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ABSTRACT

Arsenic exposure is a worldwide health concern associated with an increased risk of skin, lung, and bladder cancer but

IIT 5

arsenic trioxide (As™) is also an effective chemotherapeutic agent. The current use of As™ in chemotherapy is limited to

acute promyelocytic leukemia (APL). However, As™

was suggested as a potential therapy for other cancer types including

chronic myeloid leukemia (CML), especially when combined with other drugs. Here, we carried out a genome-wide CRISPR-
based approach to identify modulators of As™ toxicity in K562, a human CML cell line. We found that disruption of KEAP1,
the inhibitory partner of the key antioxidant transcription factor Nrf2, or TXNDC17, a thioredoxin-like protein, markedly

increased As™

tolerance to As™

tolerance. Loss of the water channel AQP3, the zinc transporter ZNT1 and its regulator MTF1 also enhanced
whereas loss of the multidrug resistance protein ABCC1 increased sensitivity to As

[ Remarkably,

disruption of any of multiple genes, EEFSEC, SECISBP2, SEPHS2, SEPSECS, and PSTK, encoding proteins involved in

selenocysteine metabolism increased resistance to As™

between selenium and As™ may impact intracellular As™
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components/processes which modulate the toxicity of As™ in CML cells. Targeting such processes simultaneously with As

treatment could potentiate As™ in CML therapy.

Key words: arsenic; selenium; CRISPR screen; selenocysteine.

. Our data suggest a model in which an intracellular interaction
levels and toxicity. Together this work revealed a suite of cellular
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Arsenic toxicity is a worldwide public health concern as mil-
lions of people are exposed to this metalloid in drinking water
(Ravenscroft, 2007) at levels above the 10 pg/l guideline of the
World Health Organization (WHO, 1996). In the United States,
arsenic is ranked first in the Priority List of Hazardous
Substances (ATSDR, 2017). Acute arsenic poisoning can result in
severe digestive and neurologic effects and ultimately death
while chronic arsenic exposure increases the risk of skin, lung,
and bladder cancers (IARC, 2004; Ratnaike, 2003). However,

arsenic trioxide (As,03/ATO; As™) has been historically used as
a traditional Chinese medicine and was found to be a highly ef-
fective treatment of acute promyelocytic leukemia (APL)
(Mathews et al., 2006, 2010; Shen et al., 1997; Zhou et al., 2010). In
combination with all-trans retinoic acid, As™ results in remis-
sion rates approaching 96% in APL patients (Abaza et al., 2017,
Lo-Coco et al, 2016). The major therapeutic effect of As™
involves degradation of the fusion oncoprotein promyelocytic
leukemia (PML)-retinoic acid receptor-o (RARa) (Zhang et al.,

© The Author(s) 2019. Published by Oxford University Press on behalf of the Society of Toxicology.
All rights reserved. For permissions, please e-mail: journals.permissions@oup.com

108


https://academic.oup.com/

2010) and subsequent induction of partial differentiation and
apoptosis in APL cells (Emadi and Gore, 2010). As™-induced cy-
totoxic effects that are independent of PML-RARa degradation
also exist in APL cells and likely contribute to the observed sub-
stantial efficacy of As™ (Davison et al., 2002; Yedjou et al., 2010).

Despite its exclusive use in APL therapy, As™ demonstrated
a promising therapeutic potential in multiple types of hemato-
logic malignancies (Berenson et al., 2006; Kchour et al., 2009;
Wang et al., 2015; Zheng et al., 2008). The cytotoxic effects of As™
have been studied in various non-APL cancer cells (Akao et al,,
1999; Rousselot et al., 1999; Shen et al., 1999; Zhang et al., 1998).
The mechanisms of As™ toxicity remain unclear although a va-
riety of mechanisms that likely vary depending on the cell type
have been proposed (Miller et al., 2002). Inside the cell, inorganic
As™ (iAs™) is typically metabolized to methylated forms includ-
ing monomethylarsonic acid (MMA"Y), dimethylarsenic acid
(DMAY), monomethylarsonous acid (MMA™), and dimethylarsi-
nous acid (DMA™) (Hopenhayn-Rich et al., 1993; Vahter, 2002).
MMA™ is likely the primary toxic species (Mass et al., 2001;
Styblo et al., 2002) although the other forms may have direct
effects. Cytotoxic effects of As™ are mainly exerted through its
reaction with the thiol groups of a variety of intracellular pro-
teins (Watson, 2015) and the diversity of As™ targets likely
underlies the complex nature of its toxicity.

In this study, we employed a genome-wide CRISPR/Cas9
loss-of-function screen to identify genes whose disruption
alters sensitivity to As™ in the erythroleukemic K562 cell line
which does not contain the PML-RARa rearrangement. Our
study thus focuses on cellular mechanisms of As™ toxicity inde-
pendent of PML-RAR« degradation. We confirmed the existing
pathways that are involved in As™ toxicity and identified novel
pathways that influence sensitivity to As™. This work provided
new insights into the molecular mechanisms which affect cellu-

lar susceptibility to iAs™.

MATERIALS AND METHODS

Cell culture. Human HEK293T and K562 cells lines were obtained
from the biosciences divisional services cell culture facility,
UC Berkeley (https://bds.berkeley.edu/facilities/cell-culture;
Accessed February 7, 2019). HEK293T cells were cultured in
Dulbecco’s modified Eagles medium (DMEM; Thermo Fisher)
supplemented with 10% fetal bovine serum (FBS; Corning) and
1% penicillin/streptomycin (PS; Thermo Fisher). K562 cells were
cultured in RPMI 1640 (Thermo Fisher) supplemented with 10%
FBS and 1% PS. Cells were cultured in a humidified incubator
with 5% CO2 at 37°C.

