Cell Reports

Culture conditions of mouse ESCs impact the tumor

appearance in vivo

Graphical abstract

Serum-based condition Chemical-based condition

S/L 2i/L,a2i/L,LCDM,2i/L-F
mESC i mESC
Fusmn
~~—_AAAAN
]
J"Q_//AAAAn J—> ~T~—_—AAAAN
Hox genes, 2C genes Hox genes, 2C genes
TEC )

Pups (30 %) \> (7-21 %)

rinted genes = | inted
Imp ?I? t? {i gen / 1’.5 2 years \ mpr# :T genes
uil ) I
Highlights

e Culture conditions affect ESC pluripotency and long-term
differentiation potential

e Conventional serum/Lif ESC cultures produce healthy pups
at the highest rate

e ESC-derived pups, apart from S/L, develop tumor-like
structures later on

e Chemical-based media suppress Hox family genes and
imprinted genes

Tian et al., 2023, Cell Reports 42, 112645
June 27, 2023 © 2023 The Authors.
https://doi.org/10.1016/j.celrep.2023.112645

Authors

Chenglei Tian, Jing Wang, Xiaoying Ye, ...,
Jichang Wang, Guoping Fan, Lin Liu

Correspondence

wangjch53@mail.sysu.edu.cn (J.W.),
guopingfan@gmail.com (G.F.),
liulin@nankai.edu.cn (L.L.)

In brief

Tian et al. found that culture conditions
affect ESC pluripotency and long-term
differentiation potential. Conventional
serum/Lif ESC cultures produce more
healthy pups than do chemical-based
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based media prompt the development of
atypical teratomas later on. Chemical-
based media suppress Hox family and
imprinted genes.
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SUMMARY

Various culture conditions by small molecules have been explored to extend pluripotency of stem cells, but
their impacts on cell fate in vivo remain elusive. We systematically compared the effects of various culture
conditions on the pluripotency and cell fate in vivo of mouse embryonic stem cells (ESCs) by tetraploid em-
bryo complementation assay. Conventional ESC cultures in serum/LIF-based condition produced complete
ESC mice and also the survival to adulthood at the highest rates of all other chemical-based cultures. More-
over, long-term examination of the survived ESC mice demonstrated that conventional ESC cultures did not
lead to visible abnormality for up to 1.5-2 years, whereas the prolonged chemical-based cultures developed
retroperitoneal atypical teratomas or leiomyomas. The chemical-based cultures exhibited transcriptomes
and epigenomes that typically differed from those of conventional ESC cultures. Our results warrant further
refinement of culture conditions in promoting the pluripotency and safety of ESCs in future applications.

INTRODUCTION

Mouse embryonic stem cells (NESCs) were originally established
by culture in serum/LIF in the presence of feeder cells." Notably,
these conventional embryonic stem cell (ESC) cultures exhibit
heterogeneous expression of pluripotent genes and sporadically
enter a two-cell-like state as shown by expression of Zscan4 for
telomere elongation® as well as by fluctuation of endogenous
retrovirus activity.® There has been intensive interest in pursuing
extending pluripotency of ESCs or pluripotent stem cells (PSCs)
for maximizing their potential clinical therapy in regenerative
medicine. During the exploration of simplified cultures without
serum and feeders, excitingly, 2i (MEK and Gsk3 inhibitors)/LIF
can also maintain pluripotent mESCs and further promote to
ground state by inducing relatively homogeneous expression of
pluripotent genes.” Further refinement of the 2i/LIF medium by
replacement of the Mek1/2 inhibitor with an Src inhibitor (a2i/
LIF) preserves the epigenetic and genomic integrity as well as
the developmental potential of MESCs.*® These mESCs exhibit
the potential to develop into three embryonic germ layers. Mean-
while, extending pluripotency by a chemical cocktail enables the
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developmental potential of both embryonic and extraembryonic
lineages.” Tetraploid embryo complementation (TEC) for sup-
porting extraembryonic development assay demonstrates that
mESCs are able to develop into all cell types in an entire organism
as shown by complete ESC mice and has been commonly
accepted as the most stringent test of developmental pluripo-
tency of PSCs.? All these various ESC cultures can generate
complete ESC pups by TEC assay, demonstrating that
they are developmentally pluripotent, including conventional
ESC cultures in serum/leukemia inhibitory factor (LIF) in the pres-
ence of feeders"®'" and also iPSCs,'"'® chemical-based
ESC cultures such as 2i/LIF (LIF+CHIR99021+PD0325901)
or a2i/LIF (LIF+CHIR99021+CGP77675),"%'"'* and LCDM
(LIF+CHIR99021+Dim+Mih) cultures.”'® However, direct com-
parisons of the effects of various culture conditions on develop-
mental potential and the cell fate in vivo of ESCs from the same
genetic background in live animal models have not been exam-
ined for the longer term.

On the other hand, there have been concerns about the risk of
teratoma formation and tumorigenesis in ESC derivatives,®2°
but effectively testing the concerns requires appropriate models.
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While the directed differentiation and cell transplantation and
tracing have been informative in assessing the specific cell line-
age, fate, and function,”' ESC mice derived by the TEC method
could provide an appropriate model for evaluating the long-term
fate and function of ESCs at the whole-organismal levels. Here,
we generated complete ESC mice through TEC assays of
various ESC cultures, including serum/LIF-based and chemi-
cal-based conditions, and examined the health status of the
mice for between 1.5 and 2 years.

RESULTS

Derivation and maintenance of mESCs at various culture
conditions

We derived ESCs from the same mouse genetic background and
maintained the ESC cultures under conventional serum/LIF and
feeder conditions (S/L),"%?2 2i or a2i with feeders (2iL or a2iL)°
or without feeders (2iL-F) for achieving ground state,” or LCDM-
based condition for extended PSCs (EPSCs)’ (Figures 1A, S1A,
and S1B). The ESC lines #3 and #5 represented two biological re-
peats of independent experiments. Side-by-side comparisons of
molecular markers for conventional mESCs, ground-state ESCs
and EPSCs showed that these ESCs highly and ubiquitously ex-
pressed pluripotent Oct4 protein, regardless of conventional, 2i,
a2i, or LCDM-based cultures by immunofluorescence (Figure 1B).
Expression of Nanog varied among various culture conditions.
Nanog was homogenously expressed in LCDM and 2i cultures
but heterogeneously expressed in conventional ESC and a2i cul-
tures. Interestingly, the cell surface marker SSEA1, typical for
naive pluripotency, was expressed at higher levels in ESCs under
conventional S/L and LCDM culture conditions, unlike that of 2iL,
a2iL, and 2iL-F cultures (Figure 1B).

Efficiency and survival of the ESC mice completely
produced by TEC

To assess the developmental potential of pluripotent ESCs, we
generated all ESC mice by TEC assay from various ESC cultures
at passage 5 or 10. Side-by-side functional comparisons of con-
ventional ESCs, ground-state ESCs, and EPSCs showed that
various ESCs by passage 5 (P5) produced all-ESC-derived fertile
pups via TEC (Figures 2A and 2B). Conventional ESCs produced
full-term ESC pups at an efficiency of 30.0%, significantly higher
(p < 0.05) than that of 2iL, a2iL, or LCDM cultures on the feeder
cells, respectively. Moreover, all ESC pups produced from con-
ventional ESCs survived to adulthood (count at about 1 month
old), but about half of the ESC pups from 2iL, a2iL, or LCDM-
based cultures failed to survive to adulthood. The survival rate
of the mice from those chemical-based cultures also was lower
(P < 0.05 or 0.01) than that of serum/LIF-based cultures
(Figure 2A).

We further compared the efficiency in the production of ESC
mice and their survival to the adulthood by various cultures at
passage 10. Conventional ESCs at passage 10 produced full-
term ESC pups at an efficiency of 12.1%, not different from
that of 2iL- or a2iL-based medium, respectively, but higher
than (p < 0.05 or 0.01) those of 2iL-F and LCDM cultures
(Figures 2A and 2B). While the survival rate of ESC mice from
aziL cultures (8.6%) did not differ from that of serum/LIF cultures,
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no pups survived to adulthood from ESCs of 2iL and LCDM
cultures.

The juvenile mice that failed to survive did not exhibit visible
abnormality and did not develop any tumors/teratomas by
dissection. All ESC pups were validated by microsatellite gen-
otyping, indicating their originality of the ESCs but not of donor
mice providing tetraploid embryos (Figure 2C). The ESC mice
had germline competence as shown by producing healthy
offspring (Figures 2A and 2D). In addition, EPSCs from LCDM
cultures can generate all-ESCs mice with germline capacity
through single-cell injection by TEC assay (our prelimi-
nary data).

Previously, ESCs in C57BL/6JxCBA genetic background at
early passages maintained under S/2i/L condition could
generate live-born pups. However, the ESC pups failed to sur-
vive to adults. Moreover, the ESCs after extended cultures under
S/2i/L condition could not give rise to live-born pups.'’ These
data are consistent with those of the 2i condition of ESCs in
another genetic background reported here (Figure 2A), indicating
that prolonged 2i cultures impair healthy development regard-
less of the serum. ESC mice also could be produced by TEC
assay from a2iL cultures for more than 10 passages.® Failure in
producing all ESC mice from prolonged 2i cultures was attrib-
uted to the chromosomal instability resulting from sustained
genome-wide hypomethylation.® These results implied that pro-
longed cultures in chemical-based media could impair develop-
mental potential.>® However, the conventional ESCs generate
ESC mice by TEC assay at higher efficiency and higher survival
rate, compared with those of ESCs maintained in the chemi-
cal-based media.

