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cardiomyocyte differentiation through
H2A.Z-mediated LHX1 transcriptional activation
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Lei Jiao,1 Manyu Gong,1 Xuewen Yang,1 Yanying Wang,1 Haodong Li,1 Lihua Sun,1 Yu Bian,1 Fan Yang,1

Lina Xuan,1 Haodi Wu,2,* Baofeng Yang,1,6,* and Ying Zhang1,8,*

SUMMARY

Long non-coding RNAs (lncRNAs) play widespread roles in various processes. However, there is still
limited understanding of the precise mechanisms through which they regulate early stage cardiomyocyte
differentiation. In this study, we identified a specific lncRNA called LHX1-DT, which is transcribed from a
bidirectional promoter of LIM Homeobox 1 (LHX1) gene. Our findings demonstrated that LHX1-DT is nu-
clear-localized and transiently elevated expression along with LHX1 during early differentiation of cardi-
omyocytes. The phenotype was rescued by overexpression of LHX1 into the LHX1-DT�/� hESCs, indi-
cating LHX1 is the downstream of LHX1-DT. Mechanistically, we discovered that LHX1-DT physically
interacted with RNA/histone-binding protein PHF6 during mesoderm commitment and efficiently re-
placed conventional histone H2A with a histone variant H2A.Z at the promoter region of LHX1. In sum-
mary, our work uncovers a novel lncRNA, LHX1-DT, which plays a vital role in mediating the exchange
of histone variants H2A.Z and H2A at the promoter region of LHX1.

INTRODUCTION

Cardiovascular disease is one of the leading causes of human death globally.1 Cardiomyocytes are considered terminally differentiated cells,

which exhibit limited proliferative and regenerative capabilities once they are damaged or injured. This characteristic renders the loss of car-

diomyocytes generally irreversible, posing a significant challenge in the field of cardiac medicine; it is therefore highly desirable to develop

new approaches for circumventing the problem.2 Recent studies have proved that hESC-derived cardiomyocytes can restore the function of

infarcted hearts in non-human primate models.3 Nevertheless, the effectiveness and safety of cell therapy are still limited due to many chal-

lenges, such as immature excitation-contraction, proarrhythmic risk, and lack of sufficient cardiomyocytes. Thus, illuminating the underlying

mechanisms for the early events of human cardiogenesis holds the key to resolving these issues. The heart is the first functional organ to be

formed during vertebrate embryogenesis. In mammals, all organs are derived from three primary germ layers including endoderm, meso-

derm, and ectoderm.4 Cardiogenesis is a stepwise process involving the sequential differentiation from pluripotent stem cells to mesoderm,

cardiac progenitor cells, and ultimately cardiomyocytes.5 Human pluripotent stem cells, encompassing human embryonic stem cells (hESCs)

and human induced pluripotent stem cells (hiPSCs), offer an opportunity to recapitulate the developmental process within embryos and also

serve as a novel valuable research platform for improving the understanding of cell-fate specification and studying drug cardiotoxicity.6,7

Cardiac differentiation process depends on a precise temporal control of gene expression patterns. Disruption of this regulatory mech-

anism can give rise to congenital heart diseases.8 Thus, it is crucial to unravel the transcriptional networks and molecular switches governing

cardiac commitment, enabling a deeper understanding of the early stage cardiogenesis and discover novel therapeutic targets or ap-

proaches for treating cardiac diseases. However, the regulatory mechanisms orchestrating the coordination of embryonic developmental

transitions remain poorly understood.
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Figure 1. Identification of candidate lncRNAs during the early stage of cardiomyocyte differentiation

(A) The schema of cardiomyocyte differentiation protocol from human PSCs.

(B and C) qRT-PCR analysis of gene expression in all cells at the corresponding time points such as Day 0 (pluripotency genes: NANOG and OCT4), Day 2

(mesoderm genes: Eomes and T), Day 5 (cardiac progenitor markers: Isl1 and GATA4), and Day10 (cardiomyocytes: a-actinin and cTnT), n = 4 (C) qRT-PCR

analysis of LHX1-DT expression on the indicated days of cardiac differentiation from hESC line (H9) and hiPSC line (AC). ***p < 0.001, n = 4.

(D) LHX1-DT-mRNA co-expression network analysis by Pearson’s correlation. The network of LHX1-DT and mRNA were generated using Pearson’s correlation

coefficient R 0.6, and FDR <0.1.

(E) Enriched GO terms of protein-coding genes that linked to the lncRNA co-expressed during cardiac differentiation.

(F) qRT-PCR analysis of LHX1-DT expression in H9 on Day 2 after LHX1-DT silencing. **p < 0.01, n = 4.
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Long non-coding RNAs (lncRNAs) are widely defined as transcripts over 200 nucleotides in length and existing limited protein-coding ac-

tivity.9 Despite over 77,900 lncRNAs have been identified in RefLnc database, the functions of many lncRNAs remain elusive, partly due to the

species specificity.10,11 Over the past decade, numerous studies have found that lncRNAs can be functionally divided into signal lncRNAs,

decoy lncRNAs, guide lncRNAs, scaffold lncRNAs, and enhancer lncRNAs, which regulate gene expression through diversemechanisms.12–16

LncRNAs play essential roles in various cellular processes in the context of lineage commitment, especially in cardiac lineage commit-

ment.17,18 For instance, Bvht acts as an upstream factor of Mesp1 by interacting with Suz12 to activate the core cardiovascular gene network.19

Linc1405 facilitates the binding of the Eomes/WDR5/GCN5 complex to the enhancer region of Mesp1 gene and activates its expression dur-

ing cardiac mesoderm specification in embryonic stem cells.20 Despite these seminal findings about cardiac-related lncRNAs, the regulatory

mechanism of lncRNAs in cardiac lineage commitment is still unclear.

In this study, we identified a unique lncRNA, termed LHX1 divergent transcript (LHX1-DT), which exerts regulatory effects on cardiac line-

age differentiation. LIM homeobox 1 (LHX1), a transcription factor characterized by a homeodomain DNA-binding region and two Cys-rich

LIM domains, mediates protein-protein interactions.21 LHX1 is critical for cardiac differentiation at mesoendodermal stage and head devel-

opment in mousemodels.22,23 LHX1-DT, a divergent lncRNA transcribed in the opposite direction to a sense protein-coding gene LHX1, pos-

sesses the potential to affect the transcription of neighboring genes. Here, we dissected the expression patterns of LHX1 and LHX1-DTduring

cardiomyocyte differentiation. Subsequently, we investigated the biological link and the differential regulatory mechanisms between LHX1

and LHX1-DT.

RESULTS

Identification of candidate lncRNAs during the early stage of cardiomyocyte differentiation

LncRNAs have been shown to play prominent roles in lineage-specific differentiation processes of human pluripotent stem cells.24,25 We

focused on the role of LHX1-DT, which is transcribed close to the mesoendoderm gene LHX1. We first employed a monolayer-differentiation

method to generate cardiomyocytes from two different cell lines: the hESC line H9 and the hiPSC line AC26 (Figure 1A). The population of

cardiomyocytes was 70% after the initial confluency of H9 and AC lines for differentiation reached 80–90% and 80–85%, respectively.

