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SUMMARY  

 

Variability between human pluripotent stem cell (hPSC) lines remains a challenge and opportunity 

in biomedicine.  We identify differences in the spontaneous self-organization of individual hPSC 

lines during self-renewal that lie along a fundamental axis of in vivo development.  Distinct stable 

and dynamic transcriptional elements were revealed by decomposition of RNA-seq data in 

pluripotency and early lineage emergence.  Stable differences within pluripotency predicted 

regional bias in the dynamics of neural differentiation that were also observed in large collections 

of hPSC lines.  Using replicate human induced PSC (hiPSC) lines and paired adult tissue, we 

demonstrate that cells from individual humans expressed unique transcriptional signatures that 

were maintained throughout life.  In addition, replicate hiPSC lines from one donor showed 

divergent expression phenotypes driven by distinct chromatin states.  These stable transcriptional 

states are under both genetic and epigenetic control and predict bias in subsequent forebrain and 

hindbrain neural trajectories. These results define mechanisms controlling transcription in 

pluripotency to first establish human neural diversity. Data availability: GSE164055; 

https://nemoanalytics.org/p?l=KimEtAL2021&g=GBX2. 

 

Keywords:  Pluripotent stem cells, RNA-seq, in vivo development, variation in neural fates, 

SOX21, GBX2, epigenetic control, human variation 
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INTRODUCTION  

 

In mammalian embryos, the few hundred pluripotent cells of the epiblast execute spatially 

coordinated restrictions in cell state, generating distinct tissues (Arnold and Robertson, 2009; De 

Robertis, 2009).  Human pluripotent stem cells (hPSCs) represent the epiblast state, acutely 

poised to establish multiple tissues (Bao et al., 2009; Brons et al., 2007; Guo et al., 2016; Tesar 

et al., 2007).  Great attention is currently focused on using hPSCs to generate disease models 

that promise novel drug and cell therapies (Temple and Studer, 2017).  Previous studies have 

focused on defining variation across hPSCs by exploring the genomes and transcriptomes of 

many lines (Carcamo-Orive et al., 2017; Choi et al., 2015; Cuomo et al., 2020; DeBoever et al., 

2017; Kilpinen et al., 2017; Rouhani et al., 2014).  However, we lack a detailed understanding of 

variation in the transitions that transform pluripotent cells into distinct neural stem cells (NSCs), 

complicating the application of stem cell technologies to neurological and psychiatric disorders. 

 

The urgency to answer this question is illustrated by recent work reporting developmental 

differences between hPSC lines in the generation of neural precursors and their possible 

implications in the etiology of neurodevelopmental disorders (Burke et al., 2020; Kanton et al., 

2019; Mariani et al., 2015; Micali et al., 2020; Strano et al., 2020; Wang et al., 2020).  Here we 

employ cellular and bioinformatic approaches to define functional variation in hPSC lines during in 

vitro morphogenesis as they traverse the earliest events in forebrain development.  High-

resolution decomposition of transcription during hPSC differentiation revealed dynamic 

transcriptional change in lineage emergence that is shared between lines and stable gene 

expression phenotypes that are specific to individual hPSC lines and donors.  We also show that 

these transcriptional signatures are regulated by both genetic and epigenetic mechanisms and 

demonstrate how they influence cellular trajectories in neural development. 
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RESULTS 

 

Cell line variation in the emergence of neural fate from pluripotency  

We used a monolayer culture system in which the emergence of early fates were explored over a 

short period of expansion following the passage of dissociated single cells (Figure 1A).  We 

initially assessed the emergence of cellular heterogeneity by tracking the spatial distribution of the 

pluripotency regulators POU5F1 (OCT4) and NANOG in the epithelial sheets using human 

embryonic stem cell (hESC) line SA01.  After 24 h, small groups of cells assembled, surrounded 

by cell-free regions.  Automated cell mapping showed that over the following 3 days in self-

renewal (SR) conditions, the pluripotency genes were preferentially expressed in cells on the 

edge of the epithelial sheets (Figure 1B), consistent with previous work on unconstrained (Hough 

et al., 2014), surface patterned (Warmflash et al., 2014), and microfluidic directed (Rifes et al., 

2020) hPSC colony organization. 

 

 

To determine if this spatial segregation was related to differentiation bias, cells were exposed to 

agonists or antagonists of BMP/TGFβ signaling, known to promote mesendodermal and neural 

fates, respectively (Chambers et al., 2009; Faial et al., 2015).  Treatment of cells with BMP4 on 

day 0 (D0T) induced phosphorylation of SMAD1/5 and co-expression of its targets BRACHYURY 

(TBXT) and CDX2, which mediate differentiation to early embryonic and extraembryonic fates 

(Faial et al., 2015; Mendjan et al., 2014) across the entire cell population (Figure 1C).  When 

BMP4 treatment was delayed until day 2 (D2T), the induction of these markers was restricted to 

the edge of the epithelial sheets (Figure 1C and S1A).  However, cells in the core remained 

competent to respond to BMP4, as indicated by induced phosphorylation of SMAD2/3 (Figure 

S1A).  Expression of SOX17 and GATA4, which mediate differentiation to primitive and definitive 

endoderm (Faial et al., 2015), suggested that these fates occurred in the core zone in response to 

BMP4 (Figure S1A).  When cells were treated with Noggin and SB431542 (NSB), which induce 

neural differentiation, the neuroectodermal fate regulators SOX2, SOX21, and OTX2 (Kuzmichev 
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et al., 2012; Simeone et al., 2002) were expressed in the core of the epithelium while cells on the 

edge still expressed a high level of NANOG (Figure 1D and S1B).  Recent studies have defined 

multiple lineage competent states that generate distinct embryonic and extraembryonic fates 

(Etoc et al., 2016; Guo et al., 2020; Nakanishi et al., 2019).  Our results suggest that self-

organizing processes in this 2-dimensional system direct germ layer emergence, recapitulating 

aspects of early neuroepithelial lineages. 

