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Chromosomal instability in human
trophoblast stem cells and placentas

Danyang Wang1,2, Andrew Cearlock1,2, Katherine Lane1,2, Chongchong Xu1,2,
Ian Jan3, Stephen McCartney 1, Ian Glass 4, Rajiv McCoy 5 &
Min Yang 1,2,6

The human placenta, a unique tumor-like organ, is thought to exhibit rare
aneuploidy associated with adverse pregnancy outcomes. Discrepancies in
reported aneuploidy prevalence in placentas stem from limitations in model-
ing and detection methods. Here, we use isogenic trophoblast stem cells
(TSCs) derived from both naïve and primed human pluripotent stem cells
(hPSCs) to reveal the spontaneous occurrence of aneuploidy, suggesting
chromosomal instability (CIN) as an inherent feature of the trophoblast line-
age. We identify potential pathways contributing to the occurrence and tol-
erance of CIN, such as autophagy, whichmay support the survival of aneuploid
cells. Despite extensive chromosomal abnormalities, TSCs maintain their
proliferative and differentiation capacities. These findings are further vali-
dated in placentas, where we observe a high prevalence of heterogeneous
aneuploidy across trophoblasts, particularly in invasive extravillous tropho-
blasts. Our study challenges the traditional view of aneuploidy in the placenta
and provides insights into the implications of CIN in placental function.

Placental aneuploidy has been considered a detrimental factor asso-
ciated with adverse pregnancy outcomes and placental dysfunction1.
Chromosomal aberrations confined to the placenta are found in
approximately 1 and 2% of pregnancies, and these abnormalities,
however, do not always impact fetal development2–5.

The human placenta, a critical organ for fetal growth and devel-
opment in utero, is predominantly composed of trophoblasts (TBs),
whichoriginate from the trophectoderm (TE). Cytotrophoblasts (CTs),
the stem cell population of TBs, play a pivotal role in embedding the
embryo into the uterine lining, marking the onset of placental forma-
tion. CTs proliferate to establish the foundational structures of the
placenta anddifferentiate into twokey cell types: syncytiotrophoblasts
(STs), which form the outer layer of the placental villi responsible for
nutrient and gasexchange, and extravillous trophoblasts (EVTs), which
invade the maternal uterine wall to anchor the placenta and facilitate
the establishment of maternal-fetal circulation.

Studies by Weier et al. identified a high level of numerical chro-
mosomal abnormalities in a subtype of CTs from pregnancies termi-
nated for non-medical reasons and, more recently, revealed extensive
chromosomal abnormalities in invasive CTs, suggesting that such
heterogeneity may confer a selective advantage for invasion6,7. How-
ever, comprehensive data to support the bold hypothesis that aneu-
ploidymaybe a common featureof placental development are lacking,
as most current evidence primarily detected aneuploidy in abnormal
pregnancies, such as those involving intrauterine growth restriction or
preeclampsia8,9. This discrepancy in data likely arises from limited
research on the placenta and the absence of robust single-cell reso-
lution analyses. Given the dynamic and error-prone nature of human
embryogenesis, understanding what constitutes “normal” and accep-
table variation in the placenta is crucial for diagnostic purposes. This
raises the fundamental question: what is “normal” for the placenta?
Surprisingly, despite its critical role in pregnancy, the cellular
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phenotypes of placental cells remain largely unexplored, posing a
significant barrier to improving clinical pregnancy prognostics.

Recent advancements have enabled the in vitro derivation of CTs
as trophoblast stem cells (TSCs) from both primary tissues10,11 and
human pluripotent stem cells (hPSCs)12–25. These TSCs have demon-
strated the capacity to differentiate into various trophoblast subtypes
and form organoids, providing a platform for studying early placental
development.

To explore the cellular phenotype of aneuploidy in placental
lineages, we established isogenic TSC lines using multiple methodol-
ogies from both primed and naïve hPSCs, as well as from pre-
implantation embryomodel blastoids. Intriguingly,weobserved ahigh
frequency of spontaneous aneuploidy across all TSC lines, regardless
of derivation method, suggesting chromosomal instability (CIN) as an
intrinsic trait of the trophoblast lineage. Key pathways potentially
driving this phenomenon were identified. Similarly, first-trimester and
term placental tissues showed accumulated chromosomal abnormal-
ities. These findings may reshape our understanding of normal pla-
cental cellular physiology and open new avenues for investigating the
implications of CIN in placental development.

Results
Trophoblast stem cells can be derived from isogenic primed,
naïve hPSCs, and blastoids
We adopted and optimized several approaches for generating TSCs
from both naïve and primed hPSCs. Tominimize cell line-specific bias,
we used the same isogenic parental hPSCs (RUES2, NIHhESC-09-0013).
As no direct comparisons of these methods have been previously
made, our isogenic data provide a foundational reference.

All trophoblast lineages arise from the blastocyst’s TE. When
deriving TSCs from naïve hPSCs, some approaches require an inter-
mediate TE induction phase17 or sorting to obtain a homogenous TSC
population14. However, homogeneous TSCs have also been reported
to be derived directly from naïve hPSCs without a TE intermediate or
sorting13.Unlike primed hPSCs, naïve hPSCs cannot undergo BMP4-
directed trophoblast differentiation without capacitation or re-
priming13. Instead, naïve hPSCs respond robustly to induction with
TGF-beta pathway inhibitor A83 and ERK inhibitor PD032590117. This
BMP4 independence in trophoblast specification of naïve hPSCs
aligns with BMP4’s lack of effect on preimplantation embryos26. We
reprogrammed primed hPSCs to a stabilized naïve state in PXGL
medium27 (Fig. 1A). To generate naïve TSCs (nTSC), naïve hPSCs were
then transitioned to TSC medium on MEFs, moving to feeder-free
culture by the second passage. This process generated a uniform,
highly proliferative population resembling primary TSCs
morphologically10, expressing key TSC markers GATA3, KRT7,
GATA2, and TFAP2C at protein and transcript levels (Fig. 1B, C, and
Supplementary Fig. 1D).

CT differentiation involves interactions among early embryonic
cell fates, such as the epiblast and hypoblast within the blastocyst. This
process can be recapitulated by forming blastoids from naïve hPSCs,
which mimic early axis formation and lineage specification. Prior stu-
dies showed that blastoid TE could commit to TSCs17,28,29, though
blastoid-derived TSCs (nbTSC) remain incompletely characterized.We
generated blastoids from naïve hPSCs cultured in PXGL medium and
derived nbTSCs in TSC medium (Fig. 1A and Supplementary Fig. 1A).
After several days, the attached blastoid outgrowth developed TSC
morphology, and a highly homogeneous population emerged upon
passage, withmarker expression consistent with nTSCs. (Fig. 1B, C and
Supplementary Fig. 1D).

We generated TSCs from primed hPSCs using two approaches:
either through initial BMP4 induction to prime the cells to the TE
phase22 (primed-state-derived TSCs, pdTSC) or through an inter-
mediate state of epigenetic reprogramming25 (chemically converted
TSCs, ccTSC) (Fig. 1A). The signaling of BMP4 triggers trophoblast

induction but also increases mesoderm induction30,31. Therefore, for
pdTSCs, BMP4 induction was combined with the WNT inhibitor IWP2
to suppress WNT dependent mesoderm induction, guiding cells to a
TE-like intermediate phase before stabilizing in a CT-like state in
modified TSC medium32,33. Conversely, to generate ccTSCs, primed
hPSCs were reprogrammed back to an intermediate naïve-like state
through epigenetic resetting, using transient histone deacetylase
(HDAC) and MEK inhibition with LIF stimulation. HDAC inhibitors,
being global epigenetic destabilizers, allow the cells to overcome the
epigenetic hurdle that prevents later divergence towards extra-
embryonic fate. Both pdTSCs and ccTSCs from primed hPSCs
showed similar morphology, proliferation rates and expressed tro-
phoblast markers (GATA3, KRT7, GATA2, TFAP2C) as nTSCs and
nbTSCs (Fig. 1B–D and supplementary Fig. 1D).

All four TSC types showeddownregulation ofpluripotentmarkers
and upregulation of key trophoblast markers compared to their par-
ental hPSCs (Fig. 1C). Consistent with nTSCs, nbTSCs, and ccTSCs
lacked CDX2 expression, while pdTSCs retained low, stable CDX2
levels (Supplementary Fig. 1E). These data indicates that naïve hPSC-
derived TSCs, similar to embryo/placenta-derived TSCs, exhibit tran-
scriptome signatures resemblingday8–10 villousCT,distinct fromday
5 and 6 CDX2-expressing TE cells15. In contrast, pdTSCs may retain
some early TE characteristics. Lastly, We also compared these TSCs
with trophoblast-like cells derived from isogenic primed hPSCs treated
with BMP4, A83-01, and the FGFR inhibitor PD17307434,35 (BAP med-
ium, Supplementary Fig. 1B). BAP cells differed frombona fide TSCs as
they lacked robust self-renewal and ceased proliferating after several
passages. BAP cells expressed GATA2, TFAP2C, GATA3, and KRT7
(Supplementary Fig. 1C, D) but showed elevated amnion markers
expression (Fig. 1C), suggesting an amnion-like property distinct from
all isogenic TSCs derived.

Spontaneous occurrence of aneuploidy indicates active CIN
in TSCs
We observed a high incidence of CIN in all these TSCs, a phenomenon
not reported in previous studies. Routine karyotyping around passage
10 revealed that over 25% of cells of the 20–40 analyzed cells in each
line showed diverse chromosomal aberrations, often involving multi-
ple chromosomes rather than single alterations (Supplementary
Table 1 and Supplementary Fig. 2A). The heterogeneity of these
aneuploid karyotypes suggests active chromosomemis-segregation in
the TSCs, as these non-clonal abnormalities are unlikely to have been
inherited from the parental cell lines. Notably, all direct parental cell
lines (both naïve and primed hPSCs) were karyotyped immediately
before the TSC derivation protocol, and no aneuploidy was detected.

