAATCTTCTC-3′ (reverse); for Foxc2, 5′-CTTCTACCGCG AGAACAAGC-3′ (forward) and 5′-GACTTTCTTCTCGGCCT CCT-3′ (reverse); for Gata3, 5′-CCAGGCAAGATGAGAAA GAGTG-3′ (forward) and 5′-ATAGGGCGGATAGGTGGTA ATG-3′ (reverse); for Cdkn3, 5′-GAGCACATCTAGGGT CTCCA-3′ (forward) and 5′-ACACCGAATTCATGACTCA AGC-3′ (reverse); for Gmfb, 5′-CCAAGAGATCGCACGGC AAC-3′ (forward) and 5′-AGGCGTTCATCCTTGTCAATCT-3′ (reverse); for Cgrrf1, 5′-CTTCCCTAGCAACAGGCATGG-3′ (forward) and 5′-TCTTCTAACGCTTGCGGGG-3′ (reverse); for Cnih1, 5′-TCGCGGCCTTCTGCTATATG-3′ (forward) and 5′-GGAAGGACAAGAGGGTTCAGG-3′ (reverse); and for Gapdh, 5′-TGTTCCTACCCCCAATGTGTCC-3′ (forward) and 5′-GGAGTTGCTGTTGAAGTCGCAG-3′ (reverse). Gapdh was used as an internal control for relative quantification. The relative gene expression levels were calculated using the 2–Δ Δ CT method. Each group contained at least three samples, and each sample was assayed in triplicate.



Nuclear and Cytoplasmic Extraction

Mouse renal proximal tubular epithelial cells (mPTCs), an immortalized cell line, were acquired from ATCC and cultured in DMEM-F12 medium supplemented with 10% fetal bovine serum (FBS) (Yang et al., 2018). After collection of mPTCs, the cytoplasm and nuclei were isolated using the NE-PER Nuclear and Cytoplasmic Extraction kit (Thermo Fisher Scientific, United States). Cytoplasmic and nuclear RNA was extracted using the RNeasy kit (Qiagen, Germany). Gapdh mRNA, U1 spliceosomal RNA and metastasis associated lung adenocarcinoma transcript 1 (MALAT1) RNA were used as controls.



Gross Phenotypic Analysis

Phenotypes of newborn RikPB/PB, RikPB/+, and Rik+/+ mice were assessed. The animals were anesthetized with CO2 and the abdomen was dissected to expose the urinary system. The location, morphology, and number of kidneys, ureters, and bladders of mice in each group were observed under a stereoscope. The images were recorded under a microscope (Leica, Germany).



Hematoxylin-Eosin Staining

The kidneys of the mice were removed and fixed in 4% paraformaldehyde. After ethanol gradient dehydration, the tissues were embedded in paraffin and cut into 4 μm sections. Hematoxylin-eosin (H&E) staining was performed according to the standard protocols described in the literature (Xu et al., 1999).



Embryonic Kidney Culture

E11.5 embryonic kidneys from RikPB/PB; Hoxb7 and Rik+/+; Hoxb7 mice were isolated in phosphate-buffered saline (PBS) and placed on a 0.4 μm polyester membrane (Corning, United States) at 37°C and 5% CO2. Embryonic kidneys were cultured in DMEM-F12 (Gibco, United States) containing 10% FBS (Gibco, United States) and 1% penicillin/streptomycin (Gibco, United States) for 24, 48, and 72 h and then observed under a fluorescence microscope (Leica, Germany) to detect UB branches and count the UB tips (Kim et al., 2014).



RNA-Sequencing

The RNeasy Mini kit (QIAGEN, Germany) was used to extract the total RNA of E12.5 embryonic kidneys from the RikPB/PB; Hoxb7 and Rik+/+; Hoxb7 mice. The sequencing data was filtered with SOAPnuke (v1.5.2) (Li et al., 2008) by (1) removing reads containing sequencing adapter; (2) removing reads whose low-quality base ratio (base quality less than or equal to 5) is more than 20%; (3) removing reads whose unknown base (“N” base) ratio is more than 5%, afterward clean reads were obtained and stored in FASTQ format. The clean reads were mapped to the reference genome using HISAT2 (v2.0.4) (Kim et al., 2015), Bowtie2 (v2.2.5) (Li and Dewey, 2011) was applied to align the clean reads to the reference coding gene set, then expression level of gene was calculated by RSEM (v1.2.12) (Raivo, 2019). Using Fragments Per Kilobase of exon model per Million mapped fragments (FPKM) algorithm for the expression of standardized, which counts by total exon fragments/[mapped reads (millions) × exon length (kb)], reflects the gene expression level. The heatmap was drawn by pheatmap (v1.0.8) (Love et al., 2014) according to the gene expression in different samples. Essentially, differentially expressed genes (DEGs) analysis was performed using the DESeq2 (v1.4.5) (Abdi, 2007) with fold change ≥2 and false discovery rate (FDR) ≤ 0.001. To take insight to the change of phenotype, GO1 enrichment analysis of annotated different expressed gene was performed by Phyper2 based on Hypergeometric test. The significant levels of terms and pathways were corrected by Q-value (=FDR) with a rigorous threshold (Q-value ≤ 0.05) by Bonferroni.



Immunofluorescence

Fresh kidney tissue was fixed with 4% paraformaldehyde overnight, dehydrated in 30% sucrose for 48 h, embedded in optimal cutting temperature compound (OCT compound), and stored at −80°C. The sections were frozen and sliced at a thickness of 15 μm. The sections were washed with PBS, permeabilized with 0.3% Triton X-100 for 15 min, and blocked with 5% donkey serum for 1 h at room temperature. The tissue slices were incubated with a primary antibody at 4°C overnight, washed several times with PBS, incubated with a secondary antibody at room temperature for 1 h, washed several times with PBS, and treated with an autofluorescence quencher. Slices were observed and imaged using a fluorescence confocal microscope (Olympus FV3000, Japan). The following antibodies were used: primary antibodies: anti-BMP4 (Abcam, ab39973, 1:200), anti-Smad1/Smad5/Smad8 (Affinity, AF-0614, 1:100), and anti-pSmad1/pSmad5/pSmad8 (Cell Signaling Technology, CST13820, 1:200); secondary antibodies: Alexa 647-conjugated anti-rabbit (Jackson ImmunoResearch, 1:400).



Statistical Analysis

All data were processed using the SPSS 24.0 statistical software. The data are presented as the mean ± standard deviation. The count data are presented as rates. Differences between the groups were analyzed using the Chi-squared test or unpaired t-test. P < 0.05 was defined as a statistically significant difference.




RESULTS


Rik Overexpression in RikPB/PB Mice

We used the phylogenetic codon substitution frequency software (PhyloCSF) to identify an open reading frame and ORF Finder to assess the protein-coding potential of Rik; the results demonstrated that Rik is a lncRNA because of its low protein-coding potential (Supplementary Figure 1). Non-coding RNAs are able to accurately regulate the development of the metanephros in a specific spatiotemporal pattern due to unique tissue and embryonic expression characteristics. We detected the spatiotemporal expression distribution of Rik in wild-type mice by RT-PCR and found that the expression level was high during E12.5-E15.5; expression was highest on E12.5 and then gradually decreased (Figure 1A). At E14.5, high levels of Rik were expressed in the mouse urinary system (kidney, ureter, and bladder), while the expression levels in the brain, heart, lung, and liver were low (Figure 1B). The subcellular localization of Rik in mPTC was detected using the nuclear and cytoplasmic protein extraction assay; the data indicate that Rik is almost exclusively present in the nucleus (Figure 1C).
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FIGURE 1. Rik overexpression in PB mice. (A) Rik expression during various kidney development stages in Rik+/+ mice. (B) Rik expression distribution in various tissues of Rik+/+ mice at E14.5. (C) Subcellular localization of Rik. (D) Genomic structure after PB insertion. PB (Act-RFP) was inserted into intron 3 of the Rik gene (solid line). Boxes, exons; arrows, transcription direction; green arrows, PB transposon; red arrows, RFP expression elements. (E) After PB insertion, the expression level of Rik was increased in E12.5 embryos, n = 3. (F) The expression level of Rik in E12.5 embryonic kidney was increased after PB insertion, n = 5. **P < 0.01; ***P < 0.001; ****P < 0.0001.


RikPB/PB mice were constructed using PB transposon-based insertional mutagenesis. PB was inserted into intron 3 of the mouse Rik gene (Figure 1D), resulting in Rik overexpression in the RikPB/PB mice. RT-PCR of whole embryos and embryonic kidneys of E12.5 RikPB/PB, RikPB/+, and Rik+/+ mice detected an increase in Rik expression levels in RikPB/PB and RikPB/+ mice compared to that in Rik+/+ mice (Figures 1E,F).



RikPB/PB Newborn Mice Develop Urinary Malformations

Gross phenotypes of the urinary system of RikPB/PB, RikPB/+, and Rik+/+ newborn mice were examined, and the results indicate a significantly higher incidence of CAKUT in RikPB/PB newborn mice than in RikPB/+ mice and Rik+/+ mice (66.7%, 34/51 vs 10.4%, 15/144, P < 0.001; 66.7%, 34/51 vs 9.3% (4/43), P < 0.001, respectively, Figure 2A). The CAKUT phenotype (Figures 2B–M) of the RikPB/PB mice included renal hypo/dysplasia (82.4%, 28/34, Figures 2C,G,K), duplex renal/collecting system (8.8%, 3/34, Figures 2D,H,L), hydronephrosis (5.9%, 2/34, Figures 2E,I,M), and vesicoureteral reflux (VUR) (2.9%, 1/34, Figure not shown) with renal hypo/dysplasia being the most common phenotype. The renal pathology of newborn mice in the RikPB/PB group was examined by H&E staining, which indicated that the structure and morphology of the glomerulus and renal tubules in animals with renal hypo/dysplasia and duplex kidneys were normal (Figures 2K,L). The numbers of glomeruli and tubules were reduced in the renal tissues in animals with hydronephrosis (Figure 2M). Gross anatomy and histopathology of the brain, heart, lung, and liver of RikPB/PB newborn mice were observed, and no significant abnormalities were detected (Supplementary Figure 2).
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FIGURE 2. Various urinary malformations observed in RikPB/PB newborn mice predominantly manifested as renal hypo/dysplasia. (A) The percentage of urinary malformations in RikPB/PB, RikPB/+, and Rik+/+ newborn mice. The number n represents the number of cases. (B–E) Overview images of the urinary system of newborn mice. (F–M) H&E staining of the kidneys of newborn mice. (J–M) Local magnified images. (B,F,J) Normal kidney of Rik+/+ mice. (C,G,K) Renal dysplasia/hypoplasia in RikPB/PB mice. (D,H,I) Duplex kidney in RikPB/PB mice. (E,I,M) Hydronephrosis in RikPB/PB mice. RH/RD, renal hypo/dysplasia; DK/DCS, duplex kidneys/duplex collecting systems; HN, hydronephrosis; VUR, vesicoureteral reflux; ND, normal kidney. Arrowhead, nephron. ****P < 0.0001. Scar bars, 10 mm in (B–E); 1 mm in (F–I); 100 μm in (J–M).




UB Branches in the Early Stages of Metanephric Development of RikPB/PB Mice

The effect of Rik on UB branching in the early stages of metanephric development was observed. E11.5 embryonic kidneys of RikPB/PB and Rik+/+ mice were extracted for in vitro culture. The number of UB tips in these two groups was counted at 24, 48, and 72 h. The number of UB branches at these three time points was significantly lower in the RikPB/PB group than in the Rik+/+ group (9.0 ± 1.5 vs 6.5 ± 1.8, 25.1 ± 7.0 vs 12.5 ± 3.3, and 57.9 ± 10.8 vs 31.3 ± 11.2, respectively, Figures 3A–I).
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FIGURE 3. Decrease in UB branches in the embryonic kidney of RikPB/PB. (A,E) Embryonic kidney at E11.5. (B,F) Embryonic kidney after 24 h culture. (C,G) Embryonic kidney after 48 h culture. (D,H) Embryonic kidney after 72 h culture. (I) The UB tips count of UB branches in wild-type and homozygous embryonic kidneys, n = 8. **P < 0.01; ***P < 0.001.




Rik Overexpression Induces Abnormal Expression of Metanephric Development-Related Genes in Mice

To clarify the effect of Rik overexpression on the expression of genes related to metanephric development in mice, we extracted RNA from the kidneys of E12.5 Rik+/+ and RikPB/PB mice to perform RNA-sequencing (RNA-seq). The results showed that the number of DEGs in the wild-type vs homozygous mutant mice was 186, including 150 upregulated genes and 36 downregulated genes (Figures 4A,B). These 186 DEGs were classified and enriched, including the SMAD protein signal transduction pathway [Bmp4, transferrin (Trf), growth differentiation factor 2 (Gdf2), Gdf10, Gata4, hepatocyte nuclear factor 4 alpha (Hnf4a), and alpha-fetoprotein (Afp)], Figure 4C, which is related to the development of the urinary system. Subsequent analysis of the molecules involved in the regulation of the UB branching revealed differential expression: the upregulated genes (fold increase) included Foxc1 (1.20), Wnt9b (1.24), Foxc2 (1.18), and Gata3 (1.18), and the downregulated genes (fold decrease) included Bmp4 (0.48) (Supplementary Table 1).
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FIGURE 4. RNA-seq analysis. (A) Number of DEGs identified by RNA-seq. (B) Heat map of DEGs identified by RNA-seq. WT, wild-type namely Rik+/+; Hoxb7 mice; HO, homozygous namely RikPB/PB; Hoxb7 mice. (C) Bubble plots of the gene ontology (GO) enrichment of DEGs in the E12.5 embryonic kidney [Q-value means false discovery rate (FDR) or adjusted P-value. Rich ratio is the ratio of the signaling pathway of enrichment on the number of differentially expressed genes and signaling pathways of all the genes].


Then, RT-PCR was performed to validate the DEGs regulating UB branching. The expression of Bmp4 in the E12.5 RikPB/PB group was significantly decreased (Figure 5A), and the expression levels of other genes were not significantly different. RT-PCR detection revealed significantly decreased expression of Bmp4 in the E14.5 RikPB/PB group (Figure 5B).
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FIGURE 5. Rik overexpression-induced abnormal expression of genes related to mouse metanephric development. (A) Expression changes of the key genes in metanephric development at E12.5, n = 3. (B) Changes in Bmp4 expression at various embryonic ages, n = 4. (C) Expression of the genes adjacent to the Rik gene locus. (D–I) Immunofluorescence was used to detect the expression of BMP4, Smad1/Smad5/Smad8 and pSmad1/pSmad5/pSmad8 in the kidneys of Rik+/+ and RikPB/PB mice at E14.5. n = 3, original magnification ×20 (D–I).


Considering that Rik is mainly distributed in the nucleus, we identified the genes located adjacent to Rik in the same region of chromosome 14, including Bmp4, Cdkn3, Samd4, Cnih1, Gmfb, and Cgrrf1. The changes in the expression levels of these genes in the kidney of E14.5 RikPB/PB were analyzed using RT-PCR; the results indicated that Bmp4 was significantly downregulated (Figure 5C). Immunofluorescence analysis of Bmp4 and its downstream targets Smad1/Smad5/Smad8 and pSmad1/pSmad5/pSmad8 indicated that the expression levels of Smad1/Smad5/Smad8 were not significantly changed in E14.5 RikPB/PB homozygous kidney, while the expression levels of BMP4 and pSmad1/pSmad5/pSmad8 were decreased (Figures 5D–I).




DISCUSSION

In this study, we successfully established RikPB/PB mice using PB transposon-based insertional mutagenesis and found that Rik is overexpressed after PB insertion. RikPB/PB mice had multiple developmental malformations of the urinary system predominantly manifested as renal hypo/dysplasia. Additionally, the PB insertion induced a decrease in the number of UB branches by influencing UB branching at the early stage of metanephric development. Analysis of the expression profiles of the molecules related to early UB branching in RikPB/PB mice revealed that the expression levels of Bmp4, a key gene regulating ureteral bud branching, were decreased in the RikPB/PB embryonic kidney. Therefore, we suggest that abnormal Rik expression may lead to the occurrence of CAKUT in mice and that the lesions may be mediated by altered expression of the key factor Bmp4 during the early UB branching stages.

Previous studies have shown that lncRNAs are related to the development of the mouse urinary system. Nishikawa et al. identified a lncRNA, Gm29418, that was specifically expressed in MM cells in mice. Gm29418 has an enhancer-like function on Six2 in vitro, which is the key regulatory gene in MM cells (Nishikawa et al., 2019). In another study, Hoxb3os, a kidney-specific, evolutionarily conserved lncRNA, was shown to be downregulated in the cyst epithelium in an ADPKD adult mouse model. The data indicate that Hoxb3os can regulate the signaling of mammalian target of rapamycin complex 1 (mTORC1) and mitochondrial respiration in vitro (Aboudehen et al., 2018). However, causal associations between abnormal lncRNA and CAKUT occurrence have not been confirmed in animal models. In this study, Rik-overexpressing mice were established and were shown to develop various phenotypes of urinary malformations predominantly manifested as renal hypo/dysplasia. The biological functions of lncRNAs are closely related to their tissue specificity and temporal and spatial specificity. This study demonstrates that Rik is specifically expressed in the mouse kidneys and that the expression level was increased in the early stages of metanephric development. These findings suggest that Rik regulates the development of the urinary system in mice, and abnormal Rik expression may lead to CAKUT.

The normal development of the mouse urinary system is closely associated with UB outgrowth and branching. UB outgrowth begins on E10.5, and the early branching stage occurs on E11.5–E15.5 (Short and Smyth, 2016). In this process, abnormal or ectopic UB outgrowth or abnormal position of the outgrowth may lead to renal agenesis, duplex kidney, hydronephrosis, or VUR; reduction in UB branches or early termination of the branching may result in renal hypo/dysplasia (Schedl, 2007). In this study, RikPB/PB mice predominantly manifested renal hypo/dysplasia. Dynamic observation of the UB branching process in in vitro culture showed that the number of UB branches in the RikPB/PB embryonic kidney was significantly reduced. Iterative UB branching is regulated by a complex molecular network, and abnormalities of certain key molecules may determine the lesions of the UB branches. Previous studies have shown that the abnormal expression of genes [Bmp4 (Chang et al., 2008), Foxc1 (Kume et al., 2000), Wnt9b (Carroll et al., 2005), Gata3 (Grote et al., 2008), Six2 (Self et al., 2006), Ret (Allison, 2012), Fgf7 (Qiao et al., 1999), Gremlin1 (Michos et al., 2004) etc.] can lead to a reduction in UB branches. This study used RNA-seq for the preliminary screening and RT-PCR and immunofluorescence to verify the changes in various molecules and found that only Bmp4 is significantly downregulated, while the expression levels of other molecules involved in the regulation of UB branching were not significantly different from Rik+/+ embryonic kidney. BMP4 belongs to the transforming growth factor beta (TGF-β) superfamily and participates in urinary system development by regulating cell proliferation, differentiation, and apoptosis (Hogan, 1996; von Bubnoff and Cho, 2001). Renal hypo/dysplasia has been observed in patients with BMP4 mutations (Bakrania et al., 2008; Weber et al., 2008; Davis et al., 2014). Moreover, the CAKUT phenotype predominantly manifested as renal hypo/dysplasia has been observed in Bmp4± mice (Miyazaki et al., 2003), similar to the CAKUT phenotype of RikPB/PB mice in the present study. Extracellular BMP4 can interact with BMP receptor type I or II (BMPR1/BMPR2), transmembrane serine/threonine kinase receptors, to form a complex, which triggers the signal transduction cascade of intracellular Smad1/Smad5/Smad8 protein phosphorylation, thereby regulating cellular processes (Bakrania et al., 2008). Studies of the mechanisms of renal hypo/dysplasia suggest that renal hypo/dysplasia may be associated with abnormal phosphorylation of the downstream molecules of BMP4 signaling (van der Ven et al., 2018). The present study also detected a significant reduction in the expression of pSmad1/pSmad5/pSmad8, which are located downstream of Bmp4, in RikPB/PB mice. These results suggest that abnormal Rik expression may influence Bmp4 signaling related to UB branching to reduce the number of UB branches in mice, thus leading to the development of CAKUT. Additional studies are needed to identify other molecules regulated by Rik.

Variability in the cellular localization of lncRNAs can regulate gene expression by various mechanisms. For example, cytoplasmic lncRNAs can act as a miRNA sponge, competitively inhibit miRNA, reduce degradation of mRNA by miRNA, and regulate mRNA stability and translation (Beermann et al., 2016; Yao et al., 2019). Nuclear lncRNAs mainly regulate the expression of their target genes at the transcriptional level and can bind to the promoter regions of the target genes or interact with transcription factors, thereby inhibiting or promoting expression of the adjacent target genes (Latos et al., 2012; Engreitz et al., 2016; Cho et al., 2018; Wang et al., 2019). The subcellular localization experiments performed in the present study suggest that Rik is located in the nucleus. We speculate that Rik may play a biological role by influencing the expression of the adjacent genes and found that Bmp4 expression is downregulated by Rik overexpression. Therefore, we suggest that Rik, which is located adjacent to Bmp4 in the genome, may inhibit the expression of Bmp4 via a certain transcription factor or by regulating the promoter of the Bmp4 gene. Specific mechanisms of the regulation of Bmp4 by Rik require additional investigation.



CONCLUSION

In summary, this study found that overexpression of the lncRNA Rik induced the development of CAKUT in mice, predominantly involving abnormal ureteral bud branching; abnormal urinary development may be mediated by Rik-dependent regulation of the expression of Bmp4, a key molecule in the UB branching. This study provides new evidence of the involvement of lncRNAs in the process of embryonic development and new insight into investigations of the etiological mechanisms of CAKUT.
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Background: Neural tube defects (NTDs) are among the most common and severe congenital defects in humans. Their genetic etiology is complex and remains poorly understood. The Mediator complex (MED) plays a vital role in neural tube development in animal models. However, no studies have yet examined the role of its human homolog in the etiology of NTDs.

Methods: In this study, 48 pairs of neural lesion site and umbilical cord tissues from NTD and 21 case-parent trios were involved in screening for NTD-related somatic and germline de novo variants. A series of functional cell assays were performed. We generated a Med12 p.Arg1784Cys knock-in mouse using CRISPR/Cas9 technology to validate the human findings.

Results: One somatic variant, MED12 p.Arg1782Cys, was identified in the lesion site tissue from an NTD fetus. This variant was absent in any other normal tissue from different germ layers of the same case. In 21 case-parent trios, one de novo stop-gain variant, MED13L p.Arg1760∗, was identified. Cellular functional studies showed that MED12 p.Arg1782Cys decreased MED12 protein level and affected the regulation of MED12 on the canonical-WNT signaling pathway. The Med12 p.Arg1784Cys knock-in mouse exhibited exencephaly and spina bifida.

Conclusion: These findings provide strong evidence that functional variants of MED genes are associated with the etiology of some NTDs. We demonstrated a potentially important role for somatic variants in the occurrence of NTDs. Our study is the first study in which an NTD-related variant identified in humans was validated in mice using CRISPR/Cas9 technology.

Keywords: neural tube defects, MEDs, somatic variants, de novo variant, CRISPR/Cas9


INTRODUCTION

Neural tube defects (NTDs) are severe congenital defects caused by the failure of proper neural tube closure during early embryonic development. This group of malformations includes anencephaly, spina bifida, craniorachischisis, and encephalocele (Wallingford et al., 2013). The prevalence of these malformations places a heavy physical, mental, and economic burden on families and on society (Heazell et al., 2016; Zang et al., 2019).

Genetic and environmental factors are both involved in the etiology of NTDs. Genetic factors have long been known to play a vital role in the occurrence of NTDs (Copp et al., 2013). There are well over 300 naturally occurring, induced, or targeted mutations in murine genes that have been reported to be associated with NTD phenotypes. This no doubt contributes to the potential complexity of the underlying NTD genetics (Harris and Juriloff, 2007). However, many of these mouse NTD genes have not been critically evaluated as candidate genes for their association with human NTDs. Gene variants in fetuses may be inherited from parents or can occur de novo. These de novo variants may arise at a very early stage of embryonic development, affecting virtually all cells. It is also possible for these de novo variants to occur at a later developmental stage, affecting cells confined in a specific organ. These are referred to as somatic variants.

The somatic variants refer to a postzygotic change that can alter more than one group of cells with different genotypes in an organism, rather than a change in the DNA in a single fertilized egg. Somatic (non-germline) mutations are less likely to be passed on as well as not being inherited from either parent (Poduri et al., 2013). The role of somatic variants is not only well documented in cancer patients, but they have also been described in several neurodevelopmental disorders, such as McCune–Albright syndrome (Weinstein et al., 1991), the Sturge–Weber syndrome (Shirley et al., 2013), the Proteus syndrome (Lindhurst et al., 2011), and select brain malformations (Poduri et al., 2012; Riviere et al., 2012). These studies indicate that the nervous system is a highly susceptible region to somatic mutation (Muotri et al., 2005). However, there were only limited literature citations of studies reporting an association between a somatic variant with the development of an NTD. Using mouse models, Galea et al. (2018) reported that a somatic Vangl2 deletion in neuroepithelial cells as well as surface ectodermal cells causes spina bifida in mice. In our recent publication, we described somatic variants in some key PCP genes (e.g., VANGL1 and FZD6) in neural tissue that are associated with human NTDs, suggesting a potentially important role that somatic variants can play in the occurrence of human NTDs (Tian et al., 2020).

The Mediator complex (MED) is an essential molecular bridge that connects DNA-bound transcription factors to the RNA polymerase II machinery (Ding et al., 2008). The MEDs have significant regulatory effects on WNT signaling, which are known to have critically important signaling functions during neural tube closure (Rocha et al., 2010b). Med12 and Med13 are the two MED subunits in the regulatory domain. Various animal studies reveal that Meds, especially Med12, play a critical role in neural tube closure (Hong et al., 2005; Rau et al., 2006; Srivastava et al., 2019). Med12hypo mouse embryos showed a down-regulation of Wnt5a and disturbed the normal localization of Prickle1, which are key PCP pathway genes, thus leading to severe developmental defects, including NTDs and heart defects (Rocha et al., 2010b). There have been no reports of any association between MED gene variants and human NTD risk.

Recent advances in genetic technologies has provided enormous opportunities to assess somatic mutations. In this study, we report on our efforts to identify both the germline and the somatic MED variants in human NTD cases. We initially involved 48 pairs of lesion site and umbilical tissues from NTD cases in screening the NTD-related somatic variants, and 21 NTD-case-parent trios, on which we performed sequencing assays to screen for de novo variants of MEDs. We subsequently performed cell functional assays to examine the effect of identified variants. Moreover, we generated a variant knock-in mouse model using CRISPR/Cas9 technology to validate the human findings, thus establishing substantial evidence for an association between altered MED genes as a risk factor for human NTDs.



MATERIALS AND METHODS


Participants and Samples

The human samples were obtained from two independent cohorts.

The first cohort included 48 NTD cases that were recruited from five regions in the Shanxi province of northern China during the years 2011–2014. These fetuses were electively terminated following a prenatal diagnosis of an NTD. The tissues of the umbilical cord, skin, heart, kidney, thymus, liver, and pathological tissues of the spinal cord and brain of NTD cases were collected at pregnancy termination by experienced pathologists. The cohort included 11 fetuses with craniorachishisis, 15 fetuses with anencephaly, and 22 fetuses with spina bifida (Supplementary Table 1). We excluded cases with other congenital malformations. A detailed pathological examination of the fetuses was performed by experienced pathologists to confirm the diagnosis and the lesion site in each specimen. Remnant neural tissues and umbilical cord tissues were collected. Histopathology was performed on neural tissues by trained pathologists to confirm tissue identity (Supplementary Figure 1). All the available fetal and parental DNA were subjected to paternity testing to determine if all parental samples were from the actual biological parents.

The second cohort consisted of 21 NTD trios collected from Dell Children’s Medical Center at Central Texas (DCMC), TX, United States, 2011–2016. These NTD cases were all spina bifida cases. Saliva samples were collected using DNA Genotek Saliva DNA Collection Kit (OGR-250).

The first cohort was approved by the Institutional Review Board of Peking University, and written informed consent was obtained from the mothers before the invitation of all investigations. The second cohort was approved by the Institutional Review Board of the University of Texas at Austin. Written informed consent forms were obtained from the parents of all NTD cases.



Ion Torrent Personal Genome Machine Sequencing

For the first cohort, the fetal DNA of tissues was extracted by using a QIAamp DNA Mini Kit Tissue kit (Qiagen, Germany). Maternal DNA from peripheral blood and paternal DNA from dried blood spots were extracted by using the QIAamp DNA Mini Kit Blood kit (Qiagen, Germany) and QIAamp DNA Mini Kit Bloodspot kit (Qiagen, Germany), respectively. The extracted DNA was electrophoresed to determine the degree of any degradation; then the genomic DNA was diluted to 5 ng/μL. The library for each sample was amplified in separate reactions. The purified DNA library was created by the use of Ion AmpliSeqTM Library Kit 2.0. A water-in-oil response was performed on the Ion OneTouchTM 200 Solutions Kit v2 Instrument (Life Technologies). Enrichment of Ion Sphere Particles (ISPs) was carried out on the Ion OneTouch ES instrument. The prepared samples were loaded onto a 318TM sequencing chip (Life Technologies), and enriched ISPs were sequenced in the Ion PGM instrument.



Whole Exome Sequencing

For the second cohort, all 21 NTD trios samples collected at DCMC were used for whole-exome sequencing (WES). WES was performed using the SureSelect Human All Exome 50 Mb Kit (Agilent Technologies, United States) with 150-bp paired-end read sequences generated on a HiSeq4000.



Sanger Sequencing Validation

Sanger sequencing was performed to validate the non-synonymous variants in the target genes. NCBI/Primer-BLAST online tool was used to design the PCR primers (MED12_F: 5′-TTTTTGAGGGGTTGAAGCCG-3′; MED12_R:3′-CCCACA AACCAGAAACCGGA-5′; MED13L_F: 5′-GGTGTGAGCCAA CACATCCA-3′; MED13L_R: 3′-CCGTTTCCTTTTTCAGCTT GC-5′). Sequencing was conducted by the BigDye Terminator v3.1 Cycle Sequencing Kit and a 3130XL Genetic Analyzer (Applied Biosystems). The results were processed by Mutation Surveyor 4.0.8 software. Validated variants were examined to explore the source and distribution in samples of skin, heart, muscle, thymus, and lung from NTD cases or blood from parents of the cases when available. Parentage was confirmed using AmpFlSTR® dentifiler® Plus PCR Amplification Kit (Life Technologies, Foster City, CA, United States).



Plasmids

pcDNA3.1 + /C-eGFP-MED12 construct (clone ID: OHu19668) was purchased from Genscript Company (Piscataway, NJ 08854, United States). The mutated constructs of MED12 p.Arg1782Cys were produced based on their wildtype plasmids using the GeneArt® Site-Directed Mutagenesis System (Thermo Fisher Scientific, CAT#: A14604). All plasmids were validated by Sanger sequencing analysis. AP1, Top-flash, and pTKRenilla plasmids were obtained from Addgene (Cambridge, MA).



Immunofluorescence Staining

Immunofluorescence staining was used to characterize the subcellular location of wildtype and mutated MED12. MDCK II cells were plated at a density of 3 × 105 cells per ml onto 18 mm coverslips (Corning, Corning, NY) 20 h before transfection. The constructs of pcDNA3.1 + /C-eGFP-MED12 (WT or mutant) were transfected into cells using Lipofectamine2000 (InvitrogenTM, Waltham, MA) according to the manufacturer’s protocol, separately. After 48 h culturing, cells were fixed and then stained with anti-rabbit-GFP (1:500, Abcam, MA, United States) antibody overnight. The nuclei of cells were stained with DAPI (300 ng/ml) for 2 min. Images were obtained with a Deconvolution microscope (Nikon T2).



Western Blot Analysis

HEK293T cells were transfected with pcDNA3.1 + /C-eGFP-MED12 (WT or mutant) using Lipofectamine 2,000 (Invitrogen, Waltham, MA). After 48 h of culture, the cells were lysed with 1x NP40 Lysis buffer (InvitrogenTM) with cOmpleteTM ULTRA Tablets (Millipore Sigma) for 20 min. The protein lysates were immunoblotted with anti-GFP and anti-GAPDH overnight. IRDye® 800CW goat anti-rabbit IgG secondary antibodies (LI-COR, Cambridge, UK) were subsequently used to stain the cells for 1 h. The images were captured by Odyssey® (LI-COR).



Luciferase Reporter Assays

To examine the effect of mutants on the WNT signaling pathway, we performed a luciferase assay. The TOPFlash plasmid was used to serve as a canonical Wnt pathway signaling marker (Veeman et al., 2003), while a pAP1-Luc plasmid was used to measure activation of the non-canonical Wnt/PCP pathway signaling (Lei et al., 2015). HEK293T cells were transfected with pcDNA3.1 + /C-eGFP-MED12 (WT or mutant) along with TOPFlash or pAP1-Luc and Renilla-TK plasmid. Cells were lysed by passive lysis buffer (Promega, Madison, WI) 24 h after transfection. The luciferase activity was measured by the Dual-Luciferase Assay Kit (Promega, Madison, WI). The Biotek-2 plate reader was used to read the luminescence activity.



RT-qPCR Assay

The RT-qPCR assay was performed to examine the transfection effect (Supplementary Figure 2). The MDCK-II cells were transfected with equivalent amounts of Ampicillin resistant GFP-MED12 plasmids. We examined the expression of GFP and Ampicillin. The GAPDH and β-actin were used as the internal reference. The relative expression of GFP and Ampicillin to GAPDH and β-actin were calculated. The Student’s t-test was used to compare the relative expression of plasmid RNA.



CRISPR/Cas9 Editing on Mouse

Six-week-old female C57BL/6 mice were used to provide the embryos on which to perform CRISPR/Cas9 assay. All procedures with animals were consistent with the Guidelines on the Use and Care of Laboratory Animals for Biomedical Research published by the National Institutes of Health (no. 85-23, revised 1996), and the experimental protocol was reviewed and approved by the animal care IACUC of Baylor College of Medicine. Med12 sgRNA was purchased from Synthego (sequence: gcUgcUccUccgagcacUg.). Single strand DNA oligos were ordered from IDT [sequence:a∗g∗ccccccaagactgacaaaccCggggctgctcctccgagTacCga AgagTgcaaaaagaagtctaccaagggcaaaaaacgcagccagccagccaccaag∗a∗a (107bp)]. Cas9 protein was purchased from Thermo Fisher Scientific (Cat# A36496). The 6-week-old mice were injected with 30 units of pregnant mare serum gonadotropin (PMSG, Sigma-Aldrich), followed by an injection of 30 units of human chorionic gonadotropin (hCG, Sigma-Aldrich) 48 h later, and immediately mated with males. Zygotes were obtained the next day and cultured in KSOM (Millipore) at 37°C, 5% CO2 for 2 h, and were prepared for microinjection. Zygotes were injected with a mixture of Cas9 protein (20 ng/μL) and Med12 sgRNA (10 ng/μL), and Med12 SSODN (10 ng/μL) to the targeting site. Microinjections were performed in fertilized eggs using a Nikon Microinjection system under standard conditions. The injected zygotes were then transferred to pseudopregnant mice (32 zygotes per mouse for a total of 6 mice) to be carried to parturition. Mice were dissected at embryonic day 13 to screen the embryos for the presence of any malformations. NTDs and embryolethality were recorded.

The embryos are microinjected with the aid of an inverted microscope equipped with differential contrast optics, usually Nomarski or Hoffman objective lenses, and micromanipulators. The embryos are injected with the aid of two needles. The Holding needle anchors the embryo in place with suction supplied by a micrometer syringe. The Injection needle, which has a continuous flow of DNA being forced through its opening, allows the DNA to be introduced into the pronucleus. The DNA flow is given by positive pressure driven by a micrometer syringe and introduces 2 pl of DNA at a 2 ng/μl concentration. The injections were performed twice.

The Sanger DNA sequencing method was performed to confirm the genetic variants in the mice, while whole-exome sequencing was used to make sure that the NTD phenotypes of knock-in mice were caused by Med12 variants rather than other NTD-causing genes (Supplementary Figure 3).



Bioinformatics and Data Analysis

In the first cohort, sequencing raw data from the PGM runs were analyzed by the Coverage Analysis and Variant Caller plugins, which are available within the Torrent SuiteTM Software from the PGM platform. Sequenced reads were visualized with the IGV tool using the hg19 human reference genome. The coverage information, identification of low-frequency variants, and variant annotation were achieved with the aid of the Ampliseq “Tumor-Normal” sample workflows within the Ion Reporter suite v4.6. Mutations with a depth ≥ of 100x, Minor Allele Frequency (MAF) in the control population < 1%, and p-value of ≤ 5 × 10–5 were included for further analysis. We designated umbilical cord tissue as a control for defining somatic mutations, as it is one of the earliest developed fetal tissues during embryonic development (Krzyzanowski et al., 2019). A mutation at lesion site tissue but not in the same individual’s umbilical cord tissue was defined as a somatic mutation (Knudson, 1971).

In the second cohort, the DNA sequences were aligned to hg19, and variants were identified through the GATK pipeline1. De novo variants were analyzed by using TrioDenovo (Wei et al., 2015). Variations were annotated with Anavar. All variants were prioritized by allele frequency, conservation, and predicted effect on protein function.

dbSNP2, GenomAD3 and ExAC4 databases were used to annotate the identified mutations. SIFT5 and PolyPhen26 were used to predict whether the mutations were deleterious or not. Clustal-Omega 1.2.1 software7 was used to estimate the conservation of proteins between different species. Localization of the mutations in their protein domains was assessed by Pfam 32.08. Mutation Surveyor 4.0.8 software and Minor Variant Finder Software were used to analyze Sanger sequencing data. Sequencing and the analysis of sequencing data were performed by each group of the authors independently. Due to ethical reasons, the raw sequencing data of one group was only accessed by this group’s authorized members.

SPSS20.0 software was used for analyzing the data of cell experiments. The relative protein level (mean ± SE) was analyzed with Student’s t-test. At the same time, the incidence of abnormally located cells between the WT and mutation groups was compared by using a Chi-square test. P-values < 0.05 were considered statistically significant.



RESULTS


Sequencing Study on Human NTD Cohorts

The first cohort includes 48 pairs of neural lesion site and umbilical cord tissues from NTD affected fetuses. The cohort includes 45.8% male fetuses and 54.2% female fetuses. The mean gestational age was 24.5 weeks. We performed PGM sequencing to identify potential NTD-related somatic variants and validated the identified variants by using Sanger sequencing. As a result, we validated one heterozygous somatic variant of MED12 c.5344C > T (p.Arg1782Cys) in the lesion site tissue of a terminated female fetus diagnosed with craniorachischisis (Figure 1A). This variant was absent from any other normal tissue from organs derived from different germ layers such as umbilical cord, skin, heart, muscle, thymus, and lung, indicating that this variant only occurred in neural tissue (Figure 1A). As Figure 1B depicts, MED12 p.Arg1782Cys is not located in the known functional domains of MED12, but the amino acid change induced by the variant occurs at a highly conserved position in mammals (Figure 1C).
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FIGURE 1. The identified variants of MED12 in human samples. (A) Sanger sequencing map of the MED12 c.5344C > T in different organs. (B) Conserved domains and the total scheme of the target genes and positions of the identified mutations. (C) A partial alignment of human target MED12 protein with other orthologous sequences.


In the second cohort consisting of 21 case-parent trios, we performed WES to identify the potential germline de novo variants of MEDs and performed Sanger sequencing assays to validate the identified variants. As depicted in Figure 2A, a heterozygous stop-gain variant of MED13L c.5278C > T (p.Arg1760∗) was detected in a female newborn diagnosed with spina bifida. This variant was absent in both parents, thus confirming its de novo nature. MED13L p.Arg1760∗ is located in the medPIWI domain of the MED13L protein, which is predicted to bind double-stranded nucleic acids, triggering the experimentally observed conformational switch in the CDK8 subcomplex that regulates the Mediator complex (Burroughs et al., 2013; Figure 2B). The mutant’s affected amino acid is highly evolutionarily conserved among different species (Figure 2C). Moreover, our patient with this variant also had a de novo deleterious variant of NCKAP1L c.128C > T (p.Pro43Leu) and a de novo splice variant of PPP5C c.1355 + 1G > A in its 11th exon (Figure 2D). Thus, we considered that possibly the latter two variants contributed in concert with the MED variant to produce the observed NTD phenotype.
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FIGURE 2. The identified variants of MED13L in human samples. (A) Whole-exome-sequencing map and Sanger sequencing map of MED13L c.5278C > T. (B) Conserved domains and the total scheme of the target genes and positions of the identified mutations. (C) A partial alignment of human target MED13L protein with other orthologous sequences. (D) The Sanger sequencing map of PPP5C and NCKAP1L genes.




The Variant of MED12 p.Arg1782Cys Influences Cell Functions

We initially examined the effect of the MED12 p.Arg1782Cys variant on MED12 subcellular localization. The constructs of MED12 (WT and mutant) were overexpressed in MDCKII cell lines. As Figure 3A indicates, both the wildtype and MED12 mutant protein were expressed within the cell nucleus, indicating that the variants did not affect the subcellular location of MED12. However, the fluorescence of GFP signaling of mutated MED12 was reduced compared to the wildtype MED12 protein, implying the variant may affect the MED12 protein level. We subsequently performed a western blotting assay to examine the protein level. The western blotting assay was performed three times, and data analysis was carried out (Figure 3B). As a result, the protein coded for by the MED12 variant p.Arg1782Cys was less abundant than were the wildtype MED12 (p < 0.05), indicating that this mutation may decrease the MED12 expression or damage its protein stability.
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FIGURE 3. The influence of MED12 p.Arg1782Cys on MED12 subcellular location and protein levels. (A) The subcellular localization of wildtype of MED12 and mutated MED12. MDCK-II cells were transfected with GFP-MED12 (WT and mutants) for 48-h incubation and then were imaged under a deconvolution microscope. WTU: wildtype. The staining assay was performed twice. (B) The variant affected the protein level of MED12. HEK293T cells were transfected with GFP-MED12 (WT and mutants) for 48 h, and then western blotting assays were performed to determine the protein levels. The predicted sizes of WT and mutant constructs are 260 KD. The western blotting assay was repeated three times, and t-tests on the relative protein levels to GAPDH were conducted to assess potential differences between WT and the mutant group. *p < 0.05. Ns: not significant. Three replicates of the transfections and western blotting assays were performed.


A luciferase assay was used to investigate the influence of the variant on WNT signaling. The topflash reporter gene was used to measure canonical WNT signaling, while the pAP1-Luc reporter gene was used to represent non-canonical signals. The expression of canonical WNT signaling in the mutated MED12 was significantly higher than in the MED12 wildtype (p < 0.05). Considering that the variant of MED12 down-regulates the MED12 protein, we assume that the MED12 p.Arg1782Cys might partially impair the regulatory effect of MED12 on the canonical WNT signaling pathway by down-regulating the MED12 expression (Figure 4A). Although both the MED12 wildtype and mutated variant up-regulated non-canonical WNT expression, there was no significant difference between the wildtype and mutated groups (Figure 4B).
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FIGURE 4. The influence of MED12 p.Arg1782Cys on the expression of WNT signaling pathway. (A) The variant of MED12 affected the non-canonical WNT signaling pathway. Luciferase assay was performed among HEK293T cells. Top-flash relative signal to Renilla represents the canonical WNT signaling. *p < 0.05. Ns: not significant. (B) The effect of the variant of MED12 on the canonical WNT signaling pathway. Luciferase assay was performed among HEK293T cells. AP1 represents non-canonical WNT signaling.




Med12 p.Arg1784Cys Knock-in Mice Present With NTD Phenotypes

CRISPR/Cas9 mutagenesis editing was employed to generate Med12 p.Arg1784Cys (homologous position of p.Arg1782Cys in human) knock-in mice. Med12-targeting sgRNAs and CRISPR RNAs were microinjected into C57BL/6 N zygotes. The first time 124 embryos were injected and implanted into 4 recipient dams. No liveborn pups were observed. The second time, 200 embryos were collected from 16 C57/BL6 donors and injected. 192 injected embryos were implanted into 6 recipients (each recipient carried 32 embryos). Donor dams were killed and dissected at E12.5 (the injection day was designed as day E0.5). 12 viable embryos and 1 dead embryo were observed. 10 embryos were male, and 2 were female. For the 10 male embryos, 2 were MED p.Arg1784Cys knock-in hemizygotes with NTD phenotypes. The others were wildtype and no obvious structural malformations. The two female embryos were wildtype.

As Figure 5A shows, the two hemizygous Med12p.Arg1784Cys/Y mouse embryos exhibited NTD phenotypes, including exencephaly and spina bifida and curly tails. The result indicates that Med12 p.Arg1784Cys identified in a human NTD patient can also cause NTDs in mice. The ensuing mice born from this injection were analyzed by DNA sequencing to ensure the integrity of the Med12 p.Arg1784Cys knock-in (Figure 5B). Additionally, WES was carried out to make sure that Med12 p.Arg1784Cys knock-in mice did not carry other previously reported NTD-related gene variants (Supplementary Figure 3).
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FIGURE 5. The knock-in of MED12 c.5344C > T (p.Arg1784Cys) on mouse embryogenesis. (A) The knock-in of MED12 c.5344C > T (p.Arg1784Cys) produced mouse embryos displaying exencephaly and spina bifida phenotypes. The lesion site of exencephaly was indicated by the red arrow, while the spina bifida lesion site was indicated by the white arrow. The phenotypes of mice were observed and captured under a 6X microscope. (B) DNA Sanger sequencing on the CRISPR/Cas9 Mice.




DISCUSSION

Mediator (MED) is an evolutionarily conserved protein complex involved in the regulated transcription of nearly all RNA polymerase II-dependent genes (Sierecki, 2020). Mediator complex subunit 12 (MED12), located on the X chromosome (Philibert et al., 1999), and Mediator complex subunit 13-like (MED13L), which is located on chromosome 12 (Musante et al., 2004), are two crucial subunits of the MED complex. MED12 is expressed throughout the central nervous system and in other tissues and is highly expressed during early embryonic development (Philibert et al., 1999), while MED13L is expressed in the embryonic brain, liver, and kidney, but not in the lung (Musante et al., 2004). These two proteins can combine with cyclin-dependent kinase 8 (CDK8) and Cyclin-C to form a MED12-MED13L-CDK8 complex. In this manner, it can regulate the Wnt/β-catenin and Notch signaling pathways so that they are either activated or repressed depending on the factors with which it interacts (Poot, 2020). A previous study reported that variants in MED12 and MED13L were associated with neurodevelopmental disorders (Popp et al., 2017). Med12 null mice show severe gastrulation defects, as stated in the Introduction, Med12hypo embryos have NTDs as do the mosaic females (Rocha et al., 2010b). In this study, we provided the first human evidence demonstrating that MED12 and MED13L are also associated with an increased risk for human NTDs. We assume that variants of MED12 and MED13L may disrupt the complex of MED12-MED13-CDK8, and this will impair the regular expression of WNT signaling pathway members, resulting in failed neural tube closure. Although the de novo stop-gain variant of MED13L p.Arg1760∗ was previously reported in an intellectual disability case (Smol et al., 2018), we also identified de novo variants of PPP5C and NCKAP1L in the same individual with the MED13L variant. PPP5C is a member of the protein phosphatase family (Xie et al., 2018), while NCKAP1L is the hematopoietic protein hem1 (Hromas et al., 1991). Although there has been no previously reported association of PPP5C or NCKAP1L with the development of NTDs, it was reported that PPP5C was a phosphatase of Dvl2, which has been implicated in neural tube closure (Xie et al., 2018). NCKAP1L is located at a rare folic acid-fragile site of DNA (Hromas et al., 1991), indicating these two genes play potentially important roles in the etiology of NTDs, and may have synergistic effects with MED13L that compromised neural tube closure. However, since our findings arose in a human DNA sequencing study, further validation in future studies is required.

Most of the previously published studies exploring human NTD-related gene variants have used blood and saliva samples and have focused on germline variants (Wolujewicz and Ross, 2019). Previous chimera studies of the loop-tail (Vangl2) mouse mutant that combined both mutant and wild type cells from all embryonic tissues of the embryo established that 16% of mutant cells determined the NTD phenotype within the sample (Ybot-Gonzalez et al., 2007). Those with high proportions of mutant cells develop NTDs, and those with low ratios develop normally (Musci and Mullen, 1990). An animal study showed that the mosaic expression of Med12 in female mice is sufficient to produce progeny with congenital malformations such as exencephaly, spina bifida, craniorachischisis, split face, and curly tail phenotypes (Rocha et al., 2010a). One of our recent studies focusing on key PCP pathway genes, for which germline variants have been reported to have a role in human NTDs, found that somatic variants in specific PCP genes may also contribute to the NTD phenotype (Tian et al., 2020). These findings indicate the need to further investigate the role of somatic variants in other genes in the occurrence of NTDs. Therefore, in this study, we focused on genes reported to cause NTDs in mouse models but lacking evidence in humans. We investigated the somatic variants directly in neural tissues from NTD affected fetuses. As a result, one somatic variant of MED12 was identified and validated in the lesion site tissues of NTDs by PGM sequencing. Further functional studies revealed that this variant could impair MED12 protein levels, with adverse consequences for the WNT signaling pathway, indicating that the somatic variant p.Arg1782Cys of MED12 may be causally associated with increased risk for human NTDs.

To explore the source and distribution of the identified somatic mutations, we utilized the DNA samples and performed sequencing in different tissues from the three primordial germ layers, including the epidermis, derived from the ectoderm; the heart and muscle tissues, which are mesodermal in origin; and the thymus and lungs, which are endodermally derived. The validated somatic variant of MED12 p.Arg1782Cys was not present in samples from any of those normal tissues. It could only be recognized in neural tissues, with a 39.2% alternate-allele reads/counts frequency in PGM sequencing. As the human genome is diploid and the variant is supposed to be present in only one of two alleles, we infer that about 78% of cells carried the variant in the affected embryonic regions. This frequency is most likely high enough to disrupt normal neural tube closure. Furthermore, this mutation was identified in a case with craniorachischisis, and the tissues were obtained from the high spinal region where closure 1 was expected to occur, so we speculate that during development the MED12 mutation may only be present in neural tissue, not non-neural ectoderm.

Although hundreds of mouse models report NTD-related variants, it is rare for one of these variants to be validated in human NTD samples. On the other hand, human sequencing studies have identified many rare variants in NTD cases, but seldom have these genes been effectively recapitulated in an NTD mouse model. This study utilized a CRISPR/Cas9 mutagenesis editing approach and found that hemizygous variants of Med12 p.Arg1784Cys caused NTD phenotypes in mice, which clearly support the results by Rocha and colleagues showing NTD in Med12 mosaic female mice (Rocha et al., 2010a). This is the first study that validates an NTD-related variant identified in humans by successfully recapitulating the NTD phenotype in mice by CRISPR/Cas9 technology, thus providing substantial evidence for the role of MED12 in the etiology of some human NTD cases.

There are some limitations in this study that need to be mentioned before any potential extrapolation of the findings. First, given that the spinal cord and brain tissues of the NTD affected fetuses are exposed to the amniotic fluid, it is conceivable that the variants could occur due to inflammatory (or teratogenic) effect on the neural tissue. Previous studies reported that neurodegeneration may cause several harmful outcomes, including DNA breaks (Suberbielle et al., 2013). Thus, it is possible that the variants described in this study may be the result of neural tissue degeneration. In practice, the neural tube tissue can only be obtained after the failed closure of the neural tube is confirmed, and at the time of pregnancy termination, therefore degeneration is inevitable. As a result, we cannot completely rule out the possibilities that the variants we identified were caused by tissue degeneration. However, several studies have reported that variants may affect cell proliferation and survival and contribute to neurodegeneration (McConnell et al., 2017; Leija-Salazar et al., 2018). Second, in PGM sequencing, we reported that approximately 78% cells carry the MED12 p.Arg1782Cys variant. Considering that MED12 is located on the X chromosome and female tissue is mosaic secondary to the random process of X-chromosome inactivation that may change the proportion of cells, even if 78% cells carry the variant, it doesn’t mean that all express the mutant form. Med12 mRNA expression data might resolve this point. However, as we mentioned above, we collected the samples of terminated fetuses from the hospitals; thus the collection of fresh tissue samples was extremely difficult. The RNA/protein often were severely degraded during the process of the termination, autopsy, and sample delivery. It is very challenging to investigate the expression form of the two mutants in the two patients. Moreover, in this study, we used a series of several cellular assays and a mouse model to show that the identified variant could impact protein function and cause murine NTDs. These results support our hypothesis that the mutations are causes, rather than consequences, of abnormal neural tube closure. Furthermore, we identified three de novo variants in a single human patient raising the possibility that interactions between MED13L, NCKAP1L, and PPP5C are contributing to the failure of the neural tube to close properly. This will be explored in future studies.



CONCLUSION

Our findings represent the first time that functional variants of MED genes are associated with the occurrence of NTDs in humans. We also demonstrated a potentially important role of somatic variants in the occurrence of some NTDs. Further studies are required to explore the underlying interaction between MED12 and MED13L in the development of NTDs and the somatic variant’s underlying mechanisms that interfere with normal neural tube closure.
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Nonsense variants in KIDINS220/ARMS were identified as the main cause of spastic paraplegia, intellectual disability, nystagmus, and obesity (SINO) syndrome, a rare disease with birth defects in brachycephaly, neurological disorder, and obesity. The cause of neural cell dysfunction by KIDINS220/ARMS were extensively studied while the cause of obesity in SINO syndrome remains elusive. Here, we identified KIDINS220/ARMS as an adipocyte differentiation-regulating gene. A Chinese family, mother and her two sons, all showed severe symptoms of SINO syndrome. G-banding karyotyping, chromosome microarray analysis, and whole exome sequencing revealed a novel amber mutation, c.3934G>T (p. E1312X), which was close to the C-terminal region of KIDINS220/ARMS and resulted in the premature of the protein. Both the mRNA and protein levels of KIDINS220/ARMS gradually decreased during adipocyte differentiation. Knockdown of KINDINS220/ARMS could prompt adipocyte differentiation and lipid accumulation while overexpression of KIDINS220/ARMS decrease the rate of matured adipocytes. Furthermore, we demonstrated that KIDINS220/ARMS inhibits adipocyte maturation through sustained extracellular signal-regulated kinase signaling. In conclusion, this is the first report about a vertical heredity of severe dominant pathogenic mutation of KIDINS220/ARMS, suggested that KIDINS220/ARMS played a negative role in adipocyte maturation, explained the cause of obesity in SINO syndrome and could highlight the importance of adipocyte differentiation in neuron functions.
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INTRODUCTION

The syndrome of spastic paraplegia, intellectual disability, nystagmus, and obesity (SINO; MIM# 617296) is an autosomal dominant rare disease with birth defects of cranial and maxillofacial deformity, severe intellectual disability, and obesity, which was first described and linked to heterozygous nonsense kinase D-interacting substrate of 220 kDa (KIDINS220/ARMS) mutations by Josifova et al. (2016) in three unrelated patients. KIDINS220/ARMS, also known as ankyrin repeat-rich membrane spanning (ARMS), encodes a conserved membrane protein that is mainly expressed in the nervous system (Iglesias et al., 2000; Bracale et al., 2007). The putative KIDINS220/ARMS structure in humans contains 11 ankyrin repeats, four transmembrane domains in a KAP region, a proline-rich domain (PRD), a sterile alpha motif (SAM), kinesin light chain (KLC)-interactive motif (KIM), and a PDZ ligand (PDZ-L) from the N-terminal (Nt) to the C-terminal (Ct), which are both exposed to the cytoplasm (Iglesias et al., 2000; Kong et al., 2001). As a transmembrane protein, KIDINS220/ARMS functions as a scaffold to organize the signaling complex and transduce the extracellular stimuli to cellular response and plays crucial roles in diverse cellular process, such as neuronal cell survival and synaptic plasticity in the nervous system (Zampieri and Chao, 2006; Jaudon et al., 2020), vascular and heart development (Cesca et al., 2012; Mero et al., 2017), as well as B cell and T cell development and activation in the immune system (Deswal et al., 2013; Fiala et al., 2015). In addition to its functions in cellular biology and development, growing evidences have also linked KIDINS220/ARMS to different pathologies of human diseases, including Alzheimer’s disease (AD), asthma, and cancer (Ni et al., 2010; Lopez-Menendez et al., 2013; Raza et al., 2018).

Due to its pivotal roles in development and diverse cellular process, Kidins220/ARMS knockout mice are embryonically lethal at the late stage of gestation with developmental defects in the nervous and cardiovascular system (Cesca et al., 2012). In humans, homozygous truncated variant in KIDINS220/ARMS caused enlarged cerebral ventricles and limb contractures of fetuses and thus pregnancy terminations (Mero et al., 2017). It seemed that heterozygous mutations were tolerated, since the heterozygous mouse strain was successfully generated at New York University, although the mice had reduced dendritic complexity and spine instability (Duffy et al., 2011). In humans, children carrying the heterozygous mutations of KIDINS220/ARMS showed SINO, which was first identified in three unrelated children and was named “SINO syndrome” by Josifova et al. (2016). Currently, six heterozygous causative mutations in KIDINS220/ARMS had been identified as the causes of SINO syndrome in children (Josifova et al., 2016; Yang et al., 2018; Zhao et al., 2019). Patients with SINO syndrome usually had delayed neurological development due to the fundamental functions of KIDINS220/ARMS in the nervous system (Josifova et al., 2016). Interestingly, obesity was also found in almost all SINO patients; however, it is not clear whether obesity of SINO patients is caused by KIDINS220/ARMS dysfunction or due to impaired movement ability. Therefore, the potential role of KIDINS220/ARMS in fat metabolism or adipocytes regulation was largely ignored.

In this study, we identified a novel truncated mutation of KIDINS220/ARMS in a familial SINO syndrome. To elucidate the possible functions of KIDINS220/ARMS in adipose cell that might cause obesity, we studied the mechanisms of KIDINS220/ARMS in the adipogenic differentiation process. Our results suggested that KIDINS220/ARMS, through sustaining the phosphorylation of extracellular signal-regulated kinase (ERK), could function as a negative regulator for the adipocyte differentiation, thus the truncated mutation of KIDINS220/ARMS could lead to uncontrolled differentiation and maturation of adipose cells, which caused obesity in SINO patients.



MATERIALS AND METHODS

The study was carried out in compliance with the Helsinki Declaration and approved by the hospital ethics committees of Qilu Children’s Hospital of Shandong University (ETYY-2017012). The husband/father of the patients gave their written informed consents before clinical and laboratory examinations. The information of the patients was anonymized prior to submission.


G-Banding Karyotyping and Chromosome Microarray Analysis

Peripheral blood leukocytes from the mother and her children were stimulated by phytohemagglutinin. Metaphase chromosome G-banding karyotyping was performed at the 400 bands of resolution following standard procedures. The analysis was carried out using imaging software CytoVision (Leica, Frankfurt, Germany) according to the International System for Human Cytogenetic Nomenclature (ISCN) (Simons et al., 2013).

Illumina SNP array (InfiniumOmniZhongHua-8, 900K, Illumina, San Diego, CA, United States) was used to detect the copy number variations (CNVs), insertions-deletions (INDELs), single nucleotide polymorphisms (SNPs), and structural variants in the whole genome of the younger boy. The standard operation procedure was performed according to the Illumina protocol. The obtained data were analyzed using Illumina’s KaryoStudio software and the cnvPartition algorithm for chromosome information detection and then combined with the Database of Genomic Variant (DGV) database for sequential screening to effectively detect the CNV region. For result annotation, a combination of the software’s own database and other databases, such as Decipher, Clinvar, UCSC, ISCA, etc., were used.



Whole Exome Sequencing and Bioinformatics Analysis

Whole exome sequencing (WES) was performed for the gene mutation screening of the younger boy. DNA library was prepared and enriched according to the manufacturer’s protocol (SureSelectXT Automated Target Enrichment for Illumina Pair-End Multiplexed Sequencing; Agilent Technologies, Santa Clara, CA, United States). The enriched libraries were sequenced using the HiSeq 2000 sequencing system (Illumina, San Diego, CA, United States). Bioinformatics analysis and annotation were carried out by NextGene V2.3.4 software (SoftGenetics, State College, PA, United States) and self-developed scripts using 1000 Genomes, ExAC, gnomAD, dbSNP, HGMD, Clinvar, and OMIM databases as reference database to generate annotation information, such as conservation of bases and amino acids, prediction of biological function, frequency of normal population, etc. Genetic variants, such as small INDEL, typical splicing site changes and missense variants, the suballelic frequency in the normal population <5%, and genetic variants included in HGMD and ClinVar databases, were further analyzed. To verify the mutation, PCR and capillary Sanger sequencing were carried out for the parents and his brother and for the parents and one of the siblings of the mother. Some in silico databases were used to define the variants, such as UCSC, PolyPhen-2, and Mutation_Taster. The genotype-phenotype correlation was analyzed with a pediatrics and genetic counselor. The pathogenicity of genetic variation was evaluated according to the standards and guidelines for sequence variation published by the American Society of Medical Genetics and Genomics (ACMG) in 2015 (Richards et al., 2015), and HGV nomenclature was adopted.



Cell Culture

The 3T3-L1 cells (ATCC CL-173TM) were cultured in Dulbecco’s modified Eagle’s medium (DMEM; Hyclone) containing 10% new-born calf serum (NCS, Gibco-Invitrogen, Carlsbad, CA, United States), and 100 IU/ml penicillin-streptomycin in a 5% CO2 incubator at 37°C. After 2 days of post-confluence, the 3T3-L1 cells were induced to differentiation by DMEM including 10% fetal bovine serum (FBS; Hyclone), 1 μg/ml insulin, 1 μM dexamethasone, and 0.5 mM 3-isobutyl-1-methylxanthinem for 2 days. Then, the medium was switched to DMEM with 10% FBS and 1 μg/ml insulin for 2 days, followed with DMEM containing 10% FBS every other day.



Cell Transfection and RNA Interference

Human KIDINS220/ARMS and Truncated KIDINS220/ARMS (p.E1312∗) were cloned into pcDNA3.1(b+)-C-Flag. Cells were harvested 36 h later after transfection. In the 3T3-L1 cells, the knockdown of KIDINS220/ARMS gene was carried out using synthetic siRNA oligonucleotides (Genepharma) with Lipo8000TM (Beyotime). Preadipocytes were transiently transfected by electroporation using Amaxa Nucleofector II Electroporation Machine (Lonza). Briefly, 1 × 106 cells were suspended in 100 ml DMEM, mixed with 2 mg plasmid, and then transfected by a pulse of electroporation using T-030 program. The sequences for primers and siRNA are listed in Supplementary Table 1. For preadipocyte induction, KIDINS220-Flag or KIDINS220 siRNA were transfected to 3T3-L1 cell and cultured for 2 days. The 3T3-L1 cells were induced to differentiation (Day 0) and transfected with KIDINS220 or KIDINS220 siRNA again on Day 1 using A-033 program. In addition, 1 mM Ravoxertinib or 10 mM Honokiol (Selleckchem Inc.) were added to the medium respectively on Day 1.



Quantitative RT-PCR

Total RNA was extracted using Trizol reagent (Invitrogen), and the first-strand cDNA was synthesized from 1 μg total RNA with HiScript III 1st-Strand cDNA Synthesis Kit (Vazyme). Quantitative PCR was performed using the ChamQ SYBR Color qPCR Master Mix (Vazyme) with the standard procedure. Primer sequences used in this study are shown in Supplementary Table 1, and Rplp0 was used as the endogenous control.



Western Blotting

Cells were lysed using lysis buffer (0.05 M Tris–HCl, pH 6.8, 2% SDS, 1% b-mercaptoethanol, 10% glycerol, and 0.002% bromphenol blue). Protein concentrations were determined using the BCA Protein Assay Kit (Beyotime). Then, aliquots of 30 mg protein were used for western blotting. Proteins were separated by SDS-PAGE using a 10–250-kDa protein ladder (Precision Plus ProteinTM-dual color, Bio-Rad), then transferred to nitrocellulose membrane (Millipore), and immunoblotted with antibodies (anti-Flag and anti-actin monoclonal antibody, Sigma; anti-KIDINS220 antibody from Abcam) according to standard procedures. Detection and quantification were done on a Typhoon FLA9500 (GE Healthcare) scanning system using an acridan-based chemiluminescent and chemifluorescent horseradish peroxidase (HRP) substrate (Pierce ECL Plus, Thermo Fisher Scientific).



Oil Red O Staining

Levels of stored triglycerides in differentiated mature adipocytes were verified by staining intracellular lipid droplets with Oil red O (Solarbio) subjected to staining procedures as described previously (Oh et al., 2019). Images were taken using Olympus IX73 Inverted Microscope. To quantify the lipid content, Oil Red O was extracted with 100% isopropanol and calculated by the measuring absorbance at 490 nm using a SpectraMax i3x microplate reader (Molecular Devices, San Jose, CA, United States).



Statistical Analysis

Data were analyzed using the GraphPad prism 8 software (GraphPad Software). All experimental data were performed at least three times, and values are presented as means ± standard error of measurement (SEM). Student’s unpaired t-test was applied to calculate the two-tailed p-value, and group differences were considered significant for ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, and ****p < 0.0001.



RESULTS


A Novel Pathogenic Mutation of KIDINS220/ARMS Causes SINO Syndrome and Obesity


Clinical Characteristics and Case Following-Up

A 36-year-old woman was highly suspected as PCOS with the clinical manifestations of irregular menstruation and obesity in the gynecological department. The patient showed obvious psychomotor retardation, and we noticed that both of her two sons had the same or even worse symptoms during the diagnosis process (Figure 1A). Thus, she was recommended to the neurologist and genetic counselor. Her parents and siblings had normal intellect, but she presented obvious intellectual and physical disability. On neurological examinations, she was diagnosed as spastic paraplegia with the characteristic of hypermyotonia in both lower extremities, hyperactivity of tendon reflex, and scissors gait. Intellectual disability (Wechsler Adult Intelligence Scale: IQ = 39), nystagmus, and severe obese (BMI = 35.6, weight = 80 kg, height = 150 cm) were also diagnosed. Abdominal ultrasound revealed mild fatty liver (Figure 1B), while the biochemical tests showed that fasting blood glucose (4.9 mM), blood lipids (cholesterol = 4.7 mM; HDL-c = 1.35 mM; LDL-c = 2.36 mM; triglyceride = 1.65 mM), and liver enzymes (ALT = 20 U/L; AST = 28 U/L) were all normal.
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FIGURE 1. Clinical features of the patients. (A) The pictures of the probands, mother and her two sons in the family by following-up. (B) Color Doppler ultrasound of mother showed that liver section is normal in size, smooth in capsule, dense in liver parenchyma, uniform in distribution, and clear in tube structure. (C) Brain MRI of the younger son showed that no abnormal density lesions were found in the cerebral parenchyma, and cerebrospinal fluid cavity, the ventricle, sulcus, and cleft lobes were normal, the brain gyrus was clear, and the midline structure was centered.


Her elder son, who was 14 years old, had the similar but more serious symptoms of intellectual disability, speech impairment, spastic paraplegia, nystagmus, brachycephaly, and obesity (BMI = 29.4, weight = 85 kg, height = 170 cm). The second son, who was 19-month old in his first check-in, had a thorough physical examination by pediatricians. The gestation period was normal, and he was delivered normally at 40 weeks of gestation. The Apgar score was 9 with the weight of 3.8 kg and 52 cm in length when he was born, which was normal in Chinese population. His physical development was rapid, and both his weight and height are above the 99th percentile in Chinese population (weight = 15.3 kg, height = 90 cm). He showed macrocephaly (head circumference = 47.5 cm), brachycephaly, and non-verbal although his audiology test indicated he had no problem in hearing. He could raise his head at 12 months and roll over at 18 months, which is about 9 months delay than other infants. He can walk only accompanied by other person with the scissors gait (Supplementary Video 1). His motor development demonstrated severe delay for gross motor quotient (<1 percentile), fine motor quotient (=1 percentile), and total motor quotient (<1 percentile) using the Peabody Developmental Motor Scale (PDMS). The Gesell Developmental Observation-Revised (GDO-R) test exhibited extremely severe developmental delay for adaptability (score: 22 points), severe delay for language (score: 42 points), and personal-social interaction (score: 32 points), all indicated severe intellectual disability. Although he had mental retardation, the brain MRI showed that there has no abnormal density lesion in the cerebral parenchyma and cerebrospinal fluid cavity. The ventricle, sulcus, and left lobes were all normal, with clear brain gyrus, and the midline structure (Figure 1C). Interestingly, nystagmus, a symptom of SINO syndrome which was also found in both mother and elder brother, was not noticed in the second son.

The family was followed up 3 years later (Figure 1A). The second son, who is age five now, improved greatly in his intellectual development. He can speak simple words (mainly two to three Chinese characters) and communicate with other persons. He can stand and walk without any help, although the scissors gait is obvious. The GDO-R test exhibited moderate developmental delay for adaptability (score: 45 points), severe delay for language (score: 47 points), and mild delay for personal-social interaction (score: 62 points), all indicated moderate mental retardation which is better than 3 years ago. Both the mother and her two sons still have obesity problem, despite their regular and normal amount of food intake based on several eating and behavior questionnaire (Supplementary Table 2; Rockett et al., 1997; Ainsworth et al., 2000; Caccialanza et al., 2004; Vasheghani-Farahani et al., 2011). They can take care of themselves, and the elder brother learned to read and write in a school now. However, he still has severe intellectual problem and his Wechsler Adult Intelligence Scale is 42, he could only calculate addition and subtraction within 10, and recognize no more than 100 words.



Molecular Findings

To demonstrate the heredity and genetic causes of the family case, G-banding karyotyping, chromosome microarray analysis, and WES were performed [full data sets could be found in Supplementary Material, and the amplicon sequencing reads for variant calling had been deposited with NODE Bioproject (OEP001230 and OEP001231)]. No chromosomal abnormalities were detected in this case (Figures 2A–C), but a novel heterozygous variant (c.3934G>T) in the exon 28 of KIDINS220/ARMS (NM_020738.2) was found and confirmed by Sanger sequencing in all three probands (Figure 2D). The original c.3934G nucleotide and the codon amino acid Glu1312 residue were highly conserved from xenopus to human (Supplementary Figure 1), suggesting a critical importance of this residue, while the c.3934G>T mutation resulting in GAG (Glu) leads to TAG (amber) at amino acid residue 1312. Meanwhile, the mutation was de novo to the mother since the Sanger sequencing of the KIDINS220/ARMS region revealed that her parents and one of the sisters were all normal (Figures 2D,E), and this novel variant was never reported in any main databases (Supplementary Figure 2 and Supplementary Table 3), such as the ExAC, the 1000 Genomes, and the gnomAD. The possible value of the mutation within KIDINS220/ARMS for the disease-causing variant was analyzed by Mutation_Taster software and can be classified as a pathogenic mutation according to the ACMG guidelines. This is the first time to report that a single site mutation in KIDINS220/ARMS could be transmitted in two generations, which leads to a severe autosomal dominant disease, SINO syndrome.
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FIGURE 2. Genetic analysis and pedigree chart of the family. (A–C) G-banding karyotyping from mother (46, XX) (A), elder son (46, XY) (B), and second son (46, XY) (C). (D) Sanger sequencing confirmation of heterozygous nonsense mutation c.3934G>T (p.E1312*) of KIDINS220/ARMS detected via WES in mother and her two sons. The arrow indicates the G to T mutations. The grandparents, the second aunt, and the father were normal. (E) The pedigree chart of the family and the arrow pointed the de novo mutation from the mother.




KIDINS220/ARMS Overexpression Inhibits Adipocyte Hyperplasia

The symptoms of spastic paraplegia, intellectual disability, and nystagmus could be explained by the key roles of KINDIS220/ARMS in neuronal cell survival, differentiation, and synaptic modulation, but how the truncated KIDINS220/ARMS causes severe obesity remains unclear. Since both the physical activity and food intake were normal based on our follow-up, the obesity may not be caused by the lower physical activity and higher calorific intake due to intellectual disability. Thus, KINDIS220/ARMS might have the potential roles in fat metabolism or adipocyte regulation. To address whether KIDINS220/ARMS had functions in adipocyte differentiation, which was critical to the onset of obesity in childhood (Hausman et al., 2001), we examined the expression level of KINDIS220/ARMS during adipocyte maturation. Both the mRNA and protein levels were gradually decreased according to the differentiation progress of 3T3-L1 cell (Figures 3A,B), which suggested KIDINS220/ARMS might play a negative role in adipocyte differentiation. We also noticed that when we overexpressed KIDINS220/ARMS in 3T3-L1 cells (Figure 3C), the lipid accumulation was significantly reduced, while knockdown of KIDINS220/ARMS by RNAi (Figure 3D) could prompt 3T3-L1 cell maturation and increases the storage of lipids (Figures 3E,F). Taken together, KIDINS220/ARMS could play a negative role in adipocyte differentiation, which was opposite to its positive functions in the nervous system. The truncated form of KIDINS220/ARMS found in SINO patients might lose its biological functions in controlling adipocyte differentiation, thus leading to uncontrolled adipocyte maturation, lipid accumulation, and obesity.
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FIGURE 3. KIDINS220/ARMS inhibited adipocyte differentiation. The mRNA (A) and protein (B) levels of KIDINS220/ARMS are gradually decreased along with the differentiation process of preadipocyte 3T3-L1 cells. The overexpression (C) and knockdown (D) of KINDIS220/ARMS in 3T3-L1 cells were confirmed by quantitative PCR and immunoblotting. (E) 3T3-L1 preadipocytes were transfected with KIDINS220-Flag or KIDINS220 siRNA, respectively, and then induced to differentiation 48 h later (Day 0). On Day 8, cytoplasmic triacylglycerol was stained with Oil Red O. (F) The densities of staining were calculated by the absorbance at 490 nm. Student’s unpaired t-test; **p < 0.01; ***p < 0.001. siNC, scramble siRNA. Bar, 100 mm. All experimental data were performed at least three times.




ERK Pathway Is Required for KIDINS220/ARMS-Mediated Inhibition of Adipocyte Maturation

It has been shown that ERK played a pivotal role in adipogenesis (Bost et al.,2005a,b). Thus, we investigated whether ERK acts as a downstream effector for KIDINS220/ARMS-mediated inhibition in adipocyte maturation. During the differentiation of preadipocytes, the ERK was dephosphorylated to prompt adipocyte maturation and lipid accumulation (Figure 4A). Overexpression of KIDINS220/ARMS constitutively activated the ERK signaling and inhibited adipocyte differentiation. Ravoxertinib (Sulahian et al., 2019), a highly selective ERK inhibitor which tuned down the ERK signaling (Figure 4B), could fully restore the ability of preadipocytes to differentiate to mature adipocytes and greatly increase the lipid storage (Figures 4D,E). In contrast, stimulating the ERK pathway by Honokiol (Lone and Yun, 2017) after induction (Figure 4C) could keep the preadipocyte in an undifferentiated status (Figures 4D,E). Therefore, our data support that KIDINS220/ARMS negatively regulates adipocyte maturation through ERK signaling pathway.
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FIGURE 4. ERK pathway is required for KIDINS220/ARMS mediated adipocyte maturation. (A) 3T3-L1 cells were induced to differentiation, and cells were harvested for western blot analysis on Days 0, 2, and 4. (B,C) 3T3-L1 cells were transfected with KIDINS220-Flag (B) or KIDINS220 siRNA (C) and cultured for 2 days. Then, cells were induced to differentiation (Day 0), and ERK inhibitor (Ravoxertinib) (B) or agonist (Honokiol) (C) were added to the medium at Day 1, respectively. On Days 0, 2, and 4, cells were harvested and analyzed by western blot for the phosphorylation of ERK. (D) Images of Oil-red O staining performed 8 days after the differentiation. Ravoxertinib and Honokiol: cells treated with 1 mM Ravoxertinib or 10 mM Honokiol alone; KIDINS220-Flag and KIDINS220 siRNA: cells were transfected with KIDINS220-Flag or KIDINS220 siRNA, respectively; KIDINS220-Flag + Ravoxertinib: cells were transfected with KIDINS220-Flag and treated with 1 mM Ravoxertinib; KIDINS220 siRNA + Honokiol: cells were transfected with KIDINS220 siRNA and treated with 10 mM Honokiol. (E) The densities of staining were calculated by the absorbance at 490 nm. Student’s unpaired t-test; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. Bar, 100 mm. All experimental data were performed at least three times.




DISCUSSION

The development and differentiation of the nervous system during embryogenesis is highly orchestrated in which the neurotrophic factors play crucial roles to regulate the survival and differential of neurons (Lopez-Menendez et al., 2009). KIDINS220/ARMS, a scaffold protein which contains multiple functional domains (Supplementary Figure 2) that can transduce the neurotrophin (NT) signaling into cellular response, was cloned from neural cells and identified as the first substrate of protein kinase D (PKD) (Iglesias et al., 2000). KIDINS220/ARMS is generally expressed in all tissues, especially high in the nervous and cardiovascular system (Cesca et al., 2012; Mero et al., 2017). Homozygous mutations of KIDINS220/ARMS cause pregnancy terminations in humans (Mero et al., 2017), as well as the heterozygous truncation of KIDINS220/ARMS can lead to a neurological disorder named SINO syndrome (Josifova et al., 2016; Yang et al., 2018; Zhao et al., 2019).

Here, we identified a novel KIDINS220/ARMS amber mutation in KIDINS220/ARMS which caused SINO syndrome in a Chinese family. The mother and her two sons showed typical symptoms including brachycephaly, intellectual disability, and obesity. It is surprising that although the KIDINS220/ARMS has pivotal functions in development and is highly expressed in reproductive organs, such as the ovaries, the truncated protein does not affect female fertility. SINO patients usually have brachycephaly and enlarged head circumference. In this case, we also noticed that both sons showed macrocephaly, but how mutations of KIDINS220/ARMS mutation affect skull development remains unknown and could be studied later. Intellectual disability is a generalized neurodevelopmental disorder with features of significantly impaired intellectual and adaptive functioning. According to the Wechsler Adult Intelligence Scale, scores were lower for the mother and her two sons. The pivotal roles of KIDINS220/ARMS in the nervous system, including regulating the neural cell survival and differentiation, guiding the axon and dendrite growth, and modulating the synaptic transmission in motor neurons, could well explain the pathogenesis of intellectual disability, although the detailed mechanisms need to be further studied. However, why nonsense mutations of KIDINS220/ARMS lead to obesity remains unknown and warrants further investigation (Arevalo et al., 2006; Josifova et al., 2016; Kleinendorst et al., 2018).

