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SUMMARY

The recent success of derivation of mammalian
haploid embryonic stem cells (haESCs) has pro-
vided a powerful tool for large-scale functional
analysis of the mammalian genome. However,
haESCs rapidly become diploidized after differenti-
ation, posing challenges for genetic analysis. Here,
we show that the spontaneous diploidization of
haESCs happens in metaphase due to mitotic slip-
page. Diploidization can be suppressed by small-
molecule-mediated inhibition of CDK1 and ROCK.
Through ROCK inhibition, we can generate haploid
somatic cells of all three germ layers from haESCs,
including terminally differentiated neurons. Using
piggyBac transposon-based insertional mutagen-
esis, we generated a haploid neural cell library
harboring genome-wide mutations for genetic
screening. As a proof of concept, we screened for
Mn2+-mediated toxicity and identified the Park2
gene. Our findings expand the applications of
mouse haploid cell technology to somatic cell types
and may also shed light on the mechanisms of
ploidy maintenance.

INTRODUCTION

Haploid cells are valuable resources for high-throughput

genetic analysis, as they lack the second gene allele and,

thus, can show the recessive phenotypes effectively (Yi et al.,

2009). However, unlike in yeast and plants, haploids are very

rare in mammals. Near-haploid cell lines were established

from human tumors with massive chromosome loss; however,

such cancer cell lines were genetically very unstable

(B€urckst€ummer et al., 2013). Recently, haploid embryonic

stem cells (haESCs) with pluripotency and self-renewal ability

have been derived from parthenogenetic and androgenetic

haploid embryos in various mammalian species, including the
Cell R
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mouse (Elling et al., 2011; Leeb et al., 2012; Leeb and Wutz,

2011), rat (Li et al., 2014), monkey (Yang et al., 2013), and

human (Sagi et al., 2016; Zhong et al., 2016). Although experi-

encing spontaneous diploidization during culture, the haESCs

can maintain the haploidy indefinitely in culture through contin-

uous purification of haploid cells using fluorescence-activated

cell sorting (FACS). These unique characteristics make

mammalian haESCs a powerful tool for large-scale genetic

analysis; for instance, genome-wide screening for genes regu-

lating pluripotency maintenance (Leeb et al., 2014) and X chro-

mosome inactivation (Monfort et al., 2015). However, the

haESCs with an embryo origin are mainly applied for studies

related to early embryonic development, whereas the haploid

somatic cells are more suitable for genetic analysis of develop-

ment and disease of adult tissues. Nevertheless, the diploidiza-

tion occurs very rapidly after differentiation of mouse and rat

haESCs, which cannot be blocked using FACS-assisted purifi-

cation (Leeb and Wutz, 2011; Li et al., 2014). Recent studies

have reported the derivation of human haploid somatic cells

of three germ layer (Sagi et al., 2016) and mouse haploid

neurons (Xu et al., 2017) from the haESCs. However, it remains

elusive whether the rodent haESCs can differentiate in a

haploid state to generate haploid somatic cells of all three

germ layers and to serve as an alternative approach for genetic

screening.

Mitotic slippage was a biological process through which the

cells at mitotic phase eventually exit mitosis and re-enter the

next G1 phase without undergoing chromosome segregation

or cytokinesis (Lanni and Jacks, 1998; Minn et al., 1996).

Here, we found that the mitotic slippage was the primary cause

of the diploidization of mouse haESCs through cell-cycle anal-

ysis, using live cell imaging, and inhibition of the CDK1 or ROCK

pathway could efficiently suppress the diploidization during cul-

ture and differentiation. Importantly, the mouse haESCs could

differentiate into haploid somatic cell types representative of

all three germ layers, including terminally differentiated haploid

neurons. As a proof-of-concept, we also demonstrated the

feasibility of using the haploid neural cells for a forward genetic

screen of neurotoxin resistance, by which we identified park2

regulating intracellular accumulation of Mn2+.
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Figure 1. Live-Cell Imaging Reveals Mitotic

Slippage as a Cause of Diploidization of

haESCs

(A) Representation of DNA content analysis of

spontaneous diploidization of haESCs during

culture (for 6 passages) and differentiation by

FACS. There were at least 10 independent

repeated experiments for haESCs cultured in vitro

and at least 6 independent repeated experiments

for haploid ESCs differentiation in vitro.

(B) Live-cell imaging of a dividing diploid ESC (top)

and a diploidized haploid ESC (bottom). The cells

were labeled with an H2B-GFP reporter. Meta-

phase was taken as the starting point. Scale

bars, 5 mm.

(C) Quantitative analysis of the ratios of cells

experiencing mitotic slippage in control diploid

ESCs (n = 152; 2 different diploid ESC lines,

H2B-GFP-1 and H2B-GFP-2, in 2 independent

experiments) and haploid ESCs (n = 163; 2 dif-

ference haESC lines, AH-H2B-GFP-1 and AH-

H2B-GFP-2, in 3 independent experiments) as

observed in (B) during 20 hr.

Error bars represent mean ± SD.

