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Folliculin impairs breast tumor growth by repressing
TFE3-dependent induction of the Warburg effect and
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Introduction

Breast cancer is the first leading cause of cancer deaths in women
worldwide, with thousands dying from the disease each year (1).
Gene expression profiling classifies human breast cancers into dif-
ferent subtypes, including luminal, HER2', and basal-like (2-4).
Around 10% to 20% of breast cancer patients are diagnosed with
basal-like tumors, a high percentage of which are triple-negative
breast cancers (TNBCs), an extremely heterogeneous disease
lacking estrogen and progesterone receptors, as well as human
epidermal growth factor receptor 2 (5). The TNBC subtype lacks
effective targeted therapy options, and hence is associated with
the worst prognostic outcomes for breast cancer patients (6).

A general characteristic of cancer cells is the capability
to obtain nutrients from a nutrient-deprived environment
and to use these nutrients to sustain their transformed state
and increase cell proliferation (7). We have previously shown
that folliculin (FLCN) plays an important role in mediating an
AMPK-dependent resistance to several energy-depleting stress-
es, including nutrient deprivation, oxidative stress, anoxia, and
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Growing tumors exist in metabolically compromised environments that require activation of multiple pathways to scavenge
nutrients to support accelerated rates of growth. The folliculin (FLCN) tumor suppressor complex (FLCN, FNIP1, FNIP2) is
implicated in the regulation of energy homeostasis via 2 metabolic master kinases: AMPK and mTORC1. Loss-of-function
mutations of the FLCN tumor suppressor complex have only been reported in renal tumors in patients with the rare Birt-
Hogg-Dube syndrome. Here, we revealed that FLCN, FNIP1, and FNIP2 are downregulated in many human cancers, including
poor-prognosis invasive basal-like breast carcinomas where AMPK and TFE3 targets are activated compared with the
luminal, less aggressive subtypes. FLCN loss in luminal breast cancer promoted tumor growth through TFE3 activation and
subsequent induction of several pathways, including autophagy, lysosomal biogenesis, aerobic glycolysis, and angiogenesis.
Strikingly, induction of aerobic glycolysis and angiogenesis in FLCN-deficient cells was dictated by the activation of the
PGC-1a./HIF-10. pathway, which we showed to be TFE3 dependent, directly linking TFE3 to Warburg metabolic reprogramming
and angiogenesis. Conversely, FLCN overexpression in invasive basal-like breast cancer models attenuated TFE3 nuclear
localization, TFE3-dependent transcriptional activity, and tumor growth. These findings support a general role of a
deregulated FLCN/TFE3 tumor suppressor pathway in human cancers.

hyperosmotic stresses (8-12). FLCN is an AMPK-binding part-
ner (13, 14) identified as a tumor suppressor protein responsible
for the Birt-Hogg-Dubé (BHD) syndrome in humans (15). The
interaction of FLCN with AMPK is mediated by 2 homologous
FLCN-binding proteins, called FNIP1 and FNIP2, where at least
FLCN and one of the FNIPs is required for the full function
of the complex (13, 15). We have previously shown that FLCN
loss results in constitutive AMPK activation, which enhances
survival to several metabolic stresses (8-11). Metabolic changes
following FLCN loss include enhanced ATP production and an
increase in metabolic intermediates derived from induction of
mitochondrial oxidative phosphorylation (OXPHOS) and aerobic
glycolysis. Metabolic rewiring following FLCN loss is dependent
on the AMPK-dependent activation of peroxisome proliferator-
activated receptor y-coactivator la. (PGC-la) and subsequently
hypoxia-inducible factor 1o (HIF-10) (12).

HIF-1a, a well-defined hypoxia-responsive factor, activates
diverse pathways that regulate cellular metabolism, angiogenesis,
proliferation, and drug resistance (16, 17). HIF pathway activation
in tumor cells is an important stimulus for blood vessel growth,
where it regulates the expression of multiple proangiogenic genes,
primarily that encoding vascular endothelial growth factor (VEGF)
(18). Interestingly, studies have shown that TNBC tumors express
high levels of intratumoral VEGF (19), possess high microvessel
density (20), and display VEGF gene amplification compared with
non-TNBC tumors (21), suggesting a marked angiogenic depen-
dency in TNBC tumorigenesis.
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In addition to HIF-1a activation, several studies support a role
for FLCN in TFE3 regulation, where FLCN loss induces TFE3
nuclear translocation and subsequent transcriptional activation
(22-25). TFE3, a transcription factor belonging to the microph-
thalmia/transcription factor E (MiT/TFE) family of transcription
factors, has recently emerged as a global regulator of cell survival
and metabolic reprogramming (26, 27). TFE3 regulates the expres-
sion of target genes involved in cellular processes ranging from
cell-specific differentiation to basic cellular energy homeostasis,
including autophagy, lysosomal biogenesis, and lipid homeosta-
sis (28). Indeed, TFE3 activation and nuclear accumulation have
been shown to be tightly regulated by cellular nutrient/energy
status (28). Under nutrient-rich conditions, TFE3 is hyperphos-
phorylated, predominantly by mammalian target of rapamycin
(mTOR), and remains inactive within the cytoplasm. Converse-
ly, upon nutrient depletion, TFE3 becomes dephosphorylated
and translocates to the nucleus where it induces the expression
of genes in the coordinated lysosomal expression and regulation
(CLEAR) network (29). Interestingly, the link between FLCN and
mTOR has been previously proposed, where FLCN was identified
as a guanosine triphosphate-activating (GTP-activating) protein
(GAP) for Ras-related GTPase (Rag) C/D, which ultimately acti-
vates mTOR (30-32), implicating FLCN as a positive regulator of
the mTOR signaling pathway. TFE3 and other conserved family
members (TFEB and MITF) can act as oncogenes in renal cancer,
melanoma, and pancreatic cancer (26).

Given that loss of FLCN mediates resistance to energy-de-
pleting stresses encountered during tumor growth through several
pathways, we investigated the previously unexplored role of FLCN
in breast cancer. In this study, we report that FLCN and its bind-
ing partners FNIP1 and FNIP2 are downregulated, while AMPK
and TFE3 transcriptional targets are elevated in TNBCs when
compared with less aggressive luminal breast cancer subtypes.
We show that FLCN loss in luminal breast cancer cells enhances
tumor growth in a TFE3-dependent manner. Conversely, FLCN
overexpression in basal-like TNBC models attenuates the nucle-
ar localization and transcriptional activity of TFE3 and leads to
impaired tumor growth. We further show that, beyond its impact
on autophagy and lysosomal biogenesis, FLCN loss or downreg-
ulation activates TFE3, which subsequently engages a PGCl-0/
HIF-la-dependent induction of OXPHOS, glycolysis, and angio-
genesis pathways that promote aggressive tumor growth.

Results

FLCN, FNIP1, and FNIP2 downregulation is recurrent in TNBC
when compared with luminal subtypes. FLCN was identified as a
classic tumor suppressor gene when second-hit mutations were
identified in BHD-associated renal tumors (33). Thus, we first
investigated FLCN expression levels across different tumor
types compared to their corresponding normal tissue. Using
The Cancer Genome Atlas (TCGA) data set, we show that FLCN
levels are substantially lower across several important human
tumor types compared with their normal tissue counterparts
(Supplemental Figure 1A; supplemental material available
online with this article; https://doi.org/10.1172/JCI1144871DS1).
Given that patients affected with BHD syndrome are at risk of
developing renal, skin, and colon tumors (34), we were particu-
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larly interested in studying the unexplored role of FLCN in inva-
sive breast carcinoma.