People with intellectual disability have greater prevalence to develop obesity (Yamaki, 2005), possibly due to lower physical activity and higher calorific intake. Obesity is also a remarkable symptom of SINO patients, but whether it is caused by KIDINS220/ARMS dysfunction in fat metabolism and adipocytes regulation, or due to impaired movement ability and more food intake remains unclear. The previous reports (Josifova et al., 2016) and our case showed that obesity arose from infancy period or neonatal period without hyperphagia. We also observed that both the mother and her two sons have regular physical activity and normal amount of food intake, which indicated that KIDINS220/ARMS may have potential roles in fat metabolism and adipocyte regulation. Adipocyte hyperplasia, a result of preadipocyte differentiation, has been shown to play a critical role at the onset of obesity in all stages of life, particularly in childhood (Hausman et al., 2001). Here, to elucidate the possible functions of KIDINS220/ARMS in the pathogenesis of obesity, we examined the role of KIDINS220/ARMS in preadipocyte differentiation. Our results showed that during the process of adipocyte differentiation, both the mRNA and protein level were gradually downregulated in a time-dependent manner. Meanwhile, overexpression of KIDINS220/ARMS in 3T3-L1 inhibits its differentiation, while knockdown of KIDINS220/ARMS promotes adipocyte maturation and triacylglycerol accumulation. ERK is well known to play a pivotal role in adipogenesis (Bost et al.,2005a,b). Phosphorylation of ERK to initiate adipogenesis, as well as dephosphorylation of ERK after initiation is critical for adipocyte maturation since prolonged ERK phosphorylation inhibits adipogenesis (Ferguson et al., 2016). Accumulated evidences have indicated that KIDINS220/ARMS could phosphorylate and sustain ERK signaling in different types of cells, such as neurons, lymphocytes, and melanoma cells (Ni et al., 2013; Fiala et al., 2015; Lopez-Menendez et al., 2019). In this study, we confirmed that KIDINS220/ARMS inhibits adipocyte maturation and lipid accumulation through sustaining the phosphorylation level of ERK, while a highly selective ERK inhibitor-Ravoxertinib, could fully “rescue” the differentiation potential of preadipocytes. On the contrary, prompted adipocyte maturation driven by KIDINS220 knockdown was abolished by stimulating the ERK signaling with Honokiol. The truncated KIDINS220/ARMS in our case and other previously reported cases do not have the C-terminal region, which harbors several important interacting domains (Iglesias et al., 2000; Zhao et al., 2019), which may disrupt the interaction of KIDINS220/ARMS with ERK, further suppressing the ERK signaling to promote adipocyte differentiation. The data we present here could partly explain the pathogenic obesity in SINO syndrome; nevertheless, the detailed mechanisms need to be further examined. Taken together, this is the first report about the vertical heredity of severe dominant pathogenic mutation in KIDINS220/ARMS. KIDINS220/ARMS could function as a negative regulator in adipocyte differentiation and maturation via sustained ERK signaling, thus the truncated mutation of KIDINS220/ARMS could prompt adipocyte maturation and leads to obesity. More importantly, we are happy to notice that the younger son improved a lot in all aspects of the SINO syndrome from 2 to 5 years old, which suggests that the neurological symptoms of SINO syndrome could obtain self-improvement during early childhood. It also reminds us that genetic counseling within 3 years after birth, perhaps combined with rehabilitation training could greatly improve the living quality of SINO patients.
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Hemifacial microsomia (HM) is a craniofacial congenital defect involving the first and second branchial arch, mainly characterized by ocular, ear, maxilla-zygoma complex, mandible, and facial nerve malformation. HM follows autosomal dominant inheritance. Whole-exome sequencing of a family revealed a missense mutation in a highly conserved domain of ITPR1. ITPR1 is a calcium ion channel. By studying ITPR1’s expression pattern, we found that ITPR1 participated in craniofacial development, especially the organs that corresponded to the phenotype of HM. In zebrafish, itpr1b, which is homologous to human ITPR1, is closely related to craniofacial bone formation. The knocking down of itpr1b in zebrafish could lead to a remarkable decrease in craniofacial skeleton formation. qRT-PCR suggested that knockdown of itpr1b could increase the expression of plcb4 while decreasing the mRNA level of Dlx5/6. Our findings highlighted ITPR1’s role in craniofacial formation for the first time and suggested that ITPR1 mutation contributes to human HM.
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INTRODUCTION

Hemifacial microsomia (HM, OMIM:164210) is the second most common craniofacial birth defect after cleft lip and palate. The estimated incidence of HM is about 1/3500 to 1/5600 among live births (Tuin et al., 2015; Brandstetter and Patel, 2016). HM affects the development of the first and second branchial arch derivatives, resulting in defects in the orbits, eyelids, mandible, maxilla-zygoma complex, external ear, middle ear, facial nerves, masticatory, and facial muscles. In some cases, the parotid gland, vertebral system, heart, kidney, etc. may also be affected (Tuin et al., 2015; Brandstetter and Patel, 2016).

Although the genetic knowledge of human diseases has been greatly expanded in the past decades, the etiology of HM remains elusive. Both genetic and environmental factors have been suggested as possible causes of HM (Beleza-Meireles et al., 2014). Maternal diabetes during pregnancy, smoking, twinning, and vasoactive drugs are considered as the environmental causes of some HM cases (Beleza-Meireles et al., 2014). While most HM cases are sporadic, some familial cases have been reported, suggesting genetic mutations as contributing factors for HM. Thus, it has been suggested that the mutations in specific genes could be the major causal factors of HM, with environmental factors further promoting or magnifying the genes’ effects. However, as only 2% of HM patients with family history has been documented, it has been challenging to dissect the genetic causes of HM (Brandstetter and Patel, 2016). After analyzing 74 probands, Kaye et al. (1992) concluded that HM followed autosomal dominant inheritance. Most of the studies considered the autosomal dominant or autosomal recessive inheritance with various chromosomal mutations and genomic imbalances are the causes of HM. From a cohort of 169 patients, Estelle Lopez et al. found MYT1 mutation in a sporadic case by whole exon sequencing and detected one heterozygous missense mutation in another patient (Lopez et al., 2016). Other genes related to HM included SALL1, BAPX1, TCOF1, and EFTUD2 (Fischer et al., 2006; Kosaki et al., 2007; Su et al., 2012; Dai et al., 2016; Rengasamy Venugopalan et al., 2017). Here, we present the genetic studies of a family with autosomal dominant HM and demonstrate the role of the EDN-PLC-DLX5/6 regulatory cascade in HM.



MATERIALS AND METHODS


Patients

Participants enrolled in this study were approved by the Institutional Review Board (IRB) at Shanghai Ninth People’s Hospital, Shanghai Jiao Tong University School of Medicine, the ethics committee of the clinical study. Informed consent for blood samples and DNA storage and genetic analysis was obtained from all subjects. All procedures in this study involving human participants were performed following the ethical standards of the institutional and/or national research committee and with the 1964 Helsinki declaration and its later amendments or comparable ethical standards.



Whole-Exome Sequencing Analysis

The qualified genomic DNA sample was randomly fragmented. Library construction was performed on double-stranded DNA, and the size of library fragments was mainly distributed between 200 bp to 300 bp. The extracted DNA was amplified by ligation-mediated PCR, purified, and hybridized (captured) to the target regions. The captured PCR products were then subjected to Agilent 2100 Bioanalyzer and quantitative PCR to estimate the magnitude of enrichment. High-throughput sequencing was completed on Illumina Hiseq Platforms to ensured that each sample met the desired sequencing coverage (90X). Pair-end reads were generated by Illumina Base-calling Software and stored in the FASTQ format. The data of each sample were mapped to the human reference genome (GRCh37/hg19). The alignment was processed by a Burrows-Wheeler Aligner (BWA). Variant sites were called with the Genome Analysis Toolkit (GATK1). Trio WES was performed for the proband and his parents with a mean depth of coverage for each sample of 90-fold, 97.48% of the targeted bases had at least 10-fold coverage or greater. The analysis was completed using custom-developed software (Children’s Hospital of Fudan University, Shanghai Key Laboratory of Birth Defects).



Sanger Sequencing

Sanger sequencing was performed by standard methods on the mutation portion of ITPR1, and was amplified with primers 5′-CGTTTTGAGTTTGAAGGCGTTT-3′ and 5′-CATCTTGCGCCAATTCCCG-3′ (designed with https://www.ncbi.nlm.nih.gov/tools/primer-blast/index.cgi?LINK_LOC=BlastHome). PCR products were amplified using 50 ng of DNA template and standard PCR reagents (Takara, Japan) on an ABI Verti Thermocycler (Applied Biosystems, United States). PCR products were sent for Sanger sequencing (Sangon Biotech Co., Ltd., China).



Molecular Modeling of the ITPR1 Protein

We used a three-dimensional computer model and the crystal structure of mouse ITPR1 as a template (PDB ID: 5 × 9z) to predict the possible impact of an amino acid substitution on the structure and function of the ITPR1 protein. The human ITPR1 was modeled by SWISS-MODEL at a resolution of 7.31Å.



Mouse Immunofluorescence Staining

All applicable institutional and/or national guidelines for the care and use of animals were followed. Wild-type mouse embryos were collected and processed for frozen sections as previously reported (sections were air-dried for 10 min at room temperature, and stored at −20°C) (Hisatsune et al., 2013). Immunofluorescent staining was performed using frozen sections following standard protocols. Antibodies used included rabbit anti-ITPR1 (1:250, IP3 receptor 1 polyclonal antibody, Invitrogen, United States) (Gennarino et al., 2015; Garland et al., 2017) and goat anti-Rb IgG (1:1,000, Alexa Flour 488, Invitrogen, United States).



Zebrafish Morpholino Injections


Zebrafish Maintenance and Morpholino Injections

Adult wild-type zebrafish were maintained at 28.5°C in a 14 h light/10 h dark cycle. Five to six pairs of zebrafish were set up for natural mating. On average, 200–300 embryos were generated. Embryos were maintained at 28.5°C in fish water (0.2% Instant Ocean Salt in deionized water). The zebrafish facility at Shanghai Research Center for Model Organisms is accredited by the Association for Assessment and Accreditation of Laboratory Animal Care (AAALAC) International.

Morpholino (MO) was designed using GeneTools2. The sequences of the itpr1b translation-blocking and splice-blocking MOs were 5′-CATCTTGTCCGACATTTTGCTCCAC-3′ (ATG-MO) and 5′-TGACAAAGCACAAGTGAACTCACGT-3′ (E4I4-MO), respectively (Supplementary Figure 1A). The sequence for the standard control MO was 5′-CCTCTTACCTCAGTTACAATTTATA-3′ (Gene Tools). Antisense MOs were microinjected into fertilized one-cell to-two cell stage embryos according to standard protocols. The amount of the MOs used for injection is as follows: Control-MO and e4i4-MO, 4 ng per embryo; ATG-MO, 4 ng per embryo. The zebrafish were collected at 120 h post-fertilization (hpf). The effectiveness of itpr1b knockdown (itpr1b-e4i4-MO) was confirmed by RT-qPCR at 120 hpf (Supplementary Figure 1B).




Calcein Staining for Zebrafish

At the end of treatment, 120 hpf zebrafish were washed with fish water three times and immersed in a 0.2% calcein solution for 10 min. Next, zebrafish were rinsed thoroughly in fish water three times (5 min/wash) and anesthetized with 0.016% MS-222 (tricaine methanesulfonate, Sigma-Aldrich, Germany). Zebrafish were then oriented on the ventral side and mounted with 3% methylcellulose (Sigma-Aldrich, Germany) in a depression slide for observation by fluorescence microscopy (Du et al., 2001; Hosen et al., 2013). Larvae were analyzed with a Nikon SMZ 1500 Fluorescence microscope and subsequently photographed with digital cameras. The relative fluorescence intensity (RFI) of head skeleton bone mass per animal was quantified using morphometric analysis (NIS-Elements D3.1, Japan). To optimally visualize the expression patterns, a subset of images was adjusted for brightness, contrast, hue, and saturation with Adobe Photoshop 7.0 software (Adobe, United States). Ten animals for each treatment were quantified and the total signal per animal was averaged.



Quantitative Real-Time PCR for Zebrafish

Total RNA was extracted from 30 to 50 embryos per group in Trizol (Roche, United States) according to the manufacturer’s instructions. RNA was reverse transcribed using the PrimeScript RT reagent Kit with gDNA Eraser (Takara, Japan). Quantification of itpr1b expression was performed in triplicates using the Bio-rad iQ SYBR Green Supermix (Bio-rad, United States) with detection on the Realplex system (Eppendorf, United States). Relative gene expression quantification was performed based on the comparative threshold cycle method (2–ΔΔCt) using ef1α as an endogenous control gene. Primer sequences of itpr1b: forward-GTAAG CTGCTGGGAACGGTGAT and reverse-TGTAGAAGGGC TGGATGTAAA. Primer sequences of ef1α (internal control): forward-GGAAATTCGAGACCAGCAAATAC, reverse-GATAC CAGCCTCAAACTCACC. Primer sequences for plcb4 in qRT PCR: forward-TCCGATGACGTGCCTGAAAA, and reverse-GAAGAGCTCCTCGATGTCGG. Primer sequences of dlx5: forward-ACTATGGATATGTGACTCAAGGC and reverse-TGTGACTTGTGAACGGTGCT. Primer sequences of dlx6: forward-ACCGTTTCCAGCAGACTCAAT and reverse-ACCGTTTCCAGCAGACTCAAT.




RESULTS


Manifestations of Proband and His Father With HM

The proband was a 6-year-old male at the time of enrollment in the study. The major clinical phenotypes included gross facial asymmetry, left ear microtia, absence of left ear canal and conductive hearing loss, dysfunction of the zygomatic branch of the left facial nerve, and macrostomia on the left side (Figures 1A–D). Because the osteogenesis distraction procedure was performed on the affected side of the proband to correct his facial asymmetry, a craniofacial computed tomography (CT) scan was acquired. CT images documented the absence of the left parotid gland and hypoplastic left masseter (Figure 1K). Consistent with his ear deformity, a CT scan also indicated stenosis of the left auditory canal (Figure 1J). A reconstructed craniofacial 3D model revealed his left orbit was smaller and superior dislocated (Figures 1I,J). The left temporomandibular joint was dysmorphic, the residual condyle was flat, the coronal process was missing, and the mandibular ramus was shorter (Figures 1I–L).
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FIGURE 1. Phenotype and pedigrees of the proband with ITPR1 mutation. (A–H) Photos of the proband and his father, note the facial asymmetry, microtia (white arrowhead), dysfunction of the zygomatic branch of the facial nerve (black arrowhead), proband also suffered from macrostomia (star). (I–L) Facial CT scans with bone reconstruction and panoramic film of the proband showed hypoplasia of the left mandible ramus (black arrow) and the soft tissues (white arrow). (M) Pedigrees of the family, the proband, proband’s father, the proband’s great grandfather diagnosed with HM. (N–P) Sanger sequencing verified the mutation in the proband (N), his father (O), and proband’s mother. (Q–T) Molecular modeling by PDB’s information, blue indicates the suppressor domain, cyan represented IP3 binding core, green, orange, and red represented α-helical domain 1, 2, and 3, respectively. White indicates the point of a missense mutation, (R) leucine of the wild-type, which is a short-chain amino acid, (S) to proline (mutant), which has a benzene ring. (T) Domain illustration of ITPR1. (U) Alignment of amino acids, spanning 14 residues in diverse species, showing that this position is highly conserved (highlighted with red circle).


Proband’s father had a minor but similar phenotype to the proband (son): slightly facial asymmetry, smaller mandible on the right side, right auricular deformity (post-ear-reconstructed surgery), right congenital aural atresia, dysfunction of the zygomatic branch of the right facial nerve (Figures 1E–H). The father has two healthy siblings. The father recalled his grandfather on his mother’s side, who had passed away, shared a similar phenotype that includes auricular deformity on the left side, facial asymmetry, though the degree was unknown. The father’s mother and her four siblings are healthy without observable facial deformity (Figure 1M).



Genetic Analysis Indicated ITPR1 Mutation Could Be the Cause of HM

To investigate the genetic underpinnings for the HM phenotype in the proband and his father, we performed whole-exome sequencing (WES) analysis on the proband and his parents. Sequence analysis revealed a total of 508 variants in the proband, among which 125 were un-recorded in the normal human gene bank (1000 genes, ExAC). In those 125 variants, only five variants were shared by both the father and the son (Table 1). Further analysis suggested that only the variants associated with two genes, inositol 1,4,5-triphosphate receptor, type 1 (ITPR1:NM_ 001099952:c.5975T > C:p.Leu1992Pro, ITPR1:NM_001168272: c.6074T > C:p.Leu2025Pro, ITPR1:XM_005265108:c.6122T > C:p.Leu2041Pro), and Rap guanine nucleotide exchange factor (GEF) 2 (RAPGEF2, NM_014247:exon23: c.4218_4218delinsCA) were considered to be pathogenic (Table 2). The RAPGEF2 mutation detected by WES was a frameshift mutation. And the non-synonymous mutation in ITPR1 detected by WES was predicted to be detrimental by both SIFT3 (Sim et al., 2012) and polyphen24. We subsequently performed Sanger sequencing of ITPR1 and RAPGEF2 in all three family members to validate these potentially pathogenic mutations. However, only the heterozygous variant in ITPR1 was verified (Figures 1N–P). Therefore, we reasoned that the ITPR1 mutation was the most probable candidate underlying the HM phenotype in the proband. To further understand the functional impact of the mutation, we performed molecular modeling of the ITPR1 structure. Molecular modeling of ITPR1 illustrated that the mutation is located in the HD3, with a proline replacing the original leucine residue, potentially affecting the function of the protein (Figures 1Q–T).


TABLE 1. Filtering strategy for trio exome.

[image: Table 1]

TABLE 2. In silico predictions for variant.
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Itpr1 Expression in Craniofacial Region

To further understand ITPR1’s relationship with HM, we investigated the expression pattern of Itpr1 by performing immunofluorescence in mouse embryos. At E11.5, right before the maxilla and mandible begin to merge, we could detect the expression of ITPR1 in both the first and second branchial arches, including the mandibular and maxillary processes, nasal pits, otocyst, and facial-acoustic (VII-VIII) ganglia (Figure 2A). By E13.5, ITPR1 was strongly expressed at the face region, including the teeth bud, the epithelial layer of palate shelves, mandible, and Meckel’s cartilage (Figures 2B–D). These results revealed ITPR1’s role in craniomaxillofacial and accord with the phenotypes of the proband and his father.
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FIGURE 2. Expression pattern of ITPR1. (A) At E 11.5, ITPR1 is expressed in the frontonasal process, first branchial arch, and second branchial arch, like the mandibular process, nasal pit, otocyst, trigeminal (V) ganglia, and facial-acoustic (VII-VIII) ganglia. (B) By E13.5, ITPR1 shows significant expression at the craniofacial region, like the tooth bud, mandibular mesenchyme, (C) epithelial layer of palate shelves, and (D) Meckel’s cartilage. ITPR1 is marked in green fluorescence. DNA was stained by DAPI and is marked in blue fluorescence. Abbreviations are as follows: f.p, frontonasal process; f.n, nasal pit; m.p, mandibular process; o, otocyst; t.g, trigeminal (V) ganglia; f.g, facioacoustic (VII-VIII) ganglia; p, palate, t, tongue; t.b, tooth bud; m.c, Meckel’s cartilage; m.d, mandible.




Functional Analysis of the ITPR1 Variants in Zebrafish

Zebrafish is a powerful animal model for screening and validating gene mutations (Adamson et al., 2018). The zebrafish homolog of the human ITPR1 gene, itpr1b, exhibits high sequence identity (87.4% of the protein sequence and 76.1% of the DNA sequences) with its human counterpart. Itpr1b expression was monitored by qRT-PCR at six embryo developmental stages (6 hpf, 24 hpf, 48 hpf, 72 hpf, 96 hpf, 120 hpf, hpf is short for hours post-fertilization). We found that the transcription of itpr1b started to be induced at 72 hpf, significantly increased at 96 hpf, and remained elevated at 120 hpf (Figure 3S). We further examined the temporal pattern of the head skeleton formation in zebrafish. No calcification signals could be detected in zebrafish embryos up to 96 hpf. At 120 hpf, calcification signals became apparent and restricted to the head (Figures 3D,G,M,P). These findings suggest that itpr1b may play an important role in craniofacial bone calcification, as most of the head skeleton begins to form from 96 hpf to 120 hpf (Du et al., 2001; Hosen et al., 2013).
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FIGURE 3. Gross morphology of zebrafish with itpr1b knocked down at 5-dpf. Lateral view of control MO-injected zebrafish embryos and embryos injected with itpr1b morpholino oligonucleotides (MO) (A–I). Calcium staining by calcein in MO-control, MO-itpr1-e4i4, and MO-itpr1-ATG morphants at 120 hpf (hours post-fertilization). Both MO-itpr1-e4i4, MO-itpr1-ATG morphants showed bimaxillary retrognathia [(A–C), red arrowed indicated the upper jaw, blue arrowed indicated the lower jaw]. The gut is filled with calcein (D–I,M–R). Fluorescent signals were apparent in 120-hpf embryos and restricted to the head skeleton (D–I,M–R). For MO-itpr1-e4i4 and MO-itpr1-e4i4 morphants, Meckel’s cartilage can barely be recognized [blue arrowhead, (E,F,H,I)]. From the ventral view (J–R), scoliosis can be observed in MO-itpr1-ATG (black arrowhead), Meckel’s cartilage is undistinguished (blue arrowhead). Fluorescent signals were greatly reduced in palatoquadrate and ethmoid and ectopterygoid. (S) itpr1b expression was induced in 72-hpf embryos, further increased at 96 hpf, and remained elevated at 120 hpf. (T) Graph presenting the quantification of the relative fluorescence intensity (RFI) of head skeleton bone mass (N = 10, ANOVA, ***P < 0.001). (U) Graph presenting the quantification of the inhibit rate (IR) of head skeleton bone mass (N = 10, ANOVA, ***P < 0.001). The region used to calculate bone mass is shown in panel (G) highlighted with the dashed rectangle. mc, Meckel’s cartilage; pq, palatoquadrate; ec, ectopterygoid; e, ethmoid.


Transient knockdown of itpr1b with either MO-iptr1b-ATG (translation blocking) or MO-itpr1b-e4i4 (splice blocking) at 120 hpf (Supplementary Figure 1A) resulted in severe defects in head skeleton morphology. Compared with control MO, zebrafish injected with MO-itpr1b-ATG and MO-itpr1b-e4i4 exhibited retrognathia (sizes of both upper and lower jaw were reduced), vertebral defects such as scoliosis (Figures 3A–C,J–L), with the ratios of skeletal deformation elevated to 61.54% and 31.46%, respectively (Table 3). Meckel’s cartilage, palatoquadrate, ethmoid, and ectopterygoid were easy to distinguish in the control by calcein staining, while in the MO-iptr1b-ATG and MO-itpr1b-e4i4, the fluorescent signals could be hardly detected (Figures 3D–I,M–R). Scoliosis can also be observed in MO-iptr1b-ATG and MO-itpr1b-e4i4 groups, with lower penetrance compared with craniofacial deformities (Figure 3L). We randomly selected 10 zebrafish from each group (for MO-iptr1b-ATG and MO-itpr1b-e4i4 groups, only those showing defects were chosen) for quantification evaluation after imaging (Figure 4). Quantification of the relative fluorescence intensity (RFI) of head skeletal bone indicated a significantly decreased skeleton bone mass in the mutant groups (Figures 3T,U).


TABLE 3. Embryos with defects in zebrafish.
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FIGURE 4. Zebrafish have been picked up to take photos and calculate the craniofacial skeleton mass.


We further demonstrated that ITPR1 regulates skeletal development via modulation of the EDN-PLC-DLX5/6 regulatory axis. EDN1 (endothelin 1, MIM 131240) and its G protein-coupled receptor EDNRA (endothelin receptor A, MIM 131243) play important roles in mandibular development (Tavares et al., 2012; Kim et al., 2013; Gordon et al., 2015). EDNRA activates PLCB4 (phospholipase C beta 4), which cleaves the PIP2 and triggers the PLC signaling cascade (Marinissen and Gutkind, 2001), leading to the expression of key transcriptional regulators of skeletal development, such as Dlx5 and Dlx6. In zebrafish, mutations of edn1 could lead to a reduction in lower jaw size (Miller et al., 2000; Kimmel et al., 2003). The deletion of Edn1 or Ednra1 in mice can result in severe mandibular deformity, as mandibular arch-derived structures transform into maxillary-like structures (Sato et al., 2008; Tavares et al., 2012). PLCB4, EDN, and EDNRA are closely related to human auriculocondylar syndrome (ACS, MIM #614669, #602483, #615706), which shares similar phenotypes with OAVS like ear and mandibular deformities (Rieder et al., 2012; Romanelli Tavares et al., 2017), suggesting a functional link with ITPR1.

The mRNA level of plcb4 increased in the MO-iptr1b-ATG and MO-itpr1b-e4i4-treated zebrafish compared to the control (Figure 5A), which may indicate a compensatory effect in response to the ITPR1 deficiency. Since ITPR1 is a calcium gate in the PLC (phospholipase C) signaling pathway, we examined whether the knockdown of ITPR1 affects PLC signaling and the expression of DLX5/DLX6. By performing qRT-PCR, we confirmed that the transcripts levels of dlx5 and dlx6 were reduced in zebrafish treated with MO-iptr1b-ATG and MO-itpr1b-e4i4 (Figures 5B,C). Thus, ITPR1 may profoundly influence the activity of the EDN-EDNRA-DLX5/DLX6 pathway.
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FIGURE 5. ITPR1 involved in the EDN-PLC-DLX5/6 axis. (A) qRT-PCR analysis of plcb4 expression in zebrafish with itpr1b knockdown was shown, plcb4 transcripts increased in both MO-itpr1-e4i4 and MO-itpr1-ATG morphants. The relative transcript level was calculated as fold change using the 2– ΔΔCt method (ANOVA) (N = 5). (B,C) dlx5 and dlx6 transcripts decreased in both MO-itpr1-e4i4 and MO-itpr1-ATG morphants. (ANOVA, N = 5).





DISCUSSION

In the present study, we identified a missense mutation in the ITPR1 gene in a family with HM. ITPR1 is an intracellular IP3 (inositol 1,4,5 triphosphate)-gated calcium ions channel. In fish, amphibians, and mammals, three paralogs of ITPR can be identified (ITPR1, ITPR2, ITPR3), among which ITPR1 is the most widely expressed paralog (Gerber et al., 2016). Although the expression pattern of various ITPR subtypes overlap, the heterogeneity in sequences suggests that ITPRs are functionally diverse (Smutzer et al., 1997). ITPR1 releases Ca2+ from the endoplasmic reticulum into the cytosol by responding to IP3, which is cleaved from phosphatidylinositol (PIP2) in a G protein-dependent manner (Marinissen and Gutkind, 2001; Decuypere et al., 2015). ITPR1 is usually composed of six domains, which include an N-terminal suppression domain (SD), IP3 –binding core (IBC), three curvature α-helical domains 1–3 (HD1-3), and a calcium channel domain (Figure 1T; Hamada et al., 2017). Among all the HD domains, the HD3 domain has been suggested to be the most essential for ITPR1 function, as it connects to the calcium channel domain (Hamada et al., 2017). The mutation in ITPR1 of the proband and his father reported in this study was located at a position in the HD3 domain that is highly conserved among the nine species we had studied (Figure 1U), strongly suggesting that the mutation may lead to ITPR1 dysfunction during human embryo development.

ITPR1 has been widely studied in the nervous system, and linked to human spinocerebellar ataxia 15 (MIM 606658), Gillespie syndrome (MIM 206700), and spinocerebellar ataxia 29 (MIM 117360) (van de Leemput et al., 2007; Das et al., 2017). However, the role of ITPR1 in craniofacial bone development has not been explicitly studied. A previous study showed that the expression of ITPR1 can be detected as early as 5.5 pdc in mouse embryos (Rosemblit et al., 1999). ITPR1 is expressed in first and second branchial arches during embryonic development, especially in the mandibular process, otocyst, and facial-acoustic (VII-VIII) ganglia. The phenotypes of the proband and his father are restricted in the locations where ITPR1 expresses during embryonic development, suggesting that ITPR1 may be functionally involved in craniofacial development.

We further assessed the function of ITPR1 in craniofacial skeletal development via genetic manipulation in zebrafish. The expression of itpr1b, a zebrafish homolog to human ITPR1, can be detected at 6 hpf. itpr1b expression was the highest from 96 hpf to 120 hpf, a period important for calcium deposition during craniofacial skeleton bone formation (Hosen et al., 2013). Two MOs were designed to downregulate itpr1b expression in zebrafish, with one targeting ATG (MO-itpr1b-ATG) to block ribosome from assembling and the other modified mRNA translation by targeting exon 4 (MO-itpr1b-e4i4). We found the skeleton mass of the head decreased in both MO-itpr1b-ATG and MO-itpr1b-e4i4, especially in structures related to the Meckel’s cartilage and the palatoquadrate. Some of the zebrafish also suffered from scoliosis, further indicating craniofacial skeleton deformation. These results revealed the important role of ITPR1 in craniofacial bone formation, especially calcium deposition. Consistently with these findings, spine deformities are also common in HM patients (Caron et al., 2017).

We further show that ITPR1 is involved in the EDN-PLC-DLX5/6 regulatory axis. PLCB4 is a core molecule in G protein-PLC signaling. After being activated by cell surface receptors (e.g., EDNRA), PLCB4 will cleave the PIP2 and regulate the opening of the ITPR1-calcium channel (Marinissen and Gutkind, 2001), eventually leading to transcription activation of Dlx5/6 (Rieder et al., 2012; Figure 6A). Plcb4–/– mutant mice exhibited cerebellar hypoplasia and ataxia (Miyata et al., 2001), closely mirroring neuronal phenotypes associated with IPTR1 mutations, indicating a functional connection between IPTR1 and PLCB1. The EDN-PLC-DLX5/6 regulatory axis plays an important role in craniofacial development. Each targeted mutation of Edn1, Ednra, and G protein alpha subunits (Gαq) in mice led to a reduction in jaw size (Ivey et al., 2003; Yanagisawa et al., 2003; Ozeki et al., 2004; Vieux-Rochas et al., 2010). Notably, EDN1 and PLCB4 mutations are linked to human ACS (Rieder et al., 2012; Gordon et al., 2013; Romanelli Tavares et al., 2017), which exhibits a typical phenotype including micrognathia, small mandibular condyle, and auricular malformation with a question mark earlobe (Gordon et al., 2013; Kido et al., 2013). The phenotypes of ACS are commonly observed in HM patients, suggesting the defects in EDN-PLC-DLX5/6 signaling may underlie the craniofacial defects in HM. Here we show that the downregulation of itpr1b in zebrafish led to the upregulation of plcb4, while downregulating Dlx5 and Dlx6. Taken together, we suggest that ITPR1 is involved in the EDN-PLC-DLX5/6 axis. The increase of PLCB4 expression may stimulate the capacity of ITPRs to release the calcium from the endoplasmic reticulum, thus serving as a compensatory mechanism to the deficiency of ITPR1.
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FIGURE 6. ITPR1 is involved in different pathways. (A) It has been illustrated by several reports that the EDN-EDNRA-G protein αq-DLX5/6 axis has important roles in mandible formation. EDN binds to receptor EDNRA, a G-protein that can activate PLCB4. PLCB4 splits PIP2, membrane-bound phospholipids, into DAG and IP3. IP3 binds to its receptor ITPR1, a calcium release channel, to allow the passage of calcium to move through. Calcium works to activate PKC and Rap, and stimulate MAPK signaling, which can regulate Dlx5 and Dlx6 expression. (B) The network of protein-protein interaction is shown, produced by STRING software (https://string-db.org), including ITPR1 and its closest partner PLCB4. EDN1 and EDNRA genes may be involved in craniofacial development especially those reported as a causative protein of human mandibular deformities, and among those with gene mutation have been reported in HM patients, like MYT1 and EFTUD2.


Craniofacial development is a highly sophisticated process. A lot of genes and pathways, such as DLXs, FGFs, WNT, EDN, HH, and SIXs, have been shown to play important roles in craniofacial development (Figure 6B; Minoux and Rijli, 2010; Garcez et al., 2014). HM exhibits a wide spectrum of phenotypes involving different organs, in which the phenotypes of each organ can range from minor to severe in patients. A large number of chromosomal anomalies have been identified in patients with HM. However, the main genetic causes for HM remain obscure. We speculate that the phenotypic variability of HM may stem from the inherent redundancy and complex genetic interactions among the genes involved in craniofacial development. Though mutations in genes could lead to hereditary susceptibility of HM. In most cases, the heredity deformation could be rescued by homolog genes and compensatory genetic by-paths. In this study, knockdown of itpr1b in zebrafish resulted in highly variable jaw deformation ratios ranging from 31.46% to 61.45%. Though these variations may be partially caused by variations in experimental manipulation, it could also indicate the complex genetic interactions in EDN-PLC-DLX5/6 signaling. Consistent with this notion, Plcb4 mutation in mice can cause ataxia, but human patients, diagnosed with ACS, showed no sign of ataxia. Furthermore, ITPR1 mutation in humans can cause Gillespie syndrome or ataxia, while in our HM family no ataxia can be observed, suggesting that ITPR1’s function in the central neural system may be complemented by other ITPR family members or pathways. Therefore, interruption of EDN-PLC-DLX5/6 signaling can be partly, or even totally, rescued in some cases through compensatory mechanisms, resulting in a high degree of phenotypic and pathological variability.

We note that only a small number of patients are involved in this study. However, as the causative of HM is still under dispute, we think our study is still valuable in that it provides a novel candidate gene - ITPR1 and demonstrated its function in skeletal development in zebrafish. Future investigations in mouse models defective in IPTR1 will further reveal the roles of ITPR1 in craniofacial development and the pathological manifestation of HM.



CONCLUSION

We reported the identification of a mutation occurring at a conserved location in the ITPR1 gene in a HM family. Dysfunction of ITPR1 can affect the branchial arch development and contribute to craniofacial deformities. ITPR1 is involved in the regulation of the EDN-PLC-DLX5/6 signaling axis.
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Down syndrome (DS) is a common genetic condition in which a person is born with an extra copy of chromosome 21. Intellectual disability is the most common characteristic of DS. N6-methyladenosine (m6A) is a common RNA modification that is implicated in many biological processes. It is highly enriched within the brain and plays an essential role in human brain development. However, the mRNA m6A modification in the fetal brain of DS has not been explored. Here, we report m6A mRNA profiles and mRNA expression profiles of fetal brain cortex tissue from DSs and controls. We observed that the m6A modification in DS brain tissues was reduced genome-wide, which may be due to decreased the m6A methyltransferase like 3 (METTL3) protein expression. The nuclear receptor-interacting protein 1 (NRIP1/RIP140) is coded by a highly conserved chromosome 21 (Hsa21) gene. Overexpression of NRIP1 is associated with mitochondrial dysfunction in DS. The NRIP1 mRNA increased in fetal brain tissues of DS, whereas the m6A modification of the NRIP1 mRNA significantly decreased. METTL3 knockdown reduced the m6A modification of NRIP1 mRNA and increased its expression, and an increase in NRIP1 m6A modification and a decrease in its expression were observed in METTL3-overexpressed cells. The Luciferase reporter assay confirmed that METTL3 regulates NRIP1 expression in an m6A-dependent manner. The decay rate of NRIP1 mRNA was significantly reduced in METTL3-knockdown cells but increased in METTL3-overexpressed cells. We proposed that the m6A modification of NRIP1 mRNA in DS fetal brain tissue is reduced, reducing its transcript degradation rate, resulting in abnormally increased expression of NRIP1, at least partially, in the DS brain. It provides a new mechanism for the molecular pathology of DS and leads to a new insight that may become therapeutically relevant.
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INTRODUCTION

N6-methyladenosine (m6A) is one of the most common and abundant internal modifications in polyadenylated mRNAs and long non-coding RNAs and plays critical roles in diverse biological processes (Cao et al., 2016; Li et al., 2017; Chen et al., 2019). The methylation of adenosine is catalyzed by an m6A methyltransferase complex containing METTL3 (methyltransferase like 3) and METTL14 (methyltransferase like 14). The demethylation is catalyzed by m6A demethylases FTO (ALKBH9) and ALKBH5. The methylation and demethylation dynamically control the RNA life cycle, affecting transcription, mRNA transport, splicing, stability, transcript abundance, and translation (Fu et al., 2014). It was reported that the m6A was highly enriched with the brain and markedly increased during human brain development (Meyer et al., 2012). The m6A profiling analysis of several fetal tissues, including the brain, revealed a dynamic m6A methylation landscape during human fetal development (Xiao et al., 2019). The m6A was predominantly enriched in transcripts related to neurogenesis and neuronal development (Chen et al., 2019). The characteristic of m6A in the brain suggested that it plays a critical role in brain development (Li et al., 2019).

Aberrant m6A modification has been linked to many diseases. ALKBH5-deficient male mice displayed an increased m6A in mRNA and impaired fertility resulting from increased apoptosis of spermatocytes (Zheng et al., 2013). The m6A modification has been reported related to major depressive disorder (Du et al., 2015), fragile X syndrome (Zhang et al., 2018), acute myeloid leukemia (Kwok et al., 2017), and Alzheimer disease (Han et al., 2020). Down syndrome (DS), or trisomy 21 (MIM: 190685), is the most common aneuploidy caused by triplication of human chromosome 21. One of DS’s common characteristics is an intellectual disability and early onset of Alzheimer disease (Wisniewski et al., 1985). The development of the brain in DS has been extensively studied (Dierssen, 2012; Lee et al., 2016; Shi et al., 2016; Arai et al., 2019), but the role of m6A in it is unclear.

Nuclear receptor-interacting protein 1 (NRIP1), also known as receptor-interacting protein 140 (RIP140), is encoded by the NRIP1 gene located on human chromosome 21. NRIP1 is a key regulator that modulates the transcriptional activity of many transcription factors, including the estrogen receptor. NRIP1 is expressed in the cortical and hippocampus areas of the brain, which is essential for maintaining cognitive functions (Nautiyal et al., 2013). Overexpression of NRIP1 is associated with DS, cancer, inflammation, and Alzheimer disease (Nautiyal et al., 2013; Izzo et al., 2014; Lapierre et al., 2015; Blondrath et al., 2016). In DS, NRIP1 is a key gene in regulating the mitochondrial pathway, and it is a good candidate for a potential therapeutic target (Izzo et al., 2014).

In this study, we profiled m6A modification of the human fetal cerebral cortex and identified the different m6A-modified transcripts between DS and control. We observed that the m6A modification in DS brain tissues was reduced in genome-wide, and the m6A methyltransferase METTL3 protein expression decreased in the samples. We have found a significant increase of NRIP1 transcript accompanied by a reduction in m6A modification levels in the fetal DS cortex tissues. Further experiments showed that the m6A methyltransferase METTL3 regulated NRIP1 expression in an m6A-dependent manner. The dysregulated NRIP1 was affected by METTL3 via regulating mRNA stability. This study provided a new mechanism to explain the abundance of NRIP1 in the DS brain, implicating the role of the RNA m6A modification in DS pathology.



MATERIALS AND METHODS


Tissue Collection

All aborted fetuses were obtained after the donors signed a written informed consent. Three fetuses in the second trimester of pregnancy that were diagnosed as DS or two fetuses that were diagnosed as diploid via karyotype analysis were collected, respectively (18–25 gestational weeks). Cerebral cortex was dissected from these fetuses.



m6A Methylated RNA Immunoprecipitation–Seq Assay and Data Analysis

N6-methyladenosine methylated RNA immunoprecipitation (MeRIP)–seq was carried out as described somewhere with modification (Dominissini et al., 2013). Specifically, total RNA was extracted with Trizol (Invitrogen). Polyadenylated RNA was isolated by Sigma GenElute mRNA Miniprep kit. Purified mRNA was randomly fragmented via RNA fragmentation Reagents (Millipore). m6A antibody (Synaptic Systems) was incubated with Magnetic Beads A/G Blend (Millipore). Afterward, fragmented mRNA was added to m6A antibody–beads mixture. The eluted RNA was extracted with acid phenol followed by standard ethanol precipitation. Then next-generation sequencing was carried out both on m6A IP and input samples. In brief, the TruSeq Stranded mRNA Sample Prep Kit (Illumina) was used for library preparation, and then the library was deeply sequenced on an Illumina HiSeq platform.

Raw data of each sample were trimmed by the Trimmomatic software to remove adaptor and low-quality bases. Then, the reads greater than 50 bp were aligned to the human genome hg19 reference. m6A peaks were called by MACS2 with the corresponding input sample worked as control. The motifs enriched in m6A peaks were analyzed by HOMER. The enrichment score was calculated via dividing the RPM in MeRIP-seq by input RNA-seq. m6A peaks were identified as differential m6A peaks as the fold change of m6A enrichment score was greater than 2. Distribution of m6A peaks were visualized by Integrative Genomics Viewer.



RNA-Seq and Data Analysis

Total RNA was extracted with Trizol (Invitrogen). Poly(A) RNA purification was performed via GenElute mRNA Miniprep kit (Sigma). Library construction was conducted by TruSeq Stranded mRNA Sample Prep Kit (Illumina) and then sequenced on the Illumina HiSeq system.

Raw reads of each sample were trimmed to remove adaptor sequences and low-quality bases. The reads of RNA-seq were normalized using Cufflinks. Differentially expressed genes (DEGs) were identified by cuffdiff. DEGs were identified with fold change greater than 2 and adjusted p-value less than 0.05 as the thresholds. Gene Ontology (GO) analysis was performed via DAVID online.



Cell Culture, Transfection, Plasmid, and siRNAs

HepG2 and HEK293T cell lines were purchased from Cell Bank of Chinese Academy of Sciences (Shanghai). HT22 was purchased from iCell Bioscience (Shanghai). HEK293T, HepG2, and HT22 cells were maintained in Dulbecco modified eagle medium supplemented with 10% fetal bovine serum and 1% PS (penicillin and streptomycin) under standard culture conditions (5% CO2, 37°C). Cell transfection was carried out essentially as described previously (Shi et al., 2016). pCMV3-METTL3, pCMV3-METTL14, pCMV3-YTHDF3, and pCMV3 control vectors were purchased from Sino Biological (Beijing). The catalytic mutant METTL3, pCMV3-METTL3-MUT, was generated via mutating the residues of 395–398 (D395A and W398A). The mutant primers were synthesized as follows: forward 5′-AGTTGTGATGGCTGCCCCACCCGCGGATATTCACATGGA ACTG-3′; reverse 5′-CAGTTCCATGTGAATATCCGCGGGTGG GGCAGCCATCACAACT-3′. The polymerase chain reaction (PCR) product was digested with DpnI, and then transformation was further performed to generate the mutant METTL3. METTL3-siRNAs and negative control siRNA were purchased from RiboBio (Guangzhou). METTL3 siRNA 1 with target sequence: 5′-CTGCAAGTATGTTCACTATGA-3′; METTL3 siRNA 2 with target sequence: 5′-AGGAGCCAGCCAAGAAAT CAA-3′; METTL3 siRNA 3 with target sequence: 5′-GCACTTG GATCTACGGAAT-3′. Mettl3 siRNA 1 with target sequence: 5′-TCGGACACGTGGAGCTCTA-3′; Mettl3 siRNA 2 with target sequence: 5′-CTGGACGTCAGTATCTTGG-3′; Mettl3 siRNA 3 with target sequence: 5′-CCACTCAAGATGGGGTAGA-3′.



Quantitative Real-Time PCR

Total RNA was extracted using Trizol (Invitrogen) and used for synthesis of cDNA by RevertAid First Strand cDNA Synthesis Kit (Thermo Scientific) according to manufacturer’s instruction. cDNA was synthesized and served as templates to perform quantitative PCR (qPCR) with SYBR Green Master Mix (Applied Biosystems) on Applied Biosystems Stepone Real-Time PCR System. The expression of the housekeeping gene GAPDH was used as an internal control. Primers are as follows: METTL3 forward: 5′-CAAGCTGCACTTCAGACGAA-3′; METTL3 reverse: 5′-GCTTGGCGTGTGGTCTTT-3′; GAPDH forward: 5′-GTCT CCTCTGACTTCAACAGCG-3′; GAPDH reverse: 5′-ACCACC CTGTTGCTGTAGCCAA-3′; NRIP1 forward: 5′-GGATCAGGT ACTGCCGTTGAC-3′; NRIP1 reverse: 5′-CTGGACCATTACTT TGACAGGTG-3′. Mettl3 forward: 5′-CTGGGCACTTGGA TTTAAGGAA-3′; Mettl3 reverse: 5′-TGAGAGGTGGTGTAG CAACTT-3′; Nrip1 forward: 5′-AGCAGGACAAGAGTCACAG AAAC-3′; Nrip1 reverse: 5′-TGTGATGATTGGCAGTATC TACG-3′; β-actin forward: 5′-GGCTGTATTCCCCTCCATCG-3′; β-actin reverse: 5′-CCAGTTGGTAACAATGCCATGT-3′.



MeRIP–Quantitative PCR

The MeRIP-qPCR assay was conducted according to the instructions of standard protocol of EpiMark N6-Methyladenosine Enrichment Kit (NEB). Briefly, the RNA from cerebral cortex or cell lines was used for m6A immunoprecipitation with m6A antibody. The immunoprecipitated RNA was further reverse transcribed via RevertAid First Strand cDNA Synthesis Kit (Thermo Scientific) and then analyzed by qPCR analysis. The primers were the same as the primers used in quantitative real-time (RT)–PCR analysis.



Western Blotting

Western blotting was performed as described previously (Shi et al., 2015). Specifically, proteins were separated by sodium dodecyl sulfate–polyacrylamide gel electrophoresis. Antibodies for detecting protein were diluted at 1:1,000 for anti-METTL3 antibody (Abcam), anti-FTO antibody (Abcam), an anti-NRIP1 antibody (Abcam), an anti-Mettl3 antibody (Abcam), an anti-Nrip1 antibody (Abcam), and 1:5,000 for anti-β-ACTIN antibody (Abcam). The horseradish peroxidase–labeled secondary antibody (Abcam) was diluted at 1:10,000 and detected with enhanced chemiluminescence NcmECL Ultra kit (NCM Biotech, China).



RNA Stability Assays

HEK293T cells were transfected with pCMV3-METTL3 or METTL3 siRNAs in a 12-well plate. Twenty-four hours later, the cells were treated with actinomycin D at a final concentration of 5 μg/mL and were collected at different time points. The cells were collected, and total RNAs were extracted for reverse transcription, and levels were measured by quantitative RT-PCR. NRIP1 mRNA levels were plotted after normalization against GAPDH.



Dual-Luciferase Reporter and Mutagenesis

Wild-type NRIP1 5′ UTR or mutant NRIP1 5′ UTR (m6A was replaced by T) was inserted into upstream of psiCHECK2 dual-luciferase vector. For dual-luciferase reporter assay, cells seeded in 24-well plates were cotransfected with wild-type or mutant NRIP1–5′ UTR and METTL3 or control, respectively. Forty-eight hours after transfection, the activities of firefly luciferase and Renilla luciferase in each well were tested via Dual-Luciferase Reporter Assay System (Promega) according to the manufacturer’s protocol.



RNA m6A Quantification

Total RNA was extracted from cerebral cortex using Trizol (Invitrogen). The m6A RNA Methylation Quantification Kit (Epigentek) was used to detect the global m6A content in the total RNA according to manufacturer’s instruction. Two hundred nanograms of total RNA was used for each sample analysis. The absorbance was measured on a microplate reader at 450 nm. The percentage of m6A in total RNA can be calculated using the following formula: m6A% = [(sample OD – NC OD) ÷ S]/[(PC OD – NC OD) ÷ P] × 100%, where S is the amount of sample RNA in nanograms, and P is the amount of positive control in nanograms.



Statistical Analysis

The data were expressed as mean ± SD. The statistical significance of differences was analyzed using Student t-test or two-way analysis of variance with GraphPad Prism 8 (GraphPad Software). p < 0.05 was considered statistically significant.



RESULTS


RNA m6A Modification Globally Decreased in the Fetal Cerebral Cortex of DS

To explore the characteristics of m6A RNA modification in the DS brain, we collected cerebral cortex tissues of the fetuses diagnosed with DS and performed an optimized MeRIP combined with deep sequencing (MeRIP-seq). After mapping, a total of 18,280 m6A peaks were identified in the control group, and the distribution of m6Apeaks is mainly enriched near stop codons and in 3′ UTRs (Figure 1A), which is consistent with previous studies (Dominissini et al., 2012; Meyer et al., 2012). A total of 18,378 m6A peaks in the DS cerebral cortex were identified, and the distribution of m6A is the same as the control (Figure 1B). Next, we compared the m6A peaks of DSs with diploid controls. Most of the m6A peaks (15,255) were observed both in DSs and controls. A total of 3,123 and 3,025 unique m6A peaks were identified in DS fetuses and controls, respectively (Figure 1C). The distribution of the unique m6A peaks in the control samples is mainly enriched near stop codons and in 3′ UTRs, whereas the m6A unique peaks in 5′ UTRs increased in DSs (Figures 1D,E). We noticed that the m6A modification in DS tissues reduced genome-wide, and the reduction was more evident in 5′ UTR regions (Figure 1F). GO analysis showed that the differential m6A modified genes enriched mainly in nervous system development and neuroblast proliferation (Figure 1G).
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FIGURE 1. RNA m6A modification globally decreased in fetal cerebral cortex tissues of DS. (A) Distribution of m6A peaks identified by MeRIP-seq across the length of mRNA transcripts in control cerebral cortex samples. (B) Distribution of m6A peaks across the length of mRNA transcripts in cerebral cortex of DS samples. (C) Number of overlapping m6A sites on DS and control cerebral cortex RNAs. (D) Distribution of unique m6A peaks in control samples across the length of mRNA transcripts. (E) Distribution of unique m6A peaks in DS samples across the length of mRNA transcripts. (F) Violin plot depicting the transcripts containing m6A peaks on 5′ UTR was reduced in DS compare to control subjects. (G) GO analysis of differential m6A modified genes. (H) Decrease of global m6A level in total RNA isolated from DS fetal cerebral cortex compared with control via an m6A enzyme-linked immunosorbent assay kit. (I) Western blotting analysis of METTL3 and FTO in fetal brain tissues of seven DSs and two controls. The GAPDH was used as an internal control. *p < 0.05; **p < 0.01; ***p < 0.001 compared with the control group.


We quantified m6A contents in total RNAs using enzyme-linked immunosorbent assays in the DSs and controls. The m6A contents in total RNA significantly decreased in DSs (Figure 1H). To explore the mechanism of the reduction of the m6A modification in DSs, we detected the protein expression of METTL3 and FTO, two critical components of m6A modification, in the DS fetal brain tissues. The western blot data clearly showed that the m6A methylase METTL3 expression in seven DS samples decreased compared with the controls (Figure 1I). While the demethylase FTO expression increased in four of seven DS samples (Figure 1I). The increased expression of the methylase and the decreased expression of the demethylase in DS fetal brain tissues may explain, at least partially, the reduction of m6A modification in DSs. These data showed that RNA m6A modification in the DS fetal cerebral cortex decreased globally.



m6A Modification Transcripts Are Involved in Human DS Cerebral Cortex

To determine the relationship between m6A modification and gene expression, we analyzed the RNA-seq data of the same cortex tissues. Many DEGs were identified, including 1,321 upregulated and 989 down-regulated genes in DSs (Figure 2A). GO analysis showed that the DEGs were related to nervous system development, brain development, and cerebral cortex development (Figure 2B). Joint analysis of MeRIP-seq and RNA-seq data identified 113 DEGs with significantly changed m6A modification (Figure 2C). The list of these overlapped genes is shown in Supplementary Table 1. These genes are mainly enriched in the negative regulation of neuron differentiation and positive neuroblast proliferation (Figure 2D). Next, we analyzed the expression of the genes located on chromosome 21. Most of the genes on chromosome 21 were upregulated in DSs, and the expression of these genes increased by about 1.5 times, which is consistent with the gene dosage effect (Figure 2E). However, there are 39 significantly upregulated genes with more than twofold expression (Figure 2E and Supplementary Table 2). Differential highly conserved chromosome 21 (Hsa21) gene expression was globally upregulated in DS tissues. We checked the m6A modification of the 39 genes and found that NRIP1 is the only one with significantly altered m6A modification. It was reported that m6A modification is associated with mRNA stability (Fu et al., 2014; Wang et al., 2014). We speculated that the overexpression of NRIP1 partly comes from the abnormality of m6A modification.
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FIGURE 2. The change of m6A modification affected gene expression in human DS cerebral cortex. (A) Volcano plot showing log2 fold change of gene expression and corresponding adjust p-value. (B) GO analysis of differentially expressed genes identified by RNA-seq in DS cerebral cortex compared with controls. (C) Venn diagrams showing the overlap between differential m6A modified genes and differentially expressed genes between two groups. (D) GO analysis of overlapped genes identified in (C). (E) Volcano plot showing transcriptome located on chromosome 21.




m6A Modification of the NRIP1 Gene Decreased in DS Cerebral Cortex

Nuclear receptor-interacting protein 1, also known as receptor-interacting protein 140 (RIP140), is a protein that is encoded by the NRIP1 gene located on chromosome 21 in humans. NRIP1 was reported to be overexpressed in many tissues from DS fetuses, and NRIP1 protein was found unregulated in the DS hippocampus (Gardiner and Costa, 2006; Conti et al., 2007; Vilardell et al., 2011; Piccoli et al., 2013; Izzo et al., 2018). The overexpression of NRIP1 is responsible for decreased respiratory efficiency and altered morphology of mitochondria in DS fetal fibroblasts (Izzo et al., 2014). The RNA-seq data showed that NRIP1 mRNA expression was increased in DSs (Figure 3A). The qPCR assay confirmed the threefold to fivefold increase of the NRIP1 transcript in the DS cerebral cortex (Figure 3B). The NRIP1 protein also increased significantly in DSs (Figures 3C,D). However, the m6A modification in the NRIP1 mRNA was reduced twofold to threefold in DS samples (Figure 3E). The overexpression of NRIP1 in DS cannot be explained by the dosage imbalance (Conti et al., 2007; Piccoli et al., 2013; Izzo et al., 2014). It was reported that m6A-containing mRNAs undergo rapid degradation (Lee et al., 2020). We hypothesized that the NRIP1 expression is regulated by m6A modification, and its overexpression is at least partially due to the decrease of m6A modification.
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FIGURE 3. The m6A modification of NRIP1 transcripts decreased in DS cerebral cortex. (A) RNA-seq data showed that NRIP1 mRNA was significantly upregulated in DS compared with control. (B) RT-qPCR analysis confirmed that NRIP1 mRNA was increased in DS tissue. (C,D) NRIP1 protein level analyzed by western blotting in DS and control fetal cerebral cortex tissues. (E) The abundance of m6A modified NRIP1 mRNA was reduced in DS cerebral cortex compared with control sample.




NRIP1 mRNA Was a Target of m6A Methyltransferase METTL3

The METTL3 and METTL14 form a heterodimer and function as a catalytic core complex known as the m6A-METTL complex (MAC). To ascertain whether NRIP1 is a substrate of METTL3, we performed MeRIP combined with qPCR detecting the NRIP1 m6A mRNA in the METTL3-overexpressed or knockdown cells. METTL3 overexpression increased the m6A modification of NRIP1 mRNA in HEK 293T cells (Figure 4A). The Mettl3 knockdown reduced Nrip1 m6A mRNA in mouse hippocampal neuronal cells HT22 (Figure 4B). In Mettl3 knockdown HT22 cells, the Nrip1 mRNA change was undetectable, whereas the Nrip1 protein increased compared with control (Figures 4C,D and Supplementary Figure 1). Moreover, overexpression of METTL3 significantly downregulated NRIP1 protein abundance in HEK293T cells (Figures 4E,F). YTHDF3 (YTH N6-methyladenosine RNA-binding protein 3) is an m6A-binding protein, which promotes protein synthesis of m6A modified transcripts. The reduced NRIP1 protein abundance was not observed in METTL14 or YTHDF3 overexpressed cells (Figures 4E,F).
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FIGURE 4. The m6A-modification of NRIP1 transcripts was regulated by METTL3. (A) Overexpression of METTL3 induced NRIP1 mRNA methylation in HEK293T cells. (B) Depletion of METTL3 decreased abundance of m6A-modified NRIP1 mRNA in HT22 cells. (C) RT-qPCR analysis of Mettl3 in control and Mettl3 knockdown HT22 cells. GAPDH was used as an internal control. (D) Western blotting analysis of Nrip1 and Mettl3 with or without Mettl3 knockdown in HT22 cells. (E) Western blotting analysis of NRIP1 in HEK293T cells transfected with control, METTL3, METTL14, and YTHDF3 and co-transfection of METTL3 and METTL14 plasmids. (F) Quantification of western blotting for different proteins. Data were presented as mean ± SD of three independent experiments. *P < 0.05; ***P < 0.001 compared with the control group.




METTL3 Methylates NRIP1 mRNA via Recognizing the m6A Motifs in the 5′ UTR

The MeRIP-seq data showed that the m6A peaks were enriched in the 5′ UTR of NRIP1 mRNA (Figure 5A). We analyzed the sequence and found the DRACH motifs (where D = A, G, or U; R = purine; and H = A, C, or U) in the 5′ UTR region with SRAMP, an online m6A modification prediction program (Zhou et al., 2016; Figures 5B,C and Supplementary Figure 2). We inserted the 5′ UTR sequence and an m6A motif–mutated 5′ UTR (the As in the motifs were mutated to Ts) into a luciferase reporter construct, respectively, and detected the luciferase activity in transfected cells. The overexpression of the wild-type METTL3, but not catalytic mutated METTL3, substantially reduced luciferase activity around twofold in the cells transfected with the reporter containing wild-type 5′ UTR (Figure 5D and Supplementary Figure 3). The change was abrogated in the cells transfected with the mutated luciferase construct (Figure 5D). These results indicated that METTL3 regulates the expression of NRIP1 in an m6A-dependent manner.
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FIGURE 5. METTL3 mediated m6A modification of NRIP1 5′ UTR. (A) The m6A peaks are enriched in the 5′ UTR and CDS region of NRIP1 via MeRIP-seq analysis. (B) Several candidate m6A motifs on 5′ UTR of NRIP1 are predicted via SRAMP prediction online. (C) Luciferase reporter constructs containing human NRIP1 5′ UTR that have m6A motifs or mutant (A-to-G mutation) m6A sites. (D) Relative luciferase activities of HEK293T cells cotransfected with plasmids containing wild-type or mutant NRIP1 5′ UTR and METTL3 or control, respectively. Renilla luciferase activities were measured and normalized to firefly luciferase activity. Data were presented as mean ± SD of three independent experiments. **P < 0.01 compared with the control group.




METTL3 Affects the Expression of NRIP1 by Regulating mRNA Stability

Multiple cellular mechanisms contribute to changes in steady-state mRNA levels, and m6A-mediated mRNA decay is one of the major effects. To investigate whether m6A modification by METLL3 affects the NRIP1 mRNA decay, we measured the mRNA level in human embryonic kidney HEK 293T cells treated with the transcription inhibitor actinomycin D. Both NRIP1 and METTL3 are expressed in HEK293T, so we used this cell line to investigate the relationship between METTL3 and NRIP1. METTL3 knockdown in HEK293T cells was achieved with siRNAs, and the knockdown efficiency was confirmed by qPCR and western blotting (Figures 6A,B). The NRIP1 mRNA levels were measured at 0, 2, and 4 h after treatment with actinomycin D. METTL3 knockdown significantly increased the NRIP1 mRNA stability, and the half-life of the NRIP1 mRNA increased from 1.4 h in control cells to 2.5 h in knockdown cells (Figure 6C). Consistent with the knockdown result, the overexpression of the wild-type METTL3, but not the catalytic mutant, reduced the stability of NRIP1 mRNA (Figures 6D,E and Supplementary Figure 4). These results indicated that METTL3-mediated m6A promoted the NRIP1 mRNA decay.
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FIGURE 6. METTL3-mediated m6A regulated the stability of NRIP1 mRNA. (A,B) METTL3 knockdown efficiency was measured by RT-qPCR and western blotting in HEK293T cells. (C) The decay rate of NRIP1 mRNA was measured in HEK293T cells under siRNA NC or METTL3 siRNA after treatment of actinomycin D and comparison of remaining mRNA by quantitative RT-PCR. (D) Western blotting analysis of METTL3 in HEK293T cells transfected with control or METTL3 plasmid. (E) The decay rate of NRIP1 mRNA in HEK293T cells under control or METTL3 overexpression. Data were presented as mean ± SD of three independent experiments. ***P < 0.0001 compared with the control group.




DISCUSSION

In this study, we reported on m6A modification RNA profiles of human fetal brain cortex tissues from DS and controls. The m6A RNA profiling in DS fetal brain widely changed, indicating the critical role of m6A modification in DS pathology. We proposed a new mechanism of the overexpression of the NRIP1 gene, a Hsa21 gene, in DS fetal brain. We argue that the overexpression of NRIP1 is due to the low m6A modification and high mRNA stability in DS cells instead of the gene dosage. In DS mouse model, 18% of aneuploid genes were expressed significantly greater than theoretical value of 1.5-fold, which revealed a complex regulation of gene expression that is not only related to gene copy number (Lyle et al., 2004). In DS, the expression of APP is threefold to fourfold higher than what is expected from the 1.5-fold, suggesting that other genes on chromosome 21 directly or indirectly further upregulate APP (Wolvetang et al., 2003). Several studies including this showed that the expressions of NRIP1 in multiple tissues of DS were more than 1.5-folds, a theoretical fold of gene dosage effect (Conti et al., 2007; Piccoli et al., 2013; Izzo et al., 2014). Here we provided a new mechanism to explain the overexpression of NRIP1 beyond the gene–dose effect. The reduced m6A modification and increased mRNA stability may explain the more than 1.5-fold overexpression of the NRIP1 gene.

Nuclear receptor-interacting protein 1 functions as a corepressor in oxidative metabolism and mitochondrial biogenesis (Nautiyal et al., 2013). Mitochondrial dysfunction in DS cells was observed, which might contribute to the DS phenotype’s severity. Overexpression of NRIP1 is associated with mitochondrial dysfunction in DS cells (Izzo et al., 2018). In fetal DS fibroblasts, siRNA-mediated NRIP1 expression attenuation restored the mitochondrial function (Izzo et al., 2014). Therefore, NRIP1 could serve as a potential therapeutic target for restoring altered mitochondrial function in DS. We observed that NRIP1 was also increased in DS fetal cortex tissues. It is further confirmed that NRIP1 was a substrate of METTL3 and that the METTL3 regulates the expression of NRIP1 in an m6A-dependent manner. In addition, METTL3 regulates the expression of NRIP1 by reducing its mRNA stability. This study enriches the knowledge about the reason for increased NRIP1 expression in DS, and the m6A modification of NRIP1 might serve as another layer of therapeutic target in DS.

N6-methyladenosine modification is highly enriched in the mammalian brain. m6A plays a critical role in the development of the mammalian brain (Widagdo and Anggono, 2018). METTL3 is the catalytic core enzyme of the m6A methyltransferase complex. The specific inactivation of Mettl3 in the mouse nervous system caused severe developmental defects in the brain. This mouse model also exhibited extended RNA half-life of apoptosis-associated genes in the loss of m6A (Wang et al., 2018). We found that the global m6A level was reduced in DS cortex tissues. Loss of m6A via METTL3 depletion–induced loss of m6A modification causes extended NRIP1 mRNA half-life, which probably further enhances the expression of NRIP1 protein. A recent study showed that m6A mRNA and METTL3 expression were elevated in the cortex of Alzheimer disease model mouse (Han et al., 2020). It was also reported that NRIP1 was involved in Alzheimer disease pathology, and the levels of NRIP1 were reduced in Alzheimer disease postmortem brains (Blondrath et al., 2016). It is an interesting question whether the NRIP1 mRNA m6A modification is also involved in Alzheimer disease.



CONCLUSION

In summary, we analyzed the m6A RNA profiles of the DS cortex and proposed a new mechanism that overexpression of NRIP1 in DS brain was at least partially due to the reduced m6A-dependent mRNA decay. m6A methyltransferase METTL3 plays a crucial role in the upregulated NRIP1 in the cerebral cortex of DS patients. It helps to unravel the molecular mechanisms underlying DS brain development and leads to insights that may become therapeutically relevant.
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SET and MYND domain-containing protein 1 (Smyd1) is a striated muscle-specific histone methyltransferase. Our previous work demonstrated that deletion of Smyd1 in either cardiomyocytes or the outflow tract (OFT) resulted in embryonic lethality at E9.5, with cardiac structural defects such as truncation of the OFT and right ventricle and impaired expansion and proliferation of the second heart field (SHF). The cardiac phenotype was accompanied by the downregulation of ISL LIM Homeobox 1 (Isl1) and upregulation of atrial natriuretic factor (ANF). However, the mechanisms of Smyd1 regulating Isl1 and ANF during embryonic heart development remain to be elucidated. Here, we employed various biochemical and molecular biological approaches including chromatin immunoprecipitation polymerase chain reaction (ChIP-PCR), pGL3 fluorescence reporter system, and co-immunoprecipitation (CoIP) and found that Smyd1 interacted with absent small homeotic-2-like protein (ASH2L) and activated the promoter of Isl1 by trimethylating H3K4. We also found that Smyd1 associated with HDAC to repress ANF expression using trichostatin A (TSA), a deacetylase inhibitor. In conclusion, Smyd1 participates in early heart development by upregulating the expression of Isl1 and downregulating the expression of ANF.

Keywords: Smyd1, heart, ISL-1, ANF, ASH2L


INTRODUCTION

Congenital heart disease affects 0.8–1 child per 100 live births and is responsible for the majority of prenatal deaths (Bonnet, 2017). Although contribution has been made in drawing the molecular mechanisms and genetic basis of heart formation and malformation, the fundamental causes of congenital heart disease are still unclear. Previous studies have shown that serum response factor (SRF), NK2 homeobox 5 (Nkx2.5), GATA binding protein 4 (GATA4), and T-box transcription factor 20 (Tbx20) are important for both first and second heart fields, while Hand2, Isl1, Myocyte Enhancer Factor 2C (Mef2c), and fibroblast growth factor 10 (Fgf10) are important for the formation of the second heart field (Rochais et al., 2014; Quaranta et al., 2018; Chen et al., 2019; Han et al., 2019). Hand1 and Tbx5 are more important for generation of the first heart field. In particular, Isl1 marks cardiac progenitors with vascular endothelial growth factor receptor 2 (VEGFR2, Flk-1) and Nkx2.5, which could be isolated, propagated, and differentiated into endothelial, smooth muscle, and cardiomyocyte (Cai et al., 2003; Kattman et al., 2006; Moretti et al., 2006). Those findings suggest that Isl1 is critical for cardiac progenitor commitment and early heart development.

Histone modifications are the main components of epigenetics and play important roles in regulating mammalian development (Skvortsova et al., 2018). These modifications are involved in chromatin remodeling and gene activation or silencing. For example, trimethylation of histone 3 lysine 4 (H3K4me3) is highly correlated with transcriptional initiation and plays a key role in regulating developmental potential during differentiation of embryonic stem (ES) cells and multiple progenitor cells (Berger, 2002). However, the precise mechanisms of how those histone modifications correlate with individual gene expression are not well understood.

Smyd1 is a striated muscle-specific histone methyltransferase, regulates cardiac energy metabolism (Warren et al., 2018), and is critical for heart generation (Gottlieb et al., 2002; Warren et al., 2018; Chow et al., 2019). A recent study revealed that Smyd1 positively regulates metabolism by targeting Perm1 (Oka et al., 2020). However, the molecular mechanism of Smyd1 in heart development is still not clear. Although yeast two-hybrid assay revealed that Smyd1 might repress gene expression by interacting with HDACs (Gottlieb et al., 2002), there was no evidence showing its downstream targets. On the other hand, Smyd1 has been shown to catalyze H3K4me3 through its split SET domain in vitro (Tan et al., 2006), but the significance of H3K4me3 induced by Smyd1 in vivo has yet to be determined.

In the present study, we found that Smyd1 bound to the Isl1 promoter and promoted H3K4me3 on that region, resulting in the activation of Isl1. In addition, ASH2L (Steward et al., 2006), an important non-catalytic cofactor for trimethylation, associates with Smyd1 to activate the Isl1 promoter. Smyd1 also bound to the ANF promoter and inhibited the expression of ANF through association with HDACs. These findings identified Smyd1 as a critical epigenetic factor in early heart morphogenesis through both positive and negative regulation of gene expression.



MATERIALS AND METHODS


Mice

Floxed–Smyd1 mice were provided by Dr. Philip Tucker. Two loxp sites were targeted to introns 1 and 3 of Smyd1. Nkx2.5-Cre mice were created in our laboratory by a Cre knock-in into the endogenous Nkx2.5 locus, replacing the endogenous Nkx2.5 (Moses et al., 2001). Homozygous floxed–Smyd1 mice were crossed with Nkx2.5-Cre mice to generate Nkx2.5Cre+; Smyd1flox/+ mice, which were then crossed with Smyd1flox/flox mice to produce homozygous Nkx2.5Cre+; Smyd1flox/flox embryos (Cko embryos). All experiments were performed in compliance with the guidelines of the Animal Care and Use Committee of Hainan Medical University.



Whole-Mount RNA in situ Hybridization

Whole-mount RNA in situ hybridization was carried out as previously described (Ai et al., 2007). Probes for Smyd1 were generated as we previously described (Niu et al., 2008). Detailed probe information is available upon request. All experiments were repeated at least three times to ensure statistically relevant findings.



Lacz Staining of Mouse Embryos

Briefly, E9.5 mouse embryos were fixed in formaldehyde for 15 min at room temperature, rinsed in detergent for 15 min at room temperature three times, and then subjected to β-gal staining for overnight at dark. After staining, embryos were washed and fixed with 4% paraformaldehyde for 1 h at room temperature and then washed and stored at 4°C.



Immunofluorescence (IF)

Mouse hearts were fixed in 4% paraformaldehyde for 4–6 h, dehydrated in ethanol, and embedded in paraffin, which were sectioned (5–7 μm thickness) on a microtome. Sections were incubated with bovine serum albumin for 20 min at 37°C and then incubated with either rabbit anti-human ASH2L polyclonal antibody (Abclonal) or mouse anti-human Smyd1 (Santa Cruz Biotech) at 4°C for overnight. Samples were then washed in PBS three times for 15 min at room temperature and incubated with the secondary antibody Alexa Fluor 488 goat anti-mouse IgG (Abcam) and Alexa Fluor 568 goat anti-rabbit IgG (Abcam). Sections were stained with (4,6-diamidino-2-phenylindole) (DAPI) for 10 min and mounted on slides with 50% glycerol in PBS. The IF images were captured by a confocal microscope (Olympus, FV1000, Japan).



Chromatin Immunoprecipitation (ChIP)

Chromatin immunoprecipitation assays were carried out using Upstate EZ ChIP kit (Upstate Biotechnology) according to the protocol provided by the manufacturer’s protocol with slight modifications. Briefly, heart tissues from 45 E9.5 control and Smyd1 Cko embryos were homogenized for H3K4me3 and H3K27me3 ChIP analysis. Antibodies against Smyd1 were provided by Dr. Philip Tucker. Anti-H3K4me3 and anti-H3K4me3 antibodies were purchased from Abcam. RNA polymerase II was provided by Upstate EZ ChIP kit. IgG (Santa Cruz) was used as a negative control in ChIP. The sequences of primers used for ChIP assays were shown in Tables 1, 2. Real-time PCR was carried out using Brilliant qPCR reagent at the Mx3000PTM PCR Systems (Stratagene). For ChIP experiments, 1 μl diluted (1:5) ChIP DNA or input DNA was used as a template, and relative fold enrichments were determined by the 2ΔCT method described in the Applied Biosystems User Bulletin. Ratios were determined from three independent qPCR.


TABLE 1. Isl1 ChIP-qPCR primers.
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TABLE 2. ANF ChIP-qPCR primers.
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Promoter Subcloning and Expression Vectors

To generate the luciferase reporter of the mouse Isl1 promoter, a 1.4-kb genomic DNA fragment (−1203 to +204) of the mouse Isl1 5′-promoter was subcloned into the KpnI and XhoI sites of the pLG3-basic vector (Promega). The primers were

5′ primer 5′-CCCGGGGGTACCGGCAAAAGTTACCGGT GAGA-3′ and

3′ primer 5′-CCCGGGCTCGAGAGAGAGGATGCTGGTGC TGT-3′.

Point mutations of the Smyd1-binding site in the ANF 5′-promoter region were purchased from IGE Biotechnology, and mutations on the Isl1 5′-promoter were generated using the QuikChange sited-directed mutagenesis kit (Stratagene) according to the manufacturer’s protocol. The primers for point mutations at site SB3 were:

5′ primer 5′-CTCTTCTTTTGCAACAGACAGACCCTGCTC ACGCCTTCATAC-3′

3′ prime 5′-GTATGAAGGCGTGAGCAGGGTCTGTCTGTT GCAAAAGAAGAG-3′

The primers for point mutations at site SB4 were:

5′ primer 5′-GAAAGCTAACCTCAGGGGAAAAAAGTAG GCGCCCCACTCTTC-3′

3′ primer 5′-GAAGAGTGGGGCGCCTACTTTTTTCCCCT GAGGTTAGCTTTC-3′

Mouse ASH2L cDNA were obtained from ATCC and subcloned into the pCDNA3.1 expression vector. The ANF luciferase reporter construct and HDAC expression vectors were generated as previously described (Wang et al., 2005). PCDNA3.1-Myc-Smyd1 expression vectors and fragment mutants were provided by Dr. Deepak Srivastava. Smyd1 HMTase-inactive mutant and PBS-Y234F were provided by Dr. Philip Tucker. Y234F was subcloned into the PCDNA3.1 vector at ClaI and XbaI sites. The primers for PCDNA3.1-Y234F cloning were:

5′ primer 5′-CCCGGGATCGATATGGAGAACGTGGAGG TCTT-3′

3′ primer 5′-CCCGGGTCTAGAGGGTCACTGCTTCTT ATGGAACAG-3′



Cell Culture and Transient Transfections

C2C12 and CV1 cells were maintained in Dulbecco’s modified Eagle’s medium supplemented with 10% fetal bovine serum (Hyclone). Cotransfections were carried out using LipofectamineTM 2000 (Invitrogen) in OPTImum medium (Gibco) 24 h after plating. At 16 h post-transfection, the medium was changed to the regular medium. Cells transfected with plasmids or the control vectors exhibited green fluorescence under fluorescence microscopy, and the transfection efficiency was about 80%. In HDAC inhibition experiments, 100 or 150 ng/ml trichostatin A (TSA) was added 24 h after transfection. Cells were harvested 40 h after transfection, and luciferase activity assays were performed with BD Monolight 3010. The data shown for transfections are the means from at least three independent experiments.



Coimmunoprecipitations Assay (Co-IP)

Co-IP assays were performed as previously described (Sepulveda et al., 2002). Co-IP of Myc-Smyd1 WT or its mutants and V5-ASH2L were carried out using the whole-cell lysate of CV1 cells overexpressing the relevant proteins. The coimmunoprecipitated products were analyzed by Western blot with anti-MYC or anti-V5 antibodies (Santa Cruz Biotech).



Gel Filtration

V5-tagged ASH2L and MYC-tagged Smyd1 were cotransfected to HeLa cells. 40 h after transfection, whole-cell lysates were collected and stored at −80°C till used. The complex formation was determined by gel filtration performed on the FPLC equipped with a Superdex 200 10/300GL column. Briefly, the column was equilibrated with buffer A (20 mM Tris pH 8.0, 150 mM NaCl, and 1 mM DTT) and calibrated by standard molecular weight markers (Sigma MW-GF-200). The calibration curve was obtained with the method provided by Sigma Technical Bulletin (MW-GF-200). Cell lysates (100 μl, 5 mg/ml) were loaded into the column and run on buffer A at 0.75 ml/min. The fraction collector was set at 1 ml/fraction and turned on after 7.0 ml was eluted out. After the 10th fraction, the fraction collector was switched off. Each fraction was precipitated with 10% TCA and run in SDS-PAGE and analyzed by Western-blot.



Nuclear Extracts and Electrophoretic Mobility Shift Assays (EMSAs)

Nuclear proteins were extracted from CV1 cells which overexpressed MYC-tagged Smyd1 protein. Nuclear extract preparation and EMSA were carried out following the procedure described previously (Charron et al., 1999). Briefly, the double-stranded oligonucleotide containing the WT Smyd1-binding motif of the mouse Isl1 promoter was labeled with [α-32P] dCTP. 1 μg of extracted proteins was incubated with 50,000 cpm of the 32P-labeled Isl1 probe at room temperature for 20 min in a buffer containing 1 μg poly dI-dC, 120 mM KCl, 25 mM MgCl2, 20 mM Tris–HCl [pH 7.9], 2 mM DTT, and 2 mM EDTA. In cold probe competition experiments, cold WT or MUT probes were added to the binding mixture at different ratios (from 5× to 200×). After a 15-min incubation on ice, labeled probes were added, and the samples were further incubated on ice for 20 min. In antibody competition experiments, 2 μg anti-MYC antibody was added to the reaction tubes for an additional 20-min incubation. A nondenaturing 5% polyacrylamide gel was used to separate the protein–DNA complexes. After electrophoresis 2.0 h at RT, the gels were dried at 80°C for 45 min and exposed to X-ray films.



Statistical Evaluation

Data are presented as mean ± SD. Student’s t test was used for statistical comparisons when appropriate. A p value < 0.05 was considered statistically significant.




RESULTS


Expression of Smyd1 During Early Heart Development

In order to investigate the temporal and spatial expression of Smyd1 during embryogenesis, we performed whole-mount in situ hybridization on embryos collected between E8.5 and E10.0 using a Smyd1 probe. At E8.5–9.5, high Smyd1 expression was observed in the outflow tract, ventricle, and atria (Figures 1A–C; Rasmussen et al., 2015). We also performed staining on the transverse sections at E10.0 and found that Smyd1 was highly expressed in the myocardium (Figure 1D).
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FIGURE 1. The expression of Smyd1 in mouse embryos. (A–C) Whole-mount in situ hybridization reveals the specific expression of Smyd1 in hearts at E8.5, E9.0, and E9.5. (D) In situ analysis reveals the expression of mouse Smyd1 in transverse sections at E10.0. HT, heart tube; OFT, outflow tract; LV, left ventricle; V, ventricle; RV, right ventricle.




