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KRAS is mutated in 90% of human pancreatic ductal adenocarcino-
mas (PDACs). To function, KRAS must localize to the plasma mem-
brane (PM) via a C-terminal membrane anchor that specifically
engages phosphatidylserine (PtdSer). This anchor-binding specificity
renders KRAS-PM localization and signaling capacity critically
dependent on PM PtdSer content. We now show that the PtdSer
lipid transport proteins, ORP5 and ORP8, which are essential for
maintaining PM PtdSer levels and hence KRAS PM localization, are
required for KRAS oncogenesis. Knockdown of either protein, sepa-
rately or simultaneously, abrogated growth of KRAS-mutant but
not KRAS-wild-type pancreatic cancer cell xenografts. ORP5 or ORP8
knockout also abrogated tumor growth in an immune-competent
orthotopic pancreatic cancer mouse model. Analysis of human data-
sets revealed that all components of this PtdSer transport mecha-
nism, including the PM-localized EFR3A-Pl4Kllla complex that
generates phosphatidylinositol-4-phosphate (PI4P), and endoplasmic
reticulum (ER)-localized SAC1 phosphatase that hydrolyzes counter
transported PI4P, are significantly up-regulated in pancreatic tumors
compared to normal tissue. Taken together, these results support
targeting Pl4Kllla in KRAS-mutant cancers to deplete the PM-to-ER
PI4P gradient, reducing PM PtdSer content. We therefore repur-
posed the US Food and Drug Administration-approved hepatitis C
antiviral agent, simeprevir, as a Pl4Klllx inhibitor In a PDAC setting.
Simeprevir potently mislocalized KRAS from the PM, reduced the
clonogenic potential of pancreatic cancer cell lines in vitro, and abro-
gated the growth of KRAS-dependent tumors in vivo with enhanced
efficacy when combined with MAPK and PI3K inhibitors. We con-
clude that the cellular ER-to-PM PtdSer transport mechanism is
essential for KRAS PM localization and oncogenesis and is accessible
to therapeutic intervention.
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AS proteins are small GTPases that switch between active

GTP-bound and inactive GDP-bound states, regulating cell
proliferation, differentiation, and apoptosis. RAS is regulated by
guanine nucleotide exchange factors that promote GDP-GTP
exchange, thereby activating RAS, and GTPase-activating pro-
teins (GAPs), which stimulate intrinsic RAS GTPase activity to
return it to its inactive state. Approximately 20% of human can-
cers express oncogenic RAS with mutations at residues 12, 13, or
61 (1), which prevent RASGAPs from stimulating GTP hydroly-
sis, rendering RAS constitutively active. The RAS isoforms,
HRAS, NRAS, KRAS4A, and KRAS4B (hereafter referred to as
KRAS), have near-identical G-domains, which are implicated in
guanine nucleotide binding and effector interaction. However,
they have different C termini and membrane anchors, which con-
tribute to their differential signaling outputs (2). KRAS is the
most-frequently mutated isoform in cancer and hence represents
the major clinical concern, especially in pancreatic, colon, and
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non-small cell lung cancers (NSCLCs) in which mutant KRAS is
expressed in ~90%, ~50%, and ~25% of cases, respectively (3).
RAS proteins must localize to the plasma membrane (PM)
and organize into nanoclusters for biological activity (4-8),
whereby RAS.GTP recruits its effectors to PM nanoclusters,
leading to downstream pathway activation. KRAS interacts
with the PM via its C-terminal membrane anchor that com-
prises a farnesyl-cysteine-methyl-ester and a polybasic domain
(PBD) of six contiguous lysines (9-11). Together, the KRAS
PBD sequence and prenyl group define a combinatorial code
for lipid binding, resulting in a membrane anchor that specifi-
cally interacts with asymmetric species of phosphatidylserine
(PtdSer) that contain one saturated and one desaturated acyl
chain (8, 12-14). Since PtdSer binding specificity is hardwired
into its anchor structure, KRAS-PM interactions are PtdSer
dependent. KRAS that partitions into the cytosol following
endocytosis is captured by PDES, which, upon interacting with
ARL2, is released to the recycling endosome (RE) for forward
transport back to the PM (15). Capture of KRAS by the RE is
again PtdSer dependent; therefore, abrogating PtdSer delivery
to the PM will reduce PM and RE PtdSer content, abrogating
both KRAS PM binding and KRAS recycling back to the PM.
In sum, KRAS-PM localization, nanoclustering, and signaling
capacity are all exquisitely dependent on PM PtdSer levels.

