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Avicin G Is a potent
sphingomyelinase inhibitor and
blocks oncogenic K- and H-Ras
signaling

Christian M. Garrido?, Karen M. Henkels?, Kristen M. Rehl*, Hong Liang?, Yong Zhou?,
Jordan U. Gutterman?® & Kwang-jin Cho'*

K-Ras must interact primarily with the plasma membrane (PM) for its biological activity. Therefore,
disrupting K-Ras PM interaction is a tractable approach to block oncogenic K-Ras activity. Here, we
found that avicin G, a family of natural plant-derived triterpenoid saponins from Acacia victoriae,
mislocalizes K-Ras from the PM and disrupts PM spatial organization of oncogenic K-Ras and H-Ras by
depleting phosphatidylserine (PtdSer) and cholesterol contents, respectively, at the inner PM leaflet.
Avicin G also inhibits oncogenic K- and H-Ras signal output and the growth of K-Ras-addicted pancreatic
and non-small cell lung cancer cells. We further identified that avicin G perturbs lysosomal activity, and
disrupts cellular localization and activity of neutral and acid sphingomyelinases (SMases), resulting

in elevated cellular sphingomyelin (SM) levels and altered SM distribution. Moreover, we show that
neutral SMase inhibitors disrupt the PM localization of K-Ras and PtdSer and oncogenic K-Ras signaling.
In sum, this study identifies avicin G as a new potent anti-Ras inhibitor, and suggests that neutral SMase
can be a tractable target for developing anti-K-Ras therapeutics.

Ras proteins are small GTPases that primarily localize to the inner-leaflet of the plasma membrane (PM), switch-
ing between an active GTP-bound state and inactive GDP-bound state!. In response to epidermal growth factor
stimulation or receptor tyrosine kinase activation, guanine nucleotide exchange factors activate Ras by inducing
the release of the guanine nucleotides and binding of GTP'. Conversely, GTPase-activating proteins promote Ras
GTPase activity, terminating Ras signaling by hydrolyzing GTP to GDP. Activated Ras stimulates many down-
stream signaling pathways that control cell proliferation, differentiation and survival. Constitutively active mutant
Ras are found in ~15% of all human cancers?. Although activating point mutations occur in all ubiquitously
expressed Ras isoforms: K-, H-, and N-Ras in mammalian cells, activating point mutations in K-Ras are most
prevalent, occurring in ~95% of pancreatic, ~45% colorectal, and ~35% of lung cancers?.

There have been increased efforts in recent years to develop strategies to directly or indirectly target cancer
cells expressing oncogenic mutant K-Ras. These strategies include dysregulating cancer metabolism, blocking
K-Ras downstream effectors, directly targeting oncogenic K-Ras, inhibition of synthetic lethal interactions, and
perturbing K-Ras PM localization®*. For the PM localization, the C-terminal CAAX motif of Ras proteins under-
goes a series of posttranslational modifications to generate a cysteine farnesyl carboxy-methyl ester’. For H-,
N- and K-Ras4A, the alternative K-Ras splicing variant, the farnesylated C-terminal cysteine in concert with
palmitoylated adjacent cysteine residues anchors the protein to the PM. K-Ras4B (referred to as K-Ras herein)
localizes to the PM through the farnesyl moiety and a stretch of polybasic amino acids®-. While inhibitors for
targeting K-Ras posttranslational modification have been unsuccessful in clinical trials, recent studies demon-
strated that disrupting K-Ras PM interaction is an encouraging therapeutic strategy to block oncogenic K-Ras
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Phosphatidylserine (PtdSer) is an anionic phospholipid asymmetrically localized at the inner leaflet of the
PM?™. The anionic head group of PtdSer electrostatically interacts with the polybasic domain of K-Ras, and the
farnesyl-anchor of K-Ras provides high selectivity towards PtdSer over other anionic phospholipids, allowing
stable K-Ras PM localization'®!”. Consistent with the important role of PtdSer for K-Ras PM interaction, redis-
tribution of PtdSer from the PM blocks K-Ras PM interaction, K-Ras signal output and growth of K-Ras-driven
cancer cells®!®1214,

Avicins are a family of natural plant-derived triterpenoid saponins from Acacia victoriae, a native Australian
desert tree, that possess pro-apoptotic and anti-inflammatory properties and activate anti-oxidant stress defense
in mammalian cells'®2°. Also, avicins show anti-cancer activities by lowering energy metabolism in tumors,
inhibiting activation of NF-kB, and inducing tumor cell death!#2?2. However, the exact molecular mechanisms
by which avicins prevent cancer growth and survival are not fully elucidated. In this study, we discovered that
avicin G, an isomer of the avicin family mislocalizes K-Ras from the PM and disrupts PM spatial organization of
oncogenic K- and H-Ras by depleting PM PtdSer and cholesterol contents, respectively. It also blocks oncogenic
K- and H-Ras signal output and the growth of K-Ras-addicted pancreatic and non-small cell lung cancer cells.
Avicin G also elevates lysosomal pH and inhibits the activity of acid and neutral sphingomyelinases (SMases),
resulting in elevated cellular sphingomyelin (SM) levels and altered SM distribution. Furthermore, we identified
neutral SMase as a tractable target for blocking oncogenic K-Ras signaling.

Results

Avicins translocate K-RasG12V from the plasma membrane to endomembranes. A previous
study reported that avicins inhibit growth of cancer cells harboring oncogenic mutant K-Ras?. Since K-Ras must
interact primarily with the PM for its signal transduction, we analyzed the effect of avicin on K-Ras PM inter-
action. To test this, Madin-Darby canine kidney (MDCK) cells stably expressing monomeric green fluorescent
protein (mGFP)-tagged oncogenic mutant K-Ras (K-RasG12V) and mCherry-CAAX, a generic endomembrane
marker'*** were treated with avicin compounds, D, G, and oxetane for 48 h. Cell images were taken using a con-
focal microscope, and the extent of K-RasG12V PM mislocalization was quantitated by measuring the fraction
of mCherry-CAAX co-localizing with mGFP-K-RasG12V using Manders coefficient'>?. Our data show that all
compounds mislocalized K-RasG12V from the PM with different efficacy; oxetane (IC5,=22.7nM) > avicin G
(IC50="73.8nM) > avicin D (IC5, = 142.2nM) (Fig. 1A,B and S1). To further quantitate K-RasG12V PM mis-
localization, intracellular K-RasG12V measured by Manders coefficient of mCherry-CAAX co-localizing with
mGFP-K-RasG12V was normalized to the total mGFP-K-RasG12V expression level measured by immunoblot-
ting (Fig. 4A,C) to calculate an estimated fraction of intracellular K-RasG12V. Our data show that the fraction of
intracellular K-RasG12V increased from ~35% to ~50% in avicin G-treated cells (Fig. 1C). Taken together, our
data suggest that avicins mislocalize K-RasG12V from the PM. Avicin G, like saponin, permeabilizes red blood
cell PM at ~2.4 pM?¢, which is ~30-fold higher than the IC5, in K-Ras PM mislocalization assay. Therefore, avicin
G-mediated K-RasG12V PM mislocalization is likely to be independent of its cell permeabilization activity.