Cytotoxicity assays. Cell viability assays were performed using
the CellTiter-Glo luminescent cell viability assay kit (Promega)
following the manufacturer’'s protocol. In brief, cells were
seeded at a density of 10° cells/ml (10* cells/well) in opaque 96-
well cell culture plates. ATO/As,05; (STREM Chemicals Inc.) stock
of 10 mM was prepared by dissolving 20 mg of As,05 in 300 pl
NaOH (1 M) and completing the volume to 10 ml with PBS. Cells
were treated with 0, 0.5, 1, 1.5, and 2 uM ATO for 24, 48, 72, or 96
h as indicated. For experiments involving selenium pretreat-
ment, cells were pretreated with 10 pM sodium selenite
(Na,SeOs; MP Biomedicals) for 24 h, washed with PBS, seeded in
new plates and treated with 0, 0.5, 1, 1.5, and 2 uM ATO for 48 h.
At the end of each incubation period, 100 pl of the CellTiter Glo
reagent was added to each well and the cells were lysed at an
orbital plate shaker for 2 min. The plate was then incubated for
10 min at room temperature in the dark to stabilize the signal.
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Luminescent signals from all wells were read on a Synergy H1
microplate reader (BioTek Instruments).

Genome-wide and targeted CRISPR/Cas9 libraries. The human
genome-wide CRISPR knockout (GeCKO) version 2 sgRNA library
cloned in LentiCRISPR v2 vector (Addgene no. 1000000048,
kindly deposited by Dr Feng Zhang) was used for genome-wide
screening. The GeCKO v2 library targets 19 050 protein-coding
genes and 1864 miRNAs and contains 1000 nontargeting
sgRNAs with a total of 123 411 sgRNAs split into 2 half libraries
A and B (Sanjana et al., 2014). For primary screening, we used
half library A containing 65 383 sgRNAs with an average of 3
sgRNAs targeting each gene. For the focused (validation) library,
sgRNA designs targeting each selected gene were picked up
from the GeCKO v2 (half-libraries A and B) and the Brunello li-
brary (Doench et al., 2016). The validation library targets 307
genes (6-8 sgRNAs/gene) and contains 500 nontargeting
sgRNAs, with a total of 2784 sgRNAs. Pooled custom oligonu-
cleotides (79 bp) comprised of the 20 bp sgRNA sequence and
the appropriate upstream (5’-cttGTGGAAAGGACGAAACACCg-3’)
and downstream (5'-gttttagagctaGAAAtagcaagttaaaataaggct-3’)
flanking sequences were synthesized by CustomArray pooled
oligo synthesis service (CustomArray Inc., Bothell, Waltham). The
obtained full-size oligos were PCR -amplified, gel-purified and
cloned into the LentiCRISPR v2 vector (Addgene no. 52961) using
Gibson assembly as previously described (Shalem et al.,, 2014).
Both GeCKO v2 and validation libraries were transformed into
Endura electrocompetent cells (Lucigen) using previously de-
scribed protocols for library amplification (Sanjana et al., 2014;
Shalem et al., 2014). Transformation efficiency for each library en-
sured sufficient representation of all constructs (approximately
150-fold library size for GeCKO v2 and approximately 500-fold li-
brary size for validation library). Plasmid DNA was isolated from
amplified colonies using the Maxiprep plasmid DNA purification
kit (Qiagen).

Lentiviral production and functional titration. Lentivirus production
was performed as previously described (Shalem et al., 2014),
with minor modifications. Briefly, HEK293T cells cultured in a
T225 flasks were co-transfected with 20 pg of the plasmid li-
brary, 15 pg of the packaging plasmid (psPAX2, Addgene no.
12260) and 10 pg of the envelope plasmid (pMD2.G, Addgene no.
12259). Media containing the virus were collected 60-h posttrans-
fection and filtered through a Steriflip-HV 0.45 um low protein-
binding PVDF membrane (Millipore). The lentiviral supernatant
was concentrated 50-fold using Lenti-X Concentrator (Clontech)
following the manufacturer’s protocol. Viral solutions were ali-
quoted and stored at —80° C until further use. To perform func-
tional titration of the prepared viral solutions, K562 cells were
suspended in transduction medium (RPMI 1640, 10% FBS, 1% PS +
8 ng/ml polybrene) and seeded at a density of 1.25 x 10° cells/ml in
12-well plates (2.5 x 10° cells per well). Different volumes (0, 2.5, 5,
10, 15, and 20 pl) of the virus were mixed with the cell suspension
in each well and the plates were centrifuged at 1000 g for 2 h at 33°
C. Transduced cells from each well were suspended in fresh media
and recovered for 48 h. For each transduction volume, cells were
seeded in 96-well plate at a density of 10° cells/ml (10* cells/well;
100 pl) with or without puromycin (2 pg/ml) and maintained for 7
days during which 25 pl of cell suspension from each well were
added to 75 pl of fresh media in a new replica plate every 48 h.
Following puromycin selection, cell viability in each condition was
evaluated by CellTiter Glo and the multiplicity of infection (MOI)
corresponding to each transduction volume was calculated by di-
viding the average luminescence signal from wells with puromycin
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by the average luminescence signal from wells without puro-
mycin. A transduction volume corresponding to a MOI of 0.25-
0.5 was used in the large-scale transduction.

Genome-wide (primary) screening. GeCKO v2 library, packaged in
lentiviral particles was transduced into 100 x 10° K562 cells in
12-well plates using the same protocol described for viral titra-
tion. Each well, containing 2.5 x 10° cells, was transduced with
10 pl of the GeCKO v2 virus which results in a MOI of 0.45 (deter-
mined from titration). Transduced cells from all wells were
pooled and the non-infected cells were eliminated by puromy-
cin selection (2 pg/ml) for 7 days during which the infected cells
were expanded. The obtained mutant library was split into
treatment (1 pM ATO) and control (NaOH vehicle) conditions
where at least 25 x 10° cells were maintained resulting in a rep-
resentation of approximately 400-fold the library size. Selection
was applied for 7 days which correspond to approximately 7
K562 cell doublings and the media were replaced every 48 h.
Screens were performed in T225 cell culture flasks and each
condition was run in duplicate. At the end of the screen, 25 x
10° cells from each replicate were washed with PBS and the pel-
lets were saved for DNA extraction.

