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Editorial on the Research Topic
 RNA Diseases in Humans—From Fundamental Research to Therapeutic Applications



In higher eukaryotes, many different RNAs are encoded in and transcribed from genomic DNAs. Transcribed RNA molecules undergo multiple post-transcriptional processes such as splicing, editing, modification, translation, and degradation. A defect, mis-regulation, or malfunction of these processes often results in diseases in humans, and recently they have been referred to as “RNA diseases” (Scotti and Swanson, 2016; Kataoka, 2017; Ohno et al., 2018). There is an increasing number of studies focused on RNA diseases, which are aimed at unraveling the fundamental molecular mechanisms and developing therapeutic approaches. The goal of this special issue is to introduce RNA diseases to not only RNA scientists but also clinical scientists who are interested in seeking for cures of the diseases.

Pre-mRNA splicing is one of the major processes for post-transcriptional regulatory steps in eukaryotes. Defects in this step result in many diseases, such as neuromuscular diseases and cancers. Splicing takes place in a large multi-RNA-protein complex, called spliceosome. Over one hundred proteins are involved in this step, and many splicing regulatory proteins have been reported. It has been demonstrated that cancer cells undergo cancer-specific splicing patterns. In this special issue on RNA diseases, El Marabti and Younis describe distinct cases of alternative splicing in cancer. They report several categories of splicing aberrations causing alterations in cancer-related genes, mutations in genes encoding splicing factors or core spliceosomal subunits and the disruptions of the balance of RNA-binding proteins. Myelodysplastic syndrome (MDS) is a heterogeneous group of chronic myeloid neoplasms characterized by ineffective hematopoiesis, peripheral blood cytopenia and a high risk of progression to acute myeloid leukemia (AML). Recently it has been shown that mutations on splicing factors are causes of MDS. SRSF2 is one of the major responsible genes for MDS. Masaki et al. found that MDS associated mutations in SRSF2 alter binding affinity to CCWG sequence in RNA and cause aberrant splicing of a subset of genes including EZH2. Estrogen Receptor (ER) α has a critical role in majority of breast cancer. Ohe et al. analyzed the alternative splicing of ERα by using in vitro splicing assays and found that HMGA1a induced exon skipping of a shortened exon 1 of ERα. Regulation of ERα alternative splicing by an HMGA1a gives us a novel insight on 5′ splice site regulation by U1 snRNP, as well as a possible target in breast cancer therapy.

Pre-mRNA splicing and associated proteins are also involved in tissue development and diseases. Su et al. describe the importance of alternative splicing during neuronal differentiation. Alternative splicing modulates signaling activity, centriolar dynamics, and metabolic pathways, and it also contributes to neurogenesis and brain development. This review shed light on how splicing defects cause brain disorders and diseases. Among those diseases, one of the most famous disease genes is Fused in sarcoma (FUS). FUS is an RNA binding protein that regulates RNA metabolism including alternative splicing, transcription, and RNA transportation. This protein is genetically and pathologically involved in frontotemporal lobar degeneration (FTLD)/amyotrophic lateral sclerosis (ALS). Ishigaki and Sobue summarize the functions of FUS protein in alternative splicing, transcription, mRNA destabilization, axonal transport, and morphological maintenance of neurons. They conclude that a biological link between loss of FUS function, Tau isoform alteration, aberrant post-synaptic function, and phenotypic expression might lead to the sequential cascade culminating in FTLD. RNA splicing factor is also involved in muscle differentiation and cardiomyopathy. RBM20 is a vertebrate-specific RNA-binding protein, and it has initially been identified as one of dilated cardiomyopathy (DCM)-linked genes. RBM20 is a regulator of heart-specific alternative splicing, and one of the major targets for RBM20 is the titin (TTN) gene. As titin is the most important factor for passive tension of cardiomyocytes, extensive heart-specific and developmentally regulated alternative splicing of the TTN pre-mRNA by RBM20 plays a critical role in passive stiffness and diastolic function of the heart. Manipulation of the Ttn pre-mRNA splicing raises RBM20 as a potential therapeutic target (Watanabe et al.).

Translation of mRNA is another critical step for gene expression. Translation of most mRNAs in cells are mediated by the cap structure at the 5′ terminus. However, translation of some cellular mRNAs and viral mRNAs are cap-independent. Internal ribosome entry site (IRES) can recruit eukaryotic initiation factor (eIF) complex and ribosome subunit on mRNA in a cap-independent manner. Hepatitis A virus (HAV) utilizes IRES-dependent translation, but unlike most viral IRESs, HAV IRES-mediated translation requires eIF4E and the 3′ end of HAV RNA is polyadenylated. Sadahiro et al. analyzed HAV-IRES-mediated translation in a cell-free system derived from either non-hepatic cells or hepatoma cells and revealed that HAV IRES-mediated translation activity in hepatoma cell extracts is higher as compared to extracts derived from a non-hepatic line. Their results strongly suggest that HAV IRES-mediated translation is upregulated by a hepatic cell-specific activator in a poly(A) tail-independent manner.

Recently, it has been well-accepted that long non-coding RNAs (lncRNAs) also play important roles in gene expression in cells. Some of them can be good markers for cancer progression (Yoshimoto et al., 2016). In the manuscript by Tano et al. demonstrated that MALAT1 has a function in repressing the promoter of p53 (TP53) tumor suppressor gene. The p53 targets were upregulated by MALAT1 knockdown in A549 human lung adenocarcinoma cells, which were mediated by transcriptional activation of p53 through MALAT1 depletion. They also identified a minimal MALAT1-responsive region in the P1 promoter of p53 gene. These results suggest that MALAT1 affects the expression of p53 target genes through repressing p53 promoter activity.

On the other hand, the expression of lncRNAs is also regulated by signal cascade. Mullin et al. identified lncRNAs and protein-coding RNAs that are induced by β-catenin activity in mouse dermal fibroblasts. They identified 111 lncRNAs that are differentially expressed in response to activation of Wnt/β-catenin signaling. Among them, two novel Wnt signaling- Induced Non-Coding RNA (Wincr) transcripts, Wincr1 and Wincr2, were validated. These two lncRNAs are highly expressed in mouse embryonic skin and perinatal dermal fibroblasts, and Wincr1 expression levels in perinatal dermal fibroblasts affects the expression of key markers of fibrosis. These results suggest that β-catenin signaling-responsive lncRNAs modulate dermal fibroblast behavior and collagen accumulation in dermal fibrosis, providing nodes for therapeutic intervention.

The lncRNAs are thought to exhibit their functions as RNA-Protein complex. Jalali et al. utilized the available genome-scale experimental datasets of RNA binding proteins (RBP) to understand the role of lncRNAs in terms of its interactions with RBPs. Their analysis suggests that density of interaction sites for the RBPs was significantly higher for specific sub-classes of lncRNAs when compared to protein-coding transcripts. The significant enrichment of RBP sites across some lncRNA classes strongly suggests that these interactions might be important in the functional roles of lncRNA such as silencing, mRNA processing, and transport.

Interestingly, lncRNAs also serve as templates of micropeptides. In the review article by Yeasmin et al. they summarize the current progress and view of micropeptides encoded in putative short open reading frames (sORFs) within transcripts previously identified as lncRNAs or transcripts of unknown function (TUFs). There are several lines of evidence for significant divergent roles of micropeptides in many fundamental biological processes and even important relationships with pathogenesis.

In conclusion, RNA and RNA binding proteins are involved in most of gene expression steps in higher eukaryotes. The mutations in them cause RNA diseases in human. We sincerely hope the increasing numbers of scientific findings including papers in this special issue will shed light on the disease mechanisms and lead to the development of novel therapeutic strategies for them.
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Alternative splicing allows for the expression of multiple RNA and protein isoforms from one gene, making it a major contributor to transcriptome and proteome diversification in eukaryotes. Advances in next generation sequencing technologies and genome-wide analyses have recently underscored the fact that the vast majority of multi-exon genes under normal physiology engage in alternative splicing in tissue-specific and developmental-specific manner. On the other hand, cancer cells exhibit remarkable transcriptome alterations partly by adopting cancer-specific splicing isoforms. These isoforms and their encoded proteins are not insignificant byproducts of the abnormal physiology of cancer cells, but either drivers of cancer progression or small but significant contributors to specific cancer hallmarks. Thus, it is paramount that the pathways that regulate alternative splicing in cancer, including the splicing factors that bind to pre-mRNAs and modulate spliceosome recruitment. In this review, we present a few distinct cases of alternative splicing in cancer, with an emphasis on their regulation as well as their contribution to cancer cell phenotype. Several categories of splicing aberrations are highlighted, including alterations in cancer-related genes that directly affect their pre-mRNA splicing, mutations in genes encoding splicing factors or core spliceosomal subunits, and the seemingly mutation-free disruptions in the balance of the expression of RNA-binding proteins, including components of both the major (U2-dependent) and minor (U12-dependent) spliceosomes. Given that the latter two classes cause global alterations in splicing that affect a wide range of genes, it remains a challenge to identify the ones that contribute to cancer progression. These challenges necessitate a systematic approach to decipher these aberrations and their impact on cancer. Ultimately, a sufficient understanding of splicing deregulation in cancer is predicted to pave the way for novel and innovative RNA-based therapies.

Keywords: splicing, cancer spliceome, alternative splicing, exons, introns

SPLICING IS AN EVOLUTIONARY CONSERVED AND ESSENTIAL STEP IN GENE EXPRESSION IN EUKARYOTES

Most genes in eukaryotes contain intervening sequences (introns) that disrupt the expressed sequences (exons). Introns in eukaryotes are much longer (median size ~1,000 bp but can be >100,000 bp) compared to exons (median size ~120 bp), making introns the major contributors to the sequence of genes. After transcription, in order for the expressed transcript (pre-mRNA) to become a suitable message for downstream processes such as translation of the encoded protein, the pre-mRNA from any multi-exon gene has to undergo extensive processing to remove the introns by an extraordinary molecular machine, the spliceosome. Given their large size, introns add a long time, sometimes hours, to the transcription process of genes in eukaryotes. Thus, introns present a conundrum as their transcription, just to be spliced out and degraded, seems to be a wasteful process both in terms of the time it takes to transcribe them and the energy consumed in their transcription as well as their removal and degradation. In addition, the splicing process needs to be extremely efficient as well as be executed with high fidelity. Efficiency is required to make sure all introns are removed from the pre-mRNA on time and in a coordinated manner. Fidelity is of paramount importance because joining exons with any mistake of even one base could have catastrophic effects on the reading frame. Furthermore, the cis-sequences or splice sites at the boundaries of each intron are too simple, sometimes degenerate and highly redundant outside the actual splice sites to serve alone as efficient landmarks for spliceosome assembly. Taken together, these features of introns and splicing in general make the presence of introns in eukaryotes counterintuitive. However, introns are not simply extra sequences that are removed by splicing, but rather have several advantages such as coupling multiple RNA processing events for higher gene expression efficiency as well as regulation and providing a checkpoint for quality control of the mRNA. They also allow any gene that harbor them to have a tremendous capacity for diversification through the process of alternative splicing. Thus, it is likely that the advantages of harboring introns outweigh the disadvantages as their presence in eukaryotic genomes and to some extent their position in the genes are highly conserved (Fedorov et al., 2002; Rogozin et al., 2003), in some cases between humans and the plant Arabidopsis thaliana.

DIVERSIFICATION OF TRANSCRIPTOMES BY ALTERNATIVE SPLICING

The advent of high-throughput sequencing has uncovered the fact that most multi-exon genes in eukaryotes undergo at least one event of alternative splicing (Pan et al., 2008), generating two or more distinct mRNAs from the same gene, with the number of alternatively spliced transcripts potentially staggering for some genes. Interestingly, many such transcripts are expressed in a tissue-specific manner, at specific developmental stage, or in a disease-specific manner (Castle et al., 2008; Wang et al., 2008). While the function of some of these alternative transcripts is not always immediately interpretable or even recognized, a plethora of work indicates that alternatively spliced exons are translated and tend to encode important domains in the encoded polypeptide (Kalsotra and Cooper, 2011; Ellis et al., 2012; Weatheritt et al., 2016; Tapial et al., 2017). This suggests an evolutionary conserved molecular design for transcriptome diversification without the need to expand the genome that would require creating genes that are homologous to existing ones that serve similar yet distinct functions (Nilsen and Graveley, 2010).

Alternative splicing is a term used to collectively refer to several splicing events. As shown in Figure 1, there are various distinct forms of alternative splicing, including alternative exons (cassette exons: skipped/included whole exons), retained introns, and alternative 5′ and 3′ splice sites (5′ ss and 3′ ss). There are also several less obvious alternative splicing events that are tightly coupled to and could be a consequence of transcription regulation such as alternative first and last exons. Nevertheless, all these events are well documented in eukaryotes with remarkable impacts on transcriptome diversification. One class of alternative splicing, intron retention, is often overlooked because it is interpreted as a splicing mistake that lead to an intron not being spliced out. While this might be true in several cases, a lot of evidence points to intron retention being regulated to control the expression of genes post-transcriptionally. In fact, cancer cells of all types are characterized by high levels of retained intron, leading to a higher diversity of their transcriptomes compared to normal cells (Dvinge and Bradley, 2015).
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FIGURE 1. Alternative splicing as a source of diversification. A schematic diagram that depicts the various types of alternative splicing events that potentially exist in cells.



Intron retention and its regulation are obvious in a class of introns referred to as minor or U12 introns, which are conserved in almost all eukaryotes. Unlike the vast majority of introns in cells, which rely on the canonical spliceosome that is composed of U1, U2, U4, U5, and U6 snRNPs for their splicing, minor introns utilize a less abundant and seemingly less efficient spliceosome that is made of U11, U12, U4atac, U5, and U6atac snRNPs. Around 800 minor introns in the human genome are embedded in genes that function in signal transduction and information relay, cell cycle control and DNA damage repair (Turunen et al., 2013). We previously showed that hundreds of U12 introns are extremely conserved and are used as molecular switches that provide rapid control of gene expression that does not depend on transcription of new pre-mRNA especially when the gene product is needed instantaneously such as when cells are under stress (Younis et al., 2013). Given the functions of the genes that host minor introns, it is likely that they are regulated in a similar fashion in cancer.

MECHANISMS OF SPLICING REGULATION

It is of note that some documented alternative splicing events constitute only a small fraction of the processed mRNA that are expressed at any given time. While this suggests that such alternative splicing events represent the expected biological noise of a process that is extremely active in cells, we argue that these events are tightly regulated and serve significant roles in various cell types and tissues. More specifically, the low abundance of these events in one cell type could have evolved to be so because the encoded protein from these specific splicing isoforms have a cell type- or condition-specific function. In addition, some of these events are only expressed at a high level when cells are faced with certain environmental conditions, such as stress, in when the specific splicing isoform becomes absolutely required (Younis et al., 2013). Thus, exhaustive searches are now needed to identify these conditions in which these isoforms become abundant and their function more significant. Finally, some disease tissues show enrichment of these events, suggesting specific functions. This infers that the abundance of specific alternatively spliced transcripts as well as the choice of the specific alternative splicing events for a given pre-mRNA are under tight regulation. This regulation is dictated by both cis-elements in the pre-mRNA itself and trans-factors such as RNA binding proteins (RBPs). The fact that the human genome encodes for thousands of RBPs, of which a big fraction functions in RNA splicing and its regulation strongly supports the notion that alternative splicing is not random but rather a highly regulated process and a key step in gene expression regulation.

Splicing factors historically have been classified into hnRNPs, which typically suppress splicing, and SR proteins, which tend to have a positive role in splicing regulation. However, a more thorough analysis of the function of any given hnRNP or SR protein quickly reveals that they do not always conform to these classifications. The ultimate role of an RBP in splicing regulation depends on multiple factors. These include the strength and context of its binding sites on the pre-mRNA in addition to either competitive or cooperative binding of multiple RBPs on or around the regulated exon or intron. This combinatorial regulation makes it very hard to predict the splicing outcome of reduced or increased binding of a single splicing factor in normal or diseased cells. Another complication is that a splicing factor is likely to regulated pre-mRNA splicing of other splicing factors in endless feedback loops and complex networks. A better approach to understand the regulation of alternative splicing in a given condition requires a systems biology approach in which the expression status and targets of multiple if not all RBPs be assessed to start building these networks of co-regulated pathways.

DEREGULATION OF ALTERNATIVE SPLICING IN CANCER

All data to date indicate that alternative splicing is a well-designed process that is tightly regulated in order to produce a network of alternatively spliced transcripts, which we refer to in this review as the splice-ome (spliceome). Work in the last two decades have moreover showed that the spliceome is significantly altered in disease states, such as cancer (Reviewed in, David and Manley, 2010; Chabot and Shkreta, 2016; Scotti and Swanson, 2016). In fact, every hallmark of cancer can be represented by several examples of proto-oncogenes, tumor suppressor genes, or other genes whose splicing is altered to produce isoforms that are needed for the transformation process (Oltean and Bates, 2014). In this review, we do not aim to provide a comprehensive list of all the cancer-related abnormal alternative splicing events, but rather highlight a few that exemplify a deregulated splicing program in cancer that is not a byproduct of the cancer phenotype but a driving force in cancer development and maintenance (Table 1). We thus discuss four main categories of splicing aberrations: (1) Cancer-specific splicing alterations in oncogenes and tumor suppressor genes. (2) Cancer-specific mutations in splicing factors. (3) Changes in upstream signaling pathways that deregulate splicing factors. And (4) aberrations in spliceosomal components that are linked to cancer. The involvement of alternative splicing in the 10 hallmarks of cancer has been reviewed elsewhere (Sveen et al., 2016). Here we summarize some of these changes to point to the fact that the cancer phenotype in several cancer types is heavily reliant on altering one or several splicing choices.


Table 1. Selected examples of genes with cancer-related alternatively spliced isoforms.
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CANCER-SPECIFIC SPLICING ALTERATIONS IN ONCOGENES AND TUMOR SUPPRESSOR GENES

Some of the earliest and most studied examples of alternative splicing events that lead to isoforms amiable for cancer are in genes involved in apoptosis such as the members of the Bcl2 family and several caspases. For example, intron 2 of the Bcl2L1 gene, which encodes the Bcl-X protein, is alternatively spliced. More specifically, the spliceosome has a choice between two 5′ splice sites (5′ ss) for intron 2. Depending on which 5′ ss is chosen, the mRNA produced could be large (Bcl-XL), which encodes a Bcl-X protein with anti-apoptotic function, or small (Bcl-XS), encoding a Bcl-X protein that is missing an essential BH domain and is pro-apoptotic. Another example is Caspase 2 pre-mRNA splicing, whereas the spliceosome faces a choice of including exon 9, generating a caspase 2L mRNA or skipping exon 9, leading to the caspase 2S isoform. The large isoform encodes the pro-apoptotic Casp2L protein, whereas the anti-apoptotic Casp2S protein is encoded by the short isoform. Given that cancer cells are resistant to cell death by apoptosis, they need to ensure the production of Bcl-XS and/or Casp2L. In the absence of mutations in Bcl2L1 and Caspase 2 genes that would affect splice sites or other cis-elements leading to Bcl-XS and Casp2L production, cancer cells reprogram the splicing machinery and/or splicing factors that bind to these pre-mRNAs to ensure that the cancer-specific isoforms are enriched.

Several tumor suppressor genes undergo alternative splicing in cancer that leads to either complete or partial loss of function. For example, complex alternative splicing of TP53, which encodes the p53 protein, generates several isoforms with significant impact on the protein function (Surget et al., 2013). Once activated, by DNA damage for example, p53 can induce cell-cycle arrest in either the G1 or G2 phase of the cell cycle. p53 can also activate Growth Arrest and DNA Damage 45 (GADD45), which regulates cell-cycle arrest in the G2/M phases. Thus, the presence of a functional p53 is essential for the multiple cell cycle checkpoints that allow cells to repair DNA damage or commit to apoptosis. Some of the protein products from the TP53 splicing isoforms are dominant negative, and since p53 acts as a tetramer, the production of these dominant negative subunits, even at low level, can have dramatic effects as they act as poison subunits. Four isoforms of these p53 transcripts are depicted in Figure 2.
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FIGURE 2. TP53 pre-mRNA splicing has significant consequences on the gene product, p53 protein. A schematic diagram of p53 pre-mRNA shows 11 exons (red boxes for canonical exons and blue boxes for cryptic intronic exon 9, i9) and 10 introns (gray lines). The size and shade of the exon indicate whether it is untranslated region (narrow, light red) or coding (wide, dark red). The various domains and the exons encoding them are also indicated (adopted from Surget et al., 2013). These are: Transactivation domains I and II (TAD I and TAD II), proline-rich region (PXXP), DNA-binding domain (DBD), nuclear localization signal (NLS), oligomerization domain (OD), and negative regulation domain (NRD). A fully spliced mRNA containing the 11 canonical exons encodes for full length and functional p53 protein. Several isoforms with various alternative first exons can be generated for p53 pre-mRNA. In this case, the first exon is what is usually exon 5 in the canonical transcript, leading to the production of p53 protein lacking TADs, PXXP, and part of DBD. This truncated p53 is expected to be dominant negative. A similar protein can be encoded by transcripts in which intron 2 is retained, leading to the usage of start codon in exon 4 rather than the canonical start codon in exon 2. On the other hand, retention of intron 9 and/or inclusion of the cryptic intronic exon 9, i9, change the reading frame causing the loss of the encoded amino acids from exons 10 and 11. The resulting p53 proteins lack OD and NRD. These truncated p53 proteins could compete with wild type p53 for DNA binding but are not functional as they cannot oligomerize.



Interestingly, even tumor viruses take advantage of alternative splicing to produce oncoproteins that cause host cell transformation. For example, the production of the two Human Papilloma Virus (HPV) oncoproteins E6 and E7 in patient tissues, which are encoded by one pre-mRNA, depends on alternative splicing. Briefly, unspliced transcripts (that is, the intron is retained) produce the E6 mRNA (and ORF) whereas complete splicing of the pre-mRNA produces the E7 mRNA and ORF. Other transcripts including E6∧E7 or E6*III are generated due to alternative 3′-splice usage (Graham and Faizo, 2017).

These few examples underscore the capacity of alternative splicing to produce two or more proteins from a single gene that could have completely opposite functions with major consequences on cell fate and the transformation process.

CANCER-SPECIFIC MUTATIONS OR ALTERATIONS IN SPLICING FACTORS

Given that cancer cells do reprogram the spliceome, it is not surprising that splicing factors are common targets for deregulation in this disease (Dvinge et al., 2016). These include ESRP1 and ESRP2 (Warzecha et al., 2009), hnRNP A1, hnRNP A2, hnRNP A2/B1, hnRNP H, hnRNP K, and hnRNP M (Moran-Jones et al., 2009; David et al., 2010; Golan-Gerstl et al., 2011; Lefave et al., 2011; Xu et al., 2014; Gallardo et al., 2015), PRPF6 (Adler et al., 2014), PTBP1(Izaguirre et al., 2012), QKI (Zong et al., 2014), RBFOX2 (Shapiro et al., 2011), RBM4, RBM5, RBM6, and RBM10 (Bonnal et al., 2008; Fushimi et al., 2008; Shapiro et al., 2011; Izaguirre et al., 2012; Bechara et al., 2013; Wang et al., 2014; Hernández et al., 2016), as well as SRSF1, SRSF2, SRSF3, SRSF6, and SRSF10 (Karni et al., 2007; Anczuków et al., 2012; Tang et al., 2013; Jensen et al., 2014; Zhou et al., 2014; Kim et al., 2015).

The SR protein SRSF2, for example, is a splicing factor that is commonly mutated in a collection of neoplastic diseases or cancers of immature blood cells known as Myelodisplastic Syndromes (MDS). Interestingly, mutations in SRSF2 that alter its sequence specificity on its target pre-mRNAs are more likely to be linked to MDS than nonsense mutations, indicating that a gain-of-function (binding to differential pre-mRNA targets) rather than loss-of-function of SRSF2 produces a new set of alternatively spliced mRNAs that are relevant to MDS development (Kim et al., 2015).

Of note, not all changes in splicing factors are due to mutations in their encoding genes as mutation-free disruptions in the repertoire of RNA-binding proteins (splicing factors) due to the imbalance in their expression is emerging as a common feature in many diseases including cancer. For example, frequent upregulation of mutation-free SRSF2 is a driver in the development of Hepatocellular Carcinoma (HCC) (Luo et al., 2017). SRSF1, also a splicing factor, is itself an oncogene whose expression is increased in cancers, including breast cancer (Das and Krainer, 2014; Akerman et al., 2015; Anczuków et al., 2015). These alterations in splicing factors, whether due to mutations or altered expression, tend to have large effects on cell phenotype as these splicing factors bind to and regulate the splicing of hundreds of pre-mRNAs. Thus, cancer cells can alter the splicing of a large number of genes by deregulating a handful of splicing factors. While this might seem to be an overkill, evidence does point to the fact that among the thousands of changes, some have distinct and significant effects on the transformation process. For example, SRSF2 mutants in MDS lead to mis-splicing of hundreds of pre-mRNAs, but one of them, the EZH2 pre-mRNA, encoding a transcriptional regulator that is required for maintaining the repressed state of many genes during hematopoiesis, stands out. Hematopoietic cells expressing SRSF2 mutants show higher inclusion of a highly conserved “poison” exon in the EZH2 mRNA, leading to degradation of the mRNA by nonsense-mediated decay and loss-of-function of the EZH2 gene (Kim et al., 2015).

hnRNP proteins also play their share in cancer progression. For example, mis-regulation of a number of hnRNP proteins have been linked to HCC tumor progression, whereas the overexpression of hnRNP A1 in particular has been linked to tumor invasion and metastasis (Zhou Z. J. et al., 2013). The detailed contribution of the RNA splicing-dependent effects of mis-regulation of many hnRNPs in cancer is still under intense investigation by several laboratories and should shed some light on mechanisms as well as potential novel therapeutic targets.

Of note here is that mutations in splicing factors in MDS patients typically cause distinct and sometimes non-overlapping splicing defects, suggesting an alternate underlying mechanism. Indeed, a recent study has uncovered that mutations on distinct splicing factors in MDS commonly cause elevated R-loops, replication stress, and activation of the ataxia telangiectasia and Rad3-related protein (ATR)-Chk1 pathway (Chen et al., 2018). These effects can lead to deregulated transcription pause release, raising the possibility that the MDS phenotype is related to a transcriptional defect rather than a splicing one.

CHANGES IN UPSTREAM SIGNALING PATHWAYS THAT DEREGULATE SPLICING FACTORS

In order to ensure that several splicing factors and other cellular processes are deregulated, the signaling pathways that relay extracellular signals to splicing factors are often targeted in cancer. The SR protein family is often deregulated as the function of SR proteins tightly depends on their phosphorylation status, which itself is regulated by upstream kinases. For example, the splicing of the cassette exons in Caspase 9 pre-mRNA is regulated by the splicing factor SRSF1 leading to either caspase 9a or caspase 9b mRNAs. SRSF1 is itself phosphorylated upon activation of multiple signaling pathways, including the PI3K/AKT pathway. Since AKT signaling is often constitutively activated in cancers, such as lung cancer, this leads to constitutive phosphorylation of SRSF1 and deregulated expression of Caspase 9a/9b (Shultz et al., 2010). A similar pathway involving an AKT-hnRNP U axis has also been shown to regulate Caspase 9a/9b ratio (Vu et al., 2013). This deregulated Caspase 9a/9b ratio has marked consequences on apoptosis and contributes to the ability of cancer cells to resist cell death.

Interestingly, several key components of signaling pathways that are typically deregulated in cancer can themselves be alternatively spliced to produce cancer-specific isoforms. For example, the inclusion of exon 6 in the pre-mRNA of the First Apoptosis Signal (Fas) receptor produces an isoform that encodes a membrane bound receptor that plays a key role in relaying extracellular signal that lead to programmed cell death. On the other hand, the Fas isoform with exon 6 being skipped encodes a soluble protein that does not induce apoptosis upon relevant signaling. Epidermal Growth Factor Receptor (EGFR), Insulin Receptor (INSR), Receptor d'Origine Nantais (RON), and Vascular Endothelial Growth Factor Receptor (VEGFR) are among several receptor tyrosine kinases whose splicing is altered in cancer leading to tumor progression or reduced response to therapy (reviewed in, Abou-Fayçal et al., 2017). In the case of VEGFR, one intron retention leads to the production of a shorter and decoy receptor that is dominant negative (Kendall et al., 1996; Vorlová et al., 2011). Similarly, alternative splicing in EGFR pre-mRNA produces several isoforms, some of which are dominant negative whereas others are constitutively active, leading to enhanced tumorgenicity, migration and invasion (Guillaudeau et al., 2012a,b; Piccione et al., 2012; Zhou M. et al., 2013; Zhou Z. J. et al., 2013; Padfield et al., 2015).

ABERRATIONS IN SPLICEOSOMAL COMPONENTS THAT ARE LINKED TO CANCER

It is remarkable that loss-of-function mutations in core components of the spliceosome are not compatible with life, which speaks to the critical role the spliceosome plays in all cells. However, components of the spliceosome can be mutated without complete loss-of-function leading to widespread alterations in splicing and disease.

Patients with MDS, chronic myelomonocytoic leukemia (CMML), or chronic lymphocytic leukemia (CLL) acquire mutations in the spliceosomal components SF3B1, SF1, PRPF40B, and U2AF35 besides mutations in the splicing factor SRSF2 and ZRSR2, a component of U11/U12 di-snRNP, (Armstrong et al., 2018). Interestingly, SF3B1 and U2AF35 mutation tend to be missense mutations and mutually exclusive, again suggesting that cells with severe aberrations in spliceosome function are not viable (Armstrong et al., 2018). These mutations are drivers in cancer and they strongly correlate with prognosis and clinical phenotype.

On the other hand, several genetic diseases are linked to mutations in core components of the spliceosome. These include retinitis pigmentosa, a progressive neurodegeneration of Rod photoreceptors in the retina, which is linked to mutations in PRPF31, PRPF8, BRR2, PRPF4, or PRPF3. Spinal Muscular Atrophy (SMA) is a severe neurodegenerative disease caused by mutations in SMN1 gene, which encodes a protein that functions in the biogenesis of spliceosomal snRNPs and reduced SMN function in cells has been shown to lead to widespread aberrations in splicing. Mutations in one of the snRNA components of the minor spliceosome, U4atac, have been identified and linked to severe mental retardation and dwarfism, microcephalic osteodysplastic primordial dwarfism type 1 (TALS/MOPD). Despite their low abundance in cells, minor introns are highly conserved and serve as critical molecular switches for the expression of genes that harbor them (Younis et al., 2013). Some of these genes are bona fide oncogenes and tumor suppressor genes, suggesting a role for deregulating minor intron splicing in cancer (Unpublished data).

SYSTEMATIC APPROACHES FOR IDENTIFYING SPLICING ABERRATIONS THAT ARE LINKED TO CANCER

Genetic alterations or mutations in cancer patients that affect the splicing of one gene are relatively easy to study, track, and even propose therapeutic tactics based on fixing the splicing of that one pre-mRNA. However, a major challenge emerges when the alteration is in a splicing factor or core component of the spliceosome as these lead to global (thousands) alterations in splicing affecting a wide range of genes. Still more challenging are cases where the expression of the splicing factors is altered without an obvious underlying genetic mutation. Two of the many challenges are: (1) identifying amongst the thousands of splicing alterations those that significantly contribute to cancer progression, and (2) therapeutically target the splicing factors without having massive side effects that sometimes are worse than the actual disease itself. In order to successfully address these points, it is important to develop a systematic and standardized approach to gain sufficient understanding of splicing deregulation in cancer and their impact on cancer.

Before the advent of next generation sequencing of RNA (referred to here as RNA-seq), transcriptome profiling to identify global splicing changes relied mostly on Gene Expression Exon Microarrays, that contain probes for almost all exons and many introns. While these arrays were a major advance over traditional microarrays with limited number of probes per gene, they tend to be very hard to interpret and generate a lot of false positives if not properly analyzed and replicated. Also, the lack of a large number of probes in introns causes these microarrays to miss a major category of splicing aberration that is intron retention. Nowadays, the gold standard for transcriptome profiling that includes both information on genome-wide expression level changes as well as splicing disruptions is RNA-seq. While this method is both quantitative and qualitative, it has its own challenges as well. As a start, generating the libraries for RNA-seq from high quality RNA is expensive, tedious, and require well trained personnel. The data generated is massive in size (several gigabytes per sample) and requires powerful computing machines for storage as well as analysis. The analysis itself is a major bottleneck. Several off-the-shelf pipelines exist for mapping raw reads and analysis of differential expression of genes. However, these only scratch the surface and do not fully take advantage of the wealth of data generated by any well-designed RNA-seq experiment. For example, there are several publicly available algorithms that attempt to identify splicing alterations from RNA-seq, but our personal experience with these is that they all fail at capturing the real picture as most of them use statistical models that are not suitable for biological systems, leading to identification of an endless list of statistically significant but small changes that have no or little impact on the phenotype. Thus, many laboratories have opted for their own in-house pipelines that are suited for their own analysis but remain far from suited to apply globally. The major challenge in the analysis of RNA-seq data does not detract from the fact that it has been widely used to generate important databases of splicing alterations in many cancers. The list of splicing aberrations in cancer will grow and our understanding of the molecular basis of these changes as well as their contribution to cancer will improve tremendously in the coming years as our ability to standardize the analysis pipeline improves. In fact, we propose that identifying the right splicing isoforms can be so powerful, they should be used as novel biomarkers for many cancer types and subtypes.

Once enough molecular understanding of the splicing aberrations is gained and their impact on cancer is proven, innovative RNA-based therapies are required to correct the splicing alterations or induce splicing changes in cancer cells that make them more susceptible to traditional chemotherapy. Only recently, RNA-based therapies, which include a range of mechanisms such as antisense oligonucleotides, RNAi, anti-miRNA, miRNA mimics, aptamers, ribozymes, and others, seemed far-fetched and unpractical. However, the recent success of antisense oligonucleotides in correcting the splicing of exon 7 of SMN gene in SMA patients and its approval by the FDA speaks to the power of such therapies. In order to start applying such strategies to cancer, it is better to focus first on a few targets with large effects on phenotype. For example, given the large contribution of mis-splicing of genes involved in apoptosis on the ability of cancer cells to resist cell death, these genes are the low hanging fruit. In addition, it is noted that splicing alterations would rarely be the sole driver in cancer progression, we thus do not suggest the use of RNA-based therapies to overcome splicing aberrations as an alternate to traditional therapies, but rather a combination therapy for more effective treatment (we anticipate the effects to be synergistic) with less unfavorable side effects.
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Alternative splicing of precursor mRNA is an important mechanism that increases transcriptomic and proteomic diversity and also post-transcriptionally regulates mRNA levels. Alternative splicing occurs at high frequency in brain tissues and contributes to every step of nervous system development, including cell-fate decisions, neuronal migration, axon guidance, and synaptogenesis. Genetic manipulation and RNA sequencing have provided insights into the molecular mechanisms underlying the effects of alternative splicing in stem cell self-renewal and neuronal fate specification. Timely expression and perhaps post-translational modification of neuron-specific splicing regulators play important roles in neuronal development. Alternative splicing of many key transcription regulators or epigenetic factors reprograms the transcriptome and hence contributes to stem cell fate determination. During neuronal differentiation, alternative splicing also modulates signaling activity, centriolar dynamics, and metabolic pathways. Moreover, alternative splicing impacts cortical lamination and neuronal development and function. In this review, we focus on recent progress toward understanding the contributions of alternative splicing to neurogenesis and brain development, which has shed light on how splicing defects may cause brain disorders and diseases.
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INTRODUCTION

Alternative splicing is a crucial step of post-transcriptional gene expression that substantially increases transcriptome diversity and is critical for diverse cellular processes, including cell differentiation and development as well as cell reprogramming and tissue remodeling. Our understanding of the physiological significance and disease implications of alternative splicing has been greatly improved by genetic approaches and RNA deep sequencing. In this review, we focus on alternative splicing in neuronal differentiation from stem/progenitor cells, neuronal migration and functional development of neurons (Figure 1).
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FIGURE 1. Function of splicing regulatory proteins in the mammalian nervous system. Splicing factors (yellow boxes) participate in a number of different processes during brain development, including (A) self-renewing division and fate determination of neural stem cells, and neuronal cell differentiation, (B) migration of newly born neuron during corticogenesis, and (C) synaptogenesis or neural activity-regulated synaptic function.



Alternative Splicing and Its Role in Development

Approximately 95% of human multi-exon genes undergo alternative splicing of precursor mRNAs (pre-mRNAs) (Pan et al., 2008; Wang et al., 2008). In mammals, alternative splicing involves differential use of intron splice sites or the inclusion/exclusion of exons. Alternatively spliced mRNAs may generate protein isoforms with distinct and perhaps antagonistic functions or with altered stability or subcellular localization (Dredge et al., 2001; Matlin et al., 2005). In addition, alternative splicing may introduce premature termination codons into the resulting mature mRNAs, leading to mRNA downregulation via nonsense-mediated decay (Lareau et al., 2007). Alternative splicing is governed by the interplay between trans-acting splicing regulators and cis-elements of pre-mRNAs (Matera and Wang, 2014). In general, a splicing activator may enhance splice-site recognition or utilization by the spliceosome, whereas a splicing suppressor may prevent the association of spliceosomal factors with pre-mRNAs or compete off splicing activators. Moreover, alternative splicing is also influenced by transcription rate, histone modifications, and chromatin structure (Kornblihtt et al., 2004, 2013; Luco et al., 2010). Alternative splicing may occur in a tissue- or developmental-specific manner or in response to cellular signals and no doubt plays critical roles in many cellular processes (Nilsen and Graveley, 2010).

Alternative splicing provides a means to differentiate gene expression between cell types during development. Tissue-specific regulation of alternative splicing involves the coordinated actions of splicing factors. Cell type-specific or timely expression of certain splicing regulators is important for precise control of alternative splicing. For example, the RNA-binding protein CUGBP and ETR-3-like factor 1 (CELF1) and muscleblind-like 1 (MBNL1) exhibit switched expression during heart development to regulate splicing of cardiac mRNAs (Kalsotra et al., 2008). Forced expression of embryonic CELF1 or ablation of MBNL1 in the adult mouse heart reverts splicing toward embryonic/early postnatal patterns (Kalsotra et al., 2008). Similarly, switching of splicing regulators also occurs in the developing brain (see below). Thus, temporal control of alternative splicing is critical for fetal-to-adult transitions during development. Coordinated splicing networks contribute substantially to the development of various tissues and organs as well as their physiology.

Splicing abnormalities are linked to human genetic diseases, including brain disorder (Raj and Blencowe, 2015; Vuong et al., 2016). For example, familial dysautonomia is caused by a 5′ splice site mutation of the IKBKAP gene (Slaugenhaupt et al., 2001). This mutation reduces IKBKAP expression via alternative splicing-coupled nonsense-mediated decay, and hence downregulates a set of cell migration-related genes (Anderson et al., 2001; Yoshida et al., 2015). Gene abnormalities in the splicing factor RBFOX1 gene have been linked to autism spectrum disorder and additional neuromuscular abnormalities (Barnby et al., 2005; Martin et al., 2007; Conboy, 2017). The associations between splicing defects and human disease have been reviewed extensively elsewhere, and will not be emphasized in this review.

Experimental Insights into the Role of Alternative Splicing in Brain Development

Emerging new technologies for RNA studies have greatly enhanced our knowledge of alternative splicing in development. Capture of specific mRNA ribonucleoproteins followed by high-throughput sequencing or splicing microarrays has identified dynamic alternative splicing programs during cell differentiation or development and also revealed the tissue-specific or developmentally regulated RNA-binding landscapes of splicing factors (Rossbach et al., 2014). Use of knockout and transgenic mice has identified the targets and physiological roles of neuronal splicing regulators and revealed how their defects impact brain development and neuronal function (Table 1). Moreover, genetic tagging with a reporter provides a tool for isolating specific cell types for transcriptome comparison (Wang et al., 2011). For example, by using Tbr2 promoter-driven green fluorescent protein as a tracer, neural progenitor cells (NPCs) can be distinguished from neurons in the developing brain (Zhang et al., 2016). Recently, single-cell profiling techniques enabled the resolution of population heterogeneity and revealed insights into cellular differentiation and development (Darmanis et al., 2015). Computational analysis of deep-sequencing data and annotated databases helped establish the correlation between genetic mutations, splicing variants, and disease (Kircher et al., 2014; Mort et al., 2014). Recently, an unbiased “deep-learning” computational method provided a more powerful link between rare single-nucleotide variations and neurological disorders such as spinal muscular atrophy and autism spectrum disorder (Xiong et al., 2015). Advanced sequencing tools would likely facilitate the detection of cell type- and stimulus-dependent splicing changes and perhaps the identification of previously unrecognized splicing products such as circular RNAs during neuronal development (van Rossum et al., 2016).


Table 1. Examples of the function of neuronal splicing regulators in neuronal differentiation and brain development.
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Neuronal Differentiation Involves Coordinated Changes in the Expression of Splicing Factors

Genome-wide transcriptome analysis has revealed an exceptionally high level of alternative splicing in the mammalian brain (Yeo et al., 2004). The nervous system adopts alternative splicing for cell differentiation, morphogenesis, the formation of complex neuronal networks, and the establishment/plasticity of delicate synapses (Norris and Calarco, 2012; Zheng and Black, 2013). Splicing regulation may involve some neuron-specific splicing factors and their interplay with ubiquitous factors (Raj and Blencowe, 2015; Vuong et al., 2016). A switch from predominant expression of PTBP1 to its neuronal paralog PTBP2 (nPTB), which occurs during differentiation of progenitor cells into postmitotic neurons, is important for the stem cell-to-neuron transition (Boutz et al., 2007; Vuong et al., 2016). PTBP1 is downregulated by the neuron-specific microRNA miR-124 (Makeyev et al., 2007). Notably, PTBP1 suppresses the inclusion of exon 10 of PTBP2, producing an exon 10-skipped mRNA that is susceptible to nonsense-mediated decay (Figure 2). Thus, PTBP1 restricts the level of PTBP2 in non-neuronal cells or NPCs. RBM4 is a ubiquitous RNA-binding protein, but its level is elevated during neuronal differentiation of mouse embryonal carcinoma P19 cells (Tarn et al., 2016). Interestingly, RBM4 acts in the same manner as PTBP1 to suppress exon 11/10 of PTBP1/PTBP2 in myoblast cells, and it downregulates PTBP1/PTBP2 levels (Lin and Tarn, 2011; Figure 2). However, during neuronal differentiation of mesenchymal stem cells, RBM4 induces the skipping of mammalian-specific exon 9 of PTBP1, which produces a functional PTBP1 isoform with compromised splicing activity compared with full-length PTBP1 (Su et al., 2017). Therefore, RBM4 attenuates the activity of PTBP1 in splicing regulation (Su et al., 2017; Figure 2). Notably, PTBP2 does not contain an exon equivalent of exon 9 of PTBP1, so PTBP2 is likely resistant to regulation by RBM4 during stem cell differentiation. On the other hand, the neural-specific SR-related protein of 100 kDa (nSR100/SRRM4) promotes exon 10 inclusion of PTBP2 and thus maintains PTBP2 level in neurons (Calarco et al., 2009).
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FIGURE 2. RBM4 regulates PTBP1 expression or splicing activity by modulating exon selection during the differentiation of non-neuronal or neuronal cells. (A) RBM4 suppresses the cellular level of both PTBP1 and PTBP2 during non-neuronal cell differentiation via activating exon 11/10 skipping of PTBP1/PTBP2 mRNAs (Left). PTBP1 also downregulates PTBP2 level by promoting exon 10 skipping of PTBP2 mRNA (Left). During neuronal differentiation, PTBP1 level is downregulated by miR-124, whereas RBM4-induced exon 9 skipping of PTBP1 mRNA generates an isoform with reduced splicing activity, which compromises the splicing effect of PTBP1 during neural differentiation (Right). (B) Exclusion of exon 11/10 (red box) of PTBP1/PTBP2 generates splicing isoforms with a premature translation-termination codon, and such isoforms are subjected to degradation via alternative splicing-coupled nonsense-mediated decay. RBM4 promotes exon 9 (blue box) skipping, which is specific to PTBP1.