To further characterize the K-Ras PM mislocalization, MDCK cells stably expressing mGFP-K-RasG12V
only were treated with avicin G for 48 h in the presence of RFP-tagged organelle markers. Confocal micros-
copy data revealed that in avicin G-treated cells, K-RasG12V co-localized with Rab5A-, Rab7A-, LAMP1-,
PDHAL (pyruvate dehydrogenase E1 subunit al)-, GALNT1 (N-acetylgalactosaminyltransferase 1)-, and ER
tracker-positive structures (indicated with arrowhead in Fig. 2A-F), suggesting that K-RasG12V is translocated
from the PM to early endosomes, late endosomes, lysosomes, mitochondria, the Golgi, and the ER after avicin G
treatment. In addition, avicin G treatment increased the total number and size of REP-LAMP1-decorated vesicles
(Fig. 2C,G,H). Taken together with Fig. 1, our data demonstrate that avicin G translocates K-RasG12V from the
PM to endomembranes.

Avicin G depletes PtdSer and cholesterol contents at the PM. To further characterize the
effects of avicin compounds on the PM localization of other Ras isoforms, MDCK cells stably co-expressing
mCherry-CAAX with mGFP-H-RasG12V or -K-Ras4AG12V, the alternative K-Ras splicing variant, were treated
with avicin G and imaged in a confocal microscope. Our data show that the PM localizations of H-RasG12V and
K-Ras4AG12V were not disrupted by avicin G treatment, suggesting that avicin G is specific to K-Ras (Fig. 3A).

K-Ras phosphorylation at S171, S181 or T183 by protein kinase C or G dissociates K-Ras from the PM!"%.
To test whether avicin G-mediated K-Ras PM mislocalization is through K-Ras phosphorylation, we gener-
ated MDCK cells stably expressing mCherry-CAAX and mGFP-K-RasG12V S171A, S181A and T183A (AAA)
mutant, insensitive to its phosphorylation!?’. Cells were treated with avicin G for 48 h and imaged in a confocal
microscope. Our data show that avicin G mislocalized K-RasG12V AAA mutant from the PM (Fig. 3A), suggest-
ing that avicin G-mediated K-RasG12V PM mislocalization is independent of K-Ras phosphorylation.

K-Ras interacts with phosphatidylserine (PtdSer) at the PM via the polybasic domain and the farnesyl-anchor
of K-Ras'’, and depletion of PM PtdSer dissociates K-Ras from the PM'*'6. To test whether avicin G mislocalizes
PtdSer from the PM, we examined cellular localization of mGFP-LactC2, a well characterized PtdSer probe!>162%,
Our data demonstrate that avicin G redistributed LactC2 from the PM, suggesting avicin G perturbs cellular dis-
tribution of PtdSer (Fig. 3A). To directly quantify LactC2 binding to the inner PM leaflet, intact apical PM sheets
from baby hamster kidney (BHK) cells expressing mGFP-LactC2 were labeled with gold-conjugated anti-GFP
antibodies and analyzed by electron microscopy (EM). Our EM data reveal that avicin G treatment caused a
significant decrease in immunogold labeling for mGFP-LactC2, indicating a reduction in PtdSer content at the
inner leaflet of the PM (Fig. 3B and S2). A pool of PtdSer at the inner leaflet of the PM is spatially organized into
nano-sized domains, which interact with the PM proteins and other lipids'>!*>?. Further analysis of spatial organ-
ization of the remaining PtdSer at the PM reveals it was also perturbed by avicin G treatment (Fig. 3C and S2).
These data suggest that avicin G attenuates the levels and spatial organization of PtdSer at the PM.
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Figure 1. Avicin compounds mislocalize K-RasG12V from the PM. (A) MDCK cells stably co-expressing
mGFP-K-RasG12V and mCherry-CAAX were treated with avicin G, D and oxetane for 48 h (Fig. S1). Cells
were fixed with 4% PFA and imaged in a confocal microscope. Representative images of avicin G-treated

cells are shown. Inserted values represent an estimated mean fraction of mCherry-CAAX co-localizing with
mGFP-K-RasG12V calculated by Manders coeflicient from three independent experiments. Scale bar 10 pm.
(B) IC5s were estimated from the dose-response plots. (C) Manders coefficient values of mCherry-CAAX
co-localizing with mGFP-K-RasG12V for the indicated avicin G concentrations were normalized to the total
mGFP-K-RasG12V expression level measured by immunoblotting (Fig. 4A,C) to show an estimated fraction
of intracellular K-RasG12V. Significant differences between control (DMSO-treated) and avicin G-treated cells
were assessed using a one-way ANOVA test (N.S. - not significant).

To further study the effects of avicin G on localization of other cellular lipids, MDCK cells stably expressing
mGFP-tagged P4AM-SidM for phosphatidylinositol (PI) 4-phosphate (P)*, the PH domain of Akt for PI(3,4,5)
P, and PI(3,4)P,"2, 2xFYVE for PI3P*, PH-PLC51 for PI(4,5)P,*, the PASS domain of Spo20 for phosphatidic
acid®, or mCherry-tagged D4H for cholesterol*® were treated with avicin G for 48 h and cell images were taken.
In control cells, mCherry-D4H was predominantly localized to the PM, whereas it was internalized to vesicular
structures in avicin G-treated cells (Fig. 3D). Further EM analysis of D4H probe show reduced immunogold labe-
ling and perturbed spatial organization at the PM, suggesting avicin G abrogates the levels and spatial organiza-
tion of cholesterol at the PM (Fig. 3B,C and S2). Avicin G treatment did not change the localization of other lipid
markers (Fig. 3D). Taken together with Fig. 1, our data suggest that avicin G mislocalizes K-RasG12V, but not
other Ras isoforms from the PM in a K-Ras phosphorylation-independent manner. It also abrogates the levels and
spatial organization of PtdSer and cholesterol at the PM.

Avicin G inhibits oncogenic Ras signal output and growth of oncogenic K-Ras-addicted cancer
cells. To further study the effects of avicin G on Ras proteins, we analyzed oncogenic Ras signal output.
MDCK cells stably expressing mGFP-K-RasG12V or ~H-RasG12V were treated with avicin G for 48 h, and phos-
phorylation of ERK and Akt (S473) was measured. Our data show that avicin G significantly reduced ppERK
and pAkt levels in K- and H-RasG12V cells, but the effects were greater in K-RasG12V cells (Fig. 4A-D and
S$3). Furthermore, avicin G treatment significantly increased the expression level of mGFP-K-RasG12V, but not
-H-RasG12V (Fig. 4A-D).
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Figure 2. Avicin G translocates K-RasG12V from the PM to endomembranes. MDCK cells stably expressing
mGFP-K-RasG12V were incubated with 500 nM avicin G for 48 in the presence of modified baculovirus
encoding RFP-tagged organelle markers (A - E), or 2 pM ER-tracker for the final 1 h of incubation in avicin G
(F). Cells were fixed with 4% PFA and imaged in a confocal microscope. Selected regions indicated by the white
squares are shown at a higher magnification. K-RasG12V that is co-localized with the markers is indicated

by arrowheads. Scale bar 10 pm. Total number of LAMP1-decorated vesicles per cell (shown in Fig. 2C) was
counted (G), and the vesicles were categorized into their sizes (H). Significant differences between control
(DMSO-treated) and avicin G-treated cells were assessed by Student’s ¢ tests (N.S. — not significant).
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Figure 3. Avicin G depletes PtdSer and cholesterol from the PM. (A) MDCK cells stably co-expressing
mCherry-CAAX and mGFP-H-RasG12V, -K-Ras4AG12V, -K-RasG12V AAA, or -LactC2 were treated with
500nM avicin G for 48 h. Cells were fixed with 4% PFA and imaged in a confocal microscope. Inserted values
represent an estimated mean fraction of mCherry-CAAX co-localizing with mGFP-tagged protein calculated
by Manders coefficient from three independent experiments. Shown are representative mGFP-tagged protein
images. (B) Apical PM sheets prepared from BHK cells expressing mGFP-LactC2 or -D4H and treated with
500 nM avicin G for 48 h were labeled with anti-GFP-conjugated gold and visualized by EM. The graph shows
amean £ S.E.M (n > 15). Significant differences between control (DMSO-treated) and avicin G-treated cells
were assessed by using Student’s ¢ tests. (C) Spatial mapping of the same gold-labeled PM sheets was performed.
The peak values, L,,,,, of the respective weighted mean K-function L(r) - r curves are shown as bar graphs (n