Using the invasive breast carcinoma TCGA data set, we show
that FLCN, FNIP1, and FNIP2 levels are all significantly downreg-
ulated in TNBC compared with the less aggressive luminal sub-
types (Figure 1A and Supplemental Figure 1, B-D). Additionally,
we show that the downstream targets of AMPK (PPARGCIA and
PPARGCIB) and TFE3 (ATP6V0A4, ATP6VIF, ATG4B, ATG4D,
ATG9B, ATG3, CTSC, and CTSH) are upregulated in TNBC (Fig-
ure 1A). Analysis of RNA-sequencing data from a panel of 37
breast cancer patient-derived xenografts (PDXs) (35) revealed
that the expression levels of FLCN, FNIP1, and FNIP2 are all sig-
nificantly downregulated in basal-like samples when compared
with normal breast tissue (Figure 1B). Moreover, immunoblot
analysis of 12 representative basal-like PDX tumor lysates show
reduced expression of at least one of the components of the
FLCN-FNIP1-FNIP2 complex across the tumor samples (Figure
1C). To determine the relevance of a functional versus deregu-
lated FLCN-FNIP1-FNIP2 complex, we assessed the localiza-
tion and activity of TFE3 in the tumor samples. In a functional
FLCN complex setting, such as Goodman Cancer Research Cen-
tre PDX samples 1738 and 1828 (GCRC1738 and GCRC1828),
where at least FLCN and one of the FNIPs are highly expressed,
we show by immunohistochemistry (IHC) that TFE3 is mainly
localized in the cytoplasm, where it remains inactive (Figure
1D). In contrast, in tumors where the FLCN complex is deregu-
lated (GCRC1868 and GCRC1882: loss or reduced expression of
FLCN, FNIP1, and FNIP2) we show that TFE3 is mainly localized
to the nucleus (Figure 1D). Notably, higher-magnification images
demonstrate some nuclear TFE3 staining in the functional
FLCN complex setting, which we attribute to the tumor-infil-
trating immune cells. Nuclear TFE3 is transcriptionally active, as
evident by the upregulation of GPNMB, which is a well-known
downstream TFE3 target (ref. 36 and Supplemental Figure 1, E
and F). Finally, we examined FLCN expression across different
breast cancer cell lines using a published data set (37) represent-
ing luminal and basal-like subtypes, and show that FLCN levels
are significantly downregulated in basal-like compared with
luminal subtypes (Supplemental Figure 1G). To identify breast
cancer models for further functional studies, we selected a pan-
el of cell lines representing luminal A (MCF7 and T47D) and
basal-like TNBC subtypes (MDA-MB-436 and MDA-MB-157). In
agreement with results from TGCA data set and PDX models, we
show that FLCN, FNIP1, and FNIP2 are more highly expressed in
luminal A versus TNBC cell lines (Figure 1E). AMPK activation
(p-Thr172-AMPK) is associated with reduced FLCN, FNIP1, and
FNIP2 levels (Figure 1F). Immunofluorescence staining revealed
that TFE3 is localized to the nucleus to a greater extent in TNBC
subtypes compared with luminal subtypes (Figure 1F and Supple-
mental Figure 1H).

Loss of FLCN in luminal breast cancer cell lines activates AMPK
and induces TFE3 nuclear localization and activation. We next
asked whether FLCN loss in luminal breast cancer cells (MCF7
and T47D) impacts tumor growth. To investigate this, we knocked
out FLCN using CRISPR/Cas9 genome editing approaches. For
each cell line, we employed 2 different guide RNAs targeting
FLCN. Individual clones were selected, FLCN loss was verified by
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Figure 1. FLCN and its binding partners FNIP1 and FNIP2 are downreg-
ulated in basal-like breast cancer compared with luminal subtypes. (A)
TCGA analysis of invasive breast carcinoma comparing the expression of
FLCN, FNIP1, FNIP2, and the downstream targets of AMPK and TFE3 in
basal-like breast cancer (TNBC) compared with luminal subtypes. The
different subtypes are color coded, where light green is luminal A, dark
green is luminal B, dark blue is HER2*, orange is basal-like (BL), and red

is normal-like (NL) subtype. (B) RNA expression of FLCN, FNIP1, and
FNIPZ in basal patient-derived xenografts (PDXs) compared with normal
GTEx breast tissue. Significance was determined using Student’s t test.
****P < 0.0001. (C) Immunoblot analysis showing the expression levels of
FNIP1, FNIP2, and FLCN in PDX tumor lysates from patients with TNBC.
Each number represents a PDX model derived from a different breast can-
cer patient. The numbers highlighted in green (1738 and 1828) represent
PDXs with a functional FLCN-FNIP1-FNIP2 complex, while those in red
(1868 and 1882) represent PDXs with a deregulated complex. Actin was
used as a loading control. (D) Immunohistochemistry analysis of TFE3

for the selected PDX models representing the deregulated FLCN-FNIP1-
FNIP2 complex in red (1868 and 1868) and the functional complex in green
(1738 and 1828). Scale bars: 20 um. (E) Immunoblot analysis indicating
expression levels of FNIP1, FNIP2, FLCN, p-Thr172-AMPK (representing
the activated form of AMPK), and total AMPK in breast cancer cell lines
representing luminal (T47D and MCF7) and TNBC (MDA-MB-436 and
MDA-MB-157) cells. Actin was used as a loading control. Blots are repre-
sentative of at least 3 independent experiments. (F) Immunofluorescence
analysis showing the percentage nuclear localization of TFE3 in luminal
(T47D and MCF7) compared with TNBC (MDA-MB-436 and MDA-MB-157)
cells. Results represent the mean + SEM from at least 3 independent
experiments performed in triplicate.

immunoblot, and a reconstituted pool (n = 4 clones) was generated
to minimize the possibility of clonal effects (Figure 2A). Consis-
tent with our previous studies (9-12), we show that loss of FLCN
in both cell lines activates AMPK, as shown by phosphorylation of
AMPK (p-Thr172-AMPK) and its substrate ACC (p-Ser79-ACC).
Additionally, we show that GPNMB is induced upon FLCN loss,
indicating transcriptional activation of TFE3 (Figure 2A). Notably,
GPNMB is highly abundant in many tumors, including TNBC,
and was shown to be implicated in tumor growth, angiogenesis,
and poor prognosis of TNBC (38). Immunofluorescence stain-
ing revealed that TFE3 is 100% localized within the nucleus of
both MCF7 and T47D FLCN-KO cells and reexpression of FLCN
restored TFE3 cytoplasmic localization (Figure 2, B and C). To fur-
ther investigate TFE3 transcriptional activity, we used a luciferase
reporter containing the TFE3 consensus promoter motif (CLEAR),
where we report an approximately 2-fold enhanced transcription-
al activity in T47D and MCF7 FLCN-KO luminal cell lines (Figure
2D). Given that one of the important readouts of TFE3 activation
is enhanced lysosomal activity (29), cells were assayed for their
ability to process dye-quenched bovine serum albumin (DQ-BSA).
DQ-BSA is a self-quenched fluorescent substrate that enters the
cell through endocytosis and fluoresces upon lysosomal degrada-
tion (39). We show a significant, approximately 10-fold increase
in DQ-BSA fluorescence intensity, indicating enhanced lysosom-
al activity in FLCN-KO cells (Figure 2, E and F). Furthermore, we
assessed the expression of known TFE3 target genes involved in
autophagy and lysosomal biogenesis (ATP6VOEI, ASAHI, TPPI,
and MCOLNI), all of which contain the CLEAR motif consensus
sequence in their promoter regions and show a significant increase
upon FLCN loss in both T47D and MCF7 cells (Figure 2G). To
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investigate whether this observed increase is TFE3 dependent, we
transiently reduced TFE3 expression using small interfering RNA
(siRNA) and show a significant decrease in the expression of all
the assessed genes (Figure 2G).

Since many TFE3 target genes are also regulated by TFEB, we
assessed the contribution of TFEB to the enhanced autophagy/
lysosomal biogenesis responses observed upon FLCN loss using
siRNAs targeting TFEB alone, TFE3 alone, or both simultane-
ously. Interestingly, downregulation of TFEB alone had no effect
on the expression level of the assessed genes in FLCN-KO cells,
and TFEB/TFE3 double knockdown produced similar effects
to those produced by downregulation of TFE3 alone (Figure
2G). It is worth noting that expression levels of TFEB are much
lower than TFE3 in human breast cancer cell lines (http://www.
proteinatlas.org). Altogether, these results suggest that TFE3
may be more dynamically involved in the FLCN/AMPK pathway
than TFEB in this context. In light of these observations, we have
focused specifically on the role of TFE3 in breast tumor pheno-
types associated with loss of FLCN.

Loss of FLCN in MCF7 cells enhances cellular metabolism in a
TFE3-dependent manner. A fundamental characteristic of cancer
cells is to couple nutrient consumption to macromolecular bio-
synthesis and energy production to facilitate tumor growth and
survival (40). We have previously shown that FLCN loss induces
an AMPK-dependent increase in resistance to several energy-
depleting stresses, and this is likely to contribute to cellular meta-
bolic adaptation (8-10, 12). However, the link between metabolic
reprograming following FLCN loss and TFE3 activation has not
been studied to date to our knowledge. We show a significant 1.7-
fold increase in ATP levels in FLCN-KO MCF7 cell lines, which was
abolished following transient knockdown of TFE3 (Figure 3A). In
parallel, we show an increase in glucose consumption and lactate
production (Figure 3B), and an enhanced extracellular acidifica-
tion rate (ECAR) (Figure 3C) and oxygen consumption rate (OCR)
(Figure 3D) under basal culture conditions in FLCN-KO MCF7
cell lines compared with empty vector (EV) controls. Notably, all
of these metabolic changes were dependent on TFE3 activity, as
TFE3 downregulation in FLCN-KO cells mitigated these effects
(Figure 3, B-D). Finally, we assessed the expression of common
glycolytic genes (HK2, SLCAI, and LDHA) in MCF?7 cells and show
a significant increase in FLCN-KO cells compared with EV, which
was abolished following TFE3 downregulation (Figure 3E). Taken
together, our results show that loss of FLCN in luminal breast can-
cer cells engages metabolic reprogramming toward increased cel-
lular bioenergetics, which can provide a metabolic advantage to
cells to facilitate growth and survival.

