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ABSTRACT

Forward genetic screens using mammalian embry-
onic stem (ES) cells have identified genes required
for numerous cellular processes. However, loss-of-
function screens are more difficult to conduct in
diploid cells because, in most cases, both alleles
of a gene must be mutated to exhibit a phenotype.
Recently, mammalian haploid ES cell lines were suc-
cessfully established and applied to several reces-
sive genetic screens. However, all these screens
were performed in mixed pools of mutant cells and
were mainly based on positive selection. In general,
negative screening is not easy to apply to these
mixed pools, although quantitative deep sequenc-
ing of mutagen insertions can help to identify some
‘missing’ mutants. Moreover, the interplay between
different mutant cells in the mixed pools would inter-
fere with the readout of the screens. Here, we devel-
oped a method for rapidly generating arrayed haploid
mutant libraries in which the proportion of homozy-
gous mutant clones can reach 85%. After screening
thousands of individual mutant clones, we identi-
fied a number of novel factors required for the on-
set of differentiation in ES cells. A negative screen
was also conducted to discover mutations confer-
ring cells with increased sensitivity to DNA double-
strand breaks induced by the drug doxorubicin. Both
of these screens illustrate the value of this system.

BACKGROUND

Loss-of-function genetic screens using mammalian cell lines
are valuable tools to identify genes required for numerous
cellular processes (1,2). Genome-wide libraries of homozy-
gous mutant cells are the substrates for conducting these

screens, but the diploid nature of mammalian genomes
hampers the generation of these mutants. Given this dis-
advantage, large-scale genetic screens cannot be conducted
as widely as those in yeast, Drosophila or Caenorhabditis
elegans, in which genome-wide homozygous mutation li-
braries can easily be generated (3-5). We and others have
previously reported methods to selectively isolate homozy-
gous mutant cells from a mixed population of heterozygous
and homozygous cells that were generated using a general
Cre-loxP and gene trap-based mutagenesis strategy (6,7).
Although homozygous mutants in hundreds of genes have
been obtained, it is still a time-consuming and laborious
task to create a genome-wide library of cells with null mu-
tations. Recently, a near-haploid human leukemia cell line
and its derivatives have been used to isolate loss-of-function
mutants and to perform several genetic screens successfully
(8-15). This cell line has great potential for functional ge-
nomics, but the phenotypes that can be screened are limited
to those accessible in transformed lymphoid cells.
Mammalian embryonic stem (ES) cells retain unlimited
self-renewal potential in culture and can be induced to dif-
ferentiate into all somatic cell types under appropriate cul-
ture conditions. Thus, these cells offer powerful approaches
to study gene function more widely than before (16,17).
In 2011, two groups reported the isolation and establish-
ment of haploid mouse ES cell lines (18,19) that resemble
diploid ES cells in their proliferation and pluripotent ca-
pacity (20). Haploid ES cells were also applied to generate
large pools of random mutations in combination with retro-
viral or transposon-based mutagenesis, and to conduct a
few small- or large-scale genetic screens, including studies
to identify genes responsible for resistance to lectin toxins
and the clinical poly(ADP-ribose) polymerase inhibitor ola-
parib (19,21), the identification of factors driving the dif-
ferentiation of ES cells (22), and the silencing factors in-
volved in X chromosome inactivation (23). However, all
these screens were performed in mixed pools of a vast num-
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ber of mutant cells, indicating that the null mutants of inter-
est must be selected either positively using a lethal drug or
indirectly using an artificial cellular reporter construct. Re-
cently, a genome-wide barcode transposon screen was used
to identify drug-sensitive phenotypes, but the screen was
still performed in mixed pools (24). Thus, the application
of haploid ES cells in genetic screening remains limited. An
arrayed clonal library of haploid ES cells, each with a dif-
ferent gene mutation, could certainly facilitate recessive ge-
netic screens (25).

In this study, we use haploid ES cells and piggyBac (PB)
transposons to construct arrayed homozygous mutant li-
braries rapidly, and we apply this technology to a posi-
tive genetic screen to identify ‘exit-from-pluripotency’ fac-
tors and to a negative genetic screen to identify muta-
tions conferring increased sensitivity to the DNA double-
strand break (DSB)-inducing drug doxorubicin. Moreover,
the established arrayed mutation libraries can serve as open
resources for a wide variety of phenotype-driven genetic
screens. The method significantly expands the scope of ge-
netic screening and facilitates functional studies of mam-
malian genomes.

MATERIALS AND METHODS
Cell culture

Haploid mouse ES cell line AGH-OG-3 (26) was kindly
provided by Prof. Jinsong Li (Institute of Biochemistry
and Cell Biology, Shanghai). The cell culture was modi-
fied from a previous study (27). The cells were cultured
on y-irradiated DR4 Mouse Embryonic Fibroblast (MEF)
(28) feeder cells (neomycin, hygromycin, puromycin and
6-thioguanine-resistant) in ES Cell medium supplemented
with 15% fetal bovine serum (FBS), 1000 U/ml leukemia
inhibitory factor (LIF), 3 pM CHIR99021 and 1 pM
PD0325901. The cells were cultured at 37°C with 5% CO,
in a humidified environment. After 3-4 passages of culture,
haploid ES cells were purified by fluorescence-activated cell
sorting (FACS). The dissociated cells were incubated with
10 pg/ml Hoechst 33342 dye at 37°C for 30 min, and the
haploid In peak was purified with a BD FACSAria IT flow
cytometer with an excitation wavelength of 407 nm (violet
laser) for further culturing. Flow cytometric data were ana-
lyzed using BD FACSDiva software. Mouse diploid ES cell
line ABI and its derivatives were cultured on +y-irradiated
MEF feeder cells in ES cell culture medium supplemented
with 15% FBS and 1000 U/ml LIF. In all experiments, the
cells were counted using a Scepter™ cytometer (Millipore).

Construction of PBDGTY vector

The PBDGTYV vector was constructed based on the TNN
vector previously described (6). First, the selection cassette
was inversed by Cre recombinase in vitro (NEB), and it
conferred the resistance to the drug puromycin. The cas-
sette neo-SV40 pA was then deleted by restriction enzyme
Psp XI (NEB). The 7.6 kb fragment was extracted using
agarose gel and self-ligated using T4 DNA Ligase (NEB).
The final vector was confirmed by restriction digestion and
sequencing. This vector was named PBDGTV (piggyBac
based Dual Gene Trap Vector), and full sequence of these
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vectors is available from GenBank under accession number
(KU179219). The PBDGTYV plasmid will be available from
Addgene (#100859).