> 15). Significant differences between control (DMSO-treated) and avicin G-treated cells were evaluated with
bootstrap tests. (D) MDCK cells stably expressing mCherry-D4H or mGFP-tagged phospholipid markers were
treated with 500 nM avicin G for 48 h. Cells were fixed with 4% PFA and imaged in a confocal microscope. Scale
bar 10 pm.
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Figure 4. Avicin G blocks oncogenic Ras signal output and growth of K-Ras-addicted cancer cell. MDCK cells
stably expressing mGFP-K-RasG12V (A) or -H-RasG12V (B) were treated with avicin G for 48 h. Cell lysates
were immunoblotted for mGFP-RasG12V, phosphorylated ERK and Akt (S473). The graphs show the mean
mGFP-RasG12V, phosphorylated ERK and Akt & S.E.M from three independent experiments. Significant
differences between control (DMSO-treated) and avicin G-treated cells were assessed using a one-way ANOVA
test (N.S. - not significant). (C,D) Cropped representative blots are shown from three independent experiments
with total ERK and Akt blots being used as loading controls. Full-length blots are shown in Fig. $3. An anti-
GFP antibody was used to measure total mGFP-RasG12V levels. (E) Apical PM sheets prepared from BHK
cells expressing mGFP-K-RasG12V or -H-RasG12V and treated with 500 nM avicin G for 48 h were labeled
with anti-GFP-conjugated gold and visualized EM. The graph shows a mean + S.E.M (n > 15). Significant
differences between control (DMSO-treated) and avicin G-treated cells were assessed by using Student’s ¢ tests
(N.S. - not significant). (F) Spatial mapping of the same gold-labeled PM sheets was performed. The peak values,
L o0 of the respective weighted mean K-function L(r) - r curves are shown as bar graphs (n > 15). Significant
differences between control (DMSO-treated) and avicin G-treated cells were evaluated with bootstrap tests
(N.S. - not significant). (G) Apical PM sheets prepared from BHK cells co-expressing mGFP-H-RasG12V

and mRFP-tH, a lipid raft marker, after 500 nM avicin G treatment for 48 h were labeled with anti-GFP and
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anti-RFP antibodies conjugated directly to 6-nm and 2-nm gold particles, respectively, and visualized by EM.
The extent of co-clustering of the two proteins was analyzed by using bivariate K functions and is shown as the
summary statistic LBI. The graph shows mean LBI values & S.E.M (n > 15). Significant differences between
control (DMSO-treated) and avicin G-treated cells were evaluated in bootstrap tests. A panel of pancreatic
ductal adenocarcinoma (PDAC) (H) and non-small cell lung cancer cells (NSCLC) (I) were plated on a 96-
well plate and treated with 1.25 uM avicin G for 4 days. Complete growth medium with the drug was replaced
every 24h. Cell proliferation was analyzed using a CyQuant proliferation assay kit. The graph shows the mean
cell proliferation + S.E.M. from three independent experiments relative to that for the control cells (DMSO-
treated). Open and closed bars represent cancer cells expressing WT K-Ras and oncogenic K-Ras, respectively.
Significant differences between control (DMSO-treated) and avicin G-treated cells were assessed using Mann-
Whitney U test (N.S. - not significant).

Ras proteins on the PM are spatially segregated into nanodomains, called nanoclusters, that are essential for
high-fidelity Ras signal transduction®~*°. We therefore, examined the effect of avicin G on nanoclustering of
oncogenic Ras on the PM. Intact apical PM sheets of BHK cells expressing mGFP-K-RasG12V or -H-RasG12V
were labeled with gold-conjugated anti-GFP antibodies and analyzed by EM. Our data show a decrease in
anti-GFP immunogold labeling for K-RasG12V, but not H-RasG12V after avicin G treatment, indicating loss of
K-RasG12V but not H-RasG12V from the inner leaflet of the PM (Fig. 4E), consistent with our confocal micros-
copy data (Figs. 1-3). Spatial mapping of K- and H-RasG12V on the PM as visualized by mGFP-K-RasG12V and
-H-RasG12V also reveals a significant decrease only for K-RasG12V in the peak values of the L(r)-r clustering
statistics (Fig. 4F), indicating a reduction in the amounts of nanoclustered K-RasG12V, but not H-RasG12V
that remained on the PM. Previous studies reported that lateral segregation of GTP- and GDP-loaded H-Ras
fails in cells with PM cholesterol depletion, resulting in the assembly of GTP-loaded H-Ras clusters with lipid
raft components that perturb MAPK activation'>?. We show that avicin G reduces PM cholesterol (Fig. 3B,D)
and H-RasG12V signaling without disrupting H-RasG12V nanoclustering (Fig. 4B,F). Thus, we analyzed the
effect of avicin G on the assembly of GTP-loaded H-Ras clusters with lipid raft by measuring the co-clustering
of mGFP-H-RasG12V with a lipid raft marker, mRFP-tH (the minimal membrane-targeting domain of H-Ras).
Integrated bivariate K-function (LBI) shows that mGFP-H-RasG12V and mRFP-tH were spatially segregated
on the PM in control cells, whereas they were extensively co-localized after avicin G treatment, as indicated by
low and high LBI values, respectively (Fig. 4G), suggesting that GTP-loaded H-Ras are mixed with GDP-loaded
H-Ras proteins. Taken together, our data indicate that avicin G disrupts K-RasG12V nanoclustering, and the
lateral segregation of GTP- and GDP-bound H-Ras, resulting in decreased oncogenic K- and H-Ras signal output.

To further characterize the role of avicin G on oncogenic K-Ras signaling, we performed cell proliferation
assay on human pancreatic ductal adenocarcinoma (PDAC) and non-small cell lung cancer (NSCLC) cells har-
boring oncogenic mutant K-Ras. For control cells, we used human cancer cells expressing wild-type (WT) K-Ras
(indicated by open bars). Avicin G significantly inhibited the growth of PDAC cells expressing oncogenic K-Ras
(Fig. 4H). For NSCLC cells, avicin G significantly blocked the growth of H358 and H441, but not H23 and A549
cell lines (Fig. 41). Previous studies reported that the growth of the PDAC cell lines we tested is highly dependent
on oncogenic K-Ras activity, a phenomenon called K-Ras addiction*!. For NSCLC cells, H358 and H441, but
not H23 and A549 show K-Ras addiction*. Taken together, our data suggest that avicin G inhibits growth of
K-Ras-addicted human cancer cells.