PTBP1 and PTBP2 regulate overlapping but distinct repertoires of splicing events. PTBP1 suppresses the splicing of a subset of neural targets to inhibit neuronal differentiation. PTBP2 expression is elevated in differentiating neuronal cells and activates certain neural targets that promote differentiation (Boutz et al., 2007). Nevertheless, PTBP2 is downregulated as cells mature and undergo synaptogenesis. This sequential downregulation of PTBP1 and PTBP2 is important for two transitions of splicing regulation throughout neuronal differentiation and maturation and for functional expression of postsynaptic density protein-95 (PSD-95) via splicing control (Zheng et al., 2012). Both RBM4 and PTBP1 have preference for CU-rich cis-elements and hence antagonize each other during splicing regulation; thus, in general, they function oppositely in cell differentiation.

Besides the above, the neuron-specific splicing regulator Nova-1 can negatively autoregulate its own expression by suppressing exon 4 inclusion (Dredge et al., 2005). A study revealed that RBM4 promotes Nova-1 exon 4 inclusion during differentiation and maturation of brown adipocytes (Lin J. C. et al., 2016), but whether this regulation occurs in neurons is unclear. Moreover, all three Rbfox family members exploit a conserved mechanism of splicing autoregulation to produce a splice isoform with a truncated RNA-recognition motif; this isoform has dominant-negative activity in splicing (Damianov and Black, 2010). The splicing switch of RBFOX3 from the truncated isoform to the full-length protein occurs in a development-dependent manner, and the latter is necessary for late neuronal differentiation (Kim et al., 2013).

Together, precise timing and level control of splicing regulators is critical for dynamic alternative splicing regulation during cell differentiation and development.

Alternative Splicing in Self-renewal and Differentiation of Stem Cells

Alternative splicing also plays a critical role in self-renewal of pluripotent cells as well as in cell-fate determination and reprogramming (Graveley et al., 2011; Ye and Blelloch, 2014). Genome-wide RNA sequencing (RNA-seq) studies have revealed that stem cells and differentiated cells exhibit different splicing profiles (Pritsker et al., 2005). Fine-tuning the expression of several stemness-related transcription factors such as Oct4, Nanog, Sox2, and Tcf3 is important for pluripotency maintenance (Chen et al., 2008; Kim et al., 2008). In particular, different isoforms of Tcf3 and Oct4 influence self-renewal of stem cells (Atlasi et al., 2008; Salomonis et al., 2010). The forkhead box transcription factor FoxP1 plays a hierarchical role in the transcription network of pluripotency; the switching of its mutually exclusive exons controls pluripotency and reprogramming of embryonic stem cells (Gabut et al., 2011). Several splicing factors modulate alternative splicing in embryonic stem cells and contribute positively (such as Rbfox2 and SRSF2) or negatively (such as MBNL1/2) to maintaining the stem cell splicing program (Ye and Blelloch, 2014). Thus, alternative splicing plays a critical role in the decision between stem cell self-renewal and differentiation.

Alternative splicing modulates the activity of certain histone modification enzymes in neuronal cells and hence influences the epigenetic status (Fiszbein and Kornblihtt, 2016). The histone methyltransferase G9a is a suppressor of pluripotency-related genes (Kellner and Kikyo, 2010). During neuronal differentiation of neuroblastoma neuro-2a cells, alternative exon inclusion of G9a promotes its nuclear localization and hence increases the dimethylation of histone 3 lysine 9 (H3K9me2). Thus, the regulation of G9a alternative splicing is necessary for efficient neuronal differentiation (Fiszbein et al., 2016). More intriguingly, alternative splicing also modulates the activity of the demethylase LSD1 (Laurent et al., 2015). Therefore, the balanced methylation of H3K9 is likely important for regulating gene expression profiles during neuronal differentiation.

Alternative Splicing in Differentiation of Neuronal Stem/Progenitor Cells

Transcriptome profiling demonstrated the dynamic nature of alternative splicing events in different cell types, brain regions, and developmental stages (Johnson et al., 2009; Zhang et al., 2014; Yan et al., 2015). RNA-seq analysis of purified NPCs and differentiating neurons in the mouse cortex revealed an alternative splicing switch for a set of neuron-specific exons during differentiation (Zhang et al., 2016). Analysis of human cerebral organoids and fetal neocortex also revealed different splicing patterns in intermediate progenitor cells, redial glial cells, immature neurons, and neurons during cortical development (Camp et al., 2015; Zhang et al., 2016). Therefore, splicing regulation establishes cell type- and stage-specific gene expression profiles during neurogenesis and brain development, which rely on proper expression and function of splicing regulators (Raj and Blencowe, 2015; Vuong et al., 2016; Baralle and Giudice, 2017).

Among neuronal splicing regulators, PTBP1 is exclusively expressed in embryonic stem cells and NPCs, whereas PTBP2 and Rbfox proteins are mainly expressed in neurons. A recent report showed that PTBP1 and Rbfox antagonistically modulate neuronal fate via their roles in regulating alternative exon selection (Zhang et al., 2016). Rbfox switches the centrosomal isoform of Ninein to the non-centrosomal form as a result of alternative splicing and hence influences centriolar dynamics and promotes NPC differentiation. On the other hand, PTBP1 suppresses a premature stop codon-containing exon of filamin A (Flna) in NPCs and hence maintains apical progenitors. Genetic mutations that generate aberrant Flna splice isoforms in NPCs are linked to periventricular nodular heterotopia, a neuronal migration disorder. Thus, a better understanding of the mechanisms of neuronal alternative splicing may provide plausible treatment strategies for neuronal disorders.

The Notch receptors play a critical role in fate decisions of various stem/progenitor cells, and Numb is a critical effector of Notch signaling. Alternative splicing of exons 3 and 9 of Numb generate four different isoforms, which differentially modulate Notch activity. The detail of how alternative splicing of Numb modulates cell differentiation is not completely known. Rbfox3 can regulate alternative splicing of Numb, and Rbfox3 depletion impairs neurogenesis in the hippocampal dentate gyrus (Kim et al., 2013; Lin Y. S. et al., 2016). Our recent study showed that RBM4 determines the selection of two alternative exons, and its overexpression preferentially produces a Numb isoform with the highest potential to promote Mash1 expression and subsequent differentiation of neuronal progenitor cells. Moreover, additional splicing regulators of Numb have been implicated in either cancer progression or tumor suppression (Bechara et al., 2013; Zong et al., 2014). Thus, it is conceivable that fine-tuning the expression of Numb isoforms during fate decision of neuronal progenitor cells may constitute a combinatorial effect of multiple splicing regulators.

Different Alternative Splicing Patterns in Neurons and Glia

Brain tissues comprise a variety of cell types including neural precursor cells, neurons, and various subtypes of neuroglia. Tantalizing issues remain as to whether and how alternative splicing influences neural fate determination and which splicing regulators are involved (Raj and Blencowe, 2015). Expression of specific alternatively spliced isoforms in distinct neurons has been reported in Caenorhabditis elegans and Drosophila (Lah et al., 2014; Norris et al., 2014). For example, UNC75 and EXC7 (respective homologs of mammalian CELF and Hu/ELAV) differentially modulate alternative splicing of unc-16 in GABAergic motor neurons and cholinergic motor neurons (Norris et al., 2014). The energy requirement of different types of brain cells varies; the oxidative and glycolytic pathways predominate in neurons and astrocytes, respectively (Magistretti and Allaman, 2015). Transcriptome profiling has revealed distinct pyruvate kinase M (PKM) splice isoforms, i.e., PKM1 and PKM2 in neurons and glial cells, respectively (Zhang et al., 2014). The PKM1 and PKM2 isoforms result from mutually exclusive exon selection. Selective expression of PKM isoforms is also critical for regulating glucose metabolism in muscle and cancer (Christofk et al., 2008). Gradual switching of embryonic PKM2 to adult PKM1 occurs during mouse brain development and during neuronal differentiation of human mesenchymal stem cells (Su et al., 2017). RBM4 antagonizes PTBP1 activity and hence promotes the PKM2-to-PKM1 switch. Overexpression of RBM4 or PKM1 increases oxygen consumption and accordingly facilitates neuronal differentiation. These results support the high energy demand of neurons. Because neuroenergetics is dynamic and changes in response to neuronal activity such as glutamatergic stimulation and hypoxia (Bélanger et al., 2011), whether the expression of the splice isoforms of certain synthetic enzymes, including PKMs, is coordinately changed remains to be investigated. PKM is involved not only in cell metabolism but also in the modulation of gene expression. PKM2 acts coordinately with β-catenin during gene activation underlying the epithelial-to-mesenchymal transition and thus promotes cell proliferation and tumorigenesis (Yang et al., 2011). A recent report demonstrated that the RNA binding protein Quaking maintains neural stem cell functions during early brain development by preventing the PKM2 switch to PKM1 (Hayakawa-Yano et al., 2017).

Alternative Splicing in Neuronal Migration and Brain Development

The mammalian cerebral cortex has a highly organized six-layered structure consisting of a variety of neuron subtypes (Molyneaux et al., 2007). Positioning of newborn neurons that originate from the ventricular zone and subventricular zone in the embryonic cortical plate occurs in a birth date-dependent “inside-out” manner (Cooper, 2008; Gao and Godbout, 2013). Several signaling cascades regulate neuronal migration in the cortical plate, including the Reelin-Disabled homolog 1 (Dab1) pathway (Franco et al., 2011; Gao and Godbout, 2013). Upon binding to the very low density lipoprotein receptor (VLDLR) or apolipoprotein E receptor 2 (ApoER2), Reelin induces differential phosphorylation of the cytosolic adaptor protein Dab1 and elicits subsequent downstream events that link Dab1 to the control of neuronal migration. Reeler mutant mice and mice with spontaneous or targeted mutations of Dab1 or either of the receptors exhibit similar phenotypes characterized by ataxia, tremors, and a reeling gait (D'Arcangelo et al., 1995; Howell et al., 1997; Sheldon et al., 1997; Trommsdorff et al., 1999). Differential exon selection of Dab1 occurs during brain development, resulting in multiple splice isoforms (Gao et al., 2012). Nova2 suppresses the inclusion of mouse Dab1 exon 9b/c (Yano et al., 2010). Nova2 knockout causes neuronal migration defects in both the cerebral cortex and cerebellum due to increasing aberrant exon 9 b/c-containing Dab1. Differential selection of exons 7 and 8 of Dab1 is also intriguing because these two exons encode a domain containing critical tyrosines that are targets of Reelin-mediated phosphorylation. Moreover, ApoER2 also undergoes alternative splicing. The exon 19-containing domain of ApoER2 is important for synapse formation and function via its interaction with PSD-95 (Beffert et al., 2005; Hinrich et al., 2016). Exon 19 inclusion is reduced in the brain of Alzheimer's patients. It has been shown that SRSF1 inhibits exon 19 inclusion of ApoER2 and that blocking SRSF1-binding sites using an antisense oligonucleotide has therapeutic potential (Hinrich et al., 2016). Reelin signaling also plays a role in dendritic spine formation and modulates synaptic plasticity in the developing and adult brain (D'Arcangelo, 2014). Therefore, imbalance of splicing factors likely affects neuronal migration and cortical lamination.

Alternative Splicing in Neurologic Functions

Alternative splicing also regulates neurologic functions such as axon guidance and synaptogenesis. A number of neuronal mRNAs undergo alternative exon selection to generate isoforms in response to neuronal stimulation. Synaptic activity promotes exon 19 inclusion of ApoER2, which then binds Reelin and enhances long-term potentiation (Beffert et al., 2005). Moreover, alternative splicing of the synaptic cell-adhesion molecules neurexins and neuroligins generates multiple isoforms, and interactions between the various isoforms modify their activity toward glutamatergic and GABA-mediated synaptogenesis. Therefore, alternative splicing can shape the strength and functions of synapses. PTBP2 and Sam68 are involved in splicing regulation of neurexins (Resnick et al., 2008; Iijima et al., 2011). Notably, Sam68 activity is regulated by depolarization-induced calcium/calmodulin-dependent kinase IV, indicating that neuronal activity controls the diversity of neurexins via splicing regulation and hence influences synaptic functions (Iijima et al., 2011). Moreover, alternative splicing also regulates the dynamics of neuronal transcriptomes. In pilocarpine-stimulated neurons, exclusion of a cryptic “poison” exon of the sodium channel Scn9a mRNA increases the SCN9A level (Eom et al., 2013). A more recent report revealed that neurons can rapidly regulate the expression of several dendritic mRNAs by removing introns that are retained in existing transcripts stored in the nucleus (Mauger et al., 2016). Thus, rapid and signal-responsive splicing regulation is critical for neurological functions.

Perspectives

The combination of various genetic tools and RNA-seq has advanced our knowledge of the impact of alternative splicing on neural development and function. Recently, the use of cell-surface or genetically engineered fluorescent protein markers and fluorescence-activated cell sorting has enabled the isolation of stem/progenitor cells and specific neuronal types (Zhang et al., 2016). Using Cre recombinase-expressing mouse lines, one can manipulate the temporal expression of a splicing regulator or wild-type or disease-related mutant in specific types of neurons and investigate changes in the transcriptome or splicing patterns or isolate target mRNA ribonucleoproteins (Möröy and Heyd, 2007). Single-cell RNA-seq has begun to clarify cell-to-cell transcriptome variability. Since mammalian brains comprise complex and diverse neuronal cell types, to decipher alternative splicing patterns at the single-neuron level still remains challenged. More recently, a single-cell topological data analysis revealed time-series gene expression changes of individual cells throughout murine embryonic stem cell differentiation into motor neurons (Rizvi et al., 2017). With the aid of new technologies, future investigations will paint a more comprehensive picture and define the dynamic scope of how splicing programming determines stem/progenitor cell fate determination and differentiation into the various brain cell types as well as neural circuit development. Emerging in situ sequencing and single-cell fluorescence in situ hybridization strategies (Liu and Trapnell, 2016) may allow revealing topological changes of alternative splicing in a brain network and perhaps unveiling pathological mechanisms at the single-cell level.
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RBM20 is a vertebrate-specific RNA-binding protein with two zinc finger (ZnF) domains, one RNA-recognition motif (RRM)-type RNA-binding domain and an arginine/serine (RS)-rich region. RBM20 has initially been identified as one of dilated cardiomyopathy (DCM)-linked genes. RBM20 is a regulator of heart-specific alternative splicing and Rbm20ΔRRM mice lacking the RRM domain are defective in the splicing regulation. The Rbm20ΔRRM mice, however, do not exhibit a characteristic DCM-like phenotype such as dilatation of left ventricles or systolic dysfunction. Considering that most of the RBM20 mutations identified in familial DCM cases were heterozygous missense mutations in an arginine-serine-arginine-serine-proline (RSRSP) stretch whose phosphorylation is crucial for nuclear localization of RBM20, characterization of a knock-in animal model is awaited. One of the major targets for RBM20 is the TTN gene, which is comprised of the largest number of exons in mammals. Alternative splicing of the TTN gene is exceptionally complicated and RBM20 represses >160 of its consecutive exons, yet detailed mechanisms for such extraordinary regulation are to be elucidated. The TTN gene encodes the largest known protein titin, a multi-functional sarcomeric structural protein specific to striated muscles. As titin is the most important factor for passive tension of cardiomyocytes, extensive heart-specific and developmentally regulated alternative splicing of the TTN pre-mRNA by RBM20 plays a critical role in passive stiffness and diastolic function of the heart. In disease models with diastolic dysfunctions, the phenotypes were rescued by increasing titin compliance through manipulation of the Ttn pre-mRNA splicing, raising RBM20 as a potential therapeutic target.

Keywords: RBM20, dilated cardiomyopathy (DCM), alternative splicing, isoform switching, mutation, arginine/serine (RS)-rich region, titin, nuclear localization

INTRODUCTION

Cardiomyopathy is a myocardial disease with cardiac dysfunction. Cardiomyopathy is roughly classified as genetic cardiomyopathy including hypertrophic cardiomyopathy (HCM), and mixed (genetic and acquired) cardiomyopathy such as dilated cardiomyopathy (DCM; Dadson et al., 2017). HCM is a disease in which hypertrophy of the ventricle occurs despite the absence of high blood pressure or valvular disease that cause ventricular hypertrophy (Elliott, 2014). More than half of the HCM patients carry mutations in one of eight sarcomere genes (Sabater-Molina et al., 2018). DCM is another common form of cardiomyopathy, affecting ~1 in 250–500 in general population (McKenna et al., 2017) and characterized by left ventricular dilatation and systolic dysfunction in the absence of abnormal loading conditions or coronary artery disease (Rampersaud et al., 2011; McCartan et al., 2012). Mortality rate of DCM is high as a result of heart failure (Kirk et al., 2009). Among the idiopathic DCM cases, 20–35% are familial, with autosomal dominant inheritance in most cases (Kimura, 2016). A next generation sequencing method has recently identified more than 400 potentially causative mutations in 60 genes both in familial and sporadic DCM cases (Pérez-Serra et al., 2016). These DCM-associated genes can be classified into various functional groups such as muscle contraction, Ca2+ handling, and nuclear function. Such molecular genetic complexity makes it difficult to elucidate the mechanisms bringing about the common phenotypes of DCM (Hershberger et al., 2013). Among the DCM-linked mutations, 25% were mapped to the TTN gene (Herman et al., 2012; Hershberger et al., 2013; Fatkin and Huttner, 2017). The human TTN gene has 364 exons, the largest number of exons in a single gene in mammals, 363 of which are coding. The TTN gene encodes the largest known protein titin, a multi-functional sarcomeric structural protein specific to striated muscles (Gigli et al., 2016). Titin plays a major role in passive tension of cardiomyocytes (Hidalgo and Granzier, 2013). The TTN pre-mRNA undergoes extensive alternative splicing, leading to tissue-specific and developmentally regulated titin isoforms.

RBM20, encoding RNA Binding Motif Protein-20 (RBM20) has initially been identified as one of the DCM-linked genes (Brauch et al., 2009). Genetic abnormalities in RBM20 have been identified in about 2–3% of familial and sporadic DCM cases (Li et al., 2010; Refaat et al., 2012; Kayvanpour et al., 2017). Recently, RBM20 has been identified as a crucial RNA-binding protein that controls the splicing of TTN (Guo et al., 2012). However, roles of RBM20 in the pathophysiology of DCM is still unclear. Only a few studies have addressed molecular mechanisms of splicing regulation by RBM20, and are controversial. In this review, we summarize the literature on RBM20 and discuss effects of mutations found in the DCM patients. We also summarize recent attempts to manipulate the RBM20 functions in various disease models. Finally, we will discuss open questions about the functions of RBM20 and its relevance to DCM.

STRUCTURE OF RBM20

RBM20 is a vertebrate-specific RNA-binding protein (Zerbino et al., 2018). The human RBM20 gene resides on chromosome 10 and is composed of 14 exons. Human RBM20 protein consists of 1,227 amino acid residues and is relatively large for a splicing regulator, yet it has only three conserved recognizable functional domains: two zinc finger (ZnF) domains and one RNA-Recognition Motif (RRM)-type RNA-binding domain (Figure 1). Sequence alignment of RBM20 proteins from various vertebrate species revealed three other conserved regions (Guo et al., 2012; Murayama et al., 2018; Zahr and Jaalouk, 2018): a leucine (L)-rich region at the N-terminus, an arginine/serine (RS)-rich region just downstream from the RRM domain and a glutamate (E)-rich region between the RS-rich region and the ZnF2 domain (Figure 1).
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FIGURE 1. Structure of the RBM20 protein. (A) Schematic domain structure of the human RBM20 protein. Names and positions of the domains are indicated. E-rich, glutamate-rich region; L-rich, leucine-rich region; RRM, RNA-recognition motif domain; RS-rich, arginine/serine-rich region; ZnF, zinc finger domains. (B) Amino acid sequence alignment of the RS-rich region of RBM20 proteins from human, mouse, rat, chicken and frog. Amino acid residues that match the human RBM20 residues are shaded. The RSRSP stretch is in red. Asterisks indicate evolutionarily conserved arginine (R), serine (S), and proline (P) residues.



Vertebrates have two proteins homologous to RBM20; matrin3, and ZNF638 have two RRM domains sandwiched by two ZnF domains and these domains are most related to those of RBM20 (Coelho et al., 2016). RBM20 is highly expressed in the heart and the skeletal muscle (Filippello et al., 2013), whereas matrin3 and ZNF638 are widely expressed across different cell types (Coelho et al., 2016).

RBM20 MUTATIONS IN DCM PATIENTS

The RBM20 mutations identified so far in familial as well as sporadic DCM cases are listed in Table 1. The list clearly revealed that almost all of the RBM20 mutations are heterozygous missense mutations and are enriched in a hot spot composed of an arginine-serine-arginine-serine-proline (RSRSP) stretch at aa 634–638 in the RS-rich region (Table 1; Figure 1B). This situation is unusual considering that most of the missense mutations were mapped to the RRM domains in our previous genetic screening for loss- or reduction-of-function mutants for splicing factors (Kuroyanagi et al., 2006, 2007, 2013). We will discuss later how these mutations would affect the function of RBM20.


Table 1. RBM20 mutations identified in DCM patients and their symptoms other than ventricular dilatation.
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ALTERNATIVE SPLICING OF THE TTN GENE

Single titin protein spans half of sarcomere, with its N- and C-termini in the Z-disk and the M-band, respectively (Figure 2). It is composed of four structural and functional regions located in Z-disk, I-band, A-band, and M-band (Figure 2A; Wang et al., 1979). Titin is attached to the Z-disk and the thick filament via its Z-disk and A-band segments, respectively (Wang et al., 1979). The I-band region is not attached to any of the solid structures and therefore functions as a molecular spring that generates passive tension when sarcomeres are stretched during diastole (Horowits et al., 1986). In the elastic I-band region of titin, there are six domains from the N-terminus as follows: proximal immunoglobulin (Ig) repeat domain, N2B-unique element, middle Ig repeat domain, N2A-unique element, proline-glutamate-valine-lysine (PEVK) domain and distal Ig repeat domain (Figure 2A; Labeit et al., 1990; Bang et al., 2001; Lange et al., 2005).
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FIGURE 2. Structure of the titin protein isoforms. (A) Schematic domain structure of the titin protein. Names and positions of the domains are indicated. Corresponding exons are indicated below each domain. Distal Ig, distal Ig repeat domain; Middle Ig, middle Ig repeat domain; N2A, N2A-unique element; N2B, N2B-unique element; Proximal Ig, proximal Ig repeat domain. (B) Schematic structures of the titin isoforms. Names of the isoforms and the tissues that mainly express the isoforms are indicated on the left. Dotted lines indicate highly variable alternatively spliced regions. FCT, fetal cardiac titin.



The TTN gene can potentially produce an mRNA of more than 100 kb. Deduced from its sequence, the predicted full-length mRNA would produce a protein composed of ~39,000 amino acid residues whose molecular weight (MW) is 4.2 MDa (Bang et al., 2001; Guo and Sun, 2017). However, when SDS-PAGE was performed on rat myocardium samples, six titin isoforms of roughly 3.0 to 3.9 MDa were mainly identified (Zhu and Guo, 2017). While almost all exons encoding the Z-disk, A-band and M-band regions are constitutively included, many exons encoding the elastic I-band region are alternatively spliced in tissue-specific and developmentally regulated manners (Figure 2B). Exons encoding the proximal and distal Ig repeat domains are constitutively included in all isoforms. Exon 49, encoding the N2B-unique element, is a long exon (2,646 bp in human) and is specifically included in the heart but excluded in the skeletal muscle. Exon 50 is a constitutive exon and encodes an Ig domain. Exons 51–101 are alternatively spliced and encode the middle Ig repeat domain. Exons 102–108 and exons 109–224 encode the N2A-unique element and PEVK domain, respectively (Lewinter et al., 2007). Among these exons, alternative splicing of exons encoding the middle Ig repeat domain (exons 51–100) and the PEVK domain (exons 116–218) are exceptionally complicated (Guo et al., 2010). In the myocardium, two major titin isoforms are expressed; the shorter N2B isoform contains only the N2B-unique element among the variable domains; the longer N2BA isoforms including fetal types called fetal cardiac titin (FCT) contain the N2B- and N2A-unique elements and a variable length of the middle Ig repeat domain (Figure 1). In the skeletal muscle, the N2A isoform containing all of the variable domains except for the N2B-unique element is expressed (Lewinter et al., 2007; Guo and Sun, 2017; Figure 2B).

RBM20 is the major regulator of the heart-specific TTN pre-mRNA splicing. In the spontaneous Rbm20 mutant rat strain lacking a 95-kb region spanning from exons 2–14, titin N2B is no longer expressed while N2BA is predominantly expressed in heterozygotes, and an extraordinarily large isoform N2BA-G is exclusively expressed in homozygotes (Guo et al., 2012); Figure 2B. The N2BA isoform is also predominantly expressed in the heart of a DCM patient carrying a heterozygous missense mutation S635A in the RBM20 gene (Guo et al., 2012). In a human heart-failure cohort, low expression of endogenous RBM20 was correlated with the splicing pattern of the TTN gene (Maatz et al., 2014). These reports indicated that splicing control of many of the TTN exons is extremely sensitive to the amount of functional RBM20 protein.

RBM20 REGULATES HEART-SPECIFIC ALTERNATIVE SPLICING

High-throughput RNA sequencing (RNA-seq) of cardiac transcriptomes from the Rbm20-null rats and human DCM patients with and without mutations in RBM20 revealed 31 genes whose alternative splicing is RBM20-dependent in both rats and humans (Guo et al., 2012). Crosslinking and immunoprecipitation coupled with RNA-seq (CLIP-seq) experiments of endogenous RBM20 in rat cardiomyocytes identified 80 direct target exons in 18 genes (Maatz et al., 2014). RBM20 predominantly represses cassette exons including those in the Ttn and Ryr2 genes by binding to upstream and/or downstream intron(s) of the target exons (Li et al., 2013; Maatz et al., 2014). Mutually exclusive exons are also enriched among the RBM20 target exons (Guo et al., 2012; Maatz et al., 2014). For instance, RBM20 represses exons 15 and 16 and promotes inclusion of exon 14 in the Camk2d gene encoding Ca2+/calmodulin-dependent protein kinase II-δ (CaMKII-δ); RBM20 represses exons 5–7 and promotes inclusion of exon 4 in the Ldb3 gene encoding Lim domain binding protein 3 (LDB3).

A UCUU core element has been identified as a precise RNA recognition element (RRE) for RBM20 by photoactivatable ribonucleoside-enhanced crosslinking and immunoprecipitation (PAR-CLIP) experiments with epitope-tagged human RBM20 in human embryonic kidney 293 (HEK293) cells and by the CLIP-seq experiments with rat cardiomyocytes (Maatz et al., 2014). In the Ttn pre-mRNA, RBM20-binding sites were identified in many of the introns between exon 50 and exon 219 but were almost excluded from the constitutively spliced regions (Maatz et al., 2014). The introns in the alternatively spliced regions were retained in the wild-type rat heart (Li et al., 2013), suggesting that RBM20 represses exons 51–218 by inhibiting excision of most if not all of the introns in this region.

THE RSRSP STRETCH IN THE RS-RICH REGION IS CRUCIAL FOR NUCLEAR LOCALIZATION OF RBM20

Recently, it has been reported that both of the two serine residues in the RSRSP stretch are constitutively phosphorylated in cells and that single amino acid substitutions in the stretch disrupted nuclear localization of full-length RBM20 protein (Murayama et al., 2018; Figure 3). Moreover, Rbm20S637A knock-in mouse mimicking the S635A mutation showed a remarkable effect on the titin isoform expression like in the Rbm20-null rat strain (Murayama et al., 2018). These findings indicated that the RSRSP stretch is a crucial part of the RBM20 nuclear localization signal (NLS) and that the DCM-linked mutation in the RSRSP stretch fully disrupted the alternative splicing control by RBM20.
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FIGURE 3. Missense mutations in the RSRSP stretch disrupt the normal functions of RBM20. (Left) In the wild-type, two serine residues in the RSRSP stretch are phosphorylated and the RBM20 protein is localized in the nucleus, where RBM20 regulates alternative pre-mRNA splicing of its target genes so that cardiac isoforms of mRNAs are produced. The mRNAs are translated into cardiac protein isoforms with specialized functions. (Right) In the RBM20 missense mutant with a substitution in the RSRSP stretch, the mutant RBM20 proteins are no longer imported into the nucleus. Pre-mRNAs of the RBM20-target genes are processed into non-cardiac isoforms of mRNAs, which are then translated into non-cardiac protein isoforms, which may lack the specialized functions and/or exert aberrant functions. The mutant RBM20 proteins retained in the cytoplasm may also exert aberrant functions. P, phosphorylation.



Many of splicing factors such as SR-protein family members are known to have RS-rich regions or RS domains consisting of multiple serine-arginine (SR) and arginine-serine (RS) dipeptides (Zahler et al., 1992). The RS domains of the SR proteins are extensively phosphorylated on the serine residues and this phosphorylation plays an important role in regulating subcellular localization, protein-protein interaction and splicing regulation activities of the SR proteins (Xiao and Manley, 1997; Yeakley et al., 1999). It is therefore reasonable to suggest that the RBM20-mediated heart-specific alternative splicing is dynamically regulated during development and under pathological conditions via dynamic phosphorylation/dephosphorylation of the RSRSP stretch.

Many RBM20-interacting proteins have been identified in HEK293 cells by quantitative stable isotope labeling by amino acids in cell culture (SILAC)-based proteomics experiments and some of these interactions were affected by the S635A mutation (Maatz et al., 2014). Totally distinct subcellular localization of the wild-type and mutant RBM20 proteins (Murayama et al., 2018) might be the major cause of this distinct interactomes. Even with the information about the RBM20 interactome, it is still unclear how the interaction with these proteins leads to repression or switching of its target exons.

THE RRM DOMAIN OF RBM20 IS CRUCIAL FOR SPLICING REGULATION IN VIVO

Molecular mechanisms of RBM20-mediated alternative splicing have been analyzed mostly by utilizing TTN reporter minigenes expressed in non-cardiac cells. However, the results from such studies utilizing distinct reporter minigenes are controversial as to which of the conserved domains are crucial for the regulation. Mutations in the RSRSP stretch but not in the RRM domain affected repression of the 5′ PEVK exons (Guo et al., 2012). The RRM domain and the E-rich region were crucial for repressing exon 242 (Liss et al., 2018). The RSRSP stretch and the E-rich region but not putative RNA-binding domains RRM, ZnF1, or ZnF2 were crucial for repression of a chimeric exon 51/218 (Murayama et al., 2018). Full-length RBM20 (Maatz et al., 2014) or the RRM domain alone (Dauksaite and Gotthardt, 2018) does not necessarily bind to any RNA molecules containing UCUU element(s) in electrophoretic mobility shift assays (EMSAs). Therefore, other RNA element(s) and/or other RNA-binding protein(s) might be involved in the recognition of the authentic target pre-mRNAs by RBM20.

Functions of the RRM domain in vivo has been assessed by deleting exons 6 and 7 of the Rbm20 gene in the mouse. N2BA and N2BA-G isoforms of titin proteins predominated in the left ventricles (LVs) of the Rbm20ΔRRM heterozygotes and homozygotes, respectively, and alternative splicing of the Camk2d and Ldb3 genes was evidently affected as in the Rbm20-deficient rats (Methawasin et al., 2014), indicating that the RRM domain is crucial for the splicing regulation of these genes in vivo. However, the heterozygous or homozygous Rbm20ΔRRM mice did not show any significant differences in cardiac chamber geometry and dimensions compared to wild-type controls (Methawasin et al., 2014), suggesting that switching of the titin isoforms to N2BA-G together with the splicing change in Camk2d and Ldb3 per se does not cause DCM-like phenotypes such as LV chamber dilatation and systolic dysfunction. This is consistent with that there is not a reported familial case where a missense mutation is mapped to the RRM domain (Table 1). Interestingly, the phenotypes of the Rbm20ΔRRM mice are distinct from those of the Rbm20-deficient rats (Guo et al., 2012) and Rbm20 knockout (KO) mice in which exons 4 and 5 are deleted for a frame-shift (van den Hoogenhof et al., 2018): the heterozygous and homozygous Rbm20 null rats and mice showed LV dilatation in addition to drastic splicing changes in the Ttn, Camk2d and Ldb3 genes. These observations suggest that RBM20(ΔRRM) protein retains some regulatory functions. Elucidation of transcripts differentially affected between the Rbm20ΔRRM and Rbm20 KO mice would lead to identification of genes crucial for the progression of the DCM-like phenotypes in the rodent models.

The only RBM20 missense mutation outside of the RSRSP stretch in familial DCM cases with complete penetrance was mapped to a highly conserved glutamate (E) residue in the E-rich region (Beqqali et al., 2016; van den Hoogenhof et al., 2018; Table 1). The E913K mutation has been shown to decrease the amount of total RBM20 protein and to affect the TTN splicing in the heart of a patient heterozygous for the mutation (Beqqali et al., 2016), suggesting that the E-rich region is crucial for the stability of RBM20. Other missense mutations outside of the RSRSP stretch were identified only in sporadic cases (Table 1) and no experimental evidence of altered splicing has been demonstrated. Therefore, it is unclear whether these mutations affected RBM20 functions and hence caused the DCM phenotypes.

The only RBM20 non-sense mutation in the DCM patients reported so far is G1031X in sporadic cases (Table 1). This mutation is in exon 11 and likely causes non-sense-mediated mRNA decay (NMD) of mature mRNAs (Schweingruber et al., 2013), leading to haploinsufficiency of RBM20. Notably, one of the patients is homozygous for the G1031X mutation due to uniparental disomy, whereas his mother is asymptomatic even with the heterozygous G1031X mutation (Murayama et al., 2018). It is therefore under debate whether heterozygous non-sense mutations in RBM20 leading to haploinsufficiency would cause the DCM phenotypes.

ANALYSIS OF THE RBM20 FUNCTIONS WITH PLURIPOTENT STEM CELLS

Expression profiling throughout in vitro cardiogenesis in embryoid bodies (EBs) derived from mouse embryonic stem cells (mESCs) revealed that Rbm20 became expressed as early as Nkx2-5, a marker for cardiac progenitors, consistent with Rbm20 induction during in vivo cardiogenesis between E7.5 and E8.5 (Beraldi et al., 2014). Even though Rbm20 is maximally expressed at day 9 of in vitro differentiation, the transition of the titin isoforms was apparent at day 24, which was suppressed by Rbm20 knockdown (Beraldi et al., 2014), suggesting that RBM20-mediated splicing regulation is reproduced in the in vitro cardiogenesis.

In vitro differentiation of human induced-pluripotent stem cell (hiPSC)-derived cardiomyocytes (hiPSC-CMs) from familial DCM patients carrying different RBM20 mutations have been utilized for gene expression profiling during in vitro cardiogenesis. Cytological analysis of the hiPSC-CMs revealed that the RBM20 mutations disorganized sarcomere structures (Wyles et al., 2016b; Streckfuss-Bömeke et al., 2017). The RBM20 hiPSC-CMs were defective in Ca2+ handling machinery with prolonged Ca2+ levels in the cytoplasm and higher Ca2+ spike amplitude (Wyles et al., 2016b; Streckfuss-Bömeke et al., 2017), consistent with an increased risk of malignant ventricular arrhythmias in DCM patients with RBM20 mutations than those with TTN mutations (van den Hoogenhof et al., 2018). The RBM20 hiPSC-CMs have also been utilized for demonstrating their increased susceptibility to β-adrenergic stress and therapeutic rescue by a β-blocker carvedilol and a Ca2+ channel blocker verapamil (Wyles et al., 2016a).

REGULATION OF TITIN COMPLIANCE BY RBM20

Titin-based passive tension in the cardiomyocytes occupies a large proportion of the passive stiffness of the whole myocardium (Rivas-Pardo et al., 2016). It has a negative correlation with molecular weight or amino acid sequence length of titin's spring region. For instance, N2B has a shorter elastic region compared to N2BA, thus giving higher passive stiffness to the cardiomyocytes. It is therefore believed that the ratio of the titin isoforms as well as the total amount of titin protein influence the myocardial passive stiffness (Lahmers et al., 2004). The ratio of the N2B isoform to the N2BA isoform varies from species to species (Neagoe et al., 2003) and from ventricles to atria (Fukuda et al., 2003). It is also dynamically regulated during development (Lahmers et al., 2004; Opitz et al., 2004; Warren et al., 2004; Opitz and Linke, 2005; Figure 2B) and under pathological conditions. Amount of the N2BA isoform was increased in heart failure with DCM, heart failure with reduced ejection fraction (HFrEF) and chronic ischemic cardiomyopathy (Makarenko et al., 2004; Nagueh et al., 2004; Borbély et al., 2008), and a reduction of the N2BA isoform was observed in diastolic dysfunction resulting from hypertensive heart disease (Warren et al., 2003).

In the Rbm20ΔRRM heterozygote mice, the compliance of titin proteins is increased and diastolic stiffness of a LV chamber is reduced without significant effect on the chamber geometry or dimensions; beneficial effects on diastolic function dominated under conditions of exercise over an unfavorable effect on end-systolic elastance (Methawasin et al., 2014). Splicing changes in the Ldb3 and Camk2d genes in the Rbm20ΔRRM heterozygotes caused minimal effects on the LDB3 isoforms and no apparent effects on phosphorylation of known CaMKII-δ targets (Methawasin et al., 2014). The Rbm20ΔRRM mice have therefore been utilized to prove a concept that increasing the titin compliance is beneficial to disease models where the mice suffer from lowered diastolic stiffness of the hearts (see below).

RBM20 AS A POTENTIAL THERAPEUTIC TARGET

Heart failure with preserved ejection fraction (HFpEF) is a complex syndrome that includes diastolic dysfunction, exercise intolerance and concentric hypertrophic remodeling. Deletion of Ttn exons 251–269, corresponding to the I-band–A-band junction (IAjxn) of titin, increases strain on the spring region and causes an HFpEF-like syndrome in mice (Granzier et al., 2014). Upon constitutive or inducible, heart-specific heterozygous deletion of the RBM20 RRM domain in the TtnΔIAjxn mice, compliant titin isoforms were expressed, diastolic function was normalized, exercise performance was improved and pathological hypertrophy was attenuated (Bull et al., 2016). HFpEF model mice can also be prepared by performing transverse aortic constriction (TAC) surgery with deoxycorticosterone acetate (DOCA) pellet implantation; inducible, heart-specific heterozygous deletion of the RRM domain in this model mice has also been shown to ameliorate diastolic dysfunction and to recover exercise intolerance (Methawasin et al., 2016).

Deletion of Ttn exon 49, corresponding to the N2B-unique element, results in small hearts with reduced sarcomere length and increased passive tension leading to diastolic dysfunction in mice (Radke et al., 2007). Heterozygous deletion of the RBM20 RRM domain from the Ttn N2B KO mice restored the cardiac dimension and improved the diastolic function (Hinze et al., 2016).

Deletion of Ttn constitutive exons 30–38, corresponding to nine proximal Ig domains in the spring region, increased diastolic stiffness leading to diastolic dysfunction (Chung et al., 2013) and caused mild kyphosis, a phenotype associated with skeletal muscle myopathy (Buck et al., 2014) in mice. RBM20 was upregulated at the protein level in the Ttn IG KO soleus muscle leading to further shortening of titin and heterozygous deletion of the RBM20 RRM domain from the Ttn IG KO mice restored the length of titin in the soleus (Buck et al., 2014).

These examples demonstrated that diastolic dysfunctions could be rescued by increasing titin compliance through manipulation of Ttn pre-mRNA splicing in the animal models, and raised the Ttn splicing regulator RBM20 as a potential therapeutic target. Recently, high-throughput screening of small compounds were performed with RBM20-sensitive TTN splicing reporters and cardenolides have been shown to inhibit RBM20-mediated repression of TTN exons at least in part by reducing RBM20 protein level in cultured cells (Liss et al., 2018).

Extracellular and intracellular signals affecting the titin isoform ratios via RBM20 have also been investigated. Thyroid hormone T3 can promote developmental titin isoform transitions in primary rat cardiomyocytes via the phosphatidylinositol-3-kinase (PI3K)/AKT pathway (Krüger et al., 2008) and the effect of T3 on titin is dependent on RBM20 (Zhu et al., 2015). Western blot analysis of the cardiomyocytes with anti-RBM20 antibody detected two bands with apparent molecular weight of 135 kDa and 145 kDa and the amounts of the two isoforms were differentially affected by T3 and/or a PI3K inhibitor, implying that the activity of RBM20 is regulated by post-translational modification(s) (Zhu et al., 2015). Insulin can also promote the developmental transition of the titin isoforms in primary rat cardiomyocytes by increasing the amount of RBM20 proteins through the PI3K-Akt-mTOR kinase axis (Zhu et al., 2017).

REGULATION OF CIRCULAR RNA PRODUCTION FROM THE TTN GENE BY RBM20

Circular RNAs (circRNAs) can be generated by “back-splicing” of pre-mRNAs (Li et al., 2018) and some of the circRNAs have physiological functions as miRNA sponges in vivo (Hansen et al., 2013; Memczak et al., 2013). The TTN gene has been shown to produce a variety of circRNAs mostly from the alternatively spliced exons (Li et al., 2013; Khan et al., 2016). Recent RNA-seq experiments identified thousands of circRNAs in the human heart (Khan et al., 2016) and >1,000 circRNAs in the mouse heart (Aufiero et al., 2018). However, only a small subset of circRNAs expressed in the heart are evolutionarily conserved (Aufiero et al., 2018), implying that most of the cardiac circRNAs are non-functional. Forty-three of the human cardiac circRNAs including those from the TTN and CAMK2D genes were differentially expressed in heart samples from DCM patients compared with those from controls (Khan et al., 2016). Thirty-eight of the mouse cardiac circRNAs were differentially expressed in the Rbm20 KO mice, 11 of which were generated from the Ttn gene in an RBM20-dependent manner (Aufiero et al., 2018). One may therefore say that RBM20 switches from N2BA-G production to circRNA production from the TTN gene, although physiological and pathological functions of the circRNAs from the TTN and other genes remain to be elucidated.