Embryoid body (EB) formation

EBs were formed from diploid ES cells AB1 as previously
described (29). Briefly, cultured ES cells were dissociated
with trypsin on the day of passage and sedimented for 30
min at 37°C. A total of 1.5 x 10° cells were transferred
to low attachment 90-mm-diameter bacteriological-grade
Petri dishes in differentiating medium containing knock-
out DMEM (KO-DMEM), 15% FBS, 2 mM GlutaMax,
1% non-essential amino acids (NEAA), and 100 pM B -
mercaptoethanol. The cultures were replaced with fresh dif-
ferentiation medium every other day. EBs were cultured for
10 more days.

Generation of the genome-wide arrayed mutant library

For mutagenesis, haploid ES cells with a high 1n peak were
purified by FACS and were further cultured for 5-6 days.
Ten million cells were transfected by electroporation (230 V,
500 pwF; Bio-Rad Gene Pulser) with 1 wg PBDGTYV trans-
poson donor plasmid and 10 pwg pCMV-hyPBase trans-
posase expression plasmid. After electroporation, the cells
were plated onto 90-mm feeder plates. Puromycin selection
(3 pg/ml) was initiated 24 h later and continued for 5 days
until individual ES cell clones were visible. The puromycin-
resistant clones within each plate were pooled and expanded
for 4 days to generate one library called the haploid piggy-
Bac library (HPBL).

To generate the genome-wide mutant arrayed library,
cells from one mutant pool were plated at a low density
and sclected against by puromycin (1.5 pg/ml) after 24—
36 h. After clonal expansion, single clones were picked
from each dish and plated onto 96-well plates for further
culture. Each plate contained 92 mutant clones, and the
four wells at the corners remained empty for plating posi-
tive (mTcf3~/~-E9 and mTcf3~/~-F6) and wild-type (AGH-
OG-3) controls in the subsequent screening. When the cells
were confluent, they were split at 1:3 and used for further
screens. In this study, we plated and assessed the phenotypes
and GFP expression manually. The arrayed haploid muta-
tion libraries are available upon request from the BEIJING
ZHONGYUAN LTD (http://www.sinozhongyuan.com/en/
Article_Show.asp?ArticleID=652) repository.

Splinkerette PCR to identify the transposon insertion sites

The Splinkerette-PCR method to identify the transpo-
son insertion sites was the same as that as previously de-
scribed (6). Briefly, genomic DNA was extracted, digested
and ligated with the corresponding Splinkerette adaptors
HMSp-Sau3A 1 (generated by annealing Splinkerette oligos
HMSpBb-Sau3Al with HMSpAa), followed by two rounds
of nested PCR.

DNA library preparation for Illumina

The optimized protocol for DNA library preparation for
Illumina based on two methods was the same as that previ-
ously described (30,31). Ten micrograms of genomic DNA
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from each mixed library was sheared by focused sonication
with a fragment size of ~200-400 bp using the Covaris son-
ication system (Covaris S220). The fragmented DNA was
purified using AMPure XP beads and analyzed on a 2%
agarose gel to examine the fragment sizes. The fragmented
DNA was distributed with a peak at ~300 bp. We used
the NEBNext Ultra DNA Library Prep Kit for Illumina
(NEB) to repair the ends of these fragments. We added 3’dA
overhangs and ligated the fragment with Splinkerette T-
overhang linkers (generated by annealing Splinkerette oli-
gos SplkTp with SplkTm). Then, the junction fragments for
the 3’ and 5 ends of the PiggyBac transposon (PB3’ ITR
and PB5’ ITR) were amplified in two consecutive Splink-
erette PCR rounds to generate PB3 and PBS5 libraries for
each pool. Approximately 750 ng of adaptor-ligated DNA
was used in the subsequent junction-fragment enrichment.
In the first round of PCR, a Splinkerette adaptor specific
primer Sp-1 and primer PB5-1 or PB3-1 that was specific
for the PBS’ ITR or PB3’ ITR, respectively, were used. The
reaction volume was 25 w1, and the annealing temperature
was 60°C for 30 PCR cycles. In the nested PCR round, 0.5
wl of the first-round PCR product was used as the template.
Primer P5-Sp-2 contained terminal adapter sequences (P5)
for Illumina solid-phase amplification and sequencing and
a Splinkerette adaptor-specific sequence. Primer PB5-2.a or
PB3-2.a contained sequences for [llumina sequencing and a
specific sequence for the PBS’ ITR or PB3’ ITR accordingly.
Other primers P7-PB-2.bn (n = 1, 2, 3, or 4) contained ter-
minal adapter sequences (P7) for Illumina solid-phase am-
plification, and a 6-base bar code followed by 13 bp that
overlapped with the 5" terminal sequence of primers PB5—
2.a or 3’ counterpart PB3-2.a accordingly. The PCR reac-
tion volume was 50 w1, and the final concentration of the P5-
Sp-2, PB5-2.a (or PB3-2.a) and P7-PB-2.bn primers were |
pM, 2 nM and 1 pM, respectively. The PCR cycling con-
ditions included an initial annealing temperature of 50°C
for 2 cycles, followed by an annealing temperature of 60°C
for 18 cycles. Two Illumina DNA libraries of each HPBL
based on PB3 and PBS5 were generated, and a size selec-
tion of 300-500 bp for fragmented DNA was performed
using AMPure XP beads following the manufacturer’s in-
structions. These libraries were sequenced on a single lane
of an Illumina HiSeq2000 device at BGI with pair-end reads
of 2 x 100 bases read lengths following the manufacturer’s
recommended conditions. The PhiX DNA was added to
libraries to increase complexity for Illumina sequencing.
The customized PB5-ITR sequencing primer SP-readl for
read 1, Read2_primer for read 2 and an indexing sequenc-
ing primer Index_primer were used to decode the barcode
of each library. Raw sequences were grouped into eight bins
based on the barcode sequences incorporated into primer
P7-PB-2.bn, and each barcode library included two paired-
end read files. The primer and adapter sequences are listed
in Supplementary Table S2.

