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The recent development of haploid cell lines has facilitated forward
genetic screenings in mammalian cells. These lines include near-
haploid human cell lines isolated from a patient with chronic
myelogenous leukemia (KBM7 and HAP1), as well as haploid
embryonic stem cells derived from several organisms. In all cases,
haploidy was shown to be an unstable state, so that cultures of
mammalian haploid cells rapidly become enriched in diploids. Here
we show that the observed diploidization is due to a proliferative
disadvantage of haploid cells compared with diploid cells. Accord-
ingly, single-cell-sorted haploid mammalian cells maintain the
haploid state for prolonged periods, owing to the absence of com-
peting diploids. Although the duration of interphase is similar in
haploid and diploid cells, haploid cells spend longer in mitosis,
indicative of problems in chromosome segregation. In agreement
with this, a substantial proportion of the haploids die at or shortly
after the last mitosis through activation of a p53-dependent cyto-
toxic response. Finally, we show that p53 deletion stabilizes hap-
loidy in human HAP1 cells and haploid mouse embryonic stem
cells. We propose that, similar to aneuploidy or tetraploidy, hap-
loidy triggers a p53-dependent response that limits the fitness of
mammalian cells.

haploidy | embryonic stem cells | p53 | HAP1 | chromosome segregation

he main advantage of yeast as a model organism for genetic

studies is the availability of haploid cells, so that the mutation
of a single allele can suffice to reveal a phenotype. This approach
has been of enormous importance for biomedical research in
recent decades, as exemplified by the number of Nobel Prizes
awarded to discoveries that used yeast as a model system, in-
cluding the discovery of autophagy, telomeres, and the cell cycle
(1). In any case, there are questions intrinsic to mammalian bi-
ology, such as stemness or differentiation, that are difficult to
address using yeast as a model, and that could be answered by
the availability of mammalian haploid cell lines.

The development of haploid animal cells started in the 1960s
with cell lines derived from parthenogenetic frog embryos (2, 3).
Although haploid cell cultures have been established from sev-
eral invertebrates, including cockroaches and flies (4), similar
attempts in vertebrates failed until recently. The isolation of a
pseudohaploid human cell line from a patient with chronic my-
elogenous leukemia (KBM?7) (5), along with the development of
haploid embryonic stem (haES) cell cultures from zebrafish,
mouse, rat, pig, monkey, and human cells (6-10), have greatly
facilitated forward genetic screenings in mammalian cells. Ex-
amples of the potential of this approach include identification of
the receptors used by the Ebola and Lassa viruses for their entry
into the host cell (11, 12), and of all genes that are essential for
mammalian cell viability (13, 14).

Whereas mutagenesis of the haploid genomes was originally
done with retroviral or transposon gene traps, the subsequent de-
velopment of CRISPR-Cas9 technologies has emerged as a pow-
erful alternative (14). Moreover, genome-sequencing technologies
also have enabled genetic screenings in haploid cells mutagenized
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by chemical agents (15). Although haploid mammalian cells are
becoming a widely used model for screenings, their overall pro-
liferation properties have been less well characterized. Here we
present our data in this regard, which show that a p53-dependent
response limits the fitness of mammalian haploid cells.

Results

Haploid HAP1 Human Cells Grow at Lower Rates than Diploids. As a
model of mammalian haploid cells, we first used the near-
haploid human HAP1 cell line, which was generated while trying
to generate induced pluripotent stem cells from KBM7 cells (11)
and has been widely used for forward genetic screenings (11, 16—
18). While growing HAP1 cells, we noticed a rapid reduction in
the percentage of haploid cells (Fig. 14). This observation is
consistent with previous studies using haploid cells that have
linked this action to the “diploidization” of the haploids (19). To
specifically analyze the growth properties of haploid HAP1 cells,
haploid and diploid cell populations were FACS-sorted and
grown independently. Clonogenic assays revealed that haploid
HAPI1 cells formed smaller colonies than their diploid counter-
parts (Fig. 1 B and C). In addition, reduced cell numbers were
found in cultures initiated from the haploid fraction of
HAP1 cells (Fig. 1D), indicative of reduced fitness of these cells.