To validate our observation of aneuploidy, we characterized TSCs
using fluorescence in situ hybridization (FISH) (Fig. 2A), selecting only
lines without apparent clonal populations from karyotyping.We chose
chromosomes 7, 12, and 18 due to their varying trisomy frequencies
during pregnancy: chromosome 7 (frequently detected in placenta),
chromosome 12 (rare), and chromosome 18 (viable trisomy)36. Com-
pared to the baseline control, the stable primed hPSC line with an
aneuploidy rate of <5% (undetectable by routine karyotyping), we
observed an elevated aneusomy rate in all four TSC types across all
three chromosomes starting at passage 4 (Supplementary Fig. 2B),
accumulating at high passages (passage ≥ 12) (Fig. 2B). To determine
whether the increased chromosomal abnormalities are specific to
hPSC-derived TSCs, we also derived primary CTs from human early
trimester placentas. FISH was conducted within three passages of CTs
cultured in TSCmedium, and we also detected elevated chromosomal
abnormalities (Fig. 2B). Using fluorescence-activated cell sorting to
measureDNAcontent, we identified aneuploidy by detecting cellswith
DNA content outside the 2N and 4N ranges and analyzing the S-phase
proliferation ratio. Approximately 25% of cells were aneuploid across
all four TSC types (Fig. 2C, D).
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Since CIN creates extensive karyotype heterogeneity, bulk
sequencing and routine karyotyping are insufficient to detect this
variability due to limited sampling and technical artifacts. This lack of
sensitivity is further supported by our copy number variation (CNV)
analysis from bulk DNA whole-genome bisulfite sequencing (WGBS),
which failed to detect any aneuploidy in the tested cell lines (Supple-
mentary Fig. 2C). Although WGBS is generally effective for identifying

clonal chromosomal gains or losses37, it appears ineffective for
detecting the non-clonal chromosomal heterogeneity in our TSCs.

Interestingly, in one validated ccTSC line, we observed a clonal
effect, with most cells displaying additional copies of chromosome 7
(trisomy 7 or tetrasomy 7, Supplementary Fig. 2D, E). These aneuploid
cells also showed other chromosomal gains and losses, indicating
ongoing CIN (Supplementary Table 1). The predominance of
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chromosome 7 additions in this cell line suggests a selective bias or
fitness advantage, supported by clinical data showing trisomy 7 as
common in human placental samples38,39. Additionally, one nbTSC
(Supplementary Table 1, nbTSC #2) line displayed a substantial chro-
mosome increase (81–95 chromosomes), indicating tetraploidy with
balanced translocations and additional chromosome gain or loss
(Supplementary Fig. 2F). Despite these aberrations, affected cells
showed no morphological differences and expressed TSC markers
GATA3 and KRT7 (Supplementary Fig. 2E).

Furthermore, similar to chromosomally unstable cancer cells, we
observed a high incidence of micronuclei in both hPSC-derived TSCs
and primary CTs, whereas micronuclei in hPSCs remained minimal
(0.5%) (Fig. 2E, F). Micronuclei formation is a well-established hallmark
of CIN and aneuploidy, occurring when a chromosome or its fragment
fails to integrate into a daughter nucleus during cell division40,41. We
observed a consistently high level of micronuclei incidence in early-
passage TSC cultures compared to the parental hPSCs, indicating that
the inherent CIN nature of TSCs is independent of aneuploidy accu-
mulation. The variation in micronuclei elevation with increasing pas-
sage among cell lines is likely due to cell line-specific differences in the
extent of aneuploidy. Furthermore, γH2AX staining for DNA double-
strandbreaks revealed a significantly increased level ofDNAdamage in
TSCs (Fig. 2G, H). This damage could be induced either directly
through the production of lagging chromosomes or indirectly through
replicative stress caused by non-stoichiometric forms of protein
complexes involved in replication42–44. Together, these findings indi-
cate elevated genomic instability and cellular stress in the TSCs.

Despite this CIN-induced stress, all TSCs tolerated these
abnormalities well, continuing to proliferate for over 30 passages in
culture.

Chromosomal instability and the presence of aneuploidy do not
compromise the differentiation capacity of TSCs
We next conducted functional characterization of TSCs with high CIN
to assess their differentiation potential into trophoblast subtypes,
including STs and EVTs. All four TSC types showed spontaneous ST
differentiation in maintenance culture, with visible cell fusion and
some cells expressing ST marker SDC1(Supplementary Fig. 3A, B). ST
differentiation was also confirmed by detectable human chorionic
gonadotropin in the culture medium using over-the-counter preg-
nancy tests (Supplementary Fig. 3C).

Using forskolin, a cAMP agonist, we induced ST differentiation in
all TSC types, with syncytia formation observed (Fig. 3A and Supple-
mentary Fig. 3D), and nTSC-STs and nbTSC-STs displaying higher
SCD1, CGA, CGB, and PSG3 transcription levels, suggesting enhanced
ST differentiation efficiency in TSCs derived from naïve origins com-
pared to those derived from primed hPSCs (Fig. 3C).

When inducing EVTs, morphological differences emerged
between TSCs from naïve and primed origins. After 3 days in NRG1+
culture followed by 3 days without, nbTSCs and nTSCs expressed high
protein levels of HLA-G and had a high nucleus-to-cytoplasm ratio
(Fig. 3B). In contrast, only a subset of pdTSCs and ccTSCs expressed
moderate HLA-G levels and displayed a flattened morphology with a

lower nucleus-to-cytoplasm ratio (Fig. 3B). EVT-specific genes (HLA-G,
NOTUM, LRRC32, CSH1/2) were highly upregulated in nbTSC-EVTs and
nTSC-EVTs, but barely detectable in pdTSC-EVTs and ccTSC-
EVTs (Fig. 3C).

Upon splitting on day 6 of induction, nTSC-EVTs and nbTSC-EVTs
underwent an epithelial-mesenchymal transition, acquiring a spindle-
like morphology, whereas this transition was absent in pdTSCs and
ccTSCs (Fig. 3D). These observations align with previous findings
comparing naïve hPSC-derived TSCs and primed hPSC-derived TSCs
through initial BMP4 induction21. However, conflicting results from
other studies suggest that differentiation capabilities may be cell line-
specific, and different signaling pathways may be required for primed
TSCs to efficiently generate EVTs19,25.

In the 2D differentiation assay, both early-passage TSCs (passage
3, Fig. S3E, F), wheremost cells had a normal chromosomal status, and
late-passage TSCs (passage 10, Fig. 3A, B), with higher levels of accu-
mulated aneuploidy, demonstrated similar differentiation capacity.
Even TSCswith severe abnormalities, like tetraploid nbTSCs and clonal
chromosome 7 additions in ccTSCs, retained full differentiation
potential (Supplementary Fig. 2G, H). Thus, CIN and high aneuploidy
levels seem well tolerated in these trophoblast lines, with no com-
promise in cellular function, consistent with previous findings of sig-
nificant aneuploidy in invasive EVT cells7.

Trophoblast stem cells derived from primed hPSCs exhibit
moderate EVT differentiation capacity
Previous studies have shown that naïve hPSC-derived TSCs can gen-
erate trophoblast organoids (TOs) similar to those from primary TSCs
in tissue architecture, hormone secretion, and self-renewal45,46. How-
ever, the ability of TSCs derived from primed hPSCs to form TOs
remains unexplored.We seeded four TSC types in 3DMatrigel droplets
with trophoblast organoid medium, as described by Turco et al.47,48.
Rapid cell expansion occurred in all TSCs, forming complex organoids
within a week, though primed hPSC-derived TOs showed greater size
variation (Supplementary Fig. 4A). Organoid growth rates were higher
in nTSC and nbTSC, producing larger organoids than those from
pdTSC and ccTSC (Supplementary Fig. 4B). Within two weeks, the
organoids reached 200–300μm and were passaged by mechanical
and enzymatic dissociation.

To further assess their differentiation potential, TOs larger than
100μm were seeded into Matrigel and treated with EVT induction
medium. nbTSC-TOs and nTSC-TOs attached and produced out-
growing EVT cells with spindly, elongated morphology, staining posi-
tive for HLA-G (Fig. 3E, F). In contrast,most ccTSC-TOs and pdTSC-TOs
expanded without attaching in EVTmedium, with only a small fraction
of attached organoids displaying HLA-G-positive cells (Fig. 3E, F). Less
than 1% of these TOs attached, typically at the Matrigel droplet edge,
with most cells lacking EVT morphology.

Given the moderate EVT differentiation capacity of ccTSCs and
pdTSCs, we conclude that TSCs derived from primed hPSCs have
significantly lower differentiation potential compared to naïve hPSC-
derived TSCs. This supports previous claims that primed hPSCs are
less capable of generating bona fide trophoblast cells, while naïve

Fig. 1 | Derivation of TSCs from naïve and primed hPSCs. A Schematic repre-
sentation of protocols for deriving four types of TSCs. nTSC: directly derived from
naïve hPSCs; nbTSC: derived from attached naïve hPSC-derived blastoids; ccTSC:
generated from primed hPSCs via chemical conversion with HDACi VPA,
PD0325901, and LIF, involving an intermediate state of epigenetic reprogramming;
pdTSC: induced from primed hPSCs with initial BMP4 and WNTi (IWP2) treatment
to prime cells toward the trophectodermphase. Part of the graphwas created using
BioRender https://biorender.com/pfs10ip. B Immunostaining of GATA3 and KRT7
in nTSCs, nbTSCs, ccTSCs, and pdTSCs. Phalloidin and DAPI staining for cytoske-
leton and nucleus. Scale bar, 100μm. C Quantitative gene expression analysis of
pluripotency, syncytiotrophoblast, trophoblast, and amnion markers in the four

TSC types and their parental hPSCs (primed and naïve). Fold changes are normal-
ized to primed hPSCs. Data are presented as mean ± SD (n = 3 independent biolo-
gical replicates). Significance was analyzed by two-sided Student’s t-test. *P <0.05
compared to primed hPSCs. Source data are provided as a Source Data file.
D Proliferation ratios of nTSCs, nbTSCs, ccTSCs, and pdTSCs over a 48-h interval at
passage 13. Data are presented as mean± SD (n = 3 independent biological cell
populations). One-way ANOVA was used to comparing all TSCs, and no significant
differences were observed. All TSCs proliferated well, with ccTSC demonstrating
slightly slower proliferation rate compared to the other TSCs, though not statisti-
cally significant. Source data are provided as a Source Data file.
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hPSCs offer a more robust model for studying placental dynamics due
to their efficient induction of downstream trophoblast subtypes.

Trophoblast stem cells derived from naïve origins exhibit closer
transcriptome and methylome profiles to cytotrophoblasts
To further assess global gene expression and DNA methylation land-
scapes in these TSCs, we performed RNA-seq and WGBS on cells at

passages 9–12. All four isogenic TSC types clustered closely in tran-
scription profiles, distinct from BAP cells, and from both primed and
naïve hPSCs (Fig. 4A, B). This separation was further supported by
differential expression of pluripotency and amnion markers (Fig. 4C).
Among theTSCs, nbTSC andnTSCgrouped together, while pdTSC and
ccTSC clustered more closely (Fig. 4A). We also compared the tran-
scriptome of our cells to those of CTs sorted using the ITGA6 marker
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from first-trimester placenta villi, blastocyst-derived TSCs (TSblast),
and placenta tissue-derived TSCs (TSCT) derived by Okae et al.10. The
comparison revealed that nTSCs and nbTSCs were more similar to
TSblast and TSCT, with blastoid-derived nbTSC clustering closest to
TSblast (Fig. 4B). Additionally, pdTSC and ccTSC grouped with other
primed-derived TSCs from different parental hPSCs, while nbTSC and
nTSC clustered with other naïve-derived TSCs (Supplementary
Fig. 5A), indicating that our isogenic TSCs share profiles consistent
with previous studies13,19,22,23,25.

