

[image: image1]
A Sextuple Knockout Cell Line System to Study the Differential Roles of CRY, PER, and NR1D in the Transcription-Translation Feedback Loop of the Circadian Clock












	 
	ORIGINAL RESEARCH
published: 14 December 2020
doi: 10.3389/fnins.2020.616802





[image: image]

A Sextuple Knockout Cell Line System to Study the Differential Roles of CRY, PER, and NR1D in the Transcription-Translation Feedback Loop of the Circadian Clock

Yi-Ying Chiou1*, Tzu-Ying Li1, Yanyan Yang2 and Aziz Sancar2

1Graduate Institute of Biochemistry, National Chung Hsing University, Taichung City, Taiwan

2Department of Biochemistry and Biophysics, University of North Carolina School of Medicine, Chapel Hill, NC, United States

Edited by:
Jihwan Myung, Taipei Medical University, Taiwan

Reviewed by:
Andrew C. Liu, University of Florida, United States
Jae Kyoung Kim, Korea Advanced Institute of Science and Technology, South Korea

*Correspondence: Yi-Ying Chiou, yychiou@nchu.edu.tw

Specialty section: This article was submitted to Sleep and Circadian Rhythms, a section of the journal Frontiers in Neuroscience

Received: 13 October 2020
Accepted: 23 November 2020
Published: 14 December 2020

Citation: Chiou Y-Y, Li T-Y, Yang Y and Sancar A (2020) A Sextuple Knockout Cell Line System to Study the Differential Roles of CRY, PER, and NR1D in the Transcription-Translation Feedback Loop of the Circadian Clock. Front. Neurosci. 14:616802. doi: 10.3389/fnins.2020.616802

The transcription-translation feedback loop (TTFL) is the core mechanism of the circadian rhythm. In mammalian cells, CLOCK-BMAL1 proteins activate the downstream genes by binding on the E-box sequence of the clock-controlled genes. Among these gene products, CRY1, CRY2, PER1, PER2, NR1D1, and NR1D2 can regulate the CLOCK-BMAL1-mediated transcription to form the feedback loop. However, the detailed mechanism of the TTFL is unclear because of the complicated inter-regulation of these proteins. Here, we generated a cell line lacking CRY1, CRY2, PER1, PER2, NR1D1, and NR1D2 (Cry/Per/Nr1d_KO) to study TTFL. We compared the Dbp transcription after serum-shock and dexamethasone-shock between Cry/Per/Nr1d_KO cells and cells expressing endogenous CRY (Per/Nr1d_KO) or NR1D (Cry/Per_KO). Furthermore, we found that CRY1-mediated repression of Dbp could persist more than 24 h in the absence of other proteins in the negative limb of the TTFL. Our Cry/Per/Nr1d_KO cells is a suitable system for the studying of differential roles of CRY, PER, and NR1D in the TTFL.
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INTRODUCTION

Circadian rhythm is a crucial mechanism that provides a way to adapt to daily environmental changes. Many physiological functions show rhythmic oscillation with the period around 24 h (Bass, 2012; Gumz, 2016). Transcription-translation feedback loop (TTFL) is the core clock required to maintain the circadian rhythm (Reppert and Weaver, 2002; Levi and Schibler, 2007; Hardin and Panda, 2013; Partch et al., 2014). In the mammalian model of TTFL, Circadian Locomotor Output Cycles Kaput protein (CLOCK) and Brain and Muscle ARNT-Like 1 protein (BMAL1) form a heterodimer (CLOCK-BMAL1). CLOCK-BMAL1 binds to the E-box sequence in the promoters of clock-controlled genes and activates their transcription. Among these gene products, Cryptochromes (CRY1/CRY2), Periods (PER1, PER2), and Nuclear Receptor Superfamily 1 Group D (NR1D1/NR1D2) could negatively regulate the activity of CLOCK-BMAL1. CRY binds to CLOCK-BMAL1 on DNA to induce CLOCK-BMAL1-mediated transcriptional repression (Ye et al., 2011, 2014). PER removes CLOCK-BMAL1 from DNA in a CRY-dependent manner to erase the effect of CLOCK-BMAL1 (Ye et al., 2014; Chiou et al., 2016). NR1D binds to the retinoic acid response element (RRE) of the Bmal1 and Cry1 gene to repress their transcription and thus to decrease the CLOCK-BMAL1 and CRY1 levels (Preitner et al., 2002; Ueda et al., 2005).

Studying the biochemical mechanisms of TTFL at the organismal level is challenging. Genetic disruption of these core clock genes may have other developmental problems other than the circadian-related phenotypes. For example, Bmal1 knockout mice show growth retardation, aging, and infertility phenotype (Kondratov et al., 2006). Knockout Nr1d1 also causes postnatal lethality or infertility in C57BL/6 mice (Cho et al., 2012). In another way, too many factors from physiological communications between organs contribute to the rhythmic expression of behavior in mice complicating the data interpretations for mechanism studies. For example, the circadian clock of peripheral tissue could be affected by the neural system and the hormone, which are dynamic and highly regulated (Mohawk et al., 2012). In vitro experiments using purified proteins have provided information about the protein-protein interaction (Ye et al., 2011; Xu et al., 2015), DNA binding (Ye et al., 2011), and structures (Huang et al., 2012; Czarna et al., 2013) of the proteins involved in TTFL. However, observations from in vitro experiments could not directly link to the transcriptional readouts. Cell lines have been used for the study TTFL because the rhythmic expression of circadian genes could be detected after synchronization (Balsalobre et al., 1998, 2000a). Mouse embryonic fibroblast (MEF) cells from the mice lacking specific TTFL components are suitable tools to study TTFL of the circadian clock. For example, the difference between CRY1 and CRY2 in the maintenance of TTFL has been elucidated using cells from cry1–/– cry2–/– double knockout mice (Khan et al., 2012). However, the puzzle from the crosstalk between these core clock proteins still could not be excluded. In the case of CRY, changed expression of CLOCK-BMAL1-regulated genes could be interpreted as the change of CRY activity, PER activity, or CLOCK-BMAL1 quantity (through NR1D).

Genome editing approaches provide new strategies to study TTFL of the circadian clock. Cellular studies of TTFL could be performed in the cell lines lacking multiple core clock proteins. Using the MEF cell line lacking CRY and PER (Cry/Per_KO), distinct mechanisms between CRY-mediated CLOCK-BMAL1 inhibition and PER-mediated CLOCK-BMAL1 regulation have been demonstrated (Ye et al., 2014). In another research, the MEF cell line lacking PER and NR1D (Per/Nr1d_KO) was established to study PER-mediated transcriptional activation of CLOCK-BMAL1 regulated genes without the change of CLOCK-BMAL1 level due to the inhibition of Nr1d1 and Nr1d2 by PER (Chiou et al., 2016). These successful cases prompt us to make a cell line model lacking CRY, PER, and NR1D to study TTFL. This cell line would be useful in the study of CLOCK-BMAL1 activity and the study of individual clock proteins in the negative limb of TTFL in a simplified system.

Here, we established a MEF cell line lacking endogenous CRY1, CRY2, NR1D1, NR1D2, PER1, and PER2 proteins (Cry/Per/Nr1d_KO). We performed the RNA-sequencing of Cry/Per/Nr1d_KO cells with Cry/Per_KO and Per/Nr1d_KO cells to compare the effects of endogenous NR1D and CRY on the transcriptome. We also analyzed the transcription of two representative CLOCK-BMAL1-regulated genes, Dbp, and Ciart, after serum or dexamethasone treatment of Cry/Per/Nr1d_KO, Cry/Per_KO, and Per/Nr1d_KO. The data suggested different mechanisms of serum and dexamethasone on the regulation of TTFL. Furthermore, using tamoxifen-controlled CRY1 nuclear localization in Cry/Per/Nr1d_KO cells, we found that CRY-mediated transcriptional repression of Dbp is PER-independent. However, PER is required for the reactivation of Dbp transcription.



MATERIALS AND METHODS


Generation of Mouse Embryonic Fibroblast Cell Line Lacking CRY1, CRY2, PER1, PER2, NR1D1, NR1D2 (Cry/Per/Nr1d_KO)

The Cry1/2–/–; Per1/2–/–; Nr1d1/2–/– (Cry/Per/Nr1d_KO) MEF was made by CRISPR technology using LentiCRISPRv2 (Sanjana et al., 2014) obtained from Addgene (#52961) to mutate the Nr1d1/2 alleles in Cry1/2–/–; Per1/2–/– (Cry/Per_KO) MEF (Ye et al., 2014). The guide RNA sequences for Nr1d1 and Nr1d2 were identical to the sequence making Per1/2–/–; Nr1d1/2–/– (Per/Nr1d_KO) MEF (Chiou et al., 2016). Lentivirus for targeting Nr1d1 and Nr1d2 were packaged in HEK293T cells separately and then were mixed for the infection of Cry/Per_KO cells. After puromycin selection, individual colonies were isolated, and the expression of NR1D1 and NR1D2 proteins were analyzed by Western blot. The genomic DNA around the targeting sites were PCR-amplified (primer information was provided in the Supplementary Table) and cloned into a plasmid for sequencing. After successfully isolating the Cry/Per/Nr1d_KO cells, cells were maintained in the DMEM medium supplement with 10% fetal bovine serum (FBS) without puromycin.



