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Human pluripotent stem cells (hPSCs) include human embryonic 
stem cells (hESCs) derived from blastocysts and human induced 
pluripotent stem cells (hiPSCs) generated from somatic cell re-
programming. Due to their self-renewal ability and pluripotent 
differentiation potential, hPSCs serve as an excellent experimental 
platform for human development, disease modeling, drug screen-
ing, and cell therapy. Traditionally, hPSCs were considered to 
form a homogenous population. However, recent advances in 
single cell technologies revealed a high degree of variability 
between individual cells within a hPSC population. Different 
types of heterogeneity can arise by genetic and epigenetic abnor-
malities associated with long-term in vitro culture and somatic 
cell reprogramming. These variations initially appear in a rare 
population of cells. However, some cancer-related variations 
can confer growth advantages to the affected cells and alter 
cellular phenotypes, which raises significant concerns in hPSC 
applications. In contrast, other types of heterogeneity are related 
to intrinsic features of hPSCs such as asynchronous cell cycle 
and spatial asymmetry in cell adhesion. A growing body of evi-
dence suggests that hPSCs exploit the intrinsic heterogeneity to 
produce multiple lineages during differentiation. This idea offers 
a new concept of pluripotency with single cell heterogeneity 
as an integral element. Collectively, single cell heterogeneity is 
Janus-faced in hPSC function and application. Harmful hetero-
geneity has to be minimized by improving culture conditions 
and screening methods. However, other heterogeneity that is 
integral for pluripotency can be utilized to control hPSC prolife-
ration and differentiation. [BMB Reports 2021; 54(10): 505-515]

INTRODUCTION

Pluripotent states are recently recognized as a spectrum of 
highly metastable cellular states that range from naïve to primed 

states (1, 2). Pluripotent stem cells (PSCs) in pre-implantation 
blastocysts represent the naïve pluripotent state, while PSCs in 
post-implantation embryos are considered to be in the primed 
pluripotent state. The naïve to primed transition of PSCs occurs 
in early embryos during the peri-implantation stage and this 
transition is essential for proper post-implantation development 
(1, 2). More importantly, the metastable nature of PSCs can be 
found in single cells within an in vitro PSC population. When 
mouse PSCs (mPSCs) were cultured with serum, individual cells 
dynamically transit between naïve and primed states, resulting 
in substantial single cell heterogeneity within a mPSC population 
(3, 4). Likewise, the coexistence of naïve and primed cells was 
reported in conventional hPSC culture (5). Given the highly 
flexible nature of pluripotent states, single cell heterogeneity 
can be viewed as an intrinsic feature of PSC populations. In 
contrast, various single cell heterogeneity types can appear in 
a hPSC population by artificial manipulation such as long-term 
in vitro culture and somatic cell reprogramming, which poses 
significant risks on hPSC-based therapy. Inherently, substantial 
heterogeneity of cells raised in in vitro culture is not limited to 
PSC lines. In fact, studies on HeLa cell lines found that sig-
nificant genomic and phenotypic variabilities existed in HeLa 
variants from 13 international laboratories (6). In the field of 
hPSCs, such artifact-induced heterogeneity is already considered 
as a serious drawback of the reprogramming method and 
attempts have been made to develop safer techniques for iPSC 
derivation. However, technical limitations still exist in hiPSC 
generation and validation, while rare mutations within a subset 
of cells can induce genetic and functional mosaicism in hiPSC 
lines. Thus, the objective of this review is to cover both arti-
fact-induced heterogeneity and naturally existing heterogeneity 
in hPSCs. Specifically, we focus on four different types of hetero-
geneity (genetic, epigenetic, cell cycle, and positional hetero-
geneity) that can potentially affect hPSC biology and applications. 

GENETIC HETEROGENEITY

Although hPSCs can be derived from a single cell, de novo 
mutations that occur randomly in individual cells create cell-to- 
cell variation in genetic information within a hPSC population. 
Majority of de novo mutations are considered to be neutral, 
but some mutations may affect the physiological functions of 
hPSCs or hPSC-derived cells. Particularly, cancer-associated 
mutations raise safety concerns about hPSC-based regenerative 
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Fig. 1. Single cell heterogeneity that exists in a hPSC population. (A) Genetic heterogeneity can be caused by karyotypic abnormality, copy 
number variation, and point mutations within a hPSC population. (B) Major epigenetic heterogeneity in hPSCs occurs in DNA methylation, 
parental imprinting, and X chromosome inactivation. (C) Asynchronous cell cycle stages across individual cells and G1 length variation 
establish a major single cell heterogeneity in a hPSC population. (D) Positional heterogeneity distinguishes cells in the center of hPSC colonies 
from ones in the periphery. Differences in cell adhesion, receptor localization, and N-cadherin expression contribute to functional heterogeneity 
in a hPSC colony.

medicine. Besides a few well-characterized mutations such as 
the ones in TP53, most mutations in hPSCs have poorly under-
stood mechanisms and unspecified effects. Here, we summarize 
recent understanding of genetic variations that potentially con-
tribute to single cell heterogeneity of hPSCs (Fig. 1). 

Types of de novo mutations
In hPSCs, karyotypic abnormalities are the most widely observed 
genetic changes in routine screening by cytogenetic techniques. 
Abnormal karyotypes include numerical aneuploidies such as 
gain or loss of whole chromosomes and structural aneuploidies 
such as translocations, deletions, duplications, or insertions of 
a chromosome segment (7-9). Interestingly, it was reported that 
more than 70% of karyotypic abnormalities observed in ESCs 
are chromosomal gains (10), suggesting that PSCs have more 
tolerance to gains than losses. In order to figure out genetic 
changes that arise during hPSC culture, the International Stem 
Cell Initiative (ISCI) analyzed 125 hESC lines and 11 hiPSC 
lines from worldwide, representing major ethnic groups (7). In 
this study, most hPSC lines showed grossly normal karyotypes. 
However, after prolonged culture, an increased propensity of 
karyotypic abnormalities was observed in some lines. Commonly 
detected aberrations include gains on chromosomes 1, 12, 17, 
and 20. Of particular interest was minimal amplicon in chromo-
some arm 20q that contained three expressed genes in hPSCs, 
ID1, BCL2L1, and HM13. Strikingly, this structural variant gain 

appears in more than 20% of the hPSC lines analyzed in the 
ISCI study. This example suggests that certain types of karyo-
typic abnormalities could confer enhanced fitness to mutant 
cells, which potentially drives time-dependent changes of genetic 
heterogeneity within a hPSC population.

Copy number variations (CNVs) represent amplification or 
deletion of small regions that affect the number of copies of 
particular genes. Analysis of 17 different hESC lines identified 
843 CNVs of 50 kb-3 Mb in size (11). Prolonged culture of hESCs 
caused changes in 24% of the loss of heterozygosity sites and 
in 66% of the CNVs. More importantly, altered expression was 
observed in 30% of the genes within the CNV sites, and 44% 
of them were functionally connected to cancer. These results 
suggest that hPSCs exhibit a high degree of CNV mosaicism 
within a population and urge routine screening for CNVs in 
hPSC culture. 

Global analysis of point mutations requires high-throughput 
sequencing that hampers routine screening during hPSC main-
tenance. Therefore, the repertoires of point mutations in hPSCs 
have not been fully investigated. Recently, whole exome se-
quencing was performed in 140 independent hESC lines that 
involve 26 lines for potential clinical use (12). To select culture- 
acquired mutations, they focused on mosaic variants that appear 
in a subset of cells and identified 263 candidate mosaic muta-
tions. Among these mutations, 28 were predicted to have detri-
mental effects on gene function. Interestingly, the tumor sup-
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pressor gene TP53 was the only gene with multiple mutations 
in several independent hESC lines. All identified mutations in 
TP53 involved a cytosine of CpG dinucleotide, a highly mutable 
site, and were related to residues frequently disrupted in human 
cancer. Additionally, the analysis of published RNA sequencing 
data from 117 hPSC lines discovered another 9 mutations on 
TP53 (12). These results suggest that culture-related acquisition 
of point mutations is not a rare event in hPSCs and this type of 
genetic variations could significantly increase single cell hetero-
geneity in hPSC populations.