In this study, we used 4 populations isolated at different time points during the differentiation process, including Day 0 (Pluripotent stem

cell, PSC), Day 2 (Mesoderm, MES), Day 5 (Cardiac progenitor, CP), and Day10 (Cardiomyocyte, CM). Cell morphological alterations at

different differentiation stages were monitored and recorded by light microscopy (Figure S1A). To validate the effectiveness of the mono-

layer-differentiation method for studying cardiomyocyte differentiation, the expression levels of specific marker genes were analyzed at

each time point using quantitative real-time PCR (qRT-PCR). The marker genes included pluripotency genes NANOG and OCT4 (Day 0),

mesoderm marker genes Eomes and T (Day2), cardiac progenitor marker genes Isl1 and GATA4 (Day5), and cardiac-specific genes a-actinin

and cTnT (Day10). As expected, these marker genes exhibited characteristic high-expression levels at their respective differentiation stages,

confirming the successful differentiation of cardiomyocytes using the monolayer-differentiation method (Figure 1B).

Then we performed qRT-PCR verification on the candidate lncRNAs identified from our previous global survey of ncRNA transcriptome

profiles in PSC, MES, CP, and CM during cardiac differentiation.27 In coincidence with the transcriptome profiles, the expression level of

RP11-445F12.1 (LHX1-DT), along with several other lncRNAs including LINC00467, RP3-428L16.2, RP11-829H16.3, and RP11-445F12.2

increased in MES and LINC01021, MEIS1-AS2, AC009518.4, LINC01356, and LINC01198 were upregulated in CP of cardiac differentiation

(Figure S1B). LHX1-DT has no apparent protein-coding potential according to the analyses by coding potential assessment tool (CPAT),28

coding potential calculator 2 (CPC2),29 and PhyloCSF30 (Figures S2A–S2C). Moreover, we observed amarked increase of LHX1-DT expression

during cardiac mesoderm specification in both H9 and AC cell lines (Figure 1C).

The transcriptomic analyses on the human cardiac differentiation in RUES2 hESC lines uncovered that LHX1-DTwas highly expressed spe-

cifically at themesoderm stage compared to the other three stages. Co-expression analysis identified 16mRNAs specifically expressed at the

mesoderm stage that were connected to LHX1-DT, forming a closely connected network (Figure 1D). As expected, the protein-coding genes

(PCG) were mainly associated with early differentiation such as gastrulation, posterior pattern specification, and mesoderm development

(Figure 1E).

A question we asked was whether the upregulation of LHX1-DT during the mesoderm stage is a contributor to cardiac differentiation. To

answer this question, we employed a loss-of-function approach using siRNAs targeting human LHX1-DT and investigated if silencing LHX1-

DT would block cardiac differentiation in hESCs. Significant knock down of LHX1-DT was observed after transfection of siRNA but not of the

scrambled siRNA (siNC, Figure 1F). As illustrated in Figure 1G, LHX1-DT knockdown decreased the expression of cardiac progenitor marker

genes GATA4 and Isl1 on Day 5. In addition, the transfection of LHX1-DT siRNA significantly decreased the expression of cardiomyocyte

marker genes cTnT and a-actinin, suggesting an inhibition of cardiomyocyte differentiation (Figure 1H). The earliest marker for cardiogenic

cells NKX2.5 and functional cardiomyocyte-specific marker MYL7 were also downregulated following LHX1-DT silence on Day 10 (Figure 1H).

Figure 1. Continued

(G and H) qRT-PCR analysis of the expression level of cardiac progenitor markers (GATA4 and Isl1) on Day 5 and cardiomyocyte markers (cTnT, a-actinin, NKX2.5,

MYL7) on Day 10 in LHX1-DT depleted hESCs. **p < 0.01, ***p < 0.001, n = 4.

(I) Immunostaining of cTnT (green) and a-actinin (red) in siNC and LHX1-DT silencing cells on Day 10 of CM differentiation. Scale bar, 50 mm, n = 4.

(J) Representative flow cytometry analysis of the percentage of cTnT-positive cells between siLHX1-DT and siNC cells. ***p < 0.001, n = 4. Data are presented as

mean G SEM.
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The expression of cardiac-specific myofilament protein cTnT and sarcomeric a-actinin decreased in LHX1-DT-depleted hESCs as assessed by

immunofluorescence analysis (Figure 1I). In addition, a lower ratio of cardiac troponin T (cTnT+) CMs was observed in the LHX1-DT siRNA

group compared to the siNC group (Figure 1J).

LHX1-DT regulates a core network of genes to drive cardiac differentiation

The aforementioned results suggest that LHX1-DT exhibits abundant expression at themesoderm stage and plays a crucial role in promoting

cardiac differentiation. To further investigate the downstream targets of LHX1-DT in mesoderm differentiation on Day 2, we employed RNA-

seq to analyze cells with silenced LHX1-DT expression, as well as cells treated with siNC for comparison.

We identified 2,338 genes (Benjamini and Hochberg (BH) adjusted p-value <0.05, fold change (FC) > 1.5 or FC < 0.67) that displayed

significant differential expression in LHX1-DT-depleted cells compared to siNC-treated cells. Following the knock down of LHX1-DT, a to-

tal of 873 genes exhibited an upregulation in expression, while 1,465 genes displayed a downregulation. Notably, among the downregu-

lated genes, several important mesodermal markers, including Eomes, T, Mesp1, and LHX1 were identified. (Figure 2A). Principal compo-

nent analysis (PCA) of the transcriptomic data showed that gene expression profiles in LHX1-DT-silenced cells differed from those

observed in siNC cells (Figure 2B). Furthermore, gene ontology (GO) term analysis showed that the differentially expressed genes were

associated with protein binding and biological processes related to regulation of cellular process, developmental process, and cell differ-

entiation (Figure 2C). Additionally, the Kyoto encyclopedia of genes and genomes (KEGG) pathway enrichment analysis indicated that the

downregulated genes primarily participate in ESC differentiation pathways such as the PI3K-Akt signaling pathway, the MAPK signaling

pathway, and the Wnt signaling pathway (Figure 2D). Interestingly, gene set enrichment analysis (GSEA) unveiled that LHX1-DT silencing

resulted in downregulation of genes associated with the mesendoderm (ME) while upregulating the expression of pluripotent genes on

Day 2 (Figure 2E).

These results were further confirmed by qRT-PCR. LHX1-DT knockdown blocked the activation of mesoderm-related marker genes

including Eomes, T, Mesp1, and LHX1 (Figure 2F). Moreover, the expression of ESC-specific genes such as SOX2, NANOG, and DNMT3B

were maintained at high-expression levels in differentiated LHX1-DT-silenced cells (Figure 2G). Collectively, these findings strongly indicate

that LHX1-DT serves as a crucial regulator of mesoderm differentiation.

