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SUMMARY

The specification of extra-embryonic mesenchyme (ExMC) is a prime example of developmental 

divergence between mouse and human. Derived from definitive mesoderm during mouse 

gastrulation, the human ExMC first appears at peri-implantation prior to gastrulation and therefore 

its human cellular origin, still unknown, must differ. In a human pluripotent stem cell model, 

we report that ExMC shares progenitor cells with trophoblast, suggesting a trophectoderm 

origin. This ability to form ExMC appears to extend to human trophoblast stem cell lines. We 

define HAND1 as an essential regulator of ExMC specification, with null cells remaining in 

the trophoblast lineage. Bound by HAND1, ape-specific, endogenous retrovirus-derived LTR2B 

contributes to unique features of ExMC. Additionally, ExMC supports the maintenance of 
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pluripotent stem cells, possibly reflecting a role in maintaining epiblast pluripotency through 

peri-implantation development. Our data emphasize the nascent evolutionary innovation in human 

early development and provide a cellular system to study this.

Graphical Abstract

In brief

Liu et al. show that activin A promotes BMP4-treated human iPSC differentiation into ExMC and 

uncover the essential role of HAND1 in this process. In turn, ExMC secretes extracellular matrix 

and growth factors sufficient to support the maintenance of pluripotency, suggestive of one role for 

ExMC in human early embryogenesis.

INTRODUCTION

The extra-embryonic membranes of the mammalian embryo include several cell types within 

the trophoblast lineage, the extra-embryonic endoderm-derived yolk sac, and the extra-

embryonic mesenchyme (ExMC) cells. These membranes are known to diverge extensively 

between species1 as emphasized in the differing cellular origins of ExMC between mouse 

and human. Mouse ExMC originates from the presumptive mesoderm within the primitive 

streak during gastrulation,2,3 whereas human ExMC appears much earlier in development. 

While its origin is unclear, human ExMC has been morphologically defined as early as the 

blastocyst4 and is abundant in the peri-implantation to early post-implantation conceptus 

prior to gastrulation.5

The ability to molecularly define individual cells through single-cell transcriptomics (single-

cell RNA sequencing [scRNA-seq]) has been a boon to understanding cellular processes 

in early mammalian development.6,7 This has been applied to human pre-implantation 

embryos,8,9 blastocysts pushed through extended in vitro cultures,10 and a gastrulating 

embryo at approximately 9–12 days post implantation (Carnegie stage 7),11 the latter of 

which captured some ExMC. Due to its inaccessibility, there is no molecular data of any 

kind from the human conceptus within the first week post implantation, a stage at which 

there is extensive ExMC.12 Old World monkey (OWM) data generated from this stage fills 

some of this gap and captures ExMC emerging concurrently with the primary yolk sac.13,14 
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Caution, however, is warranted in extrapolating OWM data to the human, as there are known 

differences, for example, with the extent of conceptus invasion into the endometrium.15 With 

their ability to give rise to the extra-embryonic lineages,16–21 human induced pluripotent 

stem cells (iPSCs) provide a powerful model to investigate the molecular and cellular 

formation of the ExMC.

Here we probe, using scRNA-seq, the developmental dynamics within a previously 

described human iPSCs-to-trophoblast differentiation scheme and uncover trophoblast and 

mesenchymal populations within 6 days of differentiation, with both populations apparently 

emerging from a single progenitor. We subsequently optimize two differentiation protocols 

to enrich for either trophoblast or ExMC and utilize the latter to define HAND1 as an 

essential regulator of ExMC formation—in its absence, cells progress to primitive syncytium 

(PrSyn). In addition, we define HAND1-bound genomic loci within the developing ExMC 

that are clearly ape specific, derived from recent endogenous retroviral long terminal repeat 

(LTR) insertion events. These drive HAND1-mediated, ape-specific ExMC transcription in 

addition to creating ape-specific additional isoforms of pre-existing protein-coding genes. 

This study provides insight into the molecular and developmental innovations of the human 

ExMC and provides cell-culture systems, both trophoblast and ExMC, to enable continued 

investigations into this little-understood period of human development.

RESULTS

Identification of ExMC from BMP4- and FGFR-inhibitor-treated iPSCs

We generated a time-course of iPSC-derived trophoblast to make a comparison to recently 

published data from appropriate stages of human embryos. In addition to BMP4 (B), 

a known inducer of trophoblast lineage transcription factors (TFs),18 our differentiation 

cocktail also included the FGFR inhibitor SU5402 (S), which is known to prevent the 

expression of BRACHYURY22 and thereby block embryonic mesoderm lineage formation. 

We then sampled nine time points across days 1 through 6 of differentiation in this BS 

medium by scRNA-seq (Figure 1A). The dataset comprised 15,839 cells with >2,000 genes/

cell with a median of 15,396 transcripts/cell. We excluded day 0 from our visualization of 

these data, as there was a distinct jump from day 0 to day 1, resulting from the rapid BMP4 

induction of trophoblast lineage genes rather than the subsequent continuum seen days 1 

through 6. Relatively uniform across days 1 and 2, a bifurcation point emerged through day 

3 and day 4, leading to two distinct cell populations on days 5 and 6 (Figure 1B).

Cells from day 1 co-expressed pluripotency (OCT4 and SOX2) and extra-embryonic 

cell (GATA3, GATA2, TFAP2A, and TFAP2C) lineage markers and showed epithelial 

morphology, thus resembling early blastocystic trophoblast, which we define as early 

progenitors (EPs). On day 2, cells had decreased expression of pluripotency markers and 

further increased expression of extra-embryonic cell-lineage markers.18 Therefore, we define 

these cells as progenitor cells (Progenitor). From day 3 to day 4, the cells transitioned to 

a state similar to later-stage peri-implantation trophoblasts (Peri-TB, marked by VGLL1 
and PHLDA2) with a distinct population of cells expressing PrSyn markers (CGA, PRR9, 

SP6, SDC1, ERVW-1, GCM1, and CYP19A1) (Figures 1C and 1D), similar to the polar 

trophectoderm from blastocysts at day 7.8 A second distinct population of cells at day 6 
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contained a mesenchymal cell signature (e.g., COL3A1 and COL6A3) with genes (SNAI2, 

HAND1, and LUM) shared with ExMC defined in the OWM dataset. Two subpopulations 

in this ExMC cluster can be distinguished by cell-cycle markers, indicating a proliferating 

subpopulation (ExMC 2) (Figures 1C and 1D).

While GATA3/TFAP2A/TFAP2C are shared by trophectoderm and amniotic cells, GATA2/

SEMA6D/FABP3/CDX2 are more restricted and transiently expressed in the trophectoderm 

lineage of the early-stage human blastocyst,8,23,24 and in our model this same developmental 

dynamic is seen (Figure 1E). NR2F2 marks the polar trophectoderm of the later-stage 

human blastocyst and is followed by increased expression of CCR7 and CGA in PrSyn.8,9 

NR2F2 follows CDX2 expression in our model, with CCR7 expression initiating at day 5 

and remaining restricted to the trophoblast (Figure 1E), revealing trophectoderm-specific 

features in our progenitor cells. We next defined markers that distinguish blastocystic 

trophoblast from first-trimester placental trophoblast (Figures S1A and S1B)8,25 and found 

that our iPSC-derived trophoblast (both Peri-TB and PrSyn) expresses unique markers of 

blastocystic trophoblast (PRR9, CCKBR, and MRGPRX1) and not those of the placenta 

(FSTL3, ASCL2, DIO2, CSH1, and PSG4) (Figure 1F), indicating that our trophoblast 

model better aligns with the earliest trophoblast progression during the peri-implantation 

stage of development. HAND1, a known marker of the ExMC lineage in OWM,14 initiates 

expression in our iPSC-derived cells at the late progenitor stage and becomes restricted to 

the ExMC (Figure 1D), in line with the transient trophoblast expression of HAND1 in the 

day-6 to −7 human blastocyst.10 RNA velocity analysis confirmed the trajectories through 

measured developmental time and linked both PrSyn and ExMC from day 6 to a shared 

precursor population (LP) at day 4 (Figure 1G).

We next integrated our dataset with seven published scRNA-seq datasets, four derived from 

OWM and three from human studies.8,10,11,14,26–28 Our putative ExMC overlapped with 

ExMC lineages from both human and OWM (Figure 1H). Similarly, our trophoblast (Peri-

TB and PrSyn) mapped with the published trophoblast subtypes, including those defined 

as cytotrophoblast (CTB), syncytiotrophoblast (STB), and extravillous trophoblast (EVT) 

(Figure 1I). Amniotic cells defined in these other studies formed a cluster distinct from 

any of our iPSC-derived cell derivatives (Figure 1J). To preclude caveats of cross-species 

analysis, we also integrated solely with the human data, which provided better separation 

of trophoblast developmental stages. Our iPSC-derived progenitor cells (cells transitioning 

between days 2 and 3 of differentiation, Figure S1J) mapped to the same cluster (cL.6) 

as trophectoderm from day-5 and −6 blastocysts (Figures S2E–S2I). Our defined ExMC 

population again co-clustered with ExMC identified in the post-implantation human embryo 

from days 16–19 (Figures S1C and S1D). Taken together, these results show that ExMC 

and PrSyn share the same progenitor population in the BS-treated iPSC differentiation 

scheme, and this progenitor population displays gene-expression signatures found in the 

trophectoderm of the human blastocyst.

Activin A promotes ExMC specification from progenitor cells

Since the BMP4/FGFR-inhibitor-based model gives rise to a mixed culture of ExMC and 

trophoblast subtypes, we next aimed to optimize media composition for induction of pure 
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ExMC. We used differentially expressed genes (DEGs) between our day-5 to −6 ExMC and 

trophoblast populations (454 genes up in trophoblast and 245 genes up in ExMC; Figure 2A) 

as input for Ingenuity Pathway Analysis (IPA), and found evidence of transforming growth 

factor β (TGF-β) signaling activity in ExMC development with multiple components in this 

pathway rising to significance (TGFB1, ZEB1, SMAD3, and SNAI1/2; Figure 2B). We next 

tested the TGF-β ligand activin A in our experimental system, comparing addition on day 

0 (BSA-D0) to that on day 2 (BSA-D2). The BSA-D0 cultures maintained expression of 

pluripotency markers, consistent with a known role for activin A in pluripotency29; however, 

the BSA-D2 cultures significantly enhanced ExMC differentiation at the expense of the 

trophoblast lineage (Figure 2C). We next included an opposing differentiation scheme by 

replacing the TGF-β pathway activator with an inhibitor of this pathway (A-83) at day 2 

(BSA-83-D2). Transient CDX2 expression, peaking at day 2.5, was similar in all three (BS, 

BSA-D2, and BSA-83-D2) conditions. SNAI2, an ExMC-specific TF, began to increase at 

day 3, was highest in the BSA-D2 conditions, and preceded the upregulation of the ExMC-

specific COL3A1. Inhibiting TGF-β signaling (BSA-83-D2) induced elevated expression of 

the later trophoblast marker HLA-G and inhibited the expression of ExMC markers (Figure 

S2A), suggesting that the manipulation of the TGF-β signaling pathway within the initial 

trophoblast progenitor stage determines the developmental outcome.