RNA-Sequencing Analysis of Cry/Per/Nr1d_KO, Per/Nr1d_KO, and Cry/Per_KO Cells

Cells were grown in the DMEM medium supplemented with 10% fetal bovine serum at 37°C and 5% CO2. Total RNA was prepared when the cells were around 80% confluent using Trizol RNA reagent (Thermo Fisher Scientific) and the PureLink RNA Mini Kit (Thermo Fisher Scientific). In brief, Trizol RNA reagents were added to the cells after medium removal to lyse the cells. After phase separation steps, the fraction containing RNA was applied to the column provided in the RNA Mini Kit to purify the total RNA according to the manual of the kit. Libraries were generated using TruSeq stranded RNA preparation kit (Illumina) and sequenced using Illumina HiSeq 2000 (single-end, 50 bp) in the High Throughput Genomic Sequencing Facility at UNC_Chapel Hill. Two independent RNA preparations for each cell line were sequenced.

Sequences were mapped to the mouse genome (mm10) using RNA STAR (Galaxy 2.6.0b-1). The numbers of mapped reads of each gene were counts using FeatureCounts (Galaxy 1.6.0.6). Data from FeatureCounts were further analyzed using Deseq2 (1.22.2) in the R program. Log2FoldChange (LFC) comparing to the CRY/PER/NR1D_KO cells was used for further analysis. The correlation analysis was performed using the “cor.test” function in the R program with the parameter “method = ‘Pearson’.” For visualization of the sequencing results, mapped reads were separated into two strands using Filter SAM or BAM, output SAM or BAM (Galaxy 1.8), converted to the bedgraph files using the Genome Coverage (Galaxy 2.27.0.0), and to the bigwig files using the Wig/BedGraph-to-bigWig (Galaxy 1.1.1). The raw sequencing data and the processed data were uploaded to the Gene Expression Omnibus (GSE157946).



Dbp Expression Analysis of Serum- or Dexamethasone-Synchronized Cells

For serum synchronization, cells were seeded into 60 mm dishes the day before the experiment. Serum shock was performed by replacing the medium with the DMEM medium with 50% horse serum. After 2 h, the high serum medium was replaced with the DMEM medium with 10% FBS. Cells were collected every 2 h using TriReagent (Zymo Research) and were kept at −80°C. For dexamethasone treatment, cells were treated with 100 nM dexamethasone for 2 h. Then, the medium was changed to the DMEM medium with 10% FBS, and the cells were collected as serum shock experiments.

Total RNA was purified using the DirectZol RNA Miniprep kit (Zymo Research) following the manual. RNA concentration was determined by Qubit RNA HS kit (Thermo Fisher Scientific). The same amount of RNA was reverse-transcribed into cDNA using PrimeScript RT Reagent kit (Takara Bio). Real-time PCR analysis was performed using iQ SYBR Green Supermix and CFX96 Real-Time PCR Detection System (Biorad). The relative level of RNA to the untreated sample was calculated using the 2∧(−ΔΔCq) method using primary Gapdh RNA as the internal control. The primer sequences were provided in Supplementary Table.



Dbp Expression Analysis of in Cry/Per/Nr1d_KO Cells Expressing CRY1-ER

The DNA fragment of the ligand-binding domain of the estrogen receptor (ER) was PCR-amplified from the pWZL-blast-PER2-ER (Ye et al., 2014). This fragment was inserted to the 3′-end of mouse Cry1 cDNA in a vector by restriction enzyme digestion and ligation. The CRY1-ER was PCR-amplified and was subcloned into the pWZL-blast by restriction enzyme digestion and ligation to make pWZL-blast-CRY1-ER. Cry/Per/Nr1d_KO cells were infected by the retrovirus carrying CRY1-ER fragment. After blasticidin selection (5 μg/ml), individual colonies were isolated, and the expression of CRY1-ER protein was checked by Western blot.

The Cry/Per/Nr1d_KO-CRY1-ER cells were maintained in the DMEM medium containing 10% FBS and 2.5 μg/ml blasticidin. The cells were seeded in the DMEM medium without blasticidin when performing experiments. The addition of 4-hydroxytamoxyfen (4-OHT) into the medium to 10 nM was used to induce CRY1-ER nuclear entry. RNAs were prepared at different time courses after 4-OHT treatment and were analyzed as mentioned above.



Nuclear Fractionation and Western Blot

Antibody for detecting mouse CRY1 was provided by the laboratory of Aziz Sancar and was described previously (Ye et al., 2011). Antibodies for detection CLOCK (Bethyl Laboratories), BMAL1 (Bethyl Laboratories), CRY2 (Bethyl Laboratories), NR1D1 (Cell Signaling Technology), and NR1D2 (Santa Cruz Biotechnology) were from commercial sources.

For nuclear fractionation, cells were detached from the plate by trypsinization. After PBS wash, cells were lysed with hypotonic buffer (10 mM HEPES pH7.9, 1.5 mM MgCl2, 10 mM KCl, 0.3% Igepal-CA630). After centrifugation (400 g for 5 min), the supernatants were collected as cytosol fractions. The nuclear pellets were washed with hypotonic buffer and were lysed with NUN buffer (20 mM HEPES pH7.4, 300 mM NaCl, 1 M urea, and 10% glycerol). After centrifugation (15,000 g for 15 min), the supernatants were collected as the enriched nuclear fractions.

The protein concentrations of lysates were estimated by the QuantiChromTM Total Protein Assay Kit (BioAssay System). Equal amounts of total proteins were applied to the Western blot experiments.

The Western blot results were quantified by the Image Lab software (Bio-Rad Laboratories). For estimating the relative levels of CRY1-CLOCK-BMAL1 in the nucleus, CRY1 levels in the nuclear fractions were first normalized to the BMAL1 levels and then compared to the group without 4-OHT treatment.



RESULTS


Generation of Mouse Embryonic Fibroblast Cell Line Lacking CRY1, CRY2, PER1, PER2, NR1D1, and NR1D2 (CPN_KO Cells)

To study the mechanism of TTFL without complicated interference between CRY, PER, and NR1D proteins, we attempted to generate a cell line lacking CRY1, CRY2, PER1, PER2, NR1D1, and NR1D2 (Cry/Per/Nr1d_KO). This cell line would be an advanced “in cellulo” biochemical system to study the function of proteins in the TTFL. We selected the MEF cell line lacking CRY1, CRY2, PER1, and PER2 (Cry/Per_KO) (Ye et al., 2014) as the parental cells. The Nr1d1 and Nr1d2 genes of the parental cells were mutated using the CRISPR/Cas9 system. Lentivirus expressing Cas9 protein and the guide RNA sequences targeting Nr1d1 and Nr1d2 was prepared as the previously published method for the generation of MEF cells lacking PER1, PER2, NR1D1, and NR1D2 (Per/Nr1d_KO) (Chiou et al., 2016). Figure 1A showed the relations of Cry/Per_KO, Per/Nr1d_KO, and Cry/Per/Nr1d_KO cells. We successfully isolated one clone lacking detectable NR1D1 and NR1D2 proteins from 12 clones in the first screening. We further compared the protein levels of CRY1, CRY2, NR1D1, NR1D2, CLOCK, and BMAL1 in the Cry/Per/Nr1d_KO cells with Cry/Per_KO and Per/Nr1d_KO cells (Figure 1B). Comparing to Cry/Per_KO cells, NR1D1 and NR1D2 proteins in Cry/Per/Nr1d_KO cells were undetectable as published Per/Nr1d_KO cells. Associated with the lack of NR1D proteins, CLOCK and BMAL1 proteins were higher in the Cry/Per/Nr1d_KO cells. Transcription of Bmal1 was repressed by NR1D proteins (Preitner et al., 2002), and thus, more BMAL1 proteins in Cry/Per/Nr1d_KO cells than in Cry/Per_KO cells was due to the increase of Bmal1 transcription in the absence of NR1D proteins. Cry/Per/Nr1d_KO cells did not express CRY1 and CRY2 proteins as the parental Cry/Per_KO cells. It has been shown that BMAL1 protein was hyperphosphorylated in Cry-deficient cells (Tamaru et al., 2003). We also observed more hyperphosphorylated BMAL1 in the Cry/Per/Nr1d_KO and the Cry/Per_KO cells than in the Per/Nr1d_KO cells expressing endogenous CRY1 and CRY2 proteins.
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FIGURE 1. Characterization of Cry/Per/Nr1d_KO cells. (A) The relations of Cry/Per_KO, Cry/Per/Nr1d_KO, and Per/Nr1d_KO cells were shown. (B) Western blot analysis of CLOCK, BMAL1, NR1D1, NR1D2, CRY1, and CRY2 protein in these three cell lines were shown. The GAPDH was detected as the loading control. (C) The wild-type (WT) sequences (mouse genome: mm10) of Nr1d1 and Nr1d2 around the CRISPR/Cas9 targeting sites and the genome sequences from Cry/Per/Nr1d_KO cells were aligned. The guide RNA targeting sequences were underlined. The mutated sequences in Cry/Per/Nr1d_KO cells were shaded.


