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Naive human iPSCs obtained by culturing the ICGi022-A cell line
with primed pluripotency in HENSM medium
efficiently differentiate into endothelial derivatives
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Abstract. Naive human pluripotent stem cells (PSCs) are a promising new tool in biomedical research. They provide access
to the early embryonic development programmes and offer breakthrough solutions in regenerative medicine. However,
the current inability to obtain long-term cultures of genetically and epigenetically stable naive human PSC lines poses
a challenge to their effective application in biomedicine. The recently proposed HENSM culture medium is claimed to
enable the obtaining and long-term maintenance of naive PSC lines. In this study, the potential of the HENSM medium for
obtaining stable naive human PSC lines was investigated. We successfully reset the primed induced pluripotent stem cell
(iPSC) line ICGi022-A (K7-4Lf), derived from a healthy donor, to a naive state using the HENSM medium. Naive iPSCs grow in
the form of dome-shaped colonies, both with and without a feeder layer of cells. The resulting cells retained expression of
the key pluripotency factors and activated the naive PSC transcriptional programme, including expression of endogenous
retroviral elements, early epiblast marker genes and genes associated with totipotency. The naive iPSC line was capable
of differentiating into derivatives of the three primary germ layers, as well as producing trophoblast derivatives. Culturing
naive iPSCs in low-adhesion conditions resulted in the spontaneous formation of three-dimensional structures (blastoids)
resembling early human blastocysts. The X chromosome, which was in an eroded inactive state in the original cell line,
was reactivated in the naive cells, but returned to its normal inactive state when the naive cells were re-primed. Notably,
naive iPSCs demonstrated limited ability to directly differentiate into endothelial cells. However, their competence to give
rise to mature endothelial derivatives was restored upon returning to the primed state, achieving comparable efficiency
to the original primed iPSCs. Thus, the resulting naive iPSC line has significant potential for studying the early stages of
embryogenesis and for other biomedical applications, including disease modelling. However, the naive 1CGi022-A line
proved to be karyotypically unstable during long-term cultivation using HENSM medium. As there is a risk of karyotypic
aberrations during the maintenance of naive PSCs, further improvement of the culture conditions is necessary to obtain
reliable, karyotypically stable lines of naive pluripotent cells.
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Naive ICGi022-A hiPSCs efficiently derive
endothelial cells

AHHOTauuA. HavBHble nopunoTeHTHble cTBoNoBble KneTkn (MCK) yenoBeka — HOBbI MHOMOOOELLAOWMNA NHCTPYMEHT
6MOMEeANLNHCKUX WCCNeAO0BaHUA, OTKPbIBAWMIA [OCTYN K pPaHHUM MNporpammamM 3MOPMOHANbHOMO PasBUTUA U
NMPOPbLIBHBIM PELIEeHNAM 3afay pereHepaTuBHON MeauuuHbl. [MpenaTcTBMEeM Ha NyTM K 3QdEKTUBHOMY BHEApeHU0
HauHbIx MCK B 6riomeaunuUmHy ABAAETCA OTCYTCTBME BO3MOXHOCTUN MOJNyYaTb AJINTENbHO KYSbTUBUPYEMbIE FeHETUYECKN 1
SNUreHeTNYECKN CTaburbHble NMHUKM HavBHbIX MNCK. PaHee 6bino 3asBneHo, YTo KynbTypanbHas cpefa HENSM nossonset
VNHAOYLMPOBATb U ANUTENbHO NOALEPXKMBaTb JIMHMM HAaUBHbIX MIOPUMOTEHTHBIX CTBOMOBbLIX K/ETOK YyenoBeka. B pamkax
HJaHHOWM paboTbl Mbl MPOBEPWUIN BO3MOXHOCTb MOMyyaTb CTabunbHble NMHUK HamBHbIX MCK ¢ ncnonb3oBaHvem cpepbl
HENSM. C nomolpbto cpeabl HENSM mbl ycnewHo nepesenuv nuHuio 1ICGi022-A (K7-4Lf) npaiMmpoBaHHbIX UHAYLIMPOBaHHbIX
NIOPUMNOTEHTHBIX CTBOMOBbIX KneTok (MMCK) 3popoBoro goHopa B HausBHoe coctoaHmne. HausHble UMCK pactyT B popme
cheponofobHbIX KOMOHUI KaK Ha MUTaloLWeM Crioe KNETOK, Tak 1 6e3 Hero. MonyyeHHble KNeTKM COXPaHWUIN SKCNpeccuio
KntoyeBblX HakTOPOB MAOPUMOTEHTHOCTM U OJHOBPEMEHHO aKTUBMPOBANV TPAHCKPUMLMOHHYIO MPOrpamMmy HavBHbIX
MNCK, BK/OYaIOLLYI0 SKCMPECCUI0 SHOOTEHHbIX PETPOBUPYCHBIX 3/IEMEHTOB, FEHOB-MapKePOB paHHEro anmbnacta 1 reHos,
aCCOLMUPOBAHHBIX C TOTUMOTEHTHOCTbIO. HanBHas nuHua UMCK 6bina cnocobHa AnddepeHLMpoBaTbCcA B NPOV3BOAHbIE
Tpex NepBUYHbIX 3apOAbILLEBbIX IMCTKOB, a TakXKe JaBaTb NPOW3BOAHble TpodobnacTa. Mpu KynbTUBMPOBAHMN HAaNBHbIX
WMCK B HM3KOaAresamBHbIX YCNOBUAX HabMOAANoch CNoHTaHHOe GpopMMPOBaHUE TPEXMEPHbIX CTPYKTYp — 61acTonaos,
MOPGONIOrMUYECK/ HaMOMMHAKOWMX PaHHWe 6RacToUMCTbl YenoBeka. X-XpOMOCOMa, MMEBLUAA HapyLWEeHUA B HEaKTUBHOM
cTaTyce B UCXOQHOW NIMHWW KNETOK, peakTMBNPOBaNach B HaMBHbIX KNeTKaX 1 BOCCTaHaB/MBaNa HoOpManbHOEe HeakTUBHOe
COCTOAIHME MPW MOBTOPHOM MepeBofe HaVBHbIX KNETOK B MPariMMPOBaHHOE COCTOAHME. BaXXHO OTMETUTb, YTO HaMBHble
WMNCK npogeMoHCTPUPOBanu HKU3KYyl CNOCOOHOCTb K MPAMON HanpaBneHHon AnddepeHUMpoBKe B SHAOTENMOLUTHI,
OAHAKO WX KOMMETEHTHOCTb AaBaTb 3pesible SHAOTennasbHble NPON3BOAHbIE BOCCTaHaBAMBaNacb Nocne Mx BO3BpaTa
K MpaiMMpoBaHHOMY COCTOAHMIO, AocTUraa 3GPeKTUBHOCTM, COMOCTaBUMON C TaKOBOWM Y MCXOAHBIX MPaiMMpPOBaHHbIX
WIMCK. Taknum obpasom, nonyyeHHaa nnHuA HameHbix UMCK obnagaeT 3HauMTenbHbIM NOTEHLMANIOM AN1A UCCNeAoBaHUA
paHHMX CTaguin 3mbpuoreHesa u Apyrux 6MOMeAULMHCKMX NPUNOXKEHWNI, BKOYaA MofennpoBaHue 3abonesaHuin. Tem
He MeHee Npv ANUTENIbHOM KyNbTMBMPOBaHWM C ucnonb3oBaHvem cpefbl HENSM HausHasa nuHumA 1CGi022-A oka3anacb
KapuvoTUNNYECKN HecTabunbHoN. MOCKONbKYy PUCK KapvoTUMUYeckux abeppauuii npu nopaepaHnn HausHbix MCK
COXPaHAETCA, B AaIbHENLIEM ANA NOMYYEHUA HafEXHbIX, KAPUOTUMNYECKN CTaOMITbHBIX IMHUIA HAUBHBIX MTIOPUMOTEHTHBIX
KNeTOK Heo6X0MMO COBepPLUEHCTBOBaHME YCJIOBUI KyNbTVBUPOBaHNA.

