
ARTICLE

HSP90 inhibitors induce GPNMB cell-surface expression by
modulating lysosomal positioning and sensitize breast cancer
cells to glembatumumab vedotin
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Transmembrane glycoprotein NMB (GPNMB) is a prognostic marker of poor outcome in patients with triple-negative breast cancer
(TNBC). Glembatumumab Vedotin, an antibody drug conjugate targeting GPNMB, exhibits variable efficacy against GPNMB-positive
metastatic TNBC as a single agent. We show that GPNMB levels increase in response to standard-of-care and experimental therapies for
multiple breast cancer subtypes. While these therapeutic stressors induce GPNMB expression through differential engagement of the
MiTF family of transcription factors, not all are capable of increasing GPNMB cell-surface localization required for Glembatumumab
Vedotin inhibition. Using a FACS-based genetic screen, we discovered that suppression of heat shock protein 90 (HSP90) concomitantly
increases GPNMB expression and cell-surface localization. Mechanistically, HSP90 inhibition resulted in lysosomal dispersion towards the
cell periphery and fusion with the plasma membrane, which delivers GPNMB to the cell surface. Finally, treatment with HSP90 inhibitors
sensitizes breast cancers to Glembatumumab Vedotin in vivo, suggesting that combination of HSP90 inhibitors and Glembatumumab
Vedotin may be a viable treatment strategy for patients with metastatic TNBC.
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INTRODUCTION
Triple-negative breast cancer (TNBC) is an aggressive disease,
affecting 10–20% of all breast cancer patients. A combination of
surgery, radiation and chemotherapy remains the standard of care
for TNBC. Unfortunately, most patients develop chemo-resistance
[1]. TNBC is a collection of highly heterogenous breast tumors [2],
which requires a shift away from the use of chemotherapy as a
“one size fits all” approach to disease management. Molecular
profiling of TNBC has led to the identification of new biomarkers
and the development of novel targeted therapies that are
currently under clinical investigation [3].
Our previous work revealed that 40% of TNBC patients exhibit

elevated glycoprotein NMB (GPNMB) levels in their tumor
epithelium, which is prognostic of poor outcome [4, 5]. GPNMB
induces pro-tumorigenic signaling in breast cancer cells, leading
to enhanced plasticity/stem cell characteristics, increased migra-
tion/invasion and metastasis [6, 7]. As a cell-surface protein,
GPNMB represents an attractive candidate for molecular targeted
therapy. In this regard, an antibody drug conjugate (ADC) that

links a GPNMB-targeting antibody (CR011) to a potent cytotoxin,
monomethyl auristatin E (MMAE), has been developed (Glemba-
tumumab Vedotin) [7, 8]. Glembatumumab Vedotin induced
cytotoxic responses in preclinical models, leading to regression
of GPNMB-expressing breast tumors [4]. Following promising
phase I/II and II trials [5, 9], a phase IIb clinical trial, termed the
MEtastatic TRIple-Negative Breast Cancer (METRIC) trial was
completed. The METRIC trial included 327 patients with metastatic
TNBC and demonstrated that Glembatumumab Vedotin exhibited
comparable clinical activity as a single agent against GPNMB-
positive tumors (overall response rate (ORR): 16%) relative to
Capecitabine (ORR: 15%). However, the use of glembatumumab
vedotin was not associated with improved progression-free (2.9
vs. 2.8 months) or median overall survival (8.9 vs. 8.7 months) [10].
Modest efficacy of Glembatumumab Vedotin as a monotherapy
was also observed in a phase II study that evaluated the anti-
GPNMB therapy in patients with advanced melanoma [11]. We
and others have shown that MEK/BRAF inhibition enhances cell-
surface GPNMB expression in melanoma cells [12, 13] and
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Glembatumumab Vedotin is highly effective when used in
combination with these inhibitors. Indeed, the combination of
MEK inhibition and lembatumumab Vedotin reduced tumor
growth and delayed resistance to MEK inhibitors [13]. These data
suggest that agents promoting cell-surface GPNMB expression
may be used to enhance the clinical utility of Glembatumumab
Vedotin.
In the present study, we investigated whether standard-of-care

or experimental drugs used to treat intrinsic breast cancer
subtypes can enhance GPNMB expression and sensitize breast
cancer cells to Glembatumumab Vedotin. We demonstrate that
standard-of-care therapies and small molecule inhibitors (trame-
tinib, torin-1, HSP90 inhibitors) upregulate GPNMB expression
predominantly via engagement of the TFE3 transcription factor.
Intriguingly, only HSP90 inhibitors simultaneously upregulate and
localize GPNMB to the cell surface via increased anterograde
lysosome trafficking to the plasma membrane. These data have
clinical relevance as HSP90 inhibitors augment the anti-
tumoricidal activity of Glembatumumab Vedotin in TNBCs.

RESULTS
Acute treatment with standard-of-care therapies for breast
cancer subtypes enhances GPNMB expression
To assess combination strategies targeting GPNMB in breast
cancer, we tested whether standard-of-care drugs routinely used
to treat patients with distinct molecular subtypes could induce
GPNMB expression. MDA-MB-436 cells, a TNBC model [14], were
incubated for 48 h with chemotherapy drugs commonly adminis-
tered to patients diagnosed with TNBC [15]. Immunoblot analyses
revealed that doxorubicin (Dox), paclitaxel (Pac) or cisplatin (Cis)
treatment increased GPNMB levels in these cells compared to
untreated controls (Fig. 1A). Similarly, RT-qPCR analysis showed an
approximate threefold significant increase in GPNMB mRNA levels
following drug treatment, suggesting that GPNMB is actively
transcribed in response to therapeutic stress (Fig. 1B). We further
demonstrate that these observations can be extended to estrogen
receptor positive (ER+) breast tumors. Indeed, fulvestrant
(selective ER degrader) or tamoxifen (selective ER modulator)
similarly induced GPNMB levels in MCF7 and T47D cells, at both
the protein and mRNA levels (Fig. 1C–F). These data indicate that
acute therapy-induced stress increases GPNMB expression in a
variety of breast cancer subtypes, suggesting an adaptive
response that may mediate drug resistance.

Therapy-resistant breast cancer cells exhibit high GPNMB
levels
Consistently, we observed that chemo-resistant breast cancer cells
expressed elevated GPNMB protein levels relative to their parental
controls (Fig. S1A, B). Analysis of publicly available gene
expression data from biopsies of seven TNBC patients taken pre-
and post-chemotherapy revealed that 1 of 7 patients exhibited a
2.5-fold increase in GPNMB mRNA expression following che-
motherapy (Fig. S1C). Further analysis conducted on pre- and
post-chemotherapy biopsies from another 13 TNBC patients
confirmed heterogeneity in GPNMB expression following treat-
ment. In this cohort, 62% (8/13) of patients presented moderate to
high (2.5-fold change) levels of chemotherapy-induced GPNMB
expression (Fig. S1D). Immunohistochemical (IHC) analysis of
breast tumor samples with low, intermediate or high GPNMB
levels revealed that only the samples with the highest GPNMB
mRNA levels could be validated by IHC (Fig. S1E).
Elevated GPNMB expression was also observed in tamoxifen

resistant T47D and MCF7 breast cancer cells (Fig. S1F, G). Analysis
of expression data from serial biopsies obtained from patients
prior to initiation of hormone therapy (fulvestrant or letrozole) and
during treatment (on-treatment) revealed a significant increase in
GPNMB mRNA expression levels (Fig. S1H, I). These data indicate

that elevated GPNMB expression is selected for in therapy-
resistant luminal and TNBC cells.

MEK inhibitors enhance GPNMB expression in TNBC
Inhibition of MEK signaling enhances GPNMB expression in
melanoma [12, 13]. Several clinical trials are currently evaluating
the efficacy of MEK inhibitors (MEKi) in breast cancer [16]. We
compared the activity of the MEK/ERK pathway in breast tumors
relative to 31 other cancers types present in the cancer genome
atlas (TCGA) by stratifying cancers based on a 52-gene signature
indicative of the transcriptional output of the MEK/ERK pathway
[17]. On the continuum of MEK/ERK activity, breast cancers (all
subtypes) showed low MEK/ERK activity (Fig. 1G). We refined our
analysis by investigating MEK/ERK activity in different breast cancer
subtypes based on the prediction analysis of microarray 50
(PAM50) [18] gene expression signature within the TCGA dataset.
Basal breast tumors harbored higher MEK/ERK activity when
compared to other subtypes (Fig. 1H). This result agrees with the
observation that 90% of TNBC harbor at least one genetic
aberration in genes encoding components that regulate MAP
kinase signaling (KRAS, BRAF, RAF1, PI3K) and various receptor
tyrosine kinases (RTK) [19]. Moreover, TNBC cells display increased
sensitivity to MEKi when compared to luminal cells [20]. MEK
inhibitors (trametinib or cobimetinib) induced an increase in
GPNMB mRNA and protein levels in MDA-MB-436 and Hs578T cells
(Fig. 1I–L). Elevated GPNMB levels following MEKi administration
were also observed in breast cancer cells representative of the ER+
and Her2+ subtypes (Fig. S1J) Finally, we analyzed RNA-seq data
from serial biopsies of TNBC patients obtained prior to initiation of
MEKi therapy and following 7 days of daily treatment. One patient
out of six, whose tumor was classified as claudin-low, showed a
strong increase in GPNMB expression upon trametinib treatment
(Fig. S1K). Taken together our data demonstrate that MEK
inhibition can enhance GPNMB levels in breast cancer cells and
suggest that a subset of TNBC patients might benefit from MEKi/
Glembatumumab Vedotin combination.

