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SUMMARY
During in vitro propagation, human pluripotent stem cells (hPSCs) frequently become aneuploid with incorrect chromosome numbers

due tomitotic chromosome segregation errors. Yet, it is not understoodwhy hPSCs exhibit a lowmitotic fidelity. Here, we investigate the

mechanisms responsible formitotic errors in hPSCs and show that the primary cause is lagging chromosomes in anaphasewith improper

merotelic microtubule attachments. Accordingly, short-term treatment (<24 h) with small molecules that prolong mitotic duration or

destabilize chromosome microtubule attachments reduces merotelic errors and lagging chromosome rates, although hPSCs adapt and

lagging chromosome rates rebound upon long-term (>24 h) microtubule destabilization. Strikingly, we also demonstrate that mitotic er-

ror rates correlate with developmental potential decreasing or increasing upon loss or gain of pluripotency, respectively. Thus, a low

mitotic fidelity is an inherent and conserved phenotype of hPSCs. Moreover, chromosome segregation fidelity depends on develop-

mental state in normal human cells.
INTRODUCTION

Human pluripotent stem cells (hPSCs), including embry-

onic and induced PSCs, can differentiate into cell types of

all three embryonic germ layers and hence hold great

promise for modeling and treating human diseases and

conditions. However, during in vitro propagation, hPSCs

often become aneuploid with incorrect numbers of chro-

mosomes. Aneuploidy in hPSCs is attributed to culture

adaptation that selects for stable aneuploid karyotypes,

which outcompete diploid hPSCs, thus limiting therapeu-

tic applications (Baker et al., 2007; Mayshar et al., 2010;

Price et al., 2021; Taapken et al., 2011).

Although culture adaptation explains how reoccurring

constitutive aneuploidies become dominant, it does not

explain how or why mitotic chromosome segregation

errors occur in hPSCs that generate the aneuploid genomes

for selection to act upon. Perturbed DNA replication

dynamics, DNA damage, and defects in chromosome

condensation associated with structural aneuploidies

involving copy-number alterations to chromosomal seg-

ments contribute to mitotic defects in hPSCs (Burrell

et al., 2013; Halliwell et al., 2020; Lamm et al., 2016). How-

ever, aneuploidy due to the gain or loss of whole chromo-

somes is also frequent (Baker et al., 2007; Mayshar et al.,

2010; Taapken et al., 2011), but we do not know themitotic

pathways responsible for whole-chromosome segregation

errors in hPSCs.

Similarly, during early human embryogenesis, aneu-

ploidy is prevalent in totipotent and pluripotent embry-

onic cells, with 25%–90% of in vitro fertilization (IVF)

preimplantation human embryos being aneuploid irre-
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(McCoy et al., 2015; Mertzanidou et al., 2013; Starostik

et al., 2020; Vanneste et al., 2009). Due to obvious legal

and ethical restrictions, aneuploidy rates in naturally

conceived human embryos are unknown but are thought

to correspond to IVF preimplantation embryo rates ac-

counting for only �30% of conceptions resulting in live

births (Macklon et al., 2002; McCoy, 2017), with aneu-

ploidy being the leading cause ofmiscarriages and birth de-

fects (Hassold and Hunt, 2001; Menasha et al., 2005).

Surprisingly, like hPSCs, whole-chromosome abnormal-

ities caused by mitotic errors are more frequent than

meiotic errors and structural aneuploidies in IVF preim-

plantation embryos (McCoy et al., 2015; Starostik et al.,

2020; Vanneste et al., 2009). This raises the possibility

that mitotic errors and aneuploidy are intrinsic characteris-

tics of pluripotent cells. Here, we investigate the mecha-

nisms responsible for mitotic chromosome segregation

errors and test the influence of mitotic duration, chromo-

some microtubule attachment stability, and develop-

mental potential on chromosome segregation fidelity in

hPSCs.
RESULTS

Mitotic error rates are increased in hPSCs compared

with somatic cells

Initially, we quantified mitotic errors, focusing on

anaphase errors, in pluripotent H1 and H9 human embry-

onic stem cells (hESCs) (Thomson et al., 1998) and normal,

primary somatic BJ fibroblasts (Figures 1A and 1B). Lagging
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chromosomes, unaligned chromosomes, and multipolar

anaphases cause whole-chromosome aneuploidy, while

acentric DNA fragments and chromosome bridges lead to

structural aneuploidy (Figures 1A and 1B) (Burrell et al.,

2013; Orr et al., 2015; Thompson and Compton, 2008).

We also included a combination category for cells that ex-

hibited multiple types of errors (Figures 1A and 1B).

In BJ fibroblasts, lagging chromosomes were the most

frequent error, but the rate was less than 5% (Figure 1B),

in agreement with the mitotic error and aneuploidy rates

in other normal human somatic cells and tissues (Cimini

et al., 1999; Knouse et al., 2014; Thompson and Compton,

2008). In comparison, the rate and relative proportion of

mitotic errors caused by lagging chromosomes was signifi-

cantly higher in H1 and H9 hESCs compared with BJ fibro-

blasts (Figure 1B; Table S1). H1, but not H9, hESCs also had

a significantly higher frequency of acentric DNA fragments

(Figure 1B), but these errors were less prevalent than lag-

ging chromosomes. In parallel samples, we quantified

that >95% of the H1 or the H9 population expressed the

pluripotency transcription factors OCT4 or NANOG

(Figures S1A and S1B), indicating that we measured the

mitotic error rates of pluripotent cells.