During the derivation process from parental primed hPSCs, 2,941
genes were upregulated in TSCs, enriched in autophagy, placental
development, and embryonic placenta differentiation (Fig. 4D–F).
Interestingly, genes downregulated in TSCs relative to primed hPSCs
were consistently linked to genomic stability and maintenance,
including processes such as DNA repair, replication, chromosomal
organization, remodeling, and double-strand break repair (Supple-
mentary Fig. 5B). Pairwise comparisons of the four TSC types (Sup-
plementary Fig. 5C–H) showed that naïve hPSC-derived TSCs
consistently expressed higher levels of certain zinc finger proteins,
including PEG3, a paternally expressed imprinted gene associatedwith
placental growth (Supplementary Fig. 5E–H). Conversely, IGF2,
another paternally imprinted gene linked to placental growth, was
most elevated in primed-derived TSCs (Supplementary Fig. 5E–H). The
discrepancy between the expression of these two critical imprinted
genes in TSCs fromdifferent PSCorigins is worth further investigation.

All TSCs showed unique DNA methylation features, including
global hypomethylation across whole-genome and promoter CpGs
(Supplementary Fig. 6A and D). nTSC, nbTSC, and ccTSC had nearly
identical methylation patterns (R >0.92), while pdTSC exhibited a
slightly lower correlation (R =0.81–0.84, Fig. 4G), reflecting the dis-
tinct reprogramming steps in naïve hPSCs and intermediate phase of
epigenetic reprogramming in ccTSC derivation. Meanwhile, pdTSC
showed a stronger positive linear correlation with primed PSCs, indi-
cating a greater retention of epigenetic markers from the parental
cells. This less efficient epigenetic resetting and comparatively lower
levels of genomic hypomethylation in pdTSCs may contribute to
slightly lower CIN in pdTSCs. All TSCs exhibited placenta-specific
partially methylated domains (PMDs), previously shown to cover 37%
of the genome and remain stable throughout gestation and across
individuals49 (Fig. 4H). nbTSC, nTSC, and ccTSC had PMD levels com-
parable to first-trimester CTs, while pdTSC showed higher PMD levels
(Fig. 4H). Interestingly, we did not observe the pronounced hypo-
methylation typically seen in primary tissue- and blastocyst-derived

TSCs (TSCT#1 and TSblast #1). However, PMD patterns were con-
sistently maintained across all four TSC types, with nbTSC, nTSC, and
ccTSC showingmore similar patterns (Fig. 4I, Supplementary Fig. 6B, C
on chromosome 21q, chromosome 13, and chromosome 18,
respectively).

Moreover, the ELF5 promoter, which is characteristically hypo-
methylated in trophoblasts50, was hypomethylated in TSC lines, con-
firming successful programming to trophoblast fate (Fig. 4J). In line
with Kobayashi et al.’s findings that the primate-specificmiRNA cluster
C19MC, a placenta-specific paternally expressed imprinted gene, is
active in nTSCs but epigenetically silenced in BMP-pretreated primed
TSCs, our data reveal that the C19MC DMR, which serves as the pro-
moter for this miRNA cluster, is more demethylated in naïve-derived
TSCs, with nbTSC showing the greatest hypomethylation. In contrast,
both primed-derived TSCs remained highly methylated (Fig. 4K). The
correlation between promoter methylation and gene expression
revealed that most genes lost methylation and were upregulated
during TSC derivation from hPSCs, such as PEG3 in the naïve hPSC-
derived TSCs (Supplementary Fig. 6E). Unlike PEG3, IGF2 remained
hypermethylated despite its higher expression in primed-derived
TSCs, suggesting an atypical regulatory mechanism of IGF2 in TBs,
possibly involving additional DMR loci or non-canonical imprinting
control mechanisms influencing IGF2 expression (Supplementary
Fig. 6F and G).

In summary, our transcriptome and methylome data from iso-
genic TSCs derived using different methodologies confirm that naïve
cells give rise to more bona fide trophoblast fates. While primed-
derived TSCs are sufficiently similar to CTs, they retain intrinsic dif-
ferences that may contribute to their compromised functionality.

Less stringent cell cycle safeguard and elevated autophagy
contribute to CIN in TSCs
Unlike differentiated somatic cells, hPSCs frequently acquire CIN51,52.
However, the proportion of aneuploid cells in hPSC cultures remains
low, likely due to compromised cellular fitness or cell competition53. In
contrast, TSCs tolerate these aberrations to a greater extent, allowing
them to proliferate and differentiate without obvious differences from
their normal counterparts. This discrepancy in CIN tolerance may be
attributed to intrinsic characteristics of TSCs. Thus, we next sought to
understand the molecular basis for the formation and tolerance of
aneuploidy and CIN in TSCs.

Compared to the parental primed hPSCs, we found that key
genes involved in cell cycle process were downregulated in TSCs,

Fig. 2 | Characterization of chromosomal instability and DNA damage in TSCs.
A Representative FISH images showing aneuploid cells (white arrows) in nTSCs,
nbTSCs, ccTSCs, and pdTSCs, detected using probes for chromosomes 7, 12, and
18. Scale bar, 20μm. B Fold change of aneuploid cell with chromosomes 7, 12, and
18, normalized to the baseline control primed hPSCs (≥ 100 cells counted per line,
n = 3 independent biological cell populations). Data are presented as mean ± SD.
Significance was analyzed by two-sided Student’s t-test. P <0.05: a, compared to
primed hPSCs; b, compared to primary CT. For chromosome 7, compared to
primed hPSCs, nTSC vs. hPSC: P =0.01; nbTSC vs. hPSC: P =0.02; ccTSC vs. hPSC:
P =0.01; pdTSC vs. hPSC: P =0.3. For chromosome 12, compared to primed hPSCs,
nTSC vs. hPSC: P =0.04; nbTSC vs. hPSC: P =0.04; ccTSC vs. hPSC: P =0.2; pdTSC
vs. hPSC: P =0.2. For chromosome 18, compared to primed hPSCs, nTSC vs. hPSC:
P =0.0003; nbTSC vs. hPSC: P =0.01; ccTSC vs. hPSC: P =0.049; pdTSC vs. hPSC:
P =0.07. Compared to primary CT, significant differences were only found in
chromosome 7: pdTSCvs. primary CT: P =0.03; hPSCs vs. primary CT: P =0.03. The
TSCpassage number is from 12 to 16. Source data areprovided as a SourceDatafile.
C Flow cytometry analysis of DNA content in TSCs and primed hPSCs. N, haploid
number. Cell cycle phase: G1, S, G2/M. The percentages of different phases were
measured. The percentage of aneuploidy with DNA content of <2N and >4N was
plotted.D Percentage of aneuploid cells, identified by DNA content outside the 2N
and 4N ranges. TSCs exhibit elevated aneuploidy levels compared to parental
hPSCs. E Representative image of micronuclear DNA (white arrow) in TSCs. DAPI

for nuclear staining. Scale bar, 20μm. F Percentage of cells with micronuclei in
TSCs, primed hPSCs, and primary CT. TSCs were analyzed at early passages (pas-
sages 3–5) and late passages (≥ 12). Mean± SD (≥ 300 cells counted per line, n = 3
independent biological cell populations). Significance was analyzed by two-sided
Student’s t-test. P <0.05: a, early-passage TSCs, late-passage TSCs, and primary CT
compared to primed hPSCs, respectively; b, early-passage TSCs compared to late-
passage TSCs. For late-passage TSCs, compared to primed hPSCs, nTSC vs. hPSC:
P =0.02; nbTSC vs. hPSC: P =0.00003; ccTSC vs. hPSC: P =0.03; pdTSC vs. hPSC:
P =0.0007. For early-passage TSCs, compared to primed hPSCs, nTSC vs. hPSC:
P =0.02; nbTSC vs. hPSC: P =0.005; ccTSC vs. hPSC: P =0.0001; pdTSC vs. hPSC:
P =0.01. Significant differences were observed between early- and late-passage
nbTSC (P =0.001) and pdTSC (P =0.004). hPSCs vs. primary CT: P =0.045. No
significant difference was observed between TSCs and primary CT. Source data are
provided as a Source Data file. G Immunofluorescence staining for γ-H2AX, indi-
cating double-strand DNA breaks, in nTSCs, nbTSCs, ccTSCs, pdTSCs, and hPSCs.
Red arrow indicates apoptosis with diffuse expression of γ-H2AX; orange arrow
indicates cells with double-strand DNA breaks, dotted expression of γ-H2AX. Scale
bar, 20μm.HQuantification of γ-H2AX foci per nucleus in TSCs and primed hPSCs.
Mean ± SD of >50 cells per line (n = 3 independent biological cell populations).
Significance was analyzed by two-sided Student’s t-test. *P <0.05 compared to
primed hPSCs. nTSC vs. hPSC: P =0.01; nbTSC vs. hPSC: P =0.03; ccTSC vs. hPSC:
P =0.003; pdTSC vs. hPSC: P =0.01. Source data are provided as a Source Data file.
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particularly those associated with cohesion loading, kinetochore
assembly, and the spindle assembly checkpoint (SAC, Fig. 5A). In
cancer, reduced expression of cohesion-related genes has been
linked to CIN54. Knockdown of cohesion complex components
such as RAD21 and essential SAC genes like MAD2 has been shown
to induce CIN in both cancer cells and mice55–59. Among the most
significantly downregulated genes of this category in TSCs

compared to their parental cells were MAD2 (MAD2L1 and
MAD2L2) and the complex component BUB1B, suggesting SAC
inactivation a potential cause for active chromosome mis-
segregation in TSCs (Fig. 5B). Additionally, RAD21 was notably
downregulated in TSCs but not in pdTSCs, which pinpoints
another potential cause for CIN and may explain the lower
aneuploidy observed in the latter (Fig. 5B).
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Despite elevated DNA damage and CIN, TSCs did not exhibit a
corresponding increase in DNA repair activity; in fact, transcript levels
of genes involved in mismatch repair, DNA damage response, and
repair pathways were downregulated (Fig. 5C). Among them, the
tumor suppressor p53 was significantly reduced in all TSC lines com-
pared to hPSCs, regardless of the genotoxic stress from CIN (Fig. 5D).
This suggests that low p53 levels play a central role in the permissive
environment for chromosomal abnormalities in TSCs. While p53 levels
increase in the placenta during complicated pregnancies, facilitating
trophoblast apoptosis under stress60, maintaining relatively low p53
levels in TSCsmay be necessary for normal trophoblast function, even
if it compromises genomic integrity. Interestingly, unlike tumorigen-
esis, where cell cycle regulators are typically downregulated to allow
unchecked proliferation61–64, TSCs maintain better cell cycle control
despite high genomic instability. This is likely achieved by upregulat-
ing cell cycle regulators, specifically CDK and G1 inhibitors (Fig. 5A).
Among these regulators, the key senescence genes P16 (CDKN1A) and
P21(CDKN2A) are the most significantly upregulated, potentially pre-
venting them from transforming into malignant cells (Fig. 5D).

