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 2 

Summary: 10 

 Human pluripotent stem cells (hPSCs) maintain diploid populations for generations 11 

despite a persistently high rate of mitotic errors that cause aneuploidy, or chromosome 12 

imbalances. Consequently, to maintain genome stability, aneuploidy must inhibit hPSC 13 

proliferation, but the mechanisms are unknown. Here, we surprisingly find that homogeneous 14 

aneuploid populations of hPSCs proliferate unlike aneuploid non-transformed somatic cells. 15 

Instead, in mosaic populations, cell non-autonomous competition between neighboring diploid 16 

and aneuploid hPSCs eliminates less fit aneuploid cells. Aneuploid hPSCs with lower Myc or 17 

higher p53 levels relative to diploid neighbors are outcompeted but conversely gain a selective 18 

advantage when Myc and p53 relative abundance switches. Thus, although hPSCs frequently 19 

missegregate chromosomes and inherently tolerate aneuploidy, Myc- and p53-driven cell 20 

competition preserves their genome integrity. These findings have important implications for the 21 

use of hPSCs in regenerative medicine and for how diploid human embryos are established 22 

despite the prevalence of aneuploidy during early development. 23 

 24 

Keywords: aneuploidy, cell competition, Myc, p53, human pluripotent stem cells, human 25 

embryonic stem cells, mosaic, preimplantation.  26 
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Introduction: 27 

Paramount to using human pluripotent stem cells (hPSCs), including embryonic and 28 

induced PSCs, in regenerative medicine is the preservation of pluripotency and genomic 29 

stability. However, hPSCs often become aneuploid with abnormal segmental and/or whole 30 

chromosome copy numbers during prolonged in vitro propagation due to culture adaptation that 31 

selects for clonal and stable aneuploid karyotypes with a fitness advantage over diploid 32 

hPSCs1–4. Likewise, aneuploidy also occurs in human preimplantation embryonic cells, with 33 

>70% of in vitro fertilized (IVF) preimplantation embryos being aneuploid5–8 and aneuploidy 34 

being the leading cause of miscarriages9,10 and congenital birth defects in humans9,11. 35 

Mitotic chromosome segregation errors cause segmental and whole chromosome 36 

aneuploidies12,13, and surprisingly, hPSCs have a persistently high rate of mitotic errors 37 

compared to human diploid somatic cells, with lagging chromosomes in anaphase being the 38 

most frequent error14. In somatic cells, lagging chromosome rates are proportional to 39 

chromosome missegregation rates which generates aneuploid progeny12 and thus the high rate 40 

of lagging chromosomes in hPSCs is likely the leading cause of aneuploidy in these cells. Yet, 41 

despite such frequent mitotic errors, hPSCs maintain clonal diploid populations for generations 42 

that typically do not become aneuploid until extended passaging1–4.  43 

Similar to hPSCs, human preimplantation embryonic cells have a high rate of post-44 

fertilization mitotic errors, including lagging chromosomes, resulting in mitotic errors being the 45 

most common cause of aneuploidy in preimplantation embryos5–8,15–17. A consequence of mitotic 46 

chromosome missegregation is the generation of mosaic embryos composed of aneuploid and 47 

diploid cells within a single embryo. Yet, transferred IVF mosaic embryos can produce healthy 48 

offspring with diploid karyotypes18. Thus, aneuploidy must impose a fitness barrier to hPSC and 49 

embryonic cell propagation, but the mechanisms and how these barriers can be overcome are 50 

unknown.  51 
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Aneuploid somatic cell proliferation is prevented by cell intrinsic consequences including 52 

induction of DNA damage19–22, DNA replication stress20–22, genomic instability20–22, p53- and 53 

p21-dependent cell cycle arrest23–25, and senescence20. Yet, prior work suggests that hPSCs are 54 

more tolerant toward aneuploidy and do not exhibit a robust intrinsic response until exit from 55 

pluripotency upon differentiation18. Consequently, this raises the possibility that aneuploid 56 

hPSCs in an undifferentiated state are eliminated by alternative pathways. Conversely, previous 57 

findings demonstrate that culture adapted aneuploid hPSCs can outcompete diploid hPSCs 58 

through mechanical competition mediated by the cytosolic vs. nuclear localization of the 59 

transcriptional coactivator yes-associated protein 1 (YAP)3. However, the initial molecular events 60 

that allow aneuploid hPSCs to propagate and acquire a fitness advantage over diploid hPSCs 61 

remain unknown. Here, we investigate both the immediate consequences of inducing 62 

aneuploidy in hPSCs and the long-term fate of aneuploid and diploid hPSCs in mosaic 63 

populations to address these unanswered questions and shed light on how diploid human 64 

embryos might be established during development despite the prevalence of mitotic errors and 65 

aneuploidy in preimplantation embryonic cells. 66 

 67 

Results: 68 

hESCs Tolerate Aneuploidy 69 

 To study the consequences of aneuploidy in hPSCs, we used the MPS1 kinase inhibitor 70 

reversine26 to increase mitotic error rates and chromosome missegregation. MPS1 plays roles in 71 

both spindle assembly checkpoint signaling to prevent premature anaphase onset and the 72 

correction of improper chromosome microtubule attachments to ensure accurate chromosome 73 

segregation during mitosis26. We constructed H1 human embryonic stem cells (hESCs) that 74 

stably express GFP tagged histone H2B (H1 H2B-GFP) to quantify mitotic error rates using 75 

time-lapse live-cell imaging. We validated that the protein abundance of the core pluripotency 76 

transcription factors Oct4, Sox2, Nanog, and Myc was similar between H1 H2B-GFP and 77 
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parental H1 hESC populations and that H1 H2B-GFP hESCs do not exhibit any clonal 78 

chromosome abnormalities (Figures S1A-C). Crucially, we titrated the dose of reversine to the 79 

lowest concentration that significantly increased mitotic errors causing numerical, or whole 80 

chromosome missegregation12, but not errors causing structural, or segmental abnormalities13 81 

(Figures 1A and S1D). Furthermore, there was a marginally significant increase or decrease in 82 

prometaphase and metaphase durations, respectively, but overall mitotic timing was unchanged 83 

(Figure S1E). Thus, MPS1 activity is partially compromised at this dose since further inhibition 84 

with higher concentrations of reversine accelerate mitosis26.  85 

 To assess whether partial MPS1 inhibition caused a corresponding increase in 86 

chromosome missegregation and aneuploidy, we determined individual chromosome copy 87 

numbers in single H1 H2B-GFP hESCs using fluorescence in situ hybridization (FISH) and 88 

quantified the percent of aneusomic cells that deviated from the diploid two copies. The percent 89 

of aneuploid H1 H2B-GFP hESCs significantly increased with the duration of reversine 90 

treatment due to both chromosome gains and losses compared to DMSO controls (Figures 1B-91 

H). Of note, fresh media with 100 nM reversine or DMSO was added daily during the treatment 92 

time course. Furthermore, we observed no significant difference in the aneusomic rate (Fisher’s 93 

exact test p > 0.05) among chromosomes 2, 8, 10, 12, or 17 unlike in somatic cells27 (Figure 1C) 94 

demonstrating that chromosome missegregation was random in H1 H2B-GFP hESCs. 95 

Moreover, given that the aneusomic frequency was ~3-4% per chromosome after 96 hr 96 

reversine treatment, we estimate that nearly all cells in the population become aneuploid when 97 

accounting for all 46 chromosomes hence generating a homogeneous population of aneuploid 98 

hESCs with diverse karyotypes.  99 

 Our observation that H1 H2B-GFP hESCs seemed to tolerate chromosome 100 

missegregation and aneuploidy was surprising given that in somatic cells chromosome 101 

missegregation rapidly induces cell autonomous responses that prevent the proliferation of 102 

aneuploid progenies20,21,23–25. To test whether induction of aneuploidy inhibited hESC 103 
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proliferation, we measured the growth of H1 H2B-GFP hESCs in 100 nM reversine over the 104 

course of 96 hrs. We included somatic diploid RPE-1 epithelial cells expressing H2B-GFP as a 105 

positive control (Figure 2A). As expected, 100 nM reversine treatment elevated the numerical 106 

and structural error rates without appreciably changing mitotic duration in RPE-1 H2B-GFP cells 107 

(Figure S2A). This significantly increased chromosome missegregation and aneuploidy (Figures 108 

