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Comparative functional genomics identifies unigue

molecular features of EPSCs

vikas Malik'* @, Ruge Zang'*, Alejandro Fuentes-lglesias®, Xin Huang', Dan Li", Miguel Fidalge®, Hongwei Zhou',

Jianlong Wang'@

Extended pluripotent or expanded potential stem cells (EP5SCs)
possess superior developmental potemtial te embryonic stem
cells (E5Cs). However, the molecular underpinning of EPSC
maintenance in vitro is not well defined. We comparatively
studied transcriptome, chromatin accessibility, active his-
tone modification marks, and relative proteomes of ESCs and the
two well-established EPSC lines to probe the molecular foun-
dation underlying EPSC developmental potential. Despite some
overlapping transeriptomic and chromatin accessibility features,
we defined sets of molecular signatures that distinguish EPSCs
fram ESCs in transcriptional and translational regulation as well
as metabodic controd, Interestingly, EPSCs show similar reliance
on pluripatency factars Octs, Sox2, and Nanog for self-renewal as
E5Cs. Our study provides a rich resource for dissecting the reg-
ulatory network that governs the developmental potency of
EPSCs and exploring alternative strategies to capture totipotent
stem cells in culbture.
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Introduction

Totipotent cells can give rise to the whole conceptus, incleding
embryanic and extrapmbryanic tissues, whireas pluripotent cols
can only gree rise to embrgonic tisswes. Thus, totipotent cetls have
a superior developmantal polential over pluripotent cells How-
aver, despite the derivation of mause embryonic stem cells [E5Cs)
under stable cullure with maintained pluripetency mane than four
decades aga (Evans & Kaufman, 1981; Martin, 1961), the capture of
wotipatent cells in stable culture |s challenging. The pionesting
afforts fram the Liv and Deng groups led to the in vitng stabili-
zation of expanded patential stem cells ("L-EPSCs” hersaftee)
(¥ang ot al, 2017a) and extended pluripotent stom cells {"0-EPSCS™
hereafter) (Yang et al, 2007b), collectvely known as EPSCs, re-
sembiling the earlier dleavage stages of embryanid development

EPSCs have been dervved from varnous sources, including four- or
elght-cell mause embryos, human fAbroblast-derived Induced
pluripotent stem cells [iPSCs), mouse and human ESCs (Yang ot al,
20173, 2017h), pig (Gao et al, 2019), and bovine (Zhao et al, 2021)
early blasiaoysts These cells can be further adapted 1o grow in
feader-free (Theng et al, 3037) and xeno-free (Liu et al, 2627)
conditeens, thus apening nes avenues for their molecular dis-
section and chinical applications. Companed with ESCs, EPSCS
display supenior developmental potential as they can g@engrabe
both embryonic and estraembryonic tissues, including yolk sac
and placenta (Yang o1 al, 2017a, 2017b), Furthermore, EPSCs can
directly give rise to E5Cs, trophoblast stem cells {T5Cs), and extra-
embryonic endoderm (XEM} cells using proper defined culture
conditiens (Yang et al, 217l

Althoush the developmental potential of EFSCs relative to their
in yive counterpans is still challenged [Posfai et al, 200h), thess
cells have been nonetheless proven valeable with multiple benefits
ervef ESCs. For example, EPSCs show supenior directed differcnti-
atign potential to generate functional hepatocytes transcriptionally
claser to the primary human hepatacytes than RESC-derieed
counterparts (Wang et al, 2030). Compared with E3Cs, EPSCS can
be easily derived from a man-parmissive humanized mowse madel
(NOD-SCID 2rg- - strain [Du et al, 2079]). Atributing o its higher
proliferation rate and better genethc and epigenetic stability, a
singte EFSC can g gl Lo an @nbirg mouse via titraplosd com-
plementaticn (Yang et al, 20070). In addition, mouse EFSCs hawe
superiar developmental petency and rabust germling compelence
compared with conventional E5Cs, allowing for the rapid generation
of gene-targeted EPSC-derved mouse models thraugh tetraplaid
complementation (Li et al, 20%a) EPSCs of both mouse and human
arigns autperform pluripotent stem cells (PSCs) in interspecees
chimera in mouse conceptuses (Yang e al, 2017h; Gao ot al, 2019
and monkey embnyas cultured ex viva [Tan et al, 200} Similarly,
EPSCs comibined with TSCS (Sanen ot al, 2013) or EPSCs alane (even a
single EPSCH coutd form blastoids, blastooyst-like structures that
can further develop to past-implantation embingg Struciure and
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induce decidualization in vitra, although they fail to generate e
pups (Li et al, 2009b). Therefore, fusther stwdies o understand and
improsg their developmental potency are mich needed.

Previous studies reported the epigenome and single-cell tran-
scriptome of EPSCs (Yang et al 20174, 2077, Posfai et al, 2007b}
howewer, a precise malecular makewp of EFSCs is still missing. Here,
we reprogrammed mouse ESCs to D-EPSCs and L-EPSCs using the
respective protocols [Yang et al, 2017a, 2017h) and systematically
mapped transeqiptome, Chiomatin accessibility, active enhanoer
and prometer marks, and proteomes of DIL-EPSCs relative 1o ESCs.
Wie found that, despite simiar rellance on key plunipatency factors
Crcte, S, and Manog far their maintenanoa, EPSCS differ from ESCs.
in meabecular features including expression of other pluripotency-
associated (e, Lindga, W4T, Esrrh, NrSal, and Myc). DNA methy-
atiom {eg, amida bl and Mettld), and gastrulation {eg, Eomes,
Dusps, Bmps, and LefT) related genes, We alsa uncovered differ-
entially open chrematin genomic loci harboring DA motifs of RAR-
RxR and 2Hp2et in L- and D-EPSCS, respectvely, In addstson, our
prateomics data revealed the differences in specific translational
and metabolic regulation in ESCs, D-EPSCS, and L-EPSCS Togethed,
our stedy provides a rich resource for further dissecting the reg-
ulatory netsark gaverning the unigue developmental potential of
EPSCs

Results

Transcriptome comparison reveals discernible gene expression
changes between EFSCs and ESCs

