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SUMMARY

A complete knockout of a single key pluripotency gene may drastically affect embryonic stem cell function and epigenetic reprogram-
ming. In contrast, elimination of only one allele of a single pluripotency gene is mostly considered harmless to the cell. To understand
whether complex haploinsufficiency exists in pluripotent cells, we simultaneously eliminated a single allele in different combinations of
two pluripotency genes (i.e., Nanog*'~;Sall4*'~, Nanog*'~;Utf1*'~, Nanog*'~;Esrrb*/~ and Sox2*/~;Sall4*/~). Although these double hetero-
zygous mutant lines similarly contribute to chimeras, fibroblasts derived from these systems show a significant decrease in their ability to
induce pluripotency. Tracing the stochastic expression of Sall4 and Nanog at early phases of reprogramming could not explain the seen
delay or blockage. Further exploration identifies abnormal methylation around pluripotent and developmental genes in the double het-
erozygous mutant fibroblasts, which could be rescued by hypomethylating agent or high OSKM levels. This study emphasizes the impor-
tance of maintaining two intact alleles for pluripotency induction.

INTRODUCTION

Embryonic development and cell fate induction require
appropriate gene dosage for the activation of the regulatory
circuits that control cellular identity.

While a complete knockout (KO) of an important gene
may be detrimental to the cell as seen for Oct4 and Sox2
(Masui et al., 2007; Nichols et al., 1998), a complete KO
of other genes such as Nanog, while partially maintains
the pluripotent state of the cells, and contributes to
chimeras, shows a dramatic reduced reprogramming
efficiency to induced pluripotent stem cells (iPSCs)
by their fibroblast derivatives, which can only be
partially overcome by high levels of exogenous OCT4,
SOX2, KLF4, and MYC (OSKM) factors (Carter et al.,
2014; Schwarz et al., 2014). In contrast, elimination of
only one allele in one gene is considered harmless to
the cell.

Given this assumption, many fluorescent reporter cell
lines have been generated over the years using the
knockin/KO (KI/KO) approach, leaving only one intact
allele of the targeted gene. Such reporter lines (e.g., Sox2
[Arnold et al., 2011], Nanog [Wernig et al., 2008], and Utf1
[Morshedi et al., 2013]) are useful to study pluripotency
acquisition following reprogramming and nuclear transfer
(Buganim et al., 2012, 2014; Boiani et al., 2002). Although
one allele elimination is considered safe, there are rare cases
when a reduction in expression of approximately 50% is
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detrimental to the cell, a phenomenon termed haploinsuf-
ficiency. Moreover, even when one allele elimination is not
detrimental to the cells, our previous study suggest that
reduced expression levels of genes such as Nanog may result
in suboptimal reprogramming, producing low-quality
iPSCs (Buganim et al., 2014).

During the maturation phase of the reprogramming pro-
cess, epigenetic changes happen stochastically to eventu-
ally allow expression of the first pluripotent-related genes
(Buganim et al., 2013; David and Polo, 2014). Using sin-
gle-cell analyses, it has been shown that stochastic low
expression of pluripotent genes such as Utf1, Esrrb, Sall4
(Buganim et al., 2012), and Nanog (Polo et al., 2012) can
be observed early on in the process in a small fraction of
induced cells which is correlated with the low efficiency
of reprogramming. The stochastic behavior of the matura-
tion phase ends with the activation of late pluripotent
genes such as Sox2, Dppa4, Prdm14, and Gdf3 (Buganim
et al., 2012; Soufi et al., 2012) which unleashes the final
deterministic phase, leading to iPSC stabilization (Buganim
et al., 2013).

While efforts to understand the link between exoge-
nous pluripotent reprogramming factors, iPSC quality,
and efficiency have been substantial (Benchetrit et al.,
2019; Buganim et al., 2014; Carey et al., 2011; Sebban
and Buganim, 2015), studies focusing on the effect of
reduced levels of endogenous pluripotency genes are
lacking and mostly rely on single-gene KO or haploid
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embryonic stem cell (ESC) systems (Elling et al., 2019;
Leeb and Wutz, 2011). Given this, we sought to examine
whether a complex haploinsufficiency (i.e., insufficiency
induced by the elimination of one allele in combinations
of genes) exists in pluripotent cells and whether and how
it may affect their developmental potential and their
cells’ derivatives.

To address that, we engineered three secondary systems,
NGFP2 (Nanog-GFP#2 [Wernig et al., 2008]), NGFP1
(Nanog-GFP#1 [Wernig et al., 2008]), and SGFP1 (Sox2-
GFP#1) to incorporate KO of one allele in two different
pluripotent genes. These double heterozygous mutant
lines include NGFP2 (Nanog*' ~;Sall4*'~, Nanog*'~;Esrrb*'~
and Nanog*'~;Utfl*'~), NGFP1 (Nanog"'~;Sall4*'~), and
SGFP1 (Sox2*/~;Sall4*'~). Interestingly, while all double
heterozygous mutant lines contributed to chimeras simi-
larly to their parental iPSC controls (i.e., NGFP2 [Nanog*' ],
NGFP1 [Nanog*'~], and SGFP1 [Sox2*/~]), multiple deriva-
tions of fibroblasts from these lines resulted in poor reprog-
ramming efficiency. This reduced reprogramming effi-
ciency was evident in the nuclear transfer (NT) technique
as well.

Tracing the stochastic expression of Sall4 or Nanog along
the reprogramming process revealed that only a very small
fraction of cells activated these loci, a result that cannot
explain the global reprogramming blockage seen in the
double heterozygous mutant lines. We then profiled the
CpG-rich methylation landscape of fibroblasts derived
from SGFP15%*/—54*/= and SGFP1%2*/~ control, and noted
a clear difference in the methylation levels of multiple
developmental and pluripotent loci in the double hetero-
zygous mutant fibroblasts. Accordingly, treating all double
heterozygous mutant fibroblasts for 2 days before factor in-
duction with 5-azacytidine rescued the reprogramming
blockage and allowed the induction of pluripotency. This
study emphasizes the importance of having two intact al-
leles for proper pluripotency induction and normal embry-
onic development, and raises a concern regarding the often
used KI/KO technique for the purpose of introducing
reporters.