Bioinformatic analysis

For the high-throughput libraries, the read pairs were
trimmed of adapters and PB tags before mapping to the
genome using a FASTX-toolkit (http://hannonlab.cshl.edu/
fastx_toolkit/commandline.html) with the default parame-

Nucleic Acids Research, 2017, Vol. 45, No. 22 el80

ter. The PB tag (TATCTTTCTAGGGTTAA) was removed
from the 5" end of the first mate with a custom script, and
the adapter sequence (ACTAGTGGT) was removed from
the 3’ end of the first mate, requiring an overlap of at least
3 nt. For the corresponding mate, the PB sequence was re-
moved from the 3’ end. The trimmed paired end reads were
aligned to the mouse reference genome (mm10) with Bowtie
2 software (http://bowtie-bio.sourceforge.net/bowtie2), al-
lowing two mismatches and selecting unique alignments. In
the case of the identification of an identical integration site
in independent screens, we considered it a potential cross-
contamination and assigned it to the library where it exhib-
ited the largest number of reads.

Negative screen on the arrayed mutant library

The primary high-throughput screens were conducted in
384-well plates. We passaged the arrayed mutant haploid
cell clones, which were cultured in 96-well plates, to 384-well
plates at a relative low cell density using the PIPETMAX
268 automated liquid handling platform (Gilson) to en-
sure the identity between duplicate wells. Thus, each mutant
clone has four repeat wells in a 384-well plate. Twenty-four
hours later, cells in half of the wells were treated with 0.01
pg/ml doxorubicin. Eight hours later, the culture medium
was changed to M15L without the drug. Seventy-two hours
later, the cells were stained with Hoechst 33342 (10 pg/ml,
Sigma) to identify the nucleus. The AGH-OG-3 haploid
cells contained the Oct4-EGFP transgenic fragment, so the
fluorescence intensity of GFP reflected the cell viability.
The cells were imaged and analyzed by a fluorescence-based
Cellomics ArrayScan high-content screening (HCS) Reader
(Thermo Fisher) using the Morphology Explorer BioAp-
plication. The optical fields were scanned with a 10 x ob-
jective lens to obtain the total number of cells per well.
Hoechst 33342 stained and GFP images were acquired us-
ing the 386/23 nm excitation and 460/40 nm emission filters
or 485/20 nm excitation and 535/50 nm emission filters re-
spectively. We employed Z-score analysis to determine the
potential candidate clones that became increased sensitivity
to doxorubicin. Next, a validation screen of these candidate
clones was conducted in 48-well plates with graded concen-
trations of doxorubicin, and cell viability was also detected
by the HCS Reader.

Z-scores were calculated using the formula: z = (X —
w)/s.d., where X is the sample value calculated according
to the number of surviving cells treated with doxorubicin
divided by the number of cells without doxorubicin treat-
ment, W is the mean value and s.d. is the standard deviation
of the entire population of one 96-well plate (32).

Reverse transcription PCR and quantitative real-time PCR

Total RNA was extracted from ES cells and EBs using
TRIzol reagent (Invitrogen). One microgram of total RNA
was reverse transcribed using the PrimeScript 1st Strand
cDNA Synthesis Kit (TaKaRa). cDNA was analyzed by
PCR using Premix Taq (TaKaRa) according to manufac-
turer’s instructions. For the mutant gene expression, PCR
primers were custom-designed to flank the insertion site of
the gene-trap cassette. A real-time PCR reaction was per-
formed in triplicate using Fast SYBR® Green Master Mix
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(Applied Biosystems) and run on a StepOne Plus Real-Time
PCR System (Applied Biosystems). The primer sets used
are listed in Supplementary Table S3. The amount of ACTB
expression was used to normalize all values.

PBase reversal

Five million mutant ES cells were electroporated with 20 wg
piggyBac transposase expression plasmid, and were plated
onto 90-mm feeder plates. Two days later, the cells were re-
plated at low density (1000 cells/90-mm plate) to allow the
growth of individual ES cell colonies. Clones were picked
into 96-well plates and the deletion of the PB transposon
was confirmed by PCR.

CRISPR/Cas system mediated-gene knockout in mouse ES
cells

To destroy the function of a candidate gene, we disrupted
the common exons within all transcripts. The sgRNA-
specifying oligo sequences spanning genes were chosen to
minimize the likelihood of off-target cleavage using publicly
available online tools (http://crispr.mit.edu/) and following
the protocol described by Zhang’s laboratory (33,34). The
sequences with the highest scores were chosen. A ‘G’ was
added to the 5" end of the sgRNA that contained no ‘G’ to
ensure optimal expression from the U6 promoter. Tcf3~/~
ES cell lines were established using the CRISPR /Cas sys-
tem in the haploid ES cell line. Two sgRNAs targeting exon
1 and exon 2 were designed to disrupt exon 2 of T¢f3.
The annealed oligos were cloned into pX330 to construct
the recombinant plasmid. The two pX330-sgRNA plas-
mids for each gene and a puromycin-selection plasmid, PB-
puro, were co-electroporated into AGH-OG-3 ES cells. Af-
ter 48 h of puromycin-selection, electroporated cells were
trypsinized and replated to allow the growth of ES cell
colonies. ES cell colonies were picked on day 7. Genomic
DNA was extracted from the cells, and PCR was performed
to analyze the targeted clones. PCR products were further
sequenced to confirm the knockouts. Of the 96 cell clones
that were genotyped using the PCR assay, 16 clones car-
ried a homozygous deletion of T¢f3, and 12 clones were het-
erozygous mutations. Potential off-target analysis was per-
formed as previously described (35). Two homozygous mu-
tants, mTcf3~/~-E9 and mTcf3~/~-F6, were selected for fur-
ther study.

To minimize off-target cleavage, we further employed a
double-nicking strategy using the Cas9 nickase (D10A) (36)
mutant with paired guide RNAs to disrupt candidate genes,
including Garnl3, SemaSa, Pde3a, Ifitdl, Cadps, CdkSrap2,
Phf21a and Gapt, in the AB1 ES cells. The sgRNAs were
cloned into the pX335 construct that expressed Cas9 nick-
ase (D10A). Gene knockout clones were identified by en-
zyme digestion of the PCR product combined with Sanger
sequencing. The sequences between each paired sgRNA
contained an enzyme site and could be digested by the
corresponding enzyme. When the paired sgRNAs induced
NHE]J at the target site, the enzyme site was lost, and the
length or number of cleavage bands was altered. The PCR
products were cloned into pMD18-T vectors (TaKaRa) and
sequenced. The oligos and primers are listed in Supplemen-
tary Table S2.
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Alkaline phosphatase staining

Five days after plating, the cells were fixed with 4%
paraformaldehyde for 2 min, washed in a rinse buffer,
and stained with the Leukocyte Alkaline Phosphatase Kit
(Sigma) following the manufacturer’s instructions. The pos-
itive colonies were counted using an inverted microscope
(Olympus, X41). For AP staining after LIF withdrawal,
‘undifferentiated” means AP-positive cells only, ‘partially
differentiated’ indicates a mixture of AP-positive and -
negative cells, and ‘totally differentiated’ represents AP-
negative cells only. These criteria have been used previously
(37,38).