OPEN QUESTIONS AND FUTURE RESEARCH DIRECTIONS

Although it has been genetically shown that the RBM20 mutations cause DCM, subsequent cardiac transcriptome analyses and animal models have not yet specified RBM20-regulated genes whose aberrant splicing are critically linked to each of the DCM symptoms such as systolic dysfunction, left ventricle dilatation and a risk of ventricular arrhythmia. RBM20 mutant protein with a missense mutation in the RSRSP stretch may exert aberrant functions in the cytoplasm (Figure 3). Identification of such critical splice variants or aberrant effects may lead to development of new therapeutics for DCM symptoms not restricted to those caused by the RBM20 mutations. To validate the candidate events, it is necessary to genetically restore cardiac isoforms and/or reduce aberrant isoforms in an appropriate animal model that show DCM-like phenotypes as in the RBM20-linked DCM patients. Ventricular arrhythmia has not been reported for the ΔRRM or KO mouse models, and therefore another animal model that phenocopies the RBM20-linked DCM is awaited. A recent large-scale genome-wide association study (GWAS) of >1 million people including 60,620 atrial fibrillation cases have identified RBM20 as one of genes near risk variants (Nielsen et al., 2018), suggesting its implication in atrial cardiomyopathy.

TTN exons 51–124 and alternative splicing events in CAMK2D and LDB3 are hyper-sensitive to reduction in the amount of functional RBM20 protein, whereas TTN exons 125–218 are much less affected by the heterozygous mutations (Guo et al., 2012; Beqqali et al., 2016; Murayama et al., 2018). Biochemical and biophysical analysis of the splicing control of TTN by RBM20 should address the following points: (1) how tens of consecutive cassette exons can be synchronously repressed depending on the amount of a single factor RBM20, and (2) how other tens of consecutive cassette exons can be almost completely repressed by less amount of RBM20. Application of recent technical progress in direct sequencing of full-length cDNA/mRNA to the extremely long TTN transcripts would elucidate precise splicing patterns of the RBM20-dependent isoforms, which will help understanding the regulation mechanisms.

RBM20 is expressed at early cardiogenesis, yet a compliant titin FCT isoform is expressed in the embryonic heart. RBM20 is also expressed in the skeletal muscle, yet the splicing patterns of the TTN mRNAs are totally different between these tissues. So far, it is unknown how the activity of RBM20 is regulated during development and in different tissues. Elucidating such mechanisms will lead to further understanding of heart-specific alternative splicing regulation as well as to future possible therapeutics that manipulate the activity of RBM20.
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Fused in sarcoma (FUS) is an RNA binding protein that regulates RNA metabolism including alternative splicing, transcription, and RNA transportation. FUS is genetically and pathologically involved in frontotemporal lobar degeneration (FTLD)/amyotrophic lateral sclerosis (ALS). Multiple lines of evidence across diverse models suggest that functional loss of FUS can lead to neuronal dysfunction and/or neuronal cell death. Loss of FUS in the nucleus can impair alternative splicing and/or transcription, whereas dysfunction of FUS in the cytoplasm, especially in the dendritic spines of neurons, can cause mRNA destabilization. Alternative splicing of the MAPT gene at exon 10, which generates 4-repeat Tau (4R-Tau) and 3-repeat Tau (3R-Tau), is one of the most impactful targets regulated by FUS. Additionally, loss of FUS function can affect dendritic spine maturations by destabilizing mRNAs such as Glutamate receptor 1 (GluA1), a major AMPA receptor, and Synaptic Ras GTPase-activating protein 1 (SynGAP1). Moreover, FUS is involved in axonal transport and morphological maintenance of neurons. These findings indicate that a biological link between loss of FUS function, Tau isoform alteration, aberrant post-synaptic function, and phenotypic expression might lead to the sequential cascade culminating in FTLD. Thus, to facilitate development of early disease markers and/or therapeutic targets of FTLD/ALS it is critical that the functions of FUS and its downstream pathways are unraveled.

Keywords: FUS, FTLD/ALS, tau, GluA1, SynGAP

INTRODUCTION

Amyotrophic lateral sclerosis (ALS), characterized by selective motor neuronal loss in the central nervous system, and frontotemporal lobar degeneration (FTLD), which is distinguished by changes in character, abnormal behaviors, language impairments, and progressive dementia, have recently been recognized as two ends of the spectrum of one disease (Robberecht and Philips, 2013). This notion is supported by the genetic determinants underlying familial FTLD/ALS (Renton et al., 2014) and lines of evidence showing a pathological continuity between ALS and FTLD (Riku et al., 2014). RNA binding proteins (RBPs) such as transactive response (TAR) DNA-binding protein 43 (TDP-43), and fused in sarcoma (FUS) genetically and pathologically link the two neurodegenerative diseases to a single disease state (Van Langenhove et al., 2012). These genes are causative for familial ALS and FTLD, and are pathological hallmarks of both familial and sporadic FTLD/ALS in which TDP-43 or FUS-positive inclusions are observed (Kwiatkowski et al., 2009; Lagier-Tourenne and Cleveland, 2009; Vance et al., 2009; Mackenzie et al., 2011; Strong and Volkening, 2011). Additionally, FTLD has also been classified as a tauopathy characterized by an accumulation of phosphorylated microtubule-associated protein tau (Tau) in affected neurons (Seelaar et al., 2011).

FUS was originally identified as a fusion protein that resulted from a chromosomal translocation in human myxiod liposarcomas, in which the N-terminal portion of FUS was translocated and fused to the transcription factor CHOP (Crozat et al., 1993). FUS functions as a regulator of multiple aspects of RNA metabolism, including transcription, alternative splicing, and mRNA transport, as well as DNA damage regulation (Bertolotti et al., 1996; Wang et al., 2008; Schwartz et al., 2012; Tan et al., 2012). Whole-body knockout of FUS in highly homogenous inbred C57B6 strain mice resulted in early neonatal death due to immune system defects (Hicks et al., 2000), whereas FUS KO in outbred mice had no developmental impairments (Kuroda et al., 2000). These suggest that the inbred background lacks genes required to compensate for the FUS KO effects. Similar to TDP-43 pathology, FUS-related FTLD/ALS pathology is characterized by mislocalization of FUS to the cytoplasm and a concomitant reduction in nuclear expression in affected neurons (Neumann et al., 2009; Deng et al., 2010; Mackenzie et al., 2011). Redistribution of FUS from the nucleus to the cytoplasm implies that the loss of nuclear FUS is causal for FUS-associated ALS/FTLD. Indeed, loss of FUS leads to neuronal cell death in Drosophila and zebrafish (Kabashi et al., 2011; Wang et al., 2011). On the other hand, accumulation of FUS in the cytoplasm is strongly associated with stress granules, which are non-membranous, cytoplasmic ribonucleoprotein (RNP) granules composed of mRNAs, translation initiation factors, ribosomes, and other RBPs. These granules are induced by various cellular stresses, such as oxidative stress, glucose starvation, mitochondrial dysfunction, and viral infection that inhibit translation initiation. The stress granule associated gain-of–toxicity hypothesis of FUS has been well reviewed elsewhere (Gao et al., 2017).

This review provides an overview of recent findings that reveal the effects of functional loss of FUS on the pathogenesis of FTLD/ALS. First, loss of FUS in the nucleus leads to imbalanced Tau isoforms due to insufficient skipping of exon 10 in the MAPT gene. Second, loss of FUS in the cytoplasm causes decreased stability in GluA1 and SynGAPα2 mRNA resulting in aberrant maturation of dendritic spines. In addition, we summarize the roles of FUS in neurite maintenance and axonal transport, and provide a briefly overview of the FUS liquid-phase-transition, which may alter its various physiological functions and contribute to the development of toxic cellular effects under pathological conditions. Thus, the functional properties of FUS may influence multiple cellular processes of neurons and/or glial cells whose dysfunction could be the most plausible explanation for neuronal toxicity mediated by loss of FUS.

QUANTITATIVE AND QUALITATIVE LOSS OF FUNCTION OF FUS

Although recent reports have suggested that loss-of-FUS-function in motor neurons might not contribute to motor neuron degeneration in ALS (Scekic-Zahirovic et al., 2016; Sharma et al., 2016), lines of evidence suggest that loss-of-FUS-function in cerebral neurons can contribute to neuronal dysfunction and neurodegeneration in FTLD. FUS-deficient mice generated either via silencing or FUS knock-out exhibit behavioral impairments (Kino et al., 2015; Udagawa et al., 2015). However, recovery of wild-type FUS in the FUS-silenced mice rescued the behavioral phenotypes, whereas a disease-associated mutant did not (Ishigaki et al., 2017).

Although FUS pathology is detected in both ALS and FTLD cases, the majority of disease-causing mutations within FUS are associated with ALS cases. Nevertheless, a subset of familial and sporadic ALS cases involving FUS gene mutations have been shown to have cognitive dysfunction or mental retardation (Bäumer et al., 2010; Huang et al., 2010; Yan et al., 2010; Belzil et al., 2012; Yamashita et al., 2012). Moreover, a spectrum of cognitive impairments have been observed in a considerable subpopulation of ALS patients (Swinnen and Robberecht, 2014). Taken together, the clinical data and FUS-silenced mice model findings support the hypothesis that FUS dysfunction results in early cognitive impairments.

In familial and sporadic FTLD/ALS cases, which are, respectively, characterized by mutations in the FUS coding sequence or the presence of a basophilic inclusion body (BIBD), the affected motor neurons exhibit dislocation of FUS with the protein accumulating in the cytoplasm rather than the nucleus. Cytoplasmic mislocalization of FUS is presumably the first step in the disease cascade; therefore, quantitative loss-of-FUS is thought to be causal for FTLD/ALS. However, disease-associated mutations do not trigger complete mislocalization of FUS to the cytoplasm as a moderate amount of the protein remains localized in the nucleus (Kino et al., 2011). This implies that the FUS mutants are non-functional, and that this, in conjunction with the quantitative reduction in protein, culminates in neuronal dysfunction and FTLD/ALS pathophysiology. It has been reported that FUS binds U-rich small nuclear ribonucleoproteins (snRNPs) and the SMN cmplex, which is the machinery for snRNP biogenesis, and hence compromises precursor mRNA splicing, leading to FUS-associated FTLD/ALS (Tsuiji et al., 2013; Sun et al., 2015). In our recent study, the presence of disease-associated mutations in FUS disrupted formation of a high molecular weight FUS complex by impeding interactions with a second protein, Splicing factor, proline- and glutamine-rich (SFPQ). The impaired FUS functionality suggests that the pathophysiological features of FTLD/ALS also arise from qualitative losses in FUS and SFPQ (Ishigaki et al., 2017; Figure 1). Another group recently reported on the presence of possible SFPQ mutations in familial ALS cases (Thomas-Jinu et al., 2017). These findings suggest that aberrant interactions between FUS and its spliceosome binding partners in the nucleus of neurons might lead to neuronal dysfunction and subsequent neurodegeneration. However, future pathological studies examining the FUS/SFPQ nuclear interaction in both FTLD/ALS and tauopathies are necessary.
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FIGURE 1. Proposed pathway underlying neurodegeneration following a qualitative loss of function of FUS in alternative splicing. Under normal neuronal physiological conditions, FUS and SFPQ interact in the nucleus to regulate alternative splicing of MAPT by skipping exon 10. When this functional machinery is impaired, such as occurs following FUS or SFPQ depletion, or qualitative loss due to disease-associated mutations or other unknown aberrant modifications, the splicing ratio of MAPT exon 10+/exon 10- is increased, which in turn results in an increased 4R-Tau/3R-Tau ratio. The quantitative or qualitative loss of FUS or SFPQ causes various phenotypes, including reduced neurite outgrowth, aberrant adult neurogenesis, FTLD-like behavioral impairments, hippocampal atrophy with neuronal loss, and phosphorylated Tau accumulation. Normalization of imbalanced Tau isoforms by co-injection with shRNA against 4R-Tau can successfully rescue these phenotypes. Thus, our findings suggest that a pathophysiological link between FUS/SFPQ and the regulation of 4R-Tau/3R-Tau isoforms is involved in the pathogenesis of FTLD and 4R-tauopathy. FUS also binds to the U-rich small nuclear ribonucleoproteins (U snRNPs) and SMN complexes in the spliceosome with disease-associated mutations in FUS affecting this alternative splicing machinery.



The cell selectivity of neurodegenerative diseases such as FTLD/ALS has remained a mystery. For instance, the pathology of FTLD/ALS in both motor neurons and cortical neurons involves major selective neuronal vulnerability. Glial cells, such as astrocytes and microglial cells, have also been linked with FTLD/ALS as modifiers of the non-cell-autonomous mechanism of disease pathogenesis, while cerebellar neurons are typically spared in FTLD/ALS (Boillée et al., 2006; Yamanaka et al., 2008a,b). The cell and region specific-selectivity of FTLD/ALS, however, cannot be explained by the expression pattern of FUS since it is expressed ubiquitously throughout the CNS (Kwiatkowski et al., 2009). We previously found that the profiles of FUS-mediated gene expression and alternative splicing in motor neurons are similar to those of cortical neurons, but differ from those in cerebellar neurons despite the similarity of their innate transcriptome signature. The gene expression profiles in glial cells were similar to those in motor and cortical neurons. Given that motor and cortical neurons are the major affected cell-types in FTLD/ALS, whereas glial cells are modifiers and cerebellar neurons are spared, it is possible that the FUS-regulated transcriptome profiles in each cell-type may determine the cellular fate in association with FTLD/ALS and that neuron-glia interactions may be involved in the pathogenesis (Fujioka et al., 2013). Indeed, FUS silencing caused glial cell proliferation in the brain of non-human primates (Endo et al., 2017).

Taken together, these findings indicate that both quantitative and qualitative losses of FUS function are likely involved in the pathogenesis of FTLD/ALS, and should provide clues for therapeutics that clarify the functional properties of FUS.

FUS FUNCTION IN THE NUCLEUS: REGULATION OF ALTERNATIVE SPLICING AND TRANSCRIPTION

Since FUS plays a role in multiple aspects of RNA metabolism, transcriptome deterioration could be the most plausible explanation for neuronal toxicity mediated by loss-of-FUS. In support of this, numerous neuronal function-associated molecules in FUS-regulated transcriptome profiles have been identified (Ishigaki et al., 2012; Lagier-Tourenne et al., 2012; Rogelj et al., 2012; Fujioka et al., 2013; Honda et al., 2013; Nakaya et al., 2013). The alteration of gene expression and/or alternative splicing of these genes may have a large impact on neuronal function which contributes to the neurodegeneration observed in FTLD/ALS. We speculate that disruptions to FUS functionality could result in a partial effect rather than fatal damage by altering isoforms or expression levels of these genes. Thus, it is possible that neurodegeneration only results after the transcriptional disruption triggered by loss of FUS functionality reaches a critical threshold such that the expression of individual genes and alternative splicing events are not critical by themselves.

To gain a better understanding of this mechanism it is necessary to narrow down the list of FUS-regulated genes to those most likely to be disease-associated. Among the genes, alternative splicing of MAPT exon 10 has been shown to be relevant to FTLD/ALS pathogenesis (Orozco et al., 2012; Ishigaki et al., 2017). MAPT encodes the Tau protein, a microtubule-binding protein in which aberrant accumulation of the phosphorylated form in affected neurons causes tauopathies, such as Alzheimer's disease and FTLD. It has been reported that the ratio of 4-repeat Tau (4R-Tau)/3-repeat Tau (3R-Tau) is high in tauopathies, including FTLD, progressive supranuclear palsy (PSP), and corticobasal degeneration (CBD) (Hong et al., 1998; Yoshida, 2006; Umeda et al., 2013). Our previous study demonstrated that the intranuclear FUS/SFPQ complex regulates alternative splicing of MAPT exon 10, which generates two Tau isoforms harboring either three or four microtubule-binding repeats (3R-Tau and 4R-Tau), respectively (Ishigaki et al., 2017). FUS- or SFPQ-silenced mice exhibit an increase in 4R-Tau leading to FTLD-like behavior, reduced adult neurogenesis, phosphorylated Tau accumulation, and neuronal loss (Figure 1; Ishigaki et al., 2017). These findings suggest that the impaired Tau isoform ratio generated in response to dysregulation of alternative splicing by the aberrant FUS-SFPQ complex could be an early pathogenic factor for FTLD/ALS and tauopathies. A report of familial FTLD characterized by a Q140H substitution in FUS with accompanying abnormal Tau isoform ratios supports the idea (Ferrer et al., 2015).

Additional targets of FUS-mediated exon skipping could likewise contribute to FTLD/ALS pathogenesis. Among these genes is FUS itself in which FUS-mediated splicing at exon 7 contributes to autoregulation of expression with the exon 7 skipped variant undergoing nonsense-mediated decay (NMD). The auto regulatory function is deficient in ALS-associated FUS mutants (Zhou et al., 2013).

Other FUS-regulated genes, such as NTNG1 or BRAF, which could be important for neuronal cell survival, have been identified in multiple reports (Orozco and Edbauer, 2013). Further study is necessary to evaluate their significance in FTLD/ALS pathogenesis.

FUNCTION OF FUS IN THE DENDRITIC SPINE: MRNA STABILIZATION

While FUS is enriched in the nucleus, a percentage of the protein is localized to the soma and neuronal processes (Fujii and Takumi, 2005; Aoki et al., 2012; Yasuda et al., 2013). Moreover, in dendrites many RNA binding proteins, including FUS, are involved in the local translation machinery to regulate synaptic function and morphology (Fujii and Takumi, 2005; Qiu et al., 2014; Sephton et al., 2014). Binding of FUS to the 3′UTR of target mRNAs is an important determinant of translational efficiency and mRNA stability (Colombrita et al., 2012; Lagier-Tourenne et al., 2012; Rogelj et al., 2012). Thus, these findings suggest that the cytoplasmic function of FUS may be involved in regulating mRNA stability, translation, and transport.

Masuda et al. reported that FUS participates in the alternative polyadenylation machinery with FUS binding nascent RNAs and interacting with the CPSF and CSTF complexes (Masuda et al., 2015). In addition, we have shown that FUS regulates GluA1 mRNA stability in cooperation with CPSF6, PAN2, and PABP, while it also controls the mRNA stability of SynGAPα2, an isoform of SynGAP1, with ELAVL proteins in a 3′UTR length-dependent manner. FUS-silencing reduced the number of mature dendritic spines both in vitro and in vivo. Recovering expression of either GluA1 or the SynGAPα2 isoform in FUS-deficient mice partially ameliorated abnormal behaviors and the impaired dendritic spine maturation caused by FUS-depletion, suggesting that FUS-mediated GluA1 mRNA stability and control of SynGAPα2 isoform-specific expression is critical for these phenotypes (Udagawa et al., 2015; Yokoi et al., 2017).

These results, taken together, suggest that the loss of regulatory control of synaptic molecule mRNA stability in response to impaired FUS functionality causes synaptic dysfunction and could lead to post-synapse impairments in FTLD/ALS.

MAINTENANCE OF NEURONAL MORPHOLOGY BY FUS

It is known that post-synapse impairments in neurodegenerative disorders including FTLD/ALS might be an early pathological change (Sephton and Yu, 2015; Herms and Dorostkar, 2016). For instance, missorting of Tau protein into the somatodendritic compartment is recognized as an early pathological event in Alzheimer disease (AD) and other tauopathies (Ballatore et al., 2007; Hoover et al., 2010). Similarly, FUSR521G transgenic mice exhibited a reduction of dendritic arbors and mature spines (Sephton et al., 2014), and overexpression of FUSR521C exhibited dendritic and synaptic defects accompanied with damaged splicing of Bdnf (Qiu et al., 2014).

It was demonstrated that neurite outlength is reduced in FUS-silenced primary cortical neurons but can be recovered by overexpressing wild-type FUS, whereas disease-associated mutants had no effect (Ishigaki et al., 2017). Similarly, iPSC-derived neurons in familial ALS patients harboring mutations in FUS exhibited shorter neurites compared to controls (Ichiyanagi et al., 2016). Moreover, rescue by co-silencing 4R-Tau ameliorated the toxic effects of FUS-silencing on neurite outlength (Ishigaki et al., 2017). Thus, FUS dysfunction induces abnormal neuronal morphology, which may be attributable to alterations in tau isoforms. Indeed, 4R-Tau functions in suppression of microtubule dynamics by stabilizing microtubule interactions and 4R-Tau overexpression affected neurite outlength in a dose-dependent manner (Panda et al., 2003; Ishigaki et al., 2017). Thus, the morphological abnormalities in neurites might be one of the earliest biomarkers and could thus be used in therapeutic screens or as a diagnostic tool.

REGULATION OF AXONAL FUNCTION BY FUS

Some studies have implicated FUS in the regulation of neuronal pre-synaptic function with disease-associated FUS mutants impairing its regulatory role (Sasayama et al., 2012; Armstrong and Drapeau, 2013; Schoen et al., 2015). Errichelli et al. reported that circular RNA expression, which is involved in axon guidance, was affected in motor neurons of FUS KO mice (Errichelli et al., 2017). Axonal transport defects have been reported for ALS/FTLD-associated mutations of FUS (Baldwin et al., 2016; Chen et al., 2016). Moreover, Guo et al. found that axonal transport was affected by disease-associated mutations of FUS in human iPSC-derived motor neurons (Guo et al., 2017). Since axonal transport defects appear in mice carrying mutations in SOD1 that cause ALS and in Drosophila carrying mutations in TDP-43 and C9orf72 (Williamson and Cleveland, 1999; Baldwin et al., 2016), further investigation to clarify the common downstream pathomechanism is necessary.

LIQUID-PHASE TRANSITION OF FUS AND ITS PATHOLOGICAL AND PHYSIOLOGICAL FUNCTIONS

Recent studies have unveiled a novel protein property of FUS, liquid-liquid phase transitions that lead to the formation of various proteinaceous membrane-less organelles. It has been demonstrated that FUS undergoes a liquid–liquid phase separation before converting into the insoluble form of the protein, a process that is promoted by mutations, phosphorylation, or the presence of RNA (Murakami et al., 2015; Patel et al., 2015; Chong and Forman-Kay, 2016; Monahan et al., 2017). Similar to hnRNPA2, the low complexity domain (LCD) in the C-terminal region of FUS is responsible for the liquid–liquid phase separation (Xiang et al., 2015; Murray et al., 2017). Other RNA-binding proteins such as TDP-43, TIA1, TAF15, and dipeptide repeat proteins synthesized from mutant C9orf72 also contain LCDs (Boeynaems et al., 2017; Harrison and Shorter, 2017). Moreover, it has been reported that Tau also undergoes a liquid–liquid phase separation in solution with 4R-Tau more prone to form liquid droplets than 3R-Tau (Ambadipudi et al., 2017).

These findings strongly suggest a biochemical link between RNA-binding proteins and other amyloid-formable proteins including Tau and its association with RNA processing in neurodegenerative diseases. Since those findings were based on in vitro experiments, further investigation is necessary to clarify whether/how liquid-liquid phase transitions are associated with biological function, and whether transitions that occur in the cytoplasm of dendritic spines and/or the nucleus utilize the same or a different molecular process.

CONCLUSIONS

Accumulating in vitro and in vivo evidences indicate that FUS dysfunction might be involved in the pathomechanism of FTLD/ALS and other neurodegenerative diseases including tauopathies. FUS directly impacts RNA metabolism via alternative splicing, transcription, and mRNA stabilization, all of which can subsequently influence neuronal/synaptic functions and lead to impaired behaviors during the early disease stage and neurodegeneration at the late disease stage (Figure 2). Although this review focused on the loss of FUS function, FUS toxicity could affect RNA metabolism as well; for instance, overexpression of mutant FUS has been shown to disrupt target gene expression (Coady and Manley, 2015). It indicates that loss-of-function and/or gain-of-toxicity of FUS might influence RNA metabolism pathways and subsequent cellular phenomenon. Indeed, in neurons with simultaneous depletion of FUS and TAF15 the gene expression profiles were similar to that in ALS patient-derived neurons bearing the ALS mutation FUSR521G (Kapeli et al., 2016). This is further supported by similar transcriptome profiles in TDP-43 Drosophila models following both loss and gain of FUS function (Vanden Broeck et al., 2013). Consequently, to determine the utility of FUS and its downstream pathways as early disease markers and/or therapeutic targets of FTLD/ALS, it is crucial that their functional properties be more precisely clarified.
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FIGURE 2. Functional loss of FUS in the nucleus and the cytoplasm can cause neuronal dysfunction and degeneration. In the nucleus, FUS regulates alternative splicing and transcription. For instance, exon 10 skipping of MAPT, which is regulated by FUS in complex with SFPQ, generates two isoforms of Tau protein, 3R-Tau and 4R-Tau. FUS also regulates transcription of a number of genes including Ntng1, Braf1, and Fus itself. On the other hand, cytoplasmic FUS stabilizes mRNAs involved in the dendritic spine, such as GluA1 and SynGAP. Taken together, the functional impairments caused by FUS deficiency can affect neuronal function and morphology and subsequently lead to aberrant behaviors and neurodegeneration. In addition, FUS has also been implicated in the axon transport machinery, which is impaired by disease-associated mutations in FUS.
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Serine/arginine-rich splicing factor 2 (SRSF2) is a member of the SR protein family that is involved in both constitutive and alternative mRNA splicing. Mutations in SRSF2 gene are frequently reported in myelodysplastic syndromes (MDS) and acute myeloid leukemia (AML). It is imperative to understand how these mutations affect SRSF2-mediated splicing and cause MDS. In this study, we characterized MDS-associated SRSF2 mutants (P95H, P95L, and P95R). We found that those mutants and wild-type SRSF2 proteins showed nuclear localization in HeLa cells. In vitro splicing reaction also revealed that mutant proteins associated with both precursor and spliced mRNAs, suggesting that the mutants directly participate in splicing. We established the human myeloid leukemia K562 cell lines that stably expressed myc-tagged wild-type or mutant SRSF2 proteins, and then performed RNA-sequence to analyze the splicing pattern of each cell line. The results revealed that both wild-type and mutants affected splicing of approximately 3,000 genes. Although splice site sequences adjacent to the affected exons showed no significant difference compared to the total exons, exonic motif analyses with both inclusion- and exclusion-enhanced exons demonstrated that wild-type and mutants have different binding sequences in exons. These results indicate that mutations of SRSF2 in MDS change binding properties of SRSF2 to exonic motifs and this causes aberrant splicing.

Keywords: myelodysplastic syndrome, splicing, SRSF2, exonic splicing enhancer, aberrant splicing, EZH2 (enhancer of zeste homolog 2)

INTRODUCTION

Serine/Arginine rich (SR) proteins are essential splicing factors that also confer regulatory activity of alternative splicing (Manley and Krainer, 2010; Howard and Sanford, 2015; Kataoka, 2017). SR protein family consists of 11 proteins in human. SR proteins contain one or two RNA binding domain (RBD) at amino-terminus and multiple repeats of Serine-Arginine dipeptides at carboxy-terminus. SRSF2, which was originally called SC35, is a member of the SR protein family (Fu and Maniatis, 1990; Fu and Ares, 2014; Kataoka, 2017). During splicing, SRSF2 promotes exon recognition by binding to exonic splicing enhancer (ESE) motifs in precursor of mRNA (pre-mRNA) through its RBD. This promotes both the binding of U2AF heterodimer and U1 snRNP to the upstream 3′ splice site and to the downstream 5′ splice site, respectively (Chen and Manley, 2009; Fu and Ares, 2014; Kataoka, 2017).

Recently SRSF2 was found to be one of the major responsible genes of myelodysplastic syndrome (MDS). MDS is a heterogeneous group of chronic myeloid neoplasms characterized by many symptoms, such as ineffective hematopoiesis, peripheral blood cytopenia and a high risk of progression to acute myeloid leukemia (Fu and Maniatis, 1990; Cazzola et al., 2013). Mutations in splicing factors represent a novel class of driver mutations in human cancers and affect about 50% of patients with myelodysplasia (Graubert et al., 2011; Papaemmanuil et al., 2011, 2013; Yoshida et al., 2011; Walter et al., 2013; Haferlach et al., 2014). Somatic mutations are frequently found in genes SF3B1, SRSF2, U2AF1 and ZRSR2 (Graubert et al., 2011; Papaemmanuil et al., 2011; Yoshida et al., 2011). Interestingly, the common feature of those gene products in pre-mRNA splicing is a 3′ splice site recognition, implicating that MDS pathogenesis is caused most likely by abnormal pre-mRNA splicing. The mutations are heterozygous and clustered in specific amino acid residues for SF3B1, SRSF2 and U2AF1 (Yoshida et al., 2011; Darman et al., 2015; Ilagan et al., 2015; Kim et al., 2015). These ‘hotspot’ mutations are predicted to be a ‘gain-of-function’ mutations by affecting protein structure (Yoshida et al., 2011; Darman et al., 2015; Ilagan et al., 2015; Kim et al., 2015). Among them, the hotspot mutations in SRSF2 were found in proline residue residing slightly outside of its RNA binding domain. Changes in alternative splicing patterns with SRSF2 mutations were reported in culture cells, mouse models and primary human samples (Przychodzen et al., 2013; Brooks et al., 2014; Shao et al., 2014; Ilagan et al., 2015; Kim et al., 2015; Komeno et al., 2015; Shirai et al., 2015; Zhang et al., 2015; Obeng et al., 2016; Mupo et al., 2017). In spite of these important findings, the precise mechanism for aberrant splicing in the cells carrying MDS mutations still remains largely unclear.

To address the mechanism of aberrant splicing in MDS, we have prepared expression plasmids for both wild-type and MDS-causing mutants of SRSF2, P95H, P95L and P95R. Transcriptome analyses using total RNAs recovered from those cell lines revealed that both wild-type and mutants affected splicing of approximately 3,000 genes. Motif analyses with both inclusion- and exclusion-enhanced exons demonstrated that the mutants have different binding sequences in exons compared to wild-type protein. These results strongly suggest that MDS mutations in SRSF2 alter binding properties of SRSF2 to exonic motifs and this results in aberrant splicing.

RESULTS

Localization of Wild-Type and Mutant SRSF2 Proteins in HeLa Cells and Association With Pre-mRNA and mRNA in vitro

In order to gain insights on how mutations in SRSF2, one of the splicing factors mutated in MDS patients, affect splicing, we have prepared the SRSF2 mutant cDNAs carrying three kinds of mutations at 95th position of Proline residue (P95H, L and R) found in MDS patients. We first determined their subcellular localization in HeLa cells. Both wild-type and mutants of SRSF2 cDNAs were transfected into HeLa cells and those proteins were expressed as fusions with a myc-tag. When the myc-SRSF2 wild-type protein was expressed, it was localized in both speckles and nucleoplasm, likely due to overexpression (Figure 1A, panel a). The subcellular localization of mutant SRSF2 proteins was similar to that of the wild-type, although mutant proteins exhibited slightly less numbers of nuclear speckles (Figure 1A).
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FIGURE 1. MDS-causing SRSF2 mutant proteins are localized in the nuclei and associate with pre-mRNA and mRNA in vitro. (A) HeLa cells were transfected with expression vectors encoding either wild-type or mutant SRSF2 proteins (P95H, P95L, and P95R) fused with myc-tag. (B) In vitro splicing reaction in the presence of either Flag-tagged wild-type SRSF2 protein or mutant proteins followed by immunoprecipitation of RNAs by anti-Flag M2 antibody. (C) Immunoprecipitation of SRSF2 proteins by anti-Flag antibody from in vitro splicing reaction. Five percent of total reaction mixture was used as an input. The anti-Flag M2 antibody was used for detection of Flag-tagged SRSF2 proteins.



We have also carried out in vitro splicing reaction with both Flag-tagged wild-type and mutant SRSF2 proteins, followed by immunoprecipitation of RNA from the mixture in order to test whether mutant proteins were able to support splicing or not. For this assay, we used the immunoglobulin μ chain (IgM) pre-mRNA, whose splicing is SRSF2-dependent (Mayeda et al., 1999). HeLa cell extract was mixed with cell lysates from HEK293T cells that express either wild-type or each mutant SRSF2 protein. The Flag-vector transfected cell lysate was used as a negative control. The results of splicing reaction are shown in Figure 1B. With a negative control, splicing did not take place (lane 1), indicating the dependency of IgM pre-mRNA to SRSF2. As shown in Figure 1B (lanes 2–5), both wild-type and each mutant supported IgM splicing in vitro, indicating mutant SRSF2 proteins have a splicing supporting activity even stronger than wild-type protein. Immunoprecipitation was carried out with the reaction mixtures using anti-Flag tag antibody. Flag-SRSF2 wild-type precipitated both pre-mRNA and mRNA (Figure 1B, lane 7). Mutant SRFS2 proteins also precipitated pre-mRNA and mRNA more efficiently than wild-type protein (Figure 1B, lane 8–10). Immunoprecipitated SRSF2 proteins were also detected by western blotting with anti-Flag M2 antibody (Figure 1C), and it turned out the comparable amounts of both wild-type and mutant SRSF2 proteins were precipitated (Figure 1C, lanes 7–10). Take all the results together, we concluded that mutant SRSF2 proteins are able to cause change of splicing pattern in cells, and the mutants likely have higher affinity to SRSF2-mediated ESE sequences.

Detection of Splicing Pattern Changes in K562 Cells Expressing Mutant SRSF2 Proteins

We generated to generate cell lines that stably express either wild-type or SRSF2 mutants with K562 cells, a myelogeneous leukemia cell line. After establishment, we checked the protein expression level by western blotting by using anti-myc tag antibody. As shown in Figure 2A, all cells expressed myc-tagged SRSF2 proteins except myc-vector transfected cells. During selection of the stable cell lines, cells expressing relatively large amount of mutant SRSF2 proteins tend to die, likely due to toxicity of mutant proteins and cells expressing high amount of mutant proteins may have been eliminated during selection of the clones. Total RNAs derived from those cell lines were applied to RNA sequence analyses. The reads were mapped to human genome with more than 90% efficiency (Figure 2B). We determined splicing changes by comparing wild-type and mutants splicing patterns with vector transfected one. It turned out that more than 5000 splicing events in more than 3000 genes were detected with both wild-type and mutants (Figure 2C). Drawing Venn diagram demonstrated that overlapping genes for all of them are 1406 genes, and there are also many genes either specific to each protein (Figure 2D).
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FIGURE 2. Analyses of splicing changes in K562 cells stably expressing either wild-type or mutant SRSF2 protein. (A) Immunoblotting analyses of K562 cell lines stably expressing myc-tagged wild-type or mutant SRSF2 proteins. A myc-vector was used as a negative control. (B) Numbers of reads from RNA sequence analyses and mapping percentage of sequence tags. (C) Numbers of altered splicing events and genes identified by comparing with myc-vector transfected cells. (D) Venn diagram comparing the differentially spliced genes among myc-vector, WT and three SRSF2 mutants expressing cells.



ESE-Like Motifs Were Enriched in Exons Skipped by SFSF2 Mutant Proteins

Since we identified many genes whose splicing patterns were affected by the expression of both wild-type and mutant SRSF2 proteins, we investigated the motifs of exons enriched in both wild-type and mutants regulated genes. Specific sequence features in the exon were searched by multiple expectation-maximization for motif elicitation (MEME) (Bailey et al., 2006) algorithm to find the enrichment or depletion of novel sequence motifs. Surprisingly, enriched motifs for all mutants are purine-rich sequences (Figure 3A). The motif for wild-type SRSF2-excluded exons is AGGTRAG (R indicates purine residue), in which the purine stretch is separated by T residue (Figure 3A). It has been shown that SRSF2 proteins are able to bind purine-rich ESEs (Cavaloc et al., 1999). These results strongly suggested that MDS-causing mutations in proline residue of SRSF2 cause reduction of the affinity to purine-rich ESEs.
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FIGURE 3. SRSF2 mutants promote exon 9.5 of EZH2 gene through binding to CCWG motif. (A) Sequence logos for the motifs enriched in inclusion-type exons with WT, P95H, P95L, and P95R are presented. (B) Sequence logos for the motifs enriched in inclusion-type exons with WT, P95H, P95L, and P95R are shown. (C) Sequence of exon 9.5 (pseudo exon) in human EZH2 gene. In frame stop codons are underlined. CCWG motif, found with SRSF2 P95H and P95R proteins in (B), are indicated with open boxes. (D) Splicing pattern of EZH2 pre-mRNA in myc-vector, SRSF2 WT, P95H, P95L, and P95R are indicated. The ratio of exon9.5 included product in total splicing products is shown beneath the panel. The schematic representations of PCR products are shown at the right side of the panel. RT, Reverse Transcriptase. M, DNA size marker.



Mutant SRSF2 Proteins Prefer CCWG Motif for Exon Inclusion

We also carried out motif analysis for included exons, and we found that a purine-rich motif appeared as the most frequently appeared motif with a wild-type protein (Figure 3B), consistent with the previous findings that SRSF2 binds to purine-rich ESE to promote exon inclusion (Cavaloc et al., 1999). With SRSF2 P95L, a similar A/G rich motif was also found (Figure 3B), suggesting this mutation has slight effect on recognizing sequence of SRSF2 protein. In contrast, with two other mutant proteins, SRSF2 P95H and P95R, CCWG (W: weak as T or A) containing motif was identified in inclusion-promoted exon at the top (Figure 3B). These results strongly suggested that purine-rich motif and CCWG-containing motif function as ESE for wild-type and mutants, respectively, and MDS-causing mutations alter the high affinity of SRSF2 from purine-rich motif to CCWG motif.

We have confirmed the splicing change with wild-type and mutant proteins by choosing several genes to determine splicing changes by RT-PCR. Among them, the splicing change of EZH2 gene is shown in Figure 3D. EZH2 is also known as one of the responsible genes for causing MDS (Ernst et al., 2010). With RNA sequencing analysis, the number of reads for exon 9.5, which has two CCWG motifs and premature termination codons (Figure 3C), was reduced with SRSF2 wild-type expression. In contrast, mutant protein expression increased the numbers of exon 9.5 reads, suggesting that mutant proteins promote exon 9.5 inclusion whereas wild-type enhances skipping of this exon. To test this possibility, we carried out RT-PCR analysis by amplifying Exon9–Exon10 region of EZH2 mRNA. The results indicate that wild-type protein expression reduced the ratio of exon 9.5 included mRNA (Figure 3D, lane 2). In contrast, all of the mutant proteins increased exon 9.5-included mRNA ratio (Figure 3D, lanes 3–5). These results indicate that SRSF2 wild-type and mutants have an opposite effect on CCWG-containing exon splicing.

DISCUSSION

In this manuscript we have analyzed the splicing changes in K562 cells stably expressing either wild-type or mutant SRSF2 proteins. As expected, both wild-type and mutants affected many splicing events of various genes, and CCWG motif was found in inclusion promoted exons with mutant proteins. CCNG or GGNG motif was previously reported as the binding sequences of SRSF2 protein by SELEX (Cavaloc et al., 1999). Indeed, three mutant proteins promote CCWG-motif containing pseudo exon of EZH2, which is one of the responsible genes for MDS (Figure 3D) (Ernst et al., 2010). This mis-splicing may affect EZH2 protein level in cells and the reduction of EZH2 protein level would results in mis-regulation of epigenetics (Kim et al., 2015; Shirahata-Adachi et al., 2017; Kon et al., 2018; Shiozawa et al., 2018). All three SRSF2 mutants were able to support SRSF2-dependent substrate (IgM) splicing in vitro more efficiently and associate with IgM pre-mRNA and mRNA more strongly than wild-type protein (Figure 1B). There are several CCWG motifs in 3′ exon of IgM pre-mRNA (Mayeda et al., 1999). It is highly likely mutant proteins bind to these motifs more strongly than wild-type (Figure 4). On the other hand, the AGGTRAG motif was identified in exons excluded by wild-type SRSF2 (Figure 3A). In this motif, purine-stretch is separated by T (U in RNA). It was demonstrated that U residue splitting purine-stretch in ESE abolishes splicing-promoting activity in vitro (Watakabe et al., 1989). This motif may bind to SRSF2 with low affinity. Alternatively, it was demonstrated that SR protein overexpression can cause exon skipping which depends on their prevalent actions on a flanking constitutive exon, and it requires collaboration of more than one SR protein (Han et al., 2011). The AGGTRAG sequence might be a binding motif of ‘weak’ SR protein, not a direct binding motif for SRSF2 protein, to support exon inclusion. When overexpressed, wild-type SRSF2 protein can bind to the flanking exon as a ‘strong’ SR protein more efficiently. The purine-rich ESE like sequence motifs were identified in exclusion promoted exons with mutant proteins (Figure 3A). Mutant proteins may have lower affinity to purine-rich sequences than wild-type (Figure 4). It is assumed that MDS mutations in Proline residue affect the conformation of RNA binding domain of SRSF2, although this proline residue is outside of RNA binding domain consensus. Indeed, 3D clustering analysis with protein structure predicted that this Proline residue is able to contact with RNA (Kamburov et al., 2015). Therefore, this residue is a part of RNA binding domain. By changing Proline residue to Histidine, Arginine or Leucine, the affinity with specific RNA sequence can be altered. Comparing crystal structures of these mutants-RNA complexes with that of wild-type would reveal the mechanism for the recognition of different RNA sequences. We believe this also uncover why mutant SRSF2 proteins have lower affinity to purine-rich ESEs.


[image: image]

FIGURE 4. A model for splicing changes caused by SRSF2 mutations in the patients. (Left) SRSF2 wild-type protein binds to purine-rich exonic splicing enhancer for promotion of exon recognition. (Right) SRSF2 mutants, SRSF2 P95H and P95R, preferentially bind to CCWG motif-containing exons to promote aberrant splicing.



Despite of the common features described above, each mutant contains peculiar subset of genes whose splicing patterns were specifically changed (Figure 2D). These splicing changes in certain genes may confer the pathological difference among the MDS patients. Further analyses of specific splicing changes in each mutant are also required.

Most recently several groups demonstrated that MDS responsible mutations in SRSF2 and U2AF1 cause augment of R loop (Chen et al., 2018; Nguyen et al., 2018). Enhanced R loop formation activate the ataxia telangiectasia and Rad3-related protein (ATR)-Chk1 pathway, which likely contributes to MDS phenotype (Nguyen et al., 2018). Efficient formation of R loop can occur by slowing down rearrangement of mRNA-protein complexes during/after splicing. The different binding affinity of SRSF2 mutants to RNA may be involved in this step. It would be of a great interest in which portions of genes form R loops and whether enrichment of CCWG motif can be observed in those regions or not.

MATERIALS AND METHODS

Plasmid Construction

The cDNA of human SRSF2/SC35 was amplified by Reverse Transcription and Polymerase Chain Reaction (RT-PCR). The cDNA was cloned between BamHI and XhoI sites of either myc- or Flag-pCDNA3 vector. The resultant plasmid was used as a template in order to prepare mutant cDNAs that harbor MDS mutations, such as P95H, P95L and P95R. Point Mutations were introduced by QuikChangeTM Site-Directed Mutagenesis Kit (STRATAGENE) with myc-SRSF2 plasmid in accordance with the manufacturer’s recommendations.

Cell Culture and Establishment of Stable Cell Lines

K562 cells were cultured at 37°C with 5% CO2 in RPMI1640 supplemented with 10% (v/v) fetal bovine serum (Sigma-Aldrich) and 1% (v/v) penicillin/streptomycin antibiotics (standard medium). K562 cells were transfected with pcDNA3-myc-SRSF2(WT), pcDNA3-myc-SRSF2(P95H), pcDNA3-myc-SRSF2(P95L), pcDNA3-myc-SRSF2(P95R) or empty vector plasmid, using Lipofectamine 2000 (Invitrogen) according to the manufacturer’s instruction. Transfected K562 cells were selected with 100 mg/mL G418, and then resistant cells were isolated with limiting dilution methods in 96-well plates. Obtained each stable clone-cells were maintained in 50 mg/mL G418 RPMI medium.