RESULTS

Double heterozygous mutant pluripotent cells
contribute to chimeras and exhibit modest
transcriptional changes

Considering the vital role of functioning core ESC circuitry
to pluripotency, we hypothesized that even a slight
decrease in the expression of key pluripotency genes could
significantly impact the developmental potential of the
cells or the ability of their somatic cell derivatives to un-
dergo reprogramming. We focused our research on second-
ary iPSC systems (i.e., iPSC clones that harbor functional
doxycycline (dox)-inducible OSKM factor integrations in
their genome), as these systems contribute to chimeras
and exhibit stable and reproducible reprogramming effi-
ciency by minimizing cell heterogeneity (Wernig
et al., 2008).

We targeted the NGFP2 secondary system, as it already
contains a single KI/KO allele of Nanog (Wernig et al.,
2008). We chose to eliminate a single allele of Esrrb, Utf1,
or Sall4 as they have all been shown to be important for
pluripotency and reprogramming (Buganim et al., 2012;
Fengetal., 2009; Tsubooka et al., 2009). To produce a single
allele KO and to be able to monitor the activity of the tar-
geted allele, we designed donor vectors that fused, in frame,
to the first or second exon a tdTomato reporter (Figures 1A
and 1B). To avoid exon skipping and to destabilize the tar-
geted mRNA, polyA was omitted from the targeting vectors.
Electroporated colonies were examined for correct target-
ing by southern blots using external or internal probes (Fig-
ure 1C). Overall, we isolated two correctly targeted clones
for each combination of manipulated genes: Nanog™~;
Esttb*/~ (NGFP2MY=E*/= clones# 1 and 5), Nanog"~;
Utf1*/~ (NGFP2M/=Y*/~ clones# 3 and 5) and Nanog*’'~;
Sall4*/~ (NGFP2N*/=S*/= clones# 3 and 5). To validate the
reduced levels of the targeting genes, we cultured the cells
in 2i/L medium (GSK3p and MEK inhibitors and Lif) that
recapitulates the ground pluripotent state and facilitates
gene expression from both alleles (Miyanari and Torres-
Padilla, 2012). qPCR and western blot analyses

Figure 1. Generation of double heterozygous mutant NGFP2"*/~ iPSC lines

(A and B) Schematic representation of the KI/KO targeting strategy for replacing one allele of Esrrb, Utf1, or Sall4 with tdTomato in
NGFP2™*/~ line. For Esrrb, we targeted exon 2 since it is common to all isoforms of the gene.

(C) Southern blot analyses for NGFP2V*/~-targeted iPSC clones demonstrate heterozygous targeting for Esrrb, Utf1, and Sall4. Correctly

targeted clones are marked by red asterisks.

(D) Western blot analysis demonstrates a reduction of approximately 50% of the protein levels of the targeted genes (Esrrb, Utf1, Nanog,
and Sall4) compared with ESC (V6.5) control. Cells were grown in 2i/L condition to facilitate expression from both alleles. Band intensities
were quantified using Imaged, with the quantification values indicated above each corresponding band. Intensities are relative to the V6.5

ESC control band, which was set as a reference value of 1.

(E) Flow cytometry analysis for GFP (Nanog) and tdTomato (Utf1, Esrrb, or Sall4) in the various double heterozygous mutant lines that grew
under S/L conditions. Representative flow cytometry plots are shown for one experiment out of three independent runs (n = 3). See also

Figure S1.
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demonstrated a reduction in approximately 50% of the to-
tal mRNA or protein levels of all targeted alleles (Figures 1D
and S1A), but not in other key pluripotency genes such as
Oct4, Sox2, Lin28, Fbxol5, and Fgf4 (Figure S1B). Some
further reduction in the protein level of NANOG and
ESRRB was seen in NGFP2™*/ =Y+~ and NGFp2™*/ 5+~
iPSC lines (Figure 1D) and in the mRNA of the Dppa3
gene in NGFP2N =5+~ line (Figure S1A). These results sug-
gest that Nanog and Esrrb are either direct or indirect targets
of SALL4 and UTF1 and that Dppa3 is regulated by SALLA4.
To test the stability of the targeted alleles, cells grown in
either serum/Lif (S/L) or 2i/L conditions were analyzed
for GFP and tdTomato activity using flow cytometry. In
agreement with the western blot analysis, cells grown un-
der S/L conditions exhibited 68% GFP reporter activity (re-
porter that was introduced in frame and contains polyA) in
NGFP2M*~ control and NGFP2N*/~#+/~ ipSC lines, and
55% and 58% in NGEFP2M*~*~ and NGFP2N*/—U+/~
iPSC lines, respectively (Figure 1E). In accordance with
our strategy, tdTomato activity for all targeted genes was
minor (Figure 1E). Nanog-GFP and tdTomato reporters
showed improved activation under 2i/L conditions in all
clones, but a reduced percentage remained in the double
heterozygous mutant iPSC lines (Figure S1C).

To investigate the impact of eliminating a single allele in
two different pluripotent genes on the developmental po-
tential of the cells, we injected the cells into blastocysts
and measured their potential to form chimeric mice. A
comparable grade of chimerism was noted between all dou-
ble heterozygous mutant and control iPSC lines, suggesting
that elimination of a single allele in these combinations of
two genes does not exert a significant developmental bar-
rier (Figure S2A).

