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SUMMARY
Genomic imprinting is a parent-of-origin dependentmonoallelic expression of genes. Previous studies showed that conversion of primed

human pluripotent stem cells (hPSCs) into naive pluripotency is accompanied by genome-wide loss of methylation that includes im-

printed loci. However, the extent of aberrant biallelic expression of imprinted genes is still unknown. Here, we analyze loss of imprinting

(LOI) in a large cohort of both bulk and single-cell RNA sequencing samples of naive and primed hPSCs. We show that naive hPSCs

exhibit high levels of non-random LOI, with bias toward paternally methylated imprinting control regions. Importantly, we show

that different protocols used for the primed to naive conversion led to different extents of LOI, tightly correlated to FGF signaling.

This analysis sheds light on the process of LOI occurring during the conversion to naive pluripotency and highlights the importance

of these events when modeling disease and development or when utilizing the cells for therapy.
INTRODUCTION

Genomic imprinting is presented inmammals as parent-of-

origin dependent monoallelic expression of a subset of

genes and is required for normal growth and development

(Reik andWalter, 2001; Tucci et al., 2019). Imprinting is es-

tablishedmostly in the germline of the developing embryo

and involves DNA methylation and acquisition of various

histone marks along imprinted differentially methylated

regions (iDMRs), which are termed imprinting control re-

gions (ICRs), in a sex-specific manner. The imprinting

signature is maintained during the massive demethylation

process that occurs post fertilization and is only erased in

the second wave of demethylation, which takes place in

primordial germ cells (Tucci et al., 2019). Various genetic

disorders result from imprinting aberrations, and the dis-

rupted expression of imprinted genes has been shown to

contribute to the progression of different common dis-

eases, including cancer (Peters, 2014).

Human pluripotent stem cells (hPSCs) have the potential

to differentiate into the three embryonic germ layers and

are capable of indefinite self-renewal in culture. There are

threemajor types of hPSCs, which are obtained by different

methods. The first, termed human embryonic stem cells

(hESCs), are obtained from the inner cell mass of preim-

plantation blastocysts that originate from in vitro fertiliza-

tion (Thomson, 1998). The other two are obtained through

a reprogramming process and include somatic cell nuclear

transfer (SCNT)-ESCs, where a somatic cell nucleus is

inserted into an enucleated oocyte, and induced PSCs

(iPSCs), which are obtained through the expression of

key pluripotency factors in a somatic cell (Takahashi and

Yamanaka, 2006; Wilmut et al., 1997).
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Previous studies examined the imprinting status of

hPSCs and reported that hESCs exhibit some extent of

imprinting aberrations but are relatively stable, while

hSCNT-ESCs and hiPSCs are more prone to imprinting ab-

errations (Adewumi et al., 2007; Bar et al., 2017; Johannes-

son et al., 2014; Kim et al., 2007; Ma et al., 2014; Nazor

et al., 2012; Pick et al., 2009; Rugg-Gunn et al., 2005, 2007).

hESCs grown in conventional culture conditions

resemble in multiple aspects mouse post-implantation

epiblast stem cells (mEpiSCs) and are thus referred to as

being in a "primed" state. These similarities include the reli-

ance on FGF/Erk and Activin/Nodal signaling for self-

renewal, a global hyper-methylation of the genome and a

tendency for the inactivation of one of the two X chromo-

somes in female cells (Dong et al., 2019; Yilmaz and Benve-

nisty, 2019). In contrast, mouse ESCs (mESCs) can be

obtained under conditions that make them more similar

to the preimplantation epiblast and are thus referred to as

being in a "naive" state. These cells rely on leukemia inhib-

itor factor (LIF) and inhibition of FGF/Erk signaling,

present dome-shaped colonies, exhibit genome-wide de-

methylation, harbor two active X chromosomes, and effi-

ciently contribute to the formation of chimeric mice

when injected into blastocysts (Dong et al., 2019; Yilmaz

and Benvenisty, 2019).

Different strategies were developed to convert primed

hPSCs into the naive state by using MEK and GSK3 inhib-

itors (2i), LIF, and either the overexpression of key pluripo-

tent factors or the addition of different chemical inhibitor

cocktails (Yilmaz and Benvenisty, 2019). Importantly,

while both naive hPSCs and the preimplantation epiblast

cells share a genome-wide hypomethylation status, in

contrast to the preimplantation epiblast, naive hPSCs
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were shown to lose methylation at iDMRs and do not re-

gain methylation at these loci upon re-priming (Pastor

et al., 2016; Theunissen et al., 2016). However, while global

LOI was demonstrated at the methylation level, no global

analysis of LOI was performed regarding the biallelic

expression of imprinted genes in naive hPSCs.

