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ABSTRACT
Though current functional genomic screening systems are useful for investigating human susceptibility to chemical
toxicity, they have limitations. Well-established, high-throughput yeast mutant screens identify only evolutionarily
conserved processes. RNA interference can be applied in human cells but is limited by incomplete gene knockout and
off-target effects. Human haploid cell screening is advantageous as it requires knockdown of only a single copy of each
gene. A human haploid cell mutant library (KBM7-Mu), derived from a chronic myeloid leukemia (CML) patient, was
recently developed and has been used to identify genes that modulate sensitivity to infectious agents and
pharmaceutical drugs. Here, we sought to improve the KBM7-Mu screening process to enable efficient screening of
environmental chemicals. We developed a semi-solid medium based screening approach that cultures individual
mutant colonies from chemically resistant cells, faster (by 2–3 weeks) and with less labor than the original liquid
medium-based approach. As proof of principle, we identified genetic mutants that confer resistance to the carcinogen
formaldehyde (FA, 12 genes, 18 hits) and the CML chemotherapeutic agent imatinib (6 genes, 13 hits). Validation
experiments conducted on KBM7 mutants lacking each of the 18 genes confirmed resistance of 6 FA mutants (CTC1,
FCRLA, GOT1, LPR5, M1AP, and MAP2K5) and 1 imatinib-resistant mutant (LYRM9). Despite the improvements to the
method, it remains technically challenging to limit false positive findings. Nonetheless, our findings demonstrate the
broad applicability of this optimized haploid approach to screen toxic chemicals to identify novel susceptibility genes
and gain insight into potential mechanisms of toxicity.
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Functional genomic screening is a useful approach to identify
genes and pathways involved in response to toxicants and to
discover candidate human susceptibility genes (Gaytan and
Vulpe, 2014). This is achieved through knockdown or knockout
of all nonessential genes in a cell of interest, and identification
of genes and pathways associated with survival following toxicant exposure. For many years, such screens were conducted in
yeast, due to the availability of haploid strains and mutant
clones for all nonessential yeast genes, and the development of
high-throughput methodologies and bioinformatics analyses
(North and Vulpe, 2010; Winzeler et al., 1999). Through yeast
screens, we and others identified genes and toxicity

mechanisms involved in resistance to toxic metabolites of arsenic (Jo et al., 2009a), benzene (North et al., 2011b), benzo[a]pyrene
(O’Connor et al., 2012), and formaldehyde (FA) (de Graaf et al.,
2009; North et al., 2011a), and we validated the roles of human
orthologs of yeast genes associated with benzene (Galvan et al.,
2008; Ren et al., 2009, 2011b) and arsenic (Jo et al., 2009b; Ren
et al., 2011a) toxicity in functional studies in mammalian cell
lines using RNA interference (RNAi)-based knockdown.
However, the ability to decipher human biological responses
through yeast functional genomic screening is limited to evolutionarily conserved genes and processes. The establishment of
the near-haploid KBM7 cell line (Carette et al., 2009) and
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development of a library of mutants by retrovirally mediated
insertional mutagenesis has enabled the screening of haploid
human cells directly (Burckstummer et al., 2013; Carette et al.,
2009). Currently, over 3396 human haploid mutant clones are
available, covering almost one-third of the expressed genome
(Burckstummer et al., 2013).
Multiple KBM7 screening studies have identified genes and
mechanisms that modulate host responses to viral and bacterial toxins (Carette et al., 2009, 2011a; Reiling et al., 2011; Timms
et al., 2013; van den Boomen et al., 2014) and therapeutic agents
(Birsoy et al., 2013; Carette et al., 2009; Chen et al., 2014; Reiling
et al., 2013; Winter et al., 2014). It was recently used to identify
novel susceptibility genes involved in the response to the pesticide and environmental contaminant chlorpyrifos (Zhu et al.,
2015). We believe that the approach could be used for more
widespread screening of chemicals but currently it is limited
by experimental inefficiencies. The original screening approach
utilized liquid culture medium and required limited dilution
and subcloning to select individual mutant clones, which
made the screening protocol lengthy and inefficient (Carette
et al., 2009). Further, the KBM7 cells can revert to diploidy over
time and mutants can arise spontaneously. Here, we sought to
reduce the screening time and improve the efficiency by using
semi-solid medium and enriching for haploid, mutant cells.
As proof of principle of our improved approach, we screened
the KBM7 mutant library for genes whose absence confers resistance to FA, a widespread environmental toxin (Tang et al.,
2009; Zhang et al., 2009) and Group 1 human carcinogen (IARC,
2006), and imatinib, a chemotherapeutic agent. There is a limited understanding of the mechanisms of FA toxicity and determinants of susceptibility. Previously, through yeast screening,
we identified several yeast genes required for FA tolerance,
whose human orthologs are involved in FA metabolism and
multiple types of DNA repair (North et al., 2011a). Others have
identified genes involved in DNA damage response using a
chicken DT40 B lymphoblast functional genomic screening system (Ridpath et al., 2007; Yamazoe et al., 2004), and we validated
the role of 1 such identified gene, FANCD2, in resistance to FA
toxicity in human lymphoblast cells (Ren et al., 2013). Here, we
sought to identify additional human genes involved in the response to FA using a complementary KBM7 screening approach. Further, KBM7 is of particular interest as it is a
hematopoietic cell line, and we have found hematotoxicity associated with FA exposure in mouse (Ye et al., 2013; Zhang et al.,
2013b) and human studies (Lan et al., 2015; Seow et al., 2015;
Zhang et al., 2010).
Imatinib (marketed as Gleevec or Glivec) is a tyrosine-kinase
inhibitor used in the treatment of multiple cancers, most notably Philadelphia chromosome-positive (Phþ) chronic myelogenous leukemia (CML). Imatinib acts by blocking constitutively
activated breakpoint cluster region-Abelson murine leukemia
viral oncogene homolog 1 (BCR-ABL) tyrosine kinase activity,
leading to suppressed cell proliferation and eventual death
(Goldman and Melo, 2003). We chose imatinib as a positive control as KBM7 cells were derived from blast-crisis CML (Kotecki
et al., 1999) and a few factors governing resistance to imatinib
previously have been identified in KBM7 mutant library screening (Carette et al., 2009).
Here, we sought to optimize functional genomic screening in KBM7 cells and, as proof of principle of the approach, to screen the mutant library for gene mutants that
modulate resistance to FA and imatinib. Resistance was
measured as survival and growth (colony-formation) following exposure.
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MATERIALS AND METHODS
Cell Culture and Enrichment of Haploid KBM7 Cells
Wild-type KBM7 cells and a library of mutant cells (KBM7-Mu)
were obtained from Dr Jan Carette at the Whitehead Institute of
Biomedical Research, Cambridge, Massachusetts (Burckstummer
et al., 2013; Carette et al., 2009). The library comprises clones covering 3396 genes, almost one-third of the expressed genome
(Burckstummer et al., 2013). The cells were grown in Iscove’s
modified Dulbecco’s medium (IMDM) with 10% heat-inactivated
fetal bovine serum and 1% Penicillin-Streptomycin and 5% CO2
(Carette et al., 2009).