Bulk transcriptome data of the day-6 time point in all three of these conditions, referred 

to now as BS, BSA, and BSA-83, were then compared to the human-derived scRNA-seq 

datasets. While the first component of a principal component analysis (PCA) represented 

technology differences (bulk vs. single cell), the second and third principal components were 

able to separate ExMC from trophoblast. Cells derived from BSA-treated iPSCs clustered 

with ExMC from our scRNA-seq dataset and the ExMC from the Carnegie stage 7 embryos. 

Both bulk RNA-seq BS and BSA-83 samples clustered together with other trophoblast 

lineage cells (Figure 2D). Extensive gene-expression differences (983 downregulated and 

2,619 upregulated genes in the bulk RNA-seq) were evident in BSA vs. BS treatments, 

inclusive of cell-lineage markers initially identified in our scRNA-seq analysis (Figure 2E). 

We complemented some of these RNA markers with their corresponding protein epitopes, 

detecting both trophoblast (PRR9+ and HLA-G+) and ExMC (HAND1+) cells in the initial 

differentiation scheme (BS condition) and virtually only HAND1+ cells in the BSA cultures 

with no evidence for PRR9+/HLA-G+ cells (Figure 2F).

The purity of our ExMC, and its apparent emergence from an epithelial progenitor, 

prompted us to explore splicing dynamics (Figures S2B and S2C). Enriched in the 

ExMC population was an MPRIP isoform that is favored in metastatic pancreatic ductal 

adenocarcinoma (PDAC) compared to primary PDAC30 (Figure S2D). In PDAC this isoform 

is regulated by splicing factor RBFOX2, and RBFOX2 may also be responsible for this 

splicing in ExMC, as it is differentially expressed between ExMC and trophoblast (Figure 

2E). Additional splicing switches include the extracellular matrix (ECM) protein COL6A3 
and adhesion junction protein DST (Figure S2D). Mutations in DST are associated with 

epidermolysis bullosa,31 a disease manifesting in disorders of the skin mesenchyme.32 The 

splicing architecture of the ExMC provides an additional mesenchymal feature attributed to 

these cells, and the dynamic nature of the cell model, deriving from precursor epithelium 
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representative of the blastocystic trophoblast, provides opportunities to further investigate 

splicing features of epithelial-mesenchymal transition (EMT).

Considering the unexpected emergence of an ExMC population from a trophoblast 

progenitor cell, we next sought to confirm the robustness of this differentiation scheme 

across additional human iPSC lines to ensure it was not an iPSC-line-specific oddity. 

Consistent with KOLF2.C1, two additional iPSC lines, WTC11, a well-characterized male 

line of Japanese ancestry33 and WIBJ2, a female Northern European line, were capable of 

differentiating to mature trophoblast and ExMC lineages when induced with the BSA-83 and 

BSA conditions, respectively (Figure S3A). This indicates that our defined differentiation 

conditions are robust across genetic background and sex.

Thus, BSA culture conditions efficiently direct iPSCs to the ExMC lineage through an 

apparent trophoblast intermediate, and the activity of the TGF-β pathway after initiation into 

the trophoblast lineage but prior to day 4 of differentiation plays a key role in the decision to 

become, through an EMT process, ExMC or continue along the trophoblast lineage.

Trophoblast bona fides of cells derived from primed iPSCs

Although there has been some debate about the authenticity of trophoblast derived from 

“primed” human PSCs,22,34 substantial evidence reveals highly specific trophoblast features 

of such cells,17,19,35 for instance chorionic gonadotropin and the genes (CGA and the CGBs) 

encoding this pregnancy hormone. In our bulk RNA-seq data of iPSC-derived PrSyn, CGA 
is the most highly expressed protein coding transcript of all, with over 30,000 FPKM 

(fragments per kilobase of transcript per million mapped reads). An additional trophoblast 

bona fide of our iPSC-derived PrSyn is the expression of CYP19A1 from its trophoblast-

specific promoter (Figure S3B). This LTR-derived promoter was co-opted into the human 

lineage approximately 40 million years ago36 and, though not present in the mouse genome, 

is capable of driving trophoblast-specific transgenic reporter expression in the mouse.37–39

Recent reports also indicate the feasibility of deriving human trophoblast stem-like cells 

(hTSLCs) from primed iPSCs.40,41 We thus decided to replicate this work with our 

KOLF2.C1 iPSC line to provide further evidence of trophoblast bona fides. We were 

successful in this, specifically deriving hTSLCs from KOLF2.C1 iPSCs exposed to 

BMP4 for 2 days. Our hTSLCs displayed morphology similar to and expression level of 

pantrophoblast markers comparable to that of the original human trophoblast stem cell 

(hTSC) lines42 CT29 and bTS11 (Figures 3A and 3B). Our hTSLCs remained proliferative 

over at least 60 days of culture (Figure 3D) and had approximately 50% DNA methylation 

status of the C19MC locus, indicative of the trophoblast lineage (Figure 3E). Using 

markers representative of early EVT (HLA-G, DIO2, FSTL3, and ISM2) and STB/PrSyn 

(SDC1, ERVW-1, and PRR9) found within extended-culture human blastocysts10 (Figure 

3F) indicated that our hTSLC lines were capable of differentiating into both EVT and STB, 

a defining feature of hTSCs (Figures 3G–3L).

As the ExMC appears to emerge from a trophoblast progenitor population in our initial 

scRNA-seq, further supported by the fate of such progenitors in the HAND1 null line (see 

below), we were curious to determine whether hTSC/hTSLC lines themselves harbored this 
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potential to give rise to ExMC. To placenta-derived (CT29) and blastocyst-derived (bTSC11) 

hTSCs, we added activin A and analyzed gene expression. These data suggest that indeed 

ExMC can arise from hTSCs (Figure 2G). We performed a similar experiment with our 

hTSLC cultures, which also provided evidence of the emergence of ExMC (Figure 3M). 

Together, these data provide evidence that KOLF2.C1 gives rise to a bona fide trophoblast, 

that an ExMC population arises from this lineage, and that this ability to generate ExMC is 

maintained in the mature TSC.

HAND1 is essential for ExMC specification

To identify potential regulators of ExMC specification, we analyzed the dynamic expression 

of 211 TFs expressed in our iPSC-to-PrSyn/ExMC model. HAND1 emerged as a strong 

candidate, with the highest fold change and expression level compared to other ExMC-

specific TFs (Figure 4A), and because of its known roles in both the trophoblast and 

ExMC lineages in the mouse.43,44 In our differentiation system, HAND1 is the earliest 

upregulated ExMC TF, preceding the bifurcation point in ExMC emergence (Figure 4B) and 

co-localizing with trophoblast TFs (CDX2 and GATA3) in the progenitor cells (Figure 4C), 

placing it in position to drive ExMC formation.

Thus, we created homozygous null HAND1 iPSCs, differentiated these along with wild-type 

(WT) cells in ExMC medium, and collected samples from day 2 to day 6 for transcriptome 

analysis (Figure 4D). No significant differences were observed between WT and HAND1−/

− cells on day 2, consistent with its lack of expression at this time point. After day 3, 

WT and HAND1−/− cells displayed distinct transcriptomic trajectories, with differences 

increasing over time. Three major gene clusters were identified by hierarchical clustering 

representing (1) genes shared by WT and HAND1−/− cells and downregulated from the 

day-2 time point (e.g. SOX2, NANOG, and OCT4), (2) genes upregulated in WT cells, and 

(3) genes upregulated in HAND1−/− cells. Subclusters of these latter two major clusters 

separated based on the timing of upregulation of their respective genes. Subclusters II, 

III, and IV were WT-cell specific and enriched in ExMC genes upregulated at days 3, 

4, and 6 of differentiation, respectively. HAND1 was in the first wave. The second wave 

(day 4) included JUN and SNAI2. HAND2 and ZEB2 TFs were upregulated on day 6 of 

differentiation as was RUNX1, which is known to maintain mesenchymal stem cells.45 In 

addition, a number of ECM components show significantly increasing expression on days 4 

and 6, recapturing the pattern with their in vivo counterparts (Figure S4). Subclusters V, VI, 

and VII consisted predominantly of trophoblast genes upregulated in the HAND1−/− cells on 

days 3, 4, and 6, respectively. For instance, there was a transient upregulation of TP63 on 

day 3 and upregulation of GCM1 and CCR7 by day 4, and PGF, CCKBR, PRR9, CYP19A1, 

and chorionic gonadotropins (CGA and CGB1) on day 6 (Figure 4E). CGA expression 

dynamics exemplified this apparent continuation along the trophoblast lineage upon loss 

of HAND1 (Figure 4F). Immunofluorescence confirmed, at the protein level, the absence 

of SNAI2 expression and the increase in trophoblast markers (HLA-G and PRR9) within 

these HAND1−/− cell cultures at day 6 (Figures 4G and 4H). These results demonstrate that 

HAND1 is an essential regulator of the emergence of ExMC from a trophoblast progenitor.

