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ABSTRACT: Little is known about the regulation of nonapoptotic cell
death. Using massive insertional mutagenesis of haploid KBM7 cells we
identified nine genes involved in small-molecule-induced nonapoptotic cell
death, including mediators of fatty acid metabolism (ACSL4) and lipid
remodeling (LPCAT3) in ferroptosis. One novel compound, CILS6,
triggered cell death dependent upon the rate-limiting de novo lipid synthetic
enzyme ACCI. These results provide insight into the genetic regulation of
cell death and highlight the central role of lipid metabolism in nonapoptotic <y

cell death.

everal nonapoptotic, regulated cell death (RCD) pathways

have been discovered in recent years, including necroptosis,
pyroptosis and ferroptosis." These pathways have been
implicated in a variety of pathological conditions, and small
molecules that can activate or inhibit nonapoptotic cell death
have emer§ed as important therapeutic leads for a variety of
diseases."

Ferroptosis is an iron-dependent form of RCD observed in
cancer cells, kidney cells and neurons.*”® Ferroptosis can be
caused bg inhibition of system x.~ or glutathione peroxidase 4
(GPX4).”"° System x_” is required to import cystine into cells
for glutathione synthesis, and GPX4 uses glutathione to
detoxify lipid peroxides. Erastin is a system x. inhibitor,
while (1S,3R)-RSL3 (hereafter RSL3) and ML162 (also known
as DPI7) inactivate GPX4.>'® The genetic networks regulating
sensitivity to these and other death-inducing compounds are
not well-defined.

Defining small molecule mechanism of action is challeng-
ing.'""'> One potential approach employs a nearly haploid
chronic myeloid leukemia cell line, KBM7, coupled with
retroviral-mediated insertional mutagenesis and sequencing to
identify genes required for lethality.">™"* This approach has
been used to investigate the lethal mechanism of action of
tunicamycin, 3-bromopyruvate and YM1SS and, in each case,
has identified a specific transporter protein necessary for the
cellular uptake of each of these lethal compounds.”>™"” We
sought to apply this approach to identify genes involved in
ferroptosis and other forms of nonapoptotic RCD.

We examined the mechanism of action of five small
molecules that trigger nonapoptotic cell death: erastin, RSL3,
ML162, PK-3,"® and a novel compound, CILS6" (Figure 1a).
As a control, we examined the apoptosis-inducing small
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molecule BH3 mimetic ABT-263. Based on previous results
using a related analogue, ABT-737,'* we expected to identify
insertions into BCL2-associated X protein (BAX) and phorbol-
12-myristate-13-acetate-induced protein 1 (PMAIP1/NOXA) as
suppressors of ABT-263-induced death if our screening system
was performing as desired.

All six test compounds were lethal to KBM7 cells, with
erastin, RSL3, and ML162 inducing ferroptosis, as judged by
the ability of the lipophilic antioxidant ferrostatin-1 (Fer-1) and
the iron chelator ciclopirox olamine (CPX) to prevent death*
(Figure 1b). The lethality of erastin was also suppressed by the
reducing agent beta-mercaptoethanol (-ME), as expected for a
system x.~ inhibitor* (Figure 1b). The lethality of ABT-263 was
not suppressed by Fer-1, CPX, or f-ME, as expected for an
apoptosis-inducing agent. In these experiments, neither PK-3
nor CIL-56 induced ferroptosis; other results'®'® suggest that
these compounds induce unknown forms of nonapoptotic cell
death. Indeed, an important goal of these studies was to identify
genes that might distinguish the lethal pathways activated by
these compounds.

