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Acute lymphoblastic leukemia (ALL) is the most frequent cancer diagnosed in children. Despite the great progress
achieved over the last 40 years, with cure rates now exceeding 85%, refractory or relapsed ALL still exhibit a dismal
prognosis. This poor outcome reflects the lack of treatment options specifically targeting relapsed or refractory ALL. In
order to address this gap, we performed whole-genome CRISPR/Cas drop-out screens on a panel of seven B-ALL cell
lines. Our results demonstrate that while there was a significant overlap in gene essentiality between ALL cell lines and
other cancer types survival of ALL cell lines was dependent on several unique metabolic pathways, including an exquisite
sensitivity to GPX4 depletion and ferroptosis induction. Detailed molecular analysis of B-ALL cells suggest that they are
primed to undergo ferroptosis as they exhibit high steady-state oxidative stress potential, a low buffering capacity, and a
disabled GPX4-independent secondary lipid peroxidation detoxification pathway. Finally, we validated the sensitivity of B-
ALL to ferroptosis induction using patient-derived B-ALL samples.

Introduction

Acute lymphoblastic leukemia (ALL) is the most prevalent
cancer during childhood, representing nearly 80% of all
cancer in this age group.' Treatment protocols have greatly
improved over the last 30 years, such that the survival
rate reaches >85%.? Despite this therapeutic success, the
prognosis for relapsed patients remains dismal with a less
than 50% 5-year survival, still making ALL the second
highest cause of death by disease amongst children in Ca-
nada and in the US. In addition, up to 65-70% of pediatric
ALL survivors will suffer from long-term debilitating or
even life-threatening treatment related sequelae.** Hence,
novel therapeutic avenues that are both more effective at
achieving long-term remission while eliciting less acute
long-term toxicities than current treatment regimen are
required to treat these patients.

Recent advances in the use of clustered regularly-inter-
spaced short palindromic repeat (CRISPR)/Cas9 technol-
ogy has revolutionized functional genomics and the
analysis of gene function in mammalian cells with its
precision, ease of use, speed, and versatility. Whole-ge-

nome bulk pooled CRISPR screens, using multiple single-
guide RNA (sgRNA) targeting each human gene in a single
CRISPR library, have allowed the identification of genes
implicated in processes underlying phenotypic read-outs
such as proliferation and survival in hundreds of tumoral
cell lines.”" These large datasets revealed panels of core
essential and pan-cancer genes and unraveled key players
required for cell viability/proliferation in cell lines derived
from multiple histotypes. Although ALL is a common form
of cancer, very few ALL cell lines have been previously
screened by large dropout screen studies.®” This is likely
explained by the difficulty in infecting pre-B and T lym-
phocytes with lentiviruses, a technical requirement for
performing whole-genome CRISPR screens.

In this report, we performed whole-genome dropout
CRISPR screens of seven B-ALL cell lines. These screens
revealed a surprisingly large subset of essential genes
unique to ALL cell survival that were not reported to be
core essential genes in previous studies.®"® These B-ALL-
enriched genes were implicated in different cellular path-
ways and functions, many of which were associated
directly or indirectly to ferroptosis. In recent years, this
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non-apoptotic pathological cell death has gained increas-
ing attention in cancer research, particularly for its poten-
tial tumor suppressor function that could be exploited for
neoplastic disease treatment.®*™" By using different cellular
and molecular biology approaches, we validate that B-ALL
cell lines have an exquisite vulnerability to ferroptosis in-
duction. This sensitivity is illustrated by the extreme res-
ponsiveness of cells to glutathione peroxidase 4 (GPX4)
inhibition, but also to other pathways that regulate GPX4
activity. We also show that this sensitivity is rescued by
exogenous expression of FSP1, a recently characterized
ferroptosis inhibitor™" that we found to be poorly ex-
pressed, not only in B-ALL cells, but in leukemias in gene-
ral. Finally, we demonstrate that this acute sensitivity to
ferroptosis induction is also observed in a panel of B-ALL
patient-derived tumor samples.