Origins of de novo mutations
As in other cultured cells, environmental agents such as carcino-
gens and oxidative stress likely induce de novo mutations during 
hPSC culture. Whole genome sequencing of hiPSCs exposed 
to 79 environmental carcinogens revealed that 52% of agents 
tested in the study generated mutational signatures including 
base substitution, insertions, and deletions (13). Distinct from 
fully differentiated cells, hPSCs exhibit a rapid cell cycle, which 
potentially induces de novo mutations by DNA replication 
stress. Persistent replication stress during the S phase causes 
significantly higher DNA damage in hPSCs compared to somatic 
cells. Such replication stress is marked by slower DNA repli-
cation speed, collapse of replication forks, and activation of 
latent replication origins (14-16). Errors incorporated during 
the DNA repair process can result in genetic abnormalities 
(17). The DNA replication defects can also lead to the forma-
tion of mitotic errors. Through real-time examination of chromo-
somes during mitosis, abnormal mitosis was observed in over 
30% of hPSCs (18). These abnormalities include lagging chromo-
somes and chromosomal bridges. Furthermore, compared to 
somatic cells, hPSCs showed more defects in chromosome 
condensation and segregation (19). Overall, culture-related envi-
ronmental and replication stresses act as major sources for 
genetic abnormalities in hPSCs.

For hiPSCs, cellular reprogramming serves as another source 
of genetic abnormalities. Whole exome sequencing revealed 
that the rate of coding mutations was significantly elevated 
during cellular reprogramming of somatic cells into hiPSCs 
(20). Among point mutations identified from hiPSCs, 7% of 
them were related to in vitro culture and 19% were present as 
rare mutations in parental somatic cells, suggesting that the 
remaining 74% of mutations were generated during the cel-
lular reprogramming process. Furthermore, the simulation indi-
cates that the mutation rate during reprogramming is nine 
times higher than the mutation rate during cell culturing (20). 
In-depth mutation analysis by whole genome sequencing found 
that reprogramming-related mutations were underrepresented 
in protein-coding genes and open chromatin regions. These 
mutations were predominantly localized in lamina-associated 
heterochromatic domains (21). Analysis of mutational signatures 
of iPSCs implicates oxidative DNA damage as a dominant source 
of reprogramming-induced mutations (21, 22). Given the pre-
valent de novo mutations generated by cellular reprogramming, 

hiPSCs likely exhibit high genetic mosaicism within a popula-
tion. However, the effect of genetic mosaicism on the phy-
siology of hiPSCs and hiPSC-derived cells remains unknown. 

Defensive mechanisms for genetic mutations
Using a clonogenic strategy with two clinical grade hESC lines, 
the mutation rate of hPSCs was estimated as 0.23-0.30 × 10−9 
single nucleotide variants (SNVs) per cell division (23), which 
is much lower than the estimated mutation rate of 2.66  × 10−9 
SNVs per cell division in somatic cells (24). Although no obvious 
hotspots were observed across all chromosomes, the mutation 
rate was higher in intergenic regions than in exons and introns 
(23). The mutation signatures suggested oxidative damage as a 
major source of mutations, which was supported by reduced 
mutation rates in hPSCs cultured in low oxygen condition (23). 
Elevated expression of antioxidant enzymes in hPSCs compared 
to differentiated cells may serve as an essential factor in re-
ducing the mutation rate (25, 26). Genes related to DNA repair 
pathways also showed higher expression levels in hPSCs than 
in somatic cells (26, 27). Consistently, hPSCs were reported to 
have enhanced DNA repair capacity with faster rate of base 
and nucleotide excision repair and faster resolution of inter-
strand crosslinks (27-29). Furthermore, double strand breaks 
tend to be repaired in hPSCs by homologous recombination 
that is less prone to errors than non-homologous end joining 
does (30). 

Besides the high expression of anti-oxidant and DNA repair 
genes, hPSCs are featured by high sensitivity to apoptotic signals. 
Upon treatment of various DNA damaging agents including 
ultraviolet C radiation, hPSCs exhibited less damage than 
somatic cells (29, 31). Despite the low damage levels, hPSCs 
responded with strong apoptosis, suggesting a low apoptotic 
threshold. These results were further confirmed by other apop-
tosis-inducing agents such as cisplatin, thymidine, and nocoda-
zole (18, 32, 33). Mechanistically, hPSCs exhibited higher 
expression of proapoptotic proteins such as PUMA, NOXA, 
BIK, BIM, and BMF, while having a lower expression of an 
antiapoptotic protein, Bcl-2 (31, 34, 35). Efficient eradication 
of damaged cells by apoptosis establishes a powerful quality 
control system to safeguard genomic integrity of hPSCs. Overall, 
hPSCs engage multiple mechanisms including elevated expres-
sion of anti-oxidant and DNA repair genes and a low threshold 
of apoptosis to minimize mutation rates and genetic mosaicism 
in a population.

Consequences of genetic abnormalities in hPSCs
In hPSC culture, genetic abnormalities occur randomly in low 
frequency, and thus cells with genetic variants initially constitute 
a rare subpopulation. However, culture-associated population 
bottleneck that is frequently observed in clonal expansion can 
select rare mutant cells, resulting in domination of the genetic 
variants. Nevertheless, recurrence of specific genetic abnormal-
ities in independent hPSC lines implicates that some genetic 
mutations can confer a selective growth advantage to hPSCs. 
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This idea is supported by the observation in which the 
proportion of mutant cells gradually increases in culture over 
time (8, 36, 37). Acquisition of growth advantage is driven 
predominantly by effects of genetic variants on cellular phy-
siology of hPSCs and hPSC-derived cells, raising significant 
concerns about hPSC application for human developmental 
studies, disease modeling, drug screening, and cell replacement 
therapy. 

Trisomy of chromosome 12 is one of the most common 
karyotypic abnormalities observed in hPSC culture (7). Trisomy 
12 significantly altered the global transcriptional profile of hPSCs 
similar to that of germ cell tumors (38). As a consequence, 
trisomy 12 increased the proliferation rate and tumorigenicity 
in hPSCs (38). NANOG is a major candidate for driver gene 
located on chromosome arm 12p because NANOG is essential 
for pluripotency maintenance (39). Moreover, overexpression 
of NANOG was sufficient to block stem cell differentiation as 
well as to enhance colony forming capacity in a clonal density 
(39, 40). Other genes such as DPPA3, GDF3, and KRAS, 
located on chromosome arm 12p, can also contribute to the 
effect of trisomy 12 on the altered behaviors of hPSCs (41, 42). 