See also Figure S1 and Tables S1 and S2.
RESULTS

Spontaneous Diploidization of Mouse haESCs Is
Induced by Mitotic Slippage
DNA content analysis using flow cytometry showed that around

90% of mouse parthenogenetic and androgenetic haESCs

became diploidized after 6 passages, and nearly all the haESCs

became diploidized after differentiation into neural cells (Fig-

ure 1A). To investigate at which stage of the cell cycle the auto-

diploidization happened, we used real-time live-cell imaging to

trace the division of haploid and diploid embryonic stem cells

(ESCs) expressing the histone H2B-GFP fusion protein. While

all the diploid ESCs could rapidly enter the anaphase and divide

into two cells (n = 152), a small ratio of haESCs (�9%; n = 163)

were blocked at metaphase and re-entered G1 phase without

division, indicating the occurrence of mitotic slippage due to

the failed transition from metaphase to anaphase (Figures 1B,

1C, and S1; Tables S1 and S2). These results suggested that

the diploidization of haESCs was caused by mitotic slippage.

Inhibitors of CDK1 and ROCK Suppress Spontaneous
Diploidization of haESCs
Next, we aimed to screen for small molecules that could promote

maintenance of haploidy of haESCs. We started screening with
2228 Cell Reports 20, 2227–2237, August 29, 2017
10 chemical inhibitors targeting genes

that regulated the spindle assembly and

mitotic division (Figure 2A; Table S3).

They were added into the culture me-

dium, and their effect on haploidymainte-

nance was tested after 4 passages. Most

of these small molecules induced

massive cell death, polyploidization, or

accelerated the diploidization of haESCs
(Figures 2A and S2A). Only CDK1 inhibitor RO-3306 and ROCK

inhibitor Y-27632 could inhibit haESC diploidization rate during

cell culture (Figure 2B). Consistently, the diploidization rate

was accelerated when CDK1-cyclin B1 was overexpressed in

haESCs (Figures S2B–S2D). We also determined the effects of

different concentrations of RO-3306 and Y-27632 on haploidy

maintenance. The results showed that 3 mM and 4.5 mM

RO-3306, and 30 mM and 40 mM Y-27632, could significantly

suppress diploidization (Figure 2C, p < 0.001; Figure 2D,

p < 0.05 and p < 0.001). The haESCs cultured with RO-3306

and Y-27632 showed normal morphology, karyotype, and plu-

ripotency gene expression (Figures S3A–S3C). Furthermore,

RO-3306 or Y-27632 treatment has no significant effect on cell

growth curve (Figure S4B), proliferation (Figures S4D and S4E),

or apoptosis (Figures S4F and S4G) of haESCs within 4 pas-

sages. DNA content analysis revealed that RO-3306 and

Y-27632 did not increase the proportion of diploid cells in G0

or G1 phase compared with the control, indicating that their

effects were not caused by G0/G1 arrest (Figure S4C). We also

tested the effects of RO-3306 and Y-27632 on ploidy mainte-

nance on independent haESC lines, and both chemicals could

exert consistent and significant inhibition of diploidization in all

tested cell lines, suggesting that their effects were not cell line

dependent (Figures 2E and 2F). To test the effects of RO-3306



Figure 2. Inhibitors of CDK1 and ROCK

Suppress the Diploidization of haESCs

(A) Effects of different inhibitors on ploidy mainte-

nance of haESCs (haESC lines AH129-1 and

PHGFP-1); more than 2 independent experiments

for each molecule.

(B) DNA content analysis showed that, after

4 passages (16 days), the percentages of haploidy

in haESCs treated with CDK1 and ROCK inhibitor

(PHGFP-1 and AH-2; n = 3 repeated experiments)

were much higher than that of control haESCs

(DMSO treated).

(C and D) The effects of different concentrations of

RO-3306 (C; PHGFP-1; n = 3 repeated experi-

ments) and Y-27632 (D; AH129-1; n = 3 repeated

experiments) on haploidy maintenance of haESCs

after a 20-day culture; 3 repeated experiments.

Student’s t test. Error bars represent mean ± SD.

(E and F) The effects of 4.5 mM RO-3306 (E; n = 6

different haESC lines [AH-1, AH-H2B-GFP-2,

AH129-1, AH129-2, PHGFP-1, and PH129-1] with

16 independent experiments) and 30 mM Y-27632

(F; n = 3 different haESC lines [AH129-1, AH129-2,

and PHGFP-1] with 6 independent experiments)

treatment on haESC lines.

*p < 0.05; **p < 0.01; ***p < 0.001, Student’s t test.

Error bars represent mean ± SD.

See also Figures S2–S4 and Tables S1 and S3.
and Y-27632 on mitotic slippage rates, the division of H2B-GFP

haESCs under DMSO, Ro-3306, and Y-27632 treatment was

traced by live-cell imaging. The results showed that RO-3306

(n = 460 dividing cells) and Y-27632 (n = 1,707 dividing cells)

can significantly reduce the mitotic slippage (Figure S4A).