KntoueBble cnoBa: NpaiMnpoBaHHbIE 1 HaWBHbIE MIKOPUMNOTEHTHbIE CTBOJIOBbIE KNETKM YeNloBeKa; HanpaBneHHas SHhoTe-

nranbHas auddepeHLMPOBKa; KNETOUHbIE MOLENN HACTEACTBEHHbIX 3a601eBaHNI

Introduction

Cultures of human pluripotent stem cells (hPSCs) can reflect
various stages of embryonic development. The majority of
hPSC lines obtained and used to date are in a primed state,
resembling the post-implantation epiblast. These cells are
stable in long-term cultivation and are widely used in biomedi-
cal research and clinical trials. However, they exhibit limited
developmental and differentiation pathways, demonstrating the
epigenetic memory phenomenon that biases differentiation to-
wards specific lineages (Stadtfeld, Hochedlinger, 2010; Gafni
et al., 2013; Valamehr et al., 2014; Lee et al., 2017; Hu et al.,
2020; Yuetal., 2021; Dekel et al., 2022). They cannot be used
to model the earlier stages of embryonic development, such
as X chromosome inactivation, and their chromatin is more
closed, making them less accessible to genome editing by pro-
grammable nucleases. They also often demonstrate impaired
X chromosome inactivation, termed erosion (Mekhoubad et
al., 2012). In contrast, naive hPSCs are in a more primitive
developmental state that closely mirrors the pre-implantation
epiblast. This gives them broader developmental plasticity than
conventional (primed) hPSCs (Theunissen et al., 2016; Collier,
Rugg-Gunn, 2018; Rostovskaya, 2022). This unique plastic-
ity includes the ability to contribute to both the embryonic
and extraembryonic lineages (Theunissen et al., 2014, 2016;
Pham et al., 2022), enhanced proliferation and improved clonal
expansion through tolerance of single-cell passaging. Greater
amenability to genome editing and erased epigenetic memory
through reduction of repressive chromatin marks also render
naive hPSCs a promising platform for advancing regenerative
medicine, disease modelling and the study of early human de-

velopment. Recent advances have demonstrated the feasibility
of resetting primed hPSCs to the naive state in defined media
composed small molecules and growth factors (Chan et al.,
2013; Gafni et al., 2013; Takashima et al., 2014; Theunissen
etal.,2014; Ware et al., 2014; Duggal et al., 2015; Zimmerlin
etal.,2016; Guoetal.,2017; Leeetal., 2017; Szczerbinska et
al., 2019; Bayerl et al., 2021; Khan et al., 2021; Buckberry et
al., 2023). Despite these advantages, deriving and maintaining
naive hPSCs in the long term remains challenging. A major
concern is the genomic and epigenetic instability reported in
naive cultures, particularly under prolonged or suboptimal
conditions. Chromosome aberrations, karyotype abnormalities,
and variable X-chromosome reactivation status have all been
observed (Theunissen et al., 2014, 2016; Fischer et al., 2025).
These vulnerabilities underscore the need for well-defined,
optimized culture systems.

The recently developed HENSM medium shows promise
in supporting the long-term stable propagation of naive hPSC
lines while preserving the key molecular and functional fea-
tures of naive pluripotency (Bayerl et al., 2021). During the
medium formulation, it was recognised that WNT signalling
activity was the main cause of cell heterogeneity, imprinting
loss, and chromosomal rearrangements in naive hPSC cultures.
Thus, the medium lacks WNT activators, such as GSK3 kinase
inhibitors, and ensures almost complete downregulation of
WNT signalling through tankyrase inhibition. The medium
also contains LIF growth factor and MEK kinase inhibitor,
two components that are common to all naive conditions. LIF
activates JAK/STATS3 signalling pathway, which is necessary
for naive pluripotency. The MEK inhibitor, together with
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the PKC and SRC kinase inhibitors in the HENSM medium,
downregulates the MEK/ERK cascade, which is responsible
for primed pluripotency. The medium was tested on several
ESC and iPSC cell lines. It was claimed that HENSM helps
preserve genomic imprints and allows long-term naive hPSC
maintenance, which is crucial for accurate disease modelling
and developmental studies. However, there are still no reports
of long-term cultured naive hPSCs obtained in the HENSM
medium.