Liu et al. Page 7

Cell Rep. Author manuscript; available in PMC 2025 May 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



HAND1 binding is enriched at proximal promoters of ExMC lineage-specific genes

To identify genomic features through which HAND1 may mediate ExMC differentiation, 

we next identified HAND1-bound regions of the genome through chromatin 

immunoprecipitation and sequencing (ChIP-seq) on day 4 of differentiation, generating 

H3K4me3 ChIP-seq in parallel and carrying this out on both WT and HAND1−/− cell 

lines. We chose day 4, as this timing was within 24 h of the first appearance of HAND1 
mRNA, reasoning that this would provide sufficient time for HAND1 protein synthesis 

and subsequent accumulation at genomic loci but early enough to capture the primary 

developmental events mediated by HAND1. A total of 5,127 high-confidence (present 

in all replicates of WT and in none of the knockout [KO]) HAND1 binding sites were 

identified. Of the defined HAND1 peaks, nearly half were located in promoter regions 

(within 2 kb of a transcription start site), 22.1% were within introns, and 18.1% were in 

intergenic regions (Figure 5A). Motif discovery on these peaks identified the consensus 

sequence AAACCAGA (Figure 5B) containing a previously defined HAND1-associated 

element, CCAGA.46,47The relatively weak and short cis element on what otherwise are 

high-confidence HAND1-bound regions likely results from the known degeneracy of the 

HAND1 half-site.46

Although the overall landscape of H3K4me3 binding sites were similar between WT and 

the null with only 144 genotype-unique peaks out of the 10,369 total peaks (Figure 5C), 

differences were observed when we classified these H3K4me3-bound loci as co-bound 

or not bound by HAND1. A higher H3K4me3 signal was evident in the HAND1-bound 

subset compared between WT and HAND1−/− cells but not in the HAND1-unbound peaks 

(Figure 5D), indicating that chromatin-bound HAND1 is associated with increased levels of 

H3K4me3 modifications, a histone mark of active promoter regions (Figures 5A and 5D). 

Linking expression data to HAND1 ChIP-seq, we identified 40% of downregulated genes 

and 15.1% of upregulated genes on day 3 in HAND1−/− cells that were directly bound 

by HAND1, suggesting direct activation and repression by HAND1 binding, respectively 

(Figure 5E). The few genes directly repressed by HAND1 included the human trophoblast 

lineage marker (CYP19A1) and a marker of polar trophectoderm (CCR7) (Figure 5F). In 

support of our data, it is notable that CYP19A1 was recently defined as repressed by 

HAND1 in a human trophoblast cell line.48 Numerous ExMC markers directly activated by 

HAND1 included TGFBR1, NID2, ZEB2, and ACTC1. These data suggest that HAND1 

acts predominantly as a transcriptional activator in its role in ExMC formation.

HAND1 binds to ape-specific LTR2B

We also noted 16% of HAND1 peak summits mapped to transposable elements, out of 

which 43% were LTRs and therefore over-represented compared to LINEs and SINEs (long 

and short interspersed nuclear elements) with respect to their relative abundance in the 

human genome.49 Considering the known contribution of retrotransposons to the human 

trophoblast lineage,50 we next sought to determine the subgroup of LTRs mediating the 

recruitment of HAND1. We found that LTR2B was significantly over-represented, with 10% 

(35 out of the 353) of all known instances of this LTR subgroup bound by HAND1 (Figure 

6A). The identification of LTR2B is intriguing, considering the rapid evolution of ExMC and 

the recent integration timing of LTR2B at the hominoid divergence from OWM.51
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LTRs can function as enhancers or promoters and/or create additional first exons with their 

self-contained features of cis-regulatory elements, transcription start site, and a splicing 

donor site. To elucidate the function of HAND1-bound LTR2B, we manually annotated all 

35 instances in the context of the surrounding genomic and transcriptomic features (Table 

S5). Examples of apparent enhancer activity of HAND1-bound LTR2Bs, as they are in 

close proximity to genes significantly downregulated in the HAND1−/− cells, include those 

associated with ACTC1, ERVH48–1, CNTNAP2, and FUT8 and have fold downregulation 

in HAND1 null cells of 517.15, 1.55, 15.81, and 2.21, respectively. ERVH48–1, also known 

as Suppressyn (SUPYN), is reported to restrict infection by retroviruses and suppression of 

syncytial cell fusion of trophoblast in early human embryos and developing placenta.52,53 

FUT8, a glycolytic enzyme responsible for core fucosylation, is implicated in tumor 

metastasis across many cancer types, including melanoma,54 thus again linking ExMC 

biology to features identified as functional in cancer metastasis. Additionally, we further 

identified some unannotated transcripts with LTR2B as the promoter/first exon, occurring in 

nearly a third (10 out of the 35) of HAND1-bound LTR2B (Table S5). Among these genes 

PTN is a notable example, since this isoform was previously described as a unique feature 

of human trophoblast55 and, as defined here, the ExMC (Figures S5A, S5B, and S5G) 

but not in amnion epithelial cells from human post-implantation embryos, thus providing a 

useful marker to distinguish amnion from trophoblast and ExMC (Figures S5E and S5F).11 

Another intriguing example is DCAF6. Its dominant transcript in ExMC starts from the 

LTR2B located in an intron in ADCY10 (Figures S5C and S5D), splices ~88 kb downstream 

into exon 2 of DCAF6, and produces a different N-terminal end. This 88-kb length spans 

14 exons of ADCY10, the entire 5-exon gene MPC2, and the first exon of DCAF6. This 

isoform of DCAF6 is downregulated in the HAND1−/− cells and is also expressed in the 

human post-implantation ExMC (Figures S5C and S5H). Such modification/truncation of a 

parental protein resulting from an insertion of LTR2B into an internal exon is particularly 

emphasized in the case of ANKS1A.

For ANKS1A, transcription is initiated from a HAND1-bound LTR2B sequence located 

within intron 7 of the parental gene; this LTR2B sequence splices into the immediate 

downstream exon. The expression of this transcript tightly correlates with what would 

be expected of a HAND1 ExMC-specific target gene (Figures 6B–6E) and is absent in 

OWM ExMC (Figure 6C), fitting with the ape-specific insertion event of this LTR. The 

resulting 15-exon transcript encodes a 593-amino-acid protein detectable by western blot 

(Figure 6F) and is much smaller than the parental protein, which contains 541 additional N-

terminal amino acids and is detectable in undifferentiated iPSCs (Figure 6F). This shortened 

ExMC isoform does not contain the ankyrin repeat domain (ANK) or the transmembrane 

domain, although it does retain the two tandem sterile alpha motif (SAM) domains and one 

phosphotyrosine-binding (PTB) cytoplasmic domain (Figure 6F).

To further characterize the function of this ape-specific truncated isoform of ANKS1A, 

we deleted this LTR2B sequence via CRISPR-Cas9 and differentiated this ANKS1ALTR2B−/

−line using the ExMC induction protocol (i.e., BSA). From RNA-seq analysis, the loss of 

this LTR2B alone is sufficient to abolish the expression of the short isoform of ANKS1A 

without any effect on its full-length transcript (Figure 6G). Although ANKS1A is not 

known to be a direct regulator of transcription, we still identified 188 DEGs between 
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WT and ANKS1ALTR2B−/−lines in RNA-seq analysis (Figure 6I). The majority of the 97 

downregulated genes are day-6 ExMC markers and are also absent in similarly differentiated 

HAND1−/− cells as would be expected of a transcript dependent on HAND1 function 

(Figure 6H). Notably, the most downregulated gene (MEG3, a long non-coding RNA) has 

been implicated in EMT processes within the HTR8/SVneo trophoblast cell line.56 Half of 

the 91 upregulated genes showed much lower expression levels in ExMC compared to day 

2 of differentiation, and the remaining upregulated genes did not show a specific pattern 

(Figure 6J). These results indicate a functional role for the HAND1-bound LTR2B-derived 

ANKS1A transcript in the biology of the differentiated ExMC and, together with a number 

of the other HAND1-bound LTR2B elements, they have contributed to primate/hominoid-

specific features of ExMC biology.

Integration of ExMC biology within the peri-implantation conceptus

Mesenchymal cells have long been known as a source of, and receiver for, signals that 

induce and pattern neighboring cell types in developing tissues.57 Thus, we next sought 

out potential signaling axes by identifying ligand-receptor pairs in relevant cell types to 

contextualize the potential role of the ExMC. NODAL and GDF3, activin-like molecules 

expressed within human epiblast/primitive endoderm of the peri-implantation embryo 

(Figure 7A), are potential endogenous inductive signals for the formation of ExMC in 
vivo, similar to activin A-induced in vitro formation of ExMC. Another potential axis 

of signaling is between the trophoblast and ExMC where in the former, progesterone 

is synthesized from cholesterol through the activity of enzymes encoded by CYP11A1 
and HSD3B1. The progesterone receptor PAQR858 is highly expressed in ExMC cells 

(Table S4). In addition, ExMC, together with the trophoblast, synthesize PTN (Figure 

7B), which enhances the survival and stemness in human PSCs through its receptor 

PTPRZ1.59 The expression of PTPRZ1 is seen in the epiblast of the late-stage human 

blastocyst and in gastrulating embryos after the emergence of ExMC but is absent in 

the earlier-stage inner cell mass (Figure 7A), suggesting a role for ExMC in providing 

a growth-promoting signal to the neighboring epiblast. In addition to PTN, a variety of 

growth factors (e.g., FGF2, NOG, and INHBA) along with ECM known to contribute to 

the maintenance of human pluripotency29,60,61 were abundantly expressed by the ExMC 

(Figure 7C). This suggested that the ExMC may provide a microenvironmental niche to the 

epiblast through peri-implantation development. To test this, we used a co-culture model 

with iPSC-derived ExMC as the soil in which to seed undifferentiated iPSCs, in basal 

medium without any additional growth factor supplementation. Unlike iPSCs cultured on a 

layer of iPSC-derived trophoblast, which died within a day of seeding (Figure 7D), iPSCs 

on ExMC expanded into sizable colonies over 4 days of culture (Figure 7D) and maintained 

high expression of pluripotency markers OCT4 and SOX2, with colonies surrounded by 

COL3A1-positive ExMC (Figure 7E). These data thus suggest roles for the ExMC within 

the microenvironment of the peri-implantation human embryo, providing a supportive ECM 

and a source of growth factors in addition to integrating signals itself from neighboring cell 

types.