Screening trials identified compound concentrations yielding
resistant colonies for PK-3 (55 nM), ML162 (9 uM), RSL3 (4
uM), CILS6 (5.5 uM), and ABT-263 (2.5 uM). For erastin,
none of the tested lethal concentrations yielded any resistant
colonies, suggesting that cystine import via system x.~ is
unconditionally essential for colony formation and can not be
compensated for by the deletion of any single gene; this finding
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Figure 1. Effect of lethal molecules in KBM?7 cells. (a) Structure of the lethal molecules tested in this study. (b) Dose—response analysis of seven
lethal compounds in KBM?7 cells + three ferroptosis inhibitors ferrostatin-1 (Fer-1), beta-mercaptoethanol ($-ME), and ciclopirox olamine (CPX).
Norm. AB Fluor.: Normalized Alamar Blue Fluorescence, an indication of cell viability. Data represents the mean + SD from three independent

biological replicates.

suggests that tumors might find it difficult to evolve resistance
to system x. inhibitors through gene deletion.

The five remaining compounds were individually added to an
initial pool of 1 X 10° KBM7 cells that were heavily
mutagenized using a retroviral genetrap vector, as described
previously."* After compound incubation for 10 to 21 days,
resistant colonies were collected and retroviral insertion sites
mapped to individual genes'* (Figure 2). Not shown are
insertions into three genes: NFI, WT1 and SPII, which were
commonly identified in most screens, suggesting that they may
confer a general drug-resistant phenotype when mutated in
KBM?7 cells.

As expected,'* ABT-263-resistant cells had a significant
overrepresentation of insertions in BAX (P < 10™°) and
PMAIP1/NOXA (P = 5.5 X 107*°) (Figure 2a). We confirmed
that clonal KBM?7 cell lines lacking either gene were resistant to
ABT-263 (Supplemental Figure 1). These results provided
confidence in our ability to identify genes required for small
molecule-induced cell death using this approach. Unexpectedly,
the analysis of PK-3-resistant colonies yielded no significantly
enriched genes (Figure 2b). PK-3 binds tubulin and disrupts

the intracellular microtubule network, which is necessary for
mitosis.'® We speculate that PK-3-resistant colonies could arise
in the absence of specific mutations from a transient
subpopulation of nondividing (i.e., quiescent, G,) cells.
Transcriptional upregulation of genes encoding xenobiotic
detoxification enzymes or drug pumps in these cells could then
allow for survival and subsequent proliferation in the presence
of PK-3. Further analysis of additional microtubule-disrupting
agents in KBM-7 cells would help resolve this issue.

We next analyzed RSL3 and ML162, two structurally distinct
compounds that both inhibit GPX4.'® Analysis of RSL3-
resistant cells identified four genes significantly enriched for
gene trap insertions: acyl-CoA synthetase long-chain family
member 4 (ACSL4, P = 3.5 X 107*%%), lysophosphatidylcholine
acyltransferase 3 (LPCAT3, P = 3.0 X 107'%), I-acylglycerol-3-
phosphate O-acyltransferase 3 (AGPAT3, P = 6.2 X 107'¢), and
hydroxysteroid (17-beta) dehydrogenase 11 (HSD17BI11, P =
5.8 x 107°) (Figure 2c). Analysis of ML162-resistant cells
identified three genes significantly enriched for insertions, two
of which were shared with RSL3 (ACSL4 and LPCAT3, P
values of 5.7 X 1072° and 7.1 X 10™"), and one of which was
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Figure 2. Identifying genetic determinants of small molecule lethality. (a—e) Circos Plots for each lethal compound showing every gene with at least
one mapped retroviral insertion represented as a blue circle oriented toward the chromosomal position of the gene. Circle size is proportional to the
number of insertions, and distance from the center is proportional to the significance (p-value) of this number of insertions relative to control cells.
Genes enriched in selected versus unselected pools with p-values < 107> are indicated.

unique, but less significantly enriched (SET domain containing
1B, SETDIB, P = 1.9 X 107*) (Figure 2d). The overlap of
ACSL4 and LPCAT3 between RSL3 and ML162 provides
confidence that these two genes are essential for the execution
of ferroptosis induced by inhibition of GPX4.