Amplifications of chromosome 20q11.21 that were found in 
over 20% of hPSC lines (7) increased hPSC growth by reduced 
sensitivity to apoptosis (43). Of the three genes expressed in 
hESCs that are located within the minimal amplicon, BCL2L1 
was identified as a candidate driver gene because its splice 
variant, BCL-XL, acts as a key antiapoptotic protein (43). Over-
expression of BCL-XL phenocopied amplification of chromosome 
20q11.21 with enhanced hPSC growth, while knockdown of 
BCL-XL blocked the growth advantage of cells containing the 
chromosomal abnormality (43). In addition, the gain of 20q11.21 
influenced hPSC differentiation, specifically impairing neuroecto-
derm derivation (44, 45). BCL-XL overexpression was sufficient 
to mirror the differentiation defect of the mutant hPSCs by 
perturbing SMAD and TGF-β signaling (44). Similarly, another 
antiapoptotic gene, BIRC5, was identified on chromosome arm 
17q, whose gain confers a growth advantage to hPSCs by 
increased resistance to apoptosis (46). Furthermore, the gain of 
chromosome arm 17q altered hPSC differentiation and enhanced 
mesodiencephalic dopaminergic neuron differentiation (47). In 
this case, elevated expression of WNT3 and WNT9B was 
suggested to be involved in the skewed differentiation (47). 

As mentioned above, recurring point mutations on the TP53 
gene were reported in multiple unrelated hPSC lines (12), 
suggesting a selective growth advantage of the mutations. The 
TP53 mutations are dominant negative and are frequently 
observed in human cancers (12). A number of studies revealed 
that p53 proteins (encoded by the TP53 gene) play pleotropic 
roles in PSCs, which include suppression of pluripotency by 
elevated transcription of non-coding RNAs, differentiation induc-
tion by upregulation of developmental genes and lineage 
transcription factors, and blockade of cellular reprogramming 
(48). Taken together, some karyotypic abnormalities and point 
mutations provide selective growth advantages to mutant cells, 

which enable the genetic mutations to dominate hPSC popula-
tions. At the same time, the genetic mutations alter hPSC func-
tions including proliferation, differentiation, and apoptosis. There-
fore, genetic mosaicism that arises in hPSC culture is an integral 
source of functional heterogeneity of single cells within a hPSC 
population. 

EPIGENETIC HETEROGENEITY

Unlike genetic heterogeneity, epigenetic variations do not change 
the genomic sequence. Whereas, these variations are inherited 
to daughter cells and possess the potential to alter gene ex-
pressions and cellular phenotypes. In hPSCs, epigenetic altera-
tions often result from cell culture passaging or somatic cell 
reprogramming and major alterations occur in DNA methylation, 
imprinted epigenetic marks, and X chromosome inactivation. 
The focus of this section will be on the three different types of 
epigenetic variations, their mechanisms, and their consequences 
within a hPSC population.

DNA methylation 
DNA methylation is an epigenetic process where the methyl 
groups are added to the fifth carbon of cytosine residue to 
form 5-methylcytosine (5-mC). In mammals, DNA methylation 
usually occurs at the CpG dinucleotides in various genomic 
regions including transposable elements, imprinted regions, 
gene bodies, and some inactive regulatory elements (49). Con-
sidered as a stable epigenetic modification, DNA methylation 
may induce heterochromatin and gene repression. However, 
dynamic regulation of this modification was observed during 
embryonic development (50, 51). After fertilization, the deme-
thylation process is rapidly activated, resulting in global hypome-
thylation in the blastocyst stage. Then, DNA methylation is 
re-established during post-implantation development. Although 
hPSCs are derived from inner cell mass of the human blastocysts, 
they resemble post-implantation epiblasts. Consistently, hPSCs 
exhibit high levels of global DNA methylation, which is critical 
for hPSC maintenance. For instance, DNMT1 is an enzyme 
that catalyzes the addition of 5-mC to the newly synthesized 
DNA strand during S-phase and knockout of this enzyme 
causes robust cell deaths in hPSCs (52).

During long-term in vitro culture, various aberrations of 
DNA methylation accumulate in individual hPSCs (53, 54). 
Interestingly, the characteristic feature of these aberrations is 
gene silencing by hypermethylation, which is frequently found 
in tumors (55). Specifically, Weissbein et al. utilized genome- 
wide DNA methylation profiles and identified a gene named 
TSPYL5 that recurrently acquires hypermethylation upon prolonged 
culture (56). Silencing of TSPYL5 by methylation upregulated 
growth promoting genes while suppressing differentiation-related 
genes and tumor-suppressor genes. Another study in hPSCs found 
recurrent hypermethylation of an anti-oxidant gene, CAT (53). 
Interestingly, methylation-driven downregulation of anti-oxidant 
genes could make hPSCs vulnerable to oxidative stress-induced 
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genetic aberrations, linking the epigenetic changes to genetic 
abnormalities. 

Given that massive epigenetic remodeling drives cellular 
reprogramming, single cell variability in DNA methylation could 
arise during the reprogramming process and could be main-
tained within an iPSC population. Indeed, many reports showed 
that cellular reprogramming was insufficient to completely 
remove the identity of the donor cell and thus the reprogrammed 
cells possess residual epigenetic patterns similar to their origin. 
Such somatic epigenetic memory influences differentiation pro-
pensity of iPSCs towards a similar lineage of the origin cells. 
For example, iPSCs derived from the fetal brain retain some 
DNA methylation patterns of brain tissues and have a higher 
tendency to differentiate into neural lineage cells (57). Similarly, 
hiPSCs derived from beta cells maintained epigenetic memory 
in DNA methylation and open chromatin structure at beta cell 
genes and consequently showed increased ability to generate 
insulin-producing cells both in vitro and in vivo (58). Taken 
together, long-term culture and cellular reprogramming induce 
variation in DNA methylation across individual hPSCs and 
some of the variations affect proliferation and differentiation of 
hPSCs. 

Parental imprinting
Parental imprinting is an epigenetic process that induces the 
parental specific monoallelic expression in selected gene groups. 
In this process, differentially methylated regions (DMRs) are 
established at different loci of the oocyte and sperm genomes, 
which discriminates maternal and paternal alleles. At the 
imprinted loci, DMRs remain stable and induce silencing of 
nearby genes, resulting in monoallelic expression of about 100 
imprinted genes (59). In order to achieve proper embryonic 
development, imprinting is demanded and acts as a barrier for 
uniparental reproduction as normal development does not occur 
in the same-sex genome oocyte experiment (60, 61). Imprinting 
is highly stable across different tissues and loss of imprinting 
(LOI) is frequently associated with human developmental dis-
orders, such as Prader-Willi, Angelman syndromes, and cancers 
(62-64). LOI is defined as a loss of monoallelic gene expres-
sion that can lead to either complete silencing or biallelic 
transcription of affected genes. 

In hESCs, a low incidence of LOI was observed, suggesting a 
high degree of imprinting stability during hESC derivation and 
maintenance (65, 66). However, examination of hiPSCs and 
somatic cell nuclear transfer (SCNT)-derived hESC revealed 
significantly high LOI incidence (67-69). Recently, a large-scale 
analysis of LOI with more than 270 hPSC lines confirmed that 
hiPSCs acquire a higher frequency of LOI than hESCs. These 
results suggest that global epigenetic changes that occur during 
somatic cell reprogramming are the major source of LOI in 
hPSCs. Although hiPSCs are initially derived from a single 
parental cell, global epigenetic changes can induce LOI at 
different loci across individual reprogramming cells, which 
likely leads to increased epigenetic heterogeneity within a 

hiPSC population. 
Conventional hPSCs are considered to be in a primed pluri-

potent state and they resemble post-implantation epiblasts. Recent-
ly, various medium conditions were developed to culture hPSCs 
in a naïve pluripotent state that represents the pre-implantation 
stage. Naïve hPSCs are featured by global reduction of DNA 
methylation, which is similar to pre-implantation epiblasts. 
Despite the low DNA methylation, pre-implantation epiblasts 
in embryos exhibit high imprinting stability. In contrast, naïve 
hPSCs in culture showed LOI at significant number of loci (70, 
71). These results suggest that current medium conditions for 
naïve pluripotency do not fully capture the in vivo state of 
pre-implantation epiblasts. Given the importance of imprinting 
in embryonic development and cancer, further improvements 
are required in order to use in vitro naïve hPSCs for develop-
mental biology and cell therapy.