Liu et al. Page 10

Cell Rep. Author manuscript; available in PMC 2025 May 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



DISCUSSION

Human iPSC differentiation schemes to model the trophoblast lineage are becoming more 

widely accepted by the community,40,41,62–65 but there remains some debate on whether 

these models, particularly derived from primed iPSC cultures, might be more representative 

of amnion cells.66–69 Here, we distinguish three extra-embryonic lineages (trophoblast, 

amnion, and ExMC) by integrating multiple existing scRNA-seq datasets of true and 

blastocyst-derived cell types of the early primate conceptus. Mapping iPSC-derived scRNA-

seq data onto this provides strong evidence of trophoblast identity as does the highly specific 

trophoblast features we characterize here. In line with previous reports,40,41 the ability to 

derive hTSLCs from the primed iPSC line used here also argues that primed iPSCs are 

capable of giving rise to the trophoblast lineage. In addition, primed OWM embryonic stem 

cells transferred into OWM blastocysts were identified in the trophectoderm and persisted in 

the trophoblast lineage to day 17.70 This indicates the in vivo trophoblast potential of simian 

primed PSCs, a characteristic not shared with their mouse counterparts.

While studies have suggested that “primed” hPSC-derived trophoblasts pass through an 

amnion-like state,71 it remains challenging to draw definitive conclusions without data 

on true perito early post-implantation human conceptuses that capture the developmental 

dynamics at play in the formation of these cell types. In vivo, the amnion is not 

thought to give rise to the trophoblast lineage, whereas the epiblast within the late-stage 

human blastocyst, a stage in which some “primed” iPSC markers begin to be expressed, 

are still capable of giving rise to the trophoblast. Within our iPSC-based system we 

favor a model whereby BMP4 induction directly induces the trophoblast lineage through 

direct upregulation of trophoblast TFs (GATA2, GATA3, TFAP2A, and TFAP2C), leading 

undifferentiated iPSCs to progressively become more like cells within the early trophoblast 

lineage. Although the initial activation of trophoblast TFs via BMP4 used in vitro may differ 

from in vivo trophoblast formation, features, such as transient FABP3/CDX2 expression 

preceding an NR2F2+/CCR7+ cell population that then further progresses to primitive 

syncytium, parallel the expression dynamics seen within the blastocystic trophoblast. The 

eventual primitive syncytium signature is very reminiscent of the polar trophectoderm within 

the late-stage blastocyst.

The addition to this paradigm is the emergence of the ExMC from the FABP3/

CDX2/HAND1+ progenitor. Trophectoderm from the day-6 and day-7 human blastocyst 

are FABP3/CDX2/HAND1+. We showed that by manipulating TGF-β signaling, these 

progenitor cells in our iPSC system are toggled between commitment to an ExMC or 

trophoblast. In addition, the loss of HAND1 leads this progenitor population to remain 

in the trophoblast lineage even under ExMC induction medium. We also show that such 

progenitor cells can further be stabilized as hTSLCs with full differentiation potential to 

both mature trophoblast (EVT, STB/PrSyn) and ExMC. The apparent ExMC potential is 

likely maintained in established trophoblast cell lines like the hTSCs shown in this study 

and HTR8/SVneo and JEG-3.72 While more evidence is required to fully confirm, taken 

together, our findings suggest the human trophoblast lineage may be the source of the first 

ExMC lineage to form in vivo, in cell ontology terms this likely represents the fibroblast 

of villous mesenchyme (CL:0002558). We do not exclude the existence of other sources of 
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ExMC such as epiblast,73 hypoblast, and amnion, multiple waves of ExMC specification 

throughout embryonic development are likely. Considering the rapid evolution of ExMC 

among species and the lack of feasibility of tracing cell lineage during natural human 

implantation, ex vivo implantation models of the human blastocyst will be a potential future 

solution to further uncover this biology.

We identify HAND1 as an essential TF driving iPSC-derived ExMC formation. While 

this cellular fate decision is unique from that in the mouse, HAND1 does have roles in 

both the mouse trophoblast and ExMC,43,44 and thus there has likely been modification 

from an ancestral role that HAND1 has played in extra-embryonic lineages. In the human 

trophoblast, HAND1 appears to establish the ability of trophoblast to respond to TGF-β by, 

in part, directly controlling the expression of TGFBR1. TGF-β signaling is a well-known 

inducer of EMT, and it is an EMT mechanism from which the ExMC emerges from the 

precursor trophoblast, as indicated by HAND1 regulation of a suite of well-known EMT 

TFs (SNAI1, SNAI2, and ZEB1). While HAND1 is transiently detected in the blastocyst 

trophectoderm prior to day 6 but not in their derivatives like CTB, EVT, and STB,10,74 

current single-cell datasets of the human blastocyst do not identify an ExMC population. 

This may be a result of the PrSyn pathway being favored over ExMC differentiation, 

as PrSyn has the initial primary role of mediating attachment to, and invasion of, the 

endometrium. ExMC may arise shortly thereafter, potentially dependent on endometrial 

signals or signals from the maturing epiblast (e.g., GDF3 and NODAL)—unquestionably, 

there is extensive ExMC within 2 days after implantation.5 We provide data supporting a 

role for this ExMC in the maintenance and expansion of the epiblast. This specialized niche 

ensures the proper development of the early conceptus through peri-implantation.

There is a remarkable diversity in the extra-embryonic lineages and the implantation 

process across primates. For instance, the depth of invasion of the ape blastocyst into the 

endometrium is much greater than in the OWM.15 Considering these ape-specific features, 

it is noteworthy that we identify LTR2B as at least part of the human genomic features 

that mediate HAND1 function in the ExMC, as this class of endogenous retroviral element 

is largely ape specific.51 Whether the ExMC contributes to the highly invasive nature of 

the human blastocyst awaits further investigation, although it is intriguing that a number 

of the HAND1-bound LTR2B-regulated genes we identify here have also been implicated 

in cancer metastasis.54,75 Regardless, our study adds to the repertoire of LTR classes76 

that recruit cell-type-specific TFs to contribute to the primate-specific features of early 

development and points to the creativity of these LTR co-option events in not only altering 

transcription but also creating additional protein isoforms, of which examples here include 

ANKS1A and DCAF6.

Cellular models representative of early human development are essential for understanding 

embryo implantation and the significant loss of viable embryos that are associated with 

these early stages of embryonic development.77 It is essential to have human-based models 

for this, as there is such great variation in early development between species. A directed 

differentiation scheme we provide here to achieve relatively uniform ExMC cultures enables 

the genetic dissection of mechanistic programs. Adaptation of recent 3D culture systems 

of early human development78–82 to include the ExMC will assist in further understanding 
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the developmental roles played by the ExMC. The iPSC-to-ExMC-directed differentiation 

system also has utility in dissecting the molecular dynamics in EMT, such as the alternative 

splicing pattern we have shown. Finally, considering the recent evolutionary innovation 

within the extra-embryonic lineage, human-based cellular systems capable of modeling 

these features will be an essential component toward a functional understanding of aspects 

of the human genome83 that may not be recapitulated in other valuable model systems such 

as the mouse.

Limitations of the study

Currently, the early emergence of ExMC is not captured in either in vivo implanting human 

embryos or the extended cultured human blastocysts in vitro. Thus, it is challenging to 

distinguish ExMC populations from different embryonic stages, and the potential multiple 

origins of ExMC remain to be confirmed by in vivo evidence. In addition, ExMC can form 

a specialized niche to support the pluripotency of undifferentiated human iPSCs in our 

co-culture system. Further validation of this function of ExMC in natural embryos and its 

relevance to early pregnancy loss is still needed.

STAR★METHODS

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Human iPSC lines (KOLF2.C1, WTC11 and WIBJ2) were obtained from the Cellular 

Engineering Scientific Service Core at The Jackson Laboratory where SNP array analysis 

is routinely carried out for authentication purposes to confirm normal karyotype status and 

line identification. KOLF2.C1 is derived from skin fibroblast of a white British male in the 

55–59 year age range. WIBJ2 is derived from skin fibroblast of a white British female in 

the 55–59 year age range. WTC11 is derived from skin fibroblast of an Asian male in the 

30–34 year age range. All cell lines were grown in StemFlex media (Gibco, #A3349401) 

on SynthemaxII (Corning, #3535) coated plates at 5% CO2, 20% O2 and under humidified 

conditions at 37°C. Briefly, StemFlex media was balanced to room temperature (RT) for 30 

min before using and plates were coated by the SynthemaxII (2 mL per well for 6-well plate 

at final concentration of 25 μg/mL) at RT for 2 h. KOLF2.C1 cells were thawed at 37°C, 

washed once by StemFlex media supplemented with RevitaCell (Gibco, #A2644501), and 

then seeded in coated plates. Media were changed every two days and cells were passaged 

every 4–5 days when they reached 80% confluency. Cell can be passaged in clumps by 

treatment with ReLeSR (STEMCELL, #05872) at RT for 5 min or in single cell by treatment 

with Accutase (ThermoFisher, #00-4555-56) at 37°C for 7 min. RevitaCell or Rock inhibitor 

Y-27632 (10 μM, TOCRIS, #1254) was added in the StemFlex media when the cells were 

suspended as single cell. Test of mycoplasma contamination was performed every 2 months.

METHOD DETAILS

Generation of HAND1−/− cell line: To generate the specific HAND1 KO 

iPSC line we followed established human stem cell CRISPR/Cas9 editing 

protocols with minor modifications. Briefly, specific CRISPR/Cas9 sites 5′- 
GGTGTGCGTAGCTGCCCACG/AGG and 5′- GTGAGCCGAGGCCCGCGCCG/AGG 

that flank exons 1 and 2 of HAND1 were identified in the human genome using the online 
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tool WGE (https://wge.jax.org/wge/). The resulting design was aimed at deleting the entire 

coding region of this gene, through CRISPR-mediated double-stranded breaks and non-

homologous end-joining (NHEJ) repair. Cas9 ribonucleoprotein (RNP) nucleofection was 

carried out using a single cell suspension of KOLF2.C1 human iPSCs, single guide RNAs 

specific to the identified CRISPR sites (Synthego, modified sgRNA), recombinant Cas9 

protein (IDT, HiFi v3), and Primary Cell P3 buffer (Lonza) using the Amaxa Nucleofector 

4D (Lonza), Program CA-137. Cells were immediately recovered in StemFlex medium 

(Gibco) containing 1x RevitaCell (Thermo) for 1 day. The cells remained in culture in 

StemFlex for six additional days until they reached 80% confluency. Single cell-derived 

clones were recovered as described (Skarnes et al. 2019) and were individually genotyped 

by target site PCR and Sanger sequencing using the primers listed in Table S1. Clones of 

interest were further expanded for two passages to generate replicate stock vials.