In other mammalian and human cancer cells, lagging

chromosomes are caused by the persistence of improper

merotelic chromosome microtubule (or kinetochore

microtubule [k-MT]) attachments with a chromosome

simultaneously attached to microtubules from both spin-

dle poles (Cimini et al., 2001; Thompson et al., 2010).

Accordingly, we examined if hESCs exhibited lagging chro-

mosomes with merotelic attachments. In metaphase, H1

and H9 hESCs had both correct bioriented (sister chroma-

tids attached to microtubules from opposite spindle poles)

and incorrect merotelic attachments (Figures 1C and S1C).

Notably, 73% and 50% of lagging chromosomes in H1 and

H9 hESCs, respectively, had merotelic attachments
Figure 1. Lagging chromosome rates are increased in hPSCs comp
(A) Representative images of anaphase errors including a lagging ch
acentric DNA fragment lacking a centromere (box), unaligned chr
anaphase in H1 hESCs. Shown are DNA (cyan), centromeres (magenta
(B) Percentage of anaphase errors in primary somatic BJ fibroblasts a
anaphases.
(C) Representative images of chromosome microtubule attachments
crotubules (yellow), and centromeres (magenta). In the metaphase c
(solid box, white arrow). The anaphase cell shows a lagging chromoso
views. Scale bars: 5 mm (main) and 1 mm (insets).
(D) Selected panels from live-cell imaging of H1 H2B-GFP hESCs show
(white arrow) or chromosome bridge (yellow arrow). Scale bar: 10 mm
(E) Percentage of anaphase errors in somatic RPE-1 H2B-GFP cells, H
gregates on Matrigel, and AICS-061 hiPSCs. n = 46 anaphases in RPE-
At least three independent experiments (B and E); *p < 0.05, **p < 0
See also Figure S1.
(Figures 1C and S1C), but this is likely an underestimate

because we could not always track microtubules back to

their respective spindle poles. Furthermore, since hPSCs

often become aneuploid (Baker et al., 2007; Mayshar

et al., 2010; Taapken et al., 2011), which increases genomic

instability (Passerini et al., 2016), in parallel, we karyotyped

our H1 and H9 hESC lines to monitor their genomic stabil-

ity because it is not readily feasible to simultaneously

analyze the same cells for mitotic errors and determine

their karyotype. For each, 20/20 cells scored were diploid,

indicating with 95% confidence that less than 14% of cells

in either population were aneuploid (Baker et al., 2016),

arguing that some diploid H1 and H9 hESCs exhibit lag-

ging chromosomes with merotelic attachments.

To further validate our findings, we performed time-lapse

live-cell fluorescencemicroscopywith greater temporal res-

olution and sensitivity. We quantified errors in H2B-GFP

expressing normal, immortalized somatic RPE-1 epithelial

cells, H1 hESCs (Calder et al., 2013), and AICS-061 human

induced pluripotent stem cells (hiPSCs) that were derived

from parental WTC-11 hiPSCs (Hayashi et al., 2016)

(Figures 1D and 1E; Videos S1, S2, and S3). In agreement,

lagging chromosome rates were significantly elevated in

H1 and AICS-061 hPSCs compared with RPE-1 cells (Fig-

ure 1E; Video S2). Although we cannot definitively distin-

guish acentric DNA fragments from lagging chromosomes

in these experiments, we classified these errors as lagging

chromosomes because of the low incidence of acentrics

in our other analyses (Figures 1B, S3A, S3F, S3H, S4C, and

S4E). Interestingly, in hPSCs, all lagging chromosomes re-

incorporated into a main nucleus, and no micronuclei

formed. Furthermore, H1 hESCs exhibited an increased lag-

ging chromosome rate irrespective of whether cells were

dissociated and seeded as single cells or aggregates on a

Laminin-521 or a Matrigel matrix, respectively (Figure 1E).

In contrast to somatic epithelial tissues (Knouse et al.,
ared with somatic cells
romosome with a centromere (white arrow), chromosome bridge,
omosome with a centromere (yellow arrowhead), and multipolar
), and microtubules. Scale bars: 5 mm.
nd H1 and H9 hESCs plated as single cells on Laminin-521. n > 250

in metaphase and anaphase H1 hESCs. Shown are DNA (cyan), mi-
ell, shown is a bioriented (dashed box) or a merotelic attachment
me with a merotelic attachment (white arrow). Insets are magnified

ing a normal anaphase and anaphases with a lagging chromosome
.
1 H2B-GFP hESCs plated as single cells on Laminin-521 or as ag-
1 cells and n > 110 anaphases in hPSCs.
.01, ****p < 0.0001 using a two-tailed Fisher exact test (B and E).
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Figure 2. Prolonging mitotic duration decreases mitotic error rates in hPSCs
(A) Model illustrating the relationship between mitotic errors and mitotic duration. Early in mitosis, improper chromosome microtubule
attachments are prevalent, but errors decline as mitosis progresses, and improper attachments are converted to correct ones. Prolonging
mitosis using proTAME increases the amount of time for error correction, reducing the frequency of mitotic errors.
(B) Selected panels from live-cell imaging of H1 H2B-GFP hESCs that were treated with DMSO or increasing concentrations of proTAME
(yellow arrowheads indicate daughter nuclei). Scale bar: 10 mm.