Chemical Treatment and Selection of Optimal
Concentrations
Use of appropriate treatment concentrations is critical in lethality-based screens to identify the most important genes responsible for survival. Too high a concentration can kill both
wild-type and mutant cells, while too low a concentration can
generate too many hits and make it difficult to select those truly
important for survival. Therefore, we conducted 4-day acute
toxicity studies in KBM7 cells with a wide range of concentrations of FA (20–120 lM) and imatinib (0.01–10 lM) in liquid culture medium. Methanol-free FA ampules (16% wt/vol) and
imatinib mesylate were purchased from Fisher Scientific. Stock
solutions were prepared in PBS such that 1/100 volume was
added to the media to achieve the desired concentration. PBS
was added to the vehicle controls. The cells were plated at 20
000 per well in a 96-well culture plate, incubated at 37 C for 24 h
and then treated with FA or imatinib. Cell viability was determined by trypan blue after 24 and 72 h. The range-finding experiments were repeated twice for FA and 4 times for imatinib,
with 2 replicates per chemical concentration.

Optimization of Haploid Screening
We followed the haploid screening protocol described by
Carette et al. (2009) to identify mutants resistant to FA and
Imatinib, with the following modifications as summarized in
Supplementary Figure 1.
Selection of haploid cells and gene-trap mutants
by fluorescence-activated cell sorting
In long-term culture (over 12 weeks), the near haploid KBM7 cell
line can become diploid (Kotecki et al., 1999). We used serial
fluorescence-activated cell sorting (FACS) to conservatively select haploid cells according to DNA content by 40 ,6-diamidino-2phenylindole (DAPI) staining (Supplementary Figure 1A).
Aliquots of sorted cells (90%–99% haploid) were cryopreserved
and thawed cells were used in the screening experiments.
The library of mutants was generated by Carette et al. (2009)
using gene-trap retroviruses that contain green fluorescent protein (GFP) as a marker gene. However, cells could also become
resistant to chemical exposures through spontaneous genetic
or epigenetic gene inactivation. To decrease the potential for
false positive gene hits in the screening process, haploid mutant
cells were further purified by GFP expression using FACS
(Supplementary Figure 1B).
Screening in semi-solid medium
KBM7-Mu library cells (20 000) were seeded in 0.5 ml viscous
ClonaCell-TCS semi-solid medium containing 9% methylcellulose, IMDM, serum, and bovine serum albumin (Stem Cell
Technologies, Vancouver, British Columbia, Canada) in 12-well
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FIG. 1. Selection of critical screening concentrations of formaldehyde (FA) and imatinib. Viable cell density as a percentage of untreated controls 72 h after treatment in
liquid culture medium are shown for (A) 20–120 lM FA and (B) 0.01–10 lM imanitib. Data and SD are shown from 2 FA experiments and 4 imatinib experiments, each
with 2 replicates per chemical concentration.

plates. Cells were incubated at 37 C for 24 h and then treated
with FA or imatinib (Supplementary Figure 1C). After 2–3 weeks,
individual colonies were picked out and expanded in liquid culture medium (2  12 ml in separate flasks) for 2–3 days for
downstream processing (Supplementary Figure 1D).
Identification of target genes and retroviral insertional sites
Genomic DNA was isolated from the cells in each expanded colony (Supplementary Figure 1E) using QIAamp DNA Mini Kits
(Qiagen Inc, Valencia, California). The presence of mutant cells
was further confirmed by amplification of the gene trap vector
by PCR. DNA from colonies with insertions were digested with
MseI (New England Biolabs, Ipswich, Massachusetts) and linear
DNA fragments containing both vector and target gene fragments were self-ligated using T4 DNA ligase (New England
Biolabs) to form circular products. Inverse PCR was performed
to amplify the DNA product containing the target gene fragment
for 1 or 2 rounds of PCR until a single band of around 650–800 bp
was visible on a 1% agarose gel. The protocol was essentially
the same as that of Carette et al., 2009, with the exception of
PCR primers which were redesigned to eliminate predicted primer-dimer formation: forward: 50 -CGA CCC CGT CAG GAT ATG
TG-30 and reverse: 50 -CGG GTG TTC AGA ACT CGT CA-30 . PCR