For HEK293T cells, DMEM supplemented with 10% (v/v) fetal bovine serum (Sigma-Aldrich) and 1% (v/v) Antibiotics Antimycotics (SIGMA) was used for cell culture and Lipofectamine 2000 was also used for transfection. Total cell lysates from transfected HEK293T cells were prepared as previously described (Kataoka and Dreyfuss, 2004, 2008; Kataoka, 2016).

In vitro Transcription, Splicing and Immunoprecipitation of RNAs

For in vitro transcription, pμC3-C4 plasmid linearized by HindIII was used as a template and performed as described previously (Watakabe et al., 1989, 1993). In vitro splicing reaction with HeLa cell nuclear extracts complemented with Flag-SRSF2 protein expressing HEK293T total cell lysates was carried out as previously described (Kataoka et al., 2001, 2011; Kim et al., 2001; Kataoka and Dreyfuss, 2004; Kawano et al., 2004; Kataoka, 2016). Immunoprecipitation of RNAs from splicing reaction was accomplished by using anti-Flag M2 agarose beads (SIGMA) by the protocol described previously (Kataoka et al., 2001, 2011; Kataoka and Dreyfuss, 2004; Kataoka, 2016).

Antibodies, Western Blotting and Immunostaining of HeLa Cells

The antibodies used for immunoblotting and immunostaining are as follows: anti-myc (MC045, Nacalai Tesque, Japan), anti-Flag M2 (Sigma-Aldrich), fluorescein isothiocyanate-conjugated goat anti–mouse F(ab’)2 (Cappel Laboratories, Durham, NC, United States), peroxidase-conjugated goat anti–mouse IgG antibodies (Jackson Immuno Research Laboratories, West Grove, PA, United States). For western blotting, the cells were lysed in CelLytic M Cell Lysis Reagent (Sigma-Aldrich) containing a protease inhibitor cocktail (Roche). The lysates were boiled with SDS-sample buffer at 95°C for 3 min. The samples were subjected to SDS-PAGE, transferred to PVDF membranes by iBlot system (Invitrogen), and incubated with primary antibodies. The membranes were washed and incubated with horseradish peroxidase-conjugated secondary antibody. Finally, chemiluminescence was detected using Chemi-Lumi One Super kit (Nacalai Tesque), and luminescence images were analyzed by LAS 4000 (GE Lifesciences). Immunostaining of HeLa cells with anti-myc antibody was performed as described previously (Kataoka et al., 2011).

RNA Recovery, RNA Sequence and Alternative Splicing Analysis

Total RNAs from K562 stable cells were performed by using RNeasy Mini Kit (QIAGEN). The synthesis and amplification of complementary DNA were performed using SMARTer Ultra Low Input RNA Kit for Sequencing, version 3 (Clontech). Each sample applied illumina GA. The reads were trimmed to 99 bases and were mapped on hg19 genomes and gencode v7 protein coding transcripts by tophat (v2.0.9). To computate junctions in each sample, we processed the gencode GTF file by eval package (v2.2.8) and applied the mapped reads to juncBASE (v0.6) packages by following the options: ‘–min overhang = 6 -l 99 -c 3.’ For comparing each sample, we calculated “Percent Splicing index” (PSI) and corrected p-value and Benjumin & Hedgehog multiple test using pairwise fishers test getASEvents w reference.py by following options: ‘–jcn seq len = 186 –method = BH’ comparing with vector and wild-type.

Motif Analysis

To search RNA binding motif of mutated SRSF2, we collected 100 base exon side sequences of exclusion junctions separating upper or lower than vector’s PSI in each sample and the upper and lower sequences was applied MEME v4.10.0 as following that options: ‘-minw 4-maxw 10 -maxsize 1000000.’

Reverse Transcription Polymerase Chain Reaction (RT-PCR)

RT-PCR reaction was accomplished as described previously (Wang et al., 2017). Briefly, 1 μg of total RNA was used for reverse transcription with prime Script Reverse Transcriptase (TAKARA, Japan). The produced cDNA was used for PCR reaction by using the following primers and PCR cycles. Cycle conditions were as follows: 94°C for 2 min; followed by 33 cycles of 94°C denaturation for 10 s, 58°C annealing for 15 s, and 72°C elongation for 30 s; with a final incubation at 72°C for 2 min in a PCR Thermal Cycler (BIOMETRA). PCR products were separated by electrophoresis and stained with ethidium bromide. The primers for PCR are as follows; EZH2 exon9 F, 5′-AAGCGGAAGAACACAGAAAC-3′, EZH2 exon10 R, 5′-CAGAGGAGCTCGAAGTTTCA-3′, For quantitation analysis of alternative splicing products, the signals were measured by ImageJ software [U.S. National Institutes of Health, Bethesda (Schneider et al., 2012)].
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Objectives: The high-mobility group A protein 1a (HMGA1a) protein is known as a transcription factor that binds to DNA, but recent studies have shown it exerts novel functions through RNA-binding. We were prompted to decipher the mechanism of HMGA1a-induced alternative splicing of the estrogen receptor alpha (ERα) that we recently reported would alter tamoxifen sensitivity in MCF-7 TAMR1 cells.

Methods: Endogenous expression of full length ERα66 and its isoform ERα46 were evaluated in MCF-7 breast cancer cells by transient expression of HMGA1a and an RNA decoy (2′-O-methylated RNA of the HMGA1a RNA-binding site) that binds to HMGA1a. RNA-binding of HMGA1a was checked by RNA-EMSA. In vitro splicing assay was performed to check the direct involvement of HMGA1a in splicing regulation. RNA-EMSA assay in the presence of purified U1 snRNP was performed with psoralen UV crosslinking to check complex formation of HMGA1a-U1 snRNP at the upstream pseudo-5′ splice site of exon 1.

Results: HMGA1a induced exon skipping of a shortened exon 1 of ERα in in vitro splicing assays that was blocked by the HMGA1a RNA decoy and sequence-specific RNA-binding was confirmed by RNA-EMSA. RNA-EMSA combined with psoralen UV crosslinking showed that HMGA1a trapped purified U1 snRNP at the upstream pseudo-5′ splice site.

Conclusions: Regulation of ERα alternative splicing by an HMGA1a-trapped U1 snRNP complex at the upstream 5′ splice site of exon 1 offers novel insight on 5′ splice site regulation by U1 snRNP as well as a promising target in breast cancer therapy where alternative splicing of ERα is involved.

Keywords: estrogen receptor alpha, HMGA1a, alternative splicing, U1 snRNP, breast cancer

INTRODUCTION

Cancer-associated alternative splicing has been extensively studied in various steps from tumor initiation to progression and metastasis (Oltean and Bates, 2014; Chen and Weiss, 2015). These cancer-associated alternative splicing events are aberrantly regulated by multifunctional bona fide splicing factors [serine/arginine-rich (SR) proteins and heterogeneous nuclear ribonucleoproteins (hnRNPs)] and tissue-specific RNA-binding proteins (David and Manley, 2010) possessing oncogenic potential per se (Karni et al., 2007). In addition, several recent reports have evoked attention on the importance of alternative splicing of the clinically important biomarkers in breast cancer (Inoue and Fry, 2015), and the deregulation and involvement of splicing factors in breast cancer-associated alternative splicing (Silipo et al., 2015).

Estrogen receptor alpha (ERα) is an important biomarker as well as the key factor in estrogen-dependent growth of breast cancer. We have recently found that high-mobility group A protein 1a (HMGA1a) is involved in alternative splicing of ERα (Ohe et al., 2018). The resulting transcript, called ERα46 (Flouriot et al., 2000), is known for its function in partially inhibiting mitogenic activity of full length ERα (Penot et al., 2005).

HMGA1a is originally known as HMGI (Lund et al., 1983), a nonhistone DNA-binding protein of the UBF/HMG family, and an oncoprotein which induces cancerous transformation (Reeves, 2010). In addition to its DNA-binding properties exerted by its three AT hooks, we have shown HMGA1a protein binds to a specific RNA sequence of 5′-GC(U)GCUACAAG-3′, adjacently upstream the authentic 5′ splice site of exon 5 in the Presenilin-2 (PS2) gene, interacts with U1-70K (Manabe et al., 2003), and traps U1 snRNP to this 5′ splice site to inhibit normal dissociation of U1 snRNP from the spliceosome and induces aberrant splicing of PS2 exon 5 (Ohe and Mayeda, 2010). This effect was also found in HIV-1 splice site regulation (Tsuruno et al., 2011). A report of an aptamer search for the second AT hook motif of HMGA1 proteins shows binding to a G-rich motif of 5′-GGGGNGNGGNUGGGGNGG-3′ (Maasch et al., 2010). Another study shows HMGA1a binds the second loop of 7SK RNA (5′-UGCGC-3′) (Eilebrecht et al., 2011b). Recently, it has been reported that AT hook proteins such as HMGA1a bind RNA with one order higher affinity than DNA (Filarsky et al., 2015). Proteomics studies have reported that HMGA1a interacts with mRNA processing proteins by GST pull-down and farwestern experiments (Sgarra et al., 2005, 2008; Pierantoni et al., 2007). Thus, the recent description of the role of HMGA1a in RNA metabolism in addition to its role as a DNA-binding transcription factor make it more multi-functional protein than previously believed.

MATERIALS AND METHODS

Plasmids, Antisense Oligonucleotides, 2′-O-Methyl RNAs, Recombinant Protein, Purified U1 snRNP

Plasmids were constructed as indicated below.

Plasmid for CDC-ERα pre-mRNA was constructed by nearby exon and intron sequences of the splice sites of ERα exon 1 attached to the 5′ ends of the primers which were used to amplify CDC14-15 (chicken delta crystallin exon 14-15) (Sawa et al., 1988; Kataoka et al., 2000) by PCR. The primers used for this PCR reaction were δESRexon1_FW and δESRexon1_RV. The PCR fragment was digested with Hind III and self-ligated resulting in pSP64-CDC-ERα with shortened ERα exon 1 (58 bp) and flanking intron sequence placed in the intron of CDC14-15. pSP64-CDC-ERα plasmid was linearized using Sma1 for RNA synthesis.

The riboprobe template plasmids for ERαEx1-5SS_wt, ERαEx1-5SS_HMGBSmut, ERαEx1-5SS_A5SSmut, ERαEx1-5SS_P5SSmut were constructed by PCR using pSP64 as template and digested by HindIII. The forward primers were ERαEx1-5SS_wt_FW, ERαEx1-5SS_HMGBSmut_FW, αEx1-5SS_A5SSmut_FW, ERαEx1-5SS_P5SSmut_FW, and the reverse primer is ERαEx1-5SS_RV (Table 1). The HindIII-digested PCR products were self-ligated at the Hind III site to obtain the pSP64-ERαEx1-5SS_wt, pSP64-ERαEx1-5SS_HMGBSmut, pSP64-ERαEx1-5SS_A5SSmut, pSP64-ERαEx1-5SS_P5SSmut plasmids. These plasmids were linearized using EcoRI.


Table 1. Oligonucleotides used in this study.
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All of the linearized plasmids were transcribed with SP6 RNA polymerase in the presence of [α-32P]UTP. The sequences for antisense oligonucleotides used for RNase H cleavage of the upstream pseudo-5′ splice site (αP5′SS) and authentic-5′ splice site (αA5′SS) and the ones used for digesting 5′ ends of U1 (αU1) and U2 (αU2) snRNA, as well as the control oligonucleotide (cont), are shown in Table 1. The sequences for 2′-O-methyl RNA_HMGA1a_mut and 2′-O-methyl RNA_HMGA1a_wt that were purchased from Fasmac Co., Ltd. are also shown in Table 2. Recombinant HMGA1a was a kind gift from K. Kanameki and Y. Muto (Musashino, Tokyo, Japan) purified from E. coli and microdialyzed in buffer D (Mayeda and Krainer, 1999b) for in vitro splicing analyses. Purified U1 snRNP was kindly provided by the laboratory of R. Lührmann (Göttingen, Germany).


Table 2. 2′-O-methyl RNA used in this study.
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Electrophoretic Mobility Shift Assays (EMSA)

EMSA was performed as previously described (Ohe and Mayeda, 2010) with the following minor modifications. Each reaction mixture was incubated at 30°C for 15 min and RNA-protein complexes were analyzed by 5% polyacrylamide gel electrophoresis (PAGE) (acrylamide: bisacrylamide ratio 30:1 [wt/wt]) at 4°C.

In vitro Splicing, Psoralen UV Crosslinking Assay

In vitro splicing was performed as described (Ohe and Mayeda, 2010), with minor modifications. 32P-labeled pre-mRNA (~20 fmol) was incubated at 30°C for 2 h in a 12.5 μl reaction mixture containing 3 mM ATP, 20 mM creatine phosphate, 20 mM HEPES-NaOH (pH 7.3), 3.5 mM MgCl2, 2% (wt/vol) low-molecular-weight polyvinyl alcohol (Sigma), and 3.5 μl of HeLa cell nuclear extract (CilBiotech). Recombinant protein was added first to the probe prior adding nuclear extract. Where indicated 20 pmol of SRSF1 was added. Psoralen-mediated UV crosslinking assay was performed as previously described fixing the incubation time at 5 min (Ohe and Mayeda, 2010).

Immunoblot Assays

MCF-7 cells were washed twice with PBS and resuspended in 1 ml TRIzol reagent (Invitrogen). After passing through a 25 G needle five times, protein was purified from the interphase and organic phase by precipitating with 6 V of a solution for precipitating protein (50% Ethanol, 24.5% Acetone, 24.5% Methanol, 1% distilled water). Twenty micrograms of protein was boiled in sample buffer and separated by 10% sodium dodecyl sulfate-PAGE (SDS-PAGE), transferred to nitrocellulose membrane and analyzed by an ERα antibody (HC-20) (Santa-Cruz, sc-543) which recognizes the C-terminus of the protein or HMGA1a antibody (FL95; Santa Cruz). Anti-rabbit immunoglobulin G conjugated to alkaline phosphatase (Promega) was used as secondary antibody and detected by BCIP (5-bromo-4-chloro-3-indolylphosphate) (Promega).

Statistical Analysis

Data are presented as mean ± SD. Group differences were analyzed by Students t-test using Microsoft Excel.

RESULTS

HMGA1a Binds a Sequence in ERα Exon 1

In our previous reports, we showed that HMGA1a binds to RNA in sequence-specific manner (Manabe et al., 2003, 2007; Ohe and Mayeda, 2010). Here, we searched for other binding sites in other diseases. Since HMGA1a has been intensely studied in breast cancer as a transcription factor and that its expression correlates with its malignant potential, we were motivated to seek whether its RNA-binding characteristics have any involvement in the development of the disease. Accordingly, we found a candidate HMGA1a RNA-binding site in the estrogen receptor alpha (ERα) gene. It functioned in MCF-7 cells, induced estrogen-dependent growth in these cells as well as nude mice, and tamoxifen-resistant MCF-7 TAMR1 cells were sensitized to tamoxifen (Ohe et al., 2018). Here we show the in vitro analyses of HMGA1a-trapped U1 snRNP at the upstream pseudo 5′ splice site adjacent the HMGA1a RNA-binding site in ERα exon1, which is located downstream of several non-coding exons.

The candidate HMGA1a RNA-binding site was located 33 nucleotides upstream the authentic 5′ splice site (Figure 1A: HMGA1aBS-wt) of ERα exon 1. The 5′ splice site score of the adjacent pseudo-5′ splice site (MaxEnt: 8.67; Yeo and Burge, 2004) is comparable to the authentic 5′ splice site (MaxEnt: 8.63) of this exon. The HMGA1a RNA-binding candidate sequence is 5′-GCGGCUACACG-3′, a two-base mismatch of the original one we found previously, 5′-GCUGCUACAAG-3′ (Manabe et al., 2003, 2007; Ohe and Mayeda, 2010) (mismatch underlined). RNA electrophoretic mobility shift assay (EMSA) (Figure 1B).
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FIGURE 1. HMGA1a regulates alternative splicing of the ERα gene in MCF-7 cells. (A) Sequences of the HMGA1a RNA-binding sequence in ERα exon 1a is indicated (HMGA1a_BSwt). Arrows show the pseudo-5′ splice site and authentic 5′ splice site. Mutated bases are underlined (HMGA1a_BSmut). (B) HMGA1a binding to 32P-labeled RNAs were analyzed by RNA-EMSA. Increasing amounts of recombinant HMGA1a (0, 191, 383 ng in 15 μl) are indicated by minus signs and triangles. The shifted HMGA1a bound 32P-labeled RNA is indicated by arrowhead.



HMGA1a Induces Exon Skipping of a Shortened ERα Exon 1 in Vitro

ERα46 has been reported to be expressed through differential regulation of translation (Barraille et al., 1999), thus we needed to exclude this possibility by testing HMGA1a in an in vitro splicing assay where translational regulation is not observed. A heterologous pre-RNA transcript with the splice sites and flanking sequences of ERα exon 1 were inserted in the intron of a conventional splicing substrate, CDC14-15 (Sawa et al., 1988; Kataoka et al., 2000), designated CDC-ERα. Exon 1 was shortened for the limitations of length in splicing RNA in vitro (Mayeda and Krainer, 1999a). The RNA transcribed from CDC-ERα includes the HMGA1a RNA-binding sequence in a shortened ERα exon1 with flanking intron sequences inserted in intron between CDC exon 14 and 15 (Figure 2A). The splicing recapitulated that of cultured MCF-7 cells (Ohe et al., 2018), except that CDC-ERα showed exon skipping using HeLa nuclear extract in our in vitro splicing assay (Figure 2B, lane 2), thus we added SRSF1 and exon inclusion was observed (Figure 2B, lane 3). When HMGA1a was added to this reaction, an increase of exon exclusion was observed (Figure 2B, lane 4). Since HMGA1a is known to be highly expressed in HeLa cells, it is possible that the endogenous HMGA1a in HeLa nuclear extract induced exon skipping in our in vitro splicing assays before SRSF1 was added (Figure 2B, lane 2). Next, in order to observe the decoy effect of PS2 HMGA1a RNA-binding sequence, we extended the splicing reaction to 3 h without adding SRSF1. In this condition, no exon inclusion of CDC-ERα was observed (Figure 2B, lane 6). To confirm whether this exon skipping event was due to RNA-binding of HMGA1a, 2′-O-methyl RNA of the PS2 HMGA1a RNA-binding sequence (Manabe et al., 2007) was added to the reaction. While 2′-O-methyl RNA of mutant HMGA1a RNA-binding sequence showed no exon inclusion at 8 and 16 μM (Figure 2B, lane 7,8), 2′-O-methyl RNA of wild-type sequence showed clear exon inclusion at the same concentration (Figure 2B, lane 9,10). We believe that this induction of exon inclusion is significant in such limited exon inclusion conditions of this pre-mRNA substrate in vitro. The decoy effect of PS2 HMGA1a RNA-binding sequence was observed to inhibit alternative splicing induced by endogenous HMGA1a protein of MCF-7 cells (Ohe et al., 2018). Here we focus on HMGA1a-induced exon skipping of CDC-ERα and conducted further experiments to decipher the mechanism.
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FIGURE 2. HMGA1a regulates alternative splicing of ERα exon 1 in vitro. (A) Scheme shows CDC-ERα pre-mRNA: shortened [indicated as del. (deletion of nucleotides)] ERα exon 1 and flanking intron sequence (bold line) inserted in the intron (thin line) of CDC14-15 pre-mRNA. The 2′-O-methyl RNA used in (B) are shown on right side. (B) (left panel) HMGA1a induces exon skipping of CDC-ERα (lane 1). SRSF1 was added as indicated (lanes 3,4). Two hundred and eighty-seven nanograms in 12.5 μl reaction of recombinant HMGA1a was added in lane 4. (B) (right panel) 2′-O-methyl RNA of HMGA1a RNA-binding sequence increases exon inclusion. Fifty and one hundred picomoles of 2′-O-methyl RNA are indicated as triangles. White arrowhead shows increase of exon inclusion by HMGA1a RNA-binding sequence 2′-O-methyl RNA.



HMGA1a Anchors U1 snRNP to the Upstream Pseudo-5′ Splice Site of ERα Exon 1

In our previous report, we showed HMGA1a prevents normal dissociation of U1 snRNP from the 5′ splice site only when the 5′ splice site is adjacently downstream the HMGA1a RNA-binding sequence (Ohe and Mayeda, 2010). In the case of ERα exon 1, HMGA1a binds adjacently upstream a pseudo-5′ splice site located 33 nucleotides upstream of the authentic splice site (Figure 1). We tested whether HMGA1a could trap U1 snRNP to the pseudo-5′ splice site and block U1 snRNP-binding to the authentic 5′ splice site of ERα exon 1 by psoralen-mediated UV crosslinking assay (Figure 3B). We used the same RNA (HMGA1aBS-wt) in the RNA-EMSA experiments (Figure 1A), which contains the pseudo-5′ splice site and authentic 5′ splice site of ERα exon 1. Mutants of each 5′ splice site (Figure 3, A5′SSmut: mutant of authentic 5′ splice site, P5′SSmut: mutant of pseudo-5′ splice site) were used to define each U1 snRNP/5′ splice site crosslink. When purified U1 snRNP was added (5-min incubation), two crosslinks with fast and slow mobility were detected using HMGA1aBS-wt RNA (Figure 3B, lane 3). In the presence of HMGA1a, the fast mobility band increased intensity, while the slow mobility band was almost completely abolished (Figure 3B lane 4). The slow mobility crosslink found in HMGA1aBS-wt could not be detected using A5′SSmut, thus can be designated as the U1 snRNA/authentic 5′ splice site-crosslink. The fast mobility crosslink is difficult to judge because of its similar mobility with the internal crosslinks (Figure 3B, lane 2). This is also the case for A5′SS mut (Figure 3B, compare lanes 8, 9 with lane7) and P5′SS mut (Figure 3B, compare lanes 13, 14 with lane 12). When using P5′SS mut, the intensity of the slow mobility crosslink (U1 snRNA/authentic 5′ splice site) did not decrease, but rather increased in the presence of HMGA1a.


[image: image]

FIGURE 3. U1 snRNP is anchored to the upstream pseudo-5′ splice site in the presence of HMGA1a. (A) Aligned sequences of the short RNAs containing mutated authentic 5′ splice site (Amut) and mutated pseudo-5′ splice site (Pmut). Mutated bases are underlined. Arrows show the pseudo-5′ splice site and authentic-5′ splice site. (B) Radiolabeled RNA of (A) was crosslinked to purified U1 snRNP (234 ng in 12.5 μl) in the presence (287 ng in 12.5 μl) or absence of HMGA1a by psoralen and 365 nm UV light.



Taken together, an aberrant complex of HMGA1a-mediated trapping of U1 snRNP to the upstream 5′ splice site inhibited binding of U1 snRNP to the authentic-5′ splice site (Figure 4).
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FIGURE 4. Model and mechanism of HMGA1a-induced ERα alternative splicing. HMGA1a traps U1 snRNP to an upstream pseudo 5′ splice site and disrupts the function of the downstream authentic 5′ splice site.



DISCUSSION

HMGA1a is originally known as a DNA-binding transcription factor but we found it exerts abnormal exon skipping of the presenilin-2 gene in sporadic Alzheimer's disease through sequence-specific RNA binding to a sequence, 5′-GCUGCUACAAG-3′ (Manabe et al., 2003, 2007; Ohe and Mayeda, 2010). It has also been recently reported of other RNA targets for HMGA1a: regulating Vpr mRNA expression of the HIV gene (Tsuruno et al., 2011); and binding to 7SK snRNA through its DNA-binding domain and thereby affecting its own transcriptional regulation activity (Eilebrecht et al., 2011a,b,c). HMGA1a is known to be multifunctional (Reeves, 2001), with various functions in normal as well as pathophysiological contexts. Indeed, it has been reported as an important component of senescence-associated heterochromatic foci (Narita et al., 2006). This study expands the number of RNA targets of HMGA1a with important pathophysiological function as well as suggesting a novel mechanism in 5′ splice site choice.

Regulation of 5′ splice site function by upstream 5′ splice sites has been analyzed in previous studies and uncovered silencing sequences (Yu et al., 2008) as well as the discovery of upstream 5′ splice sites functioning as enhancers of the authentic 5′ splice site (Hicks et al., 2010). How the intron-proximal 5′ splice site is favored when two comparable 5′ splice sites exist, is not known (Roca et al., 2013). Here we showed an example of such two competing 5′ splice sites in exon 1 of the estrogen receptor alpha (ERα) gene. The 5′ splice site scores of the two 5′ splice sites are comparable both with a MAXENT score of 8.6. In normal expression of the ERα gene the intron-proximal 5′spice site is utilized. Regulation of U1 snRNP binding to alternative 5′ splice sites has been reported to occur during A complex formation, with no difference of U1 snRNP binding to upstream and downstream 5′ splice site in E complex (Hodson et al., 2012). U1 snRNP has been reported to protect a region that is 23 nucleotides upstream into the exon and 12 nucleotides downstream into the intron in PTB-independent conditions (Sharma et al., 2011). Since the two 5′ splice sites of ERα exon 1 are 33 nucleotides apart, the length in-between would allow both 5′ splice sites to bind U1 snRNP but would be in close proximity. We believe the two 5′ splice sites found in ERα exon 1 would be a good natural model in studying how the intron-proximal 5′ splice site is favored when the upstream 5′ splice site is in the closest range of simultaneous binding of U1 snRNP. From RNA-EMSA and psoralen crosslinking assays in this study, HMGA1a binded to an upstream sequence adjacent a pseudo 5′ splice site and inhibited U1 snRNP binding to the authentic 5′ splice site only in the presence of the upstream pseudo 5′ splice site. We believe U1 snRNP simultaneously binded to both 5′ splice sites of ERα exon 1 in the absence of HMGA1a, but when HMGA1a is added, U1 snRNP is trapped to form an aberrant complex which inhibits U1 snRNP binding to the authentic 5′ splice site (Figure 4).

However, there is still various limitations in this study. First, if U1 snRNP protection at the upstream 5′ splice site is extended more than U1 snRNP binding in PTB independent conditions (Sharma et al., 2011), U1 snRNP binding to authentic-5′ splice site would be inhibited. This may be the case because we observed an increase of U1 snRNP binding to the authentic 5′ splice site when the upstream 5′ splice site was mutated (Figure 3B, lane 14). An RNase H protection assay with an antisense oligonucleotide directed to check the occupancy of the authentic 5′ splice site would be able to answer this point. Second, there is still a possibility of HMGA1a trapping U1 snRNP to the authentic 5′ splice site. Though we previously found that HMGA1a traps U1 snRNP when the HMGA1a RNA-binding site is adjacent or at least within ten nucleotides of the 5′ splice site (Ohe and Mayeda, 2010), the sequence between the two 5′ splice sites of ERα exon 1 is extremely GC-rich (24 out of 32 nucleotides; 75%) and there is a strong possibility of secondary structure leading to close enough range of the HMGA1a RNA-binding site and 5′ splice site for HMGA1a-induced U1 snRNP trapping. This also well explains the increased crosslink of U1 snRNP and the authentic 5′ splice site when the upstream 5′ splice site was mutated (Figure 3B, lane 14).

Besides the precise mechanism of HMGA1a-induced silencing of the downstream authentic 5′ splice site of ERα exon 1, this event consequently induced exon skipping and expression of the isoform ERα46. Using decoy RNA that binded to HMGA1a and inhibited HMGA1a-induced exon skipping of ERα, we observed enhanced estrogen-dependent tumor growth and sensitization of tamoxifen-resistant tumor cells to tamoxifen due to increased expression of full length ERα by correction of alternative splicing (Ohe et al., 2018). We hope this HMGA1a-targeted therapy, along with its RNA-binding site, will enlighten a novel strategy in overcoming tamoxifen-resistant breast cancer.
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Many viruses strongly prefer to infect certain cell types, a phenomenon known as “tropism.” Understanding tropism’s molecular basis is important for the design of vaccines and antiviral therapy. A common mechanism involves viral protein interactions with cell-specific surface receptors, but intracellular mechanisms involving translation have also been described. In this report, we focus on Hepatitis A Virus (HAV) tissue tropism from the standpoint of the translational machinery. HAV genomic RNA, like other positive stranded RNA viruses, is devoid of a cap structure and its translation is driven by highly structured RNA sequences termed internal ribosome entry site (IRES) in the 5′ untranslated region (UTR). Unlike most viral IRESs, HAV IRES-mediated translation requires eIF4E and the 3′ end of HAV RNA is polyadenylated. However, the molecular mechanism of HAV IRES-mediated translation initiation remains poorly understood. We analyzed HAV-IRES-mediated translation in a cell-free system derived from either non-hepatic cells (HeLa) or hepatoma cells (Huh-7) that enables investigation of the contribution of the cap and the poly(A) tail. This revealed that HAV IRES-mediated translation activity in hepatoma cell extracts is higher as compared to extracts derived from a non-hepatic line. Our data suggest that HAV IRES-mediated translation is upregulated by a hepatic cell-specific activator in a poly(A) tail-independent manner.

Keywords: Hepatitis A Virus (HAV), internal ribosome entry site (IRES), translation regulation, tropism, translation initiation

INTRODUCTION

In eukaryotes, the vast majority of cellular mRNAs are capped at the 5′ end and polyadenylated at the 3′ end. Translation initiation on these mRNAs follows a well-defined pathway (Green et al., 2016) involving multiple stages governed by a large number of eIFs interacting with the mRNA and the ribosome (Jackson et al., 2010). The first step is recognition of the m7G cap structure by the eukaryotic initiation factor (eIF) 4F complex, which consists of an ATP-dependent RNA helicase eIF4A, a large scaffold protein eIF4G, and a cap binding protein eIF4E. eIF4G interacts with the poly(A) binding protein PABP and the interaction between these three proteins (eIF4E, eIF4G, and PABP) leads to circularization of the capped mRNA (Tarun and Sachs, 1995; Le et al., 1997; Imataka et al., 1998). The 43S pre-initiation complex (PIC), which consists of the ternary complex (eIF2–GTP–Met–tRNAi), several eIFs including eIF1, 1A, 3, and 5, and the 40S small ribosomal subunit, is recruited to the mRNA via the eIF4F complex.After binding to mRNA, the 43S PIC scans the mRNA 5′ UTR in a 5′ to 3′ direction until the Met–tRNAi recognizes the start AUG codon. The recognition of the start AUG codon leads to conformational changes that produce a stable 48S initiation complex. Subsequently some eIFs are released, and then the 60S large ribosome subunit is recruited to form an 80S initiation complex ready to synthesize encoded peptide.

Capping and polyadenylation of cellular mRNA occurs in the nucleus, co-transcriptionally (Moteki and Price, 2002; Richard and Manley, 2009). However, many RNA viruses replicate in the cytoplasm and viral proteins are synthesized from their mRNA without cap structure. Picornaviruses that are positive-stranded RNA viruses replicate in the cytoplasm, but their mRNAs have a poly(A) tail synthesized by a viral RNA polymerase. In contrast, picornavirus mRNA lacks a cap structure. Instead of cap structure, a viral protein (VPg) is covalently linked to the 5′ end. Picornavirus mRNA is translated via an internal ribosome entry site (IRES) in its 5′ UTR. Viral IRES are highly structured RNA sequences that recruit the ribosome onto mRNA in a cap independent manner. IRES elements were initially reported in poliovirus (PV) and encephalomyocarditis virus (EMCV) genomes (Jang et al., 1988; Pelletier and Sonenberg, 1988). It has been demonstrated that the viral mRNAs of all members of the Picornaviridae family are translated in an IRES dependent manner (Martinez-Salas et al., 2015). Picornavirus IRESs can be classified into three groups by eIFs/cellular proteins requirement and scanning mechanism. The picornavirus type I IRESs (e.g., Enterovirus, Rhinovirus) and type II IRESs (e.g., Cardiovirus and Aphthovirus) require almost all of initiation factors, except for eIF4E, to stimulate the IRES activity. Moreover, some cellular proteins, known as IRES trans-acting factors (ITAFs) stimulate the type I and II IRESs activity. ITAFs have typically been identified using biochemical approaches. They are usually RNA-binding proteins (e.g., polypyrimidine tract binding protein; PTB) and can regulate IRES-dependent translation both positively and negatively (Graff et al., 1998; Hunt and Jackson, 1999; Gosert et al., 2000; Yi et al., 2000; Cordes et al., 2008). The picornavirus type I and type II IRES are classified by scanning mechanism. The 3′ border of type I and II IRES harbors the Yn-Xm-AUG motif in which Yn (pyrimidine-rich tract; n = 8–10 nt) is separated by a spacer (Xm; m = 18–20 nt spacer) from an AUG triplet. In the case of type I IRES, recruited ribosome to Yn-Xm-AUG motif scans the downstream spacer region (at a distance of ∼160 nt) for translation initiation on the authentic AUG (Hellen et al., 1994). On the other hand, in the case of type II IRES, ribosome is recruited to AUG codon of Yn-Xm-AUG motif directly without scanning (Kaminski et al., 1994). The picornavirus IRES type III (e.g., HAV) requires all of initiation factors including eIF4E and some ITAFs to stimulate the IRES activity.

The host and tissue tropisms of viruses are determined by multiple host and viral factors. In general it is well accepted that there are two major types of viral tropism, receptor-dependent and -independent tropism. The translation machinery is one of the important factors for determining receptor-independent tropism, since the host translation machinery is used to express viral proteins, and thus, to regulate viral propagation (Niepmann, 2009). Tissue-specific expression of ITAFs could help to explain viral tissue tropism on the translational level. For example, ITAF45, also known as erbB-3-binding protein 1 (Ebp1), binds to foot-and-mouth disease virus (FMDV) IRES and stimulates IRES activity. ITAF45 expresses in proliferating cells during the S phase but not during cell cycle arrest (Radomski and Jost, 1995). Therefore, FMDV IRES is activated only in proliferating tissue, characterizing the virus as endotheliotropic (Pilipenko et al., 2000). miR-122 that is expressed preferentially in liver cells is one of the trans-acting factors for regulating HCV translation (Lagos-Quintana et al., 2002; Sempere et al., 2004; Chang et al., 2004; Fu et al., 2005). miR-122 contributes to stimulation of HCV translation by recognition of a cis-acting element on the 5′ UTR of its mRNA, and thus, miR-122 is one factor determining HCV liver tropism on the level of translation (Henke et al., 2008).

Hepatitis A Virus (HAV), a member of the Picornaviridae family, is one of the major causative agents of acute hepatitis. HAV infection does not cause chronic liver disease, but superinfection of HAV with hepatitis B virus or HCV may affect the natural history of HBV and HCV related to liver cirrhosis and cancer (Lemon et al., 2017). HAV mRNA contains an IRES element in its 5′ UTR, a single open reading frame, and is polyadenlyated (Brown et al., 1991). The translational mechanism driven from Picornaviral IRES is determined by characteristic of the IRES element. IRES elements of picornaviruses are categorized into three groups and the HAV IRES belongs to type III. In the case of HAV IRES-mediated translation, the first event of translation initiation is that eIF4F complex recognizes the IRES element (Borman et al., 2001). Interestingly, it has been demonstrated that eIF4E, the cap binding protein, is required for activation of HAV IRES-mediated translation although HAV mRNA does not have cap structure (Ali et al., 2001). Subsequently the 43S PIC and the 60S large ribosome subunit are recruited onto HAV mRNA, followed by synthesis of the viral polyprotein. HAV IRES activity was found to be stimulated by two ITAFs, PTB and poly(rC) binding protein 2 (PCBP2) (Graff et al., 1998; Gosert et al., 2000). Conversely, two negative ITAFs that repress HAV IRES activity were identified: GAPDH and La autoantigen (Yi et al., 2000; Cordes et al., 2008). It was suggested that HAV IRES-mediated translation could explain hepatotropism (Borman et al., 1997). However, the reported positive and negative ITAFs for HAV translation are broadly expressed in many tissues. Thus, the hepatocyte specific translational mechanism of HAV mRNA remains unclear.

In this study, we focus on hepatic cell-specific translation mediated by the HAV IRES. We previously established a cell-free translation system using human cervical carcinoma cell (HeLa) extracts (Fukao et al., 2009). Thus, to analyze hepatic cell-specific translation mechanisms, we adapted this system to the human hepatoma cell (Huh-7) and established a cell-free translation system using Huh-7. By measuring HAV IRES-mediated translation activity in Huh-7 and HeLa cell extracts, we show that an HAV IRES reporter mRNA is translated more efficiently in Huh-7 cell extracts than in HeLa cells. Translation extract mixing experiments demonstrate that this effect is due to a positive-acting factor in the Huh-7 cell extracts. Moreover, translational enhancement mediated by the HAV IRES in Huh-7 cell extracts was also observed with a reporter mRNA lacking a poly(A) tail. Our results support the idea that HAV is highly hepatotropic on a translational level and suggest that liver cell-specific components can stimulate translation of this IRES through a mechanism that does not involve the poly(A) tail.

MATERIALS AND METHODS

Plasmids

Reporter plasmid (pBSII-Nluc-A114) encoding NanoLuc (Nluc) luciferase was constructed previously (Fukao et al., 2014). To obtain the plasmid encoding HAV-IRES-Nluc-A114 and EMCV IRES-Nluc-A114 (pBSII-HAV-IRES-Nluc-A114 and pBSII-EMCV-IRES-Nluc-A114), the total synthesized HAV-IRES sequence (Borman et al., 1995) (invitrogen) and the total synthesized EMCV-IRES were inserted upstream of Nluc gene of pBSII-Nluc-A114.

In vitro Transcription

Plasmids were linearized downstream of A114 or the Nluc gene with HindIII or XbaI, respectively. Linearized plasmids with HindIII or XbaI were used as templates to synthesize mRNA with or without a poly(A) tail. mRNAs were synthesized in the presence of either 7mGpppG (cap), ApppG (Acap) or in the absence of cap analog (Nocap) with previously described protocol(Duncan et al., 2009). The synthesized RNAs were purified by RNeasy Mini Kit (QIAGEN).

Cell Culture and in vitro Translation

Huh-7 and HeLa cells were cultured in Dulbecco’s modified Eagle’s medium (Gibco) supplemented with 5% fetal bovine serum. Cells were detached for preparation of cell extracts by 2.5 g/l-Trypsin Solution (Nacalai) when cell outgrowth had reached 90% confluence. Detached cells were collected by centrifugation at 700 × g for 2 min and washed two times in phosphate buffered saline (PBS) at 4°C. Pelleted cells were suspended in 1 volume of ice cold lysis buffer (Thoma et al., 2004). After 5 min on ice, cells were lysed with 12 strokes with needle. Following centrifugation of the homogenate at 10,000 × g for 10 min at 4°C, supernatant was collected as cell extracts. These cell extracts were dialyzed with lysis buffer, and dialyzed cell extracts were used for translation reaction. A total of 8 μl of nuclease-untreated HeLa or Huh-7 cell extracts, 10 μl of reaction buffer (30 mM Hepes-KOH buffer [pH 7.4], 8 mM creatine phosphate, 0.5 mM spermidine, 1 mM ATP, 0.2 mM GTP, 20 μM amino acids, 1.5 mM magnesium acetate, 80 mM potassium acetate, 40 μg/ml creatine kinase), and 2 μl of 10 ng/μl reporter mRNA were incubated at 37°C for 30 min. The reaction was stopped by liquid N2, and the luciferase reporter assay was performed according to the manufacturer’s protocol (NanoGlo Luciferase Assay Systems, Promega).

Northern Blot Analysis

Total RNA was extracted from in vitro translation reaction mixtures after luciferase re- porter assays using ISOGEN II (Nippon Gene). Samples were separated in a 1.0% formaldehyde-containing agarose gel and transferred onto a nylon membrane (Pall). After blotting RNAs onto nylon membrane, the membrane was dyed by methylene blue solution (0.04% methylene blue, 0.5M NaOAc [pH 5.3]). The stained membrane was subjected to analysis under bright field with the LAS-4000 image analyzer (Fuji). Reporter mRNAs were detected with digoxigenin (DIG)-labeled RNA probe complementary to the Nluc gene in hybridization buffer (50% formamide, 750 mM NaCl, 75 mM Trisodium Citrate, 2% Blocking Reagent, 0.1% SDS, 0.1% N-Lauroylsarcosine, 200 ng/μl yeast tRNA) at 60°C for 12 h. The hybridization signal was detected with CDP Star (Roche) as the reaction substrate according to the manufacturer’s instructions. The membrane was subjected to analysis with an LAS-4000 image analyzer.

Sucrose Density Gradient Assay

In vitro translation was scaled up to 40 μl and performed at 37°C for 10 min. After 10 min incubation, 0.5 μl of 100 mg/ml cycloheximide was added to stop the translation reaction. The reaction mixture was loaded on the top of 11 ml of a linear 5–25% sucrose gradient (5–25% sucrose in 20 mM HEPES-KOH [pH 7.6], 150 mM potassium acetate, 5 mM MgCl2). After centrifugation at 38,000 rpm for 2.5 h at 4°C in a HITACHI P40ST rotor, 11 fractions (each 1 ml) were collected from the top of the gradient using a piston gradient fractionator (BIOCOMP). Total RNA was extracted from each fraction, and Nluc mRNA was detected by Northern blotting.

RESULTS

Cap- and Poly(A)-Dependent Translation Huh-7 Cell Extracts

To elucidate HAV IRES-mediated translation preference for cell extracts, we established a cell-free translation system from HeLa cell and human liver cell (hepatoma) Huh-7 extracts. To assess our in vitro translation system, we measured Nluc activity from reporter mRNAs with an m7GpppG cap, analogous to the physiological cap, or a non-physiological ApppG cap analog (Acap) that is not recognized by eIF4E and with or without poly (A) tail. Reporter mRNAs were incubated with HeLa and Huh-7 cell extracts at 37°C for 30 min. In HeLa cell extracts, translation activity of cap-Nluc-poly(A) mRNA was approximately 7 times higher than that of cap-Nluc mRNA, and 5.5 times higher than that of Acap-Nluc-poly(A) mRNA (Figure 1A). In Huh-7 cell extracts, translation activity of cap-Nluc-poly(A) mRNA was approximately 3.5 times higher than that of cap-Nluc mRNA, and 75 times higher than that of Acap-Nluc-poly(A) mRNA (Figure 1B). Moreover, translation activity of the other reporter mRNAs [Nocap-Nluc-poly(A), Acap-Nluc, Nocap-Nluc] were 8–500 times lower than cap-Nluc-poly(A) mRNA. In principle, differences in mRNA stability could contribute to the observed differences in luciferase activity. To address this issue, we measured reporter mRNA levels at the end of the different translation reactions. We detected no significant differences in the amount of reporter mRNAs in HeLa (Figure 1A). On the other hand, in Huh-7 cell extracts, Nocap-Nluc-poly(A) mRNA was degraded after translation reaction, but the other reporter mRNAs were stable after translation reaction (Figure 1B). These data indicates that the observed differences of translation activity are due to different translational efficiencies, except for Nocap-Nluc-poly(A) in Huh-7. These results show that our in vitro translational system with HeLa and Huh-7 extracts can analyze cap- and poly(A)-dependent translation.
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FIGURE 1. Cap structure and poly(A) tail synergy in the HeLa- and Huh-7-derived cell free translation system. (top panel) HeLa (A) or Huh-7 (B) translation extracts were mixed with the indicated Nanoluc (Nluc) reporter mRNAs at 37°C for 30 min. The luciferase light units are shown. Error bars reflect the standard deviation of values in at least three independent experiments. (bottom panel) Physical stabilities of the indicated mRNAs at the end of the incubation were analyzed by Northern blotting.



