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HRAS-driven cancer cells are vulnerable to
TRPML1 inhibition
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Abstract

By serving as intermediaries between cellular metabolism and the
bioenergetic demands of proliferation, endolysosomes allow cancer
cells to thrive under normally detrimental conditions. Here, we
show that an endolysosomal TRP channel, TRPML1, is necessary for
the proliferation of cancer cells that bear activating mutations in
HRAS. Expression of MCOLN1, which encodes TRPML1, is signifi-
cantly elevated in HRAS-positive tumors and inversely correlated
with patient prognosis. Concordantly, MCOLN1 knockdown or
TRPML1 inhibition selectively reduces the proliferation of cancer
cells that express oncogenic, but not wild-type, HRAS. Mechanisti-
cally, TRPML1 maintains oncogenic HRAS in signaling-competent
nanoclusters at the plasma membrane by mediating cholesterol
de-esterification and transport. TRPML1 inhibition disrupts the
distribution and levels of cholesterol and thereby attenuates HRAS
nanoclustering and plasma membrane abundance, ERK phosphory-
lation, and cell proliferation. These findings reveal a selective
vulnerability of HRAS-driven cancers to TRPML1 inhibition, which
may be leveraged as an actionable therapeutic strategy.
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Introduction

Mutated RAS oncogenes, which represent leading causes of cancer

[1], encode constitutively active small G proteins that are currently

beyond the reach of direct pharmacological inhibition. Although

inhibition of downstream effectors—BRAF, MEK, or ERK—has been

met with some success, efficacy of these strategies is limited by

factors such as ubiquity of MEK–ERK signaling, propensity for

acquired resistance, and myriad feedback loops associated with

unremitting RAS activity [1]. Pharmacological inhibition of BRAF,

for example, induces paradoxical activation of RAS–ERK signaling

and the undesirable potentiation of cell proliferation [2]. Alterna-

tively, development of resistance to RAF or MEK inhibition due to

somatic mutations and/or gene amplifications can reinstate ERK

activation and tumorigenesis [3].

An approach to overcome these obstacles involves the identifi-

cation and disruption of ancillary cellular processes that are selec-

tively upregulated in RAS-driven cancers. This strategy may reveal

potential vulnerabilities that can be exploited to mitigate oncogene-

sis. For example, molecular mechanisms that permit cancer-specific

reorganization of cellular metabolism constitute pathways that could

be targeted to deter tumorigenesis with exquisite sensitivity and

specificity [4–6]. In this context, components of the autophagic and

endolysosomal system represent actionable targets [7–11]. Indeed,

arresting autophagy and lysosomal degradation via dissipation of the

endolysosomal pH gradient using chloroquine is beneficial in some

preclinical cancer models, although it is not clear whether the sensi-

tivity to chloroquine correlates with RASmutations [12,13].

In order to prevent unintended potential side effects of blanketed

endolysosomal ablation, we reasoned that a cogent strategy to miti-

gate tumorigenesis would involve the prior determination of the

endolysosomal proteins that contribute to disease. To this end, we

examined the patterns of endolysosomal gene expression in HRAS-

driven tumors. We found that tumors with oncogenic HRAS muta-

tions exhibit a gene expression signature that reflects increased

endolysosomal biogenesis via the Mitf/Tfe3/Tfeb-family of tran-

scription factors [14–17]. Importantly, the gene encoding an

endolysosomal cation channel, MCOLN1, was a core element of this

transcriptional program. We found that oncogenic HRAS-expressing
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cancer cells were vulnerable to TRPML1 inhibition or MCOLN1

knockdown. Investigation of the underlying mechanisms revealed a

role for TRPML1 in the maintenance of plasma membrane cholesterol

levels. The mislocalization of plasma membrane cholesterol following

inhibition of TRPML1 deterred HRASG12V-driven ERK activation.

These studies underscore the utility of a systems approach to identify

disease-specific endolysosomal proteins, and raise the possibility that

targeting the function of TRPML1 could limit the growth of cancers

driven by oncogenic HRAS.

Results

The endolysosomal gene expression signature in tumors bearing
oncogenic HRAS mutations suggests a role for MCOLN1

Cancers of the bladder, head and neck region, and thyroid exhibit a

propensity for activating mutations in HRAS [18–20]. Our examina-

tion of TCGA datasets revealed that cancers with the highest fraction

of HRAS mutations at codons 12, 13, 61, and 117 were bladder

urothelial carcinoma (BLCA), head and neck squamous cell carci-

noma (HNSC), and thyroid carcinoma (THCA) (~60% of patients

with oncogenic HRAS mutations presented with one of these 3

diseases). We asked whether gene expression patterns indicative of

endolysosomal biogenesis are apparent in these HRAS-driven

tumors. We focused our attention on 210 genes that encode a broad

spectrum of endolysosomal proteins including hydrolytic enzymes,

subunits of the V-ATPase complex, ion channels, transporters, regu-

lators of vesicle trafficking, and components of autophagy/mTOR-

related metabolic processes. RNA-seq analyses of HNSC, BLCA, and

THCA tumors and matched normal tissues revealed a gene expres-

sion signature comprised of 72 significantly upregulated genes, 61

significantly downregulated genes, and 77 genes whose expression

did not change significantly (Fig 1A). Upregulated genes included

MCOLN1, which encodes a PI(3,5)P2-activated endolysosomal Ca2+

channel called TRPML1 [21]. Also upregulated was VAC14, whose

protein product is part of an enzyme complex required for PI(3,5)P2

synthesis (Fig 1A, inset) [21,22]. Mirroring the increase in VAC14

expression, expression of MTM1, which encodes a lipid phosphatase

that breaks down PI(3,5)P2 (Fig 1A, inset) [23], was decreased in

HRAS tumors (Fig 1A; yellow circle). Thus, HRAS transformed

tumors demonstrate a juxtaposition of elevated MCOLN1 expression

and a possible shift in the dynamics of PI(3)P–PI(3,5)P2 inter-

conversion toward synthesis of PI(3,5)P2—the endosomal phospho-

inositide that activates TRPML1.

Analysis of endolysosomal gene expression reveals underlying
regulatory mechanisms and implicates MCOLN1 as an actionable
hub in HRAS tumors

Unsupervised hierarchical clustering of the pairwise correlations of

gene expression revealed four major clusters of coregulated genes

(Fig 1B and Appendix Fig S1). Average Z-scores indicated increased

expression of genes belonging to clusters 1 and 3 and repression of

genes belonging to cluster 4 (Fig 1C). VAC14 and MCOLN1 belonged

to clusters 1 and 3, respectively, whereas MTM1 belonged to cluster

4. These data suggest coordinated patterns of endolysosomal gene

expression in tumors bearing oncogenic mutations in HRAS. This

insight led us to focus on the Mitf/Tfe3/Tfeb transcription factors,

which drive en masse expression of endolysosomal genes that

belong to the “Coordinated Lysosomal Expression and Regulation”

(CLEAR) family [14–17]. Gene set enrichment analysis (GSEA) [24]

of the endolysosomal gene expression signature revealed enriched

expression of CLEAR targets in HRAS-driven tumors (Fig 1D). In

agreement with these bioinformatic analyses, RT-qPCR revealed that

expression of MITF, TFEB, and TFE3 is elevated in oncogenic HRAS-

positive HN31 oral cancer cells [25] in comparison with HN31 cells

stably expressing an shRNA against HRAS (Fig 1E). Using previ-

ously validated antibodies [26], we found that protein levels of Tfeb

were also elevated in HN31 cells compared to the variants stably

expressing HRAS shRNA (Fig 1F). Furthermore, expression of the

CLEAR target genes—MCOLN1, CTSA, CTSD, VAC14, LAMP1, and

GBA—was significantly elevated in an HRAS-dependent manner

(Fig 1G). Concordantly, knockdown of MITF or TFEB decreased the

▸Figure 1. BLCA, HNSC, and THCA tumors bearing oncogenic HRAS mutations exhibit upregulation of the CLEAR endolysosomal gene network.

A Plot showing the average Z-scores of 210 endolysosomal genes plotted against the negative log10 of the P-values from the one-sample t-test of whether average
Z-score 6¼ 0. Green circles represent significantly upregulated genes (Z > 0 and P < 0.05). Magenta circles represent significantly downregulated genes (Z < 0 and
P < 0.05). Gray circles represent genes whose expression is not significantly changed (P > 0.05). All comparisons were between cancers and normal cells from the
same tissue. Dashed line shows position on y-axis that corresponds to P = 0.05. Positions of MCOLN1 (red circle), VAC14 (blue circle), and MTM1 (yellow circle) are
indicated. Inset, schematic showing that Mtm1 and Vac14 regulate the levels of PI(3,5)P2 and, thereby, influence TRPML1 activity.

B Unsupervised hierarchical clustering of Pearson’s coefficients of pairwise correlation of gene expression reveals 4 indicated clusters.
C Violin plots of average Z-scores of genes that belong to the four clusters derived from hierarchical clustering. The thick horizontal dashed lines in each sample set

represent median; thin dashed lines represent the quartiles; polygons represent density estimates of data and extend to extreme values. Statistical tests employed
were 1-sample t-test or Wilcoxon signed rank test to examine significance of differences from a hypothetical value of 0.

D GSEA conducted on endolysosomal genes ranked on the basis of increasing Z-scores. Positions of the CLEAR target genes are indicated.
E Bar graph showing the relative expression of the indicated genes in the indicated cell types. Values were normalized to respective “HN31 + HRAS shRNA” average and

represent mean � SEM. Data points represent values from biological replicates. Statistical test employed was Student’s t-test.
F Western blots performed on extracts isolated from the indicated cells probed with antibodies against Tfeb and tubulin. Molecular weights are shown on the left. Bar

graph shows relative Tfeb levels in the indicated samples. Values were normalized to “HN31 + HRAS shRNA” and represent mean � SEM. Data points represent
values from biological replicates. Statistical test employed was Student’s t-test.

G Bar graph showing the relative expression of the indicated genes in the indicated cell types. Values were normalized to respective “HN31 + HRAS shRNA” average and
represent mean � SEM. Data points represent values from biological replicates. Statistical test employed was Student’s t-test.

H “Attribute circle layout” generated from Pearson’s coefficients of pairwise correlation of gene expression using CytoScape. Decreasing node size (clockwise from
MCOLN1) reflects decreasing closeness centrality; node color represents degree (number of directed edges); edge color represents Pearson’s correlations.

I Bar graph showing the relative expression of MCOLN1 in the indicated cell types. Values were normalized to HT1197 average and represent mean � SEM. Data points
represent values from biological replicates. Statistical test employed was Student’s t-test.
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expression of these endolysosomal genes (Fig EV1A). These data

demonstrate HRAS-dependent upregulation endolysosomal genes

belonging to the CLEAR network.

Biological networks are comprised of sparsely distributed hubs

that exhibit disproportionately higher connectivity than other nodes

[27]. This architecture bestows robustness to networks since

stochastic failures naturally exhibit higher probabilities of impacting

the numerous outlying nodes rather than the relatively few hubs.