products were purified using Qiaquick Gel Extraction kits
(Qiagen). If more than 1 band was present, eg, due to the presence of more than 1 gene-trap vector per mutant cell, each band
was purified separately. Purified PCR products were analyzed by
Sanger sequencing (Supplementary Figure 1F). Briefly, 100 ng
DNA/1000 bp PCR product and 0.8 pmol sequencing primer (50 CGC AGG CGC AAA CAT TAG AT-30 ) were mixed in a total volume of 13 ml ddH2O and submitted to University of California
Berkeley’s DNA Sequencing Facility. The host resistance genes
conferring survival in each mutant colony were identified using
Basic Local Alignment Search Tool (BLAST) from National Center for
Biotechnology Information (NCBI) and BLAST-like alignment tool
(BLAT) from the University of California Santa Cruz (UCSC)
Genome Browser (Supplementary Figure 1F).

Validation of Resistance in Mutant Clones Compared
With Wild-Type Cells
We confirmed the findings by comparing cell proliferation in
mutant clones with that in wild-type KBM7 cells in 2 kinds of
validation experiment. We prioritized genes with multiple hits
(different mutant clones or screens) and directly performed a
full validation, with treatment at 8 doses and 4 time points
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(over 4 days). For genes with only 1 hit, we first conducted a preliminary validation at 2 doses and a single time point (3 days), followed by a full validation only if the preliminary validation
findings were statistically significant. In each case, 2 to 3 independent experiments, with 2 replicates per dose were conducted.
We did not perform full validation for all mutant clones, particularly the single-hit mutants, as it is labor intensive, generating 64
datasets for each mutant, and requires a large number of cells.

Cell Proliferation Inhibition Assay
Expanded mutant colony cells were treated with FA (0, 20, 40,
60, 80, 90, 100, or 120 lM) and imatinib (0, 0.1, 0.2, or 0.5 lM) for
up to 96 h and cell proliferation data were collected 72 h after
treatment. Briefly, dead cells were stained with trypan blue ViCELL XR reagent pack (Beckman Coulter, Inc, Fullerton,
California) and the cell viability data were analyzed by a ViCELL XR cell viability analyzer (Beckman). The final cell proliferation data were calculated as a percentage (%) of vehicle (PBS)
control treatments.

Flow Cytometry-Based Cell Death Assay
In validation assays of some FA mutants, cell death was evaluated by a flow cytometry-based method as well as by trypan
blue. Briefly, after treatment with 0 or 90 lM of FA for 48 h, cells
were washed and stained with using a LIVE/DEAD Fixable Violet
Dead Cell Stain Kit (Life Technologies, Eugene, Oregon) according to the manufacturer’s protocol. The BD LSR Fortessa flow cytometer (BD Biosciences, San Jose, California) was used for
cellular acquisition of up to 10 000 total singlet events per sample, and results were analyzed using FACSDiva Version 6.2 Flow
Cytometry Analysis software (BD Biosciences).

mRNA Expression by qPCR
Total RNA was isolated from cells using the RNeasy Mini Kit
(Qiagen) according to the manufacturer’s protocol. RNA concentration was determined by absorbance at A260 and RNA purity
was determined by A260/A280. cDNA templates were generated
using 1 lg of total RNA in 20 ll reactions using High-Capacity
cDNA Reverse Transcription Kits from Applied Biosystems, Inc
(Foster City, California) according to the manufacturer’s protocol. qPCR was performed in a 20 ll reactions with 4 ng of cDNA
template and 900 nM primer using a SsoFast EvaGreen supermix
(Bio-Rad Laboratories Inc, Hercules, California) according to the
manufacturer’s protocol. Primers for candidate genes of interest
were designed and verified by the NCBI online tool PrimerBLAST and synthesized by Integrated DNA Technologies, Inc
(Coralville, Iowa): Low-density lipoprotein receptor-related protein 5 (LRP5): Forward- 50 -CCA AGC GAG CCT TTC TAC AC -30 ,
Reverse- 50 -TCT AGC GGG TCG TAG TCG AT-30 , meiosis 1 associated protein (M1AP): Forward- 50 -AAC CCC TTG CAT GTT CAA
AGC-30 , Reverse- 50 -AGT CTT GCA GGG ATG CTT TCT C-30 , and
ribosomal protein L13a (RPL13a, a housekeeping gene): forward50 -CCT GGA GGA GAA GAG GAA AGA GA-30 , reverse-50 TTG AGG
ACC TCT GTG TAT TTG TCA A-30 .
The PCR program included incubation at 95 for 10 min followed by 40 cycles of 95 for 30 s, 55 for 30 s, and 72 for 1 min
and was performed on a CFX96 real-time PCR detection system
(Bio-Rad Laboratories Inc). A melting curve analysis was carried
out after the reaction to check for primer dimers, nonspecific
binding, or other contamination. The relative gene expression
levels were calculated using the relative standard curve
method. The target gene expression levels were adjusted to
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RPL13a. Final results were presented as fold changes whereby
the adjusted expression level of each target gene in the KBM7
treatment group was divided by that in the wild-type group.

