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ABSTRACT K-Ras must localize to the plasma membrane (PM) for biological activity.
We show here that multiple acid sphingomyelinase (ASM) inhibitors, including
tricyclic antidepressants, mislocalized phosphatidylserine (PtdSer) and K-RasG12V
from the PM, resulting in abrogation of K-RasG12V signaling and potent, selective
growth inhibition of mutant K-Ras-transformed cancer cells. Concordantly, in nude
mice, the ASM inhibitor fendiline decreased the rate of growth of oncogenic K-Ras-
expressing MiaPaCa-2 tumors but had no effect on the growth of the wild-type K-Ras-
expressing BxPC-3 tumors. ASM inhibitors also inhibited activated LET-60 (a K-Ras or-
tholog) signaling in Caenorhabditis elegans, as evidenced by suppression of the
induced multivulva phenotype. Using RNA interference against C. elegans genes en-
coding other enzymes in the sphingomyelin (SM) biosynthetic pathway, we identi-
fied 14 enzymes whose knockdown strongly or moderately suppressed the LET-60
multivulva phenotype. In mammalian cells, pharmacological agents that target these
enzymes all depleted PtdSer from the PM and caused K-RasG12V mislocalization.
These effects correlated with changes in SM levels or subcellular distribution. Se-
lected compounds, including sphingosine kinase inhibitors, potently inhibited the
proliferation of oncogenic K-Ras-expressing pancreatic cancer cells. In conclusion,
these results show that normal SM metabolism is critical for K-Ras function, which
may present therapeutic options for the treatment of K-Ras-driven cancers.
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as proteins are small guanine nucleotide binding proteins that cycle between

inactive GDP-bound and active GTP-bound states. These states are controlled
by guanine nucleotide exchange factors that promote Ras activation and GTPase-
activating proteins that inactivate Ras. Ras-GTP activates multiple downstream effectors
in order to transmit signals for cell proliferation and cell survival (1-4). Missense
gain-of-function mutations in three Ras genes have been detected in 15% of all human
cancers, with G12, G13, and Q61 being most common (1). Of the three ubiquitously
expressed Ras isoforms, H-Ras, N-Ras, and K-Ras, oncogenic mutations in K-Ras are most
prevalent, occurring in ~95% of pancreatic, ~45% of colorectal, and ~35% of lung
cancers (1).

In order to function, Ras proteins must localize to the inner leaflet of the plasma
membrane (PM). This is achieved through a set of three posttranslational modifications
of the C-terminal CAAX motif, common to all Ras proteins, that generates a C-terminal
cysteine farnesyl carboxy-methyl ester (5). In the case of H-Ras, N-Ras, and K-Ras4A, the
farnesylated C-terminal cysteine operates in concert with palmitoylation of adjacent
cysteine residues to generate the complete PM anchor, whereas in the case of K-Ras4B
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(referred to as K-Ras herein), the farnesylated C-terminal cysteine operates in concert
with a C-terminal polybasic domain for PM localization (5, 6).

Multiple strategies have been employed to block Ras function in cancer. For
example, there was a large effort to block the first step in CAAX processing, farnesy-
lation, which is absolutely required for Ras biological activity (5). However, K-Ras and
N-Ras alternatively can be prenylated by geranylgeranyl transferase 1 (GGTase1) when
cells are treated with farnesyltransferase inhibitors (FTls) and anchor efficiently to the
PM (7, 8). Since geranylgeranylated oncogenic K-Ras and N-Ras are equally transforming
as the cognate farnesylated proteins, FTIs have no value as anti-K-Ras and -N-Ras drugs
(9, 10). After the clinical failure of FTIs, Ras drug discovery efforts largely switched
toward developing inhibitors of downstream Ras targets, including CRAF, BRAF, phos-
phatidylinositol 3-kinase, and MEK (11-19). Alternative approaches to anti-K-Ras drug
design have included the development of small molecules that covalently modify a
specific oncogenic point mutation, G12C, that accounts for 15% of K-Ras mutant tumors
(20, 21).

Preventing localization of Ras to the PM completely abrogates biological activity;
thus, small molecules with this capacity have significant potential therapeutic value (2,
11, 22, 23). One example is the development of inhibitors of PDES, which is required to
maintain K-Ras on the PM after attachment of the PM anchor (24). Another example is
fendiline, an obsolete L-type calcium channel blocker that mislocalizes both splice
variants of K-Ras (4A and 4B) from the PM to endomembranes, disrupts their nano-
clustering on the PM, and effectively inhibits the proliferation of K-Ras-positive cancer
cells (25, 26). Fendiline mislocalizes K-Ras4A and K-Ras4B by off-target inhibition of acid
sphingomyelinase (ASM), an enzyme that hydrolyzes sphingomyelin (SM) to ceramide
(Cer) (25, 27). ASM inhibition causes SM loading and aberrant endolysosomal function
that in turn depletes the PM of phosphatidylserine (PtdSer) and cholesterol. In this
study, we demonstrate that other inhibitors of ASM mimic the effects of fendiline and
show that perturbing cellular SM levels through inhibition of many other enzymes in
the SM metabolic pathway results in redistribution of both PtdSer and K-Ras. We
therefore show that SM metabolism is an important regulator of K-Ras function that can
be manipulated for the treatment of various K-Ras-driven cancers.

RESULTS

ASM inhibition redistributes PM PtdSer and mislocalizes K-RasG12V. We
showed previously that fendiline mislocalizes K-Ras from the PM by depleting PtdSer
from the inner leaflet of the PM (25, 26). This is a direct consequence of fendiline acting
as a functional inhibitor of ASM (28, 29), because supplementing fendiline-treated cells
with exogenous ASM rescues K-Ras mislocalization. Therefore, in this study we first
examined if other ASM inhibitors, which include the FDA-approved tricyclic antidepres-
sants desipramine, imipramine, and amitriptyline (27, 28), could mimic the effects of
fendiline on PtdSer and K-Ras localization. First, we determined the abundance and
subcellular distribution of SM in cells treated with tricyclic antidepressants. To visualize
SM localization, a nontoxic recombinant fragment of lysenin tagged with green fluo-
rescent protein (GFP-Lys) was incubated with live cells or fixed permeabilized cells. In
live control cells, weak GFP-Lys staining was mostly evident on the PM. In the ASM
inhibitor-treated cells, GFP-Lys staining was greatly enhanced but largely confined to
intracellular vesicular structures (Fig. TA). Staining of intracellular SM with GFP-Lys
following permeabilization was also substantially increased by all of the drugs (Fig. 1B).
These data recapitulate results with fendiline, which dose dependently increased total
GFP-Lys staining that was also largely confined to intracellular vesicles (25). In contrast,
the calcium channel blocker nifedipine, which does not inhibit ASM, had no effect on
SM content or distribution, indicating that the effect of fendiline on SM abundance and
subcellular localization is independent of its activity as a calcium channel blocker.