The foregoing results suggest that the loss of haploid cells
from HAP1 cultures could be a consequence to the better growth
properties of the diploids, which would gradually overtake the
culture. To directly address this possibility, FACS-sorted haploid
and diploid fractions of HAP1 cells were infected with lentivi-
ruses encoding for red fluorescent protein (RFP) and enhanced
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|‘| Fig. 1. Loss of haploid HAP1 cells is due to an
overgrowth by diploids. (A) DNA content analysis
from HAP1 cells illustrating (in red) the percentage
of G1 haploids at passages 0 and 6. (B) Representa-
tive image of methylene blue-stained clonogenic
cultures derived from haploid and diploid HAP1 cells
at 5 d after plating. (C) Sizes of the colonies shown in
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C D G

k%%

109

Colony size (a.u.)
N. of cells (x108)

o N B2 O @

Single cell sorted clones

Haploid Diploid Haploid Diploid

n

green fluorescent protein (EGFP), respectively, mixed together
at a 1:1 ratio, and grown for 36 d. Serial FACS analyses of these
cultures revealed a gradual increase in the percentage of diploid
EGFP-positive HAP1 cells, so that only 7% of the cells were
coming from the RFP-positive haploid fraction at day 36 (Fig. 1
E and F). Given that a competitive growth disadvantage was
behind the loss of haploid cells in HAP1 cultures, we reasoned
that cultures initiated from single-cell-sorted haploid HAP1 cells
should remain haploid for longer. Accordingly, single-cell-sorted
HAP1 lines remained haploid even after 1 mo in culture (Fig.
1G). Of note, a small percentage of diploids was observed on
prolonged passaging in pool-sorted (Fig. 1F) and single-cell-
sorted (Fig. 1G) haploid cultures. Nevertheless, although dip-
loidization (i.e., the true conversion of a haploid cell into a
diploid) may occur at a low frequency, our data demonstrate that
the outgrowth by diploid cells is the main contributor to the
progressive loss of haploid cells from HAP1 cultures.

p53 Limits the Growth of Human Haploid HAP1 Cells. We next in-
vestigated the possible factors limiting the growth properties of
haploid HAP1 cells. Besides haploidy, other alterations in ploidy,
such as aneuploidy and tetraploidy, are known to reduce the
fitness of eukaryotic cells (20, 21), an effect that can be alleviated
to some extent by the deletion of the tumor suppressor p53 (22—
25). Interestingly, pS3 levels were increased in FACS-sorted hap-
loid HAP1 cells compared with diploid HAP1 cells (Fig. 24).
Moreover, pS3 was active in haploid HAP1 cells, as evidenced by a
concomitant increase in the levels of the ‘p53-target P21, which

9368 ' | www.pnas.org/cgi/doi/10.1073/pnas.1705133114
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bars indicate SEM. ***P < 0.001. (E) Percentages of RFP-
positive haploid and EGFP-positive diploid HAP1 cells
over the course of 36 d, in a culture that started with
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representative experiment is shown. (F) DNA con-
tent analysis from the HAP1 cells shown in E at days
4 and 36 after the start of the experiment. The red
arrow illustrates the 4n population found in RFP-
positive cells. (G) DNA content analysis from single-
cell-sorted haploid HAP1 clonal cell lines at 32 d
after sorting. G1 haploid cells are shown in red.
Control diploid cells are also shown. Red arrows in-
dicate the percentage of 4n cells found in each case.

were abrogated by the expression of a p53-targeting shRNA (Fig.
2A4). During the course of these experiments, we noticed that p53-
depleted HAP1 cells exhibited a higher percentage of haploidy
than control HAP1 cells (Fig. 2B), suggesting that indeed the in-
creased levels of p53 could be partly responsible for the reduced
growth properties of haploid HAP1 cells.

To further explore the role of p53 in HAP1 cells, FACS-sorted
haploid HAP1 cultures were transfected with plasmids express-
ing the Cas9 nuclease as well as a p53-targeting short guide RNA
(sgRNA). A total of 45 antibiotic-resistant clones were ex-
panded, including 21 that still expressed p53 (wild type; WT) and
24 that had lost p53 expression (knockout; KO) (Fig. 2C).
Whereas the proportions of isolated clones that were haploid
and diploid were similar in the WT lines, 87.5% of the p53 KO
clones remained haploid on the first FACS analysis (Fig. 2D).
Moreover, p53-deficient HAP1 cell lines consistently maintained
a higher percentage of haploid cells than was seen in WT lines on
continuous passaging (Fig. 2 E and F). Interestingly, CRISPR-
mediated depletion of P21 did not increase the stability of
haploid HAP1 cells (SI Appendix, Fig. S1), suggesting p53-
dependent apoptosis rather than cell cycle arrest as the cause
of the reduced fitness of mammalian haploids (see below).

