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SUMMARY
Chromosome 20 abnormalities are some of the most frequent genomic changes acquired by human pluripotent stem cell (hPSC)

cultures worldwide. Yet their effects on differentiation remain largely unexplored. We investigated a recurrent abnormality also

found on amniocentesis, the isochromosome 20q (iso20q), during a clinical retinal pigment epithelium differentiation. Here we

show that the iso20q abnormality interrupts spontaneous embryonic lineage specification. Isogenic lines revealed that under con-

ditions that promote the spontaneous differentiation of wild-type hPSCs, the iso20q variants fail to differentiate into primitive

germ layers and to downregulate pluripotency networks, resulting in apoptosis. Instead, iso20q cells are highly biased for extra-em-

bryonic/amnion differentiation following inhibition of DNMT3B methylation or BMP2 treatment. Finally, directed differentiation

protocols can overcome the iso20q block. Our findings reveal in iso20q a chromosomal abnormality that impairs the developmental

competency of hPSCs toward germ layers but not amnion, which models embryonic developmental bottlenecks in the presence of

aberrations.
INTRODUCTION

The keystone for the biomedical applications of human

pluripotent stem cells (hPSCs) is their unlimited self-

renewal in culture. However, hPSCs have the propensity

to acquire genetic abnormalities that confer fitness for

prolonged expansion and that could sabotage research

interpretation and clinical studies (Andrews et al., 2017;

Halliwell et al., 2020; Sato et al., 2019). The most common

and recurrent hPSC abnormalities involve whole or partial

gains on chromosomes 1, 12, 17, 20, and X (Baker et al.,

2016; International Stem Cell Initiative et al., 2011; Lund

et al., 2012). Strikingly, chromosome 20q aberrations

have been found in almost 20% of hPSCs tested worldwide

(Avery et al., 2013; International Stem Cell Initiative

et al., 2011).

Several studies have reported on the origin of hPSCs

aneuploidies and on the mechanisms of selective advan-

tage in culture, such as faster cell cycle and escape from

apoptosis (Avery et al., 2013; Halliwell et al., 2020; Olariu

et al., 2010; Taapken et al., 2011; Thompson et al., 2020).

Recently, we showed that during self-renewal abnormal
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cells prevail over wild-type (WT) cells via mechanically

dependent cell competition (Price et al., 2021). However,

the functional effects of most genetic abnormalities dur-

ing differentiation remain poorly understood. Reports

available point to mixed phenotypes, including reduced,

delayed or alternative differentiation capacity in vitro

and immature teratomas in vivo (Ben-David et al., 2014;

Fazeli et al., 2011; Keller et al., 2018; Lee et al., 2015;

Markouli et al., 2019, 2021; Werbowetski-Ogilvie et al.,

2009). Yet from the studies available, it is becoming

evident that the impact of hPSC abnormalities on differ-

entiation is lineage specific and protocol dependent.

This is particularly poignant for hPSCs derivatives

used in regenerative medicine, as undetected abnormal-

ities, especially if cancer related, could derail disease

modeling and clinical trials (Garber, 2015; Sato

et al., 2019).

The retinal pigment epithelium (RPE) is a major disease-

relevant cell type in hPSC-based regenerative medicine

(Kobold et al., 2020; Maeda et al., 2021). hPSC-derived

RPE cells are in clinical trials for the treatment of age-

related macular degeneration, a leading cause of blindness
thors.
ns.org/licenses/by/4.0/).
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Figure 1. Isolating culture acquired chromosome 20 genetic abnormalities
(A) Diagram of MasterShef-7, MasterShef-8, and MasterShef-13 cell line history from first detection of a karyotype abnormality to isolation
and qualification of clonal/homogeneous isogenic WT and iso20q lines.
(B) Bulk karyology of M7 line showing the isochromosome 20q abnormality.
(C) Schematic of the isochromosome 20q variant (iso20q).
(D) FISH analysis of bulk M7 line showing the isochromosome 20q. Telomere probes show monosomy for short arm (20p) and trisomy for
long arm (D20S108; 20q).
See also Figure S1.
(Vitillo et al., 2020). However, genomic instability is

already a pressing issue in this nascent field of cell therapy.

The first in human clinical trial based on induced pluripo-

tent stem cells-derived RPE was halted, and later resumed,

because of the discovery of potentially tumorigenic copy

number deletions in the stem cells (Garber, 2015; Mandai

et al., 2017).

To the best of our knowledge no study has systematically

evaluated the consequences of common hPSCs genetic ab-

normalities for the RPE lineage. Here we investigated the

functional effects of a common, but unexplored, culture ac-

quired chromosomal abnormality also detected in human

amniocentesis, the isochromosome 20q (Receveur et al.,

2017), duringahPSC-RPEdifferentiation currently inclinical

trials (da Cruz et al., 2018).
RESULTS

Isolating culture acquired chromosome 20 genetic

abnormalities

Through routine cytogenetic screening, we identified hu-

man embryonic stem cell (hESC) cultures of MasterShef-7

(M7), MasterShef-8 (M8), and MasterShef-13 (M13) that

had acquired an abnormal karyology while in culture (Fig-

ure 1A). Cytogenetic analysis detected the presence of an

isochromosome of the long arm of chromosome 20

(iso20q) (Figures 1B and 1C). The iso20q abnormality was

also visible by fluorescence in situ hybridization (FISH) as

consisting of a trisomy for the long arm (20q) and mono-

somy of the short arm (20p) (Figure 1D). Notably, this

abnormality is becoming increasingly common in our
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Figure 2. Iso20q variants cannot survive a spontaneous RPE differentiation
(A) Phase images showing morphological differentiation and foci (insert arrows) at day 16 of RPE differentiation in WT but not iso20q
variants. Scale bar, 1000 mm.