Difference in LOI abundance was also detected across genes. 
Different genes showed dynamic levels of resistance to imprinting 
aberrations. For example, genes like KCNQ1OT1, SNRPN, and 
PEG3 showed high resistance to aberrations while other genes 
such as RHOBTB3, TFPI2, H19, IGF2, and ZDBF2 were sus-
ceptible to aberrations (72). The genes that were prone to LOI 
have been consistent in hPSCs and cancer cells, meaning that 
LOI on these genes could provide selective advantages such as 
self-renewal promotion and apoptosis resistance to cells (73, 
74). Gene-specific difference in sensitivity of aberration is 
related to the parent-of-origin of methylation because LOI 
appears more abundantly in paternally silenced genes (66, 72). 
Additionally, LOI at specific loci is related to human embryonic 
development. In Prader-Willi syndrome patients, epigenetic silen-
cing of the paternally expressed gene, NDN, is considered to 
dysregulate GABA signaling because NDN is required for 
GABAergic neuron differentiation in mouse brain culture. Silen-
cing of the maternally expressed gene, UBE3A, in Angelman 
syndrome is involved in cortical atrophy and Purkinje cell loss 
(75). These results highlight the significant effects of imprinting 
aberrations on stem cell differentiation. Overall, LOI emerges 
in hPSCs mainly by dramatic epigenetic changes that occur 
during somatic cell reprogramming or prolonged culture in 
naïve medium conditions. Furthermore, LOI at specific loci 
can not only confer selective growth advantages to individual 
cells but also influence differentiation potential of stem cells, 
thereby contributing to functional heterogeneity in a hPSC pool. 

X chromosome inactivation
In mammals, X chromosome inactivation (XCI) is a dosage 
compensation mechanism that transcriptionally silences one of 
the two X chromosomes in female cells (76). Unlike genomic 
imprinting, where the process occurs at specific loci, XCI takes 
place over the whole X chromosome. In mouse embryos, both 
X chromosomes are active in pre-implantation epiblasts. Random 
XCI appears in the peri-implantation stage with monoallelic 
expression of the non-coding RNA Xist. Xist plays a key role in 
XCI by coating on the inactive X chromosome (Xi). In contrast, 
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recent studies suggest compelling difference in timing and 
mechanisms of XCI between mouse and human. Single cell 
transcriptomic analysis on human embryos found that dosage 
compensation of X-lined genes occurs while the genes main-
tain biallelic expression, which is called X dampening (77). 
The results suggest that different, yet unknown mechanisms 
are involved in X chromosome dosage compensation in early 
human embryos. Nevertheless, the ongoing debates are about 
whether dosage compensation is achieved by XCI or X dampen-
ing during early human development (77, 78).

Cumulative evidence suggests that female hPSC lines have 
different X chromosome states, not only between different 
lines but also between different passages of the same line (65, 
79-84). Three major types of XCI states can be identified in 
hPSCs. These are no XCI (XaXa), full XCI (XaXi), and partial 
XCI due to erosion (XaXe). Unlike primed hESCs that have 
inactive X chromosome (XaXi), naïve hESCs derived either 
from primed hESCs or blastocysts contain two active X chromo-
somes (XaXa) (82, 85). Upon differentiation, naïve hESCs induce 
XCI. In contrast to the random XCI in vivo, differentiating naïve 
hESCs exhibit non-random XCI with skewed silencing of the 
same X chromosome (82), suggesting that the current naïve 
culture conditions do not fully capture the epigenetic state of 
pre-implantation epiblasts. Surprisingly, derivation or mainte-
nance of primed hESCs under physiological oxygen (5% O2) 
exhibits two active X chromosomes and random XCI upon 
differentiation (86). Given the dynamic nature of X chromo-
some states, metastable stem cell states and local fluctuation of 
oxygen concentrations in hPSC culture could induce single cell 
heterogeneity in XCI and the expression of X-linked genes.

XCI erosion is widespread in hPSC lines and is associated 
with XIST loss and upregulated biallelic expression of some 
X-lined genes. Large-scale analysis with 23 hPSC lines revealed 
that XCI erosion occurs during the early stages of in vitro 
culture (87). Therefore, it is plausible that the culture-associated 
XCI erosion at different loci of the X chromosome induces epi-
genetic and gene expression variations across individual cells. 
More importantly, this abnormal epigenetic alteration present 
in hPSCs is maintained in differentiated cells, which results in 
elevated X-linked gene expression and consequential dysregula-
tion in cellular phenotypes (81, 87). Taken together, XCI is dy-
namically regulated in hPSCs depending on the developmental 
stages and culture environments, whereby the XCI states would 
significantly contribute to single cell heterogeneity in X-linked 
gene expression within a hPSC population. Therefore, it is 
crucial to develop hPSC culture conditions that ensure homo-
genous XCI states and minimize X chromosome erosion. 

CELL CYCLE HETEROGENEITY

During the cell cycle, most cell lines and differentiated cells 
spend more time in G1 phase than in other phases. However, 
hPSCs are featured by a unique cell cycle pattern with rela-
tively short G1 phase and long S/G2/M phase (88, 89). G1 

lengthening is associated with hPSC differentiation, suggesting 
that short G1 phase of hPSCs plays an important role in stem 
cell self-renewal (90). Previously, G1 lengthening was considered 
to be a general phenotype of stem cell differentiation. How-
ever, recent reports revealed that G1 lengthening was regulated 
in a lineage-specific manner. Significant G1 lengthening was 
observed during the early stage of neuroectoderm differen-
tiation (25), whereas short G1 length was maintained during 
mesendoderm differentiation (25). Elongated G1 phase induces 
neuroectoderm fate specification by activating primary cilia and 
the downstream autophagy-Nrf2 pathway (25). These results 
suggest that the cell cycle is tightly connected to differentiation 
machinery of stem cells.

The development of Fluorescent Ubiquitin Cell Cycle Indicators 
(FUCCI) system revolutionized the cell cycle research by ena-
bling single cell analysis of the cell cycle in live cells (91). 
Based on cell cycle phase-dependent degradation of CDT1 
and Geminin proteins, the FUCCI system allows visualization 
of cell cycle states in different fluorescent colors. For example, 
G1 phase cells display red fluorescence and cells in S/G2/M 
phase show green fluorescence. Asynchronous cell cycle pro-
gression was clearly visualized in a hPSC population with 
individual cells being in different cell cycle states (92). Given 
the dramatic changes in gene expression and cellular pheno-
types during the cell cycle, this asynchronous cell cycle re-
presents a major source of single cell heterogeneity in a hPSC 
population. To test if cell cycle states influence differentiation 
potential of hPSCs, FUCCI-hPSCs were sorted based on cell 
cycle states, followed by differentiation (92). Cells in S/G2/M 
phase were refractory to differentiation and maintained undiffer-
entiated states (92, 93). However, cells in G1 phase readily 
underwent differentiation, suggesting that G1 phase establishes 
a critical window during which stem cells can execute fate 
transition in response to differentiation cues. More importantly, 
cells in early G1 phase showed biased differentiation toward 
the mesendoderm lineage, while cells in late G1 phase predo-
minantly differentiated into the neuroectoderm lineage (92). 
These results propose an interesting idea that a hPSC popula-
tion utilizes asynchronous cell cycle to produce multiple lin-
eages upon differentiation. Mechanistically, the cyclin D-CDK4/6 
complex regulates nuclear shuttling of SMAD2/3, thereby mo-
dulating the developmentally important Activin/Nodal signaling 
pathway (92). Moreover, cyclin D can directly bind to lineage 
genes and regulates the transcription (94). Cell cycle-dependent 
epigenetic changes link asynchronous cell cycle in hPSCs to 
gene expression heterogeneity. 5-hydroxymethylcytosine (5-hmC) 
is generated from 5-mehtylcytosine (5-mC) by TET enzymes 
(95). FUCCI-based cell cycle fractionation revealed that the 
global 5-hmC level increases during G1 phase, which is asso-
ciated with elevated expression of lineage genes in late G1 
phase (96). Taken together, asynchronous cell cycle creates 
single cell heterogeneity in gene expression and signaling 
pathways. Thus, the cell cycle heterogeneity is exploited by 
hPSCs to produce multiple germ layers. 
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A recent study further extended the role of cell cycle 
heterogeneity in pluripotent differentiation by combining the 
FUCCI system with time-lapse imaging (97). Live cell imaging 
of FUCCI-hESCs enabled the measurement of absolute time of 
each cell cycle state in a single cell level. This analysis 
revealed that individual hPSCs showed high variation in the 
length of G1 phase ranging from 4h to over 10h. Furthermore, 
the absolute G1 length of single hPSCs is related to the 
differentiation potential. Cells with short G1 length showed 
biased differentiation potential towards the mesendoderm 
lineage. However, cells with long G1 length acquired neuro-
ectoderm differentiation potential. Consequently, the single cell 
distribution of G1 length determines differentiation propensity 
of hPSC populations, linking the high G1 length variation to 
multi-lineage differentiation potential. These results further con-
solidate the idea that cell cycle heterogeneity contributes to 
the pluripotency of hPSCs.