Smyd1-Activated Isl1 Promoter

Earlier studies have suggested that knockout of Smyd1 reduced the expression of several factors required for secondary heart field formation, such as Isl1 and ANF (Rasmussen et al., 2015); however, the mechanisms behind the regulation of the expression of Isl1 and ANF by Smyd1 during embryogenesis remain to be fully elucidated. To determine whether Isl1 was directly targeted by Smyd1, we performed ChIP–qPCR analysis with cardiac tissues from Smyd1 Cko and control embryos. Previous studies showed that Smyd3, a member of the Smyd family, could bind to the DNA of promoter regions through the MYND-zinc-finger domain. Since Smyd1 also has a conserved MYND-zinc-finger domain and is highly homologous with Smyd3 (Du et al., 2014), it strongly suggests that Smyd1 has similar DNA-binding ability. To test this possibility, we analyzed the 3-kb promoter sequences of Isl1 and identified 2 sites of CCCTCC and 3 sites of GGAGGG, which were potential binding sites for Smyd1. These sites were named as SB1 to SB5, respectively. All of the primers and their genetic locations are shown in Figure 2A. Among them, the core sequences of SB4 are 100% conserved in mouse, rat, and human (Figure 2B). However, the other sites are not 100% conserved. This highly suggests that the SB4 site is functionally important. To determine whether this site was a binding site for Smyd1, we designed 5 primers for ChIP-qPCR analysis according to those sites.
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FIGURE 2. Smyd1 binds to the promoter of Isl1. (A) The locations of the primer sets (P1-TSS) used for Smyd1 ChIP-qPCR are indicated. (B) The sequence of the mouse Isl1 gene containing the SB4-binding site is shown and highly conserved across mouse, rat, and human. (C) ChIP-qPCR revealed that Smyd1 bound to the P4 region avidly. (D) EMSA was performed using nuclear extracts from CV1 cells overexpressing Smyd1. The radiolabeled SB4 site shown was used as a probe. WT and MUT competitors were used at amounts from 5 × to 200 × fold molars. (E) Sequences that were mutated on the Isl1 promoter were indicated by arrows. Smyd1 expression vectors were cotransfected with pLG3-Isl1-WT or mutant reporter (Isl1 SB4MUT or Isl1SB3MUT) into C2C12 cells. Data are shown as mean ± SD for three independent experiments. *p < 0.01 (Student’s t test).


Our results demonstrated that Smyd1 was enriched around the 1.1-kb upstream of the TSS (P4). That fragment contained two candidate sequences, SB3 and SB4 (a “GGAGGG” site at −1119 to −1114 bp and a “CCCTCC” site at −1081 to −1075 bp). We also observed that the Smyd1 binding to other regions was much weaker than to P4 (Figure 2C).

To further determine whether the SB4 site is a binding site for Smyd1, we performed EMSA using double-stranded oligonucleotide probes. Each probe corresponded to a single potential binding sequence. With the nuclear extracts purified from CV1 cells transfected with a Myc-Smyd1 expression plasmid, the probe which contained the SB4 site bound to Smyd1 avidly. This DNA–protein complex was reduced by an anti-MYC antibody and was abolished in the presence of an excess of the cold cognate DNA sequence as a competitor, while a mutant probe failed to compete for Smyd1 binding (Figure 2D). These results suggested that Smyd1 bound to SB4. In contrast, very weak or no binding was observed with the probe harboring the SB3 site. Hence, the SB4 “CCCTCC” site (−1081 to −1075 bp) is the critical site for Smyd1 binding on the Isl1 promoter.

We next examined whether Smyd1 upregulates Isl1 expression at the transcriptional level by performing mouse Isl1 Luc promoter reporter activation assays. A region from −1203 to +208 bp relative to the TSS of the mouse Isl1 promoter was subcloned to the pLG3 luciferase reporter. We cotransfected the Smyd1 expression vector together with the pGL3-Isl1-WT reporter into C2C12 cells and found that the pGL3-Isl1-WT reporter was activated by Smyd1 in a dose-dependent manner. As expected, the mutation that disrupted Smyd1 binding to SB4 also reduced the activation of the Isl1-WT reporter by Smyd1, while the mutation on the SB3 site did not affect the activation of pLG3-Isl1 by Smyd1 (Figure 2E). These findings suggest that SB4 but not SB3 is important for Smyd1-dependent transcriptional activity of the Isl1 gene, which was consistent with the findings obtained from ChIP-qPCR and EMSA.

Taken together, these findings show that Smyd1 directly regulates Isl1 expression through binding to SB4 on the Isl1 promoter.



Smyd1 Was Responsible for H3K4me3 in the P4 Region of the Isl1 Promoter

H3K4me3 is critical for gene activation, while H3K27me3 is related to gene repression. H3K4me3 and H3K27me3 have been found tied to poise genes as “bivalent domains” to regulate gene expression in development, especially during stem cell differentiation. Smyd1 contains a split SET domain, which has potential to trimethylate H3K4 (Tan et al., 2006). Therefore, we performed ChIP analysis using anti-H3K4me3 and anti-H3K27me3 antibodies to investigate both the H3K4me3 and H3K27me3 status on the Isl1 promoter in control and Smyd1 Cko mice. Knockout of Smyd1 significantly reduced the H3K4me3 level in the P4 region but not that in other regions (Figure 3A), indicating that Smyd1 was responsible for the H3K4me3 in the P4 region. Surprisingly, the H3K4me3 level in the TSS region was not affected, suggesting that other H3K4 methytransferases were responsible for H3K4me3 on the TSS region of the Isl1 promoter. We also found that knockout of Smyd1 did not alter the H3K27me3 levels on the regions between P3 and TSS of the Isl1 promoter compared with the control (Figure 3B), suggesting that Smyd1 was not responsible for H3K27me3 on the Isl1 promoter. Meanwhile, to determine whether the HMTase activity of Smyd1 is involved in the regulation of Isl1, HMTase-inactive mutant Smyd1 (Y234F) was transfected with the pLG3-Isl1-WT reporter as well. The mutant Smyd1 failed to activate the Isl1 promoter (Figure 3C). Hence, HMTase activity of Smyd1 is required for Smyd1 to activate the Isl1 promoter.
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FIGURE 3. Smyd1 was responsible for H3K4me3 in the P4 region of the Isl1 promoter. (A,B) ChIP-qPCR for the H3K4me3 and H3K27me3 level on the different regions of the Isl1 promoter. (C) Sequences that were mutated on mouse Smyd1 cDNA to generate a mutation in the HMT catalytic domain of Smyd1. Amino acid Y234 was mutated to F (Y234F). Smyd1 WT or Y234F expression vectors were cotransfected with the pLG3-Isl1 reporter. Data are shown as mean ± SD for three independent experiments. *p < 0.01, **p < 0.01 (Student’s t test).




ASH2L Associated With Smyd1 to Activate the Isl1 Promoter

Set methyltransferases usually work together in multi-proteins (Bergamin and Couture, 2016; Sha et al., 2020). ASH2L is one of the important non-catalytic cofactors of set-containing proteins and required for the trimethylation of H3K4. Furthermore, ASH2L is involved in muscle progenitor cell differentiation through association with diverse myogenic transcriptional factors, such as Mef2d and Pax7 (Rampalli et al., 2007; McKinnell et al., 2008; Tsai et al., 2019). We asked if there was any relationship between ASH2L and Smyd1.

To track the expression pattern of ASH2L, we performed whole-mount Lacz staining using ASH2L-β-gal trap in embryos and observed that ASH2L was expressed in heart and somites as well as other tissues (Figure 4A). Myc-tagged Smyd1 and V5 tagged ASH2L were cotransfected into CV1 cells. The physical association between Smyd1 and ASH2L was determined by gel filtration chromatography. Whole-cell lysates were obtained from HeLa cells transfected with Myc-tagged Smyd1 and V5-tagged ASH2L plasmids. The components of protein complexes were separated according to the differences in molecular sizes. Gel filtration assays showed that Myc-tagged Smyd1 and V5-tagged ASH2L eluted from the column in a close group (Figures 4B,C). The coexistence of Smyd1 and ASH2L was confirmed by Western blot using anti-Myc and anti-V5 antibodies to examine the eluted complexes. Co-immunoprecipitation assays were performed to further confirm that result. It turned out that V5-tagged ASH2L co-precipitated Smyd1 with the anti-V5 antibody but was not co-precipitated with the control IgG (Figure 4D). In addition, immunofluorescence microscopy revealed co-localization of endogenous Smyd1 and ASH2L in mouse heart (Figure 4E).
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FIGURE 4. ASH2L interacts with Smyd1. (A) Lacz staining shows the expression pattern of ASH2L at E9.5. (B) Superdex 200 gel filtration revealed formation of a complex containing ASH2L and Smyd1. (C) Western blot detected ASH2L and Smyd1. (D) V5-tagged ASH2L and Myc-tagged Smyd1 were immunoprecipitated with an anti-V5 antibody. Normal IgG was used as a control. (E) Smyd1 and ASH2L locations in murine heart sections were determined by immunofluorescence. They were co-expressed in the nuclei and cytoplasm of cardiomyocytes with local overlapping regions (arrow). (F) Smyd1 WT or Y234F was cotransfected with ASH2L and pLG3-Isl1-WT luciferase reporter into C2C12 cells. The scale is 10 μm. Data are shown as mean ± SD for three independent experiments. *p < 0.05, **p < 0.01 (Student’s t test).


To define if the interaction between ASH2L and Smyd1 will promote the function of Smyd1, the ASH2L expression plasmid was cotransfected with the Smyd1 and pLG3-Isl1-WT reporter into C2C12 cells. We found that in a suboptimal dosage, ASH2L slightly activated the Isl1 promoter, while overexpression of ASH2L with Smyd1 dramatically increased Isl1 promoter activity to 25-fold above basal level. Furthermore, the result of ASH2L cotransfected with HMTase-inactive mutant Smyd1 (Y234F) and the pLG3-Isl1-WT reporter showed that the mutant Smyd1 failed to induce Isl1 expression (Figure 4F). Taken together, these findings suggest that both the HMTase-inactive domain and ASH2L are required for fully activating the Isl1 promoter.



Smyd1 Bound to the ANF Promoter

In situ hybridization and qPCR results showed that ANF was upregulated in Smyd1 ablated heart (Rasmussen et al., 2015). To define if ANF expression was directly regulated by Smyd1, the ChIP-qPCR approach was carried out to examine the association between the Smyd1 and ANF promoter. As mentioned before, 5′-CCCTCC-3′ and 5′-GGAGGG-3′ are the candidate-binding elements for Smyd1. Looking through 1.0 kb upstream to TSS of the ANF promoter, we defined one conserved SB (5′-GGAGGG-3′) site located at −74 to −69 bp upstream to TSS. Primers were designed to cover that region (Figure 5A). ChIP analysis revealed that Smyd1 selectively bound to the SB2 site, but not the other regions (Figure 5B). We also generated substitution mutation of ANF on SB2 and found that mutation of the SB2 sequence abolished Smyd1-mediated repression of the pGL3-ANF activity (Figure 5C). Thus, SB2 is important for Smyd1-dependent transcriptional activity of the ANF gene, which is consistent with the ChIP results.
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FIGURE 5. Smyd1 associates with HDAC to repress ANF expression. (A) The locations of the primer sets used for Smyd1 ChIP-qPCR are indicated. (B) The ChIP-qPCR results revealed that Smyd1 bound to the P2 region avidly. (C) Smyd1 expression vectors were cotransfected with pLG3-ANF-WT or mutant reporter (ANF MUT) into CV1 cells. (D) pLG3-ANF vectors were cotransfected with a different dosage of HDAC1 or Smyd1 into CV1 cells. (E) A different dose of TSA was added to pLG3-ANF/HDAC1 or pLG3-ANF/Smyd1-cotransfected cells. Data are shown as mean ± SD for three independent experiments. *p < 0.05 (Student’s t test).




Smyd1 Was Associated With HDACs to Repress ANF Expression

Since ANF was upregulated with Smyd1 deletion (Rasmussen et al., 2015), we proposed that ANF should be repressed in the presence of Smyd1. To test this possibility, a pGL3-ANF luciferase reporter which contains −700 to 0 region of the ANF promoter was cotransfected with Myc-Smyd1 expression plasmid into CV1 cells. Smyd1 significantly reduced ANF promoter activity in a dose-dependent manner (Figure 5D). Smyd1 was shown to repress gene transcription in the presence of HDAC in yeast two-hybrid systems (Gottlieb et al., 2002). However, there was no report about Smyd1 target genes. ANF might be a candidate for Smyd1-dependent silencing. We asked whether HDAC members worked with Smyd1 on the ANF promoter. HDAC1, 5, 9, and 10 were transfected with the pLG3-ANF vector to CV1 cells separately. All of the HDACs inhibited ANF activity in a dose-dependent manner (data were not shown). To observe the potential synergy between Smyd1 and HDAC, we wanted to find out an optimal dosage of Smyd1. However, even a tiny amount of Smyd1 plasmid (20 ng per well of 12 wells plate) induced a dramatic decrease in ANF (50%). This is not surprising because CV1 cells expressed endogenous HDACs that may already be saturated. Then, we had to test it in another way. TSA, the HDAC inhibitor, was added to the cotransfection system at a concentration of 100 ng/ml. The inhibition from Smyd1 decreased to 50% compared to the non-TSA control. When the concentration of TSA was increased to 150 ng/ml, the inhibition caused by Smyd1 was completely abolished (Figure 5E). So, the repressor function of Smyd1 on the ANF promoter was at least partially due to the association with HDACs.




DISCUSSION


Smyd1 Regulated Isl1 Activity

Isl1, a pivotal factor in the development of the SHF, also marks pluripotent cardiac progenitors with flk1 and Nkx2.5, which could be isolated, propagated, and differentiated into endothelial cells, smooth muscle cells, and cardiomyocytes (Kattman et al., 2006; Yi et al., 2017). Recent study showed that Isl1 can produce notable therapeutic effects in the infarcted heart (Li et al., 2017) and that Isl1-cardiovascular progenitor cells repaired after myocardial infarction (Bartulos et al., 2016). Isl1 is critical in early heart morphogenesis, but the upstream initiation mechanism of Isl1 is not clear. Elucidation of the upstream factors of Isl1 would help us to understand the mechanisms that initiate cardiac progenitor proliferation, survival, and migration, therefore providing us new strategies in treatment of cardiac disease.

The present study demonstrated that Smyd1 directly targeted and activated Isl1 expression. In Smyd1-Cko-mutant mice, Isl1 was dramatically downregulated in pharyngeal endoderm and splanchnic mesoderm, where the second heart progenitor cells derived from Cai et al. (2003). Isl1 is required for cardiac progenitor proliferation. Consistent with that, our previous research showed that Smyd1-Cko mutant embryos exhibited decreased cell proliferation in pharyngeal endoderm and splanchnic mesoderm (Rasmussen et al., 2015). Therefore, the truncated outflow tract and right ventricle might be partly due to the decreased Isl1 expression.

Global mapping of H3K4me3 sites shows that they are highly enriched in the proximal promoter of the expressed genes (within 1 kb of known or predicted transcript start sites) (Bernstein et al., 2006; Guenther et al., 2007). Moreover, H3K4me3 sites often overlap with CpG islands (Wei et al., 2009). However, the situations with specific events still remain elusive. Our Smyd1 ChIP-qPCR analysis showed that the binding between Smyd1 and the Isl1 promoter was richest in the P4 region of the Isl1 promoter (around −1200 to −1000 upstream to the TSS), which is much stronger than the bindings on TSS and other regions. Furthermore, the H3K4me3 ChIP-qPCR analysis revealed that the H3K4me3 level in the P4 region was significantly reduced with no big effect on the TSS region. Those data suggested that Smyd1 was responsible for the H3K4me3 of the P4 site, but not that of the TSS. One question about those results is why no change of H3K4me3 was observed in the TSS region. It is possible that some other methyltransferases work on the TSS region of the Isl1 promoter. This may also explain why the expression of Isl1 was partially downregulated but not totally turned off in Smyd1-Cko mutant embryos.

The research on Smyd3, a family member of Smyd1, reveals that Smyd3 could specifically bind to 5′-CCCTCC-3′ or 5′-GGAGGG-3′ motifs on the promoter region of Nkx2.8 and hTER genes to direct oncogenesis (Hamamoto et al., 2004; Liu et al., 2007). Although the expression pattern of Smyd1 and Smyd3 is different, they are highly homologous in structure, suggesting that Smyd1 has the same DNA-binding potential as Smyd3. Our EMSA assays demonstrated that Smyd1 bound to the SB4 site of the P4 region avidly. In addition, Smyd1 could activate pLG3-Isl1 Luc promoter activity alone. Site mutation on the SB4 site in the P4 region blocked the pLG3-Isl1 Luc reporter activity. Those data strongly support the premise that Smyd1 not only has the methyltransferase potential but also has the ability to bind to a specific binding motif on the promoters of target genes. This may be a common character of Smyd family members, which is different from another methyltransferase, such as MLL1. Based on the specific DNA-binding potential of Smyd1, one possible mechanism is the high-level H3K4me3 at the P4 region which facilitated the reorganization of the Isl1-targeted motif by another transcriptional factor. A reference example is transcription factor Myc (Guccione et al., 2006). Research shows that the recognition of Myc-binding sites is based on epigenetic features. A chromatin bearing high H3K4/K79 methylation and H3 acetylation was essential for Myc to bind DNA. It suggests that chromatin recognition is ahead of the specific binding sequence recognition. Based on that, one hypothesis is that the H3K4me3 induced by Smyd1 may open the chromatin and recruit transcriptional factors to bind to adjacent motifs on the Isl1 promoter. Since the regulatory mechanisms underlying the Isl1 expression are largely unknown, we have few confirmed information about the transcriptional factors which regulate Isl1. In addition, our data demonstrated that Smyd1 interacted with ASH2L. Hence, it is possible that ASH2L may bridge Smyd1 to work with other factors to regulate gene activation. So far, the association between Smyd1 and H3K4me3 on the Isl1 promoter may function as a key event for cascade initiation of Isl1 promoter.



Smyd1 Directly Repressed the Expression of ANF

Developmental processes are always dynamic (Bondue et al., 2008), during which Smyd1 negatively regulated the expression of approximately hundreds of genes (Rasmussen et al., 2015). Among them, we specifically examined ANF. In Smyd1-Cko embryos, ANF was upregulated in the left ventricle and atrium (Rasmussen et al., 2015). The Smyd1-ChIP-qPCR analysis revealed the binding of Smyd1 to the ANF promoter. Furthermore, the inhibition of ANF by Smyd1 was at least partially through the association with HDACs. Those data strongly suggest that Smyd1 directly controls the transcription of ANF. In addition, BNP and β-MHC were all upregulated in Smyd1-Cko embryos. β-MHC was also enhanced in the left ventricle and atrium region (Rasmussen et al., 2015). The potential connection of those changes might be the expansion of cell populations other than the SHF progenitor cells. Repression of those genes by Smyd1 may ensure that the balance between different cell populations is precisely regulated by Smyd1 at the developmental stage.



Future Considerations

Our current study identified Smyd1 as a critical epigenetic factor in early heart morphogenesis through both positive and negative regulation. Smyd1 decreased the expression of key factors, which directs cardiac progenitor cell development, such as Isl1. To examine the exact function of Smyd1 in directing the cardiac progenitor cell population, the overexpression experiments in ES cells are being undertaken. Meanwhile, evidence showed that Smyd1 carried out diverse functions on different gene promoters through association with cofactors, including ASH2L, HSP90α, HDAC, and skNAC. In the future work, it is worthy to find out more cofactors of Smyd1 and how they cooperate with Smyd1 to control gene expression.

In summary, our studies provided new insights about the functional mechanisms of Smyd1 in heart development. Smyd1 activated the expression of Isl1 and inhibited ANF transcription. The interaction between Smyd1 and other cofactors may help it to perform those different functions under various conditions, such as ASH2L and HDAC. More factors involved in this machinery are waiting to be elucidated.
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Anorectal malformations (ARMs) are among the most common congenital terminal digestive tract malformations. Circular RNAs (circRNAs), a novel type of endogenous non-coding RNAs, play roles in the development of the digestive system; however, their contributions to the pathogenesis of ARMs are not well-established. In this study, we explored the mechanism underlying ethylenethiourea (ETU)-induced ARMs by profiling circRNA expression via RNA-seq and constructing a regulatory circRNA-miRNA-mRNA network. Nine pregnant rats were gavage-fed a single dose of 125 mg/kg 1% ETU (ARM group) on gestational day 10 (GD10), and another 9 pregnant rats received a similar dose of saline (normal group) as a control. Embryos were obtained by cesarean section on the key time-points of anorectal development (GD14, GD15, and GD16). Hindgut samples isolated from the fetuses were evaluated by high-throughput sequencing and differentially expressed circRNAs were validated by reverse transcription-quantitative polymerase chain reaction, agarose gel electrophoresis, and Sanger cloning and sequencing. A total of 18295 circRNAs were identified in the normal and ARM groups. Based on the 425 differentially expressed circRNAs (|Fc| > 2, p < 0.05), circRNA-miRNA and miRNA-mRNA pairs were predicted using miREAP, miRanda, and TargetScan. A total of 55 circRNAs (14 up- and 41 downregulated in the ARM group compared to the normal group) were predicted to bind to 195 miRNAs and 947 mRNAs. Competing endogenous RNA networks and a Kyoto Encyclopedia of Genes and Genomes analysis revealed that novel_circ_001042 had the greatest connectivity and was closely related to ARM-associated signaling pathways, such as the Wingless Type MMTV integration site family, mitogen-activated protein kinase, and transforming growth factor-β pathways. These results provide original insight into the roles of circRNAs in ARMs and provide a valuable resource for further analyses of molecular mechanisms and signaling networks.

Keywords: anorectal malformation, high-throughput RNA sequencing, circRNA, circRNA-miRNA-mRNA network, competing endogenous RNA


INTRODUCTION

Anorectal malformations (ARMs) are the most common congenital terminal digestive tract malformations, with an incidence of approximately 1 in 5,000 births and a slightly lower incidence in females than in males (Cuschieri and Eurocat Working Group, 2001; Wood and Levitt, 2018). The wide spectrum of ARM phenotypes includes stenotic anus, ectopic anus, rectourethral fistula, and rectovestibular fistula (Endo et al., 1999; Bai et al., 2004; Wijers et al., 2014). More than half of patients with ARM also suffer from congenital anomalies of the urogenital system, cardiovascular system, skeleton, and gastrointestinal tract (Stoll et al., 2007; Nah et al., 2012). Despite sophisticated surgical reconstruction operations, many patients continue to experience complications, such as fecal incontinence and constipation, which adversely affect their quality of life (Grano et al., 2013; Rintala, 2016). Recent studies have identified genes and genetic signaling pathways involved in the remarkable pathophysiology of ARMs; however, the specific etiology remains unclear (Draaken et al., 2012; Wijers et al., 2014). Therefore, it is essential to investigate the pathogenesis of ARMs.

Circular RNAs (circRNAs) are a novel type of endogenous non-coding RNA that predominately exist in the mammalian cytoplasm or exosomes (Szabo et al., 2015). CircRNA forms a covalent, closeloop structure lacking both 5′–3′ polarity and a poly-A tail (Lasda and Parker, 2014). This special structure makes circRNAs resistant to degradation by RNA exonucleases, RNase R, and debranching enzymes, more stable than linear transcripts, and less prone to degradation (Suzuki and Tsukahara, 2014; Vicens and Westhof, 2014). The first circRNAs to be identified, viroid, was found in RNA viruses in 1976 (Sanger et al., 1976) and was then found in eukaryotes by electron microscopy in 1979 (Hsu and Coca-Prados, 1979). Previous studies have focused on the biological functions of circRNAs, including their roles as “sponges” for microRNAs via competing endogenous RNA (ceRNA) networks, the circRNA-miRNA-mRNA axis, alternative mRNA splicing patterns via RNA-binding proteins, interactions with RNA polymerase II to regulate transcription, and translation by ribosomes and encoding proteins (Abe et al., 2013; Hansen et al., 2013; Zhang et al., 2013; Du et al., 2016). Recent studies have shown that circRNAs play important regulatory roles in embryonic development, apoptosis, differentiation, and proliferation (Lukiw, 2013; Bachmayr-Heyda et al., 2015; Maiese, 2016). Numerous differentially expressed circRNAs are involved in the development of gastrointestinal diseases and are potential diagnostic and prognostic biomarkers (Torre et al., 2015; Li et al., 2020). Our current understanding of the exact molecular mechanisms by which circRNAs affect the development of ARMs remains limited.

Ethylenethiourea (ETU) is commonly used to create animal models of ARM in rat embryos; typical phenotypes include an abnormally large distance between the urorectal septum and the cloacal membrane, postponed tailgut regression, abnormal apoptosis in the cloacal wall, and maldevelopment of the dorsal cloaca and membrane (Qi et al., 2002; Macedo et al., 2007). Our research group has conducted a series of studies of miRNA and mRNA expression profiles in the development of hindgut in rat embryos (Tang et al., 2014; Long et al., 2018, 2020). However, very little is known about circRNAs in ETU-induced ARMs in rats, and sequence data for circRNA in ETU-induced ARMs have never been systematically described. In the present study, circRNA expression patterns in the hindguts of rat embryos with ETU-induced ARMs were profiled from gestational day (GD)14 to GD16, the key time period for anorectal development (Qi et al., 2002; Bai et al., 2004; Macedo et al., 2007).

To determine the molecular mechanism by which circRNAs operate in ARMs, high-throughput sequencing was used to detect differentially expressed circRNAs in embryonic hindgut tissues of rats with ETU-induced ARMs and normal hindgut tissues. Numerous previously unreported circRNAs were identified, which may improve our understanding of the roles of circRNAs in ARM development. We also constructed ceRNA networks based on target predictions. The aberrant expression of circRNAs detected in the present study improves our understanding of the mechanisms underlying ARMs and provides a valuable basis for future studies of this condition. Furthermore, our data will serve as a useful resource for the development of therapeutic targets and novel diagnostics in the future.



MATERIALS AND METHODS


Ethics Statement

The present study was approved by the Ethics Committee of the China Medical University, Shenyang, China (no. 2015PS213K), and all procedures involving animals were performed in accordance with the guidelines for the care and use of laboratory animals.



Animals Used and Tissue Collection

Mature female Wistar rats (number: 18; age: 7–8 weeks old; body weight: 230–280 g) were acquired from the Experimental Animal Center, Shengjing Hospital of China Medical University (Shenyang, China). The Key Laboratory of the Health Ministry for Congenital Malformations (Shenyang, China) provided a specific pathogen-free animal laboratory (room temperature: 22 ± 2°C; humidity: 55 ± 5%; 12 h light/12 h dark cycle; free access to water and food) for rodents. The ARM model and hindgut isolation procedure were constructed as per our previous protocol (Tang et al., 2014). In total, 9 pregnant rats were gavage-fed a single dose of 125 mg/kg 1% ETU (Sigma-Aldrich; Merck Millipore, Darmstadt, Germany) on GD10, and the remaining pregnant rats received the same dose of saline without ETU as a control. Cesarean sections were performed on GD14-GD16 to obtain embryos, and the presence of ARMs was determined by light microscopy. The specimens were stored in liquid nitrogen until use. All surgeries were performed after the intraperitoneal injection of sodium pentobarbital for anesthesia. The control group comprised of 252 saline-treated embryos without malformations. All 230 embryos with ETU-induced ARMs had short tails or no tails, and 15 died in utero. ARMs were detected in 86.1% (198/230) of ETU-treated embryos.



RNA Extraction and RNA-Seq

Total RNA was extracted from the specimens using TRIzol (Life Technologies, Carlsbad, CA, United States) according to the manufacturer’s instructions. The RNA was qualified and quantified using an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, United States). After rRNAs were removed, the rest of RNAs were fragmented using a fragmentation buffer and reverse-transcribed into cDNA with random primers. Second-strand cDNA was synthesized using DNA polymerase I, RNase H, dNTP (dUTP instead of dTTP), and buffer. Next, the cDNA fragments were purified using a QIAquick PCR Extraction Kit (Qiagen, Hilden, Germany), end-repaired, polyadenylated, and ligated to Illumina sequencing adapters. Uracil-N-glycosylase was used to digest the second-strand cDNA. After PCR amplification, the digested products were purified using AMPure XP Beads and a High Sensitivity DNA Assay Kit (Agilent Technologies, United States) was used for library quality inspection. RNA sequencing was carried out by Gene Denovo Biotechnology Company (Guangzhou, China) using a HiSeq 2500 system (Illumina, San Diego, CA, United States).



RNA-Seq Analysis and Identification of circRNAs

To obtain high-quality clean reads, raw reads were filtered as follows: (1) reads containing adapters were removed, (2) reads containing more than 10% unknown nucleotides (N) were removed, and (3) low-quality reads containing more than 50% low-quality bases (Q-value ≤ 20) were removed. The efficiency of experimental ribosome RNA removal is affected by the species and sample quality. Therefore, the Bowtie2 short read alignment tool (Langmead and Salzberg, 2012) was used to map the reads to the ribosomal RNA (rRNA) database. The rRNA-mapped reads were removed, followed by mapping to the reference genome using TopHat2 (version 2.1.1) (Kim et al., 2013). After alignment with the reference genome, the reads that could be mapped to the genome were discarded, and the unmapped reads were collected for circRNA identification. The 20-mers from both ends of the unmapped reads were extracted and aligned to the reference genome to identify unique anchor positions within the splice site. Anchored reads that aligned in the reversed orientation (head to tail) indicated circRNA splicing and were subsequently subjected to find_circ (Memczak et al., 2013) to identify circRNAs. The circRNAs were blast searched against circBase (Glažar et al., 2014) for annotation. Those that could not be annotated were considered novel circRNAs. To quantify the circRNAs, back-spliced junction reads were scaled to reads per million mapped reads (RPM) according to the following formula: RPM = 106C/N, where C is the number of back-spliced junction reads that uniquely aligned to a circRNA and N is the total number of back-spliced junction reads.



Clustering Analysis and Principal Component Analysis (PCA)

The relationships between samples were explored using Unsupervised hierarchical clustering and PCA. Unsupervised hierarchical clustering analyses were performed using gmodels in R1 and PCA was conducted using ggplot2 in R2.



Analysis of Differentially Expressed circRNAs

The edgeR software package3 was used to identify differentially expressed circRNAs between samples or groups. CircRNAs with an absolute value of fold change of ≥ 2 and a p-value of < 0.05 were identified as differentially expressed in comparisons between samples or groups.



Trend Analysis

To examine patterns of differentially expressed circRNAs, the expression data for each sample were normalized to 0, log2 (v1/v0), and log2 (v2/v0) and clustered using Short Time-series Expression Miner (Ernst and Bar-Joseph, 2006). Clusters with p ≤ 0.05 were considered significant.



Analysis of circRNA-miRNA-mRNA Interactions

To predict mRNAs that interact with circRNAs and miRNAs, miREAP, miRanda, and TargetScan were used, and the intersection between the three prediction algorithms was used as the prediction results for the miRNA target genes. Pairs with positively correlated expression were identified as ceRNA pairs. Negative correlations indicated miRNA-mRNA and miRNA-circRNA pairs. Competition between circRNAs and mRNAs for the same miRNA and positive correlations between circRNAs and mRNAs were then screened. circRNA-miRNA-mRNA networks conforming to the ceRNA rules were visualized using Cytoscape v3.7.1. The flowchart of the circRNA-miRNA-mRNA ceRNA network analysis shown in Figure 1.
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FIGURE 1. Flowchart of ceRNA network analysis.




Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) Pathway Analyses

Source genes were mapped to GO terms in the Gene Ontology database4, gene numbers were calculated for every term, and significantly enriched GO terms for source genes compared to the genome background were defined using a hypergeometric test. Calculated p-values were subjected to false discovery rate (FDR) correction, taking FDR ≤ 0.05 as a threshold for significant enrichment.

KEGG is a major publicly available pathway-related database (Kanehisa et al., 2008). Pathway enrichment analyses were performed to identify significantly enriched metabolic pathways or signal transduction pathways in source genes compared to the whole genome background. The calculated p-values were subjected to FDR correction, taking FDR ≤ 0.05 as a threshold for significance. Bubble charts were generated using gglpot2 in R.



Quantitative Reverse-Transcription Polymerase Chain Reaction (qRT-PCR)

Reverse transcription was performed using a PrimeScript RT Reagent Kit (Takara, Kusatsu, Japan). Fluorescence qRT-PCR was performed using an ABI 7500 detection system (Thermo Fisher Scientific, Waltham, MA, United States). Each 20 μL reaction mixture contained 2 μL of template cDNA, gene-specific primers (0.4 μM), 10 μL of SYBR Premix Ex Taq II (Tli RNaseH Plus, 2×), 0.4 μL of ROX Reference Dye II (50×), and 6 μL of sterilized RNase-free water. The reaction conditions were as follows: 50°C for 2 min, 95°C for 2 min, followed by 40 cycles of 95°C for 15 s and 60°C for 60 s. The relative expression levels of each circRNA normalized against the β-actin level were evaluated using the 2–ΔΔCt method (Livak and Schmittgen, 2001). qRT-PCR was performed with five biological replicates. Divergent primers were designed to confirm the back-splice junction and were synthesized by Shanghai Sangon Biotech (Supplementary Table 1). The qRT-PCR products were tested by electrophoresis on 2% agarose gels. The amplification products were inserted into a pUCm-T vector for Sanger cloning and sequencing to determine their full length.



Statistical Analysis

Statistical analyses were performed using SPSS 21.0 (IBM SPSS, Armonk, NY, United States). Statistically significant differences were identified using Student’s t-tests (two-tailed). All values are presented as means ± standard deviation. Values of p < 0.05 were considered statistically significant.



RESULTS


Overview of circRNA-Seq

In total, 1,043,148,336 and 1,032,539,926 clean reads were generated in the ARM and control groups, respectively. After removing the low-quality, poly-N-containing, and adapter-containing reads, 915,328,052 and 1,024,161,230 high-quality clean reads were obtained from the ARM and control groups, respectively. After using find_circ for mapping, 18,295 circRNAs were obtained. All identified circRNAs were novel. Six types of circRNAs were identified. From most to least frequent, they were categorized as follows: annot_exon, exon_intronmost, antisense, intergenic, one-exon, and intronic (Figure 2A). Most of the circRNAs were approximately 200–400 nucleotides (nt) in length (Figure 2B).
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FIGURE 2. Characterization of circRNAs in rat embryonic hindgut tissues. (A) Length distribution of circRNAs. (B) Type distribution of circRNAs. (C) Principal component analysis (PCA) of different samples at three time points in rat embryonic hindgut tissues from the ARM group and normal group based on the normalized circRNA expression levels. (D) Box plots displaying the expression features of circRNAs based on log-transformed expression levels (base 2) in the two groups from GD14–16. (E,F) Venn diagram illustrating the overlapping circRNAs detected in the ARM group and normal group. (G) Bar graph representing the number of differentially expressed circRNAs in different groups. A, ARM group; N, normal group.




Time Course Analysis of circRNA Expression Profiles in Hindguts of the ARM and Control Group Rats

An unsupervised hierarchical clustering and PCA were performed to determine the relationships between circRNA expression and spatiotemporal dynamics in the hindguts of normal rat embryos and those with ARMs. The circRNA expression patterns in the two groups formed distinct clusters (Figure 2C). As shown in Figure 2D, there were no significant changes in total circRNA expression levels in the groups over time. The majority of circRNAs annotated in the ARM group were also detected in the normal group (Figure 2E). In total, 10651 circRNAs were co-expressed in both groups, 3857 were expressed exclusively in the ARM group, and 3787 were expressed exclusively in the normal group (Figure 2F).



circRNAs With Upregulated Expression in the Hindgut During Development

We performed expression profiling to determine whether circRNAs were differentially expressed between the hindguts of the ARM and normal group rats during development. Differences in circRNA expression between groups were calculated based on the back-spliced RPM method. Only differentially expressed circRNAs with an absolute value of fold change of ≥ 2 and a p-value of < 0.05 were considered.

We performed pairwise comparisons of circRNAs between stages in the ARM group and normal group. The number of differentially expressed circRNAs ranged from 139 to 301 during development in the two groups (Figure 2G). Volcano plots indicated that the circRNAs tended to be upregulated in the normal group during development, but only tended to be upregulated at GD14 vs. GD15 and GD14 vs. GD16 in the ARM group. In particular, in the ARM group, 96 circRNAs (0.9%) were significantly downregulated and 116 (1.1%) were significantly upregulated at GD14 vs. GD15 (Figure 3A), 99 (0.9%) were significantly downregulated and 155 (1.5%) were significantly upregulated in GD14 vs. GD16 (Figure 3B), and 103 (1.0%) were significantly downregulated and 84 (0.8%) were significantly upregulated in GD15 vs. GD16 (Figure 3C). In the normal group, 64 circRNAs (0.6%) were significantly downregulated and 75 (0.7%) were significantly upregulated in GD14 vs. GD15 (Figure 3D), 128 (1.2%) were significantly downregulated and 173 (1.6%) were significantly upregulated in GD14 vs. GD16 (Figure 3E), and 96 (0.9%) were significantly downregulated and 121 (1.1%) were significantly upregulated in GD15 vs. GD16 (Figure 3F). These results indicated that there is spatiotemporal variation in the expression levels of circRNAs.
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FIGURE 3. Volcano plots showing up- and downregulated circRNAs in the ARM group and normal group. (A–F) Red dots represent upregulated and green dots represent downregulated circRNAs. A, ARM group; N, normal group.




Dynamics of circRNA Expression in the Hindguts of Rats in the ARM and Normal Groups Over Time

To characterize the changes in circRNA expression, we evaluated trends in the highly differentially expressed circRNAs in each group during development. We identified seven main circRNA profiles in the ARM and normal groups, and each showed a characteristic expression pattern (referred to as Profiles 1–7). Profile 6 was significant in the ARM group (Figure 4A) and Profile 7 was significantly upregulated in the normal group (Figure 4B). We also analyzed the up- and downregulated circRNAs in both groups. We found that the expression levels of 60 circRNAs were higher in the normal group and 42 were higher in the ARM group (Figure 4C), whereas levels of 33 circRNAs were lower in the normal group and 47 were lower in the ARM group (Figure 4D). These findings suggested that the dysregulation of circRNAs plays a role in hindgut development.
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FIGURE 4. Overall expression patterns of circRNAs in the ARM group and normal group. (A) Expression patterns of circRNAs in the ARM group. (B) Expression patterns of circRNAs in the normal group. Red indicates significant enrichment (p < 0.05). The profile IDs are shown in the upper left corner, and the number of genes in the profile is shown in the lower left corner. (C) Venn diagram showing upregulated circRNAs in both the ARM group and normal group. (D) Venn diagram showing downregulated circRNAs in both the ARM group and normal group.




Screening of Differentially Expressed circRNAs and Clustering Analysis

The expression profiles in hindgut samples from the normal and ARM groups were compared at key time-points during anus formation (GD14, GD15, and GD16). There were significant differences in the expression levels of 425 circRNAs (|Fc| > 2, p < 0.05). Compared to the normal group, 60 circRNAs were significantly upregulated and 58 were significantly downregulated in the ARM group on GD14, 94 circRNAs were significantly upregulated and 74 were significantly downregulated in the ARM group on GD15, and 65 circRNAs were significantly upregulated and 87 were significantly downregulated in the ARM group on GD16 (Figures 5A–C). The overlap among these circRNAs between the three time-points is shown in Figure 5D. A heat map of significant differential expression is shown in Figure 5E.
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FIGURE 5. (A–C) Volcano plots showing the up- and downregulated circRNAs in the ARM group and normal group. Red dots represent upregulated and green dots represent downregulated circRNAs. (D) Venn diagram showing the overlap among these circRNAs between the three time-points. (E) Hierarchical cluster analysis and heat map showing differentially expressed circRNAs between the ARM group and normal group. Colors from blue to red indicate circRNA expression levels from low to high. Each column in the heat map represents a mean of three biological replicates, and each row represents a circRNA. A, ARM group; N, normal group.




Predicted ceRNA Networks

We constructed ceRNA networks based on 425 differentially expressed circRNAs. According to StarBase v3.0 and TargetScan v7.2, among differentially expressed circRNAs, 55 (14 up- and 41 downregulated) were predicted to bind to 195 miRNAs and 947 mRNAs. The detailed information of the 55 differentially expressed circRNAs at the three time-points are shown in Table 1. The circRNA-miRNA-mRNA correlations were visualized using Cytoscape 3.7.1 (Figures 6, 7). According to a connectivity analysis, the top five circRNAs were novel_circ_001042, novel_circ_012639, novel_circ_003974, novel_circ_006611, and novel_circ_014878. novel_circ_001042 was predicted to interact with 64 miRNAs and 328 mRNAs. These included the wingless-type MMTV integration site family (WNT) signaling pathway-related genes Fzd4, Ccnd3, and Dkk2, the transforming growth factor-β (TGF-β) signaling pathway-related gene Bmp2, and the mitogen-activated protein kinase (MAPK) signaling pathway-related genes Flnc, Egfr, Mef2c, Dusp3, and Cacng6. This complicated ceRNA network suggested that novel_circ_001042 played regulatory roles in various pathways via miRNAs and their targets during hindgut development.


TABLE 1. Differentially expressed circRNAs.
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FIGURE 6. Predicted circRNA-miRNA-mRNA networks of circRNAs with increased expression in rat embryonic hindgut tissues in the ARM group compared with the normal group. Triangular red nodes represent up-regulated circRNAs, square green nodes represent miRNAs, and circular blue nodes represent mRNAs. Straight lines indicate interactions between miRNA and circRNA or mRNAs.
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FIGURE 7. Predicted circRNA-miRNA-mRNA networks of circRNAs with decreased expression in rat embryonic hindgut tissues in the ARM group compared with the normal group. Triangular pink nodes represent down-regulated circRNAs, square green nodes represent miRNAs, and circular blue nodes represent mRNAs. Straight lines indicate interactions between miRNA and circRNA or mRNAs.




Enrichment of Differentially Expressed circRNAs

Since circRNAs can directly regulate source genes, we conducted an enrichment analysis of source genes of circRNAs. According to a GO analysis, circRNA source genes were enriched for 33 GO terms in the three main categories, biological processes, molecular functions, and cellular components (Figure 8A). The top 20 KEGG pathways are listed in Figure 8B. The enriched pathways included the WNT pathway and the MAPK pathway, which are closely associated with embryonic development and ARMs.
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FIGURE 8. GO and KEGG analyses. GO categories (A) and KEGG pathways (B) for genes related to differentially expressed circRNAs source genes in rat hindgut tissues from the ARM group compared with the normal group. GO categories (C) and KEGG pathways (D) for differential circRNA-miRNA target genes in rat embryonic hindgut tissues from the ARM group and the normal group. Q-values are normalized p-values indicating the significance of the enrichment.


For non-coding RNAs, functional annotations are determined by the functions of associated mRNAs. We evaluated potential functions of significantly up-regulated and down-regulated circRNAs in the ARM and normal groups by an enrichment analysis of target genes. Based on a GO analysis, the target genes related to the circRNA signature were involved in various biological processes, including single-organism processes, cellular processes, and metabolic process (Figure 8C). In a KEGG pathway analysis, endocytosis and PI3K-Akt were identified as the most significant pathways (Figure 8D).



Validation of Sequencing Data

To validate the circRNAs identified by RNA-Seq, we randomly selected 7 up- and 7 downregulated circRNAs for validation by qRT-PCR. Among the 14 differentially expressed circRNAs, novel_circ_008138, novel_circ_002017, novel_circ_010342, novel_circ_002202, and novel_circ_016535 were differentially expressed on GD14; novel_circ_012938, novel_circ_01300, novel_circ_016600, and novel_circ_015194 were differentially expressed on GD15; novel_circ_016175, novel_circ_008364, novel_circ_017060, and novel_circ_013064 were differentially expressed on GD16; and novel_circ_011174 was differentially expressed at two time-points (GD14 and GD15) (p < 0.05; Supplementary Figure 1A). The relative expression levels were consistent with the RNA-Seq data. Sanger cloning and sequencing results for novel_circ_002017 and novel_circ_008138 are shown in Supplementary Figures 1B,C. Agarose gels electrophoresis was used to validate that a single product had been amplified are shown in Supplementary Figure 1D.



DISCUSSION

ARMs are complex deformities determined by many factors. Genetic factors have an important influence on the etiology of ARMs (Khanna et al., 2018). The roles of circRNA in embryonic development and congenital malformations of the gastrointestinal system have rarely been reported. Different from most RNAs involved in translation, circRNAs often act at the level of gene expression (Esteller, 2011). The versatility of circRNA expression is mainly reflected in post-transcriptional regulation, which is usually achieved by RNA–RNA interactions (Guil and Esteller, 2015). Studies of circRNAs related to gastrointestinal development are very limited. High-throughput sequencing has confirmed that circRNA expression levels differ among anatomical parts of the digestive tract, and these differences may be closely related to cell proliferation and differentiation during development (Danan et al., 2012; Salzman et al., 2013; Shen et al., 2017). Increasing number of studies have shown that circRNAs, acting as miRNA sponges, inhibit miRNAs and eventually mediate the expression of mRNAs (Hansen et al., 2013). Peng et al. (2017) found that circ-ZNF609 participates in the pathogenesis of congenital megacolon via the mir-150-5P/AKT3 pathway. Zhou et al. performed a sequencing analysis of human congenital megacolon specimens and found that the down-regulation of circ-PRKCI could inhibit cell proliferation and differentiation and inhibit the expression of the mir-1324 target gene PLCB1 (Zhou et al., 2018). However, the precise circRNAs with key regulatory roles in the normal development of the anus and rectum and the mechanism by which these circRNAs affect the pathogenesis of anorectal atresia and rectourethral fistula are unclear. Therefore, further research is required on this topic.

According to previous morphological studies, urorectal fistulas in rat embryos with ARMs can be explained by a failure of the fusion of the urorectal septum with the cloacal membrane during the critical period of anorectal development. Deduced proliferation and massive apoptosis play important roles in the development of ARMs (Qi et al., 2000a, b, 2002). In the present study, 18,295 circRNAs were identified at key time-points (GD14, GD15, and GD16) during anorectal development in the rat hindgut by high-throughput sequencing. We analyzed expression patterns and performed a bioinformatics analysis of circRNAs that may be involved in the pathogenesis of ARMs. We detected aberrantly expressed circRNAs in a comparison of rat fetuses with ARMs and normal rat fetuses. After screening (|Fc| > 2, p < 0.05), we detected 118, 168, and 152 differentially expressed circRNAs at GD14, GD15, and GD16, respectively. We can infer that there is a temporal imbalance in circRNA expression.

Using a bioinformatics approach for target prediction, among 425 differentially expressed circRNAs, 55 had ceRNA network connectivity. Compared to the normal group, 14 genes were upregulated and 41 genes were downregulated, suggesting that reductions in circRNA levels were dominant in the ARM group and might contribute to the development of ARMs. A circRNA-miRNA-mRNA ceRNA network was also constructed. A KEGG pathway enrichment analysis of miRNA-target genes identified the WNT, TGF-β, and MAPK signaling pathways, which are closely related to ARM (Nakamura et al., 2007; Wong et al., 2013; Wang et al., 2015). GO terms of related genes provided compelling evidence that circRNAs can influence metabolic, regulatory, and cellular functions. Our results demonstrated that these differentially expressed circRNAs may play important roles in the development of ETU-induced ARMs.

As a member of the miR-17-92 family, miR-92 plays an important role in the regulation of early embryonic development as well as in tumorigenesis and differentiation in various cancers (Monzo et al., 2008; Jevnaker et al., 2011). Our research group has previously shown that miR-92a-2-5p could have a regulatory role in ARMs. The overexpression of miR-92a-2-5p leads to a decrease in proliferation and an increase in apoptosis in an intestinal cell line (Long et al., 2020). Our results based on RNA-seq data showed that rno-miR-92a-1-5p is related to the regulation of 90 mRNAs. novel_circ_001042, novel_circ_003974, and novel_circ_010342 were associated with rno-miR-92a-1-5p and may function as ceRNAs to regulate the progression of ARMs. Notably, most of the circRNAs identified in this analysis have not been studied previously. Therefore, further research should explore the relationships between circRNAs/miRNAs and ARMs based on our ceRNA-associated network.



CONCLUSION

In conclusion, a high-throughput sequencing approach was used to identify numerous differentially expressed circRNAs between the hindguts of normal rat embryos and those with ARMs on GD14–GD16. Using a bioinformatics approach, a circRNA-miRNA-mRNA network was constructed. The potential target genes of novel_circ_001042 may be closely related to the development of ARMs. circRNAs are candidate biomarkers for disease diagnosis and therapeutic targets owing to their high conservation, stability, and tissue-specificity. Our results provide novel insight into the roles of circRNAs in the development of ARMs and provide a valuable resource for further analyses of molecular mechanisms and signaling networks. The construction of regulatory networks could improve our understanding of the basic molecular mechanisms underlying ARM.



DATA AVAILABILITY STATEMENT

The datasets generated for this study can be found in NCBI GEO accession GSE159306: go to https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE159306.



ETHICS STATEMENT

The animal study was reviewed and approved by the Ethnical Committee on Science and New Techniques of Shengjing Hospital of China Medical University.



AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct and intellectual contribution to the work, and approved it for publication.



FUNDING

The present work was supported by the National Natural Science Foundation of China (Grant No. 81770511), the Liao Ning Revitalization Talents Program (Grant No. XLYC1908008), the Project of the Key Laboratory of the Education Department of Liaoning (Grant No. LS201601), and the Outstanding Scientific Fund of Shengjing Hospital (Grant No. 201502).



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fgene.2021.605015/full#supplementary-material
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ARMs, anorectal malformations; ETU, ethylenethiourea; GD, gestational day; Rpm, reads per million mapped reads; circRNAs, circular RNAs; ceRNA, competing endogenous RNA; rRNA, ribosomal RNA; GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; FDR, false discovery rate; qRT-PCR, quantitative reverse-transcription polymerase chain reaction; WNT, wingless-type MMTV integration site family; TGF- β, transforming growth factor- β; MAPK, mitogen-activated protein kinase; GEO, Gene Expression Omnibus; PCA, principal component analysis.
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Purpose: ROR2, a member of the ROR family, is essential for skeletal development as a receptor of Wnt5a. The present study aims to investigate the mutational spectrum of ROR2 in children with short stature and to identify the underlying molecular mechanisms.

Methods: We retrospectively analyzed clinical phenotype and whole-exome sequencing (WES) data of 426 patients with short stature through mutation screening of ROR2. We subsequently examined the changes in protein expression and subcellular location in ROR2 caused by the mutations. The mRNA expression of downstream signaling molecules of the Wnt5a–ROR2 pathway was also examined.

Results: We identified 12 mutations in ROR2 in 21 patients, including 10 missense, one nonsense, and one frameshift. Among all missense variants, four recurrent missense variants [c.1675G > A(p.Gly559Ser), c.2212C > T(p.Arg738Cys), c.1930G > A(p.Asp644Asn), c.2117G > A(p.Arg706Gln)] were analyzed by experiments in vitro. The c.1675G > A mutation significantly altered the expression and the cellular localization of the ROR2 protein. The c.1675G > A mutation also caused a significantly decreased expression of c-Jun. In contrast, other missense variants did not confer any disruptive effect on the biological functions of ROR2.

Conclusion: We expanded the mutational spectrum of ROR2 in patients with short stature. Functional experiments potentially revealed a novel molecular mechanism that the c.1675G > A mutation in ROR2 might affect the expression of downstream Wnt5a–ROR2 pathway gene by disturbing the subcellular localization and expression of the protein.
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INTRODUCTION

As a member of ROR family receptor tyrosine kinase, receptor tyrosine kinase like orphan receptor 2 (ROR2) is a 943-amino acid transmembrane protein tyrosine kinase encoded by the ROR2 gene (van Bokhoven et al., 2000). The extracellular domains of ROR2 mainly include an immunoglobulin-like functional domain, a cysteine enrichment domain (CRD), and a kringle domain, while the intracellular domains include a tyrosine kinase domain (TKD), a proline-rich domain, two serine/threonine-rich domains, and a short C-terminal tail (Endo and Minami, 2018; Kamizaki et al., 2020). ROR2 is widely expressed in a variety of tissues, including the heart, brain, and lung and is also involved in the development of the nervous system and the skeletal system (Huang et al., 2015). Recently, it has been reported that ROR2 and ROR1 interact with Wnt9a to regulate the growth of the humerus in vivo (Weissenböck et al., 2019).

Pathogenic mutations in ROR2 are involved in two diseases: autosomal recessive Robinow syndrome (RRS, MIM:268310) and autosomal dominant brachydactyly type B1 (BDB1, MIM:113000) (Afzal et al., 2000; Yang et al., 2020; Zhang et al., 2020). Variants of ROR2 that cause RRS are generally nonsense, missense, and frameshift and are located in all of the domains (Kirat et al., 2020). BDB1-related variants are often nonsense or frameshift variants that reside in the N-terminal region of the protein (Stricker et al., 2017). Truncating variants associated with BDB1 cause a gain-of-function effect, whereas RRS-related variants result in the loss of function of ROR2 (Bacino, 1993). Accumulating evidence from Ror2-knockout mice and RRS patients suggests a significant role of ROR2 in the early formation of chondrocytes as well as the development and formation of bone (DeChiara et al., 2000; Takeuchi et al., 2000; Patton and Afzal, 2002; Schwabe et al., 2004; Weissenböck et al., 2019).

Recent findings indicate that mutations in a single gene, such as SHOX, NPR2, ACAN, or FGFR3, could cause either severe skeletal dysplasia or isolated short stature. Hauer et al. (2018) performed whole-exome sequencing (WES) on 200 patients with idiopathic short stature and found a proportion of patients with pathogenic mutation in genes known to be associated with skeletal dysplasia. We previously revealed distinct genetic architecture and pathophysiological processes in 561 patients with isolated and syndromic short stature using WES and yielded a diagnostic rate of 24.1% (Fan et al., 2021). The milder phenotype (that is, isolated short stature) tends to occur when the mutation only partially disrupts protein function and/or when the mutation occurs in the heterozygous state (Baron et al., 2015).

Although mutations in ROR2 have been implicated in certain congenital skeletal defects, including BDB1 and RRS, the molecular mechanisms underlying isolated short stature still remain elusive. This study aimed to explore the contributions of heterozygous ROR2 variants in short stature patients that remained undiagnosed after WES analysis. We subsequently performed in vitro functional analyses for variants that were recurrent in our cohort.



MATERIALS AND METHODS


Cohort Recruitment and Whole-Exome Sequencing

From July 2014 to August 2018, we screened 426 WES-undiagnosed patients from three centers in China [Maternal and Child Health Hospital of Guangxi, The Second Affiliated Hospital of Guangxi Medical University, and Beijing Children’s Hospital, as parts of the Deciphering Disorders Involving Scoliosis and COmorbidities (DISCO)] study1.

DNA was extracted from peripheral blood collected from all of the probands and available familial members. In total, 374 patients underwent proband-only WES, while 50 underwent trio-based WES, and two underwent quad-based WES (altogether 532 subjects). The sequencing data were analyzed and annotated using an in-house developed analytical pipeline, Peking Union Medical College Hospital Pipeline (PUMP), as previously described (Wang et al., 2018; Chen et al., 2021; Zhao et al., 2021; Supplementary Methods).



Mutation Analysis

Mutation screening of ROR2 was performed in 426 undiagnosed patients. All mutations in coding exons of ROR2 from our cohort were manually reviewed using Integrative Genomics Viewer (IGV) (Thorvaldsdóttir et al., 2013). Current study use followed criteria to ensure that mutations in ROR2 were highly credible: (1) read depth of mutation > 10; (2) variant allele frequency ≥ 0.2; (3) Combined Annotation Dependent Depletion (CADD) predicted score > 15; (4) frequency in Gnomad database ≤ 0.01 (Figure 1). Sanger sequencing was performed on available subjects and parental samples to validate the variants by an orthogonal sequencing method and to investigate segregation according to Mendelian expectations for the identified variant allele(s).
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FIGURE 1. Flowchart of patient enrollment and mutation screening. VAF, variant allele frequency; CADD, combined annotation dependent depletion database.




Plasmid Construction

The wild-type (WT) ROR2 plasmid was constructed through Seamless Cloning reaction. The resulting PCR amplimers were digested with XhoI and BamHI and ligated into the XhoI and BamHI sites of plasmid pEGFP-N1 (Beijing Hitrobio Biotechnology Co., Ltd., Sigma-Aldrich, St. Louis). The resulting plasmid was identified by Sanger sequencing (Forward primer: 5′-CGCTTTGTCCTTCAGCGTTT-3′; Reverse primer: 5′-AATGCCCCTCATTAACCAGC-3′). All ROR2 mutated plasmids were constructed using the strategy of homologous recombination (Primers used for mutated plasmid construction were listed in Supplementary Materials). The resulting plasmid was transformed into Escherichia coli and validated by Sanger sequencing.



Cell Culture and Transfection

The HeLa cells were cultured in Dulbecco’s modified Eagle media/High Glucose (Hyclone), supplemented with 5% fetal bovine serum (FBS; 10099141C, Gibco), 100 U/ml penicillin-streptomycin (15140122, Gibco) at 37°C with 5% CO2. Cells were seeded in six-well plates or confocal dishes and transfected with Lipofectamine 3000 Transfection Reagent (2264840, Invitrogen) according to the manufacturers’ instructions. Six hours after transfection for Western blotting (WB) analysis, the HeLa cells were treated with 100 ng/ml Wnt5a (645-WN-010, R&D Systems) for 48 h.



Immunofluorescence

The HeLa cells were implanted on confocal dishes and transfected with plasmids using Lipofectamine 3000 Transfection Reagent (2264840, Invitrogen) for 48 h. The confocal dishes were rinsed three times with phosphate-buffered saline (PBS; SH0021, Beijing Haicheng Yuanhong Technology Co., Ltd.). The cells were fixed in 4% fixative solution (P1110, Solarbio, China) and blocked with bovine serum albumin buffer (ZLI-9022, ZSGB-bio, China). The first antibody (rabbit polyclonal calnexin antibody, ab22595, Abcam) was incubated with PBS containing 0.1% Triton X-100 (T8200, Solarbio, China) at room temperature (RT; 25°C) for 1 h. Goat anti-rabbit IgG H&L (Alexa Fluor 647) was adopted as secondary antibody (ab150079, Abcam). The dyed dishes were mounted in fluorescent mounting medium with 4′,6-diamidino-2-phenylindole (DAPI; ZLI-9557, ZSGB-BIO, China) and observed using confocal microscopy. All experiments were replicated three times.



Western Blotting Analysis

Cells were lysed with radioimmunoprecipitation assay (RIPA) lysis buffer (C1053, Beijing Applygen Technologies Inc.), and protein concentrations were determined using the bicinchoninic acid (BCA) Protein Assay Kit (PC0020, Solarbio, China). Total protein of 20 μg was separated on a 10% NuPAGETM Bis-Tris Welcome Pack (NP030B, Invitrogen), and the electrophoresed products were transferred to iBlotTM 2 NC Regular Stacks (IB23001, Life Technologies). Membranes were blocked for 30 min at RT using 5% powdered milk, and primary antibodies mouse anti-eGFP mAb (TA-06, ZSGB-BIO, China) and mouse anti-GAPDH mAb (TA-08, ZSGB-BIO, China) were incubated overnight at 4°C. After washing the membranes, the secondary antibody Goat anti-Mouse IgG (H + L) (ZB-2305, ZSGB-BIO, China) was incubated for 2 h at RT. Bands were visualized with Pro-light HRP substrate chemiluminescent system (PA112, Tiangen Biotech Co., Ltd.). Chemiluminescent signals were quantified using ImageJ software.



Quantitative Real-Time Polymerase Chain Reaction

The levels of c-Jun and Axin2 mRNA in HeLa cells after Wnt5a treatment were analyzed via qRT-PCR. Total RNA was extracted using FastPure cell/tissue total RNA isolation kit V2 (RC112-01, Nanjing Vazyme Biotech Co., Ltd.), according to the manufacturer’s instructions. The RNA was subsequently reverse transcribed to yield single-stranded cDNAs using PrimeScriptTM RT reagent kit with gDNA eraser (perfect real time, RR047A, TaKaRa) based on the manufacturer’s instructions. The qRT-PCR reaction was performed using TB Green Premix Ex TaqTM II (Tli RNaseH Plus, RR820A, TaKaRa) and the 7500 Fast Dx Real-Time PCR Instrument (Applied Biosystems, United States) based on the manufacturer’s instructions. The primer sequences used for PCR amplification in our study were designed based on the sequences of the cDNA clones as follows: the primers of c-Jun were as previously described (Davoulou et al., 2020) and the primers of Axin2 (137 bp: NM_011359): Forward primer: 5′-CGATGAGTTTGCCTGTGGAG-3′; Reverse primer: 5′-TCAATCGATCCGCTCCACTT-3′.



Statistical Analysis

Comparison among groups was performed by the analysis of Student’s T-test. P-value less than 0.05 was statistically significant as calculated by SPSS 21.0.



RESULTS


Cohort Demographic Characteristics

We found that 21 patients carried variants in ROR2 from 426 patients with short stature. Among these patients, there were 12 males (57%) and 9 females (43%). The mean age, bone age, and height SDs of all cases with ROR2 variants were 6.38 ± 3.99 years, 4.67 ± 2.19 years, and −2.92 ± 1.31, respectively. Ten cases presented other systemic symptoms besides short stature. Six cases presented symptoms of developmental delay, and only one case had a symptom of gonadal dysplasia (Table 1).


TABLE 1. Phenotype and genotype of patients carrying mutations in ROR2.
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Mutational Screening of ROR2 in the Cohort

Through mutation screening analysis, we identified 12 mutations in ROR2, including two truncating mutations and 10 missense mutations (Table 1). The heterozygous stop-gain mutation [c.613C > T (p.Arg205Ter)] was found in the patient DISCO-S0120 who manifested dwarfism with mild motor retardation and mental retardation, which were partly consistent with the phenotype of RRS. The other patient DISCO-S0186 carried a heterozygous ROR2 frameshift mutation [c.2625dupC (p.Thr876fsTer20)], which was absent from pubic databases and 942 in-house control from the DISCO study. However, no variant in ROR2 was identified in trans in either patient. Furthermore, four recurrent missense mutations in ROR2 were identified, including c.1675G > A (p.Gly559Ser) in five patients, c.2212C > T (p.Arg738Cys) in four patients, c.1930G > A (p.Asp644Asn) in two patients, and c.2117G > A (p.Arg706Gln) in two patients (Table 1). All recurrent missense mutations were located at the TKD of the intracellular region of the ROR2 protein (Figure 2).
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FIGURE 2. Schematic representation of ROR2 with its domain structure. Mutations identified in this study (green and black) are marked.




Expression of the ROR2 Protein and Wnt5a–ROR2 Pathway-Related Protein

We further conducted in vitro protein expression experiments to examine functional defects caused by recurrent missense mutations in ROR2. WB showed that c.1675G > A mutation could lead to a significant decrease in the expression of ROR2 protein with Wnt5a treatment (P < 0.05; Figures 3A,B). In contrast, the remaining three missense variants did not impact the expression of ROR2 (data not shown). The influence of mutated and WT ROR2 protein on β-catenin and P-Jnk/JNK pathways showed no significant difference with or without Wnt5a treatment (Figures 3A,C,D). To further explore the effect on the Wnt5a pathway conferred by the c.1675G > A variant, we tested the expression of c-Jun, a molecule downstream of the Wnt5a pathway in precursors of osteoclast (Maeda et al., 2012), and Axin2, a regulator of the Wnt pathway, with Wnt5a stimulation (Lammi et al., 2004). As a result, mRNA expression of c-Jun in the cells transfected with mutated ROR2 c.1675G > A was significantly lower than that transfected with WT ROR2 (P < 0.05; Figure 4A). In contrast, there was no significant difference in the expression of Axin2 mRNA after treatment with Wnt5a (Figure 4B).
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FIGURE 3. Modulation of non-canonical Wnt signaling in HeLa cells with the supplementation of Wnt5a in general culture conditions. The ROR2-GFP, β-Catenin, P-JnK, JnK levels in HeLa cells with 100 ng/ml concentration of Wnt5a (A) Western blot for Ror2 [wild type (WT) and mutants] in HeLa cells. (B–D) Quantification of protein expression of different ROR2 constructs by ImageJ (n = 3), *P < 0.05 vs. WT + Wnt5a 100 ng/ml.



[image: image]

FIGURE 4. Real-time PCR analysis of mRNA expression of Wnt ligands (C-Jun and Axin2) in HeLa cells (n = 3) and subcellular location of the ROR2 protein. All P-values were calculated by Student’s t-test. ∗P < 0.05 and ∗P < 0.01 were considered statistically significant. (A) qPCR analysis of C-jun mRNA expression under Wnt5a treatment. (B) qPCR analysis of Axin2 mRNA expression under Wnt5a treatment. (C) Subcellular location distribution of ROR2 WT protein, and distribution of mutated ROR2 protein.




Immunofluorescence Colocalization of ROR2

We further performed immunofluorescence experiments to explore the effects of these missense mutations on the subcellular localization of the ROR2 protein. The results showed that the mutated ROR2 c.1675G > A was enriched in the endoplasmic reticulum, and the mutated ROR2 c.613C > T was not detected (Figure 4C). The subcellular localization of other missense mutations in ROR2 was similar to that of WT (data not shown). These in vitro results suggested that the c.1675G > A mutation might affect the expression of downstream genes in the Wnt5a–ROR2 pathway and alter the subcellular localization of the ROR2 protein.



DISCUSSION

With the application of the next-generation sequencing (NGS) in exploring the genetic etiology of disease, complex genetic patterns may explain the genetic causes of many common diseases and relatively rare diseases (Posey et al., 2017). Through mutation screening of ROR2, we found two patients with heterozygous truncating mutations in ROR2 mainly presenting short stature. Genotype–phenotype evaluation confirmed that these two patients were lacking other characteristic features of the RRS, indicating that heterozygous loss-of-function mutation in ROR2 might be associated with isolated short stature.

In addition, we identified six missense mutations in ROR2 including four recurrent missense mutations located within the TKD (Figure 2 and Table 1). Results from functional experiments in vitro demonstrated that the missense mutation in ROR2 [c.1675G > A (p.Gly559Ser)] could perturb the subcellular localization of the ROR2 protein and lead to a decreased expression of downstream molecule of the Wnt5a pathway. Based on these results, we inferred that this heterozygous missense mutation in ROR2 might have a hypomorphic effect, which meant a variant caused partial loss of the gene function (Hrabé de Angelis and Balling, 1998).

In vertebrates, ROR2 and ROR1 bind to non-classical Wnt5a protein through their CRD and act as receptors or co-receptors for Wnt5a to activate non-classical Wnt pathways (β-catenin-independent pathways), including planar cellular polarization pathways and Wnt–Ca2+ pathways (Oishi et al., 2003; Yamamoto et al., 2007; Gao et al., 2011; Kamizaki et al., 2020). Recently, studies showed that the Wnt5a–ROR2 pathway was not only involved in the development of cartilage but also associated with the function of osteoblasts and osteoclasts (Chen et al., 2019; Uehara et al., 2019). Weissenböck et al. (2019) found that knockout of Ror2 also influenced the formation of the trunk bone in vivo. Maeda et al. (2012) found that the Wnt5a–ROR2 pathway could further regulate the differentiation of osteoblast progenitor cells by affecting the dimer of Jun and Sp-1 binding to the transcriptional initiation region of Tnfrsf11a, which is consistent with our findings. According to our in vitro assays, c.1675G > A mutation in ROR2 leads to a decrease in the expression of c-Jun under Wnt5a treatment, which indicated that this missense mutation in ROR2 might disrupt the normal function of the Wnt5a–ROR2 pathway.

The TKD is the key domain in the cytoplasmic region of the ROR2 protein. The biological function of the TKD was controversial in previous studies (Alfaro et al., 2015; Debebe and Rathmell, 2015). In terms of evolutionary biology, mammalian ROR2 exhibits alterations within the highly conserved amino acids in the kinase domains that possibly indicates that the kinase activity may have been evolutionarily degenerated (Forrester, 2002). Also, several studies suggested that both ROR1 and ROR2 might be pseudokinases (Gentile et al., 2011; Debebe and Rathmell, 2015). However, recent studies by Nevenzal et al. (2019) and Sheetz et al. (2020) had found the autophosphorylation activity and autoinhibitory interactions of the TKD in the ROR2 protein from the perspective of high-throughput phosphorylation detection and protein structure. Consistent with results from experiments in vitro, five of our patients carrying the c.1675G > A heterozygous mutation mainly displayed short stature. As shown by both in vitro assays and data from patient cohorts, we confirmed that missense mutation c.1675G > A in the TKD region might be associated with linear growth attenuation among children. However, the function of the TKD needs to be confirmed by further molecular biological experiments. Also, our findings from cohort and in vitro results both highlighted a possiblely novel mechanism through which hypomorphic mutation in ROR2 leads to short stature.



CONCLUSION

We expanded the mutational spectrum of ROR2 in patients with short stature. The c.1675G > A in ROR2 was recurrently seen in five patients and was revealed to confer a hypomorphic effect on the function and expression of the protein and the normal activity of the Wnt5a pathway.
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The cardiac neural crest cells (cNCCs) is a transient, migratory cell population that contribute to the formation of major arteries and the septa and valves of the heart. Abnormal development of cNCCs leads to a spectrum of congenital heart defects that mainly affect the outflow region of the hearts. Signaling molecules and transcription factors are the best studied regulatory events controlling cNCC development. In recent years, however, accumulated evidence supports that epigenetic regulation also plays an important role in cNCC development. Here, we summarize the functions of epigenetic regulators during cNCC development as well as cNCC related cardiovascular defects. These factors include ATP-dependent chromatin remodeling factors, histone modifiers and DNA methylation modulators. In many cases, mutations in the genes encoding these factors are known to cause inborn heart diseases. A better understanding of epigenetic regulators, their activities and their roles during heart development will ultimately contribute to the development of new clinical applications for patients with congenital heart disease.
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cNCCS CONTRIBUTE TO CARDIOVASCULAR DEVELOPMENT

Neural crest cells are multipotent stem-like cells that are exclusive to vertebrate embryos. They are formed at the ectoderm-neural ectoderm border through epithelial-to-mesenchymal-transition during embryonic development. After formation, they quickly migrate ventrally to various destinations where they differentiate into different cell types based on local instructive cues (Hutson and Kirby, 2003; Snider et al., 2007; Keyte and Hutson, 2012; Lin et al., 2012; Keyte et al., 2014; Plein et al., 2015). The cardiac neural crest cells (cNCCs) is a subpopulation of NCCs that is derived from the dorsal neural tube between the otic placode and the posterior border of the third somite (Hutson and Kirby, 2003; Snider et al., 2007; Keyte and Hutson, 2012; Lin et al., 2012; Keyte et al., 2014; Plein et al., 2015). These cells migrate to the circumpharyngeal ridge, briefly pause there, and then invade into the newly formed pharyngeal arches (PAs) 3, 4, and 6. In PAs, they proliferate and become the major source of PA mesenchyme. Some cNCCs in PAs differentiate into vessel smooth muscle cells (SMCs) to support the formation of pharyngeal arch arteries (PAAs) and further remodeling of PAAs into aortic arch arteries. A subgroup of cNCCs continue to migrate into cardiac outflow tract (OFT) cushions and act together with endocardial-derived mesenchymal cells to separate the common OFT into the aorta and pulmonary trunk. In addition, OFT cNCCs participate in valvulogenesis, and some of them eventually become interstitial cells of semilunar valves (Hutson and Kirby, 2003; Snider et al., 2007; Keyte and Hutson, 2012; Lin et al., 2012; Keyte et al., 2014; Plein et al., 2015). Some recent studies have shown that cNCCs can also differentiate into cardiomyocytes in zebrafish, chicken and mice (George et al., 2020).

The critical roles of cNCCs in PAA development and OFT septation are well established in mammalian development (Hutson and Kirby, 2003; Snider et al., 2007; Keyte and Hutson, 2012; Lin et al., 2012; Keyte et al., 2014; Plein et al., 2015). Abnormalities in cNCCs may lead to a spectrum of congenital heart defects, including ventricular septal defect (VSD), overriding aorta, double outlet right ventricle (DORV), persistent truncus arteriosus (PTA), transposition of the great arteries, tetralogy of Fallot (TOF) and interruption of the aortic arch (IAA; Hutson and Kirby, 2003; Snider et al., 2007; Keyte and Hutson, 2012; Lin et al., 2012; Keyte et al., 2014; Plein et al., 2015). PAA and OFT defects account for 20 to 30% of congenital heart disease (CHD), one of the most common birth defects that affects about 1–5% of newborns every year (Bruneau, 2008). While signaling molecules and transcription factors are the best studied regulatory events controlling cNCC development, growing evidence in recent years supports the idea that epigenetic regulating factors also play crucial roles for normal development of cNCCs during mammalian embryogenesis.



EPIGENETIC REGULATORS OF cNCCs

In this section, we will summarize the known functions of epigenetic regulators during cNCC development that have been reported in recent years. These factors are classified into three groups: ATP-dependent chromatin remodeling factors, histone modifiers and DNA methylation modulators.


ATP-Dependent Chromatin Remodeling Factors

The ATP-dependent chromatin remodeling complexes utilize energy from ATP hydrolysis to alter nucleosome structure or conformation, thereby regulating the accessibility of DNA to transcription factors and other regulators (Wu et al., 2009; Hota and Bruneau, 2016; Runge et al., 2016; Clapier et al., 2017). There are four major families of SWI-like ATP-dependent chromatin remodeling complexes: SWI/SNF (switch/sucrose non-fermentable), ISWI (imitation SWI), INO80 (inositol requiring 80), and CHD (chromodomain helicase DNA-binding).


(i)Coffin-Siris syndrome is a rare genetic disease affecting multiple body systems such as the head, face and heart. The associated cardiac anomalies include VSD, atrial septal defect (ASD), TOF and patent ductus arteriosus (PDA; Schrier et al., 2012; Kosho et al., 2013). More than 80% of Coffin-Siris syndrome cases are caused by mutations in one of the following genes: Arid1A, Arid1B, Brg1, Brm, Snf5/Ini1, or BAF57, which encode the subunits of the BRG1-associated factors (BAF) chromatin-remodeling complex (vertebrate homolog of the SWI/SNF complex; Schrier et al., 2012; Kosho et al., 2013, 2014). Brg1 (brahma-relate gene 1), which encodes an ATPase subunit of BAF complex, plays crucial roles in cardiovascular development. In zebrafish, Brg1 is required for neural crest induction and differentiation (Eroglu et al., 2006). Brg1-null mutant mice are lethal prior to the initiation of decidualization, preventing the analysis of the role of BRG1 in the neural crest (Bultman et al., 2000). Brg1 haploinsufficient mice have congenital heart defects such as ASD, VSD, and dilated hearts at birth (Takeuchi et al., 2011). While these defects were thought to be due to combined abnormalities in different cell types, including cNCCs, no further study was performed on NCCs in Brg1± mice (Takeuchi et al., 2011). To address its specific role in NCCs, Brg1 was specifically inactivated in NCCs using a conditional gene inactivation approach (Li et al., 2013). NCC specific deletion of Brg1 results in aberrant patterning of PAAs (loss of PAA3 and PAA4) and shortened OFT at E10.5. In NCCs, BRG1 suppresses the expression of Ask1 (an apoptosis factor) and p21cip1 (a cell cycle inhibitor) to decrease cell death and promote cell proliferation. Furthermore, BRG1 also promotes Myh11 expression to support differentiation of NCCs into SMCs. These results suggest that Brg1 maintains cNCC progenitor pool by inhibiting apoptosis and promoting proliferation, regulating cNCC migration to the OFT and helping cNCC differentiation into vascular SMCs (Li et al., 2013). In addition to the studies on Brg1, NCC-specific Arid1A mutant mice also display OFT and posterior PAA patterning defects (incomplete PAA6 formation) at E10.5 (Chandler and Magnuson, 2016). Collectively, these data suggest that SWI/SNF remodelers play essential roles at various stages of cNCC development.

(ii)Haploinsufficiency of CHD7 gene, a member of CHD family, is the major cause of CHARGE syndrome (Vissers et al., 2004; Zentner et al., 2010; Bergman et al., 2011; Corsten-Janssen et al., 2013; Basson and van Ravenswaaij-Arts, 2015; Micucci et al., 2015; Corsten-Janssen and Scambler, 2017; Pauli et al., 2017; van Ravenswaaij-Arts and Martin, 2017). CHARGE syndrome is a genetic disorder characterized by abnormalities in multiple NCC-derived organs including the eyes, ears and heart. The associated congenital heart defects in CHARGE patients include TOF, DORV, VSD, atrioventricular canal defect, PDA, pulmonary stenosis and interrupted aortic arch type B (IAA-B; Cyran et al., 1987; Blake et al., 1990; Lin et al., 1990; Tellier et al., 1998; Oswal et al., 2014). In mouse and Xenopus, CHD7 expression is detected in pre-migratory and migratory neural crest cells (Bajpai et al., 2010; Fujita et al., 2014). While CHD7 null mutant mice are embryonic lethal, CHD7 heterozygous mutant mice display variable cardiovascular defects including IAA-B and VSD, similar to that observed in CHARGE patients (Bosman et al., 2005; Randall et al., 2009). The deletion of CHD7 in mouse NCCs using Wnt1-Cre2 driver leads to severe conotruncal defects and perinatal lethality, resulting from increased NCC apoptosis along with impaired NCC migration and differentiation (Yan et al., 2020). Multiple evidence suggests that CHD7 functionally interacts with other chromatin remodelers like PBAF (polybromo- and BAF) and CHD8 (chromodomain helicase DNA-binding 8). In human NC-like cells, CHD7 cooperates with PBAF to control the activation of genes (including Sox9 and Twist1) important for NCC development (Bajpai et al., 2010). In addition, CHD7 functions with BRG1 to activate PlexinA2, a SEMA3-family receptor that is required for guiding cNCCs into the OFT (Li et al., 2013). Our recent study (Yan et al., 2020) revealed that CHD7 interacts with WDR5, which is a core component of H3K4 methyltransferase complexes (Eissenberg and Shilatifard, 2010; Justin et al., 2010; Black et al., 2012; Zhang and Liu, 2015). Our data showed for the first time that CHD7 regulates cNCC development through both nucleosome remodeling and recruitment of histone modifying enzymes to target loci.

(iii)Williams Syndrome (WS) is a congenital disorder characterized by developmental delays, learning challenges and cardiovascular disease. It occurs in approximately one per 7,500 births, and associated heart defects include supravalvular aortic stenosis and pulmonary stenosis. Most cases of WS are caused by the spontaneous deletion of a specific region on chromosome 7. One gene within that region is Baz1B (bromodomain adjacent to zinc finger domain 1B), which encodes WSTF (Williams Syndrome transcription factor). WSTF is a major subunit of two distinct ATP-dependent chromatin remodeling complexes: WICH (WSTF-ISWI chromatin remodeling complex), a subclass of the SWI/SNF class and WINAC (WSTF including the nucleosome assembly complex), a subclass of the ISWI class (Barnett and Krebs, 2011). While Baz1B null mutant mice are neonatal lethal, at E10.5 the mutant embryos have hypoplastic fourth pharyngeal arch artery. Additionally, around 10% of Baz1B haploinsufficient neonates exhibit cardiovascular abnormalities resembling those observed in autosomal-dominant WS patients (Yoshimura et al., 2009). In Xenopus embryos, WSTF is expressed in the migratory neural crest cells, and the knockout of Baz1B results in severe defects in neural crest migration and maintenance (Barnett et al., 2012). Thus, these data indicate that WSTF malfunction contributes to WS possibly via improper epigenetic regulation of cNCCs.