Validation (secondary) screening. 10 x 10° K562 cells were trans-
duced with the validation library in a 12-well plate using the
same described protocol. Each well, containing 2.5 x 10° cells,
was transduced with 2.5 pl of the validation library virus which
results in a MOI of 0.27 (determined from titration). The same
screening conditions described for the primary screen were ap-
plied for the validation screen. At least 2.5 x 10° cells were
maintained in each condition representing approximately 900-
fold the library size. Screens were performed in T25 cell culture
flasks and each condition was run in triplicate. At the end of the
screen, 2.5 x 10° cells from each replicate were washed with PBS
and the pellets were saved for DNA extraction.

DNA extraction, library preparation and next generation sequencing.
Genomic DNA was isolated from 25 x 10° cells (primary screen)
using the Blood and Cell Culture DNA Midi kit (Qiagen) or 2.5 x
10° cells (secondary screen) using the DNeasy Blood and Tissue
kit (Qiagen) following the manufacturer’s protocols. Library
preparation for next generation sequencing was performed as
previously described (Sanjana et al., 2014), with minor modifica-
tions. For each sample, the pool of guide sequences was
amplified from genomic DNA by high fidelity PCR using the
Herculase II Fusion DNA Polymerase kit (Agilent). For the
genome-wide screen, 150 pg genomic DNA were amplified for
each sample (10 pg genomic DNA/reaction; 15 reactions/sam-
ple). For the secondary screen, 15 pg genomic DNA were ampli-
fied for each sample (5 pg genomic DNA/reaction; 3 reactions/
sample). In addition to the appropriate amount of genomic DNA
template, each PCR reaction contained 20 pl of the 5x reaction
buffer, 500 nM of each of the forward and reverse primers, 1 mM
deoxyribonucleoside triphosphates (dNTPs), 1 ul polymerase
and an appropriate volume of water to reach a final volume of
100 pl. PCR was conducted with the following conditions: 95°C/2
min; 18 cycles of 95°C/20 s, 60°C/20 s, 72°C/30 s; followed by
72°C/3 min. Following amplification, reactions corresponding to
the same sample were pooled. To prepare the samples for next
generation sequencing, the obtained amplicons were further
amplified using primers that include appropriate P5 and P7 illu-
mina adapter sequences. In order to increase the diversity of
the libraries, the forward primer used in the second PCR in-
cluded a 5 N shuffle sequence. To allow multiplexing of

samples, multiple reverse primers were used in the second PCR
and each primer contained a unique 8 bp index that was used to
label each sample. For each PCR2 reaction, 5 pl of the first PCR
product were used as a template. Seven PCR2 reactions per sam-
ple were performed for the genome-wide screen while a single
PCR2 reaction was performed for each sample of the validation
screen. PCR2 conditions and amplification protocol were similar
to those used for PCR1 but 20 amplification cycles were applied
instead of 18. For the genome-wide screen, PCR2 reactions cor-
responding to the same sample were pooled. Primers used in
the first and second PCRs are shown in Supplementary Table 1.
The quality of the 358 bp PCR2 amplicon was assessed on a 2%
agarose gel and then using a 2100 bioanalyzer (Agilent). If neces-
sary, unincorporated primers and nonspecific products were re-
moved from each sample using pippin prep (Sage Science).
Following purification, individual samples labeled with differ-
ent indices were quantified on a Qubit fluorometer (Thermo
Fisher Scientific) and pooled in equimolar amounts. Pooled li-
braries were deep sequenced using the illumina Hiseq2500 plat-
form (single read 50 bp) with a coverage exceeding 500 folds the
size of each library.

Data processing and computational analysis. Raw FASTQ files were
demultiplexed using the FASTX-Toolkit (http://hannonlab.
cshl.edu/fastx_toolkit/; Accessed February 7, 2019) and proc-
essed to contain only the unique 20-bp guide sequences. To
align the processed reads with the reference library, guide
sequences from the library were assembled into a Burrows-
Wheeler index (Li and Durbin, 2009) using the Bowtie build-
index function (Langmead et al., 2009). Reads were aligned using
the Bowtie aligner and the number of uniquely aligned reads
(perfect match) for each guide was calculated. Individual guide
counts or the sum of counts of all guides targeting each gene
were used as an input into edgeR, where the counts were nor-
malized using the upper-quartile method. Differential abun-
dance of each guide or all guides targeting a gene between
treatment and control conditions was determined using the
negative binomial generalized linear model (GLM) approach
implemented in edgeR (Lun et al., 2016). False discovery rates
(FDRs) were estimated to correct for multiple comparisons.
Primary candidate selection was based on individual guide
sequences displaying differential representation between the 2
conditions with FDR < 0.1. Additional genes were identified by
performing a gene-level statistical analysis, based on summing
counts from all the guide sequences targeting a given gene.
Validation of candidates by secondary screening was based on
revealing multiple individual guide sequences per gene that are
differentially represented between the 2 conditions with FDR <
0.001. A complementary gene-level confirmatory analysis was
performed by fitting a separate linear model to the total sgRNA
counts for each gene using the method of limma (Ritchie et al,,
2015), alongside the voom transform (Law et al., 2014), imple-
mented in the popular limma R package. Alternatively, gene
ranking was performed using Model-based Analysis of Genome-
wide CRISPR-Cas9 Knockout (MaGeCK), which combines ranks
of individual guides targeting the same gene using a modified
version of robust ranking aggregation (Li et al., 2014). Functional
enrichments within the list of candidate genes were determined
by gene ontology enrichment analysis implemented in the
STRING database (http://string-db.org; Accessed February 7,
2019) complemented with literature-based manual curation.

