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Abstract: Acute myeloid leukemia (AML) is a highly heterogenous and aggressive disease with a poor prognosis,
necessitating further improvements in treatment therapies. Recently, several targeted therapies have become avail-
able for specific AML populations. To identify potential new therapeutic targets for AML, we analyzed published
genome wide CRISPR-based screens to generate a gene essentiality dataset across a panel of 14 human AML cell
lines while eliminating common essential genes through integration analysis with core fitness genes among 324
human cancer cell lines and DepMap databases. The key glutathione metabolic enzyme, glutamate-cysteine ligase
catalytic subunit (GCLC), met the selection threshold. Using CRISPR knockout, GCLC was confirmed to be essential
for the cell growth, survival, clonogenicity, and leukemogenesis in AML cells but was comparatively dispensable for
normal hematopoietic stem and progenitor cells (HSPCs), indicating that GCLC is a potential therapeutic target for
AML. In addition, we evaluated the essentiality of GCLC in solid tumors and demonstrated that GCLC represents a
synthetic lethal target for ARID1A-deficient ovarian and gastric cancers.
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Introduction

Acute myeloid leukemia (AML) is a genetically
heterogenous myeloid malignancy that is char-
acterized by aberrant clonal proliferation of
myeloid progenitor cells found within the bone
marrow [1]. In adults, AML is the most common
acute leukemia type with an incidence rate of
80% of all acute leukemia cases and a 5 year
survival rate of approximately 29% [1]. While
recent advances have been made in under-
standing the biology of the disease, poor over-
all survival rates indicate the need for addition-
al treatment options [2]. Therefore, the devel-
opment of new therapeutic strategies, focusing
on fundamental physiological properties that
differ between cancer and normal cells will
help to selectively eradicate cancer cells and
significantly improve AML patient outcomes.

Altered oxidative stress and redox balance
have been characterized as key properties

underlying cancer development, progression,
and metastasis [3, 4]. Reactive oxygen species
(ROS) at reduced levels are able to act as sig-
naling molecules for proliferation and survival
[5], while at moderately increased levels can
act to promote mutagenesis [6]. Conversely,
high ROS levels have been found to exert oxida-
tive stress leading to cell death or senescence
[7]. However, AML cells are capable of tolerat-
ing relatively high ROS levels through increased
activity of antioxidant pathways [8]. Thus, iden-
tification of targets regulating oxidative stress
would provide potential therapeutic strategies
in AML.

Glutathione (GSH) is a tripeptide comprised of
cysteine, glycine and glutamate, and has been
found to be the most abundant antioxidant
within all cells [5]. The first step of GSH synthe-
sis is rate limiting and consists of the ligation of
glutamate with cysteine by the glutamate-cys-
teine ligase (GCL) holoenzyme [5]. GCL is com-
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posed of catalytic and modifier subunits (GCLC:
glutamate-cysteine ligase catalytic subunit and
GCLM: glutamate-cysteine ligase modifier) [5].
In patients with therapeutic resistance and
tumor progression, levels of GSH and the rate
limiting metabolite cysteine have been found to
increased [6]. It has been established that AML
cancer cells have aberrant glutathione regula-
tion and metabolism and are sensitive to
agents that disrupt the glutathione pathway [9].
Therefore, targeting glutathione metabolism in
AML represents a potential promising strategy.

Large scale perturbational CRISPR-screening
provides the ability to systemically identify ther-
apeutic vulnerabilities and to pinpoint genetic
liabilities specific to AML. In this study, by min-
ing published genome-wide CRISPR-based
screens [10-12] we identified GCLC as a key
enzyme in targeting glutathione metabolism for
anti-leukemic activity. In order to validate the
selective dependency on GCLC in AML, we uti-
lized a CRISPR knockout system to confirm the
differential sensitivity in AML versus normal
hematopoietic stem and progenitor cells. To
identify the underlying mechanism that medi-
ates cell growth inhibition caused by GCLC
depletion, we confirmed that GCLC knockout
induces apoptosis and differentiation in addi-
tion to inhibiting colony formation. We further
confirmed in vivo that GCLC knockout inhibited
AML tumor growth and progression. Ogiwara et
al. [13] revealed metabolic dependency of GSH
synthesis in cancers with ARID1A mutations.
We further confirmed that, in gastric and ovari-
an cancers, ARID1A mutations sensitize these
cancer cells to GCLC depletion, demonstrating
that GCLC represents a synthetic lethal target
in ARID1A deficient cancers.

Materials and methods
Cell culture and reagents

We cultured 293T cells in Dulbecco’s Modified
Eagle Medium (DMEM) medium and supple-
mented with 10% fetal bovine serum (FBS,
Corning) and 100 U/mL penicillin/streptomy-
cin. Human leukemia cell lines, EOL-1, MOLM-
13, THP-1, HEL, U937, and P31/FUJ, were cul-
tured in RPMI-1640 medium supplemented
with 10% FBS. Additional human leukemia cell
lines were cultured in either RPMI 1640 medi-
um supplemented with 20% FBS (PL-21),
Iscove’s Modified Dulbecco’s Medium (IMDM)
supplemented with 10% FBS (MV4;11) or
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Minimum Essential Medium supplemented
with 20% FBS (OCI-AML2, OCI-AML3 and OCI-
AML5) plus 100 U/mL penicillin/streptomycin.
Human cord blood CD34* cells were purcha-
sed from STEMCELL Technologies (Catalog #
70008.5) and maintained in StemSpan SFEM Il
media (STEMCELL Technologies) supplement-
ed with TPO, FIt3L, SCF, IL-3, IL-6, (100 ng/mL;
PeproTech), SR1 (0.75 pM; Cellagen Tech-
nology), and UM171 (35 nM; STEMCELL Tech-
nologies) [14]. Solid tumor cell lines were cul-
tured in RPMI 1640 medium (MKN-1, NUGC-4,
SNU-16, SNU-668, MKN-74, SNU-620, 23132/
87, SNU-1, KURAMOCHI, OVKATE, IGROV1,
OVISE, EF027, and SKOV3), DMEM medium
(OCUM-1 and COV318), IMDM (SNU-5 and
KATOIIl), F-12K Medium (AGS), or 1:1 MCD-
B105/Medium 199 (TOV112D and TOV21G)
supplemented with 10-20% FBS and 100
U/mL penicillin/streptomycin. Piperlongumine
(PLM), parthenolide (PTM), and doxycycline
were obtained from Sigma-Aldrich. Ferrostatin-1
(Fer-1), Erastin, and RSL-3 were purchased
from ApexBio.