PtdSer and cholesterol supplementation restores PM binding and spatial organization of
oncogenic K- and H-Ras, respectively. To examine whether the perturbed PM binding and spatial
organization of oncogenic K- and H-Ras in avicin G-treated cells are induced by depletion of PM PtdSer and
cholesterol, respectively, we measured LactC2 and K-RasG12V PM association after lipid supplementation.
MDCK cells stably expressing mCherry-CAAX and mGFP-LactC2 or -K-RasG12V were treated with avicin G
for 48 h, followed by incubation with 10 uM PtdSer in the continued presence of avicin G. Cells were imaged at
different time points and the PM association of LactC2 and K-RasG12V was quantitated using Manders coefhi-
cient. Our data show that exogenous PtdSer supplementation returned LactC2 and K-RasG12V to the PM after
15-30min in avicin G-treated cells (Fig. 5A-D and S4-5), consistent with the time frame for the exogenous
PtdSer to be displayed on the inner PM leaflet'>!*?%. Our EM data further demonstrate that supplementation
with PtdSer, but not cholesterol returned K-RasG12V to the PM and corrected K-RasG12V PM nanoclustering
in avicin G-treated cells (Fig. 5E,F). However, PtdSer supplementation did not reactivate MAPK signaling in
avicin G-treated K-RasG12V cells (Fig. 5H and S6). Exogenous cholesterol supplementation restored the lateral
segregation of mGFP-H-RasG12V away from the lipid raft marker without altering the PM binding and nano-
clustering of H-RasG12V in avicin G-treated cells (Fig. 5G and S7), and it also reactivated MAPK signaling in
avicin G-treated H-RasG12V cells (Fig. 51 and S6). Taken all together, our data suggest that avicin G depletes
PM cholesterol content, which perturbs H-RasG12V spatial organization, thereby inhibiting H-RasG12V/MAPK
signaling. Avicin G also perturbs the PM binding and nanoclustering of K-RasG12V through depletion of PM
PtdSer. We further observed that PtdSer supplementation restored K-RasG12V nanoclustering without reacti-
vating MAPK signaling in avicin G-treated K-RasG12V cells, suggesting that avicin G dysregulates K-Ras/Raf/
MEK/ERK signal cascade at multiple levels.

Avicin G elevates cellular sphingomyelin by inhibiting sphingomyelinase activity. Recent stud-
ies reported that perturbing cellular sphingomyelin (SM) and ceramide (Cer) levels and their distribution by dys-
regulating the SM biosynthesis pathway mislocalizes K-Ras and PtdSer from the PM*!%1243_ To explore whether
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Figure 5. Exogenous PtdSer and cholesterol supplementation restores PM binding and nanoclustering of
oncogenic K- and H-Ras, respectively. MDCK cells stably co-expressing mCherry-CAAX and mGFP-LactC2
(A) or -K-RasG12V (B) were treated with 500 nM avicin G for 48 h and further incubated with 10 pM PtdSer
in the continued presence of avicin G for different time points. Cells were fixed with 4% PFA and imaged

in a confocal microscope (Figs. S4 and S5). Representative images before (0 min) and 60 min after PtdSer
supplementation are shown. Inserted values are an estimated mean fraction of mCherry-CAAX co-localizing
with mGFP-tagged proteins calculated by Manders coefficient from three independent experiments. Scale bar
10 pm. (C,D) The graphs represent the PM dissociation of K-RasG12V and LactC2 quantified by Manders
coeflicients after PtdSer supplementation from three independent experiments. (E) BHK cells expressing
mGFP-K-RasG12V were treated with 500 nM avicin G for 48 h and incubated with 10 pM exogenous PtdSer
or cholesterol (Chol.) in the continued presence of 500 nM avicin G for another 1 h. Apical PM sheets were
prepared and labeled with anti-GFP-conjugated gold and visualized EM. The graph shows a mean + S.E.M (n
> 15). Significant differences between control (vehicle-treated) and lipid-supplemented cells were assessed by
using a one-way ANOVA test (N.S. - not significant). (F) Spatial mapping of the same gold-labeled PM sheets
was performed. The peak values, L., of the respective weighted mean K-function L(r) - r curves are shown
as bar graphs (n > 15). Significant differences between control (vehicle-treated) and lipid-supplemented cells
were evaluated with bootstrap tests (N.S. - not significant). (G) BHK cells co-expressing mGFP-H-RasG12V
and mRFP-tH, a lipid raft marker, were treated with 500 nM avicin G treatment for 48 h and incubated with
10uM cholesterol (Chol.) in the continued presence of 500 nM avicin G for another 1h. Apical PM sheets
were prepared, labeled with anti-GFP and anti-RFP antibodies conjugated directly to 6-nm and 2-nm gold
particles, respectively, and visualized by EM. The extent of co-clustering of the two proteins was analyzed by
using bivariate K functions and is shown as the summary statistic LBI. The graph shows mean LBI values +
S.E.M (n > 15). Significant differences between control (vehicle-treated) and cholesterol-supplemented cells
were evaluated in bootstrap tests (N.S. — not significant). MDCK cells stably expressing mGFP-K-RasG12V
(H) or -H-RasG12V (I) were treated with 500 nM avicin G for 48 h and incubated with 10 um exogenous
PtdSer or cholesterol (Chol.) in the continued presence of 500 nM avicin G for another 1h. Cell lysates were
immunoblotted for phosphorylated ERK and quantified (means + S.E.M from three independent experiments).
Cropped representative blots are shown with total ERK blots being used as loading controls. Full-length blots
are shown in Fig. S6.
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Figure 6. Avicin G inhibits SMases activity and perturbs SM distribution and cellular content. (A) WT MDCK
cells treated with 500 nM avicin G for 48 h were permeabilized, co-stained with GFP-lysenin and DAPI, and
imaged in a confocal microscope. Scale bar 10 um. (B) Cell lysates from MDCK cells stably expressing mGFP-
K-RasG12V treated with avicin G for 48 h were used to measure endogenous SMases activity. The assay was
performed in an acidic (pH5.0) or a neutral (pH 7.5) environment to measure specific activities of acid SMase
and neutral SMase, respectively. The graph shows the mean conversion of SM to Cer + S.E.M from four
independent experiments. Significant differences between control (DMSO-treated) and avicin G-treated cells
were assessed using a one-way ANOVA test (N.S. - not significant). MDCK cells stably expressing mGFP-K-
RasG12V were grown with or without 250 nM avicin G for 48 h, and whole cell SM, PtdSer (PS) and Cer levels
were measured from three independent experiments. (C) A heat map was constructed to quantify the changes
of different lipid species in the presence or absence of avicin G treatment. Each row represents a different species
of lipid, while each column represents a single sample (sample size is n=3 for DMSO and avicin G treatment).
The scaled expression values of each lipid measured is plotted in red-blue color log, scale. In relation to control
(DMSO-treated) cells, red and blue colored tiles indicate higher and lower lipid contents, respectively. (D)

The graphs show the mean of total moles &= S.E.M. of indicated lipids. Significant difference between control
(DMSO-treated) and avicin G-treated cells were assessed using Student’s ¢ test.

avicin G perturbs the cellular distribution of SM, WT MDCK cells were treated with avicin G for 48h, and perme-
abilized and stained with recombinant GFP-lysenin, a well-studied SM probe®!*1243, Confocal microscopy shows
that GFP-lysenin predominantly stained the PM in control cells, while there was a substantial accumulation of
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Figure 7. Avicin G perturbs SMases expression and localization, and EGFR recycling. (A) MDCK cells

stably expressing SMPD1-, SMPD2-, or SMPD3-GFP were treated with 500 nM avicin G for 48 h, and cells
were fixed with 4% PFA and imaged in a confocal microscope. Arrowheads indicate vesicular localization of
SMPD. Scale bar 10 pm. (B) MDCK cells stably expressing SMPD1-, SMPD2-, or SMPD3-GFP were treated
with avicin G for 48 h, and cell lysates were immunoblotted with an anti-GFP antibody to measure the total
SMPD-GFP expression levels. Cropped representative blots are shown with actin blots being used as loading
controls from three independent experiments. Full-length blots are shown in Fig. S8. (C) The graph shows