We next tested whether the tricyclic antidepressants inhibit the PM localization
of oncogenic K-Ras. Madin-Darby canine kidney (MDCK) cells stably coexpressing
MGFP-K-RasG12V and mCherry-CAAX, a general endomembrane marker (30), were
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FIG 1 ASM inhibitors cause intracellular accumulation of SM and mislocalize K-RasG12V from the PM. (A)
Representative confocal images of wild-type BHK cells treated with vehicle (DMSO), fendiline (10 uM),
imipramine (10 uM), desipramine (10 wM), amitriptyline (1 uM), or nifedipine (10 uM) for 48 h and
incubated with 20 pg/ml MBP-GFP-lysenin and DAPI for 15 min at room temperature in serum-free
medium. (B) Representative confocal images of wild-type BHK cells treated with vehicle (DMSO), fendiline
(10 wM), imipramine (10 uM), desipramine (10 wM), amitriptyline (1 wM), or nifedipine (10 uM) for 48 h
and fixed, permeabilized, and stained with GFP-lysenin and DAPI. (C) Representative confocal images
taken in the green channel of MDCK cells stably coexpressing mCherry-CAAX and mGFP-K-RasG12V
treated with vehicle (DMSO), imipramine (10 uM), desipramine (10 M), amitriptyline (1 uM), or
nifedipine (10 wM) for 48 h. (D) K-RasG12V mislocalization was quantified using Manders coefficients as
the fraction of mCherry-CAAX colocalizing with mGFP-K-RasG12V. The Manders coefficient for DMSO-
treated control was 0.244 *+ 0.01.

treated with drugs for 48 h and analyzed by confocal microscopy. The extent of
K-RasG12V mislocalization was calculated using Manders coefficients, which quantify
the fraction of mCherry-CAAX colocalizing with mGFP-K-RasG12V. The greater the
value of the Manders coefficient, the more extensive the displacement of mGFP-K-
RasG12V from the PM. The results show that treatment with tricyclic antidepressants
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FIG 2 ASM inhibitors reduce PM binding and nanoclustering of K-RasG12V. (A) Basal PM sheets prepared
from MDCK cells expressing mGFP-K-RasG12V after treatment with vehicle (DMSO), imipramine (10 uM),
desipramine (10 wM), or amitriptyline (1 wM) for 24 h were labeled with anti-GFP-conjugated gold
particles. The spatial distribution of the gold particles visualized by EM was analyzed using univariate K
functions. Plots of the weighted mean standardized univariate K functions are shown. (B) The graph
shows mean numbers of gold particles in PM sheets *+ standard errors of the means (n = 20). Significant
differences were assessed by using Student’s t tests (**, P < 0.01; ***, P < 0.001). (C and D) MDCK cells
stably coexpressing mGFP-K-RasG12V and mCherry-CAAX were treated with vehicle (DMSO), imipramine
(10 wM), desipramine (10 wM), or amitriptyline (1 wM) for 48 h and then incubated with recombinant
ASM or 10 uM Cer in the continued presence of drugs and imaged by confocal microscopy. Cells were
fixed at various time points, and PM localization of K-RasG12V was quantified by using Manders
coefficients after imaging with a confocal microscope.

dose dependently mislocalized K-Ras from the PM, with amitriptyline being the most
potent (Fig. 1C and D). To quantify the effect of ASM inhibitors on K-RasG12V nano-
clustering, intact basal PM sheets from MDCK cells expressing mGFP-K-RasG12V treated
with drugs for 24 h were labeled with gold-conjugated anti-GFP antibodies and
analyzed by electron microscopy (EM). Spatial mapping of K-RasG12V on the PM
revealed significant decreases in the peak values of the L(r) — r clustering statistic, L.,
(Fig. 2A), indicating a reduction in the amount of nanoclustered K-RasG12V on the PM.
We also observed a significant reduction in anti-GFP immunogold labeling after ASM
inhibitor treatment, indicating that the tricyclic antidepressants significantly deplete
K-Ras from the inner leaflet of the PM (Fig. 2B), concordant with the confocal imaging
results (Fig. 1C and D).

To confirm that K-Ras mislocalization occurred as a consequence of ASM inhibition,
we supplemented ASM inhibitor-treated cells with exogenous recombinant ASM. This
supplementation technique works because ASM is taken up by endocytosis and
macropinocytosis and is delivered to the lumen of the late endolysosomal system,
where it operates. One direct consequence of ASM inhibition is a reduction in the
cellular levels of Cer. We therefore also analyzed the effects of acutely supplementing
ASM inhibitor-treated cells with exogenous Cer. MDCK cells were imaged at different
time points, and the mislocalization of K-RasG12V was quantified using Manders
coefficients. As shown in Fig. 2C and D, ASM or Cer supplementation partially corrected
the mislocalization of K-RasG12V from the PM induced by the ASM inhibitors. These
results recapitulate earlier observations with fendiline (25).

Fendiline causes K-Ras mislocalization by depleting PtdSer from the inner leaflet of
the PM (25). To determine if the same mechanism operates with the tricyclic antide-
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FIG 3 ASM inhibitors cause mislocalization of PtdSer and cholesterol from the PM. (A) Representative
confocal images taken in the green channel of MDCK cells stably coexpressing mCherry-CAAX and
mGFP-LactC2 treated with vehicle (DMSO), imipramine (10 wM), desipramine (10 wM), amitriptyline
(1 uM), or nifedipine (10 uM) for 48 h. (B) LactC2 mislocalization was quantified by using Manders
coefficients as the fraction of mCherry-CAAX colocalizing with mGFP-LactC2. The Manders coefficient for
DMSO-treated control was 0.295 * 0.02. (C) Basal PM sheets prepared from MDCK cells expressing
mGFP-LactC2 after treatment with vehicle (DMSO), imipramine (10 wM), desipramine (10 wM), or
amitriptyline (1 wM) for 24 h were labeled with anti-GFP-conjugated gold and visualized by EM. The peak
values, L,.., of the weighted mean K function L(r) — r curves and the number of gold particles per um?
area are shown as bar graphs (n = 20). Significant differences were evaluated in bootstrap tests (**, P <
0.01) or Student'’s t tests (**, P < 0.01; ***, P < 0.001). (D) Representative confocal images of MDCK cells
stably expressing the cholesterol probe mCherry-D4H treated with vehicle (DMSO), imipramine (10 uM),
desipramine (10 uM), amitriptyline (1 uM), or nifedipine (10 uM) for 48 h.