Cas9-sgRNA (RNP) complex transfection

Target-specific sgRNAs were designed and syn-
thesized by Synthego (The Gene Knockout Kit
v2, Synthego). Sequences for sgRNAs are listed
in Table 1. To generate Cas9-sgRNA RNPs, syn-
thetic sgRNAs were incubated with Cas9 pro-
tein for at least 15 minutes at room tempera-
ture. 200,000 cells were resuspended in Buffer
R (ThermoFisher) and electroporated with the
Neon Transfection System. The electroporation
programs used for solid tumor and AML cell
lines were 1200 V, 30 ms, 2 pulses and 1600
V, 10 ms, 3 pulses, respectively.

Colony-forming assay

Human AML cell lines were electroporated with
sgRNAs against GCLC (sgGCLC) or non-target-
ing control (sgNC). Four days after electropora-
tion, 2,000 cells were cultured in 1 mL methyl-
cellulose medium (H4230, STEMCELL Tech-
nologies) and colonies were counted after 8
days of incubation. Images were taken and ana-
lyzed by the IncuCyte S3 Live-Cell Analysis
System (Essen BioScience).

Cell growth assay

The CellTiter-Glo (G7570, Promega) Lumines-
cent Cell Viability Assay (CTG assay) was used
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Table 1. Single guide RNA sequences used for knockout experiments

Gene Name Guide RNA Sequence

GART CUACCUCAAAAUGAAGCUGC, UAGGGAUUGUUGGGAACCUG, AUGUCUGUCCAUAAACUCUU
LIPT2 GCGCAGCCCGGCCGUAUACA, UACUGGGGCUGCAGGACCGC, GGCCCCGUCGGGGACUGAGG
PPCDC CAAAGCUUUUGGACAUUCCU, CCGUGACACCCACAAGAACA, CAGACCCCACAUGGAACCAA
CAD CCAGAACCAUGGGUUUGCUG, AACCAGGCUCACCUGAAGAA, CUCUUCACCAACGCCAAUGA
GCLC GCCAUGGGGCUGCUGUCCCA, GGAUCCCGUGCCGCCGCACG, ACUUGAGAACGUCCUUGUGC
MTHFD1 GCCCAUCUGGAUGAGGAGGU, CGAUGCAUGACUUGCUUCUG, CAGGGGUGCCGAUUGCCGGA
PPCS GCUCGCUUCGCGGCCAGGCU, GGACCCCGUAGCCGGCGGCU, AAGUUGUCCAGGAAGCGCAC
CDK13 UGACUGGGGAAAACGCUGCG, CUAUAUUUGAUAGAAUAUGU, CGGACAAGUUUACAAAGCCA
GFPT1 AACGGGUAUGAGCUAUUCCA, CAGCGCUCUGAUAAAAAUAA, UUCUUCAGAGCAACAAGAUA
OGDH UGCUAAGUUGAGGCCAUUGA, GACUAGUUCGAACUAUGUGG, CUAGGACAUUUCAACAGAUU
RFK UCCCCGCUCCCCACGUGACC, GGCACCUGCCUUACUUCUGC, AAGCAGCUGGGCAUCCCCAC
CDS2 AGGCUCUUCUCUCUGGACCA, UCCUUUACUCUCUAUCUAAU, AGAAGAAAUAGUUUACACAC
GSS GUGUUGGGAUGGCCACCAAC, GGCACGGCAGGCCGUGGACC, ACAGGAGCCCACUUCCUCGG
PAICS CUACCUGUUUGUCUUUCUGU, CUACCUGUUUGUCUUUCUGU, UGCUGUUUCCAGAUUGAAUU
SYVN1 GUCAUCCCGAAAAACGGUGA, GCAACUGAGGGCAGCAGAGA, AGCACCUUCUGGAACGUUCC
PFAS ACACUCGGAGGAAACUGCAA, CGAACAUAGAAGUGAAGGAC, AACUGUGCUACAACGUGAAC
CTAZ ACGGUGAUGAGGGGCGUGGC, GCCCGGGUACCCCAGAGAUG, CCUCCCUGUUGUGCACGGUC
DHODH GAGUCUUGAAAUCUGGCCCG, GCCCCUGCAGAGUCGGCAUC, CGCCUCCUACCUGAUGGCCA
PGM3 UGAUCAUGUCAUGUUUCGCA, AUGGACUGAUCCUUCAAUAC, AAUUUUGUAGACAUGGAUUU
TRIM28 GGCGGCAGCCUCGGCAGCAG, CCGCCAGCGGAGCCCUCGCLC, CGCGGLGUCGUCGLCCCGLGG
DLD GAUGUAACAGUUAUAGGUUC, GUACUUUGCAGGCAAAAACA, ACCUUACCUUGAAGCCUAAC
LIAS CACCAGAUACAAAAUCUUGA, UAAAACGCCAGAAAGGAGAA, AAGGAGCUUAACGGUCUGAC
PMVK CUGACCCAGGCUUCUUUUGC, AUGGAGCCCUCUUACCCAGA, CUUGAACUUCCAGAGACUCC
UMPS UCGACCGCGUCUUCUGAGUC, GGGGACUUCGUGCUGAAGAG, GGCGGUCGCUCGUGCAGCUU
LIG3 UCUCAAACAUGCAUUUAAUG, GUGAAGGGCGUAUGCCGAAU, UGUGUGGACUAUGCCAAGCG
PPAT UGAUAGCAGUAGGACAAUAA, CAUCUCUGUGCAUUAUAAGC, GUGUCUGAUAUAAAUGACAA
NPM1 GTAAGGGCACTTACATACTT

KMT2A UGACGAAGACGAAGACGAGG, GGUGGGCCCGGGCUUCGACG, CGCUCUCCCCAAACACGGCC

Non-targeting control GCACUACCAGAGCUAACUCA

to determine the cell proliferation in culture.
Normally, CTG reagent was added into the cell
culture and incubated for 10 minutes at room
temperature on the shaker. The CTG signals
were measured by luminescence measurement
with Synergy Neo2 (BioTek).