Cancer cells upregulate GPNMB in response to cellular stress
The observation that multiple drug classes enhance GPNMB levels
supports the existence of a common mechanism triggering
GPNMB expression that is independent from drug-specific
mechanisms of action. We hypothesized that GPNMB is expressed
as part of a global cell stress response, which we assessed by
exposing breast cancer cells to a variety of stressors. MDA-MB-436
and HS578T TNBC cells cultured for 16 h without serum exhibited
higher GPNMB levels relative to those cultured in full serum (Fig.
S2A). Similar results were obtained with a variety of inhibitors
including torin-1, a dual mammalian target of rapamycin complex
(mTORC1/2) inhibitor and hydroxy chloroquine (HCQ), which
induces lysosomal stress (Fig. S2A). Moreover, amino acid
deprivation induced GPNMB expression in MDA-MB-436 but not
Hs578T cells (Fig. S2A). In parallel, RT-qPCR analyses confirmed
high GPNMB mRNAs levels in MDA-MB-436 cells incubated with
the indicated stressors; however, GPNMB mRNA levels in
Hs578T cells were significantly increased only in response to
serum starvation (Fig. S2B). In line with these results, these
stressors also induced GPNMB mRNA and protein levels in both
MCF7 and T47D ER+ breast cancer cells (Fig. S2C, D).

TFE3 transcriptionally regulates stress-induced GPNMB
expression
The MiTF/TFE family of transcription factors is comprised of four
family members that include MITF, TFEB, TFE3 and TFEC [21]. TFEB
and TFE3 are key mediators of adaptive cellular stress responses
[22]. Under basal conditions, TFEB and TFE3 localize to the cytosol
where they are phosphorylated by mTORC1 on S211 in TFEB and
S321 in TFE3 [23, 24]. When phosphorylated, TFEB and TFE3 are
retained on the lysosomal surface through interactions with Rag
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GTPases and 14-3-3 proteins [24–26]. Nutrient deprivation or
cellular stress inactivates mTORC1, allowing nuclear translocation
of TFEB and TFE3 where they mediate a transcriptional program
that enables cellular adaptation to stress by promoting autophagy,
lysosomal biogenesis, mitochondria homeostasis and metabolism
[24, 27]. Analysis of the GPNMB promoter revealed a highly
conserved E box sequence (TCACATG), which is recognized by the
MiTF/TFE family of transcription factors [28].

To test whether TFEB or TFE3 can induce GPNMB expression, we
expressed constitutively nuclear mutants of TFEB (TFEB-S211A) or
TFE3 (TFE3-S321A) in T47D and MDA-MB-436 breast cancer cells.
TFEB-S211A or TFE3-S321A induced GPNMB expression; however,
TFEB-S211A induced higher GPNMB levels in T47D cells when
compared to TFE3-S321A (Fig. S2E). Conversely, TFE3-S321A
induced higher GPNMB levels in MDA-MB-436 cells when
compared to TFEB-S211A (Fig. S2E).

Fig. 1 Standard-of-care and experimental treatments induce GPNMB expression in breast cancer cells. A Immunoblot analysis of GPNMB
expression in MDA-MB-436 cells treated for 48 h with increasing doses of doxorubicin (Dox), paclitaxel (Pac) and cisplatin (Cis). α-Adaptin
served a loading control. B RT-qPCR analysis of GPNMBmRNA levels in MDA-MB-436 cells treated for 48 h with 1000 nM doxorubicin, paclitaxel
or cisplatin. Data represent the mean values derived from at least three independent experiments. Error bars indicate the SEM. *P ≤ 0.05 and
**P ≤ 0.01; ***P ≤ 0.0001, by unpaired Student’s t test. C Immunoblot analysis of GPNMB expression in MCF7 and T47D cells treated for 48 h
with increasing doses of fulvestrant. Fulvestrant mediated receptor degradation was confirmed by immunoblotting for ERα. GAPDH served as
a loading control. D RT-qPCR analysis of GPNMBmRNA levels in MCF7 and T47D cells treated for 48 h with 5000 nM fulvestrant. Data represent
the mean values derived from three independent experiments. Error bars indicate the SEM. **P ≤ 0.01; ***P ≤ 0.0001, by unpaired Student’s t
test. E Immunoblot analysis of GPNMB expression in MCF7 and T47D cells treated for 48 h with increasing doses of tamoxifen. ERα levels
remained largely unchanged in response to Tamoxifen treatment. GAPDH served as a loading control. F RT-qPCR analysis of GPNMB mRNA
levels in MCF7 and T47D cells treated for 48 h with 5000 nM tamoxifen. Data represent the mean values derived from at least three
independent experiments. Error bars indicate the SEM. **P ≤ 0.005; ***P ≤ 0.0001, by unpaired Student’s t test. G All cancer types in TCGA were
stratified based on a 53-gene signature indicative of the transcriptional output from the MEK/ERK pathway. AML Acute Myeloid Leukemia, AC
Adrenocortical Cancer, LGG Low Grade Glioma, HCC Hepatocellular carcinoma, PCC Pheochromocytoma, PGG Paraganglioma, CAC
Cholangiocarcinoma, GBM Glioblastoma, UCEC Uterine Corpus Endometrial Carcinoma, UCS Uterine Carcinosarcoma, OSC Ovarian Serous
Cystadenocarcinoma, BUC Bladder Urethral Carcinoma, Testicular Germ Cell Tumor, Kidney CCC Kidney Clear Cell Carcinoma, Lung Adeno.
Lung Adenocarcinoma, Cervical and EC Cervical and Endocervical Cancer, Kidney PCC Kidney Papillary Cell Carcinoma, DLBCL Diffuse Large B
Cell Lymphoma, Kidney Chro. Kidney Chromophobe, H&N SCC Head and Neck Squamous Cell Carcinoma, Uveal Mel. Uveal melanoma, Cut.
Mel. Cutaneous Melanoma. H MEK/ERK activity in the different molecular subtypes of breast cancer from the TCGA dataset (53-gene signature
used in G), as defined by prediction analysis of microarray 50 (PAM50) gene signature. ***P ≤ 0.0001, by unpaired Student’s t test.
I Immunoblot analysis of GPNMB expression in MDA-MB-436 and Hs578T cells stimulated for 48 h with increasing concentrations of
trametinib. Phosphorylation of ERK1/2 on T202/204 was assessed to determine the efficacy of MEK inhibition. Total ERK1/2 served as a loading
control. J RT-qPCR analysis of GPNMB mRNA levels in TNBC cells treated for 48 h with 1000 nM trametinib. Data represent the mean values
derived from three independent experiments. Error bars indicate the SEM. **P ≤ 0.01, by unpaired Student’s t test. K Immunoblot analysis of
GPNMB expression in MDA-MB-436 and Hs578T cells stimulated for 48 h with increasing concentrations of cobimetinib. Phosphorylation of
ERK1/2 on T202/204 was assessed as a measure of MEK inhibition. Total ERK1/2 served as a loading control. L RT-qPCR analysis of GPNMB
mRNA levels in TNBC cells treated for 48 h with 1000 nM cobimetinib. Data represent the mean values derived from three independent
experiments. Error bars indicate the SEM. ***P ≤ 0.0001, by unpaired Student’s t test.
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To determine the MiTF/TFE family members responsible for
stress-induced GPNMB expression, we transiently depleted MITF,
TFEB, or TFE3 in MDA-MB-436 breast cancer cells. RT-qPCR analysis
revealed that GPNMB mRNA expression induced by amino acid
deprivation is largely mediated by TFE3 (Fig. S2F). MiTF/TFE
transcription factors can bind the promoters of target genes both
as homo- or heterodimers [29, 30]. Combined MiTF and TFE family
member depletion confirmed that TFE3 plays a predominant role
in promoting GPNMB expression in response to cellular stress (Fig.
S2F). Furthermore, we extended this siRNA approach to

demonstrate that TFE3-dependent GPNMB expression is primarily
restricted to TNBC cells (data not shown).

