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Abstract

Birt-Hogg-Dub�e (BHD) syndrome is an inherited familial cancer
syndrome characterized by the development of cutaneous
lesions, pulmonary cysts, renal tumors and cysts and caused by
loss-of-function pathogenic variants in the gene encoding the
tumor-suppressor protein folliculin (FLCN). FLCN acts as a nega-
tive regulator of TFEB and TFE3 transcription factors, master
controllers of lysosomal biogenesis and autophagy, by enabling
their phosphorylation by the mechanistic Target Of Rapamycin
Complex 1 (mTORC1). We have previously shown that deletion
of Tfeb rescued the renal cystic phenotype of kidney-specific Flcn
KO mice. Using Flcn/Tfeb/Tfe3 double and triple KO mice, we
now show that both Tfeb and Tfe3 contribute, in a differential
and cooperative manner, to kidney cystogenesis. Remarkably,
the analysis of BHD patient-derived tumor samples revealed
increased activation of TFEB/TFE3-mediated transcriptional pro-
gram and silencing either of the two genes rescued tumorigene-
sis in human BHD renal tumor cell line-derived xenografts
(CDXs). Our findings demonstrate in disease-relevant models that
both TFEB and TFE3 are key drivers of renal tumorigenesis and
suggest novel therapeutic strategies based on the inhibition of
these transcription factors.
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Introduction

The FLCN gene encodes an evolutionarily conserved and ubiquitously

expressed protein that forms heterodimers with either folliculin-

interacting protein 1 (FNIP1) or its homolog, FNIP2 (Hasumi et al,

2015). A main function of FLCN is to promote, through its GTPase

Activating protein (GAP) activity, the activation of RagC and D

GTPases, which participate in the regulation of the mechanistic Tar-

get Of Rapamycin Complex 1 (mTORC1) (Tsun et al, 2013; Lawrence

et al, 2019; Shen et al, 2019). Mammals have four types of Rag

GTPases (Rags): Rag A, B, C and D, which form obligate RagA/RagB

and RagC/RagD heterodimers (Sekiguchi et al, 2001). The activity of

the Rags depends on their nucleotide (GTP vs. GDP) binding state. In

the presence of amino acids, RagA/B become GTP-loaded and RagC/

D GDP-loaded, thus forming RagA/B-GTP; RagC/D-GDP heterodi-

mers, which promote mTORC1 lysosomal recruitment and activity

(Kim et al, 2008; Sancak et al, 2008). However, recent studies, includ-

ing our own, have shown that whereas the GTP loading of Rag A and

B is essential for the phosphorylation of all mTORC1 substrates, the

GDP loading of RagC/D is dispensable for mTORC1-mediated activity

toward some substrates, such as S6K and 4E-BP1, but is essential for

the phosphorylation of MiT-TFE transcription factors (TFs), in
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particular Transcription Factor EB (TFEB) and E3 (TFE3) (Wada et al,

2016; Lawrence et al, 2019; Napolitano et al, 2020). Because of these

substrate-specific differences, the pathway through which mTORC1

phosphorylates MiT-TFE factors was named noncanonical mTORC1

signaling (Napolitano et al, 2022). The structure of the mTORC1-

TFEB-Rag-Ragulator protein complex was recently solved by Cryo-

EM, providing structural evidence for mTORC1 substrate specificity

(Cui et al, 2023).

MiT-TFE TFs can bind the same DNA motifs (Hemesath et al,

1994) and act as master regulators of lysosomal biogenesis and

autophagy (Sardiello et al, 2009; Settembre et al, 2011; Martina

et al, 2014). mTORC1 exerts a crucial control of MiT-TFE TFs by

inhibiting their cytoplasm-to-nucleus translocation through the

phosphorylation of specific serine residues (Martina et al, 2012;

Roczniak-Ferguson et al, 2012; Settembre et al, 2012). Therefore, by

activating RagC/D, FLCN enables mTORC1-mediated phosphoryla-

tion of TFEB and TFE3, thus acting as a key negative regulator of

these factors. Loss-of-function pathogenic variants of FLCN are

known to cause Birt-Hogg-Dub�e (BHD) syndrome, an autosomal

dominant disorder characterized by pulmonary and renal cysts,

spontaneous pneumothorax, benign cutaneous fibrofolliculomas,

and an increased risk of developing kidney tumors (Schmidt &

Linehan, 2015). Individuals affected with BHD inherit germline

FLCN variants, whereas somatic “second hit” alterations are found

in BHD-associated kidney tumors (Vocke et al, 2005) resulting in

loss of function. BHD syndrome is associated with mTORC1 hyper-

activation (Baba et al, 2006, 2008; Chen et al, 2008), which paradox-

ically contradicts the view of FLCN as a positive regulator of

mTORC1 (Petit et al, 2013; Tsun et al, 2013). We and others

explained this paradox by demonstrating that loss of FLCN selec-

tively impairs mTORC1-mediated phosphorylation of TFEB and

TFE3, resulting in their constitutive activation, without affecting the

phosphorylation of other key mTORC1 substrates, such as S6K and

4EBP1 (Wada et al, 2016; Lawrence et al, 2019; Napolitano et al,

2020; Li et al, 2022). TFEB and TFE3 constitutive activation in turn

promotes mTORC1 hyperactivity through a previously described

mTORC1-TFEB/TFE3-mTORC1 feedback loop (Di Malta et al, 2017).