Induction and Characterization of Haploid NSCLCs from
Mouse haESCs
Next, we examined whether haploid neural stem-cell-like cells

(NSCLCs) could be differentiated frommouse haESCs. To induce

NSCLCs, mouse haESCs were differentiated into embryoid

bodies (EBs) in N2B27 medium with Y-27632 for 3 days, and

then the EBs were re-plated on PDL/laminin-coated dishes for

about 30 days (Figure 3A). The results showed that 20 mM

Y-27632 treatment (adopted for the following differentiation

experiments) was enough to generate haploid somatic cells (Fig-

ure 3B). DNA content analysis at day 10 after differentiation

showed that only 2.3%of total cellswere still haploid in the control

group, consistent with previous reports that differentiation could

result in rapid diploidization (Elling et al., 2011; Leeb and Wutz,

2011) (Figure 3C). However, around 91.5% of the differentiated

cellsmaintainedahaploid state byY-27632 treatment, suggesting

that Y-27632 could suppress the differentiation-induced diploid-
Cell Rep
ization (Figure 3C). These differentiated

cells could proliferate in a haploid state in

neural stem cell (NSC) culture medium

containing fibroblast growth factor

2 (FGF2) and epidermal growth factor

(EGF) (Figure 3D), and exhibited NSC-like

morphology (Figure 3E). Moreover, they

expressed typicalNSCmarker genesNes-
tin, Sox2, N-cadherin, Zfp521, and Pax6, as revealed by qPCR

analysis and immunostaining analysis (Figures 3F and 3G). These

results collectively suggested that the haESCs could be differenti-

ated into haploid NSCLCs by ROCK inhibitor Y-27632 treatment.

Haploid NSCLCs Can Differentiate into Haploid Neurons
and Astrocytes
To examine whether terminally differentiated haploid cells could

be generated, we further differentiated haploid NSCLCs into

neurons and astrocytes using Y-27632. Ten days after with-

drawal of FGF2 and EGF, approximately 8.56% of differentiated

NSCLCs expressed neuron marker Tuj1, and 19% expressed

astrocyte marker GFAP. DNA content analysis of Tuj1-positive

neurons and GFAP-positive astrocytes showed that a high pro-

portion of cells were still haploid (Figures 4A–4D), indicating

the generation of haploid neurons and astrocytes from haESCs.

Single-cell genome sequencing analysis of the haploid Tuj1-pos-

itive neurons reveals no large genomic deletion, insertion, or

consistent copy number variation, indicating the maintenance

of genome integrity during haESC differentiation in a haploid

state (Figure 4E). After 3-week in vitro maturation, the differenti-

ated cells developed into mature neurons expressing microtu-

bule-associated protein 2 (MAP2) (Figure 4F). Notably, the
orts 20, 2227–2237, August 29, 2017 2229



Figure 3. Generation and Characterization of Haploid NSCLCs from haESCs with Y-27632 Treatment

(A) Strategy overview for differentiation of haploid NSCLCs from haploid ESCs.

(B) The effects of different concentrations of Y-27632 on haploidy maintenance of differentiated haESCs (AH129-1; n = 3 independent repeated experiments).

Student’s t test. Error bars represent mean ± SD. **p < 0.01; ***p < 0.001.

(C) Representative of FACS analysis of the proportion of haploid cells with (right) or without (left) Y-27632 treatment on day 10 of differentiation (AH129-1,

AH129-2, and PH129-1; n = 4 independent repeated experiments).

(D) Representative chromosome spreads of haploid NSCLCs (AH129-1; n = 3 independent repeated experiments). Scale bar, 100 mm.

(E) Morphology of haploid NSCLCs cultured in dishes (AH129-1, n = 3 independent repeated experiments).

(F) Gene expression analysis for key NSC markers Nestin, Sox2, N-Cadherin, and Zfp521. Diploid ESC line F1_45 and diploid NSC line C_C12 were used as

controls (n = 3 repeated experiments). Error bars represent mean ± SD.

(G) Immunostaining of NSC markers Nestin, Sox2, and Pax6 in haploid NSCLCs (AH-NSCLCs1, AH-NSCLCs2, and PH-NSCLCs1; n = 3 repeated experiments).

Scale bars, 100 mm.

See also Table S1.
MAP2-positive cells remained haploid by DNA content analysis

(Figure 4G). These neurons expressed Synapsin, a marker for

synaptic formation in vitro (Figure 4H), and could generate

Na+/K+ currents and single-evoked action potential by electro-

physiological tests using the whole-cell patch-clamp technique

(Figures 4I and 4J), indicating the successful generation of

haploid terminally differentiated mature neurons.

haESCs Can Differentiate into Haploid Cardiomyocytes
and Pancreatic Progenitors
Next, we explored whether the haESCs could differentiate into

haploid somatic cells of mesoderm and endoderm lineages by
2230 Cell Reports 20, 2227–2237, August 29, 2017
treatment with Y-27632. First, we differentiated haESCs into

cardiomyocytes using a protocol modified from a previous report

(Kattman et al., 2011) (Figure 5A). Haploid cardiac precursor cells

were observed by day 6 (Figure S5). Beating cardiomyocytes

emerged after 12-day differentiation, which expressed the

marker gene cardiac troponin-T (cTnT) (Figures 5B and 5C;