Trophoblast and ExMC differentiation from iPSC: KOLF2.C1 cells were passaged as 

single cells with Accutase and seeded onto SynthemaxII coated 6-well plates at 25–50k cells 

per well. 24-h after cell passage, StemFlex media was changed to trophectoderm induction 

media (TE media). Basal TE media consists of DMEM/F12, supplemented with 20% 

KnockOut Serum (ThermoFisher, #10828028), 2 mM L-Glutamine (Gibco, #25030081), 

1x MEM non-essential amino acid (Gibco, #11140050), 0.1 mM β-Mercaptoethanol (Sigma, 

#3148). In addition, 100 ng/mL BMP4 (R&D, #314-BP-050/CF), and 20 μM SU5402 

(Millipore Sigma, # 57263) were added at day 0 and onwards to induce trophoblast lineage 

(BS condition). For ExMC induction, 100 ng/μL BMP4 and 20 μM SU5402 were added at 

day 0 and onwards, 100 ng/mL Activin A (PeproTech, #120–14E) was added at the end of 

day 2 (BSA condition). In BSA-83 condition, BMP4 and SU5402 were added from day 0 

and 1 μM A-83 (TOCRIS, #2939) was added at the end of day 2. Ligands were added as 

indicated in the main text in other conditions. Media was refreshed every 2 days until the 

end of differentiation (day 6).

Derivation of human trophoblast stem cell like cell from iPSC: KOLF2.C1 cells 

were passaged with Accutase and seeded into SynthemaxII coated 6-well plate at 200 k 

cells per well in complete Stemflex media. 24 h after cell passage, stemflex media was 

changed to hTSC media [DMEM/F12 supplemented with 0.1 mM β-mercaptoethanol, 0.2% 

fetal bovine serum, 0.3% BSA, 1% ITS-X, 1.5 μg/mL L-ascorbic acid, 50 ng/mL EGF, 2 

μM CHIR99021, 0.5 μM A83–01, 1 μM SB431542, 0.8 mM VPA, 5 μM Y26732] with 

10 ng/ml BMP4 for induction. The induction medium was replaced daily while treating 

BMP4 for 2 days. On day 3, cells were passaged by TypLE (37°C for 5–7 min) when they 

reached 80–90% confluency at the split ratio 1:5 for 3 passages to Matrigel coated plates. 

Do not passage the cell at too low confluency and adjust the split ratio accordingly. After 3 

passages, hTSLC colonies can be observed and these cells were passaged with TypLE into 

a non-coated plate in hTSC maintaining media [DMEM/F12 supplemented with 1% KSR, 

0.15% BSA, 1% ITS-X, 35 μg/mL L-ascorbic acid, 25 ng/mL EGF, 2 μM CHIR99021, 5 μM 

A83–01, 2.5uM Y27632, 0.8 mM VPA] with 1ul iMatrix511. Within a few more passages 

(passage 6–7), stabled hTSLC can be cryopreserved in KSR with 10% DMSO or be used 

for further experiments. Usually, hTSLC grew faster in hTSC maintaining media than in 
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hTSC media. For each passage, cells can be treated by TypLE up to 15 min to ensure a full 

dissociation. Unlike iPSC, no cell lifter is needed during the passage of hTSLC cells.

Culture of hTSC: hTSC lines (CT29, bTS11) were obtained from RIKEN. Cells were 

originally thawed in hTSC medium and plated on the SynthemaxII coated plates. Medium 

was changed every two days and cells were passaged by TrypLE (1mL per well, 37°C for no 

longer than 15 min) at a split ratio between 1:3 to 1:10 depending on cell confluency.

Differentiation of hTSC and hTSLC to EVT: hTSC and hTSLC were differentiated 

into EVT as described previously with a few modifications.41 Briefly, 6-well plates were 

coated by 1% Matrigel in DMEM/F12 media at 37°C for at least 1 h. Then hTSC and 

hTSLC cells were passaged on the coated plate at different density (70k per well for 

hTSC lines and 40k for hTSLC) in the EVT1 medium [DMEM/F12 supplemented with 

0.1 mM 2-mercaptoethanol, 4%KSR, 0.3% BSA, 1% ITS-X, 0.5uM Thiazovivin, 7.5uM 

A83–01, 1uM XAV939, 0.5uM PD0325901, 0.2uM WNT-C59, 20uM Y-27632] with 2% 

Matrigel and 100 ng/ml NRG-1. After 3 days, EVT1 medium was replaced by the EVT2 

medium [DMEM/F12 supplemented with 0.1mM 2-mercaptoethanol, 4% KSR, 0.3% BSA, 

1% ITS-X, 7.5uM A83–01, 2.5uM Y-27632] with 0.5% Matrigel. EVT like cells appeared at 

around day 3 and proliferated rapidly after the medium change. All cells were collected for 

RNA extraction and RT-qPCR on day 4 and 6.

Differentiation of hTSC and hTSLC to STB: hTSC and hTSLC were differentiated 

into STB as described previously with a few modifications.42 Briefly, 6-well plates were 

coated by SynthemaxII at room temperature for 2 h. Then hTSC cells were passaged on the 

coated plate at 100k cell per well in STB medium [DMEM/F12 supplemented with 0.1mM 

2-mercaptoethanol, 0.3% BSA, 4% KSR, 1% ITS-X, 2.5uM Y-27632, 2uM Forskolin]. And 

hTSLC cells were passaged on the uncoated plate at 100k cell per well with 1ul iMatrix511 

in STB medium. The medium was changed on day 3. All cells were collected for RNA 

extraction and RT-qPCR on day 4 and 6.

Differentiation of hTSC and hTSLC to ExMC: Briefly, 6-well plates were coated 

by SynthemaxII at room temperature for 2 h. Then hTSC cells were passaged on the 

SynthemaxII coated plate at 300k cell per well in hTSC basal medium [DMEM/F12 

supplemented with 0.1mM 2-mercaptoethanol, 0.3% BSA, 4% KSR, 1% ITS-X, 2.5uM 

Y-27632] with 100 ng/ml Activin A. And hTSLC cells were passaged on the uncoated plate 

at 300k cell per well with 1ul iMatrix511 in ExMC medium. The medium was changed 

every two days. All cells were collected for RNA extraction and RT-qPCR on day 4 and 6.

Cell growth curve of hTSC and hTSLC cell: The hTSCs and hTSLC lines were 

maintained as indicated above on SynthemaxII coated plates in hTSC media or uncoated 

plate with iMatrix511 in hTSCM media respectively. Cells were passaged every 3–4 days at 

the split ratio between 1:3 to 1:8 as needed. Cells were counted in each passage by the Life 

Technologies Countess II Cell Counter and cumulative cell number was calculated by the 

cell number times the last split ratio.
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Co-culture of iPSC and ExMC/Trophoblast: KOLF2.C1 were plated 2.5 × 104 cells 

per well in 6-well plates and then differentiated with BSA or BSA-83 protocol to ExMC 

and trophoblasts, respectively, as described above. On day 6, media was discarded, and 

cells washed with DPBS 5x to ensure the removal of all supplements (BMP4, SU5402 

and Activin A or A-83) in the differentiation media. Undifferentiated KOLF2.C1 cells 

were passaged by ReLeSR in clumps and put on top of ExMC or trophoblast with hPSC 

basal media at the passage ratio of 1:10. hPSC basal media was prepared as following: 

DMEM/F12 (Gibco, # 11330032) supplemented with 20% KnockOut Serum, 2mM 

GlutaMax (Gibco, # 35050061), 1x MEM non-essential amnio acid (Gibco, #11140050), 

0.1 mM β-Mercaptoethanol (Sigma, #3148). Media was then changed every day. All cells 

were fixed by 4% PFA for immunofluorescence at day 4 of co-culture.

Immunofluorescence (IF) analysis of TB and ExMC differentiation: The iPSCs 

were seeded at 4 × 103 cells per well in 96-well CellCarrier Ultra microplates (PerkinElmer, 

#6055302) and then differentiated in different conditions as indicated in the figures 

respectively. Differentiated culture was washed by DPBS (ThermoFisher, #14190250) twice, 

and then fixed with 4% paraformaldehyde (PFA) for 10 min at RT. At day 6 fixed cells were 

blocked and permeabilized with 10% donkey serum and 0.1% Triton X-100 in DPBS for 

30–60 min at RT. Then cells were incubated with primary antibodies overnight at 4°C as 

following: 1:100 anti-PRR9 (Abcam, # ab121953), 1:100 anti-HAND1 (R&D, #AF3168), 

1:100 anti-HLA-G (Abcam, #ab52455), 1:100 anti-SNAI2 (CST, #9585S), 1:100 anti-SOX2 

(SantaCruz, #sc17320), 1:100 anti-COL3A1(Novus Biologicals, NB600–594), 1:100 anti-

OCT3/4 (BD Biosciences, #560306). Then secondary antibodies donkey anti-mouse AF488 

(Invitrogen, #A-21202), donkey anti-rabbit AF568 (Invitrogen, #A10042), and donkey anti-

goat AF647 (Invitrogen, #A32849) were conjugated accordingly at RT for 1 h. Nuclei 

were counterstained with DAPI at 1 μg/mL for 10 min. Image was taken with an Opera 

PhenixTM High-Content Screening System (PerkinElmer) for confocal 3D imaging using a 

203 objective.

RNA extraction and RT-qPCR: For cell harvest, media were discarded and then DPBS 

were added in the 6-well plate at 1 mL/well. Cells were detached from the plate by 

cell lifer and then centrifuged at 300 × g for 3 min at RT. Supernatant was removed 

carefully and the cell pellet was used for the total RNA extraction by NucleoSpin RNA Plus 

(Takara, #740984.250) according to the instructions. About 500–1000 ng RNA was reversed 

transcribed into cDNA with High-Capacity RNA-to-cDNA Kit (ThermoFisher #4387406) 

depending on the original RNA concentration. Then cDNA was diluted 1:40 in water and 

4 μL of diluted cDNA was used for qPCR together with 1 μL primer mix (500 nM) and 5 

μL SYBR super mix. GAPDH was used as reference gene and all relative expression levels 

of targeting genes are normalized to GAPDH using 2^(-deltaCt). Three technical replicates 

were performed in each condition of qPCR. All sequences used in qPCR are listed in Table 

S2.