Significance

Exquisite lipid-binding specificity for phosphatidylserine (PtdSer)
is hardwired into the structure of the KRAS C-terminal plasma
membrane (PM) anchor. This renders KRAS-PM localization
and hence biological function potentially vulnerable to pertur-
bations of PM PtdSer content. Here, we show that all compo-
nents of the recently described lipid transport machinery that
maintain PM PtdSer content are indeed required to support
KRAS oncogenic function. In this context, we demonstrate
that the enzyme, Pl4Kllle, in particular has merit as a drug-
gable target for inhibiting KRAS-dependent tumors. More
generally, we provide insight into how PM phospholipids can
regulate oncogene signaling and how PM lipid composition
may be successfully targeted to exploit tumor vulnerabilities.
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Fig. 1. ORP5 and ORP8 transport PtdSer to the PM. ORP5 and ORP8
exchange ER PtdSer with PM PI4P. This is driven by a PI4P concentration
gradient whereby PM PI4P levels are kept high by Pl4Kllla and low at the
ER by SACI1P, which hydrolyzes PI4P. ORP, oxysterol-binding protein-
related protein; PI4Klllo, class Il P4 kinase alpha; and SAC1P, SAC1-like
phosphatidylinositide phosphatase.

Previous attempts at preventing KRAS-PM localization to
inhibit its function include the development of farnesyltransferase
inhibitors (FTIs), which inhibit the first posttranslational process-
ing step that generates the KRAS membrane anchor. FTIs were
clinically unsuccessful since KRAS can alternatively be geranyl-
geranylated by geranylgeranyl transferasel when cells are treated
with FTIs, allowing for continued PM localization (2, 16, 17). We
recently leveraged the dependence of KRAS on PM PtdSer to
inhibit KRAS signaling by targeting the cellular machinery that
actively maintains PM PtdSer levels (18). Genetic knockdown
(KD) of ORPS5 or ORPS, two lipid transporters that function at
endoplasmic reticulum (ER)-PM membrane contact sites to
transport PtdSer to the PM (Fig. 1), mislocalized KRAS from the
PM and reduced nanoclustering of any remaining KRAS. Conse-
quently, ORP5/8 KD decreased proliferation and anchorage-
independent growth of multiple KRAS-dependent pancreatic
cancer cell lines. In this study, we examine the effects of ORP5/8
genetic KD and knockout (KO) on tumor growth in vivo and
provide compelling evidence that these proteins are essential for
tumor maintenance in KRAS-dependent pancreatic cancer.
ORP5/8 function by exchanging phosphoinositide-4-phosphate
(PI4P) synthesized on the PM by PI4KIIla for PtdSer synthe-
sized in the ER (19, 20). We demonstrate both in vitro and in vivo
that PI4KIIIa inhibitors can potently inhibit oncogenic KRAS
function. One such inhibitor is simeprevir, a US Food and Drug
Administration (FDA)-approved antiviral agent used for the
treatment of hepatitis C, that may have potential for repurposing
as a therapeutic for mutant KRAS-driven cancers.

Results

ORP5 or ORP8 KD Inhibits KRAS-Mutant Tumor Growth in a Xenograft
Mouse Model. We performed shRNA (short hairpin RNA) KD of
ORP5 and ORPS alone or in combination in a panel of KRAS
wild-type (WT) (BxPC-3) and mutant (MiaPaCa-2, MOH, and
PANC-1) pancreatic cancer cells followed by puromycin selection
to obtain multiple stable monoclonal cell lines as previously
described (18). To establish the effect of ORP5 and ORP8 KD on
tumor initiation and growth in vivo, parental (containing an empty
plasmid), single clonal ORP5, ORPS, or double ORP5/ORP8 KD
MiaPaCa-2 or BxPC-3 cells were injected subcutaneously into the
right and left flanks, respectively, of nu/nu-immunosuppressed
mice, allowing each mouse to act as its own control. Tumors were
measured twice a week for 6 wk. KD of either ORP protein con-
sistently and significantly impaired tumor growth of MiaPaCa-2
cells, while having no effect on BxPC3 cells (Fig. 2). Single KD of
ORPS5 or OPRS had as strong an effect as double KD in abrogat-
ing tumor growth, with no difference between which ORP protein
was knocked down. We conclude that ORPS5 and ORPS are both
essential for KRAS-mutant tumor growth in vivo.