Movie S1). DNA content analysis by FACS revealed that nearly

all cTnT-positive cells maintained a haploid genome, indicating

the generation of haploid cardiomyocytes from haESCs (Fig-

ure 5D). We next differentiated haESCs into pancreatic lineage

cells using differentiation medium containing Y-27632 (Fig-

ure 5E). After 16 days of differentiation, the haESCs could



generate a portion of Pdx1-positive pancreatic progenitors

(Figures 5F and 5G). DNA content analysis showed that

these Pdx1-positive cells were haploid (Figure 5H). Taken

together, these results suggested that haESCs were able to

differentiate into haploid somatic cells of mesoderm and endo-

derm lineages.

Haploid NSCLCs as a Tool for High-Throughput Genetic
Screening
To demonstrate the feasibility of using haESC-derived haploid

somatic cells for genetic screening, we transfected the haploid

NSCLCs with a piggyBac transposon-based gene-trap vector

(Ding et al., 2005) carrying a neor gene to generate insertional

mutations. After 6 days of selection, we identified the insertion

sites by splinkerette PCR-based sequence analysis. The results

showed that the insertion sites evenly spread in all chromo-

somes, suggesting the genome-wide coverage of mutations

(Figures S6A and S6B). We randomly picked 8 NSCLC colonies

and amplified the insertional sites with site-specific primers. Only

the mutant allele, but not the wild-type allele, could be amplified,

verifying the efficient homozygous mutation in haploid NSCLCs

(Figure 6A). It has been reported that neural cells are more sus-

ceptible to Mn2+-induced toxicity, compared with other cell

types (Chen et al., 2015b). We then performed a genetic screen

to identify genes regulating the neural toxicity of MnCl2 by using

the mutant library of haploid NSCLCs (Figure 6B). After MnCl2
treatment for 4 days, all wild-type haploid NSCLCs died; how-

ever, several cells from the mutant library were still alive (Fig-

ure 6C). We then collected the live cells and identified the

mutated genes in them. The sequencing results showed that

the mutated genes in these live cells were enriched in neural-

activity-related pathways such as synaptic transmission, mem-

brane potential, and ion transporter (Figure 6D). Notably, Park2

was among the most frequently mutated genes in two indepen-

dent screens (Figure 6E), and many insertion sites in the Park2

gene locus were detected in the surviving cells (Figure 6F). To

confirm the function of the Park2 mutation in resistance of

MnCl2 toxicity, we directly knocked out the Park2 gene in wild-

type NSCs by co-transfection with the Cas9-expressing vector

and two single-guide RNAs (sgRNAs) targeting Park2. After

MnCl2 treatment for 3 days, almost all NSCs died in the control

group; however, more than 30% of cells were still alive in the

Park2-targeting group (Figures 6G and 6H). Genotyping analysis

of the surviving cells from MnCl2 treatment confirmed the Park2

gene mutation, indicating that Park2 was involved in the toxicity

effect of MnCl2 on neural cells (Figure S6C).

DISCUSSION

The haESCs derived in multiple mammalian species have pro-

vided valuable resources for genetic screening and modification

in mammals. However, as the in vitro counterparts of early

embryonic cells, the haESCs are not suitable for genetic analysis

of phenotypes of adult cells and tissues, but the rapid diploidiza-

tion during haESC differentiation hindered the generation of

haploid somatic cells. Here, we showed that the diploidization

of the mouse haESCs was caused by the mitotic slippage. After

screening of a set of inhibitors of genes related to cell-cycle regu-
lation, we found that CDK1 and ROCK inhibitors could efficiently

suppress diploidization during the culture and differentiation of

haESCs. Moreover, haploid somatic cells representative of all

three germ layers, including the terminally differentiated neu-

rons, could be differentiated from haESCs by inhibitor treatment.

We also used the haploid NSCLCs for genetic screening of

genes involved in Mn2+ neurotoxin resistance and identified

multiple candidates including the Park2 gene. That was consis-

tent with the previous reports that Park2 deletion could decrease

Mn2+ accumulation in human neuron precursor cells (Aboud

et al., 2012) and that Park2 was involved in apoptotic activity

(Fujiwara et al., 2008; Gong et al., 2017; Konovalova et al.,

2015; Lee et al., 2012; Zhang et al., 2014). Hence, our findings

can expand the resources of mammalian haploid cells and

demonstrate the feasibility of using mouse haploid somatic cells

for efficient genetic screening. Although the recently emerged

CRISPR/Cas technology has enable efficient genetic screening

in diploid cells, the haploid-cell-based genome-wide genetic

screening still has advantages. For instance, the haploid cells

can be used to screen the SNP effect induced by chemical muta-

genesis (Forment et al., 2017). Hence, genetic screening with

haploid somatic cells can serve as a valuable alternative

approach in addition to the CRISPR-based genetic screening.