Depletion of LHX1-DT does not affect pluripotency of hESCs

To explore the role of LHX1-DT in determining the fate of hESC, two LHX1-DT�/� hESC lines were generated fromwild-type H9 hESCs (LHX1-

DT+/+) with CRISPR-Cas9 system as reportedpreviously31 (Figure 3A). The expression of LHX1-DTwas confirmed to be significantly reduced in

the two targeted hESC lines (LHX1-DT�/�-1 and LHX1-DT�/�-2) on Day 0 of cardiac differentiation (Figure 3B). In coincidence with the effects

of LHX1-DT silencing, the levels of LHX1-DT andmesoderm-relatedmarker genes weremarkedly decreased in LHX1-DT�/� hESC lines differ-

entiated to Day 2, and cardiomyocyte-specific markers were downregulated as well in LHX1-DT�/� hESC lines differentiated to Day 10

(Figures 3C and 3D). These results indicated that LHX1-DT�/� hESC lines failed to differentiate into definitive mesoderm and cardiomyocyte.

Moreover, knock down of LHX1-DT had no effect on colony morphology in LHX1-DT+/+ cells (Figure 3E).

Another question that arosewaswhether LHX1-DT is involved in themaintenance of pluripotency in hESCs. The results obtained fromqRT-

PCR and immunostaining experiments, as illustrated in Figures 3F and 3Gexcluded this possibility: themRNAand protein expression levels of

pluripotencymarkers were comparable between LHX1-DT�/� and LHX1-DT+/+ hESC lines, indicating that LHX1-DTdoes not play a significant

role in maintaining pluripotency in hESCs.

LHX1-DT enhances LHX1 expression to promote cardiac differentiation

The results mentioned previously shed light on the role of LHX1-DT in mesoderm formation. However, it remained unclear the mechanism of

LHX1-DT regulates cardiac lineage commitment of hESC. To address this question, we searched for the genomic context of LHX1-DT and its

associated protein-coding genes. As shown in Figure 4A, LHX1-DT locates on the human chromosome 17q12 and transcribes from the nearby

antisense strand of the promoter region of LHX1 gene, which is a master regulator of mesendoderm development.32 They are highly

conserved across the relationship between LHX1-DT and LHX1, we examined their expression patterns during cardiac differentiation.

High expression of both LHX1-DT and LHX1 was observed at the mesoderm stage (Day 2) in RUES2 hESC lines (Figures S3A, S3B and 4B),

additionally, high-chromatin accessibility was also observed based on the ATAC-seq data. More importantly, knock down of LHX1-DT led

to a decreased expression of LHX1 during cardiac differentiation (Figures 2F and 3C), suggesting that LHX1-DTmight regulate LHX1 expres-

sion during cardiac differentiation.

To further validate the findings from the bioinformatics analysis, we performed qRT-PCR to determine the time course of expression

pattern of LHX1 and LHX1-DT during cardiac differentiation. The results depicted in Figure 4C clearly indicate that LHX1 exhibited an upre-

gulation pattern similar to that of LHX1-DT during mesoderm differentiation. Furthermore, the co-localization of LHX1-DT and LHX1 in the

nucleus of mesoderm-committed hESCs was also observed using fluorescent in situ hybridization (FISH) (Figure 4D).

The results prompted us to raise another question: whether LHX1 has a similar effect on cardiac differentiation like LHX1-DT does? To this

end, we transfected siRNAagainst LHX1 into hESCs to silence LHX1 expression.We confirmed the efficiency of siLHX1 at themesoderm stage

through Western blot analysis and qRT-PCR (Figures 4E and 4F).

With loss of function approach, we found that knock down of LHX1 significantly increased the protein level of pluripotency marker OCT4

(Figure S4A) and decreased the expression of mesoderm markers T and Mesp1, but it had no influence on LHX1-DT expression on Day 2
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(Figure 4G). Moreover, knock down of LHX1 decreased the mRNA levels of cardiac progenitor markers GATA4 and Isl1, as well as cardiac-

specific markers cTnT, a-actinin, NKX2.5, and MYL7 (Figure 4H and S4B). These results were further confirmed by immunofluorescence stain-

ing of cTnT and a-actinin as well (Figure 4I). In addition, the hESC-derived cardiomyocytes (hESC-CMs) were dissociated and analyzed by flow

cytometry, a lower percentage of cTnT-positive cells was observed in the siLHX1 group (Figure 4J). These results indicated that LHX1 is

required for proper cardiac differentiation.

Figure 2. LHX1-DT regulates a core network of genes to drive cardiac differentiation

(A) Heatmap showing differential expressed genes (DEGs) between siLHX1-DT and siNC mesodermal cells on Day 2, n = 3.

(B) Principle component analysis (PCA) of DEGs revealed a clear separation between siLHX1-DT cells and siNC cells.

(C) Analysis of significant GO terms in DEGs between siLHX1-DT mesodermal cells and siNC mesodermal cells.

(D) KEGG pathway enrichment analysis for the DEGs in the LHX1-DT knockdown mesodermal cells.

(E) Gene set enrichment analysis (GSEA) of LHX1-DT knockdown cells versus siNC cells showing global downregulation of mesoderm genes and upregulation of

pluripotent genes.

(F and G) qRT-PCR analysis of mesoderm marker genes (Eomes, T, Mesp1, and LHX1) and pluripotent marker genes (SOX2, NANOG, and DNMT3B) between

siLHX1-DT and siNC on Day 2. *p < 0.05, ***p < 0.001, n = 4. Data are presented as mean G SEM.
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Next, to investigate whether LHX1-DT regulates cardiac differentiation through LHX1-dependent, we introduced exogenous LHX1 into

two LHX1-DT�/� hESC lines (Figure 3A). As expected, the introduction of exogenous LHX1 strongly rescued the expression of cardiac pro-

genitor marker Isl1 on Day 5, as well as cardiac-specific genes including cTnT, a-actinin, NKX2.5, and MYL7 in the two LHX1-DT-silenced cell

Figure 3. Depletion of LHX1-DT does not affect pluripotency of hESCs

(A) Schematic diagram of the generation of LHX1-DT�/� hESCs, illustrates the strategy for generating LHX1-DT�/� hESCs with CRISPR/Cas9 technology.

(B) qRT-PCR analysis of LHX1-DT expression in undifferentiated LHX1-DT�/� and LHX1-DT+/+ hESCs. *p < 0.05, **p < 0.01, n = 6.

(C and D) qRT-PCR analysis of the expression of LHX1-DT and mesoderm markers (Mesp1, Eomes, T, and LHX1) on Day 2 and cardiomyocyte markers

(cTnT, a-actinin, NKX2.5, MYL7) on Day 10 in LHX1-DT depleted hESCs. *p < 0.05, **p < 0.01, ***p < 0.001, n = 3–4.

(E) Microscope images for the morphology of LHX1-DT�/� and LHX1-DT+/+ hESCs. Scale bars, 100 mm.

(F) qRT-PCR analysis of pluripotency markers NANOG, OCT4, SOX2, and DNMT3B in undifferentiated LHX1-DT�/� and LHX1-DT+/+ hESCs, n = 6.

(G) Immunostaining of pluripotency markers SOX2 and OCT4 in the LHX1-DT�/� and LHX1-DT+/+ hESCs. Scale bars, 20 mm.
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lines on Day 10 (Figures S3C and 4K). These results were further confirmed by immunofluorescence staining of cTnT and a-actinin, as well as

flow cytometry analysis of cTnT-positive cells (Figures 4L and 4M). Taken together, these results indicated that LHX1-DT promotes cardiac

differentiation via LHX1.