Statistical analysis

The data are presented as the means + S.D. A two-tailed
Student’s ¢-test was used to analyze the significance. P <
0.05 was considered significant. Data analyses were per-
formed using GraphPad Prism software.

RESULTS

Generation and characterization of haploid genome-wide mu-
tant libraries

To generate a genome-wide mutant library, we used the hap-
loid mouse ES cell line AGH-OG-3 (26), which contains the
Oct4-EGFP transgenic fragment, and gene-trap vector PB-
DGTYV (PiggyBac transposon based Dual directional Gene
Trap Vector) to disrupt transcription (Figure 1A). PB trans-
posons have high chromosomal integration efficiencies in
ES cells and exhibit less bias for genomic hot spots com-
pared with retroviral vectors (39). This vector contains the
selection marker gene puroATK that is driven by the mouse
phosphoglyceratekinase promoter (PGK), and which al-
lows selection for PB integration into the chromosome us-
ing puromycin. In this vector, the mutagens are two non-
selectable gene-trap cassettes that contain two pairs of ter-
minal exons with their preceding introns from Cedc107 and
Dom3z in opposing orientations. Several premature stop
codons in each reading frame were inserted into each penul-
timate exon, which should cause ‘loss-of-function’ of the
trapped genes (6). Unlike the classical promoter trap that
required the expression of the target genes for the selection
of clones, PBDGTYV can be used for the selection of mutant
clones independent of target gene expression.

At electroporation, the AGH-OG-3 ES cells remained
primarily haploid after a few passages, and were subject
to flow sorting (Supplementary Figure S1). Using con-
ditions that achieve on average one transposon insertion
per cell (39), we electroporated ten million AGH-OG-
3 cells with 1 pg PBDGTV and 10 pg hyperactive PB
transposase (PBase) (40) to generate four independent mu-
tant libraries (HPBL1-HPBL4) containing 15 000-20 000
puromycin-resistant colonies each (Figure 1B). The trans-
poson copy number was determined by Southern blot anal-
ysis on dozens of individual clones randomly picked from
the HPBLI1 library using a restriction enzyme that generates
a unique transposon-host junction fragment for each trans-
poson integration site (Figure 1C). The majority of these
cell clones contain a single-copy insertion of the transpo-
son.
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Figure 1. Generation and characterization of the mutant haploid ES cell library. (A) Structure of the vector PBDGTYV for gene trap. The vector is shown
integrated into an intron, with purple boxes representing exons of the disrupted gene. PBDGTYV can trap genes transcribed in either direction. SA, splice
acceptor; PB5 and PB3, PB repeats; pA: SV40 ployA; Dom3z and Cedcl07: mutagenic units with the terminal and penultimate exons of each gene. (B) The
experimental scheme to generate the arrayed mutant haploid ES cell library. (C) Southern blot analysis of gene-trap clones reveals the host/transposon
junction fragment in each clone. SI: Stu I; probe, a 550-bp PCR fragment from PB3 and Ccdc/07 in PBDGTYV. Black triangles indicate the endogenous
Cedcl07. The lower table is the summary of copy number per clone in the arrayed library. (D) The distribution rates of PB (piggyBac) transposon in the
mutant library. The transposon landed in 45% intergenic and 55% intragenic regions, with a high frequency of integration into introns. (E) Splinkerette
PCR combined with massively parallel sequencing to identify the genome coverage and distribution rates of PB transposon in the mutant library. (F)
Homozygosity analysis of individual mutant ES cell clones. S, mutant sample; C, wild-type haploid ES cells, AGH-OG-3. Heterozygous mutants are
marked by red color.
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To explore the genomic coverage of these libraries, we
used Splinkerette-PCR combined with massive parallel se-
quencing (30,31), which is a method employed to specifi-
cally isolate and sequence transposon-host junctions, to as-
sess the overall mutants present in the mutation libraries
(Supplementary Figure S2). We unambiguously identified
63 684 insertions. Approximately 45% of these insertions
were mapped to intergenic regions, and ~55% of the inser-
tions occurred in intragenic regions and promoter regions,
encompassing 18 841 different genes in total (Figure 1D
and E). The genome distribution of the PB transposon was
similar to that previously reported for diploid ES cells (41).
Taken together, these data indicate that HPBLs are an el-
igible resource for the generation of arrayed homozygous
mutant ES cell clones.

Construction of an arrayed haploid mutation library

To generate an arrayed mutant library, cells from HPBLI1
were plated at a low density for clonal expansion, and sev-
eral thousand individual clones were picked and cultured
on 96-well plates (Figure 1B). Three copies of the large-
scale mutation library were cryopreserved in liquid nitro-
gen. At this stage, most clones have a diploid DNA content
due to inherent spontaneous diploidization of haploid ES
cells (data not shown).

To investigate the percentage of homozygous mutations
in the arrayed mutant library, we selected cell clones with
single-copy PB insertions, identified the transposon-host
junction in these clones and performed PCR analysis with
site-specific primers separately. Of the 35 individual cell
lines analyzed, thirty-one clones (>85%) carried homozy-
gous insertions (Figure 1F). This result also indicated that
most transposon insertions occurred in haploid cells.

‘Exit-from-pluripotency’ screens using the arrayed mutation
library

Using the arrayed mutation library established from the
haploid pluripotent stem cells, we conducted recessive
screens to identify the factors that promote ‘exit-from-
pluripotency’ in ES cells. In the screening, we used a T-
cell factor 3 (Tcf3)-null ES cell line as the positive con-
trol. Tcf3 (encoded by Tcf7l1) is a member of the Tcf
protein family (Tcfl, Tcf3, Tcf4 and Lefl in mammals),
which is a DNA-binding transcriptional regulator of the
canonical Wnt signaling pathway (42). Previous studies
have demonstrated that the 7Tcf3 deletion caused ES cells
to be refractory to differentiation in culture (42,43). In our
study, we used the powerful CRISPR /Cas system (33,44)
to knockout Tcf3 in the haploid ES cell line AGH-OG-3
(Figure 2A). Two homozygous mutants, mTcf3~/~-E9 and
mTcf37/~-F6, were selected for further study (Figure 2b).
We plated 2 x 10* Tef37/~ ES cells onto a 24-well plate
under ES cell-culture conditions. The following day, we
switched to differentiation-permissive cultures, including a
serum-containing medium (M15) without LIF or N2B27
medium, which induce the heterogeneous non-neural dif-
ferentiation or neural differentiation of ES cells separately
(45,46). After 3 days, Tcf37/~ cells still retained the ES cell
colony morphology and were refractory to differentiation
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compared with the wild-type (WT) haploid ES cells (Figure
2C). None of the predicted off-target regions were mutated
by CRISPR /Cas9 in the two cell clones (Figure 2D).