POSITIONAL HETEROGENEITY

Inside blastocysts, epiblasts form a cellular aggregate called 
ICM. Upon implantation, a major morphogenetic change occurs 
to transform ICM into a single layered epithelium of epiblast 
(98). This transition is well conserved in amniotes and plays a key 
role in three germ layer derivation. In vitro culture of hPSCs 
nicely captures the morphological and functional features of 
post-implantation epiblasts as they grow in an epithelialized 
colony and are capable of producing three germ layers upon 
differentiation (99). Recently, micropatterning technology was 
employed to finely control the size and shape of hPSC colonies 
(100). Strikingly, cells in a hPSC colony showed different 
differentiation fates depending on their spatial locations. Upon 
BMP4-triggered differentiation, an epithelial hPSC colony formed 
an ordered structure of germ layers along the radial axis with 
neuroectoderm lineage cells in the center, endoderm cells in 
the periphery, and mesoderm cells in between the regions. 
These results suggest that positional heterogeneity in individual 
cells could play a key role in multi-lineage differentiation po-
tential of hPSCs. 

Traditional studies in developmental biology focused on the 
role of diffusible factors in multi-lineage derivation. Consistently, 
recent studies suggested that spatial restriction and gradients of 
signaling molecules contribute to geometrical derivation of three 
germ layers in a hPSC colony (101). Upon BMP4 treatment, 
secreted inhibitor NOGGIN restricts BMP4 responses to the 
colony edge (100, 102). At the same time, a gradient of 
Activin-Nodal signaling is established along the radial axis of 
hPSC colonies (100). On top of the morphogen gradients, 
receptor relocation was proposed as a cell-autonomous mecha-
nism for positional heterogeneity (102). In the central region of 
hPSC colonies, TGF-β receptors were predominantly localized 
at the lateral side of cells, which impedes cellular responses to 
apically applied TGF-β ligands. In contrast, cells in the colony 
edge showed apical localization of TGF-β receptors. These 

results suggest that the gradients of signaling molecules and 
differential receptor localization collectively contribute to posi-
tional heterogeneity in differentiation potential within a hPSC 
colony. 

Cell-cell and cell-ECM interactions play a key role in embryonic 
morphogenesis. In pre-implantation ICM, the epiblast aggregate 
is formed and maintained mainly by cell-cell interaction (103). 
During implantation, increased cell-ECM interaction drives the 
morphogenetic transition towards epithelized epiblasts (104). 
Consistently, hPSCs rely on cell-ECM interaction for survival 
and proliferation (105, 106). Within a hPSC colony, mechanical 
asymmetry arises from spatial polarization of cell-cell and cell- 
ECM interactions (107). Cells in the periphery of hPSC colonies 
exhibit higher cell-ECM interaction with well-established integrin- 
based focal adhesions, while cells in the central region rely 
more on the E-cadherin-mediated cell-cell interaction. More 
importantly, this mechanical asymmetry plays a key role in 
spatial derivation of mesendoderm lineage cells (107). These 
results suggest that heterogeneity in cell adhesion leads to 
spatially heterogeneous hPSC colonies. 

Single cell gene expression analysis revealed that hPSC 
subsets defined by surface antigen expression show different 
self-renewal abilities and lineage priming (108). A subpopula-
tion of hPSCs with high expression of GCTM2, CD9, and 
EPCAM exists at the top of the stem cell hierarchy and 
possesses the highest capacity for self-renewal (108). Recently, 
another study screened 12 different cell surface markers and 
identified N-cadherin with heterogeneous expression (109). 
N-cadherin was exclusively expressed in a subset of hPSCs 
that localizes in the periphery of colonies. N-cadherin+ cells 
served as founder cells of hPSCs with elevated self-renewal 
ability. Single cell RNA-seq analysis revealed that N-cadherin+ 
founder cells share transcriptomic profiles with primitive endo-
derm cells, suggesting dynamic cell state transition in a hPSC 
population (109). Taken together, individual cells within a hPSC 
colony display functional heterogeneity depending on their spatial 
positions of either the center or the periphery of colonies. 
Furthermore, this positional heterogeneity plays a crucial role 
in multi-lineage derivation from hPSCs as well as in pluripo-
tency maintenance.

CONCLUSIONS

Although single cell sequencing provides a powerful tool to 
identify and characterize various cell types that exist in a 
complex tissue and organisms (110), the high dropout rate 
hampers application of this tool to dissect single cell hetero-
geneity in a seemingly homogenous cell population. Never-
theless, recent advances in reporter systems and single cell 
imaging techniques have made significant contributions to 
expanding our understanding of cell-to-cell variation within a 
PSC population. Long-term in vitro culture of hPSCs, particularly 
the naïve culture conditions, induces genetic and epigenetic 
abnormalities in a subset of cells, resulting in heterogeneous 
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hPSC populations. Furthermore, global epigenetic changes that 
occur during somatic cell reprogramming significantly increase 
genetic and epigenetic heterogeneity in hiPSC populations. 
Because some abnormalities related to cancer may affect 
cellular phenotypes of hPSCs, it is crucial to monitor these 
types of heterogeneity in hPSCs. 

Asynchronous cell cycle in hPSCs establishes another type 
of heterogeneity where individual cells are present in different 
stages of the cell cycle. Moreover, absolute lengths of G1 
phase cause single cells to exhibit extreme variability, adding 
additional complexity to the cell cycle heterogeneity. Because 
hPSCs grow as an epithelialized colony, spatial positions of 
individual cells also contribute to the heterogeneity in part 
through differential cell adhesion. More importantly, cell cycle 
heterogeneity and positional heterogeneity play a key role in 
multi-lineage derivation from a hPSC population because the 
variability primes cells to make different responses to differ-
entiation cues. Interestingly, such heterogeneity mentioned above 
may occur from alterations in the genomic instability, and vice 
versa. Although the direct correlation between various hetero-
geneity is not well known, it is probable to consider that varia-
tions in hPSCs are intricately linked to each other.