pressants, MDCK cells stably coexpressing mCherry-CAAX and mGFP-LactC2, a probe
for PtdSer (30), were treated with the drugs for 48 h and analyzed by quantitative
confocal microscopy. The results show that the tricyclic antidepressants disrupt the PM
localization of mGFP-LactC2 and, by inference PtdSer, did so with potencies (measured
as 50% inhibitory concentrations [IC,s]) very similar to their respective potencies for
mislocalizing K-RasG12V from the PM (Fig. 3A and B). EM analysis also showed reduced
PM PtdSer content on the inner leaflet of the PM, measured as immunogold labeling
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density for GFP-LactC2 in the drug-treated cells; the spatial organization of PtdSer was
also disrupted (Fig. 3C). Similar to the effect of fendiline, all of the ASM inhibitors also
depleted the PM of cholesterol, as evidenced by mislocalization of mCherry-D4H, a
cholesterol probe, from the PM to intracellular vesicular structures (Fig. 3D). Note that
in contrast to fendiline, nifedipine, a calcium channel blocker that does not inhibit ASM,
had no effect on K-RasG12V or LactC2 PM localization (Fig. 1A to C and 3A).

ASM inhibition abrogates K-Ras function. Concordant with the induced K-Ras
mislocalization, the tricyclic antidepressants significantly reduced phosphorylated ex-
tracellular signal-regulated kinase (ppERK) levels in MDCK cells expressing constitutively
active K-RasG12V (Fig. 4A). Treatment with these drugs also potently inhibited prolif-
eration of pancreatic cancer cell lines with an oncogenic K-Ras mutation more so than
a pancreatic cancer cell line expressing wild-type (WT) K-Ras. A similar selective
inhibition of proliferation of oncogenic mutant K-Ras-expressing cells was also
observed in endometrial, lung, and colon cancer cell lines following treatment with
ASM inhibitors (Fig. 4B). We then determined the effect of fendiline on the growth of
the WT K-Ras-expressing pancreatic cancer cell line BxPC-3 and oncogenic K-Ras-
expressing MiaPaCa-2 cells implanted subcutaneously into the flanks of nu/nu immu-
nosuppressed mice. The animals were randomized into control and fendiline-treated
groups (10 mice per group). Treatment was initiated when the tumors reached a mean
volume of 100 mm3. Fendiline (12.5 mg/kg of body weight) was given once daily
intraperitoneally for 5 days, with 2 days of no treatment in between, for the duration
of the experiment. Administration of fendiline strikingly decreased the rate of growth
of MiaPaCa-2 cells xenografted in nude mice but had no effect on the growth of the
BxPC-3 tumors (Fig. 4C). There was no toxicity detected in any of the fendiline-treated
groups during the experiment, and accordingly, there was no significant difference in
the body weight of the animals in the different groups. These results demonstrate that
fendiline can selectively reduce the growth of oncogenic K-Ras-transformed tumors in
vivo.

Assessing the importance of the SM biosynthetic pathway to K-Ras function in
C. elegans. We used the well-validated invertebrate model system Caenorhabditis
elegans, which has a single Ras gene, let-60, that is a K-Ras ortholog (31-34) to test the
role of ASM in maintaining K-Ras function. Activating mutations in let-60 such as LET-60
G13D (n1046) induces a readily quantifiable multivulva phenotype (32). We therefore
determined if treatment of these worms with the ASM inhibitors would suppress the
multivulva phenotype. L1 larvae were cultured in M9 buffer containing the E. coli strain
OP50 in the presence of dimethyl sulfoxide (DMSO) or drugs. After 4 to 5 days, worms
that reached the adult stage were scored for the presence of the multivulva phenotype.
The MEK inhibitor U0126 was used as a positive control. The MEK inhibitor and all of the
ASM inhibitors robustly reverted the multivulva phenotype to a single-vulva WT
phenotype, whereas the control drug nifedipine had no effect (Fig. 5A and Q).

Our data thus far show that multiple inhibitors of ASM mislocalize K-Ras by increas-
ing SM levels, depleting Cer, and depleting PM PtdSer. Staurosporine also depletes PM
PtdSer and mislocalizes K-Ras (35). Recent work has shown that staurosporine also
increases SM levels by reducing ORMDL3 expression, which negatively regulates serine-
palmitoyl-transferase (SPT) as the first and rate-limiting step for Cer and SM biosyn-
thesis (36). We reasoned that if simply perturbing cellular SM and/or Cer levels can
cause redistribution of PtdSer and K-Ras mislocalization, then inhibition of many other
enzymes in the complex, spatially distributed SM biosynthetic pathway also may
abrogate K-Ras function and therefore serve as potential drug targets for K-Ras inhib-
itors. We therefore used RNA interference (RNAI) against 18 validated C. elegans Cer-SM
biosynthetic enzyme orthologs to identify genes whose silencing would suppress the
multivulva phenotype associated with expression of activated LET-60 G13D (n1046). We
observed that knockdown of 4 genes, cgt-3 (one of 3 orthologues of the glucosylcer-
amide synthase gene), sphk-1 (sphingosine kinase [SK] gene), hyl-2 (CER synthase
gene), and asm-1 (acid sphingomyelinase gene), were equipotent with two previously
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FIG 4 ASM inhibitors abrogate K-Ras signaling and function in vitro and in vivo. (A) MDCK cells stably
expressing mGFP-K-RasG12V were treated with vehicle (DMSO) or 10 uM imipramine, desipramine,
amitriptyline, or nifedipine for 48 h. Following treatment, whole-cell lysates were prepared and ppERK
levels were measured by quantitative Western blotting. ppERK levels were normalized to the control
sample. Significant differences were assessed by using Student’s t tests (*, P < 0.05) (n = 3). (B) A panel
of wild-type (BxPC-3, KLE, NCI-H508, and NCI H1975) or oncogenic mutant K-Ras-expressing (MiaPaCa-2,
MOH, MPanc96, Hec-1a, Hec-1b, SK-CO-1, SW948, and NCI H23) pancreatic, endometrial, colon, and lung
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reported potent suppressors of the LET-60 G13D multivulva phenotype (heo-1 and
riok-1) (Fig. 5B) (37, 38). Knockdown of 10 further genes, lagr-1 (ortholog of the CER
synthase gene), degs-1 (dihydroceramide desaturase gene), sptl-1 (serine palmitoyl
transferase gene), sms-1 (sphingomyelin synthase 1 gene), asah-1 (acid ceramidase
gene), smpd-2 (neutral sphingomyelinase gene), W07E6.3 (a putative sphingomyelin
synthase gene), ksdr-1 (3-ketosphinganine reductase gene), degs-2 (a putative dihydro-
ceramide desaturase gene), and cgt-2 (1 of 3 orthologs of the glucosylceramide
synthase gene), also moderately or weakly suppressed the multivulva phenotype. Only
four genes in the test set had no detectable effect on the activated LET-60 phenotype:
cgt-1 (1 of 3 orthologues of the glucosylceramide synthase gene), cerk-1 (ceramide
kinase gene), spl-1 (sphingosine 1-P lyase gene), and hyl-1 (another orthologue of the
CER synthase gene). None of the genes compromised organismal viability when
silenced.