To dissact the molecular features of EPSCs, we first converted E5Cs
(cultured im 2ifleukemia inkibitory factor [LIF] medium) 1o
D-EPSCs and L-EPSCs (Fig 18) Following previously published
prodocals (Yang et al, 2007a, 20170), We cbserved compadt EPSC
colonies with smoath edges with and without a feeder Layer (Fig
18], with L-EPSCs forming slightly flat colonies without feeder
layers, consistent with a pravious study (Posfal et al, 2021k}, Next,
we performed bulk BNA-s2q to examine how a transcriptome shifit
i induced after Switching ESCs into edther EPSC condisons
Replicates correlated well, and the transcriptomic profites of both
EPSC limes ware claser to each othes than Lo the ESCs (Fig 1C), and
principal component analysis [PCA) showed global gene ex-
presshon variabality in the three cell states (Fig 10). Differential
gena axpression analyses revealed that the transcriptomes of E5Cs
show much larger gene expression differences with D-EPSCs {1675
up-regulated and 024 down-regulated genes) and L-EPSCs (2,128
up-regulated and 1619 down-regulated genes) than those be-
tween L-EPSCS and D-EPSCs {836 up-regqulated in L-EPSCs and
1573 up-regulated in D-EP5Cs) (Fig 1E and Table 51), consistent
with the correlation heat map (Fig 1C). The expression fewels of
Octs and Sowd in both EPSCs resembled those in ESCs at mRNA
(Fims 1€ and F and S1A) and protedn levels {Fig 1G], althowgh Nanag
showed a slightly lower mRNA lewel in EPSCs relative to ESCs and
yet similar protein bevels in EPSCs and ESCs (Fig 1E-G) EPS0s also
showed reduced expression of a few plunipeténcy genes, in-
cluding MriaZ and Eserb, while overespressing ather plunpotency-
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associated gones such as VLR, LinZ8o, Domi3l, Zic3, and Myc (Figs
1F and 514}, Intesestingly, whereas most early totipotent two-call
specific genes (i.o, 20 markers) do not eapress in ESCS or EPSCE,
some of them, incleding fscandc/a/f and Uspifle, albeit Lowly
expressed, express ot slightly higher levels, especially in L-EPSCs
(Figs 1F and 514), with an enrichment of H3K27ac active histone
madification mark near their promoter regions (Fig 51B) than ES04

The intersection of differentially expressed ganes (DEGs)in ESCs
viersus EPSCS from this sludy and presdously published bulk AMA-
seq of ESCs versus day 15 EPSCs [Posfai et al, 2021b) showed that
oved hall (=55%) DEGs (734/1334) in the latter study were reca-
pitulated in cur swdies (Fig SIC). However, we captured a Larger
number of DEGSs that distinguish DfL-EPSCs from ESCs, possibly due
to different sequencing platform and depth &% well as inhenent
transcriptomic heterogeneity among different ESC lknes from dif-
ferent mouse strams, GSEA analysis using DEGS from all the threg
comparisans (Fig 1E) showed ennichment for cell fate comméitment
and embryonic deselopment in ESCs and bath EPSC lines (Fig TH],
Interestingly, D-EP5Cs showed enrichment of FGF signaling path-
way, whereas L-EPSCs are enfched for gastrulaton-related terms
Consistently. both EPSC Llines showed a strong enrichment of [NA
methylation skrature and a significant increase in expression
levels of DMA methylation-associated genes (n = Z2), incleding
Dnmidalbyl and Mettls (Figs W and 31A) In contrast, only L-EPSCs
showed a significantly higher exprassion of gastrulation-related
genes [n = 29} (Figs 1 and 514}

In suem, these dats indicate that, whereas the expressian of s,
S0ud, and Manog genes is simédar in E5Cs and EPSCs, some plu-
ripatency and totipotency-related genes are differentially over-
expressed in EPSCs relative to ESCs Thus, EPSCs do reflect a
departire from ESCs an the transcriptome level in both pluripotency
and totipotency-related gene axpression.

Chromatin accessibility comparison identifies a subset of
putative transcriptional regulators for the unigue developmental
patential of EPSCs

Ta examine how the gene expressian differonces obserned abowe
vwiould be comrelated with the chromatin status between E5Cs and
EPsCs, we probed chromatin scoessibility by ATAC-seq (azsay for
transpasase-accessible chromatin using sequencing) (Buennostro
1 al, 7013, 205). Our data are highly concerdant betaeen replicates
[Fig 528}, and PCA revealed the occurrence of accessibility differ-
ences in the three cell populations (Fig 52B). Defferential accesss-
bility analysss of ATAL-seq peaks showed a large proportion of
shased open chromatin among ESCs and bath EPSC lines (Fig 52C),
yel there also occur subsets of genomsc négions thal showed
significant accessibility changes (Fig 24). Differential accessibility
analysis yielded s groups from three comparisons, that s, (i) ESCs
[E) wersus D-EPSCs (D) sites open {0) in ESCs and closed [C} in
D-EP5Cs (EQ-DC n = 1,753) and vice versa (DO-EC n = 9,143 (i) E5Cs
versus L-EPSCs (L {E0-LE n = 525; LO-EC n = 2,620 and (in) L-EPSCs
vergus O-EPSCs (LO-0C i = PA8; DO-LC n = 1,193} [Fig 24 and Table S2),
These comparisons reveal that E5Cs show mare diferences in their
chramatin opening with 0-EPSCs than L-EPSCs (Figs 24 and S24),
The ATAC-seq smnals corresponded to the chromatin accessibality
group classification accosding 1o the identified sk groups (Fig 24)
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with representative loci shown (Fig 28], These anatyses sugsest that,
despite majer genome-wite chromatin accessibility overlap amaong
ESCs and bath EPSC lines (Fig S2C), there exist subsets of differ-
entially accessible regions between EPSCs and ESCs and between
ihe twa EPSC types

The genomic distributicn of differentially open peaks in O/fL-
EPSC limes compared with ESCs showed a stronger ennichment
argund the T55 region, including Cpd island, 5° UTR, and pro-
mater reglans (Fig 2C), indicating that access to gene-proximal
regulatory elements may play a significant role during the ESC-
to-EPSC comversion. Furthermaore, ino comparsen to ESCs, the
differentially open ATAC-5eq peaks containing LTRs were de-
pleted inm both EPSC limes (Fig 2C), which corresponds with sig-
nificantly fower expression levels of genes associated with these
LTR-containing reglons in EPSCs than ESCs (Fig 20). Similar
repdulls weng reported by o previous study showing reduced ex-
pression of porcine endogenous retrovinuses [PERYs) in porcine-
EPSCs (Kruger of al, 2001), suggesting a cross-species consenved
Hhenomensn.