HAV IRES-Mediated Translation Is Enhanced in Huh-7 Cell Extracts

Next, we analyzed whether translation mediated by the HAV IRES is enhanced in liver-derived hepatoma cells by comparing in vitro translation activities of HAV IRES reporters in HeLa or Huh-7 extracts. We used a monocistronic Nluc reporter mRNA containing a HAV IRES element in the 5′ UTR, as this configuration has been argued to be superior to dicistronic mRNAs for evaluating IRES-mediated translation (Song et al., 2006; Jünemann et al., 2007). The HAV IRES reporter mRNA not attached cap analog was unstable after 30 min incubation in our Huh-7 in vitro translation system, compared with a non-canonical Acap attached reporter mRNA (Supplementary Figure S1). Therefore, to analyze HAV IRES mediated translation and to inhibit reporter mRNA degradation, an Acap is attached to the 5′ end of the reporter mRNA which conjugated HAV IRES element. The translation activity of Acap-HAV-IRES-Nluc-poly(A) mRNA in Huh-7 cell extracts was approximately 35 times higher than in that in HeLa cell extracts (Figure 2A). Moreover, the translation activity driven by HAV IRES was analyzed in another liver-derived hepatoma cells, HepG2. Compared with HeLa cell, HAV IRES-mediated translation was enhanced in HepG2 cell extracts (Supplementary Figure S2). To determine whether this was due to effects on mRNA stability or translation, we again examined the amount of reporter mRNA after translation reactions by Northern blotting. The indicated reporter mRNA [Acap-HAV-Nluc-poly(A)] level in Huh-7 cell extracts was slightly lower than in HeLa cell extracts (Figure 2B). On the other hand, the reporter mRNA level in HepG2 cell is similar to those in HeLa cell extracts (Supplementary Figure S3). These results imply that HAV IRES-mediated translation is more efficient in extracts from the liver-derived Huh-7 or HepG2 cells than in HeLa, which have a cervical origin, not because of mRNA stability but because of translation regulation.
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FIGURE 2. Translation driven from HAV IRES in Huh-7 in vitro translation system is more efficient than in HeLa. (A) HeLa or Huh-7 translation extracts were mixed with Acap-HAV-IRES-Nluc-poly(A) or Acap-Nluc-poly(A) reporter mRNAs. HAV IRES-mediated translation was normalized by Acap-Nluc-poly(A) mRNA translation. The mean values ±SD from three independent experiments are shown. The asterisk indicates a statistically significant difference (p < 0.05). (B) Physical stabilities of the Acap-HAV-IRES-Nluc-poly(A) mRNA at the end of the incubation were analyzed by Northern blotting.



80S Ribosome Assembly on a HAV IRES Reporter mRNA Is More Efficient in Huh-7 Extracts

We next performed sucrose density gradient assays to analyze which step of HAV IRES-mediated translation might be more efficient in Huh-7 cell extracts vs. HeLa cell extracts. 28S rRNA and 18S rRNA, the components of 60S and 40S ribosomal subunits respectively, were mainly collected at fraction number 8-9 (bottom panels of Figures 3A,B). Thus, we defined fraction number 8–9 as the 80S fraction. Cap-Nluc-poly(A) mRNAs were mainly present in the ribosome-free fractions (fraction number 2–4) in both HeLa and Huh-7 cell extracts (Figure 3A). However, approximately 10% of cap-Nluc-poly(A) mRNAs were present with 80S fractions (fraction number 8–9) in HeLa and Huh-7 cell extract, indicating that the 80S initiation complex formed on the added mRNA suggesting that the mRNAs were translating. When Acap-HAV-IRES-Nluc-poly(A) mRNAs were used as reporters, only a small amount of Acap-HAV-IRES-Nluc-poly(A) mRNAs were present in 80S fractions in HeLa cell extracts, while approximately 20% of the reporter mRNAs were present in 80S fractions in Huh-7 cell extracts (Figure 3B). These results suggest that the 80S initiation complex is formed much more efficiently on the Acap-HAV-IRES-Nluc-poly(A) mRNA in Huh-7 extracts than in HeLa extracts. Thus, the difference in translational efficiencies between these two extracts is mediated mostly or exclusively at the level of translation initiation.
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FIGURE 3. HAV IRES-mediated translation is stimulated in Huh-7 cell extracts at the level of 80S initiation complex formation. Sucrose density gradient assay of initiation complexes formed after 10 min incubation in HeLa (black triangle) or Huh-7 (open circle) cell extracts with the cap-Nluc-poly(A) reporter mRNA (A) or Acap-HAV-IRES-Nluc-poly(A) reporter mRNA (B). (top panel) The amount of reporter mRNA in each fraction is indicated as a percent of total mRNA signal. The mean values ±SD from three independent experiments are shown. (middle two panels) The reporter mRNAs of each fraction were detected by Northern blotting using Nluc probe. (bottom panel) rRNAs were detected by methylene blue stain.



A HAV IRES Reporter mRNA Lacking a Poly(A) Tail Is Still Translated More Efficiently in Huh-7 Cell Extracts Than in HeLa Cell Extracts

The HAV mRNA is polyadenylated and the poly(A) tail is a known translational enhancer element. Thus, we next asked whether the enhanced HAV IRES-mediated translation in Huh-7 cell extracts depended on a poly(A) tail. We compared the translational activity of HAV IRES reporter mRNAs with or without poly(A) tails in HeLa and Huh-7 cell extracts. In both types of extracts, the relative translational activity of Acap-HAV-IRES-Nluc mRNA was 3–4 times lower than that of Acap-HAV-IRES-Nluc-poly(A) (Figures 4A,B). This was due to differences in translation efficiency, not mRNA stability, since levels of the reporter mRNAs at the end of the reactions were similar (Figures 4A,B). These results show that the poly(A) tail promotes translation of HAV IRES-containing mRNAs in both HeLa and Huh-7 cell extracts.
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FIGURE 4. Enhanced activity of the HAV IRES in Huh-7 vs. HeLa extracts is independent of the poly(A) tail. (top panel) HeLa (A) or Huh-7 (B) in vitro translation were performed with Acap-HAV-IRES-Nluc-poly(A) or Acap-HAV-IRES-Nluc reporter mRNAs. HAV IRES-mediated translation was normalized by cap-dependent translation. The mean values ±SD from three independent experiments are shown. (bottom panel) Physical stabilities of the Acap-HAV-IRES-Nluc-poly(A) and Acap-HAV-IRES-Nluc mRNAs at the end of the incubation were analyzed by Northern blotting. (C) Comparison of Acap-HAV-IRES-Nluc-poly(A) relative light units between in HeLa and in Huh-7 cell extracts. (D) Comparison of Acap-HAV-IRES-Nluc relative light units between in HeLa and in Huh-7 cell extracts. The asterisks indicate in (A–D) statistically significant differences (p < 0.05).



Next, we compared relative translational activity of the HAV IRES reporter mRNA lacking a poly(A) tail in HeLa cell extracts and Huh-7 cell extracts. The enhancement of translation mediated by HAV IRES in Huh-7 cell extracts still occurred even when the poly(A) tail was deleted from the reporter mRNAs (Figures 4C,D). This result clearly demonstrates that the difference in translational efficiencies of the HAV IRES in Huh-7 cell extracts vs. HeLa cell extracts is independent of the poly(A) tail.

Huh-7 Cell Extracts Contain an Activator of HAV IRES-Mediated Translation

In principle, there are two different mechanistic explanations for the difference in HAV IRES translational efficiency in Huh-7 and HeLa extracts: (i) HAV IRES-mediated translation is repressed in HeLa cell extracts by a repressor or (ii) HAV IRES-mediated translation is stimulated in Huh-7 cell extracts by an activator. To distinguish between these possibilities, we performed in vitro translation assays where we mixed a constant amount of Huh-7 cell extracts with increasing amounts of HeLa cell extract and vice versa.

First, we analyzed whether addition of HeLa cell extracts repress relative Nluc activity from Acap-HAV-IRES-Nluc-poly(A) mRNA in the Huh-7 in vitro translation system. Addition of increasing amounts of HeLa cell extracts to Huh-7 extracts did not affect HAV IRES-mediated translation (Figure 5A). As a control, we also analyzed the effect of adding Huh-7 cell extracts in parallel (Figure 5B). This also did not have any additional effect, as expected. Thus, if HeLa cells do not contain a repressor, it is not active under these assay conditions. Next, we analyzed whether addition of Huh-7 cell extracts to HeLa cell extracts increased relative luciferase activity of Acap-HAV-IRES-Nluc-poly(A) mRNA. The relative luciferase activity from Acap-HAV-IRES-Nluc-poly(A) reporter mRNA was enhanced by addition of increasing amounts of Huh-7 cell extracts to HeLa cell extracts (Figure 5D). This was a specific effect of adding Huh-7 extracts, since addition of HeLa cell extracts to HeLa cell extracts did not affect the relative luciferase activity (Figure 5C). Taken together, these results strongly suggest that a component of Huh-7 cell extracts stimulates HAV IRES-mediated translation.
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FIGURE 5. Huh-7 cell extracts contain a factor that promotes HAV IRES-mediated translation. Huh-7-based (A,B) or HeLa-based (C,D) in vitro translation reaction were performed with Acap-HAV-IRES-Nluc-poly(A) reporter mRNA. In vitro translation reactions were carried out in the presence of additional cell extracts (gray bars: HeLa, dotted bars: Huh-7) or absence of them (black bar). Each bottom panel indicates the volume of additional cell extracts added. The total volume of reaction mixture was not changed. HAV IRES-mediated translation was normalized by cap-dependent translation. Fold stimulation by additional cell extracts was calculated by dividing relative light units of Acap-HAV-IRES-Nluc-poly(A) obtained in translational effector-added translation reactions by those in lysis buffer-added translation reactions, which are set as 1 (symbolized as dotted line). The mean values ±SD from three independent experiments are shown. The asterisk indicates statistically significant differences in additional HeLa cell extracts (C) or Huh-7 cell extracts (D) in HeLa-based in vitro translation system (p < 0.05).



DISCUSSION

A fundamental aspect of viral biology is that different viruses infect different classes of cells, a phenomenon known as “tropism.” There is strong evidence that this can involve cell type-specific extracellular viral receptors, but there is also evidence that intracellular factors are involved (Henke et al., 2008; Schieck et al., 2013; Yan et al., 2013). Given the central importance of translation for viral replication, factors that regulate viral translation in a cell-selective manner could affect viral cell tropism. However, direct evidence for this idea has only been generated in a limited number of cases (Malnou et al., 2002; Guest et al., 2004). A limitation has been that most mechanistic studies using in vitro translation systems did not use extracts from the relevant cell types. In this study, we used cell-free translation systems to provide evidence for HAV hepatotropism at the translational level. By comparing HAV-IRES translational activity in extracts derived from target (liver) and non-target (cervical) cell types, we provide evidence for the existence of a factor in liver-derived cell types that functions in a poly(A) tail-independent manner to enhance translation initiation driven by the HAV IRES.

Hepatitis A Virus, a member of the picornavirus family, exhibits hepatotropism, meaning that it selectively infects liver cells, and thereby causes hepatitis A. Why does HAV infect liver cells selectively? Dotzauer et al. (2000) reported that liver-specific expression of the asialoglycoprotein receptor (ASGPR) contributes to hepatotropism of HAV infection through direct interaction with HAV-specific immunoglobulin A. However, for other viruses such as PV and HCV, IRES-mediated translation occurs in a tissue-specific manner driven by cell-specifically expressed trans-acting factors (Guest et al., 2004; Henke et al., 2008). Therefore, we hypothesized that HAV IRES-mediated translation might also be a mechanism underlying HAV hepatotropism. To investigate this hypothesis, we established an in vitro cell-free translation system from liver hepatoma Huh-7 cell extracts. We directly compared translational activity mediated by the HAV IRES in these extracts to parallel extracts derived from HeLa cells, a non-liver cell line. Previously, a cell-free translation system with rabbit reticulocyte lysates (RRL) mixed with HeLa cell extracts has been utilized to analyze the HAV IRES-mediated translation mechanism (Ali et al., 2001; Borman et al., 2001; Michel et al., 2001). We thought that a cell-free translational system from liver derived cells was more likely to capture natural regulation of the HAV IRES and thus would be useful to study hepatotropism at the translational level. Thus, we adapted a cell-free translation system involving only human cell extracts (Fukao et al., 2009) to Huh-7 cells. Both cap- and poly(A)-dependent translation occurred in our in vitro translation system (Figure 1). In this study, cell extracts were not treated with micrococcal nuclease because the HAV IRES-mediated translation activity was decreased by nuclease treatment (data not shown). The reason why nuclease treatment decreases HAV IRES-mediated translation in Huh-7 cell extracts is not known, but endogenous RNA, including mRNA and miRNA, may be required for HAV IRES-mediated translation.

It has been reported that translation mediated by HAV IRES is efficient in Huh-7 cells by evaluation of the translational level of HAV IRES-conjugated mRNA derived from transfected plasmids (Mackiewicz et al., 2010). Our data about HAV IRES-mediated translation provide direct evidence for this proposal. Moreover, the results of sucrose density gradient analysis emphasize that HAV IRES-mediated translation undergoes translation initiation more efficiently in Huh-7 cell extracts than in HeLa cell extracts. These data provide direct evidence that the HAV mRNA translational mechanism is more efficient in extracts from targeted cell types. On the other hand, EMCV mRNA translation was not enhanced in Huh-7 cell extracts, compared with HAV mRNA (Supplementary Figure S3). These data means that HAV IRES-mediated translation is enhanced specifically in targeted cell extracts. Translation enhancement is one of the contributing factors to viral tropism, expected to be partially determined HAV hepatotropism on the translational level.

All picornavirus mRNAs are polyadenylated, and the poly(A) tail of picornaviruses is necessary for infectivity and minus-strand RNA synthesis (Spector and Baltimore, 1974; Hruby and Roberts, 1976; Herold and Andino, 2001). In this study, we analyzed the poly(A) tail function for HAV IRES-mediated translation. Our data suggested that the poly(A) tail stimulates HAV IRES-mediated translation in HeLa cell extracts, consistent with a previous report (Bergamini et al., 2000). This result also indicates that our in vitro translation system can analyze the poly(A)-dependency of cap-independent translation. In Huh-7 cell extracts, we confirmed that the poly(A) tail promoted HAV IRES-mediated translation. These results suggest that HAV IRES-mediated translation can be stimulated by a poly(A) tail in Huh-7 cell as well as in HeLa cell extracts. The poly(A) tail interacts with PABP, which mediates efficient translation by circularization of HAV IRES mRNA via an IRES-eIF4G-PABP-poly(A) interaction (Michel et al., 2001). Our results show that HAV IRES mRNA without a poly(A) tail is nevertheless translated more efficiently in Huh-7 cell extracts than in HeLa cell extracts. Thus, efficient translation of HAV IRES mRNA in Huh-7 cell extracts does not depend on mRNA circularization via the poly(A) tail. Rather our data are most consistent with recognition of the HAV IRES element by a trans-acting factor in Huh-7 cells that stimulates translation in a poly(A) tail-independent manner.

Known IRES trans-acting factors (ITAFs) can either promote IRES-mediated translation or repress it (Graff et al., 1998; Gosert et al., 2000; Yi et al., 2000; Cordes et al., 2008). Moreover, for HCV, a specific miRNA is known to stimulate IRES-mediated translation (Henke et al., 2008). Our data clearly show that HAV IRES-mediated translation was promoted specifically by a liver cell-specific activator present in our Huh-7 cell translation extracts. This factor could be a liver-specific ITAF, miRNA, or a completely new class of translational regulatory factor. Identifying the factor will be crucial to fully elucidating the mechanism of HAV IRES-mediated translational enhancement in liver cells. We expect that our Huh-7 cell in vitro translation system will be instrumental for studying HAV mRNA translation. However, we also expect it to be useful for mechanistic analysis of liver-specific translational regulation of other mRNAs.
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Integrative analysis using omics-based technologies results in the identification of a large number of putative short open reading frames (sORFs) with protein-coding capacity within transcripts previously identified as long noncoding RNAs (lncRNAs) or transcripts of unknown function (TUFs). sORFs were previously overlooked because of their diminutive size and the difficulty of identification by bioinformatics analyses. There is now growing evidence of the existence of potentially functional micropeptides produced from sORFs within cells of diverse species. Recent characterization of a few of these revealed their significant divergent roles in many fundamental biological processes, where some also show important relationships with pathogenesis. Recent works therefore provide new insights for exploring the wealth of information that may lie within sORF-encoded short proteins. Here, we summarize the current progress and view of micropeptides encoded in sORFs of protein-coding genes.
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INTRODUCTION

Identification of a large number of RNA transcripts by genome-wide analysis suggests a complex network of transcripts that includes tens of thousands of long noncoding RNAs (lncRNAs) and transcripts of unknown function (TUFs) (Carninci et al., 2005; Willingham et al., 2006; Birney et al., 2007; Kapranov et al., 2007). Recent studies have suggested that lncRNAs and TUFs in the human genome represent the greatest source for short open reading frames (sORFs), which were previously overlooked because of their small size and the lack of evidence for “codingness” (Frith et al., 2006; Cohen, 2014; Pauli et al., 2015). As a result, sORFs embedded in lncRNAs and TUFs have not been adequately studied.

sORF-encoded micropeptides first attracted the attention of a group of scientists during their study of lncRNA (Rohrig et al., 2002). From that point, many studies have been carried out to identify potential sORF candidates, and whether there are any more of them that can encode functional micropeptides. Recent advancements in bioinformatics, proteomics and transcriptomics have revealed that traditional computational algorithms used in searches for many potent ORFs may have included oversights as many studies have now identified hundreds of non-annotated sORFs that have coding potential for micropeptides (Ingolia et al., 2011; Slavoff et al., 2013; Bazzini et al., 2014) from yeast (Smith et al., 2014) to plants (Hanada et al., 2013; Lauressergues et al., 2015) and humans (Ingolia et al., 2014; Ma et al., 2014). sORF-encoded proteins have emerged as a new, functional class because of their role in many biological activities (Crappé et al., 2014). The diverse biological functions of this new group of short proteins have attracted the attention of the scientific community and increased interest in studying them in more detail (Saghatelian and Couso, 2015; Makarewich and Olson, 2017).

Here, we give a brief overview of the various approaches recently used to identify sORF- encoded micropeptides and their biological function. Based on the results of previous studies, we also try to identify the potential ideas and strategies that can be implemented to characterize other micropeptides' functionalities. Finally, we review the diverse biological function of micropeptides that have been found up until recently, from plants to animals. These suggesting that many biologically significant micropeptides may be concealed in the hidden world of proteomes.

MORE DEVELOPED TECHNIQUES IDENTIFY MORE POTENT SORF-ENCODED MICROPEPTIDES

Traditional computational prediction of protein-coding ORFs relies on a number of stringent criteria to remove meaningless ORFs, such as size cutoff of 300 nucleotides, AUG start codon usage, and sequence conservation (Gish and States, 1993; Kochetov, 2005), rendering them inappropriate for sORF detection. Hunting for these tiny treasures has therefore posed a great challenge.

However, with the advancement of technology, the challenge has begun to be addressed effectively. Both computational and experimental approaches have made it easier to explore the complexity of the small proteome. Several approaches have been taken to systematically annotate sORFs with coding potential. Along with other conventional strategies, such as cross-species comparison, examination of codon content and coding features used to identify ORFs, various metrics and methods have been developed and are playing prominent roles in identifying putative sORFs (Table 1).


Table 1. Computational and experimental approaches to protein-coding sORFs.
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Ribosome profiling has emerged as a technique for comprehensively and quantitatively measuring translation (Ingolia et al., 2014; Smith et al., 2014). Based on modification of ribosome foot printing, it is mainly premised on deep sequencing of ribosome-protected mRNA fragments to obtain a global snapshot of translation. Application of ribosome profiling has provided several key findings, including prodigious use of non-ATG initiation codons, as well as identification of polycistronic genes, upstream ORFs and overlapping ORFs. Hundreds of putative non-annotated protein-coding sORFs have recently been identified in eukaryotic genomes by using this technique (Ingolia et al., 2011; Bazzini et al., 2014).

However, ribosome occupancy does not always mean true translation, as indicated by the identification of many well-characterized nuclear lncRNAs in a ribosome profiling assay (Brannan et al., 1990; Guttman et al., 2013). Many ORFs are associated with ribosomes to regulate the translation of downstream ORFs. This suggests ribosome profiling is not sufficient evidence of protein synthesis. To differentiate more effective protein-coding transcripts from noncoding RNAs, several algorithms and metrics have been developed based on their ribosome-profiling characteristics, including RRS (Guttman et al., 2013), FLOSS (Ingolia et al., 2014), ORF-RATER (Fields et al., 2015), and Ribo taper (Calviello et al., 2016).

Poly-Ribo-Seq, a modification of a ribosome-profiling method, enriches polysomes that are more likely to be actively translating mRNA into proteins. Poly-Ribo-Seq was successfully used to identify several sORFs in the Drosophila genome (Galindo et al., 2007; Aspden et al., 2014).

Mass spectrometry (MS) peptidomics and proteomics experiments have recently been applied to identify sORF-encoded micropeptides. MS is advantageous compared with ribosome profiling, as it directly detects the peptide generated from ORFs and therefore validates the production of peptides. However, the bias of MS toward more abundant proteins means it only detects the peptides abundant in cells. Analysis of tandem mass spectrometry (MS/MS) data that mapped expressed peptides to their encoding genomic loci and transcriptome data generated by ENCODE has identified 85 unique peptides that match with 69 lncRNAs (Bánfai, 2012). Slavoff et al. developed a modified proteomic strategy, known as proteogenomics to identify and validate more potent sORFs, wherein they compiled a custom mRNA-seq derived polypeptide database to identify MS fragmentation spectra. In this approach, the proteome is enriched to isolate small polypeptides before proteomic analysis. Through this strategy, 86 uncharacterized SEPs (sORF-encoded polypeptides) of 90 were identified in K562 cells (Slavoff et al., 2013). There are also still some difficulties to consider. The average tissue content of micropeptides is very low, and they are often subjected to degradation or loss during sample preparation, which further impedes their identification. As a result, many micropeptides produced in cells may be absent in MS analysis. New and alternative extraction methods may prove more effective in extracting and identifying micropeptides. For example, Schwaid et al. described an affinity-based approach that could enrich and identify cysteine-containing human sORF-encoded polypeptides (ccSEPs) in cells. They were able to identify 16 novel sSEPs from previously uncharacterized sORFs (Schwaid et al., 2013). MS-based methods have thus, to date, identified a limited number of micro-proteins.

SORF-ENCODED MICROPEPTIDES: INSIGHTS INTO THEIR FUNCTION

Small peptides have high recognition because of their important roles in diverse biological processes (Fricker, 2005; Boonen et al., 2009; Cabrera-Quio et al., 2016). The largest and most extensively studied class of small peptides are classical bioactive peptides, which are derived from larger precursor proteins and contain N-terminal signal sequences. Hormones and neuropeptides are considered the best examples of bioactive molecules (Hashimoto et al., 2001; Cunha et al., 2008). Most of these peptides act as ligands of membrane receptors (Boonen et al., 2009). Micropeptides differ from these bioactive small peptides in that they are not processed from large peptides but rather are translated from sORFs previously identified as lncRNAs and TUFs. Four initial studies (Rohrig et al., 2002; Savard et al., 2006; Galindo et al., 2007; Kondo et al., 2007) were pioneering in opening up new avenues for sORF research. Their studies showed how a sORF can be involved in different developmental contexts with apparently different biological roles during morphogenesis.

As described above, advancements in technologies over the past few years have led to the discovery of several hundred of putative coding sORFs in various species. However, it is still unknown how many of these newly discovered sORF-encoded peptides are functional. Existence of a peptide does not always imply it has a function. Experimental demonstration is important in revealing their biological effects. Several approaches can be used to validate candidate-translated sORFs (Housman and Ulitsky, 2016). Recently some micropeptides have been characterized and found to play important roles in fundamental biological processes such as RNA decapping (D'Lima et al., 2017), DNA repair (Slavoff et al., 2014), stress signaling (Matsumoto et al., 2017), apoptosis (Guo et al., 2003), muscle formation (Bi et al., 2017), metabolic homeostasis (Lee et al., 2015), and calcium homeostasis (Magny et al., 2013; Anderson et al., 2015, 2016; Nelson et al., 2016; Figure 1).The following section briefly explains commonly used strategies for deciphering the functions of short proteins that are necessary for their characterization (Figure 2).
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FIGURE 1. Diverse biological function of recently annotated micropeptides. Micropeptides are found to be involved in many biological processes. Myoregulin (MLN), phospholamban (PLN), sarcolipin (SLN), and another regulin (ALN) are a group of peptides that interact with the protein SERCA (a Ca2+ Pump) in sarcoplasmic and endoplasmic reticulum (S/ER) and maintain Ca2+ homeostasis in the cell. MOTS-c and humanin are mitochondrial sORF-encoded micropeptides that display important roles in metabolic homeostasis and apoptosis, respectively. Humanin suppresses apoptosis by preventing the translocation of an apoptosis inducing protein, Bax (Bcl2-associated X protein), from cytoplasm to mitochondria. Another micropeptide named MRI-2 is found to enhance non-homologous end joining (NHEJ) of double-strand DNA breaks (DSBs) by associating with other DNA end-binding proteins (Ku proteins). Myomixer, minion, SPAR, and NoBody, four other micropeptides that have been recently discovered, have distinct biological roles wherein myomixer and minion stimulate the fusion of myoblast to form myofiber during muscle formation by participating with another protein, myomaker. The micropeptide SPAR is localized into lysome where it interacts with the lysosomal v-ATPase complex and regulates mTORC1 protein activation during stress signaling. NoBody, a p-body (processing-body, which is involved in mRNA turnover) dissociating micropeptide, shows its function by interacting with the mRNA decapping complex.
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FIGURE 2. Various approaches for functional characterization of micropeptides. (A) Evolutionary conservation of a peptide sequence is suggestive of functionality. Homology- based searching among species thus can be performed to identify whether the target peptide sequence shares any functional similarity with other proteins. Here the blue and red boxes indicate the conserved sequences among species. (B) Functional proteomics is a commonly used approach for identifying the interacting proteins of a target protein. In this method, first, immunoprecipitation is conducted by using an antibody (Ab) that is designed either against the epitope tagged with a target micropeptide or directly against the micropeptide. Western blot is then performed followed by mass spectrometry analysis to separate and identify the interacting proteins. Red brackets indicate the bands of interacting proteins that are separated by western blot analysis. A negative control (NC) denotes an empty vector that also runs for comparison. The nature of the interacting protein will thus provide clues about the function of the target micropeptide. (C) CRISPR-cas9 mediated gene editing approaches can also be used to check the coding potential of sORFs. To verify the coding potential, an epitope tag (FLAG) can be inserted at the downstream of the sORF into the endogenous locus. CRISPR-cas9 mediated gene editing is started by the recognition of the target site, which is mediated by a guide RNA (gRNA). Guide RNA guides the cas9 endonuclease to a specific location in the genome sequence, which is immediately adjacent to a protospacer adjacent motif (PAM). Upon recognition, the cas9 creates a double strand break (DSB) at the target site. This DSB can then be repaired either by non-homologous end joining (NHEJ) or by homology directed repair (HDR). HDR is used to insert an epitope tag at the target site where a donor vector with homology to the targeted locus must be provided. The donor vector must contain the epitope tag that has to be knocked-in at the target site. Expression of the engineered fusion protein can then be verified by western blot analysis.



IN SILICO (OR COMPUTATIONAL) CHARACTERIZATION

Evolutionary conservation is an important sign that a gene is functional. One hallmark of the sORFs studied thus far is evolutional conservation of micropeptides. An evolutionary conserved micropeptide called polished rice (pri) or tarsal-less (tal) was identified in Drosophila, while the Tribolium orthologue is known as mille-pattes (mlpt) (Savard et al., 2006; Galindo et al., 2007; Kondo et al., 2007). These micropeptides were characterized based on their conservation. Homology-based searching among species for unannotated micropeptides may be performed to predict any conserved biological function (Figure 2). The best example of homology-based characterization is the identification of a group of micropeptides, namely, myoregulin (MLN), phospholamban (PLN), and sarcolipin (SLN). They share conserved peptide sequences from flies to vertebrates involved in Ca2+ homeostasis through inhibiting SERCA activity (Magny et al., 2013) in muscle. There is a sequence and structural similarity among these peptides. Later, another two micropeptides, endoregulin (ELN), and another-regulin (ALN), were also characterized based on their shared amino acids, and found to show similar functions to MLN/PLN/SLN, but in nonmuscle cell types (Anderson et al., 2016).

Thus, identification and characterization based on sequence features is a reasonable approach for deciphering the biological function of new unannotated micropeptides. Computational predictions of functional sORFs use several key features to identify potential sORFs. Canonical protein-coding ORFs show striking sequence features as measured by the ratio of Ka and Ks (Ka/ Ks < 1, the ratio of synonymous versus nonsynonymous codon substitution), suggesting that canonical protein coding genes are under selective pressure during evolution. Compared with canonical protein coding genes, it is difficult to score statistically significant values for very short sequences because the number of possible changes is low (Ladoukakis et al., 2011). Mackowiak and his group brought a new computational approach to identify conserved sORFs using comparative genomics (Mackowiak et al., 2015). Three qualitative features of coding sequence conservation specific to known micropeptides and canonical proteins were analyzed in their study. The first is the conservation of amino acid sequences by phylogenetic codon substitution frequencies (PhyloCSF). Second is the conservation of the reading frame, which is the conservation of in-frame start and stop codons in related species. The third is a drop in nucleotide sequence conservation around the start and stop codons using PhastCons (Siepel et al., 2005). The combination of these three features has identified about 2,000 sORFs in five systems: human, mouse, zebrafish, fruit fly, and the nematode Caenorhabditis elegans. Translation and protein expression of some of these predicted sORFs have also been confirmed by experimental evidence.

Although functional characterization of sORFs based on sequence conservation is useful, it is not applicable for all. Some non-conserved sORFs may evolve as newly coding ORFs that can also be present and be involved with regulatory functions.

FUNCTIONAL PROTEOMICS

Although some sORFs are found to be highly conserved across species, most show relatively low sequence conservation compared with known protein-coding genes (Carvunis et al., 2012; Slavoff et al., 2013). Therefore, although homology-based functional characterization is reasonable, as mentioned above, it has difficulty finding species-specific functional peptides. Several of the micropeptides characterized thus far exert their functions by interacting with other proteins. Several studies have applied functional proteomics successfully to identify the interacting partners. For example, Matsumoto and colleagues employed functional proteomics to study a LINC00961-encoded short protein. This micropeptide interacts with the lysosomal v-ATPase complex to regulate mTORC1 (a rapamycin protein complex) activation (Figure 1) and muscle regeneration. This interaction with the v-ATPase complex and regulation of mTORC1 is specific to the amino acid response. It is therefore known as a small regulatory polypeptide of the amino acid response, or SPAR (Matsumoto et al., 2017).

By employing functional proteomics, another group also characterized and identified the biological significance of another unreported micropeptide, named NoBody (D'Lima et al., 2017). By performing immunoprecipitation and MS analysis, the researchers found NoBody to be a component of the mRNA decapping protein complex that cross-links to EDC4 (enhancer of mRNA decapping 4). The mRNA decapping complex removes the 5′ cap from mRNAs to promote 5′-3′ decay. Molecular components of this pathway localize to p-bodies. Manipulation of NoBody expression is anticorelated with the P-body number. NoBody regulates the P-body number in cells by interacting with decapping proteins. This micropeptide is therefore called the non-annotated P-body dissociating polypeptide (NoBody).

However, traditional immunoprecipitation methods very often result in the enrichment of many nonspecific interactions of micropeptides. For example, functional proteomics analysis of a micropeptide named modulator of retroviral infection (MRI) has revealed that it is associated with ku70 and ku80, two essential proteins that are involved in the nonhomologous end joining DNA repairing mechanism (Slavoff et al., 2014). Association of MRI with ku70/ku80 suggests that it is involved in the cellular DNA repairing mechanism. Although the immunoprecipitation of MRI also enriched for heat shock protein 70 family members protein, imaging studies ruled out cytosolic heat shock proteins as bona fide interactors that might be formed after the cells are lysed during the immunoprecipitation (Slavoff et al., 2014; Grundy et al., 2016). Such a problem thus demands a better approach for identifying micropeptide associated proteins and protein complexes. Recently Chu and colleagues applied an in-situ proximity tagging method to elucidate microprotein-protein interactions (MPIs) for an uncharacterized microprotein called c11orf98 (Chu et al., 2017). This method relies on an engineered ascorbate peroxidase (APEX) (Rhee et al., 2013). When APEX fusion protein is expressed in the cells and treated with hydrogen peroxide (H2O2) in the presence of biotin-phenol, the proteins proximal to the APEX fusion protein are labeled with biotin. The proteins, that are biotinylated, can then be enriched and analyzed by MS. Thus, the analysis of biotinylated proteins provides valuable information about the protein environment of fusion protein. Since the interactions take place in the context of a living cell, the enrichment of nonspecific interactors is reduced. By applying this approach, it was revealed that c11orf98 interacts with nucleolar proteins nucleoplasm and nucleolin (Chu et al., 2017), which suggests that the application of APEX tagging is useful to characterize uncharacterized micropeptides.

These studies suggest that functional proteomics may be implemented to understand the function and biological nature of an unannotated short protein through identifying direct binding partners or components (Figure 2).

GENE EDITING APPROACHES

Recently developed Clustered regularly interspaced short palindromic repeats (CRISPR)-associated protein (cas9) mediated gene editing technology has become a powerful approach among scientists to study a gene's function. CRISPR-cas9 mediated gene editing strategies can also be used for identifying and verifying coding potential of sORF encoded peptides. An epitope tag can be knocked-in into the endogenous locus of a micropeptide in-frame with the predicted sORF to produce a fusion protein using CRISPR/cas9-mediated homologous recombination (Figure 2). Detection of the engineered fusion protein by western blot analysis provides the evidence that the mRNA is translated into a stable peptide. This powerful knock-in technique also simplifies many downstream applications that are important for functional characterizing of a gene. For example, immunoprecipitation to identify binding partners of the target proteins. Immunocytochemistry can also be performed in epitope-tagged samples to check the subcellular localization of the fusion protein, which may provide important information about its involvement in biological processes. Recently some research groups have implemented this new technology to verify sORF-encoded peptides (Galindo et al., 2007; Slavoff et al., 2014; Anderson et al., 2015). By using CRISPR-cas9 homologous recombination, an epitope tag was inserted at the downstream of the sORF to confirm whether the sORF containing gene was actively transcribed from its native chromosomal context and translated into a stable peptide. Identification and validation of some sORF-encoded peptides by CRISPR-cas9 mediated gene editing technologies thus indicate the possible successful application of them in identifying and verifying other sORF-encoded peptides.

DIVERSE BIOLOGICAL FUNCTIONS OF MICROPEPTIDES

In Plants

The first eukaryotic micropeptide was identified in plants by a group of researchers studying legumes. A gene called early nodulin 40 (Enod40), previously annotated as lncRNA, was found to encode two short peptides of 12 and 24 amino acids (AAs) in plants, where they interact with a sucrose-synthesizing enzyme during root nodule organogenesis (Rohrig et al., 2002). Since the discovery of the first micropeptide in plants, others have also been functionally characterized. The 36 AAs peptide, which is encoded by the POLARIS (PLS) gene in Arabidopsis, has been shown to affect root growth and leaf vascular patterning (Casson et al., 2002; Chilley et al., 2006). Another two micropeptides, 76 AAs Brick1 (Brk) and 53 AAs ROTUNDIFOLIA (ROT4), were also found to be involved with leaf morphogenesis. In maize, the recessive mutation of Brk1 results in several morphological defects of leaf epithelia (Frank and Smith, 2002). However, ROT4 regulates polar cell proliferation in lateral organs and leaf morphogenesis in Arabidopsis (Narita et al., 2004). In Arabidopsis, two other best-characterized micropeptides were reported: a 51 AAs ROT18/DLV1 and a 25 AAs kiss of death (KOD), which are involved in plant organogenesis (Wen et al., 2004; Valdivia et al., 2012; Guo et al., 2015) and programmed cell death regulation (Blanvillain et al., 2011), respectively. Recently two newer micropeptides have also been identified in maize, Zm401p10 and Zm908p11 with 89 and 97 AAs, respectively, which are involved in pollen development (Ma et al., 2008; Wang et al., 2009; Dong et al., 2013). Characterizations of these micropeptides indicate their functional diversity ranging from plant development to growth, nodulation, organogenesis, pollen development, and cell death.

In Animals

The first identification of micropeptides in animals came from the study of lncRNAs in Drosophila. The sORFs of the long noncoding RNA, namely, polished rice or tarsal-less (tal), encode four micropeptides from 11 to 32 AAs are required during the embryonic development of flies (Galindo et al., 2007; Kondo et al., 2007, 2010). By triggering proteasome-mediated protein processing, the pri micropeptide converts a transcription factor, shavenbaby (Svb), from a repressor into an activator (Zanet et al., 2015). Since then, a handful of micropeptides have been functionally characterized (Table 2). To identify the characterizing signal molecules from the nonannotated translated sORFs, the Pauli group identified a micropeptide, Toddler, which acts as a motogen, a signal that promotes cell migration. Toddler activates G-protein-coupled APJ (apelin) signaling for this function (Pauli et al., 2014). AGD3, previously classified as a TUF, encodes a small protein of 63 AAs and has been found to show involvement in human stem cell differentiation (Kikuchi et al., 2009). Recently a group of micropeptides was found to show a prominent role in calcium homeostasis, both in skeletal and nonskeletal muscle cells, through the binding and inhibiting of a well-known Ca2+ ATP- ase pump, SERCA, thereby influencing regular muscle contraction (Magny et al., 2013; Anderson et al., 2015). Nelson et al. described the opposite activity of another lncRNA-derived micropeptide in mammalian muscle, called DWORF (dwarf open reading frame). This micropeptide enhances SERCA activity by displacing those inhibitory proteins and boosts muscle performance. DWORF is abundantly expressed in the mouse heart, and is suppressed in ischemic human heart tissue, suggesting a possible link with heart failure (Nelson et al., 2016). Myomixer, a micropeptide of 84 AAs also has a function in the muscle but is unlike DWORF or other micropeptides in this group. Myomixer plays a role in controlling muscle formation by associating with a fusogenic membrane protein, myomaker, and favors formation of multinucleated myofibers in mice (Bi et al., 2017). Recently, another peptide known as minion (microprotein inducer of fusion), which is specific for skeletal muscle, has been identified. Functional characterization of this microprotein revealed that like myomixer, minion also controls cell fusion, and muscle formation by associating with myomaker (Zhang et al., 2017). The functionality of micropeptides has also been found in the DNA repairing process. For example, a 69 AAs small peptide, MRI-2, has been identified as a novel factor of the non-homologous end join factor (NHEJ). MRI-2 stimulates NHEJ by interacting with Ku protein, a DNA end-binding protein (Slavoff et al., 2014). As more micropeptides are characterized, more hidden functions are unfolded, as exemplified by another micropeptide that is encoded by a putative lncRNA HOXB-AS3. This conserved 53 AAs peptide, HOX-AS3, inhibits tumorigenesis by the regulation of PKM alternative splicing and metabolic reprogramming of colon cancer cells (Huang et al., 2017). NoBody and SPAR are two additional examples of functional micropeptides, which as we described above, have been characterized recently by their distinct biological significance.


Table 2. Micropeptides and their diverse biological functions.
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According to Weissman, some micropeptides might also be immunogenic without a clear functional role. For example, micropeptides derived from human-infecting cytomegalovirus (HCMV) lncRNA β2.7, were found to robustly stimulate T cell memory responses only in humans with a history of HCMV infection (Fields et al., 2015). Very recently, another group of scientists identified some micropeptides that exhibited differential regulation upon viral infection (Razooky et al., 2017). These indicate that there may be more sORFs that are involve with certain diseases. Thus, translation of some ORFs that have been previously overlooked may contribute in important ways to cell biology.

Biologically significant micropeptides are not only found to be encoded by nuclear-encoded transcripts. Mitochondrial genomes also contribute in the proteome by producing biologically important micropeptides. Humanin, a signaling peptide encoded by mitochondrial sORFs, is functionally involved with programmed cell death. It inhibits translocation of an apoptosis-inducing protein, Bax (Bcl2-associated x-protein), from cytoplasm to mitochondria, and thereby regulates apoptosis (Guo et al., 2003). Humanin also shows neuroprotective effects and is known as a peptide against neurotoxicity related diseases (Matsuoka et al., 2006). Another micropeptide of 16 AAs was also found to be encoded by mitochondrial 12sRNA, named MOTS-c. MOTS-c shows endocrine-like effects on muscle metabolism, insulin sensitivity and weight regulation (Lee et al., 2015). Identification of the mitochondrial-encoded peptides humanin and MOTS-c suggests the possible existence of more potent sORFs in mitochondria along with their role as regulators of biological processes.

The diverse biological functions of these micropeptides serve as an indication that we are at the very beginning of exploring the mystery of micropeptides.

CONCLUSIONS

Technological advances have uncovered the existence of several hundred putative sORF-encoded micropeptides throughout the genomes. Recent identification and characterization of a small number of sORF-encoded micropeptides and their biological role indicate that there is a hidden world of active peptides waiting to be explored. A great deal of effort is still needed to validate whether each of these peptides is biologically important or if they are just transcriptional/translational noise. Some widely used approaches, such as homology-based functionality search, functional proteomics, gene editing technologies, and massive sequencing-based approach, can be implemented on uncharacterized micropeptides to reveal their biological relevance. Tiny size, low abundance, rapid degradation and loss during sample preparation often make it difficult to work with micropeptides, demanding more sensitive and sophisticated methods. Thus, there are many technical challenges in facilitating the study of micropeptides.

Functional studies of micropeptides in a wide range of species demonstrate that they have important biological functions, including involvement in human pathogenesis. HOXB-AS3, DWORF and humanin are some examples of this group, which show involvement in cancer, heart diseases, and neurotoxicity related diseases, respectively. In addition to these, involvement of a group of newly identified micropeptides against viral infection mediated pathogenesis also suggest that there are more micropeptides that may be involved with certain diseases in humans. These findings indicate that micropeptides may represent new opportunities for drug therapies.

Although some of the micropeptides are functionally characterized, the exact mechanism of their mode of action is unclear. Complete understanding of their action may play an important role in therapeutic purposes, where a drug may be designed by modulating or mimicking their function to regulate any biological pathway they may be involved in.

These recent findings provide new insights into sORF-encoded micropeptides as a new and important class of biological molecules and offer new avenues of research in the proteomics world.
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The MALAT1 long noncoding RNA is strongly linked to cancer progression. Here we report a MALAT1 function in repressing the promoter of p53 (TP53) tumor suppressor gene. p21 and FAS, well-known p53 targets, were upregulated by MALAT1 knockdown in A549 human lung adenocarcinoma cells. We found that these upregulations were mediated by transcriptional activation of p53 through MALAT1 depletion. In addition, we identified a minimal MALAT1-responsive region in the P1 promoter of p53 gene. Flow cytometry analysis revealed that MALAT1-depleted cells exhibited G1 cell cycle arrest. These results suggest that MALAT1 affects the expression of p53 target genes through repressing p53 promoter activity, leading to influence the cell cycle progression.