We next determined if inhibiting the enzymes in the Cer-SM biosynthetic pathway
with pharmacological agents would also revert the multivulva phenotype in C. elegans.
We tested myriocin (inhibitor of serine palmitoyl transferase), fuminosin B1 (inhibitor of
ceramide synthase), GT11 (dihydroceramide desaturase inhibitor), K1 (ceramide kinase
inhibitor), 2-hydroxyoleic acid (2-OHOA; activator of SM synthase), D609 (inhibitor of SM
synthase), SKI-Il (sphingosine kinase | inhibitor), and L-threo-dihydrosphingosine (L-
threo-DHS; a sphingosine kinase | and Il inhibitor) (39). While fumonisin B1, K1, and
GT11 strongly suppressed the multivulva phenotype, the rest of the drugs only
produced a moderate effect. The negative-control nifedipine had no effect (Fig. 5C).

In order to confirm that suppression of the multivulva phenotype occurred at the
level of Ras rather than at downstream effector pathways, we examined the ability of
the most potent pharmacological and short interfering RNA (siRNA) inhibitors of the
let-60 multivulva phenotype to inhibit the lin-7 multivulva phenotype. Lin-1 is a
transcription factor that functions as a repressor of vulval development and whose
activity is inhibited by phosphorylation by MPK-1 mitogen-activated protein (MAP)
kinase downstream of a Ras/MAP kinase pathway. Lin-1 null mutant worms display a
multivulva phenotype similar to that induced by constitutively activated let-60; thus,
the induction of the lin-1 null phenotype is downstream and independent of let-60
signaling (40). Fendiline, fumonisin B1, K1, and GT11, drugs that most potently reverted
the multivulva phenotype in let-60 worms, had no effect on the multivulva phenotype
of the lin-1 worms (Fig. 5D). Similarly, knocking down the expression of cgt3, sphk-1,
asm-1, and hyl-2, which caused strong reversion of the multivulva phenotype in the
let-60 worms, had no effect on the lin-1 worms (Fig. 5E). Taken together, these data
strongly suggest that multiple perturbations for SM metabolism block activated let-60
signaling at the level of Ras in C. elegans.

Perturbation of Cer-SM biosynthetic pathway in mammalian cells alters K-Ras
localization and function. We next tested pharmacological agents that target the
SM-Cer biosynthetic pathway in mammalian cells. We used quantitative lipidomics to
measure SM and Cer content in whole-cell lysates. Interestingly, expression of onco-
genic K-Ras increased the cellular content of both lipid species (Fig. 6A). Treatment of
cells with fendiline did not alter the overall levels of SM and Cer levels in the WT cells
compared to the vehicle-treated controls, although we have shown previously that it
significantly alters the subcellular localization of SM by causing its accumulation in

FIG 4 Legend (Continued)

tumor cells were seeded in 96-well plates and treated for 72 h with vehicle (DMSO) or various
concentrations of imipramine. The number of viable cells was quantified using the CyQuant cell
proliferation assay kit (Molecular Probes). (C) nu/nu mice implanted with BxPC-3 or MIAPaCa-2 tumors
were treated with vehicle (DMSO) or fendiline (12.5 mg/kg) intraperitoneally, and tumor sizes were
measured with an external caliper every 3 to 4 days. Time and fendiline treatment affected MiaPaCa2
xenograft growth (P = 0.027 by 2-way ANOVA). Posttest analysis, using the Bonferroni correction for
multiple comparisons, showed that xenografts treated with fendiline were significantly smaller on days
28,32, and 35 (*, P < 0.05; **, P < 0.01; ***, P < 0.001). No significant effects due to drug treatment were
observed in BxPC-3 tumors.
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FIG 5 Genetic and pharmacological perturbation of Cer-SM biosynthetic pathway alters K-Ras function in
C. elegans. (A) Strain let-60(n1046) L1 larvae were cultured in M9 buffer containing the E. coli strain OP50
in the presence of vehicle (DMSO) or 30 uM fendiline, imipramine, desipramine, amitriptyline, or U0126.
After 4 to 5 days, when worms reached the adult stage, they were scored for the presence of the multivulva
phenotype using differential interference contrast (DIC)/Nomarski microscopy. Representative images of
worms with the multivulva phenotype (shown by arrowheads) and suppression of this phenotype with
fendiline are shown. (B) RNAi was induced by feeding let-60(n1046) L1 worms through adult stage with E.
coli strain HT115, producing dsRNA to target genes. The presence of the multivulva phenotype was scored
using DIC/Nomarski microscopy. (C) Strain let-60(n1046) L1 larvae were cultured in M9 buffer containing E.
coli strain OP50 in the presence of vehicle (DMSO), 20 uM fumonisin B1, 50 nM myriocin, 100 uM D609, 175
uM 2-OHOA, 30 uM L-threo-DHS, 30 uM K1, 10 uM GT11, or 10 uM nifedipine. After 4 to 5 days, when
worms reached the adult stage, they were scored for the presence of the multivulva phenotype using
DIC/Nomarski microscopy. (D) lin-1(sy254) strain L1 larvae were cultured in M9 buffer containing the E. coli
strain OP50 in the presence of vehicle (DMSO) or 30 uM fendiline, 20 uM fumonisin B1, 30 uM K1, 10 uM
GT11, or 10 uM nifedipine. After 4 to 5 days, when worms reached the adult stage, they were scored for
the presence of the multivulva phenotype using DIC/Nomarski microscopy. (E) RNAi was induced by
feeding lin-1(sy254) L1 worms through adult stage with E. coli strain HT115, producing dsRNA to target
genes. The presence of the multivulva phenotype was scored using DIC/Nomarski microscopy. One
hundred to 200 worms were assayed per treatment or RNAi knockdown. Significant differences were
evaluated in Student’s t tests (*, P < 0.05; **, P < 0.01; ***, P < 0.001; NS, not significant).

endolysosomal vesicles (25). Amitriptyline, SKI-ll, and L-threo-DHS significantly in-
creased the cellular content of both lipid species (Fig. 6A).