Protein Level Measured by Western Blot
LRP5 protein level was qualitatively measured by Western blotting. Briefly, cell pellets were washed with ice-cold PBS and
lysed directly in 4X Laemmli sample buffer (277.8 mM Tris-HCl,
pH 6.8, 4.4% LDS, 44.4% (wt/vol) glycerol, 0.02% bromophenol
blue) at approximately 2  106–1  107 cells per ml. The samples
were heated in a boiling water bath for 5 min and stored at
80 C. Samples of 100 000 or 150 000 cells per lane were electrophoretically resolved in 4%–15% denaturing polyacrylamide gel
and then transferred to the polyvinylidene fluoride membrane
using Bio-Rad Mini-PROTEAN and Mini-Trans Blot systems (BioRad Laboratories, Inc). The membranes were immunoblotted
using primary antibodies against LRP5 (Cell Signaling
Technology, Inc, Danvers, Massachusetts) and Laminin as an internal reference protein (Santa Cruz Biotechnology, Inc Santa
Cruz, California). The protein signal was determined using enhanced chemiluminescence on the ChemiDoc XRSþ system
(Bio-Rad Laboratories, Inc). Data were analyzed by IMAGE J software (V1.43, National Institute of Health, United States).

Transient Gene Knockdown by RNAi
The use of RNAi to block LRP5 expression in transient transfections was facilitated by the cloning of short hairpin RNA
(shRNA) sequences using the BLOCK-iT U6 RNAi Entry Vector kit
(Life Technologies, Grand Island, New York). Briefly, oligonucleotides (Bjorklund et al., 2007) targeting the human LRP5 gene,
and the control-scrambled DNA, which has similar DNA structure but no homology to any known human sequence, were
synthesized by DNA Technologies, Inc and annealed together to
generate double-stranded oligonucleotides (ds oligos). The sequences for shRNAs and control-scrambled DNA are as follows:
RNAi LRP5 sense 50 -CAC CGC CTG CAT GGA CTG AGG AAC
GTC AAA CGA ATT TGA CGT TCC TCA GTC CAT GCA GG-30 ;
RNAi LRP5 antisense 50 -AAA ACC TGC ATG GAC TGA GGA ACG
TCA AAT TCG TTT GAC GTT CCT CAG TCC ATG CAG GC-30 ;
Control-scrambled sense 50 -CAC CGG CAC CTG AGA GAA CGG
CTA TCA TAG CGA ACT ATG ATA GCC GTT CTC TCA GGT GC-30 ;
and Control-scrambled antisense 50 -AAA AGC ACC TGA GAG
AAC GGC TAT CAT AGT TCG CTA TGA TAG CCG TTC TCT CAG
GTG CC-30 .
The ds oligos were cloned into the pENTR/U6 vector provided
in the kit according to the manufacturer’s protocol. The vector
constructs that express shRNAs were transiently transfected
into KBM7 Wild-type cells using Lipofectamine 2000 (Life
Technologies) according the manufacturer’s protocol. After 4
days of transfection with either LRP5 shRNA or scrambled control vectors, cells were treated with FA for 4 days. In a recovery
study, the cells were transfected as above for 4 days, washed
and grown for an additional week in normal media (without
transfection reagents), and then treated with FA. Cell proliferation was compared between the LRP5 RNAi group and the
scrambled control group.

Statistical Analysis
Data were analyzed by Student’s t test and P values <0.05 were considered statistically significant. Data are expressed as mean 6 SD.
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RESULTS
Through multiple method improvements described in detail in
Materials and Methods, we increased the efficiency of the
screening protocol.

Enrichment of Haploid Cells and Gene-Trap Mutants
We performed preliminary enrichment steps on the KBM7 wildtype and mutant cells (Burckstummer et al., 2013; Carette et al.,
2009). First, using FACS to select haploid cells according to DNA
content by DAPI staining (Supplementary Figure 1A), we maintained haploidy at over 90% in the cultures for at least 18 passages (Supplementary Figure 2) compared with approximately
84% haploidy in the original protocol (Carette et al., 2009).
Second, true haploid mutant cells were enriched by GFP expression using FACS (Supplementary Figure 1B). Thus, cells populations highly enriched for both haploid status and GFP
expression were used in chemical screening experiments.

Use of Semi-Solid Medium
In the original screening protocol (Carette et al., 2009), mutant
colony generation and isolation are challenging because the
cells are cultured in liquid medium. If more than 1 colony survives per well after treatment, limited dilution and subcloning
are necessary and take 2–3 weeks. This is technically challenging and limits the efficiency of the screening process. We optimized the screening process to utilize semi-solid medium
(containing 9% methylcellulose), in which the cells and resulting colonies are immobilized during screening, enabling easier
manipulation. Both protocols require 2–3 weeks for screening
but use of semi-solid media removes the need for subcloning to
generate single colonies and therefore reduces the overall protocol by 2–3 weeks.
We confirmed that the presence of methylcellulose during
treatment did not attenuate FA toxicity, by seeding cells in
semi-solid medium immediately after the addition of FA or 48 h
after the addition of FA.

Selection of Optimal Chemical Treatment
Concentrations
Based on the cytotoxicity data from the 4-day acute toxicity
studies performed with the KBM7-Mu cells in liquid media, we
selected 80, 85, and 90 lM for FA (Figure 1A) and 0.8, 1, 1.5, and
2 lM for imatinib (Figure 1B) for the screening experiments because these concentrations inhibited cell proliferation. For example, 72 h after treatment, 80 and 90 lM FA suppressed
proliferation by about 80% and 90%, respectively, and imatinib
at 1 and 2 lM each suppressed proliferation by close to 100%.
We used more than 1 critical concentration of each chemical to
minimize false negative results and increase the number of surviving mutants.