Loss of FLCN in luminal breast cancer cells enhances tumor
growth. Next, we investigated the impact of FLCN loss on breast
tumor growth. FLCN-KO MCF7 and T47D luminal breast cancer
cells exhibited significantly increased tumor growth as compared
with wild-type (WT) control cells when injected into the mammary
fat pads of NOD SCID gamma (NSG) mice (Figure 4, A and B,
and Supplemental Figure 2A). Importantly, reexpression of FLCN
in MCF7 FLCN-KO cells restored tumor growth kinetics to those
observed with parental MCF7 breast cancer cells (Figure 4, A and
B). In line with the in vitro data, characterization of these tumors
following resection showed enhanced AMPK activity (p-Thr172-
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Figure 2. Loss of FLCN in luminal breast cancer cell lines activates AMPK
and induces TFE3 nuclear localization and transcriptional activation. (A)
Immunoblot analysis of FLCN and downstream signaling molecules in emp-
ty vector (EV) control and CRISPR/Cas9-mediated FLCN-knockout (FLCN®)
T47D and MCF7 cells. B-Actin was used as a loading control. (B) Represen-
tative immunofluorescence images showing the localization of TFE3 in EV,
FLCNX?, and reexpression of FLCN in T47D and MCF?7 cells. Scale bar: 20 pm.
(C) Quantitative analysis of the immunofluorescence results in D showing
the percentage of TFE3 nuclear localization in EV, FLCN*?, and reexpression
of FLCN inT47D and MCF7 cells. Results represent the mean + SEM of at
least 3 independent experiments, each performed in triplicate. Significance
was determined using Student’s t test. ****P < 0.0001. (D) Fold change in
TFE3 transcriptional activity, as determined by CLEAR-luciferase promoter
activity normalized against CMV-Renilla, in EV and FLCN*° T47D and MCF7
cells. Data represent the average + SEM of 3 independent experiments,
each performed in triplicate. Significance was determined using Student’s
t test. **P < 0.01, ***P < 0.001. (E) Representative images of EV and
FLCNX® T47D and MCF7 cells after 1 hour of incubation with DQ-BSA-Red
followed by a 2-hour chase in complete cellular media prior to fixation.
Scale bar: 20 um. Images are representative of at least 3 independent
experiments. (F) Relative lysosomal activity, as determined by DQ-BSA
assay, in EV and FLCN*® T47D and MCF7 cells upon treatment as indicated
in E. Results represent the mean + SEM of at least 3 independent exper-
iments, each performed in triplicate. Significance was determined using
Student’s t test. ****P < 0.0001. (G) Relative TFE3 and TFEB mRNA levels
and their lysosomal and autophagy target gene mRNA levels measured by
RT-gPCR in EV and FLCN*® T47D (left) and MCF7 (right) cells transfected
with nontargeting (NT) siRNA control, or siRNA targeting TFEB or TFE3,

or both. Data represent the average + SEM of 3 independent experiments,
each performed in triplicate. Statistical significance was determined using
2-way ANOVA with Bonferroni's multiple-comparison correction. ***P <
0.001; ****P < 0.0001. NS, not significant.

AMPK) upon FLCN loss, which occurred in both MCF7 and T47D
cells (Figure 4C and Supplemental Figure 2B). Again, elevated
AMPK activity was abrogated upon reexpression of FLCN in
MCF7 FLCN-KO cells (Figure 4C). Notably, we show that tumors
10 and 12 had higher expression of FLCN, as evident by immu-
noblot analysis (Figure 4C), which was associated with lower
tumor volumes (Figure 4B). Conversely, the weak FLCN expres-
sion achieved in tumor 11 (Figure 4C) was associated with a much
greater tumor volume (Figure 4B).

IHC analysis demonstrates that TFE3 is localized to the
nucleus in FLCN-KO MCF7 and T47D tumors and is transcrip-
tionally active, as shown by an enhanced GPNMB expression
(Figure 4D and Supplemental Figure 2C). TFE3 localization
reverted to the cytoplasm and GPNMB levels were reduced
upon FLCN reexpression in MCF7 FLCN-KO cells (Figure 4D).
In keeping with increased tumor growth, we report a significant
increase in nuclear Ki67 staining in FLCN-KO luminal breast
tumors (Figure 4D and Supplemental Figure 2C), which was sup-
pressed following FLCN expression in the MCF7 model (Figure
4D). IHC staining for cleaved caspase-3, a marker of apoptosis,
failed to detect any significant differences in MCF7 or T47D cells
as a result of FLCN loss (Supplemental Figure 2D). These results
indicate thatloss of FLCN in luminal breast cancer tumors poten-
tially enhances proliferation without altering apoptosis.

An angiogenic profile emerges following FLCN loss in luminal
breast cancer cells. We have shown that FLCN loss induces the
nuclear localization and activation of TFE3, which is shown to be
involved in several cellular stress pathways (29), all of which could
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potentially contribute to the enhanced tumor growth observed in
FLCN-deficient luminal breast cancer cells. Hence, we wanted
to elucidate the genes and pathways involved in the growth of
FLCN-deficient tumors. We performed RNA-sequencing analysis
on MCF7 WT and FLCN-KO mammary tumors and report signif-
icant differences in the gene expression profile in both cohorts
(Figure 5A). Specifically, Gene Ontology (GO) analysis following
RNA sequencing revealed enrichment in several pathways, many
of which we have recently reported in FLCN-deficient cells (8),
including autophagy, lysosomal biogenesis, and innate immune
responses (Figure 5B and Supplemental Table 2). Importantly,
regulation of the angiogenesis pathway was one of the top hits in
FLCN-KO tumors compared with their controls (Figure 5B and
Supplemental Table 3). This was of interest since, to our knowl-
edge, a direct link between FLCN, TFE3, and angiogenesis has yet
to be reported. We show a significant increase in many angiogen-
esis-associated genes in FLCN-KO tumors compared with their
WT controls, including HIFIA, EGLN1, SEMA, TMEM2, EPHA2,
NOS3, VEGFA, and VEGFB (Figure 5B) (18). To further evaluate
this angiogenic profile, we assessed a panel of secreted angiogenic
factors by multiplex ELISA in FLCN-proficient and -deficient
tumor lysates. We observed a multiple-fold increase in several
of these factors, including EGF, endoglin, IL-6, and VEGF-A, in
FLCN-KO compared with FLCN-expressing MCF7 cells (Figure
5C). IHC analyses of the resected MCF7 and T47D tumors con-
firmed a significant increase in VEGF-A staining in FLCN-KO
cells compared with their controls (Figure 5D and Supplemental
Figure 3, A and B). FLCN reexpression in MCF7 FLCN-KO cells
caused a reduction in VEGF-A levels (Figure 5D). We also show
that the number of intratumoral vessels, as determined by mouse
CD31 staining, was significantly increased in FLCN-KO cells com-
pared with their controls (Figure 5D and Supplemental Figure 3, A
and C), which was also lost following FLCN reexpression in MCF7
FLCN-KO cells (Figure 5D).

Given that early initiation of tumor angiogenesis is required to
support rapidly growing tumors (41), we performed a short-term
in vivo experiment to assess the degree of angiogenesis at earlier
time points during tumor growth. MCF7 EV and FLCN-KO tumors
were resected 2 weeks after injection into NSG mice. In agreement
with our previous observations (Figure 4A), we show that tumor
volumes were larger in FLCN-KO MCF7 cells (Supplemental Fig-
ure 3D). Interestingly, FLCN-KO MCF7 tumors also exhibited a
prominent red coloration (Supplemental Figure 3D), which may
reflect the increased vascularization we see in end-stage tumors.
Indeed, IHC staining of these early tumors revealed a significant
increase in VEGF-A and CD31 staining in FLCN-KO cells com-
pared with their control (Supplemental Figure 3, E-G).