We also measured changes in the subcellular distribution of SM after treatment with
the pharmacological modulators of the Cer-SM biosynthetic pathway. Although all
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FIG 6 Pharmacological modulators of SM-Cer pathway in mammalian cells differentially alter SM levels and distribution. (A) Whole-cell
lysates were prepared from MDCK cells stably expressing mGFP-K-RasG12V or WT MDCK cells grown in the presence of vehicle (DMSO)
or the denoted drugs for 48 h, and total SM and Cer levels were measured. (B) Representative confocal images of wild-type BHK cells
treated with vehicle (DMSO), 20 uM fumonisin B1, 50 nM myriocin, 100 uM D609, 175 uM 2-OHOA, 10 uM SKI-II, 30 uM L-threo-DHS, 30
uM K1, or 10 uM GT11 for 48 h and incubated with 20 ug/ml MBP-GFP-lysenin and DAPI for 15 min at room temperature in serum-free
medium. (C) Representative confocal images of wild-type BHK cells treated with vehicle (DMSO), 20 uM fumonisin B1, 50 nM myriocin,
100 uM D609, 175 uM 2-OHOA, 10 uM SKI-Il, 30 uM L-threo-DHS, 30 uM K1, or 10 uM GT11 for 48 h permeabilized and stained with
GFP-lysenin and DAPI.

compounds altered SM localization, there were clear differences in the subcellular
localization and abundance of SM between drug-treated cells, as observed with GFP-
lysenin staining (Fig. 6B and C). Fumonisin B1, myriocin, GT11, and K1, all of which
inhibit enzymes early in the Cer-SM de novo biosynthetic pathway, reduced the cellular
content of SM and additionally caused internalization of SM in both live (Fig. 6B) and
fixed, permeabilized cells (Fig. 6C). All other compounds increased the cellular content
of SM; however, while the SK inhibitors SKI-Il and L-threo-DHS increased both PM
and internal abundance of SM, 2-OHOA and D609 increased only the intracellular
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FIG 7 Perturbation of Cer-SM biosynthetic pathway in mammalian cells alters PtdSer and K-Ras localization and impairs K-Ras function.
(A) Representative confocal images of MDCK cells stably coexpressing mGFP-LactC2 and the cholesterol probe mCherry-D4H treated with
vehicle (DMSO), 20 uM fumonisin B1, 50 nM myriocin, 100 uM D609, 175 uM 2-OHOA, 10 uM SKI-Il, 30 uM L-threo-DHS, 30 uM K1, or
10 wM GT11 for 48 h. mGFP-LactC2 mislocalization was quantified using ImagelJ. Mean Manders coefficients for each treatment are shown
above the respective images. (B) MDCK cells stably coexpressing mCherry-CAAX and mGFP-K-RasG12V were treated with vehicle (DMSO)
or various concentrations of pharmacological modulators of the Cer-SM biosynthetic pathway for 48 h and imaged by confocal
microscopy. K-RasG12V mislocalization was quantified using Manders coefficients as the fraction of mCherry-CAAX colocalizing with
mMGFP-K-RasG12V. The Manders coefficient for DMSO-treated control was 0.292 *+ 0.02. (C) Basal PM sheets prepared from MDCK cells
expressing mGFP-K-RasG12V after treatment with vehicle (DMSO), 20 uM fumonisin B1, 50 nM myriocin, 100 uM D609, 175 uM 2-OHOA,
10 uM SKI-Il, 30 wM L-threo-DHS, 30 uM K1, or 10 uM GT11 for 24 h were labeled with anti-GFP-conjugated gold particles and visualized
by EM. The peak values, L., of the weighted mean K function L(r) — r curves are shown as bar graphs (n = 20). Significant differences
were evaluated in bootstrap tests (*, P < 0.05; **, P < 0.01; ***, P < 0.001). (D) A panel of wild-type (BxPC-3) or oncogenic mutant
K-Ras-expressing (MiaPaCa-2, MOH, MPanc96) pancreatic tumor cells were seeded in 96-well plates and treated for 72 h with vehicle
(DMSO) or various concentrations of SKI-Il. The number of viable cells was quantified using the CyQuant cell proliferation assay kit
(Molecular Probes).

membrane-associated SM while depleting the PM of SM. Effects of 2-OHOA on SM
distribution were very similar to those observed with fendiline. Although D609 is an
inhibitor of SM synthase, it caused an increase in SM content.

All compounds tested caused mislocalization of Lact-C2 from the PM, but only
2-OHOA and the SK inhibitors, compounds that caused an increase in the cellular SM
content, also caused intracellular cholesterol accumulation (Fig. 7A). All compounds
caused a dose-dependent mislocalization of K-RasG12V from the PM, with IC5ys in
concentration ranges similar to the 1C5,5/50% effective concentrations for their inhibi-
tion or activation of their substrate enzymes (Fig. 7B). Furthermore, all compounds
reduced the nanoclustering of K-RasG12V, as demonstrated by the reduced L,,,,, values
from EM immunogold spatial mapping (Fig. 7C). Finally, we tested the ability of SKI-II
and L-threo-DHS to suppress the proliferation of a panel of pancreatic cancer cells. As
with inhibitors of ASM, the SK inhibitors more potently inhibited the proliferation of
pancreatic cancer cell lines expressing oncogenic mutant K-Ras than cell lines express-
ing WT K-Ras (Fig. 7D).

DISCUSSION

We have shown that a wide variety of ASM inhibitors, including tricyclic antidepres-
sants, deplete PM PtdSer, mislocalize K-Ras from the PM, reduce oncogenic K-Ras
signaling, and potently inhibit proliferation of pancreatic cancer cells that express
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oncogenic mutant K-Ras. Using genetic knockdown of genes encoding enzymes in the
SM biosynthetic pathway in C. elegans and validated by pharmacological inhibitors of
SM biosynthetic enzymes in mammalian cells, we identified multiple enzymes whose
inhibition disrupted K-Ras localization and function. All of these perturbations of the SM
biosynthetic pathway caused depletion of PM PtdSer that in turn resulted in loss of
K-Ras from the PM and reduced nanoclustering of K-Ras that remained PM bound.
These changes to K-Ras cellular localization and spatial organization on the PM result
in reduced K-Ras signal output, evidenced here by reduced K-Ras MAPK signaling in
biochemical assays, reduced proliferation of K-Ras-transformed cancer cells, and re-
duced growth of K-Ras-driven tumors in nude mice.