(legend continued on next page)
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karyotyping screenings of hESCs cultured in feeder-free

systems. The proportion of cells within each culture

displaying the abnormality varied between lines. For

MasterShef-8 and MasterShef-13 cultures, karyology

showed a near homogeneous population that had acquired

the iso20q (92% and 88%, respectively). However, for

MasterShef-7, 30% of the population remained karyotypi-

cally normal (Figure 1A). Therefore, we derived isogenic

clonal lines fromM7with or without iso20q by performing

single cell cloning (Figure 1A). We banked isogenic clones

of M7; two wild-type lines (A1 and A2) and two iso20q

variant lines (A5 and A9) (Figures 1A and S1A). All M7

clones were analyzed using qPCR for the presence of the

sub-karyotype 20q11.21 amplicon, which includes the

BCL2L1 gene, as it is common among hESC cultures (Inter-

national Stem Cell Initiative et al., 2011), confirming that

WT clones were free of the amplicon, although one clone

(A1) acquired it at later passages (Figure S1B). We repeated

single cell cloning for theM8 cell line (Figure 1A). However,

clones with a normal karyotype were not obtained from

within the culture displaying the i20q variant, because

the abnormal cells became dominant. Therefore, we gener-

ated WT clones from a related bank. The resulting clones

were also karyotyped and assessed using qPCR for the pres-

ence of BCL2L1 amplicon (Figures S1A and S1B). Given the

speed of the overtake of i20q in culture, M13 was not

cloned, and instead was used as a representation of a naive

bulk near homogeneous population as it is selected for in

culture (Figure 1A). The M13 cell bank was shown to be

karyotypically normal at an early passage, while iso20q

M13 was banked at a later passage after having acquired

the variant in almost 90% of the culture. Both M13 WT

and M13 iso20q cell banks were thawed and tested imme-

diately prior to inclusion in this study using karyotype

and qPCR for the BCL2L1 amplicon (Figures S1A and

S1B). Overall, we detected, cloned, qualified and banked

iso20q variants that spontaneously emerge in hPSCs and

their isogenic wild-type counterparts to use in this and sub-

sequent studies.
(B) Quantification of foci areas at day 16 of RPE differentiation in M7
mean + SEM, and statistical significance was determined using Stude
clonal line.
(C) Phase images of iso20q morphology at 10 days of RPE differentia
(D) Quantification of viability in the A2 WT versus A5, A9 iso20q clone
cell death at day 16. Scale bar, 400 mm.
(E) Quantification of viability in the M8 and M13 WT/iso20q clonal pai
images. Scale bar, 400 mm.
(F) Flow cytometry analysis of caspase-3 in iso20q and WT variants a
experiment for each cell line).
(G) Overview of the iso20q phenotype during a spontaneous RPE diff
*The data shown in (D) and (E) are presented as median of individual v
using Student’s t test, two-tailed. See also Figure S2.
Iso20q variants cannot survive a spontaneous RPE

differentiation

To assess the behavior of the iso20q abnormality during

RPE differentiation, we comparatively ran all the variant

pairs in our spontaneous protocol on the basis of FGF2

withdrawal from the self-renewing stem cell media (da

Cruz et al., 2018; Vugler et al., 2008). After 1 week, differen-

tiation was visible in WT cells but not in any of the iso20q

cell lines and clones (Figure S2A). Two weeks into the pro-

tocol, future RPE foci areas were emerging significantly in

wild-type but not in iso20q clones (Figures 2A and 2B). Dif-

ferentiation hallmarks (i.e., areas showing aggregates of

cells) were totally absent in the iso20q clones, while cell

death was evident (Figure 2A). Strikingly, the iso20q clones

displayed a flattened, homogeneous and elongated undif-

ferentiated morphology until around day 10 of the differ-

entiation (Figure 2C). Eventually, iso20q variants died by

detachment starting from day 11 halting any further pro-

gression in the differentiation beyond two weeks

(Figures 2D and 2E). The cell death observed in iso20q cells

could be due to programmed cell deathmechanisms or un-

controlled necrosis. Therefore, to qualify the type of cell

death induced in iso20q variants we quantified the expres-

sion of caspase-3, a marker of apoptosis. Flow cytometry

revealed a �40% increase in caspase-3-positive cells in

iso20q cells compared with WT, showing that apoptotic

mechanisms underlie the observed cell death (Figures 2F

and S2B). In conclusion, our data reveal a unique pheno-

type for the iso20q variants characterized by a strong resis-

tance to spontaneous differentiation followed by apoptosis

of the culture (Figure 2G).