Here, we present the first large-scale analysis of LOI in

naive hPSCs. By analyzing a large cohort of bulk and sin-

gle-cell RNA sequencing (scRNA-seq) samples obtained

from different studies and different conversion protocols,

we show that multiple imprinted genes are biallelically ex-

pressed following the conversion from primed into naive

pluripotency. Remarkably, the LOI events show gene- and

parent-specific patterns and the extent of the imprint loss

is well correlated with FGF signaling, which varies among

different conversion protocols.
RESULTS

Naive cells showhigher levels of LOI than primed cells

To study LOI processes in naive hPSCs, we collected a total

of 129 bulk RNA-seq samples from 16 different studies,

consisting of 103 ESCs and 26 iPSCs. These totaled to 47

and 82 primed and naive samples, respectively (Table S1).

Next, we analyzed LOI in these samples by identifying bial-

lelic expression of imprinted genes through the calculation

of their allelic ratios and biallelic scores (see experimental

procedures, and supplemental experimental procedures

and Figure 1A). If an imprinted gene is heterozygous to a

specific single-nucleotide variant (SNV) in a certain posi-

tion, monoallelic expression of that gene would result in

reads harboring only one type of nucleotidewithin that po-

sition. However, LOI of that gene may lead to biallelic

expression, which would result in reads with two alternate

nucleotides in the heterozygote position.

RNA-seq samples of hPSCs are often obtained from cells

grown on mouse embryonic fibroblasts as feeders. This is

especially true for naive cell cultures, which in most proto-

cols rely on feeders (Szczerbinska et al., 2019). The presence

of RNA fragments that originate from mouse cells were

shown to be a source for the potential detection of false-

positive SNVs if they are mistakenly aligned to the human

genome (Avior et al., 2021; Stirparo et al., 2021). To remove

such false-positive calls, prior to the variant calling step, we

used the XenofilteR software, which removes reads that

were aligned to both human and mouse genomes (Kluin

et al., 2018). Because the XenofilteR might also filter hu-

man reads as well, we used this tool for all the samples,

including cells which were grown without feeders to pre-

vent any biases between studies. We also focused our anal-

ysis on a list of 34 single-isoform imprinted genes, to avoid

the biallelic detection of specific isoforms that are not im-
printed or are imprinted in a subset of tissues (Bar et al.,

2017; Stelzer et al., 2015). Finally, wemade sure that the to-

tal number of biallelically expressed imprinted genes per

sample did not correlate with its retained read coverage af-

ter applying the XenofilteR (Figure S1A).

It should be noted that lack of a heterozygous SNV in an

imprinted gene in a specific sample of RNA-seq can be

attributed to either monoallelic expression of the gene, or

simply lack of an SNV along this gene’s exons in this spe-

cific sample. Utilizing the dbSNP build 154 database

(Sherry, 2001), we show that 32 out of the 34 analyzed im-

printed genes contained SNP positions, strengthening the

potential for these genes to harbor a heterozygous SNP in

a given cell line (Figure S1B). To get a better approximation

of the heterozygous SNP availability along imprinted genes

in our samples, we searched for their existence in high-

coverage whole-genome sequencing (WGS) samples of

two hESC lines (WA01 andWA09), which constitute a large

fraction of the samples included in this analysis (see Table

S1, experimental procedures, and supplemental experi-

mental procedures). Notably, 23 and 18 imprinted genes

contained heterozygous SNPs in WA01 and WA09, respec-

tively (Figure S1B), and together cover about 80% of the

analyzed imprinted genes. In agreement with the loss of

methylation at different imprinted DMRs (Theunissen

et al., 2016), naive cells presented a significantly higher

number of imprinted genes with biallelic expression

compared with their primed counterparts (Figures 1B and

1C). This observationwas consistent for almost every study

included in the analysis (Figure 1B). A total of 68.1% of the

primed samples did not show any genes with LOI, while

27.7% showed one LOI occurrence. Themaximumnumber

of genes to lose imprinting in the primed samples was two,

harbored by only 4.3% of samples (Figure 1D). In contrast,

only 11.0% of naive samples showed no LOI occurrence,

while 31.7% presented one to two genes, 48.8% showed

three to four genes and 8.5% showed more than four LOI

instances (Figure 1D). Indeed, the 11%of the naive samples

that showed no LOI were generated under the LIF-3i and

2iLI protocols which were reported to exhibit lower levels

of genome-wide demethylation (discussed in greater detail

below). Because conversion to naive pluripotency may

cause chromosomal aberrations (Di Stefano et al., 2018),

which could potentially alter the observed allelic propor-

tions along aberrated loci, we searched for chromosomal

aberrations in the primed and naive hPSCs samples by

using eSNP karyotyping (Weissbein et al., 2016). This

approach enables the identification of per-RNA-seq sample

chromosomal aberrations through the detection of chro-

mosomal regions with altered expression of allelic

ratios. The analysis showed that most chromosomal

regions in most of the samples exhibited an allelic

ratio that corresponds to normal diploid karyotypes
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Figure 1. Naive hPSCs present higher levels of LOI than their primed counterparts
(A) Schematic representation of the variant calling and biallelic score calculation pipeline.
(B and C) Comparison of the average number of genes that lost imprinting in each naive or primed sample per study-per cell line (B), or in
all studies (C). ***p = 3.0 3 10�5 by paired t test.
(D) Distribution of the number of genes with LOI per sample for primed and naive cells.
(Weissbein et al., 2016) (Figure S1C). This was true, except

for a few samples in the naive samples from Hu et al.