Together, our findings show that the maintenance of cellular levels of SM as well as
its correct distribution between PM and endomembranes is critical for K-Ras localization
and function. For example, all ASM inhibitors caused aberrant accumulation of SM in
endolysosomal vesicles. Interestingly, absolute levels of SM and Cer measured by
lipidomics revealed no change in the levels of these lipids with fendiline treatment,
perhaps due to feedback mechanisms regulating their synthesis. Regardless, our results
show that this aberrant distribution of SM is sufficient to induce lysosomal trafficking
defects, mimicking genetic deletion of ASM in Niemann-Pick type A and B disease.
Concordantly, we showed previously that K-Ras is extensively mislocalized from the PM
in patient-derived Niemann-Pick type A and type B cell lines but not in control human
fibroblasts (25). Niemann-Pick type A cells express no ASM protein, whereas Niemann-
Pick type B cells express ~2% ASM activity compared to wild-type cells.

C. elegans genetics confirmed by inhibitor studies in mammalian cells showed that
multiple enzymes in the spatially distributed metabolic pathways that synthesize and
turn over SM when inhibited can block K-Ras localization and function (Fig. 8). Inhib-
iting these enzymes had variable effects on total SM levels, but all resulted in aberrant
SM cellular distributions. Fumonisin B1, myriocin, and GT11, which inhibit enzymes
catalyzing the initial reactions in the de novo biosynthesis of SM, decreased cellular
levels of SM, as observed by lysenin staining as well as lipidomics, and caused
mislocalization of SM from the PM to endolysosomal vesicles. In contrast, sphingosine
kinase inhibitors increased total levels of SM, both on the PM and intracellularly,
mimicking the phenotype of staurosporine (36), which increases SM synthesis by
suppressing ORMDL3 expression and thereby enhancing SPT activity. SK1 has a role in
the regulation of ceramide biosynthesis through its ability to divert the precursor of
ceramide biosynthesis, dihydrosphingosine phosphate, from the biosynthetic route.
Therefore, SK inhibitors alleviate this negative regulation and thereby increase the de
novo synthesis of Cer/SM (41-43). Interestingly, 2-OHOA, an activator of SM synthase,
and D609, an inhibitor of SM synthase, produced very similar aberrant localization of
SM, with a strikingly intense endolysosomal accumulation of SM observed in cells
treated with D609. In addition to inhibiting SM synthase, D609 also has been shown to
increase cellular Cer levels through activation of SPT as well as to inhibit ASM through
off-target effects (44). It seems likely that this combination of effects results in the
intracellular accumulation of SM we observed with D609 treatment.

In C. elegans, RNAi knockdown of ASM and inhibition of ASM with fendiline both
strongly suppressed the multivulva phenotype. However, we did not observe a strong
correlation in the degree of suppression between RNAi knockdown of all genes and
pharmacological inhibition of the cognate enzyme. There are several reasons for this
incomplete concordance. For example, in some cases, the efficacy of the knockdown
may not have been efficient, as the uptake of RNAi can vary in this organism depending
on the route of treatment (45). In addition, the bioavailability of drugs in the worm is
unknown, as is the efficacy of the compounds to inhibit the C. elegans orthologs of the
mammalian enzymes for which they were selected. More important, however, was the
complete concordance between the genetic results in C. elegans and the cognate
pharmacology in mammalian cells in their ability to suppress K-Ras function. Impor-
tantly, the observations that fendiline, fumonisin B1, K1, and GT11, which potently
reverted the Muv phenotype in let-60 worms and knock down expression of cgt3,
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FIG 8 Model showing the spatial distribution of the de novo and salvage pathways of SM biosynthesis. Genes knocked down in C. elegans and
corresponding enzymes encoded are the following: asm-1 (acid sphingomyelinase), cerk (ceramide kinase), cgt-1, cgt-2, and cgt-3 (three
orthologues of glucosylceramide synthase), degs-1 (dihydroceramide desaturase), degs-2 (a putative dihydroceramide desaturase), hyl-1 and hyl-2
(orthologues of CER synthase), ksdr-1 (3-ketosphinganine reductase), lagr-1 (ortholog of CER synthase), sms-1 (sphingomyelin synthase 1), asah-1
(acid ceramidase), sphk-1 (sphingosine kinase), spl-1 (sphingosine 1-P lyase), smpd-2 (neutral sphingomyelinase), sptl-1 (serine palmitoyl
transferase), and w07e6-3 (a putative sphingomyelin synthase). Color coding indicates the degree of reversion of multivulva phenotype observed
with knockdown as indicated in the key.

sphk-1, asm-1, and hyl-2 (causing strong reversion of the Muv phenotype in the let-60
worms), caused no reversion of the Muv phenotype in lin-1 worms strongly support our
contention that the suppressive effect of perturbing SM metabolism is operating at the
level of Ras in a whole organism.

PtdSer is an anionic lipid that is essential for K-Ras PM binding and nanoclustering
(25, 35, 46-48). Indeed, recent work has shown that K-Ras membrane anchor lipid
binding specificity is highly selective for PtdSer and that this preference extends
beyond the head group to PtdSer species with asymmetric acyl chains (46). Our results
show that irrespective of the perturbations induced by different pharmacological
modulators of the SM biosynthetic pathway, a unifying effect is an inability of cells
treated with these agents to maintain PtdSer on the PM and, hence, K-Ras function.
There are several mechanisms that may be relevant. A previous study showed that an
increase in SM in the exofacial leaflet of the PM causes internalization of PtdSer (36).
Other studies have similarly suggested a role for SM in the maintenance of phospho-
lipid asymmetry on the PM (49, 50). More broadly, SM and Cer are important constit-
uents of cellular membranes and are essential for lipid trafficking (51); indeed, genetic
depletion of ASM leads to the lysosomal storage diseases Niemann-Pick A and B,
characterized by accumulation of cholesterol and other lipids in the endolysosome (52).
Taking these results together with our current data, we posit that SM must be correctly
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arrayed across cellular membranes at appropriate concentrations to maintain PtdSer on
the inner leaflet of the PM. In consequence, SM metabolism is critical for PM lipidomic
structure, which is essential for K-Ras membrane binding and function. This proposed
mechanism is consistent with the delayed response to ASM and Cer add-back in terms
of correcting K-Ras and PtdSer distributions after pharmacological perturbations of SM
metabolism. ASM is taken up by endocytosis and macropinocytosis; it is therefore
delivered directly to the lumen of the endosomal compartment where it operates. Once
in the late endosomal compartment, the ASM first has to correct SM levels followed by
redistribution of PtdSer back to the PM. Similarly, Cer has to be recycled through the
salvage pathway that includes endosomal-, endoplasmic reticulum-, and Golgi body-
localized enzymes (Fig. 8) to reset SM levels and distribution that then in turn allow
redistribution of PtdSer back to the PM. Finally, it seems likely that other signaling
molecules and complexes operating in lipid-based platforms on the PM also will be
modulated by SM metabolism. Therefore, pharmacological tools for modulating sph-
ingolipid pathways may represent novel therapeutic strategies for the treatment of
K-Ras-dependent cancer.