S2B and S2C). In contrast to hESCs, but in agreement with previous findings27, there was 109 

biased chromosome missegregation in RPE-1 H2B-GFP cells with significantly increased 110 

missegregation of chromosome 2 compared to the other chromosomes (aneusomic rate 111 

chromosome 2 vs. other chromosomes Fisher’s exact test p < 0.05) (Figure S2C). Moreover, 112 

the induction of aneuploidy in RPE-1 H2B-GFP cells significantly increased p53 and p21 levels 113 

(Figures 2C and 2D) and inhibited their proliferation (Figure 2B) compared to DMSO controls. 114 

Thus, as expected23,24, aneuploidy in somatic cells causes cell autonomous responses that 115 

prevent the propagation of aneuploid cells. 116 

 In contrast, H1 H2B-GFP hESCs proliferated upon continuous induction of aneuploidy 117 

for 96 hrs comparable to the growth of DMSO controls (Figures 2E and 2F). Moreover, 118 

aneuploidy did not induce a significant increase of p53 or p21 in H1 H2B-GFP hESCs, unlike in 119 

RPE-1 somatic cells (Figures 2D, 2G, and 2H). One possibility is that aneuploid H1 H2B-GFP 120 

hESCs proliferated due to the clonal acquisition of mutations in p53. In somatic and cancer 121 

cells, p53 deletion or mutation permits the survival of aneuploid cells24,28, and hESCs frequently 122 

acquire p53 mutations during in vitro propagation29,30. We tested for wild-type p53 functionality 123 

by treating H1 H2B-GFP hESCs with the DNA damaging agent doxorubicin. DNA damage 124 

induced similar p53 levels but attenuated p21 levels in H1 H2B-GFP hESCs compared to RPE-125 

1 somatic cells in agreement with previous reports31–34 (Figures S2D-G). Also, we measured the 126 

survival of H1 H2B-GFP hESCs after 24 hr doxorubicin treatment because p53 mutations confer 127 

resistance to apoptosis upon DNA damage induced by doxorubicin35. H1 H2B-GFP hESCs all 128 

died by 24 hrs in the presence of doxorubicin (Figure S2H). Thus, p53 exhibits wild-type 129 
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 7 

function in H1 H2B-GFP hESCs and a clonal p53 mutation is unlikely to account for the survival 130 

of aneuploid hESCs.  131 

We also considered that inhibiting MPS1 kinase using reversine not only increases 132 

chromosome missegregation but also permits the survival of aneuploid hESCs. To test this, we 133 

passaged aneuploid H1 H2B-GFP hESCs following reversine withdrawal for 96 hrs and 134 

measured their proliferation and the frequency of aneusomic cells (Figure 2E). H1 H2B-GFP 135 

hESCs proliferated after reversine withdrawal comparable to DMSO controls (Figure 2F). 136 

Notably, the aneusomic frequency also remained elevated demonstrating the continued survival 137 

and proliferation of aneuploid H1 H2B-GFP hESCs in the absence of reversine (Figure 2I). 138 

Lastly, we monitored aneuploid H1 H2B-GFP hESCs for signs of premature differentiation, but 139 

there was no significant difference in the abundance of the pluripotency transcription factors 140 

Myc, Oct4, Nanog, or Sox2 compared to DMSO control cells (Figure 2H). Thus, hESCs maintain 141 

an undifferentiated state upon acute induction of aneuploidy in agreement with previous 142 

findings18. Collectively, these results demonstrate that in contrast to somatic cells, 143 

homogeneous aneuploid populations of hESCs are inherently tolerant of aneuploidy.  144 

   145 

Cell Competition Occurs between Aneuploid and Diploid hESCs in Mosaic Populations  146 

Given the lack of a rapid and robust intrinsic response to aneuploidy in hESCs, we 147 

explored cell non-autonomous competition as a mechanism that eliminates aneuploid hESCs, 148 

particularly since aneuploid cells are at least initially in a mosaic environment with diploid cells 149 

during routine culturing. Cell competition is characterized by (1) distinct cell populations 150 

exhibiting different growth rates in a mosaic environment, (2) the elimination of less fit, but 151 

viable, “loser” cells due to local interactions with neighboring more fit “winner” cells, and (3) the 152 

potential for “loser” or “winner” status and cell fate to switch because these phenotypes are 153 

dependent on the relative fitness of neighboring cells36. To investigate competition between 154 

aneuploid and diploid hESCs, we measured the proportion of aneuploid and diploid cells in 155 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 10, 2024. ; https://doi.org/10.1101/2024.05.08.593217doi: bioRxiv preprint 

https://doi.org/10.1101/2024.05.08.593217
http://creativecommons.org/licenses/by-nc-nd/4.0/


 8 

unperturbed mosaic populations over time using two complementary methods: (1) G-banding 156 

karyotyping to monitor the copy number of all chromosomes simultaneously in single cells and 157 

(2) FISH using chromosome specific probes. We compared mosaic CSES8 and CSES22 158 

hESCs with aneuploid karyotypes of different origins and control clonal diploid CSES7 hESCs 159 

(Figure 3A). Importantly, all three hESC lines were cultured in identical undifferentiated 160 

conditions.  161 

CSES7 hESCs retained a clonal diploid population during extended propagation as 162 

shown previously37 (Figures 3F, S3B, and S3F-G). Twenty of twenty cells analyzed by G-163 

banding karyotyping at passages 36 and 53 were diploid (Figure S3B). Thus, CSES7 hESCs 164 

(here after referred to as 2n) exhibited no appreciable aneuploid population or mosaicism.  165 

Prior work showed that CSES22 hESCs acquired a clonal abnormality of chromosome 166 

12 trisomy during passaging which outcompeted diploid cells38. We confirmed that ~90% of 167 

CSES22 hESCs were trisomic and ~10% disomic for chromosome 12 during prolonged 168 

passaging using FISH (Figures 3C and 3E). Moreover, G-banding karyotyping of passage 53 169 

cells identified a single cell disomic for chromosome 12 (Figure S3C) supporting our FISH 170 

results (Figure 3E). HPSCs persistently commit mitotic errors14, so one possible explanation is 171 

that random chromosome missegregation sporadically causes loss of a copy of chromosome 12 172 

producing disomic progenies. More importantly, however, the relative proportion of trisomic vs. 173 

disomic chromosome 12 cells was consistent over time indicating that trisomic chromosome 12 174 

cells retained a competitive advantage over disomic cells (Figure 3E). Thus, CSES22 hESCs 175 

(here after referred to as Ts12) exhibited a low level of mosaicism but were a predominately 176 

stable and clonal aneuploid population that arose due to culture adaptation and the gain of a 177 

selective advantage over diploid cells.  178 

CSES8 hESCs were derived from an IVF embryo with chromosome 17 trisomy39. 179 

Although CSES8 hESCs were previously characterized as uniformly trisomic for chromosome 180 

172,39, we observed that CSES8 hESCs (here after referred to as Mos17) were a mosaic 181 
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population of disomic and trisomic chromosome 17 cells and that the proportion of trisomic vs. 182 

disomic chromosome 17 cells in the population changed over time (Figures 3B, 3D, S3D-E, and 183 

S3H). Importantly, short-tandem repeat profiling demonstrated that other contaminating cells are 184 

not the source of mosaicism (Figure S3A). A possible explanation is that the embryo from which 185 

the Mos17 hESCs were derived was composed of both disomic and trisomic chromosome 17 186 

embryonic cells; however, it is not feasible to test this.  187 

At the earliest passage available to us, the Mos17 hESCs were ~75% trisomic and 188 

~25% disomic for chromosome 17 (Figures 3B and 3D). Initially, the proportion of trisomic 189 

chromosome 17 cells declined in the population over a period of weeks reaching a low point of 190 

~10% (Figures 3D, S3D, and S3H). One possibility is that Mos17 hESCs had an elevated basal 191 

rate of genomic instability resulting in frequent but random chromosome missegregation 192 

producing chromosome 17 disomic cells. To determine if Mos17 hESCs exhibited elevated 193 

genomic instability, we karyotyped Mos17 hESCs at passages 20 and 30 and monitored the 194 

copy number of chromosome 12 in the population using FISH but detected no other clonal 195 

abnormalities (Figures 3D and S3D). Alternatively, a single copy of chromosome 17 could be 196 

iteratively lost in Mos17 hESCs. This is highly improbable, however, because it requires 197 

repeated and selective chromosome 17 missegregation, and we found no evidence to support 198 

this in hESCs (Figure 1C). Thus, the possibility that genomic instability explains the observed 199 

population dynamics of trisomic vs. disomic cells is unlikely. Accordingly, aneuploid hESCs with 200 

trisomy 17 were initially at a selective disadvantage relative to diploid hESCs in the population 201 

and were outcompeted by an alternative mechanism. We designated this phase as “early 202 

passages” and defined it as £ 40 passages for Mos17 hESCs. This corresponds to 25 passages 203 

from the starting passage available to us. An equivalent time frame was used to define £ 60 as 204 