Gene expression can distinguish between iPSCs with
poor, low, and high quality as assessed by grade of chime-
rism and 4n complementation assay (Buganim et al.,
2014). Thus, we profiled the transcriptome of the three het-
erozygous mutant lines, as well as the parental NGFP2N*/~
cells and wild-type (WT) ESCs (V6.5), grown in either S/L
or 2i/L conditions. Pearson correlation heatmap clustered
the cells into two main groups based on the culture condi-
tions. Nevertheless, within the S/L group some changes in
gene expression were noted in NGFP2N*/~5*/~ and
NGFP2N=U+~ compared with NGFP2N* 5/~ parental
NGFP2™~, and control WT ESCs (Figure S2B). Given that
Esrrb has been identified as a downstream target gene of
NANOG (Festuccia et al., 2012), it is unsurprising that min-
imal transcriptional changes were observed between the
parental NGFP2N*~ and NGFP2N* /= lines. Principal
component analysis (PCA) validated the Pearson correlation
heatmap, separating S/L conditions from 2i/L conditions by
PC1 and NGFP2N*/=S*/~ and NGFP2N*/~Y*/~ that were
grown under S/L conditions from the rest of the samples

by PC2 (Figure S2C). Interestingly, NGFP2N*~U*/~ grown
under S/L conditions, clustered closer to samples that grew
under 2i/L conditions as indicated by PC1 (Figure S2C). In
contrast, cells grown under 2i/L conditions clustered
together with minimal transcriptional changes between
them (Figure S2C). Considering the expression differences
among the lines grown under S/L conditions, we performed
a differential expression analysis (p < 0.05, 2-fold change)
comparing the control cells with all the double heterozy-
gous mutant iPSC lines. This analysis revealed 1,604 genes
with differential expression between the control groups
and at least one double heterozygous mutant line
(Table S1). Gene Ontology (GO) term analysis for this
gene list, using EnrichR (Xie et al., 2021), includes “loss of
function of Oct4 in ESCs,” “TGFp regulation,” “abnormal
heart position,” and “abnormal mesendoderm develop-
ment” (Figure S2D). A gene regulatory network (GRN) con-
structed using iRegulon identified key pluripotent, meso-
dermal and neuronal developmental genes, such as
Pou5f1, Pgbpl, Pax2, Bcllla, and Zfp110 (Casademunt
et al.,, 1999; Fotaki et al., 2008; Iwasaki and Thomsen,
2014; Simon et al., 2020), as major regulators of these aber-
rantly expressed 1,604 genes (Figure S2E). These results sug-
gest that the elimination of one allele of two distinct plurip-
otent genes, while exhibiting some transcriptional changes
under S/L conditions, still maintains a functional pluripo-
tent state with minimal variations in gene expression in
the ground pluripotent state.

Fibroblasts derived from NGFP2 double heterozygous
mutant iPSC lines fail to induce pluripotency
Given that the reprogramming process involves a stochas-
tic phase of activation of pluripotency genes (Buganim
etal., 2012), we hypothesized that mouse embryonic fibro-
blasts (MEFs) harboring double heterozygous mutant al-
leles might exhibit reprogramming delay because of diffi-
culties in the activation of the core pluripotency circuitry.
To that end, secondary MEFs were established from all
the three NGFP2 double heterozygous mutant lines and
control. To initiate reprogramming, MEFs were exposed
to dox for 13 days followed by dox withdrawal for 3 more
days to stabilize any iPSC colony, and the percentage of
Nanog-GFP-positive cells was scored by flow cytometry.
NGFP2M*~ control induced MEFs exhibited the expected
approximately 2% of Nanog-GFP-positive cells by the end of
the reprogramming, while 2-independent clones from each
double heterozygous mutant line showed a complete
blockage (Figure 2A). Cell death and proliferation arrest
were ruled out, as all double heterozygous mutant and con-
trol plates stained equally to crystal violet (Figure 2B), and
alkaline phosphatase, albeit to a lesser extent, indicating re-
programming initiation (Figure 2C). By extending dox expo-
sure to 20 days, a small percentage of Nanog-GFP-positive
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cells did emerge in all double heterozygous mutant lines,
suggesting that some cells can overcome this blockage
when prolonged exposure of OSKM is triggered (Figure 2D).

We then asked whether the reprogramming defect can be
rescued by exogenously expressing the targeted genes.
Double heterozygous mutant MEFs were transduced with
either Nanog or with its corresponding targeted gene (i.e.,
Sall4, Utf1 or Esrrb) or with additional viruses encoding
for OSK and reprogramming was scored. Both Nanog or
each of the corresponding factors showed either partial or
complete rescue of the reprogramming blockage, while
additional OSK further boosted the reprogramming process
(Figures 2E, S2F, and S2G). Given that reduced levels of
ESRRB was noted in all the double heterozygous mutant
iPSClines (Figure 1D), we asked whether ectopic expression
of Esrrb can rescue all the mutant MEF lines. While addi-
tional expression of Esrrb could rescue NGFP2N*/=F+/—
and NGFP2N =Y/~ it had only a mild effect, although sig-
nificant, on NGFP2N*/=5*/~ (Figure S2H). Similarly, ectopic
expression of Sall4 rescued only some of the lines, but not
others (Figure S2I). These data suggest that the seen
blockage is not specific to a unique allele elimination, but
rather it is associated with a broader effect that can be over-
come only by high levels of pluripotent factors, such
as OSK.

We then explored whether the observed reprogramming
blockage is specific to the reprogramming by defined fac-
tors or if it would persist in other reprogramming tech-
niques, such as NT. Enucleated eggs were injected with
MEF nuclei from each of the three double heterozygous
mutant MEF lines and control. Blastocyst formation and
establishment of ESC lines were scored. Notably, while all
lines exhibited a comparable and expected efficiency in
producing blastocysts, the efficiency of ESC line derivation
was significantly lower in the double heterozygous mutant

lines compared with controls (i.e., 0%-4% vs. 11% in con-
trol lines) (Figures 2F and 2G). These results suggest that
eliminating two alleles from two distinct key pluripotency
genes impacts the somatic nucleus in a manner that hin-
ders its ability to undergo reprogramming to pluripotency.