The iso20q variant interrupts germ layer

differentiation

Our RPE differentiation method is spontaneous, based on

hPSCs’ propensity to generate a proportion of pigmented

foci over time (Vugler et al., 2008). We hypothesized that

the interruption of differentiation we observed is general-

ized to the germ layers. First, we monitored the early RPE
WT (A1, A2) versus iso20q (A5, A9) variants. Data are presented as
nt’s t test, two-tailed, n = 6, 3 independent experiments for each

tion. Scale bar, 400 mm.
s at day 11 of RPE differentiation. Representative images illustrate

rs at day 11 of RPE differentiation and corresponding representative

t day 11 of RPE differentiation (image represents one independent

erentiation.
alues of three replicates, and statistical significance was determined
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differentiation marker OTX2 by immunofluorescence at

day 8 of the differentiation, prior to the onset of cell death

in iso20q. We found that although OTX2 was expressed by

WT lines, it was undetectable in iso20q variants, showing a

failure in RPE lineage commitment (Figure 3A). Next, to

assess whether the iso20q interrupts general differentia-

tion, we performed the standardized pluripotency and

three-germ-layer qPCR scorecard array on differentiated

isogenic lines. Algorithm scores indicated that after

5 days of spontaneous differentiation the iso20q remained

undifferentiated compared with WT and that none of the

three germ layers was induced (Figures 3B, S3A, and S3B).

As expected, by day 8, the WT clones progressed to fully

exit the undifferentiated state, reflected in a negative score

for self-renewing genes and positive score for the three

germ layers (Figures 3B and S3C–S3E). At this later time

point, the M7 A9 iso20q clone scored positive for self-re-

newing, mesoderm and endoderm genes while the M7

A5 clone lost the self-renewal score but upregulated meso-

derm (Figures 3B, S3F, S3G, and S3D). However, immuno-

fluorescence showed that the A5 clone actually retained

homogeneous OCT4 at the protein levels up to day 8 in

comparison with WT (Figure 3C). Knowing the ultimate

fate of all the iso20q cells is apoptosis, the upregulation

of genetic markers by M7 clones at day 8 is likely not bio-

logically reflective of lineage commitment. Importantly, in

the other two genetically distinct lines, M8 and M13, the

scores of iso20q cells remained positive for self-renewal

and negative for germ layers even after 8 days of differenti-

ation (Figures 3B, S3H, S3I, and S3B). Moreover, by

comparing all the iso20q lines with WT at day 8 we found

that the self-renewal scores were significantly downregu-

lated in WT but not in iso20q while ectoderm and meso-
Figure 3. The iso20q variant interrupts germ layer differentiatio
(A) Immunofluorescence of WT and iso20q pairs stained for early RPE d
(representative image of three independent experiments). Scale bar,
(B) Pluripotency scorecard algorithm results for WT and iso20q clonal
Scores for self-renewal and the three germ layers are calculated by co
(C) Immunofluorescence of WT A1 and iso20q A5 clonal pairs staine
image of three independent experiments). Scale bar, 400 mm.
(D) Combined scorecard algorithm for self-renewal, ectoderm, mesod
ferentiation. Data are presented as median plus min and max and statis
n = 4 cell lines for WT (M8 WT, M13 WT, M7 A1, M7 A2) and for iso20
(E) Gene expression for pluripotency-associated genes in the score
WT counterpart for the M8 clonal pairs at day 8 of the RPE differentia
(F) Gene expression for pluripotency-associated genes in the scoreca
counterpart for the M13 cell line at day 8 of the RPE differentiation.
(G) Gene expression for pluripotency-associated genes in the scoreca
counterpart for M7 clonal pairs at day 8 of the RPE differentiation.
(H) Combined gene expression for pluripotency-associated genes in t
WT at day 8 of the RPE differentiation. Statistical significance was dete
WT, M13 WT, M7 A1) and for iso20q (M9 iso20q, M13 iso20q, M7 A9)
See also Figures S3 and S4.
derm were significantly upregulated in WT and endoderm

was unchanged (Figure 3D).

Score data revealed that the iso20q abnormality induces

cells to retain genes associated with the undifferentiated

status during differentiation. Therefore, we compared the

gene expression levels of the self-renewal panel between

the iso20q lines and their own WT counterparts, thus not

against the standard reference. This analysis revealed that

most self-renewal markers were overexpressed in the

iso20q versus WT cells at day 8 (Figures 3E–3H). These re-

sults show that in iso20q variants, the core pluripotency

network remains active despite a shift to spontaneous

differentiating conditions.

Finally, we asked whether the iso20q germ layer blockage

occurs also if hPSCs are placed under three-dimensional

(3D) spontaneous differentiating conditions. Therefore,

we validated the iso20q phenotype by performing score-

card analysis on embryoid bodies differentiation, confirm-

ing that the iso20q interruption of normal differentiation

is generalized and not exclusive to a two-dimensional

(2D) differentiation or the RPE lineage (Figures 3I, S4A,

and S4B). Taken together, our phenotyping and gene

expression data demonstrate that the iso20q variant inter-

rupts hESCs spontaneous differentiation to the three germ

layers in both 2D and 3D differentiating conditions.

DNMT3B-overexpressing iso20q variants are not

nullipotent

Among the self-renewal genes that remained significantly

upregulated in the iso20q variants we noted the chromo-

some 20q-localized gene DNMT3B, encoding for the DNA-

methyltransferase 3 beta. Genome-wide de novo methyla-

tions by DNMT3B is indispensable during mammalian
n
ifferentiation marker OTX2 at day 8 of spontaneous differentiation.
400 mm.
pairs at day 5 (M7) and day 8 (all cell lines) of RPE differentiation.
mparison with global hPSCs reference standards.
d for OCT4 at day 8 of spontaneous differentiation (representative

erm and endoderm for all WT and iso20q lines at day 8 of RPE dif-
tical significance was determined using Student’s t test, two-tailed,
q (M8 iso20q, M13 iso20q, M7 A9, M7 A5). n.s., not significant.
card self-renew panel showing fold change of iso20q versus own
tion.
rd self-renew panel showing fold change of iso20q versus own WT