“early passages” for Ts12 hESCs (Figure 3E). 205 
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Strikingly, upon further propagation, there was a switch in the proportion of trisomic vs. 206 

disomic chromosome 17 cells in the population. Trisomic chromosome 17 cells increased and 207 

outcompeted disomic chromosome 17 cells (Figures 3D, S3D, and S3H). Furthermore, 208 

karyotype analysis at passage 69 and FISH for chromosome 12 copy numbers demonstrated no 209 

other clonal abnormalities indicating that genomic instability likely does not explain the increase 210 

in trisomic chromosome 17 cells (Figures 3D and S3D). Thus, aneuploid trisomic 17 hESCs 211 

gained a fitness advantage relative to diploid hESCs during this period. We designated this 212 

phase as “late passages” and defined it as > 40 passages for Mos17 hESCs with the 213 

corresponding time frame in Ts12 hESCs being > 60 passages (Figure 3E). Crucially, we 214 

confirmed that the fate of trisomic chromosome 17 cells relative to disomic cells during extended 215 

passaging is reproducible (Figure S3H). Collectively, these results demonstrate that in a mosaic 216 

population, diploid and aneuploid hESCs exhibit different growth rates with aneuploid hESCs 217 

initially being less fit, slower proliferating cells relative to diploid hESCs. Consequently, 218 

aneuploid hESCs are outcompeted from the population. However, during extended propagation, 219 

the cell fitness of aneuploid relative to diploid hESCs can switch from a selective disadvantage 220 

to an advantage with aneuploid hESCs overtaking the population. Thus, meeting key criteria 221 

that define cell competition. 222 

 223 

Myc and p53 Mediate Cell Competition Between Aneuploid and Diploid hESCs  224 

  Prior studies of embryogenesis and embryonic stem cells (mESCs) in mice demonstrate 225 

that a ~2-fold relative increase in abundance of the transcription factor Myc in a cell compared 226 

to its adjacent neighbors confers a fitness advantage and “winner” status while neighbors with 227 

relatively lower Myc levels are less fit “loser” cells that are eliminated by apoptosis36,40–42. If Myc 228 

similarly mediates cell competition between aneuploid and diploid hESCs, this predicts that the 229 

relative protein abundance of Myc between neighboring aneuploid and diploid cells determines 230 

their cell fitness and fate. To test this, we quantified Myc levels between trisomic and disomic 231 
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Mos17 or Ts12 hESC neighbors during both “early” and “late” passages by combining standard 232 

immunofluorescence using an antibody that recognizes c- and n-Myc with FISH (IF-FISH) 233 

(Figures 4A-D). Specifically, we calculated the ratio of Myc intensity between an index trisomic 234 

cell and its respective disomic or trisomic adjacent neighbors (Figures 4A-D). We did this for 235 

both Mos17 and Ts12 hESC populations. A ratio of 1 indicates equivalent Myc levels between 236 

the index trisomic cell and its neighbors. Of note, for these and subsequent experiments, index 237 

trisomic cells were chosen solely based upon their chromosome copy number to minimize 238 

selection bias. Also, replicates were performed at three different “early” or “late” passage time 239 

points. 240 

Our analysis demonstrated that there was a significant increase in relative Myc levels for 241 

disomic Mos17 neighbors compared to index trisomic cells at “early” passages corresponding to 242 

when trisomic chromosome 17 cells were less fit and outcompeted. Furthermore, the relative 243 

abundance of Myc switched and decreased for disomic neighbors compared to index trisomic 244 

Mos17 cells during “late” passages corresponding to when trisomic chromosome 17 cells 245 

outcompeted disomic cells (Figure 4E). Moreover, there was no change in relative Myc levels 246 

between trisomic neighbors compared to index trisomic cells during either phase demonstrating 247 

that abundance differences were exclusive between disomic cells neighboring trisomic cells 248 

(Figure 4E). Since gene and protein expression tend to scale with chromosome copy number43–249 

45, we also determined that the switch in relative Myc abundance was not due to trisomic or 250 

disomic chromosome 17 cells gaining or losing, respectively, copies of chromosome 8 that 251 

includes the Myc gene locus (Figures S4C and S4E). Finally, for Ts12 hESCs, there was a 252 

significant decrease in relative Myc levels for disomic Ts12 neighbors irrespective of “early” or 253 

“late” passages (Figure 4F) correlating with the fitness advantage trisomic chromosome 12 cells 254 

maintain over disomic cells, and this was not due to alterations in the copy number of 255 

chromosome 8 (Figures S4D and S4F). Importantly, there was no significant difference in Myc 256 

levels between trisomic vs. disomic Mos17 or Ts12 hESCs at “early” or “late” passages between 257 
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randomly selected non-neighboring trisomic or disomic cells (Figures 4G, 4H, S4A, and S4B) 258 

demonstrating that the absolute levels of Myc do not correlate with cell fitness.  259 

In addition to Myc, studies in mouse embryos and mESCs demonstrate that the relative 260 

levels of the transcription factor p53 between neighboring cells determines their competitive 261 

ability42,46–49. Higher relative levels of wild-type p53 are associated with reduced cell fitness and 262 

induction of apoptosis42,46,48,49. Thus, we predict that the relative levels of p53 between 263 

aneuploid and diploid hESC neighbors will inversely correlate with their cell fitness and fate. To 264 

test this prediction, we quantified p53 levels between trisomic and disomic Mos17 or Ts12 hESC 265 

neighbors during both “early” and “late” passages using IF-FISH (Figures 5A-D). In support, 266 

there was a significant decrease in relative p53 levels for disomic Mos17 neighbors compared to 267 

index trisomic cells at “early” passages when trisomic chromosome 17 cells were outcompeted 268 

(Figure 5E). However, the p53 gene locus is located on chromosome 17, and there was a 269 

significant increase in absolute p53 levels for trisomic chromosome 17 cells (Figures 5G and 270 

S5A). Yet, irrespective of p53 absolute levels, at “late” passages when trisomic chromosome 17 271 

cells gained a fitness advantage, there was no longer a significant difference in the relative 272 

abundance of p53 between disomic neighbors and index trisomic Mos17 cells (Figures 5E, 5G 273 

and S5A). Thus, the relative abundance of p53 between trisomic and disomic neighbors 274 

changed corresponding with a switch in competitive advantage while the absolute levels did not. 275 

Moreover, disomic Ts12 hESCs had a significant increase in relative p53 levels at both “early” 276 

and “late” passages compared to index trisomic cells (Figure 5F), and the absolute levels of p53 277 

did not correlate with the competitive advantage of trisomic chromosome 12 cells (Figures 5H 278 

and S5C).  279 

A well-established downstream target of p53 is cyclin dependent kinase inhibitor p2150, 280 

and we tested whether the relative levels of p21 correlated with trisomic vs. disomic cell fitness. 281 

However, there was no significant difference in relative abundance of p21 between trisomic or 282 

disomic Mos17 or Ts12 neighbors at either “early” or “late” passages (Figures 5A-D, S5E, and 283 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 10, 2024. ; https://doi.org/10.1101/2024.05.08.593217doi: bioRxiv preprint 

https://doi.org/10.1101/2024.05.08.593217
http://creativecommons.org/licenses/by-nc-nd/4.0/


 13 

S5G). Moreover, we observed that both trisomic and disomic Mos17 or Ts12 hESCs expressed 284 

low absolute levels of p21 (Figures S5A, S5C, S5F, and S5H), but that DNA damage induced 285 

the expected p53 and p21 response in trisomic and disomic Mos17 or Ts12 hESCs31,33,34 286 