The aim of this study is to obtain stable naive induced
pluripotent stem cells (hiPSCs) in HENSM medium by de-
riving them from an existing primed hiPSC line, ICGi022-A
(K7-4Lf), from a healthy donor (Malakhova et al., 2020). The
primed K7-4Lf line is widely used for disease modeling, drug
screening, and stem cell research due to its well-characterized
genetic background and robust pluripotency (Malakhova et
al., 2020; Klepikova et al., 2022; Ustyantseva et al., 2022;
Zakharova et al., 2022, 2024; Grigor’eva et al., 2023, 2024;
Kopytova et al., 2023; Sheveleva et al., 2023, 2024; Yarkova
et al., 2024; Pavlova et al., 2024a, b; Rezvova et al., 2024,
Nadtochy et al., 2025). Reprogramming K7-4Lf cells into a
naive state provides an opportunity to evaluate the develop-
mental and differentiation capabilities of naive pluripotency.

In this study, we reset primed hiPSCs into the naive state
and examined their developmental potential and differentiation
abilities. We successfully derived naive hiPSCs that exhibited
key features of early embryonic cells, including spontaneous
blastoids formation. Additionally, we investigated the ability
of naive hiPSCs to give rise to differentiated derivatives, with
a particular focus on endothelial cells. Furthermore, we ana-
lysed the dynamics of X chromosome regulation, focusing on
H3K27me3 and XIST RNA as indicators of epigenetic fidelity.
Our findings emphasise the functional benefits and epigenetic
challenges of naive pluripotency, highlighting the necessity of
improved resetting and culture protocols to maintain genomic
and epigenetic stability.

Materials and methods

hiPSCs cultivation and differentiation. The human induced
pluripotent stem cell line ICGi022-A (hPSCreg identifier:
RRID:CVCL ZE02) (Malakhova et al., 2020) with a karyo-
type of 46, XX was utilised in this study. The ICGi022-A
line was derived and maintained under conditions typical of
primed pluripotent cells on a layer of mitotically inactivated
mouse embryonic fibroblasts. The medium was composed
of DMEM/F12 (1:1), with the addition of 15 % serum re-
placement KnockOut SR (Thermo Fisher Scientific), I mM
GlutaMax (Thermo Fisher Scientific), 1 % non-essential amino
acid solution (NEAA) (Thermo Fisher Scientific), 50 U/ml
penicillin and 50 pg/ml streptomycin (InvivoGen), as well as
0.25 mM 2-mercaptoethanol (Thermo Fisher Scientific) and
10 ng/ml bFGF (Sci-store).

Complete HENSM medium (Bayerl et al., 2021), for induc-
tion and maintenance of naive state, consisted of a 1:1 mixture
of Neurobasal and DMEM-F12 media, supplemented with
1% N2, 1% B27, 1 mM GlutaMAX, 1 % NEAA (all Thermo
Fisher Scientific), 50 U/ml penicillin and 50 pg/ml strepto-
mycin (InvivoGen), 0.2 % Geltrex (Thermo Fisher Scienti-
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fic), 50 pg/ml L-ascorbic acid 2-phosphate (Sigma-Aldrich),
20 ng/ml recombinant LIF (Sci-store), and kinase inhibitors:
1 uM GSKi PD0325901, 2 uM TNKi XAV939, 2 uM PKCi
G066983, 1.2 uM SRCi CGP77675 (all R&D) and 5 uM ROCKi
thiazovivin (Stemolecule).

In order to expand cell cultures, colonies of both naive and
primed pluripotent cells were dissociated using a TrypLE en-
zyme (Thermo Fisher Scientific) and subsequently transferred
into fresh medium containing 10 uM of the ROCKi thiazovivin
(Stemolecule). The seeding ratio was established at 1:10 for
primed iPSCs and at 1:3 for naive iPSCs.

The spontaneous differentiation of naive hiPSCs into
derivatives of three primitive germ layers was performed in
a monolayer. To achieve this, the cells were seeded at 30 %
confluence on Matrigel (Corning), and the HENSM medium
was replaced with a differentiation medium containing a 1:1
DMEM/F12 mixture (Gibco), 10 % fetal bovine serum (FBS)
(Cell Technologies), 1 mM GlutaMax (Thermo Fisher Sci-
entific), 1 % NEAA solution (Thermo Fisher Scientific),
50 U/ml penicillin and 50 pg/ml streptomycin (InvivoGen).
The medium was changed every other day. The results of the
spontaneous differentiation were analysed after 23 days using
immunofluorescence.

The directed differentiation protocol for trophoblast deriva-
tives started with the dissociation of confluent naive IPSC
colonies using TrypLE, followed by seeding at a density of
2x106 cells on a 10 cm? culture surface treated with colla-
gen IV (Sigma-Aldrich) in HENSM medium. After two days,
TSC medium was added to the cells as described in (Okae et
al., 2018). The TSC medium comprises a 1:1 DMEM/F12
mixture (Gibco), 0.2 % FBS (Cell Technologies), 0.3 % BSA
(Sigma-Aldrich), 0.1 mM 2-mercaptoethanol (Sigma-Aldrich),
1 % ITS-X (Gibco), 1.5 uM ascorbic acid (Sigma-Aldrich),
50 ng/ml EGF (Peprotech), 2 uM CHIR99021 and 0.5 uM
AS83-01, 1 uM SB431542 (all R&D), 0.8 mM valproic acid
(Sigma-Aldrich), 5 uM thiazovivin (Stemolecule), 50 U/ml
penicillin and 50 pg/ml streptomycin (InvivoGen). The me-
dium was changed daily. On day 5 after the addition of the
TSC medium, once the flattened colonies had reached 50-70 %
confluence, they were expanded using TrypLE enzymatic
disaggregation at a ratio of 1:4. Homogeneous trophoblast
cell cultures were formed by the fifth passage. Thereafter,
trophoblast cells were passaged with TrypLE every three to
four days at a ratio of 1:4 to 1:6. At the tenth passage, the
cells were plated on coverslips and stained with antibodies
for specific markers.