TFE3 enhances GPNMB expression in response to diverse
therapeutic stresses
We next asked whether TFE3 regulated GPNMB expression in
response to therapeutic agents. Trametinib- or doxorubicin-
induced GPNMB expression in MDA-MB-436 cells required TFE3,
with a minor contribution from MITF (Fig. 2A, B). Indeed, these
treatments lead to a significant increase in the percentage of cells
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with high nuclear TFE3 staining (Fig. 2C–F). Similarly, GPNMB
expression was induced by fulvestrant, which largely relied on
TFE3 activity, with a minor contribution from TFEB (Fig. 2G, H).
Furthermore, treatment with fulvestrant induced nuclear localiza-
tion of TFE3 in ~63% of T47D cells, with a small percentage of cells
displaying high TFE3 staining intensity in the nucleus (Fig. 2I, J).
Although immunoblot analysis revealed an electrophoretic
mobility shift for TFEB following fulvestrant treatment, which is
consistent with TFEB hypo-phosphorylation and a bona fide
indicator of TFEB nuclear translocation, we could not detect TFEB
in the nucleus by immunofluorescence (Fig. 2I). Our data highlight
TFE3 as the master regulator of GPNMB expression in response to
a multitude of therapy-induced stressors.

mTOR inactivation promotes stress-induced GPNMB
expression via TFE3
Our data suggest that TFE3 is a key transcriptional regulator of
GPNMB under basal and cell stress conditions. Inactivation of
mTOR by torin-1 leads to increased GPNMB expression in breast
cancer cells (Fig. S2A–D). Using siRNAs to target individual MiTF/
TFE family members, we demonstrate that torin-1 induced GPNMB
protein and mRNA expression in MDA-MB-436 breast cancer cells
relies on the activity of TFE3 but not on TFEB or MITF (Fig. S3A, B).
Immunofluorescence experiments revealed that ~18% of MDA-

MB-436 breast cancer cells are negative for nuclear TFE3, ~40%
exhibit weak nuclear TFE3 staining and ~42% possess high nuclear
TFE3 staining in cells treated with vehicle for 2 h (Fig. S3C, D).
Torin-1 treatment induced the rapid nuclear translocation of TFE3,
which was sustained over 48 h (Fig. S3C, D). Time course analyses
indicated that GPNMB mRNA levels are highly expressed after 16 h
of torin-1 treatment (Fig. S3E). TFE3 also mediated torin-1 induced
GPNMB protein and mRNA expression in T47D breast cancer cells,
with a minor contribution from TFEB and MITF (Fig. S3A, B).
Immunofluorescence experiments revealed that very little TFE3 is
localized in the nucleus of T47D cells under basal conditions;
however, torin-1 treatment rapidly induced TFE3 nuclear translo-
cation in these cells (Fig. S3F). Indeed, the majority of T47D breast
cancer cells displayed high nuclear TFE3 staining as early as 2 h
post torin-1 treatment (Fig. S3G). In keeping with the rapid nuclear
TFE3 translocation, GPNMB mRNA levels started to increase in a
time-dependent manner with a clear induction observed 6 h after
torin-1 addition and maximal levels reached at 48 h (Fig. S3H).
We next tested whether additional mTOR inhibitors (mTORi)

developed for the treatment of solid cancers can regulate GPNMB
expression in a similar manner as torin-1. As expected, torin-1
treatment increased GPNMB protein expression in MDA-MB-436

breast cells (Fig. 3A). Rapamycin, a specific inhibitor of mTORC1,
induced maximal GPNMB expression at the lowest dose tested (Fig.
3A). Higher concentrations of INK-128 and AZD2014, both of which
are ATP-competitive kinase inhibitors of mTORC1 and 2, were
required to induce GPNMB expression (Fig. 3A). In T47D cells, all
mTORi, except rapamycin, were able to induce GPNMB expression
(Fig. 3B). Moreover, all pharmacological mTOR inhibitors tested
induced TFE3 nuclear localization in MDA-MB-436 cells (Fig. 3C). In
T47D cells, rapamycin failed to localize TFE3 to the nucleus, while
torin-1, INK-128 and AZD2014 each induced TFE3 nuclear localization
(Fig. 3D). Treatment with everolimus, a mTORC1 inhibitor analog to
rapamycin, also failed to induce TFE3 nuclear localization in T47D cells
(Fig. 3D). Together, our data demonstrate that many pharmacological
inhibitors of mTOR enhance GPNMB expression by mobilizing TFE3.

Combination of glembatumumab vedotin with MEKi or mTORi
reduces tumor growth of triple-negative breast cancer cells
To test whether pharmacological inhibitors that induce GPNMB
expression can sensitize breast cancer cells to Glembatumumab
Vedotin, we performed preclinical studies in a TNBC patient-derived
xenograft (PDX) model (HCI-010) [31]. Mice bearing mammary
tumors were divided into four cohorts: (1) vehicle, (2) continuous
treatment with trametinib alone, (3) Glembatumumab Vedotin
alone (once/week), and (4) a combination of both therapeutic
agents. Immunohistochemical analysis following 7 days of trame-
tinib treatment revealed an increase in GPNMB expression in the
tumor epithelium (Fig. 4A, B). Trametinib-treated tumors grew
slower than their vehicle-treated counterparts; however, 5 weeks
after treatment was initiated, tumors resumed growing albeit with
slower kinetics relative to tumors in vehicle-treated mice (Fig. 4C).
Glembatumumab Vedotin administered as single agent resulted in
a more significant impairment of tumor growth when compared to
trametinib; similar to trametinib-treated group, tumor growth
resumed after ~42 days of treatment (Fig. 4C). In contrast, the
combination of trametinib plus Glembatumumab Vedotin resulted
in the greatest impairment in PDX growth leading to tumor
regression without a secondary growth rebound (Fig. 4C, D).
We also tested the ability of AZD2014, an mTOR inhibitor, to

increase the sensitivity of HCI-010 breast cancer cells to
glembatumumab vedotin. Mice bearing HCI-010 breast tumors
in the mammary fat pad were divided into four cohorts: (1)
vehicle, (2) daily administration of AZD2014 alone, (3) Glembatu-
mumab Vedotin alone (once/week), and (4) a combination of both
therapeutic agents. In contrast to trametinib-treated tumors,
AZD2014 only modestly induced GPNMB expression in the tumor
epithelium (Fig. 4E, F). Mammary tumors in the vehicle and

Fig. 2 TFE3 regulates GPNMB expression in response to therapy-induced cell stress. A Immunoblot analysis of GPNMB and ERK1/2
phosphorylation (T202/204) levels in MDA-MB-436 cells transiently depleted of MITF, TFEB or TFE3 and stimulated for 48 h with trametinib
(1 μM). MITF, TFEB and TFE3 levels were assessed by immunoblotting to confirm efficacy of each knockdown. GAPDH served as a loading
control. B Immunoblot analysis of GPNMB expression in MDA-MB-436 cells transiently depleted of MITF, TFEB, or TFE3 and stimulated for 48 h
with doxorubicin (1 μM). MITF, TFEB, and TFE3 levels were assessed by immunoblotting to confirm efficacy of each knockdown. GAPDH served
as a loading control. C MITF, TFEB, and TFE3 localization was assessed by indirect immunofluorescence in MDA-MB-436 cells treated for 48 h
with trametinib as described in (A). The percentage of cells positive for MITF, TFEB, or TFE3 is reported in the images. Scale bar: 20 μm, applies
to all images. D The percentage of cells in (C) that scored negative for TFE3 nuclear localization or express low or high levels of TFE3 in the
nucleus based on fluorescence intensity. Error bars indicate the SEM. E MITF, TFEB, and TFE3 localization was assessed by indirect
immunofluorescence in MDA-MB-436 cells treated for 48 h with doxorubicin as described in B. The percentage of cells positive for MITF, TFEB,
or TFE3 is reported in images. Scale bar: 20 μm, applies to all images. F The percentage of cells in E that scored negative for TFE3 nuclear
localization or express low or high levels of TFE3 in the nucleus based on fluorescence intensity. Error bars indicate the SEM. G T47D cells were
incubated for 48 h with fulvestrant (5 μM) and GPNMBmRNA levels were assessed by RT-qPCR. The efficiency of each MiTF/TFE family member
knockdown was assessed by RT-qPCR analyses of MITF, TFEB and TFE3 levels. The graph depicts the mean ± SEM of the RNA fold change for the
indicated mRNAs normalized to β2M mRNA from three or more independent experiments. *P ≤ 0.05 and **P ≤ 0.01, by unpaired Student’s t
test. H Immunoblot analysis of GPNMB expression in T47D cells transiently depleted of MITF, TFEB, TFE3, and treated for 48 h with fulvestrant
(5 μM). TFEB and TFE3 levels were assessed by immunoblotting to confirm efficacy of each knockdown. GAPDH served as a loading control.
I MITF, TFEB, and TFE3 localization was assessed by indirect immunofluorescence in T47D cells treated for 48 h with fulvestrant as described in
(G). The percentage of cells positive for MITF, TFEB, or TFE3 is indicated in each image. Scale bar: 20 μm, applies to all images. J The percentage
of cells in (I) that scored negative for TFE3 nuclear localization or express low or high levels of TFE3 in the nucleus based on fluorescence
intensity. Error bars indicate the SEM.
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AZD2014 treated cohorts grew rapidly and at the same rate
(Fig. 4G). Growth of mammary tumors in the cohort treated with
Glembatumumab Vedotin alone plateaued after 1 week of
treatment; however, they began to grow again after 7 weeks
posttreatment tumors resumed. The smallest tumor volumes and
an extended period of stable disease was observed only in the
cohort of mice treated with the combination of Glembatumumab
Vedotin and AZD2014 (Fig. 4G, H). Taken together these data
demonstrate that MEKi or mTORi sensitizes TNBCs to Glembatu-
mumab Vedotin.