NGFP2N*/~ double heterozygous mutant lines show an
early defect in the activation of epithelial markers

We next profiled the transcriptome of the three double het-
erozygous mutant lines and control lines (i.e., NGFP2N*/~
cells, and NGFP2N*/~ cells that were infected with empty
vector) after 6 days of reprogramming. We chose this
time point as it showed a clear reprogramming delay in
the double heterozygous mutant plates compared with
control plates. NGFP2N*~ MEFs and the parental
NGFP2N*/~ iPSCs were profiled as well. Hierarchical clus-
tering analysis showed that all the double heterozygous
mutant lines clustered together and were different from
the control lines (Figure 3A). PCA and scatterplots demon-
strate significant transcriptional changes by day 6 of re-
programming between the double heterozygous mutant
lines and controls (Figures 3B-3D). Notably, all the double
heterozygous mutant lines exhibited minimal transcrip-
tional changes both among themselves and when
compared with NGFP2N*/~ MEFs, indicating the presence
of an early reprogramming defect.

Differential expression analysis between the control
groups and all the double heterozygous mutant lines iden-
tified 294 genes (p < 0.05, 2-fold change) that are upregu-
lated solely in the control groups and 18 genes that are up-
regulated exclusively in the double heterozygous mutant
lines (Figure S3A; Table S1). GO term analysis for the 294
genes of the control groups identified “epithelial cells,”
“EMT,” “tight junction,” and “intermediate filament” as
the most enriched terms (Figure S3B), suggesting the

Figure 2. NGFP2"*/~ double heterozygous mutant MEFs show strong reprogramming inhibition either by 0SKM or by NT

(A) Flow cytometry analysis of Nanog-GFP and tdTomato-positive cells for two different clones from each of the NGFP2"*/~ double
heterozygous mutant induced cells and control after 13 days of dox followed by 3 days of dox withdrawal. Representative flow cytometry
plots are shown out of three independent reprogramming runs (n = 3).

(B and C) Crystal violet (B) and alkaline phosphatase (AP) (C) staining of whole reprogramming plates for each of the double heterozygous
mutantinduced line and control at the end of the reprogramming process. Representative stainings are depicted out of three independent
reprogramming runs (n = 3).

(D) Flow cytometry analysis of Nanog-GFP and tdTomato-positive cells for each of the NGFP2™/~ double heterozygous mutant induced
cells and control after 20 days of reprogramming. Representative flow cytometry plots are shown out of three independent reprogramming
runs (n = 3).

(E) Flow cytometry analysis of Nanog-GFP and tdTomato-positive cells of each of the NGFP2"*/~ double heterozygous mutant induced cells
and control following overexpression of the targeted gene (Sall4, Utf1, and Esrrb) at the end of the reprogramming process. Representative
flow cytometry plots are shown out of three independent reprogramming runs (n = 3).

(F) Table summarizes the efficiency (i.e., blastocyst formation and ESC derivation) of the NT experiments of MEF nuclei of the different
double heterozygous mutant NGFP2V*/~ lines. NGFP2*/~ (n = 37), NGFP2™*/~E*/~ (n = 96), NGFP2\*/—**/~ (n = 125), and NGFP2N*/—iu+/~
(n =97). Numbers outside the “/” symbol indicate different targeted clones. For example, “1/5" represents clone #1 and clone #5 for the
indicated system.

(G) Representative bright field and green channel images of NGFP2"*/~ and NGFP2"*/ "B/~ after NT. See also Figure S2.
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Figure 3. Unbiased comparative transcriptome analyses after 6 days of dox clusters NGFP2"*/~ double heterozygote lines far from
NGFP2"*/~ controls

(A) Hierarchical clustering of global gene expression profiles for two RNA-seq replicates (n = 2) for NGFP2"*/~ iPSCs, NGFP2"*/~ MEFs and
NGFP2M*/~, NGFP2"*/~ (empty vector [EV]) and the various NGFP2V*/~ double heterozygous mutant induced cells (NGFP2N*/—7 B/~
NGFP2V*/= U*/= and NGFP2"*/ =7 5**/~) after 6 days of reprogramming.

(B) PCA for genes from (A). PC1, 54%; PC2, 24%. Each line is marked by a specific color. The group names correspond with the names in (A).
Two replicates from each sample are analyzed (n = 2) and assigned a shared numerical value.

(Cand D) Scatterplot graphs compare gene expression between the indicated NGFP2™*/~ lines after 6 days of dox and controls. Blue line
shows the linear representation of the data. Black line shows the y = x line.

(legend continued on next page)
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acquisition of an epithelial identity via mesenchymal to
epithelial transition (MET). Accordingly, GRN analysis us-
ing iRegulon identified key reprogramming and MET fac-
tors such as GLIS1 (Scoville et al., 2017) and GATA2 (Shu
et al.,, 2015) as key regulators for these 294 genes (Fig-
ure S3C). GO term analysis of the 18 genes of the double
heterozygous mutant lines identified “JUND” as one of
the most significant regulators of this gene list and “seroto-
nin receptor signaling” as the most enriched pathway (Fig-
ure S3D). Of note, the AP1 family of proteins was previ-
ously suggested to act as the safeguard of the fibroblast
identity (Jaber et al., 2020; Liu et al., 2015).

Given these analysis, we examined the expression levels
of well-known fibroblastic markers (Thyl, Col5al, Postn,
and Des) and EMT regulators (Twistl, Zebl, Snai2, and
Foxc2), and noticed a comparable downregulation between
the control and the double heterozygous mutant lines
(Figures 3E and S3E). In contrast, the double heterozygous
mutant lines failed to express epithelial genes such as Cdh1,
Dsp, Epcam, Cldn4, and Cldn7, (Figures 3F and S3F), sug-
gesting late MET blockage.

Reprogramming impairment caused by double
heterozygous allele elimination is not restricted to a
system or to the identity of the modified alleles

To exclude the possibility that the observed effect is system
specific, we used additional secondary iPSC system,
NGFP1N*/~, which differs in its reprogramming efficiency,
dynamics, and factor stoichiometry (Wernig et al., 2008).