Endothelial derivatives of hPSCs were obtained through
mesodermal progenitor derivation and subsequent endothelial
differentiation, according to the Gu protocol with modifica-
tions (Gu, 2018). First, the pluripotent cells were seeded onto a
matrigel-treated surface (Corning) at a confluence of 6070 %,
in the original iPSC culture medium. The next day, differentia-
tion in the mesodermal direction was started in RPMI 1640
medium containing 1 % B27 supplementation without insulin
(all Thermo Fisher Scientific), 50 U/ml penicillin, 50 pg/ml
streptomycin (InvivoGen), and the GSK3 kinase inhibitor
CHIR99021 (R&D). The concentration of CHIR99021 in the
differentiation medium was 6 uM for two days, after which
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it was reduced to 3 uM for the following two days. The dif-
ferentiating cells were then transferred to EGM-2 medium
(Lonza), supplemented with 50 ng/ml VEGF, 25 ng/ml bFGF
(both Sci-Store) and 10 uM SB431542 (R&D), for endothelial
growth. For the next eight days, half of the endothelial medium
were changed daily. The proportion of cells containing the
CD31 marker of mature endothelial cells was determined using
aFACSAria Il device (BD, USA) after precipitating the cells
with the appropriate antibodies (Supplementary Material 1)!
and analysing 10* events. Unstained cells and cells incubated
with fluorescently labelled mouse IgG1 were used as negative
controls. The experiment was repeated three times. The sta-
tistical significance of the differences was measured using the
Wilcoxon test with Bonferroni correction. Mature endothelial
derivatives of hiPSCs were selected using magnetic sorting
with antibodies to the human CD31 surface antigen (Miltenyi
Biotec) and seeded onto a collagen IV-coated culture surface
(Sigma-Aldrich) in EGM2 medium (Lonza).

Generation of human blastoids from naive human iPSCs
maintained in HENSM medium. For the generation of blas-
toids, naive hiPSCs with 60—70 % confluence were dissociated
into single cells using TrypLE Express at 37 °C for 3 minutes.
The cells were then collected by centrifugation at 200g for
5 minutes and resuspended in fresh HENSM medium. The
resulting cell suspension was incubated in a gelatinised tissue
culture plate for 30 minutes at 37 °C in 5 % CO, to remove
the feeder cells. The medium containing naive human iPSCs
was collected and passed through a 40 pum cell strainer. The
AggreWell 400 (STEMCELL Technologies) was prepared by
rinsing with an anti-adhesion solution (STEMCELL Technolo-
gies), followed by centrifugation at 2,000g for 5 minutes and
incubation at room temperature for 10 minutes, according to
the manufacturens instructions. After incubation, wells were
washed once with HENSM medium, after which 0.5 ml of
fresh HENSM containing 5 uM hiazovivin (Stemolecule) was
added.

Approximately 30,000 cells (around 25 cells per micro-
well) were resuspended in 1 ml HENSM with 5 uM thia-
zovivin (Stemolecule) and seeded into one well of a prepared
AggreWell 400 24-well plate. The plate was centrifuged at
200g for 1 minute and placed at 37 °C. Aggregates were
formed within 12—16 hours. The HENSM medium was then
changed to TDM medium and replaced every two days for six
days. The TDM previously described for 5iLA-naive hPSCs
was slightly modified to adjust the HENSM protocols using
the following: 1:1 (v/v) mixture of DMEM/F12 and Neuro-
basal medium, 0.5x N2 supplement, 0.5 % 0.5% GlutaMAX,
0.5x non-essential amino acids (all Thermo Fisher Scientific),
0.5x B27 supplement (Thermo Fisher Scientific), 0.1 mM
B-mercaptoethanol (Sigma-Aldrich), 1 % ITS-X (Gibco),
0.5 % KnockOut SR (Thermo Fisher Scientific), 0.1 %
FBS (Cell Technologies), 50 mg/ml BSA (Sigma-Aldrich),
50 U/ml penicillin and 50 pg/ml streptomycin (InvivoGen),
1 UM G66983, 1 uM PD0325901, 0.5 uM CGP77675, 0.5 uM
A83-01, 1.25 uM CHIR99021, 0.5 uM SB431542 (all R&D),
25 ng/ml recombinant human LIF (Sci-Store), 10 ng/ml EGF

' Supplementary Materials 1-4 are available at:
https://vavilovj-icg.ru/download/pict-2026-30/appx12.pdf
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(Peprotech), 0.75 pg/ml L-ascorbic acid, and 0.4 mM valproic
acid (both from Sigma-Aldrich). After six days, the blastoids
were isolated and treated with a 4 % formaldehyde fixative
solution in PBS for immunostaining with OCT4 antibody.

RNA isolation, cDNA synthesis and semi-quantitative
real-time PCR. RNA was isolated from primed and naive
iPSCs using a TRIzol reagent (Thermo Fisher Scientific) and
a DNA-free kit (Thermo Fisher Scientific). cDNA was syn-
thesised using a reverse transcriptase (M-MuLV) (Biolabmix)
and a random hexamer primer (Thermo Fisher Scientific),
according to the manufacturers’ instructions. The relative
gene expression levels of NANOG, TFCP2L1, KLF17, TFE3,
LTR7Y, DAZL and LEUTX were determined by semi-quantita-
tive real-time PCR using the AACt method, normalised to the
levels of the housekeeping genes ACTB, TFRC and B2M. The
experiment was performed in three biological and two techni-
cal replicates. The results were analysed using the qBase+ soft-
ware (CellCarta, https://cellcarta.com/genomic-data-analysis/)
and the generalised AACt method was employed, taking into
account the reaction efficiency, which was calculated from the
calibration curve results. The sequences of the oligonucleotides
synthesised at Biosset (https://www.biosset.com/) are given in
the Supplementary Material 2.

Immunofluorescent staining and RNA FISH. We used in-
direct immunofluorescence staining to detect surface antigens,
transcription factors, and the epigenetic state of the X chro-
mosome in hiPSCs, as well as markers of their differentiated
derivatives. During cell preparation and antibody staining, we
follow the protocol described previously (Vaskova et al., 2015;
Zakharova et al., 2017, 2022). The cells were fixed in a 4 %
formaldehyde solution for 10 minutes, permeabilised with a
0.5 % Triton X-100 solution (Sigma-Aldrich) for 30 minutes
(this step was omitted for surface antigens), and blocked with
a 1 % bovine serum albumin solution in 1x PBS. All proce-
dures were performed at room temperature. Primary antibody
incubation was conducted overnight at 4 °C. Precipitation
between cells and fluorescently labelled secondary antibodies
was performed in the dark at room temperature for one hour.
Cell nuclei were stained with DAPI. The preparations were
visualized and imaged using a Ti-E inverted fluorescence
microscope (Nikon) and NIS Advanced Research software.
Antibodies, their manufacturers, species of origin, and dilu-
tions are listed in Supplementary Material 2.