 

To search for variation in these self-organizing processes between hPSC lines, the hESC line 

SA01 was compared with the hiPSC line i04 (Mallon et al., 2013).  The two lines showed 

consistent differences in the formation of core and edge zones defined by larger core zones and 

greater expression of SOX21 and OTX2 in SA01 and larger edge zones and greater NANOG 

expression in i04 (Figure S1C).  This cell line difference was invariant across doses of 

neuroectodermal inducers and initial cell plating densities, and was not due to differential 

proliferation rate between the lines (Figure S1D and S1E).  When variation in BMP4-induced 

differentiation was assessed, i04 rapidly induced CDX2, while SA01 showed high TBXT 

expression (Figure S1F).  These data demonstrate that functional variation in early fate bias can 

be defined in this system where dissociated pluripotent cells rapidly self-organize to form 

developmentally distinct fates.  

 

Variation in the specification of early neural fates between multiple lines was demonstrated by 

consistent SOX21 protein expression differences between three hESC and three hiPSC lines 

during both SR and neuroectoderm (NSB) conditions (Figure 1E).  RNA sequencing (RNA-seq) 

was performed at 2, 4, and 6 days of the SR, NSB, and BMP4 conditions for all lines (Tables S1).  

In principal component analysis (PCA), PC1 indicated that the major change in gene expression 

was associated with mesendodermal differentiation and PC2 showed ordered change with 

differentiation time in all conditions (Figure 1F). 
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All six lines exhibited similar general trajectories across PC1 and PC2, while cell line differences 

were also evident.  Consistent with the SOX21 immunostaining, SA01 advanced the furthest 

along the NSB trajectory (Figure 1F and S1G).  This cell line bias in differentiation could also be 

observed in the PCA of NSB samples alone (Figure 1G).  To relate the dynamics described by 

NSB PC1 to expression within SR, we projected the SR data into the transcriptional space 

defined by NSB differentiation using projectR (Sharma et al., 2020).  The same ranking of cell 

lines seen in NSB PC1 was present in SR, indicating that elements of gene expression 

differences defined in differentiation were already present in pluripotency, with SA01 leading the 

neural trajectory (Figure 1G).  Similarly, the projection of SR data into BMP4 PC1 showed a 

common ranking of cell lines in both SR and differentiation, with i04 leading in this case (Figure 

S1H).  These observations suggest that heterogeneity in gene expression within pluripotency is 

linked to bias in the early emergence of either neural or mesendodermal fates in hPSC lines. 

 

Decomposing dynamic and stable transcription modules in early differentiation 

To more thoroughly analyze the low dimensional transcriptional change across these cell lines 

and conditions, we employed the Genome-Wide Coordinated Gene Activity in Pattern Sets 

(GWCoGAPS) non-negative matrix factorization algorithm (Fertig and Favorov, 2010; Stein-

O'Brien et al., 2017) to generate a set of 22 patterns that define gene expression dynamics 

across the samples (Figure S2A, GWCoGAPS-I, gene weights in Table S2).  GWCoGAPS 

patterns are used in combination to represent the full expression pattern of each gene, thus 

decomposing multiple signals embedded in the expression of individual genes (Figure S2B).  Two 

classes of pattern were identified.  One class defined transcriptional trajectories that changed 

over time or condition, and the other defined transcriptional differences that were stable over time 

and condition but varied between cell lines (Figure 2A).   

 

Of the 13 dynamic patterns (Figure 2A and S2A), three described aspects of pluripotency (P7, 

P17, and P22), six represented the response to BMP4 (P2, P3, P5, P6, P8, and P9), and three 

captured different temporal phases of the response to NSB (P4, P15, and P12).  Top genes from 
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P7 contained the core pluripotency genes POU5F1, SOX2, and NANOG.  Top genes from BMP4 

patterns P3 and P9 included many early mesendodermal and extraembryonic fate regulators, 

such as TBXT, EOMES, and GATA family members.  Top genes from NSB patterns P12 and P15 

contained neuroectodermal regulators, such as HES3, WNT1, OTX2, SOX21, and PAX6 (Figure 

2B and Table S3).  

 

To relate these transcriptional dynamics defined in vitro to gene expression change as lineage 

emerges during in vivo development, we projected single-cell RNA-seq (scRNA-seq) data from 

the developing mouse gastrula (Pijuan-Sala et al., 2019) into the GWCoGAPS-I patterns (Figure 

2C).  Consistent with the designation as a pluripotency module, pattern P7 showed the highest 

levels in cells of the pluripotent epiblast and decreased in all cell populations undergoing early 

germ layer commitment.  In contrast, the BMP4 pattern P3 was not expressed in pluripotency and 

increased in later mesodermal lineages, including posterior primitive streak derivatives. 

Expression of POU5F1 and BAMBI, the top-ranked genes in these patterns, respectively, are 

representative of these expression dynamics in lineage emergence (Figure S3Ai and S3Aii). 

 

Patterns P15 and P12 showed the highest levels in neuroectodermal cells of the mouse embryo 

(Figure 2D) and parallel expression dynamics of the neural lineage drivers SOX21 and PAX6 

(Figure S3Bi and S3Bii).  The sequential induction of these early neural expression modules was 

also found in cortical neuron differentiation data from a different set of hiPSC lines (Burke et al., 

2020) (Figure S3Biii).  Projection of ChIP-seq data from differentiating hPSCs (Gifford et al., 

2013) linked activating and repressing chromatin marks to these transcriptional modules, 

strengthening the view that they represent a dynamic readout of the transcriptional change 

regulating pluripotency and early germ layer lineages (Figure S3Av and S3Biv). 