Ta gain mechaniste insight inta the unlque chiomann dy-
namics of EPSCS, we analyzed the DNA maotifs assotiated with the
awerlapping and differentially accessible peaks in E5Cs and bath
EPSC lines. The overlapping peaks among all three cell types
mainly harbored the pluripotency-related TF motids (Fig 5200,
whareas the differentially sccessible six groups (defined in Fig 24)
showed the presence of various classes of TF motifs in addition 1o
the pluripotency related motifs (Fig 2E and Table 52). We funhar
filtered the motifs and only kept the ones (n = 12) present in more
than 50% of apen peaks in ESCs, D-EPSCs, and L-EPSCs (Figs 2F and
S2E). ‘We found that ESCs are enriched for TeffLef-like motifs,
D-EPSCe for Ronin/Gly-5tal, REST-HRSF, Siks, NRF, and Ip2e
motifs, whereas L-EPSCs for retinoic acid receptor-retinoid X
receptor [RAR-RAR) heterodimer binding moatifs (Figs 2F and S2E)
The enrichment of the Zip2a1 matif in D-EPSCs and the RAR-RXA
mtif in L-EP5Cs is contrasting and intriguing because Zfp2&
imhibits (Wen ot al, 2022), whereas the retinedc acid (RA)-signaling
pathway promotes the transition of ESCs to totipotent two-cell-
like colts (2CLCs) {iturbide ot al, 2021} Nonetheless, we noticed
that the promaoter regions of Zfp2@ together with Rara, Rarg, Rarb,
and Refg genes among RAR and RXA gene families are accessible
and enriched for actrve histone marks. Consistently, we found that
their transeripts are overexpressed (n EPSCe camparsd with ESCs
iFig S2F)

Im surm, coampared with ESCs, EPSCs shaw enrchment of 3 unigue
subsed of TF motils, including Hp2#t and RAR-RER with corre-
sponding gene expression changes and closing of LTR containing
reans and their reduced gene expressian, which may provide
critical regulatory elements that drive the expanded potential of
EP5Cs, a hypothesis that warrants fulurg imeestigations

Histone marks, transcription, and chromatin accessibility based
malecular features of EPSCs

Ta investigate the potential impact of differentsal open chromatin
(Fig 28} on differential gene expression in EPSCs compared with
ESCs, we performed ChiP-seq of H3X4mel and H3KI7ac to char
acterize active promoters/enhancers in ESCs and EPSCs and ex-
pand the resource for these cells in addition to the previously
charactedived bovalent marks (HIKimed and HIK2Pmed) i ESCs
[Bernstein et al, 2006) and EPSCs {Yang et al, 2017a). Both ChiP-seg
replicates correlate well (Fig 53A), enabling us to identify the
chromaten emviranment and SEnature genas regulating EPSCs Tate
with the following approaches. First, we defined the peaks with
differential enrichment of histone maris in ESCs versus DJL-ERSC
lines (Fig 536 and C). Second, we performed a combinatorial
analysis by intersecting the regions (i) with delferential enrichmnt
of histone marks {Fig 538), {ii) that are accessible {Fig 241, and {iii)
with their nearby genes up-regulated in both EPSCs and ESCs (Fig
1EL As a result, we defined 131 and 85 signature genes for EPSCs and
ESCs, respectively (Fig 34 and Table 53], Third, we perlarmed GO
analysis of these identified signature genes, revealing OMA
methylation (eg, Damiia), pluripotency netwark (e.g, Tfapdc,
Zmymi, and Lefy1), and MAPKIERK signaling pathways (eg, Rovag,
Fgfv2, and Duspd) are prominent features assoclated with EPSC
signatune genes, whereas olic vesicle development (e.g, Fgfio, Faf3,
and Epm?) and LIF signaling pathways (eg, Nr5a2, HeZ, Trimz, Kattb,
and AndsSb) are more pronounced in ESC signature genes (Fig 38),
The representative candidates from 1371 EPSC signature genes have
open promoter regions, higher HikKéme1 and HIKITac signals, and
higher mRMA expression levels in either - or L-EPSCs compared
with ESCs (Fag 3C), OF node, Tlapde [s a trophablast (Kuckenbeng et al,
200} and naive pluripatency marker (Pastor et al, 2018). Amang 272
mause cell limes of tissue samples (Hutchins et al, 217), Tlap2c
transcripds are expressed at high levets in placenta, trophoblast
stesm celts, & [B-cell embryos followed by ESCs (Fig 530). 'We noticed
that, unlike its mAKA expression (Fig 3C), TRapldc is exprossed at
higher protein levels in both DfL-EPSCs than ESCs (Fig S3E), sug-
gesting a potentaal pesitranscrplional regulition. To understand
its functional rofe in EPSCs, we used Tlapa/c double knochout
[dKD) mouse ESCs (Pastor et al, J018) We Tound that under re-
spective culture medium, Tlap2alc dk0 ESCs could be efficiently
comefed (o D-EPSCS but bess 20 1o L-EPSCE comparned wath WT
ESCs, evident with marphological changes [flat colonies with in-
dismdualized cells) as signs of differentiation already within the first
Frve passades which could not b further passaged and maintamad
(Fig 53F). These results indicate the differential requirement of
TfapZa/lc for the EPSC slate by different culure conditions, sug-
gesting O- and L-EPSCs may represent two distinct expanded
pluripatency states
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The overexpression of Zmym2 and Rare in EPSCs s intriguing
because we and others hawve shown that Imym2 and RAR family
prateins play negative (Yang et al, 2000) and positive (Iturbide et al,
20} roles, respectively, in 20LC tatipotency induction. Nonethe-
fess, the ennchment of RAR-RXR motil in more than 5006 differential
open region in L-EPSCs (Fig 2F) and the overexpression of RAR and
RXR family members in both EPSCs (Fig SIF) suggest the potential
roles of RAR(RXR factors in EFSC fate regulation. Collectively, we
wtentified a subset of patential EPSC signatude genes that could
serve s pnme candidates in constructing the regulatosy netwark
governing the unigue developmental potential of EPSCs.