To examine the epigenetic state of the X chromosome,
immunofluorescent staining with antibodies to chromatin
modification of the inactive X chromosome was combined
with RNA FISH with probes to the RNA XIST (BAC clone
RP11-256P2) and X-linked gene HUWE1 (BAC clone RP11-
975N19), according to the protocol given in (Vaskova et al.,
2015). Images were acquired and analysed using a Nikon
Ti-E inverted fluorescent microscope (Japan) and NIS Ele-
ments AR software. At least 300 nuclei were analysed in each
experiment.

STR analysis. The short tandem repeat (STR) profile of
the primed and naive PSC line was determined by polymerase
chain reaction with the COrDIS EXPERT 26 reagent kit
(Genoanalytica, https://www.genoanalytica.ru/) according to
the manufacturer’s protocol, followed by amplicon separation
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on a 3130 Genetic Analyzer capillary electrophoresis instru-
ment (Applied Biosystems). Electropherograms of the STR
profiles obtained by PCR are available upon request from the
authors. Table with STR results is provided in Supplementary
Material 3.

Mycoplasma and episome detection. The absence of
mycoplasma and episome contamination in the cells was
detected by PCR. The primer sequences are provided in the
Supplementary Material 2. Parameters for episome detec-
tion: 95 °C for 5 minutes, followed by 35 cycles of 95 °C for
15 seconds, 58 °C for 15 seconds and 72 °C for 20 seconds,
then 72 °C for 5 minutes. Parameters for mycoplasma detec-
tion: 95 °C for 3 minutes, followed by 35 cycles of 95 °C for
15 seconds, 67 °C for 15 seconds and 72 °C for 20 seconds,
then 72 °C for 5 minutes.

Karyotyping. Naive hiPSCs were karyotyped at passages
12, 15 and 18. Metaphase chromosome spreads were obtained
by methanol-acetic acid fixation, as previously described
(Grigor’eva et al., 2024). The karyotype of naive iPSCs was
determined according to the International System of Human
Cytogenetic Nomenclature.

Results

Several media have been proposed to date that allow primed
human PSCs to be reset to a naive state (Chan et al., 2013;
Gafni et al., 2013; Takashima et al., 2014; Theunissen et al.,
2014; Ware et al., 2014; Duggal et al., 2015; Zimmerlin et al.,
2016; Guo et al., 2017; Lee et al., 2017; Szczerbinska et al.,
2019; Bayerl et al., 2021; Khan et al., 2021; Buckberry et al.,
2023). Among these, the HENSM medium has been shown
to capture a naive state that closely resembles the early pre-
implantation epiblast (Bayerl et al., 2021). It has been claimed
that naive PSC lines obtained with the HENSM protocol are
karyotypically and epigenetically stable during long-term
cultivation. In this study, we aimed to return a primed hiPSC
line to a naive state using HENSM conditions. We used K7-4Lf
iPSCs that were obtained and described previously (Malak-
hova et al., 2020). However, direct transferring K7-4Lf cells
from a DMEM/F12 medium supplemented with KnockOut
SR and FGF2 into a complete HENSM medium resulted in
extensive cell death, preventing further progression of the
resetting process. To overcome this barrier, we adopted a
stepwise approach (Fig. 1a), first culturing the K7-4Lf cells
in a primed cell medium supplemented with an SRC kinase
inhibitor (CGP77675) and LIF. This pre-conditioning phase
was lasted for three passages before the cells were transferred
into a DMEM/F12-based HENSM naive-induction medium
that still omitted N2B27 supplements but contained KnockOut
SR and FGF2, as well as the complete HENSM small mo-
lecule set and growth factor LIF. By the fourth passage in the
naive-inducing medium, the K7-4Lf colonies had begun to
exhibit a transition towards the compact, dome-shaped mor-
phology characteristic of naive-like human pluripotent stem
cells (Fig. 1b). At this stage, the cultures were transferred to
complete N2B27-based HENSM medium supplemented with
Geltrex. Under these conditions, the cells exhibited stable
growth and could be propagated enzymatically using TrypLE
in the presence of a ROCK inhibitor.
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Following the establishment of the naive culture, we
removed FGF2 from the N2B27-based HENSM medium.
While FGF2 supports initial cell survival during resetting, its
continued presence can hinder the efficient acquisition of the
naive state. Notably, the resulting K7-4Lf cells maintained
hallmark features of naive pluripotency after FGF2 withdrawal
at passage 6 of the resetting process, indicating that they had
achieved FGF2-independent pluripotency. Furthermore, these
cells were capable of forming compact, spherical colonies
under feeder-free conditions when cultured on Matrigel-coated
plates (Fig. 1c). However, during the early stages of reset-
ting to the naive state, we observed that K7-4Lf cells failed
to maintain under feeder-free conditions, even in complete
HENSM medium. This suggests a transient dependency on
FGF2 and/or feeder support during the initial phases of reset-
ting to the naive state.

The resulting naive K7-4Lf cells demonstrated robust sta-
bility under enzymatic passaging and could be cryopreserved
and thawed without any apparent loss of viability or naive
morphology. The naive K7-4Lf line maintained as mycoplasma
free culture (Fig. 1d). It showed no signs of the episomes that
had been used to derive the original K7-4Lf, indicating that
resetting to a naive state was free from the expression of exo-
genous reprogramming factors. We also demonstrated that the
original cell line and its naive derivative have identical STR
profiles (see Supplementary Material 3).

Naive K7-4Lf hiPSCs characterisation

The resulting naive K7-4Lf cells demonstrated characteristics
commonly associated with pluripotent cells. A histochemical
assay revealed alkaline phosphatase activity (Fig. 1€), and
immunostaining confirmed the presence of the transcription
factors OCT4 and NANOG, as well as the conventional surface
marker TRA-1-60 (Fig. 1e). Additionally, the cells expressed
the naive-specific markers CD75, KLF17, and TFE3 (Fig. 1f).
Notably, TFE3 nuclear translocation is considered a pivotal
event in the induction of naive pluripotency and a defining fea-
ture of the naive pluripotent state (Gafni et al., 2013; Mathieu
etal., 2019). Functionally, these cells were able to differentiate
into derivatives of all three germ layers (Fig. 1g), as well as
into trophoblast cells that expressed surface markers typical of
early placentation (Fig. 1h). Furthermore, naive K7-4Lf cul-
tures exhibited spontaneous self-organisation into blastoid-like
structures under low-adhesion conditions (Fig. 1i), indicating
that the cells possess developmental potency attributable to
the naive pluripotent state.