The primary high-throughput screens (92 clones/96-well
plates, 22 plates in total) were conducted in 96-well plates
under the two different differentiation-permissive condi-
tions (Figure 3A). Three days later, the majority of these cell
clones had differentiated like WT haploid cells do, but 151
individual mutant clones and Tcf3~/~ cells still exhibited the
ES cell colony morphology and expressed GFP at a rela-
tively high level under one or both conditions. We extracted
genomic DNA from these undifferentiated clones and iden-
tified the PB transposon insertion sites in the clones by Sp-
PCR followed by sequencing. Eighty-eight insertions could
be mapped to the reference mouse genome (GRCm38.p3),
and 40 of them are located in encoding genes (Figure 3B, C
and Supplementary Figure S3A). Among them, some genes
were related to transcriptional regulation and mammalian
development, and information regarding these genes is pre-
sented in Supplementary Table S1. Of these mutants, 36
clones were homozygous mutations, and 4 clones were het-
erozygous mutations, as determined by PCR analysis using
site-specific primers (Figure 3D and Supplementary Fig-
ure S3B). The transposon copy numbers in the 88 mapped
clones were also detected, and 65 clones harbored a single-
copy PB insertion (Supplementary Figure S4). To investi-
gate whether the gene-trap cassette was efficient and the
transcripts of trapped genes were disrupted, we randomly
selected seven cell clones, in which the trapped genes had
relatively high expression levels in the WT ES cells. The
primer pairs specific for the exons flanking the gene-trap in-
sertion site were designed and used to amplify cDNA from
the selected clones (Figure 4A). In all tested clones, includ-
ing three Ccdcl07 mutagen unit-trapped clones and four
Dom3z mutagen unit-trapped clones, the expected fusion
transcripts could be detected (Figure 4B), and the endoge-
nous transcripts of trapped genes were effectively disrupted
(Figure 4C).

Among these candidate ‘exit-from-pluripotency’ factors,
we noticed that the two genes, Smgl and Kdmo6a (also
known as Utx) have been previously implicated in ES cell
differentiation. SMG1, a PI3K-related kinase, was identi-
fied in a large-scale small interfering RNA (siRNA) screen
for differentiation regulators (47). Smgl-deficient mice died
on embryonic day 8.5 (E8.5) (48), and knockdown of Smgl
in ES cells also inhibited their differentiation (49). KDM6A
is a histone H3-lysine 27 demethylase that plays a criti-
cal role in the mesoderm differentiation of ES cells (50).
KDMG6A was also identified in genetic screening of the
mixed pools of haploid mutants mentioned above. Pde3a
encodes a phosphodiesterase that degrades the second mes-
senger cyclic AMP (cAMP) (51). cAMP signal activation
can functionally replace OCT4 to induce pluripotency (52),
which is consistent with an earlier report that the cAMP ag-
onist Forskolin was identified as a chemical ‘substitute’ for
Oct4 in reprogramming (53). In addition, Ubtf was identi-
fied in both our screen and the mixed pool-based screen.
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Figure 2. Create Tcf3~/~ ES cell lines by CRISPR/Cas9 system. (A) Strategy to create Tcf3~/~ cell lines by CRISPR/Cas9 system in AGH-OG-3 ES
cells. The sgRNA-targeting sequence is labeled in red, and the protospacer-adjacent motif (PAM) sequence is labeled in green. (B) Identify Tcf3~/~ cells
by genomic PCR. WT: wild-type ES cells, AGH-OG-3; P1, P2: the primers. (C) The morphology of T¢f3~/~ cells under differentiation conditions (M15

(-LIF) and N2B27). (D) Identification of the potential off-targets of CRISPR-Cas9 in Tcf3~/~

Transposon excisions rescued differentiation deficiency in
mutant cells

To establish the causality between transposon insertion mu-
tations and the differentiation-deficiency phenotype, we re-
moved the PB mutagen by re-expressing PBase in mutant
ES cells. We randomly chose 8 mutant clones with intra-
genic PB insertion to conduct the reversibility analysis.
Both homozygous and heterozygous revertants were ob-
tained from five mutant cell lines. However, only heterozy-

clones.

gous revertants were isolated for the other three mutant
lines (Table 1, Figure SA and Supplementary Figure S5A).
The WT transcripts of five mutated genes, Garnl3, Semala,
Pde3a, CdkSrap2 and Cadps, can be detected in these re-
vertants (Figure 5B and Supplementary Figure S5B). The
expression of the other three genes was very low in the
WT ES cells. Thus, even in the revertants, the transcripts
cannot be detected (data not shown). We then tested the
differentiation ability of these homozygous and heterozy-
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Figure 3. Using the arrayed mutant haploid ES cell library to screen the mutant clones with differentiation defects. (A) The schematic screening proce-
dure using the arrayed mutant library. Each screen contained duplicated wells. (B) Summary of the screening covering 2,024 clones. (C) Representative
morphologies of differentiation defects of several mutant clones under differentiation culture conditions. OG3: wild-type haploid ES cells, AGH-OG-3;
Tef3~/~ ES cells were as the positive control of differentiation defects; GT: gene trap, scale bar, 100 um. Full data are available in Supplementary Fig-
ure S3. (D) Triple-primer genomic PCR of candidates detected the transposon/host junctions with the expected size. The representative candidate clones
lacked the WT band, consistent with being homozygous mutants. Primers 1, 2 and 3 (shown in Figure 1F) were used. GT: gene trap, C: wild-type ES cells,
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Figure 4. Characterization of the trapping events mediated by the mutagenic units. (A) The trapping characteristics of the mutagenic units. Primers for
the Cedcl107 or Dom3z in PBDGTYV and upstream exonic primer of insertion site of mutant genes detected fusion transcripts; Ex-F, Ex-R: exonic PCR
primers flanking the integration sites. (B) The expression of fusion transcripts in the gene-trap mutants with Cedc/07 and Dom3z mutagenic unit. GT: gene
trap, OG3: WT ES cells, AGH-OG-3. (C) RT-PCR confirmed that the expression of these genes was abolished in the corresponding gene-trapping clones.
Exonic PCR primers flanking the integration sites are indicated on the upper part of the upper panel. Actb is an internal control.
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Figure 5. Reversibility analysis of the mutant clones with differentiation defects. (A) Genotyping of PBDGTYV insertion in Garn/3 and Iflitdl. The WT
fragment was absent in the original mutant clone Garnl3%T/9T and Ifltd1S7/¢T, but amplified from the two revertants (Garni3%/R Garni367/R) of each
mutant clone. The primers for mutant (Junction) and WT alleles were used. GT: gene trap, R: revertants. (B) RT-PCR showing loss of WT transcript of
Garnl3 in Garnl397/%Tand the amplification of transcript in Garnl3®/R, Garni3T/R and AGH-OG-3 cells. The transcript of Ifitd] was not detected in the
origin mutant clone (Ifltdl T/ 6Ty and two revertants (IfltdI®/R, Ifltd19T/R). (C and D) Morphologies of Garni3¢T/T and Ifitd1°"/9T and their revertants
under differentiation culture conditions. It is indicated that revertant clones regained differentiation abilities. Scale bar, 100 pm.