Keywords: noncoding RNA, TP53, transcription, genetic, adenocarcinoma, promoter regions, genetic

INTRODUCTION

Recent large-scale transcriptome analyses have revealed that transcription is spread throughout the mammalian genome (>90%), including in noncoding regions. This yields large numbers of noncoding RNAs (ncRNAs) (Birney et al., 2007), including small ncRNAs (20–200 nt), and long ncRNAs (lncRNA) (>200 nt). Increasing numbers of studies have revealed the unique features and functions of lncRNAs in broad biological processes as well as development of diseases (Mercer et al., 2009). Considering their critical roles in cellular and molecular mechanisms, we cannot exclude the involvement of lncRNAs from molecular analyses of biological processes and disease pathogenesis.

Recent studies have reported several lncRNAs exhibiting cancer-specific expression patterns (Tano and Akimitsu, 2012). Metastasis associated lung adenocarcinoma transcript 1 (MALAT1) is a well-known cancer-related lncRNA over 8,000 nt in length. MALAT1 was originally identified in early-stage nonsmall cell lung cancer (NSCLC) with a high propensity for metastasis (Ji et al., 2003). Although Malat1 is not essential in living mice maintained under normal breeding conditions (Nakagawa et al., 2012; Zhang et al., 2012), MALAT1 has an important role in the study of human cancer: MALAT1 is overexpressed in many solid tumors (Lin et al., 2007; Gutschner et al., 2013a). In addition, high expression levels of MALAT1 correlated with poor prognosis in patients with NSCLC (Ji et al., 2003). MALAT1 contributes in metastasis phenotype of human lung cancer cells (Tano et al., 2010; Gutschner et al., 2013b). These results highlight that revealing the function of MALAT1 is important to understand the cancer biology.

MALAT1 functions in regulating gene expression in several capacities. Intracellularly, MALAT1 is stably retained in the nucleus (Miyagawa et al., 2010; Tani et al., 2012). MALAT1 specifically localizes to nuclear speckles, which are subnuclear structures enriched for pre-mRNA splicing factors (Hutchinson et al., 2007), and regulates alternative splicing by modulating the distribution and levels of active pre-mRNA splicing factors (SR proteins) in nuclear speckles (Tripathi et al., 2010). Another report demonstrated MALAT1 involvement in regulated transcriptional programs (Yang et al., 2011). MALAT1 was shown to regulate the relocation of growth control genes from the repressive environment of polycomb bodies (PcGs) to the gene activation milieu of interchromatin granules (ICGs) in response to growth signals by interacting with unmethylated Pc2. This leads to the promotion of E2F1 sumoylation and activation of transcription of genes associated with growth control. In addition, identification of genomic region interacted with MALAT1 revealed that MALAT1 associates with transcriptionally active genes (Engreitz et al., 2014; West et al., 2014). These results highlight the distinct role of MALAT1 in the regulation of gene expression program.

We previously demonstrated a link between characteristics of cancer metastasis and gene regulation by MALAT1 (Tano et al., 2010). We showed that MALAT1 promotes cell migration, which is one of the most important features for metastasis, through regulation of several migration-related genes at the transcriptional and/or post-transcriptional level (Tano et al., 2010). We also performed microarray analysis of MALAT1-knockdown cells and found that MALAT1 was involved in the repression of several genes associated with tumor suppression.

In this study, we re-examined the previous microarray data and found that several MALAT1-regulated genes were p53 (TP53) target genes, such as p21 (CDKN1A) and FAS, suggesting the possibility that MALAT1 is involved in the repression of these genes through p53. We showed that upregulation of both p21 and FAS in MALAT1- depleted A549 lung adenocarcinoma cells was repressed by knockdown of p53 and inhibition of p53 activity by PFT-α. Further, we found that depletion of MALAT1 leads to upregulation of p53 through activation of p53 promoter. We identified −153 to −111 of the P1 p53 promoter as a MALAT1-responsive region. This is the first report showing that MALAT1 affects expression of p53 target genes through negative regulation of specific elements in the p53 promoter. Finally, we showed that depletion of MALAT1 resulted in cell cycle arrest in G1. Together our results indicate that MALAT1 may have additional functions in repressing tumor suppression to promote cancer progression.

MATERIALS AND METHODS

Cell Culture and RNA Interference

A549 and H1299 (kindly supplied by Dr. Hideki Matsumoto, Fukui University, Japan) cells were grown at 37°C with 5% CO2 in Dulbecco's modified Eagle's medium (DMEM) or RPMI 1640 medium, respectively, supplemented with 10% fetal bovine serum and penicillin/streptomycin.

RNA interference was performed using Lipofectamine RNAiMAX (Invitrogen, Tokyo, Japan), according to the manufacturer's instructions. The siRNA sequences were as follows (sense/antisense): p53 (siRNA 1), 5′-GTGAGCGCTTCGAGATGTTCC-3′/5′-AACATCTCGAAGCGCTCACGC-3′; and p53 (siRNA 2), 5′-gacTccagTggTaaTcTacTT-3′/5′- gTagaTTaccacTggagTcTT-3′. The MALAT1 siRNA and the negative control siRNA sequences were described previously (Tano et al., 2010). Efficient reduction of each gene by siRNA was confirmed by quantitative real-time PCR analysis.

Plasmid Constructs

The human p53 promoter pGL2 (Basic) luciferase plasmids containing p53 promoter fragments (356, 200, and 100 bp) were purchased from Addgene (MA, USA). For the construction of 5′-end deletion mutant reporter plasmids, each fragment was amplified by PCR and cloned into the pGL2 basic reporter vector. The primers used for PCR cloning were as follows: pGL2-177bp-F-SacI, 5′-cagaccGAGCTCctcctccccaactccatttc-3′; pGL2-165bp-F-SacI, 5′-cagaccGAGCTCtccatttcctttgcttcctc-3′; pGL2-148bp-F-SacI, 5′-cagaccGAGCTCctccggcaggcggattac-3′; pGL2-140bp-F-SacI, 5′-cagaccGAGCTCggcggattacttgcccttac-3′; pGL2-130bp-F-SacI, 5′-cagaccGAGCTCttgcccttacttgtcatggcg-3′; pGL2-122bp-F-SacI, 5′-cagaccGAGCTCacttgtcatggcgactgtcc-3′; pGL2-110bp-F-SacI, 5′-cagaccGAGCTCgactgtccagctttgtgccag-3′; and pGL2-Re-HindIII, 5′-aatcccAAGCTTctagacttttgagaagctcaaaacttttag-3′. The pGL2-200bp p53 promoter plasmid was used as a template.

For the construction of deletion mutant plasmids, in which a part of the MALAT1 response element was deleted, we performed site-directed mutagenesis using primers as follows: p53pro-del1-F, 5′-GCTTCCTCCGGCAGGCGG-3′; p53pro-del1-Re, 5′-AAATGGAGTTGGGGAGGAGGGTGC-3′; p53pro-del2-F, 5′-GGATTACTTGCCCTTACTTGTCATG-3′; p53pro-del2-Re, 5′-CCGGAGGAAGCAAAGGAAATG-3′; p53pro-del3-F, 5′-CCTTACTTGTCATGGCGACTG-3′; and p53pro-del3-Re, 5′-TAATCCGCCTGCCGGAGG-3′.

Reverse Transcription and Quantitative Real-Time PCR Analysis

Total RNA was prepared using the RNAiso Plus kit (Takara Bio, Shiga, Japan), and 500 ng of RNA was reverse transcribed to produce cDNA with the PrimeScript RT Master Mix (Takara Bio). Real-time PCR was carried out with the Thermal Cycler Dice using the SYBR Premix Ex Taq II (Takara Bio, Shiga, Japan). The sequences of primer sets used in this analysis were shown in Table 1.


Table 1. Primers for p53 target genes.
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RT-PCR

Total RNA was extracted using RNAiso Plus (Takara Bio), and 500 ng of RNA was reverse transcribed to produce cDNA with the PrimeScript RT Master Mix (Takara Bio). PCR was performed on 1/10 (2 μl) of the cDNA using Ex Taq HS polymerase (Takara Bio). PCR conditions were 30 cycles of 98°C for 10 s, 55°C for 30 s and 72°C for 1 min. PCR products were separated on 2% agarose gels.

Western Blot Analysis

Cells were lysed with RIPA buffer containing 125 mM Tris-HCl (pH 8.0), 375 mM sodium chloride, 2.5 mM EDTA, 0.25% sodium dodecyl sulfate, 2.5% Triton X-100, 0.25% sodium deoxycholate, 1 mM PMSF, 5 μg/ml Leupeptin, and 1 μl Aprotinin Solution (Wako, Osaka, Japan), and centrifuged at 15,000 rpm to remove debris. Protein extracts (10 μg) were resolved by sodium dodecyl sulfate 10% polyacrylamide gel electrophoresis and transferred to a PVDF membrane. After blocking with 3% BSA in TBST, the blot was probed with the DO-1 monoclonal anti-human p53 antibody (Medical and Biological Laboratories, Aichi, Japan), followed by peroxidase labeled anti-mouse antibody (no. NIF 825, GE Healthcare). For α-tubulin detection, rabbit anti-α-tubulin antibody (Medical and Biological Laboratories) and peroxidase labeled anti-rabbit antibody (no. NA934VS; GE Healthcare) were used. The horseradish peroxidase-labeled antibodies were detected by Immobilon Western Chemiluminescent HRP Substrate (Millipore) using a Lumino image analyzer, LAS4000 (Fujifilm).

Massive Transcriptional Start Site (TSS) Analysis

TSS analysis was performed as described in Tani et al. (2012). Briefly, cells transfected with control or MALAT1 siRNA were harvested and RNA was extracted using RNAiso Plus. Thirty micrograms of the obtained total RNA was subjected to oligo-capping by treatment of BAP, TAP, and RNA oligo ligation. After DNase I treatment, polyA-containing RNA was selected by oligo-dT powder. First strand cDNA was synthesized from random hexamers and amplified with 15 cycles of PCR using Gene Amp PCR kits (Perkin Elmer). The PCR fragments were size fractionated by 12% polyacrylamide gel electrophoresis and the 150–250 bp fraction was recovered. The quality and quantity of the obtained single-stranded first strand cDNAs were assessed by BioAnalyzer (Agilent).

One nanogram of the size-fractionated cDNA was used for the massively paralleled sequencing by an Illumina GA Sequencer. Clusters (15,000–20,000) were generated per tile and 36 cycles of the sequencing reactions were performed according to the manufacturer's instructions. The 36-base long tags corresponding to the 5′-ends of transcripts were generated by the sequencer. The obtained sequences were mapped onto human genomic sequences (hg18 of UCSC Genome Browser) using the sequence alignment program Eland.

Luciferase Assays

Luciferase assays were performed using the dual-luciferase reporter assay system (Promega). Cells were co-transfected with the p53 promoter reporter plasmids containing firefly luciferase and internal control reporter plasmids containing Renilla luciferase using Lipofectamine 2000 (Invitrogen), according to the manufacturer's instructions. At 24 h after transfection, cells were harvested and luciferase activity was measured following the manufacturer's protocol.

RESULTS AND DISCUSSION

Upregulation of Both p21 and FAS in MALAT1-Knockdown A549 Cells Was Mediated by p53

Previously, we showed that several p53 target genes, including p21 and FAS, were upregulated by knockdown of MALAT1 in A549 cells, in which p53 is intact (Tano et al., 2010). This prompted the hypothesis that MALAT1 represses the expression of p21 and FAS genes through p53 activity. To test this hypothesis, we examined whether the p53 target genes were upregulated through p53 activity in MALAT1-knockdown cells. First, we confirmed the upregulation of p53 target genes upon MALAT1 knockdown (Figure 1A and Figure S3). We then found that upregulation of p21 and FAS in MALAT1-knockdown cells was repressed by siRNA-mediated p53 depletion (Figure 1A). In contrast, upregulation of DNAJC15, which is not a p53 target gene, was not repressed by p53 depletion in MALAT1-knockdown cells. Generally, knockdown efficiency is not 100%; therefore, we still detected some upregulation of p21 and FAS mRNAs upon MALAT1 knockdown even in the p53-knockdown cells. To further investigate whether p53 is involved in the upregulation of p21 and FAS mRNAs, we examined Pifithrin-α (PFTα), a specific inhibitor of p53, on the upregulation of p21 and FAS in MALAT1-knockdown cells. The increased expression levels of p21 and FAS in MALAT1-knockdown cells were inhibited by PFT-α, and this inhibitory effect was not observed with DNAJC15 (Figure 1B). Furthermore, we found that MALAT1-knockdown-mediated upregulation of both p21 and FAS was not observed in p53-null H1299 cells (Figure 1C). These results suggest that upregulation of p21 and FAS in MALAT1-knockdown cells was mediated by p53 activity.
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FIGURE 1. Increased expression levels of both p21 and FAS mediated by p53 in MALAT1-knockdown cells. (A,B) Real-time PCR analyses were performed to assess the effects of knockdown of p53 by p53 siRNA 1 (sip53(1)) and p53 siRNA 2 (sip53(2)) (A) or inhibition of p53 by PFT-α in the presence of doxorubicin (B) on the expression of p21, FAS and DNAJC15 genes in MALAT1-knockdown cells. Relative mRNA expression levels are presented as ratios to the level of that in control cells. Data are presented as means ± standard deviation (SD) of three independent experiments (***P < 0.001, two-way ANOVA followed by Bonferroni t-test as post-hoc test), except for DNAJC15, which shows the average of duplicate experiments. (C) p53-null H1299 cells were transfected with MALAT1 siRNA, and p21 and FAS expression levels were analyzed by real-time PCR. Values represent the means ± SD of duplicate measurements.



To investigate the mechanism by which MALAT1 affects p53 activity, we next examined the expression levels of p53 in MALAT1-knockdown cells. Western blot analysis revealed that the p53 protein levels in MALAT1-knockdown cells were increased (Figure 2A). Since changes in p53 protein levels have been attributed to increases in p53 protein stability, we investigated the half-life of p53 protein in MALAT1-knockdown cells. The half-life of p53 in MALAT1-knockdown cells was not changed compared with control cells (Figures 2B,C), suggesting that the increase in p53 protein in MALAT1-knockdown cells was not due to increased protein stability.
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FIGURE 2. Increased expression level of p53 in MALAT1-knockdown cells. (A) Expression levels of p53 and α-tubulin were determined by Western blotting. (B) Determination of p53 protein stability in MALAT1-knockdown cells. Cells were treated with cycloheximide (CHX) (100 μM) to inhibit further protein synthesis and harvested at the indicated times. Remained Proteins of p53 and α-tubulin were measured by western blot analysis. The signal intensities of p53 bands were normalized by those of α-tubulin bands. (C) Quantitative analysis of p53 protein levels in (B) using a lumino image analyzer. (D) Expression levels of p53 mRNA were analyzed by real-time RT-PCR. Data are presented as means ± SD of three independent experiments (***P < 0.001, Student's t-test). A schematic diagram to detect matured p53 mRNAs is shown at upper area. (E) Pre-mRNA level of p53 was examined by real-time RT-PCR. Values represent the means ± SD of duplicate measurements. A schematic diagram to detect pre-matured p53 mRNAs is shown at upper area.



We then determined whether changes in p53 mRNA levels were the basis of increased p53 protein in MALAT1-knockdown cells. qRT-PCR revealed that the level of p53 mRNA was increased by approximately three-fold in MALAT1-knockdown cells (Figure 2D). Pre-mRNA level of p53 gene was also upregulated in MALAT1-knockdown cells (Figure 2E). We also observed upregulation of mature and pre-mature p53 mRNAs upon MALAT1 depletion in HCT116 cell, a human colorectal carcinoma cell line expressing normal p53 (Figure S4). These results suggest that knockdown of MALAT1 resulted in increased p53 expression by increasing p53 mRNA levels.

MALAT1 Negatively Regulates p53 Promoter Activity

To further investigate the mechanism for increased expression of p53 mRNA in MALAT1-knockdown cells, we analyzed p53 promoter activity. Since the p53 gene (TP53) has several alternative promoters (p53 P1 promoter, which is located within a 356 bp region upstream of the major transcription start site of the p53 gene, p53 P2 promoter and p53 P3 promoter) (Tuck and Crawford, 1989; Hollstein and Hainaut, 2010), we first performed massive transcriptional start site (TSS) analysis (Suzuki et al., 1997; Tsuchihara et al., 2009), which can easily monitor the genome-wide positions of TSSs. The number of TSS-tags corresponds to the number of transcripts that initiate from the site, therefore TSS analysis enables the determination of regions that can upregulate transcription of the p53 gene in MALAT1-knockdown cells. TSS analysis revealed that the number of TSS-tags at the position of the P1 promoter of p53 gene was upregulated by more than two-fold in MALAT-1 knockdown cells (Figure 3). In contrast, the TSS-tag counts of GAPDH were not increased in MALAT1-knockdown cells. This result suggests that transcription from the p53 P1 promoter was upregulated in MALAT1-knockdown cells. The p53 P1 promoter is located within the noncoding exon 1, and this promoter region can drive the transcript that encodes the active form of p53 protein (Wang and El-Deiry, 2006).
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FIGURE 3. Transcriptional start site (TSS) analysis in MALAT1-knockdown cells. (A,B) TSS-tags counts mapped at the corresponding genomic regions in p53 (A) or GAPDH (B). The bar graph on the right indicates TSS-tag counts at the position of p53 P1 promoter (A) or GAPDH promoter. TSS-tags belonging to the corresponding TSS clusters were counted. TSS-tag counts were divided by the total number of mapped TSS-tags to calculate TSS-tag ppm (parts per million).



To examine whether the P1 promoter of p53 gene is activated in MALAT1-knockdown cells, we performed luciferase reporter assays. We transfected MALAT1-knockdown cells with a reporter plasmid containing the P1 promoter, a 356-bp region located −344 to +12 relative to the major TSS (Tuck and Crawford, 1989; Hollstein and Hainaut, 2010). The results showed that promoter activity of the 356 bp region was increased in MALAT1-knockdown cells by more than four-fold compared with control cells, suggesting increased P1 promoter activity in MALAT1-knockdown cells (Figure 4A). The promoter activity of the 200-bp region (−188 to +12) was also elevated in MALAT1-knockdown cells. However, further deletion to 100 bp (−88 to +12) resulted in a two- to three-fold reduction in promoter activity. These results suggest that the P1 promoter region from −188 to −88 contain cis elements that may be regulated by MALAT1.
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FIGURE 4. Determination of the MALAT1-responsive region in the human p53 promoter. (A) The activities of the human p53 promoter regions (pGL2-356,−200, and −100 bp) in MALAT1-knockdown cells were examined using luciferase assays. The data are presented as fold induction compared with the activity in control cells. The p53 promoter-reporter firefly luciferase activity is indicated relative to the activity of the Renilla luciferase control. All transfections were normalized with equal amounts of pGL2-Control vector. Data are means ± SD (n = 3 each, **P < 0.01, ***P < 0.001, Student's t-test). (B) The relative luciferase activities of the 5′ deletion mutant promoters in MALAT1-knockdown cells compared with control cells were determined. Data is shown as fold induction compared with the activity in the control cells (activity in the control cells was set at 1.0).



To further elucidate the MALAT1-responsive region in the P1 promoter, we constructed a series of seven 5′ deletion mutant reporter plasmids (pGL2-177,−165,−148,−140,−130,−122, and −110 bp), in which the 5′ ends of the 200-bp region of the p53 promoter was deleted. The deletion mutant plasmids were transfected into MALAT1-knockdown cells and assayed for luciferase activity. The reporter activity of the p53 promoter in MALAT1-knockdown cells was gradually reduced by deletion from 165 bp (−153 to +12) to 122 bp (−110 to +12) of the p53 promoter (Figure 4B). This finding suggests a possible MALAT1-responsive region in the p53 promoter. We speculated that MALAT1 could regulate the activity of the transcription factors that bind to this region (between −153 to −110) in the p53 promoter.

We next evaluated possible binding sites for transcription factors in the MALAT1-responsive region in the p53 promoter. As summarized in Figure 5A, 15 binding sites for transcription factors were predicted using TRANSFAC database analysis of the MALAT1-response region (−153 to −111). Interestingly, approximately half of these predicted binding sites were located in the 3′-downstream portion of the MALAT1-responsive region. To evaluate the contribution of these binding sites in the 3′-downstream portion of the MALAT1-responsive region, we constructed mutant reporter plasmids with deletions in this region and examined luciferase activity in MALAT1-knockdown cells. A five-nucleotide deletion in the 3′-downstream region (p53pro-del3) resulted in decreased luciferase activity compared with the original sequence in MALAT1-knockdown cells. Other mutants with deletions in other sites, but not in the 3′-downstream element (p53pro-del1 and p53pro-del2), did not show reduced luciferase activity (Figure 5B). These results indicate that binding sites in the 3′-downstream portion of the MALAT1-responsive region is responsible for transcriptional regulation of p53 by MALAT1. Therefore, we speculated that MALAT1 modulates p53 promoter activity through regulation of transcription factors predicted to bind to this region.
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FIGURE 5. Analysis of the MALAT1-responsive region in the human p53 promoter. (A) TRANSFAC database analysis of the MALAT1-response region (−153 to −111) in the p53 promoter. Transcription factors (TFs, shown on the left) and their binding sites (open boxes) predicted by TRANSFAC are shown. (B) The relative luciferase activities of the deletion mutant promoters (p53pro-del1, del2, and del3), in which parts of MALAT1-response elements were deleted, were determined. The deleted sequences (crosshatch, ×) of each mutant promoter are CCTTT (p53pro-del1), CAGGC (p53pro-del2), and CTTGC (p53pro-del3). Data are means ± SD (n = 3 each, ***P < 0.001 compared with the luciferase activity of pGL2-200 bp).



A previous report suggested that MALAT1 interacts with SR splicing factors, such as SRSF1, which is also known as SF2/ASF, and localizes to nuclear speckles to regulate alternative splicing of pre-mRNA (Tripathi et al., 2010). To rule out the possibility that upregulation of p53 expression through activation of p53 promoter is arbitrarily attributed to abnormal alternative splicing caused by knockdown of MALAT1, we examined the effect of depletion of SRSF1 on p53 expression. Knockdown of SRSF1 increased the inclusion of exon 19 of MGEA6, which is regulated by SRSF1 as well as MALAT1 (Tripathi et al., 2010), indicating changes in alternative splicing in SRSF1 knockdown cells (Figure S1A). However, knockdown of SRSF1 did not affect expression of p53 mRNA (Figure S1B). This result suggests that increased expression of p53 mRNA in MALAT1-knockdown cells is independent of MALAT1 regulation of alternative splicing. This finding strongly supports our idea that MALAT1 affects p53 expression through regulating p53 promoter activity.

MALAT1 is known to localize to nuclear speckles. To determine whether nuclear speckle localization of MALAT1 is necessary for regulation of p53 expression, we examined p53 expression levels when localization of MALAT1 was disrupted by knockdown of RNPS1 or SRm160, which are nuclear speckle proteins that contribute to MALAT1 nuclear speckle localization (Miyagawa et al., 2010). Expression level of p53 was not increased by disrupting the localization of MALAT1 to nuclear speckles using knockdown of RNPS1 and SRm160 genes instead of MALAT1 knockdown (Figure S2). We confirmed that knockdown of RNPS1 and SRm160 had little effect on MALAT1 expression (less than two-fold). This result indicates that localization of MALAT1 to nuclear speckles is not necessary for controlling expression of p53. This finding indicates the possibility that MALAT1 functions in mechanisms at other nuclear structures in addition to nuclear speckles.

Depletion of MALAT1 Induces G1 Cell Cycle Arrest

p53 mRNA levels are tightly regulated during the cell cycle, with its transcription induced before DNA synthesis and a peak production at the G1-S cell cycle transition (Wang and El-Deiry, 2006). In addition, p21, which is upregulated by p53 in MALAT1-knockdown cells, is a major mediator of G1 cell cycle arrest (Chen et al., 1996). To explore the biological significance of MALAT1-mediated p53 expression, we examined whether MALAT1 knockdown leads to cell cycle arrest in G1. Flow cytometry analysis revealed that depletion of MALAT1 in A549 cells exhibited a higher proportion of cells in G0/G1 (approximately 90%) and lower proportion in S (7%) and G2/M (6%), compared with control cells (Figure 6), indicating that depletion of MALAT1 leads to cell cycle arrest in G1 phase. Therefore, the function of MALAT1 in regulating p53 promoter activity would contribute to the regulation of cell cycle progression, especially in G1 phase.
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FIGURE 6. MALAT1-knockdown cells display cell cycle arrest in G1 phase. Cells transfected with control or MALAT1 siRNA were harvested, stained with propidium iodide, and analyzed for DNA content with FACScalibur.



In the present study, we demonstrated that upregulation of p21 and FAS in MALAT1-depleted cells was mediated by p53. We also showed that depletion of MALAT1 increased the expression of p53 at both the protein and mRNA levels. In addition, we found that depletion of MALAT1 led to increased activity of the p53 promoter through specifically affecting 3′-downstream elements in the MALAT1-responsive region in p53. Together results suggest that MALAT1 reduces the expression of p21 and FAS through repression of p53 promoter activity.

We also demonstrated that depletion of MALAT1 in A549 cells resulted in G1 cell cycle arrest. Tripathi et al. showed that depletion of MALAT1 in human diploid fibroblasts leads to defects in cell cycle progression in G1/S and activation of p53 (Tripathi et al., 2013). However, the mechanisms by which MALAT1 regulates p53 expression were not determined. Herein, we propose a novel function for MALAT1 in regulating p53 promoter activity and controlling cell cycle progression.

Our data identified eight transcription factors that were predicted to bind to 3′-downstream portion of the MALAT1-responsive region, including HOXA4, Ncx, TTF, Nkx2-5, FXR, Oct-1, PAX4, and CRX. Although p53 is a well-known tumor suppressor subject to multiple regulations at the transcriptional level (Tripathi et al., 2013), none of these candidate transcription factors were previously identified as p53 regulatory factors. Of these, Nkx2-5 and FXR are most the likely candidates of p53 regulatory factors because TSS analysis revealed that the number of TSS-tags of their target genes, ECE-1 and SOCS3, respectively, were increased in MALAT1-depleted cells. Therefore, these factors may be responsible for the MALAT1-mediated regulation of the p53 promoter. Further studies are required to elucidate the precise molecular mechanism of p53 promoter regulation by MALAT1 with responding transcription factors.

Together our findings help elucidate the novel regulation of the p53 promoter by the long noncoding RNA, MALAT1, and further our understanding of MALAT1 function in cancer biology.
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Figure S1. Increased expression of p53 mRNA in MALAT1-knockdown cells is independent of alternative splicing regulated by MALAT1. (A) Changes in alternative splicing in SRSF1 knockdown cells are shown by increased inclusion of exon 19 of MGEA6. RT-PCR analysis was performed using primers specific for SRSF1-regulated alternative exons in MGEA6. Alternative exon-included (upper band) and exon-excluded bands (lower band) are shown. (B) Quantitative real-time PCR analysis of SRSF1 expression levels (left) and p53 mRNA levels (right) in SRSF1 knockdown cells compared with control cells. Values represent the means ± SD of duplicate measurements.

Figure S2. Localization of MALAT1 to nuclear speckles is not necessary for regulation of p53 expression. (A,B) Quantitative real-time PCR analysis of p53 mRNA levels in RNPS1- (A) or SRm160- (B) knockdown cells. Values represent the means ± SD of duplicate measurements. (C,D) Quantitative real-time PCR analysis of MALAT1 expression levels in RNPS1- (C) or SRm160- (D) knockdown cells. Values represent the means ± SD of duplicate measurements.

Figure S3. Increased expression levels of indicated p53 target mRNAs upon MALAT1 knockdown. Real-time PCR analyses determined the expression levels of indicated RNAs those are normalized by GAPDH mRNA. Data are presented as means ± errors of two independent experiments.

Figure S4. Increased expression levels of pre-matured and matured p53 mRNAs in MALAT1-knockdown cells. Real-time PCR analyses were performed to assess the indicated RNAs those are normalized by GAPDH mRNA. Data are presented as means±standard deviation (SD) of three independent experiments (*P < 0.05, **P < 0.01, Student's t-test).
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Wnt/β-catenin Signaling Pathway Regulates Specific lncRNAs That Impact Dermal Fibroblasts and Skin Fibrosis

Nathaniel K. Mullin1†, Nikhil V. Mallipeddi1†, Emily Hamburg-Shields1, Beatriz Ibarra1, Ahmad M. Khalil2*‡ and Radhika P. Atit1,2,3*‡

1Department of Biology, Case Western Reserve University, Cleveland, OH, United States

2Department of Genetics and Genome Sciences, School of Medicine, Case Western Reserve University, Cleveland, OH, United States

3Department of Dermatology, Case Western Reserve University, Cleveland, OH, United States

Edited by:
Kinji Ohno, Nagoya University, Japan

Reviewed by:
Kaushlendra Tripathi, University of Alabama at Birmingham, United States
Félix Recillas-Targa, Universidad Nacional Autónoma de México, Mexico

*Correspondence: Radhika P. Atit, rpa5@case.edu Ahmad M. Khalil, dr.ahmad.khalil@gmail.com

†Co-first authors

‡Co-senior authors

Specialty section: This article was submitted to RNA, a section of the journal Frontiers in Genetics

Received: 19 September 2017
Accepted: 06 November 2017
Published: 21 November 2017

Citation: Mullin NK, Mallipeddi NV, Hamburg-Shields E, Ibarra B, Khalil AM and Atit RP (2017) Wnt/β-catenin Signaling Pathway Regulates Specific lncRNAs That Impact Dermal Fibroblasts and Skin Fibrosis. Front. Genet. 8:183. doi: 10.3389/fgene.2017.00183

Wnt/β-catenin signaling is required for embryonic dermal fibroblast cell fate, and dysregulation of this pathway is sufficient to promote fibrosis in adult tissue. The downstream modulators of Wnt/β-catenin signaling required for controlling cell fate and dermal fibrosis remain poorly understood. The discovery of regulatory long non-coding RNAs (lncRNAs) and their pivotal roles as key modulators of gene expression downstream of signaling cascades in various contexts prompted us to investigate their roles in Wnt/β-catenin signaling. Here, we have identified lncRNAs and protein-coding RNAs that are induced by β-catenin activity in mouse dermal fibroblasts using next generation RNA-sequencing. The differentially expressed protein-coding mRNAs are enriched for extracellular matrix proteins, glycoproteins, and cell adhesion, and many are also dysregulated in human fibrotic tissues. We identified 111 lncRNAs that are differentially expressed in response to activation of Wnt/β-catenin signaling. To further characterize the role of mouse lncRNAs in this pathway, we validated two novel Wnt signaling- Induced Non-Coding RNA (Wincr) transcripts referred to as Wincr1 and Wincr2. These two lncRNAs are highly expressed in mouse embryonic skin and perinatal dermal fibroblasts. Furthermore, we found that Wincr1 expression levels in perinatal dermal fibroblasts affects the expression of key markers of fibrosis (e.g., Col1a1 and Mmp10), enhances collagen contraction, and attenuates collective cell migration. Our results show that β-catenin signaling-responsive lncRNAs may modulate dermal fibroblast behavior and collagen accumulation in dermal fibrosis, providing new mechanistic insights and nodes for therapeutic intervention.

Keywords: gene expression, Mmp10, Wincr1, Wincr2, dermis, development

INTRODUCTION

Wnt/β-catenin signaling has a diverse role in both embryonic mouse skin development and in human skin diseases such as pilomatricomas, dermal hypoplasia, and fibrosis (Wang et al., 2007; Lam and Gottardi, 2011; Hamburg and Atit, 2012; Lim and Nusse, 2012). β-catenin is a key transducer of the Wnt/β-catenin signaling pathway and a regulator of transcription (van Amerongen and Nusse, 2009; Schuijers et al., 2014; McCrea and Gottardi, 2016). Cell type and context-specific target gene expression provide specificity for the diverse functions of the Wnt signaling pathway (Nakamura et al., 2009; Nusse and Clevers, 2017). Elucidating the downstream modulators of the Wnt signaling pathway is critical to our understanding of how this pathway influences distinct cell types in development and disease.

Dermal fibroblasts are key contributors to hair follicle development, regional identity, skin patterning, wound healing, and skin fibrosis (Chang et al., 2002; Eames and Schneider, 2005; Rendl et al., 2005; Enzo et al., 2015). We have previously demonstrated that dermal Wnt/β-catenin activity is required for mouse embryonic dermal fibroblast identity and hair follicle initiation (Atit et al., 2006; Ohtola et al., 2008; Tran et al., 2010; Chen et al., 2012). Activation of the Wnt signaling pathway in humans is also a common feature in fibrosis of varying organs such as lung, liver, kidney, and skin (Enzo et al., 2015). We found that sustained Wnt/β-catenin activation in dermal fibroblasts is sufficient to cause dermal fibrosis in the adult mouse (Akhmetshina et al., 2012; Hamburg and Atit, 2012; Mastrogiannaki et al., 2016). Transcriptome analysis of mouse fibrotic dermis showed an increase in mRNA levels of regulatory genes, such as Col7a1, Ccn3/Nov, Biglycan, and Matrix Metalloproteinase 16 (Mmp16), a subset of which are also up-regulated in human skin fibrosis and tumor stroma (Hamburg-Shields et al., 2015). Thus, studying the various mechanisms of β-catenin-mediated gene regulation will provide new insights into how context-specific transcriptional targets are activated and repressed in skin development and disease.

In recent years, lncRNAs have emerged as crucial intermediate facilitators for a variety of cellular pathways and gene expression networks (Rinn and Chang, 2012; Wan and Wang, 2014). Regulatory lncRNAs are defined as >200 nt-long RNA molecules readily present within both the cytosol and nucleus but lacking protein-coding capacity. Various studies have implicated lncRNAs in directly facilitating gene expression, both in cis and in trans (Khalil et al., 2009; Moran et al., 2012). Furthermore, studies have documented the existence of differentially expressed lncRNAs within specific fibrotic conditions (Huang et al., 2015; Micheletti et al., 2017; Piccoli et al., 2017; Qu et al., 2017). Recently, TGFβ-responsive lncRNAs have been shown to directly control the expression of fibrotic genes, demonstrating a role for lncRNAs in a pathway with a similar function as Wnt/β-catenin signaling (Fu et al., 2016; Wang et al., 2016). An increasing number of studies are investigating the direct role that lncRNAs play in influencing Wnt/β-catenin signaling (Fan et al., 2014; Vassallo et al., 2015; Wang et al., 2015; Ma et al., 2016).

Wnt/β-catenin signaling-induced lncRNAs that function as downstream effectors of Wnt signaling to modulate gene expression have yet to be fully characterized. Here, we expressed a stabilized version of β-catenin protein from the endogenous locus in neonatal mouse primary dermal fibroblasts to identify Wnt/β-catenin signaling-responsive mRNAs and lncRNAs. We functionally characterized one of the most differentially expressed lncRNAs, GM12603, referred to as Wincr1 in the context of fibrotic gene expression and fibroblast behavior. Our results show that Wincr1 has gene-regulatory and functional roles in key behaviors of dermal fibroblasts such as collective cell migration and collagen contraction.

MATERIALS AND METHODS

Animals and Ethics

Ctnnb1Δex3/+ (Harada et al., 1999), Engrailed1Cre (En1Cre) (Kimmel et al., 2000), Gt(ROSA)26Sortm1(rtTA,EGFP)Nagy (R26rtTA) Jax labs stock: 005670 (Belteki et al., 2005), Teto-deltaN89 β-catenin (Mukherjee et al., 2010) were maintained on mixed genetic background (CD1, C57Bl6) and genotyped as previously described. Triple transgenic Engrailed1Cre/+; Rosa26rtTA/+; Teto-deltaN89 β-catenin/+ experimental mice were generated. For each experiment, a minimum of three mutants with litter-matched controls were studied except where otherwise noted. Animals of both sexes were randomly assigned to all studies. Case Western Reserve Institutional Animal Care and Use Committee approved all animal procedures in accordance with AVMA guidelines (Protocol 2013-0156, approved 21 November 2014, Animal Welfare Assurance No. A3145-01).

Collection and Culture of Primary Dermal Fibroblasts

Whole ventral skin from Ctnnb1Δex3/+ mice was dissected from the trunk of postnatal days 4–7 (P4-7) mice and minced (Harada et al., 1999). Skin was incubated in Dulbecco’s Modified Eagle’s Medium: Nutrient Mixture F-12 (DMEM/F12) (Thermo Fisher Cat. No. 11320) and 50 mg/mL Liberase DL (Roche Cat. No. 5401160001) at 37°C under constant rotation for 1 h. Dermis was dissociated by vigorous pipetting and passing through an 18 gauge needle (BD Cat. No. 305196). Cells from each animal were cultured individually in complete growth media (DMEM (Thermo Fisher Cat. No. 11995065) + 10% Fetal Bovine Serum (FBS) (Thermo Fisher Cat. No. 10082147) + 1% Penicillin/Streptomycin (Invitrogen Cat. No. 15140122) + 1% Antibiotic-Antimycotic) (Invitrogen Cat. No. 14240062) in 5% CO2 except where otherwise noted. After 90 min, media was removed and replaced with fresh culture media. After two passages, Adenovirus was administered in basal DMEM (no FBS). Dermal fibroblasts were infected with Adenovirus-Cre (366-500 MOI) or Adenovirus-GFP (366 MOI) (Adenovirus purchased from University of Iowa). After 48 h, recombination of Ctnnb1 Exon 3 was confirmed with site specific PCR under standard conditions. Primers Neo PMR (5′ AGACTGCCTTGGGAAAAGCG 3′) and Cat-AS5 (5′ ACGTGTGGCAAGTTCCGCGTCATCC 3′) were used to identify the targeted allele with a ∼500 bp amplicon and GF2 (5′GGTAGGTGAAGCTCAGCGCAGAGC 3′) and Cat-AS5 identified the recombined allele with an expected amplicon of ∼700 bp (Harada et al., 1999).

For in vivo induction of stabilized β-catenin expression in Engrailed1Cre/+; Rosa26rtTA/+; Teto-deltaN89β-catenin/+ mice, pregnant dams were given 80 μg of doxycycline (Sigma Cat. No. D9891) per gram of body weight by intraperitoneal injection at embryonic day 12.5 (E12.5) and embryonic cranial and dorsal dermal skin were harvested at E13.5. In vitro stabilized β-catenin expression was induced by treating Engrailed1Cre/+; Rosa26rtTA/+; Teto-deltaN89β-catenin/+ P4 ventral dermal fibroblasts cells with 2 μg/mL doxycycline in complete growth media for 4 days. For induction-reversal experiments, duplicate cultures were then switched to complete growth media without doxycycline for 48 h prior to RNA isolation.

Whole-Genome RNA Sequencing

Total RNA was extracted from embryonic tissues in vivo and dermal fibroblasts in vitro using TRIzol reagent (Thermo Fisher Cat. No. 15596026). RNA was isolated using the RNeasy MinElute kit (Qiagen Cat. No. 74204) with DNAse1 (Qiagen Cat. No. 79254) treatment, following the manufacturer’s protocol. RNA concentration and quality were measured using the NanoDrop 8000 UV-Vis Spectrophotometer.

Libraries were prepared by the CWRU Genomics Sequencing Core, using the True-Seq Stranded Kit (Illumina). Paired-end sequencing was carried out on the Illumina HiSeq 2500 platform. Resulting 100 bp reads were mapped to the mm10 mouse genome release using TopHat and Cufflinks. Mapped raw reads were counted, normalized to total mapped reads, and used for differential gene expression (Cuffdiff and Seqmonk standard settings). Differential expression was defined as an absolute fold change greater than 2, and Benjamini–Hochberg adjusted P-value less than 0.05. Normalized mapped reads are available on Gene Expression Omnibus (GSE103870) using the private token from the editor.

Quantitative PCR and Primers

Total RNA was extracted from P4 ventral dermal fibroblasts between passage 3–6 as mentioned above. cDNA was generated using the Invitrogen High Capacity RNA-to-cDNA Reverse Transcription Kit (Thermo Fisher Cat. No. 4374966). Relative mRNA quantities of select genes were determined using the Applied Biosystems StepOnePlus Real-Time PCR System (Life Technologies Cat. No. 4376600) and the ΔCt or ΔΔCt method where applicable (Livak and Schmittgen, 2001; Schmittgen and Livak, 2008). In all plots, sample and control RQs were normalized to the mean RQ of the control group. Axin2 quantity was measured relative to the reference gene ActB using Taqman probes from Thermo Fisher (Mm00443610_m1 and Mm02619580_g1, respectively) or HPRT (mm1545399_m1). Wincr1 isoform1 (F: TGATCCCACTGAAAATGCTG, R:GGTGATTTGACCTGCCATCT) and Wincr2 (F:GGCCTGGATAGAGGTCTCC, R:TAGTTCTCTCCATCGGTTTCC) quantities were measured relative to reference gene RPL32 (F:TTAAGCGAAACTGGCGGAAAC, R:TTGTTGCTCCCATAACCGATG) using custom-designed primers (Invitrogen) and SyBr Green reagents(Invitrogen Cat. No. 4367659). Mmp10 and Col1a1 quantities (Mm01168399_m1 and Mm00801666_g1, respectively) were measured relative to reference gene ActB expression, using TaqMan Gene Expression Master Mix (Thermo Fisher Cat. No. 4369016). Non-coding gene primers were designed using Primer3Plus1. Primer sequences for RPL32 and Mmp10 were acquired through the MGH Primer Bank Site2. Primer sequences for Col1a1 were identified previously (He et al., 2005).

Statistics were performed using GraphPad Prism 7. For experiments in which cells from the same animal were used in control and experimental conditions, a paired t-test was used. In all other instances, an unpaired t-test was used. Significance for all purposes was defined as ∗P-value ≤ 0.05, ∗∗P-value ≤ 0.01, ∗∗∗P-value ≤ 0.001, ∗∗∗∗P-value ≤ 0.0001. Paired samples are shown as dots connected by a line where applicable. Expression across different tissues are shown as mRNA levels relative to reference gene (2-ΔCt). In all other plots, individual relative quantities (2-ΔΔCt) are shown along with mean and standard error of the mean.

Bioinformatic Analysis

Heatmaps were generated using all mRNA or lncRNA genes considered significantly differentially expressed [abs(fold change) > 2, adjusted P-value < 0.05] between GOF and control samples. Color was assigned to each sample on a basis of Z-score of fragments per kilobase mapped (FPKM) compared to other samples’ FPKM of the same gene (row Z-score). Heatmaps were clustered hierarchically based on the aggregate differential gene expression profiles using the DESeq2 package in R.

DAVID Functional Annotation Clustering3 was performed on all differentially expressed protein-coding genes [abs(fold change) > 2, adjusted P-value < 0.05]. Gene lists were entered as Gene Symbols. All settings were default. The top five ranked clusters are shown, with clusters enriched among up-regulated genes shown as positive and clusters enriched among down-regulated genes shown as negative.