However, focused attacks on hubs can dismantle wide swaths of the

network. Based on this understanding, we reasoned that targeting

hubs of the endolysosomal gene expression network might impact

the growth of oncogenic HRAS-induced tumors. To test this idea, we

first constructed a network based on pairwise correlations of

endolysosomal gene expression in tumors bearing oncogenic HRAS

mutations. Measures of network centrality revealed that genes

belonging to the CLEAR network had higher overall centrality in the

network (Fig EV1B). Gene set enrichment analysis performed on

the endolysosomal gene set ranked on the basis of centrality scores

also pointed to enrichment of CLEAR targets in the centrally placed

genes of the network (Fig EV1C). MCOLN1 had the highest central-

ity score in the network and a concordantly high number of connec-

tions to other genes of the network (Fig 1H). These data suggest

that MCOLN1 is a central node (i.e., a hub) in the network of upreg-

ulated endolysosomal genes in HRAS-driven cancers.

Is the expression of MCOLN1 dependent on the presence of onco-

genic HRAS? To answer this question, we assessed MCOLN1 expres-

sion in T24 cells, which is a urinary tract cancer cell line with

naturally occurring HRASG12V mutation [28]. In comparison with a

bladder cancer cell line that is wild type for HRAS (HT1197 [29]),

T24 cells exhibited ~3× increase in MCOLN1 expression (Fig 1I).

Therefore, MCOLN1 expression in cancer cells is strongly correlated

with the presence of oncogenic HRAS.

Cancer cells with oncogenic HRAS demonstrate elevated
TRPML1 activity

To examine whether the increase in MCOLN1 expression has a func-

tional consequence on TRPML1 channel activity, we performed

Ca2+ imaging using fura-2 loaded HN31 cells. We evoked endolyso-

somal Ca2+ release by the sequential addition of the TRPML1

agonist, ML-SA1 [30], and the endolysosomolytic agent, glycyl-L-

phenylalanine-2-naphthylamide (GPN) [31] in the absence of bath

Ca2+ to ensure that entry from the extracellular medium did not

contribute to the observed Ca2+ transients (Fig 2A and B). In

comparison with cells stably expressing HRAS shRNA, peak ampli-

tudes of ML-SA1-induced cytosolic Ca2+ transients were signifi-

cantly larger in HN31 cells (Fig 2A–C and E). In contrast, peak

amplitudes of GPN-induced transients—evoked after the TRPML1

transients had subsided—were significantly smaller in HN31 cells

(Figs 2A, B, D and F). Consequently, ratios of amplitudes of the

transients evoked by ML-SA1 and GPN were significantly higher in

HN31 compared to cells stably expressing HRAS shRNA (Fig 2G).

The increase in TRPML1-mediated endolysosomal Ca2+ release in

HN31 cells was not a function of elevated endolysosomal Ca2+

content since the sums of the amplitudes of ML-SA1 and GPN tran-

sients—representative of the total endolysosomal [Ca2+]—were not

significantly different in HN31 and the HRAS shRNA-expressing

variants (Fig 2H). Together, these data indicate that HRAS-depen-

dent increase in MCOLN1 expression results in a proportional eleva-

tion of functional TRPML1 channels in HN31 cells (Fig 2I).

TRPML1 is required for the proliferation of cancer cells
expressing oncogenic HRAS

Treatment of HN31 cells with siRNAs against MITF or TFEB led to

significantly diminished cell proliferation (Fig EV2A) indicating a

requirement for the two transcription factors in tumorigenesis. To

examine the role of MCOLN1 expression, we generated HN31 cells

that stably express a control shRNA or two independent shRNAs

that decreased MCOLN1 expression (Fig EV2B). Compared to

untreated cells or cells that expressed control shRNA, cells that

expressed MCOLN1 shRNAs exhibited diminished proliferation

(Fig 3A). Furthermore, MCOLN1 siRNA, which decreased the

expression of the gene in HN31, T24, and HT1197 (Figs EV2B and

C), diminished the proliferation of HN31 and T24 cells but not

HT1197 cells (Fig 3A). The finding that proliferation of HT1197,

which are wild type for HRAS, was insensitive to MCOLN1 knock-

down is consistent with the notion that only the cancer cells with

oncogenic HRAS are vulnerable to MCOLN1 knockdown. Vac14

functions with the enzyme PIKfyve to synthesize PI(3,5)P2 and,

thereby, regulates TRPML1 activation [21,22]. Knockdown of

VAC14 using two independent shRNA constructs, which led to the

expected decrease in VAC14 mRNA (Fig EV2D), decreased the

proliferation of HN31 cells (Fig 3B).

▸Figure 2. TRPML1-mediated endolysosomal Ca2+ release in cancer cells with oncogenic HRAS.

A, B Graphs showing the changes in the fura-2 ratio in cells of the indicated genotypes in response to ML-SA1 and GPN. Arrows serve as event markers that denote the
points of time at which the drugs were added. Gray lines on top represent the time at which the bath Ca2+ was removed. All values represent mean � SEM from 3
biological replicates.

C Same as the data shown in (A) except that the baseline ratios for both genotypes were adjusted to 0 at the start of the experiment. Lines on the right indicate peak
amplitudes of Ca2+ release in response to the application of ML-SA1. All values represent mean � SEM from three biological replicates.

D Same as (C) except that Ca2+ release was evoked using GPN.
E, F Peak amplitudes of Ca2+ release in cells of the indicated genotypes in response to ML-SA1 (E) and GPN (F). All values represent mean � SEM. Data points represent

values from biological replicates. Statistical test employed was Student’s t-test.
G Ratio of the amplitudes of Ca2+ release in cells of the indicated genotypes in response to ML-SA1 and GPN. All values represent mean � SEM. Data points represent

values from biological replicates. Statistical test employed was Student’s t-test.
H Total Ca2+ release in cells of the indicated genotypes in response to ML-SA1 and GPN. All values represent mean � SEM. Data points represent values from

biological replicates. Statistical test employed was Student’s t-test.
I Schematic representation of the notion that an increase in the expression of MCOLN1 results in a proportional increase in ML-SA1-induced Ca2+ release in HN31

cells.
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Application of a pharmacological inhibitor of TRPML1 (ML-SI1)

[32] also significantly diminished proliferation of the HRASG12V

transformed oral cancer cells, UM-SCC-22A-HRASG12V (Figs 3C and

EV2E) [33]. In contrast, proliferation of UM-SCC-22A-HRASWT cells,

which express wild-type HRAS, was not affected by ML-SI1

application (Figs 3C and EV2E). Furthermore, application of ML-SI1

significantly attenuated the proliferation of HN31 and T24 cells but

not HT1197 or the cells that stably express HRAS shRNA (Figs 3C

and EV2E and F). The PIKfyve inhibitor, YM201636, which inhibits

PI(3,5)P2 synthesis and TRPML1 activation [34,35], also diminished
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the proliferation of UM-SCC-22A-HRASG12V and HN31 cells

(Fig EV2G). However, proliferation of cells that do not express

oncogenic HRAS was not affected by YM201636 (Fig EV2G). These

data indicate that proliferation of cancer cells expressing oncogenic,

but not wild-type, HRAS is vulnerable to TRPML1 inhibition.

Next, we performed the chick chorioallantoic membrane (CAM)

assay as an in vivo xenograft model [36,37] to examine the effects of

MCOLN1 knockdown and ML-SI1 application on the ability of HN31

cells to form tumors. CAM xenografts generated by growing human

cancer cells histologically resemble tumors grown in mouse xenograft

models [36,37]. These cost-effective, fast, and reproducible xenografts

can be used to examine cancer cell proliferation using Ki67-labeling as

an indicator and the influence of various drugs thereupon. In xeno-

grafts grown with HN31 cells expressing control shRNA, ~75% cancer

cell nuclei were Ki67-positive (Fig 3D and E). In contrast, only ~30%

of nuclei were Ki67-positive in xenografts grown with HN31 cells

stably expressing an shRNA against MCOLN1 (Fig 3D and E).

MCOLN1 knockdown also reduced the total number of cancer cells

per field (Figs 3D and E). Similarly, application of ML-SI1 significantly

decreased the fraction of Ki67-labeled nuclei (Appendix Fig S2A).

However, the total number of HN31 cells per field was not signifi-

cantly diminished in eggs treated with ML-SI1 (Appendix Fig S2B).

Since ML-SI1 was added 1 and 3 days after the initial implantation of

xenografts, our data suggest that subsequent attenuation of cell prolif-

eration was not sufficient to significantly decrease cell numbers. On

the other hand, implantation of HN31 stably expressing MCOLN1

shRNA likely proliferated slowly from the beginning, allowing for

significant decreases in both Ki67-labeled cells and total cell number.

Expression of HRASG12V, but not HRASWT, was sufficient to poten-

tiate MCOLN1 expression in UM-SCC-22A cells (Appendix Fig S2C).

Furthermore, knockdown of MCOLN1 did not alter the proliferation

of UM-SCC-22A-HRASWT cells (Fig 3F). These data demonstrated

reliable correlation between MCOLN1 expression and HRASG12V-

driven cancer cell proliferation. Notably, ectopic overexpression of

MCOLN1 in UM-SCC-22A-HRASWT was sufficient to enhance the rate

of cell proliferation (Fig 3F) indicating that MCOLN1 expression is

necessary and sufficient for potentiation of cancer cell proliferation.

MCOLN1 expression correlates with prognosis of BLCA and
HNSC patients

We asked whether the prognosis of cancer patients with tumors carry-

ing activating mutations in HRAS correlated withMCOLN1 expression.

In cases of BLCA and HNSC, stratifying patients with oncogenic HRAS

mutations into high and low MCOLN1 expressors revealed that lower

MCOLN1 expression correlated with significantly improved patient

survival (Fig 3G). In patients that were wild type for HRAS, however,

we found no correlation between MCOLN1 expression and patient

prognosis (Fig 3G). Consistent with the idea that MTM1 encodes a

lipid phosphatase that indirectly diminishes TRPML1 activity, higher

expression of MTM1 correlated with improved patient survival

(Appendix Fig S2D). Once again, in patients that were wild type for

HRAS, we observed no correlation between MTM1 expression and

patient prognosis (Appendix Fig S2D). Thus, patterns of gene expres-

sion predicted to favor elevated TRPML1 activity tracked with poorer

survival of BLCA and HNSC patients with oncogenic HRASmutations.

The prognosis of THCA patients was generally very good with very

few fatalities being associated with this disease (Appendix Fig S2E).

Accordingly,MCOLN1 expression was not related to survival in THCA

patients either with or without HRASmutations (Appendix Fig S2E).