As NGFP2M/=5*/~ demonstrated the strongest delay in
pluripotency induction, we thought to eliminate one allele
of Sall4 in NGFP1™*/~ as well. Initially, we confirmed by sin-
gle molecule mRNA-fluorescence in situ hybridization (sm-
mRNA-FISH) that the strong effect seen in NGFP2N*/~5+/~
is a result of approximately a 50% decrease in the transcript
levels of Sall4 (Figure 4A).

Then, we targeted a tdTomato reporter gene into the Sall4
locus of NGFP1™/~ as described above (Figure 4B).
Correctly targeted NGFP1N*/~%*/~ iPSC colonies were vali-
dated by PCR and western blot (Figures 4C and 4D). We also
produced a Nanog KO NGFP1N"/~ line as a single KO gene
control (Figures 4E, 4F, and S4A). Secondary MEFs were pro-
duced from NGFP1™*~, NGFP1™/~*~ and NGFP1N ",
which were then exposed to dox for 13 days followed by
3 days of dox removal. Flow cytometry analysis of the
various reprogramming plates showed a clear and compara-
ble reduction in the percentage of Nanog-GFP-positive cells

in NGFP1™* =/~ and NGFP1¥~/~-induced cells compared
with control NGFP1N*/~ cells (Figure 4G). As in the
NGFP2N*/~ system, exogenous expression of Nanog rescued
NGFP1N*/=%*~  double heterozygous mutant cells
(Figures 4G and 4H).

We then asked whether the pluripotency induction
impairment seen is restricted to combinations that harbor
allele elimination of Nanog. To that end, we eliminated one
allele of Sall4 in SGFP15%*/~ line, a secondary iPSC system
that was generated in our laboratory and contains GFP re-
porter instead of one allele of Sox2. Correctly targeted
SGFP152+/=%4+/=ipSC colonies were validated by PCR, west-
ern blot, and immunostaining (Figures 41, 4], and S4B). As
expected, and differently than the NGFP2/1 double hetero-
zygous mutant lines (Figures 1D and S4C), SGFP152+/~54+/~
did not show reduction of ESRRB levels (Figure S4C). Never-
theless, a significant reduction in reprogramming effi-
ciency was noted in SGFP152*/ 754/~ cells compared with
SGFP15%*/~ controls (Figures 4K-4M). It is interesting, how-
ever, to note that while all the double heterozygous
NGFPN*/~ lines produced a negligible number of iPSCs
following 13 days of reprogramming (i.e., 0.0%-0.2%),
the SGFP15%*/~%%*/~ double heterozygous mutant cells pro-
duced approximately 2%-2.5% of iPSCs. This difference
can be explained by the levels of the Oct4 transgene that
is much higher in SGFP1%**/~ cells compared with the
NGFPN*/~ cells (Figure S4D). Taken together, these results
suggest that the reprogramming blockage seen in the dou-
ble heterozygous mutant lines is not specific to a system
nor to a combination of eliminated genes’ alleles.

Reduced early stochastic expression of the targeted
genes cannot explain the reprogramming blockage
seen in the double heterozygous mutant lines
Stochastic expression of pluripotency genes during early
stages of reprogramming was evident by multiple single-
cell studies (Buganim et al., 2012; Guo et al., 2019). Thus,
we hypothesized that the lack of two key pluripotency al-
leles in the double heterozygous mutant cells might impair
their ability to pass the early stochastic phase. To explore it,
we generated tracing system for Nanog and Sall4, as they
both exhibit high stochastic activity at early stages of re-
programming (Buganim et al., 2012).

We targeted a 2A-EGFP-ERT-CRE-ERT cassette into the 3/
UTR of Sall4 or Nanog using ESC line that contains a lox-
STOP-lox (L-S-L) cassette upstream to a tdTomato reporter
gene and M2rtTA transactivator at the Rosa26 locus

(E and F) qPCR of the indicated fibroblastic genes (E) and epithelial genes (F) in NGFP2"*/~ and the different NGFP2"*/~ double het-
erozygous mutant induced cells after 6 days of dox, MEFs, and V6.5 ESCs controls. mRNA levels were normalized to the housekeeping
control gene Gapdh. Error bars presented as a mean + SD of two duplicate runs from a typical experiment out of three independent ex-

periments (n = 3). See also Figure S3.
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(Figures 5A and 5B). Transfected colonies were sorted based
on EGFP expression and correct targeting was validated by
PCR (Figures 5C and 5D). Correctly targeted ESC clones
(i.e., RL8 for Sall4 and RL9 for Nanog) were exposed to
tamoxifen (Tam) and the percentage of tdTomato-positive
cells was scored by flow cytometry (Figures 5E, S5F, and
S5A-S5D), demonstrating high L-S-L cassette removal
efficiency.

To correlate the stochastic expression of the targeted al-
leles to the observed delay, most induced cells should
show some activation of the targeted alleles at early time
point of reprogramming.

MEFs produced from Sall4 and Nanog tracing ESC sys-
tems were transduced with dox-inducible OSKM cassette
and tdTomato activation was assessed in the induced cells
after 6 days and after 13 days of reprogramming followed
by 3 days of dox removal. Only up to 0.24% of the Sall4
tracing cells and up to 0.62% of Nanog tracing cells were
tdTomato-positive at day 6 of reprogramming, ruling out
the possibility that Sall4 or Nanog stochastic expression
early in reprogramming is responsible for the observed
blockage (Figures 5G-5I and 5J-5L). In addition, 7.42% of
SALL4-2A-EGFP in conjunction with 7.96% of tdTomato-
positive cells for the Sall4 tracing system and 2.8% of
NANOG-2A-EGFP together with 6.7% of tdTomato-posi-
tive cells for the Nanog tracing system at the end of the re-
programming process confirmed successful reprogram-
ming (Figures 5SM and 5N). We also explored the ability
of NANOG or SALL4-positive cells (i.e., tdTomato cells) to
mark reprogrammed cells. On day 6 of reprogramming,
tdTomato-positive cells were sorted and reseeded on a
feeder layer for continuous reprogramming with dox and

Tam. Indeed, both NANOG and SALL4 demonstrated sig-
nificant enrichment for reprogrammed cells (Figures SSE-
SSH). In conclusion, this set of experiments, challenges
the notion that reduced stochastic expression of the tar-
geted pluripotent alleles is responsible for the early reprog-
ramming blockage.

