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Summary  

The mammalian genome encodes thousands of long non-coding RNAs (lncRNAs) that are 

developmentally regulated and differentially expressed across tissues, suggesting possible roles in 

cellular differentiation. Despite this expression pattern, little is known about how lncRNAs 

influence lineage commitment at the molecular level. Here, we reveal that perturbation of an 

embryonic stem cell (ESC)-specific lncRNA, Pluripotency associated transcript 4 (Platr4), in 

ESCs directly influences the downstream meso/endoderm differentiation program without 

affecting pluripotency.  We further show that Platr4 interacts with the TEA domain transcription 

factor 4 (Tead4) to regulate the expression of a downstream target gene crucial in the cardiac 

lineage program known as connective tissue growth factor (Ctgf). Importantly, Platr4 knockout 

mice exhibit myocardial atrophy, valve mucinous degenration associated with reduced cardiac 

output and sudden heart failure. Together, our findings provide evidence that Platr4 expression in 

undifferentiated ESCs is critical for downstream lineage differentiation, highlighting its 

importance in disease modeling and regenerative medicine.  
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Introduction 

Recent advances in sequencing technologies have revealed that a large part of the human and 

mouse genomes encode for long ncRNAs (lncRNAs) which are greater than 200 nucleotides in 

length (Rinn and Chang, 2012; Wang and Chang, 2011). A significant number of lncRNAs are 

critical for ESC pluripotency and/or differentiation (Derrien et al., 2012; Guttman et al., 2011; 

Mercer et al., 2010), yet their regulatory role during these critical processes is not fully understood.  

Studies in ESCs have shown that complex biological networks, consisting of transcription factors, 

signaling pathways, and non-coding RNAs (ncRNAs), collaborate in a synergistic manner to 

regulate stemness and cell fate (Chen et al., 2020a). Many lncRNAs are expressed in a cell/tissue-

specific and/or developmentally-specific manner, suggesting a possible role in lineage 

commitment and/or cellular differentiation.  

Multiple studies have shown that lncRNAs are involved in lineage commitment and cell fate 

specification (Smith et al., 2019). A neural-specific lncRNA, Pnky regulates mouse and human 

neurogenesis by interacting with polypyrimidine tract-binding protein 1 (Ramos et al., 2015). 

Further, Eomes expressing mesendoderm progenitor lncRNA Meteor interacts with Eomes and 

epigenetically regulates mesendoderm specification and cardiac differentiation (Alexanian et al., 

2017; Guo et al., 2018). In addition, Braveheart (Bvht), a heart-specific lncRNA, functions 

upstream of mesoderm posterior 1 (Mesp1) and regulates a cardiovascular gene network by 

interacting with SUZ12, a core component of the PRC2 complex (Klattenhoff et al., 2013). Despite 

these tissue/developmental-specific roles of lncRNAs, their function in ESCs during lineage 

specification and differentiation has yet to be investigated. Interestingly, cardiac-specific lncRNAs 

have been shown to be involved in cardiac function and diseases (Hobuss et al., 2019).  

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted December 21, 2021. ; https://doi.org/10.1101/2021.12.20.473435doi: bioRxiv preprint 

https://doi.org/10.1101/2021.12.20.473435


 4 

A cysteine-rich 38kD protein, connective tissue growth factor (CTGF), a member of the CCN 

family of matricellular protein, has been associated with maintenance of normal cardiac function 

and various cardiac diseases (Gerritsen et al., 2016; Leeuwis et al., 2010; Rickard et al., 2009), It 

has also been demonstrated that CTGF is critical for inducing the differentiation of many cell 

types; however, a role in cardiomyocyte (CM) specification has not yet been established (Croci et 

al., 2004; Luo et al., 2004; Morrison et al., 2010). CTGF is a direct downstream target of Yes-

associated protein (Yap) and its cofactors, TEAD family members (Zhao et al., 2008). CTGF 

activates ischemic heart disease cardiomyopathy in both mice and humans by activating the 

Yap1/Taz/Tead1 pathway (Hou et al., 2017).  

The transcription factor TEAD (TEA/ATTS domain) is a conserved nuclear protein and plays 

a pivotal role during lineage development, including trophoectoderm specification, cardiogenesis 

and myogenesis (Chen et al., 1994; Yagi et al., 2007). Teads activate Yap1 which stimulates 

cardiomyocyte proliferation during embryonic mouse heart development (von Gise et al., 2012; 

Xin et al., 2011). It has also been shown that disruption of Tead1 in the embryonic mouse heart 

results in heart defects and embryonic lethality (Chen et al., 1994). Moreover, overexpression of 

Tead1 in post-natal mouse heart results in contractile dysfunction of cardiomyocytes and cardiac 

fibrosis, hallmarks of heart disease (Tsika et al., 2010). In addition, transgenic mice with cardiac 

muscle-specific over-expression of Tead4 have been shown to increase atrial weight and exhibit 

defects in cardiac conduction (Chen et al., 2004). Furthermore, a mutual regulation of Tead4 and 

CTGF requires trophectoderm specification for proper cellular differentiation in preimplantation 

embryo development (Akizawa et al., 2019).  