Overrepresentation of predicted transcription factor binding sites was determined using oPOSSUM 3.0 Single Site Analysis (SSA)4 (Ho Sui et al., 2007; Kwon et al., 2012). Gene lists were loaded into the browser-based software by gene symbol, and putative transcription factor binding sites (TFBS) were scored based on their overrepresentation in the areas surrounding the transcription start site (TSS) of such genes, as compared to prevalence in the rest of the genome. All 29,347 genes in the oPOSSUM database were used as background. For analysis of TFBS enrichment around lncRNAs, custom FASTA files were generated for the promoter sequence of each gene. Proximity to TSS was defined as ±5 kb for all analysis. All JASPAR PBM profiles were queried. Each TFBS was assigned a Z-score and a Fisher score for overrepresentation. TFBS were then plotted according to these scores using GraphPad Prism 7. Thresholds were determined as follows: Z-score - Mean + (2 × Standard Deviation), Fisher score -Mean + Standard Deviation as previously described (Kwon et al., 2012).

Gene Set Enrichment Analysis (GSEA) was used to identify known gene expression signatures similar to the differential expression of genes in GOF dermal fibroblasts (Mootha et al., 2003; Subramanian et al., 2005). GSEA was run as a Java Applet. MSigDB C2 Curated Gene Sets were queried. Gene sets smaller than 15 genes and larger than 500 genes were excluded from the analysis and 1000 gene_set permutations were used. All other settings remained default.

The human matrisome gene list was accessed through the MIT Matrisome Project at MatrisomeDB5. The intersection of this list with others was performed in Microsoft Excel.

Coexpression networks were constructed using Cytoscape version 3.4.0 (Shannon et al., 2003). Candidate genes were selected on the basis of significant differential upregulation (adjusted P-value < 0.05 and fold change > 2) and inclusion in the Matrisome gene list (see above). An FPKM table was constructed in Microsoft Excel consisting of these candidate genes as well as Axin2, Wincr1, and Wincr2. This table was loaded into Cytoscape as an unassigned table. The plugin “Expression Correlation” was used (with a Low Cutoff of -1 and a High Cutoff of 0.6) to generate a correlation network. The built-in tool “Network Analyzer” was used to further analyze the network for node degree. A custom style was created to visualize the network, in which edge color correlates with strength of correlation (red:high CC). Node size correlated with number of first neighbors (degree).

Human Fibrotic Disease Study Expression Analysis

Microarray data from nine human studies of various fibrotic conditions were analyzed using Gene Expression Omnibus (GEO). Data were analyzed using the GEO2R tool. Genes with average fold change > 1.5 and adjusted P-value < 0.05 were considered significantly differentially expressed.

In Vitro Lentivirus Overexpression and Gapmer Knockdown of Wincr1

Full-length isoform 1 of Wincr1 was assembled from synthetic oligonucleotides and PCR products and subcloned into pMA-T (Life Technologies, Ref. No. 1725930). Wincr1 lentivirus was generated by subcloning Wincr1 from pMA-T into the Nco1-EcoRV region of pENTR4 (Thermo Fisher Cat. No. A10465) vector and then swapping it into the pGK destination vector (Addgene Cat. No. 19068). Lentivirus was generated in 293T (f-variant) cells (ATCC Cat. No. 3216) by simultaneously transfecting pGK Destination Vector containing Wincr1 (4.5 μg), PMD2G helper plasmid (1.6 μg) (Addgene Cat. No. 12259), and pCMV-dR874 plasmid (3.2 μg), using Lipofectamine 3000 reagent (18 μL) (Invitrogen Cat. No. L30000015) in 1.5 mL Opti-MEM (Thermo Fisher Cat. No. 31985062) media in a 6 cm dish. Cells were selected in Puromycin (2 μg/mL) (Sigma Cat. No. P8833). Virus was collected from 293T conditioned cell media at 24 and 52 h after transfection, clarified with 45 μm pore filter (PES membrane, Thermo Fisher Cat. No. 7252545) and frozen. Lentivirus conditioned media was titered on 293T cells at 3.25–50% dilutions. After 3 days, infected cells were selected by treatment with Puromycin (2 μg/mL) for 3 days. Stable expressing P4 mouse ventral dermal fibroblast cells lines were propagated for further experiments. Wincr1 overexpression was confirmed by qRT-PCR as described.

Wincr1 knockdown was achieved with custom LNA-GapmeRs designed and synthesized by Exiqon6. Sequences targeting Wincr1 (GACTAGGATGATAGAT) and a negative (scrambled) control (AACACGTCTATACGC) were acquired. LNA GapmeRs were reconstituted to 50 μM in tissue culture-grade water as per manufacturer’s instruction. Transfection was carried out using Lipofectamine 3000 Reagent in Opti-MEM. Dermal fibroblasts were seeded in a 12-well cell culture treated plate and transfected in 500 μL of Opti-MEM containing 2 μL Lipofectamine 3000 and a final LNA GapmeR concentration of 50 nM. Active transfection was carried out for 6 h, at which time the Lipofectamine 3000 containing media was replaced with complete growth media. Additional LNA GapmeRs were added for a final concentration of 100 nM. After 48 h of unassisted transfection, cells were harvested and RNA was extracted and analyzed for gene expression changes as described above. The knockdown of Wincr1 expression was confirmed by qRT-PCR.

Proliferation, Migration, and Contraction Functional Assays

To measure cell proliferation, a standard growth curve assay was performed on P4 ventral dermal fibroblasts between passage 4–6 as described above. 30,000 cells were plated in duplicate into a 12 well plate, with cell number being assessed using Trypan blue (Invitrogen/Gibco Cat. No. 1520061) exclusion on the Cell Countess (Invitrogen Cat. No. C10281). Collective cell migration was assessed using a qualitative scratch assay (Liang et al., 2007). Briefly, a 200 μL pipet tip was used to scratch the monolayer and create a 400 μm gap. Images of cells were taken at time (T) 0, 15, and 22 h. Images were taken on Leica S6D microscope with MC120 HD camera with Leica software. Cell contraction was assessed using the Cell Contraction Assay Kit (Cell Biolabs Inc., CBA-201), following manufacturer instruction. Images of cells were taken with Olympus IX71 microscope with Olympus BX60 camera using Olympus DP controller software. All images were analyzed in Image J software (Schneider et al., 2012).

RESULTS

Global RNA Expression Is Altered after β-catenin Stabilization in Dermal Fibroblasts

To identify coding and non-coding RNAs downstream of Wnt/β-catenin signaling, we infected neonatal dermal fibroblasts carrying Ctnnb1Δex3/+ with Adenovirus Cre (Ad-Cre) (Figure 1A). Recombination of Exon 3 of Ctnnb1 produces a stabilized form of β-catenin protein, referred to as Gain of Function (GOF), which lacks the phosphorylation site for degradation and constitutively activates the canonical Wnt signaling pathway. Using site-specific primers, we confirm the consistent and effective Ad-Cre-mediated excision of Ctnnb1 Exon 3 by 48 h post-infection, compared to fibroblasts carrying the same transgene and transduced with Adenovirus GFP (Figure 1B) (Harada et al., 1999). Axin2, a well-established direct target of β-catenin (Jho et al., 2002), was up-regulated by 40 to 70-fold in cells at 72 h post-infection across all GOF samples (Figure 1C) further demonstrating successful excision of Ctnnb1 Exon 3 and activation of the pathway.
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FIGURE 1. In vitro genetic recombination of β-catenin (Ctnnb1Δex3) in dermal fibroblasts results in a strong Wnt signaling expression signature as well as global expression changes in coding and non-coding genes. (A) Schematic of the workflow (B) Ctnnb1Δex3 recombination by Adenovirus-Cre (AdCre) infection was confirmed by Ctnnb1 exon3 site-specific PCR in lanes A and C, compared to the control lane B, infected with Adenovirus-GFP. (C) Relative mRNA quantity of Axin2, a direct β-catenin target is significantly higher in β-catenin stabilized gain of function dermal fibroblasts (GOF) (P-value = 0.0035, n = 3). (D) Known β-catenin targets are higher in GOF dermal fibroblasts by RNAseq (n = 3). (E) Heat map showing hierarchical clustering (based on entities and samples) of all differentially expressed mRNAs (1661) and lncRNAs (111) (P-value < 0.05, fold change > 2) in response to β-catenin stabilization.



Next, we isolated total RNA and performed expression profiling on control and GOF neonatal dermal fibroblasts (n = 3) by whole-genome RNA-sequencing at 72 h post Ad-Cre infection (deposited in GEO, GSE103870). We quantified gene expression using FPKM (see Materials and Methods) and further verified GOF status by examining FPKM values of several well-known Wnt/β-catenin signaling targets in dermal fibroblasts in vivo, such as Wnt5a, Wnt11, Apcdd1, and Twist2 (Budnick et al., 2016). All target gene expression levels were significantly higher across all three GOF samples, serving as quality control for the sample preparation and sequencing (Figure 1D). Within expressed mRNAs and lncRNAs (FPKM > 1), GOF samples independently clustered together via Pearson correlation against the controls (Supplementary Figure S1). In total, we identified 1,661 mRNAs and 111 lncRNAs that were differentially expressed across all GOF samples (fold change > 2, adjusted P-value < 0.05) (Figure 1E). These findings demonstrate that Wnt signaling differentially regulates lncRNAs as well as mRNAs in dermal fibroblasts.

Stabilization of β-catenin Leads to Dysregulation of Matrisome Genes Relevant to Human Fibrosis

We performed Gene Ontology (GO) Analysis for all differentially expressed mRNAs. These analyses identified key functional groups affected by Wnt/β-catenin signaling in dermal fibroblasts. Through DAVID, the differentially expressed mRNAs were grouped by functional clusters, with positive enrichment scores indicating functional clusters comprised of up-regulated genes and negative scores indicating clusters of down-regulated genes (Figure 2A). The highest scoring functional clusters enriched in up-regulated genes included Glycoprotein, Membrane, Cell junction, and Wnt signaling (fold change > 2, adjusted P-value < 0.05). Functions including Extracellular Matrix and Secreted/Glycoprotein were also highly enriched among those genes that were down-regulated in GOF dermal fibroblasts (fold change, <0.5-adjusted P-value < 0.05).
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FIGURE 2. Gene Ontology and disease comparison analysis of all β-catenin responsive genes. (A) The functional annotation (DAVID) of differentially expressed (DE) genes in β-catenin stabilized GOF. (B) A defined matrisome gene dataset (Naba et al., 2012) overlapped with differentially expressed genes in GOF yielded 127 up-regulated and 131 down-regulated matrisome genes consisting of ECM glycoproteins, secreted factors and ECM-regulators. (C) Differentially expressed genes in GOF dataset are also dysregulated in a variety of human fibrotic conditions.



Since DAVID functional clustering analysis highlighted a strong overrepresentation of ECM genes, we used an existing gene set consisting of matrix encoding and related genes or “matrisome” (Naba et al., 2012), to further annotate the categories of ECM-associated genes. We identified 127 significantly up-regulated and 131 significantly down-regulated matrisome genes in GOF samples compared to controls. Of all significantly dysregulated genes in GOF samples, 9.1% were included in the matrisome gene list. Both up-regulated and down-regulated gene sets revealed expression changes in ECM Glycoproteins, Secreted factors, and ECM-regulators (Figure 2B). Of the 258 differentially expressed matrisome genes, 59 were annotated as ECM glycoproteins, 16 are Collagen proteins, 10 are Proteoglycans and 34 are ECM affiliated genes, while the rest serve ECM regulatory functions. Within the various functions of differentially expressed genes, the ECM-encoding and matrisome-related genes are of note due to their function in fibrogenesis.

We utilized Gene Set Enrichment Analysis (GSEA) to identify biological signatures enriched in GOF samples (Subramanian et al., 2005). We input 3114 mouse genes (adjusted P-value < 0.05) expressed in our control and GOF fibroblasts, 2371 of which corresponded to human genes with microarray identifiers in the GSEA database (Supplementary Figure S3A). The top four gene sets enriched in GOF samples were targets of Suz12, EED, and exhibited histone modification of H3K4Me2/H3K27Me3. They are all related to the function of the Polycomb Repressive Complex 2 (PRC2), a well-characterized epigenetic mechanism of gene repression (Supplementary Figures S3B–F). A recent study found functional links between lncRNAs, Wnt/β-catenin signaling, and components of PRC2 in liver cancer stem cells (Zhu et al., 2016). The ontology analysis suggests that epigenetic mechanisms may serve as intermediate modulators of Wnt/β-catenin signaling.

Finally, we compared the list of differentially expressed genes in our GOF mouse dermal fibroblast dataset to genes differentially expressed in human biopsied fibrotic tissue such as systemic sclerosis (SSc), desmoid tumors, idiopathic lung fibrosis, and tumor stroma (Hamburg-Shields et al., 2015). Of the genes differentially expressed in GOF mouse dermal fibroblasts compared to controls, we found varying percentages to also be dysregulated in human fibrotic conditions (Figure 2C). Our analysis shows that the expression changes in GOF dermal fibroblasts in vitro after 48 h of stabilization of β-catenin is consistent with findings from profiling in vivo fibrotic mouse dermis in that Wnt/β-catenin signaling may regulate the expression of matrisome genes and contribute to fibrotic conditions (Hamburg-Shields et al., 2015). Therefore, we demonstrate that the Wnt/β-catenin signaling-responsive genes in dermal fibroblasts are also dysregulated in at least one type of human fibrotic tissue.

LncRNAs Wincr1 and Wincr2 Positively Respond to β-catenin Activity in a Tissue-Specific Manner

We next focused on the 111 differentially expressed lncRNAs in the GOF samples as compared to controls. Two top novel candidate Wnt Induced Non-Coding RNAs (Wincr1 and Wincr2) were highly differentially expressed (Figure 3A). Wincr1 isoform 1(ENSMUST00000146678.1) (GM12603) was expressed at 37 FPKM in control samples and at 551 FPKM in the GOF samples (average 14x fold-change). Wincr2 (GM12606) was expressed at 3.24 FPKM in control samples and 28.27 FPKM in GOF samples, marking over an 8x fold change between conditions. Therefore, we validated increase of Wincr1 with isoform 1 specific PCR primers and Wincr2 expression by qRT-PCR in four independent biological replicates of both GOF and controls in P4 ventral dermal fibroblasts in vitro (Figures 3B,C).
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FIGURE 3. β-catenin stabilized GOF have increased expression of Wincr1 and Wincr2. (A) Heatmap representative of RNA-Seq FPKM values of two candidate lncRNAs, Wincr1 and Wincr2 from control and GOF dermal fibroblasts (n = 3). (B,C) Differential expression of lncRNA targets analyzed by qRT-PCR. LncRNA expression levels are significantly up-regulated within in vitro β-catenin stabilized GOF fibroblasts vs. the control (Wincr1: n = 4, Wincr2: n = 6). ∗∗P-value ≤ 0.01.



To investigate the tissue-specific expression profile of Wincr1 in vivo, we used embryonic skin in which we have previously shown a strong instructive role for Wnt/β-catenin signaling in dermal fibroblast identity and hair follicle initiation (Atit et al., 2006; Ohtola et al., 2008; Fu et al., 2009; Tran et al., 2010; Chen et al., 2012). We assayed for Wincr1 in vivo in embryonic cranial and dorsal dermis during hair follicle initiation at E13.5 by qRT-PCR. Wincr1 displayed a clear tissue-specific expression pattern during normal development in E13.5 mouse embryos. We found Wincr1 transcript to be abundant in the cranial (head) and dorsal skin, as compared to expression in the embryonic liver, heart, and gut (n = 2) (Figure 4A). Wincr1’s enhanced presence in embryonic cranial and dorsal skin vs. other tissues suggests that our lncRNA candidate could play a role in fibroblast biology. Wincr2 followed a similar tissue-specific trend in embryonic tissues (Supplementary Figure S4A).
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FIGURE 4. Wincr1 is differentially expressed in embryonic and perinatal mesenchyme and dynamically responds to changes in β-catenin activity levels. (A) Survey of Wincr1 mRNA levels in embryonic (E13.5) tissues reveals highest expression in embryonic cranial and dorsal skin (n = 2). (B) Axin2 expression levels were used to validate β-catenin activity following doxycycline induction for 4 days in Engrailed1Cre/+; Rosa26rtTA/+; Teto-ΔN89 (β-catistab) E13.5 primary fibroblasts in vitro. (P-value = 0.0237, n = 2,5). (C) Relative quantity of Axin2 and Wincr1 mRNA in β-catistab E13.5 embryonic fibroblasts. (D) Relative quantity of Axin2 and Wincr1 mRNA in β-catistab P4 fibroblasts following doxycycline induction for 4 days and subsequent withdrawal for 2 days in vitro. ∗P-value ≤ 0.05, ∗∗P-value ≤ 0.01.



Wincr1 Dynamically Responds to Wnt/β-catenin Signaling Activity

We further tested β-catenin-responsive expression of Wincr1 with doxycycline-inducible stabilized β-catenin (β-catistab) in E13.5 Engrailed1Cre/+; Rosa26rtTA/+; Teto-deltaN89β-catenin/+ cranial and dorsal dermal fibroblasts in vitro (Mukherjee et al., 2010). Relative Axin2 mRNA expression level was measured by qRT-PCR to confirm GOF status after doxycycline administration (Figure 4B). In response to β-catistab, Wincr1 was significantly higher in embryonic dorsal and cranial dermal fibroblasts (Figure 4C). In the same in vitro GOF samples assayed for Wincr1 expression, an increase in Wincr2 expression was observed but did not reach statistical significance (Supplementary Figures S4B,C).

We tested for dynamic β-catenin-responsive expression of Wincr1 in doxycycline inducible-reversible levels of β-catistab in vitro in P4 ventral dermal fibroblasts. Addition of doxycycline and subsequent withdrawal in culture media allowed us to induce and reverse expression of stabilized β-catenin as shown by Axin2 mRNA levels in Engrailed1Cre/+; Rosa26rtTA/+; Teto-deltaN89β-catenin/+ P4 dermal fibroblasts (Figure 4D). Similarly to the previous result, Wincr1 responded dynamically to the induction and reversal of β-catistab levels (Figure 4D), further establishing Wincr1 as a Wnt/β-catenin signaling-responsive lncRNA in embryonic and perinatal dermal fibroblasts obtained from cranial and trunk skin.

Wincr1 Influences Expression of Some Matrisome Genes

We next utilized co-expression network construction to identify and separate putative regulatory targets of both β-catenin and Wincr1. It has been shown that correlation of expression between two genes across samples can imply a common regulatory factor (Allocco et al., 2004). Using FPKM values from control and GOF samples, we constructed a network of up-regulated mouse matrisome genes connected on the basis of correlation coefficient (CC > 0.6). Genes were grouped into two clusters: those that correlate with Axin2 (97 genes), and those that do not correlate with Axin2 (6 genes). By excluding genes whose expression correlated with that of Axin2, a known direct target of β-catenin, we identified a small number of matrisome genes that might be indirect targets of β-catenin regulation. Relevant fibrosis-related marker genes were selected as possessing some or all of the following traits:

(a) Up-regulated in β-catistab dermal fibroblasts by comparison of FPKM (Figure 1E)

(b) Inclusion in the Matrisome gene set (Figure 2B)

(c) Overexpressed in human fibrotic tissue microarray (Figure 2C)

(d) Exclusion from the Axin2 cluster of the correlation network (Supplementary Figure S5)

Of the genes that passed all four criteria, Matrix Metalloproteinase-10 (Mmp10) was selected for functional investigation. Furthermore, there was no significant enrichment of predicted Tcf/Lef binding motifs within 5 kb of the transcriptional start site of Mmp10 and other differentially expressed mRNAs (Supplementary Figure S2).

To elucidate Wincr1 function in gene regulation and dermal fibroblast biology, we either overexpressed or knocked down Wincr1 in P4 ventral dermal fibroblasts in vitro. For overexpression, we generated a lentivirus construct to overexpress Wincr1 (LV-Wincr1). For knockdowns of Wincr1, we utilized LNA GapmeRs (Wincr1 GapmeRs). We confirmed increase in Wincr1 RNA expression levels after infection of LV-Wincr1 (Figure 5A) and reduction after transient transfection with Wincr1 GapmeR (Figure 5D). Dermal fibroblasts with either over- or knocked down expression of Wincr1 and the parent control cells were then used to investigate changes in the expression of dermal identity and fibrosis-related gene candidates.
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FIGURE 5. Gene regulatory function of Wincr1. (A,D) Relative quantity of Wincr1 RNA is significantly altered as a result of lentivirus or GapmeR infection. (B,E) Relative quantity of Mmp10 mRNA levels correlate with changes in Wincr1 expression levels. (C,F) In LV-Wincr1, relative quantity of Col1a1 is significantly reduced and was comparable between control and Wincr1 GapmeR (n = 5 biological replicates). ∗P-value ≤ 0.05, ∗∗P-value ≤ 0.01, ∗∗∗∗P-value ≤ 0.0001.



We found Mmp10 mRNA level was highly correlated with levels of Wincr1 in dermal fibroblasts (Figures 5A,B,E). After infection with LV-Wincr1, expression of Mmp10 increased dramatically compared to the control (Figure 5B). Conversely, knockdown of Wincr1 via GapmeRs resulted in a decrease in Mmp10 expression by ∼30% of basal levels (Figure 5E). Also, the expression of Col1a1, a key fibrotic marker, correlated negatively with overexpression of Wincr1 (Figure 5C). However, we did not observe a significant difference in Col1a1 mRNA levels upon knockdown of Wincr1 (Figure 5F). The mRNA levels of markers for fibroblasts identity Platelet derived growth factor receptor alpha (Pdgfra) and β-catenin responsive genes and fibrotic markers such as Loxl4, Col5a1, which were up-regulated in GOF, did not correlate with Wincr1 mRNA level, indicating that Wincr1 does not regulate their expression in our system (Supplementary Figure S6). Co-expression analysis also identified Has2 and Methylthioadenosine phosphorylase (Mtap), the latter of which shares a locus with Wincr1. However, the relative mRNA levels of Has2 and Mtap did not correlate with changes in Wincr1 level (Supplementary Figure S4). Thus, our findings demonstrate that Mmp10 is a key target of Wincr1.

To test if Wincr1 and β-catenin have synergistic effects on gene expression, we infected Engrailed1Cre/+; R26rTA/+; Teto-β-catenin (β-catistab) P4 ventral dermal fibroblast with LV-Wincr1. We validated induction of Axin2 in β-catistab condition and confirmed comparable overexpression of Wincr1 in lentivirus infected β-catistab condition (Supplementary Figure S7). Mmp10 and Col1a1 mRNA levels in LV-Wincr1+ β-catistab were not significantly altered from LV-Wincr1 only (Supplementary Figure S5). These results suggest that Wnt/β-catenin signaling and Wincr1 do not synergize to regulate Mmp10 and Col1a1 mRNA and likely function in a linear pathway.

Wincr1 Mitigates Migration and Enhances Collagen Gel Contraction of Dermal Fibroblasts

Given the gene regulatory effect of Wincr1 on Mmp10 expression, we sought to determine functional effects of Wincr1 on cellular behavior of dermal fibroblasts. In order to prevent discrepancies, we used the same stably infected LV-Wincr1 lines in all functional assays (characterized in Figure 5A). Two different dermal fibroblast lines with over-expression of Wincr1 had comparable rates of proliferation to controls over 7 days (Supplementary Figure S8). Next, we used an in vitro scratch assay to study the rate of collective cell migration of dermal fibroblasts in a wound healing setting. This multistep process is relevant in many biological processes such as embryonic development and wound healing (Liang et al., 2007). Compared to control, LV-Wincr1 had attenuated collective cell migration into the cleared area in both serum containing (Supplementary Figure S8) and serum-free conditions within 14–22 h (Figures 6A,B).
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FIGURE 6. Wincr1 function in collective cell migration and fibrotic response. (A) Dermal fibroblasts with LV-Wincr1 exhibit decreased migration compared to uninfected controls. (B) Migration is significantly diminished after 22 h following a scratch in serum-free media (n = 3) and representative of three separate experiments. (C,D) Type I collagen gel contraction assay demonstrates LV-Wincr1 fibroblasts have a higher ability to process collagen. The difference in collagen shrinkage is visible and consistent across three technical replicates from two independent cell lines by 14 h. Points represent the quantitation of collagen gel area normalized to plate area after 14 h using ImageJ software (n = 2 between Control and LV-Wincr1 at 14 h). ∗∗∗P-value ≤ 0.001.



Collagen type1 gel embedded with fibroblasts is considered an in vitro model for fibrotic process and matrix turnover (Fang et al., 2004). We determined whether Wincr1 affects the ability of dermal fibroblasts for collagen contraction, a key fibroblast function. We embedded control and LV-Wincr1 cells in type I rat tail collagen for 48 h to increase the mechanical load and then released the gels. We found LV-Wincr1 dermal fibroblasts had much higher capacity for processing collagen than controls (Figures 6C,D). The difference in collagen gel shrinkage by 14 h was significant and consistent across the two LV-Wincr1 cell lines. Thus, gain of function Wincr1 positively correlated with collagen gel contraction, thereby linking Wincr1 to a key fibroblast functionality.

In summary, we have identified key mRNAs and lncRNAs that are responsive to Wnt/β-catenin signaling levels and we have demonstrated that a lncRNA responsive to Wnt/β-catenin activity, Wincr1, is a potentially new regulator of dermal fibroblast behavior and ECM-related gene expression.

DISCUSSION

Long non-coding RNAs have emerged as key regulators of many cellular processes, and their dysregulation has been observed in many human diseases (Wan and Wang, 2014). Studies of novel lncRNAs have led to the discovery of new mechanisms of gene regulation paving the way toward novel therapeutic strategies. In our current study, through the genetic stabilization of β-catenin in primary dermal fibroblasts, we identified downstream lncRNAs and mRNAs responsive to Wnt/β-catenin signaling. Our genetically targeted culture systems enabled us to observe the effects of β-catenin’s activity levels on gene expression in dermal fibroblasts without the paracrine influences of other cell types that would be present in whole skin expression analysis. Utilizing this system, we have identified Wnt/β-catenin signaling-induced lncRNAs such as Wincr1, that act as putative regulators of key genes such as Mmp10 and Col1a1 in ECM biology. Wincr1 also affects complex cellular behaviors such as collective cell migration and collagen processing and contraction.

Our expression profiling study allowed us to identify genes that were under the influence of Wnt/β-catenin signaling in dermal fibroblasts. Consistent with our previous gene expression analysis from mouse fibrotic dermis after 21 days of sustained Wnt/β-catenin signaling (Hamburg-Shields et al., 2015), gene ontology analysis through functional clustering shows a strong enrichment of ECM and ECM-regulatory gene expression within 72 h of Wnt/β-catenin signaling in dermal fibroblasts. Our analysis also implies that downstream targets of Wnt/β-catenin signaling may alter matrix deposition, remodeling, and fibroblast behavior. Comparison of the Wnt/β-catenin signaling activation gene signature in dermal fibroblasts with those dysregulated in various contexts of human fibrotic diseases confirms that the gene expression signature of β-catenin stabilization in our model is indeed relevant to human fibrotic disease. Thus, β-catenin stabilization in dermal fibroblasts is a relevant signaling pathway in matrix construction and remodeling and a relevant node for therapeutic intervention.

Analysis of the gene expression signature induced by β-catenin stabilization reveals enrichment for PRC2 targets, signifying epigenetic regulation. Unbiased gene set enrichment analysis of genes expressed in dermal fibroblasts shows an enrichment of PRC2 targets. This epigenetic regulatory repressive complex has been shown to interact with lncRNAs, suggesting that a portion of the β-catenin-dependent expression signature controlling ECM and fibrosis-related genes may be regulated by PRC2 or other mechanisms (Rinn and Chang, 2012; Wan and Wang, 2014). While further studies are needed to elucidate the mechanism of β-catenin’s influence on fibrotic genes, these analyses of the coding gene changes following β-catenin activation guided our identification of novel lncRNAs as regulators of gene expression and fibroblast behavior.

Using sustained and inducible-reversible systems of Wnt/β-catenin signaling activation, Wincr1 was identified as a Wnt/β-catenin signaling induced lncRNA candidate due to its consistent response to β-catenin activity levels in multiple contexts in mouse dermal fibroblasts. Further context-specific functional roles of Wincr1 will be elucidated in future in vivo studies with fibroblast-restricted mutants. Our in vitro modulations of Wincr1 expression levels in dermal fibroblasts demonstrated that this lncRNA has a robust gene regulatory effect on distinct genes. Identification of other Wincr1 targets will require extensive expression profiling in dermal fibroblasts and other cell types. In addition, our studies reveal that β-catenin stabilization and overexpression of Wincr1 do not synergize to increase Mmp10 levels, suggesting that β-catenin and Wincr1 may function linearly in a uncharacterized genetic or epigenetic pathway to modulate key genes in matrix production and turnover. Our current data show that while Wincr1 levels are increased after stabilizing β-catenin, Wincr1 can also independently regulate expression of protein coding genes. Identifying other Wincr1 targets will allow us to further refine our understanding of how Wincr1 intersects with Wnt/β-catenin signaling for gene regulation and fibroblast cell behavior. In our current study, we elaborate on the role of Wincr1 in fibroblast gene regulation and cellular behavior, given that this is a context in which Wnt/β-catenin signaling is known to be important.

Our query of several fibrotic genes suggests that Wincr1 has a restricted gene regulatory role. Specifically, Mmp10 expression was consistently responsive to Wincr1 levels, suggesting it is a putative regulatory target of this novel lncRNA. Wincr1’s gene regulatory role does not appear to be pan-ECM, but instead can regulate a defined set of genes. Further mechanistic-based experiments are required to gain insight into how Wincr1 regulates Mmp10, and such studies would be helpful in predicting other targets through binding motifs or other means. Mmp10/Stromelysin-2 has emerged as a key player in fibrosis and “degradomics” (Overall and Kleifeld, 2006; Schlage et al., 2015; Sokai et al., 2015). MMPs can promote collagen contraction by increasing turnover (Daniels et al., 2003; Bildt et al., 2009), and we found increased contractile behavior in LV-Wincr1 dermal fibroblasts. Mmp10 is not a collagenase, but it has the ability to regulate expression of other MMPs, such as Mmp13, that have collagenolytic function and promote the resolution of matrix in wound healing. It is not clear if Mmp10 has a similar role in mitigating ECM accumulation in chronic fibrosis settings that are the result of excessive ECM production and inadequate resolution (McKleroy et al., 2013; Rohani et al., 2015). It is tempting to speculate that Wincr1 participates as a negative feedback to the pro-fibrotic Wnt/β-catenin pathway in dermal fibroblasts. Future functional studies with Wincr1 in fibrosis models will be needed to demonstrate if it has a fibroprotective function.

Wnt/β-catenin signaling has diverse roles in skin development, tissue homeostasis, and disease. Thus, identifying new genetic and epigenetic regulatory mechanisms will provide novel insight in our understanding of this important pathway in dermal fibroblasts. Discovery of this lncRNA and its preliminary regulatory links to β-catenin signaling, skin development, and known fibrotic protein-coding gene expression indicate that lncRNAs may play an important regulatory role in directing Wnt/β-catenin signaling. This is of particular interest in the context of fibrosis, a condition that can be caused by activation of this pathway, but with gene regulatory intermediates that will require further characterization in order to be of clinical value. The robust responsiveness of Wincr1 to Wnt/β-catenin signaling indicates the possibility of this and other lncRNAs as targets for therapeutic intervention to treat fibrosis, but also as circulating diagnostic biomarkers (Tang et al., 2015; Vencken et al., 2015; Zhou et al., 2015). Further studies are needed to elucidate the gene regulatory mechanism and in vivo functions of Wincr1 and other β-catenin responsive lncRNAs. Also, mechanistic understanding into Wincr1 may lead to novel insights into the Wnt signaling pathway and how it regulates key genetic networks throughout embryonic development and adult diseases.
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FIGURE S1 | Heatmaps of all lncRNAs and mRNAs expressed above 1FPKM. Biological replicates cluster together on the basis of global expression for both (A) lncRNA and (B) mRNAs by Pearson correlation (based on entities and samples).

FIGURE S2 | Enrichment of predicted transcription factor binding site (TFBS) analysis on promoters of mRNA. Enrichment of TFBS within 5 Kb of the transcriptional start site (TSS) of up-regulated (A) and differentially expressed (P-value = 0.05, fold change > 2) (B) mRNAs after activating Wnt/β-catenin signaling. Statistically enriched TFBS (upper right quadrant) are not in the TCF/LEF family of transcription factors associated with Wnt signaling pathway (red color in A).

FIGURE S3 | Gene set enrichment analysis (GSEA) shows strong enrichment in Polycomb Repressive Complex 2 (PRC2) targets among genes up-regulated after β-catenin stabilization. (A–E) Top enriched gene sets from C2 database are Suz12, EED, and PRC2 targets, as well as H3 methylation sites. Gene sets enriched in the β-catenin stabilized GOF condition were plotted based on FWER P-value and Normalized Enrichment Score. (F) Leading edge analysis of the top four gene sets show common genes driving the enrichment of these signatures in GOF dermal fibroblasts.

FIGURE S4 | LncRNA Wincr2 is differentially expressed in response to β-catenin activity at E13.5. (A) Endogenous expression of Wincr2 within distinct tissues from an E13.5 wild type embryo via qRT-PCR. Steady state mRNA expression level was verified across two independent embryonic litters. (B) Relative quantity of Wincr2 in E13.5 β-catistab cultured cranial and dorsal dermal fibroblasts after 4 days of β-catenin stabilization. (C) Wincr2 expression is not significantly altered after inducing β-catenin stabilization.

FIGURE S5 | Co-expression network of genes up-regulated in β-catenin GOF and included in mouse Matrisome. Network includes all genes up-regulated (P-value < 0.05, fold change > 2) in GOF samples and included in the mouse Matrisome. Network edges indicate expression correlation between genes, with correlation coefficient above 0.6 shown. Network is separated into clusters based on correlation with Axin2 expression, or absence of such correlation (to the right).

FIGURE S6 | Manipulation of Wincr1 expression does not affect all pro-fibrotic genes. (A–G) Expression of additional matrisome genes as a result of Wincr1 overexpression. We identified these mRNA targets from the analysis of our dataset, co-expression network generation, known fibroblast identity markers, matrisome gene targets, and literature screens.

FIGURE S7 | Lack of synergistic expression of Mmp10 in cells with LV-Wincr1 and LV-Wincr1+ βcatistab. (A) Axin2 mRNA levels, a measure of β-catenin activation, is significantly higher in βcatistab condition (P-value = 0.0152, n = 2). (B) Wincr1 level is significantly higher in LV-Wincr1 and LV-Wincr1+ βcatistab samples (n = 2). (C) There is no significant difference in relative quantity of Mmp10 and Col1a1 mRNA between LV-Wincr1 and LV-Wincr1+ βcatistab samples, (n = 2). (C,D) Relative quantity of Col1a1 mRNA is significantly reduced in the presence of LV-Wincr1 (P-value = 0.0023, n = 2). Representative of three different experiments. ∗P-value ≤ 0.05, ∗∗P-value ≤ 0.01.

FIGURE S8 | Overexpression of Wincr1 does not affect fibroblast proliferation. (A) Proliferation curve of control and LV-Wincr1 infected primary dermal fibroblasts showing comparable rate of proliferation (n = 3) and representative of two different experiments. (B) Migration is significantly diminished after 15 h following a scratch in the monolayer of LV-Wincr1 cells in serum-free media (n = 3) and representative of two separate experiments.

FOOTNOTES

1 http://primer3plus.com/

2 https://pga.mgh.harvard.edu/primerbank/

3 https://david.ncifcrf.gov/

4 http://opossum.cisreg.ca/oPOSSUM3/

5 http://matrisomeproject.mit.edu/other-resources/

6 http://www.exiqon.com/gapmers
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Background: Long non-coding RNAs (lncRNAs), are being reported to be extensively involved in diverse regulatory roles and have exhibited numerous disease associations. LncRNAs modulate their function through interaction with other biomolecules in the cell including DNA, RNA, and proteins. The availability of genome-scale experimental datasets of RNA binding proteins (RBP) motivated us to understand the role of lncRNAs in terms of its interactions with these proteins. In the current report, we demonstrate a comprehensive study of interactions between RBP and lncRNAs at a transcriptome scale through extensive analysis of the crosslinking and immunoprecipitation (CLIP) experimental datasets available for 70 RNA binding proteins.

Results: Our analysis suggests that density of interaction sites for these proteins was significantly higher for specific sub-classes of lncRNAs when compared to protein-coding transcripts. We also observe a positional preference of these RBPs across lncRNA and protein coding transcripts in addition to a significant co-occurrence of RBPs having similar functions, suggesting a modular organization of these elements across lncRNAs.

Conclusion: The significant enrichment of RBP sites across some lncRNA classes is suggestive that these interactions might be important in understanding the functional role of lncRNA. We observed a significant enrichment of RBPs which are involved in functional roles such as silencing, splicing, mRNA processing, and transport, indicating the potential participation of lncRNAs in such processes.

Keywords: long non-coding RNAs, RNA binding proteins, protein-lncRNA interactions, Argonaute (ago), MALAT1

BACKGROUND

The recent years have seen the discovery of a large number of novel transcripts which belong to the long non-coding RNA (lncRNA) class in humans and other model organisms (Pauli et al., 2012). This has been largely contributed by the availability of high-throughput methodologies for transcriptome annotation, including tiling microarrays (Hafner et al., 2010a; Furey, 2012) and deep sequencing (Roberts et al., 2011). The recent genome-wide analyzes of lncRNA genes in Humans have annotated over 83,215 transcripts from 32,446 lncRNAs genes (Derrien et al., 2012; Harrow et al., 2012). The lncRNA superset presently includes a number of sub-classes which include 3 prime overlapping ncRNA, antisense, bidirectional promoter lncRNA, lincRNA, macro lncRNA, miscRNA, non-coding, processed transcripts, pseudogene, retained intron, sense intronic, sense overlapping, and TEC. By definition lncRNAs encompass all transcripts > 200 nucleotides in length and no ORF coding for more than 30 amino acids (Mercer et al., 2009). The biogenesis and regulation of lncRNAs have not been studied in great detail, though it is believed that they are transcribed majorly by Polymerase II and are capped and polyadenylated (Goodrich and Kugel, 2006; Gibb et al., 2011). One particular class of lncRNAs, the large intergenic non-coding RNA has been primarily discovered through their association with epigenetic marks in the genome (Cabili et al., 2011; Cao, 2014). We have recently shown extensive similarities and specific dissimilarities in epigenetic regulation of lncRNAs in comparison to protein-coding genes (Sati et al., 2012). The precise biological function of many of the lncRNAs are not known, though a handful of the candidates have been recently shown to be mechanistically involved in gene regulation and associated with diseases (Wapinski and Chang, 2011). Recent reports from our group also suggest processing of a subset of lncRNAs to smaller RNAs (Jalali et al., 2012), and that a subset of lncRNAs could be potentially targeted by microRNAs (Jalali et al., 2013), thus constituting an intricate and yet poorly understood network of non-coding RNA mediated regulation.

Mechanistically, the characterization of lncRNA could be generalized as a function of its interactions with other biomolecules in the cell: DNA, RNA, protein, and small-molecules (Bhartiya et al., 2012). Current studies have showed that molecular and computational biology techniques can act as catalyst in discovering lncRNA-mediated regulation via understanding their interactions with different biomolecules (Jalali et al., 2015). Recent reports have also suggested the possibility of protein-lncRNA interactions and regulatory interactions mediated through them (Kung et al., 2013). The present understanding of protein-lncRNA interactions are limited to a handful of candidates associated with proteins involved in epigenetic modifications as in the cases of HOTAIR (Gupta et al., 2010), Anril (Kogo et al., 2011), and Xist (Arthold et al., 2011); splicing as in the case of MALAT1 (or NEAT2) (Tripathi et al., 2010) conserved nuclear ncRNA; transcriptional regulation through interaction with transcription factors as in the case of Gas5 (Kino et al., 2010) and few other candidates like Meg3 (Zhao et al., 2006), DHFR (Blume et al., 2003), and Gomafu (Sheik Mohamed et al., 2010). It has been recommended that computational methods for predicting protein-RNA interactions, though less accurate, could be potentially used to guide in experiments (Puton et al., 2012). Recently experimental methodologies to understand protein-RNA interactions on a genomic-scale, including CLIP-seq (Darnell, 2012) and variants thereof (Hafner et al., 2010a; Jain et al., 2011; Konig et al., 2011) has provided insights into the target-sites of a number of RNA binding proteins with much higher resolution (Popov and Gil, 2010). The availability of genome-scale maps of RNA binding proteins provide a novel opportunity toward understanding patterns of RNA binding proteins interaction sites in different transcript classes and derive clues on the interaction networks, regulation and functional consequences of these interactions.

Recently, Li and coworkers showed the interaction between protein and lncRNAs, in addition to their association with disease causing SNPs. They have deposited all the interaction data in form of bed files in starBase 2.0 database, the same datasets are also included in our current study (Li et al., 2014). Tartaglia and coworkers have also employed a novel algorithm catRAPID to evaluate the binding tendency of protein with RNAs (Livi et al., 2015). A similar study by Park et al. has also attempted to explore the possible functions of lncRNAs by focusing at the RBP-lncRNA interactions. LncRNAtor functionally annotates lncRNA molecules based on their expression profiles and co-expression with mRNAs. It also encompass lncRNA's interaction data with 57 RBPs for 5 organisms (Park et al., 2014).

The functional interactions of lncRNAs could be potentially summarized as the sum total of the interactions between other biomolecules independently or in context of one another. The interaction of lncRNAs with genomic DNA and its involvement in chromatin organization (Lee and Bartolomei, 2013) and with other RNA species (Salmena et al., 2011; Bhartiya et al., 2012; Jalali et al., 2015) including microRNAs (Jalali et al., 2013) has been explored at length. Though there have been a number of reports characterizing functional roles of lncRNAs through their association with proteins (Wilusz et al., 2009), no systematic analysis reports has been published on mapping or on characterizing the functional domains of lncRNAs for protein-binding sites. Our study focuses on providing a platform to explore these interactions at a larger scale using computational approaches to functionally indict the lncRNA molecules.

In the present report, we have performed a comprehensive analysis of 70 experimental RNA binding protein datasets available in the public domain. We have derived the peak information (or the most probable site of interaction between protein and RNA) for these RNA binding protein sites at a genome-scale from doRiNA (Blin et al., 2015), starBase (Yang et al., 2011; Li et al., 2014), and CLIPdb (Yang et al., 2015) and analyzed their binding sites in lncRNAs and protein coding transcripts. Our analysis suggests 6 lncRNA subtypes (viz; antisense, lincRNA, miscRNA, processed transcripts, retained intron, and sense intronic) to be largely enriched for protein-binding sites compared to other subclasses hence potentially contribute to a novel layer of regulatory interactions mediated through protein-RNA interactions in ncRNA transcripts. Our analysis shows the distribution of RBP binding sites on the lncRNA loci as opposed to only protein coding transcripts. In our study, we also reveal an interesting pattern of positional clustering of RBP target sites in lncRNAs suggesting a modular organization of regulatory sites in lncRNAs. We also propose how the functionally similar proteins co-occur in both protein coding and lncRNA transcripts. To our knowledge, this is the most comprehensive study on the comparison of lncRNA-RBP interactions as opposed to protein coding loci.