the mean £ S.E.M. of SMPD expression levels from three independent experiments. Significant difference
between control (DMSO-treated) and avicin G-treated cells were assessed using a one-way ANOVA test (N.S.
- not significant). (D) WT MDCK cells were grown in the presence of Lysosensor Yellow/Blue dextran probe
for 48 h, and equilibrated with MES calibration buffer (pH 2-6) for 15 min at room temperature. Emissions

of the probe at 452 nm and 521 nm were measured by a fluorescent plate reader using a 335nm and 381 nm
excitation wavelength, respectively. The mean 452/521 nm fluorescence ratio &= S.E.M. was plotted against pH
from three independent experiments, and a best fit line was plotted. (E) WT MDCK cells were treated with
various concentrations of avicin G for 48 h in the presence of Lysosensor Yellow/Blue dextran probe. Emissions
at 452 and 521 nm were measured by a fluorescent plate reader using a 335 and 381 nm excitation wavelengths,
respectively. The 452/521 nm fluorescence ratio & S.E.M. from three independent experiments were used

to determine the lysosomal pH using the calibration graph from (D). Significant difference between control
(DMSO-treated) and avicin G-treated cells were assessed using a one-way ANOVA test (N.S. - not significant).
(F) CHO cells stably expressing EGFR-mGFP were treated with DMSO (vehicle) or 100 nM avicin G for 48 h.
Cells were serum-starved for 2 h in the continued presence of DMSO or 100 nM avicin G, and incubated with
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50ng/ml of EGF on ice for 15min. Excess EGF was washed away with ice-cold PBS. Cells were then incubated
with fresh warm complete growth medium with DMSO or 100 nM avicin G at 37 °C and fixed at the indicated
time points, followed by confocal microscopy. Representative images of DMSO- and avicin G-treated cells were
shown from three independent experiments. Closed and open arrowheads indicate EGFR localized at the PM
and perinuclear region, respectively. Scale bar 10 um.

GFP-lysenin confined to intracellular vesicles in avicin G-treated cells (Fig. 6A). Next, we measured the activ-
ity of endogenous sphingomyelinase (SMase) in avicin G-treated cells. Briefly, MDCK cells stably expressing
mGFP-K-RasG12V were treated with avicin G for 48 h, and cell lysates were incubated with exogenous SM to
measure the conversion of SM to Cer and phosphorylcholine by endogenous SMases. Phosphorylcholine is then
hydrolyzed to choline, which in turn gets oxidized generating H,0,, a readout for SM to Cer conversion'*#4,
Furthermore, since SMase converts SM to Cer in acidic or neutral cellular pH environments by SMPD1 and
SMPD2/3, respectively*>~*, we measured SMase activity in neutral (pH 7.5) and acidic (pH 5.0) environments for
SMPD2/3 and SMPDI, respectively. Our data show that avicin G at >5nM significantly inhibited conversion of
SM to Cer in the neutral pH environment in a dose-dependent manner, whereas the conversion was significantly
inhibited at >500nM in the acidic environment (Fig. 6B). These data suggest that avicin G inhibits activities of
neutral and acid SMases with a greater potency towards neutral SMases. A lipidomic analysis of whole cells fur-
ther reveals that the level of most SM species was elevated after avicin G treatment (Fig. 6C,D), consistent with
the increased SMase activity assay. Intriguingly, the lipidomic analysis also shows elevated levels of most species
of PtdSer and Cer in avicin G-treated cells (Fig. 6C,D). Taken together, these data indicate that avicin G disrupts
SM distribution and elevates cellular SM contents by inhibiting SMases.

Avicin G disrupts cellular localization of SMases and lysosomal activity. To further characterize the
effect of avicin G on SMases, we examined the cellular localization and protein expression levels of SMPD1, 2,
and 3 after avicin G treatment. MDCK cells stably expressing mGFP-tagged SMPD1, SMPD2 or SMPD3 were
treated with avicin G for 48 h, and cells were either imaged in a confocal microscope or cell lysates were immu-
noblotted with an anti-GFP antibody. Our data show that lysosomal localization of SMPD1 in control cells* (indi-
cated with arrowheads) was disrupted in avicin G-treated cells (Fig. 7A). While SMPD2 was localized extensively at
endomembranes in control cells*, avicin G treatment accumulated SMPD2 in vesicular structures (indicated with
arrowheads) (Fig. 7A). Avicin G treatment did not disrupt the PM localization SMPD3*. Furthermore, immu-
noblotting shows that SMPD1-mGFP expression level was significantly reduced at >500nM of avicin G, whereas
SMPD2-mGFP level was significantly increased at >10nM (Fig. 7B,C and S8). SMPD3-mGFP expression was not
changed. (Fig. 7B,C). These data indicate that avicin G dysregulates the expression levels of SMPD1 and SMPD2
with a greater potency towards SMPD2, consistent with our SMase activity data (Fig. 7B). Taken together with
SMase activity and lipidomics data in Fig. 6, our data suggest that avicin G perturbs cellular localizations and protein
expressions of SMPD1 and 2, resulting in disrupted activities of SMPD1 and 2, and elevated cellular SM content.

We showed that avicin G disrupts the lysosomal localization of SMPD1 (Fig. 7A) and cholesterol distribution
(Fig. 3B,D), which is regulated by Niemann-Pick C1 and 2 proteins at the lysosome®'. Also, K-Ras expression
level is elevated (Fig. 4C) and K-Ras is accumulated in the lysosome in avicin G-treated cells (Fig. 2C), where
it is degraded®?. We further showed that the total number and size of LAMP1-decorated vesicles are elevated in
avicin G-treated cells (Fig. 2G,H), an indicator of lysosomal dysfunction by progressive accumulation of undi-
gested materials®. Taken together, these data suggest that avicin G perturbs the lysosomal activity. To test this, we
measured the lysosomal pH in avicin G-treated cells. Briefly, WT MDCK cells were treated with avicin G for 48 h
in the presence of Lysosensor Yellow/Blue dextran, a fluorescent pH indicator, which has a predominantly yellow
fluorescence in acidic organelles and blue fluorescence in less acidic organelles. After avicin G treatment, the ratio
of 452nm/521 nm emission was calculated, and pH values were determined from the standard curve generated
by pH calibration samples (Fig. 7D). Our data show that avicin G treatment significantly increased pH values
from 3.7 to 5.7 in a dose-dependent manner (Fig. 7E), suggesting avicin G elevates the lysosomal pH level. The
acidic pH of lysosomal lumen provides favorable conditions for enzymatic hydrolyses, and efficient cargo sorting
along recycling and degradative pathways®*°. Taken together with these studies, our data indicate that avicin G
perturbs the lysosomal activity by elevating lysosomal pH.