Here we investigated the function of a mouse ESC-specific lncRNA, Platr4 (pluripotency-

associated transcript 4). We found that CRISPR/Cas9-mediated deletion of Platr4 in ESCs disrupts 
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mesoderm/endoderm lineage specification, specifically the cardiac lineage, while preserving self-

renewal and pluripotency. We further show that Platr4 is necessary for the activation of the core 

cardiac gene expression network that induces cardiac transcription factors (Mesp1, Gata4, Tbx5, 

Nkx2.5) and initiates EMT by inducing N-Cadherin and reducing E-Cadherin expression. Further 

analysis revealed that Platr4 regulates genes at the transcriptional level, and the loss of Platr4 in 

ESCs results in a significant depletion of Ctgf at both the RNA and protein levels. Moreover, over-

expression of Ctgf rescued the Platr4 knockout phenotype, demonstrating that Platr4 functions in 

trans upstream of Ctgf. To carry out its function Platr4 interacts with the transcription factor, 

Tead4 and together they modulate their downstream target, Ctgf, for cardiac cell-fate specification. 

Importantly, deletion of Platr4 in a knockout mouse model results in a pathophysiological 

condition of myocardial atrophy, valve mucinious degeneration associated with decreased cardiac 

output and myocyte contractility. Together, our findings reveal a novel mechanism of action of the 

Platr4 lncRNA-based complex where the Platr4/Tead4/Ctgf axis plays an essential role in cardiac 

lineage commitment. 
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Results  

Figure 1: Platr4 is an ESC-specific nuclear enriched lncRNA 

We identified Platr4 lncRNA to be specifically expressed in mouse ESCs in a differential RNA-

seq screen upon differentiation of ESCs to neural progenitor cells (NPCs) (Bergmann et al., 2015). 

Rapid amplification of cDNA ends (RACE) cloning followed by Sanger sequencing 

indicated Platr4 to be a 1,034 nucleotide-long polyadenylated RNA encoded from two exons, 

consistent with our RNA-seq and northern blot analysis (Figure 1A, 1B and  S1A). Examination 

of the Platr4 sequence with the Coding Potential Calculator (CPC) (Kong et al., 2007), Coding-

Potential Assessment Tool (CPAT) (Wang et al., 2013), and PhyloCSF (Lin et al., 2011) indicated 

that the Platr4 transcript does not have protein coding capacity (Figure S1B and S1C). Publicly 

available ENCODE RNA-seq datasets of adult mouse tissues showed that Platr4 is expressed in 

ESCs but not in NPCs or any adult tissues (Figure 1C). Cellular fractionation of ESCs followed 

by quantitative RT-PCR (qRT-PCR) demonstrated that Platr4 is enriched in the nucleus, and 

especially in the chromatin fraction (Figure 1D). Consistent with the nuclear fractionation, single-

molecule RNA fluorescent in situ hybridization (smRNA-FISH) revealed that Platr4 is 

predominantly localized in the nuclei (Figure 1E). In addition, we performed smRNA-FISH on 

whole mount and paraffin sections of embryos ranging from embryonic day 3.5 (E3.5) to 12.5 

(E12.5). We found prominent expression of Platr4 in both trophectoderm and the inner cell mass 

of E3.5 embryos (blastocysts) (Figure 1F), consistent with qRT-PCR data in preimplantation 

embryos (Figure S1D). We also detected prominent expression of Platr4 in extra embryonic 

ectoderm at E6.5 (Figure S1E) which is derived from the trophectoderm lineage and contributes 

to placenta development. Notably, we detected very low expression of Platr4 at E8.5 and E10 

(Figure S1E) and no expression observed from E12.5 (Figure S1E) and later stage embryos (data 
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not shown), suggesting that Platr4 is only expressed during early embryonic development. Thus, 

Platr4 is a nuclear-enriched lncRNA that is expressed in ESCs and in early development. 

 

Figure 2: Platr4 is essential for ESC differentiation  

To dissect the molecular function of Platr4, we developed a genetic knockout (KO) of Platr4 in 

mouse embryonic stem cell (mESC) lines (V6.5 and AB2.2) using the CRISPR/Cas9 approach. 

We designed two sgRNAs spanning the promoter region (+300 bp / -200 bp) relative to the 

transcription start site (TSS) of Platr4 to create a genomic deletion verified by genomic PCR and 

Sanger sequencing (Figure 2A and S2A). We performed nucleofection of transiently expressing 

Cas9 and guide RNAs in order to enhance Cas9 specificity and reduce off-target activity 

(Slaymaker et al., 2016). Furthermore, transfection efficiency (40-50%) in transient nucleofection 

is higher than viral transduction (1%) in mESCs. Guide RNA targeting Renilla luciferase was used 

as a non-targeting control. Luciferase control vs Platr4-KO cells were single-cell sorted 48 hours 

after nucleofection. We detected a complete loss (99%) of Platr4 transcript in ESCs and verified 

by northern blot, qRT-PCR, and as well as smRNA-FISH (Figure 2B, 1E and S2B). 

Interestingly, the loss of Platr4 in ESCs did not affect colony morphology, cell cycle kinetics (data 

not shown), proliferation (Figure S2C) or expression of master pluripotency factors, such as 

Pou5f1 (Oct4) and Nanog (Figure 2C and S2D). Thus, Platr4 is not essential to maintain ESC 

pluripotency and self-renewal. 