We also analyzed the genomic DNA sequences around the CRISPR/Cas9-targeting sites of Nr1d1 and Nr1d2 genes of the Cry/Per/Nr1d_KO cells. We got two types of Nr1d1 sequences from Cry/Per/Nr1d_KO cells with 4 bp deletion and 1 bp insertion comparing to the wild type. For Nr1d2 genes, we also got two types of sequences with 1 bp insertion and 7 bp deletion (Figure 1C). These data suggested that both alleles of Nr1d1 and Nr1d2 genes were frameshift-mutated in the Cry/Per/Nr1d_KO cells.



Transcriptome Analysis of Cry/Per_KO, Per/Nr1d_KO, and Cry/Per/Nr1d_KO Cells

In the TTFL model, CRY could inhibit CLOCK-BMAL1 through direct interaction on DNA, and NR1D could inhibit CLOCK-BMAL1 by decreasing the Bmal1 level. In another way, CRY could increase the BMAL1 level through inhibiting Nr1d transcription, and NR1D could activate CLOCK-BMAL1 through decreasing CRY level. However, the rhythmic Bmal1 transcription is dispensable for the intracellular circadian rhythm (Liu et al., 2008; Xu et al., 2015). To distinguish the effect of BMAL1 level change by NR1D and the effect of BMAL1 activity by CRY on the transcriptome, we analyzed the transcriptomes of Cry/Per_KO, Per/Nr1d_KO, and Cry/Per/Nr1d_KO cells by RNA-sequencing (RNA-seq). The difference of transcriptome between Cry/Per/Nr1d_KO and Cry/Per_KO cells could be explained by the expression of endogenous NR1D1 and NR1D2 proteins regardless of the expression of CRY and PER protein. Also, CRY-mediated regulation could be analyzed by comparing the transcriptome of Per/Nr1d_KO and Cry/Per/Nr1d_KO cells.

The association between RNA-seq data from two independent experiments of each cell line was analyzed by the principal component analysis (Figure 2A). We filtered out the genes with lower expression levels (baseMean < 100) according to the distributions of baseMean of all genes (Figure 2B), and compared the expression 11,912 genes in these three cell lines. The criteria we used for selecting the changed genes were described as follows: (1) the level of change was more than 75% [the absolute value of log2FoldChange > log2(1.75)], and (2) the adjusted p-value was less than 1e-22. Comparing with Cry/Per/Nr1d_KO cells, 1,090 genes expressed differently in Cry/Per_KO cells, and 2,527 genes expressed differently in Per/Nr1d_KO cells (Figure 2C). From RNA-seq data, we selected circadian genes, including Clock, Arntl (Bmal1), Cry1, Cry2, Per1, Per2, Per3, Nr1d1, Nr1d2, Dbp, Hlf, Tef, Bhlh40, Bhlh41, and Ciart to compare the effect of CRY and NR1D on CLOCK-BMAL1 and its target genes (Figure 2D). Comparing to Cry/Per/Nr1d_KO cells, Per/Nr1d_KO cells (with CRY1 and CRY2 proteins) showed decreased RNA levels of Cry1, Cry2, Per1, Per2, Per3, Nr1d1, Nr1d2, Dbp, Hlf, Tef, Bhlh40, and Bhlh41. These genes were known CLOCK-BMAL1-regulated genes, and thus the data suggested that CRY proteins repressed CLOCK-BMAL1-mediated transcription in the absence of PER and NR1D proteins. In Per/Nr1d_KO cells, Clock mRNA was slightly lower than, and Arntl mRNA was similar to the level in Cry/Per/Nr1d_KO cells. These data indicated that CRY could not affect Clock and Bmal1 mRNA levels in the absence of NR1D proteins. In Cry/Per_KO cells (with NR1D1 and NR1D2 proteins), Arntl and Cry1 mRNAs were lower than those in the Cry/Per/Nr1d_KO cells as expected, because known RRE element was identified on these two genes. However, the influences of NR1D proteins to other CLOCK-BMAL1-regulated genes were gene-specific. The mRNA levels of Nr1d1, Nr1d2, Per1, and Per3 in Cry/Per_KO cells were lower than Cry/Per/Nr1d_KO cells as the levels in Per/Nr1d_KO cells. However, the mRNA levels of Per2, Bhlh40, and Dbp in Cry/Per_KO cells were lower than Cry/Per/Nr1d_KO but were higher than Per/Nr1d_KO cells. Furthermore, the mRNA levels of Cry2, Hlf, and Tef in Cry/Per_KO cells were similar to the levels in Cry/Per/Nr1d_KO cells. RNA-seq data visualized by genome browser also presented the different expression levels of Arntl genes between Cry/Per/Nr1d_KO and Cry/Per_KO cells, but not between Cry/Per/Nr1d_KO_and Per/Nr1d_KO cells (Figure 2E).
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FIGURE 2. RNA-Seq Analysis of Cry/Per_KO, Per/Nr1d_KO, and Cry/Per/Nr1d_KO Cells. (A) The principal component analysis was performed using Deseq2, and the data were shown and was plotted using R software. (B) The histogram showed the distribution of baseMean calculated by Deseq2. The dashed line indicated the position that baseMean was equal to 100. (C) Volcano blots of Cry/Per_KO cells vs. Cry/Per/Nr1d_KO cells and Per/Nr1d_KO cells vs. Cry/Per/Nr1d_KO cells were shown. Genes with significant differences were colored in red. (D) The read counts of different genes calculated by Deseq2 were extracted and were plotted. Each spot represented the value of each experiment. (E) The figure was the screenshot of RNA-seq data visualized by the IGV genome browser. RNA-seq datamapped to different strands of the genome were displayed in different colors, and then were overlayed to display. For better visualization quality, sample names, gene names, and the locations of the genome were added manually.


To compare genes affected by the loss of CRY proteins (Per/Nr1d_KO v.s. Cry/Per/Nr1d_KO) or NR1D proteins (Cry/Per_KO v.s. Cry/Per/Nr1d_KO), we focused on the 2,918 genes that expressing differently between Cry/Per_KO and Cry/Per/Nr1d_KO (n = 1,090) or between Per/Nr1d_KO and Cry/Per/Nr1d_KO (n = 2,527) cells. Among these genes, 628 genes were affected by both CRY and NR1D in the same trend (higher or lower in both Cry/Per_KO and Per/Nr1d_KO comparing to Cry/Per/Nr1d_KO cells). This number was 57.6% of the number of NR1D affected genes and 24.1% of the number of CRY affected genes). The number of genes contrarily affected by CRY and NR1D was 71 (6.5% of NR1D affected genes, 2.8% of CRY affected genes). Others were uniquely affected by NR1D or CRY (35.9% of NR1D affected genes, 73.1% of CRY affected genes) (Figure 3A). We did a random sampling test (n = 100) to check whether these numbers were closed to random events. We randomly selected 1,195 (low group) and 1,332 (high group) genes as the number of genes expressing lower or higher in Per/Nr1d_KO cells and selected 444 (low group) and 646 (high group) genes as the number of genes expressing lower or higher in Cry/Per_KO cells. The mean values of the number of overlapping genes in the same group and the opposite group were 477 and 466. These data suggested that the overlapping of CRY and NR1D affected genes was not just a random event.
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FIGURE 3. Correlation analysis of NR1D and CRY affected genes. (A) Genes expressing differently to Cry/Per/Nr1d_KO cells were subgrouped based on their changes in Per/Nr1d_KO cells and Cry/Per_KO cells. The numbers indicated the numbers of genes in each group. The numbers in the parentheses were the mean values from random sampling for 100 times. Genes within the list of putative CLOCK-BMAL1-regulated genes were selected and were shown in (B). (C) The expressional changes of individual genes in Per/Nr1d_KO (y-axis) and Cry/Per_KO (x-axis) cells were plotted. The correlation was analyzed using the linear regression model (“lm”). The R-squared values and the regression lines were shown in the figures. Data from total selected genes were plotted in the left panel or were subgrouped into BMAL1-regulated (the middle panel) or not BMAL1-regulated (the right panel).


Because both NR1D and CRY could affect CLOCK-BMAL1-regulated genes, we selected putative CLOCK-BMAL1-regulated genes based on previously published BMAL1-chromatin immunoprecipitation sequencing data from the same Per/Nr1d_KO background (Chiou et al., 2016). Total 626 CLOCK-BMAL1-regulated genes expressing differently between Cry/Per_KO and Cry/Per/Nr1d_KO (n = 251, 40.1%) or between Per/Nr1d_KO and Cry/Per/Nr1d_KO (n = 536, 85.6%) cells. Among these genes, 157 genes were affected by both CRY and NR1D knockout in the same trend (62.5% of NR1D affected CLOCK-BMAL1-regulated genes, 29.3% of CRY affected CLOCK-BMAL1regulated genes). This number was higher than the mean value (120) from the random sampling test. Only four genes (the mean value from random sampling test was 92) were oppositely affected by CRY and NR1D (1.6% of NR1D affected CLOCK-BMAL1-regulated genes, 0.7% of CRY affected CLOCK-BMAL1-regulated genes). The numbers of CLOCK-BMAL1-regulated genes uniquely affected by NR1D or CRY were 90 (35.8% of NR1D-regulated) and 375 (59.9% of CRY-regulated) (Figure 3B).