In conclusion, single cell heterogeneity is Janus-faced in 
hPSC function and application. In certain cases, intrinsic 
variability may underlie pluripotent differentiation potential, 
whereas harmful heterogeneity induced by culture and cellular 
reprogramming can jeopardize the therapeutic application of 
hPSCs. Therefore, technical improvements in single cell sequen-
cing are needed to provide a comprehensive view of single 
cell heterogeneity that exists in a hPSC population. 

ACKNOWLEDGEMENTS

This work has been supported by the National Research Founda-
tion of Korea (NRF) grant funded by the Korea government (MSIT) 
(NRF-2019R1C1C1002377, NRF-2020M3A9D8038184, and NRF- 
2021R1A4A1031754).

CONFLICTS OF INTEREST

The authors have no conflicting interests.

REFERENCES

1. Nichols J and Smith A (2009) Naive and primed 
pluripotent states. Cell Stem Cell 4, 487-492

2. Weinberger L, Ayyash M, Novershtern N and Hanna JH 
(2016) Dynamic stem cell states: naive to primed pluri-
potency in rodents and humans. Nat Rev Mol Cell Biol 
17, 155-169

3. Niwa H, Ogawa K, Shimosato D and Adachi K (2009) A 
parallel circuit of LIF signalling pathways maintains pluri-
potency of mouse ES cells. Nature 460, 118-122

4. Toyooka Y, Shimosato D, Murakami K, Takahashi K and 
Niwa H (2008) Identification and characterization of sub-

populations in undifferentiated ES cell culture. Development 
135, 909-918

5. Wang J, Xie G, Singh M et al (2014) Primate-specific 
endogenous retrovirus-driven transcription defines naive- 
like stem cells. Nature 516, 405-409

6. Liu Y, Mi Y, Mueller T et al (2019) Multi-omic measure-
ments of heterogeneity in HeLa cells across laboratories. 
Nat Biotechnol 37, 314-322

7. Initiative ISC (2011) Screening ethnically diverse human 
embryonic stem cells identifies a chromosome 20 minimal 
amplicon conferring growth advantage. Nat Biotechnol 
29, 1132-1144

8. Draper JS, Smith K, Gokhale P et al (2004) Recurrent 
gain of chromosomes 17q and 12 in cultured human 
embryonic stem cells. Nat Biotechnol 22, 53-54

9. Taapken SM, Nisler BS, Newton MA et al (2011) Karyo-
typic abnormalities in human induced pluripotent stem 
cells and embryonic stem cells. Nat Biotechnol 29, 313- 
314

10. Baker D, Adam, Paul et al (2016) Detecting genetic 
mosaicism in cultures of human pluripotent stem cells. 
Stem Cell Reports 7, 998-1012

11. Närvä E, Autio R, Rahkonen N et al (2010) High-resolu-
tion DNA analysis of human embryonic stem cell lines 
reveals culture-induced copy number changes and loss 
of heterozygosity. Nat Biotechnol 28, 371-377

12. Merkle FT, Ghosh S, Kamitaki N et al (2017) Human 
pluripotent stem cells recurrently acquire and expand 
dominant negative P53 mutations. Nature 545, 229-233

13. Kucab JE, Zou X, Morganella S et al (2019) A compen-
dium of mutational signatures of environmental agents. 
Cell 177, 821-836.e816

14. Halliwell JA, Frith TJR, Laing O et al (2020) Nucleosides 
rescue replication-mediated genome instability of human 
pluripotent stem cells. Stem Cell Reports 14, 1009-1017

15. Simara P, Tesarova L, Rehakova D et al (2017) DNA 
double-strand breaks in human induced pluripotent stem 
cell reprogramming and long-term in vitro culturing. 
Stem Cell Res Ther 8, 73

16. Vallabhaneni H, Lynch PJ, Chen G et al (2018) High 
basal levels of γH2AX in human induced pluripotent 
stem cells are linked to replication-associated DNA 
damage and repair. Stem Cells 36, 1501-1513

17. Cannan WJ and Pederson DS (2016) Mechanisms and 
consequences of double-strand DNA break formation in 
chromatin. J Cell Physiol 231, 3-14

18. Zhang J, Hirst AJ, Duan F et al (2019) Anti-apoptotic 
mutations desensitize human pluripotent stem cells to 
mitotic stress and enable aneuploid cell survival. Stem 
Cell Reports 12, 557-571

19. Lamm N, Ben-David U, Golan-Lev T, Storchová Z, 
Benvenisty N and Kerem B (2016) Genomic instability 
in human pluripotent stem cells arises from replicative 
stress and chromosome condensation defects. Cell Stem 
Cell 18, 253-261

20. Ji J, Ng SH, Sharma V et al (2012) Elevated coding 
mutation rate during the reprogramming of human so-
matic cells into induced pluripotent stem cells. Stem 
Cells 30, 435-440

21. Yoshihara M, Araki R, Kasama Y et al (2017) Hotspots of 



 Intra-population heterogeneity in hPSCs
Seungbok Yang, et al.

513http://bmbreports.org BMB Reports

de novo point mutations in induced pluripotent stem 
cells. Cell Reports 21, 308-315

22. Rouhani FJ, Nik-Zainal S, Wuster A et al (2016) Muta-
tional history of a human cell lineage from somatic to 
induced pluripotent stem cells. PLoS Genet 12, e1005932

23. Thompson O, Von Meyenn F, Hewitt Z et al (2020) Low 
rates of mutation in clinical grade human pluripotent 
stem cells under different culture conditions. Nat Commun 
11, 1528

24. Milholland B, Dong X, Zhang L, Hao X, Suh Y and Vijg J 
(2017) Differences between germline and somatic muta-
tion rates in humans and mice. Nat Commun 8, 15183

25. Jang J, Wang Y, Matthew et al (2016) Primary cilium- 
autophagy-nrf2 (pan) axis activation commits human 
embryonic stem cells to a neuroectoderm fate. Cell 165, 
410-420

26. Saretzki G, Walter T, Atkinson S et al (2008) Downregula-
tion of multiple stress defense mechanisms during differ-
entiation of human embryonic stem cells. Stem Cells 26, 
455-464

27. Maynard S, Swistowska AM, Lee JW et al (2008) Human 
embryonic stem cells have enhanced repair of multiple 
forms of DNA damage. Stem Cells 26, 2266-2274

28. Hyka-Nouspikel N, Desmarais J, Gokhale PJ et al (2012) 
Deficient DNA damage response and cell cycle check-
points lead to accumulation of point mutations in human 
embryonic stem cells. Stem Cells 30, 1901-1910

29. Luo LZ, Gopalakrishna-Pillai S, Nay SL et al (2012) DNA 
repair in human pluripotent stem cells is distinct from 
that in non-pluripotent human cells. PLoS One 7, e30541

30. Adams BR, Golding SE, Rao RR and Valerie K (2010) 
Dynamic dependence on ATR and ATM for double- 
strand break repair in human embryonic stem cells and 
neural descendants. PLoS One 5, e10001

31. Julia, Guan X, Jeremy et al (2013) High mitochondrial 
priming sensitizes hESCs to DNA-damage-induced apop-
tosis. Cell Stem Cell 13, 483-491

32. Desmarais JA, Unger C, Damjanov I, Meuth M and 
Andrews P (2016) Apoptosis and failure of checkpoint 
kinase 1 activation in human induced pluripotent stem 
cells under replication stress. Stem Cell Res Ther 7, 17

33. Desmarais JA, Hoffmann MJ, Bingham G, Gagou ME, 
Meuth M and Andrews PW (2012) Human embryonic 
stem cells fail to activate CHK1 and commit to apop-
tosis in response to DNA replication stress. Stem Cells 
30, 1385-1393