rd self-renew panel showing fold change of iso20q versus own WT

he scorecard self-renew panel showing fold change of iso20q versus
rmined using Student’s t test, two-tailed, n = 3 cell lines for WT (M8
. n.s., not significant.
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development as it establishes lineage-specific patterns after

exit frompluripotency (Smith et al., 2012).DNMT3B ishigh-

ly expressed inhPSCs aswell as nullipotent embryonal carci-

noma (EC) cells. Although DNMT3B-null hPSCs are viable,

inhibition of DNMT3B catalytic activity induces apoptosis

and differentiation of hPSCs but fail at differentiating nulli-

potent EC cells (Wongtrakoongate et al., 2014). DNMT3B

deficiency accelerates neural and neural crest specification

(Martins-Taylor et al., 2012). However, little is known of

the effects of DNMT3B overexpression in hPSCs.We presup-

posed that DNMT3B would be overexpressed at the basal

level in self-renewing iso20qhPSCs variants to reflect the tri-

somy of this chromosomal abnormality. Gene expression

confirmedthat, comparedwithWTcells,DNMT3B isupregu-

lated in iso20q cells under routine self-renewing conditions

alongside BCL-XL, also on the 20q arm (Figure 4A). Even in

theone iso20qclone (M7A5) inwhichDNMT3Bwasnot up-

regulated by scorecard analysis at day 8, on a time course of

differentiation it remains higher compared with WT cells

(Figure S5A). Multi-omics profiling and whole-genome

sequencing of the variants would be necessary for detecting

variations in methylation imprinting caused by DNMT3B

overexpression in iso20q.

Because iso20q cells are refractory to differentiation, we

tested whether they respond to inhibition of DNMT3B

like normal hPSCs or like nullipotent EC cells.We inhibited

DNMT3B catalytic activity with the selective compound

nanaomycin A (Kuck et al., 2010) for the first 3 days of

spontaneous differentiation in the iso20q (M7 A9) and

WT (M7 A2) isogenic lines (Figure 4B). After 8 days, we

found that nanaomycin A had induced significant cell

death (i.e., reduced viability) and signs of neuralization in

WT cells (Figures 4C and 4D), in accord with previous re-

ports (Martins-Taylor et al., 2012; Wongtrakoongate et al.,

2014). In iso20q cells, we also observed low viability after

nanaomycin A, but at percentages not different from its

DMSO control, which remains significantly lower than

the WT DMSO (Figures 4C and 4D). Therefore, inhibiting

DNMT3B did not increase nor rescue the iso20q apoptotic

phenotype. With respect to differentiation, we observed

clear morphological changes in iso20q cells treated with

nanaomycin Awith the appearance of specialized-like cells

and clumps in place of the typically undifferentiated cells

of the variant (Figure 4C). Although this differentiation

was not comparable with normal WT cells, it shows that

iso20q cells have a capacity for specialization and are not

nullipotent.

To elucidate the type of differentiation promoted by na-

naomycin A, and in view of reports of DNMT3B inhibition

stimulating neural crest and neural differentiation (Mar-

tins-Taylor et al., 2012), we compared the gene expression

levels of the neurectoderm marker PAX6 as well as the

early neural, and RPE, marker OTX2 in WT versus iso20q
788 Stem Cell Reports j Vol. 18 j 782–797 j March 14, 2023
lines. We confirmed that nanaomycin A induced neurali-

zation in WT cells via upregulation of PAX6, although

OTX2 was unchanged (Figure 4E). However, PAX6 and

OTX2 remained significantly downregulated in iso20q

compared with WT cells even after nanaomycin A (Fig-

ure 4E). These results show that inhibition of DNMT3B

with nanaomycin A in iso20q was not sufficient to rescue

spontaneous differentiation but neither induced neurali-

zation. Indeed, treatment with nanaomycin A did not

induce a significant downregulation of pluripotency-asso-

ciated gene NANOG in iso20q cells (Figure 4F). Next, we

hypothesized that iso20q variants might upregulate other

germ layers rather than ectoderm after nanaomycin A,

even if exit from pluripotency was not completed. Thus,

we looked at gene expression levels of key transcriptional

regulators of endoderm (SOX17), mesoderm (T), and

trophoblast (CDX2) (Figures 4F–4I). To our surprise, we

found that iso20q cells only significantly upregulated

CDX2 (Figure 4I), a phenomenon not seen in WT counter-

parts (Figure S5B), indicating a bias toward extra-embry-

onic lineages.

Our inhibition approach to DNMT3B catalytic activity

has highlighted yet another difference in behavior between

iso20q andWTcells, in particular the upregulation of extra-

embryonic lineage markers. Further studies on selective

knockout lines would be required to specifically test the

involvement of the extra copy of DNMT3B in the iso20q

phenotype.

Combined, our results show that (1) DNMT3B inhibi-

tion induces apoptosis and neural differentiation in WT

but not iso20q cells; (2) iso20q cells are not nullipotent,

as they are capable to respond with differentiation,

skewed to extra-embryonic lineages, after DNMT3B inhi-

bition; and (3) neither cell death nor spontaneous differ-

entiation was rescued up to normal levels by inhibiting

DNMT3B.