Like ESCs, EPSCs also rely on Octé and Sox2 but not Nanog for
their maintenance

Our data indicate that althowgh we identified EPSC-specific gene
segnatures, EPSCs ateo share with ESCs some of the gene expres:
sign, chromatin accessibility, and histone marks. In pamicukar, we
wondened to what extent EF3CE are dependent on the plunipatency
nebwosk for thelr mainterance. In this regard, we focused on the
care pluripatency factors Octd (Miwa ef al, 2000], Sax? (Masel et al,
2007), and Nanog (Chambers ot al, 2003; Das et al, 2011}, We used
previousty established ZHBTCS, 215220, and NekO "™ ™ ESC lines
far tetracycline/ doyoycline-induced conditional knockowt (ckid) of
Octd (Miwa et al, 2000), Sow? [Masui et al, J007), and Manog{Das et al,
M), respectively. In these ESC Lings, the respective tet-off
transgens (Fig 4A) sustains the self-renewal of " ="ESCs that are
genetically null for each endogensus gene (Fig sA) befare the
daxycycline [Dox) treatment. We were this able to convert them to
stable " *"L-EPSCs without Dox (Fig 44 and B) using the published
pratocod [Yang et al, 207al By adding Dox to tusn: off the Octs and
Soxd ransgenes, we obsereed the collapse of EPSCs concomitant
with the protein loss (Fig 48 and C}. in contrast, despite the Nanog
pratein loss (Fig 4C) Manog-ckKD "™ ""ESCs (NeckO), and their
converted ™"L-EP5Cs could still be maintained, although with
reduced size and number of colonies {Fig 48), indicating a similar
rafe of Nanog in L-EPSC maintenance as that of ESC mamtenance,
Of nate, it is well known that ESCs without Nanog can be maintained
although thay prodiferste slower and aré mone prone 16 ddfenan-
tiation (Chambers et al, 2007).

Ta understand the downstream effect of the loss of Ocré, Soxd,
and Manog proteins on EPS0s relative to E5Cs, we performed RA-
seq in all three ™" ESC lines and comesponding '™ ““L-EPSC lines
with and without Bow All replicates correlated well with each ather
(Fig SaAL All three "™ ""ESC lines are separated from their indi-
vidually derived "™ *"L-EPSC lines at the transcriptome level (Fig
&0} Howewver, whereas the Dox-treated Octé~-cKO and So?-cKO
W) EPSCs clustered separately from their untreated coun-
terparts, Dox-treated and untreated Nanog-ck0 " ™"'L-EPSis

clustered togethor (Figs 40 and 54A) These data indicate twa
major gene expression changes happen, fiest during the estab-
lishment phase, that is, """ ESC-to-""""L-EPSC conversion in all
three ckD cell types, and second during the maintenance phase,
that is, Det4-cKO and Sax2-cK0 " *L-EPSCs after Dox addition, OF
note, thiere were only minimal or modest gene expression changes.
in Nanog-ck0 "-EPSCs upon Dox addition, cansistent with the
minimal effect of the MNanog loss on EPSC morphology!
maintenance (Fig 4B) Consictently, global DEG analysis in Dox-
treated and untreated " *"L-EPSCs revealed that bath Octs-ck0
and Sox2-ck0 " L-EPSCs showed more up-regulated (m = 1517
and n = 1,507) and down-regulated {n = 1855 and n = 1,281} genes
compared with only a few hundred (up-regulated = 202 and down-
regulated = 304) in Nanog-ck0 " *"'L-EPSCs (Fig 4€ and Table 54),
@0 analysis of these differentially regulated, especially down-
regulated, genes in all three conditeons revealed pluripptency
network as one of the most affected terms {Fig 54B). The ex-
pression of majer pluripotency-related markers was significantly
down-regulated in Octé-cK0 and Sox2-cKd but not in Nanog-cKQ
ST EPSCs [Figs &F and S4CL In contrast, the expression of
totipotency-associated 30 marker genes did not show a significant
chamge in all three cell lines [Fig 5400

Puzzling encugh, we could ot generate " =" D-EPSCS from these
ckl cell lines despite repeated trials foliowing strictly the pub-
tished protecal (Yang et al, 20076) (indicated by & red "X in Fig SA)
We suspected that was due to the similarity of structure and
mechanism of action bobween Doa and mangycling hydrachlands
[MiH], a chemical compound required for the induction of D-EPSCs
(Yarg et al, 2017b). To ascertain this is the case, we resoned 1o an
Octé-degron ESC system allowing for rapid Octy protein degra-
datipn with dTAG veatment (Bodja et al, 2018). [ndesd, we could
swecessfully convert Octé-degron ESCs to both ™0 and
vy CEPSCE without dTAG treatment (Fig S4E), and dTAG addition
mduced Octs pratein degradation concomitant with differéntiation
of ™ ESCs and bath ™ ""EPSC lines and the eventual collapse of
all these cells. Collectiraly, our data indicate that like ESCs, EPSC
maintenance is also cnitcally dependent on pluripotency factors
Octd and So0d and, 19 & much lesser extent, Manag

The proteomic comparisen reveals differential translational and
metabolic control between ESCs and EPSCs