It remains elusive how the mammalian haploid cells sense the

haploidy and regulate the diploidization. Ploidy duplication can

be induced by the successive replication in S phase of the cell

cycle, or by direct entering into G1/S phase of the next cell

cycle without division, which is known as mitotic slippage (Brito

and Rieder, 2006). We found that mitotic slippage was the pri-

mary cause of diploidization of mouse haESCs and that CDK1

and ROCK chemical inhibitors could suppress the diploidiza-

tion. Previous studies have shown that inhibition of CDK1 activ-

ity could attenuate G2/M transition (Enomoto et al., 2009;

Pagano, 2004), while cyclin B1 degradation-induced decrease

of CDK1 activity could promote metaphase-to-anaphase transi-

tion (Vázquez-Novelle et al., 2014). Therefore, inhibition of

CDK1 may help to release the arrest of metaphase-to-anaphase

transition during haESC diploidization. CDK1 inactivation during

mitosis is achieved through degradation of cyclin B by the

anaphase-promoting complex/cyclosome (APC/C) (Murray

et al., 1989; Peters, 2006). Hence, the suppression effect of

CDK1 inhibition on diploidization suggests that the APC/C

activity may be insufficient in haESCs, which further leads to

diploidization. Since ROCK has an important role in regulating

cell contractility by acting on the cytoskeleton (Ramanathan

et al., 2015), the effect of ROCK inhibition on diploidization is

probably due to the direct alteration of the mechanical force

required for cell division. Studies on the role of CDK1 and

ROCK in diploidization may shed light on ploidy maintenance

mechanisms in the future.

EXPERIMENTAL PROCEDURES

Live-Cell Fluorescent Imaging

The androgenetic haploid cell lines carrying H2B-GFP were established from

haploid androgenetic embryos, as described previously (Li et al., 2012). The

H2B-GFP transgenic mice were obtained from Beijing Vital River Laboratory

Animal Technology. The fluorogenic, cell-permeable reagent SiR-Tubulin

(Cytoskeleton, CY-SC002) was used to image tubulin in living cells.
Cell Reports 20, 2227–2237, August 29, 2017 2231



Figure 4. Characterization of Terminally Differentiated Haploid Neurons
(A) Immunostaining of neuron marker Tuj1 of the haESC-differentiated cells. Scale bar, 100 mm. AH-NSCLCs1 was used for differentiation experiments; n = 3

repeated experiments.

(B) FACS analysis of the proportion of haploid cells in Tuj1-positive neurons. Diploid ESCs stained with the same antibody were used as a staining control (shown

as gray area). AH-NSCLCs1 and PH-NSCLCs1 were used for differentiation experiments; n = 3 repeated experiments.

(C) Immunostaining of astrocyte marker GFAP of the haESC-differentiated cells. Scale bar, 100 mm.

(legend continued on next page)
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Haploid ESC Culture

The mouse parthenogenetic and androgenetic haploid ESC lines were

cultured on a feeder layer in N2B27 medium plus 2i + mLIF, as described

previously (Ying et al., 2008). The N2B27 medium consists of DMEM/F12

(GIBCO, 11320-033) and Neurobasal (GIBCO, 21103-049) at a ratio of 1:1

and was supplemented with 1% N-2 supplement (GIBCO, 17502048), 0.5%

B-27 supplement (GIBCO, 17504044), 20 ng/mL BSA (Sigma, A3803),

10 mg/mL insulin (Roche Applied Science, 11376497001), GlutaMAX (1003;

GIBCO, 10565-018), 5% knockout serum replacement (KOSR; GIBCO,

12618013), b-mercaptoethanol (10003, GIBCO, 21985023), and penicillin-

streptomycin (1003; GIBCO, 15140163). 2i + mLIF consisted of the following:

1 mM PD0325901 (MEK inhibitor; Stemgent, 04-0006), 3 mM CHIR99021

(GSK3b inhibitor; Stemgent, 04-0004), and 1,000 U/mL mLIF (Millipore,

ESG1107). The medium was changed daily, and the haESCs were disaggre-

gated and passaged by 0.25% Trypsin-EDTA (GIBCO, 25200-072) every

3 to 5 days. Cells were maintained in an incubator at 37�C and 5% CO2.

Purification of Haploid Cells and DNA Content Analysis

Haploid cells were purified and analyzed by FACS using a protocol modified

from a previous report (Leeb and Wutz, 2011). Briefly, single-cell suspensions

were obtained by trypsin-EDTA digestion and repetitive pipetting and sieved

through a 40-mm cell strainer. Haploid cells (1C) were incubated with

10 mg/mL Hoechst 33342 (Invitrogen, H3570) for 15–20 min at 37�C before

analysis. Data were collected with a BD FACS Aria II cell sorter (BD Biosci-

ences) and MoFlo XDP cell sorter (Beckman-Coulter). Diploid ESCs (2C)

were used as a control.

The percentage of haploid cells was calculated based on the percentages of

1C peak (including haploid cells at G1 phase), 2C peak (including haploid cells

at G2/M phase and diploid cells at G1 phase), and 4C peak (including diploid

cells at G2/M phase). The formula is shown below, according to the previous

literature (Li et al., 2012; Xu et al., 2017).