gous revertants. Under the differentiation condition, the ho-
mozygous or heterozygous revertant subclones of six mu-
tant genes regained their differentiation ability, including
Garnl3 (Figure 5C), Ifitdl (Figure 5D), SemaSa, Pde3a,
Phf21and Cadps (Supplementary Figure S5C). Heterozy-
gous revertant clones of Gapt®T/¢T displayed a partial re-
covery differentiation phenotype under the condition of
differentiation N2B27, and Cdk5rap2°T/®Talso exhibited
a lower degree of the recovery differentiation phenotype
under the M15 (-LIF) differentiation condition (Supple-
mentary Figure S5C). Partial recovery from differentiation
deficiency in some heterozygous revertants might indicate

dosage-sensitive activity of these mutated genes. These re-
sults demonstrated that the differentiation-resistant pheno-
type was caused by the insertion of the PB transposon, and
most, if not all, of the candidate genes identified from the
genetic screen on the arrayed mutation libraries were likely
to cause the observed phenotype.

Validation of selected ‘exit-from-pluripotency’ genes in
diploid ES cells

To further verify these newly discovered differentiation
inducers and to exclude any effects specific to the ge-
netic background of the haploid ES cell line, we used
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Table 1. The selected mutant clones for reversibility analysis
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NO Symbol* Insertion site Location Mutagen Reverse
Homozygous Heterozygous

1 Garnl3(-) 2:33010478 intronl18 Cedcl07 4/96 8/96

2 Pde3a(+) 6:141472033 intron6 Dom3z 1/96 5/96

3 SemaSa(+) 15:32432477 intronl Dom3z 1/96 3/96

4 Ifitd 1 (Lmntd1)(-) 6:145524640 Upstream of exonl Dom3z 13/96 7/96

S Phf2la(+) 2:92202856 Upstream of exonl Dom3z 3/96 11/96

6 Cadps(-) 14:12812550 intronl Dom3z 0 2/96

7 CdkSrap2(-) 4:70398941 intron3 Cedcl07 0 6/96

8 Gapt(-) 13:110340974 11.6 kb Cedcl07 0 10/96

*: +, forward strand; —, reverse strand.

CRISPR/Cas9 technology to delete critical exons of these
genes in the diploid AB1 ES cell line, which has been widely
used in mouse genetic studies in recent decades. Then, we
investigated the onset of the differentiation of these gene-
knockout ES cells. To minimize the possible off-target cleav-
ages, we conducted a double-nicking strategy using the
Cas9 nickase with paired guide RNAs (36). The sgRNA-
specifying oligo sequences are presented in Figure 6A and
Supplementary Figure S6. For all eight candidate genes
mentioned above, homozygous mutant ES cell clones were
identified by digesting the genomic PCR product with the
appropriate restriction enzymes (Figure 6B and Supple-
mentary Figure S7TA) and DNA sequencing (Supplemen-
tary Figure S7B).

We examined the proliferation abilities of AB1 and ABI1-
derived mutant ES cells in culture, and most cell lines exhib-
ited rapid proliferation except for the slightly slower growth
of the IfltdI-null cell line (Supplementary Figure S8A).
Flow cytometry-based cell cycle analysis revealed no differ-
ence between the WT and mutant ES cells (Supplementary
Figure S8B), although some mutant ES cells mildly affected
the expression of the apoptosis marker Annexin V (Sup-
plementary Figure S8C). To determine whether gene mu-
tations affect the differentiation capacities of ES cells under
LIF withdrawal, we cultured the WT and mutant ES cells
in M15 (-LIF) medium. The colonies were scored as undif-
ferentiated, partially differentiated or totally differentiated
based on AP staining. Most of the WT ES cells rapidly pro-
gressed to partial or total differentiation, whereas the mu-
tant ES cells formed more AP-positive colonies after LIF
withdrawal for 5 days except phf21a (Supplementary Fig-
ures S8D and E).

EB formation has been proposed as a model for early em-
bryonic development in terms of differentiation capacity,
morphological changes, and inductive signaling events that
drive these changes (54). To further assess the differentia-
tion capacity of these mutant cell clones, we cultured them
in suspension to promote EB formation. At early stage, all
eight mutant ES cell lines could aggregate and form EB-
like structures. Then, most of the WT ABI cell-derived
EBs formed cystic structures at day 8 and beyond, whereas
six mutants generated more compact and/or smaller EBs.
Pde3a-null and Cadps-null cell-derived EBs have structures
that are cystic but smaller than the WT structures (Figure
6C and Supplementary Figure S9A). The expression levels
of the ES cell marker gene Oct4 (also known as Pou5f1)
were reduced more slowly in the mutant EBs at the indi-
cated time points of differentiation, except in two gene mu-
tations: Cadps-null and Cdk5rap2-null cells (Figure 6D and

Supplementary Figure S9B). Moreover, the expression of
three germ layer-specific marker genes was also detected
during EB formation. For each mutant, one or more marker
genes were aberrantly expressed compared with the WT
ABI cells. For instance, Garn/3 mutant ES cells aberrantly
expressed the mesoderm marker gene Brachyury and the en-
doderm marker gene AFP at different time points of EB
formation. In Ifltd] mutant ES cells, the up-regulation of
AFP was reduced and significantly lower than the WT levels
(Figure 6E). SemaSa-null and Cdk5Srap2-null ES cells aber-
rantly expressed FGF5 at an early stage and delayed the
up-regulation of AFP levels. Other mutant genes also de-
creased the up-regulation of the expression of more than
one marker, except in the case of Cadps and Phf21a (Sup-
plementary Figure S9C). Taken together, these results indi-
cated that all tested genes except Cadps are necessary for the
onset of ES cell differentiation.