Methods

B-acute lymphoblastic leukemia cell screens

B-ALL cells were infected with Cas9-2A-blast lentivirus
followed by selection with 5-15 ug/mL blasticidin (Invi-
voGen, CA). Cells were tested for Cas9 activity using the
reporter assay described in Tzelepis et al." Cas9-expressing
B-cell stable pools were transduced at 0.3 multiplicity of
infection (M.O.l) with the pLKV2 whole-genome human li-
brary (Addgene # 67989), at 300-fold representation in
triplicate (~30 million cells per replicate). Twenty-four
hours (h) post infection, cells were centrifuged and resus-
pended in fresh media + 0.5-7.5 ug/mL puromycin (Gibco™).
Forty-eight h post puromycin addition, cells were counted
with Vi-Cell™ XR (Beckman Coulter, IN) and 30 million cells
were pelleted per replicate for TO time points. M.O.l. evalu-
ation was done using CellTiter-Glo® (Promega, WI) and
measured using a Synergy 2 luminometer (BioTek®). Thirty
million cells per replicate were plated in culture and left
for about 14 doublings with regular passage (2-4 days).
After 14 doublings, 30 million cells per replicate were pel-
leted for the final time points (Tf).

Screen +/- ferrostatin

REH and SEM Cas9 pools were screened as described
above, except that each pool was screened +/- 4 uM fer-
rostatin in parallel. Ferrostatin and puromycin were added
24 h post transfection. Analysis was performed using MA-
GeCK Maximum Likelihood Estimation (MLE) algorithm
with combined data from two cell lines and the MAGeCK-
Flute R package (version 1.4.3).%®

Ethic committee approval

All experiments performed with patient-derived xeno-
grafts (PDX) were approved by Ste-Justine Hospital Ethic
Committee, under approbation #F9-25754.

M-E. Lalonde et al.

Results

Whole-genome CRISPR screens of B-acute
lymphoblastic leukemia cell lines

In order to identify genes that are essential for B-ALL
cells, we performed whole-genome pooled dropout
CRISPR screens using a two-vector system (Figure 1A)."
First, a stable pool of Cas9-expressing cells was estab-
lished for each cell line. This preliminary step was limiting
for many ALL cell lines, since several pools did not reach
the 75% Cas9 activity threshold required for further
screening (Online Supplementary Table S2). For some of
these cell lines, Cas9 activity decreased rapidly after blas-
ticidin selection, particularly in T-ALL cell lines (dota not
shown), suggesting that constitutive Cas9 expression
might be toxic, similar to what is reported in AML cell
lines.* Of all the pools tested, the seven B-ALL Cas9-
stable pools attaining >75% Cas9 activity were infected
with a whole-genome lentiviral 90K sgRNA library (Online
Supplementary Figure S1A and B).* Screen quality was very
high, as shown by the BAGEL essential and non-essential
genes®® comparison precision/recall curves (Online Sup-
plementary Figure 1C). Furthermore, principal component
analysis (PCA) shows that TO time points from all cell lines
are tightly clustered and, despite some variance shown in
the Tf between cell lines, cell line replicates were tightly
clustered and significantly different from TO, suggesting
that significant dropout was achieved in the Tf samples
(Online Supplementary Figure S1D).

Whole-genome CRISPR screens identify vulnerabilities
specific to B-acute lymphoblastic leukemia

In an attempt to identify essential gene unique to B-ALL,
we compared the essential genes identified in the
screened B-ALL cell lines with the list of essential genes
reported in previous datasets. We noticed a considerable
overlap of B-ALL essential genes with Broad and Sanger
core essential genes’ (Figure 1B and C; Online Supplemen-
tary Tables S3 and S4). One thousand two hundred and
four essential genes were identified in at least four of
seven B-ALL cell lines (false discovery rate [FDR] <0.05),
of which 67% and 63% were also included in the Broad
and Sanger gene lists, respectively and, as expected, be-
long to core biological processes such as the cell cycle,
MRNA translation, splicing, and polymerase Il transcrip-
tion pathways that are vital for growth and survival of
most cell lines. Strikingly, 72 genes were identified as es-
sential in every B-ALL cell line screened but were not pre-
viously identified as essential genes in the Broad and
Sanger datasets (Figure 1B, green line). Likewise, 98 genes
were previously defined as essential in both the Sanger
and Broad dataset but were not essential in any of the
ALL cell lines (Figure 1B, red line). We defined as “B-ALL-
enriched essential genes” all hits that were found in at

Haematologica | 108 February 2023
383



ARTICLE - B-ALL cells are sensitive to ferroptosis induction

Cas9-2A-blast

lentivirus ALL cell lines
0000 blasticidih'selt'action/°°°o ) M
@@@@@é@ . ooooooo amplification oogoob (>75% Cas9 activity)

+
@ O @ O whole-genome

©> puromycin selection
Initial (TO) pool of cells..‘ (48h)