Histone Modifiers

Two of each core histones (H2A, H2B, H3, and H4) form an octameric structure called the nucleosome core, which associates with wrapped DNA to organize into a nucleosome, the basic building block of chromatin. The core histones are highly evolutionary conserved, and they can be modified in a variety of ways, including methylation, acetylation, phosphorylation and ubiquitination (Kouzarides, 2007). These post-translational modifications of histone proteins influence gene expression by altering the histone-DNA interaction or by acting as markers that recruit specific histone modifiers (Kouzarides, 2007).


Histone Methylation Mainly Occurs on Lysine and Arginine Residues on Histone Side Chains

Lysine can be mono-, di-, or tri-methylated, whereas arginine can be mono- or di-methylated. Histone methylation is associated with both transcriptional activation and repression (Kouzarides, 2007). We will review the most characterized histone methylations whose dysregulation may be associated with CHDs.


(i)H3K4 methylation and H3K27 demethylation



Kabuki syndrome is a rare congenital disorder that affects multiple parts of the body. It is characterized by a distinctive set of facial features, short stature, skeletal abnormalities, intellectual disability and heart defects including coarctation of the aorta, ASD or VSD (Digilio et al., 2001, 2017). Kabuki syndrome is usually caused by mutations in two genes: KMT2D (histone-lysine N-methyltransferase 2D) and KDM6A (lysine-specific demethylase 6A; Ng et al., 2010; Hannibal et al., 2011; Lederer et al., 2012; Miyake et al., 2013). The human KMT2D gene (also known as MLL2 or MLL4) encodes for a ubiquitously expressed H3K4 methylase, which is predominantly associated with active gene transcription (Shpargel et al., 2017). Heterozygous mutations in KMT2D are identified in more than 50% of Kabuki patients, most of which lead to the premature termination of the protein product, likely resulting in reduced activity of the KMT2D protein (Ng et al., 2010; Lederer et al., 2012; Bögershausen and Wollnik, 2013; Micale et al., 2014). A smaller percentage of Kabuki individuals (less than 10%) carry mutations in KDM6A, a gene that encodes a H3K27 demethylase, which removes repressive chromatin modifications and enables gene transcription (Shpargel et al., 2017).

Knockdown of Kmt2d in zebrafish results in craniofacial, brain and heart abnormalities close to the Kabuki syndromic features. The Kmt2d morphants exhibit defects in heart looping, which lead to abnormal development of the atria and/or ventricle, as well as prominent bulging of the myocardial wall (Van Laarhoven et al., 2015). A Kabuki Xenopus model reveals that Kmt2d is required for neural crest cell formation and migration. The loss-of-function of Kmt2d correlates with reduced H3K4me1 and H3K27Ac modifications (Schwenty-Lara et al., 2020). Additionally, KMT2D haploinsufficiency impairs differentiation of the cultured human neural crest cells through dysregulation of H3K4me3 and H3K27Ac at the TFAP2A locus, which is a master regulator of NCC lineage progression (Lavery et al., 2020). In mouse, deletion of Kmt2d in cardiac precursors and myocardium results in embryonic lethality and cardiac defects including disorganized interventricular septum, thin compact myocardium and OFT septation defects. The level of H3K4me1 and H3K4me2 at enhancers and promoters is decreased in mutant embryos (Ang et al., 2016). While the deletion of Kmt2d in NCCs in mice leads to severe cranial facial defects, no cardiovascular phenotype has been reported (Shpargel et al., 2020). Therefore, it remains unclear if Kmt2d in NCCs is important for cardiovascular development. It is possible that the loss of KMT2D in cNCCs may be compensated by other histone lysine methyltransferases.

Neural crest cell-specific knockout of Kdm6a in mice leads to clinical features of Kabuki syndrome including heart defects (aorta coarctation, PDA and VSD; Shpargel et al., 2017). Kdm6a NCC loss-of-function mutants exhibit reduced post-migratory embryonic neural crest cells. In mouse Kdm6a-knockout NCCs, a subset of the H3K27me3 peaks is elevated compared with wild type cells, supporting its role of H3K27me3 demethylation in NCCs. However, multiple lines of evidence presented in this paper suggest that KDM6A also possess histone demethylase-independent activity critical for NCC development (Shpargel et al., 2017). First, the male Kdm6a knockout mice displayed weaker phenotypes than female mutant mice due to the partial redundancy of Uty, which encodes a Y-chromosome demethylase-dead homolog of KDM6A. Second, the methylation status of the majority of KDM6A target genes is not altered in NCCs with Kdm6a deleted. Third, inactivation of the demethylase activity of KDM6A via a homozygous knockin allele of Kdm6a does not lead to aberrant craniofacial development in mice embryos. Fourth, while most Kabuki causative mutations in KDM6A impair the demethylase activity of KDM6A, several mutations do not. Collectively, all these data support the idea that KDM6A promotes normal NCC development through both demethylase -dependent and –independent activities.


(ii)H3K9 methylation and demethylation



Kleefstra Syndrome (KS) is a rare genetic disorder characterized by childhood hypotonia, intellectual disability, and distinctive facial features. Approximately 40% of KS patients have CHDs, including ASD/VSD, TOF, aortic coarctation, bicuspid aortic valve, and pulmonic stenosis. Mutations in EHMT1 (euchromatic histone-lysine N-methyltransferase 1), a gene encoding H3K9 methyltransferase, is the major cause of KS (Kleefstra et al., 2005, 2006). Ehmt1± mice recapitulate the core developmental features of KS phenotype; however, no heart abnormalities have been reported (Balemans et al., 2014). Therefore, an experimental animal model for cardiac manifestations in KS should be developed.

Jumonji, encoded by Jmj (jumonji) gene, functions as histone demethylase. Jmj expression is detected in the heart throughout all the cardiac developmental stages. Homozygous Jmj mutant mice die soon after birth with various cardiovascular defects such as VSD and DORV (Lee et al., 2000). Knockdown of JmjD2A (Jumonji domain containing 2A) in chick embryos leads to down-regulated expression of neural crest specifier genes (Sox10, Snail2, and FoxD3), resulting in abnormal neural crest derivatives at later embryonic development stages (Strobl-Mazzulla et al., 2010). Moreover, JmjD2A is localized at the promoter regions of Sox10 and Sn6ail2, which are occupied by H3K9me3 (a heterochromatin epigenetic mark), and JmjD2A knock-down represses Sox10 transcription by inhibiting H3K9me3 demethylation (Strobl-Mazzulla et al., 2010). Thus, JmjD2A is required in neural crest cell development by carrying out its demethylase activity.


(iii)H3K36 methylation



Wolf-Hirschhorn Syndrome (WHS) is a rare congenital neurodevelopmental disorder characterized by prenatal and postnatal growth deficiency, intellectual disability, seizure, craniofacial malformation and heart defects (Cooper, 1961; Wolf et al., 1965). The associated cardiac defects include ASD. The putative candidate genes responsible for WHS are WHS Candidates 1 and 2 (WHSC1 and WHSC2) and LETM1 (leucine zipper and EF-hand containing transmembrane protein 1). The most established role of WHSC1 is that of an H3K36me3-specific histone methyltransferase, which is associated with both transcriptional activation and inhibition. In mouse embryonic hearts, loss of WHSC1 leads to reduced H3K36me3 at the Pdgfra locus, up-regulated transcription of Pdgfra and WHS-like defects including congenital cardiovascular anomalies (Nimura et al., 2009; Yu et al., 2017). Therefore, WHSC1 contributes to WHS by carrying out its H3K36 methyltransferase function. The evidence supporting the role of WHSC1 in regulating cNCC development mainly comes from a Xenopus study. WHSC1 expression is enriched in PAs of X. laevis embryos, and Whsc1 deletion in vivo impairs neural crest cell migration into the PAs (Mills et al., 2019).



Histone Acetylation/Deacetylation Is Mediated by Histone Acetyltransferases/Histone Deacetylases, Respectively

Histone acetylation is associated with active transcription, while histone deacetylation corresponds to transcriptional repression (Jenuwein and Allis, 2001). In mice, NCC-deletion of Hdac3, which encodes histone deacetylase 3, results in perinatal lethality and severe cardiovascular defects including IAA-B, PTA, VSD, DORV, and aortic arch hypoplasia. The cardiovascular abnormalities are probably due to deficiency in smooth muscle differentiation, indicating that HDAC3 is required for differentiation of cNCCs into SMCs that are involved in septation of the distal OFT in mice (Singh et al., 2011). Although other Hdacs (Hdac1, Hdac4, and Hdac8) also play important roles in neural crest development, there is no evidence for their requirement in cNCCs (Haberland et al., 2009; DeLaurier et al., 2012; Ignatius et al., 2013).



DNA Methylation Modulators

DNA methylation is a common epigenetic mechanism that typically acts to repress gene expression (Moore et al., 2013). In mammals, it is associated with numerous key processes including genomic imprinting, inactivation of the silent X chromosome, and normal prenatal development (Paulsen and Ferguson-Smith, 2001; Smith and Meissner, 2013; Elhamamsy, 2017). The mechanism of DNA methylation involves the covalent transfer of a methyl group to C-5 position of cytosine, and generally occurs in the context of CpG dinucleotides (Hu et al., 2014a). This process is mediated by the family of DNA methyltransferases, which includes DNMT1, DNMT3A, 3B, and 3L (Hu et al., 2014a). DNMT1 is considered to be a key maintenance methyltransferase, while DNMT3A and 3B act as de novo methyltransferases of either unmethylated or hemi-methylated DNA (Hu et al., 2014a). DNMT3L is inactive on its own, instead acting as a general stimulating factor for DNMT3A and 3B (Wienholz et al., 2010).


(i)DNMT3A and 3B



Both DNMT3A and 3B have been shown to be crucial for normal mammalian development (Hu et al., 2014a). For example, Dnmt3A homozygous null mice typically die 4 weeks after birth, and Dnmt3B homozygous null mice die in utero (Okano et al., 1999). In the chicken embryo, DNMT3A is primarily expressed at sites of neural crest formation, and knockdown of Dnmt3A blocks neural crest specification (Hu et al., 2012). In particular, knockdown of Dnmt3A results in expansion of neural tube genes Sox2 and Sox3 into the neural crest region and down-regulation of neural crest specifier genes (Snail2, Sox9, TNIP1, FoxD3, Sox8, and Sox10). Furthermore, DNMT3A directly represses the transcription of Sox2 and Sox3 through promoter DNA methylation (Hu et al., 2012). Together, these results indicate that DNMT3A functions as a molecular switch that promotes neural crest cell fate through repression of neural tube genes (Hu et al., 2012).

DNMT3B is broadly expressed throughout the neural plate during the gastrula stages, but its expression becomes subsequently restricted to the dorsal neural tube and migratory neural crest cells (Hu et al., 2014b). Knockdown of DNMT3B in human embryonic stem cells results in upregulation of neural crest specifier genes (Pax3/7, NGFR, FoxD3, Sox10, and Snail2; Martins-Taylor et al., 2012). In chicken embryos, knockdown of Dnmt3B results in prolonging of neural crest production by the neural tubes and excess migratory neural crest cells (Hu et al., 2014a). DNMT3B has also been shown to repress Sox10 directly through promoter methylation (Hu et al., 2014a). These results suggest that DNMT3B restricts the temporal window in which the dorsal neural tube undergoes epithelial-to-mesenchymal transition to produce neural crest cells (Hu et al., 2014a).

Immunodeficiency with centromeric instability and facial anomalies (ICF) syndrome is a rare autosomal recessive disease with just less than 70 known cases at present (Weemaes et al., 2013). Approximately 50% of ICF cases have mutations in DNMT3B, and are designated as ICF1. Nearly all patients with ICF1 exhibit craniofacial abnormalities such as hypertelorism and flat nasal bridge as well as neurological dysfunction (Weemaes et al., 2013). Furthermore, three patients with ICF1 were reported to have congenital heart defects: two with VSD and one with ASD (Weemaes et al., 2013). These abnormalities are consistent with the crucial role of DNMT3B in neural crest development. Mouse models for ICF syndrome show similar congenital defects. Most of the Dnmt3B null mice exhibit embryonic lethality between E13.5 to E16.5 (Ueda et al., 2006). Sectioning of the recovered Dnmt3B null mutants show that the ventricular septum is not closed at E14.5 and E15.5, although the ventricular septum is normally closed by E13.5. Furthermore, mice with ICF1 mutations, although alive at birth, exhibit craniofacial abnormalities similar to those found in ICF1 patients (Ueda et al., 2006). In contrast to the above studies, condition knockout of Dnmt3B in mice using Wnt1-cre and Sox10-cre only results in subtle migration defects, and does not result in any abnormalities in cardiac or craniofacial structures (Jacques-Fricke et al., 2012). This may indicate that the defects in neural crest derivatives are due to the requirement of DNMT3B in neighboring cell types (Jacques-Fricke et al., 2012).


(ii)Folic acid



Folic acid is a B-vitamin crucial for vertebrate development (Jimenez et al., 2018). Folate is converted into tetrahydrofolate, which is then used as a cofactor for nucleotide synthesis and generation of S-adenosylmethionine (SAM; Rosenquist, 2013). SAM is the primary source of methyl groups for DNA and histone methylation (Jimenez et al., 2018). The relationship between folate and CHD has been well studied, and numerous studies have shown that maternal folate supplementation reduces the risk of CHD, especially conotruncal defects (Rosenquist, 2013). Folate deficiency results in severe neural tube defects (Beaudin and Stover, 2007), as well as neural-crest associated defects such as orofacial abnormalities, VSD, as well as enlarged pericardial cavity (Rosenquist et al., 1996; Li et al., 2011; Wahl et al., 2015; Jimenez et al., 2018). Currently, there is evidence that folate regulation of DNA methylation may play a role in cNCC development. Studies have shown that folate levels directly correlate with DNA methylation (Choi et al., 2005; Pufulete et al., 2005), and maternal hypomethylation is associated with an increased risk of CHD (Chowdhury et al., 2011). Folate transporters FolR1 and Rfc1 are required for Sox2 methylation on neural crest region in mouse embryos, and knockdown of FolR1 and Rfc1 results in severe reduction of Sox10 expression and associated orofacial defects (Jimenez et al., 2018). Finally, in one human fetus with DORV, VSD, patent foramen ovale and coarctation of the preductal aorta, hypermethylation with associated decrease in expression of the folate metabolism gene MTHFS is detected (Serra-Juhé et al., 2015). Ultimately, more studies are needed to further establish the relationship between folate, DNA methylation and cNCC development.



SUMMARY AND PERSPECTIVE

We summarize the major genes discussed above in Table 1. Different types of epigenetic regulators, including chromatin remodeling factors, histone modifiers and DNA methylation modulators, are all involved in cNCC development (Figure 1). Significantly, mutations in many of these genes lead to inborn heart defects in human patients, and functional studies using various model systems have provided strong evidence supporting their critical roles in cNCCs.


TABLE 1. A summary of epigenetic regulators of cardiac neural crest cells (cNCCs).
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FIGURE 1. All three types of epigenetic regulators act together to regulate gene expression in cNCCs. ATP-dependent chromatin regulators regulate the density and positions of nucleosomes in target sites, while histone modifiers regulates post-translational modifications in the histone tails. There are many examples showing the interaction, physical and functional, between chromatin regulators and histone modifiers (see main text). In addition, DNA methylation modulators regulate the status of DNA methylation at target sites to control gene expression in cNCCs.


Despite the significant progress made on epigenetic regulation of cNCC development, there remain some particularly challenging questions warranting further investigation. First, many epigenetic regulators are expressed in different cell types, and how these factors execute their specific functions in cNCCs and other cardiac cell types remain highly elusive. One likely explanation is that these regulators interact with cell-type-specific transcriptional regulators to control expression of cell-type specific genes. In this case, understanding their interaction is particularly important, as it holds the key to designing specific therapeutic strategies for a particular cell type. Second, numerous examples have shown that epigenetic regulators from different classes can act in concert to regulate gene expression. How such harmony is achieved in cNCCs and other cell types remains largely unknown. This question is particularly challenging, as it requires a good understanding on how regulatory mechanisms act individually and in tandem. Third, a single epigenetic regulator may have distinct functions. For example, we recently showed that in addition to its well-known function in nucleosome remodeling, CHD7 can also recruit histone modifying enzymes to target loci (Yan et al., 2020). This latter activity of CHD7 does not reply on nucleosome remodeling. Another example would be WDR5, which not only acts in the nucleus as a core component of H3K4 methyltransferase complexes (Eissenberg and Shilatifard, 2010; Justin et al., 2010; Black et al., 2012; Zhang and Liu, 2015), but also serves as scaffolding protein between the basal body and F-actin in cilia (Kulkarni and Khokha, 2018; Kulkarni et al., 2018). Therefore, the inborn cardiac phenotypes observed in human patients with different mutations in the same gene can be due to different molecular alterations. Such information is particularly important for personalized therapeutic interventions. Overall, a better understanding of the functions of epigenetic regulators in cNCCs and their underlying mechanisms will ultimately shed light on developing new therapies for CHD.
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Cardiomyopathies (CMs) encompass a heterogeneous group of structural and functional abnormalities of the myocardium. The phenotypic characteristics of these myocardial diseases range from silent to symptomatic heart failure, to sudden cardiac death due to malignant tachycardias. These diseases represent a leading cause of cardiovascular morbidity, cardiac transplantation, and death. Since the discovery of the first locus associated with hypertrophic cardiomyopathy 30 years ago, multiple loci and molecular mechanisms have been associated with these cardiomyopathy phenotypes. Conversely, the disparity between the ever-growing landscape of cardiovascular genetics and the lack of awareness in this field noticeably demonstrates the necessity to update training curricula and educational pathways. This review summarizes the current understanding of heritable CMs, including the most common pathogenic gene variants associated with the morpho-functional types of cardiomyopathies: dilated, hypertrophic, arrhythmogenic, non-compaction, and restrictive. Increased understanding of the genetic/phenotypic associations of these heritable diseases would facilitate risk stratification to leveraging appropriate surveillance and management, and it would additionally provide identification of family members at risk of avoidable cardiovascular morbidity and mortality.
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INTRODUCTION

Cardiomyopathies (CMs) are a group of disorders in which the muscle of the heart (myocardium) becomes structurally and functionally abnormal, leading to systolic dysfunction, diastolic dysfunction, and/or tachyarrhythmias (Arbustini et al., 2013). The global burden of genetically driven cardiomyopathies is difficult to quantify given the limited epidemiological studies representing a global framework. However, just alone, hypertrophic cardiomyopathy is considered the most common inherited cardiovascular disease, estimated to be present in 1:200 adult individuals. This information was generated after taking into account clinical profiles based on advanced imaging and familial transmission rates (Maron et al., 2018). Similarly, the prevalence of dilated cardiomyopathy has been estimated in the range of 1:250 adults (Hershberger et al., 2013). Furthermore, a recent meta-analysis incorporating more than 20 studies found strong prevalence in first-degree family members of the probands (up to 65%), which displays evidence of the high degree of heritability in these disorders (Petretta et al., 2011; Watkins et al., 2011; Ware, 2015). In the pediatric population, a cardiomyopathy registry concluded that the prevalence of heart failure amongst children with cardiomyopathy is relatively elevated, representing a leading cause of morbidity and mortality for this aged group (Wilkinson et al., 2010; McKenna et al., 2017).

Cardiomyopathies have been incorporated into multiple classifications over the past decades ranging from modest to more sophisticated schemes based on the genetic origin of the disease; in fact, the MOGES nosology incorporates a morpho-functional

phenotype (M), organ(s) involved (O), the genetic inheritance pattern (G), an etiological annotation (E) including genetic defects or underlying disease/substrates, and the functional status (S) of a particular patient based on heart failure symptoms (Maron et al., 2006; Elliott et al., 2008; Arbustini et al., 2013). However, classification systems are limited, due to the genetic and phenotypic heterogeneity expressed in myocardial diseases, as well as the limitations of a particular classification system to satisfy multiple scientific and clinical disciplines.

The common modes of inheritance for these disorders include autosomal dominant, autosomal recessive, X-linked and mitochondrial, but complex modes of Mendelian inheritance, mosaicisms, variable expressivity, and incomplete penetrance have also been described (Charron, 2006).

From the molecular point of view, CMs may originate from a pathogenic variation manifesting the disease (single-gene disorder), multiple pathogenic variations in the same gene (compound heterozygosity), or from a combination of variations in different genes (digenic heterozygosity) (Towbin, 2014; Li et al., 2019). Moreover, the incorporation of advanced DNA and RNA sequencing, has led to a comprehensive assessment of modifiers at other loci, gene promoters, loci enhancers, copy number variants (deletion/duplication) and molecular regulatory regions associated with “classic” phenotypes of cardiomyopathy, more severe phenotypic expressions, overlapping sub-types, and the co-occurrence of myocardial disease and tachyarrhythmias (Weischenfeldt et al., 2013; Towbin, 2014; Li et al., 2019; Lipshultz et al., 2019; Minoche et al., 2019). In this review, we focus on common genetic associations with the classic phenotypes of heritable cardiomyopathies, such as: dilated cardiomyopathy (DCM), hypertrophic cardiomyopathy (HCM), arrhythmogenic cardiomyopathy (ACM), non-compaction cardiomyopathy (LVNC), and restrictive cardiomyopathy (RCM); providing an opportunity to guide clinical management based upon known genetic underpinnings.



MATERIAL CONTENT


Dilated Cardiomyopathy

Dilated cardiomyopathy is typically characterized by eccentric ventricular remodeling and decreased systolic function; and it can be detected in asymptomatic individuals, in those with heart failure symptoms, or in association with arrhythmias (Jefferies and Towbin, 2010) (Figure 1). Globally, DCM is one of the most common forms of cardiomyopathy, and it represents a leading cause of cardiac transplantation in children and adults (Lipshultz et al., 2019). The etiology of DCM can be broadly categorized into genetic, acquired, or mixed. Unfortunately, in many cases, no etiology can be found, and the disease is deemed idiopathic. Of interest, it is estimated that between 25 and 60% of patients with idiopathic DCM harbor positive family history for the disease, suggesting an underlying genetic predisposition (Petretta et al., 2011). Most genetically triggered cases of DCM are transmitted in an autosomal dominant pattern exhibiting variable penetrance. Other forms of inheritance include autosomal recessive, X-linked, and mitochondrial, have been described more frequent in the pediatric population (Arbustini et al., 2013).


[image: image]

FIGURE 1. Two-dimensional, apical 4-chamber echocardiographic image depicting an enlarged ventricle with spherical geometry and bilateral atrial enlargement in a patient harboring dilated cardiomyopathy secondary to a pathogenic gene variant in the TTN gene.


Familial DCM occurs frequently given the high heritability of this disorder, but this approximation is subject to change as a more critical evaluation of the genes linked to DCM continues to evolve and certain gene variations shift to be certified as non-pathogenic (Petretta et al., 2011).

A conventional classification of DCM has been categorized based on the presence or absence of systemic disease. Thus, dividing DCM into syndromic and non-syndromic forms is a practical approach to evaluating this highly heterogeneous disease (Table 1). The diagnostic rate for gene testing in non-syndromic DCM is about 46–73% in tertiary centers with cardiovascular genetic expertise (Tayal et al., 2017) but it might be confounded by insufficient control for population variation. Over the past decade, over 100 genes in total have been linked to DCM in the Human Gene Mutation Database and the Online Mendelian Inheritance in Man (Fatkin et al., 2019; Online Mendelian Inheritance in Man, 2019) (Table 2). From these genes, a large-scale analysis revealed that truncating variants in the titin gene (TNN) are the most common disease-causative mutations in non-syndromic DCM (McNally et al., 2013; Nouhravesh et al., 2016). Other core genes include MYH7, TNNT2 (encoding troponin T2) and TPM1 (encoding tropomyosin 1). LMNA (encoding a nuclear envelope protein, laming A/C), has been associated with the arrhythmogenic type of DCM, as well and other skeletal myopathies such as Emery-Dreifuss, limb-girdle, and LMNA-related congenital muscular dystrophy (Maggi et al., 2016). Other rare pathogenic variants (minor allele frequency) implicated in non-syndromic DCM include genes coding for the sarcomere and Z-disk (actin, myosin-binding protein C3, myopalladin, nebulette, ZASP), cytoskeleton (dystrophin, desmin), nuclear envelope (emerin), mitochondria (tafazzin), sarcoplasmic reticulum, desmosomes, ion channels, and transcription factors (Martinez et al., 2014; McNally and Mestroni, 2017; Tayal et al., 2017; Hershberger et al., 2018a). X-linked cardiomyopathy has been reported as an isolated disease of the heart or associated with skeletal myopathies such as Duchenne and Becker muscular dystrophy (Towbin and Ortiz-Lopez, 1994; Davies and Nowak, 2006; Puckelwartz and McNally, 2011). It is worth mentioning that female carriers of X-linked dystrophinopathies with skewed inactivation of the healthy X chromosome, may present illness manifested by muscle weakness, myocardial dysfunction and heart failure. Depending on the degree of functional loss of the healthy X chromosome, female carriers may present symptoms as early as during the first decade of life (Martinez et al., 2011). Thus, starting phenotype screenings of female carriers of X-linked dystrophinopathies during childhood may be warranted.


TABLE 1. Typical features of common types of syndromic dilated cardiomyopathy.
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TABLE 2. List of common genes and patterns of inheritance associated with DCM.

[image: Table 2]Barth syndrome (BTS) is another X-linked cardiac and skeletal myopathy that encompasses abnormal mitochondrial function, short stature, cyclic neutropenia, cardiolipin deficiency, and variable degrees of 3-methylglutaconic aciduria. BTS is caused by mutations in the TAZ gene (previously called G4.5), which is located in the chromosome Xq28 region and encodes for the Tafazzin protein (Jefferies, 2013). Pathologic gene variants in this gene may result in a wide spectrum of myocardial disease including DCM, HCM, LVNC or a morpho-functional combination of these types. In many cases, affected infants succumb to heart failure, arrhythmias, or sepsis secondary to leukocyte dysfunction (Barth et al., 1983; Towbin, 2010).

Regardless of the mode of inheritance and the pathogenic steps in one or multiple molecular pathways in patients with DCM, progression to heart failure comprises subsequent complex molecular cascades leading to contractile disorganization, metabolic dysregulation, progressive cell death, inflammatory stimulation, remodeling, and heart failure (Bowles et al., 2000; Piran et al., 2012). With disruption of one or multiple proteins or factors implicated in the myocardial mechanics, molecular function and electrical pathways, the ultimate cascade of processes can precipitate the myocardium to become dysfunctional; the “common pathway” in the development of heart failure (Bowles et al., 2000).

Novel sequencing methodologies incorporating panels of genes have enhanced the knowledge of pathogenic genetic variations facilitated the creation of and access to public genomic databases, increasing the probability of finding a pathogenic gene variant. Currently the diagnostic rate of detecting a pathogenic gene variant among patients with non-syndromic DCM range around 40%; this detection rate, however, has not changed after the introduction of conservative criteria to evaluate and define pathogenic variants (Hershberger et al., 2010; van Spaendonck-Zwarts et al., 2013).



HYPERTROPHIC CARDIOMYOPATHY

This CM is characterized by left ventricular hypertrophy and histologic evidence of myofiber disarray and interstitial fibrosis (Rowin and Maron, 2013). A cardinal feature of HCM is the presence of asymmetrical hypertrophy, however, a diverse morphology myocardial thickening such as septal, apical and lateral, has been described in association with this disease (Chun et al., 2010) (Figure 2). Mainly, driven by the degree of left ventricular outflow track obstruction, the clinical manifestations present in a wide spectrum ranging from silent, to symptoms of heart failure with preserved ejection fraction, to arrhythmias and sudden death (Brinkley et al., 2020). Diastolic dysfunction can even be detected in individuals with a genetic HCM diagnosis who have normal LV wall thickness, suggesting that diastolic dysfunction is an early feature rather than a consequence of hypertrophy (Rakowski and Carasso, 2009). In the end-stage of the disease, HCM can also present with the “burned-out HCM” phenotype which encompass the syndrome of heart failure with reduced ejection fraction (Brinkley et al., 2020). When echocardiographic data, large-scale epidemiology studies and genetic diagnoses are taken into account, the estimated prevalence of HCM has been raised to 1 case per 200 people in the general population (Maron, 2018). Within the pediatric population, HCM is 10 times more frequent in patients under 1 year of age than in older children, with these younger children more likely to harbor HCM as a syndromic cardiomyopathy (Tables 3, 4) (Colan et al., 2007). HCM typically has an autosomal pattern of inheritance. Although genetic testing alone for the diagnosis of HCM is not recommended, it has a great value in combination of a systematic evaluation for two main reasons. First, the identification of syndromic/genetic diseases known to cause HCM (i.e., Friederichs’s ataxia, Fabry disease, Pompe disease, etc.), and second, the identification of family members of the proband harboring pathogenic gene variants.
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FIGURE 2. Two dimensional images of HCM in the parasternal short axis (A) exhibiting significant concentric hypertrophy and corroborated by the parasternal long axis view (B).



TABLE 3. List of common genes and patterns of inheritance associated with HCM.
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TABLE 4. Typical features of common types of syndromic hypertrophic cardiomyopathy (phenocopies).

[image: Table 4]Categorization of HCM includes non-syndromic HCM (without other systemic involvement) and the syndromic form of HCM (in association with inborn errors of metabolism and neuromuscular disorders), also referred as previously mentioned, phenocopies of HCM (Colan, 2010; Popa-Fotea et al., 2019). It has been estimated that 50–60% of patients who have a family member with HCM harbor a pathogenic gene variant (Alfares et al., 2015; Burns et al., 2017).

More than three decades ago, the first chromosome locus (14q11.2-q12) encoding components of the sarcomere (beta-myosin heavy chain) was elucidated as the pathogenic basis for familial HCM (Maass et al., 2002). Since the discovery, more than a thousand mutations in near 30 genes have been implicated in the development of HCM (see Table 3) (Roma-Rodrigues and Fernandes, 2014). Most forms of HCM are inherited in an autosomal dominant transmission, but mitochondrial and autosomal recessive patterns have been also described (Jarcho et al., 1989; Konno et al., 2010; Gersh et al., 2011). Most disease-causing mutations implicated in HCM include pathogenic variants in the MYH7 gene (encoding beta-myosin heavy chain) and in the MYBPC3 gene (encoding cardiac myosin-binding protein C). These mutations account individually for 40% of cases; and some other core genes include TNNT2, TPM1, ACTC1, TNNI3, TTN, and MYL2 (Tariq and Ware, 2014). Most of these variants involve missense mutations (resulting in a direct amino acid change) and frameshift-type mutations (insertions or deletions of the number of nucleotides), which alter the properties of the protein involved. Epidemiology studies and the incorporation of genetic panels in clinical practice, have estimated that approximately 70–80% of familial cases have an identified gene variant, whereas fewer mutations (approximately 20%) are identified as infantile HCM (Jarcho et al., 1989; Konno et al., 2010; Gersh et al., 2011; Lipshultz et al., 2019). Genetic defects encoding for a sarcomeric proteins can disrupt the contractile mechanics and the of calcium homeostasis in the sarcomere resulting in a remodeling process by several transcription factors and cardiomyocyte hypertrophy, which eventually results in ischemia, fibrosis, and arrhythmias (Gersh et al., 2011).


RAS/MAPK Pathway Syndromes

Since the discovery of the first gene (PTPN11) associated with Noonan syndrome in 2001, multiple genes (RAF1, SOS1, KRAS, NRAS, BRAF, MAP2K1, MAP2K2, HRAS, and SHOC2) have been identified in the RAS/mitogen-activated protein kinase pathway. An important molecular corridor managing cell proliferation and differentiation. Thus, dysregulation results in a spectrum of disorders known as “RASopathies” including Noonan and Noonan-like syndromes (Rauen et al., 2010). Children with Noonan-associated syndromes who present HCM and heart failure have a worse risk profile when compared to other children with sarcomeric HCM (Wilkinson et al., 2012).

The management of RASopathies should involve a multidisciplinary team with expertise in the assessment of cardiac structural defects, HCM, and arrhythmias (Table 4).

Congenital metabolic disorders result from absent or abnormal enzymes—or their cofactors—which can lead to accumulation or deficiency of a specific metabolite. Although these disorders exhibit different modes of inheritance, most are transmitted in an autosomal recessive or mitochondrial pattern.

Pompe disease, is a glycogen storage disorder (type II) with autosomal recessive mode of inheritance affecting neuromuscular and myocardial tissues. This disease has broadly classified into the infantile onset (within the first year of life) and the late onset (from childhood to adulthood). The underlying mechanisms include the development of autophagy and the continuous accumulation of glycogen lysosomes secondary to a deficient acid alpha-glucosidase (Hirschhorn and Huie, 1999). The clinical presentation varies in severity and it notably affects skeletal muscle, myocardium and the central nervous system. In the infantile form, musculoskeletal weakness may prevent adequate respiratory mechanics and a normal development. In the myocardium, the build-up of glycogen leads to a progressive phenocopy of hypertrophic cardiomyopathy (Ruiz-Guerrero and Barriales-Villa, 2018). Electrocardiography (ECG) reveals a short PR interval, a manifest delta wave, and giant QRS complexes in all leads, suggesting biventricular hypertrophy. Chronic troponinemia may be observed based on our clinical experience. Other findings include elevated creatine kinase, lactate dehydrogenase, and aspartate aminotransferase. The juvenile and adult forms present with variable age of onset. Enzyme replacement therapy has shown to decrease ventricular hypertrophy, LV outflow tract obstruction, and normalization of electrocardiographic findings (Levine et al., 2008).

Danon disease, is a glycogen storage disorder (type IIb) with X-linked mode of inheritance incorporating with skeletal muscle weakness and intellectual disabilities. Danon disease involves a genetic defect in the LAMP2 gene located at chromosome Xq24, which encodes the lysosome-associated membrane protein. This lysosomal storage disease mimics the phenotypic features of the sarcomeric-gene-associated HCM. However, in Danon disease the presence of ventricular preexcitation is more frequently encountered than in those individuals with sarcomeric HCM (Arad et al., 2005; Rowland et al., 2016). The cardiac degeneration is usually appreciated clinically by the presence of HCM during childhood or adolescence with subsequent transition to a DCM phenotype with progressive heart failure (Maron et al., 2009). Female carriers have also been described in this disorder and are attributed to unfavorable X chromosome inactivation (lyonization) causing the development of symptoms around the fourth decade of life (Toib et al., 2010).

Fabry disease is an X-linked lysosomal disease secondary to a deficient hydrolase alpha-galactosidase A (Brady et al., 1967). Most cases are familial and few originate from de novo mutations (Garman and Garboczi, 2004). Patients with Fabry disease may present with a multisystem involvement including neurologic (paresthesia and pain crises), dermatologic (angiokeratomas and telangiectasias), ophthalmologic (corneal dystrophy), renal (proteinuria and renal insufficiency), and cardiac manifestations by the second to fifth decades of life (Mehta et al., 2004). Cardiac disease is relatively common in Fabry disease. Patients may develop a HCM phenocopy (similar to that seen in sarcomeric HCM), arrhythmias, and valvar abnormalities. Enzyme replacement therapy has shown attenuation of cardiovascular compromise (Perrot et al., 2002; O’Mahony and Elliott, 2010).

Friedreich’s ataxia is another disease expressed as a phenocopy of HCM affecting approximately 1 in 20,000 – 750,000 individuals (Burk, 2017). From the genetic standpoint, the inheritance mode is autosomal recessive, and it is characterized by trinucleotide repeat expansion of a normal codon affecting the protein frataxin, a mitochondrial protein implicated in iron homeostasis required for the mitochondrial electron transport chain. The trinucleotide repeat expansion causes a reduction in the frataxin levels. Thus, the bigger the expansion, the earlier the age of onset and the severity of the disease (Patel and Isaya, 2001; Burk, 2017). The major clinical manifestations of Friedreich’s ataxia appear during childhood and adolescence, and include progressive neurologic dysfunction (gait ataxia, optic atrophy, loss of position and vibration sense), diabetes mellitus, and myocardial involvement. The cardiac phenotype is manifested by arrhythmias and HCM. Heart failure remains the leading cause of death in this population (Kipps et al., 2009; Peverill, 2012; Weidemann et al., 2012).



LEFT VENTRICULAR NON-COMPACTION CARDIOMYOPATHY

LVNC is characterized by multiple prominent ventricular trabeculations, intertrabecular deep recesses, and myocardium with two distinct layers: a non-compacted subendocardial layer and a thin compacted epicardial layer (Towbin, 2010). LVNC is presumably caused by abnormal in utero myocardial compaction, a final stage of myocardial morphogenesis (Zhang et al., 2013; Liu et al., 2018). However, this hypothesis does not explain why LVNC manifests in a wide variety of sub phenotypes (Table 5) with a heterogeneous clinical course. LVNC also shows increased incidence in certain physiologic states, such as pregnancy (Gati et al., 2014) and vigorous physical activity (Gati et al., 2013; de la Chica et al., 2020). It is also seen in association with other conditions such as in patients with congenital heart disease (CHD), neuromuscular disorders, mitochondrial disease and metabolic derangements (Finsterer et al., 2017; Martinez et al., 2017; Ross et al., 2020; Vershinina et al., 2020). Since the initial description in 1926, LVNC has been coined with various names, including spongiform myocardium, fetal or primordial myocardium, hypertrabeculation syndrome, and non-compaction cardiomyopathy (Maron et al., 2006; Engberding et al., 2007). Currently, this cardiomyopathy is categorized as a primary genetic cardiomyopathy by the American Heart Association and as a primary morphofunctional cardiomyopathy by the MOGE(s) nosology (Maron et al., 2006; Elliott et al., 2008; Arbustini et al., 2014). Because the genesis of LVNC is incompletely understood, diagnosis typically relies on non-invasive imaging, Figure 3. Since the 1990s, many diagnostic criteria have been proposed based on morphological characteristics of the myocardium seen by echocardiography and cardiac magnetic resonance. Without analytic and universally accepted criteria, the prevalence of LVNC is difficult to estimate, but the approximate range is estimated in the 0.014–1.3% range of patients undergoing echocardiography (Pignatelli et al., 2003; Stanton et al., 2009). However, among patients with heart failure and patients with severe CHD, the prevalence has been reported at around 4 and 7.5%, respectively (Kovacevic-Preradovic et al., 2009; Martinez et al., 2017). In this review, we provide an informative categorization of 9 distinct subphenotypes of LVNC (Towbin and Beasley, 2020) (Table 5). The overall clinical manifestation is heterogenous ranging from asymptomatic to a severe course accompanied by heart failure requiring heart transplant, arrhythmias, sudden cardiac death, and thromboembolic phenomena (Lee et al., 2017). Familial cases are well-documented, and autosomal dominant transmission is currently the most recognized inheritance pattern (with variable penetrance and phenotypic heterogeneity). Other heritable modes of transmission include X-linked, autosomal recessive, and mitochondrial (Roma-Rodrigues and Fernandes, 2014). In pediatric and adult cohorts, the rate of finding a pathogenic gene variant in patients manifesting LVNC ranges from 17 to 41% depending on patient selection and the cardiomyopathy gene panels (Sedaghat-Hamedani et al., 2017; van Waning et al., 2019). One of the earliest locus associations with LVNC was described in 1997 in the gene G4.5/TAZ located at chromosome Xq28 (Lee et al., 2017). Since then, multiple pathologic gene variants have been described as potential causes of LVNC. Genes encoding sarcomeric and cytoskeletal proteins (TTN, ACTN2, RBM20, LMNA, DES, DYS, DTNA, LDB3, MYH7, MYBPC3, and ACTC1) as well as genes associated with cardiac morphogenesis (FKBP12, MIB1, Tbx20, Nkx2-5, Smad7, NF-ATc, and Jarid2), ion channels (SCN5A, HCN4, and RYR2), and mitochondria (NNT, TAZ) have been implicated in the development of LVNC (Bagnall et al., 2014; Hastings et al., 2016; van Waning et al., 2018, 2019). Along with sarcomere-encoding and cytoskeleton-encoding genes, pathogenic variants in a variety of genes, including SCN5A, LMNA, RBM20, TTN, and DES, have been associated with LVNC and rhythm disturbance (Finsterer and Stollberger, 2008; Shan et al., 2008) (Table 6). Mutations in the mitochondrial genome and chromosomal abnormalities have also been linked to LVNC, including 1p36 deletion (encompassing the PRDM16 gene), 7p14.3p14.1 deletion, 22q11.2 deletion, distal 22q11.2, and other chromosomal trisomies (Towbin, 2010; Tariq and Ware, 2014; Dong et al., 2017; Miller et al., 2017; Miszalski-Jamka et al., 2017; van Waning et al., 2018).


TABLE 5. Subphenotypes in the clinical spectrum of left ventricular non-compaction.
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FIGURE 3. Distinct phenotypes of non-compaction cardiomyopathy. (A) Echocardiographic 4-chamber view displays the isolated type of LVNC illustrated by the cardinal feature of left ventricular trabeculations (arrow) with normal anatomy and function; (B) from a cardiac magnetic resonance imaging (CMRi), a 4-chamber view displays the dilated sun-type of LVNC, denoting the enlargement of the LV and the presence of inferolateral trabeculations (arrow); (C) echocardiographic 4-chamber view shows the hypertrophic type of LVNC represented by asymmetric hypertrophy of the interventricular septum and the presence of lateral LV trabeculations (arrow); (D) display of the restrictive type of LVNC, significant bilateral atrial enlargement (arrows) and the presence of left ventricular trabeculations; (E) biventricular hypertrabeculations (arrows); (F) cMRI in a short axis view displays a mixed LVNC phenotype represented by dilated and dysfunctional ventricles in a patient with ventricular arrhythmias and biventricular trabeculations secondary to a pathogenic variant in the PRDM16 gene (arrows).



TABLE 6. List of common genes and patterns of inheritance associated with LVNC.
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ARRHYTHMOGENIC CARDIOMYOPATHY (ACM)

Arrhythmogenic cardiomyopathy is myocardial disorder unrelated to coronary artery disease, hypertension, or valvular heart disease. ACM was formerly known as arrhythmogenic right ventricular dysplasia/cardiomyopathy (ARVD/ARVC). The prevalence has been estimated at around 1 in 1,000 – 5,000 people (Peters et al., 2004). The clinical diagnosis may be supported by evidence of conduction disease, supraventricular arrhythmias, and/or ventricular arrhythmias originating from any cardiac structure. ECG abnormalities include right bundle branch block pattern, epsilon wave (a low-amplitude deflection between the end of the QRS and the onset of the T wave in the precordial leads V1 – V3), and T wave inversion in the precordial leads V1 – V4. Classically, the RV is dilated and contains fibro-fatty infiltration of the myocardium. The left ventricle is overtly affected less frequently. Thus, ACM should be categorized into right dominance, left dominance, or biventricular involvement.

Notably, ACM clinically overlaps with other CM types, particularly DCM. However, ACM is distinct because it is marked by arrhythmia at presentation with or without biventricular dilatation and/or impaired systolic function (Towbin et al., 2019). This heritable disorder is primarily transmitted in an autosomal dominant pattern, but autosomal recessive heritability has been reported in families with cardiocutaneous disease (Greece, Italy, India, Ecuador, Israel, and Turkey) (Protonotarios and Tsatsopoulou, 2004). The most notable autosomal recessive diseases include Naxos disease (a homozygous pathogenic variant in the gene encoding the protein plakoglobin, characterized by ACM, non-epidermolytic palmoplantar keratoderma, and wooly hair) and Carvajal syndrome (caused by a homozygous pathogenic gene variant that truncates the DSP protein) (Protonotarios and Tsatsopoulou, 2004; Marcus et al., 2010). Studies have suggested that up to 50% of the cases are familial (Hamid et al., 2002). Pathogenic gene variants within the desmosomal proteins are the main cause of the “classic” ACM (Bauce et al., 2010). Pathogenic gene variants in desmosomal proteins have significant implications in the development of ACM and account for up to 60% of affected patients (den Haan et al., 2009; Delmar and McKenna, 2010). Overall, the most commonly mutated gene is plakophilin, which accounted for 46–61% of patients from two different registries (Groeneweg et al., 2015). To date, about 18 causative genes involved in ACM have been identified (Hamid et al., 2002; Towbin et al., 2019) (Table 7).


TABLE 7. List of common genes and patterns of inheritance associated with ACM.
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RESTRICTIVE CARDIOMYOPATHY (RCM)

Restrictive cardiomyopathy is characterized by abnormal diastology with typically preserved ejection fraction, relatively normal ventricular dimensions and the presence of atrial enlargement. The underlying hemodynamic consequence includes elevated ventricular filling pressures and a restrictive physiology (Maron et al., 2006; Denfield and Webber, 2010) (Figure 4).


[image: image]

FIGURE 4. Two-dimensional, apical 4-chamber echocardiographic image depicting small, restrictive ventricles and significant biatrial enlargement in a patient with restrictive cardiomyopathy.


The clinical presentation is heterogenous and it relies on the degree of the inability to accommodate adequate cardiac input into the ventricles due to abnormal myocardial pliability or diastolic relaxation. Clinical symptoms may include exercise intolerance, dyspnea, volume overload, tachyarrhythmias, syncope, or sudden cardiac death. The hallmark of non-invasive imaging is atrial or bi-atrial enlargement. Normal or mild concentric hypertrophy with normal or reduced ventricular cavity can also be seen. Familial cases contribute in up to 30% of cases in RCM, and it usually exhibits autosomal dominant, autosomal recessive, X-linked, and mitochondrial transmitted modes of inheritance (Kaski et al., 2008). RCM can be classified based on the underlying process: non-infiltrative or primary; infiltrative (or systemic); associated with storage diseases (or syndromic); idiopathic; or in combination with other morpho functional types, such as DCM, HCM, and LVNC (Denfield and Webber, 2010). Primary myocardial disease or non-infiltrative types have been attributed to pathogenic gene variants in sarcomeric genes, such as TNNI3 (most common), TNNT2, MYH7, ACTC1, TPM1, MYL3, and MYL2, (Table 8) (Caleshu et al., 2011; Towbin, 2014). Scleroderma and other pathologies in the connective tissues are also considered causes of genetically triggered RCM (Worthley et al., 2001; Nguyen et al., 2006). Infiltrative causes of RCM are mainly represented by amyloidosis (the most common type), sarcoidosis and hemochromatosis. The former, encompass a group of metabolic derangements characterized by deposition of insoluble fibrillar protein-like metabolites altering organ function and structure (including the myocardium). There are approximately 20 different proteins associated with cardiac amyloidosis, with TRR, AL, ATTRm, ATTRwt, and ApoA-I representing the most common types (Rapezzi et al., 2009; Brown et al., 2021). Sarcoidosis is a multisystemic granulomatous process affecting the lungs, skin and myocardium. The incidence varies with geography and ethnic groups, for instance, it has been described to affect black > white Americans, and female > male patients. The strongest genetic associations are embedded in the major histocompatibility complex and BTNL2 gene (Spagnolo et al., 2007). Lysosomal storage disorders are characterized by abnormal lysosomal metabolism leading to the accumulation of various glycosaminoglycans, glycoproteins, or glycolipids within lysosomes of various tissues, including the myocardium. Gaucher disease and Fabry disease (two of the most common lysosomal disorders) may manifest as CM (HCM or RCM), valvular disease, coronary artery disease, and/or aortic enlargement (Lindor and Karnes, 1995). Hemochromatosis is a disorder typically characterized by increased intestinal iron absorption leading to iron overload and systemic deposition. This disease has been associated with low-penetrance autosomal dominance of pathogenic variants identified in the HFE gene (Pietrangelo, 2010, 2015). Glycogen storage disorders such Hurler disease and Hunter disease are characterized by the existence of deficient enzymes necessary for the breakdown of glycosaminoglycans. When these disorders manifest, cardiac involvement incorporate impaired ventricular filling, endocardial fibroelastosis, and cardiac valvulopathy (stenosis and/or insufficiency) (Brown et al., 2021).


TABLE 8. List of common genes and patterns of inheritance associated with RCM.
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CLINICAL GENETIC DISCUSSION

A methodical approach to the genetic diagnosis of heritable cardiomyopathies should be initiated by obtaining a detailed history of present illness, a complete family history incorporating a three-generation pedigree, and a physical examination with attention to syndromic cardiovascular disease (Musunuru et al., 2020). Care should be taken when interpreting the family pedigrees, as they may not represent updated information in followed-up visits, variable expressivity in patients, bilateral genotypic predisposition and the role of epigenetics (Hershberger et al., 2013).

The review of cardiovascular imaging, electrocardiographic data, and the incorporation of functional cardiovascular assessments provides informative data to stratify disease, identify morbidity and to guide clinical and individual management of myocardial diseases (Table 9). In “classic” phenotypic characteristics, pattern-recognition of syndromic disease may guide clinicians to selecting the best targeted medical management. The selection and initiation of genetic testing should be guided by the aforementioned information. Current guidelines recommend genetic testing in children and adult patients harboring heritable cardiomyopathies (Ingles et al., 2011; Hershberger et al., 2018b).


TABLE 9. Initial workup of heritable cardiomyopathies.

[image: Table 9]When genetic results are interpreted, we recommend bearing in mind the following concepts. Penetrance, which describes the phenomenon by whether a phenotype can be observed on an individual harboring pathogenic genotype. For instance, most autosomal dominant cardiomyopathies (associated with sarcomeric mutations) are characterized by incomplete penetrance by adulthood. Whereas autosomal recessive cardiomyopathies are associated with complete penetrance before adulthood (Charron et al., 2010). Variable expressivity, this term entitles the description of variable phenotypic manifestations among carriers of a particular pathogenic gene variant (Charron, 2006; Balistreri et al., 2019).

Genetic testing should be perceived as a complementary study in the diagnosis of cardiomyopathy.

The major critical aspect of integrating genetic testing to study the first affected individual (proband), is to refine diagnoses in syndromic and non-syndromic cardiomyopathies, as early identification of genetically predisposed individuals allows for disease stratification, predicts morbidity, individualizes medical management, and in some cases, it provides genotype-specific therapy. Similarly, genetic testing should be routinely incorporated to screen family members of the proband harboring the risk of hosting similar pathogenic gene variants. This approach is encouraged by the existence of high prevalence of heritability in first-degree relatives.


Future Directions

The field of cardiomyopathy and genetics should continue to sum efforts to accomplish research goals and improve patient healthcare. Precision medicine from genomics and personal health history should be integrated in three areas in particular: (1) to create gene-based therapies for individual patients, (2) to enhance preventive medicine to transform health care systems from illness to prevention and wellness, and (3) by better understanding disease modifiers and epigenetics in cardiovascular disease. For those patients who harbor CM as a chronic illness, we found that the quality of life and the quality of outcomes for these survivors should be continuously assessed by healthcare providers, guardians and family members. Academic and investigational projects driving improvements in outcomes of cardiomyopathy patients are important since determinants of health wellbeing and disease exist in our communities. This topic is of importance, as there exist a tremendous relatively untapped set of opportunities to create synergy between clinicians, policy makers, advocacy groups and funding institutions.

The domains of precision medicine and artificial intelligence have brought rapid advances and alternatives in research by allowing one to manage big data from electronic medical records and collaborative databases. As a result, we have witnessed the development of molecular compounds (myosin inhibitors, calcium sensitizers, myosin activators, etc.) in the management of various types of cardiomyopathies. These methodologies have also contributed to the utilization of genotype phenotype coupling, pharmaco-genomic profiles, and individualization of therapies based on algorithms supporting the use of predictive analytics. Cardiovascular genetics is currently leading a transition from – making the diagnosis prior to applying gene testing to requesting diagnostic genome testing for an early diagnosis to avoid unnecessary harm – perhaps a natural extension for what it pertains to the cardiomyopathy genes.



CONCLUSION

In recent years, the number of individuals diagnosed with hereditary CMs has grown, likely due to increased awareness, advances in imaging modalities, and a better understanding of phenotypic associations and the molecular genesis of these diseases.

In our experience, genetic testing has been most beneficial in CMs associated with other cardiac features, such as LV dysfunction, LV hypertrophy, arrhythmias, and the co-occurrence of other cardiac and non-cardiac syndromic features.

The central principle supporting the incorporation of genetic testing in cardiovascular medicine relies on the allowance of practitioners to recognize at-risk family members and the advantageous strategy to delineate disease, provide adequate surveillance and tailor individual therapeutic options.

Implementation of precision medicine in the evaluation of heritable CMs likely ensures a dramatic improvement in patient outcomes and shifts the current paradigm from a disease-treatment to an early-diagnostic/preventive healthcare system.
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Epigenetic control of gene expression during cardiac development and disease has been a topic of intense research in recent years. Advances in experimental methods to study DNA accessibility, transcription factor occupancy, and chromatin conformation capture technologies have helped identify regions of chromatin structure that play a role in regulating access of transcription factors to the promoter elements of genes, thereby modulating expression. These chromatin structures facilitate enhancer contacts across large genomic distances and function to insulate genes from cis-regulatory elements that lie outside the boundaries for the gene of interest. Changes in transcription factor occupancy due to changes in chromatin accessibility have been implicated in congenital heart disease. However, the factors controlling this process and their role in changing gene expression during development or disease remain unclear. In this review, we focus on recent advances in the understanding of epigenetic factors controlling cardiac morphogenesis and their role in diseases.
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INTRODUCTION

The heart is the first functional organ to develop during embryogenesis (Christoffels and Jensen, 2020). The earliest cardiac progenitors are specified from the emerging mesoderm during gastrulation and form the cardiac crescent. Cardiac progenitor cells (CPCs) within the cardiac crescent come together and are distinguished into two populations of progenitor cells: the primary and secondary heart fields (Kelly et al., 2014). CPCs expressing transcription factors (TFs) Nkx2-5, Gata4, and Tbx5 coalesce at midline and form a linear tube that circulates blood in the developing embryo (Bruneau, 2013). As cells within the primary heart field proliferate to form the left ventricle, progenitor cells from the second heart field, expressing the markers Isl1 and Tbx1, move into the developing heart at the arterial and venous poles and eventually give rise to the right ventricle, outflow tract, and the majority of the interventricular septum (Black, 2007). Differential addition of CPCs from the two poles causes the heart to undergo rightward looping, which juxtaposes the atria and ventricles in their final orientation, and through septation, the heart forms its final four-chambered structure (Sylva et al., 2014). The adult mammalian heart is composed of a multitude of cell types: atrial and ventricular cardiomyocytes (CMs) make up most of the heart volume; endocardial cells line the chambers, the lumen of arteries, and specialized valve cells; smooth muscle cells form the aorta and coronary arteries; the epicardium sheaths the heart; and specialized cells form the cardiac conduction system that drives chamber contraction (Pinto et al., 2016).

Cardiac development requires finely tuned gene expression within these various cell types (Olson, 2006). Gene expression is modulated by TFs that bind to DNA regulatory elements to activate or repress transcription. TFs need to have access to consensus DNA binding sequences to recruit the transcriptional machinery, which then initiates transcription. DNA within the nucleus is highly organized into chromatin, a complex of DNA and proteins. Chromatin organization is dynamic and undergoes changes in its structure from loose and open to tightly condensed and closed. Conformational changes to chromatin modulate gene expression by controlling the TFs’ accessibility to the DNA binding sites (Voss and Hager, 2014). Epigenetic modifications do not alter the DNA sequence itself but can change the chromatin structure to modulate its accessibility (Allfrey et al., 1964). The need to expand our understanding of the role that epigenetic regulation plays in gene expression has led scientists to study the structure of the three-dimensional (3D) genome and the hierarchy of chromatin organization (Yu and Ren, 2017). The study of the epigenome has led to the characterization of DNA base methylation, posttranslational histone modifications, the interactions of long non-coding RNA molecules, and changes in chromatin folding. These epigenetic events allow (or block) trans-acting factors to interact with specific cis-elements located within transcriptional enhancers, thus fine-tuning gene expression during development. Studies examining epigenetic changes have given new insight into gene expression changes that take place during disease conditions such as dilated cardiomyopathy. Recent work has also shed more light on diseases referred to as cohesinopathies, which are caused by disruptions to cohesin, a protein complex that helps form the 3D chromatin structure. In this review, we give an overview of the various mechanisms of epigenetic regulation and recent developments examining regulatory mechanisms in the context of cardiac development and disease.



MECHANISMS OF EPIGENETIC REGULATION OF GENE EXPRESSION


DNA Methylation

DNA methylation is an early epigenomic change, occurring during DNA replication to mark the daughter strand (Riggs, 1975; Bird, 1978). Methylation of DNA, specifically at the fifth carbon of the cytosine base, occurs on CpG dinucleotides and, in the context of epigenetic regulation, most commonly leads to transcriptional repression (Greenberg and Bourc’his, 2019). Analysis of DNA methylation status during mouse cardiac development (comparing E11.5 to E14.5) shows >50% change in methylation status within a subset of genes involved in heart development and cardiac tissue growth (Chamberlain et al., 2014). When Dnmt3b (DNA methyltransferase 3b), an enzyme that catalyzes transfer of methyl groups to CpG motifs, is deleted within the endocardium using Nfatc1Cre (Wu et al., 2011), qRT-PCR analysis at E11.5 and E14.5 reveals significantly increased levels of Has3 (hyaluronan synthase 3). Has3 is an extracellular matrix remodeling enzyme and, in the context of heart development, is required for endothelial-to-mesenchymal transition and valve formation, therefore suggesting a link between the HAS3 methylation status and regulation during cardiac development (Chamberlain et al., 2014). Knockdown of another member of the same family of DNA methyltransferases, Dnmt3a, using siRNA in mouse embryonic CMs resulted in an observed decrease in beating frequency, defective contractile movement, and disrupted sarcomere assembly (Fang et al., 2016). RNA-seq and methylome analyses identified increased expression and associated decreased CpG methylation at promoters of the following CM structural genes: Myh7, Myh7b, Tnni3, and Tnnt2 (Fang et al., 2016). The importance of CpG methylation in regulating the switch between fetal and adult CM gene expression program is further illustrated by the conditional deletion of Dnmt3a/b in CMs using the Mlc2a promoter to drive Cre recombinase expression (Gilsbach et al., 2014). MethylC-seq analysis in these mutant CMs reveal reduced postnatal de novo methylation of fetal Troponin1 (Tnni1), which partially relieves repression of Tnni1 (Gilsbach et al., 2014). CpG methylation and gene expression analysis of purified embryonic human CMs from fetal (16–24 weeks of pregnancy), infant (1–12 months), and adult (46–60 years) patient samples show dynamic changes in CpG profile and genomic regions that exhibit low levels of CpG-marked enhancers or silencers that lie in cis with genes involved in CM maturation, reflecting the change in their mitotic ability through development (Gilsbach et al., 2018). Work by Li et al. (2016) examining another family of CpG modifiers, Tet1/2/3, which facilitates demethylation by oxidizing CpG residues, in mouse embryonic stem cells (mESCs) shows that loss of Tet3 alone or Tet1, Tet2, and Tet3 triple knockout leads to improper adoption of cardiac mesodermal fate at the expense of neural cell fate as determined by qRT-PCR analysis of neuronal markers Sox1 and Foxg1 and CM markers Nkx2-5, Myh6, Myh7, and Tnnt2.

In human disease conditions, variability in methylome status is observed (Movassagh et al., 2011; Haas et al., 2013). Using the Illumina 450K methylation assay on tissues from dilated cardiomyopathy patients reveals significant changes in the methylation status of cardiac disease-associated genes such as NPPA and NPPB, with methylation status validation by MassARRAY (Meder et al., 2017). Analysis of non-failing donor human hearts and cardiac patients for DNA methylation signature using array-based Illumina Infinium HumanMethylation450 BeadChips reveals 168 differentially methylated CpG loci in atrial and ventricular heart tissues, with 24 of these loci in predicted human heart-specific enhancers (Hoff et al., 2019). In human patients with ischemic cardiomyopathy due to coronary heart disease, methylome analysis using Illumina Infinium HumanMethylation450 BeadChips shows significant increase in CpG methylation and transcriptional repression of the citric acid (TCA) cycle and respiratory electron transport gene network (Pepin et al., 2019). Authors identify KLF15, a Krüppel-like factor, as a target for EZH2 that facilitates a metabolic reprogramming as shown by increased CpG methylation, EZH2 binding at the KLF15 promoter, and KLF15-mediated suppression of key oxidative metabolic genes (Pepin et al., 2019). Thus, CpG methylation is established as a key epigenetic signature in CMs that distinguishes their gene expression and function including an important role for CpG methylation in the metabolic switch that occurs in human heart CMs during failure.



Chromatin Remodelers

The 2 m of naked DNA found inside a 5-μm mammalian nucleus would be highly suspectable to breaks and damage if it was not packaged into an organized structure that allows for reliable replication, transcription, and repair (Felsenfeld and Groudine, 2003). Chromatin is a complex of negatively charged DNA, which weakly interacts with positively charged residues found in histone proteins that allow for the tight and safe packaging of genetic information within the nucleus (McGhee and Felsenfeld, 1980). The functional unit of chromatin is the nucleosome, which is formed by a core of histone proteins H2A, H2B, H3, and H4, around which DNAs (147 base pairs) are wrapped (Kornberg, 1974). These core histone proteins are subject to various posttranslational modifications, including acetylation, methylation, phosphorylation, and ubiquitination at specific residues within the amino-terminal histone tails or within the globular/core domains of histones (Clapier and Cairns, 2009). Various combinations of these posttranslational modifications make up the epigenetic code or histone code that marks regions of open or closed chromatin (Karlic et al., 2010). Transcriptionally active (open) regions of chromatin contain high levels of histone 3 (H3) monoacetylated (ac) at Lys-9 and Lys-14 (H3K9ac and H3K14ac). Trimethylated (me3) Lys-4 (H3K4me3) is present within promoter regions. Other modifications, such as dimethylated (me2) Lys-79 (H3K79me2) and trimethylated Lys-36 (H3K36me3), mark transcriptionally active coding regions. Repressive epigenetic signals are regions of deacetylation and histone H3 trimethylation of Lys-9 (H3K9me3) and Lys-27 (H3K27me3) (Barski et al., 2007; Ernst et al., 2011). Enhancer sequences (evolutionarily conserved non-coding regions of DNA that TFs bind to) are required to drive gene expression. These enhancer regions exhibit unique epigenetic signals as well as increased H3K27me3 and lack of H3K27ac, which poises them for gene activation. The H3K27ac modification is indicative of active enhancers (Rada-Iglesias et al., 2011). These epigenetic marks have been employed to help identify novel enhancers involved in cardiac development (Nord et al., 2013).

Histone marks alone are not always a predictor for enhancer activity; a comparison of chromatin immunoprecipitation using next-generation sequencing (ChIP-seq) profiles of cardiac-specific TFs (GATA4, MEF2A, MEF2C, NKX2-5, SRF, TBX5, and TEAD1) showed that only 16% of regions with TF occupancy overlapped with H3K27ac chromatin marks within fetal cardiac tissues (Akerberg et al., 2019). Analysis of chromatin accessibility using ATAC-seq (Assay for Transposase-Accessible Chromatin using sequencing) revealed that multiple TF binding regions strongly corelated with the ATAC-seq signal; 100% of regions binding all seven TFs have a strong ATAC-seq signal (Akerberg et al., 2019). These genome-wide screening experiments examining chromatin accessibility and the associated histone code in CMs show the importance of epigenetic remodeling, driving TF access to reprogram the CM transcriptome during the transition from fetal to adult stages. Experiments seeking to correlate the differences in the distribution histone modifications and gene expression were performed by first subjecting adult mice to transverse aortic constriction inducing cardiac hypertrophy and then subsequently heart failure, followed by screening of the diseased hearts for changes in seven different histone modifications and gene expression (Papait et al., 2013). Of 1,109 differentially regulated genes, 596 exhibit at least one altered histone modification at their promoter and 325 genes observed an upregulation or downregulation of gene expression coincident with the histone change (Papait et al., 2013).

A well-studied epigenetic modifier during heart development, EP300, is a histone acetyltransferase (HAT) that acetylates H3 on lysine 27 (H3K27ac) and binds within the promoter regions of a number of critical heart genes such as Gata4, Nkx2-5, and Mef2c to activate the transcription of these cardiac TFs (Takaya et al., 2008; Sun et al., 2010; Trivedi et al., 2010). Indeed, a point mutation in EP300 leads to atrial septal defects and ventricular septal defects (Shikama et al., 2003). Conditional inactivation of a subunit (Ezh2) of PRC2, which establishes the chromatin mark H3K27me3, using Nkx2-5Cre (Ezh2fl/fl Nkx2-5Cre) causes perinatal lethality with only 2% of pups surviving to postnatal day 20 (He et al., 2012). In this study, no significant apoptosis is detected via terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL); however, CM proliferation as measured by phosphorylated histone H3 immunohistochemistry is twofold reduced in mutant CMs at E16.5. Transcriptomic analysis via qRT-PCR and RNA-seq indicates that Pax6, Isl1, and Six1, genes that are expressed in early cardiac progenitors and downregulated in differentiated CMs, are significantly overexpressed in E12.5 mutant ventricles, suggesting that effective cardiac progenitor differentiation to CMs requires repressive H3K27me3 activity (He et al., 2012).

Another class of proteins regulate chromatin by non-covalent enzymatic activity. The SWI/SNF complexes consist of a core ATPase that utilizes energy from ATP hydrolysis to modify chromatin by changing nucleosome DNA contacts, moving nucleosomes along the DNA, and removing or exchanging the DNA from nucleosomes (Ho and Crabtree, 2010; Hargreaves and Crabtree, 2011). Early cardiac development requires finely tuned epigenetic regulation by these complexes as demonstrated by ectopic cardiogenesis when BAF60C (SMARCD3), a cardiac-specific ATP-dependent chromatin remodeling protein, and GATA4 and TBX5 are expressed in the non-cardiogenic mouse embryo mesoderm (Lickert et al., 2004; Takeuchi and Bruneau, 2009). RNA-seq analysis of hearts of mice, where Baf60c is conditionally knocked out from CMs using Myh6-Cre, showed mis-regulation of structural CM proteins, not TFs involved in cardiac development, possibly mediated by the direct interaction between myocardin (MYOCD) and BAF60C (Sun et al., 2018). Expression of the core ATPase subunit of the SWI/SNF complex, Brg1, is required in CMs for their maturation, as determined by isoform switching of αMHC and βMHC in the mouse myocardium (Hang et al., 2010), as well as in the endocardium to drive trabeculation (Stankunas et al., 2008). Knockout of Arid2/BAF200 leads to embryonic lethality by E12.5–E14.5 due to improper myocardial development leading to thinning of ventricular walls and improper coronary formation (He et al., 2014). This family of chromatin remodelers is also implicated in disease, covered in further detail in section “Cardiac Diseases and the Epigenome”.



Topologically Associating Domain (TAD)

Work published concurrently in 2012 used chromatin conformation capture in mammalian cells to identify large loops at the megabase scale: TADs (Dixon et al., 2012; Nora et al., 2012; Figure 1). TADs are not defined by a specific chromatin state alone but by the increased frequency of DNA interactions within a genomic region. Chromatin conformation capture experiments indirectly measure these contact frequencies at the whole-genome level using next-generation sequencing (Kempfer and Pombo, 2020). Live and single-molecule imaging at TADs shows that these structures are dynamic (Hansen et al., 2017). The generally accepted model for TAD formation is loop extrusion, where cohesin protein complexes are loaded and extrude chromatin into progressively larger loops until they either dissociate from chromatin, bump into each other, or run into insulator molecules such as the zinc finger CCCTC binding factor (CTCF) (Alipour and Marko, 2012; Sanborn et al., 2015; Fudenberg et al., 2016). These loops allow genomic sites that lie far apart in the linear genome to come into close spatial proximity to each other (Figure 1). Transcriptionally active and inactive TADs are organized in compartments A and B, respectively, which have different folding and compartmentalization configurations (Lieberman-Aiden et al., 2009; Wang et al., 2016). TAD compartment organization overlaps with histone modification: compartment A is enriched in markers for active chromatin (H3K27ac, H3K4me1/me3, H3K9me1, and the repressive H3K27me3 mark), while compartment B is enriched in the heterochromatin mark H3K9me3 (Rao et al., 2014). The mechanisms of TAD looping, their role in regulating gene expression, and their biological relevance remain unclear.


[image: image]

FIGURE 1. Schematic representation of chromatin loops. (A) Chromatin in the nucleus is distinguished into two compartments on the basis of histone modifications and transcriptional activity: compartment A is “open/active,” compartment B is “closed/repressed.” (B) Topologically associating domains (TADs) are dynamic chromatin structures that are extruded by cohesin, a protein complex consisting of SMC1, SMC3, RAD21, and STAG1/2. Loop extrusion is stabilized by the boundary molecule CTCF. (C) “Open” chromatin is permissive to loop formation to enable cis-enhancer binding to RNA Pol II and interaction with the gene promoter to facilitate tissue and temporally specific transcription.


Disruption of TADs during development is implicated in ectopic gene expression and disease (Ibn-Salem et al., 2014; Lupianez et al., 2015, 2016; Muro et al., 2019). Comparison of genome architecture in primate, mouse, cattle, opossum, chicken, clawed frog, and zebrafish showed conservation of non-coding regions that coincide with TAD boundaries (Harmston et al., 2017; Krefting et al., 2018). However, the extent of TAD conservation across species and its functional significance are still unclear (Eres and Gilad, 2020). Although there is some variation in reports, mainly due to differences in resolution arising from experimental limitations and the types of computing tools used to generate models, the average size of a TAD is approximately 1 Mb (Dali and Blanchette, 2017; Zufferey et al., 2018).

CTCF protein is enriched at the TAD boundaries with pairs of CTCF DNA binding sites preferentially found in a convergent orientation, allowing the CTCF protein to act as a domain boundary molecule (Rao et al., 2014; Grubert et al., 2020; Figure 1). To study the function of CTCF in mediating TAD formation, researchers may employ an in vitro inducible knockout system, using the auxin-inducible degron (AID) tag with an eGFP cassette at the 3′ end of the CTCF coding sequence (Morawska and Ulrich, 2013). Cells are also transfected with Tir1 F-box from Oryza sativa, which can bind to the AID tag in the presence of auxin, triggering targeted proteasome-dependent degradation of CTCF. Thus, adding auxin to cell culture media depletes CTCF protein to levels undetectable by western blot, and removal of auxin from growth media results in recovery of CTCF protein. The Bruneau lab targeted CTCF in mESCs by using this system, reporting that higher-order chromosome folding, i.e., compartments A and B, remain intact, as determined by Hi-C contact frequency mapping, with a limited effect on transcriptional state across the genome (Nora et al., 2017). Genes most affected by CTCF depletion tend to have enhancers/promoter regions in close proximity to CTCF sites. Reversal of CTCF depletion, by removal of auxin from growth media, leads to the re-formation of TADs (Nora et al., 2017), although the caveat to this result is that low levels of background CTCF protein can also facilitate TAD formation. More recently, the Bruneau lab has also uncovered the molecular basis for convergent CTCF motif orientation at TAD boundaries; the N-terminal portion of CTCF is responsible for its stabilization at one side of non-palindromic CTCF DNA binding sites during Cohesin-driven loop extrusion (Nora et al., 2020). In vivo knockout experiments have provided further information on the role of CTCF in TAD formation and maintenance.

In the mouse embryonic heart, conditional deletion of CTCF using Nkx2-5Cre leads to embryonic lethality by embryonic day (E)12.5 and myocardial thinning (Gomez-Velazquez et al., 2017). Conditional knockout embryos are phenotypically normal until E9.5, but by E10.5, the interventricular septum appears disorganized and progressively worsens in E11.5 embryos. The four chambers and atrioventricular canal form normally. No difference in apoptosis (TUNEL) or proliferation (phosphorylated histone H3) is observed. Transcriptomic analysis using RNA-seq of Ctcffl/fl;Nkx2-5Cre embryos at E10.5 showed limited change in gene expression with genes being involved with mitochondrial function as the largest functional group showing differences (Gomez-Velazquez et al., 2017). Authors then go on to show changes in gene expression (in situ hybridization) and chromatin structure (4C-seq) at the Iroquois (Irx) gene cluster and adjoining genes, including a mitochondrial subunit gene Ndufs6. Mitochondria in Ctcffl/fl;Nkx2-5Cre E11.5 CMs appear swollen and disorganized (Gomez-Velazquez et al., 2017). Work from the Vondriska lab employs a α-Myosin Heavy chain tamoxifen-inducible Cre recombinase (MerCreMer) mouse to generate CTCF conditional knockout (CTCF-CKO) in adult CMs (Rosa-Garrido et al., 2017). Depletion of CTCF levels after tamoxifen treatment led to a decrease in survivability, with impaired ejection fraction, left ventricular chamber dilation, and muscle hypertrophy at the organ and cell levels, with 100% mortality observed in conditional knockout mice 7 weeks after tamoxifen administration. Surprisingly, Hi-C analysis of hearts from these CTCF-CKO mice shows little change (<2%) in TAD boundaries and A/B compartmentalization as compared to controls. However, Fit Hi-C, a method to analyze genome-wide chromosomal contacts that are statistically significant, revealed that interactions and accessibility at a large number of enhancer regions are changed in CTCF-CKO mice: 4,037 increase/decrease in contact compared to 1,013 unchanged. The genes in the surrounding chromosomal regions are enriched for cardiac pathology pathways (Rosa-Garrido et al., 2017).

Taken together, these experiments suggest that the preexisting chromatin landscape, which has existed before the loss of TADs, is sufficient to retain the DNA-TF accessibility even when the TADs are lost. TADs and their associated CTCF sites alone might not be essential for correct developmental gene expression; however, they can cause misexpression when redirected with different loci being more or less sensitive to these changes, leading to embryonic lethality in the mouse models tested.

An important facilitator of TAD formation is the four-subunit protein complex, cohesin, well studied for its role in chromatid formation and chromosome segregation during mitosis (Lica et al., 1986; Cooke et al., 1987). The cohesin complex forms a ring-like structure and consists of core proteins: structural maintenance of chromosomes (SMC)1, SMC3, RAD21, and stromal antigen (STAG)1/2. Auxin-induced degradation of the cohesin subunit RAD21 in human cancer cell lines leads to a loss of all TADs, but transcriptional activity remains largely unchanged (Rao et al., 2017). Another subunit of the cohesin core complex, STAG2, is required for heart morphogenesis; Stag2-null embryos die by E10.5 and exhibit observable heart abnormalities by E9.5 (De Koninck et al., 2020). Histological analysis of Stag2 knockout embryos at E9.5 shows significantly smaller right ventricles and shorter outflow tracts, with decreased anti-phosphohistone H3 staining associated with reduced CM proliferation when compared to controls (De Koninck et al., 2020). Based on observed right ventricle and outflow tract defects, authors examined SHF progenitor populations in Stag2-knockout embryos, and RNA-seq analysis indicated downregulation of important SHF regulators, Fgf8, Hand2, and Wnt5a (De Koninck et al., 2020). Further work is required to understand the molecular function of the cohesin complex of proteins, their contribution to TAD formation, and their role in cardiac disease.



Non-coding RNAs

Long non-coding RNAs (lncRNAs) are greater than 200 nucleotides (nt) in length and function by binding DNA, other RNAs, or RNA binding proteins or can contain their own transcriptional start site to make micropeptides (<100 amino acids) (Ulitsky and Bartel, 2013). There are also reports of lncRNAs interacting with established chromatin modifiers (Mishra and Kanduri, 2019). The first instance of this is HOTAIR (HOX transcript antisense intergenic RNA), which is transcribed from the human HOXC locus to trans regulate transcriptional silencing of the HOXD locus in a tissue-dependent manner by direct interaction with the histone methyltransferase PRC2 (Rinn et al., 2007). Further experiments reveal that 20% of human lncRNAs are associated with PRC2 (Khalil et al., 2009), including the well-characterized lncRNAs Xist, RepA, Kcnq1ot1, Braveheart, and Malat-1, suggesting that lncRNAs serve to modulate a scanning of the genome for genes that require silencing (Davidovich and Cech, 2015), which could be facilitated by PRC2 binding nascent RNA (Beltran et al., 2016). The biological relevance of lncRNA-mediated chromatin modulation has also been demonstrated by mis-expression of lncRNAs in human cancer (Begolli et al., 2019).

Perhaps more interesting are a number of studies that indicate that lncRNAs directly interact with the zinc finger TF CTCF and that these RNA–CTCF interactions are required for some TADs to form (Saldana-Meyer et al., 2014; Kung et al., 2015; Hansen et al., 2019). Work from the Reinberg lab generated a CTCF mutant protein that retains the DNA binding capability but has decreased RNA binding by deleting 14 amino acids from zinc finger 1 and nine amino acids from zinc finger 10 (Saldana-Meyer et al., 2019). Using mESCs with an AID system (Nora et al., 2017) to knock out CTCF and express the RNA binding-deficient CTCF mutant protein, single-cell RNA-seq experiments along with Hi-C analysis identified only modest changes in both gene expression and 3D chromatin structure within CTCF RNA binding-deficient cell lines, with 60% of TF sites exhibiting decreased CTCF binding within gene promoters and no changes in A/B compartmentalization (Saldana-Meyer et al., 2019). The Tjian lab addressed the same question by deleting the internal RNA binding region (RBRi) of CTCF protein in endogenous mESC lines (Hansen et al., 2019). RNA-seq analysis indicates that RBRi deleted cell lines show modest gene expression changes (∼500 genes mis-regulated with an average fold change of 2.7) and no change in A/B compartmentalization similar to what was seen by Saldana-Meyer et al. Chromatin conformation capture experiments find that almost half of all CTCF loops are lost in RBRi deletion mutants, suggesting that there are two kinds of CTCF-mediated loops: RBRi dependent and RBRi independent. Even with modest gene expression changes in RBRi deletion mutants, some TAD formation requires RNA binding with CTCF (Hansen et al., 2019). Although these direct RNA–CTCF interactions are still controversial in the field, it is possible that these interactions might explain how lncRNAs help modulate gene expression.

In the context of cardiac development, a specific role of lncRNAs has been uncovered (Martens et al., 2017; Hobuss et al., 2019). The Myh-associated RNA transcripts, or Myheart (Mhrt), are alternatively spliced lncRNA transcripts that lie within the myosin gene locus (Han et al., 2014). This well-characterized lncRNA is downregulated in hearts pressure-overloaded by transaortic constriction (TAC). Overexpression of Mhrt led to cardioprotective effects with minimal/absent fibrosis, improvement in fractional shortening, normalized left ventricle size, and reduced change in Nppa expression. Luciferase assays and ChIP experiments show that the Mhrt promoter is directly regulated by the chromatin remodeling factor Brg1, the ATPase subunit of SWI2/SNF2-like chromatin-remodeling complexes. RNA immunoprecipitation experiments demonstrate that Mhrt directly binds to BRG1 to reduce its occupancy at target genes (Han et al., 2014).

Recent work from the Bruneau lab employed RNA-seq reads of mESCs differentiated into CMs to screen for lncRNAs on the basis of their epigenetic regulation, clear splice structure, homology to human and/or mammalian genomes, cardiac progenitor specificity, and expression in the developing embryo (George et al., 2019). Six novel lncRNAs were identified: Rubie, Handlr, Atcayos, HrtLincR4, HrtLincR5, and HrtLincRX. Knockout mouse lines were generated using CRISPR/Cas9 genome editing and assayed for loss of expression or cardiac phenotypes. Authors report that none of the tested lncRNAs are required for viable mouse development, suggesting a lack of function or that, within the context of cardiac development, further understanding of lncRNA biology would require manipulation of additional molecular compensatory mechanisms (George et al., 2019).