Histone variant H2A.Z is incorporated into the promoter of LHX1 and promotes cardiomyocyte differentiation

The histone variant H2A.Z has been shown to facilitate licensing and activation during early mammalian development.33,34 H2A.Z exhibits

preferential occupancy on gene regulatory regions, such as promoter and enhancer, suggesting its important role in the regulation of

gene transcription.35–37 Further questions raised in our mind were whether H2A.Z can bind to the promoter region of LHX1 through pro-

tein-DNA interactions and whether such a binding is regulated by LHX1-DT. To shed light on these issues, we employed ChIP to investigate

the direct binding betweenH2A.Z and the LHX1 promoter region. As illustrated in Figure 5A, the enrichment of H2A.Z protein at the promoter

region of LHX1 was significantly increased during MES induction. Subsequently, we investigated the effects of H2A.Z on cardiomyocyte dif-

ferentiation with loss-of-function strategy.We found that knock down of endogenous H2A.Z partially inhibited the protein levels of H2A.Z and

LHX1 on Day 2 (Figure 5B). Moreover, the expression of H2A.Z mRNA exhibited similar changes to its protein levels on Day 2 (Figure 5C).

Notably, we found that knock down of endogenous H2A.Z significantly decreased the expression of mesoderm markers, including LHX1,

Eomes, T, andMesp1, while increasing the expression of pluripotencymarkers NANOGand SOX2 onDay 2 (Figures 5D and S5A). Also, knock

down of endogenous H2A.Z decreased the expression of cardiac progenitor markers GATA4 and Isl1 on Day 5 (Figure S5B), as well as the

expression of cardiomyocyte markers, including cTnT, a-actinin, NKX2.5, and MYL7 on Day 10 (Figure 5E). Consistent with this differentiation

failure, the mRNA levels of pluripotency marker genes SOX2 and NANOG were higher in H2A.Z knockdown cells (Figure 5F). Additionally,

knock down of endogenous H2A.Z significantly decreased the proportion of cTnT+ cardiomyocytes detected by immunofluorescence (Fig-

ure 5G). Interestingly, we observed that knock down of LHX1-DT, LHX1, or H2A.Z disrupted the typical cellularmorphology of cardiomyocytes

and intercellular junctions (Figure S5C).

Considering that histone variants are generally assembled into nucleosomes by replacing their canonical counterpart.38 Therefore, we as-

sessedwhether histone variant H2A.Z could efficiently replace conventional histoneH2A at the LHX1 promoter region. As shown in Figure 5H,

enrichment of H2A protein at the LHX1 promoter region was significantly decreased during mesoderm induction, which was in marked

contrast to the enrichment of H2A.Z protein at the promoter region of LHX1. Taken together, these data demonstrate that H2A was replaced

by H2A.Z at the promoter region of LHX1 during MES induction, and H2A.Z is required for the transcription for LHX1 in cardiac lineage

commitment.

LHX1-DT promotes the replacement of H2A with H2A.Z on LHX1 promoter during mesoderm commitment

Although the aforementioned data have indicated that H2Awas replacedbyH2A.Z on the LHX1promoter duringmesodermdifferentiation, it

remained unclear whether LHX1-DT was involved in promoting this process. To shed light on this issue, we performed ChIP to detect the

enrichment of H2A and H2A.Z at the promoter region of LHX1 at the mesoderm stage using siLHX1-DT to silence LHX1-DT expression.

Our results demonstrated a robust reduction in H2A.Z enrichment and a significant increase in H2A enrichment at the LHX1 promoter region

in the presence of siLHX1-DT (Figures 6A and 6B). Additionally, qRT-PCR analysis confirmed that knock down of H2A increased the expression

of LHX1 and eomes on differentiation Day 2 (Figure S5D).

Next, we aimed to determine whether LHX1-DT acts upstreamor downstreamof theH2A.Z-LHX1pathway. As illustrated in Figures 6C and

6D, the protein and mRNA levels (Figure 2F) of LHX1 were prominently decreased, while no significant alterations were observed in H2A.Z

expression at both the protein and mRNA levels during the mesoderm stage upon silencing LHX1-DT. These results indicated that LHX1-DT

Figure 4. LHX1-DT enhances LHX1 expression to promote cardiac differentiation

(A) Schematic representation of the LHX1-DT and LHX1 gene locus and their sequence conservation analysis from UCSC genome browser. Red and blue arrows

indicate the direction of transcription of LHX1-DT and LHX1 respectively.

(B) Genome browser track of the selected genomic regions around LHX1-DT and LHX1. The gray shadow rectangle showing the expression levels and ATAC

signals of LHX1-DT and LHX1 at the four stages of cardiac development.

(C) qRT-PCR analysis of LHX1-DT and LHX1 expression during cardiac differentiation, n = 4.

(D) Localization of LHX1-DT and LHX1 in mesodermal cells derived from hESCs by FISH study. Scale bars, 20 mm, n = 4.

(E) Western blot analysis of LHX1 in undifferentiated and in mesoderm differentiating cells with LHX1-DT knockdown. **p < 0.01, n = 3.

(F) qRT-PCR analysis of LHX1 expression in differentiating hESCs 2 days following siRNA transfection of cardiac differentiation. ***p < 0.001, n = 4.

(G and H) qRT-PCR analysis of the expression levels of LHX1-DT and mesoderm markers (T and Mesp1) on Day 2 and cardiomyocyte markers (cTnT, a-actinin,

NKX2.5, and MYL7) on Day 10 in LHX1-DT depleted hESCs. ***p < 0.001, n = 4.

(I) Immunostaining of cTnT (green) and a-actinin (red) in LHX1 knockdown and siNC cells on Day 10 of CM differentiation. Scale bar, 50 mm, n = 4.

(J) Representative flow cytometry analysis of the percentage of cTnT-positive cardiomyocytes between siLHX1 and siNC group. ***p < 0.001, n = 3.

(K) qRT-PCR analysis of cardiac marker genes expression on Day 10 in LHX1-DT+/+, LHX1-DT�/�, and LHX1-DT�/�+ LHX1 cells. *p < 0.05, **p < 0.01, ***p < 0.001

vs. LHX1-DT+/+, n = 4. ##p < 0.01, ###p < 0.001 vs. LHX1-DT�/�, n = 4.

(L) Immunostaining of cTnT (green) and a-actinin (red) in LHX1-DT+/+, LHX1-DT�/�, and LHX1-DT�/� + LHX1 cells on Day 10 of CM differentiation. Scale bar,

50 mm. Scale bars, 50 mm, n = 4.

(M) Representative flow cytometry analysis of the percentage of cTnT-positive cells in LHX1-DT+/+, LHX1-DT�/�, and LHX1-DT�/� + LHX1 cardiomyocytes.