Identification of Candidate Gene Mutants Conferring
Resistance to FA and Imatinib
Enriched haploid KBM7-Mu cells were exposed to FA and imatinib in 12-well plates in 3 separate screens and a total of 99 and
129 surviving colonies were identified, respectively, after 2–3
weeks. Colonies were then expanded in liquid culture for 2–3
days, genomic DNA was extracted, and DNA from colonies positive for gene trap insertion were subjected to inverse PCR and
Sanger sequencing of individual PCR products to identify the

insertion sites (Supplementary Figure 1E). The original PCR primers (Carette et al., 2009) were redesigned to eliminate predicted
primer-dimer formation.
A total of 12 candidate gene mutants (18 colonies) from FA
and 6 gene mutants (13 colonies) from imatinib were identified
based on the growth of 1 or as many as 6 independent resistant
clonal colonies in 1–3 independent experiments (Table 1). The
remaining colonies did not lead to the identification of candidate genes for various reasons, including lack of mutant plasmid or insertion; failure to generate a PCR product or generation
of multiple bands; or uninformative sequence product.

Validation of FA-Resistant Gene Mutants
Validation experiments were conducted to confirm the resistance
of the mutant clones to FA. Expanded colony cells were cultured
and treated with 0–120 lM FA for 96 h. As listed in Table 1 and
shown in Figures 2A and 2B, 6 mutants, CST telomerase maintenance complex component 1 (CTC1), CTC1, Fc Receptor-Like A
(FCRLA), glutamic oxoloacetic transaminase 1 (GOT1), LRP5, M1AP,
and mitogen-activated protein kinase kinase 5 [MAP2K5]) were
confirmed as resistant to FA by full validation, as measured by
cell proliferation in mutant cells compared with wild-type KBM7
cells. LRP5, GOT1, and M1AP mutants, identified through multiple
hits, also exhibited decreased cell death compared with wild-type
cells after treatment with FA for 72 h (Figure 2C). However, the
IGF2BBP3 mutant (identified in 2 independent screens) was not
resistant by full validation. Prior to the full validation, 3 mutants
with single hits, CTC1, FCRLA, and MAP2K5 were also confirmed
with preliminary validation. We did not test the remainder of single-hit mutant clones further since they did not show their in
preliminary validations (Table 1).
We confirmed knockdown of LRP5 and M1AP by up to 80% in
their respective mutant cell cultures by reverse-transcription
(RT)-PCR (Figure 2D). Availability of an LRP5 antibody allowed us
to measure the LRP5 protein level by Western blot (Figure 2E),
results of which showed a clear inhibition of LRP5 protein. We
attempted to validate the findings by RNAi in wild-type KBM7
cells (Supplementary Figure 3). Compared with a scrambled
siRNA control, cells with transient loss of LRP5 exhibited enhanced survival (viability) 48 and 72 h after treatment with
100 lM FA, that reverted to similar levels following recovery
from the transient knockdown. However, the enhanced survival
(10%–15% viability) was much less pronounced than that of the
expanded gene-trap KBM7 clone (80% viability relative to wildtype KBM7 cells, Figure 2A) treated with the same concentration
of FA. This may be attributable to the low siRNA transfection efficiencies achieved with KBM7 cells (at most 50%, data not
shown) that are typical of blood cells.

Validation of Imatinib-Resistant Gene Mutants
As listed in Table 1, resistance to imatinib of mutant clones representing 2 genes was confirmed either by preliminary (Caspase
10, CASP10) or full validation (LYR motif containing 9, LYRM9).
LYRM9 showed the strongest response as seen in the data from
the full validation experiments shown in Figure 3A. The remaining 2 mutant clones that survived screening , zona pellucida
binding protein (ZPBP) and CCAAT/enhancer binding protein,
gamma (CEBPG), were not resistant in preliminary validation
and were not tested further. Although LRP5 was not identified
as an imatinib resistance gene by screening, LRP5-mutant cells
also showed significant resistance to imatinib treatment compared with the KBM7 wild-type cells (Figure 3B).
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FIG. 2. Validation of resistance to FA of select mutant clones. A, Viable cell density of lipoprotein receptor-related protein 5 (LRP5), glutamic-oxaloacetic transaminase 1
(GOT1), and meiosis 1 associated protein (M1AP) mutants and wild-type KBM7 cells, 72 h after treatment with FA. Average (and SD) of 3 replicate experiments shown as
a percentage of untreated controls cells; B, Viable cell density of mitogen-activated protein kinase kinase 5 (MAP2K5), CTC1, and FCRLA mutants and wild-type KBM7
cells 72 h after treatment with FA. Average and SD of 2 replicate experiments shown as a percentage of untreated controls cells; C, Representative data (from 1 of 2 experiments, 2 replicates per experiment) showing live/dead LRP5, GOT1, and M1AP mutants and wild-type KBM7 cells, after treatment with FA (90 mM) for 72 h, compared
with untreated cells; D, Validation of knockdown of LRP5 and M1AP mRNA in the mutant cells by RT-PCR normalized to the housekeeping gene ribosomal protein L13a.
Data (fold change and SD) are averaged from 4 experiments and 3 experiments, respectively, 2 replicates per experiment; E, Validation of LRP5 protein knockdown in
the mutant cells by Western blot. Representative data from 1 of 2 experiments shown. *P < .05 by Student’s t test.