 

The GWCoGAPS decomposition also identified stable expression patterns that were invariant 

across time and treatment in each of the cell lines (Figure 2Ei, S2A, and S3Ci).  Projection of 

microarray data from embryoid body differentiation of these same hPSC lines (Mallon et al., 2013) 
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showed that these line-specific patterns are stable features found in widely different culture 

conditions (Figure 2Eii and S3Cii).  When RNA-seq data from other research groups using 

multiple hPSC lines, including the widely studied hESC line H9 (Choi et al., 2015; Kyttala et al., 

2016; Rouhani et al., 2014), were projected into the H9-specific pattern P13, this cell line showed 

the strongest signal (Figure 2Eiii and S3D).  Projection of DNA methylation data from these same 

lines showed that cell line-specific gene expression patterns were associated with 

hypomethylation at promoters over-expressed in the corresponding cell lines (Figure S3Ciii).  

These analyses suggest that dynamic patterns reflecting transcriptional change in differentiation 

are distinct from cell line-specific expression signatures, which are stable in different conditions. 

 

SOX21 regulates early forebrain fate choice 

Our data and the recent identification of time- and lineage-specific eQTLs that influence 

differentiation (Cuomo et al., 2020) suggest that the interaction between constitutive and dynamic 

control of gene expression is central to the lineage decisions that underlie cell line-specific 

differentiation bias.  SOX21 is highly represented in the neuroectoderm initiating pattern P15 and  

is differentially expressed across hPSC lines in both SR and NSB conditions (Figure 1E and 

S1G), suggesting it may play a key role in generating telencephalic organizer states preceding 

neurogenesis (Micali et al., 2020).  Previously, we have shown that SOX21 is required for 

reprogramming to the pluripotent state and regulates the anterior-posterior identity in the adult 

mouse intestine (Kuzmichev et al., 2012).  Other laboratories have reported SOX21 roles in 

embryonic versus extraembryonic fate at the 4-cell stage (Goolam et al., 2016), later events in 

forebrain development (Fang et al., 2019), and adult hippocampal neurogenesis (Matsuda et al., 

2012).  These data suggest that SOX21 repeatedly interacts with other class B SOX genes 

(SOX1, 2, and 3) to regulate major morphogenetic decisions.   

 

To better define the role of SOX21 in early neural specification, three SA01 SOX21-knockout 

(KO) lines were generated by CRISPR/Cas9 technology (Figure S4A).  Immunostaining after 3 

days of NSB treatment showed increased expression of NANOG, SOX2, and SOX3 in the 
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epithelial edge zone and increased NANOG in the core zone of SOX21-KO lines (Figure 3Ai and 

3B).  These results suggest the loss of SOX21 disrupts the normal spatial organization regulating 

the initial emergence of neural fates.  RNA-seq data in these KO lines showed that while the 

overall pattern of gene expression conformed to the wild type (WT) cells, loss of SOX21 delayed 

neuroectodermal differentiation and accelerated mesodermal differentiation (Figure S4B).  The 

expression of the top genes in the pluripotency and neuroectoderm patterns (P7, P15, and P12), 

along with NANOG and SOX1 protein levels, showed that even though loss of pluripotency genes 

occurred, the transition to neural fates was diminished in SOX21-KO cells (Figure 3C and S4C). 

 

To further test the role of SOX21 in regulating the emergence of neural fates in the core zone, 

SOX21-KO cells were treated with BMP4 on day 2 when the core zone had already formed (Figure 

3Aii).  Consistent with a progressive restriction of responsiveness to BMP during the first days of SR 

observed in Figure 1C, WT cells showed only minimal induction of mesendodermal genes defined 

by BMP4 patterns P9 and P3 (Figure 3D).  In contrast, many BMP4-induced genes were strongly 

upregulated in SOX21-KO cells.  Immunostaining showed no difference between the WT and 

SOX21-KO lines in the expression of CDX2, GATA3, and ID1 in the edge zone, while primitive 

streak regulators TBXT and EOMES (Costello et al., 2011) were induced strongly in the core zone 

of SOX21-KO cells (Figure 3E).  The mutually exclusive expression of Sox21 in the rostral 

neuroectoderm versus Cdx2 in the caudal mouse epiblast (Pijuan-Sala et al., 2019) is consistent 

with an early anteriorizing morphogenetic role of SOX21 (Figure S4Dv).  Consistent with the 

recently defined role of CDX2 in neuromesodermal precursor fates (NMP) (Guibentif et al., 2020), 

the NMP transcriptional signature is mutually exclusive with SOX21 expression (Figure S4Dvi). 

Many genes in the NMP signature showed higher expression in SOX21-KO cells when treated with 

BMP4 at day 2 (Figure S4E).  These results support a model where anterior neural fates arise by 

SOX21 acting to restrict the expression of anterior mesendodermal and neuromesodermal 

regulators in the core zone of the epithelium. 
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Cell line-specific transcriptional signatures underlie variation in forebrain versus hindbrain 

fate bias 

In representing early forebrain differentiation, SOX21 expression and P15 captured consistent 

variation across the six cell lines both in SR and NSB conditions (Figure 1E, 2D, and S5A).  To 

assess the source of this variation in neural differentiation, we focused on the distinct responses 

of SA01 and i04 to NSB treatment.  The top genes defined by P15 included OTX2 (Figure 2B and 

S1B), which is expressed in pluripotency and known to have critical functions in the anterior 

region of the early mouse embryo to pattern the forebrain (Tam and Steiner, 1999).  The 

morphogenetic role of OTX2 is also seen in the formation of a precise boundary between the fore- 

and hind-brain, where it opposes a posteriorizing action of retinoic acid (RA) in a GBX2-

dependent manner (Millet et al., 1999; Simeone et al., 2002).  Interestingly, OTX2 and GBX2 

were clearly differentially expressed between SA01 and i04 cells in both SR and neuroectoderm 

conditions (Figure 4A, S5B, and S5C).  These results led us to investigate these specific genes 

and a larger group of genes known to be upregulated by RA (Balmer, 2002) in the cell line-

specific transcriptional patterns (Figure 4B).  The i04 line-specific pattern was significantly 

enriched for these RA response (RAR) genes, including GBX2.  Consistent with the role of RA 

signaling in generating early hindbrain fates from hiPSCs (Frith et al., 2018), the RAR genes 

showed highest expression in the caudal epiblast and posterior neural fates of the mouse gastrula 

(Pijuan-Sala et al., 2019) (Figure S5D).  This indicates that RA-driven regional lineage bias may 

be present at distinct levels in hPSC lines.  The differential enrichment of RAR genes in the cell 

line-specific expression patterns suggested that these patterns could be used to predict the 

differentiation behavior of individual cell lines.  