The iso20q variant retain differentiation competency

toward extra-embryonic amnion

The iso20q is a multigenic and large abnormality spanning

both copy number losses and gains of vast chromosomal

regions. It is plausible that the iso20q phenotype results

from a dose-dependent balance caused by the acquisitions

of extra genetic copies on the 20q arm, losses of genes on

the 20p arm or a combination of both. We rationalized

that functional analyses centered on protein activity would

elucidate the mechanisms driving the behavioral fitness of

the variant. Consequently, we challenged the iso20q vari-

ants with a screening approach with the aim of finding

factors capable of inducing their differentiation in our

spontaneous system. We selected key pathways known to

regulate human pluripotency and RPE differentiation.

As our spontaneous RPE differentiation protocol is based



Figure 4. DNMT3B-overexpressing iso20q variants are not nullipotent
(A) Gene expression fold change for BCL-XL and DNMT3B in iso20q versus WT undifferentiated hESCs lines. Statistical significance was
determined using Student’s t test, two-tailed, n = 4 cell lines.
(B) Treatment regimeof DNMT3B inhibition. DMSOor nanaomycin A (2mM)were added for thefirst three days of differentiation in TLPmedia.
(C) Phase images of iso20q A9 and WT A2 lines at day 8 of differentiation following treatment with DMSO or nanaomycin A as shown in (B).
White asterisks indicate differentiation. Scale bars, 1,000 and 400 mm.
(D) Percentage of viable cells at day 8 following treatment with DMSO or nanaomycin A as shown in (B). Data are presented as mean +/-
SEM. Statistical significance was determined using one-way ANOVA, multiple comparisons, n = 3. n.s., not significant.
(E) Gene expression of ectodermal markers OTX2 and PAX6 in iso20q A9 relative to WT A2 at day 8 of differentiation following treatment
with DMSO or nanaomycin A as shown in (B). Data are represented as mean + SEM, and statistical significance was determined using one-
way ANOVA, multiple comparisons, n = 3. n.s., not significant.
(F–I) Gene expression of pluripotency-associated marker (F) NANOG, (G) endoderm marker SOX17, (H) mesoderm marker T, and
(I) trophectoderm marker CDX2 in iso20q A9 at day 8 of differentiation following treatment with DMSO or nanaomycin A as shown in (B).
Data are presented as mean + SEM, and statistical significance was determined using Student’s t test, two-tailed, n = 3. ns, not significant.
See also Figure S5.
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on FGF2 withdrawal, we did not modulate its signaling.

We supplemented the culture with BMP2, whose signaling

is crucial for hPSC differentiation and RPE biology (Gor-

deeva, 2019; O’Hara-Wright and Gonzalez-Cordero, 2020;

Pera and Tam, 2010). Notably, BMP2 is monosomic in

iso20q variants. We inhibited TGF-b receptor ALK5

with the RepSox compound, which plays a master role in

maintenance of pluripotency and RPE differentiation

(Gordeeva, 2019; Pauklin and Vallier, 2015; Radeke et al.,

2015). Furthermore, we used Noggin to antagonize

BMP signaling, as it has a role in both pluripotency and

eye development (Gordeeva, 2019; O’Hara-Wright and

Gonzalez-Cordero, 2020; Pera and Tam, 2010). Finally, we

activatedWnt signaling, important in both retina develop-

ment and pluripotency (Gordeeva, 2019; Leach et al., 2015;

O’Hara-Wright and Gonzalez-Cordero, 2020; Steinfeld

et al., 2013), with both Wnt3a or Wnt5a, as well as

CHIR99021, a widely used GSK3 inhibitor and Wnt

pathway activator (Leach et al., 2015). We treated our

lead iso20q clonal pairs (A5 and A9) with the above panel

of factors for 8 days of spontaneous differentiation and

usedOCT4 protein expression as primary readout of plurip-

otency. We considered that by day 8, any significant

change to the iso20q differentiation block should be

detectable with an immune screening for a key marker

associated with pluripotent cells. Indeed, whereas the WT

control lost almost all OCT4 by day 8, the iso20q cells did

not show signs of differentiation and remained OCT4

positive (Figures 5A and S5C). OCT4 remained unchanged

after treatment with CHIR99021, Wnt3a, Wnt5a, and

Noggin (Figures 5A and S5C).We also noted that treatment

with CHIR99021 seemed to accelerate the cell death of the

iso20q (data not shown). Conversely, inhibition of TGF-b

with RepSox or addition of BMP2 both led to a morpholog-

ical difference in iso20q clones with many OCT4-negative

cell aggregates, pointing to a shift out of the differentiation

block (Figures 5A and S5C). In particular, cells treated with

RepSox and BMP2 showed aggregates of cells with an

epithelial morphology with no signs of the flattened and

apoptotic cells as seen in the iso20q phenotype (Fig-

ure S5E).We quantified this effect bymeasuringOCT4-pos-

itive cells in all conditions and found that only RepSox and

BMP2 significantly reduced its expression (Figures 5B and
Figure 5. BMP2 and TGF-b inhibition induce differentiation of is
(A) Representative immunofluorescence images of iso20q A5 clones tr
(100 ng/mL), RepSox (100nM), Noggin (200 ng/mL), or BMP2 (100 ng
OCT4 and DAPI. The WT A2 clone treated with DMSO is shown as cont
(B) Quantification of OCT4-positive cells in A5 iso20q clones treated
significance was determined using Student’s t test, one-tailed; n = 3
(C) Human stem cell proteomic array blots and corresponding relative
control, 100 ng/mL BMP2, or 100nM RepSox for 8 days of RPE differe
See also Figure S5.
S5D). The similar outcomes of these two treatments can

be explained by the close interplay between TGF-b and

BMP signaling (Gordeeva, 2019; Pauklin and Vallier,

2015), whereby inhibition of TGF-b effectively shifts the

balance toward pro-differentiative BMP effectors. Next,

we investigated the nature of the cell types produced after

treatments with RepSox and BMP2 on a multiplex protein

array for key pluripotency markers and germ layers. Quali-

tative and semi-quantitative analysis of the arrays showed

that all three iso20q lines treated with RepSox or BMP2

equally upregulated the human chorionic gonadotropin

beta (hCGbeta) protein above all othermarkers (Figure 5C).