DISCUSSION
To improve the efficiency of human haploid KBM7 screening,
we optimized the original protocol (Carette et al., 2009) through
several modifications. As proof of principle, we sought to

identify gene mutants important for the response to FA and
imatinib across a narrow range of concentrations selected to
minimize false positives and maximize the number of resistant
mutant colonies. Despite the optimization and streamlining of
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TABLE 1. Gene Mutants That Confer Resistance to FA and Imatinib Identified by Haploid Screening
Chemical

No. Resistant Colonies
Screen 1

FA
CTC1 (NM_025099.5)
FCRLA(NM_032738.3)
GOT1 (NM_002079.2)
LRP5 (NM_002335.3)
M1AP (NM_001281296.1
MAP2K5(NM_145160.2)
IGF2BP3(NM_006547.2)
NOD1(NM_006092.2)
ITGB1(NM_002211.3)
RYBP(NM_012234.6)
NOTCH1(NM_017617.3)
NKIRAS2(NC_000003.12)
Sub total colony
Imatinib
CASP10(NM_001206524.1)
CUX1(NM_001202545.2)
NF1(NM_001042492.2)
LYRM9(NC_000017.11)
ZPBP(NM_001159878.1)
CEBPG(NM_001252296.1)
Sub total colony

1
1
1

Screen 2

Total Hits
Screen 3

1
1
2
1
2
1
1
1

1

1

4
1
2
2
3
1
1
10

8

1
1
1
6

2

1

2

1

Validation Confirmed
Preliminary

Full

1
1
3
2
3
1
2
1
1
1
1
1
18

YES
YES
nd
nd
nd
YES
nd
NO
NO
NO
NO
NO

YES
YES
YES
YES
YES
YES
NO
nd
nd
nd
nd
nd

1
2
2
6
1
1
13

YES
nd
nd
nd
NO
NO

NO
NO
NO
YES
nd
nd

nd, not done; not necessary because there are  2 hits so a full validation was directly conducted; NO, the validation was conducted but findings were not statistically
significant; and YES, the validation was conducted and findings were not statistically significant.

the screening protocol, it is still challenging to limit the false
positive rate. Many resistant mutant colonies did not have identifiable genes and some mutant clones with identifiable genes
could not be confirmed as resistant based on their proliferation
relative to wild-type cells. Nonetheless, we identified candidate
genes that modulate response to FA and imatinib.

Identification of Genes Involved in FA Response
Validation of FA resistance was achieved for 6 of 12 candidate
mutants identified (Table 1) across a range of concentrations in
in vitro treatment experiments in expanded colony cells. LRP5
was identified in 2 clones in 2 separate screening experiments.
LRP5 is a coreceptor in the Wnt/b-catenin signaling pathway
and plays important roles in embryonic and hematopoietic development. Wnt signaling is activated in acute myeloid leukemia (AML), leukemic stem cells (LSC), and myeloid blast crisis of
CML and is thought to support the development and maintenance of myeloid LSC (Heidel et al., 2015). Translocations involving LRP5 were reported in 2 AML patients (Sarova et al., 2011). A
mixture of volatile organic compound including FA was reported to alter Wnt signaling in mouse lung in vivo (Wang et al.,
2014a) and high levels of FA altered expression of genes involved in Wnt signaling in the nasal epithelium of exposed rats
(Andersen et al., 2010). To the best of our knowledge, Wnt signaling in hematopoietic cells has not been examined in association
with FA exposure.
GOT1 was identified as a candidate resistance gene in 3 mutant clones in 2 separate screening experiments. GOT1 is a cytoplasmic pyridoxal phosphate-dependent enzyme that plays
roles in amino acid metabolism and the urea and tricarboxylic
acid cycles. It is an important regulator of levels of glutamate,
the major excitatory neurotransmitter of the vertebrate central
nervous system, thus influencing brain neuroprotection. FA is a

well-established neurotoxin and has been proposed to be a contributor to brain neurodegeneration (Tulpule and Dringen,
2013). In primary rat astrocytes, FA has been shown to decrease
glutamate transporter expression, inhibiting glutamate uptake
(Song et al., 2010). In the context of leukemia, ETV6/GOT1 fusions, resulting from t(10;12) (q24;p13) translocation, have been
described in myelodysplastic syndrome (Janssen et al., 2006;
Struski et al., 2008).
M1AP was identified as a candidate resistance gene in 3 independent mutant clones in 2 separate screening experiments.
It encodes a protein that is likely to function in progression of
meiosis and its relevance to leukemia or FA toxicity is
unknown.
CTC1, FCRLA, and MAP2K5 were each identified in a single
clone. CTC1 is a component of the CST (CTC1-STN1-TEN1) complex, which plays an essential role in several aspects of telomere replication (Gu et al., 2012; Huang et al., 2012; Kasbek et al.,
2013; Miyake et al., 2009; Stewart et al., 2012; Surovtseva et al.,
2009; Wang et al., 2012) and facilitates recovery from many
forms of exogenous DNA damage (Wang et al., 2014b). Defects in
telomere biology can lead to genomic instability and are implicated in aging as well as in tumorigenesis and sporadic aplastic
anemia (Gramatges and Bertuch, 2013). In hematopoietic cancer
cells, telomere length has been associated with disease progression, prognosis, and outcomes (Jones et al., 2012). Telomere
shortening has also been observed in Fanconi anemia, an inherited bone marrow failure syndrome associated with defects
in DNA repair mechanisms (Gramatges and Bertuch, 2013) and
susceptibility to certain cancers and sensitivity to DNA-DNA
crosslinking agents including FA (Kennedy and D’Andrea, 2005).
We and others have identified and validated some of the factors
that counteract DNA damage induced by FA using functional genomic screening in chicken cells (Ren et al., 2013; Ridpath et al.,
2007; Yamazoe et al., 2004) and yeast (de Graaf et al., 2009; North
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FIG. 3. Validation of resistance to imatinib of select mutant clones. A, Viable cell density of Caspase 10 (CASP10), LYR motif containing 9 (LYRM9), CUX1, and neurofibromin 1 mutants and wild-type KBM7 cells 72 h after treatment with imatinib. Average (and SD) of 2 replicate experiments, 2 replicates per experiment, shown as a percentage of untreated controls cells. B, Viable cell density of LRP5 mutant cells and wild-type KBM7 cells 72 h after treatment with imatinib. Average (and SD) of 2
replicate experiments, 2 replicates per experiment, shown as a percentage of untreated controls cells. *P < .05 by Student’s t test.