A negative screen for factors conferring increased sensitivity
to doxorubicin using the arrayed mutation library

To demonstrate the advantages of the established arrayed
mutation libraries on ‘negative selection’-based screens, we
performed a negative screen to identify factors conferring
cells with the increased sensitivity to the DNA-damaging
drug doxorubicin (DOX), which is also known as Adri-
amycin. DOX is an anticancer drug widely used in the
clinic; however, drug resistance has compromised its effi-
cacy (55) (Figure 7A). First, we titrated the drug concentra-
tion, cell density and detection time to be used in the high-
throughput screens. Seventy-two hours after DOX with-
drawal, the cell viability of different cell densities was be-
tween 50-65% at 0.01 pg/ml DOX, and the drug sensitivity
of AGH-OG-3 cells was not influenced by the tested cell
densities (Supplementary Figure S10). Thus, 0.01 pg/ml
DOX and a cell density of 400-2400 cells/well were used
in the following negative screens, and cell viability was de-
tected at 72 h after the drug was withdrawn.

Then, the primary high-content screens (HCS) were con-
ducted on 1152 mutant ES cell clones (96 clones/96-well
plate, 12 plates in total). Among them, 21 candidate mu-
tant clones were scored with negative stringency (Z-score
< -2 in two duplicate experiments) (Supplementary Table
S2a). Next, the validation screen of these 21 clones was
conducted in 48-well plates with graded concentrations of
DOX: 0, 0.01, 0.015 and 0.02 wg/ml. Thirteen candidate
clones were ultimately confirmed (Figure 7B, Supplemen-
tary Figure S11 and Table S2B). We identified the PB trans-
poson insertion sites in these clones. Eight insertions could
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Figure 6. Limited differentiation of diploid ES cells with gene mutation. (A) Schematic of the Cas9/sgRNA-targeting sites in Garn/3 and Ifitdl. The
sgRNA-targeting sequence is labeled in red, and the protospacer-adjacent motif (PAM) sequence is labeled in green. The restriction sites at the target
regions are in bold. (B) Genotyping of the mutant clones of Garnl3 and Ifitdl. Garni3 PCR products were digested with ApaLl, and Ifltd] PCR products
were digested with Avall. The sequencing results of PCR products were shown in Supplementary Figure S7; the blue labeled mutant clones were used for
EB formation. WT: wild-type ES cells, AB1; P: PCR product; Ap: ApaL 1; A II: Ava 11. (C) EB formation of mutant clones of Garnl3 and Ifltd]. Most WT
ES cell-derived EBs at day 8 of differentiation formed cystic structures (white arrows), whereas mutant ES cell derived EBs were more compact. Scale bar,
200 wm. (D) Time-course analysis of Oct4 expression in WT and knockout ES Cell-derived EBs (Garnl3 and Ifitdl). The data are shown as the mean. (E)
Real-time PCR analysis of several lineage differentiation markers expression during EB formation. The data are shown as the mean £ S.D. (n = 3).
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Figure 7. Conducting a negative screen on the arrayed mutant libraries. (A) The schematic screening procedure using the arrayed mutant library. In the
negative screens, we intended to identify factor whose lose would make cells become increased sensitivity to the DNA damaging drug doxorubicin. (B)
Summary of the negative screening covering 1,152 clones. The data of primary and validation screen is on the Supplementary Table S2. (C) Mutated genes
list of the negative screening. NS: Negative Screen. Clone ID: Location of the mutant clone on the 96-well plate.

be mapped to the reference mouse genome (GRCm38.p3),
and 6 of them were located in encoding genes (Figure 7B
and C).

To establish the causality between transposon insertion
mutations and the increased DOX-sensitivity phenotype,
PB mutagens were removed by re-expressing PBase in these
six mutant ES cells. We successfully obtained revertants
of three mutated genes: Rmi2, Pdk4, and Acbd6 (Figure
8A). These revertant cell lines were subsequently exposed to
DOX for 8 h and subjected to colony formation assays. As
expected, the increased DOX sensitivity was not observed
in these revertants (Figure 8B and C).

DISCUSSION

We have described a method for rapidly generating ar-
rayed mutant ES cell libraries using haploid murine ES
cell lines and PB transposon-based dual directional inser-
tional mutagens. In the libraries, the proportion of ho-
mozygous mutant clones can reach 8§5%, and most clones
contain a single-copy transposon insertion. These key fea-
tures allow the arrayed mutant libraries to be applicable
for high-throughput phenotypic screening. To explore their
utility, we conducted a positive screen for recessive muta-
tions that could confer differentiation resistance and a neg-
ative screen for mutations conferring increased doxorubicin
sensitivity to cells. Both of the screens identified some genes,
including known factors and several new candidates. Us-
ing transposase-mediated reversion analyses and/or rigor-
ous CRISPR /Cas9-based loss-of-function assays in diploid
ES cells, we validated some of these candidates, and the

high confirmation frequency demonstrated the availability
and high efficiency of genetic screens on the arrayed mu-
tation libraries. Although RNAi-based gene knockdown
and the newly developed CRISPR/Cas9 system can also
be applied to construct arrayed mutant libraries (56,57),
the variable gene-disruption efficiencies of different hair-
pin RNAs or the required 3-6 guide RNAs for one gene
increase the number of individual mutant clones that con-
stitute the library and thus compromise the application of
these libraries. Moreover, the off-target effects associated
with RNAI technology and the CRISPR /Cas9 system (58—
60) also entangle the causal linkage between the phenotype
and the targeted genes, which can be easily established in
our screen system through direct transposase-mediated re-
version analysis of candidate mutants.