TRPML2 and TRPML3 exhibit partial roles in the proliferation of
cancer cells with oncogenic HRAS

TRPML2 and TRPML3 (encoded by MCOLN2 and MCOLN3, respec-

tively) are TRPML1 paralogs, which heteromultimerize with

TRPML1 and potentially influence its function [38]. Since ML-SI1

partially inhibits the TRPML1 paralogs [32], we assessed the contri-

butions of TRPML2 and TRPML3 to HRAS-driven cancer cell prolifer-

ation. Neither MCOLN2 nor MCOLN3 were significantly altered in

BLCA, THCA, and HNSC with mutant HRAS (Fig EV3A), although

both genes were modestly upregulated in HN31 cells (Fig EV3B).

Consistent with the changes in gene expression, knockdown of either

MCOLN2 or MCOLN3 in HN31 cells led to slight (~10%) decreases in

cell proliferation (Fig EV3C and D). Simultaneous knockdown of

both MCOLN1 and MCOLN2, but not MCOLN1 and MCOLN3, addi-

tively attenuated HN31 cell proliferation, i.e., MCOLN2 shRNA

decreased the proliferation of cells with MCOLN1 knockdown by an

additional ~10% (Fig EV3D). These data suggest non-redundant

roles for TRPML1 and TRPML2 in cancer cell proliferation. Applica-

tion of ML-SI1 after MCOLN1 knockdown decreased cell proliferation

to the same extent as that induced by MCOLN2 shRNA (~10%),

which is consistent with the “pan TRPML” effects of the drug [32].

TRPML1 inhibition attenuated ERK phosphorylation in cells
expressing oncogenic HRAS

HRAS is a “molecular switch” that toggles between GTP or GDP-

bound states [39]. In the GTP bound state, HRAS potentiates mito-

genic pathways including the RAF–MEK–ERK kinase cascade.

◀ Figure 3. MCOLN1 expression is necessary and sufficient for proliferation of cells expressing oncogenic HRAS.

A–C Bar graphs showing the relative cell numbers in the indicated cell types following the indicated treatments. Cell numbers were assessed after a 48-h period of
growth in cultures seeded at equal densities. All values represent mean � SEM. Data points represent values from biological replicates. Statistical test employed
was pairwise Student’s t-tests with Bonferroni post hoc correction to account for multiple pairwise testing in (A) and (B).

D Representative images showing Ki67-labeling in xenografts generated from implantation of HN31 cells stably expressing control shRNA (left) or MCOLN1 shRNA
(right). Pseudocolored panels show the representative distribution Ki67 positive or negative nuclei. Scale bars shown (0.5 mm) apply to all panels.

E Bar graphs showing fraction (left) and total number (right) of Ki67 labeled nuclei in the indicated cell types. All values represent mean � SEM. Values in the bar
graph on the right were normalized to control mean. Data points represent values from independent eggs. Statistical test employed was Student’s t-test.

F Bar graphs showing the relative cell numbers in UMSCC-22A-HRASWT cells following the indicated perturbations. All values represent mean � SEM. Data points
represent values from biological replicates. Statistical test employed was Student’s t-test.

G Kaplan–Meier curves showing the survival of patients stratified on the basis of MCOLN1 expression in BLCA and HNSC patients whose tumors were wild type for
HRAS (right) or carried oncogenic HRAS mutations (left). Statistical test employed was the Mantel-Cox log-rank test.
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Oncogenic mutations promote the active HRAS configuration and,

thereby, evoke unrestricted ERK phosphorylation and cell prolifera-

tion. Indeed, stable overexpression of GFP-tagged HRASG12V in

Madin-Darby Canine Kidney (MDCK) cells was sufficient to increase

ERK phosphorylation (Fig 4A and B). ERK phosphorylation in HN31

cells was also dependent on oncogenic HRAS as evidenced by our

finding that knockdown of HRAS decreased the pERK/ERK ratio

(Fig 4C and E). Application of ML-SI1 significantly reduced the

pERK/ERK ratio, but only in those cells that expressed HRASG12V

(Fig 4A and B). The pERK/ERK ratio was not changed in control

MDCK cells in response to ML-SI1. These effects of ML-SI1 were not

due to alterations in the expression levels of GFP-HRASG12V

(Appendix Fig S3A–C). Knockdown of MCOLN1 in HN31 cells, but

not cells stably expressing HRAS shRNA, also decreased ERK phos-

phorylation (Fig 4C and E, and Appendix Fig S3D and E). In T24

cells, either MCOLN1 knockdown or application of ML-SI1

decreased ERK phosphorylation, whereas neither MCOLN1 knock-

down nor ML-SI1 influenced the pERK/ERK ratio in HT1197 cells,

which are wild type for HRAS (Fig 4D and F). Taken together, these

data demonstrate that pharmacological inhibition of TRPML1 or

MCOLN1 knockdown attenuated ERK phosphorylation in only those

cells that express oncogenic variants of HRAS.

Effects of oncogenic RAS on cell proliferation and ERK
phosphorylation is diminished in Drosophila lacking the
MCOLN1 ortholog

To further assess the relationship between RAS–ERK signaling and

TRPML1 expression, we utilized Drosophila lacking the sole

MCOLN1 ortholog, trpml [40], as a genetically tractable model. Loss

of fly trpml leads to phenotypes that are remarkably similar to those

observed in human cells lacking MCOLN1 [40]. Importantly, expres-

sion of human MCOLN1 suppressed mutant phenotypes when

expressed in trpml null flies (trpml1) [41]. We found that ectopic

expression of the activated variant of the fly RAS homolog

(dRasG12V) [42] in glia led to a significant increase in trpml expres-

sion (Fig 5A). Coexpression with GFP allowed us to detect dRasG12V-

induced proliferation of glial cells in the larval brain (Fig 5B).

Expression of dRasG12V and GFP in trpml1 glia led to a significantly

attenuated phenotype (Figs 5B and C). Quantification of the relative

volume of GFP-expressing cells in the larval brain indicated a ~25%

decrease in glial volume in trpml1 expressing dRasG12V (Fig 5C).

Next, we asked whether dRasG12V-induced ERK phosphorylation

is dependent on TRPML. Because the fraction of glial cells in the

larval brain is low (~10% of the cell in the larval brain are glia), we

examined ERK phosphorylation in larval macrophages and fat

bodies, which constitute abundant sources of readily accessible

cells. Expression of dRasG12V in larval macrophages led to increased

levels of tubulin, total ERK, and ERK phosphorylation (Fig 5D and E

and Appendix Fig S4), which is consistent with an increase in cell

proliferation. The pERK/tubulin ratio (~8× higher in dRasG12V-

expressing macrophages) and pERK/ERK ratio were significantly

attenuated in cells lacking trpml (Fig 5D and E, and Appendix Fig

S4). The pERK/tubulin and pERK/ERK ratios were statistically indis-

tinguishable in wild-type and trpml1 macrophages not expressing

dRasG12V (Fig 5D and E, and Appendix Fig S4).

Since flies do not express an HRAS-equivalent gene, we ectopi-

cally expressed human HRASG12V in Drosophila larval fat bodies—

an endocrine organ with features similar to human adipocytes and

liver. HRASG12V led to ~8× increase in ERK phosphorylation (Fig 5F

and G). These data demonstrate that activated human HRAS is able

to couple with the appropriate signaling cascade in fly tissues and

elicit ERK phosphorylation. As with dRasG12V, expression of human

HRASG12V in trpml1 tissues led to dramatically diminished ERK

phosphorylation (Fig 5F and G). Taken together, the data in flies

agree with our findings in human cancer cells and demonstrate an

evolutionarily conserved requirement for TRPML1 in RAS-induced

ERK phosphorylation and cell proliferation.

Inhibition of TRPML1 diminished clustering and localization of
HRASG12V at the plasma membrane

Activation of the RAF–MEK–ERK cascade depends on formation of

RAS nanoclusters at the plasma membrane [43,44]. Accordingly,

disruption of the clustering of oncogenic HRAS severely restricts

downstream ERK phosphorylation and, consequently, limits cell

proliferation. Given the effects of TRPML1 inhibition of ERK phos-

phorylation and cell proliferation, we used quantitative super-

resolution electron microscopy (EM) spatial analysis to examine

HRASG12V nanoclusters at the plasma membrane in response to ML-

SI1. We prepared intact basolateral plasma membrane sheets from

GFP-HRASG12V expressing cells that were attached on EM grids with

gold-conjugated anti-GFP antibodies (Fig 6A). Using transmission

EM at 100,000× magnification, we imaged gold labeling on the intact

plasma membrane sheets. Subsequently, we calculated the spatial

distribution of the gold-labeled GFP-HRASG12V within a 1 lm2 area

using the Ripley’s univariate K-function analysis as described [43].

The summary of the clustering data, Lmax, indicated a reduction in

the extent of HRASG12V nanoclustering in ML-SI1-treated cells

(Fig 6B). Furthermore, the number of gold particles within the

▸Figure 4. TRPML1 inhibition or MCOLN1 knockdown attenuated ERK phosphorylation in mammalian cells expressing activated HRAS.

A Representative Western blots generated using extracts from cells of expressing oncogenic HRAS and controls treated with ML-SI1 as indicated. The primary
antibodies used are indicated on the right.

B Bar graph showing quantification of the Western blots shown in (A). All values represent mean � SEM. Data points represent values from biological replicates.
Statistical test employed was Student’s t-test.

C, D Representative Western blots generated using extracts from the indicated cell types after the indicated perturbations. Primary antibodies used are indicated on the
right.

E Bar graph showing quantification of the Western blots in (C). All values represent mean � SEM. Data points represent values from biological replicates. Statistical
test employed was Student’s t-test.

F Bar graph showing quantification of the Western blots in (D). All values represent mean � SEM. Data points represent values from biological replicates. Statistical
tests employed were Student’s t-test and ANOVA.
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1 lm2 area—an estimate of the level of GFP-HRASG12V on the cell

surface—was significantly reduced in ML-SI1-treated cells (Fig 6C).

Lateral segregation of GTP- and GDP-bound HRAS depends on

the levels of plasma membrane cholesterol [45,46]. Interestingly,

nanoclustering of HRASG12V was significantly restored in ML-SI1-

treated cells upon addition of exogenous cholesterol (Fig 6B). In

contrast, addition of phosphatidylserine (PS), a major lipid consti-

tuent of the inner leaflet of the plasma membrane that is required

for KRASG12V clustering [47], did not restore the clustering of

HRASG12V (Fig 6B). Addition of exogenous cholesterol also restored

the plasma membrane localization of HRASG12V as evidenced by the

number of gold particles in the plasma membrane sheets (Fig 6C).

Knockdown of MCOLN1 also decreased both the clustering and

plasma membrane levels of GFP-HRASG12V (Figs 6D and E, and

EV4A). Furthermore, exogenously added cholesterol was sufficient

to elevate the clustering of GFP-HRASG12V in control cells and

prevented MCOLN1 knockdown from attenuating GFP-HRASG12V

clustering (Fig 6D). Application of a statin (20 lM Simvastatin) also

diminished GFP-HRASG12V clustering and levels at the plasma

membrane (Fig 6D and E), which demonstrates necessity for choles-

terol in HRASG12V clustering. Lastly, exogenous application of

cholesterol for 3 h was sufficient to ablate the differences in ERK

phosphorylation observed in HN31 cells that express MCOLN1

shRNA (Fig 6F and G). The cholesterol-induced increase in ERK

phosphorylation in control HN31 cells (Fig 6F and G) likely reflects

the increase in HRASG12V clustering evoked by exogenous choles-

terol (Fig 6D).