Generation of PSTK knockout and control pools. sgRNAs targeting
PSTK or a nontargeting (NTC) sgRNA (sequences shown in
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Supplementary Table 2) were cloned into the CRISPR lentiviral
backbone vector (LentiCRISPR v2) using the Golden Gate
method. To produce lentiviral particles, we cotransfected
HEK293T cells in T25 culture flasks with 3.4 pg of the target vec-
tor, 2.6 pg of the packaging plasmid (psPAX2) and 1.7 pg of the
envelope plasmid (pMD2.G) using Lipofectamine 2000 and Plus
reagent (Thermo Fisher Scientific) following the manufacturer’s
instructions. Viral solutions were collected 60 h posttransfec-
tion, filtered through a Steriflip-HV 0.45 pm low protein-binding
PVDF membrane (Millipore), and concentrated 50 folds using
Lenti-X Concentrator (Clontech) following the manufacturer’s
protocol. Cells were transduced with targeting or NTC vectors at
a MOI < 0.5 and the transduced cells were enriched by puromy-
cin selection. The obtained cellular pools were used in cytotox-
icity assays to evaluate their sensitivity to ATO.

Statistical analysis. Data were presented as the mean * SD.
Statistical significance was determined by 2-tailed, 2-sample t
test assuming unequal variance. A p-value < .05 was considered
statistically significant.

RESULTS

Genome-Wide Screen Reveals Genes Affecting

Cellular Sensitivity to As™

We investigated cellular components of key mechanistic rele-
vance to As™ toxicity in K562 cells using the CRISPR-Cas9 ge-
nome-wide loss-of-function screening approach (Figure 1). We
used the GeCKO v2 sgRNA library A containing 65 383 sgRNAs
targeting approximately 19 000 human genes to generate a pool
of K562 cells with mutations in the corresponding genes. We
screened the cellular pool for mutations that alter sensitivity to
a sublethal As™ dose (1 uM of ATO), inhibiting the proliferation
of K562 cells by approximately 30% after 72 h, that we deter-
mined by cell viability assays (Figure 2A). At the end of the
screen, differential growth of mutants between ATO treated and
control (vehicle treated) pools was determined by comparing
the representation of the corresponding guide sequences be-
tween the 2 pools. We selected candidate genes for further eval-
uation if at least one guide sequence targeting the gene
demonstrated differential abundance between ATO and vehicle
control at a FDR < 0.1 with average log2 CPM > 2.5 (Figure 2B).
Using these criteria, we identified 102 candidate genes impli-
cated in the toxic response to As™ (Supplementary Table 3). To
maximize the number of candidates from the primary screen,
we implemented additional analysis methods for candidate se-
lection. An analysis approach which involves summing all
guide sequences targeting the same gene identified 97 candi-
date genes with FDR < 0.1 (Supplementary Table 4). Among
these, 49 candidates did not overlap with the list identified from
the analysis approach based on individual sgRNAs (Figure 2C).
Within the overlapping candidates, there were 34 genes whose
disruption potentially confers resistance to As™ and 14 genes
whose loss potentially increases cellular sensitivity to As™
(Figure 2D). A third, more stringent, analysis method using
MAGeCK identified only 10 candidate genes with FDR < 0.1
(Supplementary Table 5), 9 of which were already identified by
the other 2 approaches (Figure 2C).

Simultaneous Validation of Genes Modulating As™

Secondary Screening
We generated a customized CRISPR-Cas9 validation library, with
increased number of sgRNAs targeting each gene (6-8 sgRNAs/

Cytotoxicity by
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gene), that is enriched for the primary hits identified by all the
analysis methods implemented for the primary screen. We used
the same validation library to confirm hits revealed by other
screens which will be reported elsewhere. Thus, the validation li-
brary also included multiple sgRNAs targeting genes which were
not identified as hits in the primary ATO screen in addition to
several nontargeting sgRNAs. We performed a secondary screen
in K562 cells with the validation library using conditions identi-
cal to those applied for the primary screen but on a smaller scale.
We used more stringent criteria for candidate validation which
required at least 2 sgRNAs per gene exhibiting significant deple-
tion or enrichment in ATO compared to vehicle control with a
FDR < 0.001. Using these criteria, we validated multiple primary
candidates. Validated hits included genes whose loss confers ei-
ther increased or decreased sensitivity to As™, with the latter be-
ing more prominent (Figure 3A; Supplementary Table 6). The
secondary screen validated 20 candidates that were initially
revealed by both the summing and the individual guide-based
analysis methods, 16 candidates that were exclusively revealed
by the summing method and 7 candidates that were uniquely
identified by the individual guide-based method. Gene-level con-
firmatory analysis using the limma package revealed similar en-
richment and depletion hits as the main GLM-based method
(Supplementary Tables 8 and 9). Additionally, the vast majority
of the validated genes were also revealed by MAGeCK analysis
(Supplementary Tables 10 and 11). Functional classification of
validated genes uncovered multiple biological processes as
determinants of cellular sensitivity or tolerance to As™ including
selenocysteine (Sec) metabolism and utilization, oxidative stress
response, DNA damage response, cellular transport, intracellular
trafficking, histone modification, RNA processing in addition to
diverse intracellular signaling processes (Figure 3B;
Supplementary Table 7).

Oxidative Stress Response and Certain Cellular Transporters Affect
Sensitivity to As™

Disruption of KEAP1, the negative regulator of the antioxidant
response transcription factor Nrf2, resulted in a striking resis-
tance to As™ (Figure 3C). Alternatively, loss of the multidrug re-
sistance protein ABCC1 drastically increased sensitivity to As™
(Figure 3D). In contrast, disruption of genes encoding other
transporter proteins including aquaporin 3 (AQP3) and the zinc
transporter ZnT1(SLC30A1) resulted in As™ tolerance
(Supplementary Table 7).

Cellular Damage Response and DNA Repair Are Important
Modulators of As™ Sensitivity

Disruption of UBE2H involved in ubiquitin-dependent protein
catabolism and CNOT2 involved in mRNA degradation in-
creased sensitivity to As™ (Supplementary Table 7). Multiple
components of DNA damage response and double strand DNA
repair were also identified in our screen (Supplementary Table
7). Unexpectedly, disruption of these genes increased resistance
rather than sensitivity.