Given that VEGF-A is a key player in tumor-associated angio-
genesis, we validated VEGF-A expression and its dependence
on FLCN and TFE3 in MCF7 breast cancer cells. Using real-time
quantitative PCR (RT-qPCR) and ELISA, we show that VEGF-A
was expressed at higher levels in MCF7 FLCN-KO tumors
compared with FLCN-expressing controls, and that VEGF-A
levels were reduced following reexpression of FLCN (Figure 5E).
Interestingly, we showed via transient TFE3 knockdown that this
increase in VEGF-A levels in MCF7 FLCN-KO cells is TFE3 depen-
dent (Figure 5F). Thus, tumor-derived VEGF-A is likely to contrib-
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Figure 3. Loss of FLCN in MCF7 cells enhances cellular metabolism in a TFE3-dependent
manner. (A) Fold change in ATP levels in empty vector (EV) and FLCN-knockout (FLCNX?)
MCF7 cells transfected with nontargeting (NT) siRNA control or siRNA targeting TFE3,
after 48 hours of transfection as measured by CellTiter-Glo Luminescent Cell Viability
Assay. Data represent the average + SEM of at least n = 3 independent experiments, each
performed in triplicate. Statistical significance was determined using 2-way ANOVA with
Bonferroni's multiple-comparison correction. **P < 0.01; ****P < 0.0001. (B) Glucose
consumption and lactate production levels in the cellular media were measured using a
NOVA Bioanalysis flux analyzer in EV and FLCN*® MCF7 cells transfected with nontarget-
ing (NT) control siRNA or siRNA targeting TFE3 after 48 hours of transfection. Data rep-
resent the average + SEM of at least n = 3 independent experiments, each performed in
triplicate. Statistical significance was determined using 2-way ANOVA with Bonferroni’s
multiple-comparison correction. **P < 0.01; ****P < 0.0001. (C and D) Basal extracellular
acidification rate (ECAR) (C) and oxygen consumption rate (OCR) (D) in EV and FLCNX®
MCF7 cells transfected with NT control siRNA or siRNAs targeting TFE3, after 48 hours

of transfection, measured by Seahorse Bioscience XF96 extracellular flux analyzer. Data
represent the average + SEM of at least n = 3 independent experiments, each performed
in triplicate. Statistical significance was determined using 2-way ANOVA with Bonfer-
roni's multiple-comparison correction. **P < 0.01; ****P < 0.0001. (E) Relative mRNA
levels of TFE3 and glycolysis-related genes measured by RT-qPCR in EV and FLCN*® MCF7
cells transfected with nontargeting (NT) control siRNA or siRNA targeting TFE3. Data
represent the average + SEM of n = 6 independent experiments, each performed in trip-
licate, where each point represents the average of the triplicate. Statistical significance
was determined using 2-way ANOVA with Bonferroni’'s multiple-comparison correction.
**¥P < 0.001; ****P < 0.0001. NS, not significant.

ute to the enhanced angiogenic response observed in FLCN-null
breast cancer cells.

Loss of FLCN in luminal breast cancer cells enhances tumor
growth in a TFE3-dependent manner. We next investigated whether
the enhanced tumor growth in FLCN-KO cells was dependent
on TFE3 transcriptional activity. Accordingly, we stably reduced
TFE3 expression levels in MCF7 FLCN-KO cells by shRNA and
showed that the increase in tumor growth observed following
FLCN loss is abolished by the concomitant reduction of TFE3
expression (Figure 6A). Characterization of these tumors fol-
lowing resection confirmed loss of FLCN and reduced TFE3
expression (Figure 6B). The residual signal for TFE3 observed in
whole-tumor lysates likely represents stromal contamination, as
no TFE3 expression was detected in the MCF7 FLCN-KO cells
expressing TFE3-targeting shRNAs in vitro (Supplemental Figure
4). Additionally, our IHC analysis of the resected tumors shows
that TFE3is localized to the nucleus in FLCN-KO MCF7 cells com-
pared with WT controls, which was ablated upon downregulation
of TFE3 (Figure 6C). Moreover, we report an increase in VEGF-A
and CD31 staining in FLCN-KO cells compared with EV, both of

J Clin Invest. 2021;131(22):e144871

which were significantly reduced upon downregulation of TFE3
(Figure 6C). These results indicate that loss of FLCN in luminal
breast cancer tumors enhances tumor growth and angiogenesis in
a TFE3-dependent manner.

Loss of FLCN in luminal breast cancer cells activates a HIF-la-
dependent angiogenesis program in a TFE3-dependent manner. One
of the main transcription factors involved in glycolytic and angio-
genic responses is HIF-1o (42). HIF-1a regulates several hundred
genes, including numerous glycolytic genes and VEGFs. Interest-
ingly, we have previously shown that loss of FLCN in cells pro-
vides an energetic advantage due to metabolic reprograming that
engages aerobic glycolysis, a process that we have shown to be
dependent on the activation of PGC-1a, a potent metabolic sensor
upstream of HIF-1a (12).

Our data suggest that FLCN loss induces a TFE3-dependent
angiogenic program, including upregulation of VEGF-A. Given
that HIF-1a is one of the main transcription factors involved in
VEGF-A expression, we next investigated the dependency of
VEGF-A expression on the PGC-1a/HIF-1a axis, and whether it is
linked to TFE3 activity. Our RNA-sequencing analyses revealed

https://doi.org/10.1172/|C1144871
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Figure 4. Loss of FLCN in luminal breast cancer cells enhances tumor growth. (A) Growth curves of tumors of WT (blue), FLCN-knockout (FLCN ) (red),
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represent the average volume + SEM of each cohort recorded 6 weeks after injection (n = 10 mice in each cohort). Statistical significance was determined
using 2-way ANOVA with Bonferroni’s multiple-comparison correction. ***P < 0.001; ****P < 0.0001. NS, not significant. Samples 10 and 12 represent
tumors with higher FLCN expression compared with sample 11, where FLCN expression was lower (refer to panel C). (C) Immunoblot analysis of WT,
FLCN*?, FLCN*® plus EV, and FLCN*® FLCN-reexpressing MCF7 tumors resected 6 weeks after injection. Three representative samples were run from each
cohort. B-Actin was used as a loading control. (D) Representative images of immunohistochemistry (IHC) staining for human TFE3, GPNMB, and Ki67 in
WT, FLCNX®, FLCNX® plus EV, and FLCN*® FLCN-reexpressing MCF7 tumors resected 6 weeks after injection (left). Scale bar: 50 pm. Quantification of IHC
results showing the percentage of TFE3 nuclear localization, positive GPNMB staining, and positive Ki67 staining (right). Data represent mean quantifi-
cations + SEM of IHC images from at least 5 different mice. Statistical significance was determined using 2-way ANOVA with Bonferroni’s multiple-
comparison correction. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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that TFE3, PGC-1a, and HIF-1a downstream targets are all upreg-
ulated in FLCN-KO MCF7 tumors compared with FLCN-express-
ing controls (Figure 7, A-C). To further corroborate these results
and assess the role of TFE3 in PGC-1a/HIF-1a pathway induc-
tion, we show that the HIF-1a transcriptional activity is elevated
in FLCN-KO MCF?7 cells and this is abrogated upon the down-
regulation of TFE3 (Figure 7D). We have previously shown that
enhanced cellular reactive oxygen species (ROS) induced HIF
transcriptional activity and drove Warburg metabolic reprogram-
ming in an AMPK- and PGC-1la-dependent manner (12). We quan-
tified the relative levels of cellular ROS using the general oxidative
stress indicator CM-H2DCFDA. We observed that loss of FLCN is
associated with a significant 1.7-fold increase in intracellular ROS
levels, which we show to be TFE3 dependent (Figure 7E). We next
verified the RNA-sequencing results by RT-qPCR, showing that
loss of FLCN in MCF7 cells induces the upregulation of several
TFE3, PGC-1a, and HIF-1a target genes (Figure 7F). Importantly,
downregulation of TFE3 in FLCN-KO cells significantly abrogated
the observed induction of TFE3 (ATPVICI and ASAHI), PGC-1la
(ATP5] and PGC-1B), and HIF-1a (ENOI and HK2) target genes
(Figure 7F), revealing an important role of TFE3 in controlling the
PGC-la/HIF-1a pathway. To investigate this pathway further, we
downregulated PGC-1a in FLCN-KO cells and observed a signif-
icant decrease in both PGC-1a and HIF-la target genes, but the
levels of TFE3 target genes were unaffected (Figure 7G). Similarly,
downregulation of HIF-1a in FLCN-KO cells abrogated only the
HIF-1a target genes, but the levels of both PGC-1a.and TFE3 target
genes were unaffected (Figure 7H). Together, these results indi-
cate that loss of FLCN in luminal MCF7 cells induces TFE3 activ-
ity, which acts upstream of the PGC-1la/HIF-1a pathway. Impor-
tantly, we have identified an oncogenic pathway where TFE3 acts
as a master regulator of autophagy and lysosomal biogenesis on
one hand, while controlling PGC1-0/HIF-1o pathways involving
OXPHOS, glycolysis, and angiogenesis, all of which could be con-
tributing to tumor growth.