(2020), which showed noisy allelic ratios. Indeed, naive

hPSCs exhibited higher levels of chromosomal aberrations

than primed hPSCs. These aberrations included duplica-

tions in chromosomes 1 and 12, which are commonly de-

tected in hPSCs (Halliwell et al., 2020), together with other

abnormalities (Figure S1C). Nevertheless, these abnormal-

ities could not explain the increased LOI observed in naive

hPSCs. Specifically, regions that showed recurrent LOI ex-

hibited relatively stable karyotypes (Figures S1C and S2C).
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Together, these results suggest that conversion of primed

hPSCs into naive pluripotency is accompanied both by

loss of methylation at imprinted loci and aberrant biallelic

expression of imprinted genes.

It was previously shown that iPSCs acquire higher levels

of imprinting aberrations than ESCs (Johannesson et al.,

2014). Therefore, we set out to determine whether these

differences will also be reflected in the sensitivity to LOI

during the resetting to naive pluripotency. Interestingly,

iPSCs did not showhigher levels of LOI during the resetting

(Figure S1D), suggesting that the epigenetic changes that



occur during the reprogramming process do not confer ex-

tra epigenetic instability for the conversion into naive plu-

ripotency, at least in the context of LOI. Finally, previous

reports from mESCs suggested that the presence of two

active X chromosomes in female cells can lead to increased

erasure of methylation at the ICR (Yagi et al., 2017; Zvet-

kova et al., 2005). Nonetheless, we could not detect signif-

icant differences in the extent of LOI that occurs during the

conversion to naive pluripotency betweenmale and female

hESCs, suggesting there is no sex-specific bias in LOI in

naive hESCs (Figure S1E).

Naive cells show gene-specific biases in LOI patterns

An important aspect of LOI during the naive resetting pro-

cess relates not only to the number of genes that are bialleli-

cally expressed, but to whether these LOI events are

random, or show biases toward specific genes. Interest-

ingly, out of the 14 genes which lost imprinting in at least

1 sample, 12 had a higher proportion of LOI in naive sam-

ples comparedwith their primed counterparts. Out of these

12 genes, 6 genes (MEG3, H19, ZDBF2, NDN, RTL1, and

GPR1-AS) showed significantly higher LOI occurrences in

the naive cells (Figure 2A). Notably, MEG3 biallelic expres-

sion in naive cells was already detected in two of the studies

included in this analysis (Giulitti et al., 2019; Theunissen

et al., 2016). Interestingly, our analysis shows that MEG3

transitioned fromnot being expressed inmost primed sam-

ples to being expressed inmost naive samples (Figure S2A).

Moreover, RTL1 also transitioned from being mostly

turned off in the primed cells to being partly turned on

in the naive cells, while GPR1-AS went from being

completely silenced to being mostly turned on. H19

showed a heterogeneous expression pattern, being ex-

pressed by some primed cells and not by others, while be-

ing highly expressed by most naive samples. In contrast,

NDN and ZDBF2 were expressed both in primed and naive

cells (Figure S2A). These findings show that some genes

that lose imprinting through the resetting process to naive

state, transition frombeing completely or partly silenced in

the primed state, to being both activated and biallelically

expressed in the naive state. To find out whether the activa-

tion of some of the imprinted genes is an aberrant property

of naive hPSCs or a property that reflects their similarity

with the preimplantation epiblast, we analyzed the gene

expression levels in published scRNA-seq data from preim-

plantation embryos (Petropoulos et al., 2016). This analysis

showed that all the genes that were only activated in the

naive state, except for RTL1, were expressed in most of

the cells in the human preimplantation epiblast (Fig-

ure S2B). A subset of cells did show RTL1 expression but,

similarly to naive hPSCs, it was not expressed inmost cells.

These results suggest that the biallelic expression, which

likely accompanies the ICR methylation erasure, but not
the activation per se of these imprinted genes, is the aber-

rant property of naive hPSCs.