ML-SI1 and statin also decreased the nanoclustering of GFP-

HRASWT (Fig EV4B). Diminished GFP-HRASWT clustering in ML-SI1-

treated cells was fully restored by exogenous cholesterol (Fig EV4B).

Intriguingly, neither ML-SI1 nor statin influenced the levels of GFP-

HRASWT in the inner leaflet of the plasma membrane (Fig EV4C).

These data indicate that both the nanoclustering and optimal plasma

membrane localization of HRASG12V depend on TRPML1 (Fig 6H),

whereas only the clustering of wild-type HRAS was sensitive to

lowered TRPML1 function (Fig 6H). Given that both plasma

membrane localization and nanoclustering affect the signal output of

HRAS [48–50], the distinct effects of TRPML1 inhibition on

HRASG12V compared to HRASWT explain the selective vulnerability

of oncogenic HRAS-expressing cancer cells to TRPML1 inhibition.

To validate the necessity for cholesterol in HRASG12V-dependent

cell proliferation, we assessed the effects of cholesterol depletion on

HN31 cell proliferation. Consistent with critical roles for membrane

cholesterol in myriad cellular signaling events, proliferation of both

control HN31 cells and HN31 cells expressing HRAS shRNA was

diminished by b-cyclodextrin albeit with differing sensitivities

(Fig EV5A). Analyses of the dose sensitivities of b-cyclodextrin-
induced decrease in cell proliferation revealed that HN31 cells

expressing HRAS shRNA exhibited significantly higher repression

coefficient (Ki) values than control HN31 cells (Fig EV5B). Similarly,

proliferation of HN31 cells and the variants stably expressing HRAS

shRNA were diminished when the cells were grown in the presence

of different doses of statin (Fig EV5C), with HN31 cells expressing

HRAS shRNA ~2× higher Ki values (Fig EV5D). These data indicate

that cancer cells with oncogenic HRAS exhibited greater sensitivity

to cholesterol depletion and thus point to a necessary role for

cholesterol in the proliferation of those cells.

TRPML1 is required for processing and trafficking of cholesterol
in endolysosomes

Cholesterol trafficking is intimately coupled to endolysosomal func-

tion. Lysosomal proteins such as NPC1 and NPC2 have well-estab-

lished roles in cholesterol extrusion from endolysosomes [51]. Since

TRPML1 is required for the exocytosis of endosomal vesicles

(Fig 7A) [32,52,53], it stands to reason that TRPML1 mediates the

recycling of endolysosomal cholesterol back to the plasma

membrane (Fig 7A). Additionally, TRPML channels are required for

the fusion of late endosomes with lysosomes [54], which is neces-

sary for de-esterification of endocytosed cholesterol esters (Fig 7A).

Thus, we hypothesized that inhibition of TRPML1 would result in

diminished plasma membrane cholesterol levels stemming from

aberrant intracellular accumulation of cholesterol and inadequate

de-esterification of cholesterol esters.

Although neither ML-SI1 nor shRNA-mediated MCOLN1 knock-

down affected the levels of total cholesterol in HN31 cells (com-

prised of both free and esterified cholesterol) (Fig 7B), the fraction

of free cholesterol was significantly decreased in response to either

perturbation (Fig 7C). A decrease in free cholesterol without signifi-

cant changes in total cholesterol is consistent with diminished de-

esterification. Similarly, the fraction of free cholesterol was ~25%

lower in Drosophila brain tissues lacking trpml (Fig 7D). Thus,

TRPML proteins have an evolutionarily conserved role in choles-

terol de-esterification and maintenance of free cholesterol levels.

◀ Figure 5. Effects of oncogenic dRas on cell proliferation and ERK phosphorylation are attenuated in trpml-deficient Drosophila.

A Bar graph showing relative levels of trpml mRNA in Drosophila larval brain extracts from control animals and animals expressing dRasG12V in glia. All values represent
mean � SEM. Data points represent values from biological replicates. Statistical test employed was Student’s t-test.

B Representative images of Drosophila 3rd-instar larvae expressing the indicated transgenes in glial cells. repo-GAL4 was used to drive the expression of UAS-dRasG12V in
glia. Images shown are volumetric reconstructions of confocal stacks. The various anatomical structures of the larval brain are annotated. VNC refers to the “ventral
nerve chord”, which is distinct from dorsal hemispheres of the brain. GFP staining represents the total glial membranes in the larval brains. Scale bar, 100 lm.

C Bar graph showing relative glial cell volume in larvae of the indicated genotypes. All values represent mean � SEM. Data points represent values from biological
replicates. Statistical test employed was Student’s t-test.

D Representative Western blots generated using macrophage extracts isolated from 3rd-instar larvae of the indicated genotypes. He-GAL4 was used to drive the
expression of UAS-dRasG12V in macrophages. The primary antibodies used are indicated on the right.

E Bar graph showing quantification of the Western blots shown in (D). All values represent mean � SEM. Data points represent values from biological replicates.
Statistical test employed was Student’s t-test.

F Representative Western blots generated using fat-body extracts isolated from 3rd-instar larvae of the indicated genotypes. cg-GAL4 was used to drive the expression
of UAS-HRASG12V in larval fat bodies. The primary antibodies used are indicated on the right.

G Bar graph showing quantification of the Western blots shown in (F). All values represent mean � SEM. Data points represent values from biological replicates.
Statistical test employed was Student’s t-test.
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To assess subcellular distribution of cholesterol, we examined

the localization of a fluorescently tagged sensor of cholesterol,

mCherry-D4H [55]. As described previously [8], confocal imaging

of MDCK cells revealed that the majority of mCherry-D4H deco-

rated the plasma membrane of the cells (Fig 7E). However, within

24 h of ML-SI1 application, most of the mCherry-D4H signal relo-

cated to intracellular vesicles leading to a significant increase in

the number of intracellular mCherry-D4H puncta (Figs 7E and F).

We found that the mCherry-D4H puncta colocalized with endolyso-

somal membrane protein, LAMP1-GFP (Fig 7G), which indicates

that TRPML1 inhibition caused the cholesterol sensor to be trapped

in endolysosomes. In HN31 cells, we evaluated the distribution of

cholesterol using the cholesterol-binding polyene antibiotic, filipin

[56], as a fluorescent. We found that MCOLN1 knockdown led to

redistribution of filipin from the plasma membrane to intracellular

punctae (Fig 7H), which we quantified as an increase in the frac-

tion of cellular area stained with filipin (Fig 7I). ML-SI1 treatment

also led to the mislocalization of the recombinant sphingomyelin

sensor, GFP-lysenin [57], from the plasma membrane to internal

vesicles (Fig EV5E). Since sphingomyelin resides in cholesterol-

enriched microdomains, these data demonstrate that inhibition of

TRPML1 leads to the anomalous accumulation of cholesterol-laden

microdomains in endolysosomes. Taken together, these data

demonstrate that inhibition of TRPML1 leads to a redistribution of

cholesterol.

Concomitant with aberrant endolysosomal localization of

mCherry-D4H and GFP-lysenin, ML-SI1 treatment depleted these

markers from the plasma membrane (Figs 7E and EV5E). To

examine whether biophysical properties of the membrane in ML-

SI1-treated cells reflect the depletion of cholesterol from the

plasma membrane, we prepared giant plasma membrane vesicles

(GPMVs) [58] from control and ML-SI1-treated cells. Lipid consti-

tuents of GPMVs closely mimic those of the plasma membrane,

and phase separation of raft and non-raft markers in GPMVs

reflects the propensity for cholesterol-induced ordered domain

formation in mammalian membranes [59]. We found that GPMVs

isolated from ML-SI1-treated cells exhibited a decrease in the

phase separation temperature (miscibility temperature) in compar-

ison with GPMVs isolated from vehicle-treated cells (Figs 7J and

K). Since miscibility temperature is related to the lifetime of

membrane nanodomains and is regulated by cholesterol content

[60], our data indicate that TRPML1 inhibition significantly influ-

ences the physical properties of the plasma membrane via disrup-

tion of cholesterol content of the plasma membrane. Consistent

with this deduction, direct cholesterol depletion has a similar effect

of reducing the fraction of phase-separated GPMVs [60]. Further

supporting a role for cholesterol, we found that exogenous applica-

tion of cholesterol prevented the decrease in GPMV miscibility

temperature in ML-SI1-treated cells, whereas exogenous cholesterol

did not influence the miscibility temperature of GPMVs generated

from vehicle-treated cells (Fig 7J and K). These data indicate that

ML-SI1 treatment results in alteration of plasma membrane physi-

cal properties in a manner consistent with diminished cholesterol

levels in that compartment.

Discussion

Using a combination of bioinformatic analyses of human tumors

and experimental assessment of multiple cancer cell lines, we identi-

fied a gene expression signature in HRAS-positive tumors that points

to involvement of the Mitf/Tfe3/Tfeb transcription factors [14–

16,61]. Indeed, expression of MITF, TFEB, and TFE3 was elevated in

cells with oncogenic HRAS mutations. Concordantly, knockdown of

either MITF or TFEB led to a decrease in the proliferation of the

HN31 oral cancer cell line. These findings, which suggest partially

redundant functions of these transcription factors in cancer cell

proliferation, are in agreement with previous reports of Mitf/Tfe3/

Tfeb-induced endolysosomal biogenesis in potentiation of tumorige-

nesis [9,62].

How could we leverage this understanding to develop strategies to

mitigate the activation of these transcription factors in cancer? Since

drugs that directly block Mitf/Tfe3/Tfeb are not available, indirect

approaches via stimulation of mTORC1 or inhibition of calcineurin

to arrest nuclear import of these transcription factors [15,26,63]

could mitigate unremitting endolysosomal biogenesis. However,

cancer-related alterations preemptively decouple the nucleocytoplas-

mic transport of Mitf/Tfe3/Tfeb from mTORC1 [9], potentially

▸Figure 6. TRPML1 is required for nanoclustering and levels of HRASG12V at the plasma membrane.

A Schematic showing the methodology utilized for preparation of plasma membrane sheets from MDCK cells expressing GFP-HRASWT or GFP-HRASG12V. After
preparation of plasma membrane sheets, gold-conjugated antibodies are used to visualize clusters of GFP-tagged proteins in electron micrographs.