(legend continued on next page)
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2018), our results combined with the high incidence of

mitotic errors in IVF preimplantation embryos (McCoy

et al., 2015; Starostik et al., 2020; Vanneste et al., 2009),

which maintain their 3D structure, argue that the disrup-

tion of tissue structure is unlikely to artificially increase

mitotic error rates for hPSCs.

There was no significant difference in the chromosome

bridge, multipolar anaphase, or unaligned chromosome

rates between RPE-1 cells and hPSCs (Figure 1E). Further-

more, we observed an H1 hESC that delayed anaphase

onset for >2 h due to a chromosome that failed to align (Fig-

ure S1D; Video S4), indicating that the spindle assembly

checkpoint (SAC) (Musacchio and Salmon, 2007) is func-

tional and responsive to unattached chromosomes in

hPSCs. Collectively, our results agree with previous studies

that quantified total mitotic error rates between 15% –20%

in hPSCs (Halliwell et al., 2020; Lamm et al., 2016; Milagre

et al., 2020; Zhang et al., 2019), but we extend these obser-

vations and demonstrate that both embryonic and induced

PSCs exhibit an elevated mitotic error rate, due to lagging

chromosomes with improper merotelic attachments,

compared with somatic cells.

Prolonging mitotic duration decreases mitotic error

rates in hPSCs

Next, we investigatedwhy lagging chromosomeswithmer-

otelic attachments are more prevalent in hPSCs compared

with somatic cells and on testing strategies to reduce lag-

ging chromosome rates because chromosome missegrega-

tion and lagging chromosome rates are proportional

(Thompson and Compton, 2008). The SAC does not detect

improper merotelic attachments (Cimini et al., 2001);

rather, merotelic attachments are converted to correct bio-

riented attachments by kinases and microtubule depoly-

merases that facilitate iterative cycles of microtubule

detachment and reattachment prior to anaphase onset

(Godek et al., 2014). Thus, one parameter that influences

merotelic error correction efficiency is mitotic duration. A

longer duration allows for more cycles of microtubule

detachment and reattachment decreasing errors and,

conversely, a shorter duration increases errors (Figure 2A;

note: error correction rate does not change). Accordingly,

one hypothesis is that mitotic duration is shorter in hPSCs

compared with somatic cells, hindering robust merotelic

error correction and leading to an elevated frequency of

lagging chromosomes. To test this hypothesis, we

measured mitotic duration from nuclear envelope break-
(C and D) Mitotic duration (C) and percentage of lagging chromosomes
or proTAME. nR 250 anaphases from six independent experiments; NE
not significant (n.s.) p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001
comparisons test (C) or a two-tailed Fisher exact test (D).
See also Figure S2.
down (NEB) to anaphase onset (AO) in H2B-GFP-express-

ing H1 hESCs, AICS-061 hiPSCs, and somatic RPE-1 cells

by time-lapse live-cell fluorescent microscopy (Figure 1E).

Mitotic duration (NEB to AO), including prometaphase

(NEB to metaphase) and metaphase (metaphase to AO),

was significantly increased in H1 and AICS-061 hPSCs

compared with RPE-1 cells (Figure S1E), and there was no

significant difference between hPSCs that went through a

normal or an aberrant mitosis (Figure S1F), demonstrating

that an insufficient mitotic duration is not responsible for

the elevated lagging chromosome rates in hPSCs.

Nevertheless, we tested if prolongingmitosis reduces lag-

ging chromosome rates in hPSCs by allowing for more cy-

cles of microtubule release and reattachment prior to AO

(Figure 2A). To test this strategy, we used the smallmolecule

proTAME that inhibits the anaphase promoting complex/

cyclosome (APC/C) E3 ubiquitin ligase and increases

mitotic duration in somatic and cancer cells (Zeng et al.,

2010). As a positive control, we reproduced previous results

demonstrating that prolonging mitosis reduces the fre-

quency of mitotic errors in RPE-1 cells when error rates

are artificially elevated (Figures S2A–S2C) (Sansregret

et al., 2017). For our experiments, we added proTAME to

H1 or AICS-061 hPSCs immediately prior to performing

live-cell imaging for 7 h. For these and subsequent experi-

ments using small molecules, control conditions included

0.1% DMSO, but this does not affect lagging chromosome

rates (Figure S2D). In parallel samples, we quantified that

>95% of H1 or AICS-061 hPSCs expressed OCT4 or

NANOG prior to proTAME treatment, indicating that we

were analyzing pluripotent cells (Figures S2E and S2F).