(Figures S5B, S5D, S5I, and S5J). Thus, p53 and p21 exhibit wild-type functionality, but p53 is 287 

acting through mechanisms other than p21 to mediate cell compeition. Combined, these results 288 

indicate that relative differences in Myc and p53 abundance between neighboring hESCs drives 289 

cell competition between aneuploid and diploid hESCs. Consequently, aneuploid hESCs with 290 

relatively lower Myc and higher p53 levels are outcompeted in early passages, but conversely, 291 

aneuploid hESCs with relatively higher Myc and lower p53 levels gain a competitive advantage 292 

leading to their selection in late passages. 293 

 294 

Competitive Interactions Between Aneuploid and Diploid hESCs Occur in an 295 

Undifferentiated State 296 

 In mouse embryos and mESCs, Myc and p53 eliminate unfit cells through competitive 297 

interactions coinciding with the initiation of differentiation40,42,46,47. Although we maintained all 298 

hESCs in undifferentiated conditions, a possible consequence of having an aneuploid genome 299 

with chromosome imbalances could be loss of an undifferentiated state leading to Myc- and 300 

p53-driven cell competition and the elimination of aneuploid hESCs. To test this possibility, we 301 

used IF-FISH to quantify the relative levels of the pluripotency transcription factors Oct4, Sox2, 302 

and Nanog between trisomic and disomic Mos17 or Ts12 neighbors during both “early” and 303 

“late” passages reasoning that decreased expression of these transcription factors indicates 304 

premature differentiation. There was no significant difference in the relative levels of Oct4, Sox2, 305 

or Nanog between either index trisomic Mos17 or Ts12 hESCs and their respective disomic or 306 

trisomic neighbors at “early” or “late” passages (Figures 6A-D, S6E, and S6F). Furthermore, 307 

although there were some minor differences in absolute levels of Oct4, Sox2, or Nanog for 308 

disomic vs. trisomic Mos17 hESCs, the absolute differences in abundance did not correlate with 309 
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cell fitness, and there were no significant differences in absolute levels for Ts12 hESCs (Figures 310 

6E, 6F, and S6A-D). These results, in combination with our findings upon acute induction of 311 

aneuploidy (Figure 2H), suggest that differentiation of aneuploid hESCs is not responsible for 312 

the competitive interactions between aneuploid and diploid hESCs. Rather, cell competition 313 

between aneuploid and diploid hESCs occurs in an undifferentiated state and is selectively 314 

regulated by Myc independently of other pluripotency transcription factors. 315 

 316 

Discussion 317 

 Here we show that as a homogeneous population of aneuploid cells, with chromosome 318 

gains and losses, hESCs do not elicit a robust cell autonomous response to aneuploidy that 319 

inhibits their proliferation. Thus, unlike somatic cells, hESCs are inherently tolerant to 320 

aneuploidy. Why hESCs, and presumably induced PSCs, do not respond in a similar manner to 321 

chromosome missegregation and aneuploidy as somatic cells is unclear, but our work implicates 322 

several possible reasons. We demonstrate that upon induction of aneuploidy, hESCs do not 323 

significantly increase p53 absolute protein abundance. Yet, we and others find that p53 absolute 324 

levels increase in response to DNA damage leading to cell death32. Thus, p53 signaling is 325 

functional in hESCs, but aneuploidy does not trigger sufficient p53 activation to cause cell 326 

autonomous arrest or apoptosis as occurs in somatic cells20,23–25. The lack of a p53 response to 327 

aneuploidy in hESCs may in part be due to their low frequency of micronuclei (MN) formation. 328 

Unlike in somatic cells, we find that lagging chromosomes in hPSCs, including both embryonic 329 

and induced PSCs, rarely form MN14. MN in somatic cells often undergo nuclear envelope 330 

rupture incurring DNA damage on the chromosome(s) encapsulated in the micronucleus leading 331 

to cell intrinsic responses such as apoptosis or senescence51. Accordingly, the reincorporation of 332 

lagging chromosomes into the main nucleus in hESCs may prevent MN-associated DNA 333 

damage and the activation of downstream anti-proliferative pathways, at least in hESCs that 334 

gain an extra chromosome(s). However, DNA damage is not obligatory to increase p53 levels 335 
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following chromosome missegregation in somatic cells23,24, so the low frequency of MN 336 

formation is likely to be only one potential mechanism responsible for the tolerance of hESCs to 337 

aneuploidy. Moreover, we find that, compared to somatic cells, p21 protein levels downstream of 338 

p53 are repressed in hESCs in response to both DNA damage31,33,34 and aneuploidy likely 339 

contributing to their aneuploidy tolerance. Interestingly, increased expression of p53 or p21 340 

above basal levels both promotes differentiation of hPSCs52,53. Thus, the transcriptional 341 

networks required to maintain a pluripotent state may coincidentally render hESCs permissive to 342 

aneuploidy. 343 

An inherent tolerance to aneuploidy combined with hESCs exhibiting a persistently high 344 

mitotic error rate14 poses a conundrum in how hESCs maintain stable diploid populations for 345 

generations. Mechanistically, our data demonstrates that Myc- and p53-driven cell competition 346 

eliminates less fit aneuploid hESCs to preserve the genome integrity of the population 347 

(presumably a similar mechanism acts in induced PSCs) (Figure 7A). Although we show that 348 

this occurs for hESCs that gain chromosome 17 copies, Myc- and p53-mediated cell 349 

competition likely occurs independent of specific chromosome imbalances because we find that 350 

chromosome missegregation is random in hESCs, yet they maintain diploid populations14. 351 

Furthermore, our findings suggest that premature differentiation is not responsible for the initial 352 

fitness disadvantage conferred by an aneuploid genome. Alternatively, in non-transformed 353 

somatic cells, aneuploidy elicits stress responses, including proteotoxic and metabolic stress, 354 

independent of specific chromosome imbalances21,54, and these stress pathways decrease cell 355 

fitness and promote cell competition in other organisms55–57. Thus, we speculate that aneuploidy 356 

induced stress responses could contribute to relative protein abundance differences between 357 

neighboring aneuploid and diploid hESCs to promote cell competition, particularly since Myc 358 

and p53 play key roles in regulating cellular metabolism and protein homeostasis58,59. 359 

Additionally, cell competition is primarily dependent on short-range interactions between 360 

neighbors36,42,47, and our data suggest this is the same for Myc- and p53-mediated competitive 361 
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interactions between aneuploid and diploid hESCs. But it is unknown how relative differences in 362 

cell fitness are communicated between neighbors to affect their fate.  363 

We also find that the fitness costs of an aneuploid genome can be overcome during 364 

extended passaging leading to aneuploid hESCs with relatively higher Myc and lower p53 levels 365 

gaining a competitive advantage over diploid hESCs (Figure 7A). Previous work demonstrates 366 

that aneuploid hPSCs with a competitive advantage eliminate diploid hPSCs due to YAP 367 

mediated mechanical competition3, but it is unknown if YAP acts in the same pathway as Myc 368 

and p53 or if these are independent mechanisms. Regardless, the switch in fitness for 369 

aneuploid relative to diploid hESCs most likely requires the acquisition of additional genetic 370 

changes (assuming routine and consistent dissociation and culturing). Our data suggests that 371 

these changes are likely focal copy number variations or point mutations because no other 372 

clonal whole chromosome abnormalities arose. We favor a model where aneuploid hESCs gain 373 

an additional mutation(s) to improve their relative cell fitness because hESCs frequently acquire 374 

cancer-related mutations29,30 and aneuploidy is also a common phenotype of cancers60. A 375 

requirement for multiple genetic changes also explains why aneuploid hESCs typically do not 376 

overtake a population until after extended passaging1,4. Furthermore, assuming the 377 

spontaneous mutation rate is constant during routine culturing, this may account for why we 378 

observe a fairly consistent time frame for when trisomic Mos17 hESCs gain a competitive 379 

advantage. This model also predicts that once there is a sufficient proportion of aneuploid 380 

hESCs with a fitness advantage, the trait is fixed in the population, because although ongoing 381 

chromosome missegregation may revert aneuploid hESCs back to a diploid state, the diploid 382 

hESCs generated will be relatively less fit and outcompeted. In support, we do not observe Ts12 383 

hESCs returning to a predominantly diploid population, at least on the time scale of our analysis. 384 