Loss of FLCN increases GPNNMB expression and cell-surface
localization sensitizing tumors cells to glembatumumab
vedotin
Although combination of MEKi and mTORi with Glembatumumab
Vedotin significantly impaired tumor growth in vivo, none of the

mice experienced a complete response (CR), contrary to what we
previously observed when MEKi were combined with Glembatu-
mumab Vedotin to treat melanoma tumors [13]. To better
understand these observations, we analyzed GPNMB localization
to the cell surface in cells treated with MEKi and mTORi. Flow
cytometry analysis revealed that torin-1 or trametinib treatment
induced GPNMB localization at the cell surface only in a small
fraction of the MDA-MB-436 cell population (Fig. 4I, J). These
results argued that, while therapeutic stressors increase GPNMB
levels, they do not greatly increase cell-surface GPNMB localiza-
tion. We reasoned that agents capable of increasing cell-surface
GPNMB levels might induce a more drastic synergy when
employed with Glembatumumab Vedotin. GPNMB localizes to
endosomal/lysosomal compartments via a cytoplasmic dileucine-
based sorting motif present in GPNMB cytosolic domain [32].
Disruption of the adaptor protein complex-3 (AP-3), a clathrin-

Fig. 3 Pharmacological inhibition of mTOR enhances GPNMB expression. A Immunoblot analysis of GPNMB expression in MDA-MB-436
cells treated for 48 h with different concentrations of the indicated mTORi. pS6/S6 and p4E-BP1/4E-BP1 levels revealed the efficacy of mTOR
inhibition with each of the indicated inhibitors. α-Adaptin served as a loading control. B Immunoblot analysis of GPNMB expression in T47D
cells treated for 48 h with different concentrations of the indicated mTORi. pS6/S6 and p4E-BP1/4E-BP1 levels revealed the efficacy of mTOR
inhibition with each of the indicated inhibitors. α-Adaptin served as a loading control. C Representative images of TFE3 localization in MDA-
MB-436 cells treated for 48 h with the indicated inhibitors. The percentage of cells with TFE3 nuclear localization is indicated in each image.
Scale bar: 10 μm, applies to all images. D Representative images of TFE3 localization in T47D cells treated for 48 h with the indicated inhibitors.
The percentage of cells with TFE3 nucellar localization is indicated in each image. Scale bar: 10 μm, applies to all images.
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associated complex that mediates intracellular membrane traffick-
ing along endocytic and secretory transport pathways, resulted in
altered trafficking of quail neuroretina clone 71 gene (QNR-71),
the quail ortholog of GPNMB, and lysosomal-associated mem-
brane protein 1 (LAMP1), to the cell surface [32] suggesting that

GPNMB and lysosomes could traffic together to the cell surface.
Previous work showed that inactivation of the tumor suppressor
gene folliculin (FLCN) induces high GPNMB mRNA and protein
expression by regulating TFE3 nuclear localization in renal cancer
cells [28]. Interestingly, FLCN also regulates lysosomal positioning
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in response to nutrient deprivation [33]. We investigated whether
modulation of FLCN levels results in cell-surface localization of
GPNMB. We first investigated whether FLCN loss increased GPNMB
expression in breast cancer cells using FLCN-null MCF7 cells.
Immunoblot analyses revealed high levels of GPNMB protein
expression in MCF7 FLCNKO cells (Fig. S4A). We found that FLCN
knockout dramatically increased the percentage of MCF7 cells
positive for cell-surface GPNMB from ~0.4 to ~60% (Fig. S4B, C).
We next assessed if MCF7 FLCNKO tumor cells are more responsive
to glembatumumab vedotin when compared to parental MCF7
breast cancer cells. IHC analysis showed that GPNMB is highly and
uniformly expressed in MCF7 FLCNKO at 2 weeks postinjection and
at experimental endpoint (Fig. S4D, bottom panels). In contrast,
tumors derived from MCF7 parental cells displayed a small fraction
of GPNMB+ cells that was detectable only at 2 weeks postinjec-
tion, but not at endpoint (Fig. S4D, upper panels). Glembatumu-
mab Vedotin treatment of mice injected with MCF7 FLCNKO cells
resulted in almost complete tumor regression as compared to the
static tumor growth response observed in mice injected with
parental MCF7 cells (Fig. S4E, F), reinforcing the idea that
increasing GPNMB cell-surface localization is a key element to
improving cancer cell sensitivity to glembatumumab vedotin. We
observed that lysosomes were more scattered/localized to the
cellular periphery in FLCN knockout cells when compared to MCF7
parental cells (Fig. S4G), confirming a role for FLCN in lysosomal
positioning. Furthermore, flow cytometry analysis revealed
increased LAMP1 cell-surface localization suggesting lysosomal
fusion with the plasma membrane in MCF7 FLCNKO cells (Fig. S4H).
The high levels of GPNMB localized to the cell-surface observed in
MCF7 FLCNKO cells (Fig. S4C, D) suggest a potential link between
lysosomal positioning at the cell periphery and the localization
of GPNMB.

FACS-based shRNA screen identifies HSP90 as a novel
regulator of GPNMB expression and cell-surface localization
FLCN inactivation increases both GPNMB protein levels and GPNMB
cell-surface localization, thus representing a proof-of-concept
candidate to target in combination with Glembatumumab Vedotin.
FLCN is as a tumor suppressor gene whose germline inactivation is
responsible for Birt-Hogg-Dubé syndrome in humans, a pathology
associated with increased risk for developing kidney tumors [34]. For
this reason, FLCN is not an ideal candidate to target in cancer. We
therefore performed a pooled shRNA screen to identify new

druggable targets whose suppression causes an increase in cell-
surface localized GPNMB. We combined two previously published
shRNA libraries targeting the human kinome [35] and known targets
of clinically approved drugs (both agonists and antagonists) [36] to
create a total of 10,224 shRNAs against 1688 genes. This focused
library was chosen because pharmacological inhibitors targeting
candidates identified from our screens, if available, would have the
highest chance of clinical implementation. In addition, incomplete
gene suppression by RNAi could provide a more realistic mimic of
drug inhibition.
MCF7 breast cancer cells, which have low endogenous levels of

GPNMB, were infected with the lentiviral shRNA library and
subjected to rapid drug selection for stable library integration.
These MCF7 cells were subsequently subjected to FACS to isolate
the subpopulation of cells with high GPNMB cell-surface localiza-
tion (Fig. 5A). Upon screen deconvolution by bar-code sequencing
of the shRNA inserts, we employed MAGeCK statistical analysis
software [37] to identify genes whose silencing led to elevated
GPNMB cell-surface localization when compared with the full
library-expressing population, which was collected immediately
before FACS sorting (Fig. 5B). An independent, hand-curated
analysis (see Methods) confirmed the principal top candidates
predicted by MAGeCK (Fig. 5C and Table S1). We next validated
candidates that were common to both approaches (Table S1) and
against which pharmacological inhibitors were commercially
available, by comparing their ability to induce total GPNMB
expression relative to torin-1. Only inhibition of heat shock protein
90 (HSP90AA) enhanced GPNMB expression to a level comparable
to torin-1 treatment (Fig. 5D).

HSP90 inhibition increases GPNMB localization at the cell
surface
Heat shock proteins are a large family of molecular chaperones
well-known for their roles in protein maturation, re-folding and
degradation in response to stress [38]. To further confirm that
HSP90 can regulate GPNMB expression, we treated MDA-MB-436
and MCF7 cells with different doses of four independent HSP90
inhibitors (HSP90i), including NMS-E973, onalespib, luminespib and
17-DMAG. Immunoblot analyses revealed that GPNMB protein
levels increased upon treatment with all four inhibitors (Fig. 5E).
HSP90 inhibition suppresses the PI3K/AKT/mTOR signaling pathway
[39] and both MDA-MB-436 and MCF7 breast cancer cells treated
with the indicated HSP90i exhibited reduced phosphorylation of