We recently showed that genetic deletion of TFEB completely res-

cued renal cystogenesis and associated early lethality, as well as

mTORC1 hyperactivation, in kidney-specific Flcn KO mice (Flcnflox/

flox; Ksp-cre+), thus pointing at TFEB as a key driver of BHD associ-

ated kidney pathology (Napolitano et al, 2020). However, in this

study, we did not explore a possible role of TFE3, whose function is

known to largely overlap with that of TFEB. Furthermore, the high

severity of the renal cystic phenotype of kidney-specific Flcn KO

mice leads to early lethality, before the development of kidney

tumors, thus hampering the evaluation of the role of TFEB/TFE3 in

kidney tumorigenesis. Here we show, using murine disease-relevant

models as well as BHD-associated renal tumors, that both TFEB and

TFE3 play important roles not only in the kidney cystic phenotype

but also in human renal tumor formation.

Results and Discussion

As above discussed, FLCN loss is known to promote nuclear translo-

cation and constitutive activation of both TFEB and TFE3 (Hong

et al, 2010; Petit et al, 2013). In order to evaluate the role of TFE3 in

the BHD renal phenotype, we crossed Tfe3 null mice, which are via-

ble and fertile (Steingrimsson et al, 2002), with kidney-specific Flcn

KO mice to generate Flcn/Tfe3 kidney-specific double KO (DKO)

mice (Flcnflox/flox; Ksp-cre+; Tfe3�/� mice) and compared their phe-

notype to that of kidney-specific Flcn KO mice (Flcnflox/flox;

Ksp-cre+) and kidney-specific Tfeb/Flcn DKO mice (Flcnflox/flox;

Tfebflox/flox; Ksp-cre+). We found that Flcn/Tfe3 DKO mice were

indistinguishable from Flcn single KO mice even at a late disease

stage (post-natal (p) day 18), showing multiple cysts expanding the

cortex and medulla. Cysts were lined by a single or multiple layers

of cuboidal epithelial cells (Fig 1A). In line with this observation,

both Flcn/Tfe3 DKO mice and Flcn single KO mice showed excessive

levels of blood urea nitrogen (BUN), due to kidney dysfunction, and

lethality at approximately post-natal day 22 (Fig 1B and C). Thus, in

this mouse model TFE3, unlike TFEB, appears to have a marginal

role in the phenotype. Accordingly, RNA-seq analysis showed that

the expression of 139 transcripts was significantly increased in the

kidneys of Flcn KO at a precystic stage (p2), and this upregulation

was fully abrogated upon genetic depletion of TFEB but not TFE3

(Dataset EV1). By analyzing these 139 transcripts through the

“Kyoto Encyclopedia of Genes and Genomes” (KEGG) database, we

found that the lysosomal gene category was the only significantly

enriched one, in line with the established role of these TFs in the

control of lysosome biogenesis and function (Fig EV1A, Table EV1).

Consistently, kidney tissues from Flcn KO mice showed a significant

upregulation of the lysosomal marker LAMP1 (Fig EV1B). About

10% of these 139 genes scored positive on previous TFEB Chip-seq

analyses (Palmieri et al, 2011; Gambardella et al, 2020), thus

◀ Figure 1. Both TFEB and TFE3 contribute to kidney pathology in Flcn KO mice.

A Hematoxylin and eosin (H&E) staining of kidneys from control (Flcnflox/flox), Flcn KO, Flcn/Tfeb DKO, Flcn/Tfe3 DKO, Flcn/Tfe3 DKO; Tfeb-HET and Flcn KO; Tfeb-HET mice
at p18 (replicated three times). Scale bars, 3 mm (upper panels). Boxed areas are magnified in the bottom panels. Arrowhead indicates tubular papillary atypical
hyperplasia. Scale bars, 100 lm (lower panels).

B Blood urea nitrogen (BUN) levels in mice of the indicated genotypes at p18 (mean � SD, n = 3). One-way ANOVA and the Tukey’s HSD posthoc test (corrected for mul-
tiple comparisons) were applied. Significance for each comparison is provided in Materials and Methods.

C Kaplan–Meyer survival analysis of the indicated genotypes (n = 20 for each genotype); log-rank test, P-value < 0.0001.
D Representative immunohistochemical (IHC) analysis of Tfeb or Tfe3 and Cadherin-16 (Cdh16) on adjacent kidney sections from mice of the indicated genotypes at p2.