Interestingly, we observed a massive upregulation of most
autophagy-related genes in TSCs, especially those involved in lyso-
some formation, fusion, and degradation, though autophagosome
initiation genes were not notably upregulated (Fig. 5E). This pattern
was confirmed at the protein level: the autophagosome initiation
marker LC3B-II was not elevated in TSCs, whereas the lysosomal
degradation marker, the cysteine protease cathepsin B (CTSB), was
highly expressed in TSCs but undetectable in the parental primed
hPSCs (Fig. 5F). This suggests ametabolic shift essential for the survival
of chromosomally unstable cells, as aneuploidy-induced protein
imbalances cause proteotoxic stress, triggering autophagy to degrade
and recycle damaged proteins. In a Drosophila model, autophagy was
shown to be activated in CIN cells and necessary for their survival65. In
cancer, autophagy plays a dual role, preventing cancer expansion by
maintaining cellular homeostasis but also supporting cell survival
under stress66. Previous studies have shown that inhibiting autophagy
facilitates the development of aneuploid mouse epiblasts, suggesting
that autophagy helps eliminate aneuploid cells through apoptosis67.
However, autophagy likely has more complex and context-dependent
roles in early embryogenesis. The significant upregulation of autop-
hagy pathways in TSCs indicates that autophagy serves as a survival
mechanism, enabling these cells to tolerate high levels of genomic
instability by degrading toxic components. This was further confirmed
by inhibiting autophagy with chloroquine (CQ) at autophagosome-
lysosome fusion stage (Supplementary Fig. 7A). TSCs were more
affected by this inhibition compared to the relatively stable primed
hPSCs. Treatment with 50 µMCQ effectively reduced cell proliferation
and increased cell death in TSCs, while hPSCs remained largely unaf-
fected (Fig. 5G and Supplementary Fig. 7B). Lower CQ doses were less
effective, likely due to the already high basal levels of autophagy in
TSCs. Our findings align with Tang et al., who reported increased basal
autophagy in aneuploidMEFs following chromosomalmis-segregation

and noted that aneuploid cells were more sensitive to autophagy
inhibition68.

Identification of CIN in developing human placentas
The next obvious question is whether the CIN and tolerance of aneu-
ploidy observed in TSCs truly reflect what occurs in vivo during pla-
cental development. The widely accepted view that aneuploidy is rare
in the placenta and negatively impacts pregnancy outcomes warrants
reconsideration, as previousmethods for analyzing placental samples,
such as FISH, karyotyping, and bulk CNV analysis by qPCR, CGH, or
sequencing, have limited resolution. FISH and karyotyping examine
only a small number of cells,making themprone to artifacts, especially
when heterogeneous aneuploidy is present in aminority. Additionally,
thesemethods often require cell culture to obtainmetaphase spreads,
where suboptimal in vitro conditions may introduce stress that favors
the survival of normal cells, potentially eliminating aneuploid cells
outside the placental niche. CIN results in substantial karyotypic het-
erogeneity, rendering bulk CNVmethods inadequate for detecting this
variation.

We hypothesized that high CIN levels and prevalent aneuploidy
also occur in placental trophoblast cells. To test this, we analyzed
single-cell RNA sequencing (scRNA-seq) and single cell multiome data
from placentas derived from healthy pregnancies69,70. Using a similar
approach to our analysis of human embryo data71,72, we examined
plate-based Smart-seq data from eight first- and second-trimester
placentas. The cell types within the placentas were classified based on
their transcriptome profiles and marker gene expression (Supple-
mentary Fig. 8A). The dataset includes one second-trimester placenta,
which contains only EVT (EVT24W). To reduce false negatives due to
transcriptional heterogeneity, aneuploidy was assessed within each
Seurat cluster, minimizing noise that could be introduced by pooling
all cell types together (Supplementary Fig. 8B). We excluded marker-
defined STs from the analysis due to their multinucleation, which
disrupts RNA-based CNV detection accuracy. The sequencing quality
was suboptimal, and many clusters did not meet quality control cri-
teria based on gene count per cell, reducing data reliability (Supple-
mentary Table 2). The only cluster that passed quality control was 24-
week EVT cluster, where 9.2% aneuploidy was detected (Supplemen-
tary Fig. 8C).

We analyzed scMultiome data from 12 healthy placentas, with six
fromearly (6–9weeks) and six from termpregnancies (38–39weeks)70.
By using single nuclei, the data avoided inaccuracies associated with
syncytia in STs. While scRNA-seq is limited by factors like gene com-
pensation and karyotypic heterogeneity, scATAC-seq better predicts
CNV by reflecting directly the DNA content73–75. Using CNV predictions
from EpiAneuFinder75, we mapped read count data from single-nuclei
ATAC-seq to detect genome-wide copy number alterations (CNAs),
allowing us to assess CNA heterogeneity at the single-cell level
(Fig. 6A, B).

Compared to human peripheral blood mononuclear cells
(PBMCs) with similar sequencing depth, which showed minimal CNA,

Fig. 3 | Differentiation capacity of TSCs is uncompromised by CIN.
A Immunostaining of STs derived from nTSC, nbTSC, ccTSC, and pdTSC. Despite
the presence of aneuploidy (passage number >10) and CIN, all four TSC types
differentiated into STs expressing the STmarker SDC1 and the trophoblast marker
TFAP2A. Scale bar, 100μm. B Immunostaining of EVTs derived from nTSC, nbTSC,
ccTSC, and pdTSC. All four TSC types differentiated into EVTs expressing the EVT
marker HLA-G, with spontaneous ST differentiation indicated by SDC1 expression.
nTSC and nbTSC showed more efficient EVT induction, with a higher nucleus/
cytoplasm ratio. Passagenumberof all TSC types >10. Scalebar, 100μm.CqRT-PCR
analysis of ST, EVT, and general trophoblast markers in STs and EVTs derived from
all four TSC types. Data are presented as mean± SD (n = 3 independent biological
replicates). Significance was analyzed by two-sided Student’s t-test. *P <0.05
compared to their parental TSCs. Source data are provided as a Source Data file.

D EVTs derived from nTSCs and nbTSCs formed finger-like projections upon
replating, while EVTs from ccTSCs and pdTSCs did not display this characteristic.
Arrows indicate finger-like projections. Scale bar, 100 μm. The experiment was
independently repeated more than three times with similar results. E EVT differ-
entiation was sufficiently induced only from nTSC-TO and nbTSC-TO, but not from
ccTSC-TO and pdTSC-TO. Scale bar, 100μm. The experiment was independently
repeated more than three times with similar results. The schematic graph was
created using BioRender https://biorender.com/pfs10ip. F Immunofluorescent
staining showed that EVT-TOs derived fromnbTSCs fully expressed the EVTmarker
HLA-G, whereas EVT-TOs derived from ccTSCs did not. Both types expressed the
trophoblastmarker TFAP2A. Scale bar, 100μm. The experiment was independently
repeated more than three times with similar results.
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placental samples exhibited significantly higher CNA levels, primarily
involving whole chromosome gains or losses (Fig. 6C–F and Supple-
mentary Fig. 9A–C). Whole chromosome gains were notably more
frequent than losses, likely because the method is less sensitive to
detecting losses, resulting in possible false negatives75. Alternatively,
cells with whole chromosome losses may be less viable, limiting their
presence in the placenta.

Limited by the collection method and sample availability, the early
trimester placenta samples included CT, EVT, and ST, whereas the term
placenta samples included only CT and ST70. We identified aneuploid
cells as those with more than 60% CNA in a single chromosome and
analyzed all TB subtypes in early and term placentas. We found that all
TB subtypes exhibited a significantly elevated aneuploidy rate com-
pared to PBMCs (Fig. 6F). Among them, early EVT had the highest
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aneuploidy rate (23.5%). CTs also showed a significantly elevated aneu-
ploidy rate, with an increasing trend from early to term placenta (16.8%
vs. 19.2%). Interestingly, compared to EVTs and CTs, STs had a sig-
nificantly lower aneuploidy rate, although they also exhibited an
increasing trend from early to term (1.6% vs. 2.5%). It is noteworthy that
the fragment/cell count in this dataset was approximately fivefold lower
than the recommended optimal level75 (Supplementary Fig. 9D). When
the optimal fragment count was down sampled fivefold, EpiAneuFinder
maintained high precision in CNV detection (precision scores >0.8), but
the recall rate dropped to ~0.4, increasing the chance of false negatives
with lower sequencing depth75. Therefore, the actual rate of CNA in the
placenta is likely higher than detected.

We also observed extensive heterogeneity in aneuploidy in
placental tissues, with chromosomal changes detected across all 22
chromosomes, indicating active CIN rather than clonal aneuploidy
(Fig. 6C–E). Interestingly, the most frequent changes involved chro-
mosomes associated with viable trisomies (13, 18, 21) as well as
chromosome 22, suggesting that these trisomies may confer a higher
degree of cellular fitness (Fig. 6G). The prevalence of chromosome-
specific alterations varies among TB subtypes. While aneuploidy of
chromosomes 13, 18, 21, and 22 consistently shows a high prevalence
in CT and EVT, this trend is not apparent in ST (Supplemen-
tary Fig. 10).

Discussion
In this study, we present compelling evidence that CIN is an inherent
feature of TSCs and trophoblast lineages in human placentas. By
deriving isogenic TSC lines from primed and naïve human PSCs and
blastoids, we minimized cell line and methodology-specific biases
toward CIN. Our study also directly compares methodologies for
generating TSC lines, confirming that naïve PSCs are preferable for
producing bona fide trophoblast lineages. Interestingly, we observed
prevalent aneuploidy across all TSC types, regardless of derivation
method. The extensive heterogeneity in karyotypes suggests active
mis-segregation in these cells, likely due to the downregulation of key
cell cycle safeguard genes. This hypothesis is further supported by
analysis of healthy placentas, where we detected significant popula-
tions of heterogeneous aneuploid cells. Despite high levels of aneu-
ploidy, chromosomal alterations, and DNA damage, TSCs retained
their proliferative and differentiation capacities, showing remarkable
resilience to genomic instability. Our data also reveal an intrinsic role
of autophagy in tolerating aneuploidy and genomic alterations, sug-
gesting it as a protective mechanism in these cells.

Our previous work, along with others, has demonstrated that
human embryogenesis is particularly prone to CIN and aneuploidy,
especially in the early stages, but these abnormalities are gradually
eliminated during differentiation72,76–78. This is amajor cause of the low
efficiency of human reproduction, with nearly half of fertilized eggs
failing before the first trimester. We showed that TE fate is more

tolerant of aneuploidy, raising the question of whether this dynamic
persists throughout placental development72. With the recent devel-
opment of more bona fide trophoblast models, we now have an
excellent platform to investigate these questions.