 

RA response in neural differentiation was interrogated across multiple cell lines by monitoring the 

expression of HOXB1, known to drive hindbrain cell fates (Krumlauf, 2016).  In a RA dose-

response study (Figure 4C), lines i04, i07, and i13 produced more HOXB1+ cells at day 8 

compared to lines SA01, H9, and UC06 (Figure 4Di).  RAR gene enrichment in the cell line-

specific transcriptional signatures was strongly correlated with hindbrain fate potential 
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represented by HOXB1 levels (Figure 4Dii).  Expression of OTX2, GBX2, HOXB1, and HOXB4 in 

neural precursors at day 8 shows that this differential response in lines i04 and SA01 is consistent 

with an early transition to anterior and posterior neural fates in vivo (Figure S5D and S5E).  Later 

differentiation at day 28 showed a coordinated production of multiple hindbrain neuronal fates 

indicated by expression of OLIG2, ISL1, and PHOX2B (Figure 4E).  Importantly, a comparison of 

WT and SOX21-KO lines following RA treatment demonstrated increased HOXB1 expression in 

the SOX21-KO line (Figure 4F).  These data suggest that cell line-specific transcriptional 

signatures regulate the differential emergence of anterior versus posterior fates in these hPSC 

lines. 

 

Genetic and epigenetic elements control transcriptional signatures that drive lineage bias 

To further test the validity of these measures of hPSC variation, a new set of six hiPSC lines were 

generated from scalp fibroblasts of three donors (2053, 2063, and 2075) whose postmortem brain 

RNA-seq data was generated previously (Jaffe et al., 2018).  RNA samples from each donor's 

replicate lines were collected at 2, 4, and 6 days under SR and neuroectoderm conditions for 

sequencing (Figure 5A).  PCA and projection analysis demonstrated that these new cell lines 

followed the same overall transcription dynamics, observed in the previous lines studied (Figure 

S6A).  In addition to these temporal lineage dynamics, GWCoGAPS analysis of this new RNA-

seq data (GWCoGAPS-II, Table S4) identified transcriptional signatures that were stable across 

time and conditions for both replicate lines of each donor (Figure 5Bi), consistent with a genetic 

origin.  Projection of RNA-seq data from the cerebral cortex of 260 individuals (Jaffe et al., 2018) 

into the donor-specific transcriptional signatures demonstrated that these expression traits were 

also present in the corresponding donor’s adult forebrain tissue (Figure 5Bii).  To further explore 

the stability of these signatures, RNA-seq data from fibroblasts from these same donors were 

also obtained.  Projection showed that the donor-specific transcriptional signatures identified in 

the pluripotent cells were also highest in the parental fibroblasts of the corresponding donors 

(Figure S6B).  These expression studies across replicate hiPSC lines, fibroblasts, and mature 
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brain tissue suggest that donor-specific transcriptional signatures are stable gene expression 

traits of an individual human’s cells throughout life and may have genetic origins. 

 

Supporting this possibility, the gene amplitudes from the donor-specific signatures were enriched 

in genes involved in eQTLs that span multiple tissues in the GTEx Consortium data (p=1e-6 to 

p=5e-21) (GTEx_Consortium, 2015).  To further explore possible genetic origins, we compared 

the strength of the donor-specific signatures across the brain RNA-seq collection with genetic 

similarity between donors using single nucleotide polymorphism (SNP) genotype data from the 

postmortem brain collection, which contains members of different ethnicities (Jaffe et al., 2018) 

(Figure 5C).  The observed correlation of genetic similarity with the strength of projected donor-

specific transcriptional signatures is consistent with a model in which genetic factors influence 

donor-specific expression signatures.  

 

The modest magnitude of these correlations indicates that additional factors also play a role in 

determining these donor-specific transcriptional phenotypes.  The GWCoGAPS-II patterns 

revealed a 2053-6 line-specific transcriptional signature in addition to the donor-specific signature 

(Figure 5D and S6C).  Projection of the prefrontal cortex RNA-seq data showed that this signature 

was not present in this donor's brain, suggesting an epigenetic origin of this divergent line-specific 

transcriptional signature (Figure 5D, lower panel).  Consistent with this possibility, projection of 

the 2053-6 line-specific signature into the postmortem brain RNA-seq data showed no correlation 

with genetic distance between donors (Figure 5E).  These observations suggest that 

transcriptional signatures specific to hPSC lines can arise from distinct genetic and epigenetic 

origins. 

 

To define variation in their neural differentiation trajectories, RNA-seq data from the new lines were 

projected into the GWCoGAPS patterns P15 and P12 from Figure 2D.  In the neuroectoderm 

condition, all the new lines showed similar induction of these forebrain patterns, except 2053-6 

(Figure 5F).  Additionally, line 2053-6 showed less SOX21 induction in response to NSB than line 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted March 17, 2021. ; https://doi.org/10.1101/2021.03.17.435870doi: bioRxiv preprint 

https://doi.org/10.1101/2021.03.17.435870


      

12 

2053-2 (Figure 5G and S6D), similar to the differences previously observed between lines SA01 

and i04 (Figure 1E).  Consistent with the regional variation defined in Figure 4, RAR genes were 

enriched in the 2053-6 line-specific pattern, and this line generated more HOXB1hi hindbrain cells in 

response to RA treatment (Figure 5H and S6E).  This indicates that the decision to preferentially 

form forebrain versus hindbrain fates is being regulated epigenetically in these lines. 