***p < 0.001 vs. LHX1-DT+/+, ###p < 0.001 vs. LHX1-DT�/�, n = 3. Data are presented as mean G SEM.
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promoted LHX1 expression mainly by recruiting H2A.Z rather than regulating its expression in mesoderm. Yet, the mechanism of how LHX1-

DT recruits H2A.Z remained unclear. Does it directly bind to H2A.Z or employ other mechanisms? To address this, we performed RNA immu-

noprecipitation (RIP) assay to investigate the physical binding ability between LHX1-DT and H2A.Z. As shown in Figure 6E, LHX1-DT did not

specifically bind to H2A.Z. Consequently, we explored the possibility that the enrichment of H2A.Z at the LHX1 promoter region regulated by

LHX1-DT is mediated by an intermediary protein. To investigate this, we carried out RNA pull-down assay to screen the intermediary proteins

that can bind both LHX1-DT andH2A.Zwith the sense and antisense sequences of LHX1-DT, respectively.Mass spectrometry (MS) identified a

total of 179 proteins enriched in the sense sequence of LHX1-DT in MS data (Figure 6F). Immunoblotting with an anti-PHF6 antibody

confirmed the binding of PHF6 to the sense sequence of LHX1-DT but not the antisense sequence (Figure 6G). Furthermore, it was noted

that PHD finger protein 6 (PHF6) exhibited substantial enrichment and has been reported to have the potential to bindH2A.Z.39 To investigate

Figure 5. Histone variant H2A.Z is incorporated into the promoter of LHX1 and promotes cardiomyocyte differentiation

(A) ChIP analysis of the enrichment of H2A.Z at the promoter region of LHX1 in pluripotency and mesoderm cells. *p < 0.05, **p < 0.01, ***p < 0.001, n = 3.

(B) Western blot analysis of H2A.Z and LHX1 in mesoderm differentiating cells with H2A.Z knockdown. *p < 0.05, n = 3.

(C) qRT-PCR analysis of H2A.Z expression in differentiating hESCs 2 days following siRNA transfection of cardiac differentiation. ***p < 0.001, n = 4.

(D–F) qRT-PCR analysis of mesoderm markers (LHX1, Eomes, T, and Mesp1) expression on Day 2, cardiomyocyte markers (cTnT, a-actinin, NKX2.5, MYL7)

expression and pluripotency markers (SOX2 and NANOG) expression on Day 10 in H2A.Z depleted hESCs. *p < 0.05, **p < 0.01, ***p < 0.001, n = 4.

(G) Immunostaining of cTnT (green) and a-actinin (red) in H2A.Z knockdown cells on Day 10 of CM differentiation. Scale bar, 50 mm, n = 4.

(H) ChIP analysis of the enrichment of H2A at the promoter region of LHX1 in pluripotency andmesoderm cells. *p < 0.05, ***p < 0.001, n = 3. Data are presented

as mean G SEM.
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Figure 6. LHX1-DT promotes the replacement of H2A with H2A.Z on LHX1 promoter during mesoderm commitment

(A and B) ChIP analysis of the enrichment of H2A.Z (A) andH2A (B) at the promoter region of LHX1 upon LHX1-DT knockdown onDay 2. *p< 0.05, **p< 0.01, n = 3.

(C) Western blot analysis of LHX1 and H2A.Z in mesoderm differentiating cells with LHX1-DT knockdown. *p < 0.05, n = 3.

(D) qRT-PCR analysis of the expression level of H2A.Z on Day 2 in LHX1-DT depleted hESCs, n = 4.

(E) The interaction of LHX1-DT with H2A.Z was analyzed by an RIP assay on Day 2 of CM differentiation. n = 3.

(F) silver staining of proteins pulled down by LHX1-DT.

(G) Western blot analysis of PHF6 pulled down by LHX1-DT, n = 3.

(H) Localization of H2A.Z and PHF6 in mesodermal cells derived from hESCs by immunofluorescence assay. Scale bars, 20 mm, n = 4.

(I) The interaction of LHX1-DT with PHF6 was verified by an RIP assay on Day 2 of CM differentiation. ***p < 0.001, n = 3.

(J) qRT-PCR analysis of the expression levels of PHF6 and mesoderm markers (LHX1, T, and Eomes) on Day 2 in PHF6 depleted hESCs. **p < 0.01, ***p < 0.001,

n = 4. Data are presented as mean G SEM.
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this further, an immunofluorescence assay was conducted, revealing co-localization of H2A.Z with PHF6, demonstrating an evidence for the

binding between these two proteins. (Figure 6H). Conversely, the anti-PHF6 antibody can pull down a substantial amount of LHX1-DT by RIP

assay (Figure 6I). Moreover, we transfected siRNA against PHF6 into hESCs to silence PHF6 expression and verified the efficiency of siPHF6,

knock down of PHF6 significantly decreased the expression of mesoderm markers LHX1, T, and Eomes on Day 2 (Figure 6J). Taken together,

these results indicate that LHX1-DT plays a critical role in modulating the enrichment of H2A.Z at the LHX1 promoter region through its inter-

action with the PHF6 protein. This regulatory pathway arbitrates cell fate transitions and lineage commitment during cardiac differentiation.

DISCUSSION

Cardiac differentiation is a highly intricate and rigorous process involving multiple cellular and molecular coordination. Exploring the molec-

ular mechanism of cardiomyocyte differentiation is of great significance for elucidating the early cardiac development, evaluating drug

toxicity, and advancing cell therapy. In this study, we identified a divergent lncRNA, named LHX1-DT, as a critical mesoderm regulator impli-

cated in cardiogenesis.

In our previous work, we constructed a transcriptome of lncRNAs based on high-throughput sequencing datasets at four sequential stages

during cardiac differentiation. We found that the relevant lncRNAs have higher similarities within each differentiation stage and higher diver-

gence at distinct cardiac developmental stages, indicating their crucial roles at different stages of cardiac differentiation.27 We identified a

candidate lncRNA called RP11-445F12.1, also known as lncRNA LHX1-DT. LHX1-DT is located adjacent to the mesoendoderm marker gene

LHX1 and exhibits high-expression levels during the mesoderm stage, suggesting its potential involvement in cardiac differentiation. Since

LHX1-DT had never been investigated in the field of cardiac differentiation previously, we aimed to explore its role in depth.

Extensive evidence supports the notion that lncRNAs constitute an essential subset of the non-coding RNA family, exerting significant

pathophysiological roles and various biological activities.40 Further evidence has established the critical involvement of lncRNAs in different

lineage-specific developmental processes of ESCs through diverse mechanisms.41–43 For instance, lncRNA RCPCD impedes the differentia-

tion of ESCs into pacemaker-like cells by inhibiting the expression of HCN4.17 Similarly, lncRNA yylncT binds to DNMT3B, affecting DNA

methylation at the T locus during mesoderm differentiation of human ESCs.41 Additionally, lncRNA Pnky interacts with PTBP1 to control

the alternative splicing of core transcript sets at the stage of neural progenitors and finally blocks neuronal development.44 Our findings re-

vealed a significant upregulation of LHX1-DT expression during the transition from embryonic stem cells tomesoderm, followed by a gradual

decrease during the subsequent differentiation into cardiomyocytes. Functional studies employing a loss-of-function assay demonstrated

that knock down of LHX1-DT significantly impaired the differentiation of hESCs into both mesoderm and cardiomyocytes. Additionally,

the loss of LHX1-DT did not induce any discernible alterations in the typical morphology of hESCs, nor did it impact the maintenance of plu-

ripotency. Based on these observations, we propose a hypothesis that LHX1-DT exerts its specific regulatory effects during the mesoderm

stage, playing a pivotal role in mesoderm formation and facilitating the subsequent differentiation of hESCs into cardiomyocytes. This sug-

gests a unique and stage-specific function of LHX1-DT in orchestrating the molecular events governing cardiac lineage commitment.