Tumor-like structure formation in ESC mice produced
from ESCs maintained in chemical-based cultures

The ESC mice were raised for up to 2 years for further examina-
tion of their health. When all ESC mice grew to 1.5-2 years
old, surprisingly, all 9 ESC mice produced from ESCs maintained
in chemical-based cultures for ground state or extended
pluripotent state formed retroperitoneal tumor-like structures
(Figures 3A and 3B), whereas all seven ESC mice produced
from conventional ESCs cultured in serum/LIF on the presence
of feeders did not exhibit any visible abnormality. The diameter
of the tumor-like structures was about 0.7-1.5 cm, and the diam-
eter of tumors formed in ESC mice from LCDM cultures ap-
peared to be relatively dark red and larger (Figure 3B). As all
the four groups of chemical-based media produced similar tu-
mor-like structures and shared CHIR99021 to activate Wnt
signaling, we combined these groups for comparison of tumor-
like formation with that of serum/LIF-based media. By statistics
analysis using Fisher’s exact test, the frequency of tumor-like
structures formed from chemical-based cultures differed signif-
icantly (p < 0.0001) from that of conventional ESC cultures
(Figure 3C).

To discern the nature of tumor-like structures developed in the
ESC mice from ground-state ESCs or EPSCs, we performed
H&E staining of the sections and compared them with the tera-
tomas formed at approximately 1 month by standard teratoma
assay for the differentiation capacity following subcutaneous in-
jection of ESCs into immunodeficient mice. Standard teratoma
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Figure 1. Comparison of various ESC cultures

(A) Representative morphology of mMESCs maintained at various pluripotent states by cultures in various conditions at passage 10 (P10) under bright-field with
phase-contrast optics. #3 and #5 represent two biological repeats of ESC lines derived from different ESC clones. Scale bar, 100 pm.
(B) Immunofluorescence microscopy of pluripotent markers, Oct4, Nanog, and SSEA1, showing the expression pattern in ESCs at P10 under various culture

conditions. Scale bar, 20 um. See also Figure S1.

formation contained three embryonic germ layers in the sections
(Figure S2A), which are typically marked by Blll-tubulin for
neuronal ectoderm, alpha-smooth-muscle actin (2SMA) for
mesoderm, and o-fetoprotein (AFP) for endoderm (Figure S2B).
Nevertheless, tumor-like structures or teratomas that developed
in the ESC mice did not exhibit obvious neuronal ectoderm by
lack of Blll-tubulin immunofluorescence, nor endoderm differen-
tiation by AFP staining, except for the LCDM tumor (Figure S2B).
One of prominent structures in the tumor-like structures of the
ESC mice manifested robust aSMA staining, indicative of myo-
cytes, vascular smooth-muscle cells, or myofibroblasts around
the inside of the tumor-like structures from 2iL or a2iL ESCs or
mixed in the tumor of LCDM ESC-derived mice, quite similar to
the mesoderm lineage in the standard teratomas (Figures 3D,
3E, S2, and S3). Furthermore, we characterized the tumor-like
structures using additional markers glial fibrillary acidic protein
(GFAP) for detecting astrocytes and glial cells,® and P63 for
epidermal development of ectoderm.?* The standard teratomas
were stained by typical GFAP filament structures and nuclear or
cytoplasmic P63, and the tumor-like structures from ESC mice

did not have GFAP filaments but expressed nuclear or cyto-
plasmic P63 (Figure S4).

Collectively, these data show that extending pluripotency by
prolonged cultures in chemical-based media not only compro-
mises the full-term developmental potential of ESCs and survival
of the pups but also can lead to formation of atypical teratomas
or leiomyomas in the derived ESC mice that contain mesoderm,
epidermal ectoderm, and occasionally endoderm.

Distinct transcriptome profile of various ESC cultures

To understand the molecular basis for the differences in the
developmental pluripotency and formation of the atypical tera-
tomas, we performed systematic comparative analysis of
various ESC cultures by RNA sequencing (RNA-seq), exome
sequencing, assay for transposase-accessible chromatin with
sequencing (ATAC-seq), and telomere measurement. The
genome-wide gene expression profile could distinguish the five
different ESC cultures (Figure 4A). Expression levels of pluripo-
tency genes varied among the five culture conditions (Figure 4B).
Oct4 and Dppa4 mRNA levels did not differ among them. While
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Figure 2. Developmental potential of ESCs by TEC assay
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(A) Summary of the ESC mice produced by TEC of various ESC culture conditions at P5 and P10. Ten ESCs were injected into the tetraploid blastocysts made and
developed from the fusion of two-cell embryos of albino ICR mice, followed by embryo transfer. MEFs served as feeder cells. Statistics by chi-squared test or
Fisher’s exact test to examine the differences in the live efficiency at full term or the survival to the adulthood from chemical-based cultures, compared with S/L-
based cultures. *p < 0.05; *p < 0.01; ns, not significant. Details are provided in Table S1.

(B) ESC pups created by TEC exhibit black coat color.

(C) Microsatellite genotyping analysis showing contributions of ESCs, but not ICR TEC embryos, to the produced pups. Upper is D12Mit136 and lower is D8Mit4.
(D) ESC mice generated by TEC assay and the germline competence as shown by offspring (coat color in black) produced from the ESC mice of various ESCs at
P5 and P10. ESC mouse (indicated by white arrow) was crossbred with albino mouse. See also Figure S1 and Table S1.

some pluripotent genes (e.g., Dppa2, Lin28a) were expressed at
higher levels, others, such as Sox2, Tbx3, Nanog, Essrb, and
KIf5, expressed at relatively lower levels in S/L ESCs compared
with those of chemical-based cultures. Nanog protein was highly
expressed in LCDM and 2iL cultures but expressed at relatively
lower levels in conventional ESC and a2ilL cultures, while Lin28a
expression exhibited the opposite pattern (Figure 4C). Like
mRNA expression, protein levels of Dnmt3a/b appeared to be
lower in the 2iL and a2iL cultures compared with conventional
serum-based cultures (Figure 4D). Lower Dnmt3a protein levels
were also found in a2iL and LCDM than in S/L cultures. Consis-
tently, conventional ESC cultures exhibited 5-methylcytosine

4 Cell Reports 42, 112645, June 27, 2023

(5mC) at a higher level than those of chemical-based cultures,
despite relatively stable lower 5-hydroxymethylcytosine (5hmC)
levels in all cultures (Figure 4E), further verifying the global hypo-
methylation in the 2i-based cultures.®®

By Kyoto Encyclopedia of Genes and Genomes (KEGG)
enrichment analysis of differentially expressed genes (DEGs),
several essential signaling pathways differed between S/L and
chemical-based ESCs (Figure 4F). The actin cytoskeleton regu-
lation and p53 signaling pathways were notably downregulated
in ESCs maintained in chemical-based media, unlike the
serum-based ESC cultures (Figure 4G). Proteome analysis also
revealed that proteins of integrin and focal adhesion and
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Figure 3. Tumors/teratomas developed in ESC mice produced from chemical-based ESC cultures

(A) While all 9 ESC mice produced from 2iL, a2iL, or LCDM cultures developed tumors, none of the 7 ESC mice produced from conventional ESCs cultured in
serum/LIF with feeder (S/L) showed tumors by the age of 18-24 months.

(B) Morphology of tumors collected from intraperitoneal wall of ESC mice produced from ESCs maintained by various chemical inhibitors. Scale bar, 1 cm.
(C) Statistics by Fisher’s exact test to examine the differences in the tumor-like formation between S/L-based and chemical-based cultures. ***p < 0.0001. Given
that all the 4 chemical-based cultures produced similar tumor-like structures and contained CHIR99021 to activate Wnt signaling, these cultures were combined
for comparison of tumor-like formation with that of serum/LIF-based media.

(legend continued on next page)
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signaling proteins involved in the actin cytoskeleton regulation
are enriched in S/L ESCs.?® In response to the genotoxic
stresses, a primary role of p53 in PSCs is to induce the differen-
tiation of PSCs and inhibit pluripotency; the roles of p53 in
cellular metabolism might also contribute to genomic stability
of PSCs by limiting oxidative stress.”®

On the other hand, pathways involved in metabolism, such as
the tricarboxylic acid (TCA) cycle, pentose phosphate pathway
(PPP), glycolysis, and biosynthesis of amino acids, were upregu-
lated in the chemical-based ESC cultures (Figures 4G and S5C).
GSK3 inhibition by CHIR99021 promotes mitochondrial respira-
tion in human ESCs.?” To validate the effect of chemicals on
ESCs at the protein expression level, we conducted a proteome
analysis using published data from a previous study.® A high de-
gree of agreement in the fold changes in gene expression was
found between transcriptome (RNA-seq) and proteome analyses
(Figure S5A). Specifically, when comparing the chemical-based
ESCs (2iL) with S/L ESCs, 76.1% of the downregulated genes
and 76.7% of the upregulated genes showed consistent expres-
sion changes at both the RNA and protein levels (Figure S5B).
The observed discrepancies in gene expression changes likely
suggest the presence of post-transcriptional regulation mecha-
nisms. Moreover, the proteome analysis confirmed the downre-
gulation of the actin cytoskeleton pathway and the upregulation
of metabolic pathways in the chemical-based ESCs (2iL) (Fig-
ure S5C). In support, the 2i condition elevates mammalian target
of rapamycin (mTOR), mitochondrial protein components, and
metabolism.?®

Also, Hox family genes, particularly Hoxa/b genes, were
generally expressed at higher levels in S/L ESCs relative to the
ground state or extended ESCs maintained by chemicals (Fig-
ure 5A). Hox genes are major regulators of animal development
and drive stem cell differentiation.?®*° BMP4-Smad signaling
pathway is involved in Hox genes expression.?? Interestingly,
BMP4 signaling, important for suppression of ESC differentia-
tion,®" is highly activated in ESCs cultured in serum/LIF media
in the presence of feeder cells."’ We speculate that relatively
active Hox genes in S/L cultures may prime ESCs to differentiate
efficiently. Additionally, both maternally (e.g., Cdknic, Grb10,
Meg3) and paternally imprinted genes (Snurf/Snrpn, Mest,
Peg10) generally were expressed at lower levels in chemical-
based cultures than in serum/LIF cultures (Figure 5B).