CRISPR/Cas9 KO of ORP5 or ORP8 Decreases Anchorage-Independent
Growth In Vitro and Inhibits Tumor Growth in an Immune-Competent
Syngeneic Mouse Model. To more closely recapitulate in vivo pan-
creatic cancer, we assessed the importance of ORP5 and ORPS
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in orthotopic tumor initiation and maintenance in an immune-
competent syngeneic mouse model. To that end, we used a
KPC (Pdx1-Cre, LSL-KrasG12D/+, and LSL-Trp53R172H/+)
mouse pancreatic cancer cell line (21). First, we engineered
these cells to constitutively express luciferase. Single cells were
expanded to produce monoclonal lines and the line with the
strongest luciferase signal was chosen. We next used CRISPR/
Cas9 to generate monoclonal ORP5 and OPR8 KO cells (S
Appendix, Fig. S1). Cells containing an empty plasmid back-
bone were used as controls. As shown in Fig. 34, knockout of
ORP5 or ORPS8 significantly impaired the anchorage-
independent growth of KPC cells in soft agar, with ORP8 KO
cells exhibiting a more-severe phenotype. KPC cells were then
orthotopically injected into the pancreas of immune-competent
C57/BL6 mice, followed by weekly IVIS (in vivo imaging sys-
tem) imaging to track tumor progression. Concordant with the
in vitro results, KO of either ORP protein markedly inhibited
tumor growth in this setting, with ORP8 KO having a more
profound effect (Fig. 3B). Thus, as in the xenograft model,
ORP5 and ORPS are essential for KRAS oncogenesis in an
immune-competent mouse model of pancreatic ductal adeno-
carcinomas

(PDAC:).

All Components of the PtdSer Transport Machinery Are Up-Regulated
in Pancreatic Cancer. We recently showed that high expression
levels of OSBPL5 or OSBPLS (encoding ORP5 and ORPS,
respectively) in PDAC and lung cancer are associated with
poor overall survival in patients. Moreover, OSBPL5 expression
in 33 different cancer types was significantly increased in
KRAS-mutant compared to KRAS-WT tumors (18). Here, we
focus on PDAC, notorious for a low survival rate and in which
~90% of cases are driven by oncogenic KRAS. ORP5 and
ORPS comprise the core of the PtdSer/PI4P exchange mecha-
nism; however, the driving force behind this is a concentration
gradient of PI4P kept high at the PM by PI4KIIla and low in
the ER by SAC1 phosphatase (SACI1P) (encoded by PI4KA
and SACMIL, respectively). PI4KIIla-generated PI4P is trans-
ported to the ER by ORP5/8 in exchange for PtdSer where it is
hydrolyzed to PI by SACIP. To determine whether PI4KA4 and
SACMIL correlate with adverse outcomes in PDAC, we ana-
lyzed pancreatic RNA-sequencing data from the The Cancer
Genome Atlas (TCGA) TARGET GTEx study, which encom-
passes expression profiles of TCGA solid-tumor samples and
GTEx samples derived from normal tissues of healthy individu-
als. The analysis showed significant and positive correlation
between PI4KA and KRAS (Fig. 44) and between SACMIL
and KRAS (Fig. 4B) messenger RNA (mRNA) levels in
both normal and tumor pancreatic tissue, with significant
up-regulation of PI4KA and SACMIL expression in tumor
tissue (Fig. 4C).

PI4KIIlw is recruited to the PM by a protein adaptor com-
plex that includes EFR3A, a protein that anchors to the PM via
its palmitoylated N terminus (22, 23). To evaluate the possible
interplay between PI4KIIIax and EFR3A in KRAS cancers, we
analyzed genetic alterations and their frequency of occurrence
in pancreatic cancer (PDAC), NSCLC, and colorectal cancer
(CRC) cohorts in cBioPortal. The vast majority of PI4KA
genetic alterations were “mutations of unknown significance”
in CRC, while NSCLC tumor samples harbored these and
some deep deletions (Fig. 4D). In PDAC, however, the major
alteration was gene amplification although it only occurred in
~2% of PDAC. We therefore conclude that the increased
expression of PI[4KA mRNA observed in PDAC is due to
up-regulated gene transcription rather than gene amplification.
EFR3A4 is frequently amplified in PDAC (~12%) but less com-
monly in NSCLC and CRC (~5%) (Fig. 4E). Genetic altera-
tions of PI4KA significantly co-occur with those of EFR3A but
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Fig. 2. ORP5 and/or ORP8 KD inhibits tumor growth of KRAS-mutant PDAC in vivo. Monoclonal shORP5, shORP8, and shORP5/8 KD MiaPaCa-2 and BxPC-
3 cells were injected subcutaneously in the left flanks of nu/nu-immunosuppressed mice. Monoclonal empty vector controls (CN) were injected in the right
flanks to serve as internal controls. Tumors were harvested after 6 to 8 wk (one-way ANOVA, ***P < 0.005; n = 8 per group). ns, nonsignificant.

are mutually exclusive with those of KRAS (Fig. 4F). Consistent
with gene amplification, EFR34 mRNA expression was signifi-
cantly increased in pancreatic tumors compared to normal tis-
sue and significantly and positively correlated with KRAS
mRNA expression levels (Fig. 4G). Taken together, these data
further link all components of the PtdSer/PI4P PM-ER
exchange mechanism to oncogenic KRAS function.