ESCs have the capacity to differentiate into derivatives of the three germ layers: endoderm, 

mesoderm and ectoderm. Given its expression in early embryos, we choose to study the impact of 

the loss of Platr4 in lineage commitment and differentiation. We next induced control vs. Platr4- 

KO ESCs to differentiate through withdrawal of leukemia inhibitory factor (LIF) by allowing cells 
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to aggregate into embryoid bodies (EBs) by the hanging drop method. The EBs form cell types 

corresponding to all three germ layers and are a routinely used model system to assess the early 

differentiation potential of ESCs (Desbaillets et al., 2000). We further confirmed that Platr4 

lncRNA is expressed in ESCs and is significantly down-regulated upon their differentiation 

(Figure 2D). During the differentiation process, we first observed abnormalities in the spontaneous 

contraction of EBs in Platr4-depleted cells. In control cells, 27% of EBs exhibit beating by day 12 

compared to 0% (clone-1) and 3% (clone-2) in Platr4 KO cells (Figure 2E). Consistent with this 

observation, the expression of cardiac Troponin T (cTnT) and myosin heavy chain 7b (myh7b), 

two important proteins involved in cardiomyocyte contraction, was evaluated by qRT-PCR at 

different time points and showed decreased levels in Platr4-depleted EBs (Figure 2F and S2E). 

We  also found that Platr4-depleted EBs exhibited significantly decreased levels of the definitive 

endoderm (DE) markers, Sox17 and Foxa2 (Figure 2G) without affecting the neuroectoderm 

markers (Figure S2F). In addition, morphological abnormalities of EBs were observed with 

smaller size and darker cavities in Platr4-depleted compared to control EBs (Figure 2H), 

consistent with the observation that bright cavity EBs have better differentiation capacity than dark 

cavity EBs (Kim et al., 2011). Examination of histological sections of Platr4-KO EBs at day 12 

of differentiation showed a range of tissues, such as neural rosettes, gut endoderm, and cartilage 

(Figure S2G), suggesting that Platr4 is likely not required for global ESC differentiation. To 

exclude the possibility that the phenotypes observed in Platr4-KO cells were caused by disturbing 

chromatin structure rather than specific loss of the Platr4 transcript, we generated single-cell 

ectopic expression rescue clones of Platr4 in Platr4-depleted ESCs. Notably, transient rescue of 

Platr4 significantly increased the percentage of beating EBs (Figure 2I and 2J), indicating that the 

Platr4 transcript plays an important role in these processes in situ, and likely exhibits its effect in 
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trans. Together, these data demonstrate that Platr4 may function in mesoderm and endoderm cell 

fate specification. 

   

Figure 3: Platr4 regulates mesoderm/endoderm lineage specification  

In order to examine whether Platr4 functions in cis or in trans we examined the expression levels 

of neighboring genes (Sclt1, Jade1, D3Ertd751e) within a 100kb window and determined an 

equivalent level of expression in Platr4-KO and control cells (Figure S3A), consistent with a role 

for Platr4 exerting its function in trans.  LncRNAs play an important role in the molecular circuitry 

of the undifferentiated ESC state to control pluripotency and lineage differentiation (Guttman et 

al., 2011). Therefore, to explore the transcriptional control of Platr4 in ESC state in order to 

understand its function during differentiation, we analyzed global gene expression profiles using 

poly(A)+ RNA-seq on control vs. Platr4-KO ESCs. To this end, a large number of differentially 

expressed genes (DEGs) (scaled expression) were identified between Platr4-KO and control ESCs 

(Figure 3A, 3B, S3B and Supplementary data 2). The top ten significantly down-regulated genes 

were validated by qRT-PCR (Figure 3C). DAVID GO term pathway analysis in control vs. Platr4-

KO ESCs showed that DEGs was significantly enriched into eight significant pathways, including 

ECM-receptor interaction, focal adhesion, and PI3K-Akt signaling pathway, all of which play a 

vital role in mammalian development (Chatzizacharias et al., 2010; Riley et al., 2005) (Figure 3D). 

Notably, customized GSEA analysis (Fagnocchi et al., 2016) using DEGs revealed significant 

upregulation in pluripotency (Figure S3C and Supplementary data 3) although no change was 

observed in the master pluripotency transcription factors Pou5f1 and Nanog (Figure 2C and S2C). 

We further performed an RNA-seq experiment using control vs Platr4-KO EBs and DEGs (log 

fold change) were analyzed at different days (D0-D12) (Figure 3E and Supplementary data 4). 
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DAVID GO term analysis showed DEGs were significantly enriched in eight pathways, including 

ECM-receptor interaction, focal adhesion, PI3K-Akt signaling pathway, pathways in cancer, 

proteoglycans in cancer, endocytosis, coagulation cascade, and amoebiasis (Figure S3D). Next, 

customized GSEA analysis showed that DEGs were significantly down-regulated in the mesoderm 

and endoderm lineages without altering the neuroectoderm lineage (Figure 3F and Supplementary 

data 3), consistent with our previous observation that Platr4 is critical to mesoderm and endoderm 

lineage specification (Figure 2F and 2G). These results indicate that Platr4 functions in trans and 

interacts with transcription factors (TFs) to regulate the expression level of target genes in ESC 

state. Therefore, we performed iRegulon (Cytoscape) analysis (Janky et al., 2014) to predict the 

potential TFs from the co-expressed gene set of Platr4 lncRNA. We used a Normalized 

Enrichment Score (NES) >3 for the significant enrichment of target TFs. iRegulon interactome 

maps with TFs using up-regulated and down-regulated DEGs were found. Transcription factors, 

Zfp143, E2f, and Tead family were enriched with Platr4 co-expressed genes in up-regulated and 

down-regulated DEGs (Figure 3G and Supplementary data 5). 