 

To find common transcriptional elements underlying this lineage bias across the two sets of lines, 

we compared differences in gene weights between the i04 and SA01 line-specific signatures with 

differences between the 2053 donor-specific and the 2053-6 line-specific signatures.  No global 

correlation was observed, while GBX2 showed extremely high relative expression in lines i04 and 

2053-6, which are both biased toward posterior neural fates (Figure 5I).  This indicates that different 

RAR genes are highly expressed in lines i04 and 2053-6, but increased GBX2 in particular, could 

be responsible for their shared differentiation bias toward posterior fates. 

 

To rule out the possibility that large-scale somatic or reprogramming-related genomic mutations 

underlie the observed differentiation bias between the 2053-2 and -6 lines, genome sequencing 

was performed on the two replicate lines and the mature postmortem brain tissue from donors 

2053 and 2075.  We identified variants gained and lost in each of these genomic DNA samples 

with respect to the reference genome (Figure S6F).  For both donors, the majority of copy number 

variations (CNVs) were shared in all three samples, suggesting minimal genetic alternation during 

reprogramming.  Furthermore, the numbers of CNVs observed uniquely in the 2053 lines did not 

differ significantly from those in the 2075 lines. These results suggest that the discordant 

expression traits and lineage bias between lines 2053-2 and -6 are not due to large scale genome 

differences. 

 

Relevant to possible epigenetic mechanisms that could influence stable gene expression 

phenotypes, we found that KRAB-ZNF genes were significantly enriched in all line- and donor-

specific transcriptional signatures that we have identified (Table S4 and S5).  KRAB-ZNF genes 
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have been shown to repress the expression of transposable elements (TEs) during early 

development and structure lasting H3K9me3-mediated heterochromatin to regulate gene 

expression in mature tissues (Chuong et al., 2017; Ecco et al., 2016).  These KRAB-ZNF genes 

are located in gene clusters that are stably expressed at distinct levels in hPSC lines across 

lineage and time - notably at different levels in lines derived from the same donor (Figure S6G 

and S6H).  This pattern of expression suggests that KRAB-ZNF genes themselves are 

epigenetically co-regulated in pluripotent cells and their lineage-committed derivatives, consistent 

with the finding that KRAB-ZNF genes repress other KRAB-ZNF genes through this same 

H3K9me3 mechanism (Frietze et al., 2010).  Surprisingly, the most differentially regulated ZNF 

genes in lines 2053-2 and 2053-6 (Figure S6H) do not show differential H3K9me3 levels (data not 

shown).  These observations raise the possibility that early KRAB-ZNF-driven H3K9me3 and 

additional epigenetic mechanisms in pluripotency may shape lasting transcriptional phenotypes 

that influence cell function throughout life.  

 

To explore this further, we generated H3K9me3 ChIP-seq data from hiPSC lines 2053-2 and 2053-

6 in the SR condition.  Projection of these data into the 2053-6 line-specific transcriptional signature 

indicated enrichment of this repressive epigenetic mark in line 2053-2, at promoters of genes over-

expressed in line 2053-6 (Figure 5J).  This is consistent with a model in which many specific genes 

have been de-repressed in line 2053-6 via loss of H3K9me3, leading to stable expression 

phenotypes.  In particular, the GBX2 locus, which was highly represented in the 2053-6 line-specific 

signature, showed higher H3K9me3 levels in 2053-2 (Figure 5K).  This distinct setting of 

heterochromatin between the lines in pluripotency indicates an early epigenetic origin for their 

divergent transcriptional phenotypes and resulting lineage bias. 

 

Early developmental bias defines hPSC variation in the wider human population 

To interrogate these genetic and epigenetic differences in a larger human population, we 

performed PCA on RNA-seq data from a hiPSC library of 317 lines from 101 donors generated by 

the NextGen Consortium (Carcamo-Orive et al., 2017).  91% of variance in PC1 is attributable to 
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differences across donors, indicating that this dominant feature of human transcriptional variation 

within pluripotency is under genetic control (Figure 6A).  Importantly, PC1 was highly correlated 

with RAR gene expression, paralleling the differences we have observed here in smaller number 

of lines (Table S5).  In addition, similar to the case of hPSC lines 2053-2 and 2053-6, some 

individual donor’s iPSC lines occupied significantly divergent PC1 positions and RAR gene 

expression levels (Figure 6A, an example in blue circles), suggesting that epigenetic mechanisms 

also influence this transcriptional variation. 

 

To define how differences between lines i04 and SA01 are distributed in the larger dataset, we 

compared the PC1 gene loadings with the differences in gene weights between the i04 and SA01 

line-specific patterns (Figure 6B and Table S6).  We observed a positive correlation when 

considering all genes and a stronger correlation within RAR genes.  Consistent with this 

observation, line i04 and line 2053-6, which both showed posterior neural fate bias, exhibited 

highest levels of PC1 (Figure S7A).  RAR genes showing the highest loadings in PC1 and stable 

high expression in line i04 (Figure 6B, in yellow) included genes shown to be highly expressed in 

self-renewing cells at the edge of pluripotent colonies (Hough et al., 2014) and in a recently 

defined pluripotent founder cell that shares transcriptional elements with the primitive endoderm 

(Nakanishi et al., 2019).  GBX2 showed a very large difference between the stable line-specific 

patterns, but a more modestly high loading in PC1 (>98th%ile, Figure 6B, in green), indicating 

that the origins of heterogeneity in hPSC lines represented by this PC1 involve more than GBX2 

alone.  