Short (<22-nt) single-stranded non-coding RNA molecules known as microRNAs (miRNAs) have also been implicated in epigenomic regulation (Yao et al., 2019). The role that miRNAs play in cardiovascular diseases has been extensively covered by recent reviews (Colpaert and Calore, 2021).



CARDIAC DISEASES AND THE EPIGENOME

Epigenetic changes have been identified as a causative agent for disease in multiple organ systems and cell types (Zoghbi and Beaudet, 2016). Germline mutations in genes encoding part of the cohesin complex and its regulatory factors are collectively referred to as cohesinopathies (Piche et al., 2019). The most common of these is the Cornelia de Lange syndrome (CdLS, OMIM 122470) where patients present with growth retardation, intellectual disability, and facial dysmorphism (Sarogni et al., 2020). Of the CdLS patients, 14–70% also present with congenital heart defects (Chatfield et al., 2012). Sixty percent of patients carry heterozygous mutations in NIPBL, a protein that loads cohesin onto chromatin (Liu et al., 2009). Inducible pluripotent stem cells (iPSCs) derived from CdLS patients were differentiated to CMs, and RNA-seq analysis identified altered gene expression in several critical cardiac development genes: GATA4/6, MYH6/7, MYH7, ACTN2, HAND2, TBX1/5, and TDGF1, within the NIPBL haploinsufficient samples as compared to control patient samples (Mills et al., 2018).

The DiGeorge syndrome, a 1.5- to 3.0-Mb heterozygous deletion of chromosome 22q11 (OMIM 188400), causes congenital heart defects and is linked to TBX1 haploinsufficiency (Lindsay et al., 1999). Tbx1 is expressed in the SHF, and patients with this disease show outflow tract defects and persistent truncus arteriosus (lack of septation between the aorta and pulmonary trunk) (Du et al., 2019). TBX1 regulates chromatin by interacting with various epigenetic modifiers: the BAF60A/SMARCD1 subunits, the Setd7 histone H3K4 monomethyltransferase, and the histone demethylase LSD1 (Chen et al., 2012; Fulcoli et al., 2016). The importance of epigenetic regulation in this disease is demonstrated by treating pregnant mice with a histone demethylase inhibitor, thus increasing levels of methylated H3K4, which partially rescues the cardiovascular anomalies in Tbx1+/KO embryos (Fulcoli et al., 2016).

Children with Down syndrome (trisomy 21; OMIM 190685) present with a higher-than-normal incidence rate (>50%) of ventricular septal and atrial septal defects (Antonarakis, 2017). Transcriptomic analysis of 45 trisomy 21 patient samples identified significant misexpression of 247 genes not located on chromosome 21, compared to only 77 genes dysregulated that are located on chromosome 21 (Vilardell et al., 2011). Using patient samples from a pair of monozygotic twins, one of which had trisomy 21, Letourneau et al. (2014) performed transcriptomic analysis and derived iPSC cell lines. Domains of dysregulated genes are identified throughout the genome that overlaps with nuclear lamina associating regions of low gene expression, suggesting that chromatin modulation might be responsible for gene mis-regulation in this syndrome (Letourneau et al., 2014). However, it is still unclear how cardiac defects arise from these global chromatin landscape changes.

CHD7, a chromatin remodeling factor that is a member of the chromodomain helicase DNA-binding family of ATP-dependent chromatin remodeling enzymes, is mutated in the CHARGE syndrome (coloboma of the eye, heart defects, atresia of the choanae, severe retardation of growth/development, genital abnormalities, and ear abnormalities; OMIM 214800) (Vissers et al., 2004). Nonsense and frameshift indel mutations in CHD7 occur de novo, resulting in the generation of a loss-of-function protein (Basson and van Ravenswaaij-Arts, 2015). Seventy-five percent of patients present with a congenital heart defect (Lalani et al., 2006). ChIP-qPCR analysis on NkL-Tag, a mouse cardiac cell line, indicates that CHD7 binds directly to Nkx2-5 enhancers in vitro (Liu et al., 2014). Further ChIP analysis demonstrates that recruitment to Nkx2-5 enhancers is mediated via the CHD7 interaction with SMAD1 downstream of BMP2 signaling (Liu et al., 2014).

Other than congenital cardiac disease, postnatal epigenetic changes are also correlated with gene expression changes leading to cardiovascular aging, a complex process characterized by decreased heart function and ventricular and atrial remodeling (Zhang et al., 2018). These epigenetic changes are thought to be induced by changes in reactive oxygen species (ROS) or metabolite levels (Etchegaray and Mostoslavsky, 2016). Myocardial infarction or pressure overload conditions in the heart result in fibroblast activation and inflammation, leading to cardiac fibrosis, which causes changes in epigenetic regulation (Felisbino and McKinsey, 2018). We have reviewed these changes in earlier relevant sections, but the etiology of how these epigenetic changes lead to cardiac dysfunction requires further study.



CONCLUSION

Extensive work in recent years has uncovered some of the molecular mechanisms which control chromatin regulation and disease conditions arising from epigenetic mis-regulation. The conserved nature of chromatin domains and the regulatory mechanisms controlling their establishment and maintenance would suggest that changes to chromatin landscape would lead to dramatic changes in gene expression. However, for the most part, this has not been the case, suggesting that in an epigenetic context, overlapping layers of modifications regulate transcription. Although our understanding of chromatin biology has vastly advanced in recent years with chromatin conformation capture technologies, much remains unclear about what the functional role is of these domains in regulating enhancer accessibility or enabling/repressing transcription. In adult disease conditions, epigenetic changes play a more complex role with a large variability of phenotypes between patients, further confounding the analysis of causative factors. Alterations to epigenetic factors that correlate with disease suggest that these aberrant proteins undergo changes in subunit function and lack biological redundancies. Interestingly, cardiomyopathy phenotypes in human patients appear to be sensitive to these epigenetic aberrations, suggesting specificity in both tissue and type of epigenetic factor expressed during heart development. Refining our understanding of the epigenetic mechanisms at play in cardiac development is required to parse out these phenotypes.
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Congenital heart defects (CHDs) are the most common birth defects worldwide. 22q11.2 deletion syndrome is the most common microdeletion disorder that has been frequently associated with conotruncal malformations. By now, the dosage-sensitive gene TBX1 has been adopted as the major pathogenic gene responsible for 22q11.2 deletion, which is regulated by canonical Wnt/β-catenin signaling pathway in heart outflow tract development. Here, we report the long noncoding RNA (lncRNA) lnc-TSSK2-8, which is encompassed in the 22q11.2 region, that can activate canonical Wnt/β-catenin signaling by protecting β-catenin from degradation, which could result from decreased ubiquitination. Such effects were mediated by two short heat shock proteins HSPA6 and α-β-crystallin (CRYAB), whose expression was regulated by lnc-TSSK2-8 through a competing endogenous RNA (ceRNA) mechanism. In clinical practice, the pathogenesis of copy number variation (CNV) was always attributed to haploinsufficiency of protein-coding genes. Here, we report that the 22q11.2 lncRNA lnc-TSSK2-8 significantly activated canonical Wnt/β-catenin signaling, which has major roles in cardiac outflow tract development and should act upstream of TBX1. Our results suggested that lncRNAs should contribute to the etiology of CNV-related CHD.

Keywords: congenital heart disease, long noncoding RNA, 22q11.2 deletion, lnc-TSSK2-8, Wnt/β-catenin signaling


INTRODUCTION

Congenital heart defects (CHDs) are the most common birth defects worldwide, with an incidence of nearly 10∼12 per 1,000 live infants (1∼1.2%) (Hoffman and Kaplan, 2002; Van Der Linde et al., 2011). As a consequence of improvement in surgical and medical management, more and more patients with severe forms of CHDs can survive until their 30s and beyond. Genetic variation, environmental causes, and their interactions could contribute to the disruption of heart development, thus leading to formation of CHDs (Pierpont et al., 2018; Zu et al., 2020). Genetic variations associated with CHDs have been revealed extensively in recent years. Single gene disorder and gross chromosomal anomalies/aneuploidy can be identified in up to 5 and 10% CHD cases, respectively. Copy number variations (CNVs) are segmental deletions or duplications ranging widely in size of millions of base pairs; pathogenic CNVs could explain about 3∼25% syndromic CHD and 3∼10% isolated CHD cases (Cowan and Ware, 2015).

22q11.2 deletion syndrome (22q11.2DS) is the most common microdeletion disorder with an estimated prevalence ranging from 1 per 3,000 to 1 per 6,000 live births (Tezenas Du Montcel et al., 1996; Devriendt et al., 1998; Goodship et al., 1998; Botto et al., 2003; Oskarsdottir et al., 2004). It is well documented that 22q11.2DS involves 0.7∼3 million base pairs, resulting in multiorgan dysfunction including CHDs, palatal abnormalities, immunodeficiency, developmental delays, cognitive deficits, and neuropsychiatric illnesses. 22q11.2 deletion is the second most common cause of CHDs; conotruncal malformations [malformations of the outflow tract (OFT) such as the tetralogy of Fallot (TOF), truncus arteriosus, interrupted aortic arch type B, and ventricular septal defect (VSD)] account for ∼70% of the heart defects associated this CNV (Agergaard et al., 2012). On the other hand, CHD is also the main cause of mortality (∼87%) in 22q11.2DS patients (McDonald-McGinn et al., 2001; Repetto et al., 2014).

Since the function of proteins had been well annotated, most clinical pathogenic CNVs were interpreted based on their effect on gene dosage of protein-coding genes. There are 46 protein-coding genes located in the typical 3M region of 22q11.2 locus, among which most studies of interest relate to TBX1, which encodes a T-box transcription factor. TBX1 was found to be a crucial gene in the LCR22A–LCR22B region; heterozygous loss of function mutations of Tbx1 in the mouse resulted in penetrant defects that are reminiscent of CHD in 22q11.2 (Lindsay et al., 2001; Chapnik et al., 2012). Another gene of interest is DGCR8, which encodes a double-stranded RNA-binding protein that is involved in microRNA (miRNA) biogenesis. Heterozygosity of Dgcr8 results in neuronal deficits (Stark et al., 2008), whereas ablation of both alleles in neural crest cells causes heart defects (Chapnik et al., 2012). Additionally, evidence of other individual protein-coding genes in 22q11.2 region responsible for major cardiac phenotypes of 22q11.2DS has also accumulated. For example, haploinsufficiency of CRKL could account for the cardiac anomalies in individuals with nested distal deletions (Zheng et al., 2015).

Long noncoding RNAs (lncRNAs), which contain >200 nucleotides, have been revealed to participate in the regulation of cellular and tissue function and play a great part in heart development (Devaux et al., 2015). LncRNAs can repress or activate gene expression epigenetically with diverse mechanisms: e.g., most lncRNA molecules localize in the nucleus and regulate gene expression epigenetically; a proportion (∼15%) of lncRNA are located in the cytoplasm where they function posttranscriptionally (Devaux et al., 2015). Several lncRNAs have been identified as key regulatory molecules involved in cardiac development, such as Braveheart (Klattenhoff et al., 2013), Fendrr (Grote and Herrmann, 2013), Upperhand (Anderson et al., 2016), and BANCR (Wilson et al., 2020). Several examples of CHD-associated lncRNAs have also been reported. Gu et al. (2016) indicated that circulating plasma lncRNAs might serve as novel biomarkers for CHD. Jiang et al. (2018) discovered that HOTAIR is upregulated in cardiac tissues and plasma of patients with CHD; thus, it could serve as a potential diagnostic biomarker for CHD. Wang et al. (2018) suggested the relationship between HA117 and TOF, although the molecular basis of HA117 remains unclear. Jiang et al. (2019) reported upregulated SNHG6 expression in fetal heart tissues of patients with VSDs. Ma et al. (2020) reported that TBX5-AS1 should be involved in TOF by affecting cell proliferation by regulating TBX5. This evidence signifies the importance of lncRNA in CHD. Haploinsufficiency of TBX1 is regarded as the major candidate for cardiac OFT malformation. Recently, canonical Wnt/β-catenin has been revealed to play major roles in cardiac OFT development upstream of TBX1 (Racedo et al., 2017). It is unknown whether lncRNAs participate in this process. The canonical Wnt/β-catenin signaling pathway has been revealed to play developmental stage-specific roles in early heart development. The Wnt family proteins serve as secreted signaling molecules that initiate a series of intracellular pathways. In the canonical Wnt/β-catenin signaling pathway, Wnt signaling starts with the generation of Wnt ligands into the extracellular space. The Wnt molecules then bind to the Frizzled receptor (Frz) and its coreceptor LRP5/6 to form trimeric complexes. The formation of such complexes inhibits the glycogen synthase kinase 3β (GSK-3β) destruction complex, which functions in stabilizing the cytosolic β-catenin (Blankesteijn et al., 2008). Cytosolic accumulation of β-catenin leads to its translocation into the nucleus. Subsequently, the Wnt proteins bind to the T-cell factor (TCF)/lymphoid enhancer-binding factor (LEF) transcription factors to activate Wnt-responsive genes. Activation of Wnt/β-catenin signaling during embryoid body (EB) formation promotes embryonic stem cell differentiation into cardiomyocytes. Whereas the activation of Wnt/β-catenin signaling in a later stage (during gastrulation) results in inhibition of cardiomyocyte formation (Naito et al., 2006; Ueno et al., 2007).

In the present study, we discovered that the lncRNA lnc-TSSK2-8, which is located in the 22q11.2 region, significantly promotes the stabilization of β-catenin. Therefore, we propose that lnc-TSSK2-8 should contribute to heart development by regulating Wnt/β-catenin signaling pathway. In contrast to earlier studies that emphasize the crucial roles of protein-coding genes, these data suggest that the relationship between disease and noncoding transcripts should be further explored.



MATERIALS AND METHODS


Rapid Amplification of Complementary DNA Ends

Here, 5′ and 3′ rapid amplification of complementary DNA (cDNA) ends (RACE) was performed on RNA isolated from HEK293 cells using a SMARTer RACE 5′/3′ Kit (TAKARA, Dalian, China), following the manufacturer’s instructions. The PCR products were separated on a 1% agarose gel and validated by Sanger sequencing. The following gene-specific primers were used for PCR:


GACTGAAGGAGTAGAAA (5′ RACE primer)

GTCCAGGTGTCCCTGCCTCCCATTG (3′ RACE primer 1)

GGGGGAAGCCCACAATGAGCAG (3′ RACE primer 2)





Isolation of Nuclear and Cytoplasmic RNA

Nuclear RNA and cytoplasmic RNA of HEK293 cells were extracted and purified using the PARISTM Kit (Invitrogen, Thermo Fisher Scientific, Inc., Waltham, MA, United States) according to the manufacturer’s instructions.



Cell Culture and Long Noncoding RNA Overexpression

The HEK293 cell line was purchased from the Type Culture Collection of the Chinese Academy of Sciences, Shanghai, China. Cells were cultured with Dulbecco’s modified Eagle’s medium (DMEM; Gibco, Thermo Fisher Scientific, Inc., Waltham, MA, United States) containing 10% fetal bovine serum (FBS; Gibco, Thermo Fisher Scientific, Inc., Waltham, MA, United States) and 0.1% penicillin/streptomycin (NCM Biotech, Suzhou, Jiangsu, China) at 37°C with 5% CO2.

The cDNA sequence of lnc-TSSK2-8 was inserted into pcDNA3.1 (pcDNA3.1-lncTSSK2.8) for overexpression. HEK293 cells were transfected with pcDNA3.1-lncTSSK2.8 by using Lipofectamine 3000 (Invitrogen, Thermo Fisher Scientific, Inc., Waltham, MA, United States) according to the manufacturer’s instruction.



RNA Sequencing Analysis

Cell samples were lysed in TRIzol (Ambion, Austin, TX, United States). Total RNA was extracted using the RNeasy kit (Qiagen, Hilden, Germany) according to the manufacturer’s instructions.

A total amount of 2 μg RNA per sample was used as input material for the RNA preparations. Firstly, ribosomal RNA was removed using Epicenter Ribo-zeroTM Kit (Illumina Inc., San Diego, CA, United States), and rRNA-free residue was cleaned up by ethanol precipitation. By using the fragmentation buffer, the mRNA and noncoding RNAs were fragmented into short fragments (about 200∼700 bp), then the first-strand cDNA was synthesized by random hexamer-primer using the fragments as templates. Buffer, dNTPs, RNase H, and DNA polymerase I were added to synthesize the second strand cDNA. Subsequently, A-Tailing Mix (QIAGEN, Hilden, Germany) and RNA Index Adapters were added to perform end-repair, and the resulting cDNA was amplified by PCR. The double-strand cDNA was purified with QiaQuick PCR extraction kit and then used for end-polishing. Sequencing adapters were ligated to the fragments, then the second strand was degraded using Uracil-N-Glyosylase (UNG) finally. The quantity and quality of cDNA libraries were evaluated using Agilent 2100 Bioanalyzer (ABI, New York, NY, United States). The double-stranded PCR products were heat denatured and circularized by the splint oligo sequence to obtain the final library. The single-stranded circular DNA was amplified using phi29 (Thermo Fisher Scientific, Waltham, MA, United States) to generate a DNA nanoball. The library preparations were sequenced on BGISEQ-500 platform, and 150-bp paired-end reads were generated.

Raw sequencing reads with low quality (e.g., proportion of bases with sQ ≤ 5 greater than 50%; proportion of N greater >10%; 5′adaptor contamination) were removed using customized scripts. The remaining clean data were aligned to the human reference genome (version GRCh38) using STAR (Dobin et al., 2013) with standard options for long RNA sequencing (RNAseq) pipeline of Encyclopedia of DNA Elements (ENCODE;1): –outFilterType BySJout, –outFilterMultimapNmax 20, –alignSJoverhangMin 8, –alignSJDBoverhangMin1, –outFilterMismatchNmax 999, –outFilterMismatchNoverReadLmax 0.04, –alignIntronMin 20, –alignIntronMax 1000000, –alignMatesGapMax 1000000. Gene level expression was estimated using the featureCounts software (Liao et al., 2014). Differential gene expression analysis was performed on the raw counts using the DESeq2 (Love et al., 2014) package. Genes with fold change greater than 2 and P value lower than 0.05 were identified as differentially expressed genes (DEGs). Functional enrichment analysis was performed with the clusterProfiler (Yu et al., 2012) package; gene set enrichment analysis was performed for Gene Ontology (GO) items [Biological Process (BP), Molecular Function (MF), Cell Component (CC)] and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway items. We used the genes with fold change greater than 1.2 for functional enrichment analysis, since the DEG number is too small for such analysis. BH adjustments were used for multiple testing of functional enrichment analysis; p < 0.05 and q < 0.05 were used as thresholds.



RT-qPCR

Total RNA was extracted with TRIzol reagent (Ambion, Austin, TX, United States) and reverse transcribed into cDNA with PrimeScript RT reagent Kit (Takara, Dalian, China). RT-qPCR was conducted with TB Green Premix Ex Taq II kit (Takara, Dalian, China) on the CFX 9600 Real-Time PCR detection system (Bio-Rad Laboratories, Inc., Hercules, CA, United States). Fold changes of the lncRNA and mRNAs were calculated with small nuclear RNA U6 and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as internal controls, respectively, based on 2–Δ Δ Ct method. All the Bulge-Loop RT primers for both microRNAs and U6 were purchased from RiboBio (Guangzhou, Guangdong, China).



Luciferase Reporter Assay

Lnc-TSSK2-8 wild type/mutation (WT/MUT) and heat shock protein (HSP)A6 UTR WT/MUT were inserted into the BamH I and Hind III sites of the pMIR dual-luciferase vector (Promega, Madison, WI, United States). These plasmids as well as the pMIR vector were transfected with the miR-6721-5p mimics or NC-mimics into HEK293 cells for 48 h, respectively. Finally, luciferase activities were detected using the Dual-Luciferase Reporter Assay System (Promega, Madison, WI, United States) according to the manufacturer’s protocol.



Western Blotting

The transfected cells were disintegrated using Western blot (WB) IP lysis buffer (Beyotime Biotechnology, Shanghai, China). All protein extracts were separated with 10% sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE; Beyotime, Nantong, Jiangsu, China), transferred onto polyvinylidene fluoride (PVDF) membranes (Roche Diagnostic Corporation, Indianapolis, IN, United States) and blotted with primary antibodies (HSPA6, Abcam, Cat. No. ab69408; β-Catenin, Cell Signaling Technology, Cat. No. 8480S; p-β-Catenin, Cell Signaling Technology, Cat. No. 5651S; GAPDH, Cell Signaling Technology, Cat. No. 5174S; Tubulin, Cell Signaling Technology, Cat. No. 5335S). Sequentially, membranes were incubated with secondary antibodies (1:10,000; Cell Signaling Technology, Cat. No. 7074). At last, proteins were visualized using ECL detection kits (Millipore Corp., Millipore Billerica, MA, United States).



BrdU Cell Proliferation Assay

The cell proliferation assay was performed using TransDetect EdU Flow Cytometry Kit-647 Fluorophore (TransGen Biotech, Beijing, China). Cells were cultured with EdU solution for 2 h and fixed by 1× EdU permeabilization buffer. The assay was visualized by the FACScan system (Bio-Rad Laboratories, Inc., Hercules, CA, United States).



Statistical Analysis

The SPSS 16.0 software was used for statistical analysis. Differences between two groups were analyzed by implementing Student t-test, and P-value < 0.05 was regarded as statistically significant. All data were expressed as mean ± SD.



RESULTS


Full-Length Characterization and Subcellular Localization of lnc-TSSK2-8

The full-length sequence of lnc-TSSK2-8 was successfully obtained from HEK293 cells by rapid amplification of the 5′ and 3′ cDNA assays. We confirmed the sequence by performing PCR and Sanger sequencing. The full-length transcript of lnc-TSSK2-8 was 1,128 in size with a polyadenylated tail (Figure 1A). To determine the subcellular localization of lnc-TSSK2-8, we separated the nuclear and cytoplasm fractions of HEK293 cells and quantified its expression with RT-qPCR. The results suggested that lnc-TSSK2-8 is located both in the nucleus and cytoplasm, although the cytoplasmic composition was much more abundant (Figure 1B).
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FIGURE 1. Full-length characterization and subcellular expression analysis of lnc-TSSK2-8. (A) Electrophoresis analysis of rapid amplification of cDNA ends (RACE) PCR and the obtained full-length cDNA sequence of lnc-TSSK2-8. (B) Subcellular distribution of lnc-TSSK2-8. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and U6 were used for references of cytoplasmic expression and nuclear expression, respectively.




lnc-TSSK2-8 Activates Canonical Wnt/β-Catenin Signaling

We overexpressed the full-length transcript of lnc-TSSK2-8 in HEK293 cells (Figure 2A) and examined the expression of the key components of canonical Wnt/β-catenin signaling pathway. Overexpression of lnc-TSSK2-8 increased cell proliferation by ∼20% (Figure 2B) and activated the transcription of the LEF (LEF1) (Figure 2C), whereas the transcriptional level of β-catenin (CTNNB1) did not change (Figure 2D). Further exploration suggested that the protein expression level of β-catenin increased significantly; such an increase should be associated with its decreased phosphorylation (Figures 2E,G). Subsequently, we revealed that the phosphorylation of GSK-3β (Figure 2F) was enhanced and established that ubiquitination of β-catenin could be inhibited by lnc-TSSK2-8.
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FIGURE 2. Overexpression of lnc-TSSK2-8 activates the Wnt/β-catenin signaling pathway. (A) RT-qPCR quantification of overexpression lnc-TSSK2-8 in HEK293 cells. (B) Flow cytometry analysis of cell proliferation. The transcriptional level of lymphoid enhancer-binding factor 1 (LEF1) (C) and β-catenin (CTNNB1) (D) in HEK293 cells with lnc-TSSK2-8 overexpression. (E) The influence of lnc-TSSK2-8 overexpression on protein expression and phosphorylation of β-catenin. (F) The influence of lnc-TSSK2-8 overexpression on the activity of glycogen synthase kinase 3β (GSK-3β). (G) The influence of lnc-TSSK2-8 overexpression on ubiquitination of β-catenin. *p < 0.05, **p < 0.001, **p < 0.0001.




Transcriptomic Analysis of lnc-TSSK2-8 Overexpression

To explore the molecular basis of Wnt/β-catenin signaling regulation, we performed transcriptomic analysis. Our results indicated that overexpression of lnc-TSSK2-8 resulted in differential expression of 62 genes/lncRNAs, among which HSPA6 was the most significantly upregulated (p = 1.27 × 10–5) (Figures 3A,B). GO gene set enrichment analysis indicated that the DEGs were enriched in MFs such as transmembrane transporter activities (Figure 3C). KEGG enrichment analysis indicated that the DEGs were enriched in beta-Alanine metabolism (p < 0.05).
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FIGURE 3. Differential gene expression analysis of lnc-TSSK2-8 overexpression in HEK293 cells. (A) Principal component analysis of RNAseq data derived from lnc-TSSK2-8 overexpression and control cell samples. (B) Volcano plot of differential gene expression analysis; symbols of the top 15 for each of upregulated and downregulated genes were labeled. (C) Gene Ontology (GO) gene set functional enrichment analysis of DEGs.




lnc-TSSK2-8 Activates Wnt/β-Catenin Signaling Through a Competing Endogenous RNA Mechanism

Since lnc-TSSK2-8 was mainly distributed in the cytoplasm, we explored whether it could exert its function as a competing endogenous RNA (ceRNA) on DEGs. We predicted that miR-6721-5p targets both the HSPA6 3′ UTR and the lnc-TSSK2-8 full-length sequence (Figure 4A) with the miRDB2 (Liu and Wang, 2019; Chen and Wang, 2020). We then validated the interaction between miR-6721-5p and HSPA6-3′UTR/lnc-TSSK2-8 using a dual-luciferase reporter assay. The results suggested that ectopic expression of miR-6721-5p leads to notably reduced luciferase activity of WT HSPA6 3′ UTR, while the luciferase activity could not be changed if the binding sites of HSPA6 3′UTR were mutated (Figure 4B). Similarly, the interaction of miR-6721-5p and lnc-TSSK2-8 was also validated (Figure 4C). Overexpression of miR-6721-5p decreased the transcriptional level of lnc-TSSK2-8 (Figure 4D) but did not affect the gene expression of β-catenin (Figure 4E), while the stabilization of β-catenin was impaired, since its phosphorylation and protein expression were upregulated and downregulated, respectively (Figure 4F). Furthermore, overexpression of lnc-TSSK2-8 greatly activated the transcription of HSPA6 (Figure 4G). We overexpressed HSPA6 to verify its effect on Wnt/β-catenin signaling. The result indicated that HSPA6 (Figures 4H,I) activated transcription of LEF1 (Figure 4J) and exerted an inverse effect of miR-6721-5p on β-catenin expression (Figures 4K,L).
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FIGURE 4. lnc-TSSK2-8 activation promotes β-catenin stabilization through miR-6721-5p/heat shock protein (HSP)A6 axis. (A) The predicted miR-6721-5p binding sites of lnc-TSSK2-8 and HSPA6 3′ UTR. (B) The luciferase reporter assay we performed to confirm the interaction between miR-6721-5p and HSPA6 3′ UTR (B)/lnc-TSSK2-8 (C). (D) RT-qPCR analysis of lnc-TSSK2-8 level in response to miR-6721-5p overexpression. (E) RT-qPCR analysis of β-catenin level in response to miR-6721-5p overexpression. (F) Western blot (WB) analysis of protein expression and phosphorylation of β-catenin in response to miR-6721-5p overexpression. (G) RT-qPCR analysis of HSPA6 level in response to lnc-TSSK2-8 overexpression. (H) Confirmation of HSPA6 overexpression with RT-qPCR. (I) Confirmation of HSPA6 overexpression with WB. (J) RT-qPCR analysis of LEF1 level in response to HSPA6 overexpression. (K) RT-qPCR analysis of β-catenin level in response to HSPA6 overexpression. (L) WB analysis of β-catenin protein expression and phosphorylation in response to HSPA6 overexpression. *p < 0.05, **p < 0.001, **p < 0.0001.


Recently, Mitra et al. (2013) reported that α-B-crystallin (CRYAB) could stabilize β-catenin and promote Wnt signaling in osteogenic differentiation (Zhu et al., 2020). We noticed lnc-TSSK2-8 and CRYAB 3′ UTR also share miRNA target sequences (Figure 5A) and further investigated whether lnc-TSSK2-8 could regulate Wnt/β-catenin signaling by modulating CRYAB expression. Through dual-luciferase reporter assay, we showed that miR-491-5p could interact with both CRYAB and lnc-TSSK2-8 (Figures 5B,C). Overexpression of miR-491-5p significantly downregulated the transcriptional level of CRYAB and LEF1 (Figures 5D,E) and only inhibits β-catenin expression posttranscriptionally (Figures 5F,G). As expected, overexpression of lnc-TSSK2-8 greatly increased the transcription of CRYAB (Figures 5H,I). At last, we overexpressed CRYAB (Figures 5J,K) and verified its posttranscriptional effect on β-catenin expression (Figures 5L,M).
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FIGURE 5. lnc-TSSK2-8 activation promotes β-catenin stabilization through the miR-491-5p/α-B-crystallin (CRYAB) axis. (A) The predicted miR-491-5p binding sites of lnc-TSSK2-8 and CRYAB 3′ UTR. (B) The luciferase reporter assay we performed to confirm the interaction between miR-6721-5p and CRYAB 3′ UTR (B)/lnc-TSSK2-8 (C). (D) RT-qPCR analysis of CRYAB level in response to miR-491-5p overexpression. (E) RT-qPCR analysis of lymphoid enhancer-binding factor 1 (LEF1) level in response to miR-491-5p overexpression. (F) RT-qPCR analysis of β-catenin level in response to miR-491-5p overexpression. (G) Western blot (WB) analysis of protein expression of β-catenin in response to miR-491-5p overexpression. (H) Confirmation of lnc-TSSK2-8 overexpression with RT-qPCR. (I) RT-qPCR analysis of CRYAB level in response to lnc-TSSK2-8 overexpression. (J) Confirmation of CRYAB overexpression with RT-qPCR. (K) Confirmation of CRYAB overexpression with WB. (L) RT-qPCR analysis of β-catenin level in response to CRYAB overexpression. (M) WB analysis of β-catenin protein expression and phosphorylation in response to CRYAB overexpression. *p < 0.05, **p < 0.001, **p < 0.0001.




DISCUSSION

Wnt proteins are a protein family composed of secreted glycoproteins acting as signaling molecules. They bind to Frizzled and several other coreceptors such as lipoprotein receptor-related protein (LRP)-5/6 to trigger intracellular signal transduction (Logan and Nusse, 2004; Kestler and Kuhl, 2008). In the canonical Wnt/β-catenin signaling pathway, when Wnt signal is absent, β-catenin is phosphorylated by the destruction complex. Such processes include CK1-mediated phosphorylation at Ser45, and GSK3β-mediated phosphorylation at Ser33, Ser37, and Thr41. The phosphorylated β-catenin is degraded by the proteasome through the ubiquitin pathway. When Wnt ligands are available, a cascade initiated by the binding of Wnt to the Frzs is activated. The destruction complex consisting of axin, adenomatous polyposis coli (APC), and GSK3β is disassembled, resulting in the stabilization of β-catenin. The β-catenin molecules subsequently accumulate in the cytoplasm and are imported into the nucleus, where they serve as transcriptional coactivators of the TCF/LEF family transcription factors to regulate gene expression (Rao and Kuhl, 2010). The canonical Wnt/β-catenin signaling pathway has been proven to play important roles in multiple aspects of vertebrate heart development such as cardiac differentiation and right ventricular growth (Ai et al., 2007; Gessert and Kuhl, 2010).

The stability of cytosolic β-catenin is controlled by the destruction complex. As the member of the destruction complex, GSK3β acts as a negative regulatory factor. We found that overexpression of lnc-TSSK2-8 promoted the phosphorylation of GSK3β. Subsequently, the phosphorylation of β-catenin was decreased, which might inhibit its ubiquitination. We showed that lnc-TSSK2-8 promotes the stabilization of β-catenin through regulating the expression of HSPA6 and CRYAB. CRYAB is the most abundant small HSP constitutively expressed in cardiomyocytes. It protects against reperfusion injury/myocardial ischemia and suppresses cardiac hypertrophic responses by attenuating nuclear factor of activated T cells (NFAT) signaling (Kumarapeli et al., 2008). CRYAB was also identified as a downstream effector of calcineurin-induced protection against cardiomyocyte apoptosis (Bousette et al., 2010) and a molecular switch in bypassing mitochondrial pathway of apoptosis during myocardial infarction (Mitra et al., 2013). Zhu et al. (2020) recently revealed that CRYAB physically interacts with β-catenin; it promotes osteogenic differentiation of bone marrow stem cells by protecting β-catenin from ubiquitination and degradation (Zhu et al., 2020). HSPA6 has not been reported as associated with Wnt/β-catenin signaling. Our study showed that HSPA6 and CRYAB not only stabilized β-catenin but also activated the downstream transcription factor LEF1. Since dosage of β-catenin significantly affects OFT development upstream of Tbx1 (Racedo et al., 2017), we propose that the small HSP-mediated stabilization of β-catenin should be a common mechanism involved in heart development. The expression of HSPA6 and CRYAB could be modulated by lnc-TSSK2-8 through sponging miR-6721-5p and miR-491-5p, respectively. Wnt/β-catenin signaling could potentiate neonatal mouse cardiomyocyte proliferation and human induced pluripotent stem (iPS) cell-derived cardiomyocyte. A Wnt/β-catenin-dependent transcriptional network governing cardiomyocyte proliferation was discovered (Quaife-Ryan et al., 2020). We showed that lnc-TSSK2-8 promoted cell proliferation of HEK293, which might result from enhancement of Wnt/β-catenin signaling.

Significant achievements have been made in revealing the roles of miRNAs and lncRNAs in heart development (Alexanian and Ounzain, 2020; Das et al., 2020). Cytoplasmic lncRNA could act as ceRNAs to sequester miRNAs from their natural mRNA targets; we established that lnc-TSSK2-8 regulates HSPA6 and CRYAB in this way. Whereas lnc-TSSK2-8 also has substantial nuclear expression, the transcriptomic analysis indicated that lnc-TSSK2-8 might be associated with cilia functions. Cilia have an essential role in the pathogenesis of congenital heart disease (Li et al., 2015; Gabriel et al., 2020). We noted that the DEGs were enriched in dynein binding, which is critical for ciliary processes. The MF of lnc-TSSK2-8 in cilia process and heart development needs to be further investigated. Conotruncal defects such as TOF, truncus arteriosus, conoventricular ventricle septum defect, type B interruption of the aortic arch account for about 70% of heart malformations associated with 22q11.2DS (Agergaard et al., 2012). Although several genes including TBX1 have been identified responsible for heart defects resulting from 22q11.2 deletion, noncoding functions of this common CNV in cardiac development have not received enough attention. We demonstrated that the 22q11.2 lnc-TSSK2-8 is involved in the canonical Wnt signaling pathway by stabilizing β-catenin. There were two main limitations of our study. Firstly, our experiments were based on the HEK293 cell line, which is derived from human embryonic kidney. Additional validation using primary cardiac cells derived from model animals or in vitro cardiomyocyte differentiation from human iPS cells would help reveal the cardiac-specific effect of lnc-TSSK2-8. Secondly, loss-of-function validation was not performed for lnc-TSSK2-8, HSPA6, and CRYAB. It would be meaningful to carry out si/shRNA-mediated knockdown of lnc-TSSK2-8, HSPA6, and CRYAB to investigate their roles in the context of heart development, which would help elucidate the contribution of lnc-TSSK2-8 to cardiac phenotypes of 22q11.2DS.

In summary, we established that the 22q11.2 lncRNA lnc-TSSK2-8 acts as an ceRNA to regulate the expression of HSPA6 and CRYAB through sponging miR-6721-5p and miR-491-5p; subsequently, HSPA6 and CRYAB activates canonical Wnt signaling by promoting the stabilization of β-catenin and activating LEF1 expression. Our study provided evidence of a lncRNA that regulates the dosage of β-catenin, which contributes to the OFT anomalies in 22q11.2DS.
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Heart development requires robust gene regulation, and the related disruption could lead to congenital heart disease (CHD). To gain insights into the regulation of gene expression in CHD, we obtained the expression profiles of long non-coding RNAs (lncRNAs) and messenger RNAs (mRNAs) in 22 heart tissue samples with tetralogy of Fallot (TOF) through strand-specific transcriptomic analysis. Using a causal inference framework based on the expression correlations and validated microRNA (miRNA)–lncRNA–mRNA evidences, we constructed the competing endogenous RNA (ceRNA)-mediated network driven by lncRNAs. Four lncRNAs (FGD5-AS1, lnc-GNB4-1, lnc-PDK3-1, and lnc-SAMD5-1) were identified as hub lncRNAs in the network. FGD5-AS1 was selected for further study since all its targets were CHD-related genes (NRAS, PTEN, and SMAD4). Both FGD5-AS1 and SMAD4 could bind with hsa-miR-421, which has been validated using dual-luciferase reporter assays. Knockdown of FGD5-AS1 not only significantly reduced PTEN and SMAD4 expression in HEK 293 and the fetal heart cell line (CCC-HEH-2) but also increased the transcription of its interacted miRNAs in a cell-specific way. Besides ceRNA mechanism, RNAseq and ATACseq results showed that FGD5-AS1 might play repression roles in heart development by transcriptionally regulating CHD-related genes. In conclusion, we identified a ceRNA network driven by lncRNAs in heart tissues of TOF patients. Furthermore, we proved that FGD5-AS1, one hub lncRNA in the TOF heart ceRNA network, regulates multiple genes transcriptionally and epigenetically.

Keywords: congenital heart disease, gene expression, lncRNA, FGD5-AS1, tetralogy of Fallot


INTRODUCTION

Congenital heart disease/defect (CHD) is a group of structural abnormalities of the heart and great vessels that originated from embryonic development. It is the most common birth defect with an incidence of ∼1% (van der Linde et al., 2011). Although most CHD patients could survive with surgical repair, they would be confronted with a high risk of multiple symptoms such as cardiac arrhythmias and heart failure (Egbe et al., 2014). To make better strategies for the prevention or therapy for CHD, identification of the predisposing factors that cause abnormal fetal heart development is always a prerequisite. Epidemiological studies have suggested that genetic or environmental factors could be merely identified in 20–30% of CHD cases. Genetic factors such as single-gene disorders, gross chromosomal anomalies/aneuploidies, and pathogenic copy number variations were, respectively, found in 3–5%, 8–10%, and 3–25% of CHD cases (Cowan and Ware, 2015). Based on the genetic sequence variations in patients, identifying disease-associated genes is the most practical strategy for interpreting the genetic factors of CHD.

Apart from another 2% of cases attributed to environmental factors, the remaining unexplained CHD cases are presumed to be multifactorial (oligogenic, polygenic, or a combination of genetic and environmental factors) (Cowan and Ware, 2015). Therefore, epigenetic factors should be an important concern in CHD studies since they reflect the interactions between environmental and genetic factors. Actually, it has been revealed that epigenetic abnormalities contribute to the development of CHD, and related gene expression is altered in the patients’ hearts (Serra-Juhe et al., 2015; Grunert et al., 2016). Elucidating the mechanisms of regulation of gene expression should greatly help in understanding the etiology of CHD.

In the past, most efforts were exerted in investigating the roles of micro RNAs (miRNAs) and/or messenger RNAs (mRNAs) in CHD. Significant progress has been made focusing on the role of miRNAs in heart development (Das et al., 2020). It has also been revealed that long non-coding RNAs (lncRNAs), pseudogenes, circular RNAs (circRNAs), and mRNAs compete for the same pool of miRNAs (Tay et al., 2014), which is termed the ceRNA (competing endogenous RNA) mechanism. Although lncRNAs have received much attention for their regulatory role in gene expression and potential value in diagnosis and treatment recently, their regulatory functions have not been characterized systematically in CHD samples. To gain a better understanding of the gene expression profiles in the heart of CHD, we performed strand-specific RNA sequencing (RNAseq) on myocardial samples of the right heart ventricle tissues from 22 children with tetralogy of Fallot (TOF), a severe form of CHD. By constructing lncRNA-driven miRNA regulatory networks, we identified four hub lncRNAs (FGD5-AS1, lnc-GNB4-1, lnc-PDK3-1, and lnc-SAMD5-1) that regulate mRNA expression through miRNAs and also investigated the molecular basis of FGD5-AS1.



MATERIALS AND METHODS


Ethical Approval

The Ethics Committee of the Shanghai Children’s Medical Center reviewed and approved this study (SCMCIRB-K2017009). All procedures performed in this study involving human participants were in accordance with the ethical standards of the institutional and/or national research committee as well as the 1964 Helsinki declaration, including its later amendments or comparable ethical standards. Informed consents were obtained from all individual participants’ parents in the study.



Tissue Samples

Right heart ventricle tissues were collected from 22 patients with main cardiac malformation of TOF requiring surgical reconstruction. At surgery, the diagnosis and anatomy of TOF were confirmed and ventricular myocardial tissues were retrieved. Samples were immediately stored in RNALater (Ambion, Austin, TX, United States) at −80°C for subsequent processing.



Cell Culture

The human embryonic kidney (HEK) 293 cell line as well as the CCC-HEH-2 human cardiac myocytes were purchased from the Type Culture Collection of the Chinese Academy of Sciences, Shanghai, China. Cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) (Gibco, Thermo Fisher Scientific, Inc., Waltham, MA, United States) containing 10% fetal bovine serum (FBS) (Gibco) and 0.1% penicillin/streptomycin (NCM Biotech, Suzhou, Jiangsu, China) at 37°C with 5% CO2.



Cell Infection and Transfection

The specific short hairpin RNAs (shRNAs) against FGD5-AS1 [shRNA#1, #2, #3, and #mix (mixture of shRNA#1, #2, and #3)] and the corresponding negative control, along with the green fluorescent protein (GFP)-expressing lentiviral vector and a puromycin resistance marker, were synthesized by GenePharma (Shanghai, China). For virus production, the shRNA plasmids psPAX2 and pMD2.G were concurrently transfected into HEK 293 cells by Lipofectamine 2000 (Invitrogen, United States). Then, the HEK 293 as well as the CCC-HEH-2 cell lines were infected with lentivirus and followed puromycin treatment for several days in order to acquire the stable knockdown (KD) cell lines.

The hsa-miR-107, hsa-miR-320a-3p, hsa-miR-454-3p, and hsa-miR-421 mimics and the negative control (NC) mimics were obtained from GenePharma. miR mimics were transfected into HEK 293 cells by Lipofectamine 2000 (Invitrogen, United States). The sequences for the shRNA and miR mimics are shown in Supplementary Table 1.



RNAseq Analysis

Tissues or cell samples were lysed in TRIzol (Ambion, Austin, TX, United States). Total RNA was extracted using the miRNeasy kit (Qiagen, Hilden, Germany) according to the manufacturer’s instructions.

A total amount of 3 μg RNA per sample was used as the input material for the RNA sample preparations. Firstly, ribosomal RNA (rRNA) was removed using Epicentre Ribo-zeroTM Kit (Illumina Inc., San Diego, CA, United States), and rRNA-free residue was cleaned up by ethanol precipitation. Subsequently, sequencing libraries were generated using the rRNA-depleted RNA by the NEBNext Ultra TM Directional RNA Library Prep Kit for Illumina (NEB, Beverly, MA, United States) following the manufacturer’s recommendations. In order to select complementary DNA (cDNA) fragments of preferentially 250–300 bp in length, the library fragments were purified with the AMPure XP system (Beckman Coulter, Beverly, MA, United States). Then, 3 μl USER Enzyme (NEB, Beverly, MA, United States) was used with the size-selected, adaptor-ligated cDNA at 37°C for 15 min followed by 5 min at 95°C before PCR. PCR was performed with Phusion high-fidelity DNA polymerase, universal PCR primers, and index (x) primer. The PCR products were purified (AMPure XP system) and library quality was assessed on the Agilent Bioanalyzer 2100 system. The clustering of the index-coded samples was performed on a cBot Cluster Generation System using the HiSeq 4000 PE Cluster Kit (Illumina Inc., San Diego, CA, United States) according to the manufacturer’s instructions. After cluster generation, the library preparations were sequenced on the Illumina HiSeq 4000 platform and 150-bp paired-end reads were generated.

Read pairs with low quality (e.g., proportion of bases with sQ ≤ 5 greater than 50%, proportion of N greater than >10%, and 5′ adaptor contamination) were removed. The remaining clean data were aligned to human reference genome (version GRCh38) using STAR (Dobin et al., 2013) with Encyclopedia of DNA Elements (ENCODE)1 standard options for long RNAseq pipeline. Gene-level read counts were estimated using RNA-seq by Expectation Maximization (RSEM) software (Li and Dewey, 2011). Differential gene expression analysis was performed using the DESeq2 (Love et al., 2014) package. Genes with fold change greater than 2 and adjusted p-value lower than 0.05 were defined as differentially expressed genes. Functional enrichment analysis was performed with the clusterProfiler (Yu et al., 2012) package.

Additionally, we used another dataset containing the RNAseq data of 22 TOF heart samples (PRJNA156781) to validate the co-expression relationship of hub lncRNAs and their mRNA which we identified. The data processing procedures were the same as described above.



Construction of lncRNA-Driven ceRNA Gene Expression Network

A method for the identification of the lncRNA-related miRNA sponge regulatory network (Zhang et al., 2018) was implemented by analyzing our transcriptomic data of heart tissues. Generally, the method includes the following procedures:


(a) Putative miRNA–target (miRNA–mRNA and miRNA–lncRNA) interactions were integrated from several experimentally validated miRNA–target interaction databases such as miRTarBase v7.0 (Chou et al., 2018), TarBase v7.0 (Vlachos et al., 2015), NPInter v3.0 (Hao et al., 2016), and LncBase v2.0 (Paraskevopoulou et al., 2016). In total, 9,318 and 173,468 unique putative interactions were, respectively, collected for miRNA–mRNA and miRNA–lncRNA.

(b) Identify lncRNA–mRNA pairs that have a significant sharing of miRNAs based on the miRNA–target interactions.

(c) Extract matched lncRNA and mRNA expressions from the TOF heart transcriptomic data for the previously identified lncRNA–mRNA pairs and calculate the causal effects using the parallel IDA algorithm (Le et al., 2019).

(d) Construct the lncRNA-mediated miRNA regulatory network by taking advantage of the corPvalueFisher method of the WGCNA package (Langfelder and Horvath, 2008). The lncRNA–mRNA interaction with adjusted p < 0.05 (BH) were considered as sponge lncRNA–mRNA regulatory relationships.





ATACseq Analysis

Approximately 5 × 104 fresh CCC-HEH-2 cells, each with sh-FGD5-AS1 for knockdown or the corresponding negative control (described in section “Cell Infection and Transfection”) were collected by centrifugation at 500 × g and washed twice with cold phosphate-buffered saline (PBS). Nuclei-enriched fractions were extracted with cold resuspension buffer (0.1% NP-40, 0.1% Tween 20, and 0.01% Digitonin) and washed out with 1 ml of cold resuspension buffer containing 0.1% Tween 20 only. Nuclei pellets were collected by centrifugation and resuspended with transposition reaction buffer containing Tn5 transposases (Nextera XT Library Kit, cat. no. FC-131-1096, Illumina). Transposition reactions were incubated at 37°C for ∼30 min, followed by DNA purification using the DNA Cleanup and Concentration Kit (cat. no. D4013, ZYMO Research). Libraries were amplified with Nextera barcodes and high-fidelity polymerase (cat. no. M0541, New England Labs) and purified using Agencourt AMPure XP beads (cat. no. A63880, Beckman Coulter). Libraries were sequenced on HiSeq 4000 for 150-bp paired-end sequencing. Raw fastq files were fed to nf-core (Ewels et al., 2020) ATACseq (assay for transposase-accessible chromatin with sequencing) pipeline using GRCh38.



RT-qPCR

The total cellular RNA was extracted with TRIzol reagent (Ambion, Austin, TX, United States) and reverse transcribed into cDNA with PrimeScript RT Reagent Kit (Takara, Dalian, China). Quantitative reverse transcription PCR (RT-qPCR) was conducted with TB Green Premix Ex Taq II Kit (Takara, Dalian, China) under the CFX 9600 Real-Time PCR detection system (Bio-Rad Laboratories, Inc., Hercules, CA, United States). Based on the 2−ΔΔCt method, fold changes of the target genes, as well as an expression quantitative trait loci (eQTL) gene (RBSN), of FGD5-AS1 were calculated with GAPDH or U6 as the internal control. Primers for PCR are shown in Supplementary Table 1. For qPCR validation in TOF heart tissue samples, gene expression was reported as 2−ΔCt relative to GAPDH.



Luciferase Reporter Assay

The plasmids used for the luciferase reporter assay were constructed with pmirGLO dual-luciferase vector (Promega, Madison, WI, United States), including FGD5-AS1 WT/MUT (wild type/mutation), PTEN WT/MUT, and SMAD4 WT/MUT. The FGD5-AS1, PTEN, and SMAD4 MUT vectors were constructed within the mutated seed region of the corresponding miRNAs. These plasmids as well as the pmirGLO vector were, respectively, transfected with the hsa-miR-107 mimics/hsa-miR-320a-3p mimics/hsa-miR-454-3p mimics/hsa-miR-421 mimics or the NC mimics into the HEK 293 cells for 48 h. Lastly, luciferase activities were detected using the Dual-Luciferase Reporter Assay System (Promega, Madison, WI, United States). Information on the construction of plasmids is shown in Supplementary Table 1.



Cell Proliferation and Apoptosis Assay

Cell proliferation assay was detected using TransDetect EdU Flow Cytometry Kit-647 Fluorophore (TransGen Biotech, Beijing, China). The cells were cultured with 5-ethynyl-2′-deoxyuridine (EdU) solution for 2 h and then fixed by 1 × EdU permeabilization buffer. Subsequently, the assay was visualized by the FACScan System (Bio-Rad Laboratories, Inc., Hercules, CA, United States).

The apoptotic assay was performed with the APC Annexin V Apoptosis Detection Kit with 7-AAD (BioLegend Inc., San Diego, CA, United States). The cells were washed with staining buffer and resuspended in annexin V binding buffer, then incubated with APC Annexin V and 7-AAD for 15 min at room temperature. The percentages of apoptotic cells were assessed by the FACScan System (Bio-Rad Laboratories, Inc., Hercules, CA, United States) according to the manufacturer’s guide.



Western Blotting

Western blotting was performed to assess the expression of SMAD4 in infected HEK 293 and CCC-HEH-2 cells. Total cells were disintegrated using lysis buffer (Beyotime Biotechnology, Shanghai, China), then the extracted proteins were separated with 10% SDS-PAGE (Beyotime, Nantong, Jiangsu, China) and transferred onto PVDF membranes (Roche Diagnostic Corporation, Indianapolis, IN, United States). The membranes were blocked by 5% non-fat milk for 2 h and cultured with primary antibodies of SMAD4 (1:1,000; cat. no. 38454, Cell Signaling Technology) and GADPH (1:4,000; cat. no. 2118, Cell Signaling Technology). Sequentially, the membranes were incubated with secondary antibodies (1:10,000; cat. no. 7074, Cell Signaling Technology). Lastly, proteins were visualized using enhanced chemiluminescence (ECL) detection kits (Millipore Corp., Millipore, Billerica, MA, United States). The quantification of the results was analyzed by ImageJ.



Statistical Analysis

SPSS 16.0 software was used for statistical analysis. Differences between two groups were analyzed by implementing Student’s t-test, and p < 0.05 was regarded as statistically significant. All data were expressed as mean ± SD.



RESULTS


Construction of lncRNA-Driven ceRNA Regulatory Network

Clinical information of the TOF samples has been listed in Supplementary Table 2. The detailed workflow of the entire study is presented in Figure 1A. lncRNAs/mRNAs with low expressions (total counts of 22 samples lower than 100) were removed, then the remaining 15,036 mRNAs and 14,377 lncRNAs were kept for further analysis. In total, 36 lncRNA/mRNA-related miRNA sponge interactions involving 24 lncRNAs and 23 mRNAs were identified. Since it has been suggested that nearly 20% of the nodes in a biological network tend to be essential (Song and Singh, 2013), we selected the top 20% of lncRNAs with the highest degrees (the number of edges connected with a node) as the hub lncRNAs: FGD5-AS1, lnc-GNB4-1, lnc-PDK3-1, and lnc-SAMD5-1 (Figure 1, Supplementary Figure 1, and Supplementary Table 3).
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FIGURE 1. Workflow of the entire study and the competing endogenous RNA (ceRNA) regulatory networks of each hub long non-coding RNA (lncRNA) in tetralogy of Fallot (TOF) hearts. (A) The workflow for the entire study. (B–E) The four networks all contain three types of genes, namely lncRNAs (purple), mRNAs (pink), and miRNAs (green). The edges connected between nodes indicate their co-expression relationship. The networks of the four hub lncRNAs (FGD5-AS1, lnc-GNB4-1, lnc-PDK3-1, and lnc-SAMD5-1) are presented, respectively.




LncRNA–miRNA–mRNA Relationship Validation

We selected FGD5-AS1 for experimental validation since all its target mRNAs (SMAD4, PTEN, and NRAS) were known as CHD genes. According to our dataset, the expressions of FGD5-AS1 and its three target mRNAs (Pearson’s correlation coefficients: NRAS, 0.60; PTEN, 0.87, and SMAD4, 0.62) were highly correlated (Figure 2A). In order to validated such co-regulation relationship, we analyzed another dataset of TOF heart tissue gene expressions (Grunert et al., 2016). The validation was in accordance with our results (Figure 2B): the Pearson’s correlation coefficients were 0.9, 0.85, and 0.89 for SMAD4, PTEN, and NRAS, respectively. The expressions of FGD5-AS1, NRAS, PTEN, SMAD4, hsa-miR-107, hsa-miR-320a-3p, hsa-miR421, and hsa-miR-454-3p were also validated in 12 additional TOF heart tissues using RT-qPCR. The three mRNAs showed high expression correlations with FGD5-AS1 (Pearson’s correlation coefficients: NRAS, 0.73; PTEN, 0.94; and SMAD4, 0.71) (Supplementary Figure 2). FGD5-AS1 shared 48 miRNAs (hypergeometric enrichment test: p = 0) with PTEN, 21 miRNAs (hypergeometric enrichment test: p = 4.75 × 10–9) with SMAD4, and nine miRNAs (hypergeometric enrichment test: p = 7.26 × 10–6) with NRAS. Besides FGD5-AS1, PTEN shared multiple miRNAs with four other hub lncRNAs (The number of shared miRNAs: lnc-IL17B-2, 46; lnc-GNB4-1, 30; lnc-PDK3-1, 29; lnc-SAMD5-1, 25). SMAD4 shared 22 miRNAs with GAS5 and seven miRNAs with lnc-ZCCHC7-2. NRAS shared only four miRNAs with lnc-ZNF124-1 other than FGD5-AS1. Accordingly, PTEN and SMAD4 should play more important roles in the ceRNA network. We selected miRNAs for each of SMAD4 (hsa-miR-421 and hsa-miR-454-3p) and PTEN (hsa-miR-107 and hsa-miR-320a-3p) for binding validation since the four miRNAs have been reported to have important association with heart development or congenital heart disease (O’Brien et al., 2012; Zhou et al., 2014; Colpaert and Calore, 2019; Grunert et al., 2019). The predicted lncRNA–miRNA–mRNA interactions were validated in the HEK 293 cell line and a cardiac cell line (AC16). A previous reported mRNA–miRNA target pair (CRYAB and hsa-miR-491) (Wang et al., 2017) was used as the positive control for all luciferase assays (Supplementary Figure 3). Our results suggested that only hsa-miR-421 could combine with both FGD5-AS1 and SMAD4 in the HEK 293 and AC16 cell lines (Figures 2C,D). Meanwhile, the validated axis of FGD5-AS1/hsa-miR-421/SMAD4 has also been analyzed at the co-expression level with datasets of TOF (Figures 2E,F; Grunert et al., 2016, 2019).
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FIGURE 2. FGD5-AS1 competing endogenous RNA (ceRNA) mechanism validation. The correlation coefficients between FGD5-AS1 and its ceRNA targets for our dataset (A) and the GEO: PRJNA156781 dataset (B) are shown. For lncRNA FGD5-AS1 and mRNA SMAD4, hsa-miR-421 was validated in the HEK 293 (C) and AC16 (D) cell lines, respectively. The correlation coefficients between hsa-miRNA-421 and FGD5-AS1/SMAD4 in our dataset (E) and the GEO: PRJNA156781 dataset (F) are also shown. n.s., not significant; The number of asterisks indicated the corresponding statistical significance (p-value). *p < 0.05; **p < 0.01; ***p < 0.001.




Effect of FGD5-AS1 KD on Gene Expression, Cell Proliferation, and Apoptosis

We synthesized three shRNA vectors and its corresponding negative control for KD experiments of FGD5-AS1. shRNA#2 and shRNA#mix had the best performance in the HEK 293 and CCC-HEH-2 cell lines, respectively (Figure 3A). KD of FGD5-AS1 could significantly decrease the transcriptional expressions of SMAD4 and PTEN. Additionally, based on the records of FANTOM5, RNSB had an eQTL relationship with FGD5-AS1, which was also validated by our KD experiments (Figure 3B). Interestingly, the FGD5-AS1 KD HEK 293 cell line prepared with shRNA#2 showed elevated expressions of both hsa-miR-454-3p and hsa-miR-421 (Figure 3C). hsa-miR-107 and hsa-miR-421 were significantly upregulated in the FGD5-AS1 KD CCC-HEH-2 cell line. When FGD5-AS1 was suppressed, SMAD4 were also downregulated at the protein level (Figure 3D).


[image: image]

FIGURE 3. lncRNA FGD5-AS1 suppressed the apoptosis. (A) Quantitative reverse transcription PCR (RT-qPCR) assays were performed to detect the interference efficiency of FGD5-AS1 in the HEK 293 and CCC-HEH-2 cell lines. (B) RT-qPCR assays suggested a decreased transcriptional level of mRNA (SMAD4, PTEN, and RBSN) in two knockdowns (KD) of FGD5-AS1 cell lines (H, HEK 293 cell line; C, CCC-HEH-2 cell line). (C) RT-qPCR assays of four miRs for previous validation in the FGD5-AS1 KD HEK 293 and CCC-HEH-2 cell lines. (D) Western blotting was used to verify that interfered FGD5-AS1 can affect the expression of SMAD4, and the relative protein expression was analyzed. (E) Flow cytometry was performed to detect apoptosis in the FGD5-AS1 KD CCC-HEH-2 cell line. The positive controls were CCC-HEH-2 cells treated with apoptosis induction drugs. n.s., not significant; The number of asterisks indicated the corresponding statistical significance (p-value). *p < 0.05; **p < 0.01; ***p < 0.001.


We also evaluated the cell proliferation and apoptosis in FGD5-AS1 KD CCC-HEH-2 cells. The results indicated that the apoptosis was significantly elevated in FGD5-AS1 KD cells (Figure 3E). However, the proliferation showed no statistical significance (Supplementary Figure 4).



Molecular Basis of FGD5-AS1 Regulation Revealed by RNAseq and ATACseq

We performed RNAseq and ATACseq on FGD5-AS1 KD CCC-HEH-2 cells to reveal the molecular basis of FGD5-AS1 regulation (Figures 4, 5). KD of FGD5-AS1 caused substantial transcriptional changes in CCC-HEH-2 cells: 354 genes were upregulated and 228 genes were downregulated (Figure 4B and Supplementary Table 4). Functional enrichment analysis revealed that only the upregulated genes were enriched in Gene Ontology (GO) terms such as ionotropic glutamate receptor signaling pathway, blood vessel morphogenesis, and organ growth. In the meantime, merely the upregulated genes were enriched in multiple Disease Ontology (DO) terms such as coronary artery disease, coronary stenosis, hypertension, and myocardial infarction (Figure 4C and Supplementary Table 5). Forty-one of these genes with differential expressions were reported as CHD-related genes, and we selectively validated nine of them (WNT3, SOX9, PEX19, VIT, CDH11, IGFBP5, HAS2, ENO2, and EGR1) using RT-qPCR (Figure 4D).
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FIGURE 4. RNA sequencing (RNAseq) analysis of FGD5-AS1 knockdown (KD) CCC-HEH-2 cells. (A) Principal component analysis (PCA) plot of RNAseq. Control and shRNA KD CCC-HEH-2 cell samples are shown in red and cyan, respectively. (B) Volcano plot of differential gene expression analysis between the control and the FGD5-AS1 KD CCC-HEH-2 cell line. Symbols of the top 20 significantly up/downregulated genes are labeled. (C) Gene Ontology (GO) and Disease Ontology (DO) enrichment analysis of the upregulated genes in RNAseq. (D) Heatmap of the 41 congenital heart disease (CHD)-related genes within differential expression in RNAseq. Nine of them were validated by RT-qPCR (WNT3, SOX9, PEX19, VIT, CDH11, IGFBP5, HAS2, ENO2, and EGR1), and the fold change values are labeled. n.s., not significant; The number of asterisks indicated the corresponding statistical significance (p-value). *p < 0.05; **p < 0.01; ***p < 0.001.
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FIGURE 5. Assay for transposase-accessible chromatin with sequencing (ATACseq) analysis of FGD5-AS1 knockdown (KD) CCC-HEH-2 cells. (A) Principal component analysis (PCA) plot of ATACseq. Control and shRNA KD CCC-HEH-2 cell samples are shown in red and cyan, respectively. (B) Peak location comparison of the gene features. (C) Distance of peaks relative to the closest gene. (D) Peak distribution relative to the transcriptional start site. (D) Consensus peak number comparison of control of the KD samples. (E) Volcano plot of differential accessible region analysis. The top 20 significantly up/downregulated regions are labeled as the closest gene symbol. (F) Venn plot of differential gene expression analysis and differential accessible region analysis based on gene annotation. (G) Peak comparison of the differential accessible regions identified in ENPP2, HAS2, and VIT. (H) Enriched known motifs of the transcription factors within the differential accessible region sequences. Only the top 10 significant motifs are shown.


In total, 58,238 consensus regions with peak signals were revealed by ATACseq in FGD5-AS1 KD and control cells (Figure 5). Differential accessibility region analysis identified 517 regions (376 with increased accessibility and 141 with reduced accessibility) (Figure 5E and Supplementary Table 6). Ten regions with increased accessibility were involved in genes with significant upregulated expressions (Figure 5F), and three of them were known CHD genes: ENPP2, HAS2, and VIT (Figure 5G). A set of enriched known motifs of transcription factors within the DAR sequences were also identified (Figure 5H and Supplementary Table 7).



DISCUSSION

Recently, gene regulation of non-coding transcripts, especially miRNAs (Smith et al., 2015; Hoelscher et al., 2017; Tian et al., 2017) and lncRNAs (Scheuermann and Boyer, 2013; Sallam et al., 2018) in heart development as well as CHD, has been underlined. It has been suggested that non-coding RNAs have profound effects on gene regulation. Except for lncRNAs, the expression profiles of mRNAs and miRNAs have also been systematically explored in CHD heart tissues (Bittel et al., 2011; Grunert et al., 2016, 2019; Wang et al., 2018). In the present study, we performed strand-specific RNAseq on heart tissues from 22 patients with TOF to retrieve the gene expression profiles of mRNAs and lncRNAs. Comparable numbers of evidently expressed mRNAs (15,036) and lncRNAs (14,377) were identified in these heart tissues. We focused on elucidating the lncRNA-related ceRNA regulatory network in CHD heart tissues. Since expression correlation-based methods only reflect the indirect or competitive relationships between sponge lncRNAs and mRNAs, we implemented a causal inference method to identify the lncRNA-driven ceRNA gene expression networks for this research. Using their interactive relationship with miRNAs retrieved from public databases with validation, we identified four hub lncRNAs that should play important roles in gene expression regulation with ceRNA mechanism in heart tissues with TOF. All four hub lncRNAs showed obvious enrichment of the shared miRNAs with their target mRNAs. We selected FGD5-AS1 for further validation since its target mRNAs NRAS, PTEN, and SMAD4 were all known CHD genes. FGD5-AS1 shared nine, 48, and 21 miRNA interactions with NRAS, PTEN, and SMAD4, respectively (Supplementary Table 3).

To our knowledge, the regulatory function of FGD5-AS1 in heart development has not been reported. FGD5-AS1 was first identified as being involved in the lncRNA-associated ceRNA network of periodontitis (Li et al., 2018), and the upregulation of FGD5-AS1 could protect against periodontitis via regulating the miR-142-3p/SOCS6/NF-κB signals (Chen et al., 2019). FDG5-AS1 was then reported to protect oxygen–glucose deprivation and simulated reperfusion-induced neurons injury via acting as a ceRNA for miR-223 to mediate IGF1R expression (Zhang et al., 2019). Computational analysis also identified FGD5-AS1 as a key lncRNA for acute myocardial infarction. Other evidence of the regulatory functions of FGD5-AS1 came from studies of cancers such as colorectal cancer (Li et al., 2019), non-small lung cancer (Fan et al., 2020; Fu et al., 2020), gastric cancer (Gao et al., 2020a), melanoma (Gao et al., 2020b), oral cancer (Liu et al., 2020), glioblastoma (Su et al., 2020), glioma (Lin et al., 2020; Zhao et al., 2020), renal cell carcinoma (Yang et al., 2020), and hepatocellular carcinoma (Zhang and Lou, 2020). A variety of related miRNAs (e.g., miR-223, miR-140-5p, miR-383, miR-153, miR-103a-3p, miR-129-5p, and miR-5590-3p) were also reported as interacting with FGD5-AS1 in the above-mentioned works. Therefore, FGD5-AS1 should be a versatile and pleiotropic master regulator of gene expression as a sponge lncRNA for miRNAs. To validate the lncRNA–miRNA–mRNA regulatory relationship that we identified in heart tissues with TOF, we selected two miRNAs for each of the FGD5-AS1 targets: PTEN (hsa-miR-107 and hsa-miR-320-3p) and SMAD4 (hsa-miR-421 and hsa-miR-454-3p) for interaction validation. Only hsa-miR-421 was confirmed to interact with both its lncRNA (FGD5-AS1) and mRNA (SMAD4) partners in the HEK 293 and AC16 cell lines using the dual-luciferase reporter assays (Figures 2C,D). Since the miRNA–lncRNA and miRNA–mRNA interactions we retrieved from databases were experimentally verified, the possible explanation for the situation is the cell type-specific effect of miRNAs, which have been observed in a previous PTEN ceRNA analysis (Tay et al., 2011). We then performed KD experiments to validate the regulatory effect of FGD5-AS1 on its target PTEN and SMAD4, as well as RBSN, a gene with expression quantitative trait loci relationship with FGD5-AS1. Our results showed that KD of FGD5-AS1 could robustly decrease the transcriptional levels of its target mRNAs in the HEK 293 and CCC-HEH-2 cell lines. Moreover, miRNA regulations at the expression level also affect the identification of lncRNA-related miRNA sponge interactions (Zhang et al., 2018). We found that both the SMAD4-interacting miRNAs (hsa-miR-454-3p and hsa-miR-421) were upregulated in FGD5-AS1 KD HEK 293, and hsa-miR-421 was also upregulated in CCC-HEH-2 cells, which supported that the regulatory role of FGD5-AS1 should be cell-specific.

Previous studies have identified that hsa-miR-421 was significantly upregulated in the right ventricular myocardium than the normally developing myocardium (O’Brien et al., 2012). In this study, the negative correlation of hsa-miR-421 and SMAD4 was firstly reported. Subsequent KD and overexpression experiments of hsa-miR-421 indicated its significant inverse correlation with SOX4, which is a key regulator of Notch signaling (Bittel et al., 2014). Our results provided the evidence that the FGD5-AS1/hsa-miR-421/SMAD4 axis should be a key cardiac development regulator contributing to TOF. In future experiments, it will be of interest to reveal how FGD5-AS1 represses hsa-miR-421 during heart development.

Since FGD5-AS1 regulates its potential binding miRNAs, it should have other regulatory roles other than ceRNA mechanism. We then tried to reveal additional roles for FGD5-AS1 by preparing the FGD5-AS1 KD CCC-HEH-2 cell line. Based on the previous reports mentioned above, the upregulation of FGD5-AS1 consistently promotes cell proliferation, migration, and invasion and suppresses apoptosis. Our results indicated that KD of FGD5-AS1 resulted in a significantly enhanced apoptosis in CCC-HEH-2 cells, which is consistent with these results. RNAseq analysis identified a substantial number of genes with differential expression resulted from the KD of FGD5-AS1, among which 354 genes were upregulated and 228 were downregulated. Since we performed a strict criterion in the differential expression analysis of RNAseq, SMAD4, PTEN, and RBSN were not identified as significantly changed, which is in contrast with our initial RT-qPCR validation of the FGD5-AS1 KD effect on these mRNA targets. We further validated the expressions of SMAD4 and RBSN using RT-qPCR in these samples and confirmed their significant downregulation in FGD5-AS1 KD cells (Supplementary Figure 5). Both the upregulated and downregulated genes contained multiple known CHD genes (Figure 4D). Functional enrichment analysis indicated that only the upregulated genes were enriched in several biological processes such as blood vessel morphogenesis, as well as the CHD-related signaling pathways such as extracellular matrix assembly, Wnt, BMP, and ERK (Supplementary Table 5), and disease ontologies (e.g., cardiovascular disorders and non-cardiac disease), which indicates that FGD5-AS1 might function in multiple systems. In contrast, the downregulated genes were not enriched in any functional items. Therefore, we suggested that the essential functional significance of FGD5-AS1 in CHD should be its repression roles of gene expression in heart development. Consistently, we identified much more upregulated (increased accessibility) regions in the differentially accessible regions (376 had increased accessibility and 141 had reduced accessibility) through ATACseq. Based on gene-level region annotation for ATACseq, the intersection (10 genes) of the upregulated signals in RNAseq and ATACseq pointed out a possible regulatory route of FGD5-AS1. Our results implied an enrichment of known CHD genes (VIT, HAS2, and ENPP2) in the 10 genes. We did not observe any change in the peak signal around FGD5-AS1 and its ceRNA targets (SMAD4, PTEN, and NRAS), which indicated that an epigenetic regulation mechanism was not involved in the ceRNA regulation of FGD5-AS1. Additionally, we also identified plentiful enriched known motifs of the transcription factors (e.g., NKX6.1, RUNX1, and EN1) within the differential accessible region sequences, which also highlighted the importance of the transcriptional regulation of FGD5-AS1 besides the ceRNA mechanism. It is notable that HAS2, which encodes hyaluronan synthase 2, is responsible for hyaluronan production and mediation of the epithelium to mesenchyme. The disruption of Has2 has been proven to abrogate normal cardiac morphogenesis (Camenisch et al., 2000). Considering that the GO enrichment results include multiple extracellular matrix-associated pathways (Supplementary Table 5) that are tightly associated with hyaluronan content, further exploration of such process is required to clarify the molecular basis of FGD5-AS1 regulation in cardiovascular development. In the present study, we identified a lncRNA-driven ceRNA regulatory network in TOF heart tissues. The results reflected the gene expression regulatory features of the disease state in TOF heart tissues. However, there is still room to improve our results. There were no available data from healthy control samples in the gene expression network construction. If possible, further incorporation of differentially expressed genes generated from healthy versus disease samples would reveal the disease-specific ceRNA networks in CHD.

In summary, we identified the key lncRNA-driven ceRNA regulatory network in heart tissues with TOF. Through cell-based validation, we proved that the hub lncRNA FGD5-AS1 not only functions as a ceRNA but also regulates the expression of its miRNA partner. Besides the ceRNA mechanism, we discovered that FGD5-AS1 could also regulate multiple known CHD genes transcriptionally. Our study provided evidences of a candidate master regulator in cardiovascular development and CHD pathogenesis.
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Supplementary Table 4 | Differential gene expression results of FGD5-AS1 knockdown in CCC-HEH-2 cell line.

Supplementary Table 5 | GO enrichment results of up regulated genes in FGD5-AS1 KD CCC-HEH-2 cell line.
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RNA binding proteins (RBPs) have a broad biological and physiological function and are critical in regulating pre-mRNA posttranscriptional processing, intracellular migration, and mRNA stability. QKI, also known as Quaking, is a member of the signal transduction and activation of RNA (STAR) family, which also belongs to the heterogeneous nuclear ribonucleoprotein K- (hnRNP K-) homology domain protein family. There are three major alternatively spliced isoforms, QKI-5, QKI-6, and QKI-7, differing in carboxy-terminal domains. They share a common RNA binding property, but each isoform can regulate pre-mRNA splicing, transportation or stability differently in a unique cell type-specific manner. Previously, QKI has been known for its important role in contributing to neurological disorders. A series of recent work has further demonstrated that QKI has important roles in much broader biological systems, such as cardiovascular development, monocyte to macrophage differentiation, bone metabolism, and cancer progression. In this mini-review, we will focus on discussing the emerging roles of QKI in regulating cardiac and vascular development and function and its potential link to cardiovascular pathophysiology.
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INTRODUCTION

Transcriptional and posttranscriptional modifications are critical in regulating gene expression (Day and Tuite, 1998). Posttranscriptional Pre-mRNA splicing removes intron sequences from newly transcribed immature and unstable pre-mRNAs, which is essential for generating mature and protein-coding mRNAs (Lee and Rio, 2015). In general, splicing events are either constitutive splicing or alternative splicing. Constitutive splicing is considered a ubiquitous pre-mRNA processing event; however, a recent investigation demonstrated that the constitutive splicing efficiency increases with the transcription rate, which is a phenomenon called “economy of scale splicing.” This finding suggests that constitutive splicing has a unique function in amplifying transcription (Ding and Elowitz, 2019). In comparison to constitutive splicing, alternative splicing is a tightly regulated event that is controlled upon unique cellular differentiation states and distinct physiological states, and it results in multiple mRNA isoforms from a single gene by specific inclusion or exclusion of certain exons (Zhu et al., 2017). Ninety-five percent of the human genome has been estimated to undergo some level of alternative splicing (Wang et al., 2008), and these events are closely associated with normal developmental processes and physiological functions as well as various congenital malformations and pathophysiological conditions.

The regulation of alternative splicing is composed of various cis-regulatory nucleotide sequences and trans-acting factors (Schaal and Maniatis, 1999; Fairbrother et al., 2002; Wang et al., 2004; Wang and Wang, 2014). RNA-binding proteins (RBPs) can recognize specific RNA sequences to form ribonucleoprotein complexes, which regulates diverse biological functions in pre-mRNA processing, such as pre-mRNA splicing, RNA modification, and RNA transportation (van den Hoogenhof et al., 2016). Many RBPs is known to play particularly critical roles in pre-mRNA splicing (Blech-Hermoni and Ladd, 2013; Ladd, 2016). In response to the upstream biological signals, these RBPs coordinate alternative splicing events by binding to unique nucleotide sequences within intron regions and specific exons (e.g., splicing enhancers or silencers) to either promote or inhibit specific alternative splicing events. The serine/arginine-rich (SR) protein family and the heterogeneous nuclear ribonucleoprotein (hnRNP) protein family are the most well-known RBPs (Zahler et al., 1992; Martinez-Contreras et al., 2007; Long and Caceres, 2009).



QKI PLAYS AN IMPORTANT ROLE IN PRE-MRNA PROCESSING

QKI is a member of the signal transduction and activation of RNA (STAR) family, which belongs to the hnRNP K-homology domain protein family (Kondo et al., 1999; Galarneau and Richard, 2005). QKI is located on human chromosome 6 and mouse chromosome 17 and contains an RNA-binding motif in KH domain, which is flanked by two QUA domains (Qua1 and QUA2) (Figure 1). The QUA domain plays important roles in the formation of homo- or heterodimers and is also required for sequence-specific RNA binding (Chen and Richard, 1998; Chenard and Richard, 2008; Beuck et al., 2012; Teplova et al., 2013). In addition to these functional domains, a tyrosine cluster is located within the proline-rich PXXP motif, which can be the critical site to be phosphorylated by Src kinases, giving an additional intracellular signaling pathway to regulate QKI function (Zhang et al., 2003). QKI specifically binds RNA via the Quaking Response Element (QRE) (Galarneau and Richard, 2005). QKI has three major alternatively spliced isoforms, QKI-5, QKI-6, and QKI-7. These isoforms contain identical sequences from exons 1 to 6, but differ in exons 7 and 8 that contribute to QKI carboxy-terminal end (Figure 1; Hardy et al., 1996; Teplova et al., 2013), suggesting that QKI carboxy-terminal is important to various RNA-processing functions. QKI-5 exhibits a nuclear localization signal (Wu et al., 1999; Pilotte et al., 2001) and has been shown to play a major function in pre-mRNA splicing regulation (Wu et al., 2002; Zong et al., 2014; Darbelli et al., 2016; de Bruin et al., 2016a; Li et al., 2018; Caines et al., 2019). QKI-6 and QKI-7 lack nuclear localization signals and apparently have different biological functions (Hardy et al., 1996; Pilotte et al., 2001; Larocque et al., 2009; Shi et al., 2019), and they play more important roles in regulating mRNA other posttranscriptional mRNA processing, such as RNA stability and transportation (Doukhanine et al., 2010; Guo et al., 2011; Yamagishi et al., 2016; Hojo et al., 2020).
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FIGURE 1. Genomic and protein domain structure of the human QKI gene and QKI isoforms (QKI-5, QKI-6, and QKI-7). All isoforms contain an RNA-binding motif (KH domain) that is flanked by QUA1 and QUA2 domains. The proline-rich PXXP motifs and the tyrosine cluster are at the C-terminus, and they exhibit distinct C-terminal structures resulting from alternative splicing of QKI primary transcripts. QKI-5 has a nuclear localization signal (NLS) at the C-terminus.




QKI IS INVOLVED IN MULTIPLE PHYSIOLOGICAL SYSTEMS

QKI is largely ubiquitously expressed but enriched in the heart and central nervous system during embryonic development (Chen et al., 2021). Previously, QKI is known for its important disease-causing contribution to human diseases, especially the neurological disorders, such as schizophrenia (Aberg et al., 2006), 6q terminal deletion syndrome (Backx et al., 2010), myelin disorders (Bockbrader and Feng, 2008), and Alzheimer’s disease (AD) (Farnsworth et al., 2016). Qkv mouse line is a well-known spontaneous mutant mouse line, in which a 1 Mb promoter/enhancer region is deleted at the upstream of the Qki transcription start site and results in myelination defect in the central nervous system (Sidman et al., 1964; Chenard and Richard, 2008), thus confirming the relevance of its role in causing human neurological diseases. Recently, QKI-5 was found significantly downregulated in the peripheral blood of patients with neuromyelitis-optica (NMO) and multiple sclerosis (MS). Both of the disease conditions are largely due to enhanced inflammation, which mediates the alteration in demyelination of the central nervous system (CNS) (Lavon et al., 2019), further supporting the critical contribution of QKI to neuronal disorders.