Interestingly, however, we find that overcoming the fitness costs of aneuploidy does not 385 

automatically promote genomic instability. Rather, there must be additional selection pressures 386 

that favor the proliferation of hESCs with certain aneuploidies explaining the preferential 387 
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occurrence of karyotypes in culture-adapted aneuploid hESCs1. Yet, genetic variation between 388 

hESC lines must also play a role in this process because the CSES7 2n hESCs remained a 389 

stable diploid population despite being cultured for an equivalent time. Collectively, these results 390 

pose new considerations for how to define acceptable thresholds of stem cell genomic integrity 391 

in regenerative medicine therapies. 392 

Our results also have important implications for human preimplantation development 393 

where >70% of embryos are aneuploid and mosaic diploid and aneuploid embryos are common 394 

due to the prevalence of mitotic chromosome missegregation5–8. Based on our findings, we 395 

propose that Myc- and p53-driven cell competition depletes aneuploid cells in mosaic embryos 396 

during preimplantation development (Figure 7B). In support, the most significantly down-397 

regulated pathway in aneuploid vs. diploid human preimplantation embryonic cells is Myc 398 

targets indicative of relative differences in Myc protein abundance6 and consistent with our 399 

findings in hESCs. We note that in vivo the time scale for cell competition-based elimination 400 

would have to be accelerated compared to our in vitro results given that preimplantation 401 

development happens over the course of days. Moreover, the propensity for chromosomes to 402 

missegregate is mostly comparable5,8 and Myc- and p53-mediated cell competition likely occurs 403 

independent of specific chromosome imbalances. Furthermore, there is no preferential lineage 404 

allocation of aneuploid embryonic cells to either the trophectoderm (TE) or pluripotent inner cell 405 

mass (ICM)6,8,61. Since hESCs more closely resemble pluripotent ICM cells an open question is 406 

whether cell competition occurs between aneuploid and diploid TE cells. Subsequently as 407 

development progresses and developmental potential becomes restricted, mitotic error rates 408 

decrease14  thus reducing the generation of aneuploid cells coupled with a switch to cell 409 

autonomous mechanisms that eliminate aneuploid cells (Figure 7B). One critical parameter in 410 

this model is the ratio of diploid to aneuploid cells during preimplantation development. There 411 

must be a sufficient proportion of more fit diploid embryonic cells in contact with less fit 412 

aneuploid cells to eliminate them or at least to support developmental progression until cell 413 
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autonomous mechanisms act. A disproportionate number of aneuploid embryonic cells may 414 

explain why not all transferred IVF mosaic embryos result in healthy live births with diploid 415 

karyotypes18. In contrast, hPSCs indefinitely maintain a pluripotent state resulting in both a 416 

persistently high mitotic error rate14 and the continuous generation of aneuploid cells. Thus, 417 

increasing the likelihood that during extended passaging aneuploid hPSCs acquire additional 418 

mutations that overcome the fitness barriers of an aneuploid genome (Figure 7A). In conclusion, 419 

we find genome integrity with respect to chromosome copy numbers is controlled by distinct 420 

mechanisms dependent on developmental state. 421 
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 440 

Figure legends: 441 

Figure 1. Inhibiting MPS1 kinase increases mitotic errors and aneuploidy in hESCs. 442 

(A) The percent of anaphase errors quantified from time-lapse live-cell microscopy of H1 H2B-443 

GFP hESCs treated with DMSO, 75 nM, or 100 nM reversine (Rev). Lagging and unaligned 444 

chromosomes cause numerical, whole chromosome aneuploidies while chromosome bridges 445 

cause structural aneuploidies. n > 45 cells from three independent experiments. (B-H) The copy 446 

numbers of chromosomes 2, 8, 10, 12, or 17 in H1 H2B-GFP hESCs treated with DMSO or 100 447 

nM reversine for 24h, 48h, or 96h determined using FISH. Interphase cells were scored for copy 448 

numbers. (B) Representative images show aneuploid trisomic (white arrow) or monosomic 449 

(yellow arrowhead) cells. Scale bars: 10 μm. (C) Aneusomic percent, including gains and 450 

losses, of chromosomes 2, 8, 10, 12, and 17. For each chromosome, the aneusomic percent for 451 

reversine treated cells was compared to their respective DMSO controls, with 48h reversine 452 

compared to 24h DMSO. Copy number distribution of chromosomes 2 (D), 8 (E), 10 (F), 12 (G), 453 

or 17 (H). n = 1000 cells pooled per FISH probe from two independent experiments. ns p > 0.05, 454 

*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 using a two-tailed Fisher’s exact test (A 455 

and C). See also Figure S1. 456 

 457 

Figure 2. hESCs tolerate aneuploidy. 458 

(A) Experimental design testing the aneuploidy tolerance of somatic RPE-1 cells. (B-D) RPE-1 459 

cells were treated with DMSO or 100 nM reversine for 96h to induce aneuploidy. (B) Growth 460 

curves of diploid vs. aneuploid RPE-1 cells. Each time point is normalized to 0h. Mean ± SD (C) 461 

Representative IF images of diploid vs. aneuploid RPE-1 cells. Shown is DNA (cyan), p53 462 

(yellow), and p21 (magenta). Scale bars: 10 μm. (D) Quantification of p53 and p21 protein levels 463 

by IF in diploid vs. aneuploid RPE-1 cells. n = 300 cells; mean ± SD. (E) Experimental design 464 

testing the aneuploidy tolerance of H1 hESCs. (F-I) H1 and H1 H2B-GFP hESCs were treated 465 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 10, 2024. ; https://doi.org/10.1101/2024.05.08.593217doi: bioRxiv preprint 

https://doi.org/10.1101/2024.05.08.593217
http://creativecommons.org/licenses/by-nc-nd/4.0/


 20 

with DMSO or 100 nM reversine for 96h to induce aneuploidy. (F) Growth of curves of diploid H1 466 

and H1 H2B-GFP hESCs vs. aneuploid H1 H2B-GFP hESCs. Each time point is normalized to 467 

0h. Mean ± SD (G) Representative IF images of diploid and aneuploid H1 H2B-GFP hESCs. 468 

Shown is DNA (cyan) and Myc, Oct4, Nanog, Sox2, p53, or p21 (magenta). Scale bars: 10 μm. 469 

(H) Quantification of Myc, Oct4, Nanog, Sox2, p53, or p21 protein levels by IF in diploid H1 and 470 

H1 H2B-GFP hESCs vs. aneuploid H1 H2B-GFP hESCs. n = 300 cells; mean ± SD. (I) 471 

Aneusomic percent, including gains and losses, determined using FISH for chromosomes 2, 8, 472 

10, 12, or 17 in H1 and H2B-GFP hESCs upon withdrawal of DMSO or reversine for 96h. For 473 

each chromosome, the aneusomic percent of their respective DMSO and reversine treated cells 474 

were compared. n = 1500 cells per FISH probe; mean± SD. Three independent experiments (B, 475 

D, F, H, and I); ns p > 0.05 and ****p < 0.0001 using a two-tailed Student’s t-test (D); a one-way 476 

ANOVA with Tukey’s correction (H), or a two-tailed Fisher’s exact test (I). See also Figure S2. 477 

 478 

Figure 3. Cell competition between diploid and aneuploid hESCs in mosaic populations.  479 

(A) Karyotype and origin of aneuploidy in CSES7 (2n), CSES8 (Mos17), and CSES22 (Ts12) 480 

hESCs. (B-C) Representative images of chromosome 17 copy numbers in Mos17 hESCs (B) or 481 

of chromosome 12 copy numbers in Ts12 hESCs (C) from FISH performed at different 482 

passages. Shown is DNA (cyan) and chromosome 17 or 12 (magenta). Insets highlight disomic 483 

or trisomic chromosome 17 or 12 cells. Scale bars: 10 μm or 5 μm for insets. (D-F) Percent of 484 

trisomic chromosome 17 (magenta) or 12 (cyan) Mos17 (D), Ts12 (E), or 2n (F) hESCs during 485 

growth in culture. Dashed line separates passages categorized as “early” or “late.” Data points 486 

are binned into groups with 5 passages. For each data point a minimum of two experiments 487 

performed. n = 100 cells per replicate; mean ± SD. Note for some data points the error bars are 488 

smaller than the data symbol. See also Figure S3. 489 

 490 

Figure 4. Myc mediates cell competition between aneuploid and diploid hESCs.   491 
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(A-D) Cartoon representations (left panels) showing Mos17 (A and B) or Ts12 (C and D) hESC 492 

neighborhoods comprised of an index trisomic cell (purple, white star), disomic neighbor cells 493 

(green, yellow arrowhead), or trisomic neighbor cells (purple, white arrow). Representative IF-494 

FISH images (right panels) of Mos17 hESC neighborhoods at early (A) or late (B) passage or 495 