34. Madden DT, Davila-Kruger D, Melov S and Bredesen 
DE (2011) Human embryonic stem cells express elevated 
levels of multiple pro-apoptotic BCL-2 family members. 
PLoS One 6, e28530

35. Dumitru R, Gama V, Fagan BM et al (2012) Human 
embryonic stem cells have constitutively active Bax at 
the golgi and are primed to undergo rapid apoptosis. 
Molecular Cell 46, 573-583

36. Catalina P, Montes R, Ligero G et al (2008) Human ESCs 
predisposition to karyotypic instability: is a matter of cul-
ture adaptation or differential vulnerability among hESC 
lines due to inherent properties? Molecular Cancer 7, 76

37. Imreh MP, Gertow K, Cedervall J et al (2006) In vitro 
culture conditions favoring selection of chromosomal 

abnormalities in human ES cells. J Cell Biochem 99, 
508-516

38. Ben-David U, Arad G, Weissbein U et al (2014) Aneuploidy 
induces profound changes in gene expression, prolife-
ration and tumorigenicity of human pluripotent stem 
cells. Nat Commun 5, 4825

39. Chambers I, Silva J, Colby D et al (2007) Nanog safe-
guards pluripotency and mediates germline development. 
Nature 450, 1230-1234

40. Darr H, Mayshar Y and Benvenisty N (2006) Overex-
pression of NANOG in human ES cells enables feeder- 
free growth while inducing primitive ectoderm features. 
Development 133, 1193-1201

41. Korkola JE, Houldsworth J, Chadalavada RSV et al (2006) 
Down-regulation of stem cell genes, including those in a 
200-kb gene cluster at 12p13.31, is associated with in 
vivo differentiation of human male germ cell tumors. 
Cancer Res 66, 820-827

42. Rodriguez S, Jafer O, Goker H et al (2003) Expression 
profile of genes from 12p in testicular germ cell tumors 
of adolescents and adults associated with i(12p) and 
amplification at 12p11.2–p12.1. Oncogene 22, 1880-1891

43. Avery S, Adam, Baker D et al (2013) BCL-XL mediates 
the strong selective advantage of a 20q11.21 amplifica-
tion commonly found in human embryonic stem cell 
cultures. Stem Cell Reports 1, 379-386

44. Markouli C, Couvreu De Deckersberg E, Regin M et al 
(2019) Gain of 20q11.21 in human pluripotent stem 
cells impairs TGF-β-dependent neuroectodermal commit-
ment. Stem Cell Reports 13, 163-176

45. Jo HY, Lee Y, Ahn H et al (2020) Functional in vivo and 
in vitro effects of 20q11.21 genetic aberrations on hPSC 
differentiation. Sci Rep 10, 18582

46. Blum B, Bar-Nur O, Golan-Lev T and Benvenisty N 
(2009) The anti-apoptotic gene survivin contributes to 
teratoma formation by human embryonic stem cells. Nat 
Biotechnol 27, 281-287

47. Lee CT, Raphael, Abigail et al (2015) Functional conse-
quences of 17q21.31/WNT3-WNT9B amplification in 
hPSCs with respect to neural differentiation. Cell Rep 10, 
616-632

48. Jain AK and Barton MC (2018) p53: emerging roles in 
stem cells, development and beyond. Development 145, 
dev158360

49. Suzuki MM and Bird A (2008) DNA methylation land-
scapes: provocative insights from epigenomics. Nat Rev 
Genet 9, 465-476

50. Hackett JA and Surani MA (2013) DNA methylation 
dynamics during the mammalian life cycle. Philos Trans 
R Soc Lond B Biol Sci 368, 20110328

51. Messerschmidt DM, Knowles BB and Solter D (2014) 
DNA methylation dynamics during epigenetic reprogram-
ming in the germline and preimplantation embryos. 
Genes Dev 28, 812-828

52. Liao J, Karnik R, Gu H et al (2015) Targeted disruption of 
DNMT1, DNMT3A and DNMT3B in human embryonic 
stem cells. Nat Genet 47, 469-478

53. Bock C, Kiskinis E, Verstappen G et al (2011) Reference 
maps of human ES and iPS cell variation enable high- 
throughput characterization of pluripotent cell lines. Cell 



Intra-population heterogeneity in hPSCs
Seungbok Yang, et al.

514 BMB Reports http://bmbreports.org

144, 439-452
54. Kristopher, Altun G, Lynch C et al (2012) Recurrent 

variations in DNA methylation in human pluripotent 
stem cells and their differentiated derivatives. Cell Stem 
Cell 10, 620-634

55. Calvanese V, Horrillo A, Hmadcha A et al (2008) Cancer 
genes hypermethylated in human embryonic stem cells. 
PLoS One 3, e3294

56. Weissbein U, Plotnik O, Vershkov D and Benvenisty N 
(2017) Culture-induced recurrent epigenetic aberrations 
in human pluripotent stem cells. PLoS Genet 13, 
e1006979

57. Roost MS, Slieker RC, Bialecka M et al (2017) DNA 
methylation and transcriptional trajectories during human 
development and reprogramming of isogenic pluripotent 
stem cells. Nat Commun 8, 908

58. Bar-Nur O, Holger, Efrat S and Benvenisty N (2011) 
Epigenetic memory and preferential lineage-specific differ-
entiation in induced pluripotent stem cells derived from 
human pancreatic islet beta cells. Cell Stem Cell 9, 17- 
23

59. Bartolomei MS and Ferguson-Smith AC (2011) Mammalian 
genomic imprinting. Cold Spring Harb Perspect Biol 3, 
a002592-a002592

60. McGrath J and Solter D (1984) Completion of mouse 
embryogenesis requires both the maternal and paternal 
genomes. Cell 37, 179-183

61. Surani MAH, Barton SC and Norris ML (1984) Develop-
ment of reconstituted mouse eggs suggests imprinting of 
the genome during gametogenesis. Nature 308, 548-550

62. Lim DH and Maher ER (2010) Genomic imprinting 
syndromes and cancer. Adv Genet 70, 145-175

63. Weksberg R (2010) Imprinted genes and human disease. 
Am J Med Genet C Semin Med Genet 154C, 317-320

64. Yamazawa K, Ogata T and Ferguson-Smith AC (2010) 
Uniparental disomy and human disease: An overview. 
Am J Med Genet C Semin Med Genet 154C, 329-334

65. Initiative TISC (2007) Characterization of human embryonic 
stem cell lines by the International Stem Cell Initiative. 
Nat Biotechnol 25, 803-816

66. Rugg-Gunn PJ, Ferguson-Smith AC and Pedersen RA 
(2007) Status of genomic imprinting in human embryonic 
stem cells as revealed by a large cohort of independently 
derived and maintained lines. Hum Mol Genet 16, R243- 
R251

67. Johannesson B, Sagi I, Gore A et al (2014) Comparable 
frequencies of coding mutations and loss of imprinting 
in human pluripotent cells derived by nuclear transfer 
and defined factors. Cell Stem Cell 15, 634-642

68. Ma H, Morey R, O’Neil RC et al (2014) Abnormalities in 
human pluripotent cells due to reprogramming mechanisms. 
Nature 511, 177-183

69. Pick M, Stelzer Y, Bar-Nur O, Mayshar Y, Eden A and 
Benvenisty N (2009) Clone- and gene-specific aberra-
tions of parental imprinting in human induced pluri-
potent stem cells. Stem Cells 27, 2686-2690

70. Thorold, Friedli M, He Y et al (2016) Molecular criteria 
for defining the naive human pluripotent state. Cell Stem 
Cell 19, 502-515

71. William, Chen D, Liu W et al (2016) Naive human 

pluripotent cells feature a methylation landscape devoid of 
blastocyst or germline memory. Cell Stem Cell 18, 323- 
329