p53 Deficiency Stabilizes Haploidy in Mouse Haploid Stem Cells.
HAP1 cells derive from a cancer cell line, KBM7, that carries
several mutations that could in principle have an influence on the
observed phenotypes. To investigate the role of p53 in primary
haploid cells, WT and p53~ mouse haES cells were generated by
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Reduced p53 levels stabilize haploidy in HAP1 cells. (A) Western blot showing the expression levels of p53 and p21 in HAP1 cells infected with

Day 55

lentiviruses encoding for scramble shRNAs or p53-specific ShRNAs and sorted into haploid or diploid pools. Control cells were infected with empty vectors.
Tubulin expression was used as a loading control. (B) DNA content analysis of the cells shown in A at 43 d after infection. (C) Western blot illustrating the
absence of p53 in HAP1 clonal cell lines after Cas9-dependent p53-specific gene editing. A representative number of the clones further used in D is shown as
an example. CDK2 expression was used as a loading control. (D) Number of independently isolated WT (n = 21) and p53-deficient clones (n = 24) obtained
after transfecting haploid HAP1 cells with a plasmid encoding for Cas9 and a p53-targeting sgRNA. Clones were analyzed for haploidy or diploidy by
measuring DNA intensity by FACS. (E) Progression of the percentage of haploids cells in G1 in the WT (n = 11) and p53-deficient (n = 21) haploid clonal cell
lines shown in D. Error bars indicate SEM. ***P < 0.001. (F) DNA content analysis from three representative haploid WT and p53-deficient HAP1 clonal cell
lines shown in E at days 0, 22, and 55. G1 haploid cells are highlighted in red.

inducing parthenogenesis with strontium chloride (8, 9) on oocytes
isolated from p53+'~ female mice (Fig. 3 A and B). Consistent with
previous reports, the generation of haES cells required repeated
sorting for haploidy, owing to the rapid loss of haploid cells from
haES cultures, which occurs at a much faster rate than on
HAP1 cells. Accordingly, very few haploid cells were detectable in
WT haES cultures at passage 5, the first passage at which sufficient
numbers of cells could be obtained for FACS analyses (Fig. 3C).
Remarkably, p53-deficient haES cultures showed significant numbers
of haploid cells already at passage 5 (Fig. 3C). Moreover, the higher

Olbrich et al.

number of haploid cells in p53-deficient haES lines was accentuated
by passage 15, after both WT and p53-deficient haES cultures had
undergone two rounds of FACS sorting for haploidy (Fig. 3D).

As in the case of HAP1 cells, p53 levels were increased in haES
cells compared with diploid ES cells (SI Appendix, Fig. S24), and
expression of a p53-targeting shRNA increased the percentage of
haploid haES cells (SI Appendix, Fig. S2 B and C). Interestingly,
restoration of p53 levels in these cultures by Cre-dependent exci-
sion of the shRNA sequence reduced the percentage of haploidy,
indicating that p53-deficient haES cells do not permanently
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at day 17 after sorting. G1 haploid cells are highlighted in red. (F) SKY analysis of a representative single-cell-sorted haploid and diploid ES cell line.

“adapt” to the haploid state and remain sensitive to p53 activation
(SI Appendix, Fig. S2 B and C). Finally, single-cell sorting also
facilitated the maintenance of haploid cells in haES cultures
(Fig. 3E), indicating that a p53-dependent reduced fitness of the
haploids was again responsible for the observed reduction in the
percentage of haploids in haES cells. Of note, single-cell-sorted
haES lines were truly haploid, as determined by spectral karyo-
type (SKY) analysis (Fig. 3F). In summary, the reduced per-
centage of haES cells is due to an overgrowth of the cultures by
diploid ES cells, which can be alleviated by either single-cell
sorting or p53 deletion.