Simeprevir Mislocalizes PtdSer and KRAS from the PM. The ele-
vated PI4KA expression in KRAS-mutant tumors highlights a
potential druggable vulnerability. Moreover, we showed previ-
ously that a selective PI4KIIla inhibitor tool compound, C7,
potently mislocalized PtdSer and KRAS in a dose-dependent
manner, with significant mislocalization seen at 30 pM (18).
Here, we examined another PI4KIIla inhibitor, simeprevir,
an FDA-approved antiviral agent used for the treatment of
hepatitis C. We first examined the efficacy of this compound
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in KRAS and PtdSer mislocalization assays. Madin—-Darby
Canine Kidney (MDCK) cells stably expressing GFP-tagged
oncogenic KRASG12V (GFP-KRASG12V) or a GFP-tagged
PtdSer probe (GFP-LactC2) together with mCherry-CAAX, a
general endomembrane marker, were treated with simeprevir
for 72 h and analyzed by confocal microscopy. Manders coeffi-
cient was used to quantify the extent of overlap between GFP
and mCherry signals to evaluate the extent of colocalization
between KRASG12V or LactC2 with endomembranes, in which
higher Manders coefficient values correlate with greater misloc-
alization of KRASG12V or LactC2 from the PM. Simeprevir at
a concentration of 200 nM, which is close to the previously cal-
culated half-maximal inhibitory concentration (IC50) for
PI4KIIIa kinase activity (24), was sufficient to significantly mis-
localize both LactC2 and KRASG12V from the PM compared
to dimethyl sulfoxide (DMSO)-treated controls (Fig. 54).
To more accurately quantify the amount of PM-localized
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Fig. 3. ORP5 or ORP8 KO reduces PDAC tumor growth in an immune-competent syngeneic mouse model. (A) Monoclonal empty vector, sgORP5, or
sgORP8 KO KPC cells were seeded in soft agar with a base layer of 1% agar-media mixture and a top layer of a 0.6% agar-cell suspension mix in six-well
plates. After 2 to 3 wk, colonies were stained with 0.01% crystal violet and counted using ImageJ. Significant differences were evaluated using Student’s
t tests (+SEM, n = 3) (**P < 0.01 and ***P < 0.001). (B) The same cells in A were injected orthotopically into the pancreases of C57/BL6 mice which were
imaged using an in vivo imaging system two to three times per week for 3 wk. Student’s t test was used at each time point (n = 8 per group, *P < 0.05).

GFP-KRASG12V and GFP-LactC2 in these cells, intact basal
PM sheets were prepared 48 h after treatment with 200 nM of
simeprevir, labeled with gold-conjugated anti-GFP antibodies,
and analyzed by electron microscopy (EM) (25). Treatment with
simeprevir caused significant loss of both KRASGI12V and
LactC2 from the PM, as evidenced by the decrease in anti-GFP
immunogold labeling. Spatial-mapping analysis further showed
that the extent of clustering (Lmax) of any KRASG12V remain-
ing on the PM was strongly decreased in simeprevir-treated cells
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(Fig. 5B). Since KRAS is the only RAS isoform that requires
PtdSer for PM localization, only the KRAS isoform should be
sensitive to PI4KIIIa inhibition. To formally verify this prediction,
we next treated MDCK cells stably expressing HRASGI12V,
NRASGI12V, or KRASGI12V with C7 or simeprevir. Both
PI4KIIloe pharmacologic inhibitors significantly abrogated
KRASGI12V PM localization but had no effect on HRASG12V
PM localization and modestly enhanced NRASG12V PM locali-
zation (SI Appendix, Fig. S2). Taken together, these results show
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Fig. 4. Analysis of PI4KA, SACM1L, and EFR3A expression levels in PDAC. Scatter plots indicating positive correlation of mRNA expression levels of KRAS
with PI4KA (Pearson’s rho = 0.8817) (A) and SACM1L (Pearson’s rho = 0.3657) (B), in normal and primary tumor human pancreatic tissue samples (TCGA
TARGET GTEx, n = 345). Violin plots indicating medians of PI4KA and SACTML (C) mRNA expression levels in the same cohort. Bar graphs showing the
extent and nature of genetic alterations occurring in PI4KA (D) and EFR3A (E) in pancreatic, lung, and CRC cohorts and how their genetic states relate to
one another (F). Bar graphs and statistical analyses were generated in cBioPortal (n = 3176). (G) Scatter plot indicating positive correlation of mRNA
expression levels of KRAS with EFR3A (Pearson's rho = 0.9518), and a violin plot indicating median mRNA expression level of EFR3A in the same cohort as
in A. Statistical significance was analyzed with Welch’s t test for violin plots generated using the University of California Santa Cruz (UCSC) Xena Browser.