Western blot: To harvest cells, directly detach cells from the 6-well plates on day 6 of 

differentiation by cell lifter, transfer them to 1.5 mL Eppendorf tubes, centrifuge at 300g for 

3 min and then wash them with DPBS twice. Put all cell pellet on ice and add 100ul RIPA 
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buffer to each tube, incubate for 30 min and then centrifuge at 4°C, 12000rpm for 12 min. 

Move the supernatant to a new 1.5 mL Eppendorf tube as the whole cell lysates. Take 2 

μl of cell lysate for each sample, dilute at 1:10 and then measure the protein concentration 

by Pierce BCA Protein Assay Kit (ThermoFisher, #23227) following the instruction. Protein 

samples were prepared at the concentration of 0.9 μg/μl by adding 4x Laemmli sample 

buffer (BIO-RAD, #1610747) and boiling at 98°C for 10 min.

To run the gel, 15 μg of proteins were loaded on the pre-make gel and run in the 1x running 

buffer at 120V for 1 h. Proteins were transferred from gel to PVDF membrane in the transfer 

buffer at 0.3A for 1.5 h. Membrane was blocked by 5% purified milk at RT for 30 min 

and then incubated with primary and secondary antibody for 1.5 h separately and washed 

three times (5 min for each) at the interval. All membranes were imaged by BIO-RAD 

ChemiDocTM MP system with Clarity Max Western ECL Substrate (BIO-RAD, #1705062).

The following antibodies were used: anti-ANKS1A (BETHYL, # A303–050A, 1:1000), 

anti-HAND1 (R&D, #AF3168, 1:1000), anti-GAPDH (CST, #2118S, 1:2000), HRP-

conjugated Affinipure Donkey Anti-Goat IgG(H + L) (Proteintech, #SA00001–3, 1:2000), 

HRP-conjugated Affinipure Donkey Anti-Rabbit IgG(H + L) (Proteintech, # SA00001–9, 

1:2000).

RNA extraction, library preparation and sequencing: Wild type KOLF2.C1 iPSCs 

were seeded in 6-well plate at 5 × 104 cells/well and then differentiated in different 

conditions (BS, BSA, BSA-83) as described above. Differentiated cells were harvested 

at day 6 for total RNA extraction using NucleoSpin RNA Plus (Takara, #740984.250) 

according to the instructions. RNA-seq libraries were prepared with KAPA Stranded Total 

RNA-Seq kit (Roche) according to manufacturer’s instruction. The samples were normalized 

to 300 ng input and spiked with ERCC. First, ribosomal RNA was depleted using RiboErase 

followed by DNase treatment. Purified RNA was then fragmented at 85°C for 6 min, 

targeting fragments range 250–300 bp. Fragmented RNA is reverse transcribed with an 

incubation of 25°C for 10 min, 42°C for 15 min, and an inactivation step at 70°C for 15 

min. This was followed by second strand synthesis at 16°C, 60 min. Double stranded cDNA 

fragments were purified using AMPure XP beads (Beckman) and were then A-tailed and 

ligated with Illumina unique adaptors (Illumina). Adaptor-ligated DNA was purified using 

AMPure XP beads. This is followed by 10 cycles of PCR amplification. The final library 

was cleaned up using AMPure XP beads. Quantification of libraries were performed using 

real-time qPCR (Thermo Fisher). Sequencing was performed on Illumina NovaSeq 6000 S4 

flow cell, targeting 20~30M 2×150 bp paired end reads per sample.

For time course bulk RNA sequencing. WT and HAND1−/− KOLF2.C1 were seeded in 

6-well plate as 5 × 104 cells/well and then cultured in StemFlex media or differentiated 

at different time points to ensure collection of differentiated cells at the same day. Library 

preparation was done with the same protocol described above. Sequencing was performed 

on Illumina NovaSeq 6000 S4 flow cell, targeting 20~30M 2×100 bp paired end reads per 

time point.

Liu et al. Page 17

Cell Rep. Author manuscript; available in PMC 2025 May 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Data pre-processing and differential expressed gene (DEG): Illumina basecall 

files were converted to FASTQ files using bcl2fastq v2.20.0.422 (Illumina). FASTQ 

reads were aligned to the GRCh38.p1 human reference assembly (GCF_000001405.27, 

annotations from Ensembl Release 93) by the nf-core/rnaseq (v3.0) pipeline using default 

parameters. Briefly, FASTQ files were processed by FastQC (0.11.9) for quality control and 

adapter sequences were trimmed by TrimGalore (0.6.6). After pre-processing of raw reads, 

alignment and quantification were done by STAR (2.6.1d) and Salmon (1.4.0), respectively. 

Entries in the resulting Salmon merged gene expression matrix scaled by both library size 

and gene length and this matrix was used as input for differential gene expression analysis 

by DESeq2 (1.28.0).

For comparison of different culture conditions (BS, BSA, BSA-83), BS condition was used 

as the control group. DEGs were identified by comparing BS and BSA and filtered by 

|Log2FoldChange| > 1.5 and padj <0.001.

For comparison of WT and HAND1−/−cell line at different time points, we first used the 

WT sample at day 2 as the control and compared it with WT samples at days 3, 4, and 6 to 

identify differentially expressed genes during ExMC differentiation. We then compared WT 

and HAND1−/− samples separately at each timepoint (day 3, 4, 6) to identify the effects of 

HAND1 deficiency on ExMC differentiation. Finally, we combined all DEGs and applied 

more stringent cutoff (|Log2FoldChange|>4 and padj<0.001) to identify the most significant 

DEGs. The heatmap in Figures 2E, 3A, and 3E was created using the clustermap function of 

the Seaborn (0.11.2) Python package, and gene modules were identified using unsupervised 

hierarchical clustering (average linkage).

RNA alternative splicing and Ingenuity Pathway Analysis (IPA): Sorted bam files 

from the nf-core/rna-seq pipeline were used as input for alternative splicing using rMATS 

(v4.0.1) with default parameters. Differential splicing peaks were visualized by Integrative 

Genomic Viewer (IGV, 2.12.3) and percent of spliced in (PSI) were quantified by rMATS. 

Signaling pathway and gene ontology analysis were done by Ingenuity Pathway Analysis 

(IPA; Content version: 52912811).

ChIP sequencing and analysis: ChIP was performed on ExMC at day 4 of 

differentiation. Briefly, 5 × 105 WT (three replicates) and HAND1−/− KOLF2.C1 (two 

replicates) cells were seeded on 10 cm dish and then differentiated in ExMC induction 

media (BSA) for 4 days. ChIP DNA samples were prepared with EZ-Magna ChIP 

HiSens Chromatin Immunoprecipitation Kit (Millipore Sigma, #17–10461), with parameter 

modification. Sonication was performed at 40% power, 20 s on and 50 s rest for 

18 cycles, in 1 mL SCW buffer/sample included in the kit. Fragmented DNA was 

immunoprecipitated with anti-HAND1 (R&D, #AF3168) and anti-H3K4me3 antibody 

(included in EZ-Magna ChIP kit, #CS200580), anti-IgG (included in EZ-Magna ChIP kit, 

#CS200581) with overnight incubation at 4°C. Reverse crosslinking was performed per 

manufacture recommendations. Input DNA and immunoprecipitated DNA were cleaned up 

using Monarch PCR & DNA Clean up (NEB, #T1030S).
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Samples were normalized to 10 ng, and for samples with insufficient yield, all the sample 

was taken for library preparation. Immunoprecipitated DNA was treated with end-repair, 

A-tailing, and ligation of Illumina compatible adapters (IDT) using the KAPA-Illumina 

library creation kit (KAPA biosystems). The ligated product was enriched with 8–15 cycles 

of PCR (Roche/KAPA Biosystems) followed by AMPure beads cleanup. Quantification of 

libraries were performed using real-time qPCR (Thermo Fisher). The final libraries were 

normalized and pooled. Quantification of library the pool was performed using real-time 

qPCR (KAPA and Thermo Fisher). The pool was then denatured and loaded on an Illumina 

NovaSeq 6000 S4 flow cell, targeting 10~15M 2×150bp read pairs per sample.

Reads were aligned to the same GRCh38 reference assembly described above, filtered, 

and quantified with nf-core/chipseq (v1.2.2) workflow using standard parameters and 

narrowPeak mode for MACS2 (v2.2.7.1) peak calling with the cutoff as padj<1e-3. 

Curated HAND1 binding peaks were identified from consensus peaks present in all three 

WT replicates but absent in both HAND1−/− replicates. Consensus binding motifs were 

identified by Homer (v4.11) with the following settings ‘-size 200 -mask -len 4,6,8 -p 4 

-preparse’. For transposable element (TE) analysis, the genomic regions of HAND1 binding 

peaks were defined such that they contained the peaks from all three replicates to ensure 

that these regions were in the center of the peaks. The potential bound TEs were identified 

by overlapping TE regions from hg38 rmsk reference file (downloaded from UCSC genome 

browser) with all HAND1 binding regions. All peaks were visualized on IGV (v2.12.3). 

The LTR enrichment score was calculated by LTR_peak_percentage/LTR_frequency. LTR 

frequency means the ratio of LTR_copy_number/total_LTR_copy_ number across the whole 

genome. Similarly, LTR_peak_percentage was calculated as the number of HAND1 peaks 

overlapped with given LTR divided by number of all HAND1 peaks overlapped with any 

LTRs.

Single-cell RNA-seq analysis of iPSC-derived trophoblast: For differentiation, 

KOLF2.C1 cells were passaged by Accutase and seeded into 6-well plates in StemFlex 

media supplemented with RevitaCell. Differentiation started at 24 h after seeding cells 

by changing the StemFlex media to TE media with BMP4 and SU5402 and media were 

changed every two days as described above. Cells were seeded and differentiated at the same 

time and harvested at different time points. To ensure sufficient material for scRNA-seq, 

different numbers of cells were seeded per well for each time point as follows: 1 × 106 cells 

for day 1 and day 2, 4 × 105 cells for day 4, 2 × 105 cells for day 5 and day 6.