et al., 2011a). As FA has not been reported to alter telomere
length or biology, further studies are needed to investigate the
role of FA in telomere biology, genomic instability, and
leukemia.
FCRLA is a B cell-specific protein in the FcR family (Davis
et al., 2002; Facchetti et al., 2002; Maltais et al., 2006; Mechetina
et al., 2002) that may bind to Ig and regulate Ig maturation and/
or secretion (Reshetnikova et al., 2012; Santiago et al., 2011;
Wilson et al., 2010). Though we found that occupational exposure to FA did not alter B cell counts (Hosgood et al., 2013),

others have reported increased (Jia et al., 2014) or decreased
(Costa et al., 2013) B cell numbers. To our knowledge, no human
studies have examined B cell differentiation or function in response to FA exposure. Increased levels of IgM and IgA, and decreased levels of IgG, were induced in rats exposed to FA
(Sapmaz et al., 2015). Additional functional studies are needed
to establish the relationship between FA exposure, immunoglobulin production, and disease.
MAP2K5 is a signaling module in the MAPK pathway that is
activated by stress stimuli and has been proposed to play a role
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in the pathology of cancer. MAP2K5 interacts with and activates
the MAPK7/ERK5 pathway that protects cells from stress-induced apoptosis and supports neuronal survival and cardiac development and angiogenesis (Lochhead et al., 2012).

Identification of Genes Involved in Imatinib Response
Resistance of CML patients to imatinib therapy is an important
clinical problem. The mechanisms underlying it are not fully
understood but involve both BCR-ABL-dependent mechanisms
and independent mechanisms, such as membrane-bound drug
transporters and activation of alternative signaling pathways,
that are mediated by genetic mutations and epigenetic alterations (Apperley, 2007; Balabanov et al., 2014; Trela et al., 2014).
The challenge of resistance has been somewhat circumvented
by the use of alternative tyrosine kinase inhibitors (TKI) or combinations of TKIs (Jabbour et al., 2015) but understanding the
mechanisms underlying resistance to tyrosine kinases in general would improve treatment and clinical outcomes and understanding of the CML disease process. Previously, Carette et al.
(2009) identified mutants that mediate imatinib resistance using their original KBM7 liquid-based screening approach.
Though it is unclear whether they performed independent
screens and how many cells survived, they expanded 11 imatinib-resistant cell lines and identified 3 mutant genes from 7 independent clones, similar to the number of mutant genes we
found. The 3 genes were neurofibromin 1 (NF1) and protein tyrosine phosphatase-N1 (PTPN1), both of which had previously
been shown to play an important role in the response of chronic
myeloid cells to imatinib therapy (Luo et al., 2008), and PTPN12,
a tyrosine phosphatase that negatively regulates c-abl activity
(Cong et al., 2000). Carette et al. confirmed the absence of NFI by
immunoblot in 2 independent surviving clones but did not confirm resistance to imatinib relative to wild-type cells in additional experiments. In our study, survival of 2 independent
mutant clones also indicated a role for NF1 knockdown in imatinib resistance but survival was not statistically significant in
our validation experiments. We did not identify PTPN1 or
PTPN12 as candidates. We identified and validated a role for 2
additional mutants, CASP10 (preliminary validation), and
LYRM9 (full validation), identified in 1 and 6 independent
clones, respectively. It is unclear why only 1 gene overlapped
between our screen and Carette’s 2009 screen but it may reflect
the different screening conditions used. We treated cells in
semi-solid media with 0.8, 1, 1.5, and 2 lM imatinib by adding it
1 time after cells had been plated and incubated for 24 h. In
Carette’s study, a concentration of 1 lM imatinib in liquid media
was used for 4 days followed by dilution to 0.3 lM for the following 2 weeks.
CASP10, together with CASP8, mediates the extrinsic death
receptor-mediated pathway (Movassagh and Foo, 2008).
Imatinib induces apoptosis of CML cells and the combined treatment of imatinib and other molecules that enhance imatinibinduced apoptosis has been suggested as an option for resistant
patients (Trela et al., 2014). Previously, apoptosis-related gene
expression profiles were shown to be associated with primary
resistance to imatinib in CML patients (Ferreira et al., 2015). The
function and role in resistance of LYRM9 are unknown.
In addition to the positive hits identified in the screening
process, we showed that LRP5 conferred resistance to imatinib.
Though a role for LRP5 in imatinib resistance was not previously
known, the Wnt-b-catenin pathway has been implicated (Yuo
et al., 1985; Zhang et al., 2013a).