Ts12 hESC neighborhoods at early (C) or late (D) passage. Shown is DNA (cyan), chromosome 496 

17 or 12 (magenta), and Myc (yellow). Scale bar: 5 μm. (E-F) Quantification of Myc protein 497 

levels by IF-FISH. Neighbor cells were normalized to index trisomic cells in early (left) and late 498 

(right) passage Mos17 (E) or Ts12 (F) hESCs. Red dashed line indicates a ratio of 1 and 499 

equivalent Myc levels between index trisomic cells and neighbors. n = 60 index trisomic cells 500 

with > 124 neighbors; mean ± SD. (G-H) Quantification of Myc protein levels by IF-FISH in 501 

randomly selected, non-neighboring 2n and Mos17 hESCs (G) or 2n and Ts12 hESCs (H) at 502 

early (left panels) or late (right panels) passages. n= 300 total cells; mean ± SD. Three 503 

independent experiments for both early and late passages (E-H); ns p > 0.05, *p < 0.05, and 504 

****p < 0.0001 using a one sample t-test compared to hypothetical mean value 1 (E and F) or a 505 

two-tailed Student’s t-test within each cell line for early or late passage (G and H). See also 506 

Figure S4. 507 

 508 

Figure 5. p53 mediates cell competition between aneuploid and diploid hESCs. 509 

(A-D) Representative IF-FISH images of Mos17 early (A) or late (B) passage or Ts12 early (C) 510 

or late (D) passage hESC neighborhoods comprised of an index trisomic cell (white star), 511 

disomic neighbor cells (yellow arrowhead), or trisomic neighbor cells (white arrow). Shown is 512 

DNA (cyan), chromosome 17 or 12 (magenta), p53 (yellow), and p21 (gray). Scale bar: 5 μm. 513 

(E-F) Quantification of p53 protein levels by IF-FISH. Neighbor cells were normalized to index 514 

trisomic cells in early (left) and late (right) passage Mos17 (E) or Ts12 (F) hESCs. Red dashed 515 

line indicates a ratio of 1 and equivalent p53 levels between index trisomic cells and neighbors. 516 

n = 60 index trisomic cells with > 100 neighbors; mean ± SD. (G-H) Quantification of p53 protein 517 
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levels by IF-FISH in randomly selected, non-neighboring 2n and Mos17 hESCs (G) or 2n and 518 

Ts12 hESCs (H) at early (left panels) and late (right panels) passages. n= 300 total cells; mean 519 

± SD. Three independent experiments for both early and late passages (E-H); ns p > 0.05, **p < 520 

0.01, ***p < 0.001, and ****p < 0.0001 using a one sample t-test compared to hypothetical mean 521 

value 1 (E and F) or a two-tailed Student’s t-test within each cell line for early or late passage (G 522 

and H). See also Figure S5. 523 

 524 

Figure 6. hESC competition occurs in an undifferentiated state.  525 

(A-B) Representative IF-FISH images of Mos17 hESC (A) or Ts12 (B) neighborhoods 526 

comprised of an index trisomic cell (white star), disomic neighbor cells (yellow arrowhead), or 527 

trisomic neighbor cells (white arrow) at early (top) or late (bottom) passage. Show is DNA 528 

(cyan), chromosome 17 or 12 (magenta), Oct4 (gray), and Nanog (yellow). Scale bar: 5 μm. (C-529 

D) Quantification of Oct4 (top), Nanog (middle), or Sox2 (bottom) protein levels by IF-FISH. 530 

Neighbor cells were normalized to index trisomic cells in early (left) and late (right) passage 531 

Mos17 (C) or Ts12 (D) hESCs. Red dashed line indicates a ratio of 1 and equivalent Oct4, 532 

Nanog, or Sox2 levels between index trisomic cells and neighbors. n = 60 index trisomic cells 533 

with > 152 neighbors; mean ± SD. (E-F) Quantification of Oct4 (left), Nanog (middle), or Sox2 534 

(right) protein levels by IF-FISH in randomly selected, non-neighboring 2n and Mos17 hESCs 535 

(E) or 2n and Ts12 hESCs (F) at early (left panels) and late (right panels) passages. n= 300 total 536 

cells; mean ± SD. Three independent experiments for both early and late passages (C-F); ns p 537 

> 0.05, *p < 0.05, **p < 0.01 using a one sample t-test compared to hypothetical mean value 1 538 

(C and D) or a two-tailed Student’s t-test within each cell line for early or late passage (E and F). 539 

See also Figure S6. 540 

 541 

Figure 7. Models to preserve genome stability in hPSCs and to establish diploid 542 

preimplantation embryos.  543 
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(A) HPSCs grow in culture indefinitely and maintain a pluripotent state that confers a persistent 544 

and high rate of mitotic errors, particularly lagging chromosomes, generating aneuploid progeny. 545 

Yet, genome integrity is preserved because less fit aneuploid hPSCs with decreased Myc and 546 

increased p53 abundance relative to more fit neighboring diploid hPSCs are outcompeted. 547 

However, during prolonged passaging hPSCs, acquire mutations that cause a switch in fitness 548 

resulting in aneuploid hPSCs with increased Myc and decreased p53 relative abundance 549 

gaining a selective advantage and overtaking the population. (B) Preimplantation embryonic 550 

cells also have a high rate of mitotic errors, including lagging chromosomes, that generate 551 

aneuploid progeny. We propose that, like hPSCs, Myc- and p53-driven cell competition 552 

eliminates aneuploid embryonic cells. This, coupled with a declining mitotic error rate as 553 

developmental potential becomes restricted, decreases the frequency of aneuploid embryonic 554 

cells to achieve genome stability and establish diploid embryos as development progresses. 555 

Models adapted from Deng et al, 202314. 556 

 557 

Methods 558 

 559 

Cell lines and cell culture 560 

RPE-1 H2B-GFP (XX) cells were grown in DMEM supplemented with 10% fetal calf 561 

serum (FCS), 50 U/mL penicillin, 50 μg/mL streptomycin, 250 μg/L Amphotericin B, and 10 mM 562 

HEPES and passaged using 0.05% trypsin. H1/WA01 (XY) and H1 H2B-GFP (XY) hESCs were 563 

grown in mTeSR1 on hESC qualified Matrigel. CSES7 (XX), CSES8 (XX), and CSES22 (XX) 564 

hESCs were grown in mTeSR Plus on hESC qualified Geltrex™. For routine passaging, H1, H1 565 

H2B-GFP, CSES7, CSES8, and CSES22 hESCs were dissociated using versene according to 566 

the WiCell protocol SOP-SH-002 (version H). All cell lines were validated as mycoplasma free 567 

and grown at 37°C in a humidified atmosphere with 5% CO2. G-banded karyotyping and short 568 

tandem repeat analysis were performed by WiCell Research Institute. 569 
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We generated RPE-1 cells and H1 hESCs that stably express GFP-H2B by co-570 

transfecting cells with the PiggyBac-EF1α-H2B-GFP-mCherry-Cdt1 with G418 or puromycin 571 

resistance cassettes and PiggyBac transposase plasmids. To construct the plasmids, H2B-GFP 572 

was linearized using NheI and NotI restriction enzymes. DNA inserts EF1α and H2B-GFP were 573 

PCR amplified and cloned into PB-pCMV-MCS-EF1α-Puro using NheI and SpeI restriction 574 

enzymes creating the intermediate plasmid PB-EF1α-H2B-GFP. Subsequently, to construct PB-575 

EF1α-H2B-GFP-mCherry-Cdt1 with puromycin or G418 resistance, the PB-EF1α-H2B-GFP 576 

vector was linearized using the NotI restriction enzyme. DNA inserts mCherry-Cdt1, IRES, and 577 

NeoR with overlapping ends were PCR amplified from pEN435-pCAGGS-TagBFP-hGeminin-578 

2A-mCherry-hCdt1-rbgpA-Frt-PGK-EM7-PuroR-bpA-Frt Tigre targeting, BII-ChBtW-iresFUCCI, 579 

and pTet-ON plasmids, respectively. The DNA products were cloned into the linearized PB-580 