 

Figure 4: Platr4 functions upstream of connective tissue growth factor (Ctgf)  

iRegulon analysis revealed that Platr4 might exert its function via the regulation of transcription 

factors of the Tead family and its known downstream target genes, Ctgf (Liu et al., 2016a; Zhao et 

al., 2008). First, we found that the expression levels of both RNA and protein of Tead1, 2, 3, 4 

were equivalent in control and Platr4-KO ESCs (Figure 4A, 4B and S4A). Next, we performed 

siRNA knockdown analysis of each Tead family member and found that they did not affect Platr4 

expression level (Figure 4C and S4B), although the immediate downstream targets of Tead4 (Ctgf, 

Gli2, Vgll3) (Zhou et al., 2016) were significantly down-regulated (Figure 4C and 4D). 
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Interestingly, we found that Ctgf is one of the top five significantly down-regulated gene in RNA-

seq data (Figure 3B and 3C). Furthermore, we found that both the RNA and protein levels of Ctgf 

were significantly reduced in Platr4-KO vs control ESCs (Figure 4E, 4F- upper and lower panel). 

Moreover, ectopic expression of Platr4 in Platr4-KO ESC resulted in a corresponding increase in 

the mRNA level of Ctgf (Figure 4G), but not the level of Gli2 or Vgll3 (Figure S4C). These results 

suggest that Ctgf is a direct downstream target of Platr4, and it functions in trans. We next 

performed CRISPR/Cas9 knockdown (KD) using gRNAs targeting Ctgf in ESC puromycin-

resistant cells for downstream functional assays. Both the RNA and protein expression levels of 

Ctgf in Ctgf-KD ESC were verified (Figure 4H and 4I). Control and Ctgf-depleted ESCs were 

induced to differentiate via withdrawal of LIF by allowing cells to aggregate into EBs by the 

hanging drop method. We found that the reduction of Ctgf in EBs at day12 phenocopied the Platr4-

KO EBs and exhibited a significant reduction in spontaneous contracting EBs: 24% of EBs showed 

an observable beat at day 12 in control cells compared to 14% in Ctgf-KD cells (Figure 4J).  

Notably, ectopic expression of the full-length Ctgf gene in Platr4-KO ESC increases the 

percentage of contracting EBs in Platr4 depleted cells (Figure 4K). Together, these data suggest 

that Ctgf is a potential regulator of cardiomyocyte differentiation and a critical downstream target 

of Platr4. 

 

Figure 5: Directed cardiac differentiation  

Next, a directed differentiation technique was applied to recapitulate aspects of normal early 

cardiac development. Differentiation of ESCs into cardiomyocytes (CM) from the mesoderm 

lineage are assessed by the initial expression of Brachyury (T) and Eomesodermin (Eomes) 

(Klattenhoff et al., 2013; Murry and Keller, 2008). Therefore, to study Platr4 function in cardiac 
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cell fate from the mesodermal lineage, we employed a directed in vitro CM differentiation assay 

that permits isolation of cell populations at well-defined stages [ESC, EB, MES (precardiac 

mesoderm), CP (cardiac progenitors, and CM] (Klattenhoff et al., 2013) (Figure 5A). Using this 

assay, we found that Platr4-KO EBs were smaller in size and exhibited an irregular shape at day 

4 MES compared to control (Figure 5B), although no morphological changes were observed at day 

2, a time point that precedes the addition of cardiac growth factors. Despite, the relative elevated 

levels of T and Eomes in MES and CP populations in Platr4-KO compared to control cells (Figure 

5C), expression of core cardiac transcription factors at day 4 MES, day 6 CPC, and day12 CM 

were significantly downregulated in Platr4-KO cells (Figure 5D, 5E, and 5F). Interestingly, cell 

surface markers, Flk1 and PdgfRα that are enriched in CP populations were also down-regulated 

in Platr4-KO cells (Figure 5G). Flk1 and PdgfRα represent early cardiac mesoderm markers (Liu 

et al., 2016b). These data further support that loss of Platr4 affects the cardiac lineage. 

Cell-ECM interactions are crucial for cardiac lineage differentiation (Rozario and DeSimone, 

2010; Zhang et al., 2012). We found that depletion of Platr4 in ESCs significantly reduced ECM 

genes compared to control cells (Figure S5). Interestingly, the Snail-Ctgf axis induces epithelial-

to-mesenchymal transition (EMT) to differentiate fibroblasts into myofibroblasts (Lee et al., 

2013), suggesting that Ctgf regulates EMT genes. We examined the expression of EMT genes such 

as Snai1 and Slug (Aban et al., 2021; Lim and Thiery, 2012), as well as Twist1 and Twist2 (Yang 

et al., 2004) and found that they were induced in the CP population (Figure 5H). We found that 

deletion of Platr4 reduces the expression of E-Cadherin and induces N-Cadherin expression 

(Figure 5H) consistent with the initiation of EMT (Aban et al., 2021; Lim and Thiery, 2012) .  