Approximately 20%of total lncRNAs inmammalian genomes are classified as divergent lncRNAs. Divergent lncRNAs are transcribed in the

opposite direction from the promoter region of their respective neighboring protein-coding genes.45,46 Although divergent lncRNAs are

found to be correlated with tissue development in cis,47 the clear functions for divergent lncRNA/mRNA gene pairs remain largely unchar-

acterized. In our study, we explored the co-localization and co-expression of LHX1-DT, as a divergent lncRNA, with its neighboring gene

LHX1 during cardiomyocyte differentiation. LHX1-DT is localized on the human chromosome 17q12, at the vicinity of its neighboring gene

LHX1 in antisense orientation. This divergent lncRNA/mRNA gene pair exhibited similar dynamic expression patterns, particularly high

expression during themesoderm stage of cardiomyocyte differentiation. LHX1 is a transcription factor that belongs to the LIM-homeodomain

family; it has been proved as a mesendoderm marker.48 It plays a critical role in the development and differentiation of various tissues and

organs during embryonic development.23,32 However, the role of LHX1 during human cardiac differentiation is still unclear. In this study, we

proved that knock down of LHX1 significantly inhibited the mesoderm and cardiac differentiation. Moreover, knockdown LHX1-DT signifi-

cantly decreased LHX1 expression, while knockdown LHX1 had no effect on LHX1-DT expression. On the other hand, overexpression of

LHX1 rescued LHX1-DT depletion phenotype. These findings provide the first evidence elucidating the regulatory role of LHX1-DT in cardiac

differentiation by controlling LHX1 transcription during mesoderm induction.

H2A.Z is one of themost conserved histone variants with 90% identity across various organisms but only shares 57% sequence identity with

H2A, implying that H2A.Z has unique biological functions distinct from H2A.49 H2A.Z has been confirmed to participate in cell fate transitions

by occupying a different subset of genes in lineage-committed cells.33 In our study, we observed a significant enrichment of H2A.Z at the

promoter region of LHX1, accompanied by a decrease in H2A levels during mesoderm induction, indicating that H2A is replaced by the

H2A.Z during the differentiation of hESCs into MES. Additionally, we found that knock down of endogenous H2A.Z significantly inhibited

LHX1 transcription and cardiomyocyte differentiation, indicating that H2A.Z acts as an upstream regulator of LHX1. An interesting finding

in the present study is that knock down of LHX1-DT significantly inhibited the deposition of H2A.Z to replace H2A during mesoderm induc-

tion, without affecting the expression of H2A.Z. This suggests that LHX1-DT regulates the deposition of H2A.Z through an indirect interaction.

Furthermore, we identified PHF6, a member of plant homeodomain-like finger family, as a nuclear RNA-binding protein and histone-binding

protein. The precise role of PHF6 in cardiac differentiation remained unclear until now. Previous research by Draker et al. demonstrated the

specific binding of PHF6 to the histone variant H2A.Z but not to the conventional histone H2A.39 In line with this finding, our study yielded

similar results, confirming the interaction between H2A.Z and PHF6 during mesoderm induction. Consequently, our findings represent the
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first experimental verification of PHF6’s role as a mediator between LHX1-DT and H2A.Z, strengthening our understanding of the intricate

regulatory mechanisms involved in cardiomyocyte differentiation.

Based on these findings, we propose a signaling pathway by which LHX1-DT regulates cardiomyocyte differentiation during the meso-

dermal stage. LHX1-DT exerts its regulatory function by binding to the RNA/histone-binding protein PHF6, which subsequently facilitates

the recruitment of H2A.Z to the promoters of LHX1, leading to the replacement of H2A. This proposed mechanism highlights the critical

role of LHX1-DT as a regulator in cardiomyocyte differentiation. Furthermore, aberrant regulation of mesoderm differentiation and impaired

cardiac development are underlying factors in various cardiovascular disorders. By elucidating the precise mechanisms by which LHX1-DT

influences mesoderm formation and subsequent cardiomyocyte differentiation, it may be possible to identify novel therapeutic targets for

cardiac regeneration or intervention strategies for cardiovascular diseases.

Limitations of the study

In this article, our primary focus has centered on the in vitro validation of the regulatory role played by LHX1-DT in the human cardiomyocytes

differentiation within the mesodermal stage. However, there exists a dearth of comprehensive understanding regarding the potential ram-

ifications of the absence of LHX1-DT within the in vivo setting on the trajectory of cardiac development. Additionally, it is noteworthy that

LHX1 serves as a pivotal regulator in the genesis of other germ layers. Thus, as the upstream of LHX1, it is plausible that the variation in

the expression levels of LHX1-DT could wield substantial regulatory influence over the differentiation processes of distinct germ layers. There-

after, we shall maintain a vigilant focus on the need for caveats and follow-up investigations in the realm of in vivo studies.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Monoclonal anti-cTnT Miltenyi Biotec Cat# 130-120-543; RRID: AB_2783888

Mouse monoclonal anti-OCT4 Santa Cruz Biotechnology Cat# sc-5279; RRID:AB_628051

Mouse monoclonal anti-SOX2 Santa Cruz Biotechnology Cat# sc-365823; RRID:AB_10842165

Mouse monoclonal anti-cTnT Abcam Cat# ab8295; RRID:AB_306445

Mouse monoclonal anti-a-actinin Abcam Cat# ab9465; RRID:AB_307264

Rabbit polyclonal anti-LHX1 Affinity Biosciences Cat# DF4823; RRID:AB_2837188

Rabbit monoclonal anti-H2A.Z Cell Signaling Technology Cat# 50722; RRID:AB_2799379

Rabbit monoclonal anti-H2A Cell Signaling Technology Cat# 12349; RRID:AB_2687875

Rabbit monoclonal anti-PHF6 Abcam Cat# ab173304

Mouse monoclonal anti-PHF6 Santa Cruz Biotechnology Cat# sc-365237; RRID:AB_10847684

Mouse monoclonal anti-GAPDH OriGene Cat# TA802519; RRID: AB_2626378

Chemicals, peptides, and recombinant proteins

Matrigel Corning Cat# 354277

mTeSR1 Stem Cell Technologies Cat# 85850

CHIR99021 MedChemExpress Cat# HY-10182

RPMI 1640 Thermo Fisher Scientific Cat# 22400105

B27-Insulin Thermo Fisher Scientific Cat# A1895601

Wnt-C59 MedChemExpress Cat# HY-15659

B27 Thermo Fisher Scientific Cat# 17504044

TRIzol Thermo Fisher Scientific Cat# 15596018

SYBR Green Roche Cat# 04913914001

Lipofectamine RNAiMAX Thermo Fisher Scientific Cat# 13778150

Opti-MEM Thermo Fisher Scientific Cat# 31985062

ViaFect Transfection Reagent Promega Cat# E4982

Accutase Sigma-Aldrich Cat# A6964

Y-27632 MedChemExpress Y-27632

DAPI Roche Cat# 10236276001

RIPA buffer Sularbio Cat# r0010

Protease inhibitor Shennengbocai Cat# P1003

Biotin Merck Cat# 11685597910

RNase-free DNase I Thermo Fisher Scientific Cat# 10777019

Streptavidin Magnetic Beads Merck Cat# 65001

Critical commercial assays

Reverse Transcription Kit TransGen Biotech Cat# AT301-02

Fluorescent In Situ Hybridization Kit RiboBio Cat# C10910

ChIP assay kit Cell Signaling Technology Cat# 9003

RIP assay kit Millipore Cat# 17-701

QIA quick Gel Extraction Kit QIAGEN Cat# 28704

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directly to and will be fulfilled by the Lead Contact, Ying Zhang

(jennying223@126.com).