Tfeb and Tfe3 were stained in DAB, Cdh16 was stained in teal. Nuclei were stained with hematoxylin II (blue). Magnification: 10×, scale bar: 100 lm. Magnification:
20× (in inset image), scale bar: 25 lm.

E Quantification of TFEB or TFE3 levels relative to cadherin 16 (indicated as ratio); values represent mean � SEM (n = 4 biological replicates for each genotype). A
Welch’s One Way ANOVA test with the Dunnett’s T3 multiple comparisons test was applied. Significance for each comparison is provided in Materials and Methods.

Data information: *P < 0.05; **P < 0.01; ***P < 0.001.
Source data are available online for this figure.
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representing validated target genes (Fig EV2). Considering the

strong similarities between the TFEB and TFE3 transcriptional net-

works, we postulated that the diverse contributions of TFEB and

TFE3 to kidney pathology observed in Flcn KO mice were due to dif-

ferences in the expression levels of these transcription factors in the

specific kidney cell population in which the Ksp (cadherin 16-

driven)-Cre recombinase is expressed, which includes collecting

ducts, distal tubules and thick ascending limb of Henle’s loops

(Shao et al, 2002). In line with this hypothesis, we found that TFEB

expression levels are significantly higher than those of TFE3 in

cadherin16-expressing kidney cells in control (Flcnflox/flox) mice at

p2, and this difference appears even more evident in kidney-specific

Flcn KO mice (Fig 1D and E). This difference suggests that TFEB

function is more relevant compared to that of TFE3 in these cell

types at this stage and may explain why deletion of Tfeb rescued the

phenotype of Flcn KO mice, whereas deletion of Tfe3 did not. We

also tested whether full deletion of Tfe3 in the context of heterozy-

gous deletion of Tfeb rescued, at least partially, the phenotype of

Flcn mice through a “dosage effect” between these two transcription

factors. At p18, Flcnflox/flox; Tfebflox/+; Ksp-cre+; Tfe3�/� (hereafter

Flcn/Tfe3DKO; Tfeb-HET mice) were indistinguishable from Flcnflox/

flox; Tfebflox/+; Ksp-cre+ (hereafter Flcn KO; Tfeb-HET mice) in

terms of kidney appearance and function, both presenting fewer

hyperplastic cysts and reduced BUN levels compared to Flcn KO and

Flcn/Tfe3 DKO mice (Fig 1A and B). However, Flcn/Tfe3 DKO; Tfeb-

HET mice live significantly longer (mean survival 132 days) not

only compared to Flcn KO and Flcn/Tfe3 DKO mice but also com-

pared to Flcn KO; Tfeb-HET mice (mean survival 37.5 days) (Fig

1C). These results suggest that both TFEB and TFE3 play a role in

the kidney phenotype associated with BHD syndrome and that in

vivo studies of transgenic mice, which are based on the use of Ksp-

driven-CRE recombinase may lead to an under estimation of TFE3

contribution to disease pathogenesis. To investigate the activation

state of TFEB and TFE3 in BHD patient-derived tissue samples, we

performed histological examination of their cellular localization in

renal tumors removed surgically at the National Cancer Institute

from seven unrelated BHD patients (Fig 2A, Table EV2). While

BHD-associated kidney tumors are characterized by a variety of his-

tological subtypes, most frequently hybrid oncocytic tumor (50%:

Patients 1 and 2) and chromophobe (35%: Patient 3) renal tumors

(Schmidt & Linehan, 2015), we also have BHD patients with more

aggressive papillary/cystic histologic and/or clinical phenotypes

(consistent with TFE3 fusion/translocation RCC) (Patients 4, 5, and

6) and those with eosinophilic/clear histology RCC reminiscent of

TFE3/B translocation fusion RCC (Patient 7, origin of the UOK257

cell line). The patients with pathologic phenotypes reminiscent of

TFE3/TFEB RCC tended to have a more aggressive clinical pheno-

type. Patients 6 and 7, for example, developed metastatic disease

and patient 5 became dialysis-dependent after surgery on both kid-

neys. We found increased nuclear staining of both TFEB and TFE3

in BHD hybrid and chromophobe RCC relative to control kidney tis-

sues, as well as in the TFE3/TFEB-like BHD tumors with tubulo pap-

illary/eosinophilic clear RCC, as well as cystic and cystic/solid

lesions, which correlated with increased staining of the Glycoprotein

non-metastatic melanoma protein B (GPNMB) and the lysosomal

marker NPC intracellular cholesterol transporter 1 (NPC1), highly

responsive TFEB/TFE3 transcriptional targets (Fig 2A). Transcrip-

tomic data from renal tumors from seven additional unrelated

patients (Table EV2) relative to control kidney tissues revealed that

229 out of 2,402 (about 10%) significantly upregulated genes repre-

sented validated TFEB target genes (Fig 2B, Dataset EV2). By ana-

lyzing this list of TFEB targets through KEGG database, we found

that, also in this case, the lysosomal gene category was the most sig-

nificantly enriched one (Fig 2C, Table EV3). Upregulation of several

TFEB/TFE3 targets was also confirmed by proteomic analysis

performed on the same samples (Fig 2D). These data suggest that

increased activity of TFEB and TFE3 may contribute to tumor devel-

opment and growth in BHD patients. To test the contribution of

TFEB and TFE3 to human kidney tumorigenesis in BHD syndrome,

we used the UOK257 renal cell carcinoma cell line, derived from an

individual with BHD syndrome, which carries biallelic FLCN loss-of-

function variants (one germline and one somatic, Fig 2A, Patient 7)

(Yang et al, 2008). This cell line exhibits the same histological char-

acteristics as the original tumor from which it was derived and is

suitable for the generation of subcutaneous tumors in mouse xeno-

grafts, thus representing a human disease-relevant tool for the study

of the pathogenic mechanisms driving cancer growth in BHD syn-

drome. As expected, both TFEB and TFE3 show a constitutively

nuclear localization in UOK257 cells, consistent with FLCN loss-of-

function, whereas they are cytoplasmic in normally fed UOK257-2

control cells, in which wild-type FLCN is stably expressed (Baba

et al, 2006; Hong et al, 2010) (Fig EV3). We infected UOK257 cells

with lentiviral vectors encoding short hairpin RNAs that target TFEB

or TFE3 for silencing, or with control vector (sh-Luciferase) (Fig

EV4A). Inactivation of these TFs was associated with the downregu-

lation of 411 genes, in TFEB or TFE3-depleted cells compared to

control UOK257 (Dataset EV3). About 15% of these downregulated

genes were validated TFEB targets (Palmieri et al, 2011; Gambar-

della et al, 2020), involved in different pathways, with the lyso-

somal pathway being, again, the most significantly enriched

◀ Figure 2. BHD kidney tumors present increased the activation of TFEB/TFE3 downstream transcriptional programs.

A Abdominal imaging, H&E staining, and immunohistochemical staining for TFE3, TFEB, GPNMB, and NPC1 in Hybrid RCC tumors from BHD patients 1 and 2, BHD
Chromophobe RCC tumor (patient 3), BHD papillary/clear RCC (patients 4, 5, and 6), a BHD patient with clear/eosinophilic/papillary RCC (patient 7, origin of the BHD
RCC cell line UOK257), and an area of normal kidney from the BHD patient 3. In the rows 1–7, the arrows point to the tumor in the right or left kidney of BHD
patients 1–7; in the bottom row, the arrow points to uninvolved, normal kidney in BHD patient 3.

B Heatmap showing validated TFEB/TFE3 target genes differentially expressed from kidney tumors of BHD patients and control kidney samples (relative to Dataset EV2).
Genes are ranked from the most significantly upregulated to the less significantly upregulated in the tumor samples. Each row shows the relative expression level of
a single gene. Each column shows the expression level of a single sample. Upregulated transcripts are shown in red and downregulated transcripts are shown in blue.

C Kegg pathways associated with genes in (B).
D Correlation between transcriptomic and proteomic analysis of BHD-associated kidney tumor samples (n = 7 biological replicates) relative to control kidney tissues

(n = 5 biological replicates).

Source data are available online for this figure.
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category (Fig EV4B and C, Table EV4). Accordingly, downregulation

of TFEB or TFE3 significantly reduced lysosomal number and degra-

dative capacity of UOK257 cells (Fig EV5A and B). UOK257 cells

silenced for TFEB or TFE3 and control UOK257 cells were then

injected subcutaneously into the flanks of immunodeficient mice

(8.5 × 105 cells per mouse, n = at least eight mice per each group)