Because LOI in primed samples was relatively scarce,

searching for differences in LOI patterns between naive

and primed cells would require a larger sample size of

primed cells that would reflect their LOI signature more

precisely. To this end, we pooled the primed samples that

had naive counterparts along with 156 additional primed

samples for a final pool of 203 samples originating from

52 different studies (Table S1; Figure S2C). Because of the

LOI scale differences between primed and naive cells, we

compared genes that showed biallelic expression in more

than 5% of primed samples with genes that lost imprinting

in at least 10% of naive samples. Indeed, the four genes

(RTL1, GPR1-AS, H19, and MEG3) that are more active in

naive cells (Figure S2A) show none-to-low levels of biallelic

expression in primed cells (Figure S2C). One gene that is ex-

pressed both in primed and naive cells specifically lost

imprinting during the conversion from primed to naive

(NDN), three genes are prone to LOI in both primed and

naive cells (ZDBF2, IGF2, and DLK1), and one gene

(SGCE) already has very significant LOI in primed cells (Fig-

ures 2A, 2B, and S2C).When examining the regional distri-

bution of genes prone to LOI in the two cell types, both

genes that were prone to LOI in primed and naive and

genes more unique to naive cells, were positioned on chr

2q33.3, chr 11p15.5, and chr 14q32.2, apart from NDN,

which belongs to chr 15q11.2 (Figure 2C). Interestingly,

SGCE, which was more unique to primed cells resides on

the chr 7q21.3 imprinted region. These findings suggest

that the imprinted regions on chr 2q33.3, chr 11p15.5,

and chr 14q32.2 exhibit general sensitivity to LOI, while

some genes in these regions are mostly silenced in primed

cells and are turned on and lose imprinting during the

naive conversion, which is accompanied bywidespread de-

methylation. This is in parallel to regions that aremore sen-

sitive in primed cells (chr 7q21.3) and regionswith stronger

sensitivity only in naive cells (chr 15q11.2), which implies

that the LOI process is not random and relates to the bio-

logical differences between the primed and naive state.

Another aspect of the sensitivity to LOI relates to the

parent-specific regulation. A previous analysis of LOI in

primed hPSCs showed that genes under the control of

paternal germ line DMRs (gDMRs) are more prone to LOI

than genes under the control of maternal gDMRs (Bar

et al., 2017). Thus, we set out to examine whether any

such bias occurs during the conversion to naive pluripo-

tency. For each naive sample we calculated the mean LOI

difference from the primed counterpart in genes under

the control of paternal or maternal gDMRs. In accordance

with the observation for primed hPSCs, during the conver-

sion to naive pluripotency there was an increased sensi-

tivity toward LOI for genes under the control of paternal
Stem Cell Reports j Vol. 16 j 2520–2533 j October 12, 2021 2523
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Figure 2. Naive hPSCs Show LOI patterns that differ from primed hPSCs
(A) Proportion of naive samples and their primed counterparts that presented LOI in each imprinted gene. Bars represent mean ± SEM.
*p < 0.05, **p < 0.01, ***p < 0.001 by two-sided paired t test.
(B) Venn diagram of genes that are highly prone to LOI only in primed cells, naive cells, or both.
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(E) Spearman correlation between methylation of DMRs and the biallelic expression of their associated genes.
(F) Heatmap of each gene’s biallelic score in different time points during the naive conversion. Samples were analyzed from Collier et al.
(2017).
gDMRs (Figures 2D and S2D). This result is strengthened

considering that there are more genes under the control

of maternal gDMRs, a trend that continues for the

number of genes with SNPs in the dbSNP database and

the number of genes with heterozygous SNPs in WA01/
2524 Stem Cell Reports j Vol. 16 j 2520–2533 j October 12, 2021
WA0WGS samples that we analyzed (Figure S2E). This sug-

gests that, despite having different patterns of LOI between

primed and naive cells, genes under the control of paternal

gDMRs are overall more prone to LOI than genes under the

control of maternal gDMRs.



Next, as previous reports concerning imprinting aberra-

tions focused mainly on the methylation of imprinted

DMRs, we evaluated the connection between methylation

and expression during primed to naive conversion. For this

purpose, we analyzed whole-genome bisulfite sequencing

samples from two studies (Guo et al., 2017; Takashima

et al., 2014), reduced representation bisulfite sequencing

samples from three studies (Di Stefano et al., 2018; Giulitti

et al., 2019; Sahakyan et al., 2017), and MethylC-seq sam-

ples from one study (Theunissen et al., 2016), included in

the original analyses. We focused on H19 gDMR, MEG3 so-

matic DMR (sDMR), and NDN sDMR as representatives of

imprinted regions that showed sensitivity for LOI in naive

cells. We divided the methylation levels at each DMR to

either around 50% methylation level (30%–70%), which

is expected in imprintedDMRs (which contain both hyper-

methylated and hypomethylated alleles), hypermethy-

lated pattern (>70%), or hypomethylated pattern (<30%).

As expected, naive cells mostly exhibited a hypomethy-

lated state across the three DMRs (Figure 2E). All the

DMRs showed a negative correlation between the methyl-

ation levels and the biallelic score of genes they regulate.

Conversion of primed hPSCs to naive hPSCs occurs in

multiple days.We thus set out to investigate the occurrence

of LOI throughout the conversion in a time-dependent

manner, by analyzing a subset of naive samples that were

included in the original analysis and were taken from

different time points along the conversion process (primed,

naive day 10, and passages 5 and 10) (Collier et al., 2017).

Specifically, the samples from day 10 of the conversion

were sorted for naive markers and were shown to be

early-stage naive cells, while samples from passage 5 on-

ward were shown to be established mature naive cells

(Collier et al., 2017). In line with other studies included

in our analysis, primed samples did not harbor any LOI

event. In contrast, day 10 samples showed LOI in H19,

while passage 5 samples already showed LOI in H19,

MEG3, NDN, and partially in ZNF597. Passage 10 samples

showed a similar pattern of LOI with passage 5 samples,

albeit with no apparent LOI in ZNF597 (Figure 2F).