EF1α-H2B-GFP vector using Gibson assembly. 581 

RPE-1 cells were transfected using Lipofectamine 2000 following the manufacturer’s 582 

instructions and H1 hESCs were transfected using nucleofection following the manufacturer’s 583 

instructions and the protocol from Zhong et al, 202062. RPE-1 cells stably expressing H2B-GFP 584 

were selected using 1 mg/mL G418 and H1 hESCs stably expressing H2B-GFP were selected 585 

using 0.3 μg/mL puromycin. Note, both H1 H2B-GFP hESCs and RPE-1 H2B-GFP cells also 586 

express a G1 reporter, but we did not monitor G1 phase in our experiments. 587 

 588 

Immunofluorescence (IF), fluorescence in situ hybridization (FISH), and 589 

immunofluorescence-FISH (IF-FISH) 590 

For IF, FISH, or IF-FISH experiments, H1, H1 H2B-GFP, CSES7, CSES8, and CSES22 591 

hESCs were plated as aggregates on Matrigel-coated 18 mm glass coverslips in 12-well cell 592 

culture plates. RPE-1 H2B-GFP cells were plated on standard 18 mm glass coverslips in 12-well 593 

cell culture plates. IF experiments were performed as previously described by our lab14. Primary 594 

antibodies were diluted in TBS + 2% BSA + 0.1% Triton X-100 at 5 μg/mL rabbit anti-OCT4, 595 
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1:200 mouse anti-NANOG, 1:1600 rabbit anti-MYC, 1:1000 mouse anti-p53, 10 μg/mL mouse 596 

anti-SOX2, or 1:400 rabbit anti-p21. 597 

For FISH experiments, upon completion of drug treatment or reaching optimal 598 

confluency, cells were fixed with 3.5% PFA for 5 mins at room temperature, permeabilized with 599 

TBS + 0.1% Triton X-100 for 2 × 5 mins and washed with TBS for 3 × 5 mins. Subsequently, 600 

FISH was performed as previously described by our lab63. 601 

For IF-FISH experiments, the standard IF protocol as previously described was 602 

perfomed14, with the exception that secondary antibodies were diluted in TBS + 2% BSA + 0.1% 603 

Triton X-100 without DAPI. Subsequently, cells were washed with TBS + 2% BSA + 0.1% Triton 604 

X-100 for 3 × 5 mins and TBS buffer for 2 x 5 mins sequentially followed by performing our 605 

standard FISH protocol as previously described63.  606 

 607 

Microscopy for IF, FISH, and IF-FISH 608 

 Images were acquired with a Hamamatsu ORCA-Fusion Gen III sCMOS camera on a 609 

Nikon Eclipse Ti2E inverted microscope using a Nikon Plan Apo Lambda 60×, 1.4 numerical 610 

aperture oil immersion objective. Image series in the Z axis were obtained using 0.5 µm steps 611 

for a total of 9 optical slices. For quantification of proteins, all images were acquired with the 612 

same acquisition parameters and exposure times. For quantification of chromosome copy 613 

number only, exposure times were adjusted based on the probe signal intensity. 614 

 Image deconvolution and contrast enhancement were performed using NIS Batch 615 

Deconvolution (Nikon), NIS Elements (Nikon), and ImageJ (NIH). Images shown are maximum 616 

intensity projections of selected Z-planes. 617 

 618 

Time-lapse live-cell fluorescence imaging  619 

Live-cell imaging was performed at 37°C in a humidified environment with 5% 620 

CO2 (Tokai Hit Stage-top Incubation System) using a Nikon Plan Apo Lambda 60×, 1.4 621 
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numerical aperture oil immersion objective, a Hamamatsu ORCA-Fusion Gen III sCMOS 622 

camera on a Nikon Eclipse Ti2E inverted microscope with binning set to 2×2. Image series in 623 

the Z axis were obtained using 1 µm steps for a total of 7 optical slices. 624 

H1 H2B-GFP hESCs were plated in mTeSR1 on the 35 mm glass bottom dishes coated 625 

with Matrigel. RPE-1 H2B-GFP cells were plated in DMEM on the 35 mm glass bottom dishes. 626 

Cells were incubated for 1-2 days at 37°C in a humidified atmosphere with 5% CO2 prior to live-627 

cell imaging. Subsequently, cells were washed with phenol-free mTeSR1 (H1 H2B-GFP) or 628 

FluoroBrite™ DMEM (RPE-1 H2B-GFP) three times and then cultured in phenol-free medium 629 

supplemented with 0.1% DMSO, 75 nM, or 100 nM reversine during live-cell imaging. Cells 630 

were imaged for 6-7 hours with 2 min time intervals. We optimized these experiments using the 631 

lowest exposure and intensity settings permissible to visualize errors while minimizing artifacts 632 

due to phototoxicity.  633 

Image acquisitions and analyses were performed using NIS Elements (Nikon) and 634 

ImageJ (NIH). Representative images from live-cell experiments are maximum intensity 635 

projections of all Z-planes. Cells undergoing mitosis were tracked from nuclear envelope 636 

breakdown (NEB) to anaphase onset (AO), during which prometaphase (NEB to metaphase), 637 

metaphase (metaphase to AO) or total mitotic (NEB to AO) durations were recorded. In 638 

combination with mitotic duration, anaphase errors were observed and scored. Criteria for 639 

scoring chromosome segregation errors was previously described14. 640 

 641 

Quantification of chromosome copy number 642 

 To determine chromosome copy number, sum intensity projections were compiled from 643 

Z-stack images using ImageJ (NIH). Nuclei were randomly selected per field of view based 644 

upon the DAPI signal. Chromosome copy number was determined based on the number of 645 

fluorescent puncta counted per individual nuclei.  646 

 647 
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Quantification of protein expression in non-neighboring cells 648 

To determine protein expression levels, sum intensity projections were compiled from Z-649 

stack images using ImageJ (NIH). Nuclei were randomly selected per field of view based upon 650 

the DAPI signal. An elliptical region of interest (ROI) was drawn to encompass the entire 651 

nucleus and then a slightly larger elliptical ROI was drawn to encompass both the nucleus and 652 

the adjacent background. The mean background intensity was calculated based on the in-653 

between region of the two ROIs and subtracted from the integrated intensity of the ROI that 654 

encompassed the nucleus. It is important to note that due to background correction, the 655 

background-subtracted intensity of the nuclear ROI may fall below zero for proteins with low 656 

expression levels or if there was pronounced non-nuclear background signal. Chromosome 657 

copy numbers in selected cells were determined as described above. 658 

 659 

Quantification of protein expression in neighboring cells 660 

To determine a cell “neighborhood”, an index trisomic chromosome 17 or 12 cell was 661 

chosen as described above and if it was directly neighbored by at least one disomic cell. Once 662 

an index trisomic cell was selected, every neighboring cell, regardless of chromosome 17 or 12 663 

copy number, was included in the neighbor analysis to quantify relative protein expression 664 

levels. The number of cells included in each neighborhood varied with a minimum of at least two 665 

neighboring cells analyzed per neighborhood. Quantification of protein expression of all cells in 666 

a neighborhood was performed as described above. Protein expression levels for each 667 

neighboring cell were then normalized to the protein expression level of the index trisomic cell. 668 

This quantification was repeated for each cell neighborhood analyzed with no cells overlapping 669 

between neighborhoods.  670 

 671 

Drug treatments 672 
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Cells were treated with 0.1% DMSO, reversine, or doxorubicin at the concentrations and 673 

times specified. For growth curve experiments, cells were cultured in mTeSR1 (H1 and H2B-674 

GFP hESCs) or DMEM (RPE-1 H2B-GFP cells) supplemented with DMSO or 100 nM reversine 675 

for 96 hours. Fresh supplemented media was added daily for all cell lines. After 96 hours the 676 

DMSO or reversine supplemented media was washed out and cells were split into a new 6-well 677 

plate and cultured with fresh media in the absence of DMSO or reversine for an additional 96 678 

hours. Fresh media was added daily for all cell lines.  679 

For all doxorubicin experiments, cells were cultured in mTeSR1 (H1 and H1 H2B-GFP 680 

hESCs) or mTeSR Plus (CSES7, CSES8, CSES22 hESCs) supplemented with 1 μM 681 

doxorubicin for 4 hours followed by washout with fresh media before IF. For the cell viability 682 

assay, cells were cultured in doxorubicin for 24h.  683 

 684 

Statistical analysis  685 

GraphPad Prism was used for all statistics. The statistical tests used, corresponding n 686 

values, error bar measurements, and p values are in the figure legends. No outliers were 687 

excluded. 688 

 689 

Reagents 690 
 691 
REAGENT or RESOURCE  SOURCE  IDENTIFIER  
Antibodies  
Rabbit polyclonal anti-OCT4  Abcam  Cat# ab19857;  