and tumor growth and mouse survival monitored over time. Strik-

ingly, we found that the single depletion of either TFEB or TFE3 was

sufficient to fully abolish the growth of UOK257-derived tumors,

also resulting in prolonged survival for transplanted mice (Fig 3A–

F). These results strongly indicate, in a human disease-relevant

model, that both TFEB and TFE3 drive tumorigenesis in BHD syn-

drome. We also compared the list of TFEB/TFE3 target genes signifi-

cantly upregulated in BHD tumor samples with the list of targets

downregulated in UOK257 cells silenced for TFEB or TFE3 com-

pared to control UOK257. This comparison allowed us to identify 28

TFEB/TFE3 target genes shared between the two data sets in oppo-

site correlation (Fig 3G and H, Dataset EV4, Table EV5). We postu-

late that these 28 target genes, which belong to different functional

categories (Table EV6), are candidates to play a role, most likely in

a cooperative manner, in BHD renal tumorigenesis. Most of these

genes are involved in the regulation of cell metabolism by acting

both on catabolic pathways, such as lysosomal activity and autop-

hagy (e.g. GNS, GAA, GRN, TPP1, Rab7, ARL8, several subunits of

the vATPase and SQSTM1) and anabolic pathways, such as

mTORC1 signaling and amino acid transport (e.g., RRAGC, the glu-

tamine transporters SLC38A1 and SLC38A7 and the creatinine trans-

porter SLC6A8). These findings are consistent with previous studies

showing that, once activated, TFEB and TFE3 not only promote

lysosome-mediated catabolic pathways but also increase mTORC1

activity through a feedback loop driven by transcriptional regulation

of Rag C/D (Di Malta et al, 2017). Therefore, BHD renal tumor cells,

similar to other MiT/TFE -dependent cancer cells, may have

acquired mechanisms to escape the negative regulation of mTORC1

signaling over the autophagy process to maximize nutrient scaveng-

ing pathways for the de novo synthesis of the macromolecules

required for cancer proliferation and growth (Perera et al, 2019;

Napolitano et al, 2022). Moreover, among our selected list of candi-

date genes responsible of tumor growth in BHD, we also find the

protumorigenic protein GPNMB, a transmembrane protein highly

enriched at the plasma membrane of different types of cancer cells

(e.g., melanoma, glioblastoma, and breast cancer) whose upregula-

tion has already been reported in BHD-RCC (Hong et al, 2010;

Furuya et al, 2015), but also in translocation (t)-RCC (Baba et al,

2019), MITF-RCC (Lang et al, 2021) and TSC-renal tumors (Taya &

Hammes, 2018; Salles et al, 2022). To start assessing the potential

contribution of these 28 TFEB/TFE3 target genes to the BHD renal

phenotype, we downregulated each of them in UOK257 cells and

then monitored cell proliferation through MTT assay. Notably, we

found that the silencing of several tested genes significantly reduced

cell proliferation of UOK257 cells, in line with the idea that different

TFEB/TFE3 targets may contribute to tumorigenesis (Appendix Fig

S1). Further analyses, especially in vivo, are needed to really under-

stand whether specific TFEB/TFE3 targets are primarily responsible

for tumor formation and growth. In summary, our study demon-

strates that both TFEB and TFE3 are key drivers of kidney pathology

in BHD syndrome and cooperate in promoting kidney cystogenesis

and tumorigenesis associated with this condition. However, the rele-

vance of each of these transcription factors in BHD syndrome kid-

ney phenotype depends on their relative expression levels in

specific renal cell populations. The evidence that depletion of only

one of these transcription factors is sufficient to fully abolish tumori-

genesis in FLCN-deficient xenografts further supports the impor-

tance of TFEB+TFE3 gene dosage and the cooperative effect

between these TFs in tumorigenesis. It will be interesting to explore

whether TFEB and TFE3 have differential relevance in specific histo-

logical tumor subtypes of BHD syndrome. Furthermore, it is likely

that the cooperative role played by TFEB and TFE3 in BHD tumori-

genesis also contributes to the growth of other types of tumors asso-

ciated with increased nuclear localization of MiT/TFE factors (e.g.,

PDA and invasive basal-like breast carcinoma) (Perera et al, 2015;

El-Houjeiri et al, 2021). Future studies will also be focused on the

identification of TFEB/TFE3 target genes that play critical roles in

different types of malignancies. Finally, identification of molecules

that are able to inhibit both of these transcription factors (e.g., by

acting on upstream regulators), in an intermittent mode, may pro-

vide the foundation for the development of effective therapeutic

strategies for BHD syndrome as well as other cancer-associated

diseases.

Materials and Methods

Materials

Reagents were obtained from the following sources: human TFEB

(4240) anti-rabbit from Cell Signaling Technology; antibody to

murine TFEB from Bethyl laboratories (A303-673A); human TFE3

anti-rabbit from Sigma Aldrich (#SAB4200803), antibody to

Cadherin 16 from Novus Biologicals (NBP1-59248); human osteoac-

tivin/GPNMB antigoat from R&D Systems; mouse anti-LAMP1 was

from Santa Cruz (1D4B). DMEM, RPMI, and fetal bovine serum

(FBS) were from Euroclone; lentiviral plasmids sh-RNAs, amino

acids, and blasticidine were from Sigma Aldrich; Torin 1 (cat. no.

◀ Figure 3. Silencing of TFEB or TFE3 inhibits the growth of BHD-associated tumors.