Ta understand the funcional outcomes of the global genomic and
chromatin differences in EPSCs versus ESCs, we interrogated the
differeniial proteame b ESCs and EPSCs, We performed guant:-
tative profeomics using SILAC-based MS with biological replicates
to achieve a high-accuracy analysis of the proteame for each
cellular state (Fig SA), We idontified a total of 1,103 proteins amondg
which 129 and 79 are up-regulated (iog, SILAC rations » 006 & < =06} in
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ESCs compared with D-EPSCs and L-EPSCs, respectively (Fig SEL As
expected, we obsersed higher levels of Parpl in E5Cs than both L-
and D-EPSCs (Fig 58) because both chemical Parpl inhibition and
genetic Farpl-KO are reported to be beneficial for EPSC mainte-
nance and developmental pewency (Yang et al, 2017h). D-EPSCs
averexpress pluripotency-related proteins ke LinZ8a and Dnmidl,
whereas Utf s ovesexpressed in both D- and L-EPSCS compared
with ESCs [Figs 58 and 55A). The GO analysis of proteins ovenax-
preseed in D-EPSCE compared with ESCs showed ennchment of
tarms refated to posttranscriptional gene regulation and trams-
tation [Fig 5C) Consistently, D-EPSCs showed enrichment of
eukaryotic translation initiation factors, namely, Eif3bfclefm,
Eifagt, Eif6 and translation initiation-associated ribosomal protein
RpstSa compared with ESCs [Figs 58 and 56). During mouse early
embryonic development, the transcript levels of the abowve-
mantioned transtation iniiation factors ane higher at E55 (an
embryonic stage that correlates with D-EPSCs at the single-cedl
fewel [Posfar et al, J01B]) than ESCs (Fig S55B) On the other hand,
compared with D-ERSCs, L-EPSCs specifically showed enrichment of
Eilsa2 prateln (Fig SEL Similarly, the transonpt bevels of Eifaa2 ane
abundant in the E4.0 state and subsequantly decrease in both ESCs
and further in D-EPSCs {Fig S5E)L Motably, L-EPSCs are correlated at
the mRNA level with the E4.5 stage (Posfai et al, Z031b). We recently
showed that Eifsal mediates specialized translational coatrol of
kA targets governing stem cell and developmental potency (Li
et al, 2022) Thus, everexpressson of Eifba? in L-EPSCs compared
wilh both ESCs and D-EPE0S and other ranslateon-related factorsin
D-EF3Ls seepest that the two EPSC types might use different
translational mechanisms to contrel expanded pluripotency.

The G0 analysis for proteins up-regulated in L-E#5Cs compared
wilh both ESCs and D-EPSCs showed ennchment of terms bke TCA
oycle and fatty acid P-oxidation (Fig 5C). We observed over-
expressian of multiple TCA opcte-related proteins, namely, Aco?,
Sdhalb, Ndufsl, Ndufs3, Mdefald, vdacl, and Acadd in L-EPSCs
campaned with both ESCs and D-EPSCs (Figs 58 and 56). In contrast,
ESCs mainly ovenexpross ghycolytic proteing (e.g, HKZ, Tigar, Atptal,
Wdac3, and Pgkll and GY5 transition related proteins (eg, Cdiz,
Cdks, Mcm3, and Momd) compared with D-EPSCs and L-EPSCS, re-
spectvely. Among these proteins, the majority of TCA (pg, AcoZ,
Neufst, Mdufsd, Ndufag, Sdha, and Sdhb) and glycotysis (e, Apial,
Hik2, and Tigar} related factors showed concordant expression at
bath mRNA and protein levels im ESCs versus L-EPSCE (Fig 570, Far
the rest of the proteins (e.g, Acad$, Pk, and Vdacd) the mRNA and
peatein expressaon were not concardant suggesting possibie past-
transcripticnal regulation. Thesa reswlts Suggest that ESCs and
EPSCs, especially L-EPSCs, likely depend on different metabolic
needs, supparted by previous studies demonstrating that mause
earty embryos (with totpatency and for extended pluripotency] are
dependent on pyruvate (TCA cyclel, whereas ESCs on glucose
ghvoodytic pathway) as their main energy spurce (Nagaraj et al, 2007,
Zhang el al, 208a}.

in sum, gur proteamécs data on three cellular states highlight
that EPSCs may use differential transtational and metabolic

contreds to acquire their expanded potential over ESCs, pointing
another direction for future mechandstic inguinies. imta the EPSC
bialagy,

Discussion

The Deng (Yang et al, 20070) and Liu {Yang et al, 2017a) labaratories
simultaneausly establehed EPSC: with umique divelopmental
potential over ESCs, which ushered in valuable applications of
these cells in enhiarced deected differentiation (Wang et al, 7020,
blastoid and interspecies chimera generation (Sozen et al, 2019; Li
et al, 205h; Tam et al, 2021), and faster mouse model generation (LI
et al, 201%a). Despite the challenge raised on their expanded po-
tential (Pasfal et al, 2021h), EPSCs were subsequenily further proved
to be advantageous over ESCs i interspecies monkey-human
chimaera generation (Tan et al, 2021} and the dermation of tatipotent
potential stem cells (TPSCS) (Hu ot @, 7022). These studies definitely
highlight the untapped poterntial of EFSCs for further exploration to
drivai Studies tawards movitnd establishment of authentic tatipotent
stem cells, although the molecular foundation of these EPSCs are
still poorly characternzed, Here we used comprehendasg genamics,
epigenatic and proteomics approaches 1o compare the maolbecular
features of the two EPSC lines and thelr similaktes and differences
compared with E5Cs that remained unexplored by préviows stisdies,
Our data demonstrate that EPSCs express the core pluripotency
Factors i, Saxd and Manog but differentsally overanpress othar
plunipatency-associated factors such as Utfs, Dnmi3a/b/l, Zfp2ai,
and Zmym2 compared with ESCs {Fig 6). In addition, EPSCs, e5-
pecially L-EPSCS, also Show slight ug-régulation of Zscande, a
totipotency-associated Factor, compared with E5Cs (Figs WF and &),
Apart frarmn highlighting the subtle differences @ pluripatency and
totipplenty related genes which Posfai et al (2021a, 20218) had
cveriooked, we also showed how subsets of genes related to DHA
methylation and gastrulation (Figures 14 and I} coutd be exploned
further to guide studies that are focused on establishing the au-
thentic totipotent stem cells in vitra,