Over the past several years, these Qki mutant mouse models and the use of pluripotent human stem cell differentiation system has revealed a series of important functions of QKI in much broader biological systems, such as cardiovascular development and function, monocyte to macrophage differentiation (de Bruin et al., 2016a), bone metabolism (Jacome-Galarza et al., 2019; Rauwel et al., 2020), and cancer pathogenesis (Darbelli and Richard, 2016). In this mini review, we will focus on the emerging roles of QKI in regulating cardiovascular development and function and its potential link to cardiovascular pathophysiology.



QKI SAFEGUARDS MYOFIBRILLOGENESIS IN CARDIAC DEVELOPMENT AND FUNCTION

The heart is the first organ to function during embryonic development (Brand, 2003). Qki expression is found in the developing mouse heart as early as E7.5 and maintained at a high level in cardiomyocytes in all four chambers of adult hearts (Kondo et al., 1999; Noveroske et al., 2002; Chen et al., 2021). In addition, the temporal expression pattern of QKI is analyzed in a human embryonic stem cell (hESC)-to-cardiomyocyte differentiation system. QKI-5 is the main isoform in hESCs, cardiogenic progenitor cells, and differentiated cardiomyocytes and is significantly elevated at the stage that cardiogenic progenitors transition to early differentiated cardiomyocytes, indicating that QKI function is likely more relevant in the early cardiogenic process (Chen et al., 2021). QKI-6 and QKI-7 are maintained at much lower expression levels (Chen et al., 2021), suggesting that QKI-6 and QKI-7 are not essential to the cardiogenic process (Chen et al., 2021).

The hESC-to-cardiomyocyte differentiation process provides a unique in vitro platform for testing cardiomyocyte differentiation and genetic pathways that contribute to heart development, maturation and function. QKI-deficient mutant hESC lines (hESCs-QKIdel) are capable of differentiating into monolayer cardiomyocyte sheets but have dramatically weaker and asynchronous spontaneous-beating activity. Transcriptomic analysis at a single-cell resolution confirms that hESC-QKIdel largely maintains pluripotency, self-renewal activity, and early cardioprogenitor differentiation ability but has a significant defect in becoming functional cardiomyocytes. Genes involved in contractile function, such as ACTN2 (α-actinin), MYL2 (myosin light chain 2), MYH7 (β-myosin heavy chain), ANKRD1 (ankyrin repeat domain 1), TNNI3 (troponin I3), ACTA1 (actin alpha cardiac muscle 1), and TAGLN (transgelin), are downregulated significantly in cardiomyocytes derived from hESCs-QKIdel, suggesting that the altered contractile function in QKI-deficient cardiomyocyte sheet is mainly caused by the altered regulation of sarcomere genes. Interestingly, a replicate multivariate analysis of transcript splicing (rMATS) revealed altered alternative splicing in Z-line proteins, such as ACTN2, NEBL, ABLIM1, PDLIM5, and the proteins connecting the Z-line to the M-line in the sarcomere, such as TITIN. The Z-line provides an essential anchor for sarcomerogenesis and contractile function (Frank et al., 2006). Importantly, altered ACTN2 splicing creates a premature STOP codon that leads to the activation of non-sense-mediated decay (NMD) and consequently to the striking downregulation of ACTN2 expression (Chen et al., 2021). Consistent with this finding, immunofluorescence staining shows largely disorganized myofibrils lacking striated structure in QKI-deficient cardiomyocytes (Li et al., 2003; Chen et al., 2021). Furthermore, the analysis of a Qki-deficient mouse model confirms the essential role of QKI in cardiac myofibrillogenesis and function (Chen et al., 2021). Consistent with these findings, another recent work compared unique alternative splicing events in three definite cell lineages differentiated from hESCs, namely, the endoderm, cardiogenic mesoderm and neuroectoderm, and showed that QKI plays a critical role in lineage toward cardiac mesoderm and the formation of cardiomyocytes, which likely occurs via its regulation of alternative splicing of Bridging Integrator1/Amphiphysin 2 (BIN1) (Fagg et al., 2020). Of note, BIN1 was previously known for its function in regulating cardiac development (Muller et al., 2003) and myofibrillogenesis (Hong et al., 2014). Collectively, these recent investigations have highlighted an indispensable role of QKI in cardiogenesis.



QKI IS INVOLVED IN CARDIAC PATHOPHYSIOLOGY AND PATHOGENESIS

A two-stage genome-wide association study identified QKI as a potential locus associated with myocardial infarction and coronary heart disease, suggesting a potential role of QKI in heart function and disease (Dubé et al., 2016). A correlation analysis comparing coronary heart susceptibility genes and the circadian rhythm pathway showed that QKI is among the 9 candidate genes involved in crosstalk between circadian rhythm and heart failure (Yan et al., 2018). Furthermore, QKI is identified in association with dilated cardiomyopathy (DCM) and cardiac fibrosis (Chothani et al., 2019). These data suggest that QKI is not only critical for cardiac formation but also likely has an important function in regulating cardiac pathophysiology and heart disease pathogenesis.

Guo et al. showed that QKI can constrain ischemia/reperfusion (H/R)-induced cell death in cardiomyocytes by antagonizing the elevation of the proapoptotic transcription factor FoxO1 in response to cardiac injury (Guo et al., 2011). FoxO1 activates two crucial pathways, nitrosative stress and ER (endoplasmic reticulum) stress, thus leading to H/R injury hypersensitivity and cardiomyocyte death in diabetic cardiomyocytes. QKI-5 can suppress the expression of FoxO1 by reducing FoxO1 mRNA stability in cardiomyocytes, thus acting as a protector against diabetic cardiomyopathy (Guo et al., 2014). QKI may also function as a protective factor in doxorubicin (DOX)-mediated cardiotoxicity by regulating the circular RNAs in the heart, including Titin, formin homology 2 domain containing 3 (Fhod3), and striatin/calmodulin-binding protein 3 (Strn3) (Gupta et al., 2018). In addition, QKI expression may be regulated by two microRNAs, miR-155 and miR-31-5p. The elevated level of QKI obtained by inhibiting miR-155 has been shown to repress cardiomyocyte apoptosis, thus improving cardiac function (Tili et al., 2015; Guo et al., 2019). Similarly, miR-31-5p promotes DOX-induced myocardial apoptosis by suppressing QKI expression (Ji et al., 2020). Consistently, overexpression of QKI-5 drastically repressed H/R-induced expression of activated caspase-3 and the generation of reactive oxygen species (ROS) that exacerbate cardiomyocyte apoptosis (Wang et al., 2017). This series of studies strongly indicates the important cardioprotective function of QKI in the adult heart. However, the underlying mechanism remains largely elusive and certainly requires further investigation.



QKI IS INVOLVED IN VASCULAR SMOOTH MUSCLE DIFFERENTIATION

QKI expression can be strongly induced in vascular smooth muscle cells (VSMCs) in response to vascular injury and is shown to be involved in VSMC dedifferentiation via its regulation of alternative splicing of Myocd, a well-known master transcription factor in smooth muscle differentiation (van der Veer et al., 2013). Perturbation of QKI activity alters pathogenetic and fibroproliferative responses to vascular injuries (van der Veer et al., 2013). Another interesting study suggests that miR-214 directly targets 3′UTR region of QKI-6/7 mRNA, but not QKI-5 mRNA, and potentially functions as a negative regulator of QKI-6/7 expression during VSMC differentiation (Wu et al., 2017), suggesting an important QKI/isoform-mediated mechanism in regulating VSMC differentiation and function.

A recent study demonstrated that QKI-6 regulates HDAC7 splicing and promotes VSMC differentiation from induced pluripotent stem cells (iPSCs). Remarkably, QKI-6-overexpressing smooth muscle cells show a greater contractile ability, and when cocultured with QKI-5-overexpressing endothelial cells, QKI-6-overexpressing smooth muscle cells exhibit a greater angiogenic potential (Caines et al., 2019), suggesting a unique corporative yet isoform-specific function between vascular endothelial and smooth muscle physiology.



QKI IS INVOLVED IN VASCULAR ENDOTHELIAL CELL DIFFERENTIATION AND FUNCTION

QKI is highly expressed in both macro- and microvascular endothelial cells (de Bruin et al., 2016b). Several lines of study suggest that QKI is involved in endothelial differentiation and function. In the iPSC to endothelial cell differentiation system, QKI-5 (but not QKI-6 and QKI-7) is induced (Cochrane et al., 2017). QKI-5 directly binds to the 3′UTR of STAT3 to stabilize the expression of STAT3 and thus enhances VEGF receptor 2 (VEGFR2)-mediated signaling and VEGF secretion, which promotes the differentiation of endothelial cells and vasculogenesis (Cochrane et al., 2017). Apparently, QKI-5 can stabilize CD144 and CD31 during endothelial differentiation. Overexpressing QKI-5 in iPSC-derived endothelial cells can greatly improve angiogenesis and neovascularization as well as blood flow recovery in experimental hind limb ischemia, demonstrating the critical role of QKI in endothelial cell differentiation and function (Cochrane et al., 2017).

Interestingly, QKI-7 can be significant upregulated in mouse iPSC-derived endothelial cell when exposed to hyperglycemia mimicking diabetic pathophysiological condition (Yang et al., 2020). Importantly, QKI-7 is also upregulated in human iPSC-derived endothelial cells from diabetic patients and human coronary arterial endothelial cells isolated from diabetic donors (Yang et al., 2020). Under diabetic conditions, QKI-7 directly binds and promotes the degradation of the mRNAs of CD144, NLGN1, and TSG6, thus leading to vascular endothelial cell dysfunction (Yang et al., 2020). CD144 is recognized as an endothelial adhesion molecule that is involved in maintaining barrier integrity and promoting angiogenesis. TSG6 and NLGN1 have been shown to regulate endothelial cell–matrix interactions and play an important role in vasculogenesis. Knockdown of QKI-7 in diabetic mice restores endothelial function and promotes blood flow recovery in the ischemic hindlimb (Yang et al., 2020). In addition, laminar shear stress has been shown to induce QKI expression in endothelial cells by the transcription factor KLF2 (de Bruin et al., 2016b). Knockdown of QKI perturbs the endothelial barrier function in vitro, which likely occurs via its activity in binding to the 3′UTR of VE-cadherin and β-catenin mRNA and the regulation of VE-cadherin and β-catenin mRNA translation (de Bruin et al., 2016b). Collectively, these data suggest that QKI-5 and QKI-6 provide positive regulation to angiogenesis via endothelial cells and VSMCs, respectively, while QKI-7 negatively regulates endothelial function, indicating the key functional influences of the unique C-terminal sequences on the isoform-specific functions.



PERSPECTIVES

This mini review summarizes a series of recent exciting data on the physiological role of QKI in regulating numerous important features of cardiovascular development and function. As shown in Figure 2, these emerging findings not only provide a critical understanding of QKI as an important regulator in pre-mRNA processing but also reveal its potential contribution to the pathogenesis of cardiovascular diseases and potential use as a therapeutic target in treating these diseases. Recently, QKI has been identified as one of the top 25 genes associated with aging (Arabfard et al., 2019). Interestingly, an earlier genome-wide association study of a cohort with 263 cognitively intact Amish individuals at age 80 or older linked aging to 6q25-27, a chromosomal region containing the QKI gene (Edwards et al., 2013). Although this genetic association will need further confirmation, the close association of QKI in cardiovascular diseases and the unique isoform-specific function of QKI among different cell types that shape the cardiovascular system have been recognized. The combined use of the hESC/hiPSC experimental system and mouse models will facilitate a better understanding of the underlying molecular mechanism by which QKI transcription and isoform switching are regulated during normal developmental processes and disease progression in the future.
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FIGURE 2. Schematic summary of the complex roles of QKI in cardiac and vascular development and function.
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The leucine zipper-like transcriptional regulator 1 (Lztr1) is a BTB-Kelch domain protein involved in RAS/MAPK pathway regulation. Mutations in LZTR1 are associated with cancers and Noonan syndrome, the most common RASopathy. The expression and function of Lztr1 in the developing brain remains poorly understood. Here we show that Lztr1 is expressed in distinct regions of the telencephalon, the most anterior region of the forebrain. Lztr1 expression was robust in the cortex, amygdala, hippocampus, and oligodendrocytes in the white matter. To gain insight into the impact of Lztr1 deficiency, we generated a conditional knockout (cKO) restricted to the telencephalon using Foxg1IREScre/+. Lztr1 cKOs are viable to postnatal stages and show reduced Lztr1 expression in the telencephalon. Interestingly, Lztr1 cKOs exhibit an increase in MAPK pathway activation in white matter regions and subsequently show an altered expression of stage-specific markers in the oligodendrocyte lineage with increased oligodendrocyte progenitor cells (OPCs) and decreased markers of oligodendrocyte differentiation. Moreover, Lztr1 cKOs also exhibit an increased expression of the astrocyte marker GFAP. These results highlight the generation of a new mouse model to study Lztr1 deficiency in the brain and reveal a novel role for Lztr1 in normal oligodendrocyte and astrocyte development in the telencephalon.
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INTRODUCTION

LZTR1 was originally identified as one of the candidate genes deleted in some 22q11.2 deletion syndrome patients (Kurahashi et al., 1995). It is a unique member of the BTB-Kelch superfamily due to its localized expression to the golgi network via the C-terminal BTB/POZ domain (Nacak et al., 2006). LZTR1 is also thought to be a tumor suppressor as loss-of-function mutations have been associated with schwannomatosis and glioma (Frattini et al., 2013; Piotrowski et al., 2014). The function of Lztr1 has been elusive, but the protein contains six N-terminal Kelch motifs (Nacak et al., 2006) which are proposed to mediate protein–protein interactions and are associated with Cullin3 ubiquitination complexes (Shi et al., 2019). LZTR1 mutations have also been associated with Noonan syndrome (NS), a type of RASopathy affecting multiple organ systems, including growth, craniofacial, cardiovascular, and neurocognitive abnormalities (Yamamoto et al., 2015). Interestingly, mutations in LZTR1 are associated with both autosomal dominant and biallelic recessive forms of NS. Missense mutations in the Kelch domain that do not affect protein stability are associated with dominant NS, while loss-of-function or inactivating mutations are associated with biallelic recessive NS (Yamamoto et al., 2015; Johnston et al., 2018; Motta et al., 2019). LZTR1 is the first NS gene described to be inherited in this unique manner. While the NS clinical phenotype can be variable, Johnston et al. (2018) showed examples of early lethality and also cancers associated with the biallelic recessive mutations, which suggests that the LZTR1 loss-of-function or inactivating mutations might align with a more severe type of NS.

RASopathies, including NF1, NS, Costello syndrome, and cardiofaciocutaneous syndrome, are a group of distinct diseases that are caused by mutations that upregulate the RAS/MAPK pathway (reviewed in Tartaglia and Gelb, 2010). The identification of LZTR1 mutations with NS implicates LZTR1 as a regulator of the RAS/MAPK pathway. However, the function of LZTR1 in the RAS/MAPK pathway is still an active area of research. Recent studies have suggested that LZTR1 plays a key role in the ubiquitination of RAS proteins (Bigenzahn et al., 2018; Steklov et al., 2018). Indeed LZTR1 has been referred to as a “RAS killer protein” through the polyubiquitination and degradation of RAS-GTPases, thereby controlling the appropriate activation levels of the RAS/MAPK pathway (Abe et al., 2020). In addition to the regulation of RAS ubiquitination, LZTR1 has also been suggested to regulate other levels of the RAS/MAPK pathway through phosphorylation of RAF1 or stabilization of RIT1 to impact the activity of the MAPK pathway (Castel et al., 2019; Umeki et al., 2019). Given its association with human disease and the multiple lines of evidence suggesting that LZTR1 function is key to controlling MAPK pathway activation, the development of new approaches and models to modulate gene function is essential to understand the pathophysiology of LZTR1-associated diseases.

Neurocognitive abnormalities are observed in NS patients (Pierpont et al., 2009; Alfieri et al., 2011), making it necessary to understand how gene mutations associated with NS impact the developing brain. While progress continues to be made in determining the molecular role of LZTR1 in the RAS/MAPK pathway, the impact of LZTR1 loss, specifically in the brain, has not yet been examined. Heterozygous loss of Lztr1 in mice (Lztr1+/–) reproduces some of the craniofacial, cardiovascular, and growth-associated NS phenotypes in the heterozygous state (Steklov et al., 2018). Lethality in Lztr1–/– mouse embryos (Steklov et al., 2018) prevents the analysis of the biallelic loss-of-function mutations on cellular populations in the postnatal brain. Our study will be useful for understanding Lztr1 biology by developing a cell type-specific genetic mouse model to determine the impact of Lztr1 loss of function in the developing brain.

LZTR1 mutations are associated with NS and 22q11.2 deletion syndrome, both of which show a variety of phenotypes, including neurological dysfunction (Pierpont et al., 2009; Fiksinski et al., 2021). In this study, we examine a role for Lztr1 in the anterior forebrain, a region associated with higher neural functions, like cognition and emotion (Rubenstein, 2011). Our studies reveal that Lztr1 is highly expressed in the cortex, amygdala, hippocampus, and white matter regions. Utilizing a conditional knockout strategy restricted to the telencephalon that results in postnatal viability, we have identified a novel role for Lztr1 in the normal generation of oligodendrocyte progenitor cells (OPCs) and the balanced establishment of oligodendrocyte and astrocyte differentiation markers. Our results suggest that Lztr1 gene function is crucial for the normal generation of glial cells in the telencephalon.



METHODS


Animals

The animal protocols for experiments using mice were approved by the Cincinnati Children’s Hospital Medical Center Institutional Animal Care and Use Committee and carried out in accordance with the National Institutes of Health guidelines. Lztr1tm1a/+ knock-out mice were first purchased from EMMA/EUCOMM (EM #06794), and the mouse generation strategy was as described in Skarnes et al. (2011). These mice were converted to a lacZ reporter line (Lztr1tm1b/+, also called Lztr1lacZ/+) using EIIA germline cre transgenic mice (JAX#003724). The Lztr1tm1a/+ mice were also converted to the conditional allele (Lztr1tm1c/+, also called Lztr1fx/+) using germline Flpase transgenic mice (JAX#005703). Foxg1IREScre/+ (JAX #029690) mice were used to delete Lztr1 in the telencephalon. Note that this cre is inserted downstream of the FoxG1 coding region in the UTR, preserving FoxG1 expression (Kawaguchi et al., 2016). The mice obtained from Jax were genotyped from published protocols on the Jax website. The Lztr1fx/+ mice have loxP sites flanking exon7 of Lztr1 variant 1 and were genotyped with the following primers: lztr1-loxP5′: TCTGAGCTCCTGTGTTGCAG and lztr1-loxP3′: GGGGTAATGAGTCGCCTGAG. The WT allele results in a 503-bp product, and the Lztr1-loxP allele results in a 583-bp product. Lztr1lacZ/+ was genotyped with the following β-gal-specific primers, β-gal-5′: AACTTAATCGCCTTGCAGCA and β-gal-3′: GTAACCGTGCATCTGCCAGT, that produced a 218-bp product. Embryonic and postnatal brains were collected, fixed, and processed for histology as previously described (Waclaw et al., 2006, 2010; Ehrman et al., 2014). For all the stages analyzed, at least three embryos or postnatal brains were included for each genotype. Lztr1 conditional knockouts (Lztr1fx/lacZ; Foxg1IREScre/+) were compared to controls (Lztr1+/+ or Lztr1fx/+).



Immunohistochemistry and Fluorescence

Primary antibodies were used at the following concentrations: Gt-β-gal (1:1,000, from Biogenesis, #2282), Rbt-GFAP (1:5,000, from DAKO, #Z0334), Rbt-Olig2 (1:1,000, from Millipore-Sigma, #AB9610), Rbt-Nkx2.2 (1:1,000, from Abcam, ab191077), Rbt-Tcf7l2 (1:500, from Cell Signaling, #2569), Gt-Pdgfra (1:500 from R&D Systems, #AF1062), and Rbt-p-ERK1/2 (1:500 from Cell Signaling, #9101 and #4370). In situ hybridization was completed as described (Kohli et al., 2018). The plasmids to generate Plp1 anti-sense probe were provided by Dr. Q. Richard Lu (CCHMC). The Lztr1 anti-sense probe was generated with the following primers that amplify a product 3′ of the loxP deletion: Lztr1-5′: GCTGTGTGCCGGGATAAGA and Lztr1-3′ with T3: ATTAACCCTCACTAAAGG GCTCAGCGCCAACTTATACAC (966-bp probe). The LacZ anti-sense probe was generated with the following primers, LacZ-5′: AACTCGGCTCACAGT ACGC and LacZ-3′ with T3: ATTAACCCTCACTAAAGGAG TAAGGCGGTCGGGATAGT (656-bp probe). The Enpp6 anti-sense probe was generated from the following primers: Enpp6-5′: TAGCATCCTTGCCTGGCTTC and Enpp6-3′ with T3: ATTAA CCCTCACTAAAGG CCGCTCGGCCACTCTTTAAT (417-bp probe).

Brightfield pictures were captured on a Leica DM2500 microscope with either a Leica DFC500 or DMC6200 camera using Leica Acquisition Software (LAS-X). Fluorescent images were captured on a Nikon C2 confocal microscope using Nikon Elements software. Raw images were processed using CellProfiler for quantification, and numbers are presented as cells/mm2 or arbitrary intensity units, as indicated by graphs. The labeled cells in P21 or P30 mice were counted in two serial sections in both hemispheres at the indicated levels and magnification for a total of four images per brain. For all quantifications, at least three different controls or experimental samples (cKO) were used. Unless otherwise stated, statistics were performed between control and Lztr1 cKO using Student’s unpaired t-test. Graphs were generated using GraphPad Prism. Images were brightened in Adobe Photoshop equally between control and Lztr1 cKOs.



RESULTS


Expression of Lztr1 in the Telencephalon

LZTR1 is a human disease gene associated with NS and also deleted in some cases of 22q11.2 deletion syndrome (Kurahashi et al., 1995; Yamamoto et al., 2015; Johnston et al., 2018). Patients of these syndromes show a variety of phenotypes, including developmental delay and neurocognitive dysfunction (Pierpont et al., 2009; Fiksinski et al., 2021). However, little is known about the expression or role of Lztr1 in the developing brain. Early reports suggest a wide expression of Lztr1 in a variety of organ systems (Kurahashi et al., 1995; Nacak et al., 2006). We describe here the expression of Lztr1 in the mouse telencephalon, a region of the brain that contains key brain structures necessary for higher executive function, including movement, learning, memory, and emotion (Rubenstein, 2011). We analyzed the late embryonic (E18.5) and postnatal (1 month) stages for Lztr1 gene expression. In situ hybridization for Lztr1 revealed enriched expression in the mantle zone of the developing cortex at the rostral and caudal levels in E18.5 embryos (Figures 1A,B). A weak expression was detected around the telencephalic ventricles that was more apparent at the rostral levels (Figure 1A). Lztr1 expression was also detected outside of the telencephalon, in the dorsal thalamus of the diencephalon and the trigeminal nerve (Figure 1B). The expression of Lztr1 showed a similar pattern in postnatal brains, with a widespread expression in the cortex at both levels (Figures 1C,D). In addition, we detected enriched expression in the basolateral amygdala complex and hippocampus (Figure 1D). The expression of Lztr1 was also maintained in the mature thalamus of the diencephalon (Figure 1D). A recent report characterized a Lztr1 KO mouse from the European conditional knockout consortium (Skarnes et al., 2011; Steklov et al., 2018; Sewduth et al., 2020); however, the lacZ expression, which is knocked into the Lztr1 locus, was not analyzed. We also generated a variant of this line (see section “Methods”) and analyzed the lacZ activity and gene expression. LacZ activity was specific to Lztr1lacZ/+ heterozygous mice (compare Figure 1E to Figure 1F). In addition, we detected a robust lacZ activity in the postnatal cortex, hippocampus, and thalamus in the same pattern as was detected with the Lztr1 gene expression (Figure 1G). High magnification examination revealed isolated lacZ + cells in the corpus callosum where oligodendrocytes and astrocytes reside (Figure 1H). Given the isolated nature of the cells and the punctate appearance of lacZ + cells, we also performed lacZ gene expression and β-galactosidase immunohistochemistry, which revealed positive cells in the white matter (Figures 1I,J). We confirmed this result with high magnification of the Lztr1 gene expression in the white matter (Figure 1K). The β-galactosidase antibody expression was the most robust method for detecting these cells, likely from the ABC signal amplification used during immunohistochemistry. Our expression analysis suggests that Lztr1 expression is enriched in distinct cell types of the cortex, amygdala, hippocampus, and white matter in the telencephalon.
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FIGURE 1. Lztr1expression in the developing telencephalon. Lztr1 gene expression in the cortex and thalamus at both E18.5 (A,B) and postnatal (1 month old) stages (C–K). Lztr1 is also observed in the trigeminal nerve at E18.5 (B) and the hippocampus and basolateral amygdala in the postnatal brain (black arrow, D). X-gal reaction in postnatal brains shows lacZ reporter activity from the Lztr1 locus (compare E to F). Sagittal view of the postnatal forebrain shows that lacZ activity is similar to Lztr1 gene expression (compare G to C,D). High magnification of the corpus callosum reveal LacZ-positive cells (H), lacZ gene expression (I), and β-gal immunohistochemistry (J). This correlates to the Lztr1 expression observed in the corpus callosum (K). Scale bars = 1 mm in for (A–D,G). Scale bar is 100 μm for (H–K). ctx, cortex; Th, thalamus; TG, trigeminal nerve; H, hippocampus; BLA, basolateral amygdala; CC, corpus callosum.




Generation of a Telencephalon-Specific Knockout of Lztr1

It has previously been shown that germline Lztr1 KO does not survive to postnatal stages (Steklov et al., 2018; Sewduth et al., 2020). This limitation prevents modeling of the recessive hypomorphic or loss-of-function human mutations in organ systems, including the brain. Therefore, we established a conditional allele for Lztr1 (Skarnes et al., 2011; Sewduth et al., 2020). We developed a strategy to model Lztr1 deficiency during embryonic and postnatal development using an Lztr1 conditional allele (see section “Methods”) and the Foxg1IRES–cre/+ telencephalon-specific cre line (Kawaguchi et al., 2016). Unlike germline Lztr1 mutants (Steklov et al., 2018), conditional mutants (Lztr1fx/lacZ; Foxg1IRES–cre/+) were viable to postnatal stages and showed reduced Lztr1 expression in the cortex and hippocampus at P21 (compare Figure 2B to Figure 2A). Given that Lztr1 is a RASopathy gene and implicated in regulating RAS and the MAPK pathway, we analyzed MAPK pathway activation in the brain using p-ERK1/2 expression. Lztr1 cKOs showed an enhanced immunoreactivity for p-ERK1/2 in the corpus callosum of the white matter (compare Figures 2D,F to Figures 2C,E). This result was observed at all levels of the corpus callosum, including the lateral, medial, and caudal regions (Figures 2D,F and data not shown). The increase in staining was observed generally throughout the white matter and in distinct cell bodies. In fact, Lztr1 cKOs exhibited a 30.1% increase in p-ERK1/2 + cell bodies within the white matter (compare Figure 2F to Figure 2E, graph in Figure 2I, p = 0.0319, n = 3). We did not detect a difference in total ERK1/2 immunoreactivity in the corpus callosum (Figures 2G,H, graph in Figure 2J), further supporting pathway activation using p-ERK1/2 expression in the Lztr1 cKO. Interestingly, we did not detect enhanced p-ERK1/2 immunoreactivity in the cortex despite a robust Lztr1 expression in this region (Figure 1), which suggests a potential regional difference in pathway activation in Lztr1 cKOs. However, this might be due to limitations of the immunohistochemistry technique requiring a certain threshold of change to view the difference. Based on the robust difference in the Lztr1 cKO white matter, we performed immunofluorescence on Lztr1 reporter mice with β-gal and oligodendrocyte markers. Olig2 is a marker of the entire oligodendrocyte lineage, and CC1 labels maturing oligodendrocytes during postnatal development (Emery and Lu, 2015). We found an overlap of β-gal cells with both Olig2 and CC1 (Figures 2K,L). While we detected a nearly complete overlap of β-gal with CC1, there were many Olig2 cells only (red arrows in Figure 2K), suggesting that Lztr1-driven β-gal is enriched in maturing oligodendrocyte but does not label the entire lineage. This is supported by online gene expression databases (Marques et al., 2016) which show that Lztr1 is expressed in the entire oligodendrocyte lineage with a higher expression at mature stages (data not shown). Our results describe a genetic approach to study Lztr1 deficiency in postnatal brain and suggest that Lztr1 is required for normal control of MAPK pathway activation in the white matter regions.


[image: image]

FIGURE 2. Conditional deletion of Lztr1 using FoxG1IRES– Cre/+ results in increased p-ERK1/2 expression in postnatal animals at postnatal day 21. Lztr1 gene expression shows a reduction of expression in the cKO, especially in the cortex and hippocampus (A,B). Lztr1 cKO shows increased p-ERK1/2 expression (D,F) compared to controls (C,E). Increased p-ERK1/2 expression is especially observable in major white matter tracts of the corpus callosum (C–F). Total ERK1/2 staining is similar in Lztr1 cKO compared to control in the corpus callosum (G,H). Quantification of p-ERK1/2 and ERK1/2 by number of cell bodies per field in the CC (I,J). β-gal reporter expression in Lztr1lacZ/+ mice shows co-expression with oligodendrocyte lineage marker Olig2 (K) and mature oligodendrocyte marker CC1 (L). Scale bars = 1 mm for (A,B), 500 μm for (C,D), and 100 μm for (E–H,K,L). BLA, basolateral amygdala; CC, corpus callosum. The asterisk in (I) refers to a p < 0.05 as detected by Student’s t-test.




Lztr1 Conditional Mutants Exhibit Changes in Glial Cell Marker Expression

Previous work has shown that the MAPK pathway activation plays a key role at multiple stages of oligodendrocyte development (Li et al., 2012; Fyffe-Maricich et al., 2013; Ishii et al., 2013; Li et al., 2014). In addition, RASopathy mutations have been shown to impact both early and mature stages of oligodendrogenesis (Bennett et al., 2003; Dasgupta and Gutmann, 2005; Zhu et al., 2005; Mayes et al., 2013; Ehrman et al., 2014; Lopez-Juarez et al., 2017; Titus et al., 2017; Aoidi et al., 2018; Holter et al., 2019). To determine if Lztr1 plays a role in oligodendrocyte development, we analyzed stage-specific markers that label oligodendrocyte progression at 1 month of age when developmental myelination is largely complete. We did not detect dramatic changes in Olig2 and Plp gene expression which labels the entire lineage and maturing oligodendrocytes, respectively (Figures 3A,B,I,J,K). However, Lztr1 cKOs exhibited alterations in stage-specific markers that label distinct transition points from progenitors to differentiated oligodendrocytes. Pdgfrα labels OPCs and is increased in the Lztr1 cKO corpus callosum (Figures 3C,D,K; 40.5% increase, p = 0.000581, n = 3). This is in line with other RASopathy mouse models that show increased OPC markers (Bennett et al., 2003; Dasgupta and Gutmann, 2005; Ehrman et al., 2014; Holter et al., 2019). Tcf7l2 is a key factor in oligodendrocyte differentiation (Fancy et al., 2009; Ye et al., 2009; Hammond et al., 2015; Zhao et al., 2016). Lztr1 cKOs show a reduction in Tcf7l2 + cells in the corpus callosum (Figures 3E,F,K; 26.0% decrease, p = 0.00587, n = 3). Enpp6 is a transient marker enriched in newly formed oligodendrocytes (Zhang et al., 2014; Xiao et al., 2016). Similar to Tcf7l2 expression, Lztr1 cKOs also showed a reduction in Enpp6 expression in the white matter (Figures 3G,H,K; 58.6% decrease, p = 0.006622, n = 3). These results suggest that Lztr1 deficiency results in changes in the stage-specific expression of oligodendrocyte markers, with increased OPCs and decreased expression of markers that label newly formed oligodendrocytes. Despite this, the total oligodendrocytes labeled by Olig2 and mature oligodendrocytes labeled by Plp were not affected.
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FIGURE 3. Loss of Lztr1 impacts distinct stages of oligodendrocyte maturation in the corpus callosum of postnatal animals at 1 month of age. Olig2 marks the entire oligodendrocyte lineage, and no difference between the number of Olig2 + cells is observed in controls (A) and cKOs (B). The OPC marker Pdgfrα was increased in the corpus callosum in cKOs (D) compared to controls (C). Tcf7l2 and Enpp6 expression observed in differentiating and newly formed oligodendrocytes (E,G) are decreased in cKOs (F,H). The mature oligodendrocyte marker Plp appears similar in controls and cKOs (I,J). Quantification of oligodendrocyte markers by the number of positive cells per field in the CC (K). Scale bar = 100 μm for (A–J). The asterisk in (K) refers to a p < 0.05 as detected by Student’s t-test.


In addition to oligodendrocytes, the white matter also contains astrocytes (reviewed in Molofsky et al., 2012). In control brains, GFAP is robustly expressed in the white matter and hippocampus but only in isolated cells of the cortex (Figures 4A,C,E). Lztr1 cKOs showed increased GFAP-positive cells in the cortex and hippocampus (Figures 4A–D,G). The increase was measured by total pixel intensity in the lateral cortex and CA region of the hippocampus. There was a 57.8% increase in the cortex (p = 0.000596, n = 3) and a 33.5% increase in the hippocampus (p = 0.0208, n = 3). The GFAP-positive cells in the corpus callosum appeared to have more defined cell bodies in the Lztr1 cKOs compared to controls (Figures 4E,F). However, the staining intensity was not significantly different in the corpus callosum, indicating that the robust increase in astrocytes might be associated more with gray matter areas. GFAP expression labels normal astrocytes but is also expressed in reactive astrocytes in injury and disease models. The increase of GFAP immunoreactivity in the cortex is supported by previous reports that loss of the RASopathy gene NF1 results in a robust increase in GFAP expression in reactive astrocytes (Hewett et al., 1995; Nordlund et al., 1995; Gutmann et al., 1999; Rizvi et al., 1999). This suggests that hyperactivation of the RAS/MAPK pathway through NF1 or Lztr1 loss results in increased GFAP + astrocytes. Overall, our results from telencephalon-specific conditional knockout suggest that Lztr1 plays a role during oligodendrocyte and astrocyte development in the postnatal telencephalon.
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FIGURE 4. Loss of Lztr1 increases the expression of the astrocyte marker GFAP in postnatal animals at 1 month of age. Increased GFAP as measured by stain intensity (arbitrary intensity units) is observed in the cortex and hippocampus of cKOs compared to controls (A–D,G). The GFAP expression in the corpus callosum was similar in cKOs compared to controls (E,F). Quantification (G). Scale bars = 100 μm for (A–F). The asterisk in (G) refers to a p < 0.05 as detected by Student’s t-test.




DISCUSSION

In this study, we evaluated Lztr1 in the developing brain by characterizing the expression in the telencephalon. Our results indicate that Lztr1 is highly expressed in the embryonic and postnatal cortex. We detected robust expression in the postnatal hippocampus, amygdala, and oligodendrocytes. To address a role for Lztr1 in the postnatal brain, we developed a conditional approach to specifically delete Lztr1 in the telencephalon using Foxg1IRES–cre/+ and an Lztr1 conditional allele. We found that Lztr1 deletion results in robust MAPK pathway activation and impacts the oligodendrocyte lineage. In addition, we detected ectopic GFAP astrocyte expression in the cortex of conditional mutants. Our results suggest that Lztr1 plays a role in MAPK pathway activation and normal glial cell development in the telencephalon. These findings provide a “roadmap” of Lztr1-enriched areas of the brain that might be affected by Lztr1 mutation or deficiency. In addition, we describe a new genetic approach to address the impact of Lztr1 deficiency in the brain and model loss-of-function mutations.

The expression of Lztr1 has been described as widespread (Kurahashi et al., 1995). However, expression data on tissue sections of any organ system, including the brain, have not been reported. Therefore, detecting enriched Lztr1 expression in the cortex, hippocampus, amygdala, and oligodendrocytes is significant. The expression data, combined with the results from our telencephalon-specific conditional mutant showing elevated MAPK pathway activation in the white matter, provide important clues to distinct cell populations impacted by Lztr1 mutations. Indeed previous efforts have not been able to describe the postnatal impact of Lztr1 mutations since germline loss resulted in lethality before birth from severe cardiovascular defects (Steklov et al., 2018; Sewduth et al., 2020), thereby preventing a postnatal analysis of the brain. Our strategy is the first to address the requirement of Lztr1 in the postnatal brain. Given the high cortical expression of Lztr1, we were surprised in the lack of widespread MAPK pathway activation in the cortex of conditional mutants. However, this may be a result of the immunohistochemistry technique on tissue sections requiring a threshold of pathway activation to detect the increase. Alternatively, the loss of Lztr1 might regulate other RAS-regulated pathways such as AKT/mTOR in the cortex or white matter. In addition, it remains unknown if Lztr1 loss might impact specific cortical cell populations, neural activity, or neuronal function and behaviors. Our conditional mutant approach will provide a good opportunity to address these issues. In addition, future experiments to parse cortical-specific vs. oligodendrocyte-specific requirements for Lztr1 will be important for addressing cell type-specific impact on neuronal activity or function, oligodendrocyte myelination, and behaviors. Previous work has elucidated specific behaviors impacted by RAF1 and NF1 RASopathy mutations (Lopez-Juarez et al., 2017; Holter et al., 2019). It will be interesting to compare how these behaviors are impacted in an Lztr1-deficient mouse.

There exist multiple lines of evidence showing that appropriate regulation of RAS signaling and the MAPK pathway is crucial for normal oligodendrocyte development. Evidence from RASopathy animal models show that the dysregulation of the RAS/MAPK pathway has a robust effect on early progenitor neural stem cells or OPCs (Bennett et al., 2003; Dasgupta and Gutmann, 2005; Zhu et al., 2005; Wang et al., 2012; Ehrman et al., 2014; Li et al., 2014; Sun et al., 2015; Holter et al., 2019). Hence, our data which indicate that Lztr1 loss increases OPC populations is in line with other studies on RASopathy mutations at various levels of the pathway. Previous studies have utilized hyperactivation of MEK to show that a normal level of MAPK signaling is crucial at the late stages of oligodendrocyte development and myelination (Fyffe-Maricich et al., 2013; Ishii et al., 2013). In addition, Nf1 loss or HRAS-G12V RASopathy mutations have also been shown to impact mature and myelinating oligodendrocytes (Mayes et al., 2013; Lopez-Juarez et al., 2017; Titus et al., 2017). Therefore, the reduction in the newly formed oligodendrocyte markers observed in the Lztr1 cKO might be from either a role for Lztr1 specifically during this mature stage or a secondary effect of the increased OPC populations that do not transition to the newly formed oligodendrocyte stage in a normal manner. Either result suggests that Lztr1 function is key to oligodendrogenesis. However, future experiments will be important to define if developmental deletion of Lztr1 impacts oligodendrocyte myelination and subsequently results in any behavioral phenotypes. It will also be interesting to parse stage-specific roles for Lztr1 in either OPCs or mature oligodendrocytes and also reveal downstream signaling mechanisms underlying the oligodendrocyte phenotype.

GFAP is one of the most common markers for astrocytes in the postnatal mouse brain, but it does not label all astrocytes and is also a marker of reactive astrocytes after various injuries or defects (reviewed in Molofsky et al., 2012). An increased GFAP expression in reactive astrocytes was identified in NF1 mutant tissue (Hewett et al., 1995; Nordlund et al., 1995; Gutmann et al., 1999, 2001; Rizvi et al., 1999; Hegedus et al., 2007). A recent report identified that a mouse model for the Noonan syndrome mutation RAF1-L613V exhibits an increased GFAP expression in the cortex and hippocampus (Holter et al., 2019). We observed a similar effect in the Lztr1 cKO cortex and hippocampus. However, it should be noted that we analyzed our tissue after the weaning stage (1 month), whereas the study of Holter et al. (2019) examined 2-month-old animals. It will be interesting to determine how the increase in GFAP + cells changes during development and the late adult stages in Lztr1 cKOs. Interestingly, a previous study using activating HRAS mutations has shown that iPSC-derived astrocytes from HRAS-G12S Costello patients and astrocytes from HRAS-G12V mice undergo precocious maturation, suggesting that dysregulation of the RAS/MAPK pathway can affect the timing of astrocyte development and even impact neuronal populations (Krencik et al., 2015). Therefore, it may be that Lztr1 gene function is crucial in both astrocyte and oligodendrocyte development. Alternatively, the astrocyte phenotype may be a readout of the oligodendrocyte defect or an unknown defect in cortical neurons or activity promoting reactive astrogliosis. Future experiments in which Lztr1 is conditionally inactivated in either the astrocyte or oligodendrocyte lineage will address this issue.

Increasing genetic evidence in 22q11.2 deletion syndrome, NS, and glioma tumors point toward the negative health impact of Lztr1 mutation or deletion in multiple organ systems, including the brain (Kurahashi et al., 1995; Frattini et al., 2013; Yamamoto et al., 2015; Johnston et al., 2018). Therefore, studies using animal models are key to understanding the role of Lztr1 in specific cells of the brain. Our results identify enriched regions of Lztr1 expression and describe a new conditional mutant approach to determine what cells are most susceptible to Lztr1 dysregulated signaling in the telencephalon. Our expression results and new mouse model are important first steps in understanding Lztr1 human disease in the brain.
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Non-syndromic cleft lip and palate (NSCLP) is one of the most common congenital malformations with multifactorial etiology. Although long non-coding RNAs (lncRNAs) have been implicated in the development of lip and palate, their roles in NSCLP are not fully elucidated. This study aimed to investigate how dysregulated lncRNAs contribute to NSCLP. Using lncRNA sequencing, bioinformatics analysis, and clinical tissue sample detection, we identified that lncRNA ZFAS1 was significantly upregulated in NSCLP. The upregulation of ZFAS1 mediated by SP1 transcription factor (SP1) inhibited expression levels of Wnt family member 4 (WNT4) through the binding with CCCTC-binding factor (CTCF), subsequently inactivating the WNT/β-catenin signaling pathway, which has been reported to play a significant role on the development of lip and palate. Moreover, in vitro, the overexpression of ZFAS1 inhibited cell proliferation and migration in human oral keratinocytes and human umbilical cord mesenchymal stem cells (HUC-MSCs) and also repressed chondrogenic differentiation of HUC-MSCs. In vivo, ZFAS1 suppressed cell proliferation and numbers of chondrocyte in the zebrafish ethmoid plate. In summary, these results indicated that ZFAS1 may be involved in NSCLP by affecting cell proliferation, migration, and chondrogenic differentiation through inactivating the WNT/β-catenin signaling pathway.

Keywords: NSCLP, ZFAS1, Sp1, CTCF, Wnt/β-catenin pathway


INTRODUCTION

Cleft lip and palate (CLP) is one of the most common congenital craniofacial malformations around the world, resulting from failure in fusion of the facial primordia. Even though surgical treatments are doing well, children with CLP still face a variety of postoperative complications and psychosocial problems (Dixon et al., 2011).

There are two forms of CLP, syndromic and non-syndromic CLP (NSCLP). Syndromic CLP was often caused by single-gene mutations and chromosomal abnormalities. NSCLP, accounting for 70% of CLP, is a disorder without additional symptoms of atypical conditions (Jiang et al., 2006; Leslie and Marazita, 2013). It arises in about one per 500–1,000 live births (Mohamad Shah et al., 2019). NSCLP is a complex disease with multiple factors including genetic, epigenetic, and environmental factors. A number of susceptibility genes for NSCLP have been identified in previous studies (Dixon et al., 2011). However, only a small minority of NSCLP results from single-gene mutations. Because proper development of the lip and palate requires a coordination of a series of complex events, including cell growth, migration, differentiation, and apoptosis (Leslie and Marazita, 2013), which are regulated by precise gene expression, NSCLP could also be associated with the disturbances in this process due to dysregulation of genes.

Epigenetic modifications play an important role in the regulation of gene expression. As an important component of epigenetic modifications, long non-coding RNAs (lncRNAs), consisting of over 200 nucleotides, are non-coding transcripts and numerous in eukaryotes (Ma et al., 2020a; Ye et al., 2020b). They were thought to be “noise” in genome and a byproduct of transcription. Nevertheless, recent studies have revealed that lncRNAs are involved in several biological processes (BPs) through regulating gene expression at epigenetic, genomic transcription, and post-transcriptional levels (Ye et al., 2019; Ma et al., 2020b). Moreover, dysregulation of lncRNAs could be related to the progression of many disorders (Peng et al., 2017; Chi et al., 2019; Ye et al., 2020a). They have also been shown to participate in the development of lip and palate and the pathogenesis of related diseases (Gerrard et al., 2016; Gao et al., 2019; Shu et al., 2019). There have been a few of reports on the role of lncRNAs in CLP (Uslu et al., 2014; Gao et al., 2017; Yun et al., 2019), let alone NSCLP. RNA sequencing to identify transcriptome profiles including mRNAs, lncRNAs, and microRNAs (miRNAs) in NSCLP was performed in 2019 for the first time, and the potential role of lncRNAs in NSCLP has been suggested (Gao et al., 2019). So far, only several lncRNAs have been identified to be associated with NSCLP in previous studies, including lncRNA RP11-462G12.2, CCDC26 lncRNA, and a long non-coding interval at 8q24 (Uslu et al., 2014; Wu et al., 2019; Yun et al., 2019). Therefore, the underlying mechanism and function of lncRNAs in the involvement of NSCLP remain largely unclear.

In the present study, we identified the lncRNA profiles of tissue samples from patients with NSCLP using lncRNA sequencing followed by a series of bioinformatics analysis, and then we focused on ZFAS1 with unknown function in CLP. ZFAS1 was significantly upregulated in patients with NSCLP. In vitro, the overexpression of ZFAS1 significantly suppressed cell proliferation, cell migration, and chondrogenic differentiation. In vivo, upregulation of ZFAS1 in zebrafish embryos decreased cell proliferation and numbers of chondrocyte in the ethmoid plate. Exploration for further molecular mechanism suggested that ZFAS1 mediated by transcription factor SP1 inactivated the WNT/β-catenin signaling pathway through the binding with CCCTC-binding factor (CTCF).



MATERIALS AND METHODS


Study Subjects and Samples

This study was reviewed and approved by the Institutional Research Ethics Committee of the Children’s Hospital of Fudan University (2016-121). A total of 40 tissues from patients with NSCLP and 15 normal control (NC) tissues, which were the extra tissues from surgery, were obtained from the Children’s Hospital of Fudan University. None of the patients with NSCLP had been diagnosed with extra disorders. NC samples were from patients with a traumatism for surgery and without any congenital disorders. All samples for RNA extraction were maintained in RNAlater RNA Stabilization Solution (Thermo Fisher Scientific, Waltham, MA, United States) after surgery and were stored at −80°C.



Long Non-coding RNA Sequencing and Functional Enrichment Analysis

Long non-coding RNAs sequencing of tissue samples from four NSCLP and two NC was performed by Precisiongenes (Nantong, China) to identify the differentially expressed lncRNAs. In brief, ribosomal RNA (rRNA) in total RNA was removed, and the remaining RNAs were subjected to construct sequencing library. The library was then sequenced on an Illumina platform (Illumina, Inc., San Diego, CA, United States), and the trimmed reads were mapped to the human genome Hg38. Finally, the transcript read count was calculated. The DAVIDdatabase1 was applied to perform gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analyses on the differentially expressed lncRNAs. P < 0.05 was considered to be statistically significant.



RNA Extraction, Reverse Transcription, and Quantitative Polymerase Chain Reaction

Total RNA was isolated from tissues or cells using TRIzol reagent (Invitrogen, Carlsbad, CA, United States) according to the manufacturer’s protocol. Reverse transcription of 1,000 ng of RNA was performed to synthesize cDNA using a Primer Script RT Reagent Kit (Takara, Tokyo, Japan), followed by quantitative polymerase chain reaction (qPCR) using SYBR Premix ExTM Taq (Takara) on a StepOnePlusTM Real-Time PCR system (Thermo Fisher Scientific). Gene expression was normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and calculated by the relative expression method (2–ΔΔCt). The primers used were as follows:

ZFAS1-Q-F: TCTCCTAGTTGCAGTCAGGC,

ZFAS1-Q-R: ATGCGGGTGTTGGAAGTAGA;

GAPDH-Q-F: GGGAGCCAAAAGGGTCAT,

GAPDH-Q-R: GAGTCCTTCCACGATACCAA;

U1-Q-F: GACGGGAAAAGATTGAGCGG,

U1-Q-R: CCACGAAGAGAGTCTTGAAGG;

Actin-Q-F: CATGTACGTTGCTATCCAGGC,

Actin-Q-R: CTCCTTAATGTCACGCACGAT;

Sox9-Q-F: ATGAAGATGACCGACGAGCA,

Sox9-Q-R: AACTTGTCCTCCTCGCTCTC;

ACAN-Q-F: CTTCTGAGTTCGTGGAGGGT,

ACAN-Q-R: CGGACGTCTCACTGCTAGAT;

SP1-Q-F: TCCAGACCATTAACCTCAGTGC,

SP1-Q-R: ACCACCAGATCCATGAAGACC;

WNT4-Q-F: GCTGTGACAGGACAGTGCAT,

WNT4-Q-R: GCCTCATTGTTGTGGAGGTT.



Cell Culture

Human oral keratinocyte (HOK) cells were cultured in Dulbecco’s modified Eagle’s medium (Biological Industries, Beit HaEmek, Israel) with 10% fetal bovine serum (FBS) (Biological Industries) and 1% penicillin–streptomycin (Biological Industries) at 37°C in 5% CO2.

Human umbilical cord mesenchymal stem cells (HUC-MSCs) were cultured in Dulbecco’s modified Eagle’s medium/F12 (Gibco, Carlsbad, CA, United States) with 10% FBS (Gibco) and 1% penicillin–streptomycin (Biological Industries) at 37°C in 5% CO2. The expanded cells at passages 3–7 were used for experiments.

All cell culture dishes and culture plates were purchased from Hangzhou Xinyou Biotechnology Co., Ltd. (Hangzhou, China).



Plasmid Construction

The plasmids of ZFAS1-PCDH and SP1-PCDH were obtained from GeneRay (Shanghai, China). The plasmids were sequenced and shown to be consistent with the sequence in the National Center for Biotechnology Information database2. The recombinant luciferase plasmids (pGL3-basic-ZFAS1-E1-WT; pGL3-basic-ZFAS1-E2-WT; and pGL3-basic-ZFAS1-E1-Del1/pGL3-basic-ZFAS1-E1-Del2) were constructed with the corresponding sequences amplified from human genomic DNA. Short hairpin RNAs (shRNAs) targeting ZFAS1 and SP1 were designed and cloned into the lentiviral vector pGreen. Empty vector was used as a negative control.

The shRNA sequences used were as follows:

ZFAS1-shRNA: GATCCGCTATTGTCCTGCCCGTTAGAG TTCAAGAGACTCTAACGGGCAGGACAA TAGCTTTTTTG;

SP1-shRNA: CCGGGCTGGTGGTGATGGAATACATCT CGAGATGTATTCCATCACCACCAGCTTTTT.



Cell Proliferation Assay

Cell proliferation assay was detected using Cell Counting Kit-8 (CCK8; Dojindo, Tokyo, Japan) according to the manufacturer’s instructions. Cells were seeded into 96-well plates at 1 × 104 cells/well. After cell culture for 0, 24, 48, and 72 h, 10 μl of CCK8 solution was added to each well and incubated at 37°C for 3 h. The absorbance was measured at a wavelength of 450 nm for each well. All samples were prepared in triplicate and normalized to blank controls.



Cell Cycle Analysis

Cells were harvested and fixed with 75% ethanol at 4°C overnight. And cells were washed with phosphate-buffered saline (PBS) for three times, followed by incubation with RNA enzyme containing propidium iodide (PI; 40%) (Sigma-Aldrich, St. Louis, MO, United States) for 30 min at room temperature. Cell cycle was detected by FACS Calibur (BD Biosciences, San Jose, CA, United States), and data analysis was performed by FACS Diva (BD Biosciences).



Transwell Assay

Cells were starved in serum-free medium overnight, and then a cell suspension of 200 μl of serum-free medium was seeded into each well of the upper transwell chamber (Corning, New York, NY, United States). In the lower chamber, 750 μl of medium with 25% FBS was added. Through incubation at 37°C for 48 h, cells on the upper surface were removed by a cotton tip. Cells on the lower surface were fixed with 4% paraformaldehyde (PFA) and stained with 0.1% crystal violet for 30 min. The results were observed by EVOSTM Microscope M5000 Imaging System (Invitrogen).



Nuclear–Cytoplasmic Separation

Nuclear and cytoplasmic fractions were isolated from cells using PARIS kit (Thermo Fisher Scientific) according to the manufacturer’s protocols. Actin was used as a cytoplasmic control, and U1 was used as a nuclear control. RNA levels of ZFAS1, actin, and U1 in the cytoplasm and nuclear fractions were quantified by qPCR.



RNA Fluorescence in situ Hybridization Assay

Cells were seeded in a 24-well plate for 24 h and fixed with 4% PFA for 20 min. The cells in the plate were pre-hybridized with a hybridization buffer at 42°C for 1 h and overnight with hybridization reaction solution containing the fluorescence in situ hybridization (FISH) probe in the dark. The nonspecific probe was removed with 2× saline sodium citrate (SSC) containing 50% formamide for 10 min at 37°C, 1× SSC for 2 × 5 min at 37°C, and 0.5× SSC for 10 min at room temperature. The anti-biotin monoclonal antibody and secondary antibody were used for detecting biotin-labeled ZFAS1. Cells in the plates were incubated with DAPI (Cell Signalling Technology, Boston, MA, United States). Finally, the cells were subjected to fluorescence signal detection under an EVOSTM Microscope M5000 Imaging System (Invitrogen). The probe of ZFAS1 was synthesized in Guangzhou RiboBio Co., Ltd. (Guangzhou, China).



In vitro Chondrogenic Differentiation

High-density pellet cultures were performed with HUC-MSCs at passages 3–7. To form a cell pellet, 2 × 105 HUC-MSCs were centrifuged in a 15-ml polypropylene conical tube at 1,000 rpm for 5 min. And pellets were incubated in the StemPro chondrogenesis differentiation medium (Gibco) at 37°C in 5% CO2 for 7/14 days. The differentiation medium was changed every 3 days.



Histology Staining and Immunohistochemistry

The cell pellets were fixed in 4% PFA for 24 h, dehydrated in graded series of ethanol (70–100%), processed with xylene (50–100%), and then embedded in paraffin. Paraffin blocks were cut into consecutive sections using a microtome and placed onto glass slides. Following deparaffinization, the sections were used for subsequent experiments.

For Alcian blue staining, the pellets sections were treated with 1% Alcian blue (Sigma-Aldrich) dissolved in acetic acid for 1 h. For toluidine blue staining, the sections were incubated with toluidine blue solution (Sigma-Aldrich) for 1 h. These staining sections were observed in EVOSTM Microscope M5000 Imaging System (Invitrogen).

The pellet sections were subjected to immunohistochemistry (IHC). The antibody used was Collagen type II (1:100; Affinity Biosciences, Cincinnati, OH, United States). Antigen was retrieved by pepsin (Sigma-Aldrich) for 10 min, and 5% goat serum was applied to block the unspecific background antigen. Sections were incubated with the primary antibodies overnight at 4°C. According to the manufacturer’s instructions, a streptavidin–horseradish peroxidase (HRP) detection system (MxBiotech, Eugene, OR, United States) was applied, followed by hematoxylin staining and neutral balsam sealing. These sections were observed in EVOSTM Microscope M5000 Imaging System (Invitrogen).



Zebrafish Breeding and Husbandry

The Institutional Research Ethics Committee of the Children’s Hospital of Fudan University, China, approved and monitored all zebrafish procedures following the guidelines and recommendations outlined by the Guide for the Care and Use of Laboratory Animals (2016-121). Zebrafish were raised at 28°C under a condition of 14-h light/10-h dark with twice-a-day feeding at the Fudan University. The Tg(col2a1a-mcherry) zebrafish, which is cartilage specific and labeled with red fluorescence was purchased from Nanjing YSY Biotech Company Ltd (Nanjing, China). Adult zebrafish were acclimated to laboratory conditions for 4 weeks prior to breeding for further experiments.



Microinjection

Full-length lncRNAs were in vitro transcribed using a mMESSAGE mMACHINE Kit (Ambion, Austin, TX, United States) with the dsDNA templates coupled with SP6 promoter at 37°C overnight. After in vitro transcription, the DNA templates were removed by RNase-free DNase at 37°C for 15 min, followed by purification with RNAclean Kit (Tiangen, Beijing, China). At the night before mating, the males and females were separated by a transparent wall. The following morning, the transparent wall was removed, and the water was changed with warm water at temperature of 29°C. LncRNAs were diluted to 300 ng/μl using RNase-free water for microinjection of experimental group. RNase-free water was for the control group. Embryos were collected 20 min after spawning. Then microinjection into single-cell regions of embryos was performed with a Narishige IM-300 microinjector (Narishige Laboratory Instruments Ltd., Tokyo, Japan). Later, embryos were incubated in the E3 medium at 28°C. Unfertilized eggs and dead embryos were removed immediately, and E3 medium was refreshed every day. And then these embryos were used for further experiments and observation.



Bromodeoxyuridine Assay

Zebrafish embryos were incubated in E3 medium containing 10 mM of bromodeoxyuridine (BrdU) for 6 h, and then embryos were fixed with 4% PFA for 4 h, followed by 0.2 N of HCl for 1 h at room temperature. Anti-BrdU antibody (1:100; Santa Cruz Biotechnology, Paso Robles, CA, United States) and DAPI (1:100) were incubated overnight at 4°C. Embryos were washed with PBS and incubated with Goat Anti-Mouse IgG488 (1:200; Yisheng, Shanghai, China) overnight at 4°C. Histochemical detection was performed by Olympus MVX10 microscope (Olympus, Tokyo, Japan).



RNA Pull-Down Assay and Mass Spectrometry Analysis

Biotinylated ZFAS1 sense and antisense RNA were transcribed using Large Scale RNA Production System-T7 (Promega, Madison, WI, United States) and RNA 3′ End Desthiobiotinylation Kit (Thermo Fisher Scientific) in vitro. About 1 × 107 cells were dissolved in cell lysis buffer with RNasin (Promega). RNA pull-down assay was conducted through PierceTM Magnetic RNA-Protein Pull-Down Kit (Thermo Fisher Scientific). In brief, the biotinylated ZFAS1 sense and antisense RNA were incubated with Pierce Nucleic-Acid Compatible Streptavidin Magnetic Beads and total cell lysates at room temperature for 2 h. Finally, the retrieved proteins were detected by sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) gels for mass spectrometry analysis. Primers used are as follow:

ZFAS1-sense-F: TAATACGACTCACTATAGGGCCACGC TGTTTTGACCTCCA,

ZFAS1-sense-R: GAGCGATCGCAGATCCTTCG;

ZFAS1-antisense-F: CCACGCTGTTTTGACCTCCA,

ZFAS1-antisense-R: TAATACGACTCACTATAGGGGAGC GATCGCAGATCCTTCG.



RNA Immunoprecipitation Assay

About 1 × 107 cells were harvested and lysed with RNA immunoprecipitation (RIP) lysis buffer at −80°C overnight. Five micrograms of human anti-CTCF (Abcam, Cambridge, United Kingdom) or NC rabbit anti-IgG antibody (ProteinTech, Chicago, IL, United States) were incubated with magnetic beads at room temperature for 1 h and then incubated with cell lysates at 4°C overnight. RNase-free DNase I (Promega) and proteinase K (Yeasen, Shanghai, China) were used for digesting extra DNA and proteins, respectively. Finally, the retrieved RNA was subjected to qRT-PCR analysis of ZFAS1. Total RNA (input controls) and rabbit IgG controls were measured simultaneously to normalize the binding capacity between RNA and protein.



Western Blotting and Antibodies

Cells were harvested and lysed with radioimmunoprecipitation assay (RIPA) buffer (Yeasen) containing a protease inhibitor cocktail (Sigma-Aldrich). Proteins were quantified by a Bradford Protein Assay Kit (Abcam), and the same amounts of proteins were separated by 10% SDS-PAGE and transferred to nitrocellulose membranes (Pall, Port Washington, NY, United States), followed by a block with 8% milk dissolved in Tris-buffered saline Tween for 1 h at room temperature. And then the membranes were incubated with specific primary antibodies at 4°C overnight, followed by secondary antibodies at room temperature for 1 h. Antibodies used were as follows: CTCF (1:5,000, Abcam), GAPDH (1:5,000, ProteinTech), WNT4 (1:1,000, Santa Cruz), β-catenin (1:1,000, Cell Signalling Technology), and c-Myc (1:5,000, ProteinTech).



Data Mining of Chromatin Immunoprecipitation Sequencing Data

Chromatin immunoprecipitation sequencing (ChIP seq) data of CTCF were mined and selected in Cistrome Data Browser3 based on the following requirements: (1) species, Homo sapiens; (2) cell type, HEK293T cells; (3) factors, CTCF; and (4) quality control meets the basic requirements. GSM2026782 was selected for further analysis.



RNA Sequencing

A group of HOK cells overexpressing ZFAS1 and a group of NC cells were subjected to RNA sequencing by GENEWIZ (Suzhou, China). In brief, RNA sequencing processes included RNA extraction, RNA sample quality detection, library construction/purification/detection/quantification, generation of sequencing cluster, and sequencing. And then the results were subjected to perform GO/KEGG analysis.



Chromatin Immunoprecipitation Assay

Cells were crosslinked with 1% formaldehyde and quenched in glycine solution. ChIP assay was performed by Pierce Magnetic Chip Kit (Thermo Fisher Scientific), according to the manufacturer’s instructions. Two micrograms of anti-CTCF antibody (Abcam) and normal rabbit IgG (ProteinTech) were used for immunoprecipitation. ChIP-enriched DNA samples were quantified by qPCR to determine the CTCF binding sites of WNT4 genome. The value was shown as relative enrichment normalized to IgG. Primers used for ChIP-qPCR were as follows:

WNT4-peak-Q-F: TGACAGGTCGCTGAGGAAG,

WNT4-peak-Q-R: CCCCAAGCAGAAACAGGTC.



Dual-Luciferase Reporter Assay

The recombinant plasmid pGL3-basic-ZFAS1-E1-WT/del1/del2 was constructed. Cells were seeded in 96-well plates at 1 × 104 cells per well and incubated at 37°C overnight. SP1 was co-transfected into cells with pGL3-basic-ZFAS1-E1-WT/del1/del2 using Lipofectamine 3000 (Invitrogen). Cells were collected 48 h after transfection. Both firefly and Renilla luciferase activities were measured by a Dual-Luciferase Reporter Assay (Promega). And the firefly luciferase activities were normalized to Renilla luciferase activities.



Statistical Analysis

All experiments were repeated three times. All statistical analyses were conducted with paired two-tailed Student’s t-test with GraphPad Software Inc. (La Jolla, CA, United States). P < 0.05 was considered significant.



RESULTS


ZFAS1 Was Screened Through Long Non-coding RNA Sequencing and Further Bioinformatics Analysis

A total of 349 lncRNAs were significantly dysregulated, with 59 upregulated lncRNAs and 290 downregulated lncRNAs in NSCLP by lncRNA sequencing and bioinformatics analysis (Figures 1A,B). The GO pathway analysis revealed these differentially expressed lncRNAs were distinctly enriched in BP terms such as “epidermis development,” “skin development,” and “protein targeting” (Figure 1C). And the KEGG pathway analysis showed these lncRNAs are enriched in “Ribosome,” “Focal adhesion,” and so on (Figure 1D). Among the differentially expressed lncRNAs, we then selected 10 lncRNAs for expanded sample qPCR validation (Table 1), according to the following conditions: (1) log2 (FoldChange) > 1.5, P < 0.05; (2) the pathways that the lncRNA may be involved in are related to CLP based on enrichment analysis; and (3) the function of the lncRNA is associated with CLP by literature retrieval.
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FIGURE 1. ZFAS1 was screened through long non-coding RNA (lncRNA) sequencing and further qPCR assay. (A) Heatmap of dysregulated lncRNAs identified from lncRNA sequencing by hierarchical clustering analysis between the non-syndromic cleft lip and palate (NSCLP) (NSCLP1/2/3/4) and normal control (NC) (NC1/2) samples. Expression values are represented by red and green shades, indicating expressions above and below the median expression level across all samples, respectively. (B) The volcano plot of differentially expressed lncRNAs. The fold change threshold is 1.5, and P-value ≤ 0.05. The red dots indicate upregulated genes, the green dots indicate downregulated genes, and the black dots indicate non-differentially expressed genes. (C,D) The gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways significantly enriched in the differentially expressed lncRNAs. The length and color of the bar represent the amount of differentially expressed lncRNAs enriched in the pathway and enrichment significance, respectively. BP, biological processes. (E) ZFAS1 was upregulated in tissues from NSCLP compared with NC tissues by qPCR assay. (F) The schema of ZFAS1 in chromosome. Values are mean ± SEM, n = 3, ***P < 0.0001.



TABLE 1. Basic information of 10 lncRNAs selected from lncRNA sequencing.
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ZFAS1 Was Upregulated in Tissue Samples From Patients With Non-syndromic Cleft Lip and Palate

We detected expression levels of these 10 lncRNAs in 36 tissue samples from patients with NSCLP and 13 NC tissue samples using qPCR assay. In view of the non-conservation of lncRNAs and feasibility of animal experiment, we chose the upregulated lncRNA as the research target in principle. Finally, we selected ZFAS1, which was the most significantly upregulated lncRNA in NSCLP compared with NC (Figure 1E and Supplementary Figure 1). ZFAS1 was an lncRNA located at chromosome 20q13, with four exons (Figure 1F).



Overexpression of ZFAS1 Inhibited Cell Proliferation and Cell Migration in Human Oral Keratinocyte Cells and Human Umbilical Cord Mesenchymal Stem Cells

To investigate the effects of ZFAS1 on cell phenotypes related to NSCLP, ZFAS1 was successfully upregulated and downregulated in HOK cells and HUC-MSCs (Figures 2A,E). HUC-MSCs have been identified by their special markers on a flow cytometry platform (Supplementary Figure 2). CCK8 assay showed that ZFAS1 overexpression significantly inhibited cell proliferation, consistent with the tendency in cells downregulating ZFAS1 (Figures 2B,F). Then cell cycle distribution of HOK cells presented that the G1 phase was much higher in cells overexpressing ZFAS1, indicating that the overexpression of ZFAS1 contributed to G1 phase arrest (Figures 2C,D). Transwell assay revealed that cell migration of HOK and HUC-MSCs was both significantly inhibited with the overexpression of ZFAS1, in accordance with the tendency in cells to downregulate ZFAS1 (Figures 2G,H). However, flow cytometry analysis showed that ZFAS1 dysregulation did not affect apoptosis in HOK cells (Supplementary Figure 3).
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FIGURE 2. Overexpression of ZFAS1 inhibited cell proliferation and migration in human oral keratinocyte (HOK) cells and human umbilical cord mesenchymal stem cells (HUC-MSCs). (A) ZFAS1 was upregulated and downregulated in HOK cells using overexpression vector of ZFAS1 and shRNA targeting to ZFAS1, respectively. (B) Negative regulation of cell proliferation by ZFAS1 was revealed by Cell Counting Kit-8 (CCK8) assay in HOK cells. (C,D) ZFAS1 overexpression and knockdown in HOK cells increased and decreased G1/S arrest by cell cycle assay, respectively. The two left panels indicate the results from fluorescence-activated cell sorting (FACS), and the right panel indicates the statistical result of the two left panels. (E) ZFAS1 was upregulated and downregulated in HUC-MSCs using overexpression vector of ZFAS1 and shRNA targeting to ZFAS1, respectively. (F) Negative regulation of cell proliferation by ZFAS1 was revealed by CCK8 assay in HUC-MSCs. (G,H) Transwell assays revealed a negative regulation of cell migration by ZFAS1 in HOK cells and HUC-MSCs. Cells were stained with crystal violet. Values are mean ± SEM, n = 3, *P < 0.05, ***P < 0.0001. ShRNA, short hairpin RNAs; OE, overexpression.




ZFAS1 Overexpression Suppressed the Chondrogenic Differentiation Potential in Human Umbilical Cord Mesenchymal Stem Cells

Abnormal chondrogenic differentiation during palatogenesis may lead to NSCLP. To determine the biological effects of ZFAS1 on the chondrogenic ability, traditional high-density pellet cultures of HUC-MSCs were used for the induction of differentiation. At day 14 after cartilage pellet culture, both Alcian blue and toluidine blue staining showed that upregulating ZFAS1 significantly interfered with chondrogenesis (Figures 3A,C), while HUC-MSCs with ZFAS1 knockdown presented higher chondrogenesis potential (Figures 3B,D). By IHC in cartilage pellets, the expression of type II collagen, marker of chondrogenic matrix, was consistent with the results of staining (Figures 3E,F). The mRNA levels of chondrogenic markers SRY-box transcription factor 9 (Sox9) and aggrecan (ACAN) were significantly decreased in pellets overexpressing ZFAS1 at days 7 and 14, compared with NC (Figures 3G,H).
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FIGURE 3. ZFAS1 overexpression suppressed the chondrogenic differentiation potential in human umbilical cord mesenchymal stem cells (HUC-MSCs). (A,B) Alcian blue staining of paraffin sections from chondrocyte pellets revealed a negative regulation of chondrogenic differentiation by ZFAS1. The color depth of Alcian blue indicates the levels of chondrogenic differentiation. (C,D) Toluidine blue staining of paraffin sections from chondrocyte pellets revealed a negative regulation of chondrogenic differentiation by ZFAS1. The color depth of toluidine blue indicates the levels of chondrogenic differentiation. (E,F) The immunohistochemistry (IHC) results of collagen type II in the paraffin sections from chondrocyte pellets. The brown regions represent the signal of collagen type II; the blue dots represent the signal of nuclei. (G,H) The qPCR assay showed that ZFAS1 overexpression downregulated the expression of Sox9 and ACAN in the chondrogenesis-induced pellets at 0/7/14 days. Values are mean ± SEM, n = 3, ***P < 0.0001. d, days.




ZFAS1 Overexpression in Zebrafish Embryos Significantly Decreased Cell Proliferation and Numbers of Chondrocyte in the Ethmoid Plate

To investigate the role of ZFAS1 in the palatogenesis, ZFAS1 was microinjected into zebrafish embryos to establish zebrafish overexpressing ZFAS1, and the efficiency was validated by qPCR at 48 h post-fertilization (hpf) (Figure 4A). The observation on the whole zebrafish indicated that microinjection did not affect the overall development of zebrafish, and BrdU assay demonstrated that the overexpression of ZFAS1 in zebrafish at 48 hpf can inhibit cell proliferation in the ethmoid plate (Figures 4B–D). To understand well the chondrocyte in the zebrafish ethmoid, ZFAS1 was overexpressed in the Tg(col2a1a-mcherry) zebrafish (Figure 4E), and the numbers of positive cells for col2a1a-mcherry were significantly decreased in the ethmoid plate at 72 hpf (Figures 4F,G), indicating a suppression of palatogenesis.
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FIGURE 4. ZFAS1 overexpression in zebrafish embryos significantly decreased cell proliferation and numbers of chondrocyte in the ethmoid plate. (A) The efficiency of overexpressing ZFAS1 in wild-type zebrafish embryos by microinjection using the qPCR assay. (B) The side view of bromodeoxyuridine (BrdU)-labeling cells in zebrafish at 48 hpf detected by fluorescence microscope. Left, blue fluorescence for DAPI; middle, green fluorescence for BrdU; right, the merged image. (C) The statistical results of BrdU-positive cells in the zebrafish ethmoid plate. (D) The ventral view of BrdU-positive cells in the zebrafish ethmoid plate. (E) The efficiency of overexpressing ZFAS1 in Tg(col2a1a-mcherry) zebrafish embryos by microinjection using the qPCR assay. (F) The statistical results of col2a1a-mcherry-positive cells in the zebrafish ethmoid plate. (G) The ventral view of col2a1a-mcherry-positive cells in the zebrafish ethmoid plate at 72 hpf. Red fluorescence, col2a1a-mcherry. Values are mean ± SEM, n = 3, ***P < 0.0001.




ZFAS1 Was Distributed in Both the Nucleus and Cytoplasm of Human Oral Keratinocyte Cells and Human Umbilical Cord Mesenchymal Stem Cells

The subcellular localization of ZFAS1 determines its action mode; therefore, to further explore the underlying mechanism of ZFAS1 affecting phenotypes above, cell localization testing is necessary. Nuclear–cytoplasmic separation assay indicated that ZFAS1 was distributed in both the nucleus and cytoplasm in HOK and HUC-MSCs (Figures 5A,C), which was verified by RNA-FISH using ZFAS1-probe (Figures 5B,D).
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FIGURE 5. ZFAS1 regulated the protein level of CCCTC-binding factor (CTCF) through binding with CCCTC-binding factor (CTCF) protein. (A,C) Nucleus cytoplasm separation indicated that ZFAS1 was distributed in both the nucleus and cytoplasm of human oral keratinocyte (HOK) cells and human umbilical cord mesenchymal stem cells (HUC-MSCs). (B,D) RNA fluorescence in situ hybridization (FISH) assays indicated that ZFAS1 was distributed in both the nucleus and cytoplasm of HOK cells and HUC-MSCs. Left, DAPI was used to stain the nuclei (blue); middle, red fluorescence was from the biotin fusions; right, the merged image. (E) Proteins retrieved from the ZFAS1 pull-down assay were analyzed by sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE). The arrows indicate the unique proteins in the sense-ZFAS1 group compared with antisense-ZFAS1 group. (F,G) The gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways enriched in these proteins from RNA pull-down assay. (H) The predicted binding sites of ZFAS1 with CTCF by catRAPID. The interaction score indicated the possibility of binding. (I) RNA immunoprecipitation (RIP) assay of ZFAS1 with anti-CTCF antibody. ZFAS1 and CTCF interaction in CTCF-RNA precipitates was revealed by nucleic acid gel (top left panel) and qPCR assays (right panel). Bottom left panel indicates that the CTCF protein was pulled down by anti-CTCF antibody. (J) ZFAS1 positively regulated CTCF protein levels by western blotting (WB). Values are mean ± SEM, n = 3, ***P < 0.0001.




ZFAS1 Affected the Protein Level of CCCTC-Binding Factor Through Binding to CCCTC-Binding Factor Protein

Growing evidence indicated that lncRNAs often exert their functions by binding to protein partners. To identify potential proteins that interact with ZFAS1, in vitro RNA pull-down assay of ZFAS1 was performed in HOK cells, followed by mass spectrometry (Figure 5E). Then GO and KEGG pathway analyses indicated that the proteins in mass spectrometry were enriched in the pathways related to chromosome organization, DNA packaging, transcription, translation, and so on (Figures 5F,G). One of these proteins was CTCF, a transcriptional regulator with diverse functionality in disease through transcriptional activation or repression. ZFAS1 was predicted to have a high probability to directly interact with CTCF at 101–152 nucleotides of ZFAS1 using an online tool catRAPID (Figure 5H). RIP assay was used to verify the binding ability of ZFAS1 to CTCF. In comparison with the IgG group, ZFAS1 enrichment was significantly upregulated in the CTCF group (Figure 5I). Moreover, the protein level of CTCF was significantly upregulated after ZFAS1 overexpression and downregulated after ZFAS1 knockdown (Figure 5J).



ZFAS1 Inhibited WNT/β-Catenin Signaling Pathway via Suppressing WNT4 Expression Levels by Binding With CCCTC-Binding Factor

To further investigate the downstream genes of CTCF, RNA seq and ChIP seq analyses were performed in HOK cells. Numerous potential target genes of CTCF were identified from the ChIP seq data (GSM2026782) in Cistrome Data Browser (Figures 6A,B). RNA seq showed that there were 1,414 differentially expressed genes in HOK cells overexpressing ZFAS1 compared with NC, and then GO and KEGG pathway analyses revealed that these genes were enriched in “Regulation of transcription,” “DNA binding” and “Focal adhesion,” “Signaling pathways regulating pluripotency of stem cells,” “RNA degradation,” and so on (Figures 6C,D).
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FIGURE 6. ZFAS1 inhibited WNT/β-catenin signaling pathway via suppressing WNT4 expression levels by binding with CCCTC-binding factor (CTCF). (A) The quality report of chromatin immunoprecipitation sequencing (ChIP seq) of CTCF mined in the Cistrome Data Browser. (B) The annotated binding motif of CTCF from the mined ChIP seq. (C) The volcano plot of differentially expressed genes from the RNA seq of human oral keratinocyte (HOK) cells overexpressing ZFAS1. The fold change threshold is 1.5, and P-value ≤ 0.05. The red dots indicate upregulated genes, the blue dots indicate downregulated genes, and the gray dots indicate non-differentially expressed genes. (D) The gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways enriched in differentially expressed genes. Length of the bar represents the amount of differentially expressed genes enriched in the pathway. (E) The integrated analysis of ChIP seq and RNA seq. The intersection region indicates the merged genes of them. (F) ZFAS1 negatively regulated expression levels of WNT4 by qPCR assay. (G) ZFAS1 negatively regulated protein levels of WNT4 by western blotting (WB) assay. (H) The peak of WNT4 from the ChIP seq of CTCF. The blue highlight indicates the peak. (I) The binding capacity of CTCF to WNT4 was measured by ChIP qPCR assay. (J) ZFAS1 negatively regulated protein levels of β-catenin and c-Myc by WB assay. Values are mean ± SEM, n = 3, ***P < 0.0001.


Among the 16 possible target genes by integrated analysis of RNA seq and ChIP seq (Figure 6E), WNT4, which belongs to the WNT/β-catenin signaling pathway related with CLP, was selected for further research. The qPCR assay revealed that overexpressing ZFAS1 downregulated mRNA levels of WNT4, and knockdown of ZFAS1 upregulated mRNA levels of WNT4 (Figure 6F), which was validated in protein levels by western blotting (WB) (Figure 6G). Based on the ChIP seq of CTCF collected by the Cistrome Data Browser and its visualization window, there was a peak near the regulatory region of WNT4 (Figure 6H). ChIP qPCR results revealed that CTCF directly bound to the predicted binding sites of WNT4 (Figure 6I). Moreover, WB results indicated that upregulating ZFAS1 significantly also decreased β-catenin and c-myc expression levels, which were important molecules in the WNT/β-catenin signaling pathway, consistent with the tendency in cells downregulating ZFAS1 (Figure 6J). In summary, we suggested that ZFAS1 overexpression inhibited the WNT/β-catenin signaling pathway through suppressing WNT4 by interacting with CTCF.