@ -
(1 sgRNA/cell) gg.o @@ pLKV2 library
300X representation Op, 0.3 MOl
I NGS
»

~15 doublings .|

>
Final (Tf) pool o .
inal (T} poa o> TO-Tf = essential genes for ALL survival
of cells oOfe®

(potential targets)

300

Intersection
size

98

0 lIIIIIIIlI. III.I T | [ | 1 [ | Hunn lll-lI--l-llll-ll--lllllllllll
[ ¢

RCHACV I
REH I

Pyruvate Metabolism/
Glycolysis

mRNA Splicing

SK8F6 T8
Sighe

Iron- sulfur Cluster
Assembly

Mitochondrial
Translation

Translation Initiation
60S Ribosomal
Subunit Joining

Mitosis/ ! I 5
Transcriptional Regulation H@gzc.ag - 6
by RUNXI T ’

Regulation of Lipid Metabolism
by PPAR-a

Haematologica | 108 February 2023
384

“

M-E. Lalonde et al.

Broad

Sanger

168

ALL enriched
SOD2 GPX4
HM‘éGL
4 ]
4CND3 PGIPAXS
RUN)&A\F}T/
R RRI'S: BCL2
()
>
T 4 ITF
<>1' NESMYC
— J.STEFP
= X
o CBFB
o
= - MEF2G iD_KG e
21 FDR 5% IEBH
wg Pl
.0
0 | ' Tl?ssﬁ’ag'tﬁ' |
-6 -4 -2 0 2
log2(fold change between Tf and T0)
g 1.5
E
B
> 1.0
2
(]
o
> 0.5
[
E L
X
0.01 . . . .
GPX4 IR |
SLC3A2- 11 |
PSTK{ [ ] [ [ |
SEPHS21 I [1 ] |
SEPSECS+ [ Tl |
EEFSECH [ 1 [ |
TYMS ITT 1 |
MTHFD1 4 I [ | |
GCLCH [ [T |
TP531 | |
VAX1 , , Il ,
-5.0 -2.5 0.0 2.5
)

log2(fold change between Tf and TO

Continued on following page.



ARTICLE - B-ALL cells are sensitive to ferroptosis induction M-E. Lalonde et al.

Figure 1. Whole-genome CRISPR/Cas9 screens of acute lymphoblastic leukemia (ALL) cell lines identify ALL essential genes. (A)
Schema of B-ALL screening pipeline. (B) Significant genes set intersection of 7 B-ALL cell line CRISPR screen results with UpSet,
“Broad” and “Sanger” essential gene list at false discovery rate (FDR) <0.05. The intersections with more than 5 genes are shown.
(C) Overlap between B-ALL essential (>4/7 cell lines, FDR <0.05) genes, “Broad” and “Sanger” core essential genes. (D)
Representative Volcano plot of 697 cells CRISPR screen results with FDR <0.05. B-ALL-known dependencies and B-ALL-enriched
essential genes are highlighted in dark blue and in light blue, respectively. Genes regulating ferroptosis induction are highlighted
in orange) Gene Network Analysis of B-ALL-enriched essential genes where nodes represent genes and edges represent protein-
protein interactions between genes. Node color represents the number of ALL cell lines essential for the given gene. (F) Log, fold
change distribution of single-giude RNA (sgRNA) in the 7 ALL screened cell lines. sgRNA log, fold change for ferroptosis related
genes are illustrated at bottom of the panel. VAX1, negative control. TP53 was enriched in several B-ALL cell lines. Tf: final time

points; M.O.l: multiplicity of infection.