The actual developmental potency of totipotent-like cells gen-
erated ACross varous LAboratories remaing murky because thess
cell types show variable molecular features {Yang et al, 701%a, 2007,
Sozed e al, 2009; Li et al, 30194 Tan et al, 2001 Posfal et al, M0215; Xu
et al, 2022, Thus, it is critical to know where precisely these cells
map/position on the early development trajectosy (Posfail et al,
021 Malik & Wang 20220 Single-cell transcriptomic profile
comparison with mouse early embryonic development had clas-
sified L-EPSCs slightly earlier (E45) than D-EP5Cs (E5.5) (Posfai et al,
2021b). We also noticed some remarkable differences in a few
malgcular features thatl sugdest the placement of L-EPSCS at a
slightly earlier developmental stage than D-EPSCs. For example,
higher expression of Lin2Ba protein, representative of primed
pluripotency state [Zhang et al, 2096), was observed in D-EPSCs,
whereas cvereapression of TOA oycle-related poatedns, & feating of

gEn numbers are indicaied, and a b s peosided in Tablo 54, (F) Soxplons showing expression of pluripotency refated genes {n = 39 from Frg TF and Table S4) in Dox-

treaied and unbreated = =-EPSCs
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L-EPSCs

much earlier develogmental stage (Nagaraj et al, 2017 Zhang et al,
28a), was observed in L-EPSCs (Figs 58 and &) The relatively
hagher proliferation rate of D-EPSCs compared with L-EPSCs could
be furthes explored to highlight if there @5 any connection with their
dependence on different metabalic pathways (Yang et al, 30173,
INTb) Simidarty, L-EPSCs with the overexpressson of Eifeal are
better associated with an earlier embryonic development stage,
whereas D-EPSCs shaw overexpression of multple translatson
initiation factor proteins representing a later developmental stage
than ESCs These datasets suggest an intriguing possibilay that
these factors may contribute to the differential developmental
patential of DfL-EPSCs andfof the existence of albternative states of
axpanded pluripofency of EFSCS It also raises an interesting
question of whether one EPSC line might have higher plasticity than
the ather.

The carversion of ESCs to EPSCs led to differential chromatin
apening concomitant with ennchment of varous [ranscriplon
factar motifs in differentially accessible sites (Figs 2E and 6). It will
be interesting 1o know which factors are directly (pioneess) or
indirectly [settlers or migrants) (Sherwood et al, 2004) involved in
beinging about these chromatin accessibility changes. Immediate
genome-wide accupancy studies of crucial transcription factor(s)
combined with our exicting ATAC-seq data analysis would help
understand the dynamic processes that possibly involee passha
dsplacement of plusipotency factors leading to chromatin closing
andfor actve invobvwernent of the pioneering rofe of expanded
pluripotency related factars leading to chromatin opening (Fig &) In
addition, it would be important 1o kntw whether major pluripa-
tency factors, especially Octd and Soe2, bind to different locations.
in EPSCs than ESCS Sox? acts as a major poneer factor in plu-
ripatency induction (Zhu et al, 3018; Malik et al, 5019) and partners
with different prateins in a cell context-dependent manner (Adachi

Defirang papanded/aatendad pluripmen Sem colls Malik 2 ol

OvrrTayhyd

Figure & Summary of 1k msleculir faatures
asociated with embryonic stes cells, D=, and L=
xpanded potentisl stem Cells (P08

Sohemanic MepreseeaTin shiwing comversion of
embryonic ihes calls £o D= anad LIPS0y with shaned
preeins & e ceevier (00, Soud and Manmg) and
uniguedi eniched prowing and mENA, (Ralcsh at the
Pk of Lhag Tranghe. D: ared L-EPSC8 shatid geoting
vl MARAS ane (0 The migddle of thi Teo call opes.
Opers chromatin asd ennched molis in sach ol type
& indicoted. The plurksosency facsors {filled grey
cincie] and EPSCs fate regulabors (squanes with the
quirstion mark} are shimn

.
o,
i o et

et al, 2003; Lodato et al, 203), 5o it would be interesting to know if
theng are changes in Soad bindicg locations and partners in EPSCs
as well Similarly, the determination of bnding locations of iden-
tified EFSC-enriched factors (Fig &) would help us understand their
regulation more precisely. Zfp28) and Raro transcripts are
expressed at nearly identical levels in both EPSCs (Figs 53F and B),
Yet, their DNA binding motifs are enriched differentially in the
acoessible regions in D- and L-EPSCs, respectively (Figs 2F and 6. To
undersiand whathar these differenially open locations containing
thi abovermentioned DMA motifs are actually bound by thesr re-
spective transcription factors, it would be of prime mterest o
catalog all the genome-wide locations bound by esxpanded po-
tential related factars. We noticed the présence of the RAR banding
matif upstream of EdfSa? in L-EPSCs (Fig 55C) Using our previousty
published ChiP-seq data (Fidalgo et al, 206], we found that Hp2e1
binds the Dnmida and Lin280 gencmic regions in ESCs (Fig 550, A
comparative gengami-wide binding study in E3Cs and EP5CS will
help identify more regulatony signatures like this. Such studees will
thus delineate if and how 2pl81 and RAR-RXR family proteins may
contribute to the expanded potential of EPSCs, partiqularly con-
sidering activation of ARy signaling are important for inducing and
maintaining otipotent features of TPSCs (Xw et al, 2022) and bath
Zip281 and RAR-RXER family proteins may play a rale in cell division
and OMA replication-free reprogramming of somatec nucle for
embiryonic Wansoription {Tomikawa et al, 2011} Recently Hu et al
succimided in capluning LGS n witro wiing three chemicals in-
cluding TTHPE {RAR-agonist) (Hu et al, 2022), thus corraborating our
findings and strengthenmg the demand 1o saplong the passible role
of these factors in expanded potential of EPSCs.

Open chromatin regions in the mouse genoome (about 45%) ane
associated with repeat etements. The accessibility around these
repeat elements is highly dynamic during early embryanic
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development and ESCs (lu et al, 2000). Similary, global DNA
methylation is alse dynamic during mouse early deselopment
stages and contrals the expression of repeat elements [Smith et al,
2013} wkthaugh it is well known that mouse early embnos and ESCs
show higher exgression of ERVS (regulated by LTRS], we fownd that,
compared with ESCs, differentially open regions in EPSCs were
depleted around LTRs and matched with significant down-
regulation of the corresponding RMA expression (Fig 2C and 0}
in alignment with a presious report (Kiuger et al, 2021). We aksa
naticed that EPSCs overexpress Dnmt3 enpymes (Figs 514,58, and &),
Because DMA methylation levels contral the repression of repeat
elements [Smith ot al, 2012 He et al, 2019), it raises more questions
as to whether differential owerespression of DNA methylation
annnas o at interplay to contral the selectieg represseon of LTR-
cantaining open regioas in EPSCs.