Moreover, the DNA recombination pathway was notably upre-
gulated in S/L-based cultures, compared with other cultures,
and 2iL without feeders showed the lowest DNA recombination
(Figure 5C). Coincidently, S/L ESCs expressed two-cell genes
at higher levels than did chemically maintained ESCs (Figure 5C).
Immunofluorescence of Zscan4, a representative two-cell gene,
revealed expression of Zscan4 protein in approximately 1%-2%
of ESC cultures in S/L, 2iL, and LCDM but not in a2iL and 2iL-F

Cell Reports

cultures (Figure 5D). While two-cell genes were suppressed in
2iL-F, they were sporadically expressed in conventional ESC
cultures where Zscan4 was highly upregulated. This result
confirmed that feeder cells improved expression of two-cell
genes, as previously shown.

Zscan4 elongates telomeres by facilitating telomere recombi-
nation.” We assessed telomere function in these various ESC
lines. Telomerase activity did not differ among various ESC cul-
tures (Figures S6A and S6B). However, telomeres were longer in
S/L and LCDM cultures than in 2iL, 2iL-F, and a2iL cultures by
passage 10, based on the gPCR method (Figure S6C). Telomere
Q-FISH validated longer telomeres in conventional ESC cultures,
2iL on the feeders and EPSCs, compared with those of 2iL-F or
a2iL cultures (Figure S6D). Moreover, telomere loss or fragile
telomeres and chromosomal fusion were observed in 2iL and
a2il cultures (Figure S6E). Telomere elongation was associated
with elevated telomere recombination by telomere chromosome
orientation-fluorescence in situ hybridization (CO-FISH) assay
(Figures S6F and S6G). Together, S/L or LCDM ESC cultures
can well maintain telomere functions.

Chromatin accessibility of various ESC cultures
ATAC-seq was performed to further understand the molecular
mechanism underlying the distinct transcriptome of various
ESC cultures. Thousands of regions were identified with differen-
tial chromatin accessibility in the chemical-based cultures
compared with S/L conventional cultures, and increased chro-
matin accessibility regions were significantly enriched in the
“enhancer” loci (Figure 5E). Compared with the chromatin
accessibility state of the S/L cultures, 2,092 enhancers were
identified to be hyperactive in at least one chemical-based me-
dium. Genes closest to these hyper-enhancers were functionally
enriched in stem cell proliferation, suggesting that the chemical-
based ESC cultures effectively remodel the chromatin structure
and accessibility in pluripotency state. Enhancers are frequently
bound by transcription factors, and proper activation is essential
for regulating pluripotency and self-renewal in ESCs.**** How-
ever, the chemical-based cultures decreased chromatin acces-
sibility of Hox family genes to various degrees (Figures 5F and
5G), in correspondence with downregulation in the majority of
the Hox genes (Figure 5A). Moreover, the majority of dysregu-
lated imprinted genes in all chemical-based ESC cultures were
downregulated (Figure 5B), accompanied by reduced chromatin
accessibility (Figures 5F and 5G).

Hence, prolonged cultures in chemical-based media dramat-
ically remodel chromatin accessibility and thus change the tran-
scriptome, further promoting expression of pluripotent genes but
notably suppressing Hox family genes as well as imprinted
genes, in contrast to conventional ESC cultures. Both a2iL and
2iL-F seem to minimally express two-cell genes and particularly

(D) Representative sections reconstituted from individual images by H&E staining of the tumors developed in mice produced from various ESCs by TEC. Three
representative tumors are shown. The other 5 tumors are provided in Figure S4. Scale bar, 100 um. The whole tumor images (left) were taken by the laser

microdissection system LMD6000 and merged automatically.

(E) Immunofluorescence of aSMA in the section of the tumors from ESC mice. Blue, nuclei stained by Hoechst 33342. About 11-21 images depending on the size
of the tumors were taken with 5x lens by Zeiss imager Z2 and stitched into a complete picture using Photoshop software. The picture on the upper right is the area
at high magnification delineated by a yellow frame in the image at low magnification on the left. The picture at the bottom right is the area at high magnification

delineated by a green frame. Scale bar, 50 um. See also Figures S2-54.

6 Cell Reports 42, 112645, June 27, 2023



Cell Reports ¢? CellP’ress

OPEN ACCESS

A B Pluripotency
i Dppa4
C'(”féfml% 23383 l2 1500 o 800 e Eipece 3000 wpe
= = . 1

4
Susdz & 400 2
Cluster2 o ,0 1000
(270) & 500 200 1
—Gadd4sb [ 8 0 0 0
K VL > VS O OO
= — _Dnmt3a = > il 3
Cluster1 ~—<Dnmt3b Esrrb Utf1 KIf5 Thx3
(289) Dnmt3l 400 25 200
— 300 fg 150 100
Cluster3 200 10 100 =5
(85) 100 5 50
Cll(J7s£t§r5 0 0 0
SRR L MR« Y« SRE
e e e 290@, zoofiy ts_,oq;/ 00 4
C D S/L  2iL a2l LCDM 2iL-F E _SL _2L _=a2L LCDM 2iL-F
e E a3 E R F=cF =3 E 3 53535 3535
W S 2L a2l LCDM 2iL-F 3535353535 kpa
£ 3535353535 @oe SR
kDa  Dnmt3a |ge == P 102 s5mc|e o coo o
Oct4 e WA weC G SR LM S G W v 39
Dnmt3b | e — — - o 110
Nanog e - emme |3 ®e YEEEIEEEXEY
Lin2Ga| MM - 05 Dnmt3] [ e = ———— |44 SNMC ©0 00 0000
_Acti - | . NS NN SN S0
B cm| ettt RO WASTN LT S ——— R OROIOR IR IO
MOUQUECOOOC
\/\_/\/\/\_/\/\/\ /v\d/

F SIL high KEGG G Congt Pkp
Serpine1 & Pgm1
S_almonella_ infection| INEGEG_—— E’ ?ﬁ[fg o
MicroRNAs in cancer| [N © gcngg
Regulation of actin cytoskeleton | == | 57 pfenn
Proteoglycans in cancer | Srem—— an '&f;tr’]g% <
Focal adhesion| I um& Pmaip1 (l_J
MAPK signaling pathway | o= | in
Human papillomavirus infection P It yﬁo
ltgab -
0 10 20 30 40 R%?"Jt |—[_ E?ﬁm
Cln: 1| P
S/L low KEGG g 2 [ Pam¢
Lysosome IS Arpes o i Hk2
y 2 Myl12a Q Acss1
Cellular senescence ® ﬁ°§|3(2 6>' e
Epstein—Barr virus infection ) FCIfZ Pck2
Human papillomavirus infection _8 E2r Pfkp
Herpes simplex virus 1 infection 3 Wﬁﬁ Idh1
Pathways in cancer £ FM9?93 8 Sgg}tz
Metabolic pathways E . | Eyfr e Q?zs
Y —4 SN o
[s) | Actb Psat1
0 100 200 300 c | = Akl £ Aldh18a1
Input.number O - Gsn & Got1
5[l fag s iy
=3 = Itga1] 2 Pycr1
ol ﬁmch o pikm
x| ) € Tkt
> Aco2
_%fIZ b4 8 Bcat1
. . p,rcnﬁ X 3] Aldoc
Relative gene expression Cfl1 Phgdh
[ Bl | 3535353535 3535353535
. v A\ v v
2 0 2 Pk § & W § & o

Figure 4. Distinct transcriptome by RNA-seq of ESCs under various culture conditions

(A) Heatmap illustrating clusters of representative genes expressed at a higher level in various ESC cultures at P10.

(B) Expression levels by RNA-seq of key pluripotency-related genes in various ESC cultures at P10.

(C) Protein levels of typical pluripotent markers, Oct4, Nanog, and Lin28a in ESCs maintained at various conditions by western blotting; B-actin served as loading
control.

(legend continued on next page)
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Zscan4 (Figures 5C and 5D). However, compared with a2ilL,
2iL-F may cause abnormal embryonic development due to the
combination of decreased two-cell-stage genes, telomere short-
ening, as well as abnormal epigenetic changes including methyl-
ation (Figures 4D, 4E, and 5E-5G).

Whole-exome sequencing of the ESC cultures and
teratomas

To test whether the genomic instability is also potentially impli-
cated in the reduced pluripotency by TEC and the increased
teratoma formation from chemical-based cultures, we per-
formed whole-exome sequencing of the ESCs maintained at
various conditions as well as of the corresponding teratomas.
The teratomas in the mice generated from ESCs under chemi-
cal-based cultures did not show many differences in the number
of copy number variations (CNVs), single-nucleotide variants
(SNVs) in coding sequence (CDS), and indels in CDS
(Figures 6A and 6B). Teratomas from LCDM ESCs at P5 ex-
hibited more CNVs in chromosome 2 and chromosome 16 and
18, and a2iL ESCs at P5 in chromosome 15 (Figure 6B). The
number of CNVs, SNVs in CDS, and indels in CDS also did not
differ among various ESC cultures (Figure 6C). ESCs under
2iL-F cultures resulted in more genes contained in the CNVs,
distinct from the other four culture conditions. ESCs under
2iL-F cultures exhibited more CNVs in chromosome 8 (Fig-
ure 6D). The number of SNVs in CDS of ESCs was generally
lower than that of the teratomas (Figure 6C vs. 6D). CNVs located
in the genome of ESCs differed from those of the teratomas
(Figures 6B and 6D).