B Weighted mean univariate K-function curves of immunogold labeled GFP-HRASG12V under indicated conditions, n ≥ 15 for each condition. The gold point patterns
were analyzed with univariate K-functions expressed as L(r)-r. The bar graph on the right shows the peak value Lmax of the L(r)-r curve, which represents the extent
of GFP-HRASG12V nanoclustering. Values are normalized to DMSO average and represent mean � SEM (n ≥ 15 for each condition). Statistical significances of
differences were evaluated in bootstrap tests.

C Bar graph showing GFP-HRASG12V content in the inner leaflet of the plasma membrane is quantified as the number of gold particles per 1 lm2 region from electron
micrographs. Values are normalized to DMSO average and represent mean � SEM, n ≥ 15 for each condition. Statistical test employed was Student’s t-test with
Bonferroni post hoc correction to account for multiple pairwise comparisons.

D The extent of GFP-HRASG12V nanoclustering quantified by Lmax values in cells exposed to the indicated perturbations. Values are normalized to DMSO average and
represent mean � SEM (n ≥ 15 for each condition). Statistical significances of differences were evaluated in bootstrap tests.

E Same as (C) but in cells exposed to the indicated perturbations. Values shown are normalized to DMSO average.
F Representative Western blots generated using extracts from HN31 cells stably expressing the MCOLN1 shRNA. Samples treated with exogenous cholesterol for 3 h are

indicated at the bottom. Primary antibodies used are indicated on the right.
G Bar graph showing quantification of the Western blots in (F). All values represent mean � SEM. Data points represent values from biological replicates. Statistical

test employed was ANOVA.
H Schematic summarizing the effects of decreased TRPML1 activity on HRASWT and HRASG12V. Our data indicate that TRPML1 inhibition diminished HRASG12V

nanoclustering and plasma membrane levels. Addition of cholesterol restored these parameters. Only the nanoclustering of HRASWT was affected by ML-SI1.
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making the mTORC1–transcription factor axis less tractable. As an

alternative, one could specifically ablate the downstream genes that

encode agents of disease. In the case of pH-responsive endolysoso-

mal proteins, dissipation of vesicular acidity may mimic gene abla-

tion. The latter rationale has guided chemotherapeutic strategies

that espouse endolysosomal alkalinization using chloroquine [12].

However, since many endolysosomal proteins are pH sensitive,

neutralizing vesicular acidity could elicit unintended outcomes.

Targeting endolysosomal genes that are selectively upregulated

in a particular type of cancer might be an appropriately nuanced

strategy to suppress tumorigenesis. Since principal endolysosomal

culprits could vary between cancers, a priori knowledge of gene

expression profiles in different cancers would be needed. To test this

idea, we analyzed patterns of endolysosomal gene expression using

oncogenic HRAS-driven BLCA, HNSC, and THCA as a model.

Network analyses of overexpressed endolysosomal genes, many of

which are under the control of Mitf/Tfe3/Tfeb, pointed to an impor-

tant role for MCOLN1. Expression of oncogenic HRAS was both

necessary and sufficient for eliciting the MCOLN1 overexpression in

the human cancer cell lines we examined. Consistent with increased

MCOLN1 expression, TRPML1-mediated endolysosomal Ca2+

release was elevated in cancer cells with oncogenic HRAS mutations.

Interestingly, expression of the activated variant of Drosophila Ras

also led to increased expression of the MCOLN1 ortholog, trpml,

indicating an evolutionarily conserved role for RAS–ERK signaling

in the expression of TRPMLs. Furthermore, MCOLN1 knockdown

diminished the proliferation of cancer cells that expressed oncogenic

HRAS. Pharmacological inhibition of TRPML1—directly with ML-SI1

or indirectly by blocking PI(3,5)P2 synthesis—also restricted the

proliferation of human cancer cells carrying oncogenic HRAS muta-

tions. Increased cell proliferation and RAS–ERK signaling observed

in Drosophila cells expressing activated variants of dRas or human

HRAS were significantly attenuated in animals lacking the TRPML1

ortholog. Interestingly, ectopic overexpression of MCOLN1 in oral

cancer cells that were wild type for HRAS led to an increase in cell

proliferation, which raises the intriguing notion that oncogenic

HRAS drives cancer cell proliferation in part by upregulating

MCOLN1 expression.

Neither MCOLN1 knockdown nor TRPML1 inhibition affected the

proliferation of cells without oncogenic HRAS. We demonstrated the

selective vulnerability of HRAS-driven cancer cells to decreased

TRPML1 function in bioinformatic analyses of patient prognosis,

two separate oral cancer cell lines, and a bladder cancer cell line.

Stratification of HNSC and BLCA patients with oncogenic HRAS

mutations on the basis of MCOLN1 or MTM1 expression revealed

that higher MCOLN1 or lower MTM1 expression correlated with

poorer patient prognosis. The correlations between MCOLN1 and

MTM1 expression and patient survival were not observed in HNSC

or THCA patients that were wild type for HRAS.

From a mechanistic standpoint, we found that inhibition of

TRPML1 diminished the formation of HRASG12V nanoclusters and

the levels of the protein in the plasma membrane. Whereas

nanoclustering of the wild-type protein was also diminished upon

TRPML1 inhibition, we did not detect a decrease in the plasma

membrane levels of HRASWT by ML-SI1. Given that both plasma

membrane localization and nanoclustering affect the signal output

of HRAS [48–50], our data suggest that the selective loss of

HRASG12V from the plasma membrane underlies the specificity of

TRPML1 (please refer to model in Fig 6H). The effects of MCOLN1

knockdown or TRPML1 inhibition on HRASG12V clustering and

localization could be restored by the ectopic addition of choles-

terol. Indeed, inhibition of TRPML1 decreased cellular cholesterol

levels, especially at the plasma membrane, due to the combined

inhibition of cholesterol de-esterification and recycling of choles-

terol-laden endolysosomal vesicles back to the membrane. The

necessity for cholesterol in the proliferation was further demon-

strated by application of TRPML1-independent cholesterol deple-

tion agents.

▸Figure 7. TRPML1 inhibition results in diminished de-esterification and redistribution of cellular cholesterol.

A Schematic showing the role of TRPML1 in vesicular trafficking. TRPML1 is active in the membrane of late endosomes and facilitates fusion of these vesicles with
lysosomes or the plasma membrane. Channels delivered to the plasma membrane are redelivered to the late endosomes via endocytosis. Whereas delivery of
vesicles to the lysosomes is required for cholesterol de-esterification in that compartment, vesicular fusion with the plasma membrane is required for cholesterol
recycling.

B–D Bar graph showing the relative levels of total or free/total cholesterol in HN31 cell extracts exposed to the indicated perturbagens (B-C), or larval brain extracts
from animals of the indicated genotypes (D). Values represent mean � SEM. Data points represent values from biological replicates. Statistical tests employed were
Student’s t-test and ANOVA.

E Confocal images of MDCK cells expressing mCherry-D4H. Colocalization with the cortical actin (phalloidin) indicates that mCherry-D4H is predominantly localized
to the plasma membrane in DMSO treated cells. Within 24 h of ML-SI1 treatment, the mCherry-D4H redistributes to intracellular punctae. Although minimal
mCherry-D4H signal remained at the plasma membrane in ML-SI1-treated cells, the phalloidin signal (cortical actin) remained unchanged. Scale bar (10 lm)
shown in the panel on the top right applies to all panels.

F Bar graph showing quantification of mCherry-D4H punctae in DMSO or ML-SI1-treated cells. All values represent mean � SEM. Data points represent values from
biological replicates. Statistical test employed was Student’s t-test.

G Confocal images of MDCK cells expressing mCherry-D4H and LAMP1-GFP treated with ML-SI1. Scale bar (10 lm) shown in the panel on the top right applies to all
panels.

H Confocal images of control and MCOLN1 shRNA-expressing HN31 cells treated with the cholesterol sensor, filipin. Scale bar (10 lm) shown in the panel on the top
applies to both panels.

I Bar graph showing the quantification of the internalized filipin staining in HN31 cells after MCOLN1 knockdown. All values represent mean � SEM. Data points
represent values from biological replicates. Statistical test employed was Student’s t-test.

J Fraction of phase-separated GPMVs at the indicated temperatures. Colors of the lines indicate the treatment conditions of MDCK cells prior to generation of
GPMVs. Dashed vertical lines indicate the miscibility temperature of the indicated populations of GPMVs. Values shown represent mean � SEM. Lines were
generated by fitting the data to sigmoidal functions.

K Bar graph showing miscibility temperatures of GPMVs isolated from MDCK cells exposed to the indicated conditions. All values represent mean � SEM. Data points
represent values from biological replicates. Statistical test employed was Student’s t-test.
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This study adds to the growing body of knowledge regarding

endolysosomal proteins in oncogenesis. A recent study reported that

increased expression of a TRPML1 paralog, TRPML2, supports

tumorigenesis in glioma [64]. We also found that the gene encoding

TRPML2 is slightly elevated in HN31 cells and plays a minor role in

cancer cell proliferation. Other endolysosomal transporters and

channels have also been implicated in cancer progression [65]. Our

findings are also reminiscent of the reports that inhibition of lysoso-

mal acid sphingomyelinase attenuates ERK signaling and tumorigen-

esis [8,10,11]. The overlap in the phenotypes associated with

inhibition of acid sphingomyelinase and TRPML1 raises the question

of whether these proteins experience functional interdependence.

Since activity of TRPML1 is subject to regulation by a diverse group

of membrane lipids [30], it is plausible that sphingomyelins influ-

ence TRPML1 function. From a therapeutic perspective, it would be

worthwhile to assess whether simultaneous inhibition of TRPML1

and acid sphingomyelinase could synergistically deter tumorigene-

sis. It is also possible that a combinatorial approach of simultaneous

inhibition of both proteins could permit usage of subthreshold drug

concentrations and thereby minimize the potential side effects asso-

ciated with the administration of either drug alone. In summary, we

anticipate that insights gleaned from this study could be leveraged

to design novel anti-cancer therapeutic strategies.

Materials and Methods

Bioinformatic and survival analyses

We examined the expression of 210 endolysosomal genes in BLCA,

HNSC, and THCA tumors using TCGA datasets available at the

UCSC Xena functional genomics browser (https://xenabrowser.net).

We obtained mRNA seq counts for each gene in tumors bearing

oncogenic HRAS mutations (missense mutations at codons 12, 13,

61, and 117) and matched normal tissues. We calculated the

Z-scores for each gene in every tumor using the formula:

Zðgene, tumorÞ ¼

mRNA seq counts in tumorð Þ � average of mRNA seq counts in

normal tissue

� �

standard deviation of mRNA seq counts in normal tissue

After calculating individual Z-scores by comparing tumors and

matched normal tissues, we combined the Z-values for further anal-

yses.

To evaluate correlated patterns of gene expression in tumor

samples, we generated a gene-by-gene matrix comprised of Pear-

son’s coefficients of correlation between Z-scores. We performed

unsupervised hierarchical clustering using ClustVis (https://biit.cs.

ut.ee/clustvis/) [66]. The parameters used for clustering were as

follows: (i) no row centering; (ii) no scaling of data; (iii) average

linkage method; and (iv) correlation distance metric. Tree ordering

of both rows and columns was on the basis of cluster tightness. We

separated rows and columns on the basis of tree ordering to permit

visualization of cluster boundaries.