Haploid G1 phaseð%1CÞ
Haploid G2=M phaseð%xÞ=

Diploid G1 phaseð%2C�%xÞ
Diploid G2=M phaseð%4CÞ :

The percentage of total haploid=%1C+%x:

EdU and Phospho-Histone H3 (Ser10) Assay

ESCs were treated with DMSO, Ro-3306 (4.5 mM; Biovision, 2039-1), and

Y-27632 (30 mM; Selleck, S1049) for 4 passages, respectively. The Click-iT

EdU Alexa Fluor 488 Imaging Kit (Thermo Fisher Scientific, C10337) was

used to detect cell DNA replication. Briefly, ESCs were labeled with EdU for

35 min followed by cell fixation, permeabilization, EdU detection, and

DNA staining were performed according to the manual posted on the

website (https://www.thermofisher.com/order/catalog/product/C10337). An

anti-phospho-histone H3 (Ser10) antibody (Cell Signaling Technology, 9708)

was used to assay mitotic phase by immunofluorescence microscopy.

Apoptosis/Necrosis Measurement

The Annexin V-FITC Apoptosis Detection Kit (Abcam, ab14085) was used to

detect cell apoptosis. Briefly, (1) haESCs were treated with DMSO, Ro-3306

(4.5 mM), and Y-27632(30 mM) for 4 passages, respectively; (2) cells were

gently trypsinized and washed once with serum-containing media before incu-

bation with annexin V-FITC (fluorescein isothiocyanate); (3) 23 105 cells were

re-suspended in 500 mL of 13 Binding Buffer added with 5 mL annexin V-FITC

and incubated at room temperature for 5 min in the dark; (4) 5 mL propidium
(D) FACS analysis of the proportion of haploid cells in GFAP-positive astrocytes.

(shown as gray area). AH-NSCLCs1 was used for differentiation experiments; n

(E) Analysis of genome integrity of haploid neurons by single-cell genome seque

(F–H) In (F) and (H), immunostaining is shown of mature neuron markers MAP2 (F)

positive neurons. Diploid ESCs stained with the same antibody were used as a st

experiments; n = 3 repeated experiments. Scale bars, 100 mm.

(I and J) Detection of action potentials (I) and Na+ and K+ currents (J) in haplo

experiments; n = 3 repeated experiments.

See also Table S1.
iodide (PI; 50 mg/mL) was added before incubation for another 5 min. Cells

were then analyzed by FACS. As described by the manufacturer’s instruction,

annexin V�/PI� cells were viable; annexin V+/PI� cells were in early apoptosis,

and annexin V+/PI+ cells were in late apoptosis or necrotic.

Immunofluorescence Staining and Somatic Cell DNA Content

Analysis

For immunostaining, the samples were fixed with 4% paraformaldehyde (PFA)

for 20 min at room temperature, washed 3 times with PBS, and blocked with

2% BSA (diluted with 0.3% Triton X-100 in PBS) for 1 hr at room temperature.

The sampleswere then incubatedwith the primary antibodies overnight at 4�C.
On the second day, samples were washed for 3 times with PBS followed by

incubating with appropriate Alexa-Fluor-conjugated secondary antibodies

(diluted in 2% BSA) at 37�C for 1 hr. After incubation, the samples were

washed for 3 times with PBS and counterstained with DAPI (Sigma, D9542)

for 5 min at room temperature. Images were taken using a confocal micro-

scope (ZEISS, LSM 780 META). The primary antibodies used were as follows:

anti-Nestin (Millipore, MAB353), anti-Sox2 (Millipore, AB5603), anti-Pax6

(Abcam, ab5790), anti-Tuj1 (Millipore, MAB1637; Covance, MRB-435P),

anti-cTnT (Abcam, ab8295), anti-Pdx1 (Abcam, ab47383), anti-Map2 (Abcam,

ab32454), and Anti-Synapsin I (Mllipore, AB1543P). In a DNA content analysis

for haploid differentiated cells, the differentiated cells were gently pipetted to

single-cell suspension with a pipette (the appropriate trypsin digestion may be

alternative) after immunofluorescence staining with indicated antibody and

DAPI (DNA, Sigma), and flow analysis was performed after the cells were

filtered with a 400-mesh cell sieve.

Differentiation of Mouse haESCs into NSCLCs

The method used to differentiate the mouse haESCs into NSCLCs was sche-

matically summarized in Figure 3A. Briefly, themouse haESCswere cultured in

suspension for EB formation for 3 days. After 3 days, the EBs were plated onto

dishes coated with 0.2% gelatin (Sigma, G1890), and the medium was

changed to NSCLC differentiation medium. The NSCLC differentiation

medium consists of N2B27 medium supplemented with 20 ng/mL FGF2

(R&D Systems, 233-FB-001MG/CF), 20 ng/mL EGF (R&D, 2028-EG-200),

300 nM LDN193189 (MedChemExpress [MCE], HY-12071A), 10 mM

SB431542 (Stemgent, 04-0010-10), and a ROCK inhibitor (20 mM Y-27632 or

4 mM Thiazovivin [MCE, HY-13257] or 10 mM Y-27632 plus 2 mM Thiazovivin).