For bothH1 and AICS-061 hPSCs,mitotic duration signif-

icantly increased proportionally with proTAME concentra-

tion (Figures 2B, 2C, and S2G). Yet, the lagging chromosome

rate significantly decreased only for H1 hESCs (Figures 2C,

2D, and S2I). Interestingly, metaphase was selectively

lengthened proportional to proTAME concentration (Fig-

ure S2J) in H1 hESCs, similar to RPE-1 cells (Figure S2A),

demonstrating that, at least for some cells, metaphase dura-

tion is a rate-limiting step inmerotelic errorcorrection.How-

ever, error correction is not exclusively determined bymeta-

phase duration because although there was a significant

decrease in metaphase duration for H1 hESCs that went

through mitosis with a lagging chromosome versus normal

mitosis with 20 mM proTAME treatment, this did not occur

with 6 mM proTAME treatment (Figure S2K). Furthermore,

chromosome bridges significantly decreased for H1 hESCs
or chromosome bridges (D) in H1 H2B-GFP hESCs treated with DMSO
B, nuclear envelope breakdown; AO, anaphase onset; mean ± SD (C);
, ****p < 0.0001 using a one-way ANOVA and Dunnett’s multiple

Stem Cell Reports j Vol. 18 j 475–488 j February 14, 2023 479



(legend on next page)

480 Stem Cell Reports j Vol. 18 j 475–488 j February 14, 2023



(Figures 2C, 2D, and S2H) suggesting that prolonging

mitosis also facilitates correction of these errors.

Since prolongingmitosis did not reduce the lagging chro-

mosome rate in AICS-061 hiPSCs, we checked their

genomic stability, reasoning that aneuploid cells could be

insensitive to this strategy. There was a clonal abnormal

karyotype with a terminal deletion of the long arm of chro-

mosome 18 that occurred in only 10% (2/20) of the popu-

lation and thus is unlikely to explain the different

response. Also, we note that the lagging chromosome rate

(�20%) is approximately double the frequency of aneu-

ploid cells in the population, indicating that aneuploid

cells do not solely account for the error rate. Combined,

our results demonstrate that an abbreviated mitosis does

not cause the high frequency of lagging chromosomes in

hPSCs; however, prolonging mitosis, specifically meta-

phase, is an effective strategy to improve merotelic error

correction and reduce lagging chromosome rates, albeit

with the application limited to select hPSCs.

Decreasing microtubule attachment stability reduces

mitotic errors in hPSCs

The iterative cycles of microtubule detachment and reat-

tachment required formerotelic errorcorrectionalsodictate

that the error correction rate depends on microtubule

attachment turnover with hyperstable attachments (i.e.,

low turnover), inhibiting the release of incorrect merotelic

attachments (Bakhoum et al., 2009; Godek et al., 2014).

Hence, hyperstablemicrotubule attachments inhPSCs rela-

tive to somatic cells is an alternative hypothesis explaining

their elevated incidence of lagging chromosomes. This pre-

dicts that decreasingmicrotubule attachment stability (i.e.,

increasing turnover) will reduce lagging chromosome rates

in hPSCs (Figure 3A; note: mitotic duration does not

change). To test this prediction, we used the smallmolecule

UMK57, an agonist of the microtubule depolymerasemito-

ticcentromere-associated kinesin (MCAK, orKIF2C). In can-

cer cells with hyperstable attachments and high lagging

chromosome rates, short-term UMK57 treatment destabi-
Figure 3. Decreasing microtubule stability temporarily reduces m
(A) Model showing that higher microtubule attachment stability dec
microtubule attachment stability using UMK57 increases the correcti
(B) Fold change in the lagging chromosome rate in H1, H9, WTC-11, a
UMK57 for 45 min or 24, 48, or 72 h. For each cell line and time point,
that time point; n > 300 anaphases per condition.
(C and D) Percentage of lagging chromosomes and chromosome bridge
(D) treated with DMSO, 2 mM UMK57, or 2 mM UMK95 for 12 h. n > 15
(E) Quantification of OCT4 and NANOG protein levels in H1, H9, WTC-1
normalized to the corresponding DMSO control, and only conditions
At least three independent experiments (B–E); n.s. p > 0.05, *p < 0.0
(B–D); *p < 0.05 using a two-tailed Student’s t test (E).
See also Figure S3.
lizesmicrotubule attachments bypotentiatingMCAKactiv-

ity, which reduces lagging chromosome rates. In contrast,

somatic RPE-1 and BJ fibroblast cells with low rates of lag-

ging chromosomes are insensitive to UMK57 (Orr et al.,

2016). To test the effect of destabilizingmicrotubule attach-

ments in hPSCs, we treated H1 and H9 hESCs andWTC-11

and GM hiPSCs for 45 min with UMK57 or the inactive

analog UMK95 and subsequently measured anaphase error

rates (Orr et al., 2016).

Short-term UMK57 treatment significantly reduced lag-

ging chromosome rates in hPSCs and control U2OS cancer

cells, while UMK95 treatment did not (Figures 3B and

S3G). The reason higher concentrations of UMK57 were

required to significantly reduce the lagging chromosome

rate in hPSCs compared with U2OS cells is unknown. The

rates of other errors were not reduced (Figure S3A), high-

lighting that distinct mechanisms are responsible for

different types of mitotic errors, mitotic progression was

not blocked (Figure S3B), and the hPSC populations ex-

pressed the pluripotency transcription factors OCT4 and

NANOG (Figure S3E). Moreover, we performed these exper-

iments using the same batch of H1 and H9 hESCs that we

karyotyped during our analysis of microtubule attachments

(Figures 1C and S1C) and showed were diploid. Combined,

these results demonstrate that in hPSCs, destabilizing chro-

mosomemicrotubule attachments reduces the frequency of

lagging chromosomes (Figure 3A).