Increased Cell Death Rate, Rather than Slower Cell Cycle Progression,
Limits the Growth of Mouse Haploid Stem Cells. We next investigated
the reasons behind the poor growth properties of haES cells. Be-
cause mouse ES cells lack a p53-dependent G1/S checkpoint (26,

9370 ' | www.pnas.org/cgi/doi/10.1073/pnas.1705133114

27), the impaired growth of the haploids probably is not due to
reduced S-phase entry. Accordingly, WT and p53-deficient ES and
haES cells showed similar percentages of replicating cells, as
measured by the incorporation of ethynyl deoxyuridine (EdU) (Fig.
44). To determine the reasons behind the loss of haploid haES
cells, we infected p53 WT and KO single-cell-sorted haploid haES
with lentiviruses expressing a fusion between EGFP and histone
H2B (H2B-GFP), and monitored their growth by recording videos
over 24 h (Fig. 4B and SI Appendix, Fig. S3). These analyses
revealed several interesting findings. First, similar numbers of mi-
totic events were detected in all cultures, consistent with the fact
that cell cycle progression was not grossly affected in haploid cells.
In contrast, the loss of haploids was due to their death, with
56.36% of the WT haES cells dying over the course of 24 h. Sec-
ond, p53 deletion significantly, but not completely, rescued the
death of haES cells, which can explain its effect in facilitating the
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sorted ES cells at 24 h after incubation with various doses of taxol.

maintenance of haploid haES cells. Finally, the death of haploid
cells frequently occurred at or shortly after mitosis, suggesting an
association with problems occurring during this stage. Accordingly,
the duration of mitosis was increased in haES cells compared with
diploid ES cells (Fig. 4 B and C), and GFP-H2B images frequently
revealed evidence of problems during segregation in haploid mi-
tosis (Fig. 4B and SI Appendix, Fig. S3).

Chromosome Segregation Alterations in Mouse Haploid Stem Cells.
The foregoing results suggest that the reduced viability of murine
haES cells could be due to chromosome segregation problems,
which ultimately trigger a p53-dependent cytotoxic response. In
agreement with this idea, haES cells were more sensitive than
diploid ES cells to the microtubule poison taxol in a p53-
dependent manner (Fig. 4D). Recent work has shown that chro-
mosome segregation problems can arise due to replication stress
(RS), which leads to regions of the genome entering mitosis be-
fore they have been fully replicated (28). Although we cannot
dismiss the possibility that discrete regions of the genome might
be affected by RS in haES cells, we did not find an overall increase
in RS or DNA damage markers, such as nuclear foci of 53BP1 or
histone H2AX phosphorylation (SI Appendix, Fig. S4). Thus, the
segregation deficiencies observed in haES cells should reflect
bona fide mitotic problems. Given that animal oocytes lose their
centrosomes during meiosis, which are provided by the sperm
during fertilization, we considered the possibility that the segre-
gation abnormalities could arise from a deficiency of centrosomes
in haES cells. Surprisingly, however, immunofluorescence analy-
ses of y-tubulin revealed normal numbers of centrosomes in haES
cells, implying the de novo formation of these structures in hap-
loid stem cells (SI Appendix, Fig. S5).

Finally, we hypothesized that the different cell sizes and/or
DNA contents of haES cells could increase the percentage of
errors at the mitotic spindle, which is optimized to coordinate

Olbrich et al.

the segregation of a diploid genome. In agreement with this idea,
immunofluorescence analyses of metaphase cells revealed smaller
haploid metaphase cells along with a smaller mitotic spindle (S/
Appendix, Fig. S6 A-D). However, although it was smaller, the
mitotic spindle exhibited greater heterogeneity in its overall dis-
tribution in haES cells compared with diploid ES cells (SI Ap-
pendix, Fig. S6A4). Surprisingly, even though haES cells have only
one-half the DNA content of diploid ES cells, the distribution of
their DNA at the metaphase plate was wider than that in diploid
ES cells (S Appendix, Fig. S6 E and F), consistent with the more
heterogeneous distribution of the mitotic spindle (SI Appendix, Fig.
S6A4). In summary, these data indicate an intrinsic instability in the
arrangement of DNA at the mitotic spindle in haploid ES cells.

Discussion

From the earliest attempts in insects and amphibians, a pro-
gressive reduction in the percentage of haploid cells has been
noted in animal haploid cultures. Although this phenomenon has
been considered a consequence of diploidization (19), here we
have shown that it is due to reduced fitness and growth prop-
erties of haploid cells, which are outcompeted by the diploid cells
existing in these cultures. At least in mammals, this reduced
fitness is explained in part by the activation of a p53-dependent
cytotoxic response, associated with difficulties arising during the
segregation of haploid DNA content.