For preparation of 10x Genomics scRNA-seq, differentiated cells were washed by DPBS (2 

mL/well) for 3 times and then treated with 1.2 mL Accutase at 37°C for 15 min. Cells from 

day 6 were treated by Accutase for 18 min. To stop the reaction, 1 mL filtered DMEM/F12 

into was added to the well and a 1 mL pipette with wide bore tip was used to pipette up 

and down to get the cells off the plate bottom. The cell suspension was transferred to a 15 

mL conical tube containing 9 mL filtered DMEM/F12. Cells were pipetted up and down 

5x to further dissociate to single cells and spun down at 800rpm for 3 min. Supernatant 

was discarded and the cell pellet was resuspended in 2 mL filtered DMEM/F12, pipetted up 

and down 5 times, and filtered through a 40 μm cell strainer. Cells were spun down at 800 

rpm for 3 min, supernatant removed, resuspended in DPBS with 0.4% BSA by weight, and 

Liu et al. Page 19

Cell Rep. Author manuscript; available in PMC 2025 May 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



transferred into a 1.5 mL Eppendorf tube. Cell concentration and viability were assessed on 

a Countess II automated cell counter (ThermoFisher). Up to 12,000 cells were loaded onto 

one lane of a 10x Genomics Chip G. Single cell capture, barcoding and library preparation 

were performed using the 10x Genomics Chromium platform. cDNA and libraries were 

checked for quality on Agilent 4200 Tapestation, quantified by KAPA qPCR, and each 

library was sequenced independently on a separate lane of an Illumina HiSeq 4000 HO flow 

cell, targeting 6,000 barcoded cells with an average sequencing depth of 50,000 reads per 

cell.

Another batch of scRNA-seq dataset were generated with V3 chemistry, and with sampling 

cells at 12-h intervals of differentiation from day 2.5 to day 4.5. In brief, cells were seeded 

on a 6-well plate at 1 × 105 cells/well and differentiation initiated 24 h later. The initiation 

of differentiation was staggered so that all time points could be harvested at the same time. 

These samples were harvested, washed by PBS and then hash-tagged by lipid based oligos 

as described.90 Briefly, anchor was conjugated with cholesterol, which can spontaneously 

bind into cell membrane and the barcode contained a 5′ complementary sequence to anchor 

and a unique sequence followed by oligoA at the 3′ end. For barcoding, approximately 5 

× 105 or fewer cells were labeled by a unique barcode separately by co-incubation with the 

anchor and barcodes mixture (1:1, final concentration 2 mM) on ice for 5 min and another 

5 min with co-anchor (2 μM) for stabilization of the hashtag. After barcoding, cells were 

washed twice by 1 mL of 1% cold BSA in PBS, centrifuged at 4°C. Before loaded to 10x 

chromium, all samples were counted.

Illumina base call files for all libraries were converted to FASTQs using bcl2fastq 

v2.16.0.10 (Illumina) and FASTQ files associated with the gene expression libraries were 

aligned to the GRCh38.93 reference genome (10x Genomics GRCh38 ref. 3.0.0) using 

the version 3.1.0 Cell Ranger count pipeline (10x Genomics). All libraries were then 

combined using the Cellranger aggr pipeline. Downstream analysis was performed with 

scanpy81 (v1.7.0). The raw feature-barcode matrix from the aggregation was filtered to 

remove cells with fewer than 2000 genes, library-size normalized, and log transformed. 

The 2000 most highly variable genes were selected for downstream analysis, including 

principal component analysis, batch correction with Harmony, nearest neighborhood graph 

generation, and UMAP embedding. RNA velocity analysis was performed by the scVelo 

(0.2.3) as previously described. Cell-cell interactions were identified by CellChat and the 

most significant ligand-receptor was shown as violin plot. All related packages are listed and 

cited above.

Integration of multiple scRNA seq datasets: Original cell lineage annotation was not 

available online in two studies and new annotations were generated by scanpy (v1.7.0) based 

on the cell markers found in original literature. For integration, all count matrixes were 

combined using the subset of approximately 10,000 overlapping genes and approximately 

1,800 highly variable genes were used for downstream analysis: principal component 

analysis, batch correction with Harmony (correcting for effects induced by both study and 

sequencing platform), and UMAP embedding.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification methods are described in individual figure legends. Results are indicated as 

means. Error bars represent either standard error of the mean (SEM) or 95% confidence 

interval as indicated in individual figure legends. N in the legends is the number of 

replicates. Statistical test was done by non-paired two sides t test in Prism8.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Fast and efficient derivation of extra-embryonic mesenchyme from human 

iPSCs

• Defined HAND1 as the essential regulator for ExMC specification from 

human iPSCs

• LTR2B produces ape-specific isoforms of ExMC-related genes

• ExMC forms a specialized niche sufficient to support pluripotency
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Figure 1. Identification of ExMC from BMP4- and FGFR-inhibitor-treated iPSCs
(A) Schematic of time-course scRNA-seq on the BMP4/FGFRi-induced trophoblast cell 

model.

(B) UMAP plot shown as different time points.

(C) UMAP plot on 11 cell clusters with manual annotation of cell lineages. Cells were 

identified as early progenitors (EP), progenitors, late progenitors (LP), peri-implantation 

trophoblast (Peri-TB), primitive syncytium (PrSyn), extra-embryonic mesenchymal cells 

(ExMC), and intermediates (ITM).

(D) Representative markers for each lineage.

(E) Sequential activation of trophoblast markers.

(F) Violin plot of the expression of stage-specific trophoblast markers identified in blastocyst 

and placenta.
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(G) Differentiation trajectory of BMP4/FGFRi-treated iPSCs revealed by RNA velocity 

analysis.

(H–J) Integration of scRNA-seq datasets from published studies and distinct clustering of 

three extra-embryonic cell lineages (ExMC) (H), trophoblast lineage including Peri-TB and 

PrSyn (TB) (I), and amnion (AM) (J) in each study.
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Figure 2. Activin A promotes ExMC specification from trophoblasts
(A) Heatmap of differentially expressed genes (DEGs, padj < 0.05, |log2 fold change (FC)| > 

1.5) between ExMC and trophoblast subtypes (PrSyn and Peri-TB) identified in scRNA-seq.

(B) Upstream regulator analysis by IPA with DEGs identified in (A) as input.

(C) Expression of marker genes quantified by RT-qPCR in optimized ExMC induction 

protocols. Error bars from n = 3 for each condition calculated as standard error of the mean 

(SEM). A non-paired two-sided t test was used to determine significance. ns, not significant; 

**p < 0.01, ***p < 0.001.

(D) PCA of RNA-seq data at day 6 of differentiation of KOLF2.C1 iPSC under the three 

conditions indicated in the schematic, together with ExMC and trophoblast cell clusters 

identified from in vitro cultured blastocyst (Xiang) and in vivo implanted human embryos 

(Tyser).
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(E) Heatmap of DEGs between BS- and BSA-induced iPSC differentiation (as in D), with 

three biological replicates for each condition.

(F) Immunofluorescence of three lineage-specific markers (PRR9 and HLA-G for 

trophoblasts and HAND1 for ExMC) on day 6 of differentiation. White arrowheads indicate 

HAND1+ ExMC in BS condition. Scale bar, 100 mm.

(G) Expression of ExMC markers on ExMC derived from hTSCs quantified by time-course 

RT-qPCR. Error bars from n = 3 for each condition calculated as 95% confidence interval.
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Figure 3. KOLF2.C1 iPSCs retain trophoblast potential
(A) Phase-contrast images of hTSC lines (CT29 and bTS11) and hTSLCs. Scale bar, 100 

mm.

(B) RT-qPCR of pluripotency marker NANOG and hTSC markers GATA2/GATA3. Error 

bar denotes 95% confidence interval (n = 3).

(C) Schematic of differentiation schemes tested.

(D) Growth curve of hTSC lines and hTSLCs.

(E) Analysis of DNA methylation in C19MC DMR by COBRA in bTS11 and hTSLCs.

(F) Identification of trophoblast-specific genes within the extended in vitro cultured human 

blastocyst data in the study of Xiang et al.10

(G) Phase-contrast images of EVTs derived from hTSC/L. Scale bar, 100 mm.

(H) Immunofluorescence of EVTs. Scale bar, 100 mm.
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(I) RT-qPCR analysis of TSC marker (TEAD4) and EVT markers in undifferentiated 

and EVT differentiation conditions. Relative expression level is normalized by their own 

undifferentiated hTSC/L lines. FC, fold change. Error bar denotes 95% confidence interval 

(n = 3).

(J) Phase-contrast images of STBs derived from hTSC/L. Scale bar, 100 mm.

(K) Immunofluorescent detection of hCG, ZO-1, and DAPI on STBs. Scale bar, 100 mm.

(L) RT-qPCR analysis of TSC marker (TEAD4) and STB markers in undifferentiated 

and STB differentiation conditions. Relative expression level is normalized by their own 

undifferentiated hTSC/L lines. Error bar denotes 95% confidence interval (n = 3).

(M) RT-qPCR time-course analysis of ExMC markers on hTSLCs differentiated in ExMC 

conditions. Error bar denotes 95% confidence interval (n = 3).
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Figure 4. HAND1 is essential for ExMC specification
(A) Heatmap of top differentially expressed TFs between iPSC-derived trophoblasts (BS) 

and ExMC (BSA).

(B) Expression of key genes across differentiation from scRNA-seq (Figure 1C), with later 

trophoblast lineage (ITM, Peri-TB, and PrSyn) removed.

(C) Immunofluorescence detection of CDX2, GATA3, HAND1, and DAPI on days 2, 3, and 

4 of ExMC differentiation. Scale bar, 100 mm.

(D) Schematic of samples taken for RNA-seq analysis.

(E) Heatmap of the top DEGs from samples in (D).

(F) CGA expression dynamics in this dataset. Error bar denotes 95% confidence interval (n 
= 3).

(G and H) Immunofluorescence at day 6 of indicated markers. Scale bar, 100 μm.
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Figure 5. HAND1 directly regulates lineage-specific genes
(A) Distribution of HAND1-bound locations in iPSC under ExMC induction media on day 

4.

(B) Determination of the enriched motif in HAND1-bound regions.

(C) Heatmap of H3K4me3 signaling in WT and HAND1−/− iPSC under ExMC induction 

media on day 4.

(D) H3K4me3 signal at regions co-bound and not co-bound by HAND1 in both WT and 

HAND1−/− cell lines.

(E) Overlap of earliest DEGs (HAND1−/− vs. WT on day3) and direct-targeting genes of 

HAND1 identified in ChIP-seq.