In summary, wi Srstematically compared ESCs and EPSCs with
combined genamic, transcriptomic, and proteamic approaches. We
identified critical genomic ioc and proteing that provide & rich
resowrce for further investigations as the potential molecular
targets endowing EPSCE with supefad developmental patential
over E5Cs [Fig 6). Similar studies are warranted for ather currently
available tatipotent-like cells, including 20LCs [Madfarlan &1 al,
3, wtipotent blastomene-like cells {TBLCS) (Shan ot al, 2081,
tatipotent-like stem cells (TLSCS) [Yang et al, 2032), TPSCs (Xu et al,
2022). chemically induced totipatent stem cells (ciTatiSCs) (Hu etal,
2022), and human BLLCs (Mazid et al, 2022 Taubenschmid-Stowers
of al, 3022 Ulimately, we will be able 1o capiure authentic
totipotent stem cefls in vitro (Malik & Wang 2003} and likely also
reveal alternative paths 1o watipstency and/or altermative tatipo-
tent states.

Materials and Methods

ESC and EPSC culture

Mouse ES cells (mESCs) 11

Mouse E5 cells imESCs) N were cultured on inactive MEF feeder cells
(-30,000 cells per em’) or on 0,1% gelatin-coated plates in & serum-
based medium with 2i (3 pM CHIRS9027: 1 uM POOI2520) addition,
which was prepared as follows: DMEM supplemented with FES
(5%, recambinant UF (1,000 Ufml), B-mercaptoethancl (00 ms),
L-glutarmine (2 mM), MEM non-essential aming acids (MEAS, 0.1 misy),
nucleaside mix (1%}, and penicillindstreptomycin (50 W/mL) The
medium was chamged daily o every other day, and cells were
passaged every 3 d using trypsin (0.05%),

D-EPSCs

D-EF3Cs were cultured in a base mediem of M2B27 prepared as
follows: DMEM/FIZ and Neurobasal (11 ratiol, N2 supplement {1x),
BT supplement (1<}, Glutabad (1<), and B-mercaptoethancd (0.
ML The base mediuem was supplemented with KSR (5% ) NEAA {01
mM), LIF (1,000 Ufml), CHIRGSO2Y (3 uM); dimethindene maleate
(M, 2 Mk and minocycline hpdrochlosde (MiH, F M), L-EPSCs
ware cultured on feeder colls or gelatin-coated plates i a base
medism prepared as follows: DMEM/F1Z, KnockOut Serum
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Replacement (KSR, 20%), L-glutamine (2 mM]), NEA& (0.1 mM), and
A-mercapiosthans (0,1 mM) The base medium was supglemantad
with LIF {1,000 U/mi), CHIRSS0H (3 pM), PDO3IE0T [1 uM), A-419559
(003 peda), KI5 (S5 gl INK inhibitor YIE (% M), and SB203580 (10
pM), For bath EPSCs, the medium was changisd daily, and cells were
passaged every 3 d with accutase. Both EFSCs were cultwred in
feeder-free conditions Tor about 15 d, which equated to fve pas-
sages before they were used for ATAC-seq, ChiF-seq, and RMA-seq
S e

Octs-FEBP mESCs, used for degron (dTAG) treatment based Ocls
protein depbetion experiment, wene cultured on 0,1% gelatin-caated
plates in NIBIFH/UF medum formulated as DMEM/F1Z and
Meurabasal (1.1 mixk medium supplemented with M2 {1=) and 837
[1=] supplements, NEAA (0.1 mM], LIF (1000 UF ml], CHIR031 {3 pM),
and POO3259010 {1 pM)L

All the cells were cullured in an moubator with 5% 00y at 39
Detailed reagents and tools st is provided in Table 56,

AMA-seq and data analysis

Tatal AMA from ESCs and EPSCs replicates were extracted wsing
Trizol according 1o the manufacturer's protocol, REA guality was
evaluated by Agilent 2100 Bisénalyzer. Tatal RNA from sach sample
was isplated and used to prepare RMA-seq libraries. RMA-seq -
Branies were propared manually using Universal Plus mANA-Seq
with MuCuant kit, according to the manufacturers protoool For
sach sample, S00 ng total RNA was used 1o solate mANA via pohya)
selection. Captured mRANA was washed, fragmented, and primed
with @ mix of randam abigo{dT) pramers, After DA synthesis, ends
were repaired and ligated with Uniguwe Dual Index (UDI} adaptor
pairs. Libraries were amplified by 4 PCR cycles and purifed with
AMPure X beads. sequencad on the MNovaben 6000 platfarm with
150 bp paired-end read length with Movogene

RMA-5eq reads quality assessmant and adaptor trimming of
fasty files were performed wsing TrimGalore w064, retaining
riads with & minimuem length of 60 and a minimum Phred Scorg
of 20. Processed reads were mapped against the mouse genome
(mm3/NCRIMIZ.67) and sorted by coordinate using STAR v2.7,%a,
The number of reads per gene was counted using hiseq w0112,
providing the genaame annatation (GTF farmat) from the NCBIMETET
mause genome. Differential gene expression was analyzed using
DESeq? wa 1l B package. Genes not expressed in all samples
(rowSums £ 1) were filtered out from the analysis. Correlation plots
and PCA were performed on vst-transfermed vatues [variance
stabilized transformation; implemented in DESeq? packagel.
Genes were considered differentially expressed if they had an
FOR valug of < 0.05 and a log, fold-change = £0.6 unbess othorasse
indizated,

Gene Sat Entichment Analysis (GSEA v4.22) was used (o assess
the ontology terms enriched in each sampie using the (5 Gene
Ontelogy Gene 5ot Database (w7.51). Only significant genes (FOR =
005 and LogFC » +0.6) were selected for this analysis. Briefly, P-
values were calculated based on 1000 permutations, with pef-
mutation type set to gene_set Enrichment analysis was set to
weighted for the enrichment scere calculation, and logd
Rotio_of_ Classeswas used for gene ranking, Only GO Werms with
MOM P-val < 0.05 were retained for further analysis. Gene
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Ontology tenms heat map, volcano plots, PCA, and corralation plots
were platted using R software.