Fig. 4 Combination of Glembatumumab Vedotin with either MEK or mTOR inhibitors reduces TNBC growth. A Immunohistochemistry
(IHC) analysis of GPNMB expression in samples from HCI-010 TNBC PDX tumors treated with vehicle (blue), 2 mg/kg trametinib alone (red),
5 mg/kg Glembatumumab Vedotin alone (black) and trametinib administered in combination with Glembatumumab Vedotin (green).
B Quantification of GPNMB IHC expression in (A). Error bars indicate the SEM. *P ≤ 0.05 and **P ≤ 0.01, by unpaired Student’s t test. C Growth
curves of HCI-010 tumors upon treatment with vehicle (blue line), 2 mg/kg trametinib alone (red line), 5 mg/kg Glembatumumab Vedotin
alone (black line) and trametinib administered in combination with Glembatumumab Vedotin (green line). All treatments were initiated when
tumors reached 300mm3 and were administered as follows: glembatumumab vedotin (black arrows below x-axis) was administered as a
single agent once every week and trametinib was administered daily (continuous red line above x-axis). Black dashed line above the x-axis
represents normalized tumor volumes relative to tumor volumes at the beginning of treatment. Error bars indicate the SEM. *P ≤ 0.05 and
***P ≤ 0.001 by unpaired Student’s t test. D Waterfall plot demonstrating the response of individual HCI-010 tumors to the indicated
treatments. Mice were treated as indicated in (A). E IHC analysis of GPNMB expression in samples from HCI-010 TNBC PDX tumors treated with
vehicle (blue), 15 mg/kg AZD2014 alone (purple), 5 mg/kg Glembatumumab Vedotin alone (black) and AZD2014 administered in combination
with Glembatumumab Vedotin (green). F Quantification of GPNMB IHC expression in (E). Error bars indicate the SEM. *P ≤ 0.05 by unpaired
Student’s t test. G Growth curves of HCI-010 tumors upon treatment with vehicle (blue line), 15 mg/kg AZD2014 alone (purple line), 5 mg/kg
glembatumumab vedotin alone (black line) or AZD2014 administered in combination with Glembatumumab Vedotin (green line).
Glembatumumab Vedotin was administered as a single agent once every week (black arrows below x-axis) and AZD2014 was administered
daily (continuous purple line above x-axis). Error bars indicate the SEM. *P ≤ 0.05 by unpaired Student’s t test. H Waterfall plot demonstrating
responses of individual HCI-010 tumors to the indicated treatments. Mice were treated as indicated in (E). I FACS-based analysis of cell-surface
GPNMB localization in MDA-MB-436 cells treated for 48 h with 1 μM of torin-1, trametinib. FACS plots reveal a modest shift in GPNMB cell-
surface expression following staining with the CR011 antibody, in cells treated with the indicated inhibitors (in blue) relative to cells treated
with vehicle (in red). Yellow traces indicate cells treated with the indicated inhibitors and stained with hIgG antibody (isotype control). J FACS-
based analysis of cell-surface GPNMB localization in MDA-MB-436 cells treated for 48 h with the indicated drugs. Data represents the
percentage of live cells positive for cell-surface GPNMB expression in breast cancer cells treated with the indicated inhibitors. Error bars
indicate the SEM.
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4E-BP1 (T37/46), confirming mTOR pathway inhibition (Fig. 5E).
Importantly, all four HSP90i significantly increased GPNMB cell-
surface localization in MDA-MB-436 (Fig. 5F, G) and MCF7 (Fig. 5H)
breast cancer cells. Inhibition of HSP90 increased the percentage of
GPNMB+ cells in MDA-MB-436 cells from ~10 to ~46% (Fig. 5G).
The degree of GPNMB upregulation was considerably greater in
HSP90i treated MDA-MB-436 cells when compared to torin-1 and
trametinib-treated cells (Fig. 4I, J). In MCF7 cells, which have low
basal levels of GPNMB, treatment with the HSP90i increased the
percentage of GPNMB+ cells in the MCF7 cell population from ~4 to
~20% (Fig. 5H). Using siRNAs individually targeting the MiTF/TFE
family members, we demonstrated that HSP90i upregulate GPNMB
expression, in part, through the activity of TFE3 (Fig. S5A, B). As
previously observed for therapeutic stressors like trametinib and
doxorubicin (Fig. 2A, B), GPNMB protein upregulation following
HSP90 inhibition also partially relied on MITF (Fig. S5A). Consistent
with our previous results, TFEB was dispensable for HSP90i
mediated GPNMB protein upregulation (Fig. S5A). We noticed that
inhibition of HSP90 upregulated MITF and TFEB mRNA levels but
downregulated TFE3 mRNA levels (Fig. S5B); however, total protein

levels for TFEB and TFE3 were unaffected (Fig. S5A). Taken together
these data reveal that HSP90i increase GPNMB expression and cell-
surface localization, raising the possibility that HSP90 inhibition may
sensitize breast cancer cells to glembatumumab vedotin.

HSP90 inhibition induces lysosomal scattering and fusion with
the plasma membrane
We next investigated how HSP90 inhibition induces GPNMB
localization to the cell surface. Previous observations have shown
that HSP90 localizes to the lysosomal membrane, where it
complexes with heat shock cognate 70 (HSC70) to regulate
chaperone-mediated autophagy in response to cellular stress
[40, 41]. Our results in MCF7 FLCNKO cells raised the possibility that
GPNMB localization to the cell surface might depend on lysosomal
repositioning to the periphery. We reasoned that HSP90i might
induce GPNMB cell-surface localization by affecting lysosomal
scattering.
To further investigate this hypothesis, we assessed endosome/

lysosome distribution in cells treated with HSP90i. Immunofluor-
escence analyses of endogenous LAMP1 in MDA-MB-436 cells

Fig. 5 shRNA screen to identify novel modulators of cell-surface GPNMB expression. A Schematic of FACS-based shRNA screen to identify
negative regulators of GPNMB cell-surface localization in MCF7 breast cancer cells. B FACS-based shRNA screen identified HSP90AA1 as the
“top hit” for a novel negative regulator of GPNMB cell-surface localization in MCF7 cells. Hits were ranked according to robust rank
aggregation score. CMAGeCK computational analysis and further hand-curated analysis of the data revealed a similar list of top candidates, of
which seven were common to both analyses. D Immunoblot analysis of GPNMB levels in MCF7 in response to inhibitors targeting several top
hit genes identified by the screen in (B). The ability of the inhibitors to induce GPNMB expression was compared to torin-1. α-Tubulin served
as a loading control. E Immunoblot analysis of GPNMB expression in MDA-MB-436 and MCF7 cells treated for 48 h with different
concentrations of the indicated HSP90i. The efficacy of HSP90 inhibition was assessed by immunoblot analysis of p4E-BP1/4E-BP1 levels. α-
Tubulin served as a loading control. F FACS-based analysis of cell-surface GPNMB expression in MDA-MB-436 cells treated for 48 h with 1 µM
the indicated HSP90i (NMS-E973, onalepsib, luminespib, and 17-DMAG). FACS plots reveal the shift in GPNMB cell-surface localization
following staining with the CR011 antibody, in cells treated with the indicated inhibitors (in blue) relative to cells treated with vehicle (in red).
Yellow traces indicate cells treated with the indicated inhibitors and stained with hIgG antibody (isotype control). G, H FACS-based analysis of
cell-surface GPNMB localization in MDA-MB-436 in (G) and MCF7 in (H) cells treated for 48 h with 1 µM the indicated HSP90i (NMS-E973,
onalespib, luminespib, and 17-DMAG). Data represents the percentage of live cells positive for cell-surface GPNMB. Error bars indicate the SEM.
*P ≤ 0.05 and **P ≤ 0.01, by unpaired Student’s t test.
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displayed an increase in the number of lysosomes per cell
following HSP90 inhibition and confirmed lysosomal scattering
towards the cell periphery (Fig. 6A, B). Treatment with luminespib
and NMS-E973 increased the percentage of cells with LAMP1
localization at the cell surface in the MDA-MB-436 cell population
from 40% to 80%, suggesting active lysosomal fusion with the
plasma membrane upon HSP90 inhibition-induced scattering

(Fig. 6C). In contrast, torin-1 treatment failed to increase LAMP1
cell-surface localization. Accordingly, live imaging analysis showed
that both torin-1 and trametinib failed to induce dispersion of
endosomes/lysosomes to the cell edges (Fig. 6D, E). Notably, both
torin-1 and trametinib also failed to increase GPNMB localization
at the cell surface (Fig. 4I, J), supporting a link between lysosomal
scattering and GPNMB cell-surface localization. Indeed, flow
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cytometry analysis showed that cells positive for surface GPNMB
were also positive for surface LAMP1 (Fig. 6F) following luminespib
treatment. The impact of HSP90 inhibition on lysosomal scattering
was also observed in MCF7 cells. In vehicle-treated MCF7 cells,
LAMP1 positive structures were diffuse throughout the cell body
when compared to MDA-MB-436 cells. In contrast, HSP90
inhibition markedly induced lysosomal scattering and accumula-
tion to the cell periphery (Fig. S6A, B). Flow cytometry analysis
confirmed an increase in LAMP1 staining at the cell surface of
MCF7 cells treated with HSP90i, which was not observed in cells
treated with torin-1 (Fig. S6C). Collectively, our data suggest that
HSP90 inhibition may increase GPNMB expression at the cell
surface by inducing lysosomal scattering and plasma membrane
fusion.
To gain insight into lysosomal dynamics following HSP90

inhibition in live MDA-MB-436 cells we used LysoTracker, which
selectively accumulates in acidic vesicular compartments such as
late endosomes and lysosomes. In vehicle-treated cells, LysoTracker-
positive structures localized predominantly to the perinuclear
region, which is consistent with lysosomal localization in non-
polarized cells [42]. In contrast, treatment with luminespib and NMS-
E973 induced a marked repositioning of endosomes/lysosomes to
the cell periphery (Fig. 7A). LysoTracker-labeled structures moved
with higher speed and localized closer to the cell edge following
HSP90 treatment (Fig. 7B). We confirmed that LysoTracker-positive
structures were lysosomes by LAMP1 staining.