These result highlight the importance of Platr4 in the initiation of EMT and indicate that Platr4 is 

required in cardiac cell specification at a critical point in the mesoderm lineage.  
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Figure 6: Platr4 interacts with Tead4  

Ctgf is a direct downstream target of the Tead transcription factor (Zhao et al., 2008). Since we 

found significant enrichment of the Tead family in downregulated Platr4-DEGs (Figure 3G) we 

performed RNA immunoprecipitation (RIP) using antibodies against Tead1, 2, and 4 to assess 

specific interactions with Platr4. Interestingly, we found a specific interaction of Platr4 with 

Tead4 (Figure 6A-upper and lower panel) but none with Tead1,Tead2 and Tead3 (Figure S6A, B 

and C). Next, using in vitro biotin-RNA pull-down, we further confirmed this specific interaction 

of Tead4-Platr4 in ESCs, but not with Tead1 and Tead2 (Figure 6B). In addition, to examine the 

regulatory role of Tead4 on Ctgf in ESCs, we performed either ectopic over-expression (Figure 

6C and 6D) or siRNA-mediated down-regulation of Tead4 (Figure 4C) to demonstrate the up-

regulation or down-regulation of Ctgf, respectively. These results verify that modulation of Tead4 

expression level influences the expression level of Ctgf in ESCs, suggesting that the Platr4/Tead4 

RNP complex is essential for regulating Ctgf. We further performed chromatin 

immunoprecipitation (ChIP) using a Tead4 antibody, and multiple qPCR primer pairs showed that 

Tead4 has a high occupancy over the Ctgf promoter, as also suggested in other studies (Benhaddou 

et al., 2012; Kang et al., 2018). Notably, the occupancy was impaired in Plar4-KO ESCs and was 

able to be restored upon ectopic expression of Platr4 in Platr4-KO ESCs (Figure 6E). Together, 

these results provide compelling evidence that the interaction of Tead4 protein with Platr4 

lncRNA is required for Tead4 to bind to regulatory motifs in the Ctgf gene in ESCs. This is the 

first demonstration that the interaction between a lncRNA and Tead4 are necessary to modulate a 

down-stream target gene and regulate cardiac lineage differentiation. 
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Figure 7: Phenotype of Platr4-KO mice  

We generated a Platr4-KO mouse in the C57BL/6J strain using two sgRNAs targeting the TSS 

and first exon of Platr4 as described earlier (Figure 2A), and three KO founders were genotyped 

(Figure S7A) and used to establish three independent lines. The Platr4-KO alleles were 

backcrossed to C57/BL6 background for ten generations to yield a pure C57/BL6 genetic 

background. Heterozygotes intercrossed with WT mice generated wild-type and Platr4-KO 

littermates (Figure 7A and 7B). All homozygous KO mice used for breeding were fertile, and 

they did not show any gross physical abnormalities compared to WT mice. Interestingly, we 

observed sudden death of young adult and adult mice (40%) in the KO cohort but not in the WT 

cohort (data not shown). When we examined the hearts of the young adult dead mice (N=3) and 

live mice (N= 10 for both WT and KO cohorts) by H&E staining of tissue sections (Figure S7B), 

we found 60% of the knockout mice exhibited valve defects with fibrocartilaginous metaplasia 

(Figure 7C and S7C), fibro osseous metaplasia  and mucinous degeneration compared to WT 

(Figure 7D and S7D) (N=10). In addition, we have found perivascular and myocardial 

mineralization (60% KO-mice, (N=10/group) (Figure 7E) and myocardial atrophy and fibrosis 

(S7E). To further assess heart defects, we performed echocardiography analysis using WT vs. KO 

mice. Echocardiography is used to visualize the cardiovascular structures and measure cardiac 

function in mice due to its advanced spatial-temporal resolution. Our findings showed a significant 

30% decrease in the percentage of fractional shortening (% FS) without altering the percentage 

ejection fraction (EF%) in KO compared to WT mice (Figure 7F). This observation supports our 

in vitro data of cardiomyocyte dysfunction since percent FS indicates changes in left ventricle 

(LV) chamber size and myocyte contractility (Gardin et al., 1995). We further demonstrated 

increased ventricular wall thickness and ventricular mass in KO vs WT mice indicating ventricular 
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hypertrophy (Figure 7G and 7H). Interestingly, significant reduction of cardiac output (CO) and 

heart rate (HR) in KO compared to WT mice (Figure 7I) may explain our observation of heart 

failure and sudden death since CO is an important measuring parameter of cardiac dysfunction  

(Hoffman et al., 2019). Thus, genetic loss of Platr4 impacts both in vitro as well as in vivo cardiac 

development.  
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Discussion 

Dynamic regulation of transcriptional programs is vital in lineage specification during mammalian 

development, and disruption or faulty regulation of these processes can lead to various 

developmental disorders. Bvht was the first identified lncRNA in mice to display a crucial role in 

cardiac commitment, however, its loss had no phenotype in a knockout mouse model and a human 

ortholog has thus far not been identified (Han et al., 2018; Klattenhoff et al., 2013). More recent 

studies have shown the epigenetic regulation of lncRNAs in mesoderm and endoderm lineage 

commitment and their role in embryonic heart development (Grote et al., 2013; Guo et al., 2018). 