Methylation abnormalities in the double

heterozygous mutant fibroblasts is correlated with
reprogramming impairment

The fact that additional exogenous expression of OSK fac-
tors rescued the phenotype of the double heterozygous
mutant cells (Figure S2G) suggests that epigenetic abnor-
malities, rather than the elimination of the targeted alleles
themselves, are responsible for the observed blockage.
Given the crucial role of DNA methylation in reprogram-
ming, we hypothesized that the double heterozygous
mutant MEFs might harbor abnormal DNA methylation
that hinders their ability to undergo reprogramming. To
test this hypothesis, SGFP15%*/~%%/~ MEFs and control
SGFP152*/~ MEFs were subjected to reduced representation
bisulfite sequencing (RRBS).

Methylation analysis revealed that the two MEF lines are
very similar in regard to their CpG-enriched methylation
landscape, suggesting that overall the double heterozygous
mutant cells harbor a correct fibroblastic methylation land-
scape, comprising of approximately 1,900,000 sites, that
are shared with the control MEFs. However, read counts
did vary between samples and so did reads per site, clus-
tering them as two different groups (Figure 6A). Differen-
tially methylated regions (DMRs) were defined as CpG sites
of consecutive tiles that are 100-bp long in size, include at

Figure 4. NGFP1"*/~ double heterozygous mutant MEFs and Nanog KO MEFs show strong reprogramming inhibition
(A) sm-mRNA-FISH directed toward Sall4 transcripts in 57 NGFP2V*/~ single iPS cells (n = 57) and 49 NGFP2M*/~% S*/~ single iPS cells

(n = 49).

(B) Schematic representation of the KI/KO targeting strategy for replacing one allele of Sall4 with tdTomato in NGFP1™/~ and SGFP15%*/~,
(C) PCR analyses for transfected NGFP1"*/~ iPSC clones demonstrate correct targeting events (red arrows).
(D) Western blot analysis demonstrates a reduction of approximately 50% of the protein levels of SALL4 compared with NGFP1“*/~

controls.

(Eand F) NGFP1M*/~ iPSCs were transfected with CRISPR/Cas9 and gRNA against Nanog to produce Nanog KO NGFP1N =/~ line. Western blot
analysis (E) and immunostaining (F) demonstrate a complete loss of NANOG in the KO Lline.
(G) Flow cytometry analysis of Nanog-GFP-positive cells in NGFP1V*/~, NGFP1N*/ =5/~ NGFP1"~/~ and following overexpression of Nanog

after 13 days of dox followed by 3 days of dox removal.

(H) Graph displays the percentages of Nanog-GFP-positive cells following 13 days of dox and 3 days of dox removal in the indicated lines,
or after Nanog overexpression. Data are derived from three independent reprogramming experiments (n = 3) or two for Nanog over-
expression (n = 2). ***p = 0.0006 using a two-tailed unpaired t test calculated by GraphPad Prism (8.3.0).

(I) PCR validation for SGFP152*/~% 5%*/~ (lones. Red arrows mark targeting events.

(J) Western blot analysis detects SALL4 levels in SGFP15%*/~ and SGFP1%%*/~* 3**/~ jpS(s,

(K) Flow cytometry analysis of Sox2-GFP-positive cells for SGFP152*/~ and SGFP1%%*/~ **/~ after 13 days of dox and 3 days of dox

withdrawal.

(L and M) Graphs display the percentages (L) or colony number (M) of Sox2-GFP-positive cells for SGFP152*/~ and SGFP15%*/ 54/~ after
13 days of dox and 3 days of dox withdrawal. Error bars indicate standard deviation between three independent experiments/replicates (n
=3). **p =0.0038, ***p = 0.0003 using a two-tailed unpaired t test calculated by GraphPad Prism (8.3.0). See also Figure S4.
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Figure 5. Sall4 and Nanog tracing systems cannot explain the reprogramming blockage observed in the double heterozygous

mutant cells
(A and B) Schematic representation of the targeting strategy to introduce a 2A-EGFP-ERT-CRE-ERT cassette into the Sall4 locus (A) orinto

the Nanog locus (B).
(Cand D) PCR validations for targeted colonies demonstrate correct targeting band size for Sall4 (C) and for Nanog (D) using both 5" and 3’

regions of the incorporation point. Black arrows depict correct targeting events. NC, negative control.

(legend continued on next page)
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least 15 reads and show at least 20% methylation differ-
ences between the two MEF lines. All DMRs were adjusted
to p value of 1e-3 or lower. This analysis yielded two groups
of DMRs: (i) 1,263 tiles that are more methylated and (ii)
1,384 tiles that are less methylated in the double heterozy-
gous mutant MEFs compared with controls (Figures 6B and
6C). We then associated each DMR to its neighboring gene
and ran GO term analysis. Interestingly, many of the DMRs
were found to be associated with “loss of function of Oct4”
and are associated with “Hippo signaling” (Figures 6D and
6E), suggesting that the loss of the indicated two pluripo-
tency alleles in the pluripotent state might result in
abnormal differentiation and DNA methylation later on
in their somatic cell derivatives.

To confirm that DNA methylation abnormalities is
responsible for the reprogramming delay, double heterozy-
gous mutant MEFs from all systems were treated for two
days with 5-Aza-2'-deoxycytidine (5’azaDC) and reprog-
ramming experiments were carried out. In agreement
with the RRBS results, treatment of 5’azaDC rescued the re-
programming defect (Figure 6F).