Histone Modification, Transcriptional Regulation, and Diverse
Signaling Processes Impact As™ Cytotoxicity

We identified few histone-modifying factors whose disruption
increased resistance to As™ (Supplementary Table 7). These in-
clude MRGBP and DR1, components of the NuA4 and ATAC his-
tone acetyltransferase complexes respectively, GFI1B, a
member of several histone deacetylase complexes and EED, a
member of the PRC2/EED-EZH2 complex involved in histone H3
methylation. Other transcriptional regulators whose loss
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Figure 1. Overview of the performed CRISPR-based knockout screening approach. A, The Cas9-sgRNA library was packaged into lentiviral particles and transduced into
K562 cells. The obtained cellular library was screened to identify mutants with growth advantage or disadvantage in the presence of ATO. Guide sequences, used as
barcodes labeling the different mutants, were PCR-amplified and quantified by deep sequencing. B, Study workflow showing screening strategies, candidate gene selec-

tion criteria, and validation approaches.

increased As™ resistance include 2 mRNA processing/splicing

factors, PAPOLA and CCNL2 and 2 positive transcriptional mod-
ulators, MEIS2 and RREB1 (Supplementary Table 7). In addi-
tion, loss of intracellular signaling components such as FLCN
and RRAGC involved in mechanistic target of rapamycin
(mTOR) signaling, RCE1 which is required for activation of RAS
signaling and CTDNEP1 which suppresses bone morphoge-
netic proteins (BMP) signaling resulted in As™ tolerance
(Supplementary Table 7).

Modulation of Processes Involved in Protein Translation Affects As™

Cytotoxicity
Disruption of certain translation components modulated sensi-
tivity to As™ (Supplementary Table 7). Loss of 2 components of

diphthamide biosynthesis (DPH5, DPHS6), a process that modifies
a histidine residue in the eukaryotic translation elongation fac-
tor 2 (eEF-2), resulted in decreased sensitivity to As™. Similarly,
inactivation of DHPS that uniquely modifies a specific lysine
residue in eukaryotic translation initiation factor 5 A (elF-5A)
confers As™ resistance.

Disruption of Sec Biosynthesis and Utilization Protects against As™

Cytotoxicity

Inactivation of almost every gene involved in Sec biosynthesis
or Sec incorporation into selenoproteins (EEFSEC, SECISBP2,
SEPHS2, SEPSECS, and PSTK) conferred resistance to As™
(Figure 4B). At least 5 distinct sgRNAs targeting each gene, out of
the 8 sgRNAs used in the secondary screen, showed significant
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Figure 2. Identification of multiple candidate genes affecting ATO/As™ toxicity. A, Cytotoxicity of multiple concentrations of ATO in K562 cells evaluated at 24, 48, and 72 h by
CellTiter Glo cell proliferation assay. Data are represented as mean + SD (n = 3). B, Scatter plot showing relative enrichment (log2 FC > 0) or depletion (Log2 FC < 0) of each
gene-specific guide sequence in ATO compared to vehicle control (Veh). Log2 fold changes (FC) are plotted against the average abundance of each guide sequence in the pool
represented as Log2 counts per million (CPM). Hits with FDR values < 0.1 are shown in different colors. C, Venn diagram showing unique and common candidates identified
by 3 analysis methods. For each method, number of hits with FDR < 0.1 is shown. D, Heatmap of the normalized sum of counts of all guide sequences targeting each gene.
Only hits that are in common between the summing and individual sgRNA analysis approaches are shown. The screen was run in duplicate and the values corresponding to

each replicate (Veh or ATO) are represented in the heat map.

enrichment in ATO relative to the vehicle control with FDRs <
0.001 (Supplementary Table 6). To further confirm that Sec bio-
synthesis is a sensitivity determinant for As™, we targeted the
phosphoseryl tRNA kinase (PSTK) gene in K562 cells using the
CRISPR-Cas9 knockout tool. We generated 2 independent PSTK
knockout pools by transducing K562 cells with different Cas9-
sgRNA vectors. Cell viability assays showed increased resis-
tance of the PSTK mutant pools to As™ (Figure 4C). Additionally,

disruption of TXNDC17 (TRP14), a substrate of the selenoprotein
thioredoxin reductase (TxrR), resulted in As™ tolerance
(Figure 4D).

Selenium Enhances Tolerance of K562 Cells to As™

One potential explanation on the role of defective Sec biosyn-
thesis/utilization in enhancing tolerance to As™ is the accumu-

lation of intracellular selenium. To study the effect of selenium
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Figure 3. Simultaneous validation of multiple candidate genes involved in ATO/As

toxicity by secondary screening. A, Scatter plot showing relative enrichment (log2

FC > 0) or depletion (Log2 FC < 0) of each gene-specific guide sequence in ATO compared to vehicle control. Log2 fold changes (FC) are plotted against the average abun-
dance of each guide sequence in the pool represented as Log2 counts per million (CPM). Hits with FDR values < 0.001 are shown in different colors. B, Functional enrich-
ment analysis of validated genes showing the top biological processes affecting ATO toxicity. Bars represent numbers of validated genes within each pathway. C,
Relative enrichment (Fold change > 1) of each of the guide sequences targeting KEAP1 in ATO-treated compared to control pools. D, Relative depletion (Fold Change <
1) of each of the guide sequences targeting ABCC1 in ATO-treated compared to control pools. Fold changes for each guide sequence are calculated by dividing the nor-
malized abundance of the sequence in ATO-treated pools by that in control pools. The dotted line (y = 1) in each graph represents the baseline abundance of each guide
sequence in control pools. Data are represented as mean (n = 3). Only guide sequences displaying differential abundance at FDR < 0.001 are shown.

on As™ toxicity in K562 cells, we pretreated cells with 10 uM so-

dium selenite (Na, SeO3) as an exogenous selenium source and
assessed cell viability in response to multiple As™ doses.
Pretreatment of cells with sodium selenite significantly im-
proved cell viability in response to As™ treatment at all the
studied doses (Figure 4E).