We modeled the effects of mitotic duration and microtu-

bule attachment stability onmerotelic error correction as in-

dependent pathways (Figures 2A and 3A), but these may in-

fluence error correction in a dependent manner. To test

this, we simultaneously measured mitotic duration and er-

rors in H1 H2B-GFP and AICS-061 hPSCs by time-lapse live-

cell fluorescence microscopy in the presence of UMK57 for

12 h (Figures 3C, 3D, S3C, and S3D). As expected, UMK57

treatment significantly reduced lagging chromosome rates

in H1 (Figure 3C) and AICS-061 hPSCs (Figure 3D), while

UMK95didnot.Chromosomebridgeswere also significantly

decreased in H1 hESCs (Figure 3C) but not in AICS-061
itotic error rates in hPSCs, but hPSCs rapidly adapt
reases the correction rate of improper attachments, while lowering
on rate reducing mitotic errors.
nd GM hPSCs and U2OS cancer cells after treatment with 1 or 0.1 mM
the lagging chromosome rate was normalized to a DMSO control for

s from live-cell imaging of H1 H2B-GFP hESCs (C) or AICS-061 hiPSCs
0 anaphases.
1, and GM hPSCs in parallel samples from (B). Each time point was
with significant decreases are marked. n = 300 cells; mean ± SD.
5, **p < 0.01, ****p < 0.0001 using a two-tailed Fisher’s exact test
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hiPSCs (Figure 3D). Interestingly, there was a significant in-

crease in mitotic duration, metaphase specifically, with

UMK57, but not with UMK95, treatment for both H1 and

AICS-061 hPSCs (Figures S3C and S3D). However, for H1

hESCs, the increase in metaphase duration with UMK57

(8.2 min) was comparable to 3 mM proTAME (11.5 min),

which did not significantly reduce the lagging chromosome

rate (Figure 2D). For AICS-061 hiPSCs, no delay in mitotic

progression reduced the lagging chromosome rate (Fig-

ure S2I), suggesting that potentiating MCAK depolymerase

activity predominantly enhances error correction by destabi-

lizing microtubule attachments. Thus, mitotic duration and

microtubule attachment stability are largely two indepen-

dent parameters that influence merotelic error correction

efficiency.

During these experiments, we monitored the genomic

stability of H1 H2B-GFP and AICS-061 hPSCs. Similar to

our previous analysis, <10% (3/32) of the AICS-061 hiPSCs

had a clonal aneuploid karyotype. For H1 H2B-GFP hESCs,

karyotyping performed after completing two experimental

replicates found that 20/20 cellswere diploid,while 25% (5/

20) of cells had an interstitial duplication of the long arm of

chromosome 20 after the third experimental replicate.

Overall, the reduction in lagging chromosome rates upon

short-term UMK57 treatment is reproducible using multi-

ple hPSC lines, arguing that the low incidence of aneuploid

cells is unlikely to influence the outcomes. Collectively,

these results support our hypothesis that hyperstable chro-

mosome microtubule attachments contribute to the

elevated frequency of lagging chromosomes in hPSCs.

hPSCs rapidly adapt to UMK57

We next investigated if UMK57 is an effective chemical

strategy to reduce lagging chromosome rates in hPSCs

upon long-term culturing. Cancer cells, including U2OS

cells, rapidly adapt to UMK57, with microtubule attach-

ment stability increasing and lagging chromosome rates re-

bounding after�48 h (Orr et al., 2016). In contrast, somatic

fibroblasts from aged donors that exhibit elevated lagging

chromosome rates do not adapt upon long-term UMK57

treatment (Barroso-Vilares et al., 2020). We treated hPSCs

or U2OS cells (a positive control for adaptation) with

UMK57 for 24, 48, and 72 h. During the time course, media

with UMK57 were replaced fresh daily. Surprisingly, by 24

h, there was no significant difference in lagging chromo-

some rates between DMSO control and either 1 or 2 mM

UMK57-treated hPSCs, and after 72 h, lagging chromo-

some rates were slightly elevated above baseline for almost

all cell lines (Figures 3B and S3G). Also, there was no

change in the rates of other mitotic errors (Figures S3F

and S3H), and hPSCs continued to express the pluripo-

tency transcription factors OCT4 and NANOG with only

minor fluctuations in the levels (Figures 3E and S3I).
482 Stem Cell Reports j Vol. 18 j 475–488 j February 14, 2023
Thus, hPSCs rapidly adapt to UMK57 preserving a high lag-

ging chromosome rate.

Developmental potential influencesmitotic error rates

Our repeated observations that mitotic error rates, and

particularly lagging chromosomes, are elevated in hPSCs

compared with somatic cells (Figures 1B and 1E) coupled

with the high mitotic error rates in preimplantation hu-

man embryos (McCoy et al., 2015; Vanneste et al., 2009)

led us to question whether a high error rate is an intrinsic

and a cell autonomous trait linked to developmental state.

This idea predicts that as developmental potential de-

creases or increases, mitotic error rates also decrease or in-

crease, respectively (Figure 4A). We tested this prediction

using isogenic cells with different developmental states to

minimize genetic diversity as a confounding variable.

We compared mitotic error rates between isogenic pri-

mary somatic WTC or GM fibroblasts with parental WTC-

11 and the derivative AICS-061 hiPSCs or GMhiPSCs (Bren-

nand et al., 2011), respectively. Lagging chromosome rates

were significantly elevated in hiPSCs compared with

isogenic somatic fibroblasts (Figures 4B and S4C; Table S1).