least four of seven of B-ALL cell lines, but that were not
present in the Broad or Sanger essential gene datasets (a
total of 319 genes as shown in Figure 1C). These genes are
enriched for ALL-associated transcription factors, such as
PAX5, EBF1, CBFB, TCF3, and RUNX1,*"® B-cell receptor and
signaling, such as CD79A, CD79B and PIK3CD, and other
known B-cell vulnerabilities, such as CDK6, CCND3, and
BCL2?*7* (Figure 1D). A few genes were also enriched in
screened ALL cell lines, such as TP53 (most B-ALL cell
lines have wild-type TP53) and TBCI1D4, indicating that
knockout (KO) of these genes provided a proliferative ad-
vantage (Figure 1D and F; Online Supplementary Table S3).
Mapping the “B-ALL-enriched essential genes” onto the
STRING database revealed that these genes were
members of specific functional subnetworks with multiple
protein-protein interactions (Figure 1E), such as RUNX1-
transcriptional regulation, iron-sulfur cluster assembly,
and regulation of lipid metabolism genes. WikiPathway en-
richment analysis also identified glutathione metabolism,
one carbon metabolism and pentose phosphate pathways,
all of which would impact ferroptosis, and ferroptosis
regulation itself as specific pathways for B-ALL cell sur-
vival (Online Supplementary Table S5). Ferroptosis is an
iron-dependent form of necrosis which is triggered via
lipid peroxidation of polyunsaturated fatty acid (PUFA) at
the cell membrane?® and has garnered significant interest
in the past few years as an alternative drug-induced cell
death mechanisms to therapy-induced apoptosis-resis-
tant cancers.® Central to this cell death pathway is GPX4,
one of the top-ranked essential gene according to our
screen results (Figure 1D and F; Online Supplementary Fig-
ure ST1E; Online Supplementary Table S3) and is the main
inhibitor of ferroptosis induction. Interestingly, multiple
genes potentially impacting GPX4 activity were included
in “B-ALL-enriched essential genes” list (Figure 1F). Hence,
our whole-genome screens of B-ALL cell lines identified
several genes unique to this histotype and enriched for
specific functional pathways, several of which could di-
rectly impact ferroptosis induction.

B-acute lymphoblastic leukemia cells are extremely
sensitive to ferroptosis induction

GPX4, a selenocysteine-containing glutathione peroxidase,
reduces phospholipid hydroperoxides to lipid alcohol with

the help of glutathione (GSH) as an obligate cofactor and
acts as the main endogenous inhibitor of ferroptosis induc-
tion.?® In order to validate that inhibition of GPX4 induces
ferroptosis in ALL cells, we treated cells with RSL3, a direct
inhibitor of GPX4.2°* Comparison of dose-response curves in
B-ALL to non-ALL and GPX4 non-essential cell lines (A549,
MCF7, NCIH226) indicates that B-ALL cell lines are particu-
larly sensitive to RSL3 treatment (Figure 2A). This sensitivity
was significantly higher compared to the RSL3 sensitivity
of many other cell lines reported in previous studies.*’ In
order to confirm that RSL3 treatment induces ferroptosis
but not apoptosis, we stained ALL cells with C11 BODIPY™,
which stains peroxidated lipids, and Annexin V, respectively
(Online Supplementary Figure 2SA). Lipid peroxidation, but
not Annexin V staining, was only detected in the RSL3-
treated cells (Online Supplementary Figure 2A). Notably,
higher lipid peroxidation levels were also found in steady-
state conditions in B-ALL cells compared to non-ALL cells
(Online Supplementary Figure 2SB). In order to confirm the
sensitivity of ALL to ferroptosis induction genetically, we
generated GPX4 KO clones using CRISPR/Cas9 by con-
stantly growing targeted cells in the presence of ferrosta-
tin-1, a radical trapping agent, which strongly inhibits
ferroptosis (Figure 2B and C).>>?” Withdrawal of the drug in
GPX4 KO clones led to cell death within 18 h after removal,
which confirms the rapid induction of cell death after GPX4
inhibition in B-ALL cells (Figure 2B). RSL3 drug treatment
could partially be rescued by the iron chelator deferoxa-
mine (DFO), as well as PD146176, a 15-lipoxygenase inhibitor,
and EUK-134, a general antioxidant (Figure 2D), but not with
Z-VAD-FMK, a pan-inhibitor of caspases and apoptosis.
These results indicate that RSL3 creates a lethal oxidative
stress environment that is, to some extent, iron-dependent.
Interestingly, only lower DFO concentration that was pre-
viously reported could rescue cell viability.?>?"?® This dis-
crepancy can be explained by the fact that B-ALL cells are
more sensitive to elevated DFO treatment (Online Supple-
mentary Figure 2C), which could reflect their higher require-
ment for iron for sustained proliferation compared to other
normal cell types and malignancies.?