These data demonstrate that BMP2 and RepSox have

pushed iso20q out of the differentiation block by pro-

moting differentiation to cells expressing high levels of

hCGbeta.

HCG beta is typically expressed by the trophectoderm

and trophoblast cells, but it can also be secreted by so-

matic cells and tumors (Lee et al., 2016). During mamma-

lian embryogenesis, the first lineage segregation that oc-

curs is between the epiblast and the trophectoderm, the

outer layer of the blastocyst giving rise to the extra-embry-

onic tissues of the placenta (Guo et al., 2021). Researchers

have reported hPSCs acquiring a trophoblast identity in

response to BMP4, which binds type1 receptors similarly

to BMP2 (Dong et al., 2020; Gamage et al., 2016). Howev-

er, conventional human PSCs represent cells at the post-

implantation stage while developmental plasticity for

trophoblast is maintained until implantation (Guo et al.,

2021). It has been clarified that hPSCs, contrary to naive

cells, have a restricted potential for the post-implantation

extra-embryonic lineage, the amnion, which however

shares most key markers in common with the trophecto-

derm (Guo et al., 2021). Consequently, we investigated

whether our BMP2 and RepSox-treated iso20q hPSCs var-

iants have acquired an amnion-like fate by looking at a

panel of markers previously used to characterize placental

cells and hPSC-derived trophoblast and amnion (Dong

et al., 2020; Gamage et al., 2016; Guo et al., 2021; Lee

et al., 2016). Gene expression showed that iso20q variants

differentiated as a result of BMP2 had upregulated levels

of hCGb, KRT7, GATA3, and CDX2 after 8 days, while

RepSox upregulated all markers but CDX2 (Figure 6A).
o20q cells
eated with DMSO or CHIR99021 (1 mM), Wnt3a (100 ng/mL), Wnt5a
/mL) for 8 days of spontaneous RPE differentiation and stained with
rol. Scale bars, 400 mm.
as shown in (A). Data are presented as mean + SEM, and statistical
independent experiments.
densitometry for iso20q clones (A5, A9, and M8) treated with DMSO
ntiation. Marker localization shown in array map.
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Figure 6. The iso20q variant retain differentiation competency toward extra-embryonic amnion
(A) Gene expression of trophoblast markers in iso20q A5 and A9 clones treated with 100 ng/mL BMP2 or 100nM RepSox for 8 days of the RPE
differentiation. Data are presented as mean + SEM, and statistical significance was determined using Student’s t test, one-tailed; n = 6 (3
independent experiments for each clonal line). n.s., not significant.
(B) Gene expression of trophoblast markers in WT A1 and A2 clones treated with 100 ng/mL BMP2 or 100nM RepSox for 8 days of the RPE
differentiation. Data are presented as mean + SEM, and statistical significance was determined using Student’s t test, one-tailed; n = 6 (3
independent experiments for each clonal line). n.s., not significant.
See also Figure S6.
However, normal WT cells treated with the same condi-

tions also upregulated hCGb and GATA3 but not CDX2

and KRT7, which was even below detectable levels (Fig-

ure 6B). The upregulation of these markers in normal

clones show that our rescue treatment had unintention-

ally created the conditions of trophoblast-like differentia-

tion of primed hESCs. Differences in marker expression

between iso20q and wild-type clones, especially the

absence of KRT7 (Dong et al., 2020), suggest that hESCs

carrying the iso20q abnormality might diverge during

trophoblast/amnion differentiation forming specific sub-

types. Indeed, similar results were seen with M8 isogenic

pairs (Figure S6A). Moreover, M13 iso20q showed the

greatest bias toward trophectoderm as their WT cells did

not significantly upregulate any extra-embryonic markers

(Figure S6B). These results show that iso20q variants are

biased for amnion-like differentiation signals and under-

take their own trajectory within this lineage.
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Directed differentiation protocols mask iso20q

underlying developmental defect

The differentiation protocol used throughout this work is

spontaneous. To understand the effect of iso20q in the

context of directed differentiation, we performed directed

trilineage differentiation with standardized protocols on

all isogenic lines (Figure S7). We found that iso20q cells

were capable to express key differentiation markers for

endoderm, mesoderm, and ectoderm (Figure S7). These re-

sults show that iso20q cells can be pushed toward a

specific lineage with enough cues to begin and progress

differentiation but fail under spontaneous or embryoid

body differentiation. Therefore, the stark iso20q variants’

developmental defects we discovered under a spo-

ntaneous system are masked by common directed

differentiation methods. Combined, our findings back a

model in which genetically abnormal iso20q hPSCs lack

spontaneous developmental competency for epiblast



Figure 7. The iso20q genotype-phenotype relationship
Diagram illustrating the phenotype of hPSCs carrying the iso20q
abnormality in comparison with WT cells during spontaneous dif-
ferentiation.
germ layers while display a bias for extra-embryonic line-