Recently, the muscle-specific lncRNA Charme has been reported to control skeletal and cardiac 

myogenesis in in vitro and in vivo systems (Ballarino et al., 2018). In addition, the chromatin-

associated lncRNA Myheart was shown to be highly expressed in the adult mammalian heart and 

it has been shown to repress cardiomyopathy in the mouse heart (Han et al., 2014).  

Here we report for the first time on the mechanism by which a nuclear enriched lncRNA Platr4, 

exclusively expressed in ESCs and whose loss significantly represses downstream endoderm 

differentiation and cardiac lineage differentiation in both EBs and directed CM differentiation, yet 

does not impact pluripotency. Interestingly, Platr4-KO mice showed valve defects, myocardial 

atrophy and cardiac dysfunction, suggesting that deletion of Platr4 in mice impairs heart function. 

Together, our findings reveal that Platr4 is required for proper cell fate specification and thus 

serves as an in vivo functional lncRNA in murine mesoderm/endoderm lineage commitment. 

We identified the involvement of Ctgf in cardiomyocyte fate determination and function as a 

downstream target of Platr4 lncRNA.  Ctgf is essential for embryonic development, and global 

Ctgf-KO mice displayed skeletal anomalies and perinatal death (Lambi et al., 2012). Abnormal 

Ctgf level is associated with multiple disorders, including fibrosis and cancer in many organs and 
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tissues (Ramazani et al., 2018). A significant pathological condition of heart disease is cardiac 

fibrosis due to excessive deposition of extracellular matrix components in the heart. CTGF 

regulates the fibrotic process as a matrix protein and is a known biomarker for cardiac fibrosis 

(Daniels et al., 2009). It has also been shown to be required for initiating the fibrosis process of 

several organs and tissues, including the heart (Shi-Wen et al., 2008). We also show the cardiac 

fibrosis in the Platr4-KO mice.  Moreover, plasma CTGF concentration is used as a biomarker for 

cardiac dysfunction in chronic heart failure patients (Koitabashi et al., 2008). Here, we report for 

the first time that depletion of Ctgf in ESCs impacts cardiomyocytes contractility during lineage 

differentiation, consistent with the finding that the Ctgf protein is involved in cardiomyocyte 

differentiation (Han et al., 2014).   In addition, cell-ECM interactions are critical for gastrulation 

and morphogenic patterning in mammalian development, including normal cardiac development 

(Gustafsson and Fassler, 2000; Kleinman et al., 2003; Lockhart et al., 2011). ECM components 

are also critical regulators for in vitro differentiation of ESCs and somatic cell reprogramming at 

different developmental stages (Goh et al., 2013; Sart et al., 2014). CTGF is a cysteine-rich, ECM-

associated protein and a direct downstream modulator of the TGF-β signaling pathway during 

heart development (Chen et al., 2000; Qi et al., 2007; Song et al., 2007). We found that depletion 

of Platr4 affects ECM components and downregulation of the TGF-β gene (data not shown). 

Moreover, Ctgf regulates EMT genes to differentiate fibroblasts into myofibroblasts (Lee et al., 

2013). Our findings show that Platr4 is required to initiate the EMT gene network. This suggests 

that Platr4 may be involved in cardiovascular lineage differentiation through the structural support 

network of functional tissue.    

The mammalian Tead/Tef family consists of four members, Tead1-4 with similar domain 

architecture, and each Tead has a tissue-specific expression (Anbanandam et al., 2006; Jacquemin 
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et al., 1996; Jacquemin et al., 1997). Tead4 plays an essential role in trophectoderm lineage 

determination (Nishioka et al., 2009; Nishioka et al., 2008; Yagi et al., 2007). Among the four 

Tead members, Tead1 and Tead4 are highly expressed in cardiac and skeletal muscle (Jacquemin 

et al., 1996; Joshi et al., 2017; Wang et al., 2018). Tead1-null mice are embryonic lethal due to 

defects in cardiac remodeling and fetal heart development (Butler and Ordahl, 1999; Chen et al., 

1994; Tan et al., 2020). Tead1 is also required for maintaining adult cardiomyocyte function, and 

its loss results in lethal dilated cardiomyopathy in mice and heart failure in humans (Liu et al., 

2017; Tan et al., 2020). Tead4 is expressed in developing skeletal muscle in mouse embryos, and 

it is a direct target of MYOD1 and MYOG transcription factors in the C2C12 mouse myoblast cell 

line (Blais et al., 2005; Jacquemin et al., 1996). Further, cardiac muscle-specific transgenic 

overexpression of Tead4 has been shown to induce cardiac contractile dysfunction (Chen et al., 

2004). In addition, many studies have reported crosstalk between Tead4 and non-coding RNAs in 

various cancers and muscle development, suggesting its critical role in different biological contexts 

(Chen et al., 2020b; Li et al., 2016; Tan et al., 2019). We found that Platr4 directly interacts with 