Notably, the same study from which these samples were

obtained from, identifiedMEG3 as being one of themarkers

for the transition between early-to-late naive stages. Inter-

estingly, the sharp increase of LOI events between the early

and late naive cells coincides with re-activation of the

inactive X chromosome and the activation of multiple

naive-specific transposable elements (Collier et al., 2017),

suggesting that, during the time period of the transition be-

tween early and late naive cells, the cells go through major

epigenetic changes that might play a role in the LOI pro-

cess. In this context, differentially expressed genes between

early-to-late naive states are significantly enriched for regu-

lation of transcription processes, withmore thanhalf of the
genes in this category belonging to zinc-finger proteins,

which are known to be involved in the regulation of

imprinting (Collier et al., 2017; Langouët et al., 2018;Mon-

teagudo-Sánchez et al., 2020; Takahashi et al., 2019).

It was previously shown that re-priming of naive cells re-

sults in the re-methylation of the genome, excluding im-

printed DMRs, which maintain low methylation levels

(Theunissen et al., 2016). Because the expression of im-

printed genes might be influenced by other factors, such

as secondary DMRs, we examined whether the biallelic

expression of imprinted genes upon naive conversion are

stable or can be reversible upon re-priming or differentia-

tion. For this, we analyzed RNA-seq samples of naive re-

primed cells and naive cells that were differentiated into

either primitive endoderm or vascular progenitors from

three of the studies included in the main analysis

(Table S1). Indeed, re-primed cells exhibited an LOI pattern

that matched many of the naive samples and even bialleli-

cally expressed another gene, suggesting the LOI was not

reversed. Upon differentiation of naive cells into either

primitive endoderm or vascular progenitors, most genes

that lost imprinting in the naive cellsmaintained their bial-

lelic expression, with the exception of a few cases (e.g.,

DLK1 during differentiation to primitive endoderm). How-

ever, a larger cohort of samples will be needed to determine

whether these few cases truly reflect LOI reversal or simply

expansion of specific clones. Notably, some differentiated

cells showed LOI in new genes as well, possibly due to

the extended culture periods (Figure S3). Taken together,

these results suggest that LOI is generally not reversible

upon re-priming or differentiation of naive cells, although

amore comprehensive analysis of differentiated naive cells

is needed to see if any genes might behave differently.

LOI analysis in scRNA-seq shows clone specificity

of LOI

One of the noticeable disadvantages in performing the LOI

analysis on bulk RNA-seq samples is the inability to eval-

uate whether LOI events in different genes are uniform

throughout the culture or do different cells within a given

sample harbor distinct LOI patterns. To overcome this lim-

itation, we analyzed a cohort of 86 primed and 84 naive

scRNA-seq samples (Messmer et al., 2019), using the same

pipeline without the XenofilteR tool, because cells that

passed the quality check are assumed to be human cells.

Consistent with the elevated levels of LOI in the naive

bulk RNA-seq, naive single cells showed higher levels of

LOI compared with primed single cells (Figure 3A). In total,

ten imprinted genes showed LOI in at least one cell. Out of

those, five genes lost imprinting only in naive cells (MEG3,

H19, MEG8, GPR1-AS, and ZNF597) (Figure 3B). In agree-

ment with the bulk analysis, MEG3 and H19 exhibited a

highly significant proportion of naive cells with LOI
Stem Cell Reports j Vol. 16 j 2520–2533 j October 12, 2021 2525
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(52% and 20%, respectively) compared with primed cells

(Figure 3B). Importantly, the heterogeneous pattern of

LOI where only a subset of cells lose imprinting in each

gene, suggests that LOI is clone specific and is not uniform

throughout the culture. In contrast to the bulk analysis,

which showed a heterogeneous expression pattern with

some primed samples expressing MEG3/H19 and some

not, the scRNA-seq data shows that the primed cells did

not expressMEG3/H19 at all (or at least not in high enough

levels to be detected) while naive cells showed high expres-

sion of both genes (Figure 3C). This suggests that, as was

shown for other genes (RTL1 and GPR1-AS) in the bulk
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analysis, conversion to naive pluripotency can lead to

both activation of previously silenced imprinted genes

and to their biallelic expression. Notably, both H19 and

MEG3 showed a strong positive correlation between bial-

lelic score and expression levels in naive cells (Figure 3C),

suggesting that activation of two copies for these genes re-

sults in their upregulation. We also examined whether a

cell loses imprinting in the same sequential pattern. Under

this assumption, because the most common gene to lose

imprinting in the naive population is MEG3 followed by

H19, most of the cells with H19 LOI should exhibit LOI

in MEG3. However, naive cells with H19 LOI did not have
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a significantly higher chance of also presenting MEG3 LOI

(p =0.19 bypermutation test; 104 permutations; Figure 3D).