ages (Figure 7).
DISCUSSION

Understanding the role of recurrent chromosomal abnor-

malities of human pluripotent stem cells during differenti-

ation is a key objective for the safe and effective use of these

cells in research and clinic. Our findings reveal that acqui-

sition of the iso20q abnormality disrupts hPSCs lineage

segregation. Indeed, when placed under spontaneous dif-

ferentiation conditions, hPSCs carrying the iso20q remain

in an undifferentiated ‘‘limbo’’ until they are depleted

by apoptosis. Moreover, when de novo DNMT3B methyl-

ation is inhibited or amnion is induced, iso20q cells upre-

gulate more extra-embryonic markers compared with WT.

Thus, abnormal iso20q cells are biased to progress toward

an extra-embryonic but not an epiblast developmental tra-
jectory. The seemingly clear-cut iso20q phenotype we

describe in this study has several implications that interest

interdisciplinary areas of basic and translational research

using pluripotent stem cells.

A first important implication relates to the field of regen-

erativemedicine. The primary aim of this studywas to eval-

uate the effect of iso20q during an RPE differentiation pro-

tocol currently in clinical trials (da Cruz et al., 2018).

Reassuringly, our results demonstrate that the iso20q

variant self-eliminate via apoptosis after only two weeks

of RPE differentiation, therefore any risk for contamination

or tumorigenicity for such cell therapy product is likely

eradicated. However, the impact of iso20q on differentia-

tion could be masked to researchers using chemically-

directed methods, especially those using BMP2 and TGF-b

inhibition. Although we cannot predict the effect of

iso20q variants in each differentiation protocol, we can as-

sume that it would affect pluripotent stem cells differenti-

ation capacity on a fundamental level. Even if iso20q vari-

ants were, under the right conditions, led to differentiate in

a seemingly normal fashion, their genomic imbalance

questions the quality and safety of their derivatives. An

effective strategy would be to routinely test cell lines for

common abnormalities and produce large cell banks of

normal clones. However, it is not necessarily true that an

abnormality poses a safety risk and therefore those needs

to be assessed on a case-by-case basis for each differentia-

tion protocol, especially those developed for cell therapy.

A second implication of our results is that the iso20q is to

date the first known example of a single defined genetic ab-

erration that interrupts the spontaneous differentiation of

hPSCs. Acquisition of selective advantage of mutated lines

over wild-type cells has been reported primarily as a result

of suppression of apoptosis (Avery et al., 2013), faster cell

division (Ben-David et al., 2014), inhibition of wild-type

cell growth(Lee et al., 2015), reduced or delayed differenti-

ation (Ben-David et al., 2014; Markouli et al., 2019; Werbo-

wetski-Ogilvie et al., 2009), but not because of interruption

of germ layer differentiation. Compared with reports of

reduced differentiation potential of hPSCs with other com-

mon abnormalities, our study shows that the presence of

an iso20q impairs general, undirected, three-germ-layer

differentiation while showing a bias toward extra-embry-

onic lineages. Interestingly, although iso20q cells fail to

differentiate spontaneously, when pushed by targeted

directed differentiation can form cell types of the three lin-

eages. This suggests that iso20q impairment is revealed un-

der spontaneous systems but is masked by commonly used

directed methods, which are able to overcome its develop-

mental shortcomings. In light of these results, it would be

important to test other abnormalities under spontaneous

protocols, like ours, to establish their basic level of differen-

tiation potential andmake better comparisonswith iso20q.
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Our findings open the key question of whether the resis-

tance to spontaneous differentiation is also a cause rather

than an effect of the selective advantage for iso20q. Such

chain of causality could be entangled by cell competition

experiments within a pluripotent niche, similar to those

we recently performed (Price et al., 2021).

Third, our studies highlight an undepreciated role of chro-

mosome20 inpluripotency.Chromosome20 is already a big

actor in the field because of the 20q11.21 copy number

variant being themost frequent aberration in hPSC cultures,

as the antiapoptoticBCL2L1gene, localized in the amplicon,

isdriving thegrowthadvantage (Averyet al., 2013).Ourfind-

ings show that dose-dependent dysregulation of genes on

chromosome 20 can alter pluripotency, namely, the ability

to differentiate into the three germ layers. This loss of dif-

ferentiation capacity happens in parallel with iso20q vari-

ants inability to downregulate core pluripotency-associated

genes. Importantly, iso20q hPSCs respond to differentiation

by stopping self-renewal and undergoing apoptosis, suggest-

ing the presence of a quality check-point. We propose that

the iso20q abnormality is intercepted by developmental

mechanisms that prevent highly mutated cells to form em-

bryonic, but as we have seen here, not extra-embryonic tis-

sue. Inhibition of DNMT3B in variant cells upregulated

CDX2, indicating that iso20q cells have a bias for the extra-

embryonic lineage independently of amnion-inducing

BMP. Given the multigenic and dose-dependent nature of

this aberration, multi-omics approaches would be required

to reveal the far-reaching signature of the iso20q on pluripo-

tent stem cells biology and fitness.

Finally, our findings have broader implications for

trophoblast research. The iso20q abnormality is not an arti-

fact emerging during selective pressure in stem cell cultures

but is found in human amniocentesis (Receveur et al.,

2017). According to clinical reports, the iso20q is a very

rare and mosaic abnormality with around 30 pre-natal

cases recorded of which only five with fetal malformations

(Receveur et al., 2017). Inmany cases the karyotype on fetal

tissue is normal even if iso20q is detected at amniocentesis.