Avicin G inhibits the endocytic recycling of epidermal growth factor receptor. A recent study
reported that a small synthetic molecule, GO1 mislocalizes K-Ras and PtdSer from the PM, and that it also
perturbs cellular distribution of SM and elevates levels of SM and Cer?, consistent with the effects of avicin G.
Furthermore, G01 disrupts endosomal recycling epidermal growth factor receptor (EGFR) and transferrin recep-
tor’. We therefore, examined whether avicin G dysregulates the endosomal recycling of EGFR. Chinese hamster
ovary (CHO) cells, which have undetectable EGFR under the basal condition® were generated to stably express
EGFR-mGFP and treated with avicin G for 48 h. Cells were then serum-starved and pulse-labeled with EGF for
15 min, followed by confocal microscopy at the indicated time points. In control cells, EGFR-mGFP was predom-
inantly localized to the PM at 0 min followed by rapid endocytosis at 15 min. EGFR-mGFP returned to the PM
after 45 min (indicated by closed arrowheads in Fig. 7F). In avicin G-treated cells, EGFR-mGFP was endocytosed
at 15min from the PM, but it was predominantly accumulated in the perinuclear region after 45 min (indicated
by open arrowheads in Fig. 7F). The endocytic recycling compartment is a series of perinuclear tubular and
vesicular membranes that are often localized near the microtubule-organizing center at the perinuclear region®’,
and perturbation of recycling endosome (RE) exit of endocytosed proteins results in protein accumulation at the
perinuclear region®®. Taking our data together with these studies, it suggests that avicin G inhibits the endocytic
recycling of EGFR by inhibiting the exit of EGFR from the RE.
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Figure 8. Neutral SMase inhibitors mislocalize K-Ras and PtdSer from the PM and inhibits K-Ras signal
output. (A) MDCK cells stably co-expressing mCherry-CAAX and mGFP-K-RasG12V or -LactC2 were treated
with 20 pM GW4869 or altenusin for 48 h. Cells were fixed with 4% PFA and imaged in a confocal microscope.
DMSO was used as a vehicle control. Inserted values represent an estimated mean fraction of mCherry-

CAAX co-localizing with mGFP-K-RasG12V or -LactC2 by Manders coefficient from three independent
experiments. Shown are representative mGFP-K-RasG12V and -LactC2 images. Scale bar 10 pm. (B) Cell
lysates of MDCK cells stably expressing mGFP-K-RasG12V treated with 20 pM GW4869 or altenusin for 48h
were immunoblotted for phosphorylated ERK and Akt (S473). Values indicate mean ppERK or pAkt &= S.E.M.
from three independent experiments. Cropped representative blots are shown with total ERK and Akt blots as
loading controls. Full-length blots are shown in Fig. S9.
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Neutral sphingomyelinase inhibitors disrupt K-Ras PM localization and its signaling. We
showed that avicin G is a potent inhibitor of neutral SMases (Fig. 6B) and inhibits oncogenic K-Ras signaling
(Fig. 4). To examine whether neutral SMases can be a target for blocking oncogenic K-Ras signaling, we tested
neutral SMase inhibitors for the PM localization of K-Ras and PtdSer and K-Ras signal output. MDCK cells stably
co-expressing mCherry-CAAX with mGFP-K-RasG12V or -LactC2 were treated with GW4869 or altenusin for
48h, and images were taken in a confocal microscope. Our data show that neutral SMase inhibitors mislocalized
K-Ras and LactC2 from the PM (Fig. 8A). Furthermore, these inhibitors blocked phosphorylation of ERK and
Akt in MDCK cells stably expressing mGFP-K-RasG12V (Fig. 8B and S9). Taken together, these data indicate
that neutral SMases can be a tractable target for disrupting oncogenic K-Ras PM interaction and signal output.

Discussion

Avicins, a family of natural plant-derived triterpenoid saponins from Acacia victoriae have anti-cancer activ-
ities!®?122, but the exact molecular mechanism is not fully elucidated. Here, we identified that avicin G inhib-
its oncogenic Ras through depleting PtdSer and cholesterol contents from the inner leaflet of PM, which may
contribute to the anti-cancer activities of the avicin family. Ras proteins on the PM are spatially segregated into
nanoclusters that are essential for high-fidelity Ras signal transduction®, and PtdSer and cholesterol are impor-
tant components for nanoclustering of K-Ras and H-Ras, respectively!”**>°. We show that avicin G depletes PM
PtdSer and cholesterol contents, which mislocalize K-Ras from the PM and perturb nanoclustering of oncogenic
K- and H-Ras. This in turn, abrogates oncogenic Ras signal output. Furthermore, avicin G inhibits the growth
of K-Ras-addicted PDAC and NSCLC cells in which oncogenic K-Ras activity is essential for their growth and
survival*"*2, Taken together, our data demonstrate that avicin G could be a tractable anti-Ras inhibitor.

We also show that restoring K-RasG12V PM binding and nanoclustering by PtdSer supplementation in
avicin G-treated K-Ras-transformed cells do not reactivate MAPK signaling, while cholesterol supplementation
restores H-RasG12V spatial organization and reactivate MAPK signaling in avicin G-treated H-Ras-transformed
cells. Our study further indicates that avicin G disrupts lysosomal activity, which is important for growth of
K-Ras-driven cancer cells®-%. Also, oncogenic mutant K-Ras stimulates macropinocytosis and autophagy, pro-
cesses that require lysosomal fusion to provide an energy source®®, and perturbing autophagy reduces ERK
phosphorylation®. Taking our data together with these studies, we propose that avicin G dysregulates lysosomal
activity by elevating lysosomal pH, resulting in perturbed autophagosome/lysosome fusion and thereby, abrogat-
ing ERK phosphorylation. This in turn, concomitant with the perturbed K-RasG12V PM binding and nanoclus-
tering, inhibits oncogenic K-Ras signaling and the growth of K-Ras-addicted cancer cells.

We further demonstrate that avicin G is a potent SMase inhibitor. There are three well-studied SMases: SMPD1
(acid SMase), and SMPD 2 and 3 (neutral SMases). Avicin G inhibits the activities of acid and neutral SMases with
a greater potency towards neutral SMases (Fig. 6B). One mechanism for avicin G-mediated SMPD1 inhibition
is likely through perturbed lysosomal activity. It is unclear whether aberrant lysosomal activity by avicin G can
account for the altered SMPD2 activity, localization and expression level.

RE is involved in maintaining K-Ras at the PM. K-Ras endocytosed from the PM is continuously seques-
tered from endomembranes by a chaperone protein, phosphodiesterase 66 (PDE 66), and released to perinuclear
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membranes by an Arl2/3-dependent manner. The negative charge on the RE membranes then electrostatically
traps K-Ras, from where vesicular transport returns K-Ras to the PM®%7, RE is enriched with cholesterol, SM and
PtdSer®®®, and treating cells with sphingolipids blocks endosomal recycling of glucose transporter 1 and trans-
ferrin receptor’®. Also, perturbed SM metabolism mislocalizes K-Ras and PtdSer from the PM with disrupted
recycling endosomal activity®!>!443. We show that avicin G elevates cellular SM content and perturbs distribution
of SM, PtdSer and cholesterol (Figs. 3 and 6) while it disrupts endosomal recycling of EGFR (Fig. 7). Taking our
data together with these studies, we propose that increased cellular SM levels by avicin G alters SM content at the
RE, resulting in aberrant recycling endosomal activity. This in turn, blocks PM PtdSer replenishment through
RE, resulting in PtdSer depletion from the PM, which consequently mislocalizes K-Ras from the PM and abro-
gates K-Ras nanoclustering and its signal output. The aberrant recycling endosomal activity could further reduce
PtdSer content at the RE, which disrupts the PDE60/RE trafficking machinery of K-Ras, further contributing to
the disrupted K-Ras PM binding, nanoclustering and signaling.

Our lipidomic analysis reveals that avicin G increases cellular contents of SM, Cer and PtdSer (Fig. 6). It is
unclear how SMase inhibition by avicin G elevates cellular PtdSer content. During endocytosis, PM PtdSer enters
the sorting endosomes and is either recycled to the PM or delivered to lysosomes for its degradation by phospho-
lipases'®. Since avicin G is suggested to block lysosomal activity by altering lysosomal pH (Fig. 7), we speculate
that avicin G blocks the lysosomal degradation of PtdSer, resulting in elevated PtdSer content. A previous study
reported that chronic inhibition of acid SMase elevates SM and Cer'?, consistent with our observation. We specu-
late that chronic inhibition of SMases may stimulate Cer production to overcome the initial Cer loss.