Tead4 and our ChIP-qPCR result indicated a high occupancy of Tead4 on the Ctgf promoter, 

supporting its functional role in partnering with Platr4 to regulate the Ctgf gene. Further, both 

gain-of-function and loss-of-function of Tead4, resulted in altered expression (upregulation or 

downregulation, respectively) of Ctgf, indicating a transcriptional regulatory role of Tead4 in this 

context. Thus, our results for the first time showed that the interaction of Tead4 with Platr4 is 

essential for transcriptional regulation of Ctgf, thereby impacting the cardiac lineage. Future 

studies will examine the potential role of Plat4 regulating other gene targets as well as the 

regulation of Tead4 gene expression programs. 
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Cardiovascular disease is the leading cause of death worldwide, although the adult mammalian 

heart has a finite ability in proliferation and regeneration (Bergmann et al., 2009). Therefore, 

understanding the molecular pathways of cardiogenesis, especially cardiac lineage differentiation, 

is crucial to study regenerative medicine. Stem cell models hold a great promise to look at this 

disease in a lab-dish and a potential for regenerative therapies (Zakrzewski et al., 2019). Based 

upon synteny, Platr4 has three potential human orthologues RP11-130C6.1, RP11-184M15.1 and 

RP11-184M15.2, which will be the subject of future study. They are located in chromosome 4 

(q28.1-28.3). Clinical case studies reported that deletion of chromosome 4 (q28.1-31.3) is 

associated with cardiac defects including arrhythmia, ventricular or atrial septal defects, thickening 

(hypertrophy) of the heart muscle (myocardium), and structural heart defects (Copelli et al., 1995; 

Frappaz et al., 1983; Ockey et al., 1967). Thus, we anticipate that one or more of these potential 

human lncRNA transcripts may be the human ortholog of Platr4 and ideal candidates to explore 

their functional role in heart development and cardiac function. 
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Figure legends: 

 

Figure 1: Platr4 is an ESC-specific nuclear enriched lncRNA 

(A) UCSC genome browser view of the Platr4 locus. Also shown are ChIP-seq tracks for 

H3K4me3 and RNA-seq reads of ESCs. (B) Northern blot data showed Platr4 is 1,034 nucleotides 

in length (C) Fragments per kilobase per million mapped reads (FPKM) values for Platr4 in 

various mouse tissue types from ENCODE data sets. (D) Subcellular fractionation followed by 

qRT-PCR showed the localization of Platr4 transcripts. Gapdh and Malat1 were used as 

cytoplasmic and nuclear markers for quality control. Data are presented as mean values ± SD (n = 3 

independent experiments). (E) Single-molecule RNA-FISH images indicate localization of Platr4 

RNA transcripts (red dots) within nuclei in wild-type ESCs. No detectable Platr4 transcripts are 

observed in Platr4-KO ESCs. Scale bars are 50 μm. (F) Single-molecule RNA-FISH in pre-

implanted embryos (blastocysts, E3.5). Scale bars are 50 μm. 

 

Figure 2: Platr4 is essential for ESC differentiation 

(A) CRISPR/Cas9-mediated deletion of Platr4-KO clones in ESCs. A pair of sgRNAs near the 

transcription start site of Platr4 were used to establish a ~600bp genomic deletion. Knockout 

clones were verified by genomic PCR (clones 1, 2, 3), and a Renilla Luciferase sgRNA was used 

as a negative control. (B) Deletion of Platr4 transcripts was further verified by qRT-PCR. (C) 

Deletion of Platr4 in ESCs did not affect colony morphology and immunostaining of Pou5f1. 

Scale bar, 150 μm. BF stands for bright field. (D) Platr4 level in differentiated embryoid bodies at 

different days. (E) Loss of percentage of spontaneously beating EBs in Platr4-KO clones 

compared to control at day 12 of differentiation n= 100 EBs was counted, and experiments were 
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performed in triplicate. (F) The relative level of cardiac Troponin T (cTnT) was measured by qRT-

PCR using control vs. Platr4-KO EBs at different time points upon differentiation. (G) qRT-PCR 

analysis of reduced expression levels of endoderm-specific germ layer markers (Foxa2 and Sox17) 

in Platr4-KO EBs compared to control. (H) Control vs. Platr4-KO EBs at day 12. Platr4-KO EBs 

show a smaller size and darker cavity compared to control EBs. (I) Ectopic expression of Platr4 

in Platr4-KO ESCs measured by qRT-PCR. (J) Ectopic expression of Platr4 in Platr4-deleted EBs 

can rescue the percentage of contracting EBs. Data are presented as mean values ± SD. All 

experiments were performed in triplicate. *p < 0.05 (student’s t-test). 

 

Figure 3: Platr4 regulates mesoderm/endoderm lineage specification 

(A)  Heat-map of differently expressed genes (DEG) (scaled expression) in luciferase control and 

Platr4-KO ESCs. (B) Top 20 downregulated genes upon deletion of Platr4 in ESCs. (C) The top 

ten downregulated genes were quantified by qPCR using control vs. downregulated genes in KO 

ESCs. Data are presented as mean values ± SD. (n = 3 independent experiments). (D) Analysis of 

significant GO terms in downregulated DEG that were dysregulated upon deletion of Platr4 in 

ESCs. (E) Heat-map of DEG (log fold change) in luciferase control and Platr4-KO EBs upon 

differentiation at various days. (F) Gene set enrichment analysis profiles of DE genes. The gene 

lists are shown in Table S1. (G) iRegulon analyses detected the enriched transcription factor motif 

in downregulated (left panel) and upregulated (right panel) DE genes visualized by Cytoscape 

software. Normalized Enrichment Score (NES) >3. 