We further analyzed the correlation of the CRY or NR1D-affected genes (Figure 3C). The expression of these genes showed a positive correlation (Pearson’s correlation coefficient = 0.5108, p-value < 2.2e-16) between Cry/Per_KO and Per/Nr1d_KO cells. The correlation was increased when putative BMAL1-regulated genes were selected (Pearson’s correlation coefficient = 0.6426, p-value < 2.2e-16). Reversely, the correlation was decreased when putative BMAL1-regulated genes were excluded (Pearson’s correlation coefficient = 0.4940, p-value < 2.2e-16). Our RNA-seq data suggested that CRY and NR1D could regulate CLOCK-BMAL1-regulated genes independently. In another way, many genes might be regulated by CRY or NR1D in a CLOCK-BMAL1-independent manner.



Responses of Dbp and Ciart Transcription in Cry/Per_KO, Per/Nr1d_KO, and Cry/Per/Nr1d_KO Cells After Serum Shock and Dexamethasone Shock

Synchronization of cells by serum shock or dexamethasone has been used for the study of the circadian clock in the cellular model (Balsalobre et al., 1998, 2000a). However, how these treatments affected core TTFL was unclear. We have three cell lines expressing different proteins in the TTFL from the same source. Thus, we analyzed the activity of CLOCK-BMAL1 in these three different cell lines after serum shock or dexamethasone shock to find out which protein in the TTFL responded to the synchronization signals. Neither Per/Nr1d_KO, Cry/Per_KO, nor Cry/Per/Nr1d_KO cells could generate a stable oscillation of clock-controlled genes after synchronization because of the loss of complete TTFL. We focused on a shorter time course (<8 h) after the release of synchronization to analyze the direct effects of treatment on TTFL. We analyzed the primary transcript levels of two CLOCK-BMAL1 target genes, Dbp and Ciart, by RT-qPCR to represent the transcription of these genes. The primary transcript of Gapdh was selected as the internal control for possible global effect on global transcription.

Transcription of Ciart and Dbp were lower in the Per/Nr1d_KO cells expressing endogenous CRY proteins than the other two cells without treatment. However, the expression of NR1D proteins in Cry/Per_KO cells did not affect the transcription of Ciart and Dbp comparing to Cry/Per/Nr1d_KO cells (Figure 4A). In Cry/Per/Nr1d_KO cells, serum shock decreased the primary mRNA of Dbp and then gradually recovered. The primary RNA levels of Ciart gradually decreased after serum shock. These suggested that serum shock inhibited the activity of CLOCK-BMAL1 in the absence of CRY, PER, or NR1D proteins (Figure 4B, middle). In the presence of NR1D proteins (Cry/Per_KO cells), serum shock did not inhibit the transcription of Dbp or Ciart. Instead, transcription of these genes was induced by serum shock with a time delay (Figure 4B, left). In Per/Nr1d_KO cells, we did not observe apparent effects on the transcription of these two genes after serum shock (Figure 4B, right). Based on these data, we proposed that serum shock directly inhibits the activity of CLCOK-BMAL1 to decrease the transcription of target genes. For cells with high NR1D levels, decreased NR1D by decreasing CLOCK-BMAL1 activity induced the transcription of Bmal1. Increased CLOCK-BMAL1 compensated the decreased activity and caused the increase of Dbp and Ciart transcription at later time points. For cells with high CRY levels, the transcriptions of Dbp and Ciart were maintained at the lower levels (Figure 4A). Thus, serum shock did not cause apparent effects on Per/Nr1d_KO cells.
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FIGURE 4. RT-qPCR analysis of the Dbp and Ciart primary mRNA after serum or dexamethasone shock. (A) RT-qPCR analyzed primary mRNA levels of Ciart and Dbp in Cry/Per/Nr1d_KO, Cry/Per_KO, and Per/Nr1d_KO cellswere shown. Data were first normalized to the primary mRNA of Gapdh, then were normalized to the average in Cry/Per/Nr1d_KO cells (y-axis). Data were shown as mean with standard error. Data from independent experiments (point, n = 3) were also shown in the plot. Statistical analysis was performed using Student’s t-test comparing to the Cry/Per/Nr1d_KO cells. P-values < 0.05 were considered significant. Asterisk denoted the significant difference. Data without significant difference were labeled with “ns.” (B) RT-qPCR analyzed primary mRNA levels of Ciart and Dbp in Cry/Per/Nr1d_KO, Cry/Per_KO, and Per/Nr1d_KO cells after serum shock were shown. Data were first normalized to the primary mRNA of Gapdh, then were normalized to the values from the same cells without treatment (y-axis). Cells without treatment, 2, 4, 6, 8 h after treatments were analyzed (x-axis). Statistical analysis was performed using Student’s t-test comparing to the untreated control of the same cells. P-values < 0.05 were considered significant. Asterisk (*) denoted the significant difference. Data without significant difference were labeled with “ns.” (C) RT-qPCR analyzed primary mRNA levels of Ciart and Dbp in Cry/Per/Nr1d_KO, Cry/Per_KO, and Per/Nr1d_KO cells after dexamethasone shock were shown. Statistical analysis was performed as in (B).


Horse serum contains many substances, including glucocorticoids. Dexamethasone is an agonist of glucocorticoids to activate the glucocorticoid receptor. Thus, we wanted to compare the response of dexamethasone shock to the serum shock in these three cell lines. Dexamethasone did not repress the transcription of Dbp or Ciart. Instead, we could detect the increase of Dbp transcription four hours after the release of dexamethasone in Cry/Per_KO and Cry/Per/Nr1d_KO cells (Figure 4B, left and middle) but not in Per/Nr1d_KO cells (Figure 4B, right). The effects of dexamethasone on Ciart could be observed in Cry/Per_KO cells and was weaker than the effects on Dbp. Based on our data, we concluded that the mechanisms of how serum and dexamethasone affect TTFL are different.



Study CRY1-Mediated Transcriptional Inhibition of Dbp and Ciart in Cry/Per/Nr1d_KO Cells

Lack of CRY1, CRY2, PER1, PER2, NR1D1, and NR1D2 proteins in Cry/Per/Nr1d_KO cells benefited the study of each of them individually. We combined a previously published tamoxifen-controlled nuclear entry system (Ye et al., 2014) and this unique cell line to study the transcriptional repression of Dbp by CRY1. Theoretically, if we could control the nuclear CRY1 level rhythmically, Dbp transcription would be rhythmic, too. We established Cry/Per/Nr1d_KO-CRY1-ER cells expressing CRY1 fused with an estrogen receptor ligand-binding domain. The addition of 4-hydroxytamoxifen (4-OHT) released CRY1-ER from the cytosol to the nucleus through binding to the estrogen receptor ligand-binding domain. The nuclear levels of CRY1-ER increased within 15 min after the addition of 4-OHT (Figures 5A,C). We could not observe the correlation between nuclear CRY1-ER and the treatment time (Figures 5A,B). Thus, we thought the nuclear level of CRY1-ER reached a saturated status within 15 min after adding 4-OHT. However, the effects of CRY1 on transcriptional inhibition of Dbp and Ciart showed a time-dependent manner (Figures 5B,D). The decrease of Dbp and Ciart primary mRNA could be observed within an hour (Figure 5B, right panel), and the decrease of Dbp and Ciart mature mRNA needed several hours (Figure 5D, left panel). We observed that the primary mRNA levels of Ciart, but not Dbp, were gradually recovered after 3 h of treatment (Figure 5D, right panel), representing that another regulatory mechanism independently activated the transcription of Ciart.
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FIGURE 5. Analysis of the Dbp and Ciart primary and mature mRNA in Cry/Per/Nr1d_KO-CRY1-ER cells after 4-OHT treatment. (A) Cry/Per/Nr1d_KO-CRY1-ER cells were treated with 4-OHT for 15–60 min. After the fractionation, CRY1-ER proteins were analyzed by Western blots. BMAL1 was used as the control for the nuclear fractionation and represented the total levels of CLOCK-BMAL1 (with and without CRY) in the nucleus. The lower panel was the relative levels of CRY1-ER in the nucleus to the cells treated with the vehicle (EtOH, 60 min). Data were first normalized to the BMAL1 levels, then were normalized to the average of vehicle control. The diamonds were the mean of three independent experiments. Error bars were the standard errors, and the points were the individual data. Statistical analysis was performed using Student’s t-test comparing to the vehicle control (EtOH). P < 0.05 were considered significant. Asterisk (*) denoted the significant difference. (B) Cells were treated with 4-OHT as in (A). RT-qPCR analyzed primary and mature mRNA levels were shown. Data were first normalized to the primary or mature mRNA of Gapdh, then were normalized to the average of vehicle control (y-axis). Data were shown as mean with standard error. Data from independent experiments (point, n = 3) were also shown in the plot. Statistical analysis was performed using Student’s t-test comparing to the vehicle control (EtOH). P-values < 0.05 were considered significant. Asterisk (*) denoted the significant difference. Data without significant difference were labeled with “ns.” (C) Cry/Per/Nr1d_KO-CRY1-ER cells were treated with 4-OHT for 1–4 h. Cells treated with EtOH for 4 h were the controls. Experiments and data analysis were the same as (A). (D) The treatments of cells were identical to (C), and the experiments and data analysis were the same as (B).