Caspase 3/7 activity assay

We used the Caspase-Glo 3/7 assay kit
(G8090, Promega) to detect caspase 3/7 activ-
ity. Briefly, cells were electroporated with
sgGCLC or sgNC and cultured in RPMI 1640
medium with supplements. 24, 48 or 72 hours
after electroporation, cells were harvested, and
Caspase 3/7 activity was determined based on
the manufacturer’s instructions. Luminescence
was measured with Synergy Neo2 (BioTek).
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Cell-cycle analysis

The cell-cycle status was analyzed by flow
cytometry using bromodeoxyuridine (BrdU)/7-
AAD incorporation assay kit (#559619, BD
Pharmingen) following the manual instructions.
Proliferating cells were stained for incorporated
BrdU against total DNA content using 7-AAD.
BrdU was detected by FITC-labeled anti-BrdU
antibodies.

Real-time qPCR (RT-gPCR)

Total RNA was isolated using a RNAeasy Mini
Kit (Qiagen) and the first-strand cDNA was syn-
thesized with iScript Reverse Transcription
Supermix (Bio-Rad) according to the manufac-
turer’'s protocol. TagMan Master mix (Applied
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Biosystems) and probes (Tagman Gene Ex-
pression Assays, ThermoFisher Scientific) were
added to prepare the reaction mix and gPCR
analysis was performed using a QuantStudio 7
Flex Real-Time PCR System (Thermo Fisher
Scientific). The RT-qPCR signals were quantified
using the ACt method. The relative gene expres-
sion level was calculated and normalized to
B-actin levels. TagMan probes used in the reac-
tion are Hs00921938_mi1 (SLC7A11) and
Hs01060665_g1 (B-actin).

ShRNA constructions, lentiviral production,
and cell infection

shRNAs targeting GCLC were designed and
cloned into a lentiviral vector, pRSIEGP-U6-sh-
EF1-TagGFP2-2A-Puro vector (Cellecta). shRNA
sequences for shGCLC1 and shGCLC2 are
CGGCACAAGGACGTTCTCAAG and CCTCCAG-
TTCCTGCACATCTA, respectively. Lentivirus were
generated using the Lenti-vpak packaging kit
(TR30037, ORIGENE). Human CD34* and leu-
kemia cells were transduced with lentivirus by
spinoculation at 2,500 rpm for 3 hours [15].
Cells were selected with 1 yg/mL puromycin for
3 days before performing functional assays.

Inducible sgRNA cell line constructions and
edit efficiency validation

The RSGTEBIeo-U6Tet-sg-EF1-TetRep-2A-Bleo
lentiviral vector (Cellecta) was used for the con-
struction of inducible expression of sgRNAs.
sgRNA sequences targeting GCLC are AGG-
CCAACATGCGAAAACGC (sgGCLC1), CAATGTC-
TGACACATAGCCT (sgGCLC2), ATTGCCCATTCC-
AAATCCCA (sgGCLC3) and AGAAATATCCGACA-
TAGGAG (sgGCLC4). Indel frequency and knock-
out efficiency were analyzed by Sanger se-
quencing [16] and ICE analysis (Synthego).
Primers used for PCR and Sanger sequencing
are: 5 primer: ACTGAGTGCACTCACCACGG/3’
primer: CCCCATACTTCATGTCCTCAC (sgGCLC-1),
5’ primer: AAACAGCCATCAGCACTTCC/3’ prim-
er: GTGACCAATTTATGACGTTTGG (sgGCLC-2) &’
primer: ACTGAGTGCACTCACCACGG/3’ primer:
GGACCCAATACTTGTTGACCC (sgGCLC-3) and 5’
primer: GGAGACAGCAATTGCCCATTC/3’ primer:
GTAAGTTACAGGGAGCCTTGG (sgGCLC-4). AML
cells transduced with lentivirus expressing
inducible GCLC sgRNAs were selected with 200
pg/mL Zeocin (InvivoGen). 1 ug/mL Doxycycline
was used for the induction (Sigma).
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Capillary western blot (Wes) analysis

Harvested cells were lysed in cell lysis buffer
(#9803, Cell Signaling) that was supplemented
with protease inhibitors (Roche). Protein tar-
gets were detected using primary antibodies
and immunoprobed with HRP-conjugated sec-
ondary antibodies using 12-230 kDa separa-
tion module in the capillary-based western blot
analysis system (WES, ProteinSimple). The che-
miluminescent signal was detected and ana-
lyzed by Compass software (ProteinSimple) and
displayed as traditional blot-like image and
electropherogram. Antibodies used for Wes
analysis were GAPDH (G9545, Sigma), GCLC
(@ab181839, Abcam), ARID1A (ab242377, Ab-
cam), Caspase 3 (#9668, Cell Signaling), clea-
ved caspase 3 (#9664, Cell Signaling), and
LC3B (#2775, Cell Signaling).

Luciferase activity assay

MV4;11 cells were genetically modified to
express enhanced firefly luciferase by lentiviral
transduction with RediFect Red-FLuc-Puro-
mycin Lentiviral Particles (PerkinElmer). After
transduction, 1 ug/mL puromycin was used to
select stable luciferase expression cells. The
ONE-Glo luciferase assay system (Promega)
was used to measure luciferase activity.

Flow cytometry

After treatment, harvested cells were washed
with PBS, and then resuspended in PBS con-
taining 5% BSA (staining buffer). Antibodies
against CD11b (Clone M1/70, BD Bioscience)
and CD14 (Clone M5E2, BD Bioscience) were
added to the cell suspension. After 30 minutes
of incubation, cells were washed once, resus-
pended in staining buffer, and analyzed using
Cytek Aurora flow cytometer (Cytek Bios-
ciences). To detect AML cell engraftment,
mouse bone marrow cells were harvested and
incubated with lysis buffer for red blood cells
(eBioscience) for 5 minutes before being
detected with anti-human CD45 antibody
(BioLegend). FlowJo Software version 10 (BD
Life Sciences) was used to analyze the flow
cytometry data.