To further examine whether the mutations and CNVs were
shared between the ESCs and teratomas, we compared the
genomic sequencing data of the chemical-based ESC cultures
using the conventional S/L ESC cultures as the same reference
control, given that the conventional ESC cultures produced
ESC mice that had no visible abnormalities. Based on the anal-
ysis methods described previously,>**° very few mutations
were shared between the teratomas and their progenitor
ESCs, and the proportion of mutations in the same ESCs and ter-
atomas was quite low when either conventional ESCs from two
independent repeats #3 or #5 served as reference control (Fig-
ure 6E). Among them, mutations of Nirp1b, Mid1, and Arpp21,
etc. were more frequently observed in ESCs and/or teratomas.
NLRP1 is an essential mediator of the host immune response
through modulating interleukin (IL)-1p and IL-18 levels in the co-
lon.® ARPP21, as an RNA-binding protein, encoded by the host
gene of miR-128-2, antagonized miR-128 activity by competing
with it to bind to the 3’ untranslated region (UTR) of Pppicc to
maintain the balance of the differentiation state of myoblasts.®’
CNVs appeared to differ between the ESCs and teratomas,
and the teratoma generally had more chromosomal deletions
than did ESCs and the trend remained the same for the conven-
tional ESCs serving as reference control in two repeated exper-
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iments (Figure 6F). Together, the exome sequencing reveals only
subtle differences in the CNVs, SNVs, and mutations among the
various ESC cultures. These data suggest that the genomic mu-
tations may not significantly contribute, if at all, to the variations
in the pluripotency of ESC cultures and the teratoma develop-
ment in the ESC mice.

Methylome analysis of the teratomas of ESC mice

To investigate the abnormal methylation potentially involved in
teratoma formation, we performed reduced representation bisul-
fite sequencing (RRBS) of the teratomas developed in mice pro-
duced from various mESCs by TEC using the abdominal muscle
from mice of the same genetic background as controls. Overall,
an increase in genomic methylation was found in the teratomas
developed in mice produced from various mESCs by TEC
compared with that of muscle (Figure 7A). To better define the
genomic regions bearing methylation abnormalities in the tera-
tomas, we compared differentially methylated regions (DMRs)
between the teratomas and normal muscle. Thousands of
DMRs could be identified in each teratoma (Figure 7B). About
3,387 DMRs were shared among the teratomas of all four culture
conditions, reflecting the common epigenetic perturbation in the
teratoma formation (Figure 7B).

Genomic imprinting is essential for development but is unsta-
ble in PSCs.*® It was shown that prolonged culture of male ESCs
in 2iL causes erosion of genomic imprinting, which impairs
developmental potential.” We noticed that dozens of imprinted
genes exhibited abnormal DNA methylation in the teratoma tis-
sues (Figure 7C). Consistently, the expression of the imprinted
genes was dysregulated in the ESCs (Figure 7C), implying the
consistent perturbation of genomic imprinting in the chemical-
based ESCs and the corresponding teratomas. By comparing
the imprinting status of each condition, we attempted to find
the common abnormal genomic imprinting shared by all tera-
tomas. We identified 23 imprinted genes that exhibited abnormal
DNA methylation and all of them were hypermethylated (Fig-
ure 7D). For instance, the promoter and gene body of maternally
imprinted gene Cdkn1c had higher methylation levels in the ter-
atomas than in the muscle, while the increased methylation
levels occurred only in the gene body of Grb10 in tumors (Fig-
ure 7E). The gene bodies of two key paternally imprinted genes
(Snurf and Snrpn) showed increased methylation levels in the ter-
atomas compared with those of the muscle (Figure 7E).

Cells expressing Oct4 found in the teratomas of ESC
mice

Additionally, we tested the possibility of retaining pluripotent
cells implicated in the teratoma development.®® A select set of
core transcription factors in combination governs and thereby
defines pluripotency: OCT4 (also known as POU5F1), SOX2,
and NANOG.?*® To reveal any potential pluripotent cells in the
teratomas, we performed immunofluorescence microscopy of

(D) Protein levels of Dnmt3a, Dnmt3b, and Dnmt3lI are higher in S/L, a2iL, and LCDM ESCs than in 2iL and 2iL-F ESCs by western blotting.
(E) Relative quantification of 5mC and 5hmC levels of ESC cultures by dot blotting.
(F) The bar plots showing the KEGG enrichment analysis of the upregulated (top) and downregulated genes (bottom) in S/L ESCs compared with chemical-based

ESCs.

(G) Heatmap displaying the differently expressed genes involved in selected essential pathways between chemical-based and S/L ESCs. See also Figure S5.
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Figure 5. Distinct transcriptome linked to chromatin accessibility of ESCs
(A) Expression profile of Hox family genes in various ESC cultures at P10.
(B) Heatmap showing expression of common imprinted-related DEGs identified in all chemical inhibitor-based ESCs compared with the ESCs in S/L condition.

(legend continued on next page)
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the key pluripotent marker genes Oct4, Nanog, and Sox2 using
ESCs as positive controls. Notably, Oct4 was expressed in the
cells, despite few of the teratomas formed in ESC mice (Fig-
ure S7). Oct4-positive cells varied among the tumors of different
ESCs, and the teratomas developed in mice from a2iL or 2iL-F
had more Oct4-positive cells (Figure S7). Sox2 was expressed
in the standard teratomas but not in the teratomas of the ESC
mice. It remains unclear whether these escaped PSCs could
also contribute to the formation of teratomas.

DISCUSSION

Criteria of increasing stringency are proposed to determine the
developmental potential of expanded or extended pluripo-
tency.”® Using TEC assay and by direct comparison, we demon-
strate that conventional serum/LIF-based ESC cultures produce
all ESC mice with the survival at higher rate than do other chem-
ical-based ESC cultures; meanwhile, these data also support the
notion that the ESCs are very effective in differentiation into all
cell types in the body as well being very safe. Based on TEC
assay, the conventional serum/LIF-based ESC cultures still
remain the most pluripotent of stem cells, compared with the
“extended” pluripotent state achieved by current chemical-
based cultures. Moreover, the conventional ESC cultures can
differentiate completely into all cell types in the body without
the risk of tumor or teratoma formation. By contrast, prolonged
ESC cultures maintained by the current chemicals could lead
to atypical teratoma formation. Extending pluripotency by chem-
ical-induced epigenetic remodeling turns out to be more about
transcriptional regulation rather than genomic stability. Genomic
analysis did not detect obvious differences in CNV, SNP, and
indel among these ESC cultures. These data suggest that
epigenetic alterations (e.g., DNA hypomethylation) induced by
long-term chemical-based culture may link to the reduced devel-
opment potential and development of atypical teratomas or
leiomyomas.

We observed that the teratomas developed in mice produced
from ESCs by prolonged chemical-based cultures express Oct4
in few cells. Among the core transcription factors (OCT4, SOX2,
NANOG), OCT4 has proven most indispensable and remains
the preeminent pluripotency factor. Oct4 expression is nor-
mally confined to pluripotent cells of the developing embryo,
including epiblast cells, primordial germ cells, and their in vitro
counterparts, ESCs and embryonic germ cells, respectively.*’
In addition, Oct4 is transiently expressed in the developing
endoderm® and neurectoderm®® of the embryo, where it may
contribute to the specification of cell fate.** Downregulation of
Oct4 in ESCs induces trophectoderm differentiation, whereas
Oct4 overexpression induces differentiation into extraembry-
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onic mesoderm and endoderm,*® demonstrating that Oct4 is
a crucial and dose-dependent determinant of pluripotency in
embryonic cells.

A mesodermal state is an intermediate state from post-implan-
tation epiblast stem cells advancing to naive pluripotency induc-
tion, and Oct4 may precisely regulate this process.*® Increasing
Oct4 also can experimentally induce transdifferentiation of
mouse embryonic fibroblasts (MEFs) into cardiac myocytes.*’
Ewing’s sarcoma protein can promote Oct4 activity.*® Addition-
ally, overexpression of Oct4 shows oncogenic potential in a
dose-dependent manner.***° Transduction of OCT4 in normal
breast preparations leads to the generation of cell lines possess-
ing tumor-initiating and colonization capabilities.”® Reactivation
of pluripotency-associated genes has been observed in various
somatic cancer cells.®' Intriguingly, Oct4 plays a critical role in
balancing the expression of Hox family genes.®” Elevated
expression of Hox family genes in conventional serum/LIF and
feeder cell cultures relative to the chemical-based cultures
primes the cells to differentiate, perhaps without retaining
undifferentiated cells for potential teratoma formation or tumori-
genesis. However, severe suppression of Hox family genes in
chemical-based cultures may compromise the complete differ-
entiation of a few ESCs, coinciding with the Oct4-expressing
cells in the developed teratomas. Oct4-expressing cells may
contribute to mesodermal structure formation in the tumors.*°
Extended pluripotency sustained by the small chemicals
may compromise complete differentiation of a few perhaps
“extremely” pluripotent cells, leading to the existence of plurip-
otent “escapers” that may also contribute to teratoma
formation.

The small chemical compounds that achieve and maintain the
ground state or extended pluripotent state induce global hypo-
methylation and alter chromatin accessibility. The pathways
related to cancer and metabolisms are elevated, whereas Hox
family genes and imprinted genes are preferentially suppressed
by the small chemicals. To identify the imprinted genes that are
most affected by the culture conditions, we estimated and
ranked the p value of all the imprinted genes based on their
gene expression (Figure 4B). For top-rank genes, Meg3 sup-
presses tumor growth and promoter hypermethylation of Meg3
is associated with tumorigenesis.>* > Hypermethylation of
SNURF/SNRPN is linked to development of teratomas and leio-
myoma.”®*” These imprinted genes are persistently repressed in
ESCs and teratoma tissues, suggesting that these aberrant
imprinting genes may serve as promising biomarkers for evalu-
ating the atypical teratomas or potential tumorigenicity of
the PSCs.