 

Further insight into the specific role of RAR gene expression in relation to human neural variation 

was gained by comparing the NextGen hiPSC library PC1 loadings to gene weights in the early 

neuroectoderm pattern P15 (Figure 6C and Table S6).  There was a strong negative correlation 

between the P15 weights and the PC1 loadings, corresponding to an effect opposing that seen in 

the i04 – SA01 differences.  In addition, the bimodal distribution of RAR genes in P15 weights 

(Figure 6C, Y-axis, horizontal dashed line) defines the expression of two groups of RAR genes in 
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distinct neural and NMP (high in P15) or mesodermal and endodermal modules (low in P15) in 

the mouse gastrula (Figure 6D), corresponding to distinct RA-driven lineage biases in hPSC 

differentiation potential.  

 

Projection of the NextGen hiPSC library PC1 onto the landscape of early mouse development 

reveals the lineage identity of variation in hPSC lines (Figure 6E).  High PC1 represents 

mesodermal and endodermal signals in the mouse gastrula (in red to yellow).  Further 

decomposition of these signals demonstrates that this lineage bias in hiPSC lines defined by high 

PC1 consists of distinct mesodermal (COL3A1, PRRX1, ANXA1, INHBA) and primitive 

endodermal (RARB, APOA2, CER1, GATA4, GATA6, SOX17, EOMES) identities (Figure 6E, 

S7B-D and Table S7).  In striking contrast, low PC1 maps to the pluripotent epiblast and 

emerging neural lineages (Figure 6E, in purple to pink and Figure S7B-D) with high expression of 

SOX3, LHX2, PAX6, EMX2, FEZF2, and RAX.  The expression patterns of these and other genes 

can be explored at nemoanalytics.org/p?l=KimEtAL2021&g=FEZF2, where we have used the 

gEAR and NeMO Analytics framework (Orvis et al., 2020) to construct an integrated gene 

expression data environment spanning the collection of in vivo and in vitro data examined in this 

study. 

 

Our data indicate that in the epiblast, two cellular meta-states within pluripotency emerge into 

different lineages via distinct RAR gene induction routes: A high NANOG state initiates the 

primitive streak expressing MIXL1 and transits into mesendodermal lineages and, with a delay, a 

high SOX2/SOX3 state leads into neural lineages (Figure S7E). These states can be seen in the 

individual hPSC lines used here, in the 317 lines of the NextGen data, and in the individual cells 

of the mouse epiblast.  These observations suggest that variation in hPSC lines lies along 

lineage-specific trajectories within the pluripotent epiblast that structure the earliest axes of the 

developing mammalian embryo. 
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DISCUSSION 
 

Following the discovery of reprogramming factors (Takahashi and Yamanaka, 2006), functional 

heterogeneity in hiPSC differentiation potential has been a continuing focus of interest (Hu et al., 

2010; Kanton et al., 2019; Mariani et al., 2015; Micali et al., 2020; Strano et al., 2020; Wang et al., 

2020).  Initial studies noted functional consequences of epigenetic memory of parental cell types 

in reprogrammed cells (Cahan and Daley, 2013; Kim et al., 2010; Kim et al., 2011).  More 

recently, genetic factors have been shown to be central in determining transcriptional variation 

across hiPSC lines (Choi et al., 2015; Kyttala et al., 2016; Rouhani et al., 2014). 

 

In this work, we define dynamic lineage-driving transcriptional modules, which are influenced by 

stable gene expression traits that hold pluripotent cells in distinct lineage-biased states.  The bias 

we observed in the emergence of the neural lineage from pluripotency in a small number of hPSC 

lines was also seen in the primary dimension of transcriptional variation across hundreds of 

hiPSC lines prior to differentiation.  These observations indicate that differences in the interplay of 

SOX21- and GBX2-dependent mechanisms during pluripotency regulate regional neural fate 

specification.  The low variance within donors suggests aspects of this lineage bias are under 

genetic control.  These findings contribute a novel perspective on a growing body of research that 

is beginning to reveal the genetic origins of heterogeneity in transcription and differentiation 

potential of hPSCs  (Bonder et al., 2021; Carcamo-Orive et al., 2017; Cuomo et al., 2020; 

DeBoever et al., 2017; Jerber et al., 2021; Kilpinen et al., 2017; Ortmann et al., 2020; Strano et 

al., 2020; Vigilante et al., 2019). 

 

In addition, our observation of bias toward divergent forebrain and hindbrain neural fates in 

replicate lines from the same donor suggests that epigenetic mechanisms also contribute 

significantly to variation in this early neural fate choice.  Our data support a model where the key 

posterior fate regulator GBX2 is repressed in the forebrain biased state and the transcriptional 

signature driving hindbrain fates emerges in cells in which the GBX2 locus is not epigenetically 

repressed.  This suggests the existence of alternate epigenetically predisposed states within 
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pluripotency prior to the high-level transcriptional output that implements these early regional 

neural fate choices.  This sequential mechanism parallels recent findings in the mouse gastrula, 

demonstrating epigenetic structuring before transcriptionally defined cell identity (Grosswendt et 

al., 2020; Pijuan-Sala et al., 2020). 

 

The transcriptional architecture of self-organization that we define here indicates that signatures 

of regional embryonic organizers exist within stem cells and precede classical anatomical 

organizer structures. We have previously reported a regional neural fate bias spanning the dorso-

ventral (D/V) telencephalic axis, which was also divergent in hiPSC lines from a single donor 

(Micali et al., 2020).  We showed that this lineage bias in neural stem cells was the result of the 

differential emergence of transcriptional signatures that lead to the formation of the cortical hem 

and other organizing centers.  This D/V specification in neural development has been repeatedly 

linked to risk for neuropsychiatric disease (Chen et al., 2014; Madison et al., 2015; Marchetto et 

al., 2017; Mariani et al., 2015).  Recent scRNA-seq data in cerebral organoids has demonstrated 

striking bias in this regional neural fate choice across human donors (Kanton et al., 2019), and 

variation in this D/V choice regulated by differential WNT signaling has also been observed 

across many hiPSC lines from numerous donors (Strano et al., 2020).  In this study, we defined 

stable cell line-specific expression traits that regulate lineage bias in pluripotency.  This 

understanding suggests constitutive control of gene expression results in the differential 

emergence of organizer signals (Micali et al., 2020) as well as intrinsically distinct levels of neural 

signaling pathways (Strano et al., 2020).  Further exploration of stable expression phenotypes 

within pluripotency may reveal the earliest genetic and epigenetic architecture of human neural 

variation. 