Next, we analyzed the nuclear distribution of CRY1-ER after the removal of 4-OHT. The cells were treated with 4-OHT for 15 min, and then the medium was changed after PBS wash. Unexpectedly, nuclear CRY1-ER was unchanged after the removal of 4-OHT for 4 h (Figure 6A). We extended the release time to 24 h and found that nuclear CRY1-ER after removing 4-OHT for 24 h was similar to the level just after 15 min 4-OHT treatment (Figure 6B). In the analysis of Dbp and Ciart mRNA, Dbp primary and mature mRNA after 24 h of the release of 4-OHT were as low as the levels without release (Figure 6C, lower panel). The results were consistent with the nuclear levels of CRY1-ER and suggested that CRY1-mediated transcriptional repression of Dbp persisted for 24 h after 4-OHT removal. The primary mRNA of Ciart was partially recovered, and the mature mRNA was fully recovered after 24 h release of 4-OHT (Figure 6C, upper panel). However, this may be through a TTFL-independent mechanism as the observation in Figure 5D.
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FIGURE 6. Analysis of the Dbp primary mRNA in Cry/Per/Nr1d_KO-CRY1-ER cells after 4-OHT treatment and release. Nuclear levels of CRY1-ER in Cry/Per/Nr1d_KO-CRY1-ER cells treated with 4-OHT for 15 min and released for 1–4 h (A) or 24 h (B) were analyzed by Western blot after fractionation. BMAL1 was used as the loading control. (C) RT-qPCR analysis of primary and mature mRNA levels of Ciart and Dbp from cells treated with vehicle for 24 h (EtOH), 4-OHT for 24 h (24 h), and 4-OHT for 15 min and released for 24 h (pulse 15’, 24 h) were shown. Statistical analysis was performed using Student’s t-test. P-values < 0.05 were considered significant. Asterisk denoted the significant difference to the vehicle control. Hashtag denoted the significant difference between the 24 h treatment of 4-OHT and the 24 h release after 15 min 4-OHT treatment. Data without significant difference were labeled with “ns.” (D) Cells were transfected with the control plasmid (pcDNA4-Myc-His) or with the plasmid expressing PER2 (pcDNA3-PER2-V5-His) 24 h before 4-OHT treatment. The 4-OHT treatment, RT-qPCR, and data analysis were the same as (C). Statistical analysis was performed using Student’s t-test. P < 0.05 were considered significant. Asterisk (*) denoted the significant difference to the vehicle control without PER2 expression. Hashtag (#) denoted the significant difference between the 24 h treatment of 4-OHT and the 24 h release after 15 min 4-OHT treatment. Data without significant difference were labeled with “ns.”


In our previous studies, PER2 could remove CLOCK-BMAL1 from the promoter of Dbp genes and repress the transcription of Dbp (Ye et al., 2014). In another way, PER2 could also remove CLOCK-BMAL1-CRY to derepress the transcription of downstream genes, like Cry1 (Chiou et al., 2016). To understand whether PER is required for the reactivation of Dbp transcription repressed by CRY, we transiently transfected the plasmid expressing PER2 protein 24 h before 4-OHT treatment. Without 4-OHT treatment, Dbp primary mRNA in the cells expressing PER2 was lower than the cells without PER2. These data could be explained by the removal of CLOCK-BMAL1 from the promoter. The expression of PER2 did not affect the repression of Dbp by 4-OHT-induced CRY1 nuclear entry. Nevertheless, the transcriptional recovery of Dbp after 4-OHT removal could only be observed in the cells expressing PER2 (Figure 6D). Our data suggested that PER is required for the release of CRY-mediated transcriptional repression.



DISCUSSION

The transcription-translation feedback loop was the core model of the circadian clock. However, studying the detailed mechanism was complicated. Experiments using purified proteins could not link to the transcription in the absence of an in vitro transcription system using endogenous promoter. Animals were suitable for the study of circadian regulation of physiological functions, but the detailed mechanism was hard to elucidate due to the communications between organs and tissues. Cells had a self-sustained circadian clock in the cultured condition that played a suitable model to study the mechanism. Genetic deficient mouse embryonic fibroblast cells had been used for many circadian studies. We generated a new cell line, called Cry/Per/Nr1d_KO cells, lacking CRY, PER, and NR1D proteins by CRISPR/Cas9 approach and analyzed the transcriptome of Cry/Per/Nr1d_KO, Per/Nr1d_KO, and Cry/Per_KO cells by RNA-sequencing. Using Dbp and Ciart as the readout of CLOCK-BMAL1 activity, we found that serum and dexamethasone treatment affected TTFL through different mechanisms. We found that serum, but not dexamethasone, inhibited CLOCK-BMAL1 in the absence of CRY, PER, and NR1D proteins. We studied CRY1-mediated transcriptional repression of Dbp in Cry/Per/Nr1d_KO cells and found that PER is required for the release of CRY-mediated transcriptional repression.

Cry/Per/Nr1d_KO cells provided a new tool to study the TTFL of the circadian clock biochemically. Researchers could study the regulation of CLOCK-BMAL1 and the functions of CRY, PER, and NR1D separately without the influence of feedback in Cry/Per/Nr1d_KO cells. For example, analysis of wild-type and mutant CRY1 in Cry/Per/Nr1d_KO cells helps elucidate the difference in the repression of CLOCK-BMAL1. Changes of PER activity or the CLOCK-BMAL1 quantity would not be the issue in Cry/Per/Nr1d_KO cells. However, from the biological view, Cry/Per/Nr1d_KO cells was a very extreme condition which may not exist in the physiological situation. We thought that Cry/Per/Nr1d_KO cells might mimic a situation that CLOCK-BMAL1 activity was reached the peak before the accumulation of CRY, PER, and NR1D proteins. Different situations could be mimicked by expressing different combinations of CRY, PER and NR1D proteins.

From the transcriptome analysis, we found 2,517 genes expressed differently between Cry/Per/Nr1d_KO and Per/Nr1d_KO cells. This number was around threefold of the number of genes expressed differently between Cry/Per/Nr1d_KO and Cry/Per_KO cells (790 genes). From the data of selected CLOCK-BMAL1-regulated genes, CRY proteins showed more robust represser activities than NR1D proteins. A more potent transcriptional repressor might cause more dramatic effects on the transcriptome. We also found that the overlapping of putative CLOCK-BMAL1-regulated genes and differential expressed genes was low. Only 626 genes (21% of affected genes) closed to the BMAL1 binding site identified from a similar condition (Chiou et al., 2016). Besides CLOCK-BMAL1, CRY proteins could regulate other transcription factors. In mouse liver, CRY1 or CRY2 could bind to many positions of the genome without CLOCK-BMAL1 binding (Koike et al., 2012). Although NR1D proteins regulate the levels of CLOCK-BMAL1, genes with the RRE element would be the targets of NR1D proteins. Besides directly affected by CRY or NR1D, genes might be affected by the transcription factors or other proteins controlled by CRY or NR1D. From another viewpoint, many putative CLOCK-BMAL1 regulated genes were not affected by either CRY or NR1D. Among 3,261 putative genes, 536 genes were affected by CRY, and 251 genes were affected by NR1D. In our previous study, PER2 removed CLOCK-BMAL1 globally, but only small proportions of genes were affected by the increase of PER2 in the nucleus (Chiou et al., 2016). Thus, CLOCK-BMAL1 activity was not required for the transcription of many regulated genes. Their transcriptional levels depended more on other factors than on CLOCK-BMAL1. CLOCK-BMAL1 played another layer of regulation for the oscillation. The effect of CLOCK-BMAL1 was masked in the absence of synchronization.