RRID: AB_445175  
Mouse monoclonal anti-
NANOG (clone 23D2-3C6)  

Abcam  Cat# ab173368;  
RRID: AB_3076592 

Mouse monoclonal anti-
SOX2 (clone 245610)  

R&D Systems  Cat# MAB2018;  
RRID: AB_358009  

Rabbit monoclonal anti-c-
Myc/n-Myc 

Cell Signaling 
Technology 

Cat# 13987; 
RRID: AB_2631168 

Mouse monoclonalanti-TP53 Santa Cruz 
Biotechnology 

Cat# sc-126;  
RRID: AB_628082 

Rabbit monoclonal anti-p21 
(clone 12D1)  

Cell Signaling 
Technology 

Cat# 2947 
RRID: AB_823586 
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Goat anti-mouse Alexa Fluor 
Plus 594 

Thermo Fisher 
Scientific 

Cat# A32742;  
RRID: AB_2762825 

Donkey anti-rabbit Alexa 
Fluor 647 

Thermo Fisher 
Scientific 

Cat# A-31573; 
RRID: AB_2536183 

   
Bacterial and virus strains    
   
Biological samples   
   
Chemicals, peptides, and 
recombinant proteins 

  

Matrigel hESC-Qualified 
Matrix 

Corning Cat# 354277 

Geltrex™ LDEV-Free, 
hESC-Qualified, Reduced 
Growth Factor Basement 
Membrane Matrix 

Thermo 
Fisher 
Scientific 

Cat# A1413302 

ROCK Inhibitor Y-27632  Tocris  Cat# 1254; 
CAS: 129830-38-2 

Versene Solution Thermo 
Fisher 
Scientific 

Cat# Catalog No.15-040-066 

Reversine Cayman 
Chemical 

Cat# 10004412; 
CAS: 656820-32-5 

mTeSR1 StemCell 
Technologies 

Cat# 85850 

mTeSR Plus StemCell 
Technologies 

Cat# 100-0276 

mTeSR1 without phenol 
red 

StemCell 
Technologies 

Cat# 05876 

DMEM FluoroBrite Thermo 
Fisher 
Scientific 

Cat# A1896701 

G418 InvivoGen Cat# ant-gn-5 
Puromycin Thermo 

Fisher 
Scientific 

Cat# A1113803 

Reversine Sigma-
Aldrich 

Cat# R3904-1MG; 
CAS: 656820-32-5 

Dimethyl sulfoxide Sigma-
Aldrich 

Cat# D2650; 
CAS: 67-68-5 

Doxorubicin hydrochloride  Sigma-
Aldrich 

Cat# 44583 
CAS: 25316-40-9 

CytoCell Satellite 
Enumeration Probe 2 

OGT  Cat# LPE 002R-A 

CytoCell Satellite 
Enumeration Probe 8 

OGT  Cat# LPE 008R-A 

CytoCell Satellite 
Enumeration Probe 10 

OGT  Cat# LPE 010G-A 

CytoCell Satellite 
Enumeration Probe 12 

OGT  Cat# LPE 012G-A 

CytoCell Satellite 
Enumeration Probe 17 

OGT  Cat# LPE 017G-A 
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CytoCell Hybridization 
Solution 

OGT Cat# HB 1000L 

ProLong Gold antifade 
reagent  

Thermo 
Fisher 
Scientific 

Cat# P36934  
 

   
Critical commercial assays 
LookOut® Mycoplasma 
PCR Detection Kit 

Sigma-
Aldrich 

Cat# MP0035 

Lipofectamine 2000 Thermo 
Fisher 
Scientific 

Cat# 11668027 

P3 Primary Cell 4D kit Lonza Cat# V4XP-3012 
Gibson Assembly Master 
Mix 

New England 
Biolabs 

Cat# E2611 

   
Deposited data 
   
Experimental models: Cell lines 
Human: WA01 (H1) hESC 
(NIH Approval Number 
NIHhESC-10-0043) 

WiCell 
Research 
Institute 

NIH Approval Number: NIHhESC-10-0043 

Human: H1 H2B-GFP 
hESC 

This paper N/A 

Human: CSES7 hESC 
(NIH Approval Number 
NIHhESC-11-0108) 

Cedars Sinai NIH Approval Number: NIHhESC-11-0108 

Human: CSES8 hESC 
(NIH Approval Number 
NIHhESC-11-0109) 

Laboratory of 
Dr. Nissim 
Benvenisty,  
The Azrieli 
Center for 
Stem Cells & 
Genetic 
Research 

NIH Approval Number: NIHhESC-11-0109 

Human: CSES22 hESC 
(NIH Approval Number 
NIHhESC-11-0119) 

Laboratory of 
Dr. Nissim 
Benvenisty,  
The Azrieli 
Center for 
Stem Cells & 
Genetic 
Research 

NIH Approval Number: NIHhESC-11-0119 

Human: RPE-1 Cells ATCC  
Human: RPE-1 H2B-GFP 
Cells 

This paper N/A 

   
Experimental models: Organisms/strains 
   
Oligonucleotides 
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Ef1a forward primer 
5’-AGCACTAGTAAGG 
ATCTGCGATCGCTCC 
GG-3’  

This paper N/A 

Ef1a reverse primer 
5’- ATAGCTAGCGTAG 
GCGCCGGTCACAGC 
TTGGATCTG-3’ 

This paper N/A 

H2B-GFP forward primer 
5’-AGAGCTAGCATG 
CCTGAACCCTCTAA 
GTCT-3’ 

This paper N/A 

H2B-GFP reverse primer 
5’- ATAGCGGCCGCT 
TACTTGTACAGCTCG 
TCCAT-3’ 

This paper N/A 

mCherry-Cdt1 forward 
primer 
5’-CAGAATTCATG 
GTGAGCAAGGGC 
GAG-3’ 

This paper N/A 

mCherry-Cdt1 reverse 
primer 
5’- TCGCAGATCCTTC 
GCTGAGAGACACAAA 
AAATTCCAAC-3’ 

This paper N/A 

IRES forward primer 
5’- TGCCTTTGTATCATG 
CGTTCCCCTCTCCCTCC 
CCCCC-3' 

This paper N/A 

IRES reverse primer 
5’-TGTTCAATCATGAATT 
CTGTGGCCATTATCATC 
GTGTTTTTC-3’ 

This paper N/A 

NeoR forward primer 
5’-CAGAATTCATGATTG 
AACAAGATGGATTGC-3’ 

This paper N/A 

NeoR reverse primer 
5’-CTGCAATAAACAAGT 
TTAGTTTCAGAAGAACT
CGTCAAGAAG-3’ 

This paper N/A 

   
Recombinant DNA 
H2B-GFP Addgene Addgene plasmid # 11680; 

RRID: Addgene_11680 
pEN435 - pCAGGS-
TagBFP-hGeminin-2A-
mCherry-hCdt1-rbgpA-Frt-
PGK-EM7-PuroR-bpA-Frt 
Tigre targeting 

Addgene Addgene plasmid # 92139; 
RRID: Addgene_92139 

BII-ChBtW-iresFUCCI Addgene Addgene plasmid # 133371; 
RRID: Addgene_133371 
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PB-pCMV-MCS-EF1α-
Puro -Empty  

Laboratory of 
Dr. Aaron 
McKenna, 
Geisel 
School of 
Medicine at 
Dartmouth 

N/A 

PB-transposase Laboratory of 
Dr. Aaron 
McKenna, 
Geisel 
School of 
Medicine at 
Dartmouth 

N/A 

pTet-ON Laboratory of 
Dr. Duane 
Compton, 
Geisel 
School of 
Medicine at 
Dartmouth 

N/A 

   
Software and algorithms 
ImageJ 1.53 Schneider et 

al., 2012 
https://imagej.nih.gov/ij/; RRID:SCR_002285 

GraphPad Prism 10.0 GraphPad 
Software 

https://www.graphpad.com; RRID:SCR_002798 

NIS Elements AR 5.21 Nikon https://www.microscope.healthcare.nikon.com/products/so
ftware/nis-elements; RRID:SCR_014329 

SnapGene SnapGene https://www.snapgene.com; RRID: SCR_015052 
   
Other 
35 mm glass bottom 
dishes 

MatTek Cat# P35G-1.5-14-C 

   692 
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