Mouse studies and in vivo imaging

In vivo studies were conducted according to the
IACUC guidelines and AbbVie standard operat-
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ing procedures. Mice were maintained under
specific pathogen-free conditions, housed with
a 12-hour light/dark cycle under consistent
room temperature and given free access to
food and water. MV4;11 cells with enhanced
firefly luciferase (MV4;11.FLuc) were injected
intravenously into NOD-scid IL2Rgnull (NSG)
mice (The Jackson Laboratory, Bar Harbor, ME).
In vivo bioluminescence imaging (BLI) to moni-
tor disease progression was conducted using
Lago X in vivo instrument (Spectral Instruments
Imaging, AZ). Eight or 18 days after implanta-
tion, the mice were randomized into two sepa-
rate groups according to luminescence intensi-
ty and started to be fed with control diet
(Control Diet) or doxycycline-contained diet
(Dox Diet). Tumor progression was monitored
once or twice per week by BLI. Tumor growth
curve was established by quantification of lumi-
nescence intensity.

Statistical analyses

GraphPad Prism 8.3 was used to perform the
statistical analyses and Student t-test was
used to calculate the statistical significance.

Results

Identification and validation of GCLC depen-
dency in AML cells

To identify novel therapeutic targets for AML,
we analyzed previously published and publicly
available data from genome-wide CRISPR-Cas9
screens that were conducted across a panel of
14 human AML cell lines [10]. Genes with a
CRISPR score less than -1 in more than 90% of
tested AML cell lines (Frequency > 0.9) were
selected. Common essential genes were elimi-
nated by performing integration analysis with
core fitness genes identified from the 324
human cancer cell lines [11] and DepMap data-
bases (https://depmap.org/portal/). In order to
select for potential druggable targets, we nar-
rowed our focus to targets with enzymatic activ-
ity and identified 26 genes including the gluta-
thione metabolic enzyme GCLC for further
CRISPR-based validation in AML cells (Figure
1A). Utilizing 3 AML cell lines (OCI-AML3, EOL-1,
and MOLM-13) and CD34* hematopoietic stem
and progenitor cells (HSPCs) from human cord
blood, we transfected the Cas9-sgRNA com-
plex targeting these individual genes and evalu-
ated their effects on cell growth. The CD34*
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HSPCs served as our normal cell controls and
our reference point to determine therapeutic
index. We included two AML driver genes as
positive controls, NPM1 and KMT2A, which
have been previously reported to be affiliated
with poor patient prognosis and play crucial
roles in AML [17, 18]. GCLC depletion resulted
in significantly reduced cell growth in the AML
cells (95%) as compared to our control HSPCs
cells (40%), demonstrating an enhanced depen-
dency of AML cells on GCLC (Figure 1B). We
confirmed the knockdown of GCLC protein in
AML and control HSPCs by capillary Wes analy-
sis (Figure 1C). In addition, we used shRNA
knockdown as an orthogonal approach to GCLC
depletion. Similar GCLC protein knockdown effi-
ciency was achieved by two different shRNAs
targeting GCLC in both EOL-1 and CD34* HSPCs
(Figure 1D) resulting in significant reduction in
cell growth in EOL-1 cells as compared to CD34*
HSPCs (Figure 1E). To study the potential
effects pharmacological GCLC inhibition in AML
cells, we utilized two naturally occurring small
molecules Pathenolide (PTL) and Piperlong-
umine (PLM) that have been reported to deplete
cellular glutathione [9]. We treated a panel of
AML cell lines (MV4;11, EOL-1, OCI-AML2, OCI-
AML3, OCI-AML5, THP-1, MOLM-13, HEL, PL-21,
U937, and P31/FUJ) and CD34* HSPCs from 4
donors with PTL and PLM for 3 days and found
that AML cells were significantly more sensitive
to glutathione depletion with lower EC50s
(Figure 1F; Table 2). Together, these results
indicate that AML cells, but not normal HSPCs
strongly depend on GCLC for survival.

Data mining of GCLC dependency across dif-
ferent indications

To further evaluate the contribution of glutathi-
one metabolism to AML cell survival, we reana-
lyzed the gene essentiality datasets across a
panel of 14 human AML cell lines generated by
Wang et al. [10] and compared the CRISPR
scores of genes involved in this regulation path-
way. AML cells showed a significant dependen-
cy on glutathione pathway genes: GPX4, GCLC,
GSS, and SOD1 (Figure 2A). GPX4 and SOD1
showed dependency in a broad range of cancer
cells lines [11] suggesting core fitness and
common essentiality of these genes (Figure
2B). However, GCLC and GSS were selectively
dependent in a subset of cell lines (Figure 2B).
CRISPR and RNAi screening data from the
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Figure 1. |dentification and validation of GCLC dependency in AML cells. A. Summary of AML new target identifica-
tion and validation strategies. B. CRISPR validation of potential target genes in OCI-AML3, MOLM-13, EOL-1 and nor-
mal CD34* HSPCs. Four-day CTG assay was performed to evaluate the effect of target gene depletion on cell growth.
Arrows point to the GCLC sgRNAs transduced samples. The data were normalized to the readout from Cas9 only
samples and shown as average from triplicates (error bars indicate SEM). C. Depletion of GCLC protein by sgRNAs
was confirmed using capillary Wes analysis. sgNC: non-targeting control; sgGCLC: GCLC sgRNA. D. Reduction in
GCLC protein level by shRNAs was confirmed by capillary Wes analysis. shLuc: luciferase shRNA control; shGCLC:
GCLC shRNAs. E. GCLC shRNAs induced cell growth suppression was determined in EOL-1 and CD34* HSPCs. F. AML
cells and CD34* HSPCs were treated with GCLC inhibitors, Piperlongumine (PLM) and Parthenolide (PTL), for 3 days
and the CTG EC50s were shown in the boxplots (*p-value < 0.005; **p-value < 0.0001).