DISCUSSION

In this study, we used genome-wide CRISPR/Cas9 loss-of-
function screening to investigate cellular mechanisms affecting
susceptibility to ATO/As,05; As™) in a K562 chronic myeloid leu-
kemia (CML) cell line. To our knowledge, this study is the first
comprehensive functional investigation of the genetic compo-
nents modulating the cellular toxicity of As™ in mammalian
cells. Inorganic As™ (iAs™) can be converted intracellularly into
methylated metabolites by the arsenic methyltransferase
(As3MT) (Khaleghian et al., 2014). K562 cells express low levels of
As3MT (Sumi et al., 2011) indicating that these cells can metabo-
lize iAs™ into the methylated forms. Diverse mechanisms of
acute and chronic As™ toxicity have been previously identified
in whole organisms and in individual cells (Abdul et al., 2015). In
addition, factors influencing susceptibility of different

individuals to arsenicals including As™ were recently reviewed

(Minatel et al., 2018). Our work confirmed the importance of pre-
viously well studied cellular processes, such as the oxidative
stress response, in the cellular response to acute As™ exposure.
We also identified additional functional components and path-
ways whose role in cellular As™ toxicity was not clearly appreci-
ated. Both Sec production and its incorporation into
selenoproteins were identified as key processes modulating
As™ toxicity in CML cells. Further investigation is needed to as-
sess whether such processes define As™ toxicity in other cell
types. Our work further demonstrates the utility of unbiased
functional screens (Gaytan and Vulpe, 2014) to identify compo-
nents modulating cellular toxicity to exogenous stressors.

Our screen revealed an expected role for oxidative stress re-
sponse in acute cellular toxicity of As™ in K562 cells. As™ indu-
ces cellular oxidative stress likely through multiple
mechanisms (Flora, 2011). We found that loss of KEAP1, which
negatively regulates the primary antioxidant transcription fac-
tor Nrf2, conferred substantial resistance to As™ (Figure 3C).
Nrf2 is responsible for the transcriptional activation of a com-
plex antioxidant response pathway (Jaramillo and Zhang, 2013).
Our finding is consistent with the reported activation of the
Nrf2-KEAP1 pathway by arsenical compounds (Lau et al., 2013),
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Figure 4. Disruption of Sec biosynthesis and utilization decreases cellular susceptibility to ATO/As™. A, Overview of the Sec biosynthesis pathway and incorporation into
selenoproteins. B, Validation of the increased resistance to ATO upon disruption of genes involved in Sec biosynthesis and incorporation into proteins (obtained from sec-
ondary screening). Dots represent the different sgRNAs targeting each gene where the relative abundance of each sgRNA in the treated pools is divided by that in the control
pools to calculate fold changes. The dotted line (y = 1) represents the baseline abundance of each sgRNA sequence in control pools. Data are represented as mean (n = 3).
Only guide sequences displaying differential abundance at FDR < 0.001 are shown. Lines represent median fold enrichment of all guides corresponding to each gene. C,
PSTK inactivation results in increased sensitivity to ATO. Cells were transduced with CRISPR/sgRNA vectors targeting PSTK or nontargeting control and treated with multi-
ple doses of ATO for 96 h. Cell viability in each pool is shown as percentage of vehicle-treated control. Data are represented as mean of 3 independent experiments + SD
(n = 3). D, Relative enrichment (Fold Change > 1) of each of the guide sequences targeting TXNDC17 in ATO-treated compared to control pools. Fold changes for each guide
sequence are calculated by dividing the normalized abundance of the sequence in ATO-treated pools by that in control pools. The dotted line (y = 1) in represents the base-
line abundance of each guide sequence in control pools. Data are represented as mean (n = 3). All the guide sequences shown display higher abundance in ATO at FDR <
0.001. E, Selenium protection against ATO toxicity. K562 cells were pretreated with sodium selenite (10 pM) and ATO cytotoxicity was evaluated in pretreated and control
cells at 48 h by CellTiter Glo cell viability assay. Cell viability is represented as percentage of vehicle-treated control. Data are represented as mean of 3 independent experi-
ments *+ SD. Statistical significance was determined by Student’s t-test, where *p < .05, **p < .01, **p < .001.

and the increased resistance of cells to arsenic through treat- KEAP1 loss against As™ is not limited to CML cells. In addition
ment with Nrf2 activators (Du et al., 2008). The Nrf2-KEAP1 path- to KEAP1, we also identified TRP14 (TXNDC17), a reported reduc-
way was also shown to modulate As™ toxicity in NB4 APL cells tase of L-cystine to L-cysteine in conjunction with TxrR (Pader

(Nishimoto et al., 2016) indicating that the protective effect of et al., 2014), as an important determinant of As™ sensitivity. L-
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Figure 5. Proposed models illustrating potential roles of selenocysteine metabolism in As™ toxicity. (A) Selenium Compromised Thioredoxin Reductase-derived
Apoptotic Proteins (SeCTRAPs) model. Binding of inorganic As™ (iAs™) or its metabolite to the selenol group of Sec in the C-terminal active site of thioredoxin reductase
(TrxR1) modifies the enzyme disrupting its ability to reduce thioredoxin (Trx). The modified enzyme gains an NADPH oxidase activity that produces superoxide. TRP14,
the thioredoxin-related protein encoded by the TXNDC17 gene is a potential endogenous substrate required for the NADPH oxidase activity of SeCTRAPs. (B) Seleno-bis

(S-glutathionyl) arsinium ion ([GS]2AsSe)- export model. As™

forms a complex with selenium and glutathione that can be exported outside the cell through multidrug
resistance proteins. (Left) Utilization of selenium (Se) for selenoprotein biosynthesis may result in depletion of intracellular selenium levels and subsequent As

" accu-

mulation leading to increased cytotoxicity. (Right) Disruption of the biosynthesis of selenocysteine or its incorporation into selenoproteins can spare intracellular sele-
nium levels resulting in efficient As™ detoxification through formation of the ([GS]2AsSe)- complex and its export outside the cell.

cysteine levels are critical for GSH synthesis as well as for main-
taining cytosolic GSH levels (Stipanuk et al., 2006; Yu and Long,
2016). However, contrary to a role in protecting against oxidative
stress via maintaining GSH levels, loss of TXNDC17, decreased
rather than increased sensitivity to As™ (Figure 4D) suggesting a
potentially different role in As™ toxicity.