We then correlated the 1604 differentially expressed genes
identified through the comparison between NGFP2N*/~
control iPSCs and the double heterozygous mutant iPSC
lines (Figure S2D) with the genes affected by methylation
in SGFP15%*/~%%*/~ MEFs. A significant overlap was
observed, with 53 genes displaying hypermethylation and
69 genes showing hypomethylation in SGFP15%*/~5%+~
MEFs (p < 0.00001) (Figures S6A and S6B; Table S1). This
overlap was particularly enriched in pathways governing
fibroblastic identity, such as “MEFs,” “FGF signaling,” and
“fibrosis,” and was further associated with regulation by plu-
ripotency factors such as “OCT4,” “TCF3,” “SOX2,” and
"NANOG" (Figures S6C and S6D). GRN analysis conducted
for both gene lists identified the pluripotency factor OCT4
as a major regulator of the 53 hypermethylated genes, along

with the TGFP protein member SMAD1 and the homeobox
protein member NKX2-1. Furthermore, the analysis pin-
pointed on critical early developmental factors such as
PAX2, FOXA1, E2F1, and the homeobox protein CDX4 as
major regulators for the 69 hypomethylated genes
(Figures S6E and S6F). These findings collectively suggest
that reduced pluripotency gene levels during the pluripo-
tent state may lead to methylation abnormalities in regions
critical for the function of somatic cell derivatives, and this
process is mediated by both pluripotent and key develop-
mental regulators.

DISCUSSION

PSCs in 2i/L culture are less affected by differentiation cues
due to robust inhibitor-based protection. Conversely, those
in /L conditions are more prone to differentiation signals,
resulting in greater transcriptome heterogeneity. In this
scenario, any pluripotency gene expression dysregulation
can disrupt pluripotency maintenance, potentially
affecting somatic cell derivative development.

Here, by using PSCs as a tested model we aimed to under-
stand how reduced levels of pluripotency genes affects
cell’s function. We deleted a single allele from various
combinations of two pluripotency genes (i.e., Nano-
g77;8all4*/~, Nanog*~;Esrrb*'~, Nanog"~;Utfl*/~, and
Sox2*/~;Sall4*'~) and used different PSC systems to exclude
any system-specific effect.

Interestingly, while examination of the developmental
potential of the cells did not reveal a significant difference
between the double heterozygous mutant cells and their
parental controls, fibroblasts derived from the double het-
erozygous mutant pluripotent cells demonstrated a strong
delay in their capability to induce pluripotency either by
transcription factors or by NT. The poor reprogramming

(E and F) Representative bright field, RFP, and GFP channel images for the Sall4 (E) or Nanog (F) tracing systems before and after Tam
addition.

(G) Flow cytometry analysis of tdTomato-positive RL8 induced cells that were infected with dox-inducible OSKM vectors and exposed to
dox with or without Tam for 6 days.

(H) Graph summarizes the percentages of tdTomato-positive cells of the Sall4 tracing system after 6 days of dox with or without Tam. Error
bars indicate standard deviation between 7 independent experiments/replicates (n=7). ****p <0.0001 using a two-tailed unpaired t test
calculated by GraphPad Prism (8.3.0).

(I) Bright field and RFP channel images of tdTomato-positive cells from the Sall4 tracing system after 6 days of dox and Tam addition.
(J) Flow cytometry analysis of tdTomato-positive RL9 induced cells that were infected with dox-inducible 0SKM vectors and exposed to dox
with or without Tam for 6 days.

(K) Graph summarizes the percentages of tdTomato-positive cells of the Nanog tracing system after 6 days of dox with or without Tam. Error
bars indicate standard deviation between 6 independent experiments/replicates (n=6). ****p <0.0001 using a two-tailed unpaired t test
calculated by GraphPad Prism (8.3.0).

(L) Bright field and RFP channel images of tdTomato-positive cells from the Nanog tracing system after 6 days of dox and Tam addition.
(Mand N) Flow cytometry analysis of tdTomato and SALL4-2A-EGFP-positive cells (M) or NANOG-2A-EGFP-positive cells (N) after 13 days of
0SKM induction in the presence of dox and Tam followed by 3 days of dox withdrawal. Representative flow cytometry plots are shown out of
7 or 6 independent reprogramming runs (n = 7 for Sall4 and n = 6 for Nanog tracing). See also Figure S5.

Stem Cell Reports | Vol. 18 | 2174-2189 | November 14,2023 2185

'O‘
©



SGFP1S2/* SGFP1S2/+S4+- SGFP1S2H* SGFP{S2/+S4t-
oo b2 3 1 2 3 1 2 3 1.2 3

50%

(9] (72}
Q — 0
o 5
© ——— 00
g —
0%
¥ 3 3 RS ¥ ¥
i 3 3 4 4 8
+ + + re b ~—
Ry & o Q. Q. Q.
N o N e . I
: = & 8 82 8 —
L L L i
8 g)ﬂ % 45% 48% 47% 73% 72% 73% 73% 72% 73% 47% 48% 46%
C D .
TF-LOF expression from GEO
100
g Oct4 LoF inembryonic stem cells (p =0.004682)
fa 1
3 = Smarcc2 LoF in embryonic cortex (p = 0.01)
@ 80+ o - .
3 - Cdkn1b LoF in embryonic fibroblasts
%) [0
o ® Prdm1 LoF in small intestine
L 60- >
8 % TP63 LoF in squamous epithelia
c € inT-
5 404 S Chbfb LoF in T-Reg
© o =
= 2 Myc LoF in heart
"-C_' —
g 204 8 Oct4 LoF in embryonic stem cells
g 8 Egr1 LoF in retina
>
L Zfx LoF in embryonic stem cells

0

0 20 40 60 80 100
Tile methylation (SGFP152-%)

E F

% WikiPathway 2021 " 25+ ek

; R oS OnalnoU A O 000 N g, | .