(F) Representative direct targets of HAND1. Top: HAND1 and H3K4me3 binding peaks 

viewed in IGV. Bottom: gene-expression level (TPM scaled by gene length) in both WT 

and HAND1−/− cells quantified by time-course RNA-seq. Error bar denotes 95% confidence 

interval (n = 3).
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Figure 6. HAND1 binds to young transposable elements
(A) Over-representative LTR sequences found in HAND1 ChIP-seq peaks.

(B–D) Expression of ANKS1A in scRNA-seq data of iPSC differentiation (B), ExMC 

lineage from human and monkey studies (C), and time-course RNA-seq of WT and 

HAND1−/− iPSC-derived ExMCs (D). Error bar denotes 95% confidence interval (n = 3).

(E) Top: HAND1/H3K4me3 binding peaks, RNA-seq coverage and splicing junctions in 

ANKS1A genomic region. Bottom: comparative genomic view of the ANKS1A locus with 

rodent and primate sequences. Red rectangle: LTR2B insertion site.

(F) Protein detection of ANKS1A and HAND1 in iPSC-derived ExMC by western blot. 

Undifferentiated KOLF2 cell was used as a negative control (KOLF2-unDiff). Black arrow: 

full-length ANKS1A. Purple arrow: ExMC-specific short isoform of ANKS1A.

(G) RNA-seq coverage at the ANKS1A locus in WT and three homozygous clones of 

ANKS1ALTR2B−/−iPSC-derived ExMC on day 6.
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(H–J) DEGs of iPSC-derived ExMC from WT and ANKS1ALTR2B−/− lines. (I) Volcano plot 

of all significant DEGs identified by DESeq2 (padj < 0.01, |log2FC| > 1, maximum scaled 

TPM > 10). Significant downregulated genes in ANKS1ALTR2B−/− line are indicated in solid 

blue, while upregulated genes are indicated by solid purple. Hierarchical clustering of the 

expression of these same 97 downregulated (H) and 91 upregulated (J) genes during ExMC 

differentiation time course of WT and HAND1−/− iPSCs.
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Figure 7. ExMC supports PSC maintenance
(A) Expression of different ligands in epiblast (EPI) and primitive endoderm (PrE) from 

both in vitro and in vivo human early embryo single-cell datasets.

(B and C) Expression of growth factors and components of extracellular matrix in iPSC-

derived trophoblast (BSA-83) and ExMC (BSA) as detected from RNA-seq data. Each dot 

represents one observation with n = 3 per condition. A non-paired two-sided t test was used 

to determine significance. ns, not significant; **p < 0.01, ***p < 0.001.

(D) Representative cell images from co-culture of undifferentiated iPSCs with iPSC-derived 

trophoblast (TB) or ExMC, as indicated. Scale bar, 100 μm.

(E) Expression of both pluripotency (SOX2 and OCT4) and ExMC (COL3A1) markers on 

day 4 of iPSC/ExMC co-cultures characterized by immunostaining. Scale bar, 100 μm.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

anti-ANKS1A BETHYL Cat #: A303-050A; RRID: AB_10893960

anti-HAND1 R&D Systems Cat #: AF3168; RRID: AB_2115853

anti-GAPDH Cell Signaling Technology Cat #: 2118S; RRID: AB_561053

HRP-conjugated Affinipure Donkey Anti-
Goat IgG(H + L)

Proteintech Cat #: SA00001-3; RRID: AB_2890882

HRP-conjugated Affinipure Donkey Anti-
Rabbit IgG(H + L)

Proteintech Cat #: SA00001-9; RRID: AB_2890888

anti-H3K4me3 Sigma-Aldrich Cat #: CS200580

anti-IgG Sigma-Aldrich Cat #: CS200581

anti-PRR9 Abcam Cat #: ab121953; RRID: AB_11130995

anti-HLA-G Abcam Cat #: ab52455; RRID: AB_880552

anti-SNAI2 Cell Signaling Technology Cat #: 9585S; RRID: AB_2239535

anti-SOX2 Santa Cruz Biotechnology Cat #: sc17320; RRID: AB2286684

anti-COL3A1 Novus Biologicals Cat #: NB600-594; RRID: AB_10001330

anti-OCT3/4 BD Biosciences Cat #: 560306; RRID: AB_1645312

donkey anti-mouse AF488 Invitrogen Cat #: A-21202; RRID: AB_141607

donkey anti-rabbit AF568 Invitrogen Cat #: A10042; RRID: AB_2534017

donkey anti-goat AF647 Invitrogen Cat #: A32849; RRID: 2762840

donkey anti-goat AF488 Invitrogen Cat #: A-11055; RRID: AB_2534102

donkey anti-rabbit AF647 Invitrogen Cat #: A-31573; RRID: AB_2536183

donkey anti-mouse AF568 Invitrogen Cat #: A10037; RRID: 11180865

Chemicals, peptides, and recombinant proteins

StemFlex media Gibco™ Cat #: A3349401

SynthemaxII Corning Cat #: 3535

RevitaCell™ Gibco™ Cat #: A2644501

ReLeSR™ STEMCELL Cat #: 5872

Accutase ThermoFisher Cat #: 00-4555-56

Y-27632 TOCRIS Cat #: 1254

KnockOut Serum ThermoFisher Cat #: 10828028

L-Glutamine Gibco™ Cat #: 25030081

MEM non-essential amnio acid Gibco™ Cat #: 11140050

β-Mercaptoethanol Millipore Sigma Cat #: M3148

BMP4 R&D Systems Cat #: 314-BP- 050/CF

SU5402 Millipore Sigma Cat #: 57263

Activin A PeproTech Cat #: 120-14E

A-83 TOCRIS Cat #: 2939

GlutaMax Gibco™ Cat #: 35050061

DMEM/F12 Gibco™ Cat #: 11330032

DMEM/F12 Gibco™ Cat #: 11320033

Cell Rep. Author manuscript; available in PMC 2025 May 16.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Liu et al. Page 41

REAGENT or RESOURCE SOURCE IDENTIFIER

DPBS ThermoFisher Cat #: 14190250

4x Laemmli sample buffer BIO-RAD Cat #: 1610747

10xTBS BIO-RAD Cat #: 1706435

TGX™ Precast Protein Gels BIO-RAD Cat #: 4561093DC

Clarity Max Western ECL Substrate BIO-RAD Cat #: 1705062

10x Tris/Glycine/SDS buffer BIO-RAD Cat #: 1610732

10x Tris/Glycine Buffer BIO-RAD Cat #: 1610734

PVDF membranes BIO-RAD Cat #: 1620177

Tween® 20 Non-Ionic Fisher Scientific Cat #: BP337-100

Methanol Millipore Sigma Cat #: 179957-1L

SsoAdvanced Universal SYBR BIO-RAD Cat #: 1725272

DMSO Millipore Sigma Cat #: D1435

Thiazovivin Selleck Cat #: S1459

PD0325901 Selleck Cat #: S1036

XAV939 Selleck Cat #: S1180

WNT-C59 Selleck Cat #: S7037

NRG-1 Cell Signaling Technology Cat #: 5218SC

Forskolin Selleck Cat #: S2449

cAMP Sigma Cat #: D-0260

TrypLE Gibco™ Cat #: 12604021

SB431542 TORCRIS Cat #: 1614

ITS-X Gibco™ Cat #: 51500056

L-Ascorbic acid TORCRIS Cat #: 4055

Recombinant Human EGF Protein Bio-Techne Cat #: 236-EG

CHIR 99021 TORCRIS Cat #: 4423

Valproic acid TORCRIS Cat #: 2815

Critical commercial assays

EZ-Magna ChIP™ HiSens Chromatin 
Immunoprecipitation Kit

Millipore Sigma Cat #: 17-10461

Pierce™ BCA Protein Assay Kit ThermoFisher Cat #: 23227

High-Capacity RNA-to-cDNA™ Kit ThermoFisher Cat #: 4387406

NucleoSpin® RNA Plus Takara Cat #: 740984.250

Deposited data

Raw single cell RNA-seq data This paper GEO: GSE220844

Raw bulk RNA-seq data This paper GEO: GSE220844

Raw ChIP-seq data This paper GEO: GSE220844

Experimental models: Cell lines

KOLF2.C1 human iPSC line JAX Cellular Engineering 
Service

Cellosaurus: HPSI0114i-kolf_2-C1

WIBJ2 human iPSC line JAX Cellular Engineering 
Service

hPSCreg: WTSIi046-A

WTC11 human iPSC line JAX Cellular Engineering 
Service

hPSCreg: UCSFi001-A
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REAGENT or RESOURCE SOURCE IDENTIFIER

KO of HAND1 CDS in KOLF2.C1 JAX Cellular Engineering 
Service

KOLF2.C1-HAND1−/−

KO of LTR2B within ANKS1A in 
KOLF2.C1

JAX Cellular Engineering 
Service

KOLF2.C1-ANKS1ALTR2B−/−

Software and algorithms

CellRanger 3.1.0 10X Genomics https://www.10xgenomics.com/support

Scanpy81 1.7.0 Wolf et al.84 https://scanpy.readthedocs.io/en/stable/tutorials.html

DESeq2 1.28.0 Love et al.85 https://bioconductor.org/packages/release/bioc/html/
DESeq2.html

rMATS 4.0.1 Shen et al.86 https://rnaseq-mats.sourceforge.net/

Harmony 1.0 Korsunsky et al.87 https://hbctraining.github.io/scRNA-seq_online/lessons/
06a_integration_harmony.html

bcl2fastq 2.20.0.422 Illumina https://support.illumina.com/downloads/bcl2fastq-
conversion-software-v2-20.html

FastQC 0.11.9 Simon Andrews https://github.com/s-andrews/FastQC

nf-core/rnaseq 3.0 AWS https://nf-co.re/rnaseq

nf-co.re/chipseq 1.2.2 AWS https://nf-co.re/chipseq

IPA 52912811 QIAGEN https://digitalinsights.qiagen.com/products-overview/
discovery-insights-portfolio/analysis-and-visualization/
qiagen-ipa/

IGV 2.12.3 Broad Institute https://igv.org/

scVelo 0.2.3 Bergen et al.88 https://scvelo.readthedocs.io/en/stable/

CellChat 1.6.0 Jin et al.89 https://github.com/sqjin/CellChat
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