GPNMB traffics with lysosomes to the cell surface following
HSP90 inhibition
To determine if GPNMB reached the cell surface via lysosome-
mediated transport in cells treated with HSP90i, we expressed
RFP-GPNMB in MDA-MB-436 cells and visualized lysosomal
distribution by LysoTracker. In vehicle-treated cells, RFP-GPNMB
localized to the perinuclear region, largely co-staining with
LysoTracker-positive structures. Upon treatment with luminespib
or NMS-E973, we observed scattering of structures positive for
RFP-GPNMB that localized closer to the cellular edge (Fig. 7C). The
number of RFP-GPNMB-positive structures increased in response
to HSP90 inhibition, suggesting that more RFP-GPNMB fusion
proteins were sorted into lysosomes in response to HSP90i (Fig.
7D). In response to HSP90 inhibition, we confirmed scattering of
Lysotracker-positive structures as previously observed. Co-
localization analysis showed that Lysotracker-positive structures
extensively co-localize with RFP-GPNMB (Fig. 7D). We previously
observed that luminespib and NMS-E973 increase the number of
lysosomes found per cell area (Fig. 6B). These results suggest that
more RFP-GPNMB was sorted into lysosomes in response to
HSP90i. In addition, the percentage co-localization between RFP-
GPNMB and Lysotracker decreased following luminespib and

NMS-E973 treatment, suggesting that GPNMB may be deposited
on the plasma membrane as a result of lysosomal exocytosis (Fig.
7D). These data suggest that, under normal conditions, GPNMB is
situated within the perinuclear region where it co-localizes with
late endosome/lysosomes. Following treatment with HSP90i,
GPNMB-containing lysosomes are scattered to the cell periphery
and fuse with the plasma membrane. We next investigated the
mechanism responsible for lysosomal scattering following HSP90
inhibition. A recent work identified FLCN as a client protein of
HSP90 and showed that treatment with the HSP90i, ganetespib,
induced FLCN degradation [43]. As we demonstrated in Fig. S4G,
FLCN knockout resulted in lysosomal accumulation to the cellular
periphery in MCF7 cells. Therefore, we reasoned that HSP90i
induce lysosomal scattering by inducing FLCN degradation. We
analyzed FLCN levels in MDA-MB-436 and MCF7 cells treated with
luminespib. Our data show that FLCN levels were not significantly
changed upon HSP90 inhibition (Fig. S6D), suggesting the
existence of alternative mechanisms responsible for lysosomal
repositioning to the cell periphery in cells treated with HSP90i.

Combining HSP90 inhibition with Glembatumumab Vedotin
impairs the growth of TNBC cells in vivo
Among the different therapeutic agents tested, HSP90i were the
only class capable of effectively increasing both total GPNMB
expression and GPNMB localization at the cell surface. Increased
expression of HSP90 has been associated with poor prognosis in
breast cancer patients, including women with TNBC [44]. Several
HSP90i have been tested in clinical trials. We investigated whether
administration of HSP90i to mice bearing TNBC-derived mammary
tumors could enhance the efficacy of Glembatumumab Vedotin.
Secondarily, we determined whether the combination of HSP90/
Glembatumumab Vedotin was able to prevent the onset of HSP90
inhibitor resistance. Mice harboring HCI-010 TNBC PDX tumors
were divided into four cohorts and received: (1) vehicle, (2)
luminespib alone (3 times/week), Glembatumumab Vedotin alone
(once/week), or (4) a combination of both therapeutic agents.
Luminespib, as a single agent, slowed tumor growth compared to
vehicle, which then resumed after 35 days posttreatment (Fig. 8A).
Tumors treated with Glembatumumab Vedotin as a single agent
displayed a more significant growth impairment relative to
luminespib alone; however, tumor growth resumed after ~28 days
of treatment (Fig. 8A). The combination of luminespib and
Glembatumumab Vedotin further impaired tumor growth (Fig.
8A). Importantly, tumors rapidly responded to combination
treatment, displaying significantly impaired growth by 14 days
relative to cohorts treated with luminespib or Glembatumumab
Vedotin alone (Fig. 8B). Administration of these therapeutic agents
did not negatively impact the overall health of the mice under
treatment, as revealed by the mouse body weights measured in

Fig. 6 HSP90 inhibitors induce lysosomal scattering and fusion with the plasma membrane in MDA-MD-436 cells. A Representative
images of LAMP1 localization in parental and MDA-MB-436 cells treated with vehicle, luminespib or NMS-E973 for 48 h. LAMP1 images are
shown with an inverted lookup table to enhance visualization. Nucleus is in blue and F-actin in green. Scale bar: 20 μm. B Quantification of the
images in (A). Black squares indicate the average for each cell analyzed (n= 32 for vehicle, n= 23 for luminespib, n= 25 for NMS-E973). Error
bars indicate the SEM. *P < 0.05 and ***P < 0.001, by Mann–Whitney U test. C FACS-based analysis of cell-surface LAMP1 localization in MDA-
MB-436 cells incubated with vehicle, luminespib, NMS-E973, or torin-1 for 48 h. FACS plots reveal the shift in LAMP1 cell-surface expression in
cells treated with the inhibitors (in blue) relative to vehicle-treated cells (in red). Yellow traces indicate cells treated with the indicated
inhibitors and stained with rIgG antibody (isotype control). D Representative images of MDA-MB-436 cells treated with vehicle, torin-1 or
trametinib for 48 h and stained with 200 nM LysoTracker to visualize endosome/lysosome positioning in live cells. Images were continuously
acquired for ~32.6 s. LysoTracker images are shown with an inverted lookup table to enhance visualization. Lysosome positions were plotted
and pseudocolored to visualize distance (red lysosomes are close to the cell edge while blue lysosomes are far away). Scale bar: 10 μm.
E Quantification of the videos in (D). Black squares indicate the average for each cell analyzed (n= 22 for vehicle, n= 26 for torin-1, n= 25 for
trametinib). Error bars indicate the SEM. **P < 0.01 and ***P < 0.001, by Mann–Whitney U test. F FACS-based analysis of cell-surface GPNMB and
LAMP1 localization in MDA-MB-436 cells incubated with vehicle or 1 μM luminespib for 48 h. FACS plots in the upper panel do not reveal a
shift in GPNMB and LAMP1 cell-surface expression following luminespib treatment of cells stained with rIgG antibody and hIgG (isotype
control). FACS plots in the lower panel reveal a shift in the percentage of cells positive both for GPNMB and LAMP1 at the cell surface
following treatment with luminespib (population Q2).
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Fig. 7 HSP90 inhibitors increase lysosome proximity to the cell periphery and deliver GPNMB to the cell surface. A Representative images
of MDA-MB-436 cells treated with vehicle, luminespib or NMS-E973 for 48 h and stained with 200 nM LysoTracker to visualize endosome/
lysosome positioning in live cells. Images were continuously acquired for ~32.6 s. LysoTracker images are shown with an inverted lookup table
to enhance visualization. Lysosome positions were plotted and pseudo- colored to visualize distance (red lysosomes are close to the cell edge
while blue lysosomes are far away). Scale bar: 10 μm. B Quantification of the videos in (A). Black squares indicate the average for each cell
analyzed (n= 31 for vehicle, n= 27 for luminespib, n= 25 for NMS-E973). Error bars indicate the SEM. **P < 0.01; ***P < 0.001, by
Mann–Whitney U test. C Representative images of MDA-MB-436 cells transfected with RFP-GPNMB, treated with vehicle, luminespib or NMS-
E973, and stained with LysoTracker, as described in (A). Scale bar: 10 μm. D Quantification of the videos from (C). Black squares indicate the
average for each cell analyzed (n= 27 for vehicle, n= 26 for luminespib, n= 25 for NMS-E973). Error bars indicate the SEM. **P < 0.01; ***P <
0.001, by Mann–Whitney U .test.
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each cohort throughout the duration of the experiment (data not
shown). Immunohistochemistry analysis of HCI-010 tumors
harvested at experimental endpoint showed increased GPNMB
expression in the tumor epithelium of luminespib-treated mice
and glembatumumab vedotin combination treated mice (Fig. 8D,
E). Similar results were obtained with 17-DMAG, an independent
inhibitor specifically targeting HSP90 (Fig. S7A–D).