MATERIALS AND METHODS

Materials. R-Fendiline was synthesized by the Translational Chemistry Core Facility at the MD
Anderson Cancer Center under good laboratory practice conditions. Structure and purity of fendiline
were determined by high-performance liquid chromatography (HPLC), 'H and '3C nuclear magnetic
resonance, UV solution, infrared, and high-resolution mass spectra. Staphylococcus aureus ASM and all
other drugs were purchased from Sigma-Aldrich and were dissolved in DMSO. Cell culture media were
purchased from HyClone. Fetal bovine serum (FBS) was purchased from GIBCO. Penicillin-streptomycin
was purchased from Invitrogen. Anti-phospho-p44/42 mitogen-activated protein kinase (MAPK) (ERK1/2)
(Thr202/Tyr204) (no. 9101) antibody was purchased from Cell Signaling Technology (Beverly, MA). Mouse
anti-GFP (G1546) and anti-B-actin (A1978) antibodies for Western immunoblotting were from Sigma, and
rabbit anti-mGFP and anti-mRFP antibodies for immunogold labeling were generated in house. Ceramide
(860052P) was purchased from Avanti Polar Lipids.

Cell lines. BxPC-3, MOH, MiaPaCa-2, and MPanc96 cells were kindly provided by Craig Logsdon, KLE
and Hec-1a cells by Karen Lu, and HEC-1b cells by Bryan Hennessey, all at MD Anderson Cancer Center,
Houston, TX. All other cell lines were purchased from the American Type Culture Collection (Manassas,
VA). MDCK epithelial cells and baby hamster kidney (BHK) cells were grown in Dulbecco’s modified
Eagle’s medium (DMEM)- high-glucose medium supplemented with sodium pyruvate, 2 mM L-glutamine,
and 10% FBS or supplemented bovine calf serum, respectively. KLE cells were maintained in DMEM-F-12
medium supplemented with 10% FBS. Hec-1a and Hec-1b cells were grown in McCoy's 5a medium
supplemented with 10% FBS. MPanc96 cells were grown in DMEM supplemented with 10% FBS,
MiaPaCa-2 cells in DMEM supplemented with 10% FBS and 2.5% horse serum, and SK-CO-1 cells in
Eagle’s MEM supplemented with 10% FBS. SW948 cells were grown in Leibovitz's L15 medium with 10%
FBS. All other cell lines were grown in RPMI 1640 supplemented with 10% FBS. All cell lines were grown
at 37°C in 5% CO,.

Lysenin staining. Two protocols were used to visualize SM in cells labeled with a nontoxic
recombinant fragment of lysenin protein tagged with GFP (GFP-Lys), which specifically binds to SM (36,
53). For live cell staining, BHK cells were incubated with 20 wg/ml MBP-GFP-lysenin (kind gift from
Gregory Fairn, University of Toronto) and 4',6-diamidino-2-phenylindole (DAPI) for 15 min at room
temperature in serum-free medium. For permeabilized cell staining, BHK cells were fixed with 4%
paraformaldehyde (PFA), permeabilized with 0.05% saponin, and then incubated with 20 pg/ml MBP-
GFP-lysenin and DAPI for 15 min at room temperature.

ASM add-back. MDCK cells (1.75 X 10°) stably coexpressing mGFP-K-RasG12V and mCherry-CAAX
were seeded on a glass coverslip in a 12-well plate and grown with or without fendiline for 48 h. Medium
was replaced with fresh medium with or without fendiline containing 2 U/ml ASM, and the incubation
was continued for 120 min (25).

Ceramide add-back. Ceramide dissolved in chloroform at 5 mg/ml was dried under a vacuum in a
glass vial to remove the solvent, redissolved in complete growth medium by sonication, and diluted to
a final concentration of 10 uM. For confocal microscopic experiments, 1.75 X 10° MDCK cells stably
coexpressing mGFP-K-RasG12V and mCherry-CAAX were seeded on a glass coverslip in a 12-well plate
and grown with or without fendiline for 48 h. The medium then was replaced with ceramide-containing
media (with or without fendiline), and the incubation was continued for 120 min. This protocol was
described previously for PtdSer add-back (35), based on the work of Grinstein and coworkers (54), and
recently was further characterized and validated (25, 46, 47).

Western blotting. Cells treated with vehicle or drugs for 48 h were washed in cold phosphate-
buffered saline (PBS) and lysed in buffer containing 50 mM Tris-Cl (pH 7.5), 75 mM NaCl, 25 mM NaF,
5 mM MgCl,, 5 mM EGTA, 1 mM dithiothreitol, 100 uM NaVO,, 1% NP-40 plus protease inhibitors.
SDS-PAGE and immunoblotting were performed using lysates containing 20 g of total protein. Signals
were detected by enhanced chemiluminescence (Thermo Fisher Scientific) and imaged using a Fluo-
rChemQ imager (Alpha Inotech). Quantification of intensities was performed using FluorChemQ software.
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Confocal microscopy. Cells grown on coverslips were fixed with 4% PFA, followed by 50 mM NH,CI
treatment to quench aldehyde groups. The coverslips were mounted in Mowiol and visualized by
confocal microscopy (Nikon A1) using a 60X objective.