Sec biosynthesis and incorporation into selenoproteins was
revealed by the genome-wide CRISPR screen as a key process
influencing As™ toxicity in K562 CML cells. Production of Sec is
initiated by charging the Sec tRNA with serine (Ser) which is
converted to Sec in a multi-step process catalyzed by several
enzymes (Schmidt and Simonovi¢, 2012) (Figure 4A). Binding of
the Sec tRNA (tRNA®*®°) into the translational complex and sub-
sequent insertion of Sec into the polypeptide chain requires a
UGA stop codon and a downstream Sec insertion sequence
(SECIS) in the corresponding mRNA and is facilitated by the
SECIS-binding protein and the Sec-specific elongation factor
(Hoffmann and Berry, 2006). We found that the loss of almost
any enzyme involved in Sec biosynthesis or factors involved in
its incorporation into the polypeptide chain results in

substantial As™ tolerance (Figs. 4B and 4C). It is well-known
that selenoproteins, including glutathione peroxidase and TxrR
play an important role in protecting against oxidative damage
(Arbogast and Ferreiro, 2010; Benhar, 2018). However, our find-
ing that the disruption of selenoprotein synthesis increases
rather than decreases tolerance to As™ suggests an alternative
role in As™ toxicity that needs further investigation. The effect
of Sec metabolism on As™ toxicity could be specific to CML cells
although a previous report indicated that As™ can inhibit sele-
noprotein synthesis in A549 lung cancer cells (Talbot et al.,
2008). Further investigation is required to determine whether
selenoprotein synthesis is a general determinant of As™
cytotoxicity.

The selenoprotein, TxrR was previously identified as a direct
molecular target of As™ (Lu et al., 2007). The Sec residue of TrxR
is essential for Trx reduction as well as As™ binding (Anestal
et al., 2008; Lu et al., 2007). Several studies indicated that binding
of electrophiles, including As™, to TrxR simultaneously inhibits
Trx reduction and enhances NADPH oxidase activity and thus
converts the anti-oxidant protein into a pro-oxidant termed
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by multiple cellular regulatory processes. Nrf2-based antioxidant response, intracellular selenium, intracellular zinc and export through ABCC1 can protect against

As™ cytotoxicity.

selenium compromised TxrR-derived apoptotic protein
(SeCTRAP) (Anestdl and Arnér, 2003; Anestdl et al., 2008) al-
though others did not find evidence of increased NADPH oxi-
dase activity after As™ binding to TrxR in vitro (Lu et al., 2007).
These findings, in addition to our observation that defective Sec
production and insertion into selenoproteins decreases cellular
sensitivity to As™, suggest that targeting of TrxR and generation
of SeCTRAPs could be one of the mechanisms underlying As™
cytotoxicity. Therefore, resistance of Sec biosynthesis mutants
to As™ could be due to absence of SecTRAP formation.
Additionally, it has been suggested that the apoptotic activity of
the compromised TrxR requires an endogenous cellular sub-
strate (Anestal et al., 2008). Intriguingly, the thioredoxin (Trx)-
like TrxR substrate TRP14 (TXNDC17), was revealed by our
screen as a determinant of sensitivity to As™ (Figure 4D). This
finding suggests that TRP14 could potentially serve as an endog-
enous substrate for SeCTRAPs. The role of TRP14 in the apopto-
tic function of SecTRAPs requires further investigation. A
proposed model for As™-derived SecTRAPs is shown in
Figure 5A.

An alternative but not mutually exclusive hypothesis to ex-
plain the role of Sec biosynthesis and utilization in As™

toxicity is the reduction of intracellular selenium bioavailabil-
ity. The clear interrelationship between selenite (Se') and
As™ is well documented in animals and people (Carew and
Leslie, 2010; Levander, 1977; Srivastava et al., 2010; Sun et al.,
2014). In mammalian cells including erythrocytes, the Seleno-
bis (S-glutathionyl) arsinium ion ([GS],AsSe)” can form
(Manley et al., 2006) and was shown to be exported by the mul-
tidrug resistance-associated protein ABCC2 (MRP2) (Carew and
Leslie, 2010). The production of Sec may reduce the bioavail-
able intracellular selenium pool. Thus, defective Sec biosyn-
thesis could spare bioavailable selenium for use in the
formation of the ([GS],AsSe)” complex and hence detoxifica-
tion of As™ (Figure 5B). This suggestion is further supported by
our finding that preloading the cells with selenium protects
against subsequent As™ toxicity (Figure 4E). Additionally, we
identified the multidrug transporter ABCC1 (MRP1) as a major
determinant of As™ tolerance in K562 CML cells as its loss
markedly increased As' sensitivity (Figure 3D). However, pre-
vious studies on membrane vesicles prepared from human
erythrocytes indicate that ([GS],AsSe)” complex can be
exported through ABCC2 (MRP2) and not ABCC1 (Carew and
Leslie, 2010). ABCC1 has been demonstrated to transport
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As(GS); complexes (Leslie, 2012; Leslie et al., 2004) so it is possi-
ble that the observed increased sensitivity upon ABCC1 loss is
due to a defect in As(GS)s; export rather than ([GS],AsSe) .
Given our findings, it may be worthwhile to further investigate
the role of ABCC1 in transporting ([GS],AsSe)” in K562 cells.
The role of ABCC1 in As™ detoxification might be cell-type
specific as its overexpression in HL60 APL cells did not result
in resistance to As™ (Sertel et al., 2012). Overall, our results in-
dicate a clear relationship between intracellular Sec metabo-
lism and cellular As™ toxicity.