To analyze network topology, we used CytoScape. For these

analyses, gene names were network nodes and Pearson’s correla-

tions of gene expression represented the edge values. To analyze

the network, we treated it as undirected. The network shown in

Fig 1G was generated using the “Attribute Circle Layout” on the

basis of closeness centrality. The closeness centrality scores were

used to rank the endolysosomal genes to generate the GSEA dataset.

The nominal P and FDR q values were obtained after running the

“GSEAPreranked” algorithm using the following parameters: (i)

number of permutations = 1,000; (ii) enrichment statistic =

weighted_p2; and (iii) normalization mode = meandiv.

For survival analyses, we separated the high and low expressors

for each gene into the top and bottom 50% on the basis of Z-scores.

Subsequently, we used the log-rank (Mantel-Cox) test to determine

the P-values for each gene.

Cell culture

All cell lines were maintained at 37°C under 5% CO2. We cultured

MDCK and UMSCC-22A cells in DMEM containing GlutaMAX

(Gibco) that was supplemented with 10% FBS, 2 mM L-glutamine

(Invitrogen), and penicillin–streptomycin. We cultured HN31,

HT1197 (obtained from ATCC), and T24 (obtained from ATCC)

cells in DMEM high glucose media (Fisher Scientific) supple-

mented with 10% FBS, 2 mM L-glutamine (Invitrogen), penicillin–

streptomycin, non-essential amino acids, pyruvate, and vitamins

(all from Fisher Scientific). For the experiments involving drug

treatment, we added DMSO (vehicle) or the drugs directly to the

culture media.

Endolysosomal gene expression analyses

To evaluate the expression of endolysosomal genes, we used the

primer sets indicated below. For performing RT-qPCR, we first

extracted RNA using the RNeasy Mini Kit (Qiagen) as per the manu-

facturer’s protocol. After quantification of RNA, we generated cDNA

using High Capacity cDNA Reverse Transcription Kit (Applied

Biosystems) as per the manufacturer’s protocol. We performed RT-

qPCR using SYBR Green JumpStart Taq ReadyMix (Sigma) as per

the manufacturer’s protocol.

CTSA:

Forward: 50-CAGGCTTTGGTCTTCTCTCCA-30

Reverse: 50-TCACGCATTCCAGGTCTTTG-30

CTSD:

Forward: 50 ACTGCTGGACATCGCTTGCT-30

Reverse: 50-CATTCTTCACGTAGGTGCTGGA-30

GAPDH:

Forward: 50-GAAGGTGAAGGTCGGAGTC-30

Reverse: 50-GAAGATGGTGATGGGATTTC-30

GBA:

Forward: 50-CCAAGCCTTTGAGTAGGGTAAG-30

Reverse: 50-CCCGTGTGATTAGCCTGGAT-30

HEXA:

Forward: 50-CAACCAACACATTCTTCTCCA-30

Reverse: 50-CGCTATCGTGACCTGCTTTT-30

LAMP1:

Forward: 50-ACGTTACAGCGTCCAGCTCAT-30

Reverse: 50-TCTTTGGAGCTCGCATTGG-30

MCOLN1:

Forward: 50-CTGGTGGTCACGGTGCAG-30

Reverse: 50-CTGCTCCCGCGTGTAGG -30
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MCOLN2:

Forward: 50-CGGCAGCCTTATCGTTTTCC-30

Reverse: 50-GCCATTGCATTTCTGACGGT-30

MCOLN3:

Forward: 50-TCTCCTCCCGTCTGACTCTG-30

Reverse: 50-CAGGATCTGCCATCTCTGGG-30

MITF:

Forward: 50-GAAATCTTGGGCTTGATGGA-30

Reverse: 50-AGGAGTTGCTGATGGTGAGG-30

TFEB:

Forward: 50-CCAGAAGCGAGAGCTCACAGAT-30

Reverse: 50-TGTGATTGTCTTTCTTCTGCCG-30

TFE3:

Forward: 50-AGGATCAAAGAGCTGGGCAC-30

Reverse: 50-CCGGCTCTCCAGGTCTTTG-30

Drosophila trpml:

Forward: 50-ACGCGAATGTAAGCCGATCT-30

Reverse: 50-GGTAGTCGCTCACACACCTC-30

Drosophila act5C:

Forward: 50-CGTCGACCATGAAGATCAAG-30

Reverse: 50-TTGGAGATCCACATCTGCTG-30

Ca2+ imaging

Cells were trypsinized and seeded onto glass-bottom dishes (In vitro

Science). The following day, cells were loaded with 10 lM fura-2-AM

(Invitrogen) in culture medium for 1 h. Subsequently, the medium

with fura-2-AM was replaced with 150 lL of bath solution (125 mM

NaCl, 5 mM KCl, 10 mM MgSO4, 10 mM KH2PO4, 1 mM CaCl2,

5.5 mM glucose, and 5 mM HEPES in pH 7.4). Next, dishes containing

the cells were mounted on Tie wide-field fluorescence imaging system

(Nikon). After baseline fluorescent responses were acquired for

~1.5 min, 50 ll of bath solution was pipetted out from the dishes to

dilute MLSA-1 (Tocris) and GPN (Cayman) and added back to the bath

in dishes. Fura-2 signals were recorded by 340/380 nm excitation and

510 nm emission using NIS Elements imaging software (Nikon).

Analyses of cell proliferation

Cell proliferation was determined using two independent assays:

CyQuant proliferation assay (Thermofisher) and WST-1 (4-(3-(4-

iodophenyl)-2-(4-nitrophenyl)-2H-5-tetrazolio)-1,3-benzene disul-

fonate, Roche Applied Sciences) colorimetric assay. For both assays,

cells were seeded onto 96-well plates at the density of 104 cells/well

and allowed to adhere for 12–24 h at 37°C in a humidified atmo-

sphere of 5% CO2. Subsequently, fresh growth medium that was

supplemented by DMSO or drug as needed was added. After incuba-

tion of the cells for the desired durations, cell numbers were deter-

mined as per the manufacturer’s protocols. Absorbance was

measured using a microplate ELISA reader (Cytation 5, BioTek) at

450 nm. Cell proliferation was analyzed by comparing the absor-

bance values of the samples after background subtraction. All exper-

iments were conducted in eight wells for each condition (technical

replicates) and replicated at least three times (biological replicates).

To quantify the effects of b-cyclodextrin and statins on cell prolif-

eration, we cultured the cells in varying concentrations of the drugs

for 24 h. For b-cyclodextrin, we applied the drug for 3 h in full

growth medium after which the medium was replaced with normal

growth medium. Cells were cultured in the indicated concentrations

of statins. To determine the Ki values, we used the Hill input func-

tion for a repressor:

fðXÞ ¼ b

1þ X
Ki

� �n

This equation was modified to:

1

fðXÞ ¼
1

b
þ 1

bKin
Xn

The parameter f(X) was the relative change in cell numbers

normalized to the sample with no drug (%), b was the maximal

value of f(X) (100%), X was the drug concentration, and n was the

Hill coefficient, which was determined empirically by assessing

linear fit of the curves generated by plotting 1/f(X) against Xn. For

b-cyclodextrin, Hill coefficient = 4 (Fig EV5B). For statins, we used

the Hill coefficient values of 2 and 5 for HN31 cells and HN31 vari-

ants stably expressing HRAS shRNA, respectively.

CAM xenografts

Fertilized and specific pathogen-free chicken eggs were purchased

from Charles River (Norwich, Connecticut). The chick chorioallan-

toic membrane (CAM) was accessed and prepared as described

previously [37]. On embryonic day 7, the eggs were inoculated with

106 HN31 cells per egg. Three groups of eggs were topically treated

on days 1 and 3 after inoculation with 100 ll of DMSO or ML-SI1 at

the concentrations of 10 lM or 30 lM. On the 4th or 7th day after

inoculation, eggs were humanely euthanized via hypothermia as per

American Veterinary Medical Association (AVMA) guidelines

(https://www.avma.org/KB/Policies/Pages/Euthanasia-Guidelines.

aspx). The tumors were excised and fixed in 10% formalin

followed by paraffin embedding. Slides made from these blocks

were stained with hematoxylin and eosin, and anti-Ki67 antibody

(MIB-1, Biocare, Pacheco, CA, USA). The HN31 cell nuclei in the

sections can be easily distinguished from the host cell nuclei due to

the significantly larger size of the former. For quantification, we

counted the numbers of Ki67-positive and Ki67-negative cells in 8–

10 fields (using a 10× objective) per slide. These numbers allowed

us to calculate the fraction of Ki67 nuclei as well as the total

number of nuclei per field. Each slide was from a different egg, and

the number of these is indicated as data points in the bar graphs.

Gene knockdown by RNA interference

The siRNA sequences used for targeted silencing of human

MCOLN1, MITF, and TFEB were designed as described previously

[67–69] and custom synthesized as ON-TARGET plus constructs by

Sigma-Aldrich. The following sequences were used:

MCOLN1—50-CCCACATCCAGGAGTGTAA-30

MITF—50-AGCAGUACCUUUCUACCACTT-30

TFEB—50-CCGCCTGGAGATGACCAACAA-30

Control siRNA (SIC001, Sigma-Aldrich) was used as a negative

control. Six-well plates were transfected using X-tremeGENE 9 DNA
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Transfection Reagent (Roche). Transfections were performed as

described by the manufacturer’s protocol. All knockdowns were

confirmed by RT-qPCR. The shRNA sequences used were as

follows:

MCOLN1:

Target sequence 1:50-GCCTGTTCTCGCTCATCAATG-30

Target sequence 2: 50-CGTCCTGATCACGTTTGACAA-30

MCOLN2:

50-CCGGGCATAGCCAGTGGGATAAATACTCGAGTATTTATCCCACT
GGCTATGCTTTTTTG-30

MCOLN3:

50-CCGGCTGGCATGTATCTGGATCAATCTCGAGATTGATCCAGATA
CATGCCAGTTTTTG-30

VAC14:

50-CCGGTCCAGATCCTGGGTGACAATGCTCGAGCATTGTCACCCAG
GATCTGGATTTTTG-30

The control shRNA was SHC002—non-target shRNA.

We produced lentiviral particles with a 3rd generation system

and used HEKT 293T cell for packaging. Briefly, one day before

transfection, we seeded HEKT 293T cells in full growth media into

6-well plates at the appropriate density to achieve ~60% confluency

at the time of transfection. We added 10 lg of total DNA per trans-

fection (shRNA-containing vector = 1.6 lg, pMDLg/pRRE = 4 lg,
pRSV-Rev = 2 lg, pMD2.g + 2.4 lg) and used a 4:1 ratio of X-

tremeGENE 9 DNA Transfection Reagent (Roche). We incubated

(37°C, 5% CO2) the transfected HEKT 293T cells for 18 h before

adding media with high serum (DMEM+30% FBS). We incubated

the cells for 24 h before harvesting the lentivirus-containing media.