Our findings challenge the traditional view that placental aneu-
ploidy is solely pathological and linked to adverse pregnancy out-
comes. Instead, our data suggest that CIN and aneuploidy are inherent
features of trophoblasts, potentially serving physiological roles in
normal placental development. These abnormalities may play a phy-
siological role in normal placental development, as they are part of a
package that includes accelerated growth rates, which may come at
the cost of compromised cell cycle safeguards. Supporting our
hypothesis,Weier et al. have also detected high levels of abnormalities
in the human placental cells cultured in vitro6,7. Two recent bulk
sequencing studies highlighted significant genomic mutations, pro-
jecting the placenta as a “dumping ground” for developmental
anomalies76,77. Our analysis of healthy placental tissue, using single-cell
resolution, provides direct evidence of widespread CIN. Our finding
that aneuploidy is most frequent in EVT is consistent with previous
observations suggesting that aneuploidy may contribute to the inva-
sive nature of TBs7. On the other hand, the low aneuploidy rate
observed in hormone-producing ST may indicate that genomic
integrity is essential for their functionality. While CIN is generally
detrimental to cellular fitness in normal tissues, it paradoxically serves
as a driver of tumor evolution, with 90% of solid tumors exhibiting
aneuploidy and CIN as hallmarks78,79. Based on our findings, we spec-
ulate that CIN may similarly provide TBs with a survival advantage by
enabling genomic flexibility, an adaptation that could be an evolu-
tionary mechanism specific to humans, given our highly invasive pla-
centas. Understanding how the placenta differs from uncontrolled
cancer cells could shed light on ways to control abnormal cell beha-
vior. The upregulation of cell cycle regulators found in our study may
contribute to the placenta’s ability to maintain control and prevent
cells from becoming cancerous. Similar to cancer cells, autophagy
plays a critical role in tolerating abnormalities by managing the pro-
teotoxic stress caused by genomic imbalance during fetal and pla-
cental development. This is further supported by studies showing that
impaired autophagy contributes to pregnancy failure80,81. The insights
revealed here could pave the way for therapeutic interventions to
address placenta-related pregnancy complications. We hope that this
comprehensive reevaluation of placental CIN will lead to new direc-
tions in the studyof theplacenta, which is a highly unique and essential
cancer-like organ.

While our data suggest that CIN is a normal feature of tropho-
blasts, its contribution to placental function throughout gestation and
in pregnancy complications remains unknown. Future studies should
investigate the functional consequences of CIN in different tropho-
blast subtypes, its role in placental diseases, and the extent to which
CIN is tolerated in normal pregnancies. While the TSCmodel provides

Fig. 4 | Comparison of four types of TSCs through transcriptome and DNA
methylome analyses. A PCA showing that naïve- and primed-derived TSCs closely
cluster together but are distinct from hPSCs, naïve hPSC, and BAP cells.BHeatmap
of Pearson correlation between TSCs, hPSCs, CTs from first-trimester placenta
villi10, and CT- and blastocyst-derived TSCs (TSCT and TSblast)10. The dendrogram
hierarchy shows that naïve-derived TSCs (nTSCs and nbTSCs) are more closely
correlated with primary TSCs. Source data are provided as a Source Data file.
C Heatmap of Z score-transformed read counts for specific markers of plur-
ipotency, trophoblast, and amnion cell types in TSCs, primed and naïve hPSCs and
BAP cells. D Differential gene expression analysis identified 2941 commonly upre-
gulated genes in the four TSC types during differentiation from parental primed
hPSCs. E Gene Ontology (GO) biological process analysis of the 2941 upregulated
genes showing significant enrichment in autophagy regulation, placental devel-
opment, and cell differentiation involved in embryonic placental development.
F KEGG pathway analysis of the 2941 upregulated genes showing significant

enrichment in lysosome function, mTOR signaling, and autophagy pathways.
G Spearman correlation analysis comparing DNA methylation levels across TSCs
andhPSCs (naïve andprimed).WGBSdatawere analyzed in 10-kbwindows.HViolin
plots showing DNA methylation levels in placenta-specific PMDs across all chro-
mosomes for each TSC sample. Horizontal dashed lines indicatemethylation levels
of CT, TSCT, and TSblast10. Boxplot lines are overlaid within the violin plots. For
boxplots, white dots represent the median value, the lower and upper quartiles
represent the 25th and 75th percentile, and the whiskers show the maximum and
minimumvalues. IDNAmethylationpatterns along the long armof chromosome21
in TSCs, primed and naïve hPSCs. The vertical axis shows CpG methylation ratio,
with PMDs highlighted in pink. J DNA methylation patterns at the ELF5 locus. The
ELF5 promoter region is within rectangle, with corresponding methylation levels
indicatedon the right.KDNAmethylation patterns at theC19MC locus. The C19MC
DMR (GRCh38: 19 53647735- 53654142) is within rectangle, with corresponding
methylation levels indicated on the right.
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valuable insights, these aspects would benefit from in vivo studies
using animal models.

Methods
Ethics statement
This study was conducted in compliance with all relevant ethical
regulations. Decidua-placenta tissues were obtained from existing

de-identified specimens through the Birth Defects Research
Laboratory at the University of Washington with approval from
the University of Washington Institutional Review Board (IRB
#STUDY00019253). No human participants were recruited directly
for this study. Tissues were collected with maternal written informed
consent, and donors were made aware that the specimens could be
used for research. This study was also reviewed and approved by the

A

C

E

B

F 

G 

H

48h 10uM CQ
48h 50uM CQ
48h control

control 24h 10uM 48h 10uM 48h 50uM
0

10

20

30

Fo
ld

 c
ha

ng
e 

in
 c

el
l d

ea
th hPSC

nTSC
nbTSC
ccTSC
pdTSC

nTSC nbTSC ccTSC pdTSC hPSC

Cathepsin B

B-actin

nTSC nbTSC ccTSC pdTSC hPSC

B-actin

LC3B 14-16kD

42kD

25-30kD

42kD

nTSC nbTSC ccTSC

pdTSC hPSC

G
A

B
A

R
A

P
W

IP
I2

M
A

P
1LC

3B
AT

G
4B

W
IP

I1
AT

G
3

AT
G

5
AT

G
12

B
E

C
N

1
P

IK
3C

3
R

B
1C

C
1

A
M

B
R

A
1

AT
G

13
AT

G
7

U
V

R
A

G
AT

G
16L1

P
IK

3R
4

U
LK

1
AT

G
14

AT
G

10
U

LK
2

hPSC

nTSC

nbTSC

ccTSC

pdTSC

autophagosome 
       formation

R
A

B
7A

Y
K

T
6

G
O

R
A

S
P

2
V

A
M

P
8

S
N

A
P

29
B

IR
C

6
S

T
X

7
V

P
S

39
V

P
S

41
S

T
X

17
E

P
G

5
P

LE
K

H
M

1
R

A
B

7B

maturation 
and fusion

C
T

S
B

H
E

X
B

C
T

S
L

C
T

S
D

G
N

S
P

P
T

1
A

S
A

H
1

LIPA
G

B
A

M
C

O
LN

1
F

U
C

A
1

G
A

LN
S

ID
U

A

degradation and 
        recycling

LA
M

P
1

H
E

X
B

LA
M

P
2

AT
P

6V
0C

M
6P

R
V

P
S

35
N

P
C

2
S

C
A

R
B

2
H

E
X

A
N

P
C

1
A

S
A

H
1

E
G

LN
3

T
F

E
3

AT
P

6V
0A

1
AT

P
6V

1H
M

C
O

LN
1

T
F

E
B

S
N

X
10

M
IT

F

lysosome formation

S
Q

S
T

M
1

B
N

IP
3

TA
X

1B
P

1
O

P
T

N
C

A
LC

O
C

O
2

B
N

IP
3L

TO
LLIP

     cargo
recognition

−1 0 1

Row Z−Score

−1 0 1

Row Z−Score

R
A

D
21

S
TA

G
2

S
M

C
1A

S
M

C
3

P
D

S
5A

R
F

C
1

C
D

C
A

5

W
A

P
L

W
D

H
D

1

R
F

C
2

N
IP

B
L

R
F

C
3

E
S

C
O

1

P
D

S
5B

R
F

C
4

R
F

C
5

M
A

U
2

S
TA

G
1

E
S

C
O

2

H
D

A
C

8

S
M

C
1B

C
D

K
N

1B
R

B
1

G
A

D
D

45G
C

D
K

N
1A

G
A

D
D

45A
C

D
K

N
1C

G
A

D
D

45B
C

D
K

N
2D

C
D

K
N

2A
C

D
K

N
2B

C
D

K
N

2C

C
E

N
P

F

C
E

N
P

E

N
D

C
8

0

C
E

N
P

U

D
S

N
1

K
N

L
1

N
U

F
2

M
IS

1
2

S
P

C
2

5

C
E

N
P

T

S
P

C
2

4

C
E

N
P
A

C
E

N
P

C

B
U

B
1

B
U

B
1

B

M
A

D
2

L
1

M
A

D
2

L
2

T
T

K

K
N

T
C

1

Z
W

1
0

K
N

L
1

M
A

D
1

L
1

hPSC

nTSC

nbTSC

ccTSC

pdTSC

cohesion loading 
and establishment

kinetochore 
assembly SAC

cell cycle 
regulator

D

M
S

H
2

M
S

H
6

M
LH

1
P

M
S

2
M

S
H

3
PA

R
P

1
X

R
C

C
5

P
R

K
D

C
R

PA
1

H
2A

X
R

A
D

50
R

PA
2

R
PA

3
M

R
E

11
N

B
N

ATM
R

A
D

1
ATR
R

A
D

17
H

U
S

1
R

A
D

9A
R

A
D

9B
A

P
E

X
1

R
A

D
50

X
P

C
M

R
E

11
X

R
C

C
1

N
B

N
D

D
B

2
B

R
C

A
1

E
R

C
C

1
R

A
D

51
B

R
C

A
2

O
G

G
1

X
R

C
C

4
R

A
D

52
LIG

4
X

PA
W

E
E

1
C

D
C

25A
TO

P
B

P
1

C
D

C
25C

hPSC

nTSC

nbTSC

ccTSC

pdTSC

  MR DNA damage 
      sensing

DNA damage 
       repair

CA*

−1 0 1

Row Z−Score

Article https://doi.org/10.1038/s41467-025-59245-9

Nature Communications |         (2025) 16:3918 11

www.nature.com/naturecommunications


Embryonic Stem Cell Research Oversight (ESCRO) Committee at the
University of Washington.