Taken together, these results suggest that LOI is clone spe-

cific and that the imprint loss does not necessarily occur in

the same sequential order.

Culture-dependent LOI in naive cells

Because conversion into naive pluripotency can be ob-

tained by various culture conditions, we set out to deter-

mine the influence of culture on the extent of LOI that

occurs during the resetting process. To this end, we

compared conversion protocols which had at least five

naive samples as representatives. We also combined sam-

ples cultured in two different medium conditions (4i/L/

A + FINE; Szczerbinska et al., 2019; Theunissen et al.,

2016) that do not contain GSK3i, which was shown to

reduce methylation in imprinted loci in mice (Popkie

et al., 2010). This comparison showed a significant associa-

tion between naive conversion protocol and LOI extents

and divided the protocols into three distinct groups, which

we denote as having high,medium, and lowLOI levels (Fig-

ure 4A). Notably, the two culture conditions that showed

low levels of LOI (2iLI and LIF-3i) were already shown to

possess lower levels of imprinted DMRmethylation erasure

(Hu et al., 2020; Zimmerlin et al., 2016), highlighting the

tight connection between DMR methylation and the bial-

lelic expression of imprinted genes. Because we observed

that the WA01 cell line had a larger number of genes with

heterozygous SNPs in the genome compared with WA09

(Figure S1B; 23 as supposed to 18), we made sure that there

was no significant difference in LOI extents between these

two cell lines, which might imply that there is a technical

heterogeneity of LOI extents between other cell lines in

this analysis. However, no significant differences in LOI

levels were seen between WA01 and WA09 cell lines, mak-

ing the cell line-dependent LOI heterogeneity less likely

(Figure S4A). Together, these results suggest that the extent

of the imprint loss is correlated with the conversion me-

dium, with different types of media showing different

levels of LOI.

In mice, it was shown that inhibition of Mek1/2 down-

stream of FGF signaling in the 2i state results in a

genome-wide demethylation, including imprinted ICRs

(Choi et al., 2017; Ficz et al., 2013). Moreover, a recent

study suggested that complete blockage of autocrine FGF
(C) Hierarchical clustering of the scaled mean (log(CPM)) values for d
corrected p < 0.05 for genes annotated as significant.
(D) GSEA results for "response to fibroblast growth factor" GO term in
(E) Comparison of the LOI extents between the different naive samples
10�2 by Mann-Whitney U test.
(F) Per sample correlation to the preimplantation epiblast in differen
(G) Schematic model of the LOI process which occurs during the prim
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signaling enables the generation and maintenance of a

homogeneous population of human naive cells, which

resemble the preimplantation epiblast (An et al., 2020).

Because these cells also exhibited genome-wide hypome-

thylation compared with cells that still had active FGF

signaling (specifically FGF2), we tested whether LOI levels

in all the naive samples included in our analysis correlate

with the expression of different FGF family members.

Indeed, multiple FGF members, including FGF2, showed

a significant negative correlation with LOI occurrences,

apart from FGF4, which presented a highly positive correla-

tion (Figure 4B; Table S2). The FGF-LOI correlation was

consistent when removing samples belonging to low LOI

protocols (Figure S4B; Table S2), suggesting that it can

also explain the LOI variation of medium/high LOI proto-

cols together with protocols that were not represented

enough to enter the comparison of protocols in Figure 4A.

Differential expression analysis between samples from pro-

tocols with low versusmedium/high LOI levels showed the

same pattern, with upregulation of multiple FGF members

and a downregulation of FGF4 in the low LOI group (Fig-

ures 4C; Table S3). Accordingly, genes upregulated in the

low LOI group were highly enriched in "response to fibro-

blast growth factor" GO term (Figure 4D; Table S4). Impor-

tantly, the upregulation of FGF signaling factors in the low

LOI group included FGFR1 and the ERK response genes,

which were shown to be upregulated when autocrine

FGF2 is not fully blocked (Figures S4C and S4D) (An et

al., 2020), implicating the FGF pathway ligand, receptor,

and target upregulation in the low LOI group. To further

establish the connection between FGF signaling and LOI,

we obtained 5iLA naive RNA-seq samples from An et al.

that were either (1) labeled as HT (highly expressing

TFCP2L1 and tdTomato), which were shown to express

higher levels of naive markers and a downregulation of au-

tocrine FGF2 signaling, (2) LT (lowly expressing TFCP2L1

and tdTomato), which expressed lower levels of naive

markers and higher autocrine FGF2 signaling, and (3) naive

samples obtained with the 5iLA protocol supplemented

with FGF2 (5iLAF) (Table S1). Interestingly, HT cells pre-

sented very high levels of LOI, while LT cells exhibited

low levels of LOI, consistent with the FGF-LOI correlation

observed in the other studies (Figure 4E). Notably, obtain-

ing the naive cells under the same conditions with the

addition of FGF2 resulted in intermediate levels of imprint
ifferent FGF members in different naive conversion protocols. FDR-

the comparison between low and medium/high LOI groups.
from An et al. Bars represent mean ± SEM. *FDR-corrected p = 1.13

t conversion protocols.
ed to naive conversion.



loss, further supporting the connection between FGF

signaling and LOI (Figure 4E). Together, these results imply

that the LOI process is associated with FGF signaling, with

cells having more active FGF signaling presenting low LOI

levels and vice versa.