B-acute lymphoblastic leukemia cells are sensitive to
perturbations in pathways regulating GPX4 activity
Because of its requirement for specific cellular metabolites,
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Figure 2. B-acute lymphoblastic leukemia are highly sensitive to GPX4 inhibition. (A) Cell viability curves of B-acute
lymphoblastic leukemia (B-ALL) (various colors) and other cell lines (gray colors; A549, MCF7, NCI-H226) to the GPX4 inhibitor
(RSL3). (B) Growth of REH GFP clones 1 and 2 (negative control) and REH GPX4 knockout (KO) clones 2 and 6 +/- ferrostatin (2
uM) for 18 hours (h). (C) Western blot analysis of GPX4 protein level in GPX4 KO vs. GFP KO clones. (D) RSL3 (1 uM) rescue
experiments with the iron chelator deferoxamine (DFO; 10 uM), the pan-caspase apoptotic inhibitor ZVADK (50 uM), the 15-
lipoxygenase-1 inhibitor PD146176 (0.5 uM), or the superoxide dismutase mimetic EUK-134 (30 uM) in NALM6 and RS4;11 for 24 h.
**Unpaired t-test P<0.001 and ***P<0.0001, where P values for RSL3 treated cells were calculated vs. dimethyl sulfoxide
(DMSO)-treated cells and where P values for RSL3 + additives were calculated with RSL3-treated cells. Conc: concentration.

GPX4 activity and ferroptosis induction are influenced by
many metabolic pathways.® Several genes regulating these
pathways were identified within B-ALL-enriched essential
genes (Figures 1F and 6). These include genes implicated in
the synthesis of GSH (SLC7A11/SLC3A2/GCLC), mevalonate
(HMGCR/MVD/MVK), lipids (ASCL3/4, FASN, MCAT), seleno-
compounds (SEPSEC, EEFSEC, SEPHS?2), and iron metab-
olism (PCPB2, TFRC, STEAP3).

Interestingly, most B-ALL cells showed significantly lower
levels of SLC7A11 and GSH compared to non-ALL cells, in
steady-state conditions (Figure 3A and B). Because of its
essential role for GPX4 activity and in oxidative stress pro-
tection, low GSH levels could contribute to the increased
sensitivity of B-ALL to ferroptosis induction. Accordingly, B-
ALL cell lines, with the exception of NALM6 whose sensi-
tivity was intermediate, were more sensitive to buthionine
sulfoximine (BSO), a glutamate cysteine ligase (GCLC) in-
hibitor,*® and to erastin (a direct inhibitor of the Xc- trans-
porter responsible for L-cystine import), than non-ALL cell

lines where GPX4 is non-essential (Figure 3C, D and E). Res-
cue of BSO or treatments in NALM6 and RS4;11 cells by ad-
dition of exogenous GSH indicates that GSH synthesis is
essential for ferroptosis inhibition in B-ALL lines (Figure 3E).
The mevalonate pathway regulates lipid peroxidation by
two different mechanisms. First, it produces CoQ10, which
contributes to detoxification of lipid reactive oxygen
species (ROS).*" Second, it regulates the production of Iso-
pentenyl pyrophosphate (IPP), a metabolite required for
Sec-tRNA (a transfer RNA depositing selenocysteine on pro-
teins) synthesis.®' Since GPX4 contains a selenocysteine
residue essential for ferroptosis inhibition,* regulation of
selenocysteine incorporation into GPX4 can directly in-
fluence its activity. B-ALL cells were more sensitive to in-
hibition of the mevalonate pathway using FIN56, a dual
inhibitor of squalene synthase (an enzyme involved in cho-
lesterol biosynthesis)®® and GPX4 in contrast to non-ALL
cells (Figure 3F; Online Supplementary Figure 3A). Consis-
tent with these observations, treatments of B-ALL cells
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Figure 3. Pathways controlling GPX4 activity contribute to acute lymphoblastic leukemia sensitivity. (A) Western blot anti-
SLC7A11 in B-acute lymphoblastic leukemia (B-ALL) cell lines. f-actin is used as loading control. (B) GSH level measurement in
steady-state conditions for ALL vs. non-GPX4 sensitive (non-ALL) cells. ***Unpaired t-test P<0.0001. (C) Half maximal inhibitory
concentration (IC,.) curves of BSO in ALL cell lines vs. non-GPX4 sensitive (non-ALL, gray tone colors) cell lines after 96-hour (h)
treatment. Data shown are from one representative experiment. (D) IC,  curves of erastin (system Xc- transporter inhibitor) in
ALL vs. non-GPX4 sensitive (non-ALL, gray tone colors) cells. Data shown are from one representative experiment. (E) 10 uM
erastin- and 100 uM BSO-treated NALM6 and RS4;11 are rescued by 1 mM GSH (48 h). *** Unpaired t-test P<0.001 and **P<0.01.
(F) IC_, curves of Fin56 inhibitor in ALL vs. non-GPX4 sensitive (non-ALL, gray tone colors) cells. Data shown are from 1
representative experiment. (G) Cell viability of NALM6 and RS4;11 following treatment with lovastatin (20 uM) and simvastatin (20
uM) for 72 h. *** Unpaired t-test P<0-002 and **P<0.01. (H) p scores for +/- ferrostatin rescue screens performed in REH®*® and
SEM®**® pools. Only GPX4 and selenocompound metabolism genes are indicated. Values represent log, fold change between

untreated (control) and treated samples. Conc: concentration.

with other mevalonate pathway inhibitors (lovastatin, sim-
vastatin) also induced cell death (Figure 3G).