that PI4KIIla inhibitors selectively inhibit KRAS PM mislocaliza-
tion, with simeprevir exhibiting greater potency than C7.

PtdSer transport to the PM to pharmacologically recapitulate the
effects of ORP5/8 KD on cell proliferation and anchorage-
independent growth. We showed previously that C7 selectively
inhibits the growth of KRAS-mutant pancreatic cancer cells (18).
However, since up-regulation of KRAS downstream effectors is a

Pl4KIlla Inhibition Reduces Cancer Cell Tumorigenicity In Vitro. We
next evaluated the capacity of C7 and simeprevir as inhibitors of
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Simeprevir mislocalizes KRAS and PtdSer from PM in the nanomolar range. (A) MDCK cells expressing GFP-KG12V and mCherry-CAAX or GFP-

LactC2 and mCherry-CAAX were treated with DMSO or simeprevir for 72 h at varying concentrations then imaged with confocal microscopy. Representa-
tive images are shown. The extent of KRAS and LactC2 mislocalization was quantified using Manders coefficient (+SEM, n > 5). (Scale bar, 20 ym.)
(B) Basal PM sheets from cells in A treated with 200 nM simeprevir for 48 h were prepared and labeled with 4.5 nm gold-conjugated anti-GFP antibodies
and visualized by EM. The amount of PM KRASG12V and LactC2 was measured as gold particle labeling per micrometer?. Significant differences were
quantified using Student’s t tests. KRAS clustering was quantified by univariate spatial analysis, summarized as Lmax values, and significant differences

were assessed using bootstrap tests (xSEM, n > 17) (*P < 0.05, **P < 0.01, and ****P < 0.001). KG12V, KRASG12V; LactC2, PtdSer probe.

common occurrence upon KRAS inhibition, we examined whether
increased efficacy could be achieved in combination with inhibitors
of MEK (trametinib), ERK (LY3214996), and PI3K (copanlisib)
on KRAS WT (BxPC-3) and mutant (MiaPaCa-2, G12C; MOH,
G12R; and PANC-1, G12D) cell lines (Fig. 64). Cells were treated
with DMSO control, C7 alone, and each of the inhibitors alone
and in combination with C7 at 0.5x and 0.25x the calculated IC50
doses of each inhibitor (SI Appendix, Table S1). The number of
viable cells normalized to control after 72 h was the experimental
end point (Fig. 64). The degree of synergy was determined by
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calculating the combination index (CI) using the Chou-Talalay
method, whereby the effect is additive, synergistic, or antagonistic
if the CI is more than, less than, or equals 1, respectively (26). As
seen in Fig. 6B, combining C7 treatment with each of the inhibi-
tors had additive or synergistic effects in all KR4S-mutant cell
lines, but not in the KRAS-WT BxPC-3 cell line.

Since simeprevir treatment alone did not significantly decrease
proliferation of the above-mentioned cell lines, we evaluated its
effects in clonogenic assays, which introduce more stringent
growth requirements, uncovering vulnerabilities undetected by
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Fig. 6. C7 inhibits proliferation of KRAS-mutant cells with increased efficacy when combined with MAPK or PI3K inhibitors. (A) BxPC-3, MiaPaCa-2,
PANC-1, and MOH cells were seeded in 96-well plates. After 24 h, fresh growth medium was added supplemented with 1% DMSO and 1/4 or 1/2 of the
calculated IC50 of each indicated drug as single or combination treatment. Cells were counted 72 h later (mean + SEM, n = 3) (*P < 0.05 and **P < 0.01).
(B) The ClI of each combination treatment was calculated using the Chou-Talalay method (Cl = 1, antagonistic; Cl < 1, synergistic; and Cl > 1, additive).

simple two-dimensional proliferation on plastic. This is similar to
previous observations whereby ORP5 and ORP8 KD elicited a
much-stronger phenotype in soft-agar assays than in proliferation
assays (18). Cells were seeded at low densities and treated
with increasing doses of simeprevir for 2 wk, followed by crystal
violet staining and colony quantification. Simeprevir reduced the
colony formation potential of KRAS-mutant cells in a dose-
dependent manner (Fig. 74), with increased efficacy when com-
bined with trametinib, 'Y3214996, or copanlisib (Fig. 7 B and C).
We conclude that KRAS-mutant cells are sensitive to combination
treatments of simeprevir or C7 with MAPK or PI3K inhibitors
and that such combination treatments generally produce more
potent responses than monotherapy.