Conventional hPSC culture
Primed hPSCs (registered RUES2 human female embryonic stem cell
line, NIHhESC-09-0013) were obtained from Dr. Ali Brivanlou at
Rockefeller University. Cells were cultured in mouse embryonic
fibroblast-conditioned HUESM medium (MEF-CM)82, supplemented
with 20ng/mL basic fibroblast growth factor (bFGF; R&D, 233-FB-500)
or mTeSR™ medium (STEMCELL Technologies, 85850). Culture med-
ium was refreshed daily. Tissue culture dishes were coated with Gel-
trex™ (Gibco, A1413202), applied overnight at 4 °C, and subsequently
incubated at 37 °C for at least 20min before cell plating. Cells were
passaged using Accutase™ (STEMCELL Technologies, 7922) and
replated in MEF-CM or mTeSR™ containing 10μM ROCK inhibitor
Y-27632 (STEMCELLTechnologies, 72308).G-banding karyotypingwas
performed at Cell Line Genetics to verify chromosomal status prior to
initiating experiments.

Naïve hPSC reprogramming and culture
Reprogramming of the hPSCs to a naïve state was performed
according to a previously established protocol with minor
modifications27. In brief, primed RUES2 were dissociated with Accu-
tase and plated on a gelatin-coated plate with an MEF layer at a
density of 10,000 cells/cm. Cells were cultured in 5% CO₂ and 5% O₂

at 37 °C. The samemediumwas refreshed the following day, allowing
cells to form colonies. Two days after plating, the medium was
changed to N2B27 medium consisting of 50% DMEM-F12 (Gibco,
11330057), 50% Neurobasal (Gibco, 21103049), 2 mM L-glutamine
(Gibco, A2916801), 55μM β-mercaptoethanol (Gibco, 21985023),
0.5× N2 supplement (Gibco, 17502048), and 0.5× B27 supplement
(Gibco, 17504044), supplemented with 10 ng/mL human leukemia
inhibitory factor (LIF; STEMCELL Technologies, 78055), 1 μM
PD0325901 (MEKi; STEMCELL Technologies, 72184), and 1 μM val-
proic acid (VPA; HDACi; STEMCELL Technologies, 72292). After three
days in this medium, it was switched to PXGL medium (N2B27
medium supplemented with 1 μM PD0325901, 2 μM XAV939 [STEM-
CELL Technologies, 72674], 2 μM Gö6983 [STEMCELL Technologies,
72462], and 10 ng/mL LIF), refreshed daily for an additional
8–10 days before passaging. Naïve hPSCs were passaged on MEF
plates using Accutase™ dissociation every 3–5 days in PXGL medium,
supplemented with 10μMY-27632 and 1% Geltrex™ at a ratio of 1:4 to
1:6. Cells from passages 6–15 were used for downstream

experiments. G-banding karyotyping was performed at Cell Line
Genetics to verify chromosomal status before initiating experiments.

Blastoid differentiation
Naïve hPSCs were differentiated to form blastoids according to a pre-
viously established protocol with minor modifications29. In brief, naïve
PSCs were dissociated into single cells using Accutase, and MEFs were
excluded by sequential attachment on gelatin-coated plates for 45min.
Unattached human naïve hPSCs were seeded on Aggrewells™ 400
(STEMCELL Technologies) at a density of ~80 cells/microwell in N2B27
medium supplemented with 10μM Y-27632. Cells were cultured in 5%
CO₂ and 5% O₂ at 37 °C. On the following day, the mediumwas changed
to N2B27 medium supplemented with PALLY, consisting of 1μM
PD0325901, 1μM A83-01 (STEMCELL Technologies, 72024), 0.5μM
1-Oleoyl Lysophosphatidic Acid (LPA; STEMCELL Technologies, 72694),
10ng/mL LIF, and 10μM Y-27632. Cell aggregates were cultured in this
medium for 48h with daily medium change. The cell aggregates were
then cultured in N2B27medium supplemented with LY (0.5μMLPA and
10μM Y-27632) for another 48h with daily medium change.

Culture of BAP cells derived from primed hPSCs
Primed hPSCs were dissociated into single cells using Accutase and
plated on Geltrex-coated tissue culture plates at a density of 12,000
cells/cm² in MEF-CM supplemented with bFGF. On the following day,
the medium was replaced with MEF-CM supplemented with 10 ng/mL
BMP4, 1μMA83-01, and 0.1μM PD173074. The mediumwas refreshed
daily for up to eight days.

Derivation of TSCs from primed hPSCs through TE-like
cells (pdTSC)
Derivation of pdTSC was preformed according to a previous two-step
protocol with modifications22. In brief, hPSCs were dissociated using
Accutase and plated onto collagen IV (5μg/mL; Corning, 354233) or
Geltrex-coated plates in MEF-CM with 10μM Y-27632 at a density of
10,000 cells/cm². On the following day, cells were cultured in 5% CO₂
and 5% O₂ and medium was changed to TE differentiation medium:
DMEM/F12, with 1× ITS-X (Gibco, 41400045), 64μg/mL L-ascorbic acid
(Sigma, A4544), 543μg/mL NaHCO₃ (Sigma, S5761), 2% BSA (Gibco,
15260037), 10 ng/mL BMP4, and 2μM IWP2 (STEMCELL Technologies,
72124). The medium was refreshed daily for 4 days. After 4 days, the
mediumwas switched tomodified TSCmedium: Advanced DMEM/F12
(Gibco, 12634010) supplemented with 1× N2,1× B27, 1×L-glutamine,
0.1mM β-mercaptoethanol, 0.05% BSA, 1% knockout serum

Fig. 5 | Reduced cell cycle safeguards and elevated autophagy in chromoso-
mally unstable TSCs. A Heatmap of Z score-transformed read values for genes
involved in key processes regulating the cell cycle. Compared to primed hPSCs,
TSCs show overall downregulation in cohesion loading and establishment, kine-
tochore assembly, and spindle assembly checkpoint (SAC) genes, with upregula-
tion in cell cycle regulators specific to G1 inhibition.BNormalized RNA read counts
of SACgenes (MAD2L1,MAD2L2, and) and the corecohesion complex gene, RAD21.
Data are presented as mean± SD (n = 3 biological replicates; n = 2 biological repli-
cates for pdTSC after outlier removal). Significance was analyzed by two-sided
Student’s t-test. *P <0.05 compared to primed hPSCs. For MAD2L1, nTSC vs. hPSC:
P =0.01; nbTSC vs. hPSC: P =0.01; ccTSC vs. hPSC: P =0.01; pdTSC vs. hPSC:
P =0.03. For MAD2L2, nTSC vs. hPSC: P =0.0003; nbTSC vs. hPSC: P =0.0003;
ccTSC vs. hPSC: P =0.003; pdTSC vs. hPSC: P =0.02. For RAD21, nTSC vs. hPSC:
P =0.003; nbTSC vs. hPSC: P =0.02; ccTSC vs. hPSC: P =0.003; pdTSC vs. hPSC:
P =0.3. For BUB1B, nTSC vs. hPSC: P =0.0008; nbTSC vs. hPSC: P =0.0008; ccTSC
vs. hPSC: P =0.002; pdTSC vs. hPSC: P =0.005. C Heatmap of Z score-transformed
read values for genes involved in DNA and genomic damage repair. Compared to
parental hPSCs, TSCs display overall downregulation in mismatch recognition
(MR), DNA damage sensing, DNA repair, and checkpoint activation (CA) pathways.
D Normalized RNA read counts of the TP53, CDKN1A, CDKN2A genes. Data are
presented as mean± SD (n = 3 biological replicates; n = 2 biological replicates for

pdTSC after outlier removal). Significance was analyzed by two-sided Student’s t-
test. *P <0.05compared toprimedhPSCs. ForTP53, nTSCvs. hPSC:P =0.02; nbTSC
vs. hPSC: P =0.01; ccTSC vs. hPSC: P =0.02; pdTSC vs. hPSC: P =0.01. For CDKN1A,
nTSC vs. hPSC: P =0.04; nbTSC vs. hPSC: P =0.003; ccTSC vs. hPSC: P =0.02;
pdTSC vs. hPSC: P =0.06. For CDKN2A, nTSC vs. hPSC: P =0.045; nbTSC vs. hPSC:
P =0.09; ccTSC vs. hPSC: P =0.02; pdTSC vs. hPSC: P =0.3. E Heatmap of Z score-
transformed read values for genes involved in autophagy-related processes. TSCs
show no apparent change in autophagosome formation compared to parental
hPSCs; however, there is overall upregulation in lysosome formation, cargo
recognition, autophagosome maturation and fusion with lysosomes, as well as
degradation and recycling processes. F Western blot analysis of LC3B and Cathe-
psin B expression in TSCs and primed hPSCs. B-actin as a loading control.
G Changes of proliferation ratio of TSCs and primed hPSCs following chloroquine
(CQ) treatment at a 48h interval. Data presented as mean ± SD (n = 3 independent
biological cell populations). Significancewasanalyzedby two-sidedStudent’s t-test.
*P <0.05, 48h 50 uM CQ compared to 48h control in nTSCs (P =0.04), nbTSCs
(P =0.01), ccTSCs (P =0.01), pd TSCs (P =0.03), and hPSCs (P =0.3). Source data
are provided as a Source Data file. H Fold change in cell death measured by flow
cytometry using Sytox staining after CQ treatment in TSCs and primed hPSCs.
Source data are provided as a Source Data file.
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replacement (KSR; Gibco, 10828028), 2μM CHIR99021 (STEMCELL
Technologies, 72054), 0.5μM A83-01, 1μM SB431542 (STEMCELL
Technologies, 72232), 5μM Y-27632, 0.8μM VPA, 100ng/mL basic
FGF, 50 ng/mL recombinant human EGF (Peprotech, AF-100-15), 50 ng/
mL recombinant human HGF (PeproTech, 100-39), and 20ng/mL
Noggin (R&D Systems, 6057-NG). The medium was refreshed every
other day.

Derivation of TSC from primed hPSC through chemical con-
version (ccTSC)
Derivation of ccTSC was preformed according to a previous chemical
induction protocol with modifications25. In brief, hPSCs were dis-
sociated using Accutase andplated onto collagen IV (5μg/mL), Geltrex-
coated plates with 10μMY-27632 at a density of 10,000 cells/cm². Two
days after plating, the medium was changed to N2B27 medium
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supplemented with 10ng/mL LIF, 1μM PD0325901, and 1μM VPA and
cells were cultured in 5% CO₂ and 5% O₂. After three days in this
medium, it was changed to TSC medium: DMEM/F12 supplemented
with 0.1mM β-mercaptoethanol, 0.2% FBS (Sigma, F4135), 0.5%
Penicillin-Streptomycin (P/S; Gibco, 15140122), 0.3% BSA, 1% ITS-X
(Gibco, 41400045), 1.5μg/mL L-ascorbic acid, 50 ng/mL EGF, 2μM
CHIR99021, 0.5μM A83-01, 1μM SB431542, 0.8mM VPA, and 5μM
Y-27632. The medium was refreshed every other day.