In an attempt to determine which genes identified as es-
sential in our primary screens dropped out of the pool spe-
cifically because of ferroptosis induction, we performed
whole-genome CRISPR screens in two Cas9-expressing B-
ALL cell lines in the presence or absence of ferrostatin-1
(Online Supplementary Figure S3B; Online Supplementary
Table S6). In this setting, we would expect genes depleted
in the untreated group because of ferroptosis induction to
no longer being depleted in the ferrostatin-treated group.
As expected, GPX4 sgRNA were no longer depleted in the
presence of ferrostatin-1 and showed the highest fold
change between untreated and treated samples (Figure
3H). Furthermore, three genes implicated in selenocysteine
synthesis (PSTK, EEFESEC and SEPSECS) were also in the
top hits further arguing that selenocysteine levels regulate
ferroptosis in B-ALL cells (Figure 3G; Online Supplementary
Table S6). Cells in which these genes were individually
knocked out using CRISPR/Cas9 also showed increased
lipid peroxidation (Online Supplementary Figure S3C),
strongly supporting ferroptosis induction. These results are
consistent with DepMap CRISPR screen data. By segrega-
ting cell lines as GPX4 essential or GPX4 non-essential using
the CRISPR screens data (Online Supplementary Figure S3D,
see materials and methods) and looking for genes that are
co-essential with GPX4, we observed co-essentiality of
SEPSECS, SEPHS2, EEFSEC, PSTK and SECISBP2 genes (On-
line Supplementary Figure S3E), which are all selenocom-
pound metabolism genes.

B-acute lymphoblastic leukemia cells express low levels
of FSP1, a potent ferroptosis inhibitor

Distribution of GPX4 mRNA expression and protein levels
between GPX4-sensitive and non-sensitive cell lines in the
DepMap/CCLE indicate that GPX4 expression level does not
account for GPX4 essentiality in cells (Online Supplemen-
tary Figure S4A, B and C). When looking at differentially ex-
pressed genes between these two groups we noticed that
FSP1/AIFM2, a recently characterized ferroptosis inhibitor,*"
was expressed at lower levels in cells that were dependent
on GPX4 compared to non-GPX4 essential cells (Online
Supplementary Figure S4D). A similar trend was also seen

at the protein level (Figure 4A). Moreover, mRNA and protein
levels of FSP1 were particularly low in leukemia cell lines
and could not be detected by western blot (Figure 4A and
B; Online Supplementary Figure S4D). Thus, this low FSP1
level could potentially contribute to the acute vulnerability
of B-ALL cells to ferroptosis induction. In order to test this
hypothesis, we generated B-ALL stable pools that over-
expressed FSP1 (Figure 4B) and compare their RSL3 dose-
response curve with parental cells (Figure 4C). Both pools
(low or high) overexpressing FSP1 rescued sensitivity to
RSL3 treatment by approximately ten-fold compared with
parental cell lines, suggesting that the low endogenous
constitutive levels of FSP1 contribute to the ferroptosis
sensitivity in B-ALL. Furthermore, rescue levels being inde-
pendent of FSP1 overexpression level indicate that weak
overexpression is sufficient to inhibit ferroptosis.

Primary B-acute lymphoblastic leukemia patient-derived
xenograft samples are also sensitive to ferroptosis
induction in vitro

In order to validate that the sensitivity observed in B-ALL cell
lines is conserved in PDX samples, we tested different fer-
roptosis-inducing drugs on nine B-ALL PDX having only gone
through a single round of amplification in mice previous to
these tests. All PDX samples showed high sensitivity to RSL3
treatment and were even more sensitive than the positive
control cell lines, NALM®6 (Figure 5A). Furthermore, ferrosta-
tin-1 treatment rescued RSL3 sensitivity in all PDX, indicating
that ferroptosis is the major cell death mechanism in these
RSL3-treated PDX. B-ALL PDX were also sensitive to three
other ferroptosis-inducing drugs - erastin, FIN56 and sulfa-
salazine - although all PDX were not necessarily sensitive to
all drugs (Figure 5B to D). Erastin and sulfasalazine demon-
strated a similar sensitivity profile consistent with these two
drugs targeting the Xc™ transporter. In all, these experiments
confirm the extreme sensitivity of B-ALL cell lines and PDX
samples to ferroptosis induction.