The need to block FGF signaling to obtain the bona fide

naive state both in humans and mice, together with the

report showing that full blockage of autocrine FGF

signaling enables the induction of a homogeneous popula-

tion of naive hPSCs (An et al., 2020), implies that the

connection between LOI and FGF signalingmight coincide

with distinct levels of "naivety." This possibility is also sup-

ported by the upregulation of the preimplantation epiblast

marker FGF4 in the medium/high LOI groups (Figures 4B

and 4C). We thus examined the similarity between naive

hPSCs belonging to different LOI groups, and a pseudo-

bulk RNA-seq sample obtained from scRNA-seq samples

of preimplantation human epiblasts (Petropoulos et al.,

2016). To this end, we calculated the correlation of each

naive sample with the pseudo-bulk epiblast sample based

on the expression of an unbiased list of 47 preimplantation

epiblast markers, obtained from an integrated analysis

of human preimplantation scRNA-seq datasets (Stirparo

et al., 2018). As expected, all naive samples showed stron-

ger correlation to the preimplantation epiblast compared

with primed samples (Figure 4F). Nonetheless, samples

belonging to the low LOI group showed consistent weaker

correlation to the epiblast compared with samples

belonging to the medium/high LOI groups. In summary,

naive samples belonging to low LOI groups exhibit both

elevated FGF signaling and a lower transcriptional similar-

ity to the preimplantation epiblast based on the expression

of epiblast markers.
DISCUSSION

Naive hPSCs present a valuable resource for both the study

of human preimplantation development and the potential

use in regenerative medicine. However, reports regarding

the erasure of methylation from imprinted DMRs observed

in these cells (Pastor et al., 2016; Theunissen et al., 2016)

called for a better understanding of the mechanisms and

the outcomes of this methylation erasure, especially

considering the tight involvement of imprinting aberra-

tions in different pathologies (Peters, 2014). This study pre-

sents the first comprehensive analysis of LOI in naive

hPSCs, focusing on the biallelic expression of different im-

printed genes by integrating a large cohort of both bulk and

scRNA-seq samples, which were obtained from different

studies, conversion protocols, and cell lines.

We show that naive cells exhibit a much higher number

of biallelically expressed imprinted genes compared with
their primed counterparts. Our analysis suggests that the

LOI process is not random, but rather that some imprinted

loci show increased sensitivity compared with other loci.

Specifically, genes under the control of paternally methyl-

ated iDMR seem to bear higher sensitivity to imprint loss

comparedwith genes under the control ofmaternal iDMRs.

This could be attributed to the underlying differences be-

tween paternal iDMRs, which usually map to intergenic re-

gions and maternally methylated iDMRs, which usually

map to promoters and intragenic regions (Edwards and Fer-

guson-Smith, 2007). Bar et al. (2017) suggested that the dif-

ferences between paternal and maternal DMRs may in part

be related to specific factors that are required for the

methylation acquisition specifically in oocytes and the dif-

ferences of the demethylation processes that occur in the

paternal versus maternal pronuclei after fertilization.

Another factor that should be taken into consideration is

that the methylation-acquisition process in the oocyte is

mainly transcriptionally coupled, both generally and spe-

cifically in imprinted loci, which, as mentioned above,

are mainly positioned in promoters and intragenic regions

(Chotalia et al., 2009; Smallwood et al., 2011). This attri-

bute may give an easier access to repressive machinery

that will maintain imprinting during the methylation

erasure that occurs in the primed to naive conversion.

However, this hypothesis still needs to be tested.

We also show that the changes in gene expression of

naive cells include the activation of previously silenced or

partly silenced imprinted genes (RTL1, GPR1-AS, H19,

and MEG3), which, upon activation, show biallelic expres-

sion in many samples. Importantly, the activation of these

genes by itself does not seem aberrant but rather a manifes-

tation of preimplantation epiblast identity in the naive

cells, suggesting that only the biallelic expression of these

genes is aberrant. For genes that were generally expressed

both in naive and primed samples we observed that NDN

seemed to lose imprinting solely in naive cells. This could

be a direct result of the methylation erasure seen in the

NDN DMR (Figure 2E). However, the presence of samples,

which on one hand showed low methylation levels of

NDN DMR and on the other presented monoallelic expres-

sion of NDN suggests that the demethylation by itself

might not suffice for the activation of the imprinted

copy, and that other interventions, such as the replace-

ment of repressive histone marks with active ones, are

necessary. Notably, while SGCE showed very high sensi-

tivity to imprint loss in the primed cells (Figure S2C), its

imprinting was mostly stable during the conversion to

naive pluripotency. Because of the massive demethylation

that occurs globally in the naive cells, it seems more likely

that, in the case of SGCE, other molecular processes are

involved during the LOI, which are methylation indepen-

dent and do not specifically occur during the conversion.
Stem Cell Reports j Vol. 16 j 2520–2533 j October 12, 2021 2529



The final group of genes that lost imprinting both in

primed and, to a greater extent in naive cells (DLK1,

IGF2, and ZDBF2), likely reside in regions that are generally

sensitive to LOI, particularly as they are controlled by pater-

nally methylated DMRs, which are more sensitive to LOI.