FLCN overexpression in basal-like breast cancer cells restores
TFE3 cytoplasmic localization and attenuates tumor growth. We
have shown that loss of FLCN in luminal breast cancer cells, which
typically express high levels of FLCN, enhances tumor growth in
a TFE3-dependent manner. We next investigated the effect of
increasing FLCN expression in basal-like TNBC cell lines, which
typically express lower FLCN levels when compared with luminal
cell lines (Figure 1). Accordingly, we stably overexpressed FLCN
in 2 basal-like TNBC cell lines, MDA-MB-436 and Hs578T, both
of which exhibit low FLCN levels and predominant TFE3 nuclear
localization (Figure 8, A and B). Interestingly, immunofluores-
cence staining revealed that TFE3 nuclear localization is signifi-
cantly impaired in both MDA-MB-436 and Hs578T following
FLCN overexpression (Figure 8B). To investigate the impact of
FLCN overexpression on the angiogenic pathway, we assessed the
relative expression of TFE3, PGC-1o, and HIF-1a target genes by
RT-qPCR and report a significant decrease in the levels of these
genes in both MDA-MB-436 and Hs578T cell lines (Figure 8C).
Reduced nuclear TFE3 localization and target gene activation
were associated with a significant decrease in cellular prolifera-
tion in vitro, which was more profound in FLCN-overexpressing
Hs578T cells (Figure 8D).
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Importantly, FLCN overexpression also impaired mammary
tumor growth in vivo, inducing a more profound effect in the
Hs578T cells when compared with the MDA-MB-436 model (Fig-
ure 8, E and F). Interestingly, Hs578T breast cancer cells overex-
pressing FLCN can only be detected as residual cancer cells at the
site of injection as compared with control cells (Supplemental Fig-
ure 5, A and B). In contrast, MDA-MB-436 cells that overexpress
FLCN exhibit an early growth defect that is rapidly overcome,
resulting in growth rates and tumor volumes that were similar to
those of their EV controls at the endpoint (Figure 8E). This like-
ly reflects the fact that FLCN overexpression has a more modest
effect in reducing the nuclear localization of TFE3, TFE3 down-
stream gene activation, and in vitro proliferation in MDA-MB-436
cells when compared with Hs578T cells (Figure 8, B-D). Indeed,
while expression was still detectable in end-stage MDA-MB-436
mammary tumors (Supplemental Figure 5C), FLCN levels were
significantly reduced in end-stage tumors when compared with
the levels detected in MDA-MB-436 cells just prior to injection
(Supplemental Figure 5D). Notably, both MDA-MB-436 control
and FLCN-overexpressing tumors displayed a similar degree of
nuclear TFE3 staining in end-stage mammary tumors (Supple-
mental Figure 5, E and F). These data suggest that there is strong
selective pressure to maintain TFE3 nuclear localization in rapidly
growing cancer cells.

Collectively, these results demonstrate that expression of
exogenous FLCN in basal-like TNBC cells impairs TFE3 nuclear
localization and TFE3-dependent transcription, which results in
impaired tumor growth.

Discussion
TNBC remains the most challenging breast cancer subtype to
treat, potentially due to a lack of targeted therapies that under-
scores the need to better understand the molecular pathways that
contribute to the growth and metastatic progression of this aggres-
sive disease. In this study, we report that the FLCN/TFE3 pathway
is dysregulated in the TNBC subtype, where FLCN and its bind-
ing partners FNIP1 and FNIP2 are downregulated and AMPK and
TFE3 downstream targets are elevated compared with the less
aggressive luminal subtype. We show that loss of FLCN in luminal
subtypes promotes tumor growth through the activation of several
pathways that enhance tumor growth, including metabolic repro-
graming, autophagy, lysosomal biogenesis, and engagement of an
angiogenic program, all of which we report to be regulated by the
MiT/TFE family member TFE3. Importantly, we show that FLCN
overexpression in TNBC models attenuates TFE3 nuclear local-
ization and transcriptional activity, leading to impaired tumor cell
growth in vitro. Hs578T breast cancer cells overexpressing FLCN
failed to grow into palpable tumors and could only be detected as
residual deposits of cancer cells at endpoint. In contrast, FLCN
overexpression in MDA-MB-436 cells only transiently exhibited
impaired tumor growth. Notably, exogenous FLCN levels were
reduced in end-stage MDA-MB-436 tumors, which correlated
with increased nuclear TFE3 localization. Together, these data
argue for a strong selective pressure to maintain TFE3 nuclear
localization in rapidly growing TNBC cells.

Growing tumors exist in metabolically compromised environ-
ments and require activation of multiple pathways to scavenge
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Figure 5. Loss of FLCN in luminal breast cancer cells promotes an angio-
genic profile. (A) Heatmap representing differential gene expression in
WT and FLCN-knockout (FLCN*®) MCF7 tumors following RNA-sequencing
analysis. Each column represents a different mouse from each cohort,
where blue is WT and red is FLCN*C. Fold increase was normalized against
EV and color coded (dark red indicates 3-fold or more increase, light green
indicates 3-fold or more decrease, black indicates no change). (B) Gene
enrichment scores for significantly upregulated pathways in FLCN*® com-
pared with WT MCF7 tumors highlighting regulation of angiogenesis as a
differentially induced pathway, with the heatmap specifically showing the
upregulation of angiogenesis-related genes. Each column represents a dif-
ferent mouse from each cohort, where blue is WT and red is FLCN*. Fold
increase was normalized against EV and color coded (dark red indicates
3-fold or more increase, light green indicates 3-fold or more decrease, black
indicates no change). (C) Fold increase in 17 angiogenic/growth factors
detected in WT and FLCN*® MCF7 tumor lysates using human angiogenesis
array. Data represent the average values of 10 mice in each of the indicated
cohorts. Significance was determined using Student’s t test. **P < 0.01,
***P < 0.001, ****P < 0.0001. (D) Representative images of immunohis-
tochemistry (IHC) staining for human VEGF-A, mouse CD31, and mouse
F4/80 of WT, FLCN*?, FLCN*® plus EV, and FLCN*® FLCN-reexpressing MCF7
tumors resected 6 weeks after injection (top). Scale bar: 50 pm. Quan-
tification of IHC results showing percentage positive VEGF-A staining,
positive CD31 staining, and positive F4/80 staining (bottom). Data repre-
sent mean quantifications + SEM of IHC images from at least 5 different
mice. Statistical significance was determined using 2-way ANOVA with
Bonferroni’s multiple-comparison correction. *P < 0.05; **P < 0.01; ***P

< 0.001. (E) Relative human VEGFA mRNA levels measured by RT-gPCR in
WT, FLCN*?, FLCN*® plus EV, and FLCN*® FLCN-reexpressing MCF7 tumors
(top). Concentration of human VEGF-A in EV and FLCNXC cells transfected
with siRNA targeting TFE3 in MCF7 cells, and FLCN*® FLCN-reexpressing
MCF7 tumor lysates, as measured by ELISA (bottom). Data represent the
average + SEM of at least 5 different mice from each cohort, performed in
triplicate. Statistical significance was determined using 2-way ANOVA with
Bonferroni’s multiple-comparison correction. *P < 0.05; **P < 0.01; ****P
< 0.0001. (F) Relative human VEGFA mRNA levels measured by RT-gPCR
in EV, FLCN*, and FLCN*C cells transfected with nontargeting (NT) control
siRNA or siRNA targeting TFE3 in MCF7 cells (top). Concentration of
human VEGF-A in EV and FLCNC cells transfected with siRNA targeting
TFE3 in MCF7 cells, and FLCN*® FLCN-reexpressing MCF7 tumor lysates, as
measured by ELISA (bottom). Data represent the average + SEM of at least
n =3, each performed in triplicate. Statistical significance was determined
using 2-way ANOVA with Bonferroni’s multiple-comparison correction. **P
< 0.01; ****P < 0.0001.

nutrients to support accelerated rates of growth. We have previ-
ously shown that loss of FLCN increases the AMPK-dependent
resistance to several energy-depleting stresses, including nutrient
deprivation, oxidative stress, heat, anoxia, hyperosmotic stresses,
obesity, and pathogen infection (8-12). In line with our previous
studies, we report here that loss of FLCN in luminal breast can-
cer cells prompts metabolic reprogramming that increases cellular
bioenergetics. These metabolic changes encompass an increase in
ATP production, enhanced glycolysis, mitochondrial respiration,
elevated autophagic flux, and increased lysosomal biogenesis.
Importantly, we show that all such changes, which improve the
metabolic fitness of FLCN-deficient cells, is driven through TFE3
transcriptional activation.

In this work, we report several pathways affected by FLCN loss
in luminal breast cancers, all of which have been independently
linked to tumorigenesis. Indeed, TFE3 nuclear localization and
activation (43), PGCl-a induction and mitochondrial biogenesis
(44), ROS production (45), and HIF1-a activation (46) have all
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been described as steps leading to tumor development in different
cellular systems.

The role of MiT/TFE family members in cancer has also
been previously reported. For example, oncogenic TFEB and
TFE3 gene fusions have been described in renal cell carcinoma
(47). TFEB and TFE3 have also been shown to play a crucial role
in regulating autophagy/lysosome function, which promotes the
growth of pancreatic ductal adenocarcinoma (26). More recently,
TFE3 was shown to exert protumorigenic roles in a Kras-depen-
dent, non-small-cell lung cancer model through activation of
autophagy/lysosomes (48).