High serum growth media was replaced, and we harvested the lenti-

virus a second time after an additional 24-h incubation.

For transduction, we treated the cells with lentivirus-containing

media (volume of lentivirus-containing media added made up no

more than 1/3 of total media volume) and 8 lg/ml of hexadi-

methrine bromide (Sigma) for 6 h. We subsequently removed the

treatment media and replaced it with full growth media. We allowed

the cells to incubate (37°C, 5% CO2) for at least 24 h before adding

puromycin-containing media (2 lg/ml) for selection of cells

expressing shRNA.

Western blotting

When generating cellular extracts for Western blotting, we

harvested cells in a lysis buffer consisting of 10% NP40, 1 M Tris

(pH 7.5), 5 M NaCl, 0.5 M MgCl2, 0.5 M EGTA (pH 8.0), 5% NaF,

Aprotinin (1 mg/ml), 50 mM Na3VO4, Leupeptin (1 mg/ml), and

1 M DTT. We loaded cell or Drosophila extracts onto 4–20% gradi-

ent Tri-glycine gels (Bio-Rad) for SDS–PAGE. After transfer to nitro-

cellulose membranes, the blots were blocked using the Odyssey

blocking buffer (LI-COR Biosciences) followed by incubation with

primary antibodies and secondary antibodies described below. All

blots were imaged using the Odyssey imaging platform (LI-COR

Biosciences). For quantification, we determined band intensities

using ImageJ (NIH). When probing the blots with antibodies from

the same species, we stripped the blots using the NewBlotTM nitrocel-

lulose stripping buffer as per the manufacturer’s instructions (LI-

COR Biosciences). All antibody incubations were performed in the

Odyssey blocking buffer (LI-COR Biosciences).

Primary antibodies used were rabbit anti-TFEB (Bethyl laborato-

ries) [26], rabbit anti-pERK (Cell Signaling), rabbit anti-ERK (Cell

Signaling), and mouse anti-b-tubulin (E7, DSHB). Secondary anti-

bodies used were 680LT anti-rabbit and IRDye 800CW anti-mouse

(LI-COR Biosciences).

Drosophila husbandry and stock generation

We reared Drosophila on standard fly food (1 l of food contained:

95 g agar, 275 g Brewer’s yeast, 520 g of cornmeal, 110 g of sugar,

45 g of propionic acid, and 36 g of Tegosept) as described previ-

ously [70]. The fly lines used in these studies were Oregon R, repo-

GAL4 [71], UAS-mcd8GFP [72], UAS-dRasV12 and he-GAL4 [73], cg-

GAL4 [74].

To generate the UAS-HRASG12V flies, the DNA sequence encoding

GFP- and HA-tagged human HRasG12V was PCR-amplified using the

primers: forward—ATGGTGAGCAAGGGCGAGGAG; reverse—

TTAGGAGAGCACACACTTGCAGC. Amplified fragments were

subcloned into pUAS-attB vector using the In-fusion cloning kit

(Clontech). The resulting construct, pUAS-GFP-HA-HRasG12V, was

inserted into a Drosophila 2nd chromosomal docking site carrying

PBac{y+-attP-3B}VK00001.

Experiments using Drosophila

We established crosses with adults of the appropriate genotypes in

vials placed in an incubator maintained at 25°C. After clearing the

parental adults within a week of setting up crosses, we isolated

wandering 3rd-instar larvae from the vials for further analyses. For

the experiments involving determination of glial cell volumes, we

filleted and fixed the larvae expressing membrane bound GFP and/

or dRasV12 in control or trpml1 larvae using PBS + 4%

paraformaldehyde for 30 min. After washing the fillets in PBS (3×),

we placed the samples in VECTASHIELD mounting media contain-

ing DAPI (Vector labs). We imaged the samples using a Nikon A1

confocal microscope using a 20× air objective, with the Z plane

thickness set to 1 lm. Subsequently, we generated 3D reconstruc-

tions of the larval brains expressing GFP in glia and determined the

volume of these reconstructions using ImageJ (NIH).

For analyzing larval macrophages, we tore the body walls of 3rd-

instar larvae in depression slides containing 2× Laemmli buffer to

simultaneously release and solubilize the cells. We dissected larval

fat bodies in PBS in depression slides, after which we removed the

PBS and added 2× Laemmli buffer to solubilize the samples.

EM-univariate spatial analysis

The Ripley’s univariate K-function analysis tests the null hypothesis

that all points with a selected 2D area are distributed randomly

[43,47]. We seeded MDCK cells stably expressing GFP-HRASG12V on

pioloform- and poly-L-lysine-coated gold EM grids to a confluent

monolayer. Next, we fixed intact basolateral plasma membrane

sheets from the MDCK cells attached to the EM grids with 4%

paraformaldehyde (PFA) and 0.1% glutaraldehyde, followed by

immunolabeling with 4.5 nm gold nanoparticles conjugated to anti-

GFP antibody. Finally, we negative-stained the grids with uranyl

acetate and embedded in methyl cellulose. Gold nanoparticles on

the intact basal plasma membrane sheets were imaged using TEM at
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100,000× magnification. X, Y coordinates of every gold particle

within a selected 1 lm2 plasma membrane area were assigned via

ImageJ.

Nanoclustering of the gold nanoparticles within the same 1-lm2

plasma membrane area was calculated via the K-function univariate

analysis:

KðrÞ ¼ An�2
X
i 6¼j

wij1ðkxi � xjk� rÞ

LðrÞ � r ¼
ffiffiffiffiffiffiffiffiffi
KðrÞ
p

r
� r

where K(r) = the univariate spatial distribution analysis for n gold

particles within an intact plasma membrane area of A; r is the length

scale between 1 and 240 nm; ||. || is the Euclidean distance, which

possesses a value of 1 when ||xi � xj|| ≤ r or a value of 0 when ||

xi � xj|| > r. The parameter wij
�1, which is used for an unbiased

edge correction, defines the fraction of the circumference of a circle

with the center at xi and radius ||xi � xj||. Monte Carlo simulations

estimate the 99% confidence interval (99% CI), which is used to

normalize L(r) � r linearly transformed from K(r). A L(r) � r value

of 0 indicates gold distribution is completely random. A L(r) � r

value above the 99% CI of 1 indicates statistical clustering.

For each condition, at least 15 plasma membrane sheets were

imaged and analyzed. We use bootstrap tests to compare our calcu-

lated point patterns to 1,000 bootstrap samples to evaluate the

statistical significance between drug-treated and drug-untreated

groups as described [75].

Lipid add-back experiments

For the experiments involving cholesterol or PS add-back, we trans-

ferred lipids dissolved in chloroform at 5 mg/ml (for a final working

concentration of 10 lM) to a glass vial using a Hamilton syringe.

We placed the vials under vacuum overnight to completely evapo-

rate chloroform. The dried lipid film was then re-hydrated with cell

culture medium, which was sonicated for 20 min to generate small

unilamellar vesicles for easy incorporation into cells. We incubated

the cells in medium containing the lipid vesicle suspension for 1–

3 h to allow incorporation of the exogenous lipids. Successful incor-

poration of the exogenous lipids was validated using immunogold

labeled GFP-tagged specific lipid-binding domains in EM, assess-

ment of fluorescence upon addition of fluorescent lipids, and lipi-

domic analyses [47,76].

Cholesterol estimation

For cholesterol estimation, we solubilized of 20–30 Drosophila larval

brains or human cancer cells in 200 ll of extraction solution (chlo-

roform: isopropanol: NP-40 = 7:10:0.1). After centrifugation at

15,000 g for 10 min, the liquid phase was isolated and dried—first

at 55°C and then under a vacuum. We assayed the total lipid extract

using the Total Cholesterol and Cholesteryl Ester Colorimetric/Fluo-

rometric Assay Kit (BioVision) as per the manufacturer’s instruc-

tions. For each experiment, we prepared a series of cholesterol

standards (0, 0.1, 0.2, 0.4, and 0.5 lg/well). A 96-well plate

containing the samples mixed with the reaction mixture was

wrapped in aluminum foil and incubated at 37°C for 60 min. Fluo-

rescence signals (excitation/emission = 535/590 nm) were

measured by an Infinity M200 plate reader (Tecan). We determined

the free cholesterol in each sample using a standard curve.

Transfection and imaging of cultured cells

We seeded MDCK cells stably expressing mCherry-D4H on glass

coverslips 15–20 h before transfection with plasmids carrying

LAMP1-mGFP. We transfected the cells in serum-free culture

medium using X-tremeGENE 9 transfection reagent (Sigma-Aldrich)

according to the manufacturer’s instructions. 24 h after transfection,

we replaced the culture medium with growth medium containing

10% fetal bovine serum.

After drug treatment, we fixed the cells on coverslips using

PBS + 4% paraformaldehyde for 30 min. After washing off the fixa-

tive, we mounted the coverslips in VECTASHIELD mounting media

containing DAPI (Vector labs). We imaged the coverslips using a

Nikon A1 confocal microscope using a 40× oil objective. We

counted the number of mCherry-D4H puncta in Z-projections of

confocal images using ImageJ (NIH).

To visualize sphingomyelin, we applied a recombinant fragment

of lysenin protein tagged with GFP as described [55]. Briefly, live

MDCK cells were incubated with 60 lg/ml MBP-GFP-lysenin (amino

acids 161-297 of full-length lysenin) for 15 min at room temperature

in serum-free medium. Subsequently, we fixed cells with 4%

paraformaldehyde (PFA). In another set of experiments, we first

fixed and permeabilized the cells using 0.05% saponin before incu-

bation with 60 lg/ml MBP- GFP-lysenin and DAPI for 15 min at

room temperature. All samples were then imaged in a Nikon A1

confocal microscope.

Subconfluent (60–70%) cells grown on glass bottom dishes (In

Vitro Science) were incubated with DMEM supplemented with

10% FBS. One day after seeding, cells treated with DMSO or

10 lM ML-SI1. After 24 h incubation, filipin staining of formalde-

hyde-fixed cells was performed to assess the effect of manipula-

tions on membrane cholesterol. In brief, cells were fixed in 4%

formaldehyde in PBS for 15 min followed by incubation in PBS

containing 125 lg/ml filipin (Sigma-Aldrich) for 30 min at room

temperature. All samples were then imaged in a Nikon A1

confocal microscope.