Metabolism plays pivotal roles in cellular physiology, and its
interplay with pluripotency has recently attracted broad interest

(C) Expression of DNA recombination and two cell genes in various ESC cultures at P10 shown by boxplot. Data was standardized using Z scores of DNA
recombination data (GO: 0006310) or two-cell gene lists from 2C::tdTomato* ESCs (Macfarlan et al.®). Kruskal-Wallis was used to compare the differences among
the ESC cultures with the R package ggpubr. The lower Z score value represents lower gene expression levels. ***p < 0.0001.

(D) Immunofluorescence of Zscan4 and Oct4 protein expression in various ESC cultures at P10. Scale bar, 10 um. Right, proportion (%) of Zscan4-positive cells in

an ESC population at P10.

(E) Chromatin accessibility by ATAC-seq at active enhancers of ESC cultures under various conditions.
(F) Average chromatin accessibility at transcription start site across the Hox family or imprinted genes of ESC cultures.
(G) Chromatin accessibility on the representative Hoxb1 gene or Snrpn/Snurf differed among various ESC cultures. See also Figure S6.
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in stem cell and cancer biology. The conventional S/L culture
condition contains more uncharacterized lipids compared with
chemical-based cultures. Lipid lysophosphatidic acid (LPA) is
a key modulator that shifts the metabolic landscape without
altering pluripotency in human PSCs. LPA may facilitate more
closely mimicking physiological conditions during embryogen-
esis.”® Pathways related to metabolism are downregulated in
S/L ESC cultures, compared with those of chemical-based
ESC cultures (Figure 4G). LPA may contribute to the mainte-
nance of the developmental potential of ESCs via regulating
cell metabolism under S/L conditions.

Altogether, conventional ESC cultures in serum/LIF-based
medium in the presence of feeders, despite their heterogeneous
and relatively lower expression of pluripotent genes but elevated
expression of Hox family genes and imprinted genes for develop-
ment and differentiation, efficiently generate ESC mice that
reproduce and live healthily without tumor formation for up to 2
years, indicating the full developmental potential as well as the
safety. Downregulation of metabolic pathways in S/L ESCs
may imply their lower energy activity relative to four other ESC
cultures maintained by the chemicals. These data from the
mouse study could have clinical relevance in regenerative med-
icine, given that similar chemicals also have been applied to
expand the pluripotency of human PSCs/ESCs.

Limitations of the study
Our data suggest that heterogeneous expression of pluripotent
genes in serum/LIF-based media does not reduce the pluripo-
tency, with minimal safety issues, unlike what is generally
thought. While previous studies showed that reduced MEK inhi-
bition could partially rescue 2i-induced developmental defects of
mESCs, our study suggests that chemical-based ESC cultures
produce similar tumor-like structures and share CHIR99021 in
the media. Thus, it will be interesting to test whether reducing
CHIR99021 concentration can rescue the observed defects
such as mouse production and tumor formation. In the future, ex-
periments will be needed to identify specific factors, including
CHIR99021, and mechanisms that contribute to the declined
developmental potential of ESCs and the survival of ESC mice,
as well as the atypical teratoma formation from the extended
pluripotent ESCs by current chemical approaches. Also, we
could not exclude the possibility that the serum itself is the deter-
minant of the quality of the cells.

The mESCs from C57BL/6J % 129F 1 hybrid strain were used in
this study. Earlier experiments also demonstrated that ESCs with
another genetic background, C57BL/6JxCBA (carrying Oct4
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distal promoter-driven GFP), at early passages maintained in
S/2i/L or 2i/L conditions could generate live-born pups, but these
ESCs after extended cultures produced pups that failed to sur-
vive to adulthood." Future experiments can examine ESCs
from more genetic backgrounds to generalize the conclusion
and test the transgenerational effects of ESC-culturing condi-
tions. Small chemicals may compromise the complete differenti-
ation of a few perhaps extremely pluripotent cells, such that the
pluripotent escapers may contribute to development of the tera-
toma later on. We obtained and examined the offspring by
breeding the ESC mice with ordinary mice. Although we did not
see tumors in the offspring at young age (about 1 to 2 months)
(Figure 2D), it is unknown whether the mice would develop tera-
tomas if they grew to old age. A continuation of this study to
test the hypothesis for future experiments is to analyze the
offspring of ESC-derived pups until old age. Additionally, the 2i
mice should be bred between them, as the breeding with ordinary
mice could dilute the maybe already faint phenotype. The findings
reported in this study raise awareness and encouragement for
more studies and better in vivo-like chemically defined cultures.

Also, it will be worth exploring sex differences in the develop-
mental capacity of ESC mice and their teratoma formation in the
future.

STARXMETHODS

Detailed methods are provided in the online version of this paper
and include the following:

o KEY RESOURCES TABLE
o RESOURCE AVAILABILITY
O Lead contact
O Materials availability
O Data and code availability
o EXPERIMENTAL MODEL AND STUDY PARTICIPANT DE-
TAILS
O Mouse ESC
O Mice
e METHOD DETAILS
O Tetraploid embryo complementation (TEC) assay
Tissue collection and histology
Western blot
Gene expression analysis by real-time gPCR
Dot blot
Telomerase activity by TRAP assay
Telomerase assay by ELISA
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Figure 6. Exome sequencing analysis of ESCs and teratomas

(A) Bar plot showing the number of CNVs, SNVs in CDS, indels in CDS, and genes involved in CNVs in the teratomas developed in ESC mice generated from

various ESC cultures.

(B) Distribution of CNVs across the genome in the teratomas. Red color indicates more CNVs.
(C) Bar plot showing the number of CNVs, SNVs in CDS, indels in CDS, and genes involved in CNVs in ESCs under various culture conditions.

(D) Distribution of CNVs across the genome in ESCs under various culture conditions. Red color indicates more CNVs. For genome sequencing analysis of ESC
samples, MEFs served as reference control. For genome sequencing analysis of teratoma samples, blood samples from normal mice at the same genetic
background served as reference control.

(E) Oncoprint plot shows the same gene mutations in ESCs and teratomas at least in one culture system using S/L ESC-3 as reference control (left). At least 50%
of mutations are detected in ESCs and teratomas (right).

(F) Heatmap showing the CNVs in ESCs and teratomas using S/L ESCs-3 as reference control.
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Figure 7. Methylome of the teratomas from ESC mice

(A) Average distribution of CG methylation over RefSeq genes and 10-kb flanking sequences calculated from the RRBS data in abdominal muscle as control (Ctrl)
and the teratomas developed in mice produced from various mESCs by TEC. TSS, transcription start site.

(B) Venn plot showing the overlapping genes in the DMRs.

(C) Bar plot showing the imprinting-related DMRs or DEGs identified in tumors derived from various mESCs by TEC.

(D) Heatmap showing methylation of common imprinting-related DMRs identified in various teratoma tissues compared with muscle control.

(E) Methylation pattern of Cdkn1c, Grb10, and Snurf/Snrpn in muscle (Ctrl) and the teratomas developed in mice produced from chemical-based ESC cultures by
TEC. RefSeq gene annotations are shown below the tracks; promoter region (red bars, 2 kb upstream from TSS), exons (blue bars), gene direction (black arrow).

See also Figures S5 and S7.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
Oct4 Santa Cruz Cat#: sc5279;
RRID: AB_628051
Nanog Abcam Cat#: ab80892;
RRID: AB_2150114
Lin28a CST Cat#: 3978S;
RRID: AB_2297060
SSEAT1 Millipore Cat#: MAB4301;
RRID: AB_177627
Zscan4 Millipore Cat#: AB4340;
RRID: AB_2827621
MuERVL-Gag EpiGentek Cat#: A-2801-100;
Uniprot: VOH130
Dnmt3a Abcam Cat#: ab2850;
RRID: AB_303355
Dnmt3b Abcam Cat#: ab13604;
RRID: AB_300494
Dnmt3lI CST Cat#: 13451S;
RRID: AB_2798222
ERK1/2 CST Cat#: 9102S;
RRID: AB_330744
Phospho-ERK1/2 CST Cat#: 9106S;
RRID: AB_331768
B-Actin Abmart Cat#: P30002;
RRID: AB_2222847
5-methylcytosine (5mC) Millipore Cati#: NA8T;
RRID: AB_213180
5-hydroxymethylcytosine (5hmC) active-Motif Cat#: 39769;
RRID: AB_10013602
Blll-tubulin Chemicon Cat#: CBL412;
RRID: AB_11211667
a-SMA Abcam Cat#: ab5694;
RRID: AB_2223021
AFP Dako Cat#: DAK-N1501
Nestin Millipore Cat#: MAB353;
RRID: AB_94911
GFAP Abcam Cat#: ab33922;
RRID: AB_732571
P63 Abcam Cat#: ab124762;
RRID: AB_10971840
Sox2 Abcam Cat#: ab92494;
RRID: AB_10585428
Alexa Fluor® 594 Goat Anti-Rabbit IgG (H + L) Jackson Cat#: 111-585-003;
RRID: AB_2338059
Alexa Fluor® 488 Goat Anti-Rabbit IgG (H + L) Life Cat#: A11008;
RRID: AB_143165
Alexa Fluor® 594 Goat Anti-Mouse IgG (H + L) Life Cat#: A11005;

RRID: AB_141372

(Continued on next page)
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Continued
REAGENT or RESOURCE SOURCE IDENTIFIER
Alexa Fluor® 594 Donkey Anti-Goat IgG (H + L) Abcam Cat#: ab150132;