Cells undergoing ferroptosis are depleted of arachidonic acid
(AA, 20:4) and other polyunsaturated fatty acids (PUFAs).>’
The prevailing model is that the oxidative destruction of

PUFAs, following GPX4 inactivation, is essential for the
execution of ferroptosis.”” ACSL4 preferentially acylates
AA,*® while LPCAT3 preferentially catalyzes the insertion of
acylated AA into membrane phospholipids.”' Thus, deletion of
ACSL4 and LPCATS3 likely suppress ferroptosis by limiting the
membrane-resident pool of oxidation-sensitive fatty acids.
Further studies will be required to elucidate the roles of
AGPAT3, HSD17B11, and SETDIB and determine if the
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identification of these genes in only the RLS3 (HSDI17B11,
AGPAT3) or the ML162 (SETDIB) screens reflects the
existence of false negatives unique to each screen, or to true
biological differences in the lethal effects of these two
compounds.

Finally, we analyzed results obtained with CIL56 and
identified a unique set of significantly enriched genes compared
to ABT-263, RSL3, and ML162, including zinc finger, DHHC
domain containing S (ZDHHCS, P = 6.3 X 107*"%), trans-2,3-
enoyl-CoA reductase (TECR, P = 1.2 X 107"%), acetyl-CoA
carboxylase alpha (ACACA, P = 3.6 X 107%, individual
insertions sites into this gene shown in Supplemental Figure
3a), and NAD kinase (NADK, P = 8.8 x 107 (Figure 2e).
ACACA (encodlng ACC1) is a key regulator of tumor cell
survival,”” and we therefore focused on the role of ACCI in
CILS6-induced death.

ACCI catalyzes the conversion of acetyl-CoA to malonyl-
CoA, the rate-limiting step in fatty acid synthesis (Figure 3a).
Two clonal ACACA null HT-1080 cells lines (H and P), which
we generated using CRISPR/Cas9 technology, lacked ACC1
expression and exhibited 5-fold resistance to CILS6, but no
consistent resistance to RSL3 or the apoptosis-inducing agents
hydrogen peroxide (H,0,) or staurosporine (STS) (Figure
3b—f, Supplemental Figure 2b). Silencing of ACACA in HT-
1080 cells using two independent siRNAs likewise resulted in
resistance toward CILS6, but not RSL3 (Supplemental Figure
2c—e). Furthermore, the lethality of CILS6, but not RSL3 or
erastin, was suppressed by the small molecule ACCI inhibitor
5-tetradecyloxy-2-furonic acid (TOFA)*>?? (Figure 3g).
Conversely, cell death induced by erastin and RSL3, but not
CILS6, was suppressed by Fer-1 (Figure 3g). These results
suggest that ACC1 activity sensitizes cells to CIL56-induced
cell death.