A–F (A, D) Representative pictures of mice injected with UOK257 cells silenced for luciferase (shLuc) (A, D) or for TFEB (A) or for TFE3 (D). Pictures were taken
approximately 4 months after injection. (B, E) Plots show tumor volumes in mice injected with UOK257/shLuc (n = 8) or UOK257/shTFEB (n = 10) (B) and mice
injected with UOK257/shLuc (n = 8) or UOK257/shTFE3 (n = 9) (E); (mean � SD). *P = 0.036 for plot in (B) and *P = 0.023 for plot in (E); unpaired t-test. (C, F)
Kaplan–Meier analysis of mice survival relative to the two experimental groups. Long-rank test, P < 0.0001. The median survival time of mice injected with
UOK257/shLuc is 219.5 days in (C) and 244.5 days in (F).

G Venn diagram showing overlapping genes in the analyzed data sets.
H KEGG pathways relative to overlapping genes in (G) (Dataset EV4).

Source data are available online for this figure.
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4247) from Tocris; LysoTracker DND99 (L7528) and DQ Green BSA

(D12050) were from Thermo Fisher; siRNAs were purchased as

SMART pool from Dharmacon.

Cell culture, treatments, and immunofluorescence analysis

The UOK257 and the FLCN-restored UOK257-2 cell lines were pro-

vided by our collaborator Dr Marston Linehan; cells were cultured

in DMEM high glucose (cat. no. ECM0728L, Euroclone). UOK257-

2cells were also maintained in the presence of blasticidine (2 lg/
ml). UOK 257 and UOK 257-2 cells grown on glass coverslip were

rinsed twice with PBS and incubated for 2 h in amino acid-free RPMI

(cat. no. R9010-01, US Biological) supplemented with 10% dialysed

FBS. For amino acid refeeding, cells were restimulated for 1 h with

1× water-solubilized mix of essential (cat. no.11130036, Thermo

Fisher Scientific) and nonessential (cat. no. 11140035, Thermo

Fisher Scientific) amino acids resuspended in aminoacid-free RPMI

supplemented with 10% dialysed FBS, plus glutamine, in presence

or absence of 1 lM Torin 1. For detection of TFEB or TFE3, cells

were rinsed with PBS once and then: fixed for 15 min with 4% para-

formaldehyde in PBS at RT, rinsed twice with PBS, and then

permeabilized with 0.1% Triton X-100 for 5 min and then blocked

with 3% bovine serum albumin in PBS + 0.02% saponin for 1 h at

room temperature. Immunostainings were performed upon dilution

of primary antibodies in blocking solution and overnight incubation

at 4°C (for TFEB) or 2 h at RT (for TFE3), followed by three washes

and secondary antibody incubation in blocking solution for 1 h at

room temperature. After additional three washes, coverslips were

finally mounted in VECTASHIELD mounting medium with DAPI

and analyzed using LSM 800. Operators were blinded to sample

identity.

LysoTracker and DQ-BSA experiments

LysoTracker DND99 (L7528 Thermo Fisher) was incubated at

50 nM in dark for 40 min at 37°C. DQ Green BSA (D12050 Thermo

Fisher) was incubated at 10 lg/ml in dark for 15 min at 37°C.

Images were acquired using the Harmony software by Opera Fenix

(PerkinElmer).

For LysoTracker and DQ-BSA experiments, 18 and 16 fields/

wells were acquired, respectively. The images were subsequently

analyzed using Columbus software (PerkinElmer) thanks to the sup-

port of High Content Screening facility at Tigem. Operators were

blinded to sample identity.

Mouse models

All mice used were maintained in a C57BL/6 strain background. In

vivo studies were performed according to fully authorized animal

facility, notification of the experiments to the Ministry of Health (as

required by the Italian Law) Authorization n° 240/2019-PR. The

mouse line for conditional deletion of Tfeb (Tfebflox/flox), or Flcn

(Flcnflox/flox), the Tfe3�/� mice and the Cdh16-cre (Ksp-cre) mice

were previously described (Shao et al, 2002; Steingrimsson et al,

2002; Baba et al, 2008; Chen et al, 2008; Settembre et al, 2012). Sur-

vival curves were calculated for a period of 300 days on 20 mice for

each genotype. All mice were grown in the same animal facility, all

in same background (C57BL/6), mice of both sexes were used.

Values were plotted by the product-limit method of Kaplan and

Meier; statistical analyses were carried out applying the log-rank

test. To analyze serum blood urea nitrogen, blood was collected from

mice at p18 from retro orbital plexus. Serum blood urea nitrogen

content was measured by an ammonia colorimetric assay (BioVision;

cat. no. K370- 100) according to the manufacturer’s instructions. For

statistics, one-way ANOVA and the Tukey’s HSD posthoc test

(corrected for multiple comparisons) were applied. Significance for

each comparison was the following: Flcn KO versus Flcn/Tfeb DKO P

= 2.27e-05, Flcn KO versus Flcn/Tfe3 DKO; Tfeb-HET P = 2.30e-03,

Flcn KO versus Flcn KO; Tfeb-HET P = 2.25e-04, Flcn/Tfeb DKO ver-

sus Flcn/Tfe3 DKO P = 1.30e-05, Flcn/Tfeb DKO versus Flcn/Tfe3

DKO; Tfeb-HET P = 1.70e-02, Flcn/Tfe3 DKO versus Flcn/Tfe3 DKO;

Tfeb-HET P = 1.04e-03; Flcn/Tfe3 DKO versus Flcn KO; Tfeb-HET P

= 1.15e-04.