In addition to these well-documented cellular phenotypes
for TFE3 in cancer, we reveal a consequence of FLCN loss, which
is the induction of multiple bioenergetic programs including
OXPHOS, glycolysis, and angiogenesis in breast cancers, which
are controlled by PGC1-a/HIF-1a downstream of TFE3. Moreover,
knockdown of TFE3 in the context of FLCN loss impairs tumor
growth and mitigates these responses.

HIF1l-u is a key factor in the regulation of VEGF and other
angiogenic factors. IHC analysis of human tumor biopsies reveals
that HIF-1lo overexpression is a common feature of many solid
cancers (42) and associates with increased tumor VEGF expres-
sion and vascularization (49, 50). Interestingly, a role for MiT/
TFE factors in the regulation of angiogenesis was first hypothe-
sized following the observation that TFEB-KO mice die prenatally
due to a defect in placental vascularization (51). Thus, our results
demonstrate that FLCN loss causes the nuclear localization of
TFE3, which in turn engages the PGC-1a/HIF1-a axis to increase
the expression of angiogenic factors such as VEGF-A.

The relative contributions of metabolic reprogramming,
autophagy/lysosomal biogenesis, or increased angiogenesis
to the progrowth phenotype observed with FLCN-deficient
luminal breast cancer cells remains to be elucidated. It is
entirely possible that all 3 processes are required. One could
speculate that during initial stages of tumor development,
all solid tissues require a proper vasculature that grants oxy-
gen, nutrients, and waste disposal. Hence, early activation of
angiogenic processes is mandatory to sustain the deregulat-
ed proliferation of tumor cells. When nutrients become lim-
iting, cancer cells may benefit from the enhanced metabol-
ic flexibility (increased glycolysis and OXPHOS-dependent
metabolism) observed in FLCN-null cancer cells. Moreover,
metabolic stresses may be overcome through the utilization of
nonconventional energy sources that are mobilized through
activation of nutrient scavenging pathways involving autopha-
gy and the lysosome, both of which are induced by TFE3. Thus,
aggressive/metastatic cancers are highly reliant on constitutive
activation of these pathways to degrade and recycle cellular
materials. Strikingly, we show that cellular metabolism, auto-
phagy/lysosomal biogenesis, increased glycolysis, OXPHOS-
dependent metabolism, and angiogenic pathways can be reg-
ulated by TFE3. It is likely that each of these processes will be
differentially activated, depending on the environmental cues
and energetic demands of the growing tumor. FLCN-deficient
breast cancer cells permanently activate each of these process-
es, and hence are provided with an advantage over FLCN-profi-
cient control cells, which contributes to increased tumor growth.
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Figure 6. Loss of FLCN in luminal breast cancer cells enhances tumor growth
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and promotes angiogenesis in a TFE3-dependent manner. (A) Growth

of mammary tumors in mice injected with WT (blue), FLCN-knockout (FLCN*?) (red), and FLCN*® plus shTFE3 (orange) MCF7 cells over the course of 5
weeks. Data represent the mean tumor volumes + SEM of each cohort measured each week (n = 10 mice in each cohort). Significance was determined
using repeated-measures 1-way ANOVA. ****P < 0.0001. (B) Immunoblot analysis of WT, FLCN*®, and FLCNX® plus shTFE3 MCF7 tumors resected 5 weeks
after injection. Three representative samples were run from each cohort. B-Actin was used as a loading control. (C) Left: Representative images of the
immunohistochemistry (IHC) staining for human TFE3, human VEGF-A, and mouse CD31in WT, FLCN*®, and FLCN*® plus shTFE3 MCF7 tumors resected 6
weeks after injection. Scale bar: 50 um. Right: Quantification of IHC results showing the percentage TFE3 nuclear localization, VEGF-A staining, and CD31
staining in the indicated cohorts. Data represent the mean quantifications + SEM of IHC images from at least 5 different mice. Statistical significance was
determined using 2-way ANOVA with Bonferroni’s multiple-comparison correction. *P < 0.05; **P < 0.01; ****P < 0.0001.

In the work presented here, we uncover a signaling pathway
that links TFE3 activity to the HIF-1a/PGC-1a pathway via FLCN
loss or downregulation. Interestingly, the components of the
FLCN tumor suppressor complex are rarely mutated in sporadic

human cancers, with the exception of somatic mutations in rare
cases of renal cell carcinoma, colorectal cancer, and thyroid onco-
cytoma (52-55). In this study, we show that downregulation of
FLCN is not only limited to breast cancer but is recurrent in many
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Figure 7. Loss of FLCN in luminal breast cancer cells activates a HIF-10-
dependent angiogenic program in a TFE3-dependent manner. (A-C)
Heatmaps representing the differential TFE3 (A), PGC-10. (B), and HIF-Ta
(C) target gene expression in WT and FLCN-knockout (FLCN*?) MCF7
tumors following RNA-sequencing analysis. Each column represents gene
expression from a different mouse from each cohort, where blue indicates
WT and red indicates FLCN*® tumors. Fold increase was normalized against
EV and color coded (dark red indicates 3-fold or more increase, light green
indicates 3-fold or more decrease, black indicates no change). (D) Fold
change in HIF-1a transcriptional activity, as determined by HIF-1a luciferase
promoter activity normalized to CMV-Renilla, in EV and FLCN*® MCF7 cells
transfected with nontargeting (NT) control siRNA or siRNA targeting TFE3.
Data represent the average + SEM of n = 7 independent experiments. Sta-
tistical significance was determined using 2-way ANOVA with Bonferroni’s
multiple-comparison correction. ***P < 0.001. (E) Relative mean fluores-
cence intensity of the total cellular reactive oxygen species (ROS) in EV and
FLCN*C MCF7 cells transfected with NT control siRNA or siRNA targeting
TFE3, as measured by flow cytometry. Data represent the average + SEM
of at least n = 3 independent experiments, each performed in triplicate.
Significance was determined using Student’s t test. ***P < 0.001. (F-H)
Relative TFE3, PGC-10, and HIF-1o. downstream target gene mRNA levels
measured by RT-gPCR in EV and FLCN*® MCF7 cells transfected with NT
control siRNA or siRNA targeting TFE3 (F), PGC-1a (G), or HIF-1a (H). Data
represent the average + SEM of at least n = 3 independent experiments,
each performed in triplicate. Statistical significance was determined using
2-way ANOVA with Bonferroni's multiple-comparison correction. ***P <
0.001; ****P < 0.0001. NS, not significant.

human cancers. The mechanism of FLCN/FNIP downregulation
will be the subject of further research. Collectively, these findings
have wider implications for a general role of a deregulated FLCN
tumor suppressor pathway in human cancers in which TFE3 or
HIF activity is known to be induced.

Methods
Cell lines and cell culture. MCF7, T47D, MDA-MB-436, MDA-MB-157,
and Hs578T breast cancer cells were obtained from the American
Type Culture Collection (ATCC). Cell lines were maintained in Dul-
becco’s modified Eagle’s medium (DMEM) (Wisent, 319-005CL)
supplemented with 10% fetal bovine serum (FBS) (Wisent, 080-
150), 100 U/mL penicillin plus 100 pg/mL streptomycin (Wisent,
450-201-EL), and 50 pg/mL gentamycin (Wisent, 450-135) in 5%
CO, at 37°C. For gene-silencing experiments, breast cancer cells
were seeded in 6-cm dishes and transfected with 10 nM siRNA
duplexes using Lipofectamine RNAiMax (Invitrogen, 13778030)
according to the manufacturer’s instructions. The following siRNA
SMARTpools were used: human TFEB (locus ID, 7942) (Dharma-
con, L-009798-00-0005), human TFE3 (locus ID, 7030) (Dhar-
macon, L-00933-00-0005), human PPARGC1A (QIAGEN, Gene-
Solution, GS10891), human HIF-1a (locus ID, 3091) (Dharmacon,
L-004018-00-0005) and siControl (Dharmacon, D-001810-10-
05). Experiments were performed 48 to 72 hours after transfection.
Stable knockdown of TFE3 in MCF7 FLCN-KO breast cancer cells
was achieved using the Mission lentivirus shRNA empty vector
(shEV), shTFE3 (Sigma-Aldrich, TRCN0000232151). For FLCN
rescue or overexpression experiments, the human FLCN cDNA
was cloned into pLenti CW57-MCS1-P2A-MCS2-BLAST (a gift from
Adam Karpf, Addgene plasmid 80921).