Five days later, when the cells became confluent, cells were dissociated into

single cells, plated on dishes coated with poly-D-lysine (10 mg/mL, Sigma,

P6407) and laminin (10 mg/mL; Invitrogen, 23017-015), and cultured in NSCLC

medium for another 4 days. At day 10 after initial induction, the differentiated

cells were dissociated for DNA content analysis.

Differentiation for Haploid Neurons and Haploid Astrocytes

For haploid neuron differentiation, the haploid NSCLCs were attached on

dishes coated with poly-D-lysine (10 mg/mL) and laminin (10 mg/mL) and were

cultured with N2B27 medium supplemented with 20 ng/mL NT-3 (Peprotech,

450-03; 10 mg), 20 ng/mL brain-derived neurotrophic factor (BDNF;

Peprotech, 450-02; 10 mg), and 20 mM ROCK inhibitor Y-27632 (MCE) for

more than10 days for neuronalmaturation. For haploid astrocyte differentiation,

the haploid NSCLCs were attached on dishes coated with poly-D-lysine

(10 mg/mL) and laminin (10 mg/mL) and were cultured with N2B27 medium sup-

plemented with 2% FBS (GIBCO, 10099141) and 20 mM ROCK inhibitor

Y-27632 (MCE) for 14 days. FACS was used to analyze the ploidy of the Tuj1-

positive neurons or GFAP (anti-GFAP, Thermo, A21282)-positive astrocytes.
Diploid ESCs stained with the same antibody were used as a staining control

= 2 repeated experiments.

ncing.

and Synapsin (H). (G) FACS analysis of the proportion of haploid cells of MAP2-

aining control (shown as gray area). AH-NSCLCs1 was used for differentiation

id neurons derived from haESCs. AH-NSCLCs1 was used for differentiation
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Figure 5. Generation and Characterization of Haploid Cardiomyocytes and Pancreatic Progenitor Cells from haESCs with Y-27632

Treatment

(A–H) In (A) and (E), strategy overviews are shown for differentiation of cardiomyocytes (A) and pancreatic cells (E) from haploid ESCs. (B and F) Immunostaining of

cardiomyocyte marker cTnT (B) and pancreatic marker Pdx1 (F) of the haESC-differentiated cells. Scale bars, 100 mm. (C and D) FACS analysis of the proportion

(C) and the haploidy ratio (D) of cTnT-positive cells. Diploid ESCs stained with the same antibody were used as a staining control (shown as gray area). (G and H)

FACS analysis of the proportion (G) and the haploidy ratio (H) of Pdx1-positive cells. Diploid ESCs stained with the same antibody were used as a staining control

(shown as gray area). AH129-1 was used for all differentiation experiments; n = 2 repeated experiments.

See also Figure S5, Table S1, and Movie S1.
Differentiation for Haploid Cardiomyocytes

The method used to differentiate the mouse haESCs into cardiomyocytes

was schematically summarized in Figure 5A. The mouse haploid ESCs

were induced to form embryoid bodies (EBs) by suspended culture in

N2B27 medium supplemented with 10% KOSR (GIBCO) for 2 days. EBs

were plated on dishes coated with fibronectin (20 mg/mL; Millipore, fc010)

and cultured in cardiomyocyte differentiation medium for another 5 days.

The cardiomyocyte differentiation medium consists of DMEM/F12 (GIBCO)

with 10% KOSR (GIBCO), 10 ng/mL Bmp4 (Peprotech, 120-05ET),

10 ng/mL activin A (R&D, 338-AC-050/CF), 6 mM CHIR99021 (Stemgent),
2234 Cell Reports 20, 2227–2237, August 29, 2017
and 20 mM Y-27632 (MCE). At day 5 after initial induction, CHIR99021

was replaced by 2 mM IWR1 (Sigma, I0161). At day 7, the differentiation

medium was changed into DMEM/F12 (GIBCO) with 10% KOSR (GIBCO)

and 20 mM Y-27632 (MCE) for another 14-day culture. At day 6 of differen-

tiation, the DNA content of Sca1 (anti-Sca1; Abcam, ab25031)-positive,

CD90 (anti-CD90; Abcam, ab226)-positive, and c-kit (anti-c-kit; Abcam,

ab25495)-positive cardiac precursor cells were each analyzed by FACS,

and cTnT (anti-cTnT, Abcam)-positive cardiomyocytes were identified by

immunofluorescence staining and analyzed for DNA content by FACS after

12 days of differentiation.



Figure 6. Genetic Screening with Haploid

NSCLCs

(A) PCR verification of the piggyBac insertion

sites in 8 different colonies. Red arrows repre-

sent location of PCR primers. The left panel

shows the detected wild-type gene loci, and the

right panel shows the detected insertion sites.

Genes on the left are the identified gene loci in

each colony. M, marker; WT, wild-type cells

without piggyBac insertion; H2O, PCR without

DNA template.

(B) Schematic diagram of genetic screening in

haploid NSCLCs to identify genes involved in

MnCl2 neurotoxicity.