In addition, we karyotyped WTC fibroblasts and WTC-11

hiPSCs to confirm that abnormal aneuploid cells present

ineitherpopulationdidnot exclusively account for theerror

rates. WTC fibroblasts were diploid (20/20), while 10% (2/

20) of the WTC-11 hiPSCs had a clonal balanced transloca-

tion between the short arm of chromosome 1 and the long

arm of chromosome 16. As a hypothetical test, we assumed

that all aneuploid WTC-11 hiPSCs go through an aberrant

mitosis with a lagging chromosome, so we discarded the

WTC-11 hiPSC lagging chromosome data attributed to the

aneuploid cells in the population. After making this hypo-

thetical adjustment, lagging chromosome rates remained

significantly elevated in WTC-11 hiPSCs compared with

WTC fibroblasts, arguing that aneuploid WTC-11 hiPSCs

in the population cannot solely account for the error rate

observed (Figure S4D). Furthermore, we quantified the per-

centage of cells expressing the pluripotency transcription

factors OCT4 and NANOG, and as expected, somatic fibro-

blasts did not express OCT4 and NANOG, while hiPSCs

did (Figures S4A and S4B). Thus, with increased develop-

mental potential, mitotic error rates increase.

Conversely, differentiation and loss of pluripotency

should decrease error rates according to our prediction. To

test this, we induced undirected differentiation in H1 and

H9hESCsandWTC-11andGMhiPSCswithall-trans retinoic

acid (RA) (Jain et al., 2012). After 4 days of RAundirected dif-

ferentiation, hPSCs acquired the morphology of differenti-

ated cells (Figure S4F), and expression of the pluripotency

transcription factorsOCT4,NANOG,andSOX2significantly

decreased comparable to levels in somatic fibroblasts

(Figures S5A–S5C), indicating loss of pluripotency. Although



Figure 4. Mitotic error rates correlate with developmental potential
(A) Model showing that as developmental potential decreases or increases, mitotic errors also decrease or increase, respectively.
(B) Percentage of lagging chromosomes and chromosome bridges in isogenic somatic WTC fibroblasts, WTC-11 hiPSCs, and AICS-061 hiPSCs
(left) and isogenic GM fibroblasts and GM hiPSCs (right). n > 250 anaphases.
(C) Percentage of lagging chromosomes and chromosome bridges in H1 and H9 hESCs and WTC-11 and GM hiPSCs after 4 day treatment with
DMSO or 1 mM all-trans retinoic acid (RA) to induce undirected differentiation. n > 300 anaphases.
At least three independent experiments (B and C); *p < 0.05, ***p < 0.001, ****p < 0.0001 using a two-tailed Fisher’s exact test (B and C).
See also Figures S4 and S5.
we observed aminor, but significant, increase, inmultipolar

anaphases (Figure S4E), lagging chromosome rates were

significantly decreased by�50%comparedwithDMSOcon-

trol hPSCs (Figure 4C), demonstrating that decreasing devel-

opmental potential reduces mitotic error rates.

In mosaic mouse embryos and human gastruloids

composed of diploid and aneuploid cells, aneuploid cells

are depleted as development progress anddifferentiation oc-

curs (Bolton et al., 2016; Yang et al., 2021). Analogous to this

is the possibility that aneuploid cells present in the starting

hPSC populations used for the RA experiments are respon-

sible for themitoticerrorsbutbecomedepletedduringdiffer-

entiation, thus decreasing the error rate. This scenario re-

quires that hPSC populations are composed of aneuploid

cells or are mosaic populations of diploid and aneuploid

cells. To test this, we karyotyped the H1 and the H9 hESC
populations after completion of all experimental replicates,

reasoning that clonal and/or non-clonal aneuploidies were

most likely to be detected after prolonged culturing. Criti-

cally, both the H1 and H9 populations were diploid (20/

20), arguing that depletion of aneuploid cells during differ-

entiation is unlikely to explain the decrease in errors. Collec-

tively, our results show thatmitotic error rates correlate with

developmental potential and suggest that a high mitotic er-

ror rate is an inherent and cell-autonomous trait of hPSCs.
DISCUSSION

Here, we show that lagging chromosomes in anaphase,

caused by merotelic microtubule attachments, are the

most frequent mitotic error in hPSCs (Figure 5).
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Figure 5. Model illustrating the relationships between mitotic error rates and developmental potential, mitotic duration, and
chromosome microtubule attachment stability
We propose that mitotic error rates correlate with developmental potential such that the greater the developmental potency, the higher
the mitotic error rate (left panel). Moreover, an elevated frequency of improper merotelic attachments underlies the lagging chromosome
rate in hPSCs, and hence increasing mitotic duration or decreasing microtubule attachment stability improves merotelic error correction to
reduce lagging chromosomes. However, hPSCs rapidly adapt to microtubule destabilization, restoring their high mitotic error rate (right
panel).
Surprisingly, our results reveal that hPSCs are more similar

to transformed cancer cells than normal somatic cells with

respect to mitotic error rates (Cimini et al., 2001; Godek

et al., 2016; Thompson andCompton, 2008). Furthermore,

we show that mitotic error rates decrease or increase upon

loss or gain of pluripotency, respectively, demonstrating

that a highmitotic error rate is intrinsic to hPSCs (Figure 5).