Furthermore, we analysed the expression of pluripotency-
associated genes using RT-PCR. We focused specifically on
how gene expression differs in naive K7-4Lf cultures with and
without FGF2. To monitor transcriptional dynamics over time,
we analysed gene expression profiles at passages 6 and 11.
Generally, we found that the naive K7-4Lf line exhibited robust
upregulation of naive-specific transcription factors compared
to the original primed cells (Fig. 2).

Previous studies have demonstrated that NANOG and
TFCP2L1 play a significant role in the acquisition and main-
tenance of the naive pluripotent state (Theunissen et al., 2016;
An et al., 2020). We found that NANOG expression increased
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Fig. 1. K7-4Lf hiPSCs after induction of naive pluripotency in HENSM medium.

a - schematic representation of the conversion stages from primed to naive state; b - colony morphologies of naive hiPSCs on a layer of
mitotically inactivated mouse embryonic fibroblasts, Scale bar is 100 pm; ¢ — colony morphologies of naive hiPSCs on Matrigel-treated
surface; Scale bar is 100 um; d — absence of episomal vectors and mycoplasma contamination in naive K7-4Lf line; e - common pluripo-
tency markers: alkaline phosphotase (AP), TRA-1-60 (red), OCT4 (red), NANOG (green) detected in naive hiPSCs line. Nuclei are stained
with DAPI (blue). Scale bar is 100 pm; f - specific markers of naive pluripotency: surface antigen CD75 (red), transcription factors KLF17
(green) and TFE3 (red). Nuclei are stained with DAPI (blue). Scale bar is 100 um; g - ability of naive iPSC line to differentiate into deriva-
tives of three germ layers; h — morphology of early trophectoderm cells derived from naive hiPSCs and immunostaining with antibodies
to early placentation markers TACSTD2 (red) and ENPEP (red). Nuclei are stained with DAPI (blue). Scale bar is 100 pm; i — representative
image of blastoid obtained by self-aggregation of naive K7-4Lf iPSCs under low-adhesive conditions. Pluripotent cells are stained green
with antibodies to OCT4. Nuclei are stained with DAPI. Scale bar is 10 um.

substantially in FGF2-independent naive K7-4Lf cells com-
pared to those maintained with FGF2. Naive K7-4Lf cultures
also demonstrated concomitant TFCP2L1 upregulation. In
line with previous findings that FGF2 impairs the efficient
resetting to naive pluripotency, TFCP2L1 levels were signifi-
cantly higher in the FGF2-free condition. NANOG expression
increased through passage 6, but then declined by passage 11.
In contrast, TFCP2L1 expression remained consistently high
across both time points. The expression patterns of KLF17
and TFE3 mirrored the dynamic profile of NANOG, indicat-
ing coordinated regulation during the maturation of naive
identity.

In vivo studies of the early epiblast showed marked activ-
ity of transposable elements, particularly HERVH and LTR7Y
(Szczerbinska et al., 2019). Mounting evidence implicates
these endogenous retroviral elements as functional regulators
of early human development. Consistent with this, we observed
robust LTR7Y expression in naive K7-4Lf cultures, with tran-
scription levels progressively increasing over passages. This
contrasted with the NANOG expression pattern, potentially
indicating a transition into a developmental state beyond the
NANOG-regulated phase of naive pluripotency.

The expression of a DAZL gene, which is also known as a
naive hPSCs marker, was also examined. DAZL orchestrates
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Fig. 2. Semi-quantitative analysis of NANOG, TFCP2L1, TFE3, KLF17, LTR7Y, DAZL and LEUTX gene expression in the origi-
nal primed K7-4Lf line and its naive derivatives cultured in KoSR/FGF/HENSM (Naive/FGF) as well as in N2B27/HENSM

(Naive) at 6 and 11 passages.

Statistically significant differences (p < 0.05) are marked with an asterisk.

the initial stages of PGC commitment and is involved in the
upregulation of TET1, which balances the level of 5-hydroxy-
methylcytosine (Welling et al., 2015). DAZL expression was
elevated in naive K7-4Lf hiPSCs and remained consistently
higher in FGF2-independent naive cultures. This finding sug-
gests that the cells have acquired a molecular profile conducive
to both germline differentiation competence and stable naive
pluripotency.

Strikingly, the naive K7-4Lf cells also activated genes as-
sociated with a totipotent-like state. Specifically, we observed
increased expression of the LEUTX gene, which encodes a
chromatin protein involved in zygotic genome activation at
the eight-cell stage (Mazid et al., 2022), with higher levels
detected in FGF2-independent cultures. This is in line with
our previous findings and suggests that the removal of FGF2
enables a more advanced reprogramming trajectory towards
earlier embryonic-like states (Shevchenko et al., 2025).

In parallel with transcriptional analyses, we monitored chro-
mosomal stability across passages. Karyotype analysis of naive
K7-4Lf cells at passage 12 revealed a normal chromosomal
complement (Fig. 3). However, by passage 15, we detected
signs of aneuploidy and polyploidy, indicating chromosomal
instability during long-term cultivation. The subsequent karyo-
type analysis at passage 18 revealed a deletion in the short arm

MONEKYNAPHAA N KNIETOYHAA BUOJIOTUA / MOLECULAR AND CELL BIOLOGY

of chromosome 15 (Fig. 3) in more than 70 % of cells. This
highlights the importance of ongoing genomic surveillance
during long-term culture and suggests that medium composi-
tion and culture conditions can affect the karyotype stability
in naive hPSCs obtained and maintained in HENSM.