For staining of LAMP1 on kidney sections, paraffin-embedded

sections were cut at 7 lm, deparaffinized, blocked, and permeabi-

lized in 3% (w/v) BSA, 5% goat serum in PBS + 0.3% Triton X-

100 for 3 h and then were incubated with the primary antibody

overnight. Finally, sections were washed three times with 3% BSA

in PBS + 0.3% Triton X-100 and then incubated for 1 h with sec-

ondary antibodies Alexa-Fluor-conjugated. Sections were mounted

in VECTASHIELD mounting medium with DAPI and analyzed using

LSM 800 (Carl Zeiss).

Patients and human studies

All patients were evaluated and managed in the Clinical Research

Center, National Institutes of Health, Bethesda Maryland by mem-

bers of the Urologic Oncology Branch, National Cancer Institute. All

patient recruitment, clinical and genetic evaluation, and tissue pro-

curement and use were approved by the Institutional Review Board

of the National Cancer Institute on NCI- 97-C-0147 and/or NCI-02-C-

0159. Informed consent was obtained from all subjects, and the

experiments were conformed to the principles set out in the WMA

Declaration of Helsinki and the Department of Health and Human

Services Belmont Report. The human BHD tumor histologies were

read by pathologists at the National Cancer Institute, including

MJM.

Histology

For murine models, histopathological analysis was conducted on

3 lm-thick formalin-fixed, paraffin-embedded kidney (FFPE) sec-

tions stained with H&E and images captured by using ImageScope

(Leica-Biosystems Nussloch GmbH). Operators were blinded to

sample identity. Histology was reviewed by experienced patholo-

gist (F.S.). For immunohistochemical analysis of TFEB, TFE3, and

Cadherin 16 on kidney tissues at p2, formalin-fixed, paraffin-

embedded kidney sections (6 lm) was analyzed by VENTANA

BenchMark Ultra automated staining instrument (Ventana Medical

Systems, Roche), using VENTANA reagents according to the man-

ufacturer’s instructions, thanks to the support of the Advanced

Histopathology facility at TIGEM. Briefly, slides were deparaffi-

nized using EZ Prep solution (cat # 950-102) for 16 min at 72°C.

Epitope retrieval was accomplished with CC1 solution (cat # 950-

224) at a high temperature (95°C) for a period that is suitable for

a specific tissue type. Antibodies were titered with a blocking
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solution into user fillable dispensers for use on the automated

stainer. For brightfield detection, slides were developed using the

VENTANA ultra view Universal DAB detection kit (cat #760-500)

and DISCOVERY Teal HRP Kit (RUO) (cat #760-247) according to

the manufacturer’s instructions. Slides were then counterstained

with hematoxylin II (cat # 790-2208) for 8 min, followed by Blu-

ing reagent (cat # 760-2037) for 4 min. Bright-field sections were

scanned with ZEISS Axio Scan.Z1. The whole digital slides were

viewed by zen blue software. The TFEB, TFE3, and Cadherin-16

signal was quantified by Qu-Path software. The positive pixel

count algorithm was selected and adjusted to cover each positive

staining of each marker analysis using Qu-path Software. The

TFEB, TFE3, and Cadherin-16 data were presented as positivity,

which was obtained from the following formula: Ratio: percentage

area of TFE3 or TFEB/percentage area of Cadherin-16. The data

were expressed as mean � SEM. The significance of difference

among the experimental groups was calculated by Welch’s one-

way ANOVA test with the Dunnett’s T3 multiple comparisons

test. Significance for each comparison was the following: Tfeb/

Cdh16 in Flcn KO mice versus Tfe3/Cdh16 in Flcn KO mice P =

0.0084, Tfeb/Cdh16 in Flcn KO mice versus Tfe3/Cdh16 in Ctrl

mice P = 0.0320, Tfeb/Cdh16 in Ctrl mice versus Tfe3/Cdh16 in

Flcn KO mice P < 0.0001, and Tfeb/Cdh16 in Ctrl mice versus

Tfe3/Cdh16 in Ctrl mice P = 0.0367.

For histological analysis of human BHD tumor samples, H&E

staining was performed on formalin-fixed paraffin-embedded sec-

tions by standard methods. Histology was reviewed by a pathologist

experienced in evaluating kidney cancer. Immunohistochemistry for

TFE3, TFEB, and GPNMB was performed as previously described

(Lang et al, 2021).