Discussion

Despite the continuous improvement in treatment out-
come and the greater understanding of the molecular pa-
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thogenesis underlying tumor development, B-ALL still
poses unresolved clinical needs, especially to relapsed pa-
tient. Developing additional therapeutic avenues by iden-
tifying new vulnerabilities is therefore critical to provide
new strategies for cancer treatment. In an attempt to ful-
fill this gap, we performed whole-genome pooled dropout
CRISPR screens in B-ALL cell lines. These screens found
essential genes that were mostly shared with other cancer
histotypes; these genes were enriched in core essential

M-E. Lalonde et al.

genes mostly implicated in general processes such as
transcription, translation, proteasome, etc. In addition,
these screens also identified a panel of more than 300
genes that were essential in most ALL cell line, but not
across other tumor histotypes,” suggesting that these
genes represent unique functional vulnerabilities to B-ALL.
These were enriched for well-described B-ALL specific
transcription factors (PAX5, RUNX1, TCF3, EBFT) and signal
transduction pathways (CD79A, CD79B, PIK3CD), but also
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novel vulnerabilities not previously linked to B-ALL, several
of which directly regulate ferroptosis induction.

Ferroptosis is a recently described iron-dependent cell
death pathway that is characterized by the excessive per-
oxidation of phospholipid at the cell membranes. This
non-apoptotic cell death pathway has garnered increasing
interest as a potential novel cancer therapy since “per-
sister” cells rendered drug-tolerant through serial expo-
sure to chemotherapeutic agents and cells that
underwent an epithelial-mesenchymal transition, two
states associated with resistance to cancer therapy, de-
monstrate exquisite sensitivity to ferroptosis induction.?*
The main gatekeeper for ferroptosis induction is GPX4, a
glutathione peroxidase, which uses GSH as an obligate co-
factor and possess the unique ability to detoxify hydroxy-
peroxides in complex lipids. Our findings add B-ALL lines
to the cell lines or cell state that have been reported to
be sensitive to GPX4 inhibition by either ferroptosis indu-
cing drug'2%?" or direct gene KO.** To our knowledge, this
is the first evidence of such a sensitivity in these cells.
Many genes modulating ferroptosis induction are still not
labeled as such by KEGG or MSigDB enrichment tools,3¢38
especially for genes involved in the multiple metabolic
pathways that are indirectly regulating GPX4 activity (Fi-
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gure 6). This explains why ferroptosis pathway, even if sig-
nificantly enriched, was not ranked higher in our Wikipath-
way analysis (Online Supplementary Table S5) even though
many B-ALL essential genes were involved in pathways re-
lated to GPX4 activity, such as selenocompound, lipid, me-
valonate, GSH and iron metabolism (Figure 6). We
validated several of these genetic dependencies using or-
thogonal assays and demonstrated that inhibition of these
pathways induce ferroptosis in B-ALL cells. As seen in the
+/- ferrostatin-1 screens, apart from GPX4, B-ALL cells
were also particularly sensitive to the depletion of genes
implicated in selenocysteine synthesis (Figure 3H). Sele-
nocysteine incorporation into GPX4 is required for its fer-
roptosis inhibitor activity’®? and co-essentiality of
selenocysteine synthesis genes with GPX4 was previously
demonstrated in glioblastoma cells.®® These results also
suggest that the primary role of selenocysteine meta-
bolism in ALL cells is to synthesize GPX4 as none of the
24 other selenocysteine-containing proteins were essen-
tial in our screen. This is reminiscent of genetic deletion
of selenocysteine-containing proteins in mice where KO
of GPX4 is the only one that is embryonic lethal, a pheno-
type shared with selenocysteine tRNA KO mice.*>*

Several elements seem to synergize to explain the high
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Fin56, and (D) sulfasalazine. Cell viability was assessed 36 hours post treatment and compared to untreated xenografts.
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Figure 6. Integration of GPX4-related pathways. Several genes/pathways found essential in acute lymphoblastic leukemia (ALL)
cells potentially regulate GPX4 activity which may explain their acute vulnerability to ferroptosis induction. Genes in bold cha-

racters are found within the 319 ALL-enriched essential genes.