DISCUSSION
Glembatumumab Vedotin is an ADC specifically targeting
GPNMB [8] that has been tested in a Phase II clinical trial
(NCT#01997333) as a stand-alone therapy for women with
metastatic GPNMB-overexpressing TNBC. When compared to

capecitabine, Glembatumumab Vedotin alone did not provide
superior advantage in progression-free survival, overall response
rate, duration of response and overall survival. While GPNMB
remains a viable target in oncology, combination strategies to
increase the efficacy of Glembatumumab Vedotin are clearly
required. Indeed, there is a growing appreciation in the field for
the need to design rationale drug combination therapies based
on detailed mechanistic insights [45].
Our results reveal that GPNMB expression is regulated via a

variety of cellular stressors, including nutrient deprivation,
oxidative stressors and therapy-induced stress. Lysosomal storage
diseases/lysosomal stress [46] and endoplasmic reticulum stress
[47] also induce GPNMB expression, which argues that GPNMB is
part of a transcriptional stress response. The GPNMB promoter

Fig. 8 A combination of HSP90 inhibition and Glembatumumab dramatically impairs the growth of TNBC cells in vivo. A Growth curves of
HCI-010 tumors upon treatment with vehicle (blue line), 25 mg/kg luminespib alone (orange line), 5 mg/kg Glembatumumab Vedotin alone
(black line) and trametinib administered in combination with glembatumumab vedotin (green line). Glembatumumab Vedotin was
administered as a single agent once every week (black arrows below x-axis) and Luminespib was administered three times per week (orange
dashes above x-axis). Error bars indicate the SEM. *P ≤ 0.01; ***P ≤ 0.0001, by unpaired Student’s t test. B Waterfall plot demonstrating
responses of individual HCI-010 tumors to the indicated treatments. Mice were treated as indicated in (A). C Immunohistochemistry (IHC)
analysis of GPNMB expression in samples from HCI-010 TNBC PDX tumors treated with vehicle (blue), 25 mg/kg luminespib alone (orange
line), 5 mg/kg Glembatumumab Vedotin alone and luminespib administered in combination with Glembatumumab Vedotin (green).
Glembatumumab Vedotin was administered as a single agent once every week (black arrows below x-axis) and luminespib was administered
three times per week (orange dashes above x-axis). D Quantification of GPNMB IHC expression in (C). Error bars indicate the SEM. *P ≤ 0.05 and
***P ≤ 0.0001, by unpaired Student’s t test. E Model of therapy-induced GPNMB expression and subsequent sensitization to Glembatumumab
Vedotin. Under basal conditions, in the absence of physiological or therapy-induced stresses, the MITF family members are phosphorylated by
mTOR at the lysosomal surface. Active mTOR phosphorylates MITF, TFEB, or TFE3 and results in their cytoplasmic sequestration by 14-3-3
proteins. Nuclear exclusion of MiTF family members results in low GPNMB expression and cell-surface localization. Under therapy-induced
stress (torin, doxorubicin), mTOR activity at the lysosomal surface is reduced. This leads to reduced phosphorylation of MITF family members
and their subsequent nuclear accumulation. TFE3 is required for the elevated expression of GPNMB in response to cellular stresses. A TFE/TFEB
cell stress program is also engaged, which results in the trafficking of lysosomes from the periphery to the cell center (see text in discussion).
While much of the increased GPNMB that is expressed in the treated cancer cells, some GPNMB makes it to the cell surface, which increases
the sensitivity of these cancer cells to Glembatumumab Vedotin. HSP90 inhibition leads to a reduction in PI3K/Akt/mTOR signaling, which
results in diminished phosphorylation of MiTF family members, enabling their nuclear translocation. MITF and TFE are required for GPNMB
upregulation in response to HSP90 inhibition. Interestingly, the HSP90 chaperone has been shown to regulate endosomal/lysosomal fusion
with the plasma membrane. Thus, treatment with HSP90 inhibitors not only results in an induction in GPNMB expression but favors lysosomal
fusion and delivery of GPNMB to the cells surface. Thus, HSP90 inhibitor treated cells are highly sensitized to glembatumumab vedotin.
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contains a conserved E box sequence (TCACATG) that is
recognized by MiTF/TFE family members [28], which plays a
well-established role in orchestrating adaptive responses to stress
by promoting lysosomal biogenesis, autophagy, mitochondrial
biogenesis and cellular metabolism [48]. Indeed, GPNMB is a
transcriptional target of TFE3 or MITF depending on cellular
context [13, 28, 49]. In TNBC cells, the expression of GPNMB in
response to a variety of cellular and therapeutic stress predomi-
nantly relies on TFE3 activity. Our findings are consistent with
previous data showing that hydrophobic weak base chemother-
apeutics like doxorubicin can induce nuclear translocation of
MiTF/TFE family of transcription factors [50]. We showed that
GPNMB expression is also elevated in TNBC cells resistant to
doxorubicin and epirubicin and in ER+ resistant to tamoxifen
rising the intriguing possibility that high GPNMB expression is a
selected trait and might be required for drug resistance. In this
regard, GPNMB is required for the fusion between phagosomes
and lysosomes to create autophagolysosomes during autophagy
[51], a pro-survival program exploited by cancer cells to survive
metabolic and therapeutic stresses [52].
MAPK and mTOR signaling control TFEB and TFE3 function by

regulating nuclear/cytoplasmic shuttling of these transcription
factors. ERK2 can phosphorylate TFEB on serine residue 142 and
enhance cytoplasmic retention of TFEB [53]. Similarly, mTOR
phosphorylates TFEB on serine residues 121, 142, and 211
[25–27, 53, 54]. The net result of these phosphorylation events is
to enhance interactions between TFEB/TFE3 and 14-3-3 proteins,
which leads to cytoplasmic retention and reduced expression of
TFEB/TFE3 transcriptional targets [25, 26]. It is believed that key
phosphorylation sites and regulatory events are conserved among
all MiTF/TFE family members [55–57]. Thus, the use of MEK or
mTOR inhibitors in this study leads to enhanced TFE3 nuclear
localization and increased GPNMB expression. Our in vivo results
show that combining Glembatumumab Vedotin with either a
MAPK or mTOR pathway inhibitors results in a significant
impairment of tumor growth compared to individual treatment
arms. Although both combination strategies significantly reduced
tumor growth, residual tumors were still detectable in mice
treated with MEKi/Glembatumumab Vedotin or mTORi/Glemba-
tumumab Vedotin. These results may be explained by the
observation that MEKi or mTORi failed to substantially increase
GPNMB cell-surface localization. The ability of MEKi or mTORi to
enhance the efficacy of Glembatumumab Vedotin may also be
due to the impact of these inhibitors on ADC internalization/
intracellular processing or through mechanisms that impair the
onset of ADC resistance.
Many factors influence the efficacy of ADCs: expression and

accessibility of the target, ADC internalization rate, ADC trafficking
route upon internalization, the chemistry/cleavage of the linker,
and the efficacy of the conjugated drug [58]. We and others have
shown that GPNMB localization at the cell surface of cancer cells
can predict a response to glembatumumab vedotin in vitro [4, 12].
The identification of HSP90 as a regulator of GPNMB cell-surface
localization is interesting for several reasons. Several classes of
HSP90i are available and some have been explored for their
efficacy in clinical trials for diverse solid cancers, including breast
cancer [59].Our observation that independent Hsp90 inhibitors
induce GPNMB mRNA and protein levels are in agreement with
recent studies demonstrating that targeting HSP90 suppresses
signaling through the PI3K/AKT/mTOR pathway in Burkitt’s
lymphoma, prostate cancer and sarcoma [39, 60, 61]. Importantly,
inhibition of HSP90 also resulted in an increase in GPNMB cell-
surface localization. Although the Hsp90i were initially successful
at controlling tumor growth, tumors resumed growing after
5 weeks of treatment. In contrast, treatment with luminespib and
17-DMAG in combination with Glembatumumab Vedotin blunted
the rebound in tumor growth. Currently, the utility of HSP90i as
monotherapies has been limited due to toxicity or lack of clinical

efficacy [62]. The majority of HSP90i developed and tested in the
clinic target the N-terminal region of HSP90. The lack of clinical
efficacy of HSP90-N inhibitors has been ascribed to their ability to
induce a pro-survival mechanism in cancer cells known as a heat
shock response [63]. Alternative molecules are currently being
investigated that inhibit HSP90 without inducing a heat shock
response, such as HSP90-C inhibitors [64]. Our data show that
HSP90i increase GPNMB expression and cell-surface localization,
providing the rationale for combining Glembatumumab Vedotin
and HSP90i in order to avoid the onset of tumor resistance.
Our findings raise the intriguing possibility that, following

HSP90i treatment, GPNMB reaches the cell surface via lysosomal
trafficking. GPNMB contains a dileucine motif (EKDLL) in its
cytoplasmic tail, which is required for its targeting to the
lysosomal/endosomal compartment [32]. The concept of lysoso-
mal positioning/exocytosis has gained interest in the context of
cancer [65], with anterograde trafficking of late endosomes/
lysosomes and their redistribution to the cell periphery recognized
as a common feature of cancer cells [66]. Recently, it was shown
that FLCN controls dynamic lysosome positioning by promoting
the interaction between Rab34 and RILP [33]. This is of great
interest given that we observe increased GPNMB cell-surface
localization in luminal breast cancer cells that have lost FLCN.
Moreover, FLCN loss also increases the nuclear accumulation of
TFEB and TFE3 [28, 67, 68] and leads to elevated GPNMB
expression [28]. In our work, loss of FLCN resulted in accumulation
of the lysosomes at the cell periphery. Similarly, treatment with
HSP90i greatly increased GPNMB at the cell surface and resulted in
lysosomal dispersion to the cell edge.
Although HSP70 and HSP90 can lead to the degradation of