DepMap database across over 800 cell lines DEMETER2) of specific gene loss or transcript
provide the gene effect (shown as CERES and depletion on cell growth (Figure 2C). A lower
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Table 2. EC50s of Piperlongumine and Par-
thenolide in AML cell lines and CD34* HSPCs

EC50 (uM) of  EC50 (uM) of
Piperlongumine Parthenolide

AML cell lines

EOL-1 0.42 0.87
HEL 1.61 2.60
P31/PUJ 0.60 1.45
Mv4;11 0.64 2.39
MOLM-13 0.70 0.99
OCI-AML2 1.06 2.57
OCI-AML3 0.72 1.97
OCI-AML5 1.21 3.82
PL21 1.38 1.74
uosr 1.21 1.82
THP-1 1.59 4.16
CD34* HSPCs
CD34* HSPCs-1 3.02 4.47
CD34* HSPCs-2 3.95 4.28
CD34* HSPCs-3 4.66 5.22
CD34* HSPCs-4 3.50 4.72

score indicates higher dependency or require-
ment for survival of the gene in a designated
cell line. A score of zero indicates no guide
depletion while a score of -1 corresponds to the
median depletion of all common essential
genes for a given cell line [12]. GCLC is strongly
selective in CRISPR screens, indicating that its
dependency is at least 100 folds more likely to
have been sampled from a skewed distribution
compared to a normal distribution (Figure 2C).
We also analyzed the gene effect generated by
CRISPR and RNAi genome-wide screens per-
formed in different indications and identified
that depletion of GCLC resulted in significant
impact on growth of cell lines across heme
malignancies and a subset of solid tumors
(Figure 2D, 2E).

Characterization of GCLC function in cell cycle
regulation, cell differentiation, cell death and
clonogenicity

To elucidate how GCLC contributes to AML cell
survival, we investigated the cell cycle state
after GCLC depletion in AML cells using BrdU
and 7-AAD. In both MOLM-13 and EOL-1 cells,
GCLC sgRNA transduced cells had lower BrdU
incorporation (MOLM-13, 6.89% and EOL-1,
20.2%) than control (sgNC) cells (MOLM-13,
31.7% and EOL-1, 30.2%), indicating impaired
proliferation of GCLC depleted cells (Figure 3A).
A concomitant increase in the percentage of
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GCLC depleted cells was found in the G2/M
gated populations (MOLM-13, 4.7% to 10.4%
and EOL-1, 10.1% to 15.3%), indicative of
growth arrest. In addition to inhibiting cell cycle
progression, depletion of GCLC by sgRNAs also
induced myeloid differentiation in OCI-AML3
cells compared to sgNC cells as demonstrated
by the significant induction of myelomonocytic
markers, CD11b and CD14 (Figure 3B).
Together, these results indicate that GCLC influ-
ences the cell cycle progression and the differ-
entiation states of AML cells.

Disruption of GSH homeostasis results in a
ROS imbalance, cellular stress, and cell death
[6]. Since GCLC is the rate limiting step in GSH
synthesis, we sought to assess any additional
impact of GCLC depletion on programmed cell
death, apoptosis, autophagy, and ferroptosis.
Time-dependent increase of caspase 3/7 activ-
ity (Figure 3C) and cleaved caspase 3 (Figure
3D) were detected in GCLC depleted EOL-1
cells, indicating that GCLC depletion induced
cell apoptosis. To examine if GCLC plays a role
in autophagy, we assessed the formation of
lipidated LC3-Il from cytosolic LC3B-I as a
marker of autophagosome formation. However,
there was no induction of LC3B-II in our GCLC
knockout sgGCLC cells, suggesting that autoph-
agy doesn’t play a role in the cell growth inhibi-
tion observed in these cells (Figure 3D).
Ferroptosis is a newly defined form of regulated
cell death initiated by lipid peroxidation that
has been shown in GSH deficient cells [19]. To
evaluate the role of GCLC on ferroptosis, we
tested whether GCLC depletion induces the
expression of SLC7A11, which is a critical sub-
unit of cystine-glutamate antiporter system Xc-
(xCT) [19]. As expected, the inhibition of xCT by
the control compound Erastin resulted in a
compensatory transcriptional up-regulation of
SLC7A11 (Figure 3E). In contrast, treatment
with glutathione modulating agents (PTL and
PLM) or GCLC depletion in MV4;11 cells had no
impact on SLC7A11 expression (Figure 3E, 3F).
We further applied the GPX4 inhibitor RSL3 to
induce ferroptosis. Growth suppression by
RSL3 in both MV4;11 and EOL-1 cells were
blocked by the ferroptosis inhibitor, Fer-1. In
contrast, Fer-1 did not protect cells from
sgGCLC-mediated growth inhibition (Figure 3G,
3H). Thus, GCLC depletion induced apoptosis
but not autophagy or ferroptosis in AML cells.
Finally, we tested if GCLC is required for clono-
genicity. It has been suggested that only a small
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Figure 2. Data mining publicly available screening data of GCLC dependency across different indications. (A) CRIS-
PR scores from gene essentiality dataset across 14 human AML cell lines were compared among molecules involv-
ing in glutathione metabolism [10]. (B) Dataset from genome-wide CRISPR-Cas9 fitness screens in 324 cancer cell
lines was analyzed and the percentage of cell lines with dependency on indicated genes was shown in the table
[11]. (C) DepMap analysis of GCLC or SOD1 dependency of tumor cell line panels in CRISPR (blue) and RNAi (violet)
databases. (D, E) DepMap representation of lineage enrichment in the analysis of dependency of CRISPR (D) and
RNAI (E) panels on GCLC. Enriched lineages have p-values < 0.0005 (shown in parentheses). n = indicates the

number of cell lines plotted in that lineage.

subset of leukemia stem cells is capable of
self-renewal with sufficient numbers of cell divi-
sions in order to form colonies in semisolid
medium. These leukemic colony-forming cells
may act as progenitor cells and help to main-
tain the rest of the leukemic cell population in
vivo [20]. Therefore, transduction of GCLC
sgRNA caused a decrease in colony forming
ability of a broad range of AML cell lines (Figure
3I), suggesting a critical role for GCLC in AML
stem cell function.