Generation of knockout lines. CRISPR/Cas9 guide RNA targeting
sequences for human FLCN were identified bioinformatically using
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the CRISPR Design Tool available at http://chopchop.cbu.uib.no/,
Zhang Lab). Two different guide RNA sequences were used to target
the first expressed exon in the gene. Targeting sequences used were
TCGCACATGTCCGACTTTTT and GCGGGCTGCTGGACTCGAC-
GC. Targeting sequences were cloned into the lentiCRISPR plasmid
(http://www.addgene.org/49535/) as previously described (56). Len-
tivirus was produced for the FLCN targeting sequences as well as an
empty lentiCRISPR vector for control lines. Lentiviral transfer plas-
mids were cotransfected along with VSV-G envelope (https://www.
addgene.org/12259/) and packaging plasmids (https://www.addgene.
org/12260/), into HEK293T cells using Lipofectamine LTX (Invit-
rogen, 15338-500). Media were changed after 24 hours and virus-
containing media were collected and centrifuged 72 hours after trans-
fection. For the MCF7 and T47D cell lines, we performed single-cell
cloning for each FLCN guide RNA, and once FLCN-KO cells were ver-
ified by immunoblotting, a pool of 4 clones was generated in an effort
to eliminate clonal effects.

Reagents, chemicals, and antibodies. N-acetyl-L-cysteine (NAC)
(Sigma-Aldrich, A7250) was dissolved in 1x PBS to a stock concentra-
tion of 1 M and pH adjusted to 7.4. NAC was used at a final concen-
tration of 5 mM. B-Estradiol (Sigma-Aldrich, E8875) was dissolved in
100% ethanol to a final concentration of 3 mg/mL. This solution was
then diluted in canola oil to 20 pg/mL, which was then used to subcu-
taneously inject mice during the tumor growth experiments, once per
week at 1 ug per mouse.

Antibodies used for immunoblotting were against B-actin (Santa
Cruz Biotechnology, sc-47778), AMPKa (Cell Signaling Technology,
2532), human FLCN (Cell Signaling Technology, 3967), human FNIP1
(Abcam, ab61395), human FNIP2 (Sigma-Aldrich, SAB3500010),
p-AMPKa (Thr172) (Cell Signaling Technology, 2531), ACC (Cell Sig-
naling Technology, 3676), p-ACC (S79) (Cell Signaling Technology,
3661), GPNMB (Cell Signaling Technology, 38313), and TFE3 (Cell
Signaling Technology, 14779S; and Sigma-Aldrich, HPA023881).
Antibodies used for IHC were against the following proteins: human
GPNMB (Cell Signaling Technology, 38313), human TFE3 (Sigma-
Aldrich, HPA023881), mouse F4/80 (Cell Signaling Technology,
70076), human cleaved caspase-3 (Cell Signaling Technology, 9661),
mouse CD31 (Dianova, AF5149-01; and Cell Signaling Technology,
77699), human Ki67 (Cell Signaling Technology, 9449), and human
VEGF-A (Dako Technology, M7273).

Luciferase reporter assays. Cells were seeded in 6-well plates
and transfected for 6-8 hours with 1 pg of the 4XCLEAR-luciferase
reporter plasmid (Addgene, 66800) or firefly luciferase HIF activity
reporter pGL2-TK-HRE plasmid (gift from G. Melillo, NCI, Frederick,
Maryland, USA) and 0.1 pg of CMV-Renilla Luciferase plasmid (Prome-
ga, E2261) using 5 uL of polyethylenimine (PEI) (Polysciences, 23966-1)
at 1 mg/mL stock concentration. Proteins were extracted using 100 pL
of Passive Lysis Buffer from the Dual-Luciferase reporter assay system
(Promega, E1980) according to the manufacturer’s instructions and
assayed using FLUOstar Omega (BMG Labtech). Samples were normal-
ized against nontransfected controls and CMV-Renilla values.

DQ-BSA assay. T47D and MCF7 cells were seeded at 500,000
cells per well. The next day, the cells were incubated with 5 ug/mL DQ
Red BSA (Thermo Fisher Scientific, D12051) for 1 hour and washed
twice with 37°C PBS. Cells were then fixed and stained with DAPI (0.1
ug/mL) in PBS for 15 minutes at room temperature. PBS-washed dish-
es were covered with coverslips and imaged with an Axioskop micro-
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Figure 8. FLCN overexpression in basal-like breast cancer cells restores TFE3 cytoplasmic localization and attenuates tumor growth. (A) Immunoblot
analysis of empty vector (EV) and FLCN-overexpressing (FLCN°) MDA-MB-436 and Hs578T basal-like breast cancer cells. 3-Actin was used as a loading
control. (B) Quantitative analysis of the immunofluorescence data showing the percentage of TFE3 nuclear localization in EV and FLCN® MDA-MB-436

and Hs578T cells. Data represent the average + SEM of n = 4 independent experiments. Statistical significance was determined using 2-way ANOVA with
Bonferroni's multiple-comparison correction. *P < 0.05; ***P < 0.001. (C) Relative TFE3, PGC-1a, and HIF-1a downstream target gene mRNA levels measured
by RT-gPCR in EV and FLCN®® MDA-MB-436 and Hs578T cells. Data represent the average + SEM of at least n = 3 independent experiments, each performed
in triplicate. Statistical significance was determined using 2-way ANOVA with Bonferroni’s multiple-comparison correction. **P < 0.001; ****P < 0.0001. (D)
The percentage proliferation of EV and FLCN°® MDA-MB-436 and Hs578T cells over 5 days, as monitored and analyzed by an IncuCyte Live Cell Analysis Sys-
tem. Data represent the average + SEM of at least n = 3 independent experiments, each performed in triplicate. Significance was determined using repeated-
measures 1-way ANOVA. ****P < 0.0001. (E and F) Growth of mammary tumors in mice injected with WT (EV) (blue) or FLCN®E cells (red) in MDA-MB-436 (E)
and Hs578T (F) cell models over the course of 5 to 6 weeks. Data represent the mean tumor volumes + SEM of each cohort measured each week (n =10 mice
in each cohort). Significance was determined using repeated-measures 1-way ANOVA. **P < 0.01, ***P < 0.001, ****P < 0.0001. NS, not significant.

scope (Zeiss). Gray pixels from pictures acquired were then quantified ~ mented with 10% FBS. After incubation for 24 hours at 37°C and 5%
using Image] (NIH). CO,, cells were collected and total RNA was isolated and purified

RT-qPCR in mammalian cells. MCF7 and T47D cells were seeded  using a Total RNA Mini Kit (Geneaid) according to the manufacturer’s
in triplicate in 6-well plates at 5 x 10° cells per well in DMEM supple-  instructions. For RT-qPCR analysis, 1 ug of total RNA was reverse tran-
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scribed using the SuperScript III kit (Invitrogen). SYBR Green reac-
tions using the SYBR Green qPCR supermix (Invitrogen) and specific
primers (available upon request) were performed using an AriaMAX
Real-time PCR system (Agilent Technologies). Relative expression of
mRNAs was determined after normalization against housekeeping
gene RPLPO or B2M. Oligonucleotide sequences of the primers used
for RT-qPCR can be found in Supplemental Table 1.

Protein extraction and immunoblotting. For AMPK immunoblot-
ting, cells were washed twice with cold PBS, lysed in AMPK lysis buf-
fer (10 mM Tris-HCI [pH 8.0], 0.5 mM CHAPS, 1.5 mM MgCL, 1 mM
EGTA, 10% glycerol, 5mM NaF, 0.1 mM Na,VO,, 1 mM benzamidine,
5 mM NaPPi) supplemented with complete protease inhibitor (Roche)
and DTT (1 mM), and cell lysates were cleared by centrifugation at
13,000g. For all other immunoblotting, cells were washed twice with
cold PBS and lysed directly in RIPA light buffer (50 mM Tris-HCI [pH
8.8], 150 mM NaCl, 1% NP40, 0.1% SDS, 0.1% Triton X-100, 5 mM
EDTA). Proteins were resolved in SDS-PAGE gels and revealed by
Western blotting using the antibodies listed above.

Immunofluorescence. Cells were washed with PBS and fixed in
Petri dishes with 3.7% formaldehyde at room temperature for 30
minutes. After fixation, cells were washed twice with PBS and then
permeabilized with 0.3% Triton X-100 in PBS at room temperature
for 15 minutes. Cells were incubated in 5% BSA in PBS for 1 hour and
then with anti-TFE3 primary antibody in 1.5% BSA in PBS for 2 hours
at 37°C. Cells were washed 3 times with PBS and incubated with the
corresponding secondary antibodies conjugated to Alexa Fluor 488 in
1.5% BSA in PBS for 30 minutes at 37°C. Cells were washed 3 times
with PBS and incubated with DAPI (0.1 pg/mL) in PBS for 15 min-
utes at room temperature. PBS-washed dishes were coverslipped and
observed with a Zeiss Axioskop microscope.