Derivation of TSCs from naïve hPSCs (nTSC)
Naïve hPSCs were dissociated using Accutase and plated onto col-
lagen IV (5 μg/mL), Geltrex-coated, or MEF plates in PXGL medium
supplemented with 10 μM Y-27632 and 1% Geltrex at a density of
50,000 cells/cm². Cells were cultured in 5% CO₂ and 5% O₂. After two
days, the medium was changed to TSC medium.

Derivation of TSCs from the naïve-hPSC-derived blas-
toids (nbTSC)
Blastoids transferred on IBIDI 8 wells coatedwith laminin-521 (10μg/mL;
BioLamina, LN521) in IVC1 medium83, composed of 50% DMEM/F12, 50%
Neurobasal, 20% FBS, 1× L-glutamine, 1× ITS-X, 8 nM β-estradiol (Sigma,
E2758), 200ng/mL progesterone (Sigma, P8783), and 25μM N-acetyl-L-
cysteine (Sigma, A9165). Blastoids were cultured in 5% CO₂ and 5% O₂.
Two days post-attachment, the medium was switched to TSC medium.
Within 4 and 5 days, outgrowths were observed. After 10 days of
attachment, the outgrowths were dissociated with Accutase and pas-
saged onto either collagen IV (5μg/mL) coated or MEF plates.

Isolation of trophoblasts from human samples
Decidua-placenta tissues (gestational age 6–9 post-conception) were
obtained from the Birth Defects Research Laboratory at the University
of Washington with ethics board approval and maternal written con-
sent. Placental biopsies were minced with a scalpel and incubated at
37 °C in digestion media (RPMI, 10% Fetal Bovine Serum (FBS, Peak
Serum), 700units/ml Collagenase type II (Sigma), and 200units/ml
DNase (Sigma) for 45min in a shaker incubator at 225 rpm. Digests
were strained through a 70 um filter, centrifuged at 400g for 5min,
then washed with RPMI media containing 10% FBS. ACK lysis (Gibco)
was performed to remove red blood cells. Primary CTs were immu-
nomagnetically purified using Anti-APC MicroBeads (Miltenyi Bio-
tec,130-090-855) and an APC-conjugated anti-ITGA6 antibody (R&D,
FAB13501A). ITGA6-positive CT cells were seeded in 6-well plates at a
density of 0.5–1 × 106 cells perwell and cultured in 2ml of TSCmedium
at 37 °C in 5% O2 on Geltrex-coated plates. The culture medium was
replaced every two days and maintained as TSCs.

Maintenance of TSCs
TSCs were passaged using TrypLE™ Express (Gibco, 12605010) when
80% confluent (approximately every 4 days) at a ratio of 1:4–6 onto

collagen IV (5μg/mL) or Geltrex-coated plates. G-banding karyotyping
of cells from passage 10–20 was conducted at Cell Line Genetics to
verify the chromosomal status of each TSC line. Cells from passage
6–15 were used for downstream differentiation experiments unless
specified otherwise.

Differentiation of TSCs
TSCs were grown until 80% confluent, then dissociated with TrypLE™
Express for 10–15min at 37 °C.

For the induction of EVTs, TSCs were seeded into 6-well plates
pre-coatedwithGeltrex or 1μg/mL collagen IV at a density of 0.75 × 10⁵
cells per well and cultured in EVT1 medium supplemented with 2%
Geltrex. On day 3, the medium was replaced with EVT2 medium sup-
plemented with 0.5% Geltrex. Cells were analyzed on day 6. Alter-
natively, the cells were further dissociated and passaged onto a new
collagen IV (1μg/mL) plate with EVT2 medium (without KSR) supple-
mented with 1% Geltrex for an additional 2 days.

For the induction of STs, TSCs were seeded into 6-well plates pre-
coated with Geltrex or 3μg/mL collagen IV at a density of 1 × 10⁵ cells
per well and cultured in ST medium, consisting of DMEM/F12, 0.1mM
β-mercaptoethanol, 0.5% P/S, 0.3% BSA, 1% ITS-X, 2.5μM forskolin
(Sigma, F6886), 2.5 μM Y-27632, and 4% KSR. The medium was
replaced on day 3, and cells were analyzed on day 6.

Trophoblast organoid
TOs were generated following previously established protocols45,47.
Briefly, TSCs were grown until they were confluent, then dissociated
with TrypLE™ Express and washed twice. A total of 3000 cells were
suspended in 30μL Matrigel droplets (Corning, 354277), seeded into
24-well plates and incubated at 37 °C for 30min before adding tro-
phoblast organoid medium (TOM), which consisted of Advanced
DMEM/F12, 1× N2 supplement, 1× B27 supplement, 1.25mMN-acetyl-L-
cysteine, 2 mM L-glutamine, 50 ng/mL recombinant human EGF,
1.5μM CHIR99021, 80 ng/mL recombinant human R-spondin-1 (R&D
Systems, 4645-RS), 100 ng/mL recombinant human FGF-2, 50ng/mL
recombinant human HGF, 500 nM A83-01, 2.5μM prostaglandin E2
(Sigma, P0409), 0.1mM 2-mercaptoethanol, and 2μM Y-27632. Med-
ium was refreshed every other day. Organoids were maintained for
8–10 days between passages. For passage, Matrigel droplets were
broken up in cold DMEM/F12, and organoid pellets were dissociated
with TrypLE™ Express for 20min after centrifugation. After three
washes with DMEM/F12, cells were passed through a 70μm strainer to
remove large and unbroken chunks, and 3000–5000 cells were re-
seeded in 30μL Matrigel droplets.

EVT-TOsweregenerated following aprevious protocolwithminor
modification48. Briefly, TOs were cultured in TOM for 3–5 days after
seeding or until reaching a size of 100 μm, then switched to EVT1
medium, consisting of DMEM/F12, 0.1mM β-mercaptoethanol, 0.5% P/
S, 0.3% BSA, 1% ITS-X, 100 ng/mLNRG1, 7.5μMA83-01, 2.5μMY-27632,

Fig. 6 | Detection of copy number alterations and aneuploidy in human pla-
centa. A Schematic representation of the strategy for using EpiAneuFinder on
available human placenta snATAC-seq data to identify copy number alterations
(CNAs) at single-cell resolution. Segmented chromosomes are assigned a state of
loss, normal, or gain based on the read count fold change relative to the genome-
wide mean. The graph was created using BioRender https://BioRender.com/
m66n585. B Representative count plotting of a single cell displaying a whole
chromosome gain for chromosome 19. C CNA karyogram for CT and ST nuclei
derived from a representative first trimester placenta. Each row on the y-axis
represents a cell, and the x-axis shows chromosomal locations. Normal copy
numbers are displayed in green, gains in red, and losses in purple. D CNA karyo-
gram for CT and ST nuclei from a representative term placenta. E CNA karyogram
for PBMCs from a healthy adult individual. F Average adjusted predictions of the
proportion of aneuploid cells in each sample type, based on a binomial generalized
linear mixed model (GLMM) with tissue donor as a grouping factor. The early

trimester placenta included CT, EVT, ST, and term placenta included CT and ST
(n = 6 independent biological placental samples from 6 individuals were used for
both early and term stages; early trimester placenta EVT and term CT each con-
sisted of samples from 5 individuals). Peripheral bloodmononuclear cells (PBMCs)
(n = 4 independent biological samples from 4 individuals) were used as a normal
control. Data presented as mean± SD. An asymptotic Wald test was performed
using the marginaleffects package in R. P <0.05: a, CT compared to EVT in early
trimester (P = 6.8e-08); b1, CT compared to ST in early trimester (P = 4.2e-11); c, EVT
compared to ST in early trimester (P = 3.4e-12); b2, CT compared to ST in term
placenta (P = 5.5e-10); #, each cell type compared to PBMC: CT_early (P = 8.4e-10),
EVT_early (P = 3.3e-11), ST_early (P =0.03),CT_term (P = 8.4e-9), ST_term (P =0.001).
G Percentage of aneusomic cells per chromosome in first trimester (n = 6 biological
replicates) and term placentas (n = 6 biological replicates). The rate of aneuploidy
represents the frequency at which each individual chromosomehad at least 60%of
bins classified as a CNV by EpiAneuFinder across all cells for each sample.
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and 4% KSR. After 5 days in EVT1 medium, it was replaced with EVT2
medium (EVT1 medium minus NRG1) for an additional 3 days. All
organoid media were refreshed every 2 and 3 days.

Proliferation rates of TSCs and trophoblast organoids
The confluency of TSCs was assessed using CELLCYTE Studio
(CYTENA) to scan live cell development. Confluency area measure-
ments were used to analyze proliferation rates within 48 h of scanning.
The size of trophoblast organoids was analyzed in ImageJ via the
polygon selection tools. The organoid size was determined by out-
lining the organoidandmeasuring the total area.As a result, the square
pixels representing the size of each organoid were obtained. Area
values were normalized to the mean area at the initial time point for
each condition. Means and standard errors were calculated for each
condition at three time points: day 2, day 4, and day 7.

Fluorescence in situ hybridization and chromosome number
measurement
TSCs were grown until confluent, dissociated with TrypLE™ Express,
and incubated in hypotonic solution (0.075M KCl, Sigma, P5405) at
37 °C for 17min. Cells were fixed with Carnoy’s fixative (3:1 methanol
[Sigma, 494437] to acetic acid [Sigma, A6283]) and washed three
times. A suspension at a concentration of 3 million cells/mL was
dropped onto slides and air-dried at room temperature. Slides were
then washed in 2× SSC buffer (Invitrogen, 15557044) for 2min, fol-
lowed by sequential ethanol washes (70%, 85%, 100%), 2min each. The
combined satellite Enumeration Probes for chromosomes 7, 12, and 18
(3μL each, Oxford Gene Technology) and hybridization solution (1μL,
Oxford Gene Technology) were added, 22mm×22mm coverslips
were applied, and slides were denatured at 75 °C for 2min before
overnight incubation at 37 °C. The next day, slideswerewashed in 0.4×
SSC preheated to 72 °C for 2min, then incubated in 2× SSCwith 50μg/
mL DAPI for 10min.

Imaging was conducted at 40× magnification, with z-stacks
acquired at a minimum interval of 7 μm. Maximum intensity projec-
tions were generated using ImageJ to identify and count nuclear
puncta for each probe. As cell cycle synchronization was not per-
formed, cell cycle stages were carefully assessed, with S phase cells
identified based on closely spaced centromeric signals for any chro-
mosome. In S phase cells, only widely separated puncta for the same
chromosome were considered distinct copies. Cells with unreliable
counts for two or more probes were excluded from the analysis. Cells
showing ≥ 4 signals for at least two probes were classified as tetraploid
(4n). Chromosomes with signal counts deviating from the whole-cell
ploidy were categorized as aneuploid. Average of 300, minimum of
100 cells were analyzed for aneuploidy across multiple imaging fields.