Validation of inducible GCLC sgRNA systems
and in vivo knockout efficacy

To elucidate the in vivo requirement for GCLC in
AML, an inducible Cas9-CRISPR approach was
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used to inactivate GCLC in MV4;11 cells. The
MV4;11 cells were then transduced with Cas9
and firefly luciferase expressing lentivirus to
generate stable cells (MV4;11.Fluc). MV4;11.
FLuc cells were then transduced with 4 differ-
ent doxycycline-inducible sgRNAs targeting
GCLC and treated with doxycycline (dox) to
induce sgRNA expression. MV4;11.FLuc.sgG-
CLC1 and MV4;11.FLuc.sgGCLC3 were select-
ed for in vivo evaluation as they exhibited the
most robust edit efficiency (Figure 4A) and
GCLC depletion (Figure 4B). We confirmed that
dox-induced GCLC depletion significantly sup-
pressed in vitro cell growth and colony forma-
tion (Figure 4C, 4D). For PD studies, MV4;11.
FLuc.sgNC, MV4;11.FLuc.sgGCLC1 and MV4;
11.FLuc.sgGCLC3 cells were intravenously
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Figure 3. Characterization of GCLC function in the regulation of cell cycle, cell differentiation, cell death and clonoge-
nicity. (A) Effect of GCLC sgRNAs on cell cycle was determined by BrdU/7-AAD incorporation assays. (B) Expression
levels of surface CD11b and CD14 in OCI-AML3 cells were assessed by flow cytometry following sgRNA-mediated
GCLC knockout. (C, D) Effect of GCLC depletion by sgRNAs on apoptotic or autophagic cell death was detected by
caspase 3/7 assay (C) and capillary Wes analysis with antibodies specific to cleaved caspase 3 or LC3B (D). EOL-1
cells were collected at time-points 24 h, 48 h, and 72 h. (E) MV4;11 cells were treated with ferroptosis inducer Eras-
tin and GCLC inhibitors Parthenolide and Piperlongumine for 24 h. Gene expression of SLC7A11 was determined by
quantitative real-time PCR (qPCR) and normalized to the level of B-ACTIN (ACTB). (F) MV4;11 cells were transduced
with GCLC sgRNAs and the effect of GCLC depletion on SLC7A11 gene expression was determined by qPCR on day
3 with the normalization to ACTB level. (G) MV4;11 and EOL-1 cells were treated with ferroptosis inhibitor (1 yM
Ferrostatin-1, Fer-1), GPX4 inhibitor (1 uM RSL3), or the combination. The effect on cell viability was determined
after 24 h of incubation by CTG assay. (H) MV4;11 and EOL-1 cells were transduced with GCLC or control sgRNAs
(sgGCLC or sgNC) for 48 h and Fer-1 was added to block ferroptosis for additional 24 h. The effect on cell growth was
determined by CTG assay. (1) AML cell lines were transduced with sgGCLC or sgNC and plated in the methylcellulose
media. The images of colonies and the quantification were determined by IncuCyte live-cell analyses.

injected into mice. Mice were placed on dox measure AML cell populations and to validate
containing diet to induce GCLC knockout after the GCLC knockout efficiency (Figure 4E). In the
randomization on Day 18. Bone marrow cells MV4;11.Fluc.sgGCLC1 injected mice, analysis
were collected after 5 or 7 days on dox diet to of bone marrow from control diet animals
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Figure 4. Validation of GCLC inducible sgRNA systems and in vivo knockout efficacy. (A, B) MV4;11.FLuc cells were
stably transduced with Cas9 and indicated inducible GCLC sgRNAs. After 4 days of induction with 1 pg/ml Doxycy-
cline (Dox), GCLC edit efficiency was analyzed by Sanger sequencing and ICE analysis (A) and GCLC protein level was
detected using capillary Wes analysis (B). (C, D) MV4;11.FLuc cells transduced with sgNC, sgGCLC1, or sgGCLC3
were induced with 1 yg/ml Doxycycline. Cell growth was measured using CTG assay on day 6 (C) and colony forma-
tion was detected on day 8 (D). (E) NSG mice were intravenously injected with either MV4;11.FLuc.sgNC, MV4;11.
FLuc.sgGCLC1, or MV4;11.FLuc.sgGCLC3 cells (5 x 10° cells/mouse), followed by feeding control or Dox diet start-
ing from 18 days after implantation. Mouse BM cells were collected 5 or 7 days after dosing for PD studies. (F, G)
Human CD45* cell populations in BM samples from mice implanted with MV4;11.FLuc.sgGCLC1 (F) or MV4;11.
FLuc.sgGCLC3 (G) were detected by flow cytometry. (H, I) Human GCLC gene was detected by PCR. (J) Genomic se-
quencing was performed to evaluate GCLC knockout efficiency in BM samples from mice transplanted with MV4;11.
FLuc.sgNC or MV4;11.FLuc.sgGCLC3 cells and fed with control or Dox diet.

revealed 31.7% AML cells in the bone marrow, undetectable in the bone marrow of mice on
while the CD45* AML cell population was nearly doxycycline diet (Figure 4F). Consistently, there
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was no detectable human GCLC PCR product in
samples from doxycycline diet groups (Figure
4H). In MV4;11.FLuc.sgGCLC3 model, signifi-
cant reduction of CD45* AML cell population
was detected in the bone marrow with doxycy-
cline diet comparing to those with control diet
(6-7% vs 16%) (Figure 4G). Notably, gene edit-
ing efficiency was further confirmed in the
human GCLC PCR products (Figure 4l, 4J).