(C) Cells after MnCl2 treatment for 4 days. The

white arrow indicates cells that survived after

treatment.

(D) Gene enrichment analysis of mutant genes in

the cells that survived after MnCl2 treatment.

(E) Mutation frequency in two independent

screening experiments. Genes are ranked by the

mutation reads. The red point represents Park2 in

each experiment. Note that Park2 is among the

most frequently mutated genes in the two ex-

periments.

(F) Insertion sites and mutation frequency in the

Park2 locus in two independent screening

experiments (AH-NSCLCs-1, n = 2 repeated

experiments).

(G) WT NSCs transfected with Park2 sgRNAs

after MnCl2 treatment for 3 days. WT, wild-type

control. (NSC_12, n = 3 repeated experiments).

(H) Survival rate of cells transfected with

Park2 sgRNAs after MnCl2 treatment for

3 days, compared with the wild-type control.

***p < 0.001. (NSC_12, n = 3 repeated experi-

ments).

Scale bars, 100 mm. Error bars represent

mean ± SD. See also Figure S6 and Table S1.
Differentiation for Haploid Endodermal Somatic Cells

The method used to differentiate the mouse haESCs into endodermal

somatic cells was schematically summarized in Figure 5E. Briefly, the mouse

haploid ESCs were induced to form EBs by suspension in N2B27 medium

with 10% KOSR for 2 days. Then, the EBs were plated on dishes coated

with fibronectin (20 mg/mL) and cultured in medium consisting of DMEM/

F12 (GIBCO) with 10% KOSR (GIBCO), 100 ng/mL activin A (R&D), 3 mM

CHIR99021 (Stemgent), and 20 mM Y-27632 (MCE) for 5 days. At day 7,
Cell Rep
the medium was changed into DMEM/F12

(GIBCO) with 10% KOSR (GIBCO) and 20 mM

Y-27632 (MCE). Pdx1 (anti-Pdx1, Abcam)-posi-

tive endodermal somatic cells were identified by

immunofluorescence staining and analyzed for

DNA content by FACS after 16 days of

differentiation.

Karyotype Analysis of Haploid NSCLCs

NSCLCs were incubated with 0.2 mg/mL noco-

dazole (Sigma, M1404) for 3 hr. After trypsiniza-

tion, the NSCLCs were suspended in 0.075 M

KCl at 37�C for 30 min. Then, the cells were

fixed with solution consisting of methanol and

acetic acid (3:1 in volume) for 30 min and then

were dropped onto pre-cleaned slides. The cells
were stained with Giemsa stain (Sigma, GS500ML) or Hoechst 33342 for

15 min after being incubated in 5 M HCl. More than 20 metaphase spreads

were analyzed.

Generation of a Mutant Library of Haploid NSCLCs and Inverse PCR

To generate the mutant library, 107 of haploid NSCLCs were transfected

using Lipofectamine LTX and PLUS reagents (Invitrogen, 15338100) with

20 mg piggyBac gene-trapping plasmid and 10 mg codon-optimized
orts 20, 2227–2237, August 29, 2017 2235



piggyBac transposase. G418 was used to select gene-trap insertions. An

adapted inverse PCR protocol was based on a previous report (Chen

et al., 2015a).

Splinkerette PCR-Based Sequence Analysis

To identify the trapping sites of a piggyBac transposon in a pool of cells, the

splinkerette PCR protocol was performed as previously described (Leeb

et al., 2014; Li et al., 2014; Potter and Luo, 2010). In brief, the integration sites

in genome were amplified using nested PCR after ligation with splinkerette

adapters, and the PCR products were sequenced on the HiSeq 2500.

Only the reads containing the piggyBac sequences were used for the align-

ment analysis, and after trimming the piggyBac and adaptor sequences by the

perl scripts, the reads were aligned to the mouse reference genome (mm9) by

the BWA (Li and Durbin, 2009) with default parameters. The alignments with

unique genomic location used for the next analysis. As previously described

(Li et al., 2014), the alignments were used to calculate distribution mode in

different genomic regions, such as the UTR, CDS, and intergenic regions,

and the alignments genome-wide were shown by the ggbio package (Yin

et al., 2012). Gene Ontology (GO) enrichment analysis were performed by

GOEAST (Zheng and Wang, 2008). The alignments distributed in Park2 gene

region were shown by an IGV browser (Robinson et al., 2011).

Manganese (II) Neurotoxicity Screen

A mutated library of haploid NSCLCs was exposed to a lethal dose (1 mM) of

manganese (II) chloride for 4 days, and the wild-type haploid NSCLCs were

used as control. DNA of the survived cells was enriched and then subjected

to inverse PCR for insertion site analysis by deep sequencing.

Statistical Analysis

All statistical data were analyzed and are presented as means ± SD. The

unpaired two-tailed Student’s t test was used to calculate statistical signifi-

cance with p values. The p values < 0.05 were considered as significantly

different. ***p < 0.001, **p < 0.01, *p < 0.05, and p > 0.05 were considered

non-significant.
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