FLCN [43], our data, suggests that HSP90 inhibition leads to
lysosomal repositioning through an alternative mechanism. It has
been reported that HSP90 possesses a membrane deformation
function that enhances the fusion of multivesicular bodies (MVBs)
with the plasma membrane, releasing intraluminal vesicles as
exosomes [69]. HSP90i that target the C-terminus (e.g., SM122,
SM253) bind to HSP90 dimers in a “closed” state, which blocks
both the chaperone activity and the membrane deformation
functions of HSP90 and results in diminished MVB fusion with the
plasma membrane. In contrast, HSP90i that target the N-terminus
(e.g., 17-AAG) bind HSP90 dimers in an “open” confirmation and
blunt the chaperone activity of HSP90 without impairing its
membrane deformation function, which is required MVB fusion.
The HSP90i employed in our study (NMS-E973, luminespib, 17-
DMAG and onalespib) bind the ATP-binding site at the N-terminus,
in a manner similar to 17-AAG [70]. It would be interesting to
further investigate whether the membrane deformation functions
of HSP90 play a role in delivering of GPNMB to the cell surface. It is
tempting to speculate that HSP90i suppress HSP90 chaperone
functions, which diminish PI3K-AKT/mTOR signaling and ulti-
mately engage TFE3 nuclear accumulation and GPNMB upregula-
tion. Simultaneously, HSP90 dimers that are not acting as
chaperones are now free to enhance membrane fusion of MVBs
with the plasma membrane (unaffected by the class of HSP90i
used in this study), which may result in increased GPNMB
localization to the plasma membrane. In this way, HSP90i can
fulfill the two criteria required to sensitize breast cancer cells to
Glembatumumab Vedotin, namely an increase in GPNMB expres-
sion that is localized to the cell surface (Fig. 8).
We describe several strategies, along with underlying molecular

mechanisms, which sensitize breast cancer cells to the activity of
Glembatumumab Vedotin. Such strategies have the potential to
be effective in multiple solid cancers in which GPNMB is highly
expressed [7]. Indeed, Glembatumumab Vedotin has been used in
the context of Osteosarcoma with some degree of ant-tumor
activity [71]. Recently, GPNMB was shown to be the most
upregulated gene in osteosarcoma cells following HSP70 knock-
down [72]. Thus, combining broad specificity HSP inhibitors with
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Glembatumumab Vedotin may prove effective in many solid
cancer indications.

MATERIAL AND METHODS
Mice
Female NSG mice (6–8 weeks old) were purchased from Charles River.
Animals were housed in facilities managed by the McGill University Animal
Resources Center and all animal experiments were conducted under a
McGill University-approved Animal Use Protocol (AUP#2001-4830). Animal
experiments involving live animals were subjected to peer review for
scientific merit, in accordance with guidelines established by the Canadian
Council on Animal Care.

Cell lines
MDA-MB-436, Hs578T, MDA-468, MCF7, T47D, SkBr3, BT474, and breast
cancer cells were obtained from the American Type Culture Collection
(ATCC). MCF7 and MCF7 FLCNKO were a gift from AP [73]. MCF7 DoxR and
EpiR cells were a gift from JSP [74]. MDA-MB-436 DoxR cells were a gift
from MB and their culture conditions were described before [75]. Detailed
culture conditions are described in Supplementary Methods.

Treatments
Details regarding the drugs and treatments employed in this study can be
found in Supplementary Methods.

siRNA and DNA transfections
For gene-silencing experiments, breast cancer cells were transfected with
10 nM siRNA duplexes using Lipofectamine RNAiMax (Thermo Fisher, Cat.
#: 13778030) according to manufacturer’s instructions. Cellular phenotypes
were assessed 72 h post-transfection. The siRNAs used in this study are
listed in Supplementary Methods. For DNA transfection, breast cancer cells
were transfected using Lipofectamine 3000 (Thermo Fisher, Cat. #:
L3000015) according to manufacturer’s instructions. Culture media was
changed 2 h post-transfection and cellular phenotypes were assessed 24 h
post-transfection. p-mRFP1.3-N1 rat GPNMB DNA plasmid was a gift of Dr.
Jeremy S. Duffield.

Immunoblotting
Sub-confluent cells were lysed in TNE lysis buffer (50mM Tris-HCL pH8,
150mM NaCl, 2 mM EDTA pH8, 10% NP40) freshly supplemented with
2mM Na3VO4, 10mM NaF, 10 mM β-glycerophosphate, 10 µg/ml Leu-
peptin, and 10 µg/ml Aprotinin. Protein concentrations were determined
by BCA assay, proteins were diluted in Laemmli sample buffer and resolved
by SDS-PAGE. The antibodies used in this study are listed in Supplementary
Methods.

Immunofluorescence
Detailed methodology relative to immunofluorescence can be found in
Supplementary Methods.

Immunohistochemistry
Mammary tumors were fixed overnight in formalin embedded in paraffin
and sectioned by the Goodman Cancer Research Center (GCRC) histology
core facility. Sections were stained using routine immunohistochemical
protocols provided by the GCRC Histology Core using Ventana BenchMark
ULTRA system (Roche). Tissue sections were dehydrated in ethanol series,
washed with xylene and mounted with Acrytol mounting media (Cat. #:
3801705, Leica). The antibody used for GPNMB staining is anti-GPNMB
(1:1000 dilution) (Cell Signaling, Cat. #: 38313).

Adenovirus
Adenovirus expressing TFEB-S211A-Flag and TFE3-S321A-Myc were
purchased from Welgen: Ad-Control virus (Welgen, Cat. #: V1000); Ad-
TFEB-S211A (Welgen, Cat. #: S3000); Ad-TFEB-S321A (Welgen, Cat. #:
S3000). Infections were performed as previously described [24].

Real-time PCR
RNA extraction was performed from sub-confluent cell cultures using a
RNeasy Mini Kit and total RNA was reverse transcribed with a High-

Capacity cDNA Reverse Transcription Kit. cDNAs were analyzed in duplicate
using FastStart Universal SYBR Green Master (Rox). Relative mRNA
concentrations were determined using Bio-Rad CFX Maestro Software.
Primers used in this study are described in Supplementary Materials.

Mammary fat pad injections and therapy treatments
For in vivo studies, a TNBC PDX (HCI-010) (gift from Dr. Alana Welm) [31]
mammary tumor was first dissociated using a tumor dissociation kit
(Miltenyi, Cat. #130-095-929) and 1 × 106 breast cancer cells were
resuspended in a 50/50 mixture of 1 × PBS:matrigel (Corning, Cat. #:
35623) and injected bilaterally into the fourth mammary fat pads of NSG
female mice (NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ). Upon reaching a
preestablished tumor volume (300–400mm3), mice were randomized into
experimental cohorts. Trametinib (in oral suspending vehicle; ORA PLUS)
was administered daily by oral gavage at 2 mg/kg, AZD2014 administered
daily by oral gavage at 15mg/kg in ORA PLUS vehicle. Luminespib and 17-
DMAG were resuspended in 5% DMSO+ 40% PEG300 (Sigma, Cat #
202371)+ 5% Tween-80 (BDH Chemicals, VWR Cat # BDH7781-2)+ 45%
Saline and administered by IP injection at 25mg/kg. Glembatumumab
Vedotin was administered once per week by tail vein injection at 5 mg/kg.
PBS was used as vehicle for Glembatumumab Vedotin.

Flow cytometry
Detailed methods relative to flow cytometry are provided in Supplemen-
tary Methods.

FACS-based shRNA screen and data analysis
The shRNA libraries used in this study were from SH and were previously
described (PMID: 31722999) (PMID: 30718512). MCF7 cells were infected
with virus pools of the shRNA library (MOI ∼0.3) and quickly selected in
puromycin for stably transduced cells. Cells with stable shRNA integration
were stained for cell-surface GPNMB using the anti-GPNMB CR011
antibody (gift from Celldex Therapeutics) and submitted for
fluorescence-activated cell sorting (FACS). The top 4.1% of live cells with
high cell-surface GPNMB expression (GPNMBhigh), when compared to pre-
sort cells, were collected and expanded. Genomic DNA was extracted and
shRNA inserts were recovered by PCR amplification, as previously reported
[76]. The relative abundance of shRNAs in the pre-sort population and in
GPNMBhigh cells was determined by next-generation sequencing and the
resulting data analyzed using MAGeCK software (version 0.5.9.2) [37].
Briefly, total count normalization was used instead of median normal-
ization due to many 0-counts in the sorted population. The top 10
candidates identified by the screen are listed in Table S1 (section 1). In
parallel, we performed a hand-curated analysis of the entire list of
candidates produced using the MAGeCK tool. We selected only those
targets against which 3 or more shRNAs induced a 2-fold increase of
GPNMB cell-surface localization, resulting in 14 potential candidates (Table
S1, section 2). Comparing these two approaches revealed 7 genes that
were common to both analyses (Table S1, section 3).

Immunofluorescence for lysosome positioning
Methods relative to the immunofluorescence analysis of lysosome
positioning are described in Supplementary Methods.

Lysosomal and GPNMB live dynamics
Methods relative to the analysis of lysosomal and GPNMB dynamics can be
found in Supplementary Methods.
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