Suppression of AML tumor growth by GCLC
knockout

To define the role of GCLC in AML tumor pro-
gression in vivo, MV4;11.FLuc.sgNC, MV4;11.
FLuc.sgGCLC1 and MV4;11.FLuc.sgGCLC3
cells were intravenously injected into mice.
Dox-containing diet was administrated to mice
to induce GCLC molecular knockout after ran-
domization on Day 8. AML tumor progression
was monitored by bioluminescence intensity
for 21 days. Bone marrow cells were collected
to detect AML cell populations and validate the
GCLC knockout efficiency (Figure 5A). Doxy-
cycline-induced GCLC depletion significantly
suppressed MV4;11.FLuc.sgGCLC1 and MV4;
11.FLuc.sgGCLC3 tumor progression (Figure
5B, bioluminescence intensity quantification;
Figure 5C, in vivo images of individual mice). In
contrast, there was no tumor growth difference
between control or dox diet groups in mice with
MV4;11.FLuc.sgNC. To further assess disease
burden, we analyzed human CD45* cells in
mouse bone marrow samples using flow cytom-
etry to quantitate AML cell populations. Con-
sistent to the result of bioluminescence inten-
sity, administration of doxycycline-contained
diet significantly reduced AML cell populations
in the mice with MV4;11.FLuc.sgGCLC1 (3.14%
vs 12.41%) or MV4;11.FLuc.sgGCLC3 tumors
(4.63% vs 26.51%), supporting the role of GCLC
in AML progression (Figure 5D, 5E). Whole
genome sequencing revealed that the surviving
AML cells in the dox-treated mice showed little
to no editing of GCLC (Figure 5F). Together,
these data indicate that GCLC is essential for
AML cell survival and disease progression in
VIVO.

Differential sensitivity of ARID1A-wildtye (WT)
and -mutant (Mut) ovarian and gastric cancer
cells to GCLC depletion

Our analysis of the DepMap data also identified
a subset of solid tumor cell lines with enhanced
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dependence on GCLC. A previous report from
Ogiwara et al. [13] demonstrated that ARID1A-
deficient cancer cells are dependent on GCLC
due to impaired transcriptional activation of
SLC7A11 and a limited supply of cysteine
(Figure 6A). ARID1A, encodes a SWI/SNF chro-
matin-remodeling factor, which has been
reported to be frequently mutated in many can-
cer types [21]. We evaluated 181 TCGA and
non-TCGA studies with no overlapping samples
in the cBioPortal database to determine the
mutation frequency of ARID1A across different
cancer types (Figure 6B). Given the high fre-
quency of ARID1A mutation and its association
with poor prognosis in gastric and ovarian can-
cers [21], we evaluated GCLC dependency in
ARID1A-WT and -Mut cell lines from these indi-
cations. Ovarian and gastric cancer cell lines
were collected and ARID1A mutation profiles
were analyzed through the COSMIC (the
Catalogue of Somatic Mutations in Cancer)
database (data not shown). ARID1A protein
loss in ARID1A-Mut cell lines was confirmed by
capillary Wes analysis (Figure 6C). We observed
significant growth suppression in cells with
ARID1A mutation but not ARID1A wild type cells
upon CRISPR-mediated GCLC depletion despite
similar reduction in the level of GCLC protein
(Figure 6D, 6E), demonstrating a selective
dependency on GCLC in ARID1A-Mut cells.

Discussion

In this study, we analyzed public, genome-wide
CRISPR screening datasets to identify putative
targets in AML [10-12] and validated a GCLC
dependency in AML. These studies demon-
strate that depletion of GCLC significantly
reduces cell growth and inhibits colony forma-
tion by inducing apoptosis and differentiation in
AML cells. We extended these findings and con-
firmed a synthetic lethality relationship between
GCLC and ARID1A deficiency in gastric and
ovarian cancer cells.

The GSH pathway is known to be involved in
many processes regulating tumor progression
and sensitivity to cancer therapy [7]. Several
recent studies have shown aberrant glutathi-
one metabolism in leukemic cells with elevated
expression of multiple glutathione regulatory
proteins [9, 22]. Our method identified the glu-
tathione pathway genes, GPX4, GSS, SOD1 and
GCLC as dependencies in AML cell lines. To
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Figure 5. Suppression of AML tumor growth by GCLC knockout. (A) NSG mice were intravenously injected with either MV4;11.FLuc.sgNC, MV4;11.FLuc.sgGCLC1,
or MV4;11.FLuc.sgGCLC3 cells (5 x 10° cells/mouse), followed by feeding Control or Dox diet starting from 8 days after implantation. (B) At indicated time points
after implantation, tumor progression was monitored, and luminescence signals were quantified (*p-value < 0.0005). (C) Mice were repeatedly imaged to record
luminescence signals. There were 9 mice in each group and 1 naive mouse without tumor bearing was included as background control. (D) Bone marrow samples
at endpoints were collected and human CD45* cells were detected by flow cytometry as indication of AML populations. (E) Quantification data from (D) were shown
as barograph (*p-value < 0.005; **p-value < 0.0001). (F) Genomic sequencing was performed to evaluate GCLC knockout efficiency in AML cells.
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Figure 6. Differential sensitivity of ARID1A wild-type (WT) and mutant (Mut) ovarian and gastric cancer cells to GCLC
depletion. A. The graph depicts mechanistic relationship of GCLC synthetic lethality in ARID1A-deficient cancers
(modified from Cancer Cell 2019) [13]. B. The alteration frequency of ARID1A in various types of cancers was ana-
lyzed by cBioPortal database. Mutations are represented in green, fusion in purple, amplification in red, deep dele-
tion in blue, and multiple alterations in grey. C. ARID1A protein expression in ovarian and gastric cancer cells was
detected by capillary Wes analysis. Black indicates ARID1A-WT cells and red indicates ARID1A-Mut cells. D. Capillary
Wes analysis indicates the depletion of GCLC protein by sgRNAs. GAPDH was used as loading control. E. The effect
of GCLC depletion by sgRNAs in ovarian cancer or gastric cancer cells with WT- or Mut-ARID1A was determined by
CTG assay (*p-value < 0.005, **p-value < 0.05).

identify targets with the potential for a clinical growth in AML but not in CD34* HSPCs, sug-
therapeutic window, we included several app- gest that inhibition of GCLC could target AML
roaches to eliminate common essential genes cells while sparing normal hematopoietic cells.
(Figure 2B, 2C), highlighting GCLC as a poten- Additionally, glutathione depleting agents, PTM
tial therapeutic target. In AML, the gene and and PTL, were able to significantly induce cell
protein expression of glutathione pathway com- death in AML cell lines but had limited effect
ponents, including GSS, GCLC, GCLM, GPX1 and toxicity on normal CD34* bone marrow
and GSR, were found to be upregulated [9]. The cells [9]. Therefore, these data show that the
reported upregulation coupled with our results AML cells have an enhanced dependency on
demonstrating that GCLC is essential for cell the glutathione synthesis pathway, providing
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support for the pharmacological targeting of
GCLC.