 
 
 
 
Figure 4: Platr4 functions upstream of connective tissue growth factor (Ctgf) 
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(A & B) The relative expression level of Tead1, Tead2, Tead3, Tead4 in control vs. Platr4-KO 

ESCs, measured by qRT-PCR. (C & D) qRT-PCR analysis of Tead4-downstream target genes 

(Ctgf, Gli2, Vgll3) and Platr4 in ESCs using Tead4-siRNA and control siRNA. (E) Relative 

expression of Ctgf in Platr4-KO vs. control ESCs. (F) Western blot analysis of Ctgf level (upper 

and lower panel) in control and Platr4-KO ESCs (n=2 independent experiment). (G) Ctgf level is 

rescued upon ectopic expression of Platr4 in Platr4-KO cells as determined by qRT-PCR. (H & 

I) CRISPR/Cas9-mediated knockdown of Ctgf in ESCs, verified by both qRT-PCR and western 

blot analysis (n=2 independent experiment). KD stands for the knockdown.  (J) Reduced 

percentage of contracting EBs upon downregulation of Ctgf compared to control. (H) Ectopic 

expression of Ctgf in Platr4-KO cells rescues the percentage of contracting EBs in Platr4-KO 

ESCS upon differentiation. All experiments were performed in triplicate. Results are mean ± SD 

(n=3) *p < 0.05 (student’s t-test). 

 

 
Figure 5: Directed cardiac differentiation 

(A) ESCs were differentiated into cardiomyocytes (CM) and progressed through mesoderm (MES) 

and cardiac progenitor cell (CPC) using serum free media with the sequential addition of cytokines. 

(B) Platr4-KO EBs showed a smaller size at the MES stage compared to controls at day 4. Scale 

bar, 50 μm. (C) The relative expression level of Brachyury and Eomes were elevated compared to 

control at respective days. (D, E, and F) Relative expression of core cardiac transcription factors 

displayed significant downregulation in Platr4-KO compared to control cells upon different stages 

of differentiation. (G) The relative level of cell surface markers (Pdgfrα and Flk-1) was reduced 

in Platr4-depleted CPCs. (H) qRT-PCR measurement of the altered expression levels of EMT 
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genes in Platr4-depleted CPCs. All experiments were performed in triplicate. Values are mean ± 

SD (n=3) *p < 0.05 (two-tailed student’s t-test). 

 

Figure 6: Platr4 interacts with Tead4 

(A)  RIP assay confirmed the interaction of Platr4 with Tead4 using Tead4 antibody. Fold 

enrichment of Platr4 over IgG signal is shown. Gapdh, and 2610035D17Rik (lncRNA) transcripts 

were used as controls (upper panel). Western blot analysis of Tead4 was performed to confirm 

downregulation (lower panel). (B) Biotin-RNA pull-downs using full-length Platr4 transcript in 

nuclear ESC extracts showed specific binding to Tead4 but not with Tead1 and Tead2. (C) qRT-

PCR analysis of increased Ctgf expression in ectopic over-expression of Tead4. (D)  Western blot 

analysis of Ctgf expression in ectopic over-expression of Tead4. (E) ChIP-qPCR analysis 

displayed Tead4 occupancy over Platr4 targeting region of the Ctgf DNA locus in control, Platr4-

KO, and ectopic Platr4 expression in Platr4-KO ESCs. Ctgf-prom, Ctgf-down stands for promoter 

and downstream gene. Gapdh was used as a negative control. All experiments were performed in 

triplicate. Values are mean ± SD (n=3) *p < 0.05 (two-tailed student’s t-test). 

 

Figure 7: Phenotype of Platr4-KO mice  

(A & B) PCR genotyping for Platr4 WT (+/+), homozygous (-/-), and heterozygous (+/-) KO mice. 

M and F stand for male and female. (C) H&E staining (longitudinal sections) of the adult heart 

from WT mice showed normal valve, and Platr4-KO mice showed valve defects with fibro 

cartilaginous metaplasia. Scale bar: 100 μm.  (D) H&E staining for the adult Platr4-KO heart 

showed fibrocartilaginous metaplasia and myxomatous degeneration of the valves. Scale bar: 100 

μm. (E) H & E staining of KO mice showed mineralization, but the WT heart was normal.  Scale 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted December 21, 2021. ; https://doi.org/10.1101/2021.12.20.473435doi: bioRxiv preprint 

https://doi.org/10.1101/2021.12.20.473435


bar: 100 μm.   (F) Echocardiography analysis for the %FS and %EF of WT and Platr4-KO mice.  

(G) Echocardiography analysis for LVAW in diastole or systole in WT and Platr4-KO mice. (H 

& I) Echocardiography analysis of LV mass, cardiac output (CO), heart rate (HR) (n = 5) in WT 

and Platr4-KO mice. FS= fraction shortening, EF= ejection fraction, LVAWd= left ventricular 

anterior wall thickness in diastole, LVAWs= left anterior ventricular wall at end systole, LV= left 

ventricle. Values are mean ± SEM (n=15/group) *p < 0.05 (two-tailed student’s t-test). 
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