sensitivity of B-ALL cells to ferroptosis induction. High lipid
ROS levels in steady-state conditions suggest that B-ALL
are under constant oxidative stress. Combined with the low
GSH and FSP1 antioxidant levels, it implies that these cells
do not possess the buffering capacity that would normally
protect them against oxidative stress. And while restoring
FSP1 expression levels in B-ALL cell increases resistance to
ferroptosis induction (Figure 4C), this only partially rescues
sensitivity compared to other resistant cell lines, suggesting
that additional elements contribute to the extreme sensi-
tivity of B-ALL cells to ferroptosis induction. One explana-
tion might lie in the high levels of PUFA that were measured
in B-ALL** since a direct correlation between PUFA levels
in cell lines and GPX4 KO sensitivity has been established
by metabolite dependency association studies.”® In addi-
tion, transcriptional repression of the pentose phosphate
pathway (PPP) by B-cell-specific transcriptional factor PAX5
and IKZF1in B-ALL limits its activity and ability to cope with
oxidative stress.** This particular vulnerability results in low
levels of NADPH, which prevents GSSG reduction into GSH.
The limited PPP activity appears to be controlled both by
the serine-threonine protein phosphatase 2A (PP2A) and
the Cyclin D3-CDK6 kinase; inhibition of the latter reduces
the flow of carbon through the PPP in favor of glycolysis.*
Cyclin D3-CDK®6 kinase regulates the switch from glycolysis
to the PPP by directly phosphorylating and inhibiting key
enzymes, which catalyze key rate-limiting steps in the gly-
colysis cascade such as 6-phosphofructokinase (PFK1), py-

ruvate kinase M2 (PKM2), but also GPI, PGK1, ENO1, and
PKM. Notably, the last four enzymes along with Cyclin D3
(CCND3) and CDK®6 are all considered “B-ALL-enriched es-
sential genes” according to our screens. Overall, these re-
sults, along with the one presented in this paper, suggest
that the low PPP activity found in B-ALL, which leads to
low levels of NADPH and GSH, restricts their ability to cope
with oxidative stress. This strenuous balance can be easily
tipped toward ferroptosis induction when GPX4 is inhibited.
Because B-ALL are primed to undergo ferroptosis and
multiple metabolic pathways modulate GPX4 activity, seve-
ral therapeutic opportunities are potentially available to
target this vulnerability. As shown by our results and others,
ALL cells are also sensitive to drugs such as sulfasalazine
(Figure 5D), BSO (Figure 3A), and statins (Figure 3E and “°),
which have all been previously used in clinical setting. How-
ever, these drugs do not directly target ferroptosis in-
hibitors such as GPX4 or FSP1, but mainly induce ferroptosis
by targeting pathways that incidentally influence sensitivity
to ferroptosis induction (lipid metabolism, GSH metab-
olism, etc). No highly potent bioavailable drug directly tar-
geting ferroptosis inhibitors currently exist, which severely
limits the therapeutic validation of this pathway in vivo. IKE,
an erastin derivative, has been specifically modified to in-
crease bioavailability in vivo.* Despite this, pharmacokinetic
and biodistribution of the drug showed a very short half-
life in vivo (less than 2 hours) and a low achievable concen-
trations in the blood.*” Moreover, caution should be taken
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in developing novel ferroptosis inhibitors for cancer treat-
ment, as ferroptosis has been implicated in neuropathol-
ogies development and neurotoxicity,”** as well as
cardiomyopathies.?? Since many chemotherapies have been
shown to induce oxidative stress in cancer cells, combining
these treatments with a ferroptosis inducing agent could
help prevent the development of treatment-resistant
tumor cells. Finally, according to gene/protein expression
analyses, other leukemias, such as T-ALL and acute mye-
loid leukemia (AML), also share a similar expression profile
for gene controlling sensitivity to ferroptosis induction and
would also likely benefit from therapeutic strategies de-
velop for ALL. In fact, RSL3 sensitivity was previously re-
ported for two T-ALL cell lines,** and recently, AML cell lines
and PDX were shown to be sensitive to ferroptosis induc-
tion using APR-246, a p53 activating drug.®* Overall, our
work identified a comprehensive set of genetic depen-
dencies and molecular mechanisms sustaining tumorigen-
esis in B-ALL cell lines, some of which could potentially be
further exploited therapeutically.
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