Based on our findings, we suggest two strategies to facilitate the
maintenance of haploidy in human and mouse cell cultures: single-
cell sorting and p53 deletion. Of note, although p53 deletion fa-
cilitates the maintenance of haploid HAP1 or mouse haES cells, it
does so by enabling the survival of genomically unstable cells. Thus,
we favor single-cell sorting as a simple procedure in mammalian
haploid cell studies. Whereas mouse haES cells can contribute to
mouse chimeras, the tissues that arise from these cells are com-
posed of diploid ES cells (8). It is tempting to speculate that
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strategies aimed at stabilizing the haploid state also might facilitate
the generation of mammalian haploid tissue or even animals. In
this regard, it is noteworthy that a recent report revealed increased
levels of p53 and cell death in tetraploid mouse ES cells. Strikingly,
P53 deletion rescued the viability of tetraploid ES cells and enabled
the generation of late-stage mouse tetraploid embryos (29).

Although our data on single-cell-sorted haES and HAP1 cells
shows that diploidization (the conversion of a haploid into a
diploid) does occur, it is an infrequent event. However, once it
happens, diploid cells rapidly overtake the culture owing to their
better growth properties. We propose that this phenomenon of
diploidization is probably similar to the spontaneous tetra-
ploidization observed in various primary mammalian cells, such
as mouse embryonic fibroblasts. In support of this idea, dip-
loidization has been proposed to arise as a result of mitotic
nondisjunction (30), which is known to be the origin of tetra-
ploidization (31). However, such segregation problems could be
more frequent in haploid cells than in diploid cells, leading to
p53-dependent apoptosis, because the spindle likely has evolved
to deal optimally with a 2n karyotype. An alternative proposal is
that mitosis could simply take more time in the haploids, but in
the absence of mis-segregation. In this context, previous studies
have shown that prolonged mitosis, even in the absence of seg-
regation problems, leads to an USP28-, p53-, 53BP1-, and P21-
dependent G1 arrest in the next interphase (32-35). However, our
findings of no increase in 53BP1 foci in haploid cells, apoptosis
rather than G1 arrest in haploid cultures, and no increase in the
percentage of haploid HAP1 cells on USP28 or P21 deletion (S/
Appendix, Fig. S1) argue against this idea. All things considered, we
suggest that a general principle might underlie the reduction in
fitness observed in eukaryotic cells with an altered ploidy (e.g.,
haploidy or tetraploidy), reflecting a higher frequency of mis-
segregation events in cells with a DNA content differing from
normal. Our findings should facilitate the use of animal haploid
cells in scientific research, and thus open their use to a more lab-
oratories and a wider range of technologies.
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Methods

Complete details of the methods used in this study are provided in S/ Ap-
pendix, Materials and Methods.

Derivation and Culture of Haploid Mouse ES Cells. Mouse haES cells were
generated as described recently (8, 9) using oocytes from p53*/~ female mice.
The ES cells were cultured on feeder layers in N2B27-based medium plus LIF,
PD0325901 (1 uM), and CHIR99021 (3 pM) and supplemented with 15% KO
serum replacement (Invitrogen), 0.1 mM nonessential amino acids, and
0.35% BSA fraction V. DNA was extracted from the cell clones using stan-
dard procedures, and PCR was performed to evaluate p53 status (primers: 1,
5’ CTA TCA GGA CAT AGC GTT GG 3’; 2, 5' TAT ACT CAG AGC CGG CCT 3'; 5/
ACA GCG TGG TGG TAC CTT AT 3’). All mouse studies were conducted in
accordance with the Guidelines for Humane Endpoints for Animals Used in
Biomedical Research, under the supervision of the Ethics Committee for
Animal Research of the Instituto de Salud Carlos III.

Live-Cell Imaging. To evaluate mitosis entry and duration, ES cells were in-
fected with lentiviruses encoding the histone H2B-EGFP and seeded on an
eight-well p-Slide (Ibidi) pretreated with 0.1% gelatin. The next day, cells
were imaged every 15 min for a total of 24 h in a Leica DMI 6000 B system.
Mitotic duration was easily scored by chromatin condensation/decondensa-
tion. At least 40 cells were followed to evaluate the time spent in mitosis and
interphase, as well as cell death, for each individual cell.
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