We examined the possible cellular mechanisms
by which GCLC depletion modulates prolifera-
tion in AML cells. Our data demonstrate that
GCLC is required for cell cycle progression.
Many previous studies have shown that GSH
levels are associated with an early proliferative
response and that sufficient levels are essen-
tial for cells to enter S phase [23, 24]. This
increase in GSH corresponded with an increase
in GCLC mRNA observed during the shift from
G, to G, phase [25]. Indeed, our results confirm
that GCLC knockdown in AML cells caused a
decrease in S phase cells and an increased
percentage of cells in the G,/M phase. Defects
in G,/M cell cycle arrest may allow damaged
cells to enter mitosis and eventually undergo
apoptosis, consistent to our observation of
increased apoptosis signals in GCLC depleted
cells.

Increased ROS levels can trigger cell death
through the apoptotic, autophagic and ferropto-
sis pathways. Our data shows that GCLC deple-
tion induces apoptosis but not autophagy or
ferroptosis in AML cells. Knockdown of GCLC in
our studies induced apoptosis as evidenced by
increased caspase 3/7 activity and cleavage of
caspase 3. These results are consistent with
several studies demonstrating that a decrease
in cellular GSH concentration activates the
apoptosis cell death cascade [26]. Depletion of
GSH depletion can lead cells to apoptosis or
directly trigger cell death by regulating the acti-
vation of execution caspases [27]. Since GCLC
is the rate limiting step of GSH synthesis, it is
the key factor that suppresses apoptosis via
the antioxidant system. Our results are also
consistent with several studies demonstrating
that the inhibition of GCLC in lung cancer cells
[28] and in liver [29] induced apoptosis.
Depletion of GSH, mainly through the inhibition
of GPX4 and system x , has been shown to pre-
dispose to ferroptosis, a cellular death process
induced by excessive lipid peroxidation [19].
However, in our GCLC knockdown AML cells,
the observed cell death was not due to ferrop-
tosis as shown by the inability of the lipid tar-
geted antioxidant ferrostatin-1 to rescue the
cell viability. Further investigation is required
for better understanding of the connections
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between GCLC inhibition, GSH depletion and
ferroptosis.

A subpopulation of leukemic cells have stem
cell features and self-renewing potential, are
less sensitive to chemotherapy and are respon-
sible for the recurrence of AML [20], and there-
fore regarded as a crucial subpopulation to tar-
get. Previous studies have provided evidence
that glutathione and redox regulatory process-
es are involved in myeloid differentiation [30].
An increase in ROS levels is requisite to prime
multipotent haematopoietic progenitors for dif-
ferentiation into more mature myeloid cells,
while suppression of elevated ROS levels is
able to retard differentiation [30]. Inhibition of
GCLC leads to an imbalance in ROS resulting in
cellular stress. In our studies, we report that
GCLC knockdown in AML cells led to a signifi-
cant increase in myeloid differentiation mark-
ers as determined by upregulated CD11b and
CD14 expression in AML cells. Simultaneous
eradication of both bulk AML cells and stem
cells is critical to achieving better clinical out-
comes. We show that GCLC knockdown in sev-
eral AML cell lines reduced the ability for colony
formation, which is indicative of the potential to
inhibit leukemia stem cells. Similarly, Pei et al.
[9] reported that glutathione inhibition by PTL
in combination with cytarabine was able to
reduce CD34* AML cell viability. Since standard
AML chemotherapy agents such as cytarabine
have limited toxicity toward CD34" AML cell
populations [31], combination therapy with
GCLC inhibition could represent a promising
treatment strategy.

Over 20% of all human cancers are found to
carry deleterious mutations in genes that
encode the subunits of the SWI/SNF chromatin
remodeling complexes. These mutations are
thought to promote tumorigenesis by impairing
chromatin remodeling in transcribed genes and
DNA repair [32]. ARID1A, is one of the most fre-
quently mutated subunits of the SWI/SNF chro-
matin remodeling complexes [33]. Defects in
ARID1A are thought to confer advantages to
tumor cell growth. Ogiwara et al. [13] has
reported that ARID1A-deficient cancer cells are
sensitive to the inhibition of the GSH synthesis
pathway and specifically to GCLC across multi-
ple cancer cell lines. Mechanistically, ARID1A
occupies the transcription start site of SLC7A11
[13]. SLC7A11 encodes a subunit of the cys-
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tine/glutamate transporter X_ that imports the
amino acid cystine, a critical source in the glu-
tathione mechanism. The predisposition of
ARID1A-deficient cancer cells may result from
the reduction of GSH caused by the impairment
of SLC7A11 expression making those cancer
cells reliant on GCLC. In our study we showed
that in ARID1A-mutated ovarian and gastric
tumors, with no ARID1A protein expression,
knockdown of GCLC reduced cell growth [13,
34]. However, the mechanism by which GSH/
GCLC inhibition induces cell death in the
absence of ARID1A still remains to be
elucidated.

In sum, we propose that targeting GSH metabo-
lism may have therapeutic potential in AML as
well and ARID1A-deficient solid tumors. The
exact mechanism by which AML cells have a
heightened dependency on GSH metabolism
remains to be fully elucidated. Additionally, we
extended previous findings to show the poten-
tial of targeting GCLC in ARID1A-deficient ovar-
ian and gastric cancer cell lines. Given the sys-
temic importance of GSH metabolism, our stud-
ies suggest that targeting GCLC may provide an
approach to preferentially target cancer cells
while sparing normal cells from the deleterious
effects of excessive ROS accumulation and
subsequent DNA damage.
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