Synchronization was the essential step to observe the oscillation of circadian genes. Different treatments, including serum shock (Balsalobre et al., 1998), dexamethasone (Balsalobre et al., 2000a), and forskolin (Balsalobre et al., 2000b), had been reported and been used for this purpose. We tested the response of Dbp and Ciart transcription after serum or dexamethasone treatment in cells with different circadian proteins to elucidate the mechanism of synchronization. Glucocorticoid response element (GRE) had been identified in the promoter of Per2 genes (Cheon et al., 2013). Dexamethasone might synchronize the cells by inducing the expression of Per2. The induction of Per2 by dexamethasone would inhibit the transcription of Dbp. In our system lacking PER2 protein, we could not detect the decrease of Dbp transcription after dexamethasone treatment. Instead, increased Dbp transcription could be observed 4 h after treatment in Cry/Per_KO or Cry/Per/Nr1d_KO cells (Figure 4C). Delayed activation of Dbp might be the secondary effect through other genes regulated by glucocorticoid signals. Serum shock inhibited the transcription of Dbp in the cells lacking CRY, PER, and NR1D proteins (Cry/Per/Nr1d_KO cells). These data suggested that CLOCK-BMAL1 activity could be directly inhibited by serum. However, in cells expressing NR1D proteins (Cry/Per_KO cells), the inhibition of Dbp transcription was compensated (Figure 4B). Through literature searching, we proposed the following hypothesis to explain the observation in our system. Recently, Tip60 protein was identified as the acetyltransferase of Bmal1. Tip60 protein catalyzed the K538 acetylation of BMAL1 and activated BMAL1 (Petkau et al., 2019). Tip60 protein could be phosphorylated on S86 by GSK3b to activate its acetyltransferase activity (Lin et al., 2012). Besides, serum shock induced the phosphorylation of GSK3b on S9 to inhibit the kinase activity (Yin et al., 2006). Thus, serum shock inhibited the CLOCK-BMAL1 activity probably through decreasing the activity of GSK3b and Tip60. However, NR1D1 was also the target of GSK3b. Decreased GSK3b activity by serum shock caused the decrease of NR1D1 protein and thus increased Bmal1 transcription (Yin et al., 2006), explaining why Dbp transcription in the Cry/Per_KO cells after serum shock was not decreased but was increased at later time points.

In the canonical TTFL model, transcription of CLOCK-BMAL1-regulated genes could be downregulated by CRY, PER, or NR1D proteins. Dbp transcription in the Per/Nr1d_KO cells was lower than in the Cry/Per/Nr1d_KO cells suggesting that the repressor activity of CRY is PER-independent as previously published (Ye et al., 2014). Neither serum-induced Dbp repression nor dexamethasone-induced Dbp activation in the Cry/Per/Nr1d_KO cells was observed in the Per/Nr1d_KO cells. Although CRY proteins negatively regulated their transcription, endogenous CRY1 and CRY2 in the Per/Nr1d_KO cells were sufficient to repress the Dbp transcription. CRY represses transcription through forming CLOCK-BMAL1-CRY-DNA complex. PER can remove CLOCK-BMAL1-CRY from DNA. In the absence of PER, the CLOCK-BMAL1-CRY-DNA complex might be very stable in the nucleus and persistently repress the transcription of downstream genes. CRY1-mediated inhibition of Dbp transcription persisted for 24 h in Cry/Per/Nr1d_KO cells after inducing CRY1 nuclear entry (Figures 6B,C). This phenomenon should not be the technical artifact from the fusion of ER to the CRY1 or the addition of 4-OHT. CRY1-mediated Dbp repression could be recovered when exogenous PER2 was expressed in the same cells (Figure 6D). These data also hinted that CLOCK-BMAL1 and CRY could not form a stable feedback loop. PER was required for the displacement of CLOCK-BMAL1 and CLOCK-BMAL1-CRY from DNA to reset the transcription to its basal level.

The mechanism to sustain the circadian rhythm is an exciting topic. Many mathematical models have been proposed from different viewpoints (Kim and Forger, 2012; Pett et al., 2016; Narasimamurthy et al., 2018). In different models, CRY and PER, as the central repressors in TTFL, were included but contributed differently. In the model proposed by Kim and Forger (2012), all PER and CRY forms in the nucleus were considered as the repressors. In this model, the CLOCK-BMAL1 activator became inactive when binding with the CRY-PER repressor. Thus, the stoichiometric balance between the CLOCK-BMAL1 activator and CRY-PER repressor was necessary for circadian timekeeping. Based on recent findings (Ye et al., 2014; Chiou et al., 2016) and the data in this paper, CRY and PER played different roles in the regulation of TTFL. We thought that this model could be refined by adding another repressor complex (CRY-CLOCK-BMAL1). So, the model would include three complexes, including CLOCK-BMAL1 activator, CRY-CLCOK-BMAL1 repressor and PER-CRY-CLOCK-BMAL1 inactive complex). In the model proposed by Pett et al. (2016), two activators (Dbp and Bmal1) and three repressors (Rev-erb-α (Nr1d1), Cry1 and Per2) were included to build the model based on their mutual regulations. Cry1 and Per2 were separated because Cry1, but not Per2, was repressed by NR1D1. In this model, Cry1, Per2 and Nr1d1-mediated repressions of each other were the dominant sources in the oscillation. However, protein interactions between BMAL1, CRY1, or PER2 were not considered in this model. CRY-mediated repression also depends on the levels of PER (removing complex) and CLOCK-BMAL1 (forming complex). PER-mediated regulation also depends on the level of CRY (CRY-dependent activity).

In this paper, we found that PER is required for the reactivation of CRY-mediated transcriptional repression. Thus, PER might regulate circadian rhythm through CRY. In the phosphoswitch model (Narasimamurthy et al., 2018), PER2 was either phosphorylated at the β-TrCP site (S478) or FASP site (S659). PER2 phosphorylated at S478 was rapidly degraded. PER2 phosphorylated at S659 was further phosphorylated at neighboring sites to stabilize. In PER2 S478A mice (Masuda et al., 2020), the period of behavioral rhythm was increased. CRY1 and CRY2 protein levels were also increased in the mutant mice. Although the authors proposed that increased CRY proteins extended the repression of CLOCK-BMAL1-regulated, the promoter binding of CRY or CLOCK-BMAL1 was not analyzed. In another study (Patke et al., 2017), the exon11-deletion mutant of Cry1 identified from Delayed Sleep Phase Disorder patient showed stronger CLOCK-BMAL1 binding affinity but weaker binding on the promoter region. Besides, the CLOCK-BMAL1 displacement activity of PER required its casein kinase binding domain (Ye et al., 2014). Thus, we proposed that the ratio of PER and CRY plays critical roles in the circadian rhythm. The stoichiometric balance between CRY and PER is controlled in multiple layers, including transcription, phosphorylation and protein degradation.



DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found below: https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE157946.



AUTHOR CONTRIBUTIONS

Y-YC designed the experiments, and performed the experiments, data analysis, and manuscript writing. T-YL and YY performed the experiments. AS designed experiments. All authors contributed to the article and approved the submitted version.



FUNDING

This work was supported by the Ministry of Science and Technology, Taiwan (MOST 106-2311-B-005-014 and 107-2311-B-005-012-MY3).



ACKNOWLEDGMENTS

We thank Dr. Christopher P. Selby in the AS’s lab for the discussion about this work.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnins.2020.616802/full#supplementary-material



REFERENCES

Balsalobre, A., Brown, S. A., Marcacci, L., Tronche, F., Kellendonk, C., Reichardt, H. M., et al. (2000a). Resetting of circadian time in peripheral tissues by glucocorticoid signaling. Science 289, 2344–2347. doi: 10.1126/science.289.5488.2344

Balsalobre, A., Damiola, F., and Schibler, U. (1998). A serum shock induces circadian gene expression in mammalian tissue culture cells. Cell 93, 929–937. doi: 10.1016/s0092-8674(00)81199-x

Balsalobre, A., Marcacci, L., and Schibler, U. (2000b). Multiple signaling pathways elicit circadian gene expression in cultured Rat-1 fibroblasts. Curr. Biol. 10, 1291–1294. doi: 10.1016/s0960-9822(00)00758-2

Bass, J. (2012). Circadian topology of metabolism. Nature 491, 348–356. doi: 10.1038/nature11704

Cheon, S., Park, N., Cho, S., and Kim, K. (2013). Glucocorticoid-mediated Period2 induction delays the phase of circadian rhythm. Nucleic Acids Res. 41, 6161–6174. doi: 10.1093/nar/gkt307

Chiou, Y. Y., Yang, Y., Rashid, N., Ye, R., Selby, C. P., and Sancar, A. (2016). Mammalian Period represses and de-represses transcription by displacing CLOCK-BMAL1 from promoters in a Cryptochrome-dependent manner. Proc. Natl. Acad. Sci. U.S.A. 113, E6072–E6079.

Cho, H., Zhao, X., Hatori, M., Yu, R. T., Barish, G. D., Lam, M. T., et al. (2012). Regulation of circadian behaviour and metabolism by REV-ERB-alpha and REV-ERB-beta. Nature 485, 123–127. doi: 10.1038/nature11048

Czarna, A., Berndt, A., Singh, H. R., Grudziecki, A., Ladurner, A. G., Timinszky, G., et al. (2013). Structures of Drosophila cryptochrome and mouse cryptochrome1 provide insight into circadian function. Cell 153, 1394–1405. doi: 10.1016/j.cell.2013.05.011

Gumz, M. L. (2016). Circadian Clocks : Role in Health and Disease. New York, NY: Springer. doi: 10.1007/978-1-4939-3450-8

Hardin, P. E., and Panda, S. (2013). Circadian timekeeping and output mechanisms in animals. Curr. Opin. Neurobiol. 23, 724–731. doi: 10.1016/j.conb.2013.02.018

Huang, N., Chelliah, Y., Shan, Y., Taylor, C. A., Yoo, S. H., Partch, C., et al. (2012). Crystal structure of the heterodimeric CLOCK:BMAL1 transcriptional activator complex. Science 337, 189–194.