Immunofluorescence staining
Cells or organoidswerefixedwith 4%paraformaldehyde (PFA, Electron
Microscopy Sciences, 15710) for 30min. After three washes with PBS
for 5min each, sampleswere blocked and permeabilizedwith blocking
buffer (PBS supplemented with 3% normal donkey serum [Sigma, S30]
and 0.3% Triton X-100 [Sigma, T8787]) for 30min. Cells were then
incubated with primary antibodies diluted in blocking buffer for 1 h,
followed by three PBS washes. Secondary antibodies conjugated to
Alexa Fluor and 10 ng/mL DAPI were added for 30min, followed by
three PBS washes. All antibodies used are listed in the Supplementary
Table 3. For quantification, at least three random areas were selected.

RNA isolation and real-time qPCR
RNAwasextractedusing theRNeasyMini Kit (Qiagen, 74106) following
the manufacturer’s protocol. cDNA was synthesized using iScript™
Reverse Transcription Supermix (Bio-Rad, 1708840). Quantitative RT-
PCR was performed using PowerUp™ SYBR™ Green Master Mix
(Applied Biosystems, A25742) on the 7900HT Fast Real-Time PCR

System (Applied Biosystems). The cDNA was used as the RT-PCR
template, and gene expressionwas analyzedusing the delta-delta cycle
threshold method with GAPDH as a housekeeping gene. Error bars
represent the standard deviation of biological replicate fold-change
values. All primers used for RT-PCR are listed in Supplementary
Table 4.

Bulk RNA sequencing
Total RNA was isolated using the RNeasy mini Kit. The purity and
concentration of the RNA was assessed using a NanoDrop 2000 spec-
trophotometer. Library preparation was performed using the Optimal
Dual-modemRNA Library Prep Kit (BGI-Shenzhen, China). The double-
stranded cDNA product was converted to blunt ends through end
repair reactions. Library products were amplified via PCR and sub-
jected to quality control. Single-stranded library products were gen-
erated through denaturation, followed by a circularization reaction to
produce single-stranded circular DNA products. Sequenced reads of
100 bases in length were generated on the G400 platform. Raw
sequencing data was processed with SOAPnuke84 to remove low
quality reads or reads with adaptor sequence. Clean sequencing reads
were mapped to human reference genome (hg38) with Bowtie285 and
gene expression quantification was performed with RSEM86 as read
counts. CPM (counts per million reads) values were used as gene
expression levels. Differential expression analysis was run byDeseq287.
Heatmaps, principal component analyses (PCA), scatter plot, venn
diagram, volcano plot, KEGG pathway enrichment, Gene Ontology
analysis were performedusingR software (version 4.3.3). Outlierswere
excluded following PCA analysis.

Whole genome bisulfite sequencing
DNA was extracted using Qiagen DNeasy Blood & Tissue Kit. Library
preparation was performed using the MGIEasy Whole Genome Bisul-
fite Sequencing Library Prep Kit (BGI-Shenzhen, China). For library
construction, genomic DNA was mixed with 1% unmethylated lambda
phage DNA and then sheared into small fragments using the Covaris
LE220 Focused-ultrasonicator. DNA fragments were treated with
bisulfite using the EZ DNA Methylation Gold Kit (Zymo Research,
D5005). Bisulfite-treated library products were amplified through PCR
and subjected to quality control. Sequenced reads of 150 bases in
length were generated on the G400 platform. Raw sequencing data
were processed with SOAPnuke to remove low-quality reads or reads
containing adapter sequences84. Clean sequencing readsweremapped
to the GRCh38 reference genome using Bismark88. DNA methylation
levels were calculated as described in a previous publication89. Pro-
moters were defined as regions 1 kb upstream and downstream of
transcription start sites. CpG methylation levels with ≥ 5 reads were
analyzed.

For copy number variance analysis, chromosomes were divided
into 1Mb windows, and RPM (reads per million mapped reads) was
calculated for each window. These values were normalized against
karyotypically normal hPSCs and smoothed across 10Mb intervals.
Only windows with over 50RPM in control hPSCs were analyzed. Copy
number gains and losses were identified using thresholds of 2.3 and 1.7
copies, respectively10.

Chromosomal analysis from snATAC-seq Data
Placental snATAC-seq data were obtained from the public accession
GSE24703870. The nuclei of cells were collected from placenta villi,
which were separated from 12 healthy placentas—six from early preg-
nancies (6–9 weeks) and six from term pregnancies (38–39 weeks).
After removing the blood with PBS, the placental tissue was cut into
pieces, ground, and lysed. The nuclei were then collected for ATAC-
seq. Cell Ranger atac-count was run on the FASTQ files for each donor
to obtain fragments.tsv files, which were then analyzed by
epiAneufinder75 to determine individual nuclei copy number changes
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in the software R90. To classify a cell as aneuploid, 60% or more of the
bins on any chromosomehad to be labeled as a CNV by epiAneufinder.
Non-nuclei were filtered out by modifying the minFrags parameter
based on quality control metrics from Cell Ranger’s output files, while
all other parameters were set to default. Chromosomes X, Y, and
mitochondrialDNAwereexcluded fromanalysis, withUCSChg38used
as the reference genome. Cell identities were determined by using a
standard Signac workflow to display expression of marker genes
identified in the accession’s original study91. Human PBMC ATAC-seq
data were obtained from 10× Genomics’ publicly available datasets.
The log10 fragments of nuclei for each donor and the PBMC controls
were calculated using custom scripts in R and visualized using
ggplot292.

To quantify and compare aneuploidy rates across groups (“early
placenta”, “term placenta”, or “PBMC”) and cell types (“ST”, “CT”,
“EVT”, “PBMC”), a binomial generalized linear mixed model (GLMM)
was used. The model was implemented with the R package lme493,
where the response variable was a binary indicator denoting whether a
given cell was inferred to be aneuploid based on epiAneufinder’s
results. Cell type and sample groupwere included asfixed effect factor
predictors, while tissue donor was included as a random effect
grouping factor to account for non-independence among nuclei from
the same donor. The fittedmodel was interpreted using the R package
“marginaleffects”94 to compute predicted values and comparisons of
aneuploidy rates for each cell type, averaging over levels of the ran-
domeffect term (tissue donor). Results were visualized using ggplot292

and ggsignif95 packages in R.

Chromosomal analysis from scRNA-seq data
Placental SmartSeq2 RNA data were obtained from the public acces-
sion GSE8949769. Pooled FASTQ files were split into individual cells
using code provided by the authors of the accession and aligned to
UCSC hg38 using Salmon96 with default settings. The resulting count
matrix was aggregated to the gene level using the R package
“tximport”97 and cell identities were determined through UMAP plot-
ting and marker gene expression using Seurat98.

The R package “scploid”71 was used to determine aneuploidy, with
amin.median value of 19 chosen tominimize residuals while achieving
acceptable criteria for all three of the package’s QC metrics (zeros,
residuals, and genes). All other parameters were set to default. Only
clusterswith EVTorCT identities that received acceptable scores on all
three QC metrics were considered for analysis.

Autophagy inhibition
Chloroquine (Sigma, C6628) was used to inhibit autophagy in TSCs.
Briefly, TSCs and parental primed hPSCs were seeded on Geltrex-
coated 12-well plates at a density of 5 × 10⁴ cells/well. Cells were treated
with 0, 10μM, and 50μM chloroquine. The culture media included
TSC medium for TSCs and mTeSR medium with Y-27632 for hPSCs.
Cells were collected at 24 and 48 h for downstream analysis of apop-
totic rates using flow cytometry.

Flow cytometry
Cells were dissociated into single cells using TrypLE™ Express and
passed through a 40μm strainer. For cell cycle analysis, cells were
fixed with 4% PFA for 15min at room temperature. After two washes in
PBS, cellswere incubatedwith (concentration) DAPI for 15min at room
temperature. Cells were then washed twice in PBS and resuspended in
PBS supplemented 2% fetal bovine serum (FBS) for flow cytometry
analysis. For studying autophagy inhibition, all supernatant apoptotic
cells were collected alongwith dissociated single cells, passed through
a 40μm strainer, and stained with SYTOX™ Green (1:100, Invitrogen,
S7020), a marker specific for apoptotic cells, for 20min at room
temperature. After washing with PBS supplemented with 2% FBS, cells
were fixed with 4% PFA for 15min at room temperature. Following two

washes in PBS, cells were resuspended in 2% FBS/PBS for flow cyto-
metry analysis. Flow cytometry was performed using a FACSCanto II
(BD Biosciences), and results were analyzed using FlowJo software.

Western blot analysis
Protein from cultured cells was harvested using NP-40 lysis buffer
(Boston Bioproducts, BP-119×) with added protease inhibitors (Santa
Cruz, sc-24948). Protein concentrations were determined using the
BCA Protein Assay (Thermo Scientific, 23225). A total of 25μg of pro-
tein from each lysate was subjected to electrophoresis on a 4–12% Bis-
Tris gel (Invitrogen, NW04120BOX) and transferred onto a PVDF
membrane (Life Technologies, LC2002). The membrane was then
sectioned based on the molecular weights of the markers being ana-
lyzed. The membrane was blocked for 1 h at room temperature in 5%
nonfat milk in TBS-T (Tris-buffered saline [sigma,T5912] with 0.1%
Tween-20 [Thermo Scientific, J20605.AP]) and incubated overnight at
4 °C with primary antibodies while gently rocking. Membranes were
rinsed in TBS-T and treated with a species-specific horseradish
peroxidase-conjugated secondary antibody for 1 h at room tempera-
ture. All antibodies used are listed in the Supplementary Table 3. Fol-
lowing additional washes with TBS-T, the membranes were developed
to visualize the bound antibodies using SuperSignal West Pico Plus
Chemiluminescent Substrate (Thermo Scientific, 34580).

Statistical analysis
Unless otherwise specified, results are expressed as the mean ±
standard deviation (SD). Statistical analyses were performed with at
least three replicates, unless stated otherwise. Statistical significance
was determined using unpaired ANOVA and student’s t-test

performedwithGraphPadPrism 10orR software (version 4.3.3). If
the data were not normally distributed, we used the Kruskal–Wallis
test. A p-value < 0.05 was considered statistically significant.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All sequencing data generated in this study have been deposited in the
NCBI BioProject database and are publicly available as of the date of
publication. The accession numbers are GSE280832 (RNA-seq fastq.gz
file) andPRJNA1181850 (WGBS-seq fastq.gzfile). Thispaper also utilizes
publicly available datasets, including GSE247038 (placenta scMul-
tiome) and GSE89497 (placenta single-cell Smart-seq2). PBMC scMul-
tiome datasets were acquired from 10× Genomics sources
webpage. Source data are provided with this paper.
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