Simeprevir Inhibits KRAS Signaling and Tumor Growth In Vivo and
Has Synergistic Effects with MEK and PI3K Inhibitors. We evaluated
the efficacy of simeprevir and C7 as inhibitors of KRAS signaling
in vivo in a Caenorhabditis elegans model expressing a mutation-
ally activated G13D let-60 allele (n1046). Let-60 is the ortholog of
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KRAS4B and the only RAS gene in this organism. Mutant let-60
signaling results in the formation of multiple vulvas (Muv pheno-
type), which reverts to a single-vulva WT phenotype upon suc-
cessful inhibition of let-60 signal output. C7 and simeprevir both
suppressed the Muv phenotype in let-60 (n1046) worms in a
dose-dependent manner with C7 being more potent (Fig. 84).
No changes in development or viability were observed in the
presence of either drug compared to DMSO-treated worms, sug-
gesting that C7 and simeprevir do not show any overt toxicity to
the organism under these experimental conditions.

To further evaluate the in vivo efficacy of simeprevir, nu/nu-
immunosuppressed mice were subcutaneously injected with
MiaPaCa-2 cells and treated five times per week with DMSO and
3 mg/kg or 10 mg/kg of simeprevir for 6 wk. We observed a dose-
dependent response in inhibiting tumor growth (Fig. 8B); however,
10 mg/kgs proved to be too toxic. Though not statistically signifi-
cant (P = 0.08), we observed a ~28% reduction in tumor size in
the 3 mg/kg group compared to DMSO-treated control group by
day 42. Immunohistochemistry staining of sectioned tumor
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Fig. 7. Simeprevir decreases anchorage-independent growth and clonogenic capability of KRAS-mutant pancreatic cancer cells. (A) PANC-1, MiaPaCa-2,

and MOH cells were seeded at low densities in a six-well plate, and fresh growth medium supplemented with 1% DMSO or increasing simeprevir concen-
trations were added 24 h later. After 2 wk, cells were fixed with 0.01% crystal violet. (B) The same cells were seeded as in A. After 48 h, fresh growth
medium supplemented with 1% DMSO and 1/4 or 1/2 of the calculated IC50 of each indicated drug as single or combination treatment was added. After
2 wk, cells were stained with 0.01% crystal violet and counted using ImagelJ. The colony counter plugin (55) measured the percentage area (area%) of
each well covered by colonies. Data were plotted as (area%)*(number of colonies) to obtain “colony parameter” (mean + SEM, n = 3). Significant differ-
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Chou-Talalay method (CI = 1, antagonistic; Cl < 1, synergistic; and Cl > 1, additive).

samples with anti-cleaved caspase-3 showed a significant increase
in treated tumors, indicative of increased apoptosis (Fig. 8B).

Since combining simeprevir with MAPK and PI3K inhibitors
yielded stronger inhibitory effects in vitro, we evaluated these
combination treatments in vivo. Mice were treated with DMSO
control, simeprevir, trametinib, copanlisib, or a combination of
simeprevir with either drug. Combination treatments produced
more prominent tumor growth inhibition than single-agent
treatment (Fig. 8 C and D), with a ~33% reduction in tumor
size. In sum, the dose-dependent response to simeprevir
observed in vitro was recapitulated in vivo in worms and xeno-
graft mouse models, as was the increased potency of combina-
tion treatments seen in vitro.
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Discussion

We show here that maintenance of PM PtdSer levels is absolutely
required for KRAS-PM localization and hence oncogenic function.
Therefore, disrupting any component of the ORP5/8 ER-to-PM
PtdSer transport process abrogates KRAS function. First, KD of
ORPS5 or ORPS separately or in combination completely inhib-
ited tumor growth of KR4S-mutant but not KRAS-WT cells in
xenograft mouse models. Importantly, clonal variation and differ-
ences between single versus double KD were not seen here, indi-
cating nonredundant functions of ORP5 and ORPS that are in
turn both required for KRAS function. Second, identical results
were observed in an immune-competent, syngeneic orthotopic
mouse model of pancreatic cancer, in which again KO of ORP5
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(IHC) staining of harvested tumors show decreased cleaved caspase-3 staining. (C and D) Mice were inoculated as in B and treated with DMSO, single, or
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time point (*P < 0.05, n = 8 per group).