 

Our results showing KRAB-ZNF gene enrichment and H3K9me3-mediated regulation in cell line-

specific signatures suggest possible mechanisms controlling these stable expression phenotypes.  

Evolutionarily recent transposable elements and their corresponding KRAB-ZNF repressor genes 

have been directly implicated in both human zygotic genome activation and later tissue-specific 
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gene regulation (Pontis et al., 2019), suggesting that these epigenetic events in early 

development determine lasting gene expression traits.  The exploration of how and when these 

stable expression phenotypes and corresponding lineage-predisposing states are generated and 

stably set in vivo and in vitro will enable a deeper understanding of human variation and further 

the discovery potential of hPSCs.  The genetics of neurodevelopmental disorders (Deneault et al., 

2018; Klaus et al., 2019; Paulsen et al., 2020; Sawada et al., 2020) and human brain evolution 

(Kanton et al., 2019; Mora-Bermudez et al., 2016; Pollen et al., 2019; Trujillo et al., 2021) are 

being integrated into cerebral organoid models that parallel in utero and early postnatal brain 

development (Gordon et al., 2021; Trevino et al., 2020). The developmental perspectives we put 

forward here will inform molecular phenotyping and assay development as these in vitro models 

of brain development become increasingly complex and the implications of distant endpoint 

assays more uncertain.  

 

Our observations raise the question of how many dimensions of hPSC variation can be mapped 

across in vivo development, and how they are mechanistically and functionally interrelated. 

Recent progress in the selection of specific hPSC lines for stem cell therapeutics (Kim et al., 

2021; Piao et al., 2021) stresses the continuing value of further defining the genetic and 

epigenetic control of human cellular variation as iPSCs adopt neural fates.  Novel approaches 

that define single-cell genome mosaicism are being combined with lineage tracing (Breuss et al., 

2020; Chan et al., 2019; He et al., 2020; Kalhor et al., 2018; Rodin et al., 2020; Spanjaard et al., 

2018) to provide a new understanding of the importance of cellular selection in neural 

development (Fasching et al., 2020; Wang et al., 2020).  Together with these approaches, our 

findings layout a powerful perspective to guide the interrogation of large collections of hiPSC lines 

from many more genetically diverse donors to define human variation in early cellular states that 

impact brain development to modify complex human traits and disease risk. 
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FIGURE LEGENDS  

 

Figure 1. Cell line variation in the emergence of neural fate from pluripotency. (A) 

Experimental scheme. (B) Single-cell levels of OCT4 and NANOG expression in SA01. (i) Map of 

individual nuclei within a field. Colors correspond to distance from the nearest edge of the 

epithelium. Scale bar, 200 μm. Dashed lines indicate edge of colonies. (ii) Scatter plot of 

expression levels colored according to their distance from edge. ANOVA comparing protein levels 

on day 3 between core and edge zones: p=2.2e-16 for both OCT4 and NANOG. (C) CDX2, 

TBXT, and pSMAD1/5 levels at 24 hours after BMP4 treatments (D0T: treated on day 0, D2T: 

treated on day 2). (i) Representative images. Scale bar, 100 μm. (ii) Expression levels plotted 

against distance from the edge. (D) Spatial expression of NANOG, SOX21, and SOX2 on day 4 in 

SR and NSB. (i) Representative images. Scale bar, 100 μm. (ii) Spatial expression levels. (E) 

Variation in NANOG and SOX21 protein expression between lines. (i) Representative images on 

day 4. Scale bar, 100 μm. (ii) Expression levels in each line plotted across time (n=4, *: 

Comparison between SA01 and i04: p<0.001). (F) PCA of RNA-seq data showing differentiation 

trajectories. (G) PC1 in NSB data and projection of SR data into this NSB PC1. 

 

Figure 2. Decomposing dynamic and stable transcription modules. (A) Hierarchical 

clustering of GWCoGAPS patterns and ANOVA p-values for association of line, time and 

condition to these patterns. (B) Gene expression patterns of pluripotency or differentiation 

regulators and their weights in dynamic GWCoGAPS patterns. (i) Heatmap of gene expression. 

(ii) Heatmap showing the gene weights. SR pattern: P7; NSB pattern: P12 and P15; BMP4 

pattern: P9 and P3. (C) P7 represents loss of pluripotency and P3 represents induction of 

mesendoderm regulators. (i) SR pattern P7 and BMP4 pattern P3. (ii) Projections of mouse 

gastrula scRNA-seq data (Pijuan-Sala et al., 2019). (D) NSB patterns P15 and P12 represent 

distinct steps in the transition to neural fates. (i) P15 and P12 reveals early and later induction of 

neuroectoderm differentiation, respectively. (ii) Projection of mouse gastrula scRNA-seq data. (E) 

Cell line-specific signatures defined by GWCoGAPS analysis. (i) P13 defines the distinct 
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transcriptional signature of H9 from all other lines across time and conditions. (ii) Projection of 

embryoid body (EB) differentiation data from same 6 lines (p=3.0e-4). (iii) Projection of multiple 

hPSC line data (Rouhani et al., 2014). H9 samples circled in green. 

 

Figure 3. SOX21 mediates forebrain fate choice. (A) Experimental design. (B) Spatial expression 

of NANOG, SOX2, and SOX3 on day 3 NSB. (C) Heatmaps showing top 100 genes from P7, P15, 

and P12 in NSB. (D) Heatmaps showing top 100 genes from P9 and P3 in day 2 SR (S2) and at 24 

h after BMP4 D2T (B3). (E) Expression of early gastrulation (TBXT) and later mesendoderm (CDX2, 

GATA3, and ID1) regulators at 24 h after BMP4 D2T. (i) Representative images. Scale bar, 100 μm. 