Haploid ES cells largely resemble the nature of diploid
pluripotent stem cells and thus serve as a versatile mam-
malian cell model. Recently, the near-haploid leukemia cell
line KBM7 has been used to successfully conduct various
genetic screens, including identifying host factors for the
Influenza virus (8), Ebola virus (9), Lassa virus (61), Picor-
navirus (15) and bacterial toxins (62); revealing modifiers
of position-effect variegation (11); and discovering proteins
that are related to chemotherapy drug-mediated DNA dam-
age (63). Given the cell identity and genomic instability of
KBM?7 cells, haploid ES cells should have a broader appli-
cation in genetic screening, such as the one for ‘exit-from-
pluripotency’ factors shown here, which obviously cannot
be conducted on KBM7 cells. Moreover, targeted muta-
tions or reporter constructs can easily be introduced into
haploid ES cells (19,24,26,27), which should be beneficial
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Figure 8. Reversibility analysis of the mutant clones with increased DOX sensitivity. (A) Genotyping of PBDGTYV insertion in Rmi2, Acbd6 and Pdk4.
The WT fragment was absent in the original mutant clone Rmi297/6T 4¢bd697/GT and Pdk4S7/T, but amplified from the three revertants (Rmi27/ T
Achd69"!T and Pdk47/GT) of each mutant clone. The primers for mutant (Junction) and WT alleles were used. GT: gene trap, R: revertants. (B) Mor-
phologies of Rmi2¢T/9T 4¢bd69T/GT and Pdk4¢7/CT and their revertants under doxorubicin treated. Cells were treated with the indicated concentration
doxorubicin for 8 hours and left to grow out. After 6 days, cells were fixed, stained, and imaged. (C) Quantification of colony numbers per plate and

condition from three independent experiments (+S.D.) of the images.

for designing more precise genetic screens. For example, via
the knock-in of a well-defined lineage-commitment reporter
into haploid ES cells before the construction of arrayed mu-
tant libraries, specific differentiation regulators for a partic-
ular cell type could be identified.

Understanding the regulatory network of stem cell differ-
entiation is critical for the use of stem cells in regenerative
medicine. Here, we uncovered new differentiation regulators

by screening thousands of arrayed haploid mutants. Com-
pared with two previously reported genome-wide screens
for ‘exit-from-pluripotency’ factors, including an RNA in-
terference (RNAI) screen covering ~10 000 coding genes
(47) and a haploid screen of a mixed pool of mutations
(22), our pilot screen does not exhibit a high overlap with
their readouts (Supplementary Figure S12). Our finding
agrees with previous discussions regarding different genetic
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screening systems (25) and illustrate the value of the estab-
lished arrayed mutation libraries. Obviously, ongoing ex-
pansion of the arrayed mutant libraries could increase the
screening readout. Among these newly identified ‘exit-from-
pluripotency’ genes, some genes are involved in embryonic
developmental processes, and their inactivation leads to em-
bryonic or neonatal lethality in knockout mice.

The initial evidence for the role of Sema5A in embryoge-
nesis was demonstrated by the expression of Sema5A in spe-
cific regions of mouse embryos, demarcating distinct com-
partments of the developing somites or the undifferentiated
neuroepithelium (64). The SemaSa-null mice died between
E11.5 and E12.5 (65), and the complexity of the hierarchi-
cally organized branches of the cranial cardinal veins was
decreased (66). These results indicate an essential role of
SemaSA during embryonic development. PHF21A (PHD
finger protein 21A) is a component of the BRAF-HDAC
complex (BHC) involved in the transcriptional repression of
neuron-specific genes in non-neuronal cells. Phf21a knock-
out mice die within 1 day of birth, and the lethality likely
results from an inability to suckle properly and to take in
milk (67). The function of Phf21a in early mouse ES cell dif-
ferentiation was also identified using DNA microarray data
(68). CDKSRAP2 is highly expressed in embryonic neural
progenitors. Cdk5rap2 mutant mice rarely survive beyond
1 week of age with disproportionately smaller brains both
prenatally and at birth (69). Cdk5Srap2-depleted mouse ES
cells exhibit a severe proliferation defect and apoptosis dur-
ing neural differentiation (70).

Currently, almost all reported genetic screens that are
based on mixed mutant pools must rely on strong positive
selections and the enrichment of resistant clones. In gen-
eral, ‘negative selection’-based screens are not easy to ap-
ply to these mixed pools. However, quantitative deep se-
quencing of mutagen insertions in the library before and
after the screen, so-called PhITSeq, can help to identify
some ‘missing’ mutants (71). More importantly, the inter-
play and interferences between different mutant cells in the
mixed pools disturb the readouts of genetic screens. The
arrayed haploid mutant libraries are applicable for nega-
tive screens, which are of interest for many biological ques-
tions (25,72). Here, we conducted a negative screen to iden-
tify mutants conferring cells with increased sensitivity to
DOX, a frequently used chemotherapeutics drug to treat a
wide spectrum of tumors through generating DNA double-
strand breaks (DSB). Despite its broad applicability, drug
resistance constitutes a serious clinical limitation of DOX.
After the screening, we identified several DSB and DNA re-
pair related genes. Among these genes, some are involved in
DOX-related cytotoxicity.

Rmi2 was identified as a novel BLM complex-associated
protein and can form a complex with BLM, topoisomerase
IIT alpha and RMI1 (73,74). Deletion of RMI2 in pa-
tient and cell lines causes genome and chromosome in-
stability phenotypes (75). Pdk4 (pyruvate dehydrogenase
lipoamide kinase isozyme 4) is an inhibitor of the gly-
colytic enzyme PDH. PDK4 expression was elevated in a
tamoxifen-resistant cell line (TamR-MCF-7), and the cells
were cross-resistant to fulvestrant and doxorubicin (76).
SGKI is a stress-induced survival factor and exerts anti-
apoptotic effects during doxorubicin induced nephrotic
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syndrome. In sgk/=/~ mice, more severe apoptosis was
noted following doxorubicin treatment, with rapid loss of
renal cells thereafter (77). In addition, microarray analy-
sis of MG-63 osteoblastic cells revealed that NMT2 (V-
myristoyltransferase 2) is potentially involved in doxoru-
bicin resistance (78). Another report demonstrated that the
NMT stimulatory effect requires interaction with ACBD6
(acyl-CoA binding protein, acyl-CoA binding domain 6)
and was enhanced by binding of ACBD®6 to its ligand (79).
Thus, our arrayed mutant libraries provide a useful tool for
negative screens.

Overall, this study provides a practical and versatile plat-
form for a wide variety of phenotype-driven genetic screen-
ing studies. Moreover, other mutations or reporter con-
structs can easily be introduced into the haploid ES cells to
create customized libraries for more sophisticated screens.
Therefore, our method significantly expands the scope of
genetic screens and future functional studies in mammalian
cells.
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