Using mass spectrometry, we analyzed the metabolome of
HT-1080 cells treated with CILS6 (6.5 uM) + TOFA (4 uM),
compared to vehicle-treated controls. Among the 298 polar and
nonpolar metabolites identified in this analysis, the levels of 141
metabolites were significantly altered by CIL56 treatment, with
82 metabolites significantly increased and 59 significantly
decreased (FDR g < 0.01) (Figure 3h, Supplemental Table 1).
In cells cotreated with CILS6 and TOFA, we detected no
significantly altered metabolites compared to vehicle-treated
cells (at FDR q < 0.01) (Figure 3h, Supplemental Table 1).
This suggested that the effects of CIL56 on metabolism were
completely reversed by TOFA. Of note, CIL56 triggered the
striking TOFA-sensitive accumulation of all detectable long
chain saturated and monounsaturated fatty acids and all
detectable polyunsaturated fatty acids (Figure 3ij and
Supplemental Table 1). A plausible model to account for the
accumulation of both nonessential and essential fatty acids
species is that CILS6 inhibits the normal breakdown of fatty
acids by mitochondrial f-oxidation. This could occur if, for
example, CIL56 accelerated the ACCI-dependent production
of malonyl- CoA a metabolite that acts as a negative regulator
of this process.”* While it remains possible that CILS6 could
engage more than one target, our results are consistent with the
model that CILS6 stimulates the activity of ACCI itself, or an
upstream component of the fatty acid synthesis pathway, to
cause cell death. One prediction of this model is that
overexpression of ACCI1 might sensitize to CIL56-induced
death, although regulation of ACC1 and downstream lipid
synt?setic enzymes may be sufficiently complex to preclude
this.
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Figure 3. Analysis of the role of ACACA in CILS6-induced death. (a)
The role of ACC1 (encoded by ACACA) in fatty acid synthesis. FAS:
fatty acid synthase. (b) Western blot of ACC1 levels in two
independent HT-1080 cell clones (H and P). Each lysate was loaded
twice in adjacent lanes. (c—f) Viability of HT-1080 cells and variants
lacking ACC1 treated with various lethal compounds. (g) Viability of
HT-1080 cells treated for 24 h with lethal compounds + TOFA (5
uM) or Fer-1 (1 uM). Norm. AB Fluor.: Normalized Alamar Blue
Fluorescence, an indication of cell viability. (h—j) Metabolomic
analysis of HT-1080 cells treated with CILS6 (6.5 uM) + TOFA (4
uM). (h) Fold-change in abundance of 144 metabolites significantly
altered by CILS6 treatment (FDR g < 0.01) + TOFA. (i) Fold-change
in metabolite levels for saturated fatty acids. (j) Fold-change in
metabolite levels for polyunsaturated fatty acids.

Together, these results implicate the lipid metabolic genes
ACSL4 and LPCATS3 in ferroptosis and ACACA in the novel
cell death program triggered by CILS6. It remains unclear how
CIL56 treatment canses cell death, although the accumulation
of saturated fatty acids>® or the inhibition of mitochondrial f-
oxidation could be involved. An important aim of future studies
will be to pinpoint the specific molecular changes that are
responsible for CILS6-induced cell death. Future studies using
clonal cell lines lacking the lipid metabolic enzymes identified
here should greatly facilitate this process.
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Materials. Erastin,”’ 1S,3R-RSL3,'® and ferrostatin-1° were
synthesized as described; PK-3 was identified from a library of small
molecules.'® Tetradecyloxy-2-furonic acid was obtained from Santa
Cruz Biotechnology. Unless indicated, all other compounds were
obtained from Sigma.

Tissue Culture. KBM7 cells were cultured as described.”® HT-
1080 cells were obtained from American Type Culture Collection and
grown in DMEM High-Glucose media (Gibco) supplemented with
10% FBS, 1% nonessential amino acids (Gibco), and 1% penicillin and
streptomycin (Gibco). Cell were grown in humidified tissue culture
incubators (Thermo Scientific) at 37 °C with 5% CO,.

Haploid Genetic Screening. Haploid genetic screening was
conducted as described.”® In brief, virus was produced by transient
transfection of the gene-trap plasmid along with packaging plasmids
using Lipofectamine 2000 (Invitrogen) in low-passage HEK 293T
cells. Virus was concentrated via ultracentrifugation and used to
mutagenize 1 X 10° KBM7 cells via spinfection. Mutagenized cells
were then expanded and either directly used for genetic screens (ABT-
263, CILS6) or screened after one freeze—thaw cycle. Drug
concentrations were titrated to allow outgrowth of approximately
1000 to 10 000 colonies per screen. Of note, in order to facilitate the
outgrowth of drug-tolerant clones, drug effects were diluted out after 3
days of initial incubation with growth medium yielding estimated final
concentrations of 833 nM (ABT-263), 18 nM (PK-3), 1.83 uM
(CILS6), 3 uM (ML162), and 1.33 uM (RSL3). Gene trapped cells
were selected with the indicated drug concentrations in 96 well plates
(1 X 10° cells seeded/well). Drug-resistant clones were pooled after
indicated time-points, collected in a T175 flask and expanded to a total
cell number of 3 X 107 cells. Genomic DNA was isolated and retroviral
insertion sites were detected via an inverse PCR protocol adopted to
next generation sequencing.'* The significance of the enrichment of
insertions in a given gene was calculated by comparing the number of
insertions of the respective drug selected population with an
unselected, larger control data set using the one-sided Fisher’s exact
test. The resulting p-values were false-discovery rate corrected
accordingly.