METHODS

Long Non-Coding RNA Datasets

We used the comprehensive compendium of lncRNAs available from GENCODE Version 24 (August 2015 freeze, GRCh38, Ensembl 83, 84) (http://www.gencodegenes.org/) (Harrow et al., 2012). The lncRNA dataset had a total of 32,446 genes encompassing 83,215 transcripts having 3,14,672 exons comprising of both Ensembl and Havana annotations. LncRNA transcripts were assigned into 13 biotypes, viz, 3prime overlapping ncRNA, antisense, bidirectional promoter lncRNA, lincRNA, macro lncRNA, miscRNA, non-coding, processed transcripts, pseudogene, retained intron, sense intronic, sense overlapping, and TEC. We also extracted the 19,655 protein coding genes with 79,930 transcripts and their 7,11,466 exons.

Genome Scale Datasets for Protein-RNA Interactions

We have compiled and analyzed the protein-RNA interaction datasets from public domain for 70 unique proteins derived from 51 publications across 3 databases (detailed in Table 2). The RBP binding sites were downloaded from 3 databases namely: starBase v2.0 (Yang et al., 2011; Li et al., 2014), doRiNA 2.0 (Blin et al., 2015), and ClipDB v1.0 (last updated: April, 2015) (Yang et al., 2015). The ClipDB database consisted of datasets analyzed using 4 different softwares PARalyzer (Corcoran et al., 2011), CIMS (Crosslinking induced mutation site) (Moore et al., 2014), CITS (Weyn-Vanhentenryck et al., 2014), and Piranha (Uren et al., 2012).

These datasets comprise of positions of interaction of RNA binding protein and RNA target sites derived after PAR-CLIP (Photoactivatable Ribonucleoside Enhanced Crosslinking and Immunoprecipitation), HITS-CLIP-seq (High Throughput sequencing of RNA isolated by crosslinking immunoprecipitation), RIP-seq (RNA immunoprecipitation), iCLIP (individual nucleotide resolution crosslinking and immunoprecipitation), PAR-iCLIP (Photoactivatable Ribonucleoside Enhanced individual nucleotide resolution crosslinking and immunoprecipitation) and CLASH (cross-linking ligation and sequencing of hybrids) followed by sequencing of the pull-down fraction of RNA. The sequenced RNA is further used to identify exact or probable binding site using various bioinformatic approaches. In case of ClipDB, the peak calling and identification were done using PARalyzer, CIMS, Piranha, and CITS software tools. Hence, we stored each of files derived from all databases in form of peaks as separate files for downstream analysis. Details of all the techniques and methodologies used to process the data used in our analysis is given in Table 1.


Table 1. The summary of total datasets examined in our study for analysis.
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All these RNA binding sites were liftover to hg38/GRCh38 assembly using the CrossMap-0.2.2 tool (Zhao et al., 2014). The peak information was available for proteins as shown in Supplementary Tables 1A,B. In total, we considered 7 datasets for our study, namely: (1) starBase; (2) doRiNA; (3) Clipdb-PARalyzer; (4) CLIPdb-CIMS; (5) CLIPdb-CITS; (6) CLIPdb-Piranha-stranded); and (7) CLIPdb-Piranha-non-stranded.

Mapping of RNA Binding Protein Interaction Sites

The peaks of the RNA binding protein interaction sites were mapped to the lncRNA exons using bespoken perl script and BEDtools (v2.17.0) (Quinlan and Hall, 2010). The most probable site of interaction (or the peaks) between protein and RNA were derived from datasets taken from doRiNA, starBase, and CLIPdb databases which were processed through standard computational pipelines (as listed in Table 2), offering an easy comparability at the analysis point of view. Further, we tried to analyze the binding sites in each of the individual lncRNA subclasses as defined by GENCODE annotations (i.e., 3 prime overlapping ncRNA, antisense, bidirectional promoter lncRNA, lincRNA, macro lncRNA, miscRNA, non-coding, processed transcripts, pseudogene, retained intron, sense intronic, sense overlapping, and TEC). Similarly, we also plotted the distribution of the binding sites across the protein-coding exons derived from the GENCODE v24 annotation file.


Table 2. List of the 70 RNA binding proteins derived from the respective databases.
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We further tested the significance of binding frequency for each of the lncRNA biotype when compared to the protein coding transcripts. The normalized frequency of binding was calculated by dividing the unique number of RBP peaks mapped from each dataset by unique number of bases of lncRNA/protein coding/random transcripts per kb. Statistical unpaired t-test was applied using R (version 3.1.3) (R Core Team, 2015) script, to test if any of the lncRNA biotypes had significantly higher RBP binding frequency as compared to the protein coding transcripts.

Combinatorial Patterns for RNA Binding Protein Interaction Sites in lncRNAs

We explored the possibility of positional clustering of RNA binding protein interaction sites across the lncRNA and protein coding transcripts. For this, we calculated the co-occurrence binding frequencies for each of the 70 RBPs from the six datasets for each of the lncRNAs and protein coding transcripts in the annotation list. For this analysis we did not consider the CLIPdb-Piranha-non-stranded) dataset due to lack of strand orientation information. Bespoke shell scripts were used to identify RBP sites which co-occurred with each other and were therefore clubbed together.

The coordinates for each RBP peak dataset were intersected separately with both the lncRNA and protein coding exons using BEDtools. These intersecting coordinates were then used to calculate the number of bases which were shared between each of the protein datasets to examine their co-occurrence. The values were further normalized by dividing it with the total number of unique bases of individual RBP datasets which were intersecting with lncRNA and protein coding exons. The mapping percentage in protein coding transcripts provided the baseline for co-occurrence frequency of the binding sites. These co-occurrence frequencies were calculated independently for all the RBP across six datasets.

Positional Preference of RNA Binding Protein Interaction Sites in lncRNAs

We also examined the positional preference of the RNA binding protein interaction sites across the length of lncRNA transcript. As the length of the transcripts varied considerably in our analysis therefore, we briefly define the length of the transcripts as divided into three equal parts. The length of long non-coding transcripts were normalized to 100 nucleotides and arbitrary divided into three equal parts viz., 5 prime end, the middle region, and 3 prime end for comparisons. The notation 5 prime, middle region, and 3 prime denote the positions of the three equal fragments and have no bearing with 5 prime and 3 prime UTRs. Except for datasets analyzed using Piranha, which did not have strand information of the called RBP peaks, all other datasets were used to check for their positional preference. The unique number of bases intersecting with each of the three lncRNA segments was calculated for each dataset. These were further normalized by dividing these values with the unique number of bases in the respective lncRNA segment. Percentage preference was calculated for each segment and the positional location of RNA protein-binding sites were enumerated and plotted as heatmaps.

Additionally, we also plotted the counts of the RNA binding protein interactions sites in protein coding transcripts derived from GENCODE annotation file and the mappings were divided into 3 regions: 5 prime UTR, coding exons, and 3 prime UTR of the coding genes. The CLIPdb-Piranha-non-stranded dataset were not used for the analysis due to the lack of strand information of the peaks.

RESULTS

Analysis of Mapping of RNA Binding Proteins Datasets

We analyzed publicly available datasets for 70 RNA binding proteins derived from seven datasets encompassing five technologies viz. PAR-CLIP, HITS-CLIP, iCLIP, RIP-seq, and CLASH. The experimental datasets were downloaded for RNA binding proteins from three databases (details in Table 1). The experiments briefly included high-throughput genome-scale analysis of RNA protein interactions through pull down and sequencing. The derived data in form of interaction sites (or peaks) which were pre-processed using different computational pipelines including PARalyzer, CIMS, Piranha, and CITS for each of the proteins and were mapped onto the hg38 build of the Human reference genome. The total number of peaks mapping to the genome for respective datasets corresponding to each RNA binding protein has been detailed in Supplementary Tables 1A,B. Each of the dataset was kept as a separate file even if the name of the RNA binding protein was same. This was followed to maintain the identity of each dataset as there were differences in number of peaks for same proteins across different databases which could be attributed to the different experimental protocols used for processing including difference in cell lines, conditions or end points, or downstream computational processing. As same protein was present in more than one dataset, we did not group them as one because different databases had differences in the number and position of peaks owing to the differences in the peak calling softwares and computational pipelines adopted by the users. Nevertheless, the differences in the global frequencies have not been influenced by these.

Comparison of RNA Binding Protein Interaction Sites Within lncRNAs and Protein Coding Genes

We compared the interaction sites for each of the RNA binding proteins in lncRNAs as well as protein-coding transcripts. Toward this end, we used the transcript annotations as provided by GENCODE V24 (Harrow et al., 2012) for protein-coding transcripts and lncRNAs. In total the dataset comprised of 79,930 protein-coding transcripts from 19,655 genes and 83,215 lncRNA transcripts arising out of 32,446 genic loci. We analyzed the distribution of RNA binding protein interaction sites across lncRNAs and protein coding transcripts.

All proteins showed distinct frequency distribution across both protein-coding and long non-coding transcripts. In general, RBP binding was higher in protein coding transcripts when compared to long non-coding transcripts. But when we looked closely, few of RBPs showed higher enrichment for lncRNA subclass when compared to protein coding transcripts. We tested the significance of the enrichment of RBP sites across lncRNA subtypes as opposed to protein coding transcripts using paired t-test. We observed that six of the biotypes including antisense, lincRNA, miscRNA, processed transcripts, retained intron, and sense intronic were more enriched (p-value ≤ 0.05) for RBP sites as opposed to protein coding transcripts in some or the other RBP dataset.

We plotted the binding frequencies of RBPs in lncRNAs and protein coding transcripts for each of the seven datasets as separate graphs. Those datasets and biotypes which had a significantly higher binding for RBPs have been plotted (Figure 1, Supplementary Figures 1, 2). The RBP binding frequency for CLIPdb-CIMS dataset was significantly higher in lincRNA class when compared to protein coding transcripts for all proteins, while HNRNP (F, H, and U) protein had consistent enrichment for miscRNA class (Figure 1). HNRNP complexes help in processing of pre-mRNAs into functional, translatable mRNAs in the cytoplasm. AGO group from CLIPdb-Piranha-non-stranded dataset were mostly enriched for miscRNA, sense intronic, and lincRNA class compared to protein coding transcript while most of proteins showed enrichment for miscRNA and lincRNA classes (Supplementary Figure 1). In Supplementary Figure 1B, we observed miscRNA and lincRNA class to be mostly enriched for most of proteins including AGO proteins, CSTF2 in sense intronic and DGCR8 in retained intron class. AGO2 protein is an important part of RNA-induced silencing complex (RISC) and is required for RNA-mediated gene silencing (RNAi). CSTF2 plays role in polyadenylation and 3'-end cleavage of mammalian pre-mRNAs. DGCR8 is a component of the microprocessor complex that acts as a RNA- and heme-binding protein that is involved in the initial step of microRNA (miRNA) biogenesis. For the starBase, CLIPdb-CITS, doRiNA, Clipdb-PARalyzer datasets RBPs showed higher frequency distribution for lncRNAs (miscRNA, retained intron processed transcript) compared to protein coding transcripts (Supplementary Figures 2A–D), ATXN2 protein from Supplementary Figure 2D had a comparable binding frequency in miscRNA class to protein coding transcripts. This protein is involved in EGFR trafficking, acting as negative regulator of endocytic EGFR internalization at the plasma membrane. Proteins from CLIPdb-Piranha-stranded had enrichment for miscRNA class when compared to protein coding transcripts (Supplementary Figure 2E).
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FIGURE 1. Distribution of RNA binding proteins from CLIPdb-CIMS across 6 biotypes of lncRNA genes and protein-coding genes. X-axis of the graph shows the distribution of RNA binding protein interaction sites in subclasses of lncRNAs and protein coding genes frequency of binding sites. The Y-axis represents the normalized frequency of RBP binding, which was calculated as Unique No. of RBP peaks mapped/Unique No. of Exonic bases/1000. Different ranges of frequency are plotted in A (0-0.008) and B (0-0.12).



We additionally chose a random set of 1,000,000 (1 million) genomic loci as a control set with an average length of 240 bases and mapped the RBP sites across this control set. The frequencies of protein binding sites across these random genomic loci, lncRNA, and protein coding transcripts of randomly chosen RBPs from each of the six datasets have been depicted in the Supplementary Figure 3, to illustrate that the frequency of protein binding sites in lncRNAs is not an arbitrary event. The observed RBP frequency was significantly lower for these random positions when compared to protein coding transcripts and lncRNAs. This clearly substantiates the fact that the observed RBP distribution frequencies are not just due to randomness but are inherently due to the class of RNA they bind.

Combinatorial Patterns for Protein-Binding Sites in lncRNAs Show Similar Proteins Have Overlapping Binding Sites

The seven datasets considered in this study were observed to map onto lncRNA transcripts as well as protein-coding transcripts. To understand whether they map to common subset of loci in the respective transcripts, we evaluated the positional overlaps of the binding sites for each protein from these seven datasets individually. The counts of overlaps were measured as proportion of the total number of independent occurrences of binding sites for each protein. The overlaps were counted separately for all positions in the protein coding transcripts and in lncRNAs. The mapping in protein coding transcripts served as the control set which provided a fair idea of the general overlap in the genomic scale.

Four proteins from the CLIPdb-CITS dataset CSTF2, HNRNPC, TARDB, and TIA1 showed maximum co-occurrence with their respective set of proteins both in protein coding and lncRNAs transcripts while CSTF2, HNRNPC, and TIAL1 co-occurred with each other as well. Our analysis revealed that similar functioning proteins have significantly higher overlapping binding sites with each other, as expected, while EZH2 was an exception in this dataset (Figure 2).
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FIGURE 2. The Heatmap depicts the combinatorial patterns of clustered protein-binding sites across lncRNAs (blue in color) and protein coding transcripts (red in color) for CLIPdb-CITS RBPs. The scale here signifies the number of overlapping binding sites per total number of occurrences for the independent proteins. The diagonal blocks represent a value of 1 corresponding to the exact overlap between the individual protein datasets.



Similarly, RBPs from other five datasets also showed same behavior of co-occurrence between the same set of proteins as shown in Supplementary Figures 4–8 as heatmap. ELAVL1 co-occurred with HUR proteins from doRiNA dataset with high co-occurrence binding frequency as both being the alternate name of same protein. HNRNPF co-occurred with HNRNPU; both are part of the same HNRNP complex, infact all the HNRNP proteins are related to each other.

While protein having similar function such as AGO and DGCR8 proteins were co-occurring in both the doRiNA and CLIPdb-CIMS datasets. Similarly, TNRC6 (A-C) proteins co-occurred with AGO proteins from CLIPdb-Piranha-stranded, Clipdb-PARalyzer, and starBase datasets, from previous observations it is has been seen that functionally related proteins co-occur as in case of TNRC6 with Argonautes, as they have shown to be to play important roles in microRNA mediated regulation of transcripts (Baillat and Shiekhattar, 2009; Chen et al., 2009). ATXN2 and TARDB from Clipdb-PARalyzer are known to associate in one complex depending on RNA where they bind, we observed them to co-occur in our analysis (Elden et al., 2010). From Clipdb-PARalyzer dataset CSTF2 co-occurred with CPSF proteins. Argonaute protein was observed to co-occur with FUS, HNRNP, PTBP1, and PTBP2 from CLIPdb-CIMS datasets and from literature it has been reported that all these proteins interact with each except AGO, hence we believe if other proteins co-occur then AGO should also functionally correlate with these proteins. From starBase dataset, we also observed TAF15 and FUS co-occurred. In addition, we also observed that FUS and TARDB proteins co-occurred from Clipdb-PARalyzer dataset and AGO group of proteins from CLIPdb-CIMS dataset co-occured with HNRNP2B1, HNRNPF, HNRNPM, and HNRNPU proteins. There were other proteins also which co-occurred but with low co-occurrence binding frequency. There was no stark difference in the overlaps of the binding sites between protein coding transcripts and lncRNA sites for each of the proteins considered in our analysis.

Positional Clustering of the Protein-Binding Sites

Positional preferences of the RNA binding protein interaction sites were examined across the entire length lncRNAs. The entire length of transcript was calculated by summing up the lengths of individual exons falling in a transcript and then calculating the position of the mapped RNA binding protein interaction site across this calculated length. As the length of the transcript varied therefore, the entire length was arbitrarily divided into three equal parts viz. 5 prime end, middle region, and 3 prime end. Our analysis revealed that the number of RNA binding protein interaction sites for most of the proteins were in majorly mapping to the 3 prime end and the mid segment of the transcripts as shown in Figure 3 and Supplementary Figure 9. To observe the frequencies of binding sites in protein coding transcripts, we mapped and analyzed the RNA binding protein interaction sites in the protein coding transcripts. The binding frequencies for RBPs were evaluated in protein coding transcripts which were divided as 5 prime UTR, CDS, and 3 prime UTR. The data for the same was derived from GENCODE annotation file in form of bed files. We observed that RNA binding protein interaction sites were distributed in 3 prime UTR, 5 prime UTR, and coding exons and frequencies varied for each protein. The HUR/ELAV1 protein showed a positional preference toward the 3 prime end across the lncRNA transcript and the same has been reported recently by Wang and group (Wang et al., 2015) (Figure 4, Supplementary Figures 10, 11).
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FIGURE 3. Positional preference of protein-binding sites in lncRNAs transcripts for CLIPdb-CITS. (A) Clipdb-PARalyzer, (B) starBase, and (C) doRiNA.
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FIGURE 4. (A) Distribution of RNA binding proteins sites from (A) Clipdb-PARalyzer, (B) starBase, and (C) doRiNA datasets across protein coding genes. X-axis of the graph depicts the RBP sites in protein coding genes and Y-axis is the percentage of mapping of these binding sites across the 5′UTR, CDS, and 3′ UTR.



We further observed that AGO proteins across the three datasets, namely; Clipdb-PARalyzer, starBase, and doRiNA showed to have a positional preference in protein coding and lncRNA transcripts (Figures 3, 4). When we examined the mapping for the three datasets in protein coding transcripts, we observed that AGO protein showed preference toward the 3 prime UTR. Previous reports have shown AGO proteins bound to miRNAs to target toward 3 prime end of mRNA thereby affecting its translation (Pillai et al., 2004). Such positional preference for AGO proteins is an established fact when targeting the 3′ end of mRNAs leading to post-transcriptional silencing. We observed similar positional preference for AGO protein in lncRNAs, thereby suggesting certain regulatory roles.

High Frequencies of RNA Binding Protein Interaction Sites in a Subset of Transcripts

We also observed that many well-known lncRNAs including XIST, NEAT1, OIP5-AS1, and MALAT1 had large number of RNA binding protein sites across their length. A subset of well-annotated lncRNA genes had consistently large number of binding sites for majority of the proteins considered. MALAT1 (metastasis associated lung adenocarcinoma transcript 1), a well-studied lncRNA with intricate roles in the pathophysiology of cancer Metastases is one of such candidate (Gutschner et al., 2013). MALAT1 is highly conserved amongst mammals and is known to be localized in nucleus. We plotted the binding sites for all RBPs to the full-length of MALAT1 transcripts and the same is shown in Figure 5 for ClipDB-CIMS, CLIPdb-CITS, and CLIPdb-Piranha-stranded datasets. We combined all the datasets for each protein within a database and divided them into three classes (Cytoplasmic, Nuclear, or Both) based on their cellular localization. The distribution profiles for all the RBPs across the MALAT1 gene was derived using UCSC Genome Browser (Meyer et al., 2013).
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FIGURE 5. Depiction of the mapping of RNA binding protein interaction sites from CLIPdb-CIMS, CLIPdb-CITS, and CLIPdb-Piranha-stranded datasets across the length of MALAT1 lncRNA. The RBP highlighted in gray box are the ones generally localized to cytoplasm (C). The RBP generally localized to nucleus (N) are marked as yellow box. C/N labeled RBPs is the ones which are present in both Nucleus and Cytoplasm.



We observed that the RBPs known to be localizing in nucleus were shown to have higher binding sites across MALAT1 when compared to other RBPs. The functional interaction of MALAT1 with a number of RNA binding proteins have been previously studied (Tripathi et al., 2010), suggesting extensive functional link to the interactions and thereby providing interesting insights for lncRNA functions and biological regulatory networks they take part in. The mapping for all other datasets across the MALAT1 lncRNA is shown in Supplementary Figures 12, 13.

DISCUSSION

LncRNAs have lately emerged as one of the major transcript forms encoded by the human genome, the numbers growing as much as the number of protein-coding transcripts over the years. GENCODE v24 has 83,215 lncRNA loci compared to 79,930 protein-coding gene loci. The functional role of many candidate lncRNAs have been extensively studied in the recent past, nevertheless the general lack of conservation of lncRNAs, even between closely related organisms, barring a handful of candidate lncRNAs has restricted the possibility to model functionalities of lncRNAs in model systems.

The availability of genome-scale assays for evaluating protein-binding sites in RNA (Kishore et al., 2011), has offered new opportunities to address this issue at much higher confidence and resolution than which were provided by computational approaches (Bellucci et al., 2011; Puton et al., 2012). To date, seven datasets for genome-scale protein-RNA interactions are available in public domain (i.e., doRiNA, Clipdb, starBase) and the present analysis makes use of all these available datasets. We show such approaches involving repurposing of datasets could provide immense insights into the biological functions with potential regulation of lncRNAs.

In the present study, we have used the peak information (or the most probable site of interaction between protein and RNA) from seven datasets processed through standardized computational pipeline for accurate assessment of protein-RNA interaction sites (doRiNA, Clipdb, starBase). This allowed us to compare the frequencies of the protein binding sites in systematic fashion. It has not escaped our attention that the datasets encompass a diverse set of experiments; cell line, and experimental protocols, nevertheless; our findings hold true despite these differences available in public domain as part of this analysis encompassing six experimental databases of RNA binding proteins. For instance, one of the most studied RBP, the Argonaute datasets showed similar trends regardless of the diverse experimental protocols (HITS-CLIP, iCLIP, PAR-CLIP) and analysis methodologies employed.

The RBPs considered in our study are known to be involved in varied types of functional roles including silencing, splicing, stability, mRNA processing, and transport. In the current study, we observed RBPs enriched for specific lncRNA biotypes are involved in diverse functions, suggesting their probable functional mechanism of action. RBPs such as AGO, DGCR8, EWSR1, TNRC6A/B/C, and FUS, involved in maintenance of the stability of RNA, were having significant enrichment for the lincRNA, miscRNA, retained intron subclasses suggesting they might be acting as either transporters or as sponges for these RBPs. Another set of RBPs such as CPSF complex, FBL, TAF15, and HNRNP family, playing a role in mRNA processing were shown to be enriched in lncRNA subclasses, signifying that lncRNAs inturn might be acting as guides. These proteins might be also involved in mechanism of lncRNA biogenesis. Enrichment was also observed for proteins such ATXN2, C17ORF85, and HNRNPs which predominantly are involved in the export and transporting of RNA moieties, in addition to proteins such as EIF4A3, FOX2, PTBP1, QKI, SFRS1, SRRM4 among others which are predominantly involved in splicing. Hence our analysis suggests that interaction of lncRNA with such types of RBPs surely provide hints about the possible functional roles lncRNAs might be playing which can be validated by experimental approaches.

We also highlight the localization of lncRNAs and RBPs within a cell. We classified the RBPs based on their known localization within the cells and overlapped it with MALAT1, which is an established nuclear enriched lncRNA. The results indicated that the intensity of nuclear localized RBPs were higher for MALAT1 across all the seven datasets. This further strengthened the fact that these bindings were not an arbitrary event and are indeed interacting with the co-localized lncRNAs.

The present analysis reveals a set of interesting characteristics of protein-RNA interaction in the context of lncRNAs: (1) high frequency of RNA-protein interaction sites in lncRNAs subclasses; (2) co-occurrence of RNA binding protein interaction sites; and (3) positional preference for the binding sites across the transcript length. This analysis, to our best of knowledge is the most comprehensive analysis of RNA binding protein interaction sites in lncRNAs, and provides the basis for further analysis on the functional consequences of these patterns. It has also not escaped our attention that targeting protein-interaction sites and thus the functionalities could be in the future therapeutically explored. Recent reports from other laboratories have explored the possibility of targeting RNA structures using small molecules (Jamal et al., 2012; Bose et al., 2013). Further availability of genome-scale protein-RNA interaction datasets and availability of tools to query RNA secondary structures at genome scale (Hofacker, 2003) would provide us with immense opportunities toward understanding the entire repertoire of functional RNA interactions and phenotypic correlates at a genome-scale level. This would also form the much-needed resource of knowledge to potentially query and understand consequences of genomic variations at these loci.

CONCLUSION

The interactions between proteins and RNA molecules can provide the essential insights into the functioning of the lncRNAs. In this study, we highlight the enrichment of RBP sites across some of the lncRNA transcript classes in comparison with protein coding transcripts. We have systematically demonstrated that proteins having similar functional roles showed a higher co-occurrence across both lncRNA and protein coding transcripts. Also, the positional preference of most of RBPs agreed with their possible functional roles. Our study gives a compendium of lncRNA and RBP interactions suggesting a large number of functional roles which they can play including silencing, splicing, mRNA processing, export or transport.
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Supplementary Figure 1. (A,B) Distribution of RNA binding proteins from CLIPdb-Piranha-stranded across six biotypes of lncRNA genes and protein-coding genes. X-axis of the graph shows the distribution of RNA binding protein interaction sites in subclasses of lncRNAs and protein coding genes frequency of binding sites.

Supplementary Figure 2. Distribution of RNA binding proteins from (A) starBase, (B) CLIPdb-CITS, (C) doRiNA, (D) Clipdb-PARalyzer, and (E) CLIPdb-Piranha-non-stranded across 6 biotypes of lncRNA genes and protein-coding genes. X-axis of the graph shows the distribution of RNA binding protein interaction sites in subclasses of lncRNAs and protein coding genes frequency of binding sites.

Supplementary Figure 3. Distribution of RNA binding proteins CLIPdb-CIMS (CSTF2), starBase (AGO1), CLIPdb-CITS (HNRNPC), doRiNA (AGO2), Clipdb-PARalyzer (AGO2), and CLIPdb-Piranha-non-stranded (AGO2) across lncRNA, Protein Coding Transcript and Random Genomic Loci. X-axis of the graph represents random RBPs selected from each dataset and Y-axis depicts the normalized frequency of RNA binding protein interaction sites. The frequency is calculated as the number of unique RBP peaks per unique number of exonic bases per kilobase mapped.

Supplementary Figure 4. The Heatmap depicts the combinatorial patterns of clustered protein-binding sites across lncRNAs (blue in color) and protein coding transcripts (red in color) for doRiNA dataset RBPs. The scale here signifies the number of overlapping binding sites per total number of occurrences for the independent proteins.

Supplementary Figure 5. The Heatmap depicts the combinatorial patterns of clustered protein-binding sites across lncRNAs (blue in color) and protein coding transcripts (red in color) for CLIPdb-CIMS dataset RBPs. The scale here signifies the number of overlapping binding sites per total number of occurrences for the independent proteins.

Supplementary Figure 6. The Heatmap depicts the combinatorial patterns of clustered protein-binding sites across lncRNAs (blue in color) and protein coding transcripts (red in color) for CLIPdb-Piranha-non-stranded dataset) RBP. The scale here signifies the number of overlapping binding sites per total number of occurrences for the independent proteins.

Supplementary Figure 7. The Heatmap depicts the combinatorial patterns of clustered protein-binding sites across lncRNAs (blue in color) and protein coding transcripts (red in color) for starBase dataset RBPs. The scale here signifies the number of overlapping binding sites per total number of occurrences for the independent proteins.

Supplementary Figure 8. The Heatmap depicts the combinatorial patterns of clustered protein-binding sites across lncRNAs (blue in color) and protein coding transcripts (red in color) for Clipdb-PARalyzer dataset) RBPs. The scale here signifies the number of overlapping binding sites per total number of occurrences for the independent proteins.

Supplementary Figure 9. Positional preference of protein-binding sites in lncRNAs transcripts for (A) Clipdb-PARalyzer, (B) CLIPdb-CIMS, (C) starBase, (D) doRiNA, (E) CLIPdb-CITS, and (F) CLIPdb-Piranha-stranded.

Supplementary Figure 10. (A) Distribution of RNA binding proteins sites from (A) Clipdb-PARalyzer, (B) CLIPdb-CIMS, and (C) starBase datasets across Refseq genes. X-axis of the graph depicts the distribution of RNA binding protein interaction sites in refseq genes and Y-axis is the frequency of binding sites.

Supplementary Figure 11. (B) Distribution of RNA binding proteins sites from (A) doRiNA, (B) CLIPdb-CITS and (C) CLIPdb-Piranha-stranded datasets across Refseq genes. X-axis of the graph depicts the distribution of RNA binding protein interaction sites in refseq genes and Y-axis is the frequency of binding sites.

Supplementary Figure 12. Depiction of the mapping of RNA binding protein interaction sites from Clipdb-PARalyzer datasets across the length of MALAT1 lncRNA. The RBP highlighted in gray box are the ones generally localized to cytoplasm (C). The RBP generally localized to nucleus (N) are marked as yellow box. C/N labeled RBPs is the ones which are present in both Nucleus and Cytoplasm.

Supplementary Figure 13. Depiction of the mapping of RNA binding protein interaction sites from ClipDB (doRiNA and starBase datasets) across the length of MALAT1 lncRNA. The RBP highlighted in gray box are the ones generally localized to cytoplasm (C). The RBP generally localized to nucleus (N) are marked as yellow box. C/N labeled RBPs is the ones which are present in both Nucleus and Cytoplasm.

Supplementary Tables 1. (A) Detailed list of publically available datasets derieved from Starbase and Dorina databases. (B) Detailed list of publically available datasets derieved from CLIPdb database.
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lncRNA, long non-coding RNA; DNA, Deoxyribonucleic acid; CLIP, cross-linking immunoprecipitation; HITS-CLIP, UV cross-linking and immunoprecipitation with high-throughput sequencing; PAR-CLIP, Photoactivatable Ribonucleoside-Enhanced Crosslinking and Immunoprecipitation; iCLIP, individual-nucleotide resolution Cross-Linking and Immuno Precipitation; ncRNA, Non-coding RNA; lincRNA, long intergenic RNA; TEC, To be Experimentally Confirmed; RIP-seq, RNA Immunoprecipitation sequencing; CLASH, cross-linking ligation and sequencing of hybrids; CIMS, Crosslinking induced mutation site; CITS, crosslinking induced truncation analysis; RISC, RNA-induced silencing complex; RNAi, RNA interference; miRNA, microRNA; RBP, RNA binding protein; UTR, untranslated region; CDS, coding sequence; UCSC, University of California, Santa Cruz.
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(AAs)
Pant  Early noduiin 40 Plants. Invitro translation Nodule organogenesis  12.24  Rohiig et al,, 2002
(Enod 40)
POLARIS (PLS) Gene expression analysis by promoter Leaf morphogenesis 36 Casson etal, 2002;
trapping; Mutation analysis Chilley et al., 2006
Brick! k) Plantsand  Mutation analysis Leaf morphogenesis 76 Frank and Smith, 2002
animals
ROTUNDIFOLIA(ROT4)  Plants Screening of a mutant in Arabicopss thallana  Leaf morphogenesis 58 Naritaetal, 2004
ROT18/DLV1 Plants. Gain of function screening of genes responsible ~ Plant organogenesis 51 Wenetal, 2004; Guo
for fuit growth and development in Arabidopsis etal, 2015
Kiss of death (KOD) Gene expression analysis by promoter trapping ~ Programmed cell death 25 Blanvilain etal, 2011
regulation
ZmA01p10,Zm08p11  Poaceae Bioinformatios analysis Pollen development 8097 Maetal, 2008; Wang
etal, 2009; Dong etal.,
2013
Animal ~ Polished rice (Pri) Insects Mutation analysis Fly embryogenesis 1182 Galindo et al,, 2007;
Kondo et al., 2007, 2010
Toddler Vertebrates  Ribo-seq-based search for novel signaling Promotes cell migration 58 Paulietal, 2014
peplides
AGD3 Mammals ~ Sequencing analyss. Involve in stem cell 63 Kikuchi et al, 2009
differentiation
Myoreguln (MLN) Mammals  Bioinformatics approaches; Homology-based  Calcium homeostasis 46 Magny etal., 2013;
characterization Anderson etal., 2015
DWORF Lamprey PhyloCSF search; Gain and loss of function  Enhance muscle 34 Nelsonetal, 2016
performance
Myormixer Vertebrates  CRISPR-cas9 mediated loss of function Functionally involve in 84 Bietal, 2017
screening of genes required for myoblast fusion ~ controling muscle
performance
MRI-2 Mammals  HPLC-MS/MS screening combining with RNA  DNA repairing process 69 Shvoffetal, 2014
seq; characterized by functional proteomics.
NoBody Mammals  HPLC-MS/MS screening combining with RNA  mRNA recycling 68  Dlimaetal, 2017
seq; characterized by functional Proteormics
SPAR Humanand  Proteomics strategy Regulate muscle 90 Matsumoto etal., 2017
mouse regeneration
Humanin Different Functional expression screening Involve in program cell 24 Hashimoto etal., 2001;
species death Guoetal, 2003
MOTS-c 14species  In silico search for potential SORFs in human  Metabolic Homeostasis 16 Leeetal,2015
125RNA.
Minion Mammalian  RNA seq analysis of uninjured and regenerating ~ Muscle formation 84 Zhangetal, 2017
species muscle
HOXB-AS3 Primates Ribosome profiing Suppresses colon cancer 53 Huang etal., 2017
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Software to predict binding sites Total datasets

Ago PAR-CLIP raw data were reanalyzed using PARalyzer v1.1, other 8
CLIP-identifed binding sites clusters/peaks were used directly from their
respective publications

PARalyzer, CIMS, Piranha, CITS 430

Binding sies directly adopted from their respective publications 79
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Full name doRINA  starBase Clipdb Publications
1 AGO1 Argonaute RISG catalytic component 1 v v v Hafneretal., 2010b; Helwak et al., 2013;
Memozak et al,, 2013
2 AGO2 Argonaute RISC catalytic component 2 v v v Hafneretal, 2010b; Gottwein et al., 2011;
Kishore et al., 2011; Lipchina et al., 2011;
Haecker et al, 2012; Riley et al., 2012; Skalsky
et al., 2012; Karginov and Hannon, 2013;
Memczak et al., 2013; Xue et al, 2013
3 AGOS Argonaute RISC catalytic component 3 v v ¢ Hafner etal, 20106
4 AGO4 Argonaute RISG catalytic component 4 v v v Haferetal, 20105
5 ALKBHS Alpha-Ketoglutarate-Dependent Dioxygenase v v v Baizetal, 2012
AKB Homolog 5
6 ATXNZ Ataxin 2 v v Yokoshietal, 2014
7 C170RF8S/NCBP3  Chromosome 17 Open Reading Frame v v v Balzetal, 2012
85/Nuclear Cap Binding Subunit 3
8 C220RF28/RTCB  Chromosome 22 Open Reading Frame 28 /RNA v v Baltz etal, 2012
2,3-Cyclic Phosphate And 5-OH Ligase
9 CAPRINY Oytoplasmic Activation- And v v v Balzetal, 2012
Prolferation-Associated Protein 1
10 CPSF1 Cleavage And Polyadenylation Specific Factor 1 v Martinetal, 2012
1 CcPSF2 Cleavage And Polyadenylation Specific Factor 2 v Martinetal,2012
12 CPSF3 Cleavage And Polyadenylation Specific Factor 3 v Martinetal, 2012
13 CPSF4 Cleavage And Polyadenylation Specific Factor 4 v Martinetal,2012
14 CPSFs Cleavage And Polyadenylation Specific Factor 6 v Martinetal, 2012
15 CPSF7 Cleavage And Polyadenylation Specific Factor 7 v Martinetal,2012
16 CSTR2 Cleavage Stimulation Factor Subunit 2 ¢ Martinetal, 2012; Yao et al, 2012
17 csTRT Cleavage Stimulation Factor Subunit 2, Tau Variant v Martinetal,2012
18 DGCRe DiGeorge Syndrome Critical Region 8 v v v Macisetal, 2012
19 EF4A3 Eukaryotic Translation Initation Factor 4A3 v v v Sadireetal, 2012
20 ELAVLIHUR Embryonic Lethal Abnormal Vision v v v Lebedeva etal, 2011; Mukherjee, 2011;
Drosophia)-Like binding protein 1/Human Friedersdorf and Keene, 2014
Antigen R
21 EWSR1 Ewing Sarcoma Breakpoint Region 1 v v v Hoel etal. 2011; Paronetto et al,, 2014
22 EZH2 Enhancer Of Zeste 2 Polycomb Repressive v Kanekoetal, 2013
Complex 2 Subunit
23 FBL Fibrilarin v Kishoreetal, 2013
2 FIP1LY Factor Interacting With PAPOLA And CPSF1 v Martinetal, 2012
25 FMR Fragie X Mental Retardation 1 v v v Ascanoetal, 2012
26 FOX RNA binding protein fox-1 homolog 2 v Yeo et al., 2009
27 FUS Fused in Sarcoma v v v Hoel etal., 2011; Lagier-Tourenne et al., 2012;
Nakaya et al., 2013; Yokoshi et al,, 2014
28 RXR1 Fragile X Mental Retardation, Autosomal v v v Ascanoetal, 2012
Homolog 1
FXR2 Fragile X Mental Retardation Autosomal v v v Ascanoetal, 2012
Homolog 2
30 HNRNPA! Heterogeneaus Nuclear Ribonucleoprotein A1 v Hulgaetal, 2012
31 HNRNPA2B1 Heterogeneous Nuclear Ribonucieoprotein A2/B1 v Huelgaetal, 2012
a2 HNRNPC Heterogeneous Nuclear Ribonucieoprotein G v v v Zamacketal, 2010,2013
(©1/c2)
33 HNRNPD Heterogeneous Nuclear Ribonucieoprotein D v Yoonetal,2014
34 HNRNPF Heterogeneous Nuclear Ribonucleoprotein F v Huelgaetal, 2012
35 HNRNPH Heterogeneous Nuclear Ribonucieoprotein H1 v Katzetal,2010
3 HNRNPL Heterogeneous Nuclear Ribonucleoprotein L v v Shankaring etal, 2014
37 HNRNPM Heterogeneous Nuclear Ribonucieoprotein M v Huelgaetal, 2012
38 HNRNPU Heterogeneous Nuclear Ribonucieoprotein U v Huelgaetal, 2012; Xao et al, 2012
(Scaffold Attachment Factor A)
39 IGF2BPI Insuiin Like Growth Factor 2 MRNA Binding v v v Hafneretal, 2010b
Protein 1
40 IGF2BP2 Insulin Like Growth Factor 2 MRNA Binding v v < Hafneretal, 2010b
Protein 2
a IGF2BP3 Insuiin Like Growth Factor 2 MRNA Binding v v v Hafneretal, 2010b
Protein 3
42 UN2sA Lin-28 Homolog A v v v Wibert etal, 2012; Hafner et al,, 2013
43 UN2sB Lin-28 Homolog B v v v Grafetal, 2013; Hafner et al,, 2013
44 METTLS Methylransferase-Like Protein 3 v v v Pigetal, 2014
45 MOvio Moloney Leukemia Virus 10 RISC Complex RNA v v v Seversetal, 2012
Helicase
46 NOPS6 Nucleolar Protein 5A v Kishoreetal, 2013
47 NOPSB Nucleolar Protein 5 v Kishoreetal, 2013
4 NUDT21 Nudix (Nucleoside Diphosphate Linked Moiety v Martinetal, 2012
X)-Type Motif 21
4  PTBPI Polypyrimidine Tract Binding Protein 1 v v Xueetal,2013; Rajetal, 2014
5  PTBP1andPTBP2  Polypyrimidine Tract Binding Protein 1 and v Xueetal,2009
Polypyrimidine Tract Binding Protein 2
51 PUM2 Pumilio RNA Binding Famiy Member 2 v v v Hafneretal, 2010b
2 K Quaking homolog KH domain RNA binding v v v Hafner etal., 2010b
5 RBMIO RNA Binding Mol Protein 10 v Wang et al., 2013
54 RBPMS RNA Binding Protein With Multiple Splicing v Farazietal,, 2014
55 RICB RNA 2/,3'-Cyclic Phosphate And §'-OH Ligase v Balzetal,2012
5 SFRS1 Splicing factor arginine/serine-rich 1 v v Sanford etal., 2009
57 SRRM4 Serine/Arginine Repetitive Matrix 4 v Rajetal, 2014
58 TAFIS TATA-Box Binding Protein Associated Factor 15 v v v Hoslletal, 2011; Ibrahim et al,, 2013
50 TARDBP/TDP-43  Transactive response DNA binding protein 43kDa v/ v v Tolervey etal, 2011; Yokoshiet al, 2014
60 Tl T-Cel-Restricted Intracellular Antigen-1 v v v Ueetal, 2010
61 TIALY TIA-1-Related Protein v v Ue etal, 2010
62 TNRCGA Trinucleotide repeat-containing gene 6A v v Hafneretal, 20100
63 TNRCEB Trinucleotide repeat-containing gene 68 v v Hafneretal, 2010b
64 TNRCEC Trinucleotide repeat-containing gene 6C v v Hafneretal, 20100
65 U2AFE5 U2 Small Nuclear Ribonucleoprotein Auxiiary v Zarnack et al,, 2013
Factor (65kD)
66 UPFI Up-Frameshift Suppressor 1 Homolog v Zind etal, 2013
67 WDRS3 WD Repeat Domain 33 v Schénemann etal. 2014
68 WIAP Wims Tumor 1 Associated Protein v Ping etal, 2014
69 YTHOF2 YTH N6-Methyladenosine RNA Binding Protein 2 v Wangetal,2014
70 ZC3HTB Zinc Finger CCCH-Type Containing 78 v v v Balzetal,2012
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Splicing regulators Targets Knockout/downregulation of splicing regulators

Target exon

nSR100/SRRM4. Protrudin (Zfyve27) ~ suppressed inclusion of exon L between

exon8and9

Pibp1 &2 PSD-95 (Dlg4) exon 18 inclusion

Pibp1 Fina included the poison exon

Pibp2 Dnm1 altered mutually exclusive selection of
exons 9a/%b

Nova2 Dab1 ‘exon 7bc (b) inclusion

Rofox3 Numb repressed Numb exon 12 inclusion

Rbfox1 Snap25 altered mutually exclusive selection of
exons 5a/5b

SRSF1 ApoER2 promote exon 19 inclusion

hnRNP H1/H2 TRF2 exon 7 (TRF2-S) inclusion

RBM4 Numb increased exon 3 skipping and exon 9
inclusion

PSD-95: postsynaptic density protein 95.
Drm1: dynamin.

Fina: fiarmin A.

Dab: disabled homolog-1.

hnRNP: heterogeneous nuclear rbonucleaprotein.
Snap25: synaptosomak-associated protein 25.
ApoER?2: apolipoprotein E receptor 2.

TRF2: telomeric repeat-binding factor 2.

Phenotypes
impaired neurite outgrowth

impaired development of glutamatergic
neurons

brain specific malformation

impaired synaptic function, and caused
seizures and behavioral defcits

impaired radial migration and Purkinje neuron
migration

impaired neuronal differentiation

caused seizure

impaired synapse formation and function
impaired neuronal differentiation.

impaired neuronal differentiation and neuronal
outgrowth
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Zhang et al, 2016
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Yano et al., 2010

Kim etal., 2013
Gehman et al., 2011

Hinrich et al,, 2016
Grammatikakis et al., 2016
Tarnetal., 2016
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