X chromosome epigenetics in primed, naive

and re-primed K7-4 iPSCs

In primed hPSC lines with two X chromosomes, one is ac-
tive (Xa) and the other is inactive (Xi) due to X chromosome
inactivation (XCI), which is complete by this developmental
stage (Vallot et al., 2015; Disteche, 2016; Patel et al., 2017,
Sahakyan et al., 2017). However, in most primed hPSC lines,
the inactive state on Xi often becomes disrupted and under-
goes erosion (Xe). XCI erosion is characterised by the loss of
inactive chromatin marks and the partial reactivation of genes,
preventing Xe from being re-inactivated during differentiation.
This erosion is undesirable for hPSC application in biomedi-
cal research. Some naive media, including HENSM, enable
pluripotent cells to restore an inactive state on Xe when the
cells are returned to a primed state and differentiated into
germinal and somatic cells (Sahakyan et al., 2017; Vallot et
al., 2017; An et al., 2020; Raposo et al., 2025). In this study,
we evaluated the epigenetic state of the X chromosome in the
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Fig. 3. Naive hiPSCs K7-4Lf karyotyping at passages 12, 15 and 18.
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Fig. 4. X chromosome epigenetic state in the original primed, naive and re-primed K7-4Lf hiPSCs, detected by RNA FISH
with probes to RNA XIST (green) and HUWET gene (red) as well as immunostaining to H3K27me3 histone mark (green).

Nuclei are counterstained with DAPI (blue). Scale bar is 10 um.

original primed hiPSC line K7-4Lf, focusing on the changes
that occur when the cells are reset to the naive state and when
the naive cells are returned to the primed state (re-primed).
Using RNA FISH and immunofluorescence, we showed
that in the original primed K7-4LfhiPSC line, 96.0+1.2 % of
nuclei lacked XIST RNA and H3K27me3 histone modification
clouds, which are attributable to the Xi territory and are main
XCl participants (Fig. 4). Thus, it can be stated that erosion on
the inactive X chromosome is observed in the original K7-4Lf
line. However, in primed K7-4Lf hiPSCs, the majority of cells
(96.5+2.1 %) exhibited just one HUWEL1 signal per nucleus,
suggesting that it is transcribed on Xa and remains inactive on
Xe. Reactivation of HUWEL on Xe is considered a late ero-

sion event, suggesting that XCI erosion in the original K7-4Lf
line is at an early stage (Vallot et al., 2015; Patel et al., 2017,
Raposo et al., 2025).

Naive K7-4Lf cells cultured in HENSM medium show bial-
lelic expression of the X-linked gene HUWEL in 95.0+1.6 %
of nuclei. Biallelic expression of XIST RNA is also detected
in some cells (27.5£2.1 %). Accumulation of the inactive
H3K27me3 modification on X chromosomes was not detected.
This epigenetic state is typical of naive hPSCs and reflects the
intermediate stages of the X-chromosome reactivation that is
characteristic of the early pluripotent state in humans (Vallot
et al., 2015; Theunissen et al., 2016; Sahakyan et al., 2017,
Bayerl et al., 2021; Khan et al., 2021).
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Fig. 5. Directed differentiation of original primed, naive and re-primed K7-4Lf hiPSCs into endothelial derivatives.

a - schematic representation of the differentiation protocol; b — quantification of mature EC using CD31 (PECAM1) surface marker.
Statistically significant differences (p < 0.05) are marked with an asterisk; c — hiPSC derived endothelial cells are stained with antibody
to CD31 (red). Nuclei are counterstained with DAPI (blue). Scale bar is 100 um.

In K7-4Lf cells derived from naive hiPSCs after re-priming,
we observed pattern of completed XCI (95.5+1.3 % of nuclei).
It appears as one distinct RNA XIST or H3K27me3 cloud cor-
responding to Xi and as one signal of X-linked gene HUWE1
located apart from, corresponding to Xa (Fig. 4).

Thus, obtaining cells in naive state from primed K7-4Lf
hiPSC line in HENSM medium, and re-priming or differentiat-
ing them, allows us to get rid of erosion and obtain a culture
with normal XCI.

Directed differentiation of naive hiPSCs

into endothelial derivatives

Although naive pluripotent cells have an expanded differen-
tiation potential, they may not differentiate efficiently into
somatic lineages directly (Lee et al., 2017; Rostovskaya et al.,
2019; Guo et al., 2021; Buckberry et al., 2023). To achieve
efficient differentiation into specific somatic cell types, naive
hPSC:s first need to be returned back to the primed state, after
which their somatic derivatives can successfully be obtained
according to protocols previously established for primed
hPSCs.

In this study, we evaluated the effect of naive pluripotency
on the ability of hiPSCs to differentiate into endothelial-like
cells (ECs), which had not been investigated previously. We
compared the ability of the original primed K7-4Lf line, naive
and re-primed K7-4Lf cells to produce mature endothelial
derivatives. Re-priming entails placing naive K7-4Lf cultures
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in the medium used for maintaining primed K7-4Lf hiPSCs
for 48 hours prior to directed EC differentiation.

We differentiated primed, naive and re-primed K7-4Lf cells
into ECs using a two-step directed protocol (James et al., 2010;
Gu, 2018; Zakharova et al., 2024) (Fig. 5a). It comprises
(1) mesoderm induction by WNT pathway activation and
subsequent (2) endothelial specification using VEGF and FGF
in EGM2 medium along with TGFf pathway inhibition to sup-
press smooth muscle cell lineage. On day eight of endothelial
specification, we used flow cytometry to quantify mature ECs
for the endothelial marker CD31 (PECAM1) (Fig. 5b).

We found that attempts to directly differentiate K7-4Lf
cells maintained in a naive state resulted in poor induction of
endothelial derivatives. This suggests that naive hiPSCs have
an impaired or incompatible background for endothelial spe-
cification. However, re-primed and primed K7-4Lf cells ex-
hibited a significant proportion of mature endothelial cells,
which did not differ significantly from each other and were
comparable with endothelial specification experiments per-
formed in other studies (Shevchenko et al., 2023; Zakharova
etal., 2024). Thus, we found that re-priming renders the naive
K7-4Lfline competent to differentiate into endothelial cells ata
level comparable to the original primed K7-4Lf cells (Fig. 5b).

In conclusion, endothelial cells obtained from all three
K7-4Lf sources through this differentiation protocol by
magnetic sorting were positive for CD31 (Fig. 5c), which is
consistent with their identity as vascular endothelial cells.
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Discussion

The rigorous selection of HENSM medium composition,
taking into account the influence of its components on chro-
mosomal, epigenetic and genetic stability, allowed optimal
conditions for long-term cultivation of naive hPSCs to be
identified. This potentially paves the way for the mass pro-
duction of stable naive hPSC lines and their broader use in
biomedical research.