In sum, our study identifies avicin G as a potent acid and neutral SMase inhibitor. It also inhibits oncogenic
K- and H-Ras signaling by attenuating PM PtdSer and cholesterol contents, respectively, at the PM, suggesting
that avicin G can be a tractable anti-Ras inhibitor. Our data further show that neutral SMases can be a feasible
target for developing anti-K-Ras therapeutics.

Method and Material

Plasmids and reagents. The following antibodies used to measure Ras signaling were purchased from Cell
Signaling Technology (Danvers, MA): pAkt (Ser473) (D9E) XP (Cat#4060), total Akt (pan) (40D4) (Cat#2920),
p-p44/42 MAPK (Erk1/2) (Thr202/Tyr204) (D13.14.4E) XP (Cat#4370) and p44/42 MAPK (Erk1/2) (L34F12)
(Cat#4696). The following antibodies used to measure housekeeping genes were purchased from Proteintech
Group (Rosemont, IL): 3-actin (Cat#60008-1-1g) and GFP-tag (Cat#66002-1-1g; clone #1E10H7). cDNA of
human SMPD1 (GenScript, Cat# OHul8710D), SMPD2 (GenScript, Cat# OHu30447D) and SMPD3 (Sino
Biological, Cat# HG15755-G) were cloned into GFP-N1 vector. CellLight Lysosomes-RFP (Cat#C10597), Early
endosomes-RFP (Cat#C10587), Late Endosomes-RFP (Cat#C10589), Golgi-RFP (Cat#10593), Mitochondria-
RFP (Cat#C10601) and ER-tracker (E34250) were purchased from Invitrogen. Altenusin (Cat#SML2193) and
GW4869 (Cat#567715) were purchased from MilliporeSigma. Avicin compounds were provided in collaboration
with Dr. Jordan Gutterman (MD Anderson Cancer Center; Houston, TX).

Cell culture. Madin-Darby canine kidney (MDCK) and baby hamster kidney (BHK) cells were maintained
in Dulbecco’s modified eagle medium (DMEM, Cat#10569-010; Gibco). Human non-small cell lung cancer
cells (NSCLCs): H1299, H23, A549, H358, and H441 were all maintained in RPMI-1640 (Cat#30-2001; ATCC).
Human pancreatic ductal adenocarcinoma cells (PDACs): BxPC3, AsPC-1 and Panc 10.05 were maintained in
RPMI-1640, MiaPaCa-2 and PANC-1 were maintained in DMEM and HPAF-II were maintained in EMEM
(Cat#20-200; ATCC). All cancer cell lines were maintained in media supplemented with 10% FBS (Cat#16000-
044; Gibco) and 2mM L-glutamine (Cat#CA009-010; GenDEPOT). Cells were routinely tested for mycoplasma
(Cat#LT07-710; MycoAlert PLUS Mycoplasma Detection Kit; Lonza; Rockland, ME). All cell lines were main-
tained in 37 °C incubator with 5% CO, injection.

Western blotting. Preparation of cell lysates and immunoblotting were performed as described previously”'.
Briefly, cells were washed twice with ice-cold 1x phosphate-buffered saline (PBS). Cells were harvested in lysis
buffer B containing 50 mM Tris-Cl (pH 7.5), 75 mM NaCl, 25mM NaF, 5mM MgCl,, 5mM EGTA, 1 mM DTT,
100 uM NaVO,, 1% NP-40 plus protease and phosphatase inhibitors. SDS-PAGE and immunoblotting were gen-
erally performed using 20-25 pg of lysate from each sample group. Signals were detected by enhanced chemilu-
minescence (Cat# 34578 and 34075, Thermo Fisher Scientific) and imaged using an Amersham Imager 600 (GE
Healthcare). Image] software (v1.52) was used to quantitate band intensity.

Lysenin staining. A maltose binding protein (MBP)-GFP-lysenin fragment (amino acid residues 161
to 297) was purified as previously described*. WT MDCK cells were fixed with 4% PFA for 30 min, and per-
meabilized with 0.05% saponin for 30 min at room temperature (RT), followed by labeling with (15 pg/mL)
MBP-GFP-lysenin for 15min at RT. Cells were then quenched with NH,CI (50 mM) in dark for 10 min, and fur-
ther labeled with DAPI (2.5 pg/mL) in dark for 10 min. Cells were imaged using a confocal microscope.

Counting LAMP1-decorated vesicles. Counting the total number of LAMP1-decorated vesicles and cat-
egorizing them by their sizes were performed using Analyze Particles function in Image] software (v1.52).

Proliferation assay. Non-small cell lung cancer cells (H1299, H23, A549, H358, H441) and pancreatic
ductal adenocarcinoma cells (BxPC3, AsPC-1, Panc10.05, MiaPaCa-2, HPAF-II, PANC-1) were plated at 1 x10*
onto a 96-well plate. Next day, cells were incubated with 1250 nM avicin G or DMSO (control) in 100 pL complete
growth media for 3 days. Fresh complete growth medium with the compound were replaced every 24 h. Cell pro-
liferation was assayed using CyQuant NF Cell Proliferation Assay Kit (Invitrogen, Cat#C35006) according to the
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manufacturer’s instructions. Plates were read using BioTek Synergy H1 microplate reader (excitation A\ =480 nm,
emission A=>530nm).

Lipidomic analysis. MDCK cells stably expressing mGFP-K-RasG12V were treated with 250 nM avicin G or
DMSO for 48h. Cells were collected in Dulbecco’s PBS (DPBS, Cat# 14190144, Invitrogen) and 4.5 x10° cells in
300 pL DPBS were prepared for lipidomics. Lipid extraction and analysis using electron spray ionization and MS/
MS were performed at Lipotype GmbH (Dresden, Germany), as described previously’>”*. 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 >5, an absolute abundance of at least 1 pmol, and
a signal intensity 5-fold higher than in corresponding blank samples were considered for further data analysis.
The abundance of lipids is presented as a heap map with log, scale, relative to control (DMSO-treated) cells, and
as pmol of lipids/cell.

Sphingomyelinase activity assay. The SMase activity assay was performed with Amplex Red SMase
Assay Kit (A12220, Invitrogen) as described previously'. Briefly for the neutral SMase assay, 10 ug of whole-cell
lysates (at 1 pg/pl concentration) prepared in lysis buffer B without DTT was mixed with 40 pl of 1x reaction
buffer (0.5M Tris-HCI pH 7.4, 50 mM MgCl,), and loaded on a well of black 96-well plate. 50 pl of Amplex Red
reaction mixture (100 pM Amplex Red reagent, 2 U/ml horseradish peroxidase, 0.2 U/ml choline oxidase, 8 U/ml
alkaline phosphatase, and 0.5 mM sphingomyelin in 1x reaction buffer) was added to each well, and the plate was
incubated in dark at 37 °C for 60 min. The fluorescence was measured using BioTek Synergy H1 microplate reader
(excitation A =540 nm, emission A\=>590nm). 0.1 U/ml SMase and 1x reaction buffer were used as a positive and
a negative control, respectively. For the acid SMase assay, 10 pg of whole-cell lysates (at 1 pg/ul concentration)
prepared in lysis buffer B without DTT was mixed with 40 pl of low-pH buffer (50 mM sodium acetate, pH 5.0),
and loaded on a well of black 96- well plate. 5 jul of 5mM sphingomyelin was added to each well, and the plate was
incubated in dark in 37°C for 1 h. After the incubation, the pH was raised to 7.4 by adding 50 ul of Amplex Red
reaction mixture [100 pM Amplex Red reagent, 2 U/ml horseradish peroxidase, 0.2 U/ml choline oxidase, 8 U/
ml alkaline phosphatase in high-pH buffer (100 mM Tris-HCI, pH 8.0)]. The plate was further incubated in the
dark in 37 °C for 60 min, and the fluorescence was measured using BioTek Synergy H1 microplate reader (excita-
tion A =540 nm, emission A =590 nm). 0.1 U/ml SMase and low-pH buffer were used as a positive and negative
control, respectively.