Donkey anti-Rabbit IgG-HRP

GE Healthcare

RRID: AB_2810222

Cat#: NA934V;
RRID: AB_772206

Goat anti-Mouse 1gG (H + L)/HRP ZSGB-BIO Cat#: ZB2305;
RRID: AB_2747415
Chemicals, peptides, and recombinant proteins
ESGRO (mLIF) Millipore Cat#: ESG1107
PD0325901 Miltenyi Cat#: 04-0006
CHIR99021 Selleck Cat#: S1263
Recombinat human LIF Millipore Cat#: LIF1010
CGP77675 Cayman Cat#: 21089
(S)-(+)-Dimethindene maleate (Dim) Tocris Cat#: 1425
Minocycline hydrochloride (Mih) Tocris Cat#: 3268
Nocodazole Sigma Cat#: M1404
Critical commercial assays
RNeasy Plus Mini Kit Qiagen Cati#: 74134
DNeasy Blood & Tissue Kit Qiagen Cat#: 69504
QIAquick Gel Extraction Kit Qiagen Cat#: 28704
pPEASY-T1 Simple Cloning Kit Transgene Cat#: CT111
TeloChaser Telomerase assay kit MD Biotechnology Cat#: TO001
Mouse Telomerase (TE) ELISA kit CUSABIO Cat#: CSB-E08022
TruSeq PE Cluster Kit lllumina Cat#: PE-201-5001

TruePrep DNA Library Prep
Kit V2 for lllumina®

Vazyme Biotech

Cati#: TD503-02

Deposited data

RNA sequencing data This paper GSE157876
ATAC sequencing data This paper GSE157876
Exome sequencing data This paper GSE157876
RRBS data This paper GSE213109
Experimental models: Cell lines
mESCs This paper N/A
Experimental models: Organisms/strains
C57BL/6 mice Beijing Vital River Laboratory 213

Animal Technology Co., Ltd.
129 mice Beijing Vital River Laboratory 217

Animal Technology Co., Ltd.
C3H mice Beijing Vital River Laboratory 212

Animal Technology Co., Ltd.
ICR mice Beijing Vital River Laboratory 201

Animal Technology Co., Ltd.
Kunming (KM) mice Beijing Vital River Laboratory 202

Animal Technology Co., Ltd.

Software and algorithms

GraphPad Prism software
TFL-TELO program

RStudio

R package of “pheatmap,”
“cor” and “ggplot2”
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GraphPad Software

Kindly provided by Peter Lansdorp,

Terry Fox Laboratory
RStudio
Bioconductor

https://www.graphpad.com
N/A

https://posit.co/downloads/

https://bioconductor.org;
https://ggplot2.tidyverse.org

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Integrative Genomics Viewer Broad Institute https://software.broadinstitute.
org/software/igv/

StatView software SAS Institute Inc. https://statview.software.

informer.com

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Lin Liu
(liulin@nankai.edu.cn).

Materials availability
All unique/stable reagents and the ES cell lines generated in this study are available from the lead contact with a completed Materials
Transfer Agreement.

Data and code availability
o RNA-seq, ATAC-seq, Exome-seq, RRBS datasets (raw files and processed count matrices) collected in this study have been
deposited at GEO under the accession number provided in the key resources table. Accession numbers are listed in the key
resources table. Original western blot images and microscopy data reported in this paper will be shared by the lead contact
upon request.
® This paper does not report the original code. This study uses referenced sources of code that can be found in the vignettes of
the cited packages. Details of the packages are provided in the key resources table, and the parameters are provided in the
method details section.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mouse ESC

mESC lines were established, characterized, and maintained based on the method described,® basically following the original
methods.'? Blastocysts were isolated from the uterine horns of pregnant females at Embryo (E) day 3.5 using a dissection micro-
scope in HKSOM and plated onto mitomycin C-treated MEF cells (from B6C3F1 mice E13.5 embryos) served as feeders in KSR/
DMEM added with PD0325901 and LIF (K/DL) medium and cultured for 7 days to form outgrowths. Emerging ICM outgrowths
were directly picked into serum/LIF (S/L) medium on feeders to establish stable mESC lines. Established mESC lines were gen-
otyped by Sry gene to determine the sex. All the mESC used in this study are male (XY). mESC lines were maintained by disso-
ciating cells with 0.25% TE (Invitrogen) every 2-3 days and re-plated onto feeder cells. K/DL medium contains knockout
DMEM (Invitrogen) supplemented with 20% Knockout serum replacement (KSR, Invitrogen), 1 mM L-glutamine, 1% nonessential
amino acid stock, 50 units/ml penicillin and 50 pg/mL streptomycin (2A, Invitrogen), 0.1 mM B-mercaptoethanol (Invitrogen), 1 uM
PD0325901 and 1000 IU/mL mouse LIF (mLIF, Millipore). S/L medium (ESC culture medium) contains knockout DMEM supple-
mented with 15% FBS (ES quality, Hyclone), 1 mM L-glutamine, 1% nonessential amino acid stock, 50 units/ml penicillin and
50 pg/mL streptomycin, 0.1 mM B-mercaptoethanol, and 1000 IU/mL mLIF. ESCs were cultured at 37°C in 5% CO, incubator
with humidified air.

After culture mESCs in S/L for 4 passages, mESCs were derived and maintained by dissociating cells with 0.25% TE every
2-3 days and re-plating them onto feeder cells (for S/L, 2iL, a2iL and LCDM) or Poly-L-lysine hydrobromide/Laminin A coated wells.
For 2iL and 2iL-F culture system: 1:1 mixture of DMEM/F12 supplemented with N2 (Invitrogen) and Neurobasal media with glutamine
(Invitrogen) supplemented with B27 (Invitrogen), 1 mM L-glutamine, 1% nonessential amino acid stock, 50 units/ml penicillin and
50 pg/mL streptomycin, 0.1 mM B-mercaptoethanol, and 1000 IU/mL mLIF, 1 uM PD0325901 and 3 uM CHIR99021 (Selleck). For
az2iL culture system: 1:1 mixture of DMEM/F12 supplemented with N2 and Neurobasal media with glutamine supplemented with
B27, 1 mM L-glutamine, 1% nonessential amino acid stock, 50 units/ml penicillin and 50 pg/mL streptomycin, 0.1 mM B-mercaptoe-
thanol, and 1000 IU/mL mLIF, 3 uM CHIR99021 and 1.5 uM CGP77675 (Cayman). For LCDM culture system: 1:1 mixture of DMEM/
F12 supplemented with N2 and Neurobasal media with glutamine supplemented with B27, 5% KSR, 1 mM L-glutamine, 1% nones-
sential amino acid stock, 50 units/ml penicillin and 50 ng/mL streptomycin, 0.1 mM B-mercaptoethanol, and 1000 IU/mL mLIF, 3 uM
CHIR99021, 2 uM (S)-(+)-Dimethindene maleate (Dim, Tocris) and 2 uM Minocycline hydrochloride (Mih, Tocris).
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Mice

Use of mice for this research was approved by the Nankai University Animal Care and Use Committee (License number 20140006). All
mice used in this study were taken care of and operated according to the relevant regulations. Mice were housed and cared in indi-
vidually ventilated cages (IVCs) on a standard 12 h light: 12 h dark cycle in the sterile Animal Facility at College of Life Sciences. 6-8-
week-old C57BL/6 (female), 8-week-old C3H (male), 8-week-old 129 (male), 6-8-week-old ICR (female) and 6-8-week-old Kunming
(KM, female) mice were obtained from Beijing Vital River Laboratory Animal Technology Co., Ltd. The ESC-mice (male) are derived
from mESC by tetraploid embryo complementation (TEC) assay.

METHOD DETAILS

Tetraploid embryo complementation (TEC) assay

Tetraploid (4 N) embryos were produced by the electrofusion of two-cell stage embryos collected from albino strain ICR mice. Two-
cell embryos were induced to fuse by two pulses of 1,200 V/cm DC for 50 ps, after an AC pulse of 75 V/cm for 5 s, generated from an
Eppendorf Multiporator. About 10-15 ESCs were injected into one tetraploid blastocyst and the injected blastocysts were transferred
into surrogate Kunming females to produce ESC-mice. Genotyping of ESC- mice was confirmed by standard DNA microsatellite gen-
otyping analysis using D12Mit136 (5'-TTTAATTTTGAGTGGGTTTGGC-3' and 5'-TTGCTACATGTACACTGATCTCCA-3') and D8Mit4
(5-GGCTGCAATGCGGTTCCGTAGA-3' and 5-TGAAGAGGACGCTTTGGATGAT-3') primers. ESC- mice were mated with albino
strain ICR mice to further examine their germline transmission competence.

Tissue collection and histology

Tumors were collected from ESC- mice when they were 18-24 months old and stored frozen at —80°C in a freezer. The stored tissues
were thawed, washed with PBS for 10 min, and fixed in 3.7% paraformaldehyde (PFA) overnight at 4°C. The tissue was washed three
times and dehydrated with different concentrations of ethanol in sequence for 1 h each time. Then xylene was added for clear treat-
ment twice about 30 min each time. Afterward, the cleared tissue was marked and immersed in wax three times, with the concen-
tration of wax gradually increased three times 1 h each time. An automatic paraffin tissue embedding machine was used for tissue
embedding, and the embedded paraffin block was stored at 4°C. Sections were cut in 5 um, dried at 65°C and stored at room tem-
perature. After deparaffinization with xylene and rehydration with different concentrations of ethanol, sections were stained with he-
matoxylin and eosin Y (H&E) for an appropriate time. Sections were washed and treated with different concentrations of ethanol and
xylene, neutral resin was added to seal the slides and stored. Images were collected by CCD camera using LMD6000 (for the whole
tumor images) or Leica DFC420C (for high-magnification images). The laser microdissection system LMD6000 was used to take
several images in the setting area and automatically combine these areas for the whole tumor image.