Metabolic assays. Glucose production and lactate consump-
tion were measured using a NOVA Bioanalysis flux analyzer or the
Eton Bioscience kit (Eton Bioscience). Briefly, cells were plated at
500,000 cells/well in triplicate in 6-well plates in DMEM for 24
hours. Conditioned media were collected, spun down at 13,000g
for 5 minutes, and transferred to new tubes in which the media
were analyzed using the NOVA Bioanalysis flux analyzer. OCR and
ECAR measurements were obtained using an XF96 Extracellular
Flux Analyzer (Seahorse Bioscience). In brief, MCF7 EV, FLCN-KO,
and FLCN-KO cells treated with TFE3 siRNA were plated at 10,000
cells/well in growth medium for 24 hours. After 24 hours, cells were
incubated in nonbuffered DMEM containing 25 mM glucose and 2
mM glutamine in a CO,-free incubator at 37°C for 2 hours to allow
for temperature and pH equilibration before loading into the XF96
apparatus. XF assays consisted of sequential mix (3 minutes), pause
(3 minutes), and measurement (5 minutes) cycles, allowing for deter-
mination of OCR/ECAR every 10 minutes.

ATP quantification. Cells were plated in triplicate at 10,000 cells/
well in 96-well plates. After 24 hours, cells were lysed and mixed for
10 minutes (CellTiter-Glo luminescent cell viability assay, Promega).
Luminescence was measured using Fluostar Omage (BMG Labtech)
directly in the plates.

IHC. Mammary tumors were fixed overnight in 4% paraformal-
dehyde at 4°C. After washing with 1x PBS, tumors were embedded in
paraffin and sectioned by the GCRC Histology Core. Sections were
stained using routine IHC protocols provided by the GCRC Histology
Core using a Ventana BenchMark ULTRA system (Roche). Briefly, for
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Ventana: Sections were stained using routine IHC protocols provided
by the GCRC Histology Core using a Ventana BenchMark ULTRA sys-
tem (Roche). Slides were deparaffinized in EZ prep buffer for 8 min-
utes at 75°C. Antigen retrieval was performed by incubating slides in
cell conditioning buffer 1 (CC1) at 95°C for 44 minutes. Slides were
then blocked with the included Inhibitor CM at 37°C for 8 minutes.
Incubation with primary antibody was conducted at 37°C for 32 min-
utes. Incubation with secondary antibody was performed by applying
1drop of OmniMap anti-Rb HRP on slides for 16 minutes. Staining was
revealed by adding one drop of DAB CM for 8 minutes. Slides were
then incubated for 5 minutes with 1 drop of Copper CM followed by
counterstain with hematoxylin for 8 minutes. Post counterstaining
was performed for 8 minutes with Bluing Reagent. Slides were then
dehydrated using increasing concentrations of ethanol, cleaned in
xylene, and mounted using Acrytol mounting media. Staining was
quantified with the Imagescope software (Aperio) using the positive
pixel count algorithm (GPNMB, F4/80, CD31, and cleaved caspase-3)
and nuclear algorithm (TFE3 and Ki67).

Quantification of soluble VEGF-A. For in vitro studies, MCF7
cells were seeded in triplicate in 6-well plates at 5 x 10° cells per
well in DMEM supplemented with 10% FBS. After incubation for
24 hours at 37°C and 5% CO,, conditioned media were collected,
spun down at 13,000g for 5 minutes. VEGF-A levels in conditioned
media were then assessed by employing a human VEGF-A quanti-
kine ELISA kit (R&D Systems, DVEOO) according to the manufac-
turer’s instructions. For in vivo studies, 1 pug of tumor lysates from
each condition was used to assess levels of VEGF-A by employing
the same human VEGF-A quantikine ELISA kit according to the
manufacturer’s instructions.

Multiplex assay human angiogenesis array. The Discovery Assay
simultaneously measures 17 angiogenic/growth factors in a single
microwell. The multiplex assay was performed by using the Bio-Plex
200 system (Bio-Rad Laboratories, Inc.) and a Milliplex Mouse Cyto-
kine/Chemokine kit (Millipore). The 32-plex consisted of angiopoi-
etin-2, BMP-9, EGF, endoglin, endothelin-1, FGF-1, FGF-2, FLCN,
G-CSF, HB-EGF, HGF, IL-8, leptin, PLGF, VEGF-A, VEGF-C, and
VEGF-D. The change in the cytokine levels in FLCN-KO medium was
normalized against their respective WT medium.

Mammary fat pad injections. For in vivo studies, 5 x 10¢ MCF7
cells were suspended in a 50:50 mixture of 1x PBS/Matrigel (Corn-
ing, 354248) and injected into the fourth mammary fat pads of 6-
to 8-week-old NSG female mice (NOD.Cg-Prkdcsd I12rg™Wil/Sz])
(Jackson Laboratory, 005557). Forty-eight hours before tumor inoc-
ulation, mice were injected subcutaneously with 1 pg of B-estradiol
(Sigma-Aldrich, E8875) dissolved in corn oil and B-estradiol injec-
tions were repeated once per week until the experimental endpoint.
Mammary tumors were monitored by palpation every few days and
tumor volumes were calculated from weekly caliper measurements.
Tumors were resected and harvested when tumor volumes reached
between 150 and 300 mm?. Mice were housed in the McGill Animal
Care Facility in standard cages with food and water ad libitum. Mice
were maintained at 22°C to 24°C on a 12-hour light/12-hour dark cycle.

ROS potential. Cellular ROS levels were determined using the
general oxidative stress indicator CM-H2DCFDA (Invitrogen).
Briefly, subconfluent adherent cells were incubated for 30 minutes
at 37°C with CM-H2DCFDA dye. Cells were collected and analyzed
using a BD FACSDiva analyzer. Cells not incubated with the dye
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or pretreated with 100 uM H,O, were used as negative and ROS-
positive controls, respectively.

IncuCyte cell proliferation assay. Cells were seeded at 1 x 10* per
well in a 6-well plate, which was then incubated at 37°C with 5% CO,
and monitored on the IncuCyte Live Cell Analysis System (Sartori-
us). After incubation for the indicated times, live-cell images were
obtained using a 10x objective lens (4 images per well) within the
instrument and cell density was analyzed using the IncuCyte software.

RNA extraction for RNA sequencing. MCF7 EV and FLCN-KO
mammary fat pad tumors were resected 6 weeks after injection, flash
frozen, and stored in liquid nitrogen. RNA was extracted from 3 mam-
mary tumors in each cohort using TRIzol and purified using QTAGEN
RNeasy columns. RNA samples were processed for RNA-sequencing
analysis at Genome Québec.

RNA-sequencing analysis. Adaptor sequences and low-quality-
score bases (Phred score < 30) were first trimmed using Trimmomat-
ic (57). The resulting reads were aligned to the human genome refer-
ence sequence (GRCh38) using STAR (58). Read counts were obtained
using HTSeq (59) and are represented as a table that reports, for each
sample (columns), the number of reads mapped to a given gene (rows).
For all downstream analyses, genes exhibiting low expression levels
with an average read count lower than 10 across all samples were
excluded, resulting in 19,133 genes in total. The R package limma (60)
was used to identify differences in gene expression levels between WT
and FLCN-KO samples. Nominal P values were corrected for multiple
testing using the Benjamini-Hochberg method. The complete list of
differentially expressed genes is presented in Supplemental Table 2.

Gene set enrichment analysis. We used Enrichr (61) (https://
amp.pharm.mssm.edu/Enrichr/) to test for enrichment of func-
tionally annotated gene sets among the differentially expressed
genes. The complete GO enrichment results are reported in Sup-
plemental Table 3.

Data and software availability. The RNA-sequencing and microar-
ray data are deposited in NCBI's Gene Expression Omnibus database
(GEO GSE163791). PDX breast cancer RNA-sequencing data were
obtained from Savage et al. (32): GEO GSE14276. Normal breast gene
expression levels were obtained from the Genotype-Tissue Expres-
sion (GTEx) Portal (https://gtexportal.org/home/). TCGA breast
cancer data were obtained from Firehose Broad GDAC (illuminahis-
eq_rnaseqv2-RSEM_genes normalized - http://gdac.broadinstitute.
org/. Accessed March 17, 2019). The intrinsic molecular breast cancer
subtyping was obtained according to Paquet and Hallett (62).

Statistics. Data are expressed as mean + SEM. Statistical analyses
for all data were performed using 2-tailed Student’s ¢ test for compari-
sons between 2 groups, 1-way or 2-way ANOVA with Bonferroni’s cor-
rection for comparisons between 3 or more groups, and log-rank Man-
tel-Cox test for survival plots, using GraphPad Prism 7 software. The
data were assumed normal as tested by the Shapiro-Wilk normality
test. Statistical significance is indicated in figures (*P < 0.05, **P< 0.01,
***P < 0.001, ***P < 0.0001) or included in the supplemental tables,
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with a P value of less than 0.05 considered significant. In vitro studies
were biologically repeated at least 3 times in triplicate. The numbers of
animals in each experiment are indicated in the figure legends.

Study approval. All mouse studies were approved by the Animal
Resource Centre at McGill University and comply with guidelines set
by the Canadian Council of Animal Care.
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