In this study, we successfully reset the primed K7-4Lf
hiPSC line to the naive state using the HENSM medium. The
characteristics of the resulting naive iPSCs were summarised in
the preliminary cell line passport (Supplementary Material 4).
However, transferring primed hiPSCs directly into HENSM
medium resulted in extensive cell loss, hindering efficient
reprogramming and the establishment of stable naive cultures.
To address this issue, we optimised the induction protocol by
introducing a transitional phase, culturing the hPSCs in SRC
kinase inhibitor and LIF-supplemented medium prior to naive
induction. This intermediate step was crucial, as it conferred
the necessary competence for naive induction, reducing to
minimum cell death and improving the efficiency and stability
of the resetting process. The effectiveness of the transitional
stage likely stems from its ability to reset the cellular signal-
ling and epigenetic landscape, thereby priming the cells for
subsequent naive resetting. By modulating key pathways and
reducing lineage priming, the transitional culture creates a
more permissive environment for acquiring naive pluripotency.
Our optimised protocol, which included enzymatic passaging
with TrypLE, consistently generated stable naive hPSCs. These
cells exhibited robust expression of pluripotency markers and
significant upregulation of naive-specific genes. Notably, the
naive hPSCs produced using our protocol exhibited the unique
ability to form trophoblast cells and blastoid-like structures
invitro, highlighting their developmental potential and fidelity
to the naive state.

Our naive K7-4Lf cells showed upregulation of LEUTX|,
which is a key marker of totipotent-like subpopulations that
are active during early embryonic development. The increase
in LEUTX expression following the withdrawal of FGF2 is
consistent with our previous study (Shevchenko et al., 2025),
which found that removing growth factors such as FGF2
increases the number of LEUTX-positive cells. This indicates
a shift towards a totipotent-like transcriptional state within
naive hPSC cultures.

Naive hPSCs demonstrate superior competence in generat-
ing neural stem cells, progenitors and primordial germ cell-like
cells, compared to their primed counterparts (Irie, Surani,
2016; Kisa et al., 2017; Lee et al., 2017; Ozaki et al., 2022;
Buckberry etal., 2023). This enhanced differentiation potential
positions naive hPSCs as a promising platform for various
lineage specifications. However, naive hPSCs appear to be
limited in their ability to generate endothelial cells directly
in vitro. This phenomenon may be explained by the absence
of key transcription factors, such as OTX2 and ZIC2/3, which
are essential for initiating gastrulation and subsequent somatic
lineage specification. These genes are typically expressed in
the post-implantation epiblast, a developmental stage that is
mimicked by primed hPSCs (Warr et al., 2008; Di Giovan-
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nantonio et al., 2021; Ee et al., 2024; Hossain et al., 2024), but
are absent in the naive state. Consistent with this, we found that
re-priming naive hPSCs restores their ability to differentiate
into endothelial cells. Therefore, the ability of naive hPSCs
to generate mesodermal and endodermal derivatives appears
restricted unless the cells undergo a transient re-priming
process (Guo et al., 2017; Lee et al., 2017; Liu et al., 2017;
Buckberry et al., 2023).

The loss of nuclear XIST RNA and H3K27me3 foci in the
original K7-4Lf line indicates erosion of the inactive X chro-
mosome. Despite the fact that it occurs frequently, the erosion
is often disregarded in stem cell research. XCI erosion leads
to the aberrant expression of X-linked genes, which impairs
the differentiation potential of hPSCs. This results in abnor-
mal descendants that fail to accurately model physiological
conditions (Anguera et al., 2012; Mekhoubad et al., 2012;
D’ Antonio-Chronowska et al., 2019; Motosugi et al., 2022).
Importantly, XCI erosion persists after differentiation, com-
promising the reliability of disease models and drug screening
platforms (Mekhoubad et al., 2012; Vallot et al., 2015; Patel
et al., 2017). Differentiated derivatives with erosion may be
non-functional and at risk of oncogenic transformation. There-
fore, monitoring and preventing XCI erosion is essential for
ensuring the fidelity of hPSC-derived models and clinical
applications. Resetting to the naive state enables reactivation
of the X chromosome, but this is neither complete nor ho-
mogeneous, either between cell lines or between cells within
a culture. Contrary to previous findings, a recent study has
demonstrated that human pre-implantation epiblasts display
two active X chromosomes marked by H3K27me3 (Alfeghaly
et al., 2024). These observations suggest that generated naive
hPSCs exist in a metastable, transitional state that does not
fully recapitulate the pre-implantation epiblast in vivo (Al-
feghaly et al., 2024). Nevertheless, re-primed hiPSCs regained
XIST RNA and H3K27me3 foci, indicating re-establishment
of the normal inactive X chromosome state.

Chromosomal instability is a well-recognised challenge
in naive hPSC cultures. Previous reports indicate that naive
hPSCs typically retain a normal karyotype for up to nine
passages when maintained in 5iLAF medium before abnor-
malities arise (Theunissen et al., 2014). In our study, naive
hiPSCs generated using our optimised protocol retained
normal karyotypes for up to 15 passages, exceeding earlier
benchmarks. However, chromosomal abnormalities were de-
tected by passage 18. These results imply that, although our
approach increases the period of genomic stability, the risk
of karyotypic aberrations continues with prolonged culture.
Ongoing monitoring and further refinement of culture condi-
tions are necessary to ensure the genomic integrity of naive
hPSCs for research and therapeutic applications.

Conclusion

In summary, we successfully reset the primed K7-4Lf hiPSC
line to a naive pluripotent state, using these cells to explore
the developmental and functional properties of human naive
pluripotency. Our findings demonstrate the potential of naive
reprogramming in accessing early developmental stages and
modelling key aspects of embryogenesis by blastoid formation.
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We identified the expression of totipotent-like genes within the
naive hPSC cultures, which reinforces the developmental plas-
ticity of this state. In parallel, we demonstrated that re-priming
can effectively recapitulate somatic differentiation compe-
tence. This enables the efficient generation of endothelial-like
cells, thereby underscoring the developmental relevance of
transitioning between pluripotent states. Naive pluripotency
opens up new opportunities to control and understand X chro-
mosome reactivation and inactivation epigenetics in humans.
However, this topic remains challenging and requires further
study. Moving forward, the field must strive to develop more
refined, stable and clinically translatable naive hPSC systems
that preserve the benefits of this state while mitigating its dis-
advantages. As progress continues, naive hPSCs will remain
pivotal in exploring human development and pioneering next-
generation regenerative therapies.
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