Immunofluorescence microscopy

Forimmunofluorescence of tissue sections, following deparaffinization, rehydration, sections were boiled for 3 min at 120°C in 0.01%
sodium citrate buffer (pH = 6.0) for antigen retrieval, permeabilized in 0.2% Triton X-100 in PBS for 30 min, blocked with 3% goat
serum and 0.1% BSA for 2 h, then incubated with primary antibodies (anti-SMA, anti-Nestin, anti-GFAP, anti-Blll-Tubulin, anti-
P63, anti-AFP, anti-Oct4, anti-Nanog, or anti-Sox2) at 4°C overnight. After washing with PBS three times, sections were incubated
with an appropriate secondary antibody (Alexa Fluor 594 or 488) for 2 h at room temperature. After washing, the slides were mounted
in Vectashield (Vector Laboratories) containing 1 ug/mL Hoechst 33342.

As to immunofluorescence of cells, cells were washed twice in PBS, fixed in freshly prepared 3.7% PFA fixation for 30 min on ice,
washed once in PBS and permeabilized in 0.1% Triton X-100 in blocking solution (3% goat serum plus 0.1% BSA in PBS) for 30 min at
room temperature, blocked for 2 h and then incubated with primary antibodies (anti-Oct4, anti-Nanog, anti-SSEA1, anti-Zscan4, anti-
MuERVL-Gag, anti-Sox2, anti-Nestin, anti-GFAP, or anti-P63) at 4°C overnight. After washing with PBS three times, cells were incu-
bated with an appropriate secondary antibody (Alexa Fluor 594 or 488) for 2 h at room temperature. After washing, the slides were
mounted in Vectashield (Vector Laboratories) containing 1 pg/mL DAPI or Hoechst. Images were captured using a Zeiss Axio Imager
Z2 microscope or LSM 700 laser scanning confocal microscope (Carl Zeiss).

To detect 5hmC and 5mC, sections were washed three times for 5 min with PBS. Post-fixed sections were first permeabilized for
30 min with 0.5% Triton X-100 (in 1% BSA in PBS), and subsequently treated with RNase A (10 pg/mL) in 1% BSA in PBS for 1 h at
37°C. After three 5 min washes with PBS, sections were incubated with 4N HCI for 10 min at 37°C to denature genomic DNA and then
washed three times for 10 min with PBS and permeabilized in 0.1% Triton X-100 in blocking solution (3% goat serum plus 0.1% BSA
in PBS) for 30 min at room temperature, blocked for 2 h and then incubated with primary antibodies (anti-5mC and anti-5hmC) at 4°C
overnight. After washing with PBS for three times, cells were incubated with appropriate secondary antibody (Alexa Fluor 594 or 488)
for 2 h at room temperature. After washing, the slides were mounted in Vectashield (Vector Laboratories) containing 1 ug/mL DAPI.
Images were captured using a Zeiss Axio Imager Z2 (Carl Zeiss).

Western blot

Cells were washed twice in PBS, collected, and lysed in cell lysis buffer on ice for 30 min and then sonicated for 1 min at 60 of ampli-
tude at 2 s intervals. After centrifugation at 10,000 g at 4°C for 10 min, supernatant was transferred into new tubes. The concentration
of the cell protein sample was measured by bicinchoninic acid, and protein samples boiled in SDS sample buffer at 95°C for 10 min.
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The cell extract sample was resolved by 10% Acr-Bis SDS-PAGE and transferred to polyvinylidene difluoride membranes (PVDF,
Millipore). Nonspecific binding was blocked by incubation in 5% nonfat milk or 5% BSA in TBST at room temperature for 2 h. Blots
were then probed with primary antibodies overnight by incubation at 4°C with anti-Oct4, anti-Nanog, anti-Lin28a, anti-Dnmt3a, anti-
Dnmt3b, anti-Dnmt3l, anti-ERK, or anti-phosphorylated ERK (pERK). B-Actin served as loading control. Immunoreactivity bands
were then probed for 2 h at room temperature with horseradish peroxidase (HRP)-conjugated secondary antibodies (HRP-goat
anti-rabbit IgG and HRP-goat anti-mouse IgG). Protein bands were detected by Chemiluminescent HRP substrate (WBKLS0500,
Millipore).

Gene expression analysis by real-time qPCR

Total RNA was purified using RNA mini kit (QIAGEN), treated with DNase | (QIAGEN), and the cDNA was generated from 2 ng RNA
using Oligo (dT)18 primer (Takara) and M-MLV Reverse Transcriptase (Invitrogen). Real-time quantitative PCR (QPCR) reactions were
set up in duplicate with the FS Universal SYBR Green Master (Roche) and carried out on an iCycler MyiQ2 Detection System (Bio-
Rad). All reactions were carried out by amplifying target genes and internal control in the same plate. Each sample was repeated three
times and normalized using Gapdh as the internal control. The amplification was performed for primary denaturation at 95°C for
10 min, then 40 cycles of denaturation at 95°C for 15 s, annealing and elongation at 58°C for 1 min, and the last cycle under 55—
95°C for dissociation curve. Relative quantitative evaluation of target gene was determined by comparing the threshold cycles.
Primers (Gapdh: 5'-TCAACAGCAACTCCCACTCTTCCA-3’' and 5-ACCACCCTGTTGCTGTAGCCGTAT-3’; Dnmt3a: 5'-CAGCAC
CATTCCTGGTCATGCAAA-3' and 5-TCCTGTGTGGTAGGCACCTGAAA-3’; Dnmt3b: 5'-CGGAAAGCAACCCAAAGCAATAC-3
and 5-CCTCGGAACCATAGGAAACATTC-3') were confirmed for their specificity with dissociation curves.

Dot blot

Total 5mC and 5hmC levels were measured by dot blot analysis based on the method described previously.®® Briefly, genomic DNA
was isolated by DNeasy Blood & Tissue Kit (Qiagen, Valencia, CA) and denatured in 0.4 N NaOH and 10 mM EDTA at 95°C for 10 min,
and 2-fold serial dilutions were spotted on positively charged nylon membranes. The membranes were immunoblotted with 5mC or
5hmC antibody, followed by HRP conjugated goat anti-mouse or anti-rabbit antibodies. DNA loading was verified by staining with
methylene blue.

Telomerase activity by TRAP assay

Telomerase activity was determined by the Stretch PCR method according to manufacturer’s instruction using TeloChaser Telome-
rase assay kit (TO001, MD Biotechnology). About 2 x 10* cells from each sample were lysed. Lysis buffer served as negative control.
PCR products of cell lysate were separated on non-denaturing TBE-based 12% polyacrylamide gel electrophoresis and visualized by
ethidium bromide (EB) staining.

Telomerase assay by ELISA
Telomerase level was determined by ELISA method according to manufacturer’s instruction using Mouse Telomerase (TE) ELISA kit
(CSB-E08022m, CUSABIO).

Telomere measurement by real-time qPCR

Genome DNA was prepared using DNeasy Blood & Tissue Kit (Qiagen, Valencia, CA). Average telomere length was measured from
total genomic DNA using a real-time PCR assay.®' PCR reactions were performed on the iCycler iQ5 2.0 Standard Edition Optical
System (Bio-Rad, Hercules, CA), using telomeric primers, primers for the reference control gene (mouse 36B4 single copy gene)
and PCR settings as previously described.®” For each PCR reaction, a standard curve was made by serial dilutions of known amounts
of DNA. The telomere signal was normalized to the signal from the single copy gene to generate a T/S ratio indicative of relative telo-
mere length. Equal amount of DNA (20 ng) was used for each reaction. 36B4 primer: 5'-ACTGGTCTAGGACCCGAGAAG-3' and
5-TCAATGGTGCCTCTGGAGATT-3/, Telomere primer: 5-CGGTTTGTTTGGGTTITGGGTTTGGGTTTGGGTTTGGGTT-3' and 5'-GG
CTTGCCTTACCCTTACCCTTACCCTTACCCTTACCCT-3'.

Telomere Q-FISH

Telomere length was estimated by telomere Q-FISH as described previously.®*** Telomeres were denatured at 80°C for 3 min and
hybridized with FITC-labeled (CCCTAA); peptide nucleic acid (PNA) probe at 0.5 pg/mL (F1009, Panagene, Korea). Chromosomes
were stained with 0.5 png/mL DAPI. Fluorescence from chromosomes and telomeres was digitally imaged on a Zeiss microscope with
FITC/DAPI using AxioCam and AxioVision software 4.6. Telomere length shown as telomere fluorescence intensity was integrated
using the TFL-TELO program (kindly provided by Peter Lansdorp).

Telomere chromosome orientation-fluorescence in situ hybridization (CO-FISH)

CO-FISH assay was performed as described,®® with slight modification. mESCs were incubated with 10 uM BrdU for 12 h. 0.3 pg/mL
Nocodazole at was added for 3 h prior to cell harvest, and metaphase spreads were prepared by a routine method.
Chromosome slides were treated with RNaseA, fixed with 4% formaldehyde, then stained with Hoechst33258 (0.5 ug/mL), incubated
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in 2 x SSC (Invitrogen) for 15 min and exposed to 365 nm UV light (Stratalinker 1800UV irradiator) for 40 min. The BrdU-substituted
DNA was digested with Exonuclease Il (Takara). Telomeres were denatured at 80°C for 3 min and hybridized with FITC-labeled
(CCCTAA); peptide nucleic acid (PNA) probe at 0.5 pg/mL (F1009, Panagene, Korea). Chromosomes were stained with 0.5 pg/mL
DAPI. Fluorescence from chromosomes and telomeres was digitally imaged on a Zeiss microscope with FITC/DAPI using
AxioCam and AxioVision software 4.6. To analyze telomere sister chromatid exchange (T-SCE), one signal at each end of the chro-
mosome was counted as no T-SCE, while two signals at both chromatids on one chromosome end were identified as one T-SCE.