Measuring lysosomal pH.  For a calibration curve, 1.56 x 10* WT MDCK cells were plated onto a 96-well
plate. Next day, cells were incubated with 1% vehicle (DMSO) and 100 pg Lysosensor Yellow/Blue dextran (25 g/
pL) (Cat#L22460, Invitrogen) in 100 pL complete growth medium. 48 h later, cells were washed twice with 1x PBS,
and incubated with the following MES ((2-(N-morpholino)ethanesulfonic acid) pH calibration curve buffers
(125mM KCl, 25 mM NaCl, 10 M monensin and 25 mM MES) for 15min at RT7%. pH was adjusted to the appro-
priate final pH (pH 2-6) using 1 N NaOH or 1 N HCI. The fluorescence was measured using BioTeck Synergy H1
microplate reader (ex. \=355nm and em. A =452 nm for CFP, and ex. A\ =381 nm and em. A\=>521 nm for YFP).
The ratio of 452nm / 521 nm was calculated and plotted against pH, and a best fit line was plotted using Microsoft
Excel software.

For measuring lysosomal pH, 1.56 x10* WT MDCK cells were plated onto a 96-well plate. Next day, cells were
incubated with 1% vehicle (DMSO) or various concentrations of avicin G with 100 ug Lysosensor Yellow/Blue
dextran (25pg/pL) in 100 uL complete growth medium. 48 h later, cells were washed twice with 1x PBS, and the
fluorescence was measured using BioTeck Synergy H1 microplate reader (ex. A =355nm and em. A\ =452 nm for
CFP, and ex. A =381 nm and em. A\ =521 nm for YFP). The ratio of 452 nm / 521 nm were used to determine the
lysosomal pH using the calibration graph.

Lipid supplementation. Lipids were prepared and supplemented to cells as described previously'22%. Briefly,
brain phosphatidylserine (PtdSer; 830032 C) and cholesterol (Chol; 700000, both from Avanti Polar Lipids) were
dried under a vacuum in a glass vial to remove the solvent, reconstituted in 2 mL serum-free growth medium
using a bath sonicator, and diluted with complete growth medium to a final concentration of 10 uM. Cells were
washed twice with 1x PBS and further incubated with the lipid for indicated time points at 37 °C in 5% CO,.

Electron microscopy (EM)-spatial analysis. EM-univariate spatial analysis. The univariate nanoclus-
tering analysis quantifies the extent of spatial segregation of a single species of immunogold-labeling on intact PM
sheets!””>7¢, Following DMSO vehicle control or 500 nM Avicin G treatment for 48 hours, Intact apical PM sheets
of BHK cells expressing a GFP-tagged RasG12V mutant, -LactC2 or -D4H were attached to copper EM grids.
The PM sheets were fixed with 4% paraformaldehyde (PFA) and 0.1% glutaraldehyde, then immunolabeled with
4.5-nm gold nanoparticles coupled with anti-GFP antibody and coated with uranyl acetate for negative-staining.
Transmission EM (TEM) at 100,000X magnification was used to image gold particles on the PM sheets. Image]
assigned the coordinates of every gold particle on a selected 1pum? area on intact PM sheet. Spatial distribution
of the gold particles was calculated the Ripley’s K-function. The null hypothesis of the K-function analysis is that
gold particles in the selected area are randomly distributed (Equations 1 and 2):7778

K(r) = An w1, — x, < 1)
i=j (1)
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L(r) —r= K(r) —r
™ (2)
where K(r) designates the univariate (single population) K-function for n gold particles in an area of A; risa
length scale (1 — 240 nm with an increment of 1nm); ||. || is Euclidean distance, for which 1() = 1 if ||x;-x;|| <

rand 1() = 0 if ||x;-x;|| > r. To correct a potential edge effect along the edges of the EM images, we draw a circle
with the center at x; and radius ||x;-x;||. The term w;~! defines the fraction of the circumference of the circle. L(r)
— ris alinear transformation of K(r), and is normalized against the 99% confidence interval (99% C.I.) estimated
from Monte Carlo simulations. A perfectly random distribution for all gold labeling is indicated by a L(r) - r value
of 0, while statistically significant nanoclustering is denoted by a L(r) - r value above the 99% C.I. of 1. For each
condition, > 15 PM sheets were analyzed and pooled, with the peak value on the L(r) - r function curve termed as
L,,.. to summarize optimal nanoclustering. To evaluate the potential statistical significance between the DMSO
vehicle control and the Avicin G treatment for each gold-labeled construct, our bootstrap tests compare experi-
mental point patterns with 1000 bootstrap samples'””>.

EM-Bivariate co-localization analysis. To quantify a potential co-clustering between GFP-tagged and
RFP-tagged proteins / peptides, we used the EM bivariate K-function co-localization analysis'”7>7¢. BHK cells
co-expressing GFP-H-RasG12V and RFP-tH were treated with either DMSO vehicle control or 500 nM Avicin
G for 48 hours. Intact apical PM sheets of these cells were attached to EM grids, fixed and then immunolabeled
with 2-nm gold linked to anti-RFP antibody and 6 nm gold conjugated to anti-GFP antibody, respectively. Image]
assigned X / Y coordinates of each gold nanoparticle, which were used in a bivariate K-function to calculate the
co-localization between 2-nm and 6-nm gold populations. The null hypothesis for this analysis is that the two
gold populations spatially segregate from each other. (Egs. 3-5):”

Ky (1) = (m, + 1) [mKy(r) + nKp(r)] (3)
Ky (r) = —iiw 1(x; — x; < r)
Ay — 1j=1 (4)
K = 2355 w10, - < )
My j— 1j=1 (5)
_ Kbiv(r) _
Ly (r) —r - ©

where K;,;,(r) denotes the bivariate estimator containing 2 individual bivariate K-functions: K (r) defines the
spatial distribution of all the big gold particles (b = 6-nm big gold) with respect to each small gold particle (s =
2-nm small gold); and K;,(r) depicts the spatial distribution of all the small gold with respect to each big gold. The
value of 1, is the number of big gold particles and #, is the number of small gold in a PM area of A. Other param-
eters follow the same denotation as described in the univariate K-function analysis (Equations 1 and 2). Ly;,(r)-r
is a linear transformation of Kj;,(r), and is then normalized against the 95% confidence interval (95% C.I.). An
Ly, (r)-r value of 0 denotes spatial separation between 2-nm/6-nm gold particles, while an Ly;,(r)-r value above the
95% C.I of 1 indicates statistically significant co-localization. Area under each L;;,(r)-r curve within a fixed range
10 < r<110nm was then integrated to yield a parameter of bivariate L, (r)-r integrated (or LBI):

110
LBI = [ 7 Std Ly (1) ~ 1. dr
o S Ll )
For each DMSO/Avicin treatment, at least 15 apical PM sheets were analyzed and pooled. Statistical sig-
nificance between DMSO vehicle and Avicin treatment was gauged by comparing experimental point patterns
against 1000 bootstrap samples as described above!””°.

Confocal microscopy. Cells were grown on coverslips and fixed with 4% paraformaldehyde, followed by
50 mM NH,Cl treatment, and imaged by confocal microscopy (Olympus FV1000) using a 60x objective.

Statistical analysis. Prism (v8.0, GraphPad Software) was used for one-way ANOVA tests, Student’s ¢ tests
and Mann-Whitney U tests.
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