The placenta has recently emerged as a genetically hetero-

geneous organ where abnormal and mutated cells of fetal

origin drift, with the bottleneck occurring as early as the

zygote (Coorens et al., 2021). This means that develop-

mental control mechanisms segregate abnormal cells

from the epiblast germ layers to the more permissive ex-

tra-embryonic tissues. Indeed, it has been reported in

mouse models, and later in humans, that the embryo has

an intrinsic ability to select against abnormal aneuploid

cells (Bolton et al., 2016; Yang et al., 2021). Therefore, it

would be interesting to investigate the presence of iso20q

in phylogenetic studies of human placenta tissues. Consid-

ering both our in vitro phenotype and the clinical records, it

is conceivable that iso20q cells are removed at the level of
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the epiblast via apoptosis or are segregated to the extra-em-

bryonic space to protect the genomic integrity of the em-

bryo. In support of this model, studies of gastrulation in

embryonic stem cell demonstrated that heterogeneously

aneuploid cells are depleted from the epiblast but not

from the trophectoderm in response to BMP4 (Yang et al.,

2021). However, our iso20q isogenic study reveal that

aneuploidy depletion can occur independently to BMP.

Indeed, apoptosis is the default fate of iso20q cells after

spontaneous differentiation and does not correlate with

BMP2-induced amnion differentiation. Furthermore, we

observed that iso20q cells were depleted during sponta-

neous but not directed differentiation. This suggests that

compensationmechanisms could still direct iso20q toward

normal development; whether this occurs physiologically

for iso20q in the embryo remains unknown. Therefore,

spontaneous 3D models of early development would be

most appropriate to investigate iso20q and to gather

insight into aneuploidy depletion mechanisms.

Overall, we discovered a genotype-phenotype correla-

tion for the iso20q abnormality, which represents an

in vitro example of aneuploidy depletion from embryonic

tissue in accord with its own clinical records. Our iso20q

isogenic lines offer a karyotypically defined platform to

study cell segregation of genomic aberrations in models

of early embryogenesis, such as blastoids and gastruloids

(Yang et al., 2021; Yu et al., 2021), and to gain mechanistic

insight into such important yet elusive processes of human

development.
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Materials availability

Human embryonic stem cell lines used in this study are available

from the UK Stem Cell Bank. Isogenic lines are available upon

reasonable request.

Cell lines
Derivation of the MasterShef-7, MasterShef-8, and MasterShef-13

cell lines was performed in the Stem Cell Derivation Facility at

the Centre for Stem Cell Biology, University of Sheffield, under

HFEA license R115-8-A (Centre 0191) and HTA license 22510, in

a clean-room setting, following strict standard operating proced-

ures. All cell lines have been deposited at the UK Stem Cell bank.

Karyotyping and FISH
Karyotyping and FISH were performed by Sheffield Diagnostic Ge-

netic Services (SheffieldChildren’s Hospital). For karyotyping, cells

were arrested in metaphase with KaryoMAX Colcemid (Thermo

mailto:l.vitillo@ucl.ac.uk


Fisher Scientific) followed by a methanol-based fixative method as

previously described (Laing et al., 2019). FISH analysis was

executed using the D20S108 (20q12), RP5-857M17(BCL2L1) and

20p telomere probes on 100 interphase cells fixed as previously

described (Laing et al., 2019).

Cell culture
Undifferentiated hESCs were cultured on Nutristem hPSC XF me-

dium (Biological Industries) on Laminin 521 (Biolamina) coated

wells. hESCs were passaged with 0.5 mM EDTA (Invitrogen) every

5 days and frozen in Bambanker (BB03; Anachem).

hESC-RPE differentiation
hESCs were passaged with EDTA and re-plated onto 6-well plates

coated with Matrix Matrigel hESc qualified (734-1440; Corning)

in Nutristem medium. Colonies were grown until confluence

with daily media change. Differentiation to RPE was initiated by

transitioning cultured to differentiation media TLP consisting of

knockout DMEM, 20% knockout serum replacement, 1% non-

essential amino acids, 1 mM L-glutamine, and 0.1 mM b-mercap-

toethanol (Invitrogen, Life Technologies) as previously described

(Carter et al., 2016; da Cruz et al., 2018). TLP was replaced every

week day for the first 14 days of differentiation followed by a

twice-weekly regime.

hPSC TaqMan scorecard assay
In all, 1 mg total RNAwas retro-transcribed using the high-capacity

cDNA Reverse transcription kit (Applied Biosystems). Samples

were prepared for the assay in TaqMan Fast Advanced Mastermix

(Applied Biosystems) and loaded onto either a 384- or 96-well

TaqMan hPSC scorecard panel followingmanufacturer instruction

(A15870, A15876; Applied Biosystems). Transcript levels were ac-

quired using the Scorecard template on a 12K Quantstudio or

StepOne Plus (Applied Biosystems) for 384- and 96-well formats,

respectively. Transcript results were analyzed using the web-based

hPSC scorecard software.

Statistical analysis and reproducibility
Statistical analysis was performed on aminimumof triplicate inde-

pendent experiments in GraphPad Prism 9, with p values <0.05

defining statistical significance. Images are shown as the represen-

tative of all independent experiments.
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