Materials availability

This study did not generate new unique reagents. Materials generated in this study are available from the lead contact upon request.

Data and code availability

� All data reported in this paper will be shared by the lead contact upon request.

� This paper does not report original code.
� RNA sequencing data: The RNA-sequencing data for in this paper has been deposited inNCBI Bioproject database under the accession

number PRJNA1011895, BioSample accessions: SAMN37230718, SAMN37230719.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human embryonic stem cell and human induced pluripotent stem cell lines

The validated hESC lineH9 and iPSC line ACwere purchased fromCellapy Biotechnology Co, China. hESCs (H9-ESCs) and hiPSCs (AC-iPSCs)

were maintained in mTeSR1 media (Cat# 85850, Stem Cell Technologies, Canada) on Matrigel-coated plates (Cat# 354277, Corning, USA) at

37�Cwith 5% (vol/vol) CO2. Culturemediumwas changeddaily, cell lines were passaged every 5-6 days using Ethylenediaminetetraacetic acid

(EDTA; Cat# CA3001500, Cellapy, China) and Y-27632 (Cat# HY-10071, MCE, USA). Cultures were maintained in an undifferentiated state at

37�C and 5% CO2.

METHOD DETAILS

Cardiomyocyte differentiation

For cardiomyocyte differentiation, stem cells (80%–90% confluence) were treated with 6 mM CHIR99021 (Cat# HY-10182, MCE, USA) in RPMI

1640 (Cat# 22400105, Thermo Fisher Scientific, USA) and B27 supplement minus insulin (Cat# A1895601, Thermo Fisher Scientific, USA)

(RPMI+B27-Insulin) for 2 days. On day 2 (D2), cells were placed in RPMI+B27-Insulin without CHIR99021. On days 3-4, cells were treated

with 2 mM Wnt-C59 (Cat# HY-15659, MCE, USA) in RPMI+B27-Insulin. On days 5-6, cells were placed in RPMI+B27-Insulin without Wnt-

C59. From day 7, cells were cultured in RPMI and B27 supplement (Cat# 17504044, Thermo Fisher Scientific, USA) (RPMI+B27+Insulin).

The medium was changed every 48 h until beating was observed.

Bioinformatics analysis

We obtained transcriptomic and epigenomic data in four different stages of human cardiac differentiation via the SRA Toolkit from the SRA

database (GSE106690, GSE64417), including embryonic stem cells (D0), mesoderm (D2), cardiac progenitor (D5) and cardiomyocytes (D10) in

RUES2 hESC lines, respectively.50,51 The readswere aligned to hg38 genome using tophat for RNA-Seq andBWA (Version: 0.7.12)52 for ATAC-

Seq. CuffLinks53 was further used to calculate RNA expression levels. For ATAC-Seq data, peak calling was used MACS2 to analyze.54 The

specific expression of genes in the MES stage was defined as those with significantly high expression levels at this stage. Differentially ex-

pressed analyses were realized by Cuffdiff (FDR<0.01).53 Then, the intersect genes were used for further co-expression network construction

and functional analysis. The co-expression network was created by Spearman’s correlation (R>=0.6; FDR<0.1) among specific expression

genes at the MES stage, including LHX1-DT and LHX1. Functional analysis was performed by clusterProfiler (adjusted P<0.1).

Continued
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Deposited data

The RNA-seq data This paper Accession number:PRJNA1011895

Experimental models: Cell lines

Human ESCs Cellapy H9

Human iPSCs Cellapy AC

Software and algorithms

Prism Graphpad www.graphpad.com/scientifific-software/prism/

ImageJ NIH https://ImageJ.nih.gov/ij/

MACS2 Partek Flow www.partek.com/partek-flow/
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Quantitative real-time polymerase chain reaction (qRT-PCR)

We collected the cells at different time points (Day 0, Day 2, Day 5 and Day 10) during the process of cardiac differentiation. Total RNA extrac-

tion and qRT-PCR were performed as described previously.55 Total RNA was extracted by TRIzol (Cat# 15596018, Thermo Fisher Scientific,

USA) according to themanufacturer’s instructions. The concentration and the quality of RNAweremeasured byNanoDrop-8000 spectropho-

tometer (Cat# ND-8000-GL, Thermo Fisher Scientific, USA). Total RNA was reversely transcribed to cDNA with a Reverse Transcription Kit

(Cat# AT301-02, TransGen Biotech, China). Then cDNA was amplified with SYBR Green (Cat# 04913914001, Roche, Switzerland) and

measured by 7,500 Real Time-PCR System (Applied Biosystems, USA). The relative quantitative expression was calculated according to

the 2�DDCT method. The primer sequences used in this study are listed in Table S1.

Transient transfection

We transfected small interfering RNA (siRNA) to silence LHX1-DT (siLHX1-DT), LHX1 (siLHX1) and H2A.Z (siH2A.Z) into differentiating hESCs.

The transfection was performed with 6 mL of Lipofectamine RNAiMAX Reagent (Cat# 13778150, Thermo Fisher Scientific, USA) and 100 nM of

siRNA in 200 mLOpti-Minimal Essential Medium (Opti-MEM, Cat# 31985062, Thermo Fisher Scientific, USA) together and incubated in 12-well

plates at room temperature (RT) for 5 min when cells reached 70%–80% confluence. The sequence of siRNAwas listed in Table S2. 2 mg LHX1-

overexpressed plasmid and 8 mL ViaFect Transfection Reagent (Cat# E4982, Promega, USA) were diluted in 200 mL Opti-MEM and stood for

20 min. Then the cells were incubated with the transfection mixture described above in 12-well plates.

Flow cytometry

Flow cytometry was performed to detect cTnT-positive cardiomyocytes on differentiation Day 10. Briefly, cells were dissociated with Accutase

(Cat# A6964, Sigma-Aldrich, USA) at 37�C for 2 min, and the digestion was terminated with RPMI+B27+Insulin. After washed with DPBS, the

cells were incubatedwith cTnT antibody (Cat# 130-120-543,Miltenyi Biotec, Germany, 1:50) for 20min. The samples weremeasured by using a

Beckman Coulter flow cytometer, and the results were analyzed by using FACScan flow cytometer with Cell Quest software (Beckman

Coulter, USA).

RNA sequencing (RNA-Seq)

Sequencing and cDNA library construction were performed with the NovaSeq 6000 platform (Illumina, USA). RNA integrity and gDNA

contamination were confirmed by denaturing agarose gel electrophoresis, and the sequencing library was tested by an Agilent 2100 Bio-

analyzer using the Agilent DNA 1000 ChIP Kit (Cat# 5067-1504, Agilent, USA). The differential expressed genes (DEGs) were identified to

explore the functional enrichment analysis of Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway.