Isolation and analysis of GPMVs

We isolated GPMVs and calculated the miscibility temperature as

described [58,59,77]. Briefly, cells were washed with PBS and

stained with 5 lg/ml FAST-DiO (Invitrogen), a green fluorescent

lipid dye that strongly partitions to the disordered phase, for 10 min

on ice. Then, the cells were washed twice with GPMV buffer

(10 mM HEPES, 150 mM NaCl, 2 mM CaCl2, pH 7.4) and incubated

with 25 mM PFA and 2 mM DTT for 1 h at 37°C to induce GPMV

formation. The GPMV-rich suspension was then decanted and

placed in a temperature-regulated imaging chamber. GPMVs were

imaged from 4°C to 28°C, counting phase-separated and uniform

vesicles at each temperature. For each temperature, 25–50 vesicles

were counted and the percent of phase-separated vesicles were

calculated, plotted versus temperature, and fitted to a sigmoidal

curve to determine the temperature at which 50% of the vesicles
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were phase-separated (i.e., miscibility temperature), which is

demonstrated by the dashed vertical lines in Fig 7J.

Statistical methods and data analyses

Graphs were generated using Prism (GraphPad software). In case of

normally distributed data, we determined significance using

Student’s t-tests with Bonferroni post hoc corrections in cases of

multiple pairwise comparisons. For data that were not normally

distributed, we used Mann-Whitney test. We made corrections for

multiple hypotheses testing whenever appropriate. Conventions

used for describing significance in the figures were: *P < 0.05;

**P < 0.01; ***P < 0.001; ****P < 0.0001; n.s., not significant

(P > 0.05).

Expanded View for this article is available online.
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Figure EV1. Correlation between network centrality and membership to the CLEAR family of endolysosomal genes.

A Bar graph showing the relative expression of the indicated genes in the indicated cell types. Bar graphs in the top and bottom panels represent the results of MITF
and TFEB knockdown, respectively. Values were normalized to respective HN31 average and represent mean � SEM. Data points represent values from biological
replicates. Statistical test employed was Student’s t-test.

B Bar graph showing that the mean closeness centrality of CLEAR target genes is significantly higher than that of genes that do not belong to the CLEAR network. The
lines in the bars represent mean values. Statistical test employed was Student’s t-test.

C GSEA conducted on endolysosomal genes ranked on the basis of increasing network centrality. Positions of the CLEAR target genes are indicated.
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Figure EV2. Roles for the CLEAR network genes in the proliferation of cancer cells with oncogenic HRAS.

A Graphs showing the relative cell numbers in HN31 cells exposed to the indicated concentrations of siRNAs against MITF and TFEB. All values represent
mean � SEM, n = 3 biological replicates. Statistical tests employed were one-sample t-test to examine significance of differences from a hypothetical value of 1.

B, C Bar graphs showing relative levels of MCOLN1 mRNA in the indicated cells types after the indicated perturbations. Values were normalized to “no knockdown” (B)
or respective “control siRNA” (C) and represent mean � SEM. Data points represent values from biological replicates. Statistical test employed was Student’s t-test.
Bonferroni post hoc correction was applied when for multiple pairwise comparisons in (B).

D Bar graph showing relative levels of VAC14 mRNA in HN31 cells after the indicated perturbations. Values were normalized to HN31 average and represent
mean � SEM. Data points represent values from biological replicates. Statistical test employed was Student’s t-test with Bonferroni post hoc correction for multiple
pairwise comparisons.

E Line graphs showing relative cell numbers in sample of the indicated genotypes treated with indicated ML-SI1 concentrations. All values represent mean � SEM.
Data points represent values from biological replicates. Statistical test employed was Student’s t-test between relative cell numbers at each concentration.
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▸Figure EV3. TRPML2 and TRPML3 play minor roles in HRAS-driven cancer cell proliferation.

A Violin plots of average Z-scores of the indicated genes in BLCA, THCA, and HNSC patients with oncogenic HRAS mutations. The thick horizontal dashed lines in each
sample set represent median; thin dashed lines represent the quartiles; polygons represent density estimates of data and extend to extreme values. Statistical tests
employed were 1-sample t-test or Wilcoxon signed rank test to examine significance of differences from a hypothetical value of 0.

B Bar graph showing relative levels of MCOLN1, MCOLN2, and MCOLN3 mRNAs in the indicated cells types. All values were normalized to respective “HRAS shRNA”
average and represent mean � SEM. Data points represent values from biological replicates. Statistical test employed was Student’s t-test.

C Bar graph showing relative levels of MCOLN2 and MCOLN3 mRNAs in HN31 cells after the indicated perturbations. Values were normalized to respective HN31
average and represent mean � SEM. Data points represent values from biological replicates. Statistical test employed was Student’s t-test with Bonferroni post hoc
correction for multiple pairwise comparisons.

D Bar graph showing the relative cell numbers in the indicated cell types following the indicated treatments. All values represent mean � SEM. Data points represent
values from biological replicates. Statistical test employed was Student’s t-test with Bonferroni post hoc correction for multiple pairwise comparisons.
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Figure EV4. TRPML1 and cholesterol are
required for the clustering of HRAS.

A Bar graph showing relative levels of MCOLN1
mRNA in the MDCK cells treated with siRNA
against MCOLN1. Values are normalized to
control average and represent mean � SEM.
Data points represent values from biological
replicates. Statistical test employed was Student’s
t-test.

B The extent of GFP-HRASWT nanoclustering
quantified as Lmax in cells exposed to the
indicated perturbations. Values were normalized
to DMSO average and represent mean � SEM
(n ≥ 15 for each condition). Statistical
significances of differences were evaluated in
bootstrap tests.

C Bar graph showing GFP-HRASWT content in the
inner leaflet of the plasma membrane is
quantified as the number of gold particles per
1 lm2 region from electron micrographs. Values
were normalized to DMSO average and represent
mean � SEM, n ≥ 15 for each condition.
Statistical test employed was ANOVA.

▸Figure EV5. Drugs that affect cellular cholesterol levels impact growth of cancer cells with oncogenic HRAS.

A, C Graphs showing relative cell numbers indicated cell types following application of b-cyclodextrin (A) or statin (C). Cell numbers were assessed after a 24-h period of
growth in cultures and normalized to the values obtained in the absence of drug. Values represent mean � SEM, n ≥ 3 biological replicates.

B Left, graph showing that the relative cell numbers of concentration of b-cyclodextrin could be fit to a Hill input function for repressor with Hill coefficient = 4.
Right, bar graph showing Ki values in the indicated cell types. Values represent mean � SEM. Data points represent values from biological replicates. Statistical test
employed was Student’s t-test.

D Same as the bar graph in (B), but in case of cells treated with statins.
E Confocal images of control or ML-SI1-treated cells that were exposed to recombinant GFP-lysenin. Intracellular GFP-lysenin punctae indicate that ML-SI1 led to the

internalization of sphingomyelin from the plasma membrane into intracellular vesicles. Scale bar (10 lm) shown in the panel on the top right applies to all panels.
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ATP6V1E2
SPPL2A
GALC
SMCR8
MFSD1
PDCD6IP
VPS35
VPS8
SPG20
NPC1
SLC36A1
LAPTM4B
EPDR1
CLCN6
RRAGB
TMEM55A
TPP1
ARSB
FLCN
AGA
PI4K2A
VPS33A
ATG3
HPSE
SLC31A2

CLN3
ATP6V0D2
PSAP
PPT2
ATP6V1B1
PRDX6
CPA2
MANBA
TOM1
ATP6V1C2
ATP6V1G1
ABCB9
SGSH
P2RX4
SCARB1
SLC26A11
CLCN7
SQSTM1
ATP6AP1
NEU1
CTSH
ATP6V0E2
PLD3
CD63
NPC2
ATP6V1G3
SMPD1
NAAA
ATP6V0A4
TMEM8A
DNASE2
FUCA1
ABCD4
ATP6V0D1
VPS18
LAMP1
GUSB
HEXA
NAGLU
GRN
MCOLN1
CTSA
CTSD
TMEM9
AKT1S1
RNASEK
ATP6V0B
CLTA
ARL8A
ATP6V1F
PQLC2
HPS1
SERINC2
DPP7
WDR45
ATP6V0C
SUMF1
HYAL2
GNPTG
IDUA

APCS
RAB7A
RRAGC
SLC31A1
LAMP2
VPS26A
SNX16
CLTC
IGF2R
ARFGEF2
LMTK2
ASAH1
SCARB2
CTBS
MTM1
PCYOX1
TMEM106B
RAB5A
ATP6V1A
RAB21
DIRC2
STX6
ENTPD4
TMEM192
ATP6V0A2
CD164
SLC17A5
ATP6V0A1
PLEKHM1
TMEM127
SIAE
ARSG
LMBRD1
DPP4
LPO
VPS11
GPR137B
RRAGD
TMEM74
ATP6V1B2
ATP6V1D
ATP6V1G2
ABCB6
HGSNAT
ABCA2
SCPEP1

cluster 1 cluster 2 cluster 3 cluster 4singlets

Appendix Figure S1. List of genes that belong to the clusters shown in Fig 1. The order of the genes 
in each cluster is the order in which those genes appear on the dendrogram. GGH and APCS do not
belong to any of the clusters.
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Appendix Figure S2. (A-B) Bar graphs showing fraction (A) and total number (B) of Ki67 labeled nuclei in
HN31 cells exposed to DMSO or the indicated concentrations of ML-SI1. Times indicated below the graphs
are the number of days after the initial implantation of the cells. All values represent mean±SEM. Data points
represent values from independent eggs. Statistical test employed was Student’s t-test. Values
in (B) were normalized to respective DMSO average. 
(C) Bar graph showing relative levels of MCOLN1 mRNA in the UM-SCC-22A cells expressing HRASWT or
HRASG12V. Values were normalized to HRASWT average and represent  mean±SEM. Data points represent
values from biological replicates. Statistical test employed was Student’s t-test.
(D) Kaplan-Meier curves showing the survival of patients stratified on the basis of MTM1 expression in BLCA
and HNSC patients whose tumors were wild-type for HRAS (right) or carried oncogenic HRAS mutations (left).
(E) Kaplan-Meier curves showing the survival of patients stratified on the basis of MCOLN1 expression in
YHCA patients whose tumors were wild-type for HRAS (right) or carried oncogenic HRAS mutations (left).
Statistical tests employed in (D-E) were Mantel-Cox log-rank test. 
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Appendix Figure S3. (A-B) Representative Western blots generated using extracts from MDCK cells expressing
GFP-tagged oncogenic HRAS and controls treated with DMSO or ML-SI1 as indicated. The primary antibodies
used were against GFP (A) and HRAS (B). (C) Bar graph showing quantification of the Western blots shown in
(B). Values were normalized to respective DMSO average and represent mean±SEM. Data points represent
values from biological replicates. Statistical test employed was Student’s t-test.
(D) Representative Western blots generated using extracts from HN31 cells exposed to the indicated
perturbations. Primary antibodies used are indicated.
(E) Bar graph showing quantification of the Western blots shown in (D). All values represent mean±SEM. Data
points represent values from biological replicates. Statistical test employed was Student’s t-test.
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Appendix Figure S4. Bar graph showing pERK/ERK quantification of the Western blots shown in Fig 5D.
Values represent mean±SEM. Data points represent values from biological replicates. Statistical tests
employed were Student’s t-test.
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