Khan, S. K., Xu, H., Ukai-Tadenuma, M., Burton, B., Wang, Y., Ueda, H. R., et al. (2012). Identification of a novel cryptochrome differentiating domain required for feedback repression in circadian clock function. J. Biol. Chem. 287, 25917–25926. doi: 10.1074/jbc.m112.368001

Kim, J. K., and Forger, D. B. (2012). A mechanism for robust circadian timekeeping via stoichiometric balance. Mol. Syst. Biol. 8:630. doi: 10.1038/msb.2012.62

Koike, N., Yoo, S. H., Huang, H. C., Kumar, V., Lee, C., Kim, T. K., et al. (2012). Transcriptional architecture and chromatin landscape of the core circadian clock in mammals. Science 338, 349–354. doi: 10.1126/science.1226339

Kondratov, R. V., Kondratova, A. A., Gorbacheva, V. Y., Vykhovanets, O. V., and Antoch, M. P. (2006). Early aging and age-related pathologies in mice deficient in BMAL1, the core componentof the circadian clock. Genes Dev. 20, 1868–1873. doi: 10.1101/gad.1432206

Levi, F., and Schibler, U. (2007). Circadian rhythms: mechanisms and therapeutic implications. Annu. Rev. Pharmacol. Toxicol. 47, 593–628. doi: 10.1146/annurev.pharmtox.47.120505.105208

Lin, S. Y., Li, T. Y., Liu, Q., Zhang, C., Li, X., Chen, Y., et al. (2012). GSK3-TIP60-ULK1 signaling pathway links growth factor deprivation to autophagy. Science 336, 477–481. doi: 10.1126/science.1217032

Liu, A. C., Tran, H. G., Zhang, E. E., Priest, A. A., Welsh, D. K., and Kay, S. A. (2008). Redundant function of REV-ERBalpha and beta and non-essential role for Bmal1 cycling in transcriptional regulation of intracellular circadian rhythms. PLoS Genet. 4:e1000023. doi: 10.1371/journal.pgen.1000023

Masuda, S., Narasimamurthy, R., Yoshitane, H., Kim, J. K., Fukada, Y., and Virshup, D. M. (2020). Mutation of a PER2 phosphodegron perturbs the circadian phosphoswitch. Proc. Natl. Acad. Sci. U.S.A. 117, 10888–10896. doi: 10.1073/pnas.2000266117

Mohawk, J. A., Green, C. B., and Takahashi, J. S. (2012). Central and peripheral circadian clocks in mammals. Annu. Rev. Neurosci. 35, 445–462. doi: 10.1146/annurev-neuro-060909-153128

Narasimamurthy, R., Hunt, S. R., Lu, Y., Fustin, J. M., Okamura, H., Partch, C. L., et al. (2018). CK1delta/epsilon protein kinase primes the PER2 circadian phosphoswitch. Proc. Natl. Acad. Sci. U.S.A. 115, 5986–5991. doi: 10.1073/pnas.1721076115

Partch, C. L., Green, C. B., and Takahashi, J. S. (2014). Molecular architecture of the mammalian circadian clock. Trends Cell Biol. 24, 90–99. doi: 10.1016/j.tcb.2013.07.002

Patke, A., Murphy, P. J., Onat, O. E., Krieger, A. C., Ozcelik, T., Campbell, S. S., et al. (2017). Mutation of the human circadian clock gene CRY1 in familial delayed sleep phase disorder. Cell 169, 203.e13–215.e13.

Petkau, N., Budak, H., Zhou, X., Oster, H., and Eichele, G. (2019). Acetylation of BMAL1 by TIP60 controls BRD4-P-TEFb recruitment to circadian promoters. eLife 8:e43235.

Pett, J. P., Korencic, A., Wesener, F., Kramer, A., and Herzel, H. (2016). Feedback loops of the mammalian circadian clock constitute repressilator. PLoS Comput. Biol. 12:e1005266. doi: 10.1371/journal.pcbi.1005266

Preitner, N., Damiola, F., Lopez-Molina, L., Zakany, J., Duboule, D., Albrecht, U., et al. (2002). The orphan nuclear receptor REV-ERBalpha controls circadian transcription within the positive limb of the mammalian circadian oscillator. Cell 110, 251–260. doi: 10.1016/s0092-8674(02)00825-5

Reppert, S. M., and Weaver, D. (2002). Coordination of circadian timing in mammals. Nature 418, 935–941. doi: 10.1038/nature00965

Sanjana, N. E., Shalem, O., and Zhang, F. (2014). Improved vectors and genome-wide libraries for CRISPR screening. Nat. Methods 11, 783–784. doi: 10.1038/nmeth.3047

Tamaru, T., Isojima, Y., van der Horst, G. T., Takei, K., Nagai, K., Takamatsu, K., et al. (2003). Nucleocytoplasmic shuttling and phosphorylation of BMAL1 are regulated by circadian clock in cultured fibroblasts. Genes Cells 8, 973–983. doi: 10.1046/j.1365-2443.2003.00686.x

Ueda, H. R., Hayashi, S., Chen, W., Sano, M., Machida, M., Shigeyoshi, Y., et al. (2005). System-level identification of transcriptional circuits underlying mammalian circadian clocks. Nat. Genet. 37, 187–192. doi: 10.1038/ng1504

Xu, H., Gustafson, C. L., Sammons, P. J., Khan, S. K., Parsley, N. C., Ramanathan, C., et al. (2015). Cryptochrome 1 regulates the circadian clock through dynamic interactions with the BMAL1 C terminus. Nat. Struct. Mol. Biol. 22, 476–484. doi: 10.1038/nsmb.3018

Ye, R., Selby, C. P., Chiou, Y. Y., Ozkan-Dagliyan, I., Gaddameedhi, S., and Sancar, A. (2014). Dual modes of CLOCK:BMAL1 inhibition mediated by Cryptochrome and Period proteins in the mammalian circadian clock. Genes Dev. 28, 1989–1998. doi: 10.1101/gad.249417.114

Ye, R., Selby, C. P., Ozturk, N., Annayev, Y., and Sancar, A. (2011). Biochemical analysis of the canonical model for the mammalian circadian clock. J. Biol. Chem. 286, 25891–25902. doi: 10.1074/jbc.m111.254680

Yin, L., Wang, J., Klein, P. S., and Lazar, M. A. (2006). Nuclear receptor Rev-erbalpha is a critical lithium-sensitive component of the circadian clock. Science 311, 1002–1005. doi: 10.1126/science.1121613

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 © 2020 Chiou, Li, Yang and Sancar. 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.

OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		A Sextuple Knockout Cell Line System to Study the Differential Roles of CRY, PER, and NR1D in the Transcription-Translation Feedback Loop of the Circadian Clock



		INTRODUCTION



		MATERIALS AND METHODS



		Generation of Mouse Embryonic Fibroblast Cell Line Lacking CRY1, CRY2, PER1, PER2, NR1D1, NR1D2 (Cry/Per/Nr1d_KO)



		RNA-Sequencing Analysis of Cry/Per/Nr1d_KO, Per/Nr1d_KO, and Cry/Per_KO Cells



		Dbp Expression Analysis of Serum- or Dexamethasone-Synchronized Cells



		Dbp Expression Analysis of in Cry/Per/Nr1d_KO Cells Expressing CRY1-ER



		Nuclear Fractionation and Western Blot







		RESULTS



		Generation of Mouse Embryonic Fibroblast Cell Line Lacking CRY1, CRY2, PER1, PER2, NR1D1, and NR1D2 (CPN_KO Cells)



		Transcriptome Analysis of Cry/Per_KO, Per/Nr1d_KO, and Cry/Per/Nr1d_KO Cells



		Responses of Dbp and Ciart Transcription in Cry/Per_KO, Per/Nr1d_KO, and Cry/Per/Nr1d_KO Cells After Serum Shock and Dexamethasone Shock



		Study CRY1-Mediated Transcriptional Inhibition of Dbp and Ciart in Cry/Per/Nr1d_KO Cells







		DISCUSSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		REFERENCES

















OPS/images/cover.jpg
, frontiers
In Neuroscience

A Sextuple Knockout Cell Line
System to Study the Differential
Roles of CRY, PER, and NR1D
in the Transcription-Translation
Feedback Loop of the Circadian
Clock