Advantages and Limitations of Haploid Screening
Recently, we wrote a comprehensive review of functional genomic screening approaches, including yeast, haploid, RNAi, and
clustered regularly interspaced short palindrome repeats-associated nuclease (CRISPR)-Cas9, and their relative advantages
and disadvantages (Shen et al., 2015). Though the groundbreaking genome-editing technology CRISPR-cas9 can be applied in a
variety of cell types to assess toxicity, it has not yet been applied
widely for chemical screening (Shen et al., 2015). Human haploid
screening has advantages over yeast screening, mainly by enabling the screening of evolutionarily nonconserved genes. It
has identified host factors involved in responses to infectious
agents (Carette et al., 2009, 2011a; Reiling et al., 2011; Timms
et al., 2013; van den Boomen et al., 2014), drug resistance (Chen
et al., 2014; Reiling et al., 2013; Winter et al., 2014), and other cellular responses (Dixon et al., 2015; Duncan et al., 2012; Lee et al.,
2013). Our findings from this study, and recent data screening
KBM7 cells for resistance to chlorpyrifos (Zhu et al., 2015), illustrate the potential for application of haploid screening to environmental chemicals.
As KBM7 cells are of hematopoietic origin, derived from
blast-crisis CML (Kotecki et al., 1999), they are of particular relevance to FA and imatinib but some of the findings from the
screening may be indicative of general toxicological effects. FA
induces nasal pharyngeal carcinoma, neurotoxicity, immunotoxicity, and reproductive toxicity and may increase the risk of
asthma/allergies (Tang et al., 2009; Zhang et al., 2009). KBM7 cells
have been reprogrammed to induced pluripotent stem cells
(iPSCs), with the potential to differentiate into all 3 germ layers
(Carette et al., 2010). Use of modified variants of KBM7 cells,
therefore, has the potential to extend the applicability of haploid screening to multiple cell types and toxic agents. For example, KBM7-derived iPSCs became resistant to imatinib (Carette
et al., 2010) and a derivative KBM7 cell line called HAP1 became
susceptible to Ebola virus (Carette et al., 2011b), allowing the
identification of additional relevant genes.
Haploid screening of KBM7 cells does have limitations. First,
KBM7 cells have a point mutation in TP53, a gene that encodes a
major player in DNA damage response. However, apart from
driver mutations other than the BCR-ABL translocation and
point mutations in TP53 and NOTCH1, KBM7 cells are genetically
stable and exhibit limited genetic drift (Burckstummer et al.,
2013). A majority of clones (90%) remain haploid after 4–6 weeks
in culture, and we have incorporated enrichment steps for haploid cells and true gene-trap mutants in our method to further
ensure a stable starting population of cells and reduce potential
batch effects. Second, despite our modifications, the haploid
screening process described here has technical limitations including resistant colonies lacking gene-trap vector, failure of inverse PCR reactions to generate product, the generation of
multiple bands requiring additional separation and purification
prior to sequencing, and sequencing products that were too
short or uninformative to identify host genes. False negatives
appear to be an issue, apparent in our failure to confirm 2 earlier
imatinib-resistant mutant genes identified by haploid screening
(Carette et al., 2009). Further, LRP5 knockdown was not identified as a resistance factor in the imatinib functional screening
but the LRP5 mutant conferred resistance when tested separately. Despite these technical limitations, we believe that the
haploid screening methodology holds great promise as a complementary approach to identify toxicant response genes.
Third, the number of human haploid mutant clones available
(3396) is limited because of the strong genomic integration bias
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associated with retroviruses (Burckstummer et al., 2013). Fourth,
although qRT-PCR of the transcript associated with the trapped
gene in a subset of representative clones in the mutant library
showed that near-complete gene inactivation was achieved, not
every trapped gene in KBM7 leads to full transcriptional inactivation, as a result of genomic context or alternative transcripts
(Burckstummer et al., 2013). Thus, some mutants may be more
or less informative, introducing bias during screening. Fifth,
KBM7 cells are not completely haploid, having disomy of chromosome 8. However, a truly haploid cell line called eHAP (engineered-HAPloid) has been developed using CRISPR/Cas9-based
genome engineering to excise this chromosomal fragment
(Essletzbichler et al., 2014). Sixth, KBM7 is a cancer cell line and
thus may not fully recapitulate the normal cellular response.
However, there is strong representation of more than half of the
proteins in 3-quarters of all Kyoto Encyclopedia of Genes and
Genomes pathways, including diverse signaling pathways
(Burckstummer et al., 2013).

CONCLUSION AND FUTURE DIRECTIONS
We have developed an improved KBM7 haploid screening protocol and identified several gene mutants with enhanced survival
in the presence of FA and imatinib, some of which are novel
findings. Further validation is necessary. As RNAi has limitations, we will use CRISPR to generate knockout hematopoietic
cell lines for several of the FA response genes identified in this
study. We will initially examine survival across a range of FA
doses to evaluate dose-response. We will examine specific roles
for the identified genes by functional validation in knockdown
or knockout studies in cell lines in cells in vitro, or in animal
models in vivo, using relevant phenotypes. We have conducted
multiple validation studies for genes involved in the response
to arsenic, benzene, and FA, identified through functional genomic screening (McHale et al., 2014; Zhang et al., 2014).
Polymorphisms in candidate susceptibility genes will also be
evaluated for their role in susceptibility to hematotoxicity and
other toxicity endpoints in a human population occupationally
exposed to FA (Zhang et al., 2010), using approaches similar to
those applied in studies of benzene (Lan et al., 2004, 2009; Shen
et al., 2006, 2011). Identification of susceptible individuals is a
priority of twenty-first century risk assessment according to recent findings from the National Academy of Sciences
(Mortensen and Euling, 2013).
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