SP1 Regulated Expression Levels of ZFAS1 via Binding to the E1 Region of ZFAS1 Promoter

Transcription factors binding to motifs located at genes’ promoter region plays a critical role in their transcription. To ascertain the underlying cause for the elevated expression of ZFAS1 in NSCLP, PROMO database was used to predict the potential transcription factors that possibly bound to the promoter region of ZFAS1. SP1 was selected, and qPCR results revealed that SP1 was upregulated in NSCLP (Figure 7A). And the binding motif in promoters of ZFAS1 was predicted by JASPAR database (Figure 7B). In order to make clear the regulatory relationship between SP1 and ZFAS1, SP1 was successfully upregulated and downregulated in HOK cells, respectively (Figures 7C,D). Moreover, the overexpression of SP1 significantly upregulated the expression of ZFAS1 in HOK cells (Figure 7E). Subsequent bioinformatics analyses in JASPAR database also predicted two binding domains (E1 and E2) of ZFAS1 with SP1 (Figure 7F). To determine the transcriptional activation of SP1 on the ZFAS1, HOK cells were co-transfected with the ZFAS1 promoter luciferase reporter (pGL3-basic-ZFAS1-E1/E2) and SP1. Dual-luciferase assay revealed that SP1 markedly increased ZFAS1 promoter activity via binding to the E1 region instead of the E2 region (Figure 7G). Whether depleting the motif1 or motif2 in E1 region, they both destroyed the binding of SP1 and E1 region, thus leading to the suppression of ZFAS1 transcription (Figure 7H).
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FIGURE 7. SP1 regulated expression levels of ZFAS1 via binding to the E1 region in the promoter of ZFAS1. (A) SP1 was upregulated in tissues from non-syndromic cleft lip and palate (NSCLP) compared with NC tissues by qPCR assay. (B) The annotated DNA binding motif of ZFAS1 promoter with SP1 in JASPAR database. (C,D) The qPCR and western blotting (WB) assays revealed that SP1 was significantly upregulated and downregulated in human oral keratinocyte (HOK) cells. (E) SP1 positively regulated expression levels of ZFAS1 by qPCR assay. (F) The schema of ZFAS1 for the construction of luciferase reporter plasmids. The orange regions indicate the motif of E1 region in the promoter of ZFAS1; the white cross indicates the deletion of the motif. (G) Dual luciferase reporter assay revealed that SP1 significantly increased ZFAS1 promoter activity via binding to E1 region instead of E2 region. Compared with the “pGL3-basic-E1” group, the “SP1+pGL3-basic-E1” group showed a higher luciferase activity. (H) Dual luciferase reporter assays revealed that deletion of motif1/motif2 in E1 region destroyed the binding of SP1 and E1 region. Compared with the “pGL3-basic-E1 group+SP1 group,” both the “pGL3-basic-E1-Del1+SP1” group and “pGL3-basic-E1-Del2+SP1” showed a significant decrease in the luciferase activity. Values are mean ± SEM, n = 3, ***P < 0.0001.




DISCUSSION

Long non-coding RNAs have been reported to play a critical role in embryonic development and related disorders (Grote et al., 2013; Alvarez-Dominguez and Lodish, 2017). However, little was known about the function of lncRNA on lip and the palate morphogenesis or CLP. For a better understanding of lncRNA expression profiles in NSCLP, we performed lncRNA sequencing in tissues from NSCLP and NC and then identified many lncRNAs that were aberrantly expressed in NSCLP, which were enriched in “epidermis development,” “skin development,” “protein targeting,” “Ribosome,” “Focal adhesion,” and so on by GO and KEGG analyses. Among these differentially expressed lncRNAs, we focused on ZFAS1, which showed a significant upregulation in NSCLP. ZFAS1 has been reported to be involved in several cancers, including hepatocellular carcinoma (Li et al., 2015), osteosarcoma (Liu et al., 2017), breast cancer (Askarian-Amiri et al., 2011), and colorectal cancer (Zeng et al., 2018), by modulating cell proliferation and migration. ZFAS1 has also been shown to be dysregulated in the cartilage of osteoarthritis (Xiao et al., 2019). Nevertheless, none of the reports declared the role of ZFAS1 on the lip and palate morphogenesis or CLP. Lip and palate morphogenesis is involved in proliferation, migration, apoptosis of a variety of cells, and chondrogenic differentiation of precursor cells, such as MSCs.

To figure out the relationship of upregulated ZFAS1 and NSCLP, two cell models and zebrafish model were selected for further experiments in vitro and in vivo. One precursor cell was HUC-MSCs, which can differentiate into chondrocytes (Brown et al., 2019). Another mature cell line was HOK cells from oral mucosa, which was used to study the pathogenesis of NSCLP in previous studies (Zhou et al., 2018; Li et al., 2020). The zebrafish palate consists of cells derived from the frontonasal and maxillary domain, which is similar to the palatogenesis of mammals (Duncan et al., 2017). So zebrafish is also a proper study model for mammalian palate and CLP.

In vitro, the overexpression of ZFAS1 significantly inhibited cell proliferation and migration in HUC-MSCs and HOK cells and also suppressed chondrogenic differentiation of HUC-MSCs. In vivo, upregulating ZFAS1 significantly decreased cell proliferation and numbers of chondrocyte in the zebrafish ethmoid plate. These abnormal cell and zebrafish phenotypes were all associated with NSCLP (Kang and Svoboda, 2005; Jiang et al., 2006; Shull et al., 2020). Therefore, we speculated that upregulation of ZFAS1 may contribute to NSCLP through disturbances in these cell processes, which was consistent with the function of ZFAS1 in previous studies (Askarian-Amiri et al., 2011; Li et al., 2015; Liu et al., 2017). In order to find out the molecular pathways underlying ZFAS1 affecting the phenotypes above, we searched for its molecular chaperones. Increasing studies have reported that lncRNAs could recruit proteins and regulate the downstream pathway (Wang et al., 2019). CTCF was identified as one of the binding proteins of ZFAS1 by RNA pull-down and RIP. What is more, there was a positive regulation of ZFAS1 on CTCF protein level. The change of protein level was mainly due to the changes in the process of its synthesis or degradation. LncRNA could be involved in the protein stability through ubiquitylation (Zhang et al., 2015). CTCF was also reported to be interacted with ubiquitin (Qi et al., 2012). Moreover, among the proteins pulled down by ZFAS1, there was an E3 ubiquitin-protein ligase. So we speculated that ZFAS1 might regulate the protein level of CTCF through ubiquitin proteasome pathway. CTCF is a highly conserved 11 zinc finger DNA-binding domain protein (Franco et al., 2014) and is involved in diverse regulatory functions, including transcriptional activation or repression, modulation of histone modifications, and blocking of enhancer–promoter communication (Huang et al., 2013; Roy et al., 2018). Given the characteristics of CTCF, its target gene WNT4 was determined by ChIP seq and RNA seq. Further assays revealed that upregulated ZFAS1 inhibited the expression levels of WNT4 through the binding with CTCF. WNT4 is a member of WNT protein family, and the WNT molecules activate intracellular signals through specific receptors, subsequently modulating various cell processes, including proliferation, migration, differentiation, and apoptosis (Hu et al., 2013a). They exert activations through three WNT signaling pathway, including canonical WNT/β-catenin, WNT/calcium, and planar cell polarity pathways (Song et al., 2009). The WNT/β-catenin pathway is a major signaling pathway that modulates facial morphogenesis especially the lip and palate (Hu et al., 2013b; Jin et al., 2020). A series of phenotype about craniofacial development were observed in β-catenin conditional knockout and Tcf/Lef knockout embryos (Brault et al., 2001; Brugmann et al., 2007). Canonical WNT signaling in oral epithelium was proved to play a dynamic role in tongue and palate development (Lin et al., 2011). In our present study, β-catenin and c-Myc, key components in the canonical WNT/β-catenin pathway, were inhibited when ZFAS1 was overexpressed. So we speculated that the WNT/β-catenin pathway was the underlying mechanism of ZFAS1 regulating cell proliferation, migration, and chondrogenic differentiation in NSCLP.

To further explore the reason of ZFAS1 upregulation in NSCLP, the transcription factors that ZFAS1 may bind to were predicted, and we focused on SP1. It was reported to be a key transcription factor regulating expression levels of lncRNAs (Xu et al., 2015; Wang et al., 2017). Moreover, SP1 could combine with the promoter of ZFAS1 to regulate ZFAS1 in colorectal cancer (Chen et al., 2018). Following luciferase reporter assays, SP1 markedly increased ZFAS1 promoter activity via binding to E1 region in the promoter of ZFAS1 instead of E2 region. Moreover, SP1 was upregulated in tissue samples from patients with NSCLP, which was in accordance with ZFAS1. Therefore, we have made a conclusion that SP1 could promote the transcription of ZFAS1 by binding to the E1 region in the promoter of ZFAS1 in NSCLP.



CONCLUSION

In conclusion, we have demonstrated that lncRNA ZFAS1 was involved in NSCLP for the first time. The upregulation of ZFAS1 in NSCLP mediated by SP1 inhibited cell proliferation, migration, and chondrogenic differentiation through inactivation of the WNT/β-catenin signaling pathway, which was due to the interaction of ZFAS1 and CTCF to regulate the expression of WNT4. However, further studies are needed to declare the detailed mechanism. Moreover, if the primary cell lines from lip and palate are used for in vitro study, the conclusion will be more credible.
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Supplementary Figure 2 | HUC-MSCs were identified with a specific panel of cell surface markers of MSC by FACS. (A) The FACS results of HUC-MSCs stained with nothing; (B) the FACS results of HUC-MSCs identified by negative markers(CD34; CD11b; CD19; CD45; HLA-DR); (C–E) the FACS results of HUC-MSCs identified by positive marker(CD90; CD105; CD73); (F) The statistical results of A–E.

Supplementary Figure 3 | ZFAS1 did not affect cell apoptosis in HOK cells. (A,B) The cell apoptosis results in HOK cells with upregulating ZFAS1. (C) The statistical results of A,B. (D,E). The cell apoptosis results in HOK cells with downregulating ZFAS1. (F) The statistical results of D,E.
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Progressive familial intrahepatic cholestasis (PFIC) is an autosomal recessive inherited disease that accounts for 10%–15% childhood cholestasis and could lead to infant disability or death. There are three well-established types of PFIC (1–3), caused by mutations in the ATP8B1, ABCB11, and ABCB4 genes. Biallelic pathogenic variants in the tight junction protein 2 gene (TJP2) were newly reported as a cause for PFIC type 4; however, only a limited number of patients and undisputable variants have been reported for TJP2, and the underlying mechanism for PFIC 4 remains poorly understood. To explore the diagnostic yield of TJP2 analysis in suspected PFIC patients negative for the PFIC1–3 mutation, we designed a multiplex polymerase chain reaction-based next-generation sequencing method to analyze TJP2 gene variants in 267 PFIC patients and identified biallelic rare variants in three patients, including three known pathogenic variants and two novel variants in three patients. By using CRISPR-cas9 technology, we demonstrated that TJP2 c.1202A > G was pathogenic at least partially by increasing the expression and nuclear localization of TJP2 protein. With the minigene assay, we showed that TJP2 c.2668-11A > G was a new pathogenic variant by inducing abnormal splicing of TJP2 gene and translation of prematurely truncated TJP2 protein. Furthermore, knockdown of TJP2 protein by siRNA technology led to inhibition of cell proliferation, induction of apoptosis, dispersed F-actin, and disordered microfilaments in LO2 and HepG2celles. Global gene expression profiling of TJP2 knockdown LO2 cells and HepG2 cells identified the dysregulated genes involved in the regulation of actin cytoskeleton. Microtubule cytoskeleton genes were significantly downregulated in TJP2 knockdown cells. The results of this study demonstrate that TJP2 c.1202A > G and TJP2 c.2668-11A > G are two novel pathogenic variants and the cytoskeleton-related functions and pathways might be potential molecular pathogenesis for PFIC.

Keywords: PFIC, TJP2, novel pathogenic variant, cytoskeleton, molecular mechanism


INTRODUCTION

Progressive familial intrahepatic cholestasis (PFIC) is a group of liver disorders that are caused by disrupted bile homeostasis. PFIC patients present with intrahepatic cholestasis in infancy or early childhood. The disease accounts for ∼10%–15% of childhood cholestasis and could lead to infant disability or death (Jacquemin, 2012; Srivastava, 2014). Although the exact prevalence of PFIC remains unknown, the estimated incidence ranges between 1 and 50,000–100,000 (Jacquemin, 2012; Srivastava, 2014). Progressive familial intrahepatic cholestasis are broadly divided into six subtypes, according to clinical presentation, laboratory findings, liver histology, and genetic defect. Variants in ATP8B1, ABCB11, ABCB4, TJP2, NR1H4, and MYO5B are the main genetic causes for the development of PFIC1, 2, 3, 4, 5, and 6, respectively (Smit et al., 1993; Lam et al., 2010; Paulusma et al., 2010; Sambrotta et al., 2014; Srivastava, 2014; Himes et al., 2020). MYO5B deficiency may lead to isolated cholestasis with normal serum gamma-glutamyl transferase activity (Gonzales et al., 2017). A recent study reported that variants in the USP53 gene could generate a partial phenocopy of TJP2 disease. USP53, is a tight junction (TJ) protein, colocalizes and interacts at the cellular TJs with other tight junction proteins 1 and 2 (TJP1 and TJP2) (Zhang et al., 2020b).

The TJP2 gene was first discovered and reported by Duclos et al. (1994). It is located at chromosome 9q21.11 and has a total of 140,901 base pairs comprising 23 exons (NM_004817.3). The product of TJP2 gene is the tight junction protein 2, also called zona occludens 2 (ZO-2), which belongs to the membrane-associated guanylate cyclase family and is involved in the connection between epithelial cells and endothelial cells (Jesaitis and Goodenough, 1994). The TJP2 protein not only binds to the C-terminus of various transmembrane binding proteins but also interacts with multiple nuclear proteins, and participates in the regulation of gene expression and cell proliferation (Gonzalez-Mariscal et al., 2012; Traweger et al., 2013). It is a ubiquitous tight junction scaffold protein present in liver (Jesaitis and Goodenough, 1994). Tight junctions are intercellular barriers that control paracellular solute diffusion across cell layers and separate bile from plasma in liver (McCarthy et al., 2000; Tsukita et al., 2001).

Progressive familial intrahepatic cholestasis type 4 (PFIC4, OMIM #615878) was first described by Sambrotta et al. (2014). The deficiency of TJP2 protein may lead to the disruption of intercellular connections, which facilitates the bile to enter the liver parenchyma through the paracellular space and leads to cholestasis (Sambrotta and Thompson, 2015). Although an increasing number of pathogenic variants have been revealed in the TJP2 gene (Vitale et al., 2018; Wei et al., 2020; Zhang et al., 2020a), the molecular mechanism by which those variants cause PFIC needed to be further characterized (Sambrotta and Thompson, 2015; Amirneni et al., 2020).

In our studies, we designed a multiplex polymerase chain reaction (PCR)-based next generation sequencing method to analyze TJP2 gene variants in 267 PFIC patients negative for PFIC 1–3 mutations and identified three known pathogenic variants and two novel variants. Using CRISPR-cas9 and minigene technologies, we confirmed that the two novel variants are likely pathogenic. To better understand the pathogenicity of PFIC 4, we used small interfering RNA (siRNA) technology to downregulate the expression of TJP2 protein and investigated its impact on the cell proliferation, apoptosis, cytoskeleton, and overall structure in LO2 and HepG2 cell lines. Meanwhile, we performed global gene expression profiling of TJP2 knockdown LO2 cells and control LO2 cells to understand the signaling pathways associated with the pathogenesis of TJP2 deficiency. These results are helpful to understand the pathogenesis and may guide the treatment of PFIC.



MATERIALS AND METHODS


Patient Enrollment and Ethical Conduct of Research

Two hundred and sixty-seven PFIC patients with normal γ-glutamyl transpeptidase and free of pathogenic variants in ABCB11, ATP8B1, and ABCB4 were recruited globally by Baylor College of Medicine. We excluded those patients with disease reasonably attributed to drug exposure, autoimmune hepatitis, infection, and biliary atresia. A total of 267 Caucasian patients are sporadic cases and unrelated, including 138 females and 129 males, aged up to 30 years. All patients have signed the written informed consent before participating in this project. This study has been approved by the Institutional Review Board for Human Subject Research at the Jiangmen Maternity and Child Health Care Hospital (Jiangmen, IRB number: 2019053).



Sample Collection and DNA Extraction

Two milliliters of peripheral blood was collected from each PFIC patient. The genomic DNA was extracted from peripheral blood leukocytes with a commercially available DNA isolation kit (Gentra Systems Inc., Minneapolis, MN), according to the manufacturer’s instructions.



Multiplex PCR-Based Next Generation Sequencing Analysis of TJP2 Gene

Twenty-three pairs of TJP2 gene primers were designed to amplify TJP2 exonic regions (Supplementary Table 1). Multiplex PCR preamplification of the TJP2 gene was performed using TaqMan® PreAmp Master Mix (Cat no. 4391128, Applied Biosystems) following the manufacturer’s instructions. The PCR products were fragmented and indexed separately for the subsequent sequencing, as described previously (Li et al., 2016), Equal molar ratios of 48 indexed samples were pooled and sequenced on a MiSeq using reagent kit V2 (Illumina, San Diego, CA) with 150-cycle single-end reads. The raw data in basic calling files (.bcl format) were converted to qseq files before demultiplexing with CASAVA software version 1.7 (Illumina). Demultiplexed sequence reads were aligned to the TJP2 gene reference sequence NM_004817.3, and variants were detected by the NextGENe software version 2.3 (SoftGenetics, State College, PA). Sanger sequencing was used to validate the sequence variants identified by NGS as previously described (Li et al., 2015). Confirmed variants were annotated through a public population database and literature databases including 1000 Genomes (version phase3), dbSNP (build 148), GnomAD1, Clinvar (version 201706), HGMD (version 20164), and OMIM2. Common variants (frequency > 1% in database) were discarded. Rare or novel variants were further investigated on its amino acid conservation, protein structure, and function. Variants that change located in conserved, structural, or functional regions of protein were regarded as potential pathogenic variants. Variant interpretation was performed according to the American College of Medical Genetics (ACMG) guidelines (Richards et al., 2015).



Pathogenicity Prediction of Novel Variants and Experimental Validations

For the novel variants, c.1202A > G (p.Glu401Gly) and c.2668-11A > G, their functional impacts were predicted by multiple in silico tools software firstly. Then, for missense variant c.1202A > G (p.Glu401Gly), CRISPR-cas9 technology was utilized to construct mutant cell strain (HepG2) to confirm pathogenicity by reverse transcription polymerase chain reaction (RT-PCR), Western blot analysis, cell counting kit-8 assay analysis, and immunofluorescence protein analysis; Minigene assay was utilized to explore the impact of c.2668-11A > G variants on the splicing pattern of TJP2 gene. All experimental procedures and parameters were provided in the supplementary methodology section (Supplementary Methods).



Functional Validation and Molecular Mechanism Exploration of the Deficiency of TJP2 Protein

Using siRNA technology for downregulated the expression of TJP2 protein in LO2 and HepG2 cell lines separately. For these two TJP2 knockdown cell lines, we analyzed the expression changes of P53 protein and Actin protein by Western blot method, cell proliferation ability by cell counting kit-8 assay, and cell apoptosis rate by flow cytometry. Microtubules and microfilament in LO2 cells were visualized by confocal microscopy using anti-F-actin (1:500; Cytoskeleton, Inc. Cat. # PHDG1-A) and anti-β-tubulin (1:300; Abcam, Cat. #ab195883). Detailed information regarding experimental operations and parameters were provided in the supplementary methodology section (Supplementary Methods).



RNA-seq Library Preparation, Sequencing, and Analysis

RNA was extracted following the Trizol reagent manual. RNA was precipitated by 1:1 isopropanol (v/v) and 1 μl of glycogen at –20°C overnight. Two parallel mRNA libraries were constructed using VAHTS mRNA-seq V3 Library Prep Kit following the manufacturer’s instructions for each cell line separately. Libraries were sequenced on an Illumina NovaSeq 6000 sequencer for 318 cycles with a strategy of paired end 150. Reads that passed the Illumina quality filters were kept for the subsequent analyses. Adapters were trimmed from the reads, and reads shorter than 17 nt were discarded. The reads were mapped to the human mRNA reference database using FANSe3 algorithm on Chi-Cloud NGS Analysis Platform (Chi-Biotech Co. Ltd., Shenzhen, China). Differentially expressed genes (DEGs) were determined by R package edgeR (Version: 3.28.1) at the following cutoffs: p-value < 0.01 and absolute log2 fold change > 1 (Robinson et al., 2009; Rajkumar et al., 2015). Kyoto Encyclopedia of Genes and Genomes (KEGG) signaling pathway enrichment analyses were performed for DEGs by clusterProfiler (Version: 3.14.3) (Alexa et al., 2006; Yu et al., 2012). Kyoto Encyclopedia of Genes and Genomes pathways with the Benjamini-Hochberg-adjusted p-value < 0.05 were considered statistically significant.



Quantitative Real-Time PCR

Total RNA was isolated with TRIzol reagent according to the manufacturer’s instructions. Three parallel RNA samples were reverse transcribed using random hexamer primers in the presence of RNase inhibitor (Takara Bio, Shiga, Japan). qRT-PCR was performed with SYBR Premex EX Taq (Takara Bio) using the 7300 Sequence Detection System (Applied Biosystems, Foster City, CA). A relative quantification analysis was performed using the ΔΔCt method (Livak and Schmittgen, 2001), with actin as endogenous references. Relative gene expression is presented as the ratio of the target gene to reference.



Statistical Analysis

Statistical analyses were performed with SPSS v. 19.0. The data were performed in triplicate and analyzed by using mean ± SD, Student’s unpaired t-test. The value of n is mentioned in the figure legends and always stands for separate biological replicates. All comparisons between groups were made by unpaired two-tailed Student’s t-test. Differences with ∗ p < 0.05, ∗∗p < 0.01, and ∗∗∗p < 0.001 were considered statistically significant. n.s., not significant.



RESULTS


Variants Detected in Patients by Multiplex PCR-Based Sequencing of TJP2 Gene and Clinical Features

Five TJP2 gene variants were detected in the 267 PFIC patients, including two novel variants and three known pathogenic variants (Table 1). The two novel variants are c.1202A > G (p.Glu401Gly) and c.2668-11A > G, which were confirmed by Sanger sequencing (Supplementary Figure 1). Two compound heterozygous variants were detected in patient 46384 and patient 54691. The homozygous variants were identified in patient 62966. Table 1 summarizes clinical features and ACMG classification information.


TABLE 1. Five types of TJP2 gene variants detected in three patients.

[image: Table 1]
Biochemical data of patient 54691 at 26 months are serum alpha-fetoprotein level (171,000 ng/ml, ≤ 13.4), ALP (145 U/L, 80–220), AST (192 U/L, 15–46), ALT (114 U/L, 3–15), total bilirubin (10.2 mg/dl, 0.1–1.3), triglycerides (64 mg/dl, 35–135), albumin (2.7 g/dl, 3.8–5.4), and platelets (128 K/μl, 150–450). We perform histologic and immunohistochemical studies (anti-TJP2 and anti-CLDN1 immunostaining) on patient 54691 (Zhou et al., 2015).

Patient 62,966 at 5 years old has a weight of 17.50 kg, a height of 105.50 cm, a BMI of 15.72, a weight percentile of 15, a height percentile of 3, and a BMI percentile of 63, has cholestatic jaundice (idiopathic) and hepatitis, fat-soluble vitamin deficiency of ADEK, splenomegaly, hypervascular lesions in liver, elevated AFP (most recently normal), and scleral icterus. Seven-year-old patient 62,966 has idiopathic cholestatic neonatal hepatitis with striking hepatomegaly and splenomegaly. She has a prolonged INR, which may be related to vitamin K deficiency or worsening synthetic function, despite vitamin K replacement. Her albumin is also low, raise concern for worsening synthetic function. Her absorption of all fat-soluble vitamins is very poor despite high intake, as seen in disorders where there is poor bile acid delivery to the gut. Her declining platelet count and increasing spleen size indicated hypersplenism due to portal hypertension. CT examination found three masses. In the anterolateral dome of the liver, corresponding to the junction between Couinaud segment 8 and segment 4A, there is a hypervascular liver mass measuring 2.5 × 2.4 × 2.1 cm. During portal venous phase imaging, the mass becomes iso-attenuating to liver parenchyma. During delayed phase imaging, there is subtle central lower attenuation with a rim of continued slightly higher attenuation relative to surrounding liver parenchyma. We also conducted hematoxylin-eosin staining assays on patient 62966 (Table 1).



The TJP2 c.1202A > G Is a Novel Pathogenic Variant in PIFC

The missense variant TJP2 c.1202A > G (p.Glu401Gly) was predicted as probably damaging (HDIV score: 0.95, HVAR score: 0.714) by PolyPhen-2,Disease_causing (1.000) by MutationTaster, deleterious (score: –4.05) by PROVEAN, and damaging (score: 0.013) by SIFT. Based on the GERP++, PhyloP, and PhastCons methods, this missense variant position probably belongs to a conserved element as the conservation scores are 5.75, 4.794, and 1 separately. We used CRISPR-cas9 technology to construct a mutant HepG2 cell line and performed various experiments to further characterize the functional impact of the variant. The expression levels of TJP2 mRNA and protein were upregulated (Figures 1A,B). Cell proliferation was enhanced in c.1202A > G mutated HepG2 cells as compared to wild-type HepG2 cells at 48 h after transfection (p-value < 0.05, Student’s t-test, Figure 1C). The immunofluorescence assay demonstrated that TJP2 protein expressed at both cytoplasm and nucleus in WT HepG2 cells. Almost the TJP2 protein is expressed at nucleus in c.1202A > G mutated HepG2 cells (Figure 1D). These results suggest that TJP2 c.1202A > G is pathogenic at least partially by increasing the expression and nuclear localization of TJP2 protein. According to the ACMG guidelines, our prediction results and functional experimental discoveries above could supply PS3, PM2 (only one heterozygote in gnomAD, 4.0E–06), PP3, and PP4 evidence for the TJP2 c.1202A > G variant. Combining with all these evidence categories, we suggest that TJP2 c.1202A > G is a likely pathogenic variant.
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FIGURE 1. The TJP2 c.1202A > G (p.Glu401Gly) is a novel pathogenic variant. (A) The mutant HepG2 cells show a significantly higher TJP2 mRNA expression level than the wild-type HepG2 cells. (B) The mutant HepG2 cells show a significantly higher TPJ2 protein expression level than the wild-type HepG2 cells. (C) The cell viability was significantly enhanced in mutant HepG2 cells at 48 h as compared to wild-type HepG2 cells. (D) TJP2 protein was enriched in the nucleus of TJP2 c.1202A > G mutated HepG2 cells. DAPI indicates that the nuclei are stained with 4’,6-diamidino-2-phenylindole, dihydrochloride (DAPI). Merge represents the merged fluorescent image of nucleus and cytoplasm labeled by red and blue fluorescence.




The TJP2 c.2668-11A > G Variant Leads to Translation of Prematurely Truncated TJP2 Protein

The TJP2 c.2668-11A > G variant is located in the intron region of TJP2 gene and may have an impact on splicing. We utilized Alamut Visual mutation analysis software (version 2.14, Interactive Biosoftware, Rouen, France), including five different algorithms, SpliceSiteFinder-like, MaxEntScan, NNSPLICE, GeneSplicer, and Human Splicing Finder, to evaluate the splicing effects of the variant. Alamut Visual mutation analysis software predicted that the TJP2 c.2668-11A > G variant created a new acceptor site and a 10-bp intron region was retained in the transcript, causing premature translational termination of TJP2 protein (Supplementary Figure 2). The conservation scores predicted by the PhyloP and PhastCons methods are 0.669 and 0.903, indicating that the variant position might be a conserved element. Then, we performed a minigene experiment to further validate the prediction. The results of the minigene assay showed the plasmid containing wild-type TJP2 could transcribe exon 19 of the TJP2 gene. In addition to exon 19, the plasmid containing mutant TJP2 expressed an additional 10-bp intronic region (ATTCCTCTAG) (Figure 2, Supplementary Figure 3). These results suggest that the TJP2 c.2668-11A > G variant causes abnormal splicing of TJP2 mRNA; translation of 897 amino acids prematurely truncated TJP2 protein (normal is 1190 amino acids, Supplementary Table 4). According to the ACMG guidelines, our prediction results and functional experimental discoveries above could supply PS3, PM2 (only two heterozygotes in gnomAD, 9.0E–06), PP3, and PP4 evidence for the TJP2 c.2668-11A > G variant. Combining with all these evidence categories, we suggest that TJP2 c.2668-11A > G is a likely pathogenic variant.


[image: image]

FIGURE 2. The TJP2 c.2668-11A > G is a new pathogenic variant by inducing abnormal splicing of TJP2 gene. (A) The transcription of TJP2 exon 19 of the wild-type plasmid was validated by minigene assay and sanger sequencing. (B) The transcript of the empty plasmid. (C) The transcription of exon 19 and retained 10 bp intronic region (ATTCCTCTAG) of the mutant plasmid as validated by minigene assay and Sanger sequencing.




Knockdown of TJP2 Protein Inhibits Cell Proliferation and Induces Apoptosis

To investigate the molecular mechanism underlying the pathogenesis of TJP2 deficiency, we performed knockdown of TJP2 gene expression by two different siRNAs (1573 and 1673). As compared to the negative control, the siRNAs caused marked reduction in TJP2 protein expression in both LO2 and HepG2 cell lines. As a result, the knockdown of TJP2 protein led to increased expression of TP53 protein in the two cell lines (Figures 3A,B). The CCK-8 assay and flow cytometry assay demonstrated that the downregulation of TJP2 protein expression inhibited cell proliferation at 48 h and 72 h after transfection of siRNAs (Figures 3C,D) and promoted cell apoptosis in both LO2 and HepG2 cells (p < 0.05 for all cases, Student’s t-test, Figures 3E–H).
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FIGURE 3. TJP2 protein deficiency leads to an increase in TP53 protein expression, inhibition of cell proliferation and induction of apoptosis in LO2 and HepG2 cells. (A) Downregulation of the TJP2 gene by two siRNAs (1573 and 1673) remarkably decreased the TJP2 protein expression and increased TP53 protein expression in LO2 cells in comparison with negative control (siNT). (B) Downregulation of TJP2 protein by two siRNAs (1573 and 1673) dramatically decreased the TJP2 protein expression and increased TP53 protein expression in HepG2 cells in comparison with negative controls. (C) Knockdown of TJP2 protein by siRNAs caused a significant decrease in cell proliferation in LO2 cells at 48 h and 72 h after transfection of siRNAs. (D) Knockdown of TJP2 protein by siRNAs caused a significant decrease in cell proliferation in HepG2 cells at 48 h and 72 h after transfection of siRNAs. (E,F) Silencing TJP2 protein expression by siRNAs induced cell apoptosis in LO2 cells. (G,H) Silencing TJP2 protein expression by siRNAs induced cell apoptosis in HepG2 cells. The data is presented as mean ± standard deviation (n = 3, *p < 0.05, **p < 0.01). ZO2, 150 kDa; P53, 53 kDa; ACTIN, 42 kDa; GAPDH, 37 kDa.




Knockdown of TJP2 Causes Cell Structural Disorder

To analyze the impact of deficiency of TJP2 protein on the cytoskeleton and overall structure, the cytoskeleton was stained by immunofluorescence with β-tubulin and F-actin antibody, respectively. The cytoskeletons of LO2 and HepG2 cells were observed by confocal laser microscopy. The results showed that silencing TJP2 protein expression did not significantly change the tubulin of LO2 and HepG2 cells. In contrast, the downregulation of TJP2 protein expression resulted in dispersed F-actin and disordered microfilaments (Figure 4), indicating the role of TJP2 in F-actin regulation.
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FIGURE 4. The downregulation of TJP2 expression results in dispersed F-actin and disordered microfilaments. (A) No apparent change of microtubules was observed between the negative control group and siRNA-transfected groups in LO2 cells. siNT is the negative control group; siTJP2 (1573) and siTJP2 (1673) are treatment groups transfected with siRNA (1573) and siRNA (1673), respectively. The red box indicates microtubules labeled with green fluorescence. Microtubules in LO2 cells were visualized by confocal microscopy using an anti-β-tubulin antibody (Abcam, Cat. #ab195883). (B) The downregulation of TJP2 protein expression resulted in dispersed F-actin and disordered microfilaments in LO2 cells. F-actin (Cytoskeleton Inc., Cat. # PHDG1-A) was labeled with red fluorescence; the nucleus was labeled with blue fluorescence by hochest33342 staining. Merge represents the merged fluorescent image of F-actin and nucleus labeled by red and blue fluorescence. (C) No apparent change of microtubules was observed between the negative control group and siRNA-transfected groups in HepG2 cells. (D) The downregulation of TJP2 protein expression resulted in dispersed F-actin and disordered microfilaments in HepG2 cells. Scale bars, 20 μm.




Functional Characterization of DEGs in TJP2 Knockdown LO2 and HepG2 Cells

To understand the signaling pathways associated with pathogenic variants in PIFC, we next performed global gene expression profiling on TJP2 knockdown LO2 cells and HepG2 cells as compared to control cells. In LO2 cells, a total of 5981 DEGs were detected (p < 0.01), of which 3,169 were downregulated and 2,812 were upregulated in TJP2 knockdown cells (Figure 5A). In HepG2 cells, a total of 1,013 DEGs were detected (p < 0.01), of which 559 were downregulated and 454 were upregulated in TJP2 knockdown cells (Figure 5C). We performed KEGG pathway analysis to find out the overlap pathway of these two cell lines. The overlap KEGG pathways that are significantly enriched for DEGs were pathways in cancer, regulation of actin cytoskeleton, and TGFβ signaling pathway. Related to the functional observation of TJP2 above, the regulation of actin cytoskeleton pathway stood out in the analysis (Figures 5B,D). We compared the LO2 transcriptome data with the data of HepG2 cells. The abnormally expressed genes involved in the regulation of the actin cytoskeleton pathway showed a significant overlap (Figure 5E); these genes are PDGFRB, PIK3CB, ITGA2, TMSB4X, GSN, PIK3R3, and ITGAV. By performing qPCR analysis, we further confirmed the dysregulation of these genes in LO2 and HepG2 cells upon TJP2 knockdown (Figure 5F).
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FIGURE 5. Characterization of DEGs in TJP2 knockdown LO2 and HeG2 cells. (A) Volcano plot of the DEGs in TJP2 knockdown LO2 cells, with red and blue dots indicating upregulated and downregulated genes, respectively. (B) KEGG signaling pathway enrichment of abnormally expressed genes for TJP2 knockdown LO2 cells. (C) Volcano plot of the DEGs in TJP2 knockdown HepG2 cells, with red and blue dots indicating upregulated and downregulated genes, respectively. (D) KEGG signaling pathway enrichment of abnormally expressed genes for TJP2 knockdown HepG2 cells. (E) Venn diagram showing overlap between the dysregulated genes related to “Regulation of Actin cytoskeleton” in TJP2 knockdown LO2 cells and HepG2 cells. The overlapping genes are indicated below. (F) Quantitative PCR confirmation of dysregulated genes. The relative mRNA expression data are presented as mean ± standard deviation (n = 3, *p < 0.05, **p < 0.01, ***p < 0.001). siTJP2, siTJP2 (1673).




DISCUSSION

In the present study, we identified three patients among 267 PFIC patients which were previously tested negative for ABCB11, ATP8B1, and ABCB4 gene variants carried homozygous or compound heterozygous disease-causing variant in TJP2 gene. The remaining negative 264 PFIC patients probably have variants outside these areas like the untranslated regions or the other genes (e.g. NR1H4, MYO5B, USP53), especially in patients who experienced cholestatic symptoms within the first year of life (Dröge et al., 2017). Two variants among all the five variants we have identified in TJP2 gene could be pathogenic based on our functional studies. TJP2 c.1202A > G was predicted as a damaging mutation by multiple software and could significantly upregulate the expression of TJP2 protein especially in the nucleus, which might lead to abnormal biological processes including enhancement of cell proliferation. Functional prediction and experimental results both indicated that TJP2 c.1202A > G is most likely a pathogenic variant. Splicing variant TJP2 c.2668-11A > G causes abnormal splicing of TJP2 mRNA, which could produce prematurely truncated TJP2 protein and cause the deficiency of TJP2 protein. Deficiency of TJP2 protein has been reported as the pathogenic mechanism of PFIC type 4 (Zhang and Yu, 2016).

Generally, PFIC type 4 predominantly occurs in childhood (Vitale et al., 2018), but patient 46384 who has compound heterozygous pathogenic variants (c.1202A > G and c.817delG, which were inherited from her mother and father, respectively.) was 21 years old at the time of the sample collection. The compound heterozygous variants are a novel missense variant c.1202A > G (p.Glu401Gly) and a pathogenic variant c.817delG (p.Ala273Profs∗38) (Sambrotta et al., 2014; Zhou et al., 2015). TJP2 c.1202A > G could upregulate the expression of TJP2 protein and TJP2 c.817delG caused the deficiency of TJP2 protein. We speculate that the two functionally opposite heterozygous pathogenic variants might lead to a functional balance and partially explain why patient 46384 could survive so long.

Hepatocytes exhibit a unique cellular polarity and the maintenance of cellular polarity is essential for many functions of hepatocytes (Gissen and Arias, 2015). In a recent study, Itoh et al. inactivated the TJP2/ZO-2 gene in alive mouse livers and observed that the cellular polarity was compromised (Itoh et al., 2021). The specific transporters localized at basolateral and apical membrane domains are responsible for the uptake and secretion processes (Stapelbroek et al., 2010). A study from Sambrotta et al. shows that deficiency of TJP2 protein caused a failure of localization of claudin-1 at the canalicular membrane, with the disruption of the tight-junction structure leading to a leakage of the biliary components through the paracellular space into the liver parenchyma, causing damage to the surrounding hepatocytes and cholangiocytes (Sambrotta and Thompson, 2015). However, the effect of TJP2 protein deficiency on the cytoskeleton and overall cell structure has not been studied. We have used siRNA to study and found that the deficiency of the TJP2 protein could cause filament arrangement disorder and cell fusion in both HepG2 and LO2 cell lines. The mRNA-seq analysis also showed that the dysregulation genes are related to cytoskeleton organization or cytoskeletal binding function.

TJP2 protein often interacts with multiple nuclear proteins to regulate gene expression and cell proliferation (Gonzalez-Mariscal et al., 2012). According to Western blot analysis, we found that the deficiency of TJP2 protein could increase the expression of P53 protein. However, the increased expression of TP53 has turned out not to be statistically significant in the DEG analysis. Knockdown of TJP2 inhibits cell proliferation, induces apoptosis, and causes cell structural disorder. TJP2 is a multidomain molecule that binds to a variety of cell signaling proteins, to the actin cytoskeleton, and to gap, tight, and adherens junction proteins, and inhibits the Wnt signaling pathway, reduces cell proliferation, and promotes apoptosis (Gonzalez-Mariscal et al., 2012). Actin sedimentation studies showed TJP2 protein to interact directly with F-actin (Wittchen et al., 1999). We report that the downregulation of TJP2 protein expression resulted in dispersed F-actin and disordered microfilaments. Based on the results of mRNA-seq analysis in LO2 cells, we found that the deficiency of TJP2 protein could influence the expression of genes involved in intracellular membrane-related organelles and cytoskeleton, thereby affecting the binding function, metabolic processes, and cytoskeleton organization. These biological processes are closely related to the physiological processes related to cholestasis (Javitt, 1994; Chiang, 2009; Boyer, 2013). The KEGG pathway enrichment analysis showed that many DEGs were involved in the apoptosis pathway, which, to a large extent, explains why TJP2 deficiency increases cellular apoptosis.

Reported patients with TJP2 deficiency display severe progressive cholestatic liver disease in early childhood, which increases the risk of developing hepatocellular carcinoma (Zhou et al., 2015). Many studies have reported that infant liver cancer patients have TJP2 gene variants (Zhou et al., 2015; Parsons et al., 2016; Zhang and Yu, 2016). In our study, the signal pathways enriched for DEGs are mostly related to the small-molecule metabolic pathways and cancer-related signal pathways such as the mTOR signaling pathway, hepatocellular carcinoma, TNF signaling pathway, and mTOR signaling pathway. The dysregulated cancer-associated pathways caused by the deficiency of TJP2 protein might be attributable to the development of hepatocellular carcinoma. Therefore, the influence on cytoskeleton organization pathway and the filament arrangement disorder might provide new insight into the pathogenic mechanism of variants in TJP2 gene in PFIC type 4.



CONCLUSION

This study showed the diagnostic yield of TJP2 analysis in suspected PFIC parents negative for identifiable PFIC1–3 mutations (up to 1.12%). We reported two novel pathogenic variants, TJP2 c.1202A > G and TJP2 c.2668-11A > G, and expanded the clinical and molecular spectrum of PFIC4. Our study enhanced understanding of the consequences of TJP2 deficiency in vitro and revealed that the cytoskeleton-related functions and pathways might be potential molecular pathogenesis for PFIC.
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Biallelic Mutations in ACACA Cause a Disruption in Lipid Homeostasis That Is Associated With Global Developmental Delay, Microcephaly, and Dysmorphic Facial Features
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Objective: We proposed that the deficit of ACC1 is the cause of patient symptoms including global developmental delay, microcephaly, hypotonia, and dysmorphic facial features. We evaluated the possible disease-causing role of the ACACA gene in developmental delay and investigated the pathogenesis of ACC1 deficiency.

Methods: A patient who presented with global developmental delay with unknown cause was recruited. Detailed medical records were collected and reviewed. Whole exome sequencing found two variants of ACACA with unknown significance. ACC1 mRNA expression level, protein expression level, and enzyme activity level were detected in patient-derived cells. Lipidomic analysis, and in vitro functional studies including cell proliferation, apoptosis, and the migratory ability of patient-derived cells were evaluated to investigate the possible pathogenic mechanism of ACC1 deficiency. RNAi-induced ACC1 deficiency fibroblasts were established to assess the causative role of ACC1 deficit in cell migratory disability in patient-derived cells. Palmitate supplementation assays were performed to assess the effect of palmitic acid on ACC1 deficiency-induced cell motility deficit.

Results: The patient presented with global developmental delay, microcephaly, hypotonia, and dysmorphic facial features. A decreased level of ACC1 and ACC1 enzyme activity were detected in patient-derived lymphocytes. Lipidomic profiles revealed a disruption in the lipid homeostasis of the patient-derived cell lines. In vitro functional studies revealed a deficit of cell motility in patient-derived cells and the phenotype was further recapitulated in ACC1-knockdown (KD) fibroblasts. The cell motility deficit in both patient-derived cells and ACC1-KD were attenuated by palmitate.

Conclusion: We report an individual with biallelic mutations in ACACA, presenting global development delay. In vitro studies revealed a disruption of lipid homeostasis in patient-derived lymphocytes, further inducing the deficit of cell motility capacity and that the deficiency could be partly attenuated by palmitate.

Keywords: lipogenesis, palmitate, acetyl-CoA carboxylase 1, developmental delay (DD), ACACA gene


INTRODUCTION

Acetyl-coenzyme A carboxylase (ACC) catalyzes the conversion of acetyl-CoA into malonyl-CoA (Hopwood and Sherman, 1990). In mammalian cells, two tissue-specific isoforms (ACC1 and ACC2) of ACC exist. Cytosolic protein ACC1 mainly exists in the liver and adipose tissue (Thampy, 1989) and is encoded by ACC alpha (ACACA, MIM: 200350). In contrast, mitochondrial membrane protein ACC2 mainly exists in the liver, heart, and skeletal muscle (Abu-Elheiga et al., 2000) and is encoded by ACC beta (ACACB, MIM:601557). ACC1 serves as the first and rate-limiting enzyme in de novo fatty acid biosynthesis. Malonyl-CoA produced by ACC1, serves as the substrate not only for de novo lipogenesis but also for further fatty acid chain elongation (Wakil and Abu-Elheiga, 2009). The malonyl-CoA produced by ACC2 works as the inhibitor of carnitine palmitoyltransferase 1 (CPT1), and participates in the regulation of fatty acid oxidation (Abu-Elheiga et al., 2001). Collectively, both ACCs play essential roles in lipid metabolism.

Studies revealed that the lack of ACC1 would lead to an alteration in the lipid composition (Glatzel et al., 2018), as malonyl-CoA is the substrate for fatty acid chain elongation. The homeostasis of lipid composition is required for several cell metabolism processes including cell proliferation, cell death (Agmon and Stockwell, 2017), and cell motility (Glatzel et al., 2018). Numerous of studies have focused on revealing the role ACC1 plays in metabolic and neoplastic diseases (Milgraum et al., 1997; Harwood, 2004, 2005; Berod et al., 2014; Rios Garcia et al., 2017; Stiede et al., 2017; Glatzel et al., 2018). Despite this, the implication of ACACA in Mendelian diseases has yet to be elucidated. The first patient with ACC deficiency was described in Blom et al. (1981). Low ACC enzyme activity was detected in a liver biopsy while direct sequencing evidence was lacking due to the limitation of technology; it was unable to tell whether the ACC deficiency was caused by the mutations in ACACA or ACACB.

Here, we first describe a patient with ACACA mutations with the support of direct sequencing evidence. Functional assays were performed to investigate the pathogenesis of ACC1 deficiency and possible therapeutic chemical input. However, further conclusions about genotype-phenotype correlations require more clues in the future and should be carefully characterized at a clinical level.



MATERIALS AND METHODS


Study Participants

The individual was first evaluated at the Pediatric Clinic at Peking University First Hospital and the follow-up evaluations were performed at the Pediatric Clinic at The First Affiliated Hospital of Henan University of Chinese Medicine. Genetic testing was performed at the Chi-gene (China). The proband provided peripheral blood for further molecular analysis. All family members provided written informed consent to participate in this study. This study was approved by the Ethics Committee of Peking University First Hospital (approval study ID: 2017-217).



Variants Analysis

Whole exome sequencing (WES) was performed using an Illumina HiSeq 2000 sequencer (Illumina, United States). The bioinformatic work followed sequencing. Briefly, the bioinformatic workflow pipeline included quality control of raw data, processing data, aligning data to reference genome (GRCh38/hg38), variant calling, genome assembly, and genome annotation. Furthermore, the candidate disease-causing variants were filtered with the following criteria: Data quality (most probable genotype, MPG score > 10; Sims et al., 2014); compound heterozygous or homozygous variants; non-synonymous/non-sense/splice/frameshift variants; variants that were absent in the dbSNP database, 1,000 genomes or controls. DNA were extracted from all three participants (proband, father, and mother) as described before (Lou et al., 2018), and Sanger sequencing was performed using specific primers (Supplementary Table 2) for segregation analysis.



Bioinformatic Analysis

The possible effect caused by both variants was predicted by using the following online bioinformatic analysis tools: SIFT1 (Vaser et al., 2016), PROVEAN2 (Choi and Chan, 2015), MutationTaster3 (Schwarz et al., 2014), PolyPhen-24 (Adzhubei et al., 2010), dbSNP5 (Sherry et al., 2001), ClinVar6 (Landrum et al., 2020), ExAC7, and SDM8 (Worth et al., 2011; Pandurangan and Blundell, 2020).



Immortalization of B Lymphocytes

Peripheral blood mononuclear cells (PBMCs) were extracted from the individual and age-matched controls’ whole blood. Immortalization of B lymphocytes followed the procedure described before (Lou et al., 2018). Immortalized lymphoblastoid cells were cultured with Roswell Park Memorial Institute (RPMI) 1,640 medium (Thermo Fisher Scientific, United States) supplemented with 10% Fetal Bovine Serum (FBS; Gibco, United States), 1% (v/v) penicillin-streptomycin (Beyotime Biotechnology), and 2.5 μg/mL of amphotericin (Sangon, China) at 37°C and 5% CO2.



Cell Culture and Construction of RNAi ACC1-Knockdown Cell Lines

Fibroblasts were obtained from healthy children’s foreskin following the protocol approved by The First Affiliated Hospital of Wenzhou Medical University. The human umbilical vein endothelial cells (HUVEC) cell line was a gift from Dr. Licai He’s lab. ACC1 was knocked down in both fibroblasts and the HUVEC cell line by RNAi duplex constructs (Supplementary Table 2) using lipofectamine RNAiMAX (Thermo Fisher Scientific) according to the manufacturer’s instructions. All fibroblasts were cultured in Dulbecoo’s Modified Eagle Medium (DMEM; Gibco) supplemented with 10% FBS (Gibco), 1% (v/v) penicillin-streptomycin (Beyotime Biotechnology), and 2.5 μg/mL of amphotericin (Sangon). The HUVEC cell line was cultured in Gibco RPMI 1,640 medium containing 10% FBS (Gibco), 1% (v/v) penicillin-streptomycin (Beyotime Biotechnology), 2.5 μg/mL of amphotericin (Sangon), and 25 mM of HEPES (Solarbio, China). All cells were cultured at 37°C and 5% CO2.



Real-Time PCR

Real-Time PCR was performed as described previously (Fang et al., 2018). Briefly, total RNA was extracted from lymphocytes or fibroblasts and reverse-transcribed into cDNA using TRIzolTM Reagent (Thermo Fisher Scientific) or a PrimeScriptTM RT Master Mix (Perfect Real Time; Takara Biotechnology, China), respectively, according to the manufacturer’s instructions. The RT-PCR reaction was performed using the Universal SYBR Green Supermix (Bio-Rad, United States) according to the manufacturer’s instructions. All primers are listed in Supplementary Table 2.



Cytoplasm Extraction

Considering that both ACC1 and ACC2 have ACC activity, cytoplasm was extracted to avoid the interference from ACC2. Cytoplasm was extracted as described before (Bai et al., 2017). Briefly, either 1 × 106 lymphocytes or fibroblasts were harvested and washed with ice-cold phosphate-buffered saline (PBS), cells were incubated with 100 μl of ice-chilled extracting buffer [150 mM of NaCl (Sigma-Aldrich, United States), 50 mM of HEPES (Sigma-Aldrich, pH 7.4), and 12.5 μg/mL OF digitonin (Sigma-Aldrich)] for 1 min and subjected to centrifugation at 980 × g for 5 min, followed by additional centrifugation twice at 980 × g for 5 min. Cytoplasm was obtained by a final centrifuge of the supernatant at 20,000 × g for 25 min (Bai et al., 2017). The cytoplasm sample was finally divided evenly into two parts: One for ACC1 protein detection by SDS-PAGE, and one for ACC1 enzymatic activity measurement.



SDS-PAGE

For lymphocytes, cytoplasm samples outlined above for SDS-PAGE were used to detect ACC1 protein levels. For fibroblasts, whole cell lysis applied for SDS-PAGE was used to detect ACC1 protein levels. Fibroblasts were harvested and lysed in RIPA lysis buffer (Cell Signaling Technology, United States) with protease inhibitor (Beyotime Biotechnology, China); cytoplasm sample: Outlined above. Protein concentration was determined using a PierceTM BCA Protein Assay Kit (Thermo Fisher Scientific) following the manufacture’s instructions. Briefly, BCA working reagent was prepared by mixing 50 parts of BCA reagent A with 1 part of BCA reagent B. A total of 1 μl of sample was pipetted into the 96-well plate containing 0.2 ml of working reagent, mixed well, and incubated at 37°C for 30 min. The absorbance of all samples was measured with the spectrophotometer set to 562 nm. The protein concentration was quantified by the standard curve of a set of protein standards. The denaturation of the protein was performed at 95°C for 5 min. Later, SDS-PAGE was performed as described before (Lou et al., 2018). Overall, 30 μg of total protein was loaded into 8% polyacrylamide gels, then the protein was transferred onto polyvinylidene difluoride membranes (PVDF; Bio-Rad). The membrane was blocked with 5% no-fat milk for 2 h and probed with appropriate primary antibodies overnight: Anti-ACC1 (1:1,000, Proteintech, China) and anti-β-actin (1:2,000, Abcam, United Kingdom). Horseradish peroxidase marked anti-mouse antibody or anti-rabbit antibody (1:2,000, Cell Signaling Technology) was used. Protein signal was detected by western ECL substrate (Bio-Rad).



ACC1 Enzyme Activity Measurement

Cytoplasm samples outlined above were used for further ACC1 enzyme activity measurement. ACC1, rather than ACC2, was measured based on a discontinuous spectrophotometric method. Enzyme activity of ACC1 was determined as follows (Willis et al., 2008; Sumiya et al., 2015): 10 μl of ACC1-containing cytoplasm was added into pre-warmed (30°C) ACC reaction buffer [100 mM of potassium phosphate (Sigma-Aldrich, pH 8.0), 15 mM of KHCO3 (Sangon), 5 mM of MnCl2 (Sigma-Aldrich), 1 mg/mL of bovine serum albumin (BSA, Beyotime Biotechnology, China), 1 mM of acetyl-CoA (Sigma-Aldrich), 5 mM of ATP (Sigma-Aldrich), and 3 mg/L of biotin (Sigma-Aldrich)] to start the conversion of acetyl-CoA to malonyl-CoA in 30°C for 15 min. The untransformed acetyl-CoA in ACC reaction buffer was determined by incubating the cytoplasm-containing ACC reaction buffer with acetyl-CoA assay buffer [100 mM of potassium phosphate (pH 8.0), 0.1 mg/mL of dithionitrobenzoic acid (DTNB, Sigma-Aldrich), 20 mM of oxaloacetate (Sigma-Aldrich), and 1 mg/mL of BSA, 0.5 unit citrate synthase (Sigma-Aldrich)] at 30°C until the absorbance at 412 nm was not changed. The relative ACC1 activity normalized to overall cytoplasm protein was calculated by [OD412 (ACC reaction buffer)-OD412 (ACC reaction buffer with cytoplasm proteins)]/15 min/μg of cytoplasm protein.



Cell Preparation and Lipidomic Analysis

Lipidomics was performed by the Novogene company (China). Lymphocytes were harvested and rapidly frozen by liquid nitrogen. Lipid extraction, UHPLC-MS/MS analysis, and a data search were performed successively. Finally, heat maps were clustered and the correlation between differential metabolites was analyzed. P-value <0.05 was considered as statistically significant.



Trans-Well Migration Assay

The Trans-well migration assay was performed as described before (Glatzel et al., 2018). The lymphocytes (1 × 105) were added into the upper chamber (5 μm) containing RPMI 1640 (Thermo Fisher Scientific) with 0.1% FBS (Gibco) and the lower chamber with 20% FBS (Gibco). The cell numbers of both the upper and the lower chamber were counted after 6 h using a flow cytometer. The fibroblasts (1 × 105) were seeded into the upper chamber (8 μm) containing DMEM with 0.1% FBS (Gibco) and the lower chamber with 20% FBS (Gibco). After 24 h, the cells were fixed with 4% paraformaldehyde (Lingfeng, China), stained with crystal violet (Beyotime Biotechnology), and then observed by microscope (Nikon, Japan). Lymphocytes were pre-treated with PA (150 μM, Sigma-Aldrich) dissolved in 20% fatty acid-free bovine serum albumin (Solarbio, China) for 24 h and then migrated for 6 h. The PA (50 μM) was added into both upper and lower chambers during the migration of fibroblasts, and the remaining steps were performed as before.



Wound Healing Assay

The wound healing assay was performed as described (Sims et al., 2014). Briefly, fibroblasts (1 × 105) were seeded into a 6-well plate in culture medium with or without PA (50 μM). After 24 h, a line was scratched by a sterile pipette tip into cell monolayers, and then washed with pre-warmed PBS twice. The scratch wound was allowed to recover for 24 h, micrographs were captured for each sample at the same time points (0, 12, and 24 h) using a microscope (Nikon, Japan). Image J software (NIH, United States) was used to quantify the area of the scratch of each sample. The wound healing assay of HUVEC cell lines was performed as for fibroblasts. The HUVEC cell lines (5 × 104) was seeded into a 6-well plate in culture medium with or without PA (50 μM). After scratching, the cell was allowed to cover for 12 h, and micrographs were captured for each sample at the same time points (0, 6, and 12 h).



Apoptosis Analysis

The cellular apoptosis assay was performed using FITC Annexin V Apoptosis Detection Kit I (Biosciences, United States) according to the manufacturer’s instructions. In short, the cells were stained with FITC and PI for 15 min at room temperature in the dark. Finally, fluorescence of FITC annexin V and PI were detected by a flow cytometer.



Cell Proliferation Assay

Lymphocytes (1 × 105) were seeded into a 6-well plate with culture medium, and the cell number was determined by a flow cytometer at the same time points (0, 24, 48, and 72 h).



Statistical Analyses

All experiments were performed in triplicate and independently at least three times. All data were analyzed by mean ± SEM in prism 8.0 (GraphPad, United States). P-values were calculated using independent Student’s t test or one-way ANOVA, p < 0.05 was considered statistically significant.



RESULTS


Clinical Information

The proband (II-1) was born to a non-consanguineous Chinese family. The patient was evaluated at 17 months at the local hospital with the diagnosis of motor developmental delay, intellectual developmental delay, hypotonia, and elevated lactate (3.4 mM, normal 0–2.2 mM). Then the patient was referred to the Pediatric Clinic at Peking University First Hospital at 25-months-old for diagnosis of global developmental delay. The birth history was obtained from the parents, the proband was born after a 40-week gestation via cesarean section due to premature rupture of membranes (PROM) and amniotic fluid contamination. Her birth weight was 3.3 kg, birth length was 50 cm. A detailed physical examination was done at 25 months: Body height: 83 cm (−2SD <<−1SD), body weight: 11.5 kg (−2SD <<−1SD), head circumference: 43.5 cm (<−3SD), no abnormality in vision and hearing, no rashes in skin/breast, normal bowel sounds, abdomen soft, and non-tender. Laboratory investigations revealed an elevated blood lactate level (2.69, 0.7–2.1 mM), hypoxemia (10.7, 15–22 ml/dl), an elevated urine amino acid level (Arg/Orn 0.01, normal 0.03–0.70; Cit/Arg 11.15, normal 0.33–8.01), and a decreased or low limit of the normal region in the serum carnitine assay (C4 0.1 μM, normal 0.15–1.85 μM; C5 0.01 μM, normal 0.01–0.14 μM; C6 0.01 μM, normal 0.01–0.14 μM; C16 0.53 μM, normal 0.75–6.2 μM, and C5/C8 0.17, normal 0.19–7.00). There were unremarkable changes in the urine organic acid assay and blood ceruloplasmin level. Magnetic resonance imaging (MRI) showed that the sulcus and fissures of bilateral cerebral area were deepening as indicated (Supplementary Figure 1A), which mostly correlated to the malformation of the brain and a deficit in cognitive ability. Unremarkable abnormalities were apparent in the electrocardiogram (EEG) and echocardiogram (ECG). Other remarkable medical records including fatigue, muscle weakness, and language disorder were noted. Genetic testing revealed compound heterozygous variants in the ACACA gene. Vitamin B2 was applied with the consideration of the symptoms of weakness, fatigue, etc., Levocarnitine was administered to attenuate the deficiency of serum carnitine. As ACC1 is the key limited enzyme during the fatty acid synthesis process, medium-chain triglycerides (MCT) oil was supplemented to compensate the deficit of fatty acid synthesis. Concisely, the following medication was applied at 25 months: Vitamin B2 (60 mg/d), levocarnitine (0.5 g/d), and MCT oil (10 ml/d). The individual was evaluated with the Griffith Mental Development Scales (GMDS) according to the instructions of the follow-ups (detailed in Supplementary Table 1). The first evaluation was performed at 25 months (before treatment). The second evaluation was done after 19 months of treatment. Compared to the first evaluation, personal social emotional (36–41%, equivalent age/actual age), language and communication (30–45%), eye and hand coordination (20–41%), and the vision of the patient (34–49%) had improved by the second evaluation, with no improvement in the gross motor quotient (both 44%). At 51 months (26 months after treatment), similar to the pattern at 44 months, her language and communication (30–48%), eye and hand coordination (20–37%), and vision displayed improvements (34–46%). According to the parents, they got the feeling that the patient also improved in exercise endurance and language ability after treatment. However, due to the limitation of the patient number, all the evaluations failed to exclude the normal biological development effect.



Pathogenicity Evaluation of ACACA Variants

To investigate the genetic basis of the patient (II-1), WES was performed. According to the criterion mentioned earlier, two compound heterozygous missense variants in ACACA (NM_198839), c.4858G > A (p. Ala1680Thr) and c.6481C > T (p. Arg2161Trp) were harbored in the patient (Figure 1A). All variants were confirmed by Sanger sequencing. Segregation analysis revealed that the patient’s mother carries c.4858G > A and father carries the c.6481C > T (Figure 1B). p.A1620 and p.R2161 are both highly conserved among species (Figure 1C). The American College of Medical Genetics and Genomics (ACMG) guideline (Richards et al., 2015) for variants classification revealed that c.4858G > A was “pathogenic,” and c.6481C > T was “likely pathogenic.” Both mutations were absent from public databases (including dbSNP, 1,000 Genome, ClinVar, and gnomAD; Table 1). Prediction software including SIFT, MutationTaster, and PolyPhen-2 were used to predict the possibility of the amino acid substitution effect on protein function. Accordingly, details are presented in Table 1. The mutation sites are located in CoA carboxyltransferase C-terminal and in the functional domain, respectively (Figure 1D). An in silico model was applied to predict the effect of amino acid substitution. Site Directed Mutator (SDM)-predicted mutation induced changes in protein thermodynamic stability in Gibbs; both Ala1680Thr and Arg2161Trp have negative effects on the protein stability, especially the Ala1680Thr (Table 2).
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FIGURE 1. Summary of the genetic characteristics and SDS-PAGE of ACC1 protein content and ACC1 enzyme activity. (A) The pedigree of the affected individual. The proband was represented as black solid circle and pointed out by an arrow. The square indicates male, and the circle female. (B) Sanger sequencing of the mutations. (C) The amino acid conservation among different species. (D) The functional domain of ACC1, and the mutation sites were marked. (E) Relative ACC1 protein content of lymphocytes. (F) The ACC1 enzyme activity among the proband- and age-matched control-derived lymphocytes. One-way ANOVA applied in panels (E,F). **p < 0.01.



TABLE 1. Bioinformatic analysis of ACACA mutations.
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TABLE 2. SDM* prediction of ACACA mutations.
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Identification of ACC1 Deficiency in Patient-Derived Lymphocytes

In order to investigate the effect of the compound heterozygous variants on ACC1 expression, RT-PCR and western blot were used to detect the ACC1 expression levels in patient-derived lymphocytes. The mRNA levels of ACC1 showed no significant decrease compared to the age-matched healthy controls (Supplementary Figure 1B), while the protein levels of ACC1 in the patient were decreased remarkably compared to controls (Figure 1E). The ACC1 enzyme activity assay unveiled that ACC1 enzyme activity in patient-derived cells was decreased 95% (p = 0.08) and 90% (p = 0.007) compared to C1 and C2, when normalized to the overall cytoplasm protein level (Figure 1F). Furthermore, the relative ACC1 enzyme activity in patient-derived cells was decreased 70% (p = 0.12) and 60% (p = 0.025) compared to C1 and C2, when normalized to the relative corresponding ACC1 protein levels in cytoplasm (Supplementary Figures 1C,D). However, considering that western blot is a semi-quantification method and may not be reliable for absolute quantification of ACC1, we should be very careful to draw the conclusion that the activity was affected by the mutations.



Disruption of Lipid Homeostasis in Patient-Derived Lymphocytes

In order to explore the pathogenesis of ACC1 deficiency, patient- and age-matched control-derived lymphocytes were used to perform lipidomic profile analysis. The results indicate a disruption of lipid homeostasis in the patient-derived lymphocytes compared to the age-matched control. As palmitic acid (16:0) is the first product in de novo lipogenesis, palmitic acid levels were analyzed; however, there was no significant changes in the palmitic acid levels of the patient-derived lymphocytes (Figure 2A). The lipid composition shifted in patient cells compared to control’s, the amounts of PG, PC, and PE were decreased in the patient while there were no significant changes in the content of PI and PS (Figure 2B). Considering that malonyl-CoA is produced by ACC1, it will also participate in the elongation of fatty acid chains besides the de novo lipogenesis. Considering PG and PC are the main membrane components, further analysis according to different chain lengths was conducted. Interestingly, the longer chain (n > 16) fatty acids were reduced in the patient-derived lymphocytes in both PG and PC (Figures 2C,D), indicating that the lack of ACC1 affects the elongation of fatty acid chain. Furthermore, the levels of saturated fatty acids (SFAs), monounsaturated fatty acids (MUFAs), and polyunsaturated fatty acids (PUFAs) were also analyzed. As is shown in Figures 2E–G, the level of SFAs was increased in the patient-derived lymphocytes; however, MUFAs were decreased. The PUFAs of the patient were decreased in PG but increased in PC. In summary, ACC1 deficiency mainly leads to a shift in membrane lipid composition, and the longer chain fatty acids (n > 16) in the membrane lipid composition, such as phosphatidylglycerol (PG) and phosphatidylcholine (PC), declined.
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FIGURE 2. Lipidomics analysis in the patient- and control-derived lymphocytes. (A) Relative palmitic acid content in the lymphocytes. (B) The quantification of membrane lipid components including phosphatidylglycerol (PG), phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylinositol (PI), and phosphatidylserine (PS). Relative amount of substance in (C) PG and (D) PC, analyzed based on fatty acid chain length. (E) The saturated fatty acids (SFAs), (F) monounsaturated fatty acids (MUFAs), and (G) polyunsaturated fatty acids (PUFAs) were analyzed in PG and PC, respectively. All data were from six independent replicates and analyzed by mean ± SEM. Independent t-test in panels (A–G). **p < 0.01, ***p < 0.001, ****p < 0.0001.




The Cell Migratory Ability Was Deficient in Patient-Derived Lymphocytes and Partly Attenuated by Palmitate

The disturbance of lipid metabolism impacts cell apoptosis (Pohle et al., 2004), cell proliferation (Zhu and Thompson, 2019), and cell motility. In order to ascertain the impact of lymphocytes lipid disturbance, apoptosis (Supplementary Figures 2A–C) and proliferation assays (Supplementary Figure 2D) were conducted, however, no significant change between patient- and control-derived lymphocytes was found. Nevertheless, the cell motility capacity was remarkably decreased in the patient-derived lymphocytes (Figure 3A). Considering that malonyl-CoA would participate in not only the production of palmitic acid, but also the elongation of fatty acids, palmitate was supplemented to compensate for the deficit of malonyl-CoA caused by ACC1 deficiency. As expected, the migration ability in the patient-derived lymphocytes improved when treated with palmitate (Figure 3B).


[image: image]

FIGURE 3. Migration capacity of lymphocytes with or without palmitate supplement. (A) Relative migration of patient- and control-derived lymphocytes without palmitate supplement and (B) with palmitate. One-way ANOVA applied in panels (A,B). *p < 0.05, **p < 0.001.




ACC1-KD Fibroblast Cell Lines Were Deficient in Cell Motility and Partly Attenuated by Palmitate

In order to investigate the effect of lipid disorder, ACC1-KD fibroblast cell lines were conducted by RNAi duplex constructs. The mRNA levels in KD1 and KD2 were decreased by about 69 and 75% compared to the wild-type fibroblasts (Supplementary Figure 3A) and protein content were both decreased in two ACC1-KD cell lines (Figure 4A). The enzyme activities of ACC1 were decreased by 37 and 70%, respectively (Figure 4B). The wound healing assay and the Trans-well migration assay were conducted in fibroblasts for migration capacity detection. The wound healing capacity was suppressed in the ACC1-KD fibroblasts compared to the wild-type cells (Figures 4C,D). The migration ability was also suppressed (Figures 4G,H). The wound healing capacity (Figures 4E,F) and the migration ability (Figures 4I,J) of ACC1-deficient fibroblast cell lines were both improved with palmitate supplement.


[image: image]

FIGURE 4. ACC1-knockdown (KD) fibroblasts and the cell motility capacity measurement. (A) The ACC1 protein content of ACC1-KD fibroblast cell lines, and (B) the ACC1 enzyme activity. The wound healing assay was carried out at different time points (0, 12, and 24 h) (C) without or (E) with palmitate (scale bar = 30 μm), and (D,F) show quantitative analysis, respectively. The Trans-well migration capacity at 100× magnification (upper) and 200× magnification (lower) (G) with or (I) without palmitate, respectively. (H,J) The quantitative analyses, respectively. All data were from three independent replicates and analyzed by mean ± SEM. Independent t-test in panels (A,B,D,F,H,J). *p < 0.05, **p < 0.01, ***p < 0.001.




DISCUSSION

Fatty acid metabolism includes fatty acid synthesis and fatty acid oxidation. ACC catalyzes the conversion of acetyl-CoA into malonyl-CoA (Wakil and Abu-Elheiga, 2009). Malonyl-CoA further participates in de novo fatty acid biosynthesis. Fatty acid oxidation disorders (FAODs) were first described in the 1970s, and from then on numerous FAODs have been reported (Merritt et al., 2018). FAODs are a group of genetic clinical heterogeneous rare disorders caused by the disruption of mitochondrial β-oxidation or the fatty acid carnitine transport pathway (Deschauer et al., 2005; Clemente et al., 2014; Miller et al., 2015). FAODs mostly present with severe cardiomyopathy, hypoketotic hypoglycemia, liver dysfunction, and episodic rhabdomyolysis (Merritt et al., 2018). However, an association between lipid biosynthesis and Mendelian diseases have not yet been revealed. A possible ACC deficiency patient was described in 1981, giving evidence of low ACC enzyme activity (Blom et al., 1981). Due to the limitation of sequencing technology, it was difficult to tell the causation (ACACA or ACACB) of enzyme deficiency.

We described a patient presenting with global developmental delay harboring bi-allelic mutations in ACACA (c.4858G > A [p. Ala1680Thr] was inherited maternally, and c.6481C > T [Arg2161Trp] was inherited paternally). Both mutations are missense mutations causing only a single amino acid change in each chain. Both p. Ala1680 and p. Arg2161 are highly conserved across the species. The mutation of p. Ala1680Thr was located in the CoA carboxyltransferase C-terminal. Evidence provided by bioinformatic tools including in silico and 3D protein modeling prediction models corroborated the pathogenicity of the mutations. RT-PCR was firstly performed to evaluate the ACC1 transcription of patient-derived cells, and revealed that there was no significant effect on the ACC1 transcription. Western blot suggested that translation in patient-derived cells was affected. Considering ACC1 is a key enzyme in lipogenesis, enzymatic activity was measured. ACC1 enzyme activity in patient-derived cells was almost 10 and 5% of that in C1 and C2 when normalized to cytoplasm protein amount. Furthermore, in order to investigate the possible effect of mutations on ACC1 enzymatic activity besides ACC1 transcription, ACC1 enzyme activity was further normalized with relative cytoplasm-ACC1 protein amount after firstly being normalized to total cytoplasm protein. The ACC1 enzyme activity per unit in patient-derived cells was almost 30 and 40% per unit in C1 and C2 (Supplementary Figure 1C). The combined results indicate that compound heterozygous mutations may not only affect the transcription process but also residue kinetics without affection to the translation. However, considering that western blot is a semi-quantification method and may not be reliable for absolute quantification of ACC1, we should be very careful to draw the conclusion that the activity was affected by the mutations. The results of ACC1 enzymatic activity coincided with SDM prediction. SDM (Pandurangan and Blundell, 2020) is a computational method that analyzes the variation of amino acid replacements occurring at specific structural environments that are tolerated within the predicted ΔΔG, the predicted mutation induced changes in protein thermodynamic stability in Gibbs. Both Ala1680Thr and Arg2161Trp have negative effects on protein stability, especially Ala1680Thr.

ACC1, one of the key enzymes in lipogenesis, catalyzes the conversion of acetyl-CoA into malonyl-CoA (Wakil and Abu-Elheiga, 2009). In vivo studies (Hasslacher et al., 1993; Baud et al., 2003; Abu-Elheiga et al., 2005) revealed the important role that ACC1 played in embryonic development. Hasslacher et al. (1993) found that residual ACC1 enzyme activity is essential for the viability of yeast. Interestingly, the fact that the embryonic lethal phenotype caused by ACC1 deficit could not be attenuated by supplementation with C12, C14, C16, C18, and C26 is interesting, which may be partly explained by the lipidomic profile of our patient-derived cells. The disruption of lipid homeostasis which caused ACACA gene mutations, was not simply due to a lack of lipids, the amount of C12 and C14 were increased and C16 was not significantly changed compared to age-matched control. It can be toxic to simply supplement with lipid compounds. In the plant model, the ACC1-null Arabidopsis was embryonic lethal which may be due to the lack of very long chain fatty acids (Baud et al., 2003). ACC1 homozygous mutant mice also suffered from embryonic lethality which stopped at 7.5 days, while heterozygous mutant mice presented with no obvious phenotypes including body weight compared to wild-type (Abu-Elheiga et al., 2005). Collectively, the partly residual enzyme activity in our patient may partly explain the escape from embryonic lethality. The absence of matched patients carrying ACC1 variants from online databases (Sobreira et al., 2015) and in our collaborators’ research may partly be due to embryonic lethality. Combined with the clues from the in vivo studies, screening the ACACA gene for recurrent spontaneous abortion may result in a “surprise.”

In vivo studies based on ACC1-null models revealed that the ACACA gene is essential for embryonic development, and residual enzyme activity affected the embryo survival of mutants (Hasslacher et al., 1993; Baud et al., 2003; Abu-Elheiga et al., 2005). Our in vitro analysis indicated that cell migratory ability in patient-derived cells was dramatically decreased by ACC1 deficit. Furthermore, the degree of migration deficit was in accordance with residual ACC1. Considering both variants were inherited and not de novo, the variants are potentially life-long rather than just present in the embryonic period. Cell migration is necessary throughout the embryonic development process (Kerosuo and Bronner-Fraser, 2012; Lim and Thiery, 2012; Barriga and Mayor, 2015), which includes gastrulation, somitogenesis, and neural crest migration. For example, DYNC1H1 (which encodes the heavy chain protein of the cytoplasmic dynein 1 motor protein complex) mutations cause a defect in neuronal migration causing brain development deficiencies that present as intellectual disability (Willemsen et al., 2012). Here, in our patient, the phenotype of global developmental delay especially neurological developmental delay may occur due to neural crest migration deficit. As a high ability, directional migration is required during the process of embryonic development. Of course, migration involves cellular processes including cytoskeletal reorganization, adhesion, extracellular matrix, and chemotactic signaling. The migrated deficit could associate with numerous clinical phenotypes (Landrum et al., 2020).

As outlined before, in vitro functional studies indicated that cell migration capacity was dramatically reduced when ACC1 became deficient. The anti-migratory action induced by ACC1 deficiency might depend on the portion of different chain length fatty acids and the portion of saturated and unsaturated fatty acids according to the lipidomic results. As reported before (Glatzel et al., 2018), an increase of desaturated fatty acids is expected to decrease the cell migratory action. As mentioned, the total amount of saturated fatty acid in PG and PC both increased in the patient-derived lymphocytes, while MUFAs presented a decrease. Interestingly, the amount of PUFA in the PC subgroup showed a dramatic increase. According to the results (Glatzel et al., 2018), MUFAs would not affect the cell migratory capacity and an increase of PUFAs would mimic the antimigratory action of ACC1 inhibition. Here, we draw the conclusion that the increase of PUFAs in the PC subgroup contributed to cell migration disability. Besides, evidence has shown that acetyl-CoA would drive mitochondrial protein acetylation (Pougovkina et al., 2014), considering an accumulation of acetyl-CoA may occur due to the ACC deficit. The overall acetylation level was detected by immunoblotting, while no difference was found between the patient cell and control (data not show).

RNAi ACC1-KD fibroblast cell lines were applied to test if the cell migration deficiency detected in patient-derived cells was induced by ACC1 deficit. The decreased ACC1 enzyme activity is in accordance with the ACC1 mRNA levels and protein levels in ACC1-KD cell lines, indicating that the methodology of ACC1 enzyme activity is promising. Glatzel et al. (2018) demonstrated that ACC1 deficit would induce cell migration deficiency by using HUVEC. Supplementation of PA in HUVEC could also partly attenuate the cell motility deficit (Supplementary Figures 3A–G). However, HUVECs are not easy to get from patients. Blood or punctured skin are often used for the functional verification of variants with unknown significance (VUS) in inherited disease patients. According to the Human Protein Atlas, ACC1 expression level in fibroblasts is almost 66.7% compared to HUVEC, however, in our data the expression level in fibroblasts and lymphocytes was even higher than HUVEC (Supplementary Figure 3H). Here, we may give some clues from the functional assays that could be applied in patients carrying VUS in the ACACA gene.

As lack of lipogenesis is associated with significant morbidity and mortality, early diagnosis and treatment could dramatically improve these outcomes. Fatty acid beta-oxidation would be a source of energy during long-time fasting and increase energy consumption, and FAODs would cause a deficit in energy production (Almannai et al., 2019). Recently, it was shown that the treatment for FAODs mainly focused on MCT oil, carnitine, and riboflavin supplementation, but certain types of fatty acid compensation should be forbidden according to the different types of acyl-CoA dehydrogenase deficiency. Considering ACC1 is the rate-limiting enzyme of lipogenesis, MCT oil could be a good supplementation for the patient to compensate not only for the energy deficit but also for the components of certain lipids. Our patient presented with an improvement with some of the clinical presentations. However, only one patient has been studied here, larger randomized, controlled, therapeutic trials are needed to evaluate this current understanding and further implement therapeutic strategies. Combined with our results before, ACC1 deficiency patients may benefit from the supplementation of VLCFA.

Here, we first describe a patient with ACACA mutations with the support of direct sequencing evidence. Functional assays were performed to investigate the pathogenesis of ACC1 deficiency and possible therapeutic chemical input. However, further conclusions about genotype-phenotype correlations and possible treatment require more clues in the future and should be carefully characterized at a clinical level.



CONCLUSION

We report an individual with biallelic mutations in ACACA, presenting global development delay. In vitro studies revealed a disruption of lipid homeostasis in patient-derived cells, further inducing the deficit of cell motility capacity, and the deficiency could be partly attenuated by palmitate.
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2
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3
http://www.mutationtaster.org/

4
http://genetics.bwh.harvard.edu/pph2/

5
http://www.bioinfo.org.cn

6
https://www.ncbi.nlm.nih.gov/clinvar/

7
https://gnomad.broadinstitute.org

8
http://marid.bioc.cam.ac.uk/sdm2
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Down's syndrome (DS) is one of the most commonly known disorders with multiple congenital disabilities. Besides severe cognitive impairment and intellectual disability, individuals with DS also exhibit additional phenotypes of variable penetrance and severity, with one or more comorbid conditions, including Alzheimer's disease, congenital heart disease, or leukemia. Various vital genes and regulatory networks had been studied to reveal the pathogenesis of the disease. Nevertheless, very few studies have examined alternative splicing. Alternative splicing (AS) is a regulatory mechanism of gene expression when making one multi-exon protein-coding gene produce more than one unique mature mRNA. We employed the GeneChip Human Transcriptome Array 2.0 (HTA 2.0) for the global gene analysis with hiPSCs from DS and healthy individuals. Examining differentially expressed genes (DEGs) in these groups and focusing on specific transcripts with AS, 466 up-regulated and 722 down-regulated genes with AS events were identified. These genes were significantly enriched in biological processes, such as cell adhesion, cardiac muscle contraction, and immune response, through gene ontology (GO) analysis of DEGs. Candidate genes, such as FN1 were further explored for potentially playing a key role in DS. This study provides important insights into the potential role that AS plays in DS.