CRISPR/Cas9 Genome Editing. HT-1080 cells were transfected
with a plasmid encoding Cas9 and short guide RNAs (sgRNAs)
targeting exon 4 of ACACA and a second plasmid encoding turboGFP
(Evrogen). Two days later, individual cells were sorted by flow
cytometry into separate wells of a 96-well plate. Following colony
outgrowth, individual clones were screened for resistance to CILS6.
Two clones (H and P) were identified by this procedure. For these
clones, cells were grown in 6-well dishes and genomic DNA was
purified using the QIAamp DNA Mini Kit (Qiagen). Primers flanking
exon 4 of ACACA were used in a PCR reaction with Taqg DNA
Polymerase (Life Technologies). Samples were separated with agarose
gel electrophoresis. The amplified target DNA was cut out of the gel
and purified using the QIAquick Gel Extraction Kit. Purified DNA
samples were sent to GeneWiz, Inc., for sequencing.

Western Blotting. HT-1080 cells were seeded in 6-well dishes at
300000 cells/well in regular HT-1080 media 24 h prior to use. Cells
were washed twice with PBS and lysed in 75 pL buffer [SO mM
HEPES, 40 mM NaCl, 2 mM EDTA, 0.5% Triton-X, 1.5 mM sodium
orthovanadate, 50 mM NaF, 10 mM sodium pyrophosphate, 10 mM
sodium f-glycerophosphate, and protease inhibitor tablet (Roche), pH
7.4]. Lysates were pelleted for ten min at 12 000 rpm at 4 °C. Samples
were separated using SDS-polyacrylamide gel electrophoresis and
transferred to a polyvinylidene difluoride membrane (Invitrogen)
using the iBlot system (Invitrogen). Membranes were blocked in Li-
COR Odyssey blocking buffer for 1 h at 25 °C, then incubated with
primary antibodies (1:1000) in a 1:1 solution of PBS-T and blocking
buffer overnight at 4 °C. Following three 5 min washes in PBS-T, the
membrane was incubated with secondary antibodies (1:1000) in a 1:1
solution of PBS-T and blocking buffer for 1 h at 25 °C protected from
light. Following three 5 min washes in PBS-T, the membrane was
scanned using the Li-COR Odyssey Imaging System. Monoclonal
antibodies for ACC1 (Life Technologies) and tubulin (Cell Signaling

Technology) were detected using a goat antirabbit or goat antimouse
IgG antibody, conjugated with IRdye 800 CW or 680 CW, respectively
(Li-COR Biosciences).

siRNA Reverse Transfection. HT-1080 cells were reverse
transfected with siRNAs (Qiagen) using Lipofectamine RNAIMAX
(LEMax, Invitrogen) as described.” Briefly, 10 nM (final concen-
tration) of siRNAs were aliquoted into 250 uL of Opti-MEM media
(Gibco) in the bottom of each well of a 6-well dish (Corning). An
additional 250 uL of media + LFMax was added to each well and
incubated for 15 min. Next, 150 000 HT-1080 cells were added to
each well in regular HT-1080 media. The plates were swirled to mix
and incubated for 48 h at 37 °C in a tissue culture incubator prior to
analysis.

Cell Viability Measurements. Cell viability was assessed in 384-
well format by Alamar Blue (Invitrogen) fluorescence (ex/em 530/
590) measured on a Victor3 platereader (PerkinElmer).

Metabolite Profiling. Metabolite profiling was performed by
Metabolon. HT-1080 cells were treated with CIL56 and/or TOFA for
8 h and samples were collected and processed as described previously.®
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