ATAC-seq and data analysis

Tha ATAC-seq libraries of E5Cs and both EPSCs were prepared in
technical replicates as previoushy gescribed (Buenrastro ef al, 2013,
2015} with minor medification. Brafly, 5 = 10 cells were lysed by
fysis bulfer (10 mM Tris-HO [pH 741 10 Mm Macl, 3 mM Mgcl, and
0,15% WP-40) for 10 min on ice 1o prepare the nuclel Immediately
after lysis, nuclel were spun dovwn at 500q for 5 min. Next, the peliet
wias eneubated with the TnS transpodase and tagmantatian Buffer at
37* L for 30 min (Varyme Biotech). After the tagmentation, the stog
Bufler was added dirsgtly into the reaction o end the Lagmentation,
PCR was performed to ampdify the library for 15 cpcles using the
folboweng PCR condasons: T2UC for 3 min; 98°C far 30 5 and ther-
megpcycling at #8*C for 155 60*Cfor 30 5 and £2*C for 3 min; fedlowing
b T C for 5 min. Aftes the POR reaction, Librares from 2040 1o 700 ba
ware purified using g2l eddraction before sequencing NextGen
seguencing was performed by MovaSeq 6000 platform with 150
paired-end reads,

ATAC-seq reads were processed as previously described (Yang
et al, 2020}, Briefly, sequencing reads were aligned 1o mouse
genome (mm9) using the bowtie2 (v2.3.5) program, with pa-
rameters -X M000-no-mixed. Aligned reads were filered by
samtools (v1.10} program with parameters -F 0x04% -f 0u0Z =g 20,
ATAC-seq peaks were determined by the MACS program (w2270
with default settings. Differential peak accessibility was de-
vermined using the Diffbind tool v.3.4.11 (Ross-Innes et al, 2002).
griefly, reads were counted over each peak normalized, and
differential analysis was performed using DESeq2. All peaks
ith = 1} were extracted for further analysis. Peaks were considered
differentially accessible if they had a value of FOR < 0,05 and 2
l6g; fold-change = 0.6 and < -006. Peak filtering and dawnstream
analysis were performed using badtools software w2371, in-
cluding peak intersection and coverage deplh compuling
{pedtools intersect and bedieols coverage functions, respec-
tively), Motif analysis was performed using HOMER w.6.111
(indMotifsGenome,pl script). Briefly, the top 15 most significant
known motifs (ranked by FOR waluel were selected in all
comparisons and merged, Motifs were then separated into
several growps based an ther sample enfichment and shown in
Figs ZE and 520, Peak genomic distribution was assessed by
hemer annotatePeaks.pl $cript (-annstats option), Log; (obs/
eup) ratio was plotted in Fig 2L Motif fraction enrichment in
each sample was compuled using HOMER with annotate-
Peaks.pl function. Briefly, the identified 88 motif types {Fig 2E)
that present differential accessibility between mESCs and
EPSCs waere downioaded from the homer matif database
(http:d fhomerucsd.edu fhomer ! motiff HemerMotifDB  homer
Resultshtmi) and merged into a single file, & merged motif il
was provided as input to HOMER using the annotatePeaks
function (-m aption], Motif counts were calculated, and the
motifl fraction was obtained by normalizing with the peak
nurmbers in each accessibility group,. The most enriched motifs
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in mESC and both EFSCs wera plotted in Fig 2F. ATAC-58q peak
annotation was performed ssing the homer annotatePeaks.pl
function o assign the nearest gene name to the peaks. En-
richment heat maps in Figs 24, 520, and 53C were plotied using
Easeq w1110, reanked by read cowarage, Carrelation and wal-
cang plets were plotted wsing R software,

ChiP-seq and data analysis

HiELm and HIKITac ChiP-seq experiments were perfarmed i rep-
licates &5 described (Ding et al, 20151 One million cells were used for
each sample. Massaaily paralle] sequencing was perfarmed with thi
iumina HovaSeq 600 according to the manufacturer's protoool, and
pair-¢nd 150 bp len@h reads were produced. FRstQr was used 1o check
the sequencing quality, Chif-seq reads were aligned 1o the mouse
genome mmd using the bowtie? (v235) program, with parameters -X
1000 -no-mixed -no-discondant The mapped reads wene sorted and
cosmveried 1o a binary bam file usng SAMTocks (V300 ChiP-seq peaks
were determined by the MACS program (w227} with the -broad option,
using ingut as the control data Differential peak enrichment was de-
termined usng Diffbind software [Similar % in the "ATAC-seq and data
analyss” sectionl. Peak annotation was performed using HOMER
annetatePedis pl scnpl o MSsEn nearby Sends 10 sach peak

SILAC-MS

The SILAC-MS procedura is llustrated in Fig 44 Briefly, D-EPSCS
were cultured im SILAC Light {LysD, Arg0), L-EPSCs were cultured in
SILAC Medium (Lysé, Argb), and ESCs were cultured in SILAC Heavy
[Ly=8, Arg10} media for at least five passages. Cell lysates of gach
population were egually mixed Tar the Tollowing steps. Protein
Iysates were dissolved in 8M Urea buffer, followed by in-gel tryptic
digestion and lgusd chromatography-tandem mass spectrometry
[LC-MS/MS) using an Orbitrap-Velos mass spectrometer. Protegme
Discowarer Saftware with mouse proteome was used far protein
quantificatsan and dentification. The relative intensities of heavy,
medium, and light fraction for each protein were exported for
Furthar analysis.

Western blot

Whole-cell protein extracts were solated from the cultured
cells using RIPA lysis buffer (NCH193700; Boston BioProducts)
supplemented with protease inhibitor cocktail (PE3IL0; Sigma-
Aldrich) and phosphatase inhibitor cockiail (PR42E; Thermo
Fisher Scientific). Blots were incubated in 2% BSA/ TBST at room
tamparature for 1k and than they were incubated with tha
carresponding antibodies in 5% skimmed milk powder{TBST at
&*C overnight, secondary antibodies wiere anli-rabiat 186, HRP-
linked antibody (1:5,000; R&D System, HAFODB) and anti-mousa
igG, HRP-linked antibody (125,000 Cell Signaling Technalagy,
70765), which were incubated for 1h at room temperature while
shaking. The biots were developed using XRAY FILM [CaL no,
KAR ALF 2025; LabScientific) in a dark room,
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Data Availability

Sequenting data (ATAC-seq, ChiP-seq, and RNA-seq) that supports
thi findings of this study are available in Gene Expression Ominibies
hecesshon number for the Sudy i GSENTES,

Supplementary Information

Supplementary Information 5 avadable at Paips/ fdol gl 026508 (sa
207201608,
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