or ORP8 abrogated tumor growth. Third, we found that all com-
ponents of the PtdSer/PI4P exchange mechanism are transcrip-
tionally up-regulated in human pancreatic cancer and their
expression levels positively correlate with KRAS expression. This
increased expression extends to EFR3A, which is an essential
component of the molecular complex that anchors PI4KIIla to
the PM. We speculate that these results may reflect selection for
cell mechanisms that increase KRAS signal output as part of
oncogenic transformation by enhancing KRAS-PM localization.
For example, PI4KIIloe overexpression has been reported to
increase ORP5/8 localization to PM-ER membrane contact sites,
while PI4KIIla inhibition decreases ORP5- and ORPS8-PM
localization (19) and causes dissociation of these sites (27). Con-
cordantly, EFR3A KO significantly depleted PM PtdSer content
and hence KRAS-PM localization and nanoclustering (28).
Fourth, we show that PtdSer/PI4P exchange mechanism is phar-
macologically accessible and highly selective for KRAS-PM local-
ization over HRAS or NRAS-PM localization.

The PI4KIIla inhibitors, C7 and simeprevir, both of which
significantly mislocalize PtdSer and KRAS from the PM,
reduce the fitness of KRAS-mutant cell lines in a dose-
dependent manner in vitro. In vivo, both compounds dose-
dependently inhibited signaling of the KRAS ortholog let-60 in
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C. elegans without any observable toxicity and importantly
showed efficacy against KRAS-mutant pancreatic xenografts in
nude mice. These results are echoed by studies showing that
KO of either EFR3 isoform or PI4KA decreased cell prolifera-
tion, colony formation, and anchorage-independent growth in a
panel of pancreatic cancer cell lines (28). It is worth noting that
PI4KIIIo has been independently identified as a viable drug
target in pancreatic cancer because of a role in promoting inva-
sion and metastasis and gemcitabine resistance (29, 30). Several
other lines of evidence indicate that inhibiting PI4KIIIa has the
capacity to inhibit the MAPK and PI3K pathways, which is an
attractive trait for a drug candidate since 93% of PIK3CA
mutations in PDAC co-occur with KRAS mutations (31-36).
PI4KIIla activity contributes to the maintenance of both
PI1(4,5)P, (PIP,) and PI(4,5,3)P; (PIP;) PM levels; C7 treat-
ment significantly mislocalizes PM KRAS and PtdSer at con-
centrations that decrease levels of these phosphoinositides (18,
37), and simeprevir treatment decreases PIP; levels in breast
cancer cell lines leading to decreased pAKT (38).

PI4KIIla inhibitors also synergized, or had additive effects,
with classical MAPK and PI3K inhibitors in vitro and in vivo.
MOH cells were consistently the most sensitive to MEK, ERK, or
PI3K inhibition and to all perturbations of PtdSer transport,
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including ORP5 or ORP8 KD (18). This may relate to the
KRAS-G12R mutation that prevents binding to the PI3K p110«
subunit and hence activation of the PI3K/AKT pathway, render-
ing KRAS-G12R mutant cells more vulnerable to MAPK inhibi-
tors than KRASG12V or KRASG12D-mutant cells (39). Thus,
whereas most KRAS mutant cell lines may compensate for the
loss of MAPK pathway activation by increasing KRAS-dependent
activation of PI3K/AKT, KRASG12R mutant cells cannot. Collec-
tively, these observations may justify the use of a KRASG12R
mutation as a marker for enhanced sensitivity toward PI4KIIIx
inhibition.

The viability of PI4KIIIw inhibition in the context of hepatitis
C treatment has been questioned due to toxicity concerns (27),
in large part because of results in transgenic mice. Homozygous
PI4KA conditional KO mice showed distended abdomens and
gastrointestinal abnormalities and had to be euthanized within
a week of induction, whereas heterozygous PI4KA conditional
KO mice were healthy (40). The difference seen between the
two conditions may be considered representative of high versus
low doses of PI4KIIla inhibitors. Subsequently, however, sime-
previr was FDA approved for the treatment of hepatitis C
alone and in combination with other antiviral agents. We saw
no negative effects on viability in C. elegans treated with C7 or
simeprevir or in mice treated with simeprevir. Similarly, in
other studies examining the utility of simeprevir to enhance the
radiosensitivity of diverse cancer cell lines in vitro and in
immune-competent and nude mouse models of breast and
brain cancer, no overt animal toxicity was observed (38).