& -rization :‘g 15

% [BEVBIBBE  of puimonary dendritic cells and macrophage D‘.:' v = =R
o -nt of ureteric collection system 6

OE: -ingolipid metabolism © 5 Q

% -factor NOVA regulated synaptic protein = ﬁ - :F

g -Merlin signaling dysregulation 5'azaDOC- -+ - 4 -+ - 4+ -+
% -controlling nephrogenesis \\\X\’,?x\’ {LX\‘_?’A*\’ ‘\X\;g/*\’ \\\*\’,‘\y\’ \\\*\’.g,*\’
g-sruptlon of Shh signaling \\\O??'\%O??,\% V\O??'L \AO??rL $O??'L
I

(legend on next page)

2186 Stem Cell Reports | Vol. 18 | 2174-2189 | November 14, 2023



efficiency observed between the various pluripotent stem
cell systems ranged from a complete blockage at the MET
transition (NGFP2 line) to a later blockage at the stabiliza-
tion step just before the acquisition of pluripotency
(NGFP1 and SGFP1 lines).

Given that the affected genes were shown to play a major
role during the stochastic phase of the reprogramming pro-
cess, we examined the possibility that reduced stochastic
expression of the targeted genes hinders the capability of
the cells to pass the stochastic phase and to induce plurip-
otency. To support this hypothesis, one should show that
the activation of the Sall4 or Nanog allele is a frequent event
and occurred in most induced cells at early stages of reprog-
ramming. Using tracing systems for Nanog and Sall4 we
show that, only a small number of induced cells could acti-
vate the targeted alleles following 6 days of factor induc-
tion, suggesting that reduced stochastic expression of these
genes is not responsible for the global reprogramming
delay seen in the double heterozygous mutant cells.

Additional expression of multiple pluripotent genes (e.g.,
Sall4, Nanog, Utfl, Esrrb, and OSK) can either partially or
fully rescue the observed blockage; thus, we next hypothe-
sized that epigenetic barrier in the double heterozygous
mutant fibroblasts may cause the observed delay. Indeed,
CpG-enriched DNA methylation analysis demonstrated a
clear difference in the DNA methylation levels in regions
within pluripotent and developmental genes between the
two fibroblast lines, suggesting that even a 50% reduction
in the levels of two pluripotent genes is sufficient to induce
aberrant DNA methylation during development. In fact,
although Oct4 expression was unaffected in the iPSCs,
GO enrichment analysis of the derived MEFs revealed the
loss of Oct4’s core pluripotency function. This discrepancy
can be attributed to the reduced levels of key pluripotent
genes in the iPSCs, including Nanog, Sox2, Sall4, and Esrrb,
which are known to regulate the core DNA methylation
machinery (Adachi et al., 2018; Shanak and Helms, 2020;
Tan et al., 2013).

These findings may have implications beyond their
impact on pluripotency and reprogramming. Our data indi-
cate that even a 50% reduction in the levels of two pluripo-
tent genes can have significant consequences during em-
bryonic development. This mechanism may provide
valuable insights and potential explanations for unresolved
cases of spontaneous abortion or improper development.

Fluorescent reporter genes are a widely used tool in science
tomonitor the activity of a gene, regulatory element, or other
elements in the genome. One of the most common ap-
proaches to introduce a reporter gene in a locus-specific
manner is by the KI/KO approach. In this technique, the
genomic sequence of the element of interest is being re-
placed by the coding sequence of the reporter gene, leaving
only one intact allele of the targeted element. Our research
highlights the potentially harmful impact of eliminating
even a single allele within targeted cells. Consequently,
exploring alternative techniques like self-cleavage peptides
2A and the internal ribosome entry site for introducing a
reporter gene into the gene of interest, without disrupting
the gene’s coding sequences, offers notable benefits. Collec-
tively, our findings underscore the importance of maintain-
ing two intact alleles for ensuring optimal cellular
functionality.
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The accession number for the RNA-seq data for the various
NGFP2M~ double heterozygous mutant and control iPSC lines

Figure 6. DNA methylation abnormalities in the double heterozygous mutant fibroblasts hinder the reprogramming process

(A) Dendrogram for SGFP152*/~ MEFs and SGFP152 */+*/~ MEFs based on the level of relative change observed at CpG sites with a threshold
of 10 reads per site. For each sample, three independent biological replicates are analyzed (n = 3).

(B) Heatmaps display DMRs (20%) in the indicated samples. Each tile (100 bp) is filtered to include at least 15 reads. p < 0.001. For each
sample, three independent biological replicates are analyzed (n = 3).

(C) Scatterplot analysis (average of 3 replicates, n = 3) shows all the DMRs between SGFP152*/~ MEFs and SGFP152*/~*/~ MEFs. Stained tiles
are associated with genes that are related to pluripotency and development and are significantly more methylated in SGFP15%*/4*/~ MEFs
(red) or in SGFP1%%*/~ MEFs (green).

(D and E) GO term enrichment analysis using different categories of EnrichR for hyper- or hypomethylated DMRs (D) or hypomethylated
DMRs (E) in SGFP152*/-54*/= MEFs,

(F) Bar plot graph displays the percentage of GFP-positive cells in the indicated samples after 13 days of dox and 3 days of dox removal with
and without prior treatment of 5'azaDC for two days. Boxes indicate 50% (25-75%) and whiskers (5-95%) of all measurements, with
middle lines depicting the medians. Data are derived from six to nine independent reprogramming runs (n = 6-9). *p = 0.0127, **p =
0.0069, ***p = 0.0001, ****p < 0.0001 using a two-tailed unpaired t test calculated by GraphPad Prism (8.3.0). See also Figure S6.
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is "GEO: GSE182009". The accession number for the RNA-seq for
NGFP2N*/~ double heterozygous mutant and control MEF lines af-
ter 6 days of reprogramming and RRBS for the SGFP15%*/~ and
SGFP152+/=5%/= primary MEFs is "GEO: GSE192655".

Experimental model and subject details

This research was performed in compliance with the joint ethics
committee (IACUC) of the Hebrew University and Hadassah Med-
ical Center. The Hebrew University is an AAALAC international ac-
credited institute.

Quantification and statistical analyses

Statistical analysis was performed by 2-tailed unpaired t test calcu-
lated by GraphPad Prism (8.3.0). All data are presented mean + SD.
p < 0.05 was considered statistically significant. Sufficient sample
size was estimated without the use of a power calculation. Data
analysis was not blinded.
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