Moreover, multipotent neural stem cells exhibit an inter-

mediate error rate (�10%) between hPSCs and somatic

cells, suggesting that the mitotic error rate may scale line-

arly with developmental potential (Godek et al., 2016).

Collectively, these results show that chromosome segrega-

tion fidelity is not universally conserved in normal human

cells and that it depends on developmental state. This rai-

ses the possibility that in cancer cells, the (re)acquisition

of a developmental program with greater potency causes

an elevatedmitotic error rate. This idea is further supported

by the low frequency of mutations in mitotic genes found

in cancer cells (Nath et al., 2015).
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Assuming that chromosome missegregation and lagging

chromosome rates are proportional in hPSCs, analogous

to cancer cells (Thompson and Compton, 2008), then lag-

ging chromosomes are a leading cause of aneuploidy in

hPSCs. Ideally, we would directly measure chromosome

missegregation rates, but the growth properties of hPSCs

pose challenges to using conventional techniques (Godek

and Compton, 2018). Regardless of the exact missegrega-

tion rate, these results delineate a pathway driving culture

adaptation in hPSCs (Baker et al., 2007; Mayshar et al.,

2010; Taapken et al., 2011). We propose that lagging chro-

mosomes fuel culture adaptation, but this must also be

coupled with the transient survival of aneuploid hPSCs,

providing an opportunity for selection to occur (Fig-

ure S5D). Yet, we detect a low frequency of aneuploidhPSCs

in culture, indicating thatmost aneuploid hPSCs are at a se-

lectivedisadvantage. In this regard,hPSCs resemble somatic

cells that exhibit cell-cycle arrest following chromosome

missegregation (Thompson and Compton, 2010). In



contrast, cancer cells tolerate andpropagatewith aneuploid

genomes (Godek et al., 2016; Thompson and Compton,

2010). How hPSCs gain an initial tolerance to an aneuploid

genome for selection to act upon is unknown, but hPSCs ac-

quire p53mutations (Merkle et al., 2017), and thismay lead

to aneuploidy tolerance as shown in cancer cells (Thomp-

son and Compton, 2010). Subsequently, selection for

hPSCs with constitutive stable aneuploidies that support

long-term survival and a growth advantage over diploid

hPSCs occurs (Price et al., 2021). This multistep process

also explains why culture adaptation often arises during

extended propagation (Baker et al., 2007).

Given the potential consequence of generating aneuploid

progeny from lagging chromosomes, understanding why

merotelic attachments persist and devising strategies to

reduce merotelic errors is paramount for the successful use

of hPSCs in regenerative medicine. Here, we find that pro-

longing mitosis or destabilizing chromosome microtubule

attachments using the small molecules proTAME or

UMK57, respectively, improve merotelic error correction,

reducing lagging chromosomes inhPSCs, albeit temporarily

(Figure 5). We note that prolonging mitosis using proTAME

alsodecreases the incidenceofunalignedchromosomesdur-

ing mouse preimplantation development, presumably by

increasing attachment formation rather than merotelic er-

ror correction (Vázquez-Diez et al., 2019). Furthermore,

our UMK57 results suggest that hyperstable microtubule at-

tachments underlie the elevated frequency of lagging chro-

mosomes in hPSCs and that hPSCs may rewire mitotic

signaling networks to adapt toUMK57, preserving a high er-

ror rate (Figure 5) similar to cancer cells (Bakhoum et al.,

2009; Orr et al., 2016). Direct measurement of microtubule

attachment turnover rates in hPSCs will be necessary to

test this. Although many molecular players regulating

microtubule dynamics are known (Godek et al., 2014),

how these networks differ between somatic cells or hPSCs

andcancer cells is unknown. In contrast to aneuploid cancer

cells, where genetic and transcriptional heterogeneity is a

confounding variable (Zhao et al., 2019), hPSCs may offer

a more tractable system to determine the molecular and

signaling pathways promoting lagging chromosomes.

Extending our results to human preimplantation devel-

opment suggests that lagging chromosomes are primarily

responsible for mitotic errors in early embryonic cells,

thus providing a mechanism for the whole-chromosome

aneuploidy observed in preimplantation embryos (Fig-

ure S5E) (McCoy et al., 2015; Starostik et al., 2020; Van-

neste et al., 2009). In support, lagging chromosomes

occur during the first mitotic division in human embryos

(Cavazza et al., 2021; Currie et al., 2022). In contrast,

during mouse preimplantation development, unaligned

chromosomes are the most frequent mitotic error (Váz-

quez-Diez et al., 2019). This difference may contribute
to the discrepancy in aneuploidy rates: �5% mouse em-

bryos (Lightfoot et al., 2006; Wei et al., 2011) versus

25%–90% human embryos (McCoy et al., 2015; Mertzani-

dou et al., 2013; Starostik et al., 2020; Vanneste et al.,

2009). Accordingly, this raises the question of how

euploid human embryos are established to support

normal development. Like most aneuploid hPSCs, aneu-

ploid preimplantation embryonic cells may be at a

selective disadvantage when in competition with diploid

embryonic cells. In support, transferred mosaic IVF em-

bryos composed of aneuploid and diploid cells can result

in normal development and live births (Yang et al., 2021).