Knockout of LHX1-DT by CRISPR/Cas9

CRISPR/Cas9-mediated genomic knockout was performed to generate LHX1-DT�/� cell lines as previously reported.31 Guide RNAs (gRNAs)

sequences were designed using the web resource http://crispr.mit.edu/. Briefly, homologous arm donor DNAs targeting gene containing left

and right homology arms and a LoxP-flanked PGK-puromycin cassette were used. About 13106 cells were electroporated with 2 mg of donor

DNA and 4 mg of pX330 plasmid containing the Cas9 protein sequence and the corresponding gRNAs for the knockout LHX1-DT. Then, the

electroporated cells were plated on six-well plates and selected positive clones by using Puromycin after 24 h. Positive clones were plated on

6-well plates coated with Matrigel in mTeSR1 with 10 mM Y-27632 (Cat# HY-10071, MCE, USA) for 2 days. Two LHX1-DT�/� clones were

selected and confirmed by qRT-PCR.

Immunofluorescence staining

Cells were fixedwith 4% Paraformaldehyde for 15min, permeabilized with 0.1% Triton X-100 for 45min, and blocked in 50%goat serum for 1 h

at RT. The cells were subsequently stained with antibodies toOCT4 (Cat# sc-5279, Santa Cruz, USA, 1:400), SOX2 (Cat# sc-365823, Santa Cruz,

USA, 1:400), cTnT (Cat# ab8295, Abcam, UK, 1:400), a-actinin (Cat# ab9465, Abcam, UK, 1:400), H2A.Z (Cat# 50722, Cell Signaling Technology,

1:1000) and PHF6 (Cat# sc-365237, Santa Cruz, USA, 1:500) separately, at 4�C overnight. The cells were washed with PBS, followed by incu-

bation with the conjugated secondary antibody in the dark for 1 h. Nuclei were stained with DAPI (Cat# 10236276001, Roche, USA) at RT. The

samples were imaged with a laser scanning confocal microscope (Zeiss, Germany).

Fluorescent in situ hybridization

Fluorescent in situ hybridization (FISH) was conducted with Fluorescent In Situ Hybridization Kit (Cat# C10910, RiboBio, Guangzhou, China)

according to the manufacturer’s instructions to determine the cellular distribution of LHX1-DT and LHX1. In brief, the cells were fixed with 4%

paraformaldehyde for 10 min, washed three times with PBS and penetrated with 0.5% Triton X-100 at RT. Then, they were incubated with

LHX1-DT probes at 37�C overnight, by sequential washing with Saline Sodium Citrate Buffer (SSC) at 42�C and subsequent incubation

with anti-LHX1 antibody (Cat# DF4823, affinity, USA, 1:400) at 4�C overnight. Nucleus were stained with DAPI (Cat# 10236276001, Roche,

USA) at RT. The samples were imaged under a laser scanning confocal microscope (Zeiss, Germany).
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Western blot

Cells were harvested with RIPA buffer (Cat# r0010, Sularbio, China) containing protease inhibitor (Cat# P1003, Shennengbocai, China). The

whole-cell lysates were fractionated by SDS-PAGE. Proteins were transferred to a nitrocellulose membrane, which was then incubated

with the primary antibodies for anti-LHX1 (Cat# DF4823, affinity, USA, 1:1000), anti-H2A.Z (Cat# 50722, Cell Signaling Technology, USA,

1:1000), anti-OCT4 (Cat# sc-5279, Santa Cruz, USA, 1:1,000), and anti-GAPDH (Cat# TA802519, OriGene, USA, 1:1,000) at 4�C overnight. After

washed with PBST for 3 times, the membrane was incubated with secondary antibody at RT for 1 h. The relative expression of protein was

detected and quantified by Odyssey infrared scanning system (LI-COR, USA).

Chromatin immunoprecipitation (ChIP)

ChIP experimentwas performedusing SimpleChIP�Enzymatic Chromatin IP Kit (Cat# 9003, Cell Signaling Technology, USA) according to the

manufacturer’s instructions. Briefly, 4 3 107 mesoderm cells were cross-linked with 1% formaldehyde at RT for 10 min. The chromatin was

fragmented by nuclease to obtain chromatin fragments of 1-5 nucleosomes in size. Chromatin fragments was immunoprecipitated with

anti-H2A.Z antibody (Cat# 50722, Cell Signaling Technology, USA) and anti-H2A antibody (Cat# 12349, Cell Signaling Technology, USA). Pu-

rified DNA was used for quantitative PCR analyses, and the data were normalized to input chromatin. The primer pair sequences used in this

study for ChIP assays are listed in Table S3.

RNA-binding protein immunoprecipitation (RIP)

RIP assay was conducted with Magna RIP� RNA-Binding Protein Immunoprecipitation Kit (Cat# 17-701, Millipore, Germany) according to

manufacturer’s instructions. Briefly, the cells that from hESC-derived mesoderm were lysed with lysis buffer containing protease inhibitors

and RNase Inhibitor. The cell lysates were incubated with magnetic beads conjugated with anti-H2A.Z antibody (Cat# 50722, Cell Signaling

Technology, USA) and anti-PHF6 antibody (Cat# ab173304, Abcam, UK) overnight at 4�C. The coprecipitated RNAswere isolated after protein

digestion with proteinase K. The purified RNAs were reversely transcribed to cDNA and subject to qRT-PCR. The enrichment was calculated

relative to the percentage of input.

RNA pulldown assay

RNA pulldown assay was performed as described previously.56 LncRNA LHX1-DT was subcloned into GV208 plasmid and purified with QIA

quick Gel Extraction Kit (Cat# 28704, QIAGEN, Germany). The plasmid DNA was transcribed to RNA that was then labeled with biotin (Cat#

11685597910, Merck, Germany). Then, the biotinylated RNAs were treated with RNase-free DNase I (Cat# 10777019, Thermofisher scientific,

USA) and using Quick Spin columns (Cat# 11274015001, Merck, Germany) to purify the biotinylated RNAs. The streptavidin magnetic beads

(Cat# 65001, Merck, Germany) were added into proteins and RNAs, shaken vigorously and centrifuged, then the supernatant was discarded.

The eluted RNA bound protein was then analyzed by mass spectrometry assay andWestern blot analysis. The antisense of LHX1-DTwas em-

ployed as a negative control.

Mass spectrometry

Mass spectrometry (MS) was performed by Wuhan GeneCreate Biological Engineering Co., Ltd. In briefly, samples were subjected to enzy-

molysis in protein gel, desalting and LC-MS/MS analysis. Then submit the original MS/MS files from themass spectrometer to ProteinPilot for

data analysis. For the identified protein results, select certain filtering criteria, and peptides with an unused score > 1.3 (a credibility of more

than 95%) are considered credible peptides, and proteins containing at least one unique peptide are retained.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data are shown as mean G SEM. Each data point was obtained from at least three independent experiments. Student’s t test was used for

two-group comparisons, and one-way analysis of variance tests were used for multi-group comparisons. Differences with P values < 0.05 were

regarded as significant. The statistical analyses were performed with the use of Prism version 8.0 software (GraphPad Software).
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