We were also able to follow the kinetics of the LOI events

and to position them along the conversion trajectory.

This demonstrated that the major events of LOI occur dur-

ing the transition from early-to-late naive cells, similarly to

other major epigenetic processes, such as X chromosome

re-activation and the activation of multiple naive-specific

transposable elements (Collier et al., 2017).

Through analyzing LOI in scRNA-seq of naive cells we

show that LOI is heterogeneous around the culture with

different cells harboring from none to varying occur-

rences of LOI. This finding comes in agreement with the

heterogeneity of the naive cells, which was attributed to

the incomplete blockage of autocrine FGF2 signaling

(An et al., 2020).

Finally, we were able to discriminate between conver-

sion protocols that were associated with low versus higher

levels of LOI. We show that LOI magnitudes in the naive

cells correlate with the expression of multiple FGF mem-

bers and overall weaker FGF signaling in cells with higher

LOI levels. In this context, we show that, while HT cells

present extremely high levels of LOI and LT present

very low levels, the addition of FGF2 to the 5iLA medium

lowers the LOI levels toward the numbers seen in the LT

cells, which adds a causative factor to the observed FGF

correlations. Importantly, naive samples from all the con-

version protocols showed a stronger correlation to the hu-

man preimplantation epiblast based on the expression of

preimplantation epiblast markers. However, this correla-

tion was consistently weaker for samples taken from the

low LOI protocols compared with the medium/high LOI

protocols. These results are logical considering the need

to block FGF signaling to maintain naivety. Indeed, other

pathways besides "response to fibroblast growth factor"

were enriched in the differential expression analysis

between low and medium/high LOI groups (Table S4),

suggesting other differences between these cells. Never-

theless, due to the importance of FGF blockage for naivety

maintenance, the strong FGF signaling in the low LOI

protocols (Figures 4C and 4D) and lower LOI occurrences

when naive cells are cultured with FGF2 (Figure 4E), we

believe that FGF signaling might play a central role in

the extent of imprint erasure during conversion to naive

pluripotency. Thus, we propose a model that includes

the LOI patterns, epiblast identity, and the connection

to FGF signaling (Figure 4G). Because the two protocols

that showed lower LOI levels use the same concentration

of PD03 as in the higher LOI groups (aside from the

m5i/L/FA protocol), it is more plausible that the other in-
2530 Stem Cell Reports j Vol. 16 j 2520–2533 j October 12, 2021
hibitors used in the higher LOI groups are the ones that

push the naive cells toward a more aggressive imprint

erasure. This makes sense as the kinases that are blocked

aside from GSK3 and MEK/ERK in the higher LOI proto-

cols also affect the FGF signaling pathway (Taei et al.,

2020). This is also supported by the samples from the

m5i/L/FA protocol, which includes SRCi + RAFi that also

affect FGF signaling (Taei et al., 2020). These samples

showed high LOI levels despite having lower PD03

concentrations (0.5 mM), suggesting that the additive in-

hibition of different protein kinases might lead to reduced

FGF signaling and end in a more aggressive imprinting

erasure. The connection between preimplantation

epiblast identity and LOI implies that a trade-off might

exist between obtaining what was previously termed as

"bona fide naive pluripotent cells" and the retention of

imprinting. We suggest that this trade-off should be taken

into consideration when deciding which protocols to use.
EXPERIMENTAL PROCEDURES

Data collection
Most of the RNA-seq samples were downloaded from the SRA data-

base (http://www.ncbi.nlm.nih.gov/sra) (Wheeler et al., 2007).

Samples fromAn et al. (2020)were downloaded from theGSAdata-

base (http://bigd.big.ac.cn/gsa) (Wang et al., 2017) (Table S1).WGS

samples were obtained from the SRA database (http://www.ncbi.

nlm.nih.gov/sra) under accession numbers SRR6377128 and

SRR2070629. Fastq files were generated from the sra files using

the sra-toolkit (http://ncbi.github.io/sra-tools/). Analysis of the

samples for variant calling is described in supplemental experi-

mental procedures.

eSNP-karyotyping analysis
eSNP-karyotyping was performed basically as described by Weiss-

bein et al. (2016) (see supplemental experimental procedures).

Statistical analysis
Hierarchical clustering was performed using the pheatmap (Kolde

and Vilo, 2015). pheatmap: Pretty Heatmaps. R Package version

1.0.8. https://CRAN.R-project.org/package=pheatmap). Scatter-

plots, boxplots, violin plots, and barplots were generated either

in Python using the Seaborn library or in R using the ggplot2 pack-

age (Wickham, 2016).
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