OPS/images/fnins-14-616802-g004.jpg
Ciart Dbp
(]
2 ns
© 1.5 *.
=
g ns
& 1.0
~
2
S
o *
: 0.5 L *
2
]
e 0.0
QRY - - + - -+
PER — - - - - -
NRID — + — - + -
B Serum shock
Cry/Per_KO Cry/Per/Nr1d_KO Per/Nr1ld_KO
3.
*
*
2 + phuig * |0
ns ¢ ns NS g |
=1/ ] * o ns ‘ =3
S e . *
* %
o s 8 & ¥
s
2 31
; I
[
o 21 : s : ns n;s g
] * * ns °
1 o N o 1 * 3: s ° ' >: I
o 13
SERES SR RS SRR}
Hours after treatment
C Dexamethasone shock
Cry/Per_KO Cry/Per/Nr1d_KO Per/Nr1d_KO
3.0
| k k% (@)
2.0 1 o 3 8 ns : >‘= oy + * + b
= s s % o8 g |3
5 1.07.0 o o %
2
00.0“
2
S 3.0 ) * % x
K i L |
2.0 g
* ns * % ns|S
1.0{pe* PR o %8 ° 9
0.0+

SHFRFE SH IS SRR
Hours after treatment







OPS/images/fnins-14-616802-g005.jpg
A Cytosol

Nucleus

EtOH 15m 30m 45m 60m EtOH 15m 30m 45m 60m 40HT

. e e e o e e wew | CRY1
(CRY1ER)
e PR RN A
*
8- .
g7
*
i 61 * . 1 - ’%
251 - -5~
L4 ! ‘% - +
E 3 7
Q
¥ 5| /7
2 o7
R
0.
' o o« e o
o 55 53 < < °
12 ‘<\ b‘o\(\ b‘o‘é b‘oY\
B .
Mature Primary
1.5
ns ns )
1.0{ (8 o ns . ||y NS
T ".‘ + 0O - ns ns | g
9 0.51 |j |j D -+
;. (]
S0t 4 LI L —
.g 1.51 i
= ns
0.5 D |j 2
0.0 22— L
N Ny

& \"& %Q& b?’é\ @& & \"& ".9& b?"& @&

Treatment

c Cytosol Nucleus
EtOH 1Hr 2Hr 3Hr 4Hr EtOH 1Hr 2Hr 3Hr 4Hr A4OHT
CRY1
- . - - W - crviER)
e sva
8.
71 *
T6l ° *
o° * 3--%---%
W 5- -——=- .
8 /*
24 ?
2 ’
53] ’
] /
24 7
(I
0.
\OY\ P /\Y\ 2}(\ P }Y\ /nx\
\2 pO 5‘0\(\ »O b‘o‘(\
D :
Mature Primary
1.5
1.0 -I- hs ns || 4 « X |9
T o ns % P )
Q 0.5 * -+
2 [1 M6
2 0.0 —
.g 1.51
Q‘a ®
3101 NS B o
© % =
0.51 |f| - * W
0.0+ =— = |i| I:I ==2| 222 |j:| I:I Ii—l li'l
$ $ $ $ $ $ $ $
SRR O

Treatment






OPS/images/fnins-14-616802-g006.jpg
A Nucleus
EtOH 15m 15m 15m 15m 15m 40HT
- 1hr 2hr 3hr 4hr Release
CRY1
S ey WY W S— B il
(CRY1ER)
Y Sy seee e GEES s BMVALL
B Nucleus
EtOH 15m 15m 15m 15m 40HT
- 24hr 24 hr 24 hr Release
CRY1
- S " = (CRY1ER)
W an AD N 8N cvAL
(o
Mature Primary
1.5 i
o 1.01 4 . - —i— Q
2 0.5, P : e RE
& o.
0.0 I:I L I—i—, I:I
_g 1.57 1
51.0 —— ne e o o
0.5 — *' *' ©
O & S X & S
) u AR ) » NS
N LAY > @
% ¥ &Y A ¥ &
Treatment
D
No PER2 PER2
g 1.25
o
5 1.001
z
T 0.754 *
E:)_, ns i —i— =
W 0,50+ f ) * ©
e * 5
° *
So0.25 .
: (] ]
&’ 0.00 T T 7 7 T T
oo g
LG A S 'y
& &

Treatment






OPS/images/fnins-14-616802-g001.jpg
(8]
{/_o N o b%
MEF \Qe': 6\‘2 % \e«"'
o/ o CNy X
perl ", per2 & &
S e | CLOCK
Yeetal. Chiou et al.
2014 2016
- BMALL
perl /-, per2/- perl”’, per2/
cryl "/, cry2 /- nrid1+/, nrid2 - NR1D1
(Cry/Per_KO)  (Per/Nr1d_KO)
-~ - NR1D2

This paper . CRY1

perl ", per2 /-

Cryl '/', cryz -/- e | CRY2
nrid1”,, nrid2 /-
(Cry/Per/Nr1d_KO) - W | GAPDH

Nrldl (mmlO) chrll:98,771,959-98,772,002

CACCTACTGGCTCCCTCA-CCCAGGACCCTGCCCGCTCTTTTGGC
CACCTACTGGCTCCCTCA---—-— GGACCCTGCCCGCTCTTTTGGC
CACCTACTGGCTCCCTCATCCCAGGACCCTGCCCGCTCTTTTGGC

Nrld2 (mmlO)chrl4:18,222,061-18,222,104
AAGAACGCTGATATCTCTAGCAT-CGATGGTGTTCTGAAGAGTGA

: AAGAACGCTGATATCTCTAGCATTCGATGGTGTTCTGAAGAGTGA
: AAGAACGCTGATATCTCTAGC-------- GTGTTCTGAAGAGTGA





OPS/images/logo.jpg
' frontiers

in Neuroscience





OPS/images/fnins-14-616802-g002.jpg
count

D Arntl Bhlhe40 Bhlhe41
Cry/Per/Nr1d_KO 5388 . it gggg' ! 600{ s
; R -
§ 500 2000+ . 200+
g 0 0+ 0- .
S of Per/Nrid_KO A Ciart Clock Cry1
X s .
rr 2000 i 100001 © 000
3 o |
[ 1 5000 2000
-5 500 e | 25001 ? e
0 0+ 0
O Cry/Per_KO cryz Dbp HIf
: , . . : 80001 ] 1000{ ¢
-10 0 10 20 30 6000 s 1500+ ®
PC1: 91% variance € 1000+ 7501 )i
) g 4000 )i 500
data.name data.PCl data.PC2 © 2000 500+ 2504
CP_1 -12.26449 -8.3228684 1 bt i * ] .
CP_2 -12.46382 -8.27002001 Cr¥/Perk0 ’ 0 ¢
CPN_1 -16.28068 7.58832194 cry/Per/ Nr1d1 Nrid2 Pert
CPN_2 -16.21323 7.5680400 Nrld_KO 7500 * 80004 s .
PN_1 28.71625 0.6848125 ]_ Per/Nrid_KO 6000+ s o 4000+
PN_2 28.50596 0.7517140) Fe/RNrie- 5000 $ | 40004 20001 -
2500 * 2000+
0 04 0
1200 Per2 Per3 Tef
6000 ° 60007 * +—3
. 10000+
4000 40001 ]
9001 2000 2000{ 5000
L ] L]
01 ; : 01 : + 01 : +
RY — — + CRY — — + CRY — — +
600 PER — — -— PER — — -— PER — — -—
NRID — 4+ — NRID — + — NRID — + —
3001 o Chr7
113,200 kb 113,300 kb 113,400 kb
| |
0 Cry/Per_KO_1
5 - , ry/Per_KO_
log10(baseMean) ‘ l UH
1 : | [H|HIJMM Al |
Cry/Per_KO v.s. Cry/Per/Nrld_KO Cry/Per_KO_2
300+ . l ‘
_ 5 | ) \H“WHIU[“ “" { L1l
E 200 Cry/Per/Nrld_KO_1
S
-
§ 10 R Y T
]
Cry/Per/Nrld_KO_2
0
| | | JIIIIIWUJ\“H”H L1l
300+
Per/Nrld_KO_1
£
£ RSO 1 131 1
o
- Per/Nrld_KO_2
73' 100-
s Y 11T

W IllI”H}E: L | ‘ ‘_

log2FoldChange > Arntl (Bmall) Bthd10 <«






OPS/images/fnins-14-616802-g003.jpg
A Higherin
Cry/Per_KO
Total 646
2918
Lower in
Per/Nr1d_KO

1195

1332
Higherin
Per/Nrld_KO

444

B Higherin
Cry/Per_KO
BMAL1 186
626
Lower in
Per/Nrld_KO
INKO (o5
194 1

342
Higherin
Per/Nrld_KO

65

Lower in Lower in
Cry/Per_KO Cry/Per_KO
C
R%=0.2609 R2=0.4129 R2=0.2441 .
Total: 2918 BMAL1: 626 Not BMAL1: 2292
O 104 O 101 o 101
==I !I xl
o © ©
= . =
2 4 2
= o/ fro 0- T o
[} o o]
a a a
(&) J J
M . ey
3 3 g
=-10 = =101 = -101
o, o Gl
-10 0 10 -10 0 10 -10 0 10

log,FC, Cry/Per_KO

log,FC, Cry/Per_KO

log,FC, Cry/Per_KO