72. Bar S, Schachter M, Eldar-Geva T and Benvenisty N (2017) 
Large-scale analysis of loss of imprinting in human 
pluripotent stem cells. Cell Rep 19, 957-968

73. Jelinic P and Shaw P (2007) Loss of imprinting and 
cancer. J Pathol 211, 261-268

74. Leick MB, Shoff CJ, Wang EC, Congress JL and Gallicano 
GI (2011) Loss of imprinting of IGF2 and the epigenetic 
progenitor model of cancer. Am J Stem Cells 1, 59-74

75. Davies W, Isles AR and Wilkinson LS (2005) Imprinted 
gene expression in the brain. Neurosci Biobehav Rev 
29, 421-430

76. Lyon MF (1961) Gene Action in the X-chromosome of 
the mouse (Mus musculus L.). Nature 190, 372-373

77. Petropoulos S, Edsgärd D, Reinius B et al (2016) Single- 
cell RNA-Seq reveals lineage and X chromosome dyna-
mics in human preimplantation embryos. Cell 165, 1012- 
1026

78. Moreira de Mello JC, Fernandes GR, Vibranovski MD 
and Pereira LV (2017) Early X chromosome inactivation 
during human preimplantation development revealed by 
single-cell RNA-sequencing. Sci Rep 7, 10794

79. Bruck T and Benvenisty N (2011) Meta-analysis of the 
heterogeneity of X chromosome inactivation in human 
pluripotent stem cells. Stem Cell Research 6, 187-193

80. Dvash T, Lavon N and Fan G (2010) Variations of X 
chromosome inactivation occur in early passages of 
female human embryonic stem cells. PLoS One 5, e11330

81. Patel S, Bonora G, Sahakyan A et al (2017) Human 
embryonic stem cells do not change their X inactivation 
status during differentiation. Cell Rep 18, 54-67

82. Sahakyan A, Kim R, Chronis C et al (2017) Human naive 
pluripotent stem cells model X chromosome dampening 
and X inactivation. Cell Stem Cell 20, 87-101

83. Shen Y, Matsuno Y, Fouse SD et al (2008) X-inactivation 
in female human embryonic stem cells is in a nonrandom 
pattern and prone to epigenetic alterations. Proc Natl Acad 
Sci U S A 105, 4709-4714

84. Silva SS, Rowntree RK, Mekhoubad S and Lee JT (2008) 
X-chromosome inactivation and epigenetic fluidity in 
human embryonic stem cells. Proc Natl Acad Sci U S A 
105, 4820-4825

85. Vallot C, Patrat C, Collier AJ et al (2017) XACT 
noncoding RNA competes with XIST in the control of X 
chromosome activity during human early development. 
Cell Stem Cell 20, 102-111

86. Lengner CJ, Gimelbrant AA, Erwin JA et al (2010) Deri-
vation of pre-X inactivation human embryonic stem cells 
under physiological oxygen concentrations. Cell 141, 872- 
883

87. Geens M, Seriola A, Barbé L et al (2016) Female human 
pluripotent stem cells rapidly lose X chromosome inacti-
vation marks and progress to a skewed methylation 
pattern during culture. Mol Hum Reprod 22, 285-298

88. Becker KA, Ghule PN, Therrien JA et al (2006) Self- 
renewal of human embryonic stem cells is supported by 
a shortened G1 cell cycle phase. J Cell Physiol 209, 
883-893



 Intra-population heterogeneity in hPSCs
Seungbok Yang, et al.

515http://bmbreports.org BMB Reports

89. Singh AM and Dalton S (2009) The cell cycle and myc 
intersect with mechanisms that regulate pluripotency 
and reprogramming. Cell Stem Cell 5, 141-149

90. Calder A, Roth-Albin I, Bhatia S et al (2013) Lengthened 
G1 phase indicates differentiation status in human embryo-
nic stem cells. Stem Cells Dev 22, 279-295

91. Sakaue-Sawano A, Kurokawa H, Morimura T et al (2008) 
Visualizing spatiotemporal dynamics of multicellular 
cell-cycle progression. Cell 132, 487-498

92. Pauklin S and Vallier L (2013) The cell-cycle state of 
stem cells determines cell fate propensity. Cell 155, 135- 
147

93. Kevin, Liang H, Lim YS et al (2015) Deterministic restric-
tion on pluripotent state dissolution by cell-cycle path-
ways. Cell 162, 564-579

94. Pauklin S, Madrigal P, Bertero A and Vallier L (2016) 
Initiation of stem cell differentiation involves cell cycle- 
dependent regulation of developmental genes by cyclin 
D. Genes Dev 30, 421-433

95. Tahiliani M, Koh KP, Shen Y et al (2009) Conversion of 
5-methylcytosine to 5-hydroxymethylcytosine in mammalian 
DNA by MLL partner TET1. Science 324, 930-935

96. Amar, Chappell J, Trost R et al (2013) Cell-cycle control 
of developmentally regulated transcription factors accounts 
for heterogeneity in human pluripotent cells. Stem Cell 
Reports 1, 532-544

97. Jang J, Han D, Golkaram M et al (2019) Control over 
single-cell distribution of G1 lengths by WNT governs 
pluripotency. PLoS Biol 17, e3000453

98. Rossant J and Tam PPL (2017) New insights into early 
human development: lessons for stem cell derivation 
and differentiation. Cell Stem Cell 20, 18-28

99. Thomson JA (1998) Embryonic stem cell lines derived 
from human blastocysts. Science 282, 1145-1147

100. Warmflash A, Sorre B, Etoc F, Siggia ED and Brivanlou 
AH (2014) A method to recapitulate early embryonic 
spatial patterning in human embryonic stem cells. Nat 

Methods 11, 847-854
101. Peerani R, Rao BM, Bauwens C et al (2007) Niche-medi-

ated control of human embryonic stem cell self-renewal 
and differentiation. EMBO Rep 26, 4744-4755

102. Etoc F, Metzger J, Ruzo A et al (2016) A Balance be-
tween secreted inhibitors and edge sensing controls 
gastruloid self-organization. Dev Cell 39, 302-315

103. Fleming TP et al (2001) Cell junctions and cell interactions 
in animal and human blastocyst development. ART and 
the Human Blastocyst. Springer, New York, NY, 2001. 
91-102.

104. Bedzhov I and Zernicka-Goetz M (2014) Self-organizing 
properties of mouse pluripotent cells initiate morpho-
genesis upon implantation. Cell 156, 1032-1044

105. Kallas-Kivi A, Trei A, Stepanjuk A et al (2018) The role of 
integrin β1 in the heterogeneity of human embryonic 
stem cells culture. Biol 7, bio034355

106. Xu C, Inokuma MS, Denham J et al (2001) Feeder-free 
growth of undifferentiated human embryonic stem cells. 
Nat Biotechnol 19, 971-974

107. Toh YC, Xing J and Yu H (2015) Modulation of integrin 
and E-cadherin-mediated adhesions to spatially control 
heterogeneity in human pluripotent stem cell differentiation. 
Biomaterials 50, 87-97

108. Shelley, Thornton M, Mason E, Jessica, Christine and 
Martin (2014) Single-cell gene expression profiles define 
self-renewing, pluripotent, and lineage primed states of 
human pluripotent stem cells. Stem Cell Reports 2, 881- 
895

109. Nakanishi M, Mitchell RR, Benoit YD et al (2019) Human 
pluripotency is initiated and preserved by a unique 
subset of founder cells. Cell 177, 910-924.e922

110. Lee J, Hyeon DY and Hwang D (2020) Single-cell multi-
omics: technologies and data analysis methods. Exp Mol 
Med 52, 1428-1442