We identified 2 transmembrane transporters as determi-
nants of As™ sensitivity. Loss of AQP3 decreased sensitivity of
K562 cells to As™ consistent with a role of AQP3 in As™ uptake.
AQPs were previously reported to import trivalent arsenicals
into mammalian cells (Rosen, 2002) and polymorphisms of
AQP3 were reported to increase the risk of bladder cancer in
individuals with high As™ exposure (Lesseur et al., 2012).
Similarly, in human lung adenocarcinoma cells, As™ resistance
is associated with a decrease in AQP3 expression and the knock-
down of AQP3 in nonresistant cells confers As™ resistance (Lee
et al., 2006). Another AQP involved in As™ uptake, AQP9, is not
intrinsically expressed in K562 cells (Bhattacharjee et al., 2004)
and hence was not identified as a modulator of As™ toxicity in
our screen. In contrast, the expression of AQP3 was previously
detected in K562 cells (http://www.proteinatlas.org/; Accessed
February 7, 2019). These findings indicate that multiple AQPs
are involved in cellular As™ uptake and that the expression of a
specific AQP in a cell type defines its role in modulating As™
sensitivity. We also identified the zinc exporter ZnT1 (SLC30A1)
as a sensitivity factor for As™ in K562 cells. Inactivation of ZnT1
or its transcriptional activator metal regulatory transcription
factor 1 (MTF1) resulted in considerable As™ resistance. Several
groups have suggested a protective role of zinc in As™ toxicity
(Kreppel et al., 1994; Milton et al., 2004) which would be consis-
tent with As™ tolerance due to increased intracellular zinc lev-
els as a result of ZnT1 dysfunction. Interestingly, SNP
polymorphisms in a different zinc transporter, SLC39A2, have
been associated with increased bladder cancer risk after arsenic
exposure (Karagas et al., 2012).

Various cellular stress response components were identified
in our study as key modulators of As™ toxicity in K562 cells. For
example, we found that loss of the ubiquitin conjugating en-
zyme UBE2H results in higher As™ sensitivity suggesting a role
for proteolytic stress in As™ cytotoxicity. As™ was previously
shown to impair protein folding leading to the formation of pro-
tein aggregates in yeast (Jacobson et al., 2012). In addition, ER
stress was shown to synergize with As™ to induce apoptosis in
APL cells (Masciarelli et al., 2018). Collectively, these findings
suggest that degradation of misfolded proteins partially miti-
gates As™ cytotoxicity. Although As™ was previously shown to
induce DNA damage in APL cells (Kumar et al., 2014), our results
do not support a role for DNA repair in mitigating As™ toxicity.
We found that the disruption of selected DNA damage response
and DNA repair components in K562 cells confers increased,
rather than decreased, As™ tolerance. It is possible that impair-
ment of DNA damage response results in bypassing the mitotic
check point, hence leading to a cellular growth advantage in the
presence of As™ (Bartkova et al., 2005).

Our study revealed multiple cellular processes that can mod-
ulate As™ cytotoxicity (Figure 6) and hence influence its anti-
cancer therapeutic potential. As™ is a standard effective therapy
for APL, and its major effects in APL cells involve the degrada-
tion of the PML-RARa fusion oncoprotein (Lallemand-
Breitenbach et al, 2012). However, As™ can also induce

apoptosis in APL cells through other mechanisms (Davison
et al., 2002; Yedjou et al., 2010). As™ resistance can arise in APL
leading to poor prognosis (Zhu et al., 2014). PML-RARa mutations
account for some but not all of the observed resistance
(Chendamarai et al., 2015) and our screens, although performed
in CML cells, suggest potential As™ resistance mechanisms that
could be explored. Importantly, As™ was suggested as a poten-
tial therapy for other cancer types including CML when com-
bined with other agents such as interferons (El Eit et al., 2014) or
tyrosine kinase inhibitors (Wang et al., 2015). Revealing the mo-
lecular determinants of As™ sensitivity and tolerance in a CML
cell line provided insight into cellular processes which can mod-
ulate the efficacy of As™ in CML. Targeting such processes si-
multaneously with As™ treatment could potentiate As™ in CML
therapy, with the caveat of potentially increased cytotoxicity in
nontumor cells.

Our work demonstrated the capability of CRISPR-based
functional genomics in deciphering molecular mechanisms
modulating susceptibility to As™ and our findings could have
implications for a broader use of As' in chemotherapy be-
yond the treatment of APL. However, we recognize that the
mechanisms influencing sensitivity to As™ identified in K562
cells may not extend to other cell types. Hence, further stud-
ies are needed to validate the relevance of our findings in
other cells and tissues. Further, additional modulators of As™
sensitivity or tolerance might not have been identified by our
screen due to lack of expression/activity of such determinants
in K562 cells, existing compensatory mechanisms in these
cells resulting in functional redundancy, or cell line specific
genetic changes which abrogate the need for these modula-
tors. Therefore, a more comprehensive approach requires
complementary genetic screens in multiple cell lines to deter-
mine common as well as context-specific modulators of As™
toxicity. Another limitation of our genome-wide approach
could arise from poor on-target activity of the library sgRNAs
which can result in false negatives. Since the genome-wide li-
brary used in our study involves only 3 sgRNAs targeting each
gene, it can be expected that several determinants of As™
sensitivity or tolerance in the studied cell type were not
revealed. Using genome-wide libraries with improved sgRNA
designs and more sgRNAs targeting each gene would likely re-
veal additional novel modulators of susceptibility to As™.
Overall, our work is an important first step that will enable
additional studies that could ultimately define all the molecu-
lar components involved in exacerbating or mitigating As™
cytotoxicity.
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