(ii) Spatial expression. *, Comparison between WT (n=3) and SOX21-KO (n=3): p<0.05.  

 

Figure 4. Cell line variation in hindbrain fate. (A) Differential GBX2 and OTX2 expression in 

SA01 and i04. (i) Representative images on day 6 in neuroectoderm differentiation conditions 

(LDN193189 and SB431542, LSB). Scale bar, 50 μm. (ii) OTX2 and GBX2 expression level in 

SR. *, Comparison between SA01 and i04 (p<0.05). (B) Distribution of gene-specific weights of 

252 RA responsive genes (Balmer, 2002) compared to all 21,022 genes in SA01- and i04-specific 

transcriptional signatures. (C) Experimental protocol. (D) Correlation of RA response with RAR 

gene enrichment scores. (i) Proportion of HOXB1hi cells on day 8. *, Comparison between SA01 

and i04 (p<0.05). (ii) Scatter plot of HOXB1hi cell proportions at 1 μM RA and RAR gene 

enrichment scores in each cell line-specific pattern. Linear fit (R2=0.7084). (E) Differential 

production of hindbrain neurons in response to RA in SA01 and i04. Number of OLIG2, ISLET1, 

and PHOX2B expressing cells on day 28. *, Comparison between SA01 and i04 (p<0.05). (F) 

HOXB1 induction in WT and SOX21-KO lines after RA exposure. *, Comparison between WT and 

SOX21-KO lines (p<0.05).  

 

Figure 5. Genetic and epigenetic elements contribute to donor- and line-specific 

transcriptional signatures. (A) Experimental design. (B) Donor-specific patterns and 

projections. (i) Patterns describing distinct transcriptional signatures shared between duplicate 
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lines from the same donor across time and condition. (ii) RNA-seq data of 260 human brain 

samples projected into each donor-specific pattern. Permutation analysis of these projections 

showed the significance of the specificity of these donor-specific transcriptional signatures in 

mature brain tissue: 2053, p=3.8e-6; 2075, p=1.7e-3; 2063, p=3.1e-5 (Figure S6C). (C) Scatter 

plots showing the association between genetic similarity and the strength of donor-specific 

transcription signatures across pair-wise comparisons with other donors. Each point is a 

comparison of the highlighted donor to another donor. Genetic distance between donors was 

quantified as the number of differing alleles across all genotyped SNPs (X-axis). Transcriptional 

distance was quantified as the strength of the donor-specific transcriptional signature in other 

donors’ tissue (Y-axis; same data depicted in Y-axis of panel Bii, centered such that the source 

donor has a value of zero). Pearson’s correlation and p-values were calculated omitting the donor 

data point at the origin. Solid black lines pass through the origin and each ethnicity’s average Y-

value, indicated as horizontal dashed lines. Ethnicity of donors is indicated by color: CAUC, 

Caucasian; AA, African American; HISP, Hispanic; AS, Asian. (D) Replicate line-specific variation 

within a donor. 2053-6 line-specific pattern and projection of brain RNA-seq data (as in panel B). 

(E) Scatter plot showing the lack of association between genetic similarity and the strength the 

2053-6 line-specific transcription signature across pair-wise comparisons with other donors. (F) 

Projection of RNA-seq data into the neural patterns P15 and P12. (G) Representative images of 

SOX21 and NANOG expression in 2053 replicate lines on day 4. Scale bar, 200 μm. (H) 

Correlation of HOXB1hi cell proportions and RAR gene enrichment scores in each cell line-

specific pattern. Linear fit (R2=0.75 in 1 μM RA and R2=0.87 in 10 μM RA). (I) Scatter plot 

comparing differences in gene amplitudes between the i04 and SA01 line-specific patterns with 

differences in gene amplitudes between 2053 donor-specific (Figure 6C) and 2053-6 line-specific 

(Figure 6D) patterns. (J) Projection of H3K9me3 ChIP-seq data from lines 2053-2 and 2053-6 in 

SR into the 2053-6 line-specific transcriptional pattern. (K) H3K9me3 ChIP-seq data in lines 

2053-2 and 2053-6 at 2, 4, and 6 days of SR at the GBX2 locus. 
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34 

Figure 6. Early developmental bias defines hPSC variation in the wider human population. 

(A) PC1 of the NextGen Consortium hiPSC library (317 lines from 101 donors) RNA-seq data 

(Carcamo-Orive et al., 2017). Each individual line is colored by its average RAR gene expression 

level. Donors are ranked along the X-axis by the average PC1 level of all lines derived from that 

donor. All lines from one donor are shown vertically along the same X-axis position. Pearson’s R 

and p-values indicate the correlation of PC1 with mean RAR gene expression. Blue circles 

indicate lines from one donor which show large variance in PC1 and RAR gene expression level. 

The PC1 value of zero intersects with an inflection point in the variation across donors (gray 

dashed lines – see Figure S7E for details). ICC=intraclass correlation coefficient. (B) Scatter plot 

comparing PC1 gene loadings from the NextGen hiPSC library data with differences in gene 

amplitudes between the i04 and SA01 line-specific patterns. (C) Scatter plot comparing PC1 gene 

loadings with gene amplitudes of neuroectoderm pattern P15 (Figure 2D). (D) UMAP plots of 

mouse gastrula scRNA-seq data (Pijuan-Sala et al., 2019) colored by the expression level of RAR 

genes with high or low gene amplitudes in P15. (E) Projection of NextGen PC1 onto the mouse 

gastrula scRNA-seq data (Pijuan-Sala et al., 2019), mapping transcriptional variation in hPSC 

lines onto in vivo lineage emergence. 
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