RNA-sequencing and analysis

mRNA was purified from total RNA using poly-T oligo-attached magnetic beads. Fragmentation was carried out using divalent cat-
ions under elevated temperature in NEB Next First Strand Synthesis Reaction Buffer (5x). First strand cDNA was synthesized using
random hexamer primer and M-MLV Reverse Transcriptase (RNase H™). Second strand cDNA synthesis was subsequently per-
formed using DNA Polymerase | and RNase H. Remaining overhangs were converted into blunt ends via exonuclease/polymerase
activities. After adenylation of 30 ends of DNA fragments, NEB Next Adaptors with hairpin loop structure were ligated to prepare for
hybridization. To select cDNA fragments of preferentially 150-200 bp in length, the library fragments were purified with AMPure XP
system (Beckman Coulter, Beverly, USA). Then 3 pL USER Enzyme (NEB, USA) was used with size-selected and cDNA adaptor
ligated at 37°C for 15 min followed by 5 min at 95°C prior to PCR. PCR was performed with Phusion High-Fidelity DNA polymerase,
Universal PCR primers and Index Primer. At last, PCR products were purified using AMPure XP system and library quality assessed
on the Agilent Bioanalyzer 2100 system. Cluster of the index-coded samples was performed on a cBot Cluster Generation System
using TruSeq PE Cluster Kit (lllumina) according to the manufacturer’s instructions. After cluster generation, the library preparations
were sequenced on an lllumina Hiseq platform.

For RNA-seq analysis, clean reads were mapped to the mouse reference mm10 reference genome using Hisat2. Reads were as-
signed and counted to genes using the Feature-counts. The resulting matrix of read counts was then loaded into RStudio (R version
3.4.2), and DESeq?2 used to identify differentially expressed genes. Functional enrichment (GO annotation or KEGG) of gene sets with
different expression patterns was performed using clusterProfiler. The heat-maps were drawn by the function “pheatmap” of R pack-
ages and correlation coefficients calculated by the function “cor” in R. Scatterplots were generated using the "ggplot2" package to
graphically reveal genes that differ significantly between two samples. The p values were adjusted using the Benjamin & Hochberg
method. Corrected p-value of 0.05 and two-fold changes were set as the threshold for significantly differential gene expression.
Calculated Z score of selected genes was used for heatmap. For analysis of TEs, clean reads were aligned to the mm10 reference
by STAR with parameters ‘-winAnchorMultimapNmax 100’ and ‘-outFilterMultimapNmax 100’. TEs annotated in UCSC Genome
Browser (RepeatMasker) were counted using featureCounts. The DESeqg2 was subsequently applied to identify differentially ex-
pressed transposable elements, and only the transposable elements with expression fold change >1.5 and adjusted p value < 0.05
from DEseq?2 results were considered to be differentially expressed.

For identification common imprinting related DEGs, DESeq2 were used to identify differentially expressed genes with adjusted p
value less than 0.001.°° Known imprinted genes list was obtained from genomic imprinting website (https://www.geneimprint.com/
site/home). The imprinted genes show differential expression in all groups compared to ESC in S/L are regards as common imprinting
related DEGs.

ATAC-sequencing and analysis
Cell lysis and tagmentation was based on the method,®” with some modifications, including the elimination of the nuclear purification
step. Hyperactive Tn5 was produced as previously described.®® The transposition activity of homemade Tn5 was assessed, and ac-
tivity defined as the amount of transposase that was able to convert 100 ng ADNA to fragments of an average size of 200-400 bp in
15 min at 55°C. Cells (500-3000 cells per reaction) were centrifuged to remove the supernatant. 20 pL of lysis buffer [10 mM Tris HCI
(pH 7.4), 5 mM MgCl,, 10% DMF, 0.2% N-P40] was added, followed by pipetting 6—10 times to release the nuclei without purification,
and 30 pL reaction buffer [10 mM Tris HCI (pH 7.4), 5 mM MgCl,, 10% DMF, 1000 unit Tn5] was mixed on a Vortex for 5 s. The reaction
was incubated at 37°C for 20 min, followed by addition of 350 uL ERC buffer (MiniElute, Qiagen) to stop the reaction. After DNA pu-
rification (MiniElute, Qiagen), ATAC-seq libraries were constructed as previously described.®®

All ATAC-seq reads were mapped to the mm10 genome by BWA after being trimmed by Trimmomatic.”® All unmapped reads, non-
uniquely mapped reads and PCR duplicates were removed by samtools.”' Then ATAC-Seq peak regions of each sample were called
using MACS2 with parameters —-nomodel —shift —100 -B —extsize 200 -g mm -f BAMPE."? To generate a consensus set of unique
peaks, we next merged the ATAC-Seq peaks for which the distance between proximal ends was less than one base pair. In total,
we identified 73,292 peaks from all samples. For each sample, the fragments were counted across each peak region using featur-
eCounts.”*”* Then DEseq?2 was used to identify the different chromatin accessibility peaks with p value less than 0.05. Deeptools
was used for visualization.”®

Whole-exome sequencing and analysis

Sample gDNA was extracted, and the Exon-seq database construction and sequencing work were all carried out by Beijing Novo-
gene Company as follows. Paired-end DNA library was prepared according to manufacturer’s instructions (Agilent). Genomic DNAs
(gDNA) from cell samples were sheared into 180-280 bp fragments by Covaris S220 sonicator. Ends of gDNA fragments were
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repaired and 30 ends were adenylated. Both ends of gDNA fragments were ligated at the 30 ends with paired-end adaptors (lllumina)
with a single ‘T’ base overhang and purified using AMPure SPRI beads from Agencourt. The adaptor-modified gDNA fragments were
enriched by six cycles of PCR using SureSelect Primer and SureSelect ILM Indexing PreCapture PCR Reverse Primer. The concen-
tration and size distribution of the libraries were determined on an Agilent Bioanalyzer DNA 1000 chip. Whole exome capture was
carried out using SureSelect Mouse All Exon V1 Agilent 5190-4642. An amount of 0.5 pg prepared gDNA library was hybridized
with capture library for 5 min at 95°C followed by 24 h at 65°C. The captured DNA-RNA hybrids were recovered using Dynabeads
MyOne Streptavidin T1. Capture products were eluted from the beads and desalted using QIAGEN MinElute PCR purification col-
umns. The purified capture products were then amplified using the SureSelect ILM Indexing Post Capture Forward PCR Primer
and PCR Primer Index (Agilent) for 12 cycles. After DNA quality assessment, captured DNA library was sequenced on lllumina Hiseq
2000 sequencing platform (lllumina) according to manufacturer’s instructions for paired-end 150 bp reads (Novogene). Libraries were
loaded onto paired-end flow cells at concentrations of 14-15 pM to generate cluster densities of 800,000-900,000 per mm? using
lllumina cBot and HiSeq paired-end cluster kit.

For Exome-seq analysis, paired-end clean reads in FastQ format generated by the lllumina pipeline were aligned to the mouse
reference genome mm10 by Burrows-Wheeler Aligner (BWA) to obtain the original mapping results stored in BAM format.”® SAMtools
were used to sort BAM files and generate final BAM files for computation of the sequence coverage and depth.”’ For ESCs samples,
BCF tools were used to call variants, and variants annotation and variant positions were obtained using ANNOVAR.’® Variants ob-
tained from previous steps were compared against variants present in the dbSNP database using SnpSift to discard background
variants.”” For tumor samples, the consensus sequences were then used to compare with blood samples from the same genetic
background mice to examine candidate novel mutations in coding sequence (CDS). The muTect was used to call SNV (Single nucle-
otide variants), and Strelka to call Indel (insertion - deletion).”®"°

The CNV (Copy Number Variation) which contained the deletion and duplication was determined by the software Control-FREEC.®°
Mouse Embryonic Fibroblast (MEF) or tail-tip fibroblasts (TTF) at the same genetic background served as reference control for anal-
ysis of CNVs in ESC samples. Blood samples from the same genetic background mice served as reference control for analysis of the
tumor samples. Because ESCs under conventional cultures produced ESC-mice that showed no visible abnormalities, they served
as the reference control to further examine whether the mutations and CNVs were shared between other ESCs and tumors, based on
the methods described previously.>**> CNVkit was used for CNV analysis and drawing heatmap.®’

Genome-wide DNA methylation analysis by RRBS

For Reduced Representation Bisulfite Sequencing (RRBS) data processing, clean reads were mapped to the mouse genome (mm10)
using Bismark (version 0.17.0).%? Mapped reads were further deduplicated and filtered for non-conversion. Estimation of methylation
levels were determined in the CpG context with Bismark. By using the normal muscle as the control, the differently methylated re-
gions (DMRs) were identified in teratomas by RADMeth,®® with adjusted p values less than 0.05. DMRs sites less than 200 bp away
were then merged into DMR candidates. We ultimately selected candidates that contained more than three differently methylated
CGs (among which the mean-meth-diff was greater than 0.2) as differently methylated regions.

RefSeq gene annotation (mm10) was download from the UCSC website, and promoters are defined as regions 2 kb upstream from
TSSs (transcriptional start sites) for each RefGene transcript.®* The methylation level was estimated as the number of reads showing
methylation over position/total reads (methylated and unmethylated).®* For data visualization, bigwig files were generated using bed-
GraphToBigWig from the UCSC website and visualized in the Integrative Genomics Viewer (IGV, version 2.7.2).5°

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistics was analyzed by using the StatView software from SAS Institute Inc. (Cary, NC). Data were analyzed using two-tailed un-
paired Student’s t test to compare two groups or ANOVA to compare more than two groups and expressed as Mean + SEM or
Mean + SD. p values less than 0.05 were considered significant (p < 0.05, **p < 0.01 or **p < 0.001). Fisher’s exact test was
used to determine if the proportions of categories in two group variables significantly differ from each other. The exact values of
“n” used are described in the corresponding figure legends. “n” refers to the number of biological replicates and includes either num-
ber of mice or replicates of cell studies. Graphs were generated using GraphPad Prism or R package ggplot2 or other R packages.
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