Importantly, our results also suggest that declining

mitotic error rates as developmental potential decreases

upon differentiation support the establishment of euploid

embryos (Figure S5E). Thus, during human development,

genome stability is achieved because the time window

comprising embryonic cells with high developmental

potency and high mitotic error rates is limited. In

contrast, the time window is unlimited for hPSCs growing

in culture. In conclusion, our data support the view that

in normal human cells, developmental state differentially

influences the fidelity of chromosome segregation and the

response to aneuploidy.
EXPERIMENTAL PROCEDURES

Resource availability

Corresponding author

The corresponding author is Kristina Godek (Kristina.M.Godek@

dartmouth.edu).

Materials availability
Available from corresponding author upon request.

Cell lines and cell culture
Primary BJ fibroblasts (CRL-2522), U2OS (HTB-96), and parental

RPE-1 (CRL-4000) cells are available fromtheAmericanTypeCulture

Collection. H1/WA01 and H9/WA09 hESCs are available from Wi-

Cell Research Institute. WTC-11 (GM25256) and GM (GM23476)

hiPSCs andGMfibroblasts (GM04506) are available from theCoriell

Institute for Medical Research. AICS-061 hiPSCs are available from

the Allen Institute for Cell Science. H1 H2B-GFP hESCs were ob-

tained fromDr. JonathanDraper (McMaster University).WTCfibro-

blasts were obtained from the Gladstone Stem Cell Core.

In brief, all cell lines were cultured according to distributor pro-

tocols at 37�C in a humidified atmosphere with 5% CO2 and

routinely validated as mycoplasma free (Sigma-Aldrich Myco-

plasma Kit #MP0035). A detailed list of reagents and protocols is

in the supplemental information. G-banded karyotyping was per-

formed by WiCell Research Institute.

Immunofluorescence
In brief, hPSCs were plated on either Matrigel- or Laminin-521-

coated 18 mm glass coverslips. BJ, WTC, and GM fibroblasts and
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U2OS cells were plated on standard 18 mm glass coverslips. For

immunofluorescence, cells were fixed with either 3.5% parafor-

maldehyde or ice-cold methanol dependent on the antibodies.

Following fixation, cells were permeabilized and blocked using

Triton X-100 and 2% BSA. Subsequently, samples were incubated

with primary antibodies, washed, and then incubatedwith fluores-

cent secondary antibodies and DAPI. Samples were then washed

andmounted on glass slides using ProLongGold antifade (Thermo

Fisher Scientific #P36934).

To assess chromosome microtubule attachments, cells were pre-

extracted with calcium buffer, fixed with 1% glutaraldehyde, and

then quenched with 1 mg/mL sodium borohydride, followed by

permeabilization and blocking with BSA and Triton X-100 prior

to performing standard immunostaining. A detailed list of anti-

bodies and protocols is in the supplemental information.
Microscopy
Images were acquired with a Hamamatsu ORCA-Fusion Gen III

sCMOS camera on a Nikon Eclipse Ti2E, an Andor cooled CCD

camera on a Nikon Eclipse Ti, or an Andor CSU-W1 two-camera

spinning disk module, an Andor Zyla sCMOS camera, and an An-

dor ILE laser module on a Nikon Eclipse Ti. Objectives includedNi-

kons CFI Plan Apo Lambda 603, 1.4 numerical aperture (NA) oil

immersion (OI); CFI Super Plan Fluor LWD 203 AMD, 0.7 NA

air; Plan Apo VC 603, 1.4 NA OI; and Plan Apo Lambda 603, 1.4

NA OI. Z-step size was either 0.2, 0.5, or 1 mm. For quantification

of proteins, all images were acquired with the same acquisition pa-

rameters and exposure times. Additional details are in the supple-

mental information.

Live-cell imaging was performed in modified rose chambers

(RPE-1 H2B-GFP) or on 35 mm glass-bottom dishes (MatTek

#P35G-1.5-14-C) coated with Matrigel or Laminin-521 (hPSCs) at

37�C in a humidified environment with 5% CO2 (Tokai Hit

Stage-top Incubation System) using the microscopes described

above with binning set to 2 3 2. Additional details are in the sup-

plemental information.
Drug treatments
Cells were treated with 0.1% DMSO, UMK57 (Dr. Benjamin Kwok,

University of Montreal, or Aobios #AOB8668) or UMK95 (Dr.

Benjamin Kwok, University of Montreal) at the concentrations

and times specified. For live-cell imaging, hPSCs were cultured in

phenol-free mTeSR1 with 0.1% DMSO, proTAME (Tocris #I-440-

01M), UMK57, or UMK95. RPE-1 H2B-GFP cells were cultured in

phenol-free media supplemented with 0.1% DMSO or proTAME

or arrested in 100 mM monastol (Tocris #1305) for 6 h, followed

by washout with phenol-free media into 0.1%DMSO or proTAME.

For all-trans RA differentiation assay, hPSCs were grown inmTeSR1

for 24 h, and then 1 mM RA (Sigma #R2625) and fresh media were

added daily for 4 days. Additional details are in the supplemental

information.
Statistics
GraphPad Prismwas used for all statistics. The statistical tests used,

corresponding n values, error bar measurements, and p values are

in the figure legends. No outliers were excluded.
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