EM and spatial mapping. MDCK cells stably expressing GFP-K-RasG12V or GFP-LactC2 were seeded
on gold EM grids precoated with pioloform and poly-L-lysine in 3.5-cm dishes. After drug treatment,
basolateral PM sheets attached to the EM grids were fixed and immunolabeled with anti-GFP antibody
conjugated to 4.5-nm gold particles as previously described (25, 46, 47, 55). For bivariate analysis, PM
sheets were labeled with anti-mRFP antibody conjugated to 2-nm gold particles and anti-GFP antibody
conjugated to 6-nm gold particles. Digital images of intact immunogold-labeled PM sheets were
obtained via a transmission electron microscope at 100,000 magnification. Intact 1-um? areas of the PM
sheet were identified using ImageJ, and the x-y coordinates of the gold particles were determined.
Univariate K functions were calculated as shown in equations 1 and 2 (56, 57):

K(r) = An72 3 willx = x| =< 1) 1

L(r)—r:\@—r (2)
T

where K(r) is the univariate K function of a pattern of n gold particles in the study area A, r is cluster radius,
II'- Il is Euclidean distance, and 1(.) is the indicator function that takes a value of 1 if Ilx; — x|l =rora
value of 0 if Ilx; — x;ll > r. Edge correction is implemented using weights where w; " is the fraction of
the circumference of a circle with a center at x; and radius Ilx; — x;ll that falls within the study area. We
evaluated K(r) over a range of 1 nm = r = 240 nm. K(r) is linearized to yield L(r) — r as shown in equation
2. For each condition, at least 15 basolateral PM sheets were imaged and analyzed to generate mean
L(r) — r curves that then were standardized on the 99% confidence interval (Cl) for a random pattern of
the same intensity. The peak L(r) — r value is denoted as the L .. Statistical significance for differences
between replicated point patterns were evaluated in bootstrap tests as described previously (56, 58). L, .,
values greater than 1 indicate statistically significant clustering of the gold particle distribution.

To quantify the extent of coclustering of two populations of gold particles (2 nm and 6 nm), we used
bivariate K functions calculated as described in equations 3 to 6:

Kiiy(r) = (n, + n) ™" [m,K(r) + nKig(r)] (3)
A n, ne
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where K, (r) is the bivariate K function of the 6-nm (big, or b) gold nanoparticle distribution with respect
to the 2-nm (small, or s) gold nanoparticle distribution, and K, (r) is the bivariate K function of the small
gold particle distribution with respect to the big gold particle distribution. Ky, (r) combines K, (r) and
K., (r) into a single estimator, where n, is the number of big gold particles and n, is the number of small
gold particles. Other symbols are as described for equations 1 and 2. We evaluated K,,,,(r) over a range
of 1 nm = r = 240 nm. K,,,(n) is linearized to yield L, (r) — r as described in equation 6. For each
condition, at least 15 basolateral PM sheets were imaged and analyzed to generate mean L, (r) — r
curves that then were standardized on the 95% Cl for a random pattern of the same intensities,
generated by 1,000 Monte Carlo simulations. Bootstrap tests were constructed to test the statistical
significance of differences between replicated bivariate functions as described previously (56, 58). For a
simple summary statistic, LBI, the area under the curve for each standardized L, (r) — r function was
calculated as equation 7:

LBI = [1°Std Lyy(r) — r-dr )

LBI has an expected value of <100 for proteins that do not cocluster.

Proliferation assays. BxPC-3 (4 X 103), MiaPaCa-2 (2 X 103), MOH (1.5 X 103), MPanc96 (2 X 103),
KLE (1 X 10%), Hec-1a (5 X 103), Hec-1b (5 X 103), NCI 1975 (6 X 103), NCI H23 (1 X 104, NCI H508
(4 X 103), SK-CO-1 (3 X 103), and SW948 (4 X 103) cells were seeded in each well of 96-well plates. After
24 h, fresh growth medium supplemented with 1% vehicle (DMSO) or various concentrations of drug was
added, and cells were grown for 72 h. Cell numbers were quantified using the CyQuant proliferation
assay (Thermo Fisher Scientific) according to the manufacturer’s protocol.

Lipidomics. WT MDCK cells or MDCK cells stably expressing mGFP-K-RasG12V were treated with
various drugs for 48 h. Cells were scraped in Dulbecco’s phosphate-buffered saline (DPBS), and 1.5 X 106
cells/ml in 300 ul was analyzed. Lipid extraction and analysis using electron spray ionization and tandem
mass spectrometry were performed at Lipotype, GmbH (Dresden, Germany), as described previously (59,
60). Automated processing of acquired mass spectra, identification, and quantification of detected lipid
species were done by LipidXplorer software. Only lipid identifications with a signal-to-noise ratio of >5,
an absolute abundance of at least 1 pmol, and a signal intensity 5-fold higher than that in corresponding
blank samples were considered for further data analysis. The abundance of lipids is presented as
picomoles of lipids/cell relative to wild-type cells.

C. elegans vulva quantification assay. let-60(n1046) and lin-1(sy254) worms were kindly provided
by Swathi Arur (MD Anderson Cancer Center, Houston, TX) and David Reiner (Texas A&M University),
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respectively. For drug treatment studies, strain let-60 or lin-1 L1 larvae were cultured in M9 buffer
containing Escherichia coli OP50 in the presence of DMSO or drugs. After 4 to 5 days, when worms
reached the adult stage, they were scored for the presence of the multivulva phenotype using a
DIC/Nomarski microscope. For RNAi knockdown studies, RNAi was induced by feeding let-60 or lin-1 L1
worms through adult stage with E. coli HT115, producing double-stranded RNA to target genes. The
presence of the multivulva phenotype was imaged as described above. All RNAi clones were from the C.
elegans RNAi (Ahringer) collection (Source BioScience) and were sequenced. Clones absent from the
library were constructed as previously described (61).

Mouse xenografts. All animal studies were performed under an Institutional Animal Care and Use
Committee (IACUC)-approved animal protocol (AWC-15-0101), in accordance with National Institutes of
Health guidelines (62). Early-passage BxPC-3 or MIAPaCa-2 cells were harvested, and 3 X 10¢ cells were
implanted into the right flanks of female nu/nu mice. The animals were randomized into control and
treated groups (10 mice per group). Tumor volume (V) was measured with an external caliper every 3 to
4 days, and it was calculated as V = 0.52(length X width?). Fendiline treatment was initiated when the
tumor sizes reached 100 mm?3. Fendiline (12.5 mg/kg) was injected daily intraperitoneally for 5 days, with
2 days of no treatment in between. All treatments were continued until any of the subcutaneous tumors
reached 1,500 mm?3 in volume, when all the animals were sacrificed and the tumors removed.

Statistical analysis. Unless otherwise stated, Prism (version 5.0c; GraphPad Software) was used for
one-way analysis of variance (ANOVA) and two-tailed Student’s t tests.
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