It is worth noting that simeprevir has a therapeutic window on
infected cells, because the hepatitis C virus highly up-regulates
PI4KIIIo activity (41). Following this rationale, we hypothesize
that simeprevir will more potently target mutant-KRAS—express-
ing cancer cells as they also significantly up-regulate PI4KA
expression. The drug repurposing resource DepMap (https:/
depmap.org/repurposing), which surveyed the growth-inhibitory
activity of 4,518 drugs in 578 human cancer cell lines, provides
additional evidence that simeprevir likely has increased potency
in KRAS-driven tumors (42). Analyzing this repository revealed
that 21 of 34 pancreatic, 18 of 34 colorectal, and 52 of 88 NSCLC
cancer lines, derived from tumors with a high prevalence of
KRAS mutation, were deemed sensitive to simeprevir. Moreover,
a recent prospective study that evaluated the incidence of nonhe-
patic cancers in patients with chronic hepatitis C found that
triple-therapy treatments, which included simeprevir, decreased
the risk of developing PDAC and NSCLC by 45% and 25%,
respectively, but had no significant effect on other cancers (43).
Taken together, these results support the use of PI4KIIIa inhibi-
tors and repurposing simeprevir for KRAS-mutant cancers.

Mechanistically, whether PI4P and PIP, are equally impor-
tant for PtdSer PM transport is not fully resolved, but it is clear
that elevated PIP, levels increase PtdSer exchange either by
increasing ORP8 PM recruitment, by acting as a substrate for
OPRS8-mediated PtdSer exchange, or a combination of both
mechanisms (44-48). Targeting PI4KIIla, however, will func-
tionally inhibit ORP5 and ORPS8 by depleting both PM PI4P
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and PIP,. In this context, an analysis of genes associated with
PIP, metabolism showed that all kinase and phosphatase pairs
that maintain PM PIP, levels are up-regulated in tumor tissue
compared to normal pancreatic tissue (SI Appendix, Fig. S34)
but not to the same magnitude as PI4KA and SACMIL (Fig. 4);
PTEN expression was, however, substantially elevated, despite
its tumor suppressor status. PIKFYVE (which generates PISP
from PI) had the least expression level difference between
tumor and normal tissue (SI Appendix, Fig. S34), possibly signi-
fying that PI4P and PIP, generated from PI4P are the most
important PI species on the PM for KRAS-mutant PDAC. Fur-
ther interrogation of all PDAC cohorts deposited in cBioPortal
(n = 776) revealed that only 0.9% of profiled samples had a
PTEN alteration, most of which were deep deletions (S/
Appendix, Fig. S3 B and C). One consequence of increased
PTEN expression suggested by this combined analysis would be
to further elevate PM PIP; levels and enhance ORP8-mediated
PtdSer transport to the PM, which would increase KRAS nano-
clustering and MAPK activation at the expense of PI3K/AKT
activation. Other data are concordant with this broader infer-
ence that in the context of KRAS oncogenesis, MAPK is more
important than PI3K/AKT signaling: KRAS-WT pancreatic
PDACs harbor BRAF mutations rather than PI3K/AKT path-
way mutations (49-51), whereas PIK3CA and KRAS mutations
co-occur, indicating that KRAS is not a potent activator of the
PIBK/AKT pathway (52), and RASless MEFs regain oncogenic
growth upon ectopic expression of activated RAF or MEK but
not PI3K/AKT (53).

In conclusion, we demonstrate the critical importance of the
PtdSer/PI4P exchange mechanism for KRAS-PM localization
and signaling capacity in cell lines, worms, and mice. Together,
our data provide an important proof of principle that all com-
ponents of the PtdSer/PI4P ER-PM transport machinery are
putative targets for anti-KRAS drug development. We specu-
late that inhibiting RAS localization and nanoclustering by dys-
regulating PM lipid composition could be extrapolated to other
RAS isoforms that have anchors that engage different sets of
PM lipids. More generally, we provide some insight into how
phospholipids can regulate oncogene signaling and how they
and their respective regulators can be targeted to exploit tumor
vulnerabilities.

Materials and Methods

ORP5/8 KO cell lines were established via lentiviral transfection and validated
by Sanger sequencing. Immuno-EM imaging and data analysis was performed
as previously described (54). A detailed description of materials and methods
for cloning, cell culture, microscopy, worm and mouse experiments, and data
analysis can be found in S/ Appendix.

Data Availability. All study data are included in the article and/or SI Appendix.
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