Keywords: Down's syndrome, alternative splicing, iPSCs, gene regulation, differentially expressed genes


1. INTRODUCTION

Down's syndrome (DS) or trisomy 21 (OMIM #190685) is a well-recognized and studied complex genetic condition caused by a chromosomal disorder, namely the presence of a total or partial trisomy of chromosome 21 (HSA21). It occurs in ~1:700–1:1,000 newborns globally (Weijerman and de Winter, 2010), and it is the most commonly known genetic etiology associated with moderate to severe intellectual disability. Furthermore, individuals with DS also exhibit additional phenotypes of variable penetrance and severity, with one or more comorbid conditions, including Alzheimer's disease, congenital heart disease, or leukemia (Ballard et al., 2016). Further understanding of the relationship between redundant chromosome 21 and its associated diseases is expected to provide theoretical support for revealing the pathogenesis, and developing therapeutic approaches and drugs to treat DS (Ballard et al., 2016). Moreover, due to the supernumerary copy of chromosome 21 (HSA21), some researchers hypothesized that the most dosage-sensitive genes in chromosome 21 are likely to contribute to the DS phenotype, also known as the “gene dosage effect” hypothesis (Korenberg et al., 1994). Some results support the “gene dosage effect” hypothesis that most of the Down's syndrome phenotypes are related to alterations in gene expression due to the extra chromosome 21 (HSA21). However, some researchers doubted that the DS phenotype could merely be explained by gene dosage effects (Jiang et al., 2013), the hypothesis of favor among medical geneticists. The factors influencing DS phenotypes include chromosome 21 DNA, functional elements and variability of chromosome 21, the variability of other chromosomes, chromatin structure, epigenetic modifications, stochastic events, and the environment (Antonarakis, 2017).

Nevertheless, very few studies on DS to date have examined alternative splicing (AS), a widespread regulatory mechanism of gene expression and makes one multi-exon protein-coding gene capable of producing more than one unique mature mRNA. AS provides transcriptional plasticity by controlling which RNA isoforms are expressed at a given time point in a given cell type. Alternative splicing affects about 95% of mammalian genes (Pan et al., 2008).

The emergence of induced pluripotent stem cells (iPSCs) provided important research tools for human disease research and drug screening (Takahashi et al., 2007; Yu et al., 2007). DS patient-derived induced pluripotent stem cells (DS hiPSCs) exhibit DS-like characteristics when they are induced to differentiate into somatic cells in vitro (Chou et al., 2012; Shi et al., 2012; Briggs et al., 2013) and are ideal models to study the genetic mechanisms underlying DS, as well as its associated diseases (Weick et al., 2013). Previous studies have shown that the proliferative ability of DS hiPSCs is much lower than that of normal human iPSCs (hiPSCs). This suggests that the extra chromosome 21 may also affect the biological characteristics of DS hiPSCs. However, the evidence at the molecular level is still lacking (Omori et al., 2017). In order to further explore the critical role that key genes may play in the proliferative and developmental differences between DS hiPSCs and normal hiPSCs, as well as to reveal the related molecular mechanism, we used whole genome expression profiles to analyze and screen the differentially expressed genes, and global aberrant alternative splicing events between DS hiPSCs and normal hiPSCs.



2. RESULTS


2.1. DS hiPSCs Maintain the Pluripotent State

To delve into whether the extra chromosome 21 affects the maintenance of pluripotency of DS hiPSCs, we primarily checked the cell morphology of DS hiPSCs and normal hiPSCs. The results showed that the DS hiPSCs exhibited pluripotent stem cells' typical characteristics with a large nucleus and compact clone (Figure 1A). A strong positive expression for alkaline phosphatase staining (Figure 1B) and the results of cell immunofluorescence assays (Figure 1C) showed no significant difference in cell morphology and surface marker expression between DS hiPSCs and normal hiPSCs. Overall, these results indicated that the maintenance of pluripotency of DS hiPSCs was similar to that of normal hiPSCs and was not significantly affected by the redundant chromosome 21.


[image: Figure 1]
FIGURE 1. Pluripotency of hiPSCs, (A) Morphological observation of DS and N (Normal) hiPSCs (100×, all scale bars are 500 μm), (B) Alkaline phosphatase staining of DS and N (Normal) hiPSCs, (C) Immunofluorescence images showing DAPI (blue), LIN28A (green), and TRA1-60 (red) expression in DS and N (Normal) hiPSCs (100×, all scale bars are 500 μm).




2.2. Differentially Expressed Genes of DS and Healthy hiPSCs

As it is known that trisomy 21 causes alterations to both stem and precursor cells (Liu et al., 2015), it is also possible that the alteration of the proliferative ability of DS hiPSCs is caused by the differences in expression of genes and the aberrant AS events. To determine if this is the case, we used the GeneChip Human Transcriptome Array 2.0 (HTA 2.0) for the global gene analysis with hiPSCs from DS and healthy individuals. We examined differentially expressed genes (DEGs) in these groups focusing on specific transcripts with AS events. The quality control analyses of the HTA 2.0 data highlight the correct segregation of samples from each cell line (Figure 2).


[image: Figure 2]
FIGURE 2. Quality control for the HTA 2.0 data, (A) the correlation matrix heatmap of samples, (B) the heatmap of differential expression probe sets.


A more detailed analysis of HTA 2.0 datasets revealed, the total differentially expressed genes are 466 up-regulated and 722 down-regulated genes (in total 1,188 significantly differentially expressed genes) in DS hiPSCs, compared with normal hiPSCs (Figure 3). By summarizing the distribution of differentially expressed genes on each chromosome and the proportion of coding genes in the chromosome, we found that the proportion of up-regulated genes on chromosome 21 (5.20%) was significantly higher than that on the other chromosomes (0–1.79%), which showed a gene dosage effect of the genes on chromosome 21. This result is consistent with previous studies of DS somatic cells that demonstrated that the redundant chromosome 21 leads to gene dosage effects (Moldrich et al., 2007; Nawa et al., 2019).


[image: Figure 3]
FIGURE 3. Analysis of global gene expression profile, (A) Differentially expressed genes (DS vs. Normal iPSCs, red and green represent up-regulated and down-regulated genes, respectively), the expression analysis settings: Gene-Level Fold Change < −2 or > 2, Gene-Level P-Value < 0.01, (B) proportion of Coding and Non-Coding in the Up-Regulated and Down-Regulated genes, Filter criteria: Fold Change: > 2 or < −2, P-value: < 0.01, (C) Volcano map of differentially expressed genes (DS vs. Normal iPSCs, red and violet represent up-regulated and down-regulated genes, respectively).


Tables 1 and 2 list the top 10 up-regulated and down-regulated genes in DS hiPSCs sorted by the P-value, respectively. The up-regulated H1-6 is a member of the histone H1 family. The linker histone, H1, interacts with linker DNA between nucleosomes and functions in chromatin compaction into higher-order structures. The down-regulated H3C11 and H4C13 are members of the histone H3 and H4 families, respectively, which are essential nuclear proteins responsible for the nucleosome structure of the chromosomal fiber in eukaryotes. The up- and down-regulation of these genes may affect the compaction of chromatin and the higher-order structures of chromosomes in DS hiPSCs, leading to the instability of chromosomes and alternative modifications of histones resulting in the aberrant regulation of gene expression. DYRK1A, a gene coding for a kinase known to regulate splicing factors that maps to chromosome 21 (Qian et al., 2011), was identified as an up-regulated gene in DS hiPSCs. The aberrant expression of this regulator of splicing factors may lead to splicing changes in the trisomic cells.


Table 1. Up-regulated genes in DS hiPSCs (Sort by P-value, and only the top 10 were listed).

[image: Table 1]


Table 2. Down-regulated genes in DS hiPSCs (Sort by P-value, and only the top 10 were listed).

[image: Table 2]



2.3. Differences of AS Between DS and Healthy hiPSCs

We tested multiple splicing algorithms to identify differences in splicing between DS and normal hiPSCs and chose EventPointer (see Methods). Using this algorithm with the filter criteria: Exon Splicing Index > 2 or < −2 and Exon P-value < 0.01, we identified 1,862 annotated genes with splicing changes when comparing DS with normal hiPSCs, half of which are the Cassette Exon events and more than one third are Alternative 5′ Donor Site events and the Alternative 3′ Acceptor Site (Figure 4A).


[image: Figure 4]
FIGURE 4. Alternative splicing analysis, (A) Proportion of AS events, (B) Biological function enrichment analysis of the identified 1,862 annotated genes with splicing changes.


To explore the effect of splicing changes on the DS hiPSCs, we performed the gene ontology (GO) and KEGG signaling pathway analysis on all selected genes with alternative splicing events (Figure 4B). The results showed that 1,593 genes (87.8% of 1,862 annotated genes with splicing changes) are enriched in 188 biological processes, while 1,675 genes (92.3%) were enriched in 84 cellular components. We observed enrichment for 1,601 genes (88.2%) in 75 molecular functions, as well as 707 genes (39%) in 49 KEGG signaling pathways. The top 10 enrichment items are listed in Figure 4B. Fifty-six genes with splicing changes are enriched in the cell division process; this might be the driving force behind the phenomenon that the proliferative ability of DS hiPSCs and normal hiPSCs is different.

Figure 5 demonstrates the visualization of three genes as examples of splicing changes, namely the gene RPL39L (Ribosomal Protein L39 Like, OMIM: 607547), PARP2 (Poly(ADP-Ribose) Polymerase 2, OMIM: 607725), and FN1 (Fibronectin 1, OMIM: 135600).


[image: Figure 5]
FIGURE 5. Visualization of the alternative splice events of three selected genes, (A) RPL39L, (B) PARP2 and (C) FN1.




2.4. Differentially Expressed Genes of DS and Healthy hiPSCs Enriched in the Biological Processes Involved in Cell Growth

To explore the effect of differentially expressed genes on the DS hiPSCs, we further performed GO functional enrichment and KEGG signaling pathway analysis of 466 up-regulated and 722 down-regulated genes, respectively. The results show that 466 up-regulated genes are enriched in 64 biological processes, 34 cellular components, 18 molecular functions, and 10 KEGG signaling pathways. The 722 down-regulated genes are enriched in 50 biological processes, 27 cellular components, 16 molecular functions, and 8 KEGG signaling pathways. The top 10 enrichment items in up- and down-regulated genes are listed in Tables 3 and 4, respectively. Eight up-regulated genes were significantly enriched in the negative regulation of growth, which may be related to somatic cells' lower proliferative ability and stem cells from patients with DS (Kimura et al., 2005). Overexpression of genes related to negative growth regulation may inhibit cell proliferation, suggesting that the proliferation of DS hiPSCs may also be impaired. Nine up-regulated genes are significantly enriched in proteins targeting the mitochondria, which may affect ATP synthesis by damaging mitochondrial function, resulting in the inhibition of select cell functions (Valenti et al., 2018). Fifteen up-regulated genes were significantly enriched in nucleosome assembly, implying that the redundant chromosome 21 may increase chromosome synthesis and assembly stress. Twenty-seven down-regulated genes were significantly enriched in cell adhesion. The impaired cell adhesion ability affects cell growth and neural cell migration during embryonic development in DS patients (Huo et al., 2018). In nervous system development there were 17 down-regulated genes that were enriched, suggesting that the molecular regulation might be abnormal before the differentiation of DS neurocytes (Liu et al., 2015). Moreover, in focal adhesion there were 16 down-regulated genes that were significantly enriched. This is consistent with the enrichment in cell adhesion of the GO analysis. Another 16 down-regulated genes were enriched in the PI3K Akt signaling pathway. The hyperactivity of this pathway promotes carcinogenesis (Yang et al., 2019). The silencing of this signaling pathway in DS hiPSCs may be the critical cause of the low incidence of solid tumors in DS patients. The disorder of the whole-genome expression profile indicates that other biological characteristics of DS hiPSCs, such as proliferation and cell adhesion, are also affected.


Table 3. GO and KEGG analysis of global up-regulated genes (Sort by P-value, and only the top ten GO items/pathways were listed in the table if there were more than 10).

[image: Table 3]


Table 4. GO and KEGG analysis of global down-regulated genes (Sort by P-value, and only the top ten GO items/pathways were listed in the table if there were more than 10).

[image: Table 4]



2.5. Experimental Verification of the DEG Analysis Results

To test the reliability of gene expression microarray results, several genes were selected and were validated by real time qPCR. The relative quantifications of the expression of these genes in DS hiPSCs and normal hiPSCs are represented in Figure 6.


[image: Figure 6]
FIGURE 6. qRT-PCR of (A) H1-6, (B) FN1, (C) H4C13, and (D) RPL13 in normal iPSCs (N) and DS hiPSCs (DS). Data are represented as mean ± s.e.m. * stand for P < 0.05 and *** for P < 0.001 by one-way followed with Tukeys test from n = 3.


In compare with normal hiPSCs, DS hiPSCs exhibited a 2.1-fold increase of H1-6 (Figure 6A), a linker histone, which interacts with DNA between nucleosomes and plays an important role in the compaction of chromatin into higher order structures. In DS hiPSCs, the expressions of FN1 (Figure 6B) and H4C13 (Figure 6C) were reduced 4- and 2.5-fold, respectively. The expression of the gene RPL13 (Figure 6D) was not significant changed in DS hiPSCs in comparison with the normal hiPSCs. All of these results are consistent with the DEG analysis of the microarray dataset.




3. DISCUSSION

Although RNA-seq, a preferred platform for studying differentially expressed genes and alternative splicing nowadays, has some inherent advantages in comparison with microarrays, such as the ability to identify novel exons and splice junctions in an unbiased manner, the HTA 2.0 platform can nevertheless detect more weakly expressed events, which are missed in the RNA-seq results (Fumagalli et al., 2014; Wang et al., 2014; Romero et al., 2018). Furthermore, the modern microarrays, HTA 2.0, can still outperform RNA-seq for the analysis of gene expression in terms of cost, reproducibility and time as well as memory resources for treating data (Nazarov et al., 2017; Romero et al., 2018). For these reasons, we have chosen the HAT 2.0 platform as the major research approach for the AS studies. The reliability of gene expression microarray results was tested by the relative quantification of the expression of several selected genes. All of these genes showed the same change direction as they were exhibited in the DEG analysis of the microarray dataset (Figure 6).

The triploidy of chromosome 21 is the proximal cause of DS. Multi-omics studies of DS somatic cells revealed that the transcriptome and epigenetic modification disorders, leads to the disequilibrium of disease-related gene expression as a possible underlying mechanism contributing to the comorbidities associated with DS (Letourneau et al., 2014; Waugh et al., 2019). Therefore, the studies on DS's molecular regulatory mechanism can provide novel insight that could improve the clinical management of these patients. In this study, we examined differentially expressed genes (DEGs) in hiPSCs derived from DS and healthy individuals and focused on specific transcripts with AS. 1,188 differentially expressed genes and 1,862 annotated genes with splicing changes were analyzed by GO function enrichment and KEGG signaling pathway analysis, in order to dissect out the cause of the difference between DS and normal hiPSCs.

To more accurately analyze the possible dosage effects of chromosome 21 genes on DS hiPSCs, those genes determined to be up-regulated were analyzed. The biological functions and KEGG signaling pathways of the up-regulated genes on chromosome 21 suggested that dysfunctional neurodevelopment and metabolisms must have occurred in the early embryonic development of DS patients. However, the gene dosage effect can not fully explain the pathogenesis of the various comorbidities of DS patients. Bioinformatics analysis of differentially expressed genes in the whole-genome showed that the up-regulated genes were primarily involved in cell growth regulation, nucleosome assembly, and chromosome separation, suggesting that the formation and separation blockage of chromosome 21 might be the main reason for the abnormal cell cycle. KEGG signaling pathway analysis showed that the down-regulated genes are enriched in focal adhesion and extracellular matrix (ECM) receptor interaction, indicating that the migration and adhesion of DS hiPSCs may be impaired, and migration and colonization of both nervous and reproductive systems occurred during early embryonic development (Huo et al., 2018). In addition, abnormal cell adhesion was also found in the bioinformatics analysis of other DS hiPSCs (Hibaoui et al., 2014; Gonzales et al., 2018). These results are consistent with the other studies, in which the RNA-seq are used as the major research platform (Hibaoui et al., 2014; Gonzales et al., 2018; Perepitchka et al., 2020).

Key genes identified from the HTA 2.0 dataset analysis are histone coding genes involved in nucleosome formation and gene expression regulation. It appeared that alternation of histone-related genes, such as mutations in histone-modified genes, can lead to disorders related to DS, such as congenital heart disease (Zaidi et al., 2013). Some of the key genes identified in this study are involved in disorders of neurodevelopment and neurogenesis. For example, H3C2 plays an essential role in brain development in early embryonic development (Ren and van Nocker, 2016), and H2BC12 is involved in Alzheimer's disease (Pedrero-Prieto et al., 2019). H1-2, on the other hand, plays a critical role in the stabilization of chromatin and is involved in cell cycles, apoptosis induced by DNA damage, and the stabilization of autophagy protein and fibrin (Konishi et al., 2003; Sancho et al., 2008; Roque et al., 2015; Wang et al., 2017). The up-regulated H1-6 and down-regulated H3C11 and H4C13 are also essential for the stabilization and structure of chromatin and chromosomes. The alteration of the expression of these genes could also lead to variations of chromatin states and chromosome structure. These genes are worthy of further analysis to determine the reasonable correlations to pathological knowledge.

We observed trisomy-dependent splicing changes in the DS hiPSCs. Our identification of splicing changes resonance with the alternative splicing events in a selected set of genes in fetal DS tissue that has been previously reported (Toiber et al., 2010). AS in DS endothelial progenitor cells has also been analyzed via RNA-seq, although no confirmatory studies have yet been performed (Costa et al., 2011). The large majority of alternative splicing events we identified occur in genes located outside of chromosome 21, implying that these AS differences were not directly affected by gene dosage. It is more likely that altered expression or altered splicing activity could cause the splicing dysregulation in DS hiPSCs. Alternatively, up-regulation of the chromosome 21 gene, such as DYRK1A, a kinase known to regulate splicing factors (Qian et al., 2011), could contribute to the alternative splicing events we identified. It has been reported that over-expression of DYRK1A in mice led to mimicry of splicing aberrations in DS (Toiber et al., 2010). The role of DYRK1A or the other specific splicing factors in the alternative splicing changes we identified will require additional studies. The gene dosage effect and expression levels of these genes should be normalized in the DS hiPSCs backgrounds.



4. MATERIALS AND METHODS


4.1. HiPSC Culture

DS hiPSC (ATCC® ACS-1003™) and normal hiPSC (ATCC® ACS-1011™) were from the ATCC (American Type Culture Collection) cell bank. HiPSCs were cultured using Gibco's StemFlex™ medium (ThermoFisher Scientific, USA). The petri dishes were pre-treated with Matrigel, and the medium was changed daily. After culturing for 4–5 days, the iPSCs were digested, and the suspended cell clusters were collected and subcultured at a ratio of 1:6 at 37°C, 5% CO2 (Aalders et al., 2019).



4.2. Cellular Immunofluorescence Experiment

After removing the culture medium, hiPSCs were washed twice with PBS, adding blocking solution (PBS solution containing 0.6% BSA) within 30 min, a membrane breaker (PBS solution containing 0.02% Triton X-100) was added to break the cell membrane. The diluted primary antibody (1:250) [TRA1-60 primary antibody (ThermoFisher Scientific, USA) and LIN28A primary antibody (Cell Signaling, USA)] were added and incubated at 4°C overnight. The cells were washed twice with PBS the next day and then incubated with the fluorescent secondary antibody (1:500) [FITC-labeled goat anti-rabbit IgG (H + L), Cy3 labeled goat anti-mouse IgG (H + L)], respectively, at room temperature, avoiding light for 2 h. Finally, the anti-fluorescence quenching mount solution (containing DAPI) was added and incubated at room temperature for 10 min before the cells were observed under a fluorescence microscope (Weltner et al., 2018).



4.3. Alkaline Phosphatase Staining

According to the instructions of the BCIP/NBT alkaline phosphatase staining kit's manufacturer (Beyotime Biotechnology, Shanghai, China), the protocol involved mixing 3 mL of alkaline phosphatase staining buffer with 10 μL of BCIP solution (300×) and 20 μL of NBT solution (150×) to prepare the working solution. Cells in 6-well plate were washed twice with PBS, then an appropriate amount of working solution was added to a single well of the 6-well plate while avoiding light exposure for 5–30 min until the color displayed to the expected depth. The working solution was then removed, and the cells were washed twice with distilled water to stop coloring. Before the photographs were taken, the stained cells were dried at room temperature and keep away from light.



4.4. Extraction of Total RNA

DS hiPSC and normal hiPSC were seeded in a 6-well plate, each cultured for 3 days, and then digested to harvest about 5 × 105 cells. The experiment was repeated three times. The total RNA was extracted with TRIzol™ reagent (ThermoFisher Scientific, USA) and was first detected by the Agilent 2100 bioanalyzer with the Agilent RNA 6000 Nano Kit (Agilent Technologies, Waldbronn, Germany) according to the instruction of the manufacture. Total RNAs with an RNA integrity index (RIN) >7.0 were used for subsequent experiments.



4.5. Whole Transcriptome Profile Detection

By using WT Amplification Kit Module 1 and WT Amplification Kit Module 2 in the GeneChip™ WT PLUS Kit (ThermoFisher Scientific, USA), 100 ng of total RNA as input was performed in vitro transcription (IVT) to synthesize cRNA, and then reverse transcription and purification to obtain single-stranded cDNA (sscDNA). The GeneChip™ WT end labeling kit was used to fragment and label sscDNA, which was hybridized with the human transcriptome array (HTA 2.0), and the hybridization signals were detected on a chip scanner to obtain CEL files for DS and normal hiPSCs.



4.6. Real Time qPCR

The SuperScript™ IV reverse transcriptase (Invitrogen™, USA) was used for the synthesis of first stand cDNA from the isolated RNA. 1 μg of total RNAs were reverse transcribed according to the manufacturer's instructions. cDNA was real time polymerase chain (PCR) amplified in a LightCycler® 96 System (Roche, USA) using the FastStart Essential DNA Green Master (Roche, USA). The LightCycler® 96 SW 1.1 software was used for raw data collection and gene expression comparisons (2−ΔΔCT method). The R packages “Rmisc” and “multcomp” are used for the data analysis and “ggplot2” for the visualization of the results.



4.7. Bioinformatic Analysis
 
4.7.1. Screening of Differentially Expressed Genes

All data were reprocessed from raw images. Signal intensities, quality control, data normalization, and gene expression values for these samples were processed together with the RMA processing algorithm using the “oligo” package in R (Carvalho and Irizarry, 2010). The DEG analysis was performed with Fold change (FC) < −2 or > 2, P-value < 0.01.



4.7.2. Alternative Splicing Events Analysis

The alternative splicing events analysis was performed using the “EventPointer” package in R (Romero et al., 2016) with the splicing index < −2 or > 2 and exon-Level P-value < 0.01.



4.7.3. Gene Ontology (GO) and KEGG Signaling Pathway Analysis

GO enrichment was performed using DAVID (Huang et al., 2009a,b) (http://david.abcc.ncifcrf.gov/). A hypergeometric test with the Benjamini and Hochberg false discovery rate (FDR) was performed using the default parameters to adjust the P-value (Benjamini and Hochberg, 1995).
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GOTERM_BP GO:0007155 Cell adhesion 27 4.14E-05
GOTERM_BP GO:0030198 Extracellular matrix organization 14 0.000846
GOTERM_BP GO:0006865 Amino acid transport 6 0.001333
GOTERM_BP GO:0007156 Homophilic cell adhesion via plasma membrane adhesion molecules 12 0.001412
GOTERM_BP GO:0007399 Nervous system development 17 0.001454
GOTERM_BP GO:0030168 Platelet activation 10 0.001691
GOTERM_BP G0:0042493 Response to drug 17 0.002602
GOTERM_BP GO:0001666 Response to hypoxia 12 0.002759
GOTERM_BP GO:0032355 Response to estradiol 8 0.005937
GOTERM_BP GO:0019827 Stem cell population maintenance 6 0.006509
GOTERM_CC GO:0005887 Integral component of plasma membrane 65 9.07E-08
GOTERM_CC GO:0005886 Plasma membrane 1 1.08E-07
GOTERM_CC GO:0031012 Extracellular matrix 21 1.60E-05
GOTERM_CC GO:0005925 Focal adhesion 24 3.A7E-05
GOTERM_CC GO:0005578 Proteinaceous extracellular matrix 18 0.000148
GOTERM_CC GO:0009986 Cell surface 27 0.000309
GOTERM_CC GO:0030424 Axon 14 0.001796
GOTERM_CC GO:0005604 Basement membrane 8 0.002139
GOTERM_CC GO:0005615 Extracellular space 48 0.002263
GOTERM_CC GO:0016323 Basolateral plasma membrane 12 0.002845
GOTERM_MF GO:0005509 Calcium ion binding 40 1.16E-06
GOTERM_MF GO:0004714 Transmembrane receptor protein tyrosine kinase activity 8 2.626-05
GOTERM_MF GO:0005178 Integrin binding 1 000019
GOTERM_MF GO:0015171 Amino acid transmermbrane transporter activity 7 0.000795
GOTERM_MF GO:0004716 Receptor signaling protein tyrosine kinase activity 4 0.00139
GOTERM_MF GO:0005201 Extracellular matrix structural constituent 7 0.004977
GOTERM_MF GO:0015293 Symporter activity 6 0.006927
GOTERM_MF GO:0043395 Heparan sulfate proteoglycan binding 4 0.008213
GOTERM_MF GO:0043548 Phosphatidylinositol 3-kinase binding 4 0.009585
GOTERM_MF GO:0001948 Glycoprotein binding 6 0.018656
KEGG_PATHWAY hsa04510 Focal adhesion 16 0.000132
KEGG_PATHWAY hsa04974 Protein digestion and absorption 8 0.005345
KEGG_PATHWAY hsa04066 HIF-1 signaling pathway 8 0.008544
KEGG_PATHWAY hsa05205 Proteoglycans in cancer 12 0.009214
KEGG_PATHWAY hsa04512 ECM-receptor interaction 7 0.018733
KEGG_PATHWAY hsa04151 PISK-AKt signaling pathway 16 0.020078
KEGG_PATHWAY hsa04022 GMP-PKG signaling pathway 9 0.03806
KEGG_PATHWAY hsa05146 Amoebiasis 7 0.043644
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GOTERM_BP
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KEGG_PATHWAY
KEGG_PATHWAY
KEGG_PATHWAY
KEGG_PATHWAY
KEGG_PATHWAY
KEGG_PATHWAY
KEGG_PATHWAY
KEGG_PATHWAY
KEGG_PATHWAY
KEGG_PATHWAY

Pathway ID

GO:0045926
GO:0071294
GO:0006626
GO:0071276
GO:0006334
GO:0008418
GO:0002381
GO:0042594
GO:0002455
GO:0007059
GO:0005829
GO:0005654
GO:0005737
GO:0005739
GO:0000786
GO:0070062
GO:0006634
GO:0005813
GO:0030658
GO:0048471
GO:0005515
GO:0042803
GO:0031492
GO:0042802
GO:0008641
GO:0046982
GO:0042393
GO:0004364
GO:0000175
GO:0031267
hsa04978

hsa00670

hsa05322

hsa00970

hsa01230

hsa01130

hsa03022

hsa04115

hsa04144

hsa00260

Pathway description

Negative regulation of growth

Cellular response to zinc ion

Protein targeting mitochondrion

Cellular response to cadmium fon
Nucleosorme assembly

tRNA aminoacylation for protein translation
Immunoglobulin production involved inimmunoglobulin mediated immune response
Response to starvation

Humoral immune response mediated by circulating immunoglobulin
Chromosome segregation

Cytosol

Nucleoplasm

Cytoplasm

Mitochondrion

Nucleosorme

Extracellular exosome

Nucleus

Centrosome

Transport vesicle membrane

Perinuclear region of cytoplasm

Protein binding

Protein homodimerization activity
Nucleosomal DNA binding

Identical protein binding

Cadherin binding involved in cell-cell adhesion
Protein heterodimerization activity

Histone binding

Glutathione transferase activity
3-5/-exoribonuclease activity

Small GTPase binding

Mineral absorption

One carbon pool by folate

Systemic lupus erythematosus
Aminoacyl-tRNA biosynthesis
Biosynthesis of amino acids

Biosynthesis of antibiotics

Basal transcription factors

P53 signaling pathway

Endocytosis

Glycine, serine, and threonine metabolism

Count

ANrO B N0 ®®

g o

129
207
68
13
116
197
26

33
320
39

36
18
25

P-value

7.26€-07
7.25€-07
5.28E-06
6.26E-06
1.19E-05
1.91E-05
0.000249
0.000521
0.000835
0.000889
6.53E-00
3.20E-08
1.31E-07
6.35E-06
1.70E-05
5.45E-05
0.000126
0.000713
0.000721
0.001252
1.98E-07
0.000682
0.002361
0.006196
0.006583
0.006996
001105
0.019906
0.020776
0.020776
1.66E-05
0.00051
0.00079
0.007952
0.01261
0.016534
0.01975
0.020229
0.042538
0.046341
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-2.316
—2.309
—2.283
-2.116
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—2.084
—2.024
—1.869

AveExpr

5.202
4.742
4.670
5.466
5.239
9.460
6.375
5.146
8.563
5.330

—48.004
—40.941
-28.118
—40.264
—46.314
—47.976
—22.569
—43.538
—13.833
—18.276

P-value

9.730E-10
2.810E-09
3.420E-08
3.140E-09
1.240E-09
9.760E-10
1.470E-07
1.860E-09
3.630E-06
5.890E-07

Adj. P-value

1.090E-06
1.390E-05
5.490E-06
1.390E-05
1.090E-05
1.090E-05
1.328E-04
1.320E-05
7.249E-04
2.738E-04
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AveExpr

4.768
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4.647
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Group Total Embryos with Embryos with
number defects (number) defects (%)
Control MO-5dpf 98 0 0
MO-e4i4-5dpf 89 28 31.46
MO-ATG-5dpf 78 48 61.54
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Filter Variants

Total variants 508 variants

Coding, non-synonymous 439 variants

Un-recorded in normal human gene bank (1,000 genes, 125 variants

ExACH)

Inheritance (only father and child involved) 5 variants (ITPR1,
RAPGEF2, CEP170,
HNRNPU, PEART)

Protein damage prediction ITPR1, RAPGEF2
Sanger sequencing verification ITPR1

+EXAC, exome aggregation consortium.
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Approved name Position Mutation Mutation type Depth SIFT SIFT Polyphen2 Polyphen2
score prediction score prediction

ITPRA1 chr3:4817065 TtoC Non-synonymous 0/1:110,132:242 0 D 1 D

RAPGEF2 chr4:160277054 CtoCA frameshift Substitution 0/1:38,5:43 - ~ = ~

CEP170 chr1:243328779 TtoC Non-synonymous 0/1:37,44:81 0.3 T 0.298 B

HNRNPU chr1:245017780 CtoT Non-synonymous 0/1:32,34:66 0.83 T 0.048 B

PEAR1 chr1:156874628 Ato G Non-synonymous 0/1:27,22:49 0.16 T 0.001 B
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Type of epi. Gene Function in cNCCs Associated heart defects Implications in References

regulator name human disease
ATP dependent BRG1, Regulates proper migration of In NCC-specific knockout mice Coffin-Siris Schrier et al., 2012; Kosho
chromatin AR1D1A  cNCCs into the OFT; Brg1 is also embryos: VSD, shortened OFT, and syndrome etal, 2013, 2014; Liet al,,
remodeling factor crucial for apoptosis inhibition, aberrant PAA formation. 2013; Chandler and Magnuson,
proliferation and differentiation of 2016
cNCCs.
CHD7 Interacts with other chromatin In NCC-specific knockout mice CHARGE Bajpai et al., 2010; Zentner
remodeling enzymes to regulate embryos: DORYV, VSD, and IAA-B. syndrome et al., 2010; Yan et al., 2020
¢NCC migration, maintenance, and
differentiation.
BAZ1B Required for proper neural crest cell  In null mutant mice embryos: Wiliams Syndrome  Yoshimura et al., 2009; Barnett
migration and maintenance. hypoplasia of PAA-4, VSD, ASD, and and Krebs, 2011; Barnett et al.,
aortic coarctation. 2012
Histone modifier KMT2D Required for proper neural crest cell Kabuki Syndrome Miyake et al., 2013;
formation and migration. Schwenty-Lara et al., 2020
KDMG6A Regulates post-migratory neural In NCC-specific knockout mice: PDA, Kabuki Syndrome Shpargel et al., 2017
crest cell viability. VSD and aortic coarctation.
EHMT1 In patients with EHMT1 mutation: TOF,  Kleefstra Syndrome  Kleefstra et al., 2005, 2006;
ASD, VSD, aortic coarctation, bicuspid Balemans et al., 2014
aortic valve, and pulmonic stenosis.
JIMJ Regulates expression of neural In null mutant mice embryos: VSD, Lee et al., 2000;
crest specifier genes through DORY, dilated atria, and ventricular Strobl-Mazzulla et al., 2010

demethylation of H3KOme3 at their  non-compaction.
promoter regions.
WHSC1 Regulates cNCC migration into the  In null mutant mice embryos: VSD, ASD  Wolf-Hirschhorn Nimura et al., 2009; Yu et al.,

pharyngeal arches. and enlarged foramen ovale. Syndrome 2017; Milis et al., 2019
HDAC3 Required for cNCC differentiation In NCC-specific knockout mice Singh et al., 2011
into smooth muscle cells that embryos: IAA-B, PTA, VSD, DORV and
septate the distal OFT. aortic arch hypoplasia.
DNA methylation DNMT3A  Promotes neural crest cell fate by Huetal., 2012
modulators inhibiting neural tube gene
expression in the neural crest region
DNMT3B  Regulates expression of neural In null mutant mice embryos: Improper  Immunodeficiency — Ueda et al., 2006; Weemaes
crest specifier genes through closure of ventricular septum. In human  with Centromeric etal, 2013; Hu et al., 2014a
promoter methylation. patients with DNMT3B mutations: ASD  Instability and
and VSD in three patients were noted.  Facial Anomalies
Syndrome
FOLR1, Regulates Sox2 and Sox10 Jimenez et al., 2018
RFC1 expression in the neural crest
region.

For each gene listed, its epigenetic classification, function in cardiac neural crest development, associated cardiac defects and implications in human diseases are
described. ASD, Atrial Septal Defect; DORV, Double Qutlet Right Ventricle; IAA-B, Interrupted Aortic Arch Type-B; OFT, Outflow Tract; PAA, Pharyngeal Arch Artery; PDA,
Patent Ductus Arteriosus; PTA, Persistent Truncus Arteriosus; TOF, Tetralogy of Fallot; and VVSD, Ventricular Septal Defect.
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*Genomic position was based on GRC37 Chromesome 9. “Frequency was derived from the East-Asian frequency of Exome Aggregation Consortium (EXAC) database. *'Frequency was derived from the East-Asiar
frequency of Genome Aggregation Database (Gromad).

HGVS, Human Genome Variation Society; CADD, Combined Annotation Dependent Depletion; Het, heterozygous; NA, not available; CA, chronological age; BA, bone age; SD, standard deviation; F; female; M, mae;
HP Human Phenotype Ontology (HPO) term identifier:
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10022.2
Xq28
7p14.2
1932
3p25.1
12g23.1
3p21.1
17912
19g13.4

AD, autosomal dominant: AR autosomal recessive: OMIM. online mendelian inheritance in man.
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Gene

ACTC1
ARVD3
ARVD4
ARVD6
CTNNAS3
DES
DSC2
DSG2
DSP
FLNC
JUP
LDB3
LMNA
PKP2
PLN
RYR2
SCN5A
TGFB3
TMEMA43
TIN

Protein

Actin, alpha, cardiac muscle
Arrhythmogenic right ventricular dysplasia, familial, 3
Arrhythmogenic right ventricular dysplasia, familial, 4
Arrhythmogenic right ventricular dysplasia, familial, 6
Catenin alpha 3

Desmin

Desmocollin 2

Desmoglein 2

Desmoplakin

Filamin C

Junction plakoglobin

Lim domain-binding 3

Lamin A/C

Plakophilin 2

Phospholamban

Ryanodine receptor 2 (cardiac)

Sodium channel, voltage-gated, type V, alpha subunit
Transforming growth factor beta 3

Transmembrane protein 43

Titin

Mode of inheritance

AD
AD
AD
AD
AD
AD, AR
AD, AR
AD
AD, AR
AD
AD, AR
AD
AD, AR
AD
AD
AD
AD
AD
AD
AD, AR

Disease association

ACM, HCM, DCM, LVNC
ACM
ACM
ACM
ACM
ACM, RCM, DCM
ACM, DCM
ACM, DCM
ACM, DCM
ACM, DMC, RCM, HCM
ACM
ACM, HCM, DCM, LVNC
ACM, HCM, DCM, LVNC
ACM, DCM
ACM, HCM, DCM
ACM, HCM
ACM, DCM
ACM
ACM
ACM, HCM, DCM

OMIM#

102540
602086
602087
604401
607667
125660
600271
125671
125485
102565
173325
605906
150330
602861
172405
180902
600163
190230
612048
188840

Locus

5031.1
12p12.1
15014
1042-043
7021.2
17921
Xq22
150241
11p15.5
10022.2
2p13.1
2p22.1
1922
11p15.4
4q12
12p11
20g13.12

10023.3
5033-q34

AD, autosomal dominant: AR autosomal recessive: OMIM. online mendelian inheritance in man.
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Gene

ACTC1
CASQ2
DTNA
HCN4

LDB3
LMNA
MiB1
MYBPC3
MYH7
PRDM16
TAZ
TBX20
TNNT2
VCL

Protein

Actin, alpha, cardiac muscle
Calsequestrin 2
Dystrobrevin, alpha

Hyperpolarization-Activated. Cyclic nucleotide-gated. Potassium
Channel 4

Lim domain-binding 3

Lamin A/C

ES3 ubiquitin protein ligase 1

Myosin-binding protein C, cardiac

Myosin, heavy chain 7, cardiac muscle, beta
Pr domain-containing protein 16

Tafazzin

T-box 20

Troponin T type 2 (cardiac)

Vinculin

Mode of inheritance

AD
AR, AD
AD
AD

AD
AD, AR
AD
AD
AD
AD
AR, XL
AD
AD
AD

Disease association

LVNC, ACM, HCM, DCM
LVNC
LVNC
LVNC

LVNC, ACM, HCM, DCM
LVNC, ACM, HCM, DCM
LVNC
LVNC, RCM, HCM, DCM
LVNC, RCM, HCM, DCM
LVNC, DCM
LVNC, DCM
LVNC, DCM
LVNC, RCM, HCM, DCM
LVNC, HCM, DCM

OMIM#

102540
114251
601239
605206

605906
150330
608677
600958
160760
605557
300394
606061
191045
193065

Locus

5031.1
6g22.31
2431
18012.1

2p22.1
1922
22q11.21
Xqg28
7p14.2
6021
Xqg24
10022.3-g23.2
17912
10g25.2

AD, autosomal dominant: AR autosomal recessive: OMIM. online mendelian inheritance in man.
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P19CI6 mESc
Source term_id term_name p_value source term_id term_name p_value
Biological process
GO:BP  GO:0048856  Anatomical structure development 2.66E-08 GO:BP  GO:0007275 Multicellular organism development 4.62E-35
GO:BP  GO:0007275  Multicellular organism development 2.66E-08 GO:BP  GO:0048513 Animal organ development 5.89E-34
GO:BP  GO:0050794 Regulation of cellular process 2.66E-08 GO:BP  G0:0048856 Anatomical structure development 5.89E-34
GO:BP  G0:0032502 Developmental process 5.26E-08 GO:BP  GO:0009653 Anatomical structure morphogenesis 1.08E-33
GO:BP  G0:0048731 System development 7.29E-08 GO:BP  GO:0032502 Developmental process 1.37E-33
GO:BP  GO:0065007 Biological regulation 7.29E-08 GO:BP  GO:0048731 System development 3.80E-33
GO:BP  GO:0050789 Regulation of biological process 7.79E-08 GO:BP  GO:0032501 Multicellular organismal process 9.77E-33
Cellular component
GO:CC  GO:0005622 Intracellular 2.15E-10 GO:CC  GO:0031012 Extracellular matrix 2.20E-13
GO:CC  GO:0005737 Cytoplasm 9.56E-10 GO:CC  G0:0062023  Collagen-containing extracellular matrix 6.96E-13
GO:CC  GO:0012505 Endomembrane system 4.41E-08 GO:CC  GO:0005576 Extracellular region 2.43E-10
GO:CC  GO:0043229 Intracellular organelle 6.67E-07 GO:CC  GO:0005615 Extracellular space 6.24E-10
GO:CC  GO:0031410 Cytoplasmic vesicle 4.46E-06 GO:CC  GO:0005604 Basement membrane 9.31E-10
GO:CC  GO:0097708 Intracellular vesicle 4.46E-06 GO:CC  GO:0071944 Cell periphery 1.83E-09
GO:CC  G0:0043226 Organelle 4.46E-06 GO:CC  G0:0005886 Plasma membrane 4.45E-09
GO:CC  G0:0031982 Vesicle 6.12E-06 GO:CC  G0:0009986 Cell surface 1.00E-08
GO:CC  GO:0110165 Cellular anatomical entity 6.99E-06 GO:CC  GO:0110165 Cellular anatomical entity 3.50E-06
GO:CC  G0O:0005829 Cytosol 1.57E-05 GO:CC  G0:0005587 Collagen type IV trimer 1.68E-05
GO:CC  GO:0048471 Perinuclear region of cytoplasm 0.000242631 GO:CC  G0:0098651 Basement membrane collagen trimer 1.68E-05
Molecular function
GO:MF  GO:0005515 Protein binding 1.08E-10 GO:MF  GO:0005515 Protein binding 6.12E-10
GO:MF  G0O:0019899 Enzyme binding 1.69E-05 GO:MF  G0:0005488 Binding 3.83E-09
GO:MF  G0:0008092 Cytoskeletal protein binding 0.000331085 GO:MF  GO:0005201  Extracellular matrix structural constituent 1.62E-08
GO:MF  G0O:0005488 Binding 0.000363156 GO:MF  GO:0008201 Heparin binding 1.58E-07
GO:MF  GO:0071813 Lipoprotein particle binding 0.026237583 GO:MF  GO:0060089 Molecular transducer activity 1.90E-07
GO:MF  GO:0071814 Protein-lipid complex binding 0.026237583 GO:MF  GO:0005102 Signaling receptor binding 3.41E-07
GO:MF  GO:0001067  Regulatory region nuc. acid binding  0.040927289 GO:MF  GO:0005198 Structural molecule activity 3.96E-07
GO:MF  G0O:0043168 Anion binding 0.040927289 GO:MF  GO:0005539 Glycosaminoglycan binding 6.98E-07
GO:MF  GO:0016740 Transferase activity 0.040927289 GO:MF  GO:0038023 Signaling receptor activity 6.98E-07
GO:MF  GO:0019900 Kinase binding 0.040927289 GO:MF  G0:0004888 Transmemb. signaling receptor activity 1.04E-06
GO:MF  GO:0035326 Cis-regulatory region binding 2.38E-06
KEGG pathway
KEGG KEGG:04810 Regulation of actin cytoskeleton 0.003951168 KEGG  KEGG:04512 ECM-receptor interaction 1.60E-08
KEGG KEGG:04510 Focal adhesion 0.004660295 KEGG  KEGG:04151 PIBK-Akt signaling pathway 2.72E-06
KEGG KEGG:04066 HIF-1 signaling pathway 0.004730602 KEGG  KEGG:05165 Human papillomavirus infection 1.00E-05
KEGG KEGG:05205 Proteoglycans in cancer 0.004730602 KEGG  KEGG:04360 Axon guidance 1.08E-05
KEGG KEGG:01212 Fatty acid metabolism 0.006364804 KEGG  KEGG:05200 Pathways in cancer 1.08E-05
KEGG KEGG:00051  Fructose and mannose metabolism  0.008062545  KEGG ~ KEGG:04390 Hippo signaling pathway 3.33E-05
KEGG KEGG:05165 Human papillomavirus infection 0.00836325 KEGG  KEGG:05146 Amebiasis 0.000184329
KEGG KEGG:04140 Autophagy — animal 0.00836325 KEGG  KEGG:05206 MicroRNAs in cancer 0.000205893
KEGG KEGG:05223 Non-small cell lung cancer 0.00836325 KEGG  KEGG:05205 Proteoglycans in cancer 0.000273917
KEGG KEGG:04934 Cushing syndrome 0.008904189 KEGG  KEGG:04550  Signaling path. pluripotency of stem cells  0.000328595
KEGG KEGG:05206 MicroRNAs in cancer 0.010714853 KEGG  KEGG:04350 TGF-beta signaling pathway 0.000402713
KEGG KEGG:05214 Glioma 0.012951127 KEGG  KEGG:01100 Metabolic pathways 0.000415169
KEGG KEGG:05163  Human cytomegalovirus infection ~ 0.013108615 KEGG  KEGG:04510 Focal adhesion 0.000454709
KEGG KEGG:04152 AMPK signaling pathway 0.01346403 KEGG  KEGG:01230 Biosynthesis of amino acids 0.000852464
KEGG KEGG:05215 Prostate cancer 0.01346403 KEGG  KEGG:05217 Basal cell carcinoma 0.001326581
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Gene or locus Primer sequence

Thx1 (65 bp) FW (65 bp): CTGACCAATAACCTGCTGGATGA
RV (65 bp): GGCTGATATCTGTGCATGGAGTT
Tbx1 (239 bp) FW (239 bp): TTTGTGCCCGTAGATGACAA
RV (239 bp): AATCGGGGCTGATATCTGTG
Pecam1 FW: TGGTTGTCATTGGAGTGGTC
RV: TTCTCGCTGTTGGAGTTCAG
Uncbb FW: CAATCCAGCCCCACTCAAT
RV: GTCCACGCTCCATCCACT
Nanog FW: AAGTACCTCAGCCTCCAGCA
RV: GTGCTGAGCCCTTCTGAATC
Pou5f1 FW: TCAGCTTGGGCTAGAGAAGG
RV: TGACGGGAACAGAGGGAAAG
Nrp1 FW: CAGTGGCACAGGTGATGACT
RV: TCTGATTGGATGGTGCTGTC
Gapdh FW: TGCACCACCAACTGCTTAGC
RV: TCTTCTGGGTGGCAGTGATG
Bai2 FW: GCAATGACCTGTTCACCACC
RV: GCCTGTCTGCGCCATGTATAG
Cdc42bpg FW: GTAACGTGGCGCAGTTTCTG
RV: CCCTCTGCCAATCACCTTCA
Brd4 FW: TCCTCTGAGTCGGAGAGCAC
RV: TCCCAGTGTGCCCCTTCTTT
Axin2 FW: TCCGGCTATGTCTTTGCACC
RV: TACTCCCCATGCGGTAAGGA
Pxn FW: GGAGAGATGAGCAGTCCGCA
RV: CCATCCACTCTCTGTTCCAGG
Dusp7 FW: CCTCCAAGGTGGTTTCAACA
RV: GACGAGCTGTCCACGTTAGT
Positive Control Gapdh-P FW: GGGAAGCAGCATTCAGGTCT
(Q-ATAC) RV: TGAAATGTGCACGCACCAAG
Negative Control (Q-ATAC) FW: TGCACAACACTGGGCCATTA
RV: GTGAGTGAAGGCCATCGGTT
Bai2 (Q-ATAC) FW: CCAGAGCACTTGCTGTCTGA
RV: ACAGTAAGAGGGGACAGGCT
Cdc42bpg (Q-ATAC) FW: TCAGTCAGCACTGGAAGCTG
RV: TCGGAAGGAACTCCACTCCA
Brd4 (Q-ATAC) FW: TGGGTAGGACGTCACAAACG
RV: TCTGCGCCAAATGTCTGACT
Axin2 (Q-ATAC) FW: CACACCCTCAGAGAACCCAC
RV: CAGACTATGGCGGCTTTCCA
Pxn (Q-ATAC) FW: GCTGCTGCTTCTGCTTCATC
RV: GTGGGTCCTCATTGGTCTGG
Dusp7 (Q-ATAC) FW: CCAGATCCTGCCCTACCTCT
RV: GGGTGTGACGTTGAGGATGT
gRNA TGGCCGAGTACACTACCACC
Oligo for homologous GAGGTCTTCTGGTTTACCCTATATT
recombination GTATGACCCCCCCTCCCACGATG

TTGCCCTAGGTATGCTTTCCATAGC
GGTAAGCCTATCCCTAACCCTCTCCT
CGGTCTCGATTCTACGTAGAATTCAT
GCCCGGACTCGCCGGCTAAGGGCGC
ACAGTGGATGAAACAGATTGTGTCT
TTCGACAAGCTGAAACTGACCAATA
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Subtype

Isolated form

Arrhythmogenic form

Dilated form

Hypertrophic form

Restrictive form

Mixed form

Biventricular form
Right ventricular form
Congenital heart disease form

Characteristics

Abnormal trabeculations with normal cardiac
dimension and function

Isolated form with supraventricular or ventricular
tachycardias

Dilated and hypertrabeculated LV with systolic
dysfunction

Concentric and asymmetric hypertrophy with
LV trabeculations

Bilateral atrial enlargement, diastolic
dysfunction, and LV trabeculations

A mix of characteristics from hypertrophic,
dilated, and restrictive phenotypes

Trabeculation in the right and left ventricles
Trabeculation in the right ventricle

LV trabeculations associated with concomitant
congenital heart disease
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Disease Common pathogenic Patterns of Clinical features
gene variants and inheritance
protein product
Anderson-Fabry disecase =~ GLA - a-galactosidase A XL Peripheral neuralgia and autonomic dysfunction. Ischemic strokes and arrhythmias.
Angiokeratomas, hearing loss. Microalbuminuria and kidney failure. Female carriers are
variably affected. The presentation starts during adolescence.
Danon disease LAMPZ2 - XL Skeletal myopathy in proximal muscle groups. Increased serum creatine kinase.
lysosome-associated Arrhythmias. Female carriers are variably affected.
membrane protein 2
Friedreich’s ataxia FRDA — Frataxin AR Progressive ataxia of the limbs. Progressive skeletal muscle weakness. Onset varies
throughout adulthood.
Kearns-Sayre syndrome ~ Mitochondrial DNA Mitochondrial Pigmentary retinopathy. Progressive external ophthalmoplegia. Onset before 20 years.
cardiac conduction defects. Increased CSF protein concentration. Cerebellar ataxia.
Noonan syndrome PTPN11 (50% of Noonan AD Prominent forehead, eyes, webbing of neck. Pulmonary valve stenosis, atrial septal
cases) — tyrosine defect. Platelet dysfunction and coagulation factors deficiency. Peripheral lymphedema.
phosphatase SHP-2 Pectus excavatum and growth retardation.
Pompe disease GAA - acid AR Progressive weakness of proximal muscles Macroglossia, hepatomegaly, feeding and

alpha-glucosidase

respiratory difficulties, hearing loss. Arrhythmias. Onset varies from birth (classic
infantile) through adulthood.

AD, autosomal dominant; AR, autosomal recessive; XL, X-linked; CSF, cerebrospinal fluid.
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Gene

ACTC1
ACTN2
ALPK3
ANKRD1
BAG3
BRAF
CAV3
CSRP3
FHL1
FLNC
GAA
GLA
HRAS
JPH2
LAMP2
LDB3
LMNA
MAP2K1
MAP2K2
MYBPC3
MYH6
MYH7
MYL2
MYL3
MYLK2
MYOM1
MYOz2
MYPN
NEXN
NRAS
PDLIM3
PLN
PRKAG2
PTPN11
RAF1
RIT1
RYR2
SHOC2
SOS1
TCAP
TNNC1
NNI3
TNNT2
TPM1
TIN

TTR

VCL

AD, autosomal dominant; AR autosomal recessive; OMIM, online mendelian inheritance in man.

Protein

Actin alpha
Actinin alpha 2
Alpha kinase 3
Ankyrin repeat domain containing protein 1
Bcl2 associated athanogene 3

B-Raf proto-oncogene serine/threonine kinase

Caveolin 3
Cysteine and glycine rich protein 3
Four and a half LIM domains 1
Filamin C
Glucosidase alpha
Galactosidase alpha
HRas proto-oncogene, GTPase
Junctophilin 2
Lysosome-associated membrane protein 2
Lim domain binding 3
Lamin A/C
Mitogen activated protein kinase 1
Mitogen activated protein kinase 2
Myosin binding protein C
Myosin, heavy chain 6
Myosin, heavy chain 7
Myosin light chain 2
Myosin light chain 3
Myosin light chain kinase 2
Myomesin 1
Myozenin 2
Myopalladin
Nexilin
Neuroblastoma Ras viral oncogene homolog
Pdz and Lim domain protein 3
Phospholamban

Protein kinase Amp-activated non-catalytic gamma-2
Protein tyrosine phosphatase non-receptor type 11
V-Raf-1 murine leukemia viral oncogene homolog 1

Ras-like without Caax 1
Ryanodine receptor 2
Soc-2 homolog
Son of sevenless Drosophila homolog 1
Titin-cap
Troponin C type 1
Troponin | type 3
Troponin T type 2
Tropomyosin 1
Titin
Transthyretin
Vinculin

Mode of inheritance

AD
AD
AR
AD
AD
AD
AD
AD
XL
AD
AR
XL
AD
AD
XL
AD
AD, AR
AD
AD
AD
AD
AD
AD
AD, AR
AD
AD
AD
AD
AD
AD
AD
AD
AD
AD
AD
AD
AD
AD
AD
AR
AD
AD
AD
AD
AD, AR
AD
AD

Disease association

HCM, DCM, LVNC, ACM

HCM, DCM

HCM, DCM

HCM, DCM

HCM, DCM, RCM

HCM

HCM, DCM

HCM, DCM
HCM

HCM, ACM, DMC, RCM

HCM
HCM
HCM
HCM
HCM, DCM

HCM, DCM, LVNC, ACM
HCM, DCM, LVNC, ACM

HCM
HCM

HCM, DCM, LVNC, RCM

HCM, DCM

HCM, DCM, LVNC, RCM

HCM
HCM, RCM
HCM
HCM
HCM, DCM, RCM
HCM, DCM, RCM
HCM, DCM
HCM
HCM, DCM
HCM, DCM, ACM
HCM
HCM
HCM
HCM
HCM, ACM
HCM
HCM
HCM, DCM
HCM, DCM
HCM, DCM, RCM

HCM, DCM, LVNC, RCM

HCM, DCM, RCM
HCM, DCM, ACM
HCM
HCM, DCM, LVNC

OMIM#

102540
102573
617608
609599
603883
164757
601253
600824
300163
102565
606800
300644
190020
605267
309060
605906
150330
176872
601263
600958
160710
160760
160781
160790
606566
603508
605602
608517
613121
164790
605899
172405
602743
176876
164760
609591
180902
602775
182530
604488
191040
191044
191045
191010
188840
176300
193065

Locus

5031.1
60g22.1
1p36.32
7036.1
140924.3
12g15
12g24.13
12p12.1
15022.31
10g22.2
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Gene Protein Mode of Cardiac phenotype omIM# Locus

inheritance
ABCCO ATP-binding cassette AD DCM 601439 14q12-q22
AcTCT Actin-alpha cardiac muscle AD DCM, LVNG, ACM, HCM 102540 5q31.1
ACTNZ Actinin alpha-2 AD DCM, HCM 102573 6q22.1
AKAP9 Ackinase anchor protein 9 AD DCM 604001 2q32.1-632.3
ALMST Centrosome and basal body associated protein AR ey 606844 10p14-p12
ALPK3 Alpha kinase 3 AR DCM, HCM 617608 1p36.32
ANKRD1 Ankyrin repeat domain-containing protein 1 AD DCM, HOM 609599 7436.1
BAG3 Bol2-associated athanogene 3 AD DCM, ROM, HCM 603883 14624.3
casaz Calsequestrin 2 AR, AD DCM, LYNC 114251 6022.31
cav3 Caveolin 3 AD DCM, HOM 601253 12624.13
CRYVAB Crystalin AD ey 123500 11g28.1
CSRP3 Cysteine and glycinin Protein 3 AD DCM, HCM 600824 12p12.1
CcTF1 Cardiotrophin 1 AR, AD DCM 600435 1p13.1
DES Desmin AD, AR DCM, ACM, RCM 125660 1721
DoMD Dystrophin XL DCM 300877 3p25.3
DOLK Dolichol kinase AR DCM 610746 7633
Dpsc2 Desmacalin 2 AD, AR DCM, ACM 600271 Xq22
DsG2 Desmoglein 2 AD DCM, ACM 125671 15624.1
DsP Desmoplakin AD, AR DCM, ACM 125485 11p155
DTNA Dystrobrevin alpha AD DCM, LVNC 601239 2681
EMD Emerin XL DCM 300384 11628.1
Evad Eyes absent Drosophila homolog 4 AD DCM 603550 11p16.1
FHLT Four and a half LIM domain 1 XL DCM, HCM 300163 15622.31
FKRP Fukutin-related protein AR DCM 606506 10621.3
FKTN Fukutin AR DCM 607440 2435
ANC Filamin C AD DMC, RCM, HOM, ACM 102665 10g22.2
GATA4 Gata-binding protein 4 AD DCM 600576 Xq21.2-p21.1
GATADT Gata zinc finger domain-containing protein 1 AR DCM 614518 9q34.11
GLA Galactosidase alpha XL DCM, HCM 300644 18911.2
ILK Integrin-linked kinase AD DCM 602366 18g12.1
JuP Junction plakoglobin AD, AR DCM, ACM 173325 2p13.1
LamA4 Laminin alpha-4 AD DCM 600133 18g12.1
LamP2 Lysosome-associated membrane protein 2 XL DCM, HCM 309060 3p25.2
LDB3 Lim domain binding 3 AD DCM, LVNG, ACM, HCM 605006 2p22.1
LMNA Lamin A'C AD, AR DCM, LVNG, ACM, HCM 150830 1622
LRRCT0 Leucine-ich repeat-containing Protein 10 AD, AR DCM 610846 49213
MYBPC3 Myosin binding protein AD DCM, LVNG, RCM, HCM 600068 Xq28
MyHe Myosin heavy chain 6 AD DCM, HCM 160710 10625.2
MYH? Myosin heavy chain 7 AD DCM, LVNG, RCM, HCM 160760 7p14.2
myL2 Myosin light chain 2 AD DCM, HCM 160781 3p21.3-p21.2
ML3 Myosin light chain 3 AD, AR DCM, HCM, RCM 160790 1682
MYLK2 Myosin light chain kinase 2 AD DCM, HCM 606566 20q13.31
myor Myotiin AD DCM 604103 Xq28
myozz Myozenin 2 AD DCM, RCM, HCM 605602 3p25.1
MYPN Myopalladin AD DCM, RCM, HCM 608517 12628.1
NEBL Nebulette AD DCM 605491 69232
NEN Nexiin AD DCM, HCM 613121 1622
NKX2-5 NK2 homeobox 5 AD DCM 600584 Xq26.3
PDLIMG Pdz and lim domain protein 3 AD DCM, HCM 605809 1043
PKP2 Plakophilin 2 AD DCM, ACM 602861 11p15.4
PLN Phospholamban AD DCM, ACM, HCM 172405 aq12
PRDM16 PR domain-containing protein 16 AD DCM, LVNC 605557 6q21
PRKAG2 Protein kinase amp-activated non-catalytic AD DCM, HCM 602743 4q26-q27
RBM20 RNA-binding motif protein 20 AD DCM 613171 2q12.2
RYR2 Ryanodine receptor 2 AD DCM, HCM, ACM 180002 12p11
SCNBA Sodium channel voltage-gated AD DCM, ACM 600163 20q18.12
SGCA Sarcoglycan alpha AR DCM 600119 1625.2
sees Sarcoglycan beta AR DCM 600900 15022.1
sGep Sarcoglycan delta AD, AR DCM 601411 19q13.32
SLc25A4 Solute carrier family 25 AD, AR DCM 103220 7q21-q22
Tz Tafazzin AR, XL DCM, LUNC 300394 Xq24
BX20 T-Box 20 AD DCM, LUNC 606061 10022.3-q23.2
TCAP Titin-Cap AR DCM, HCM 604483 3p21
TMEM43 Transmembrane protein 43 AD DCM, ACM 612048 100233
MPO Thymopoietin AD DCM 188380 9312
TNNCT Troponin G type 1 AD DCM, HCM 191040 17q21.33
TNNI3 Troponin | type 3 AD DCM, RCM, HCM 191044 3p21.1
TNNT2 Troponin T type 2 AD DCM, LVNG, RCM, HOM 191045 17912
TORTAIP1 Torsin-1a-interacting protein 1 AR DCM 614512 7q32.1
TPMT Tropomyosin 1 AD DCM, RCM, HCM 191010 19q13.4
TRON Triadin AR DCM 603283 176253
TN Titin AD, AR DCM, ACM, HCM 188840 5q33-q34
TXNRD2 Thioredoxin reductase 2 AD, AR DCM 606448 8p23.1
veL Vineulin AD DCM, LVNG, HCM 193065 10625.2

AD, autosomal dominant; AR autosomal recessive; OMIM, online mendelian inheritance in man.
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Disease Pathogenic gene variant and Patterns of Clinical features
protein product inheritance
Barth syndrome TAZ/G4.5 — Tafazzin XL Male infants with cardioskeletal myopathy. Endocardial
fibroelastosis; LVNC or HCM may be seen. Neutropenia, growth
delays. 3-methylglutaconic aciduria (blood/urine)
Carvajal syndrome DSP — Desmoplakin AR Brittle scalp with wooly hairs. Palmoplantar keratoderma.
Duchenne and Becker muscular dystrophy DMD — Dystrophin XL Male children with muscle weakness. Pseudohypertrophy of calf

Emery-dreifuss muscular dystrophy LMNA - Lamin A/C EMD -
Emerin FHL1 — Four and a half
LIM Domain 1

Laing distal myopathy MYH?7 — B-myosin heavy chain

Limb-girdie muscular dystrophy 1B LMNA - Lamin A/C

EMD and FHL1: XL
LMNA: AD, AR

AD

AD, AR

muscles. Gower maneuver. Increased serum creatine kinase.
Becker’s present later. Female carriers are variably affected.
Childhood-onset muscle weakness. Joint contractures. Heart block
and arrhythmias (by the second decade of life).

Initial weakness of the toes and fingers. A slow progression to
central muscles. Tremors. Variable presentation from childhood to
decades.

Affects voluntary proximal skeletal muscles. Presentation later in
childhood to adulthood. Arrhythmias.

AD, autosomal dominant; AR, autosomal recessive; XL, X-linked.
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Cardiomyocytes Vascular endothelial cells Vascular smooth muscle cells

® Myofibrillogenesis ® Endothelial differentiation ® VSMC differentiation

® Cardiac pathogenesis ® Endothelial cell dysfunction ® Vascular injury
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Group (Phenotype) Genetic model  Genotypes

CHD (N = 629) vs. control (N = 696)
Co-dominant Wt
Hete
Homo
Allele Major allele
Minor allele

Ref, reference; OR, odds ratio; C1, confidence interval; wt, wid type; hete, heterozygous vriant; homo, homozygous variant.
OR and 95% Gl calculations were conducted under the assumption that variant aleles were risk alleles.

Cases N (%)

268 (42.61)
242 (38.47)
119 (18.92)
778 (61.84)
480 (38.16)

Controls N (%)

356 (51.15)
271 (38.94)
69 (9.91)
983 (70.62)
409 (29.38)

The P-value for the chi-square test and HWE P-value for the Hardy-Weinberg equilibrium test in the control subjects.

OR (95% CI) P-value  HWE
P-value
1.00 (Ref)
1.186 (0.938-15) 0.154
2291 (1.637-8.207)  9.72 x 1077
1.00 (Ref)

1.483(1.261-1.744)  20x 10 0516
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Basic characteristic
Age, years (mean % SD)
Gender
Male, n (%)
Female, n (%)
Subtype phenotype
Ventricular septal defect
Atrial septal defect
VSD and ASD
Tetralogy of Fallot
Transposition of the great arteries
Pulmonary atresia
Right double outlet right ventricle
Other complex cardiac malformations

Combined sample
N =629

2.33 (+£3.28)

357 (66.76)
272 (43.24)

293 (46.58)
101 (16.06)
31(4.93)
96 (15.26)
40 (6.36)
37(5.88)
13 (2.07)
18 (2.86)
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Mutation PDBfile** ChainID Predicted AAG”™ Outcome

A1620T 6G2D.pdb D —1.65 Reduced stability
R2161W  6G2D.pdb C -0.3 Reduced stability

*SDM, site directed mutator is a computational method used to analyze the effects
of mutations on protein stability. The results are displayed with predicted pseudo
AAG, a negative value corresponds to a mutation predicted to be destabilizing,
accordingly, a positive value corresponds to a stabilizing mutation.

**The 3D structures are both available in the Protein Data Bank (PDB).

**The results displayed with predicted pseudo A AG, a negative value corresponds
to mutation predicted to be destabilizing, accordingly, a positive value corresponds
to a stabilizing mutation.
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Nucleotide change c.4858G > A c.6481C > T

Amino acid change p. A1620T p. R2161W
SIFT! Tolerated (score = 0.515) Tolerated (score = 0.105)
PROVEAN? Neutral (score = —0.65)  Deleterious
(score = —5.778)
MutationTaster Disease-causing Disease-causing
PolyPhen-23 Benign (score = 0.014) Probably damaging
(score = 0.999)
dbSNP (MAF/minor allele  —(<0.005) —(<0.005)
count)?
ClinVar® - -
ExAC allele frequency®  0.0001 0.0009

1The SIFT score ranges from 0.0 (deleterious) to 1.0 (tolerated); variants with scores
closer to 0.0 are more confidently predicted to be deleterious, and very close to 1.0
are more confidently predicted to be tolerated.

2The cutoff for PROVEAN scores was set to -2.5. That is, consider a score higher
than —2.5 to be neutral (tolerated) and that lower than or equal to —2.5 to be delete-
rious (damaging).

3The PolyPhen-2 score ranges from 0.0 (tolerated) to 1.0 (deleterious). Between
0.0 and 0.15 — variants with scores in this range are predicted to be benign; 0.15
and 1.0 — variants with scores in this range are possibly damaging; 0.85 and 1.0 -
variants with scores in this range are more confidently predicted to be damaging.
4The “~” means both variants were absent from dbSNP.

5The ““” means no data have been submitted to the ClinVar database.

8The EXAC allele frequency represents the heterozygous mutation frequency.
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ID Gender Date of Age Clinical GGT Variant 1 rsiD ClinVar ACMG Allele Histologic Survivalstatus

birth of indication (U/L) (NM_004817.3, classification frequency features
onset NP_004808.2) (evidence of cholestasis
levels)
46348 F  4/14/1994 NA Neonatal Normal ¢.817delG, rs864321697 Pathogenic Pathogenic NA NA Alive
cholestasis, p.Ala273Profs*38 (PVS1, PM2,
liver failure PP3, PP4, PP5)
c.1202A > rs1057515614 NA Likely G = 0.000004,
G,p.Glu401Gly Pathogenic 1/251308
(PS3, PM2, (GnomAD_exomes)
PP3, PP4)
54691 F  6/30/2010 Neonatal  Intermittent 49 (5-55), ¢.2438dup, rs776869985 Pathogenic Pathogenic NA Hepatocytes with Alive
onset jaundice Normal p.Asn814Ginfs*28 (PVS1, PM2, prominent rosetting had
of neonatal onset, PP3, PP4, PP5) bile-tinged cytoplasm
cirrhotic liver, and scant giant-cell
presented with transformation.
liver failure. Canalicular lumina often

contained bile pigment,
as did the cytoplasm of
Kupffer cells. Portal-tract
cholestasis and ductular
reaction were not seen.

€.2668-1G > GT rs864321695 Pathogenic ~ Pathogenic NA
(PVS1, PM2, PP3,
PP4, PP5)
62966 F  6/13/2009 26 months Liver carcinoma, Normal c.2668-11A rs933238834 NA Likely G = 0.000009,2/ The liver parenchyma Alive
cholestatic > G(Hom) Pathogenic 232746 shows patchy cellular
jaundice, (PSS, PM2, (GnomAD_exomes) swelling of hepatocytes
hepatosplenomegaly, PP3, PP4) as well as patchy
hepatic hepatocellular and
dysfunction canalicular cholestasis.

The portal areas show
piecemeal necrosis as
well as ductular
proliferation. Additionally,
there is moderate lobular
mixed inflammatory
infiltrate. Microvesicular
and macrovesicular
steatosis is present in
about 20% of the tissue.
Extensive bridging
fibrosis and regenerative
nodules are evident by
trichrome special stain.

Survival status: follow-up till 2015.
Bold value means novel variant.
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Group n Mean methylation (SE) p value OR (95% CI) Adjusted OR (95% CI)?

Total NTDs? 80 0.11(0.07) <0.001 1.08 (1.04, 1.12) 1.08 (1.0, 1.13)
Spina bifida 39 0.11 (0.03) <0.001 1.07 (1.03, 1.12) 1.07 (1.01, 1.12)
Anencephaly 33 0.12 (0.08) <0.001 1.07 (1.02, 1.12) 1.08 (1.01, 1.16)
Controls 32 0.24 (0.19) = 1.0 1.0

NTDs, neural tube defects; SE, standard error; OR, odds ratio; and ClI, confidence interval. ®Maternal occupation, maternal educational, periconceptional folic
acid supplementation, unplanned pregnancy, and parity were adjusted for. ®We did not examine the association between ZIC4 methylation and NTD risk in eight
encephalocele cases.
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CpG sites N SOD GPx TAC MDA PC
p P p P p P p P p P

ZIC4_A 20 —0.134 0.573 —0.434 0.056 0.069 0.774 —0.155 0.513 —0.257 0.274
ZIC4_2 16 -0.123 0.649 —0.712** 0.002 —0.068 0.801 0.190 0.480 —0.748** 0.001
ZIC4 3 20 -0.013 0.957 —0.495* 0.027 -0.085 0.721 -0.126 0.597 —0.226 0.338
ZIC4_4 20 —0.080 0.736 —0.588** 0.006 0.089 0.710 0.056 0.814 —0.379 0.100
ZIC4_5 20 0.122 0.609 —0.299 0.200 0.119 0.618 0.175 0.459 —0.387 0.092
ZIC4_6 20 -0.107 0.653 0.130 0.584 0.169 0.476 0.062 0.796 —0.133 0.575
ZIC4_7 20 0.046 0.847 —0.465* 0.039 0.140 0.557 0.146 0.538 —0.447* 0.048
ZIC4_8 20 —0.141 0.554 —0.469* 0.037 0.026 0.912 0.219 0.354 —0.488* 0.029
ZIC4_9 20 0.156 0.511 -0.213 0.368 0.117 0.624 —0.116 0.626 -0.125 0.599
ZIC4_10 20 -0.114 0.632 —0.586** 0.007 0.149 0.531 0.267 0.254 —0.399 0.081
ZIC4_average 20 0.061 0.799 —0.297 0.203 0.189 0.425 0.002 0.992 —0.342 0.140

OS markers were expressed in unit/mg protein. SOD, superoxide dismutase; GPx, glutathione peroxidase; TAC, total antioxidant capacity; MDA,

malondialdehyde; PC,
protein carbonyl; and p, Pearson’s correlation coefficient. Bold values denote statistical significance at the p < 0.05 level. *p < 0.05 and *p < 0.01.





OPS/images/fcell-09-661599/fcell-09-661599-g004.jpg
st 33342

Hoche

DNIS (€LST)TILTS (€£91)ZdrL1S

(€LSDTAILS (€L9D)TdIL





OPS/images/fcell-09-661599/fcell-09-661599-g003.jpg
—a— SiTIP2(1673)
—m- siTIP2(1573) D

4+ —@— SiNT g 4
2
34 <+ 3-
Q
2 o
2] * a 24
14 * * E k& *
>
§ 0 r T
T T T T Q‘\ hv
N *
E SINT siTIP2(1573) siTIP2(1673)
- ]
= ]
= 8.15% 24.1% 1%
o — ]
Q
= ]
U - -
0 2 4 6 0 2 4 6 0 2 4 6
10 10 10 10 10 10 10 10 10 10 10 10
Fluorescence intensity
sINT siTIP2(1573) siTIP2(1673)
= 1 i
g 7.75% 3 11.4% 11.3%
> T —_— _— ko | —_—
SR ]
3 ]
I H'lu 102 1[)4 106 100 102 104 10ﬁ 100 102 104 1l)ﬁ

—a SiTIP2(1673)
- siTIP2(1573)

e

Fluorescence intensity

—@— siNT
*
*
*
t\’»“
F mm siNT
= siTJP2(1573)
= SiTJP2(1673)
30
—_ *k
S
320
o
O
= *
I=]
2 10
o
[}
<
0
H
mm siNT
== siTJP2(1573)
mm siTJP2(1673)
15
= * *
3 10
o
L
°
2 5
o
o
<
0






OPS/images/fcell-09-661599/fcell-09-661599-g002.jpg
Exon A Exon 19 Exon B

/ L
7/
GCTOCIGEOGCIGOGATGOAAGGGATGGATGA AOCCOOTOCAOCACOABGOABOATAOGAOCCT CCTCAAATCC AA
Exon A Exon B

O0CTOCTOOCTOOOO0ATAOBGAOGCCTCCTCAAATCCAAATOCTACCAOGCTCCAOBCABCCAABATCCAGBABADTTY

AMV\MANN\MM/WWM\AAAAMN\AMANAMMN\AAN\WMMMMAMANVWV

Exon A Exon 19 Exon B

I
OCYoCVOOCVOO.AYVCCYC'AQAVOOAAO‘BAV.OA'OIY LAOCACOADOADOATAOGAGCCTCCTC AAATC

M S PN W AN AN AR





OPS/images/fcell-09-661599/fcell-09-661599-g001.jpg
o

Cell vialibility(OD 450nm)

Relative TIP2 mRNA expression

15 *
10-
TJP2
54
GAPDH
oL 1
&

WT
- C.1202A>G

T
20 40 60 80
Time/min

- WT
=1 1202A>G

c.1202A>G

2os

P
Relative TJP2 protein

WT

¢.1202 A>G

WT 1202A>G

TIP2 DAPI Merge






OPS/images/fcell-09-661599/cross.jpg
3,

i





OPS/images/fcell-09-662780/fcell-09-662780-t001.jpg
Gene symbol

SNHG3
ZFAST
SVIL-AS1
DSG1-AS1
HCG22
NEATH

RP11-373D23.2
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—1.34
—1.38
-1.27
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—1.43

Changing trend

Up
Up
Up
Up
Up
Down
Down
Down
Down
Down

LncRNA type

LincRNA
Antisense
Antisense
Antisense
LincRNA
LincRNA
Sense intronic
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Sense intronic

FC, fold change; IncRNAs, long non-coding RNAs; NSCLF, non-syndromic cleft lip
and palate; lincRNA, long intergenic non-coding RNA.
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Up-/Downregulated

Downregulated

Upregulated

Entrez ID

220709_at
206277 _at
210117_at
201289_at
225720_at
215150_at
226682_at
212886_at
213805_at
225516_at
209108_at
218816_at
220390_at
215106_at
229801_at
226907 _at
235563_at
210953_at
209921 _at
210917 _at
212092_at
223298_s_at
224813_at
226352_at
213260_at
227481 _at
209734 _at
209735_at
211301_at
219202_at
203729_at
212552 at
203052_at
244526 _at
223529 _at
204915_s_at
207454 _at
232898_at
202517 _at

Gene symbol

ZNF556
P2RY2
SPAGH
CYR61
SYNPO2
YOD1
RORA
CCDC69
ABHD5
SLC7A2
TSPANG
LRRCH
AGBL2
TTC22
PROSER2
PPP1R14C
GPRC5A
TSC22D2
SLC7A11
YES1
PEG10
NT5C3A
WASL
JMY
FOXCAH
CNKSR3
NCKAP1L
ABCG2
KCND3
RHBDF2
EMP3
HPCALA1
Cc2
RASGRP3
SYT4
SOX11
GRIK3
DAB2
CRMP1

Gene title

Zinc finger protein 556

P2Y purinoceptor 2

Sperm-associated antigen 1

Cysteine-rich, angiogenic inducer, 61
Synaptopodin-2

YOD1 deubiquitinase

Nuclear receptor ROR-alpha

Coiled-coil domain-containing protein 69
1-acylglycerol-3-phosphate O-acyltransferase ABHD5
Cationic amino acid transporter 2
Tetraspanin-6

Leucine-rich repeat-containing protein 1
Cytosolic carboxypeptidase 2
Tetratricopeptide repeat domain containing
Proline and serine rich 2

Protein phosphatase 1 regulatory subunit 14C
Retinoic acid-induced protein 3

TSC22 domain family member 2
Cystine/glutamate transporter
Tyrosine-protein kinase Yes
Retrotransposon-derived protein PEG10
Cytosolic &'-nucleotidase 3A

Neural Wiskott-Aldrich syndrome protein
Junction-mediating and -regulatory protein
Forkhead box protein C1

Connector enhancer of kinase suppressor of ras 3
Nck-associated protein 1-like

ATP-binding cassette sub-family G member 2
Potassium voltage-gated channel subfamily D member 3
Inactive rhomboid protein 2

Epithelial membrane protein 3
Hippocalcin-like protein 1

Complement component 2

Ras guanyl-releasing protein 3
Synaptotagmin-4

Transcription factor SOX-11

Glutamate receptor ionotropic, kainate 3
Disabled homolog 2

Collapsin response mediator protein 1

logFC

—4.47162
—3.74581
—3.09564
—2.97183
—2.92121
—2.91952
—2.85663
—2.85316
—2.83363
—2.80655
—2.70781
—2.68555
—2.66653
—2.569286
—2.49026
—2.46988
—2.42726
—2.36737
—2.31213
—2.28355
—2.18781
—2.1847
—2.17078
—2.16481
—2.11452
—2.04366
1.540901
1.891656
2.10085
2.169764
2.258525
2.27348
2.324313
2.394329
2.695291
2.737709
2.885433
3.180265
5.04684

adj. P-Value

0.000939
0.009906
0.002366
0.001635
0.005667
0.005392
0.000939
0.001761
0.001323
0.01017

0.001644
0.001761
0.00969

0.001308
0.001181
0.021354
0.001761
0.001754
0.010217
0.006637
0.014291
0.01104

0.00328

0.001791
0.002497
0.005785
0.003268
0.022481
0.02812

0.014825
0.001974
0.003354
0.012057
0.006312
0.006394
0.014825
0.012153
0.025146
0.001854
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