Xenograft experiments

Lentiviral particles from single plasmid (shLuc or shTFEB or

shTFE3) were produced from HEK-293T transfection and were

added to UOK257 cells at multiplicity of infection ~4 for 16 h in

standard medium supplemented with 4 lg/ml polybrene (Sigma-

Aldrich), followed by complete medium replacement. Puromycin

(1 lg/ml) was added 48 h post-infection and surviving cells

harvested after 3 days. 8.5 × 105 UOK257 cells were transplanted

subcutaneously into the right flank of nude mice with 1:3

Matrigel Matrix HC (Corning, Cat#354248) and L15 medium

(shTFEB, 10 mice per group; shTFE3, nine mice per group;

shLuc, eight mice per each experimental group (shTFEB and

shTFE3)). Tumor growth was monitored weekly in two dimen-

sions using a digital caliper and mice sacrificed when the tumor

reached � 0.8 cm3 in volume (V), or for other reasons (i.e. age,

health, and weight loss). Tumor volumes were calculated using

the modified ellipsoid formula V = L × l2/2 (L length; l width).

The statistical difference in tumor volume among the groups was

assessed by unpaired t-test. Survival analysis was calculated with

GraphPad Prism 9.0, and differences among groups were esti-

mated by using Log-rank test.

Nude mice were purchased from Charles River. Mice of both

sexes, 6–7 weeks old, were used for experimental procedures. In

vivo studies were performed according to fully authorized animal

facility, notification of the experiments to the Ministry of Health (as

required by the Italian Law) Authorization n° 509/2021-PR.

Cell proliferation

For MTT assay 5 mg of MTT powder was solubilized in 1 ml of PBS

glucose and filtered. Cells were incubated with 100 ll of MTT solu-

tion for 1 h. At the end of the incubation time, cells treated with sol-

ubilization solution (2 ml H2O ammonia (H5NO) + 50 ml DMSO)

for 10 min at 37°C to obtain a complete solubilization of the crys-

tals. As readout, absorbance of the 96-well plate was measured

recording the optical density (OD) at 540 nm with a microplate

spectrophotometer system.

Expression analysis

For gene expression analyses, total RNA was extracted according to

the manufacturer’s instructions (RNeasy Mini Kit Cat No./ID: 74106

(250)). RNA extracted was precisely quantified and mixed at 50 ng/5

ll. RNA-seq analysis was performed by Next Generation Diagnostic

(NGDx s.r.l.). Libraries preparation was performed with a total of

100 ng of RNA from each sample using QuantSeq 30mRNA-Seq

Library prep kit (Lexogen, Vienna, Austria) according to manufac-

turer’s instructions. Amplified fragmented cDNA of 300 bp in size

was sequenced in single-end mode by NovaSeq 6000 (Illumina) with

a read length of 100 bp. Illumina NovaSeq 6000 base call (BCL) files

were converted in fastq file through bcl2fastq. For the analysis, the

sequence reads were trimmed BBDuk (sourceforge.net/projects/

bbmap/) to remove adapter sequences and low-quality end bases

(Q < 20). Alignment was performed with STAR 2.6.0a on the Hg38

reference provided by UCSC Genome Browser. For the mouse

dataset, sequence reads were trimmed using bbduk software

(https://jgi.doe.gov/data-and-tools/bbtools/bb-tools-user-guide/

usage-guide/) (bbmap suite 37.31) to remove adapter sequences,

poly-A tails and low-quality end bases (regions with average qual-

ity below) and then aligned on mm10 reference sequence using

STAR. About the data processing step: the gene expression levels

were determined with HTseq-count 0.9.1. The raw expression

data were normalized, analyzed, and visualized by Rosalind

HyperScale architecture (OnRamp BioInformatics, Inc.). Data

were analyzed by using the DAVID online tool (DAVID Bioinfor-

matics Resources 6.8), for Gene Ontology Enrichment Analysis

(GOEA), and the “Kyoto Encyclopedia of Genes and Genomes”

(KEGG Pathway) analyses. The threshold for statistical signifi-

cance of GOEA was FDR < 0,1, and Enrichment Score ≥ 1.5, while

for the KEGG Pathway analyses was FDR < 0,1. To bioinformati-

cally identify the CLEAR motifs in the promoter of the DEGs of

interest, we used the TFEBexplorer database (De Cegli et al,

2022). The DEGs promoter sequence included 2,000 bp upstream

and 500 bp downstream from the transcription start site (TSS) for

the human or the mouse sequences. Heatmap, Venn diagram, and

3D-Pie chart were generated using custom-annotated scripts.

Mass spectrometry

For proteomic analysis of BHD tumor samples relative to control

kidney tissues, samples were solubilized in homogenization buffer

(25 mM Tris–HCl pH 7.4, 10 mM EDTA, 10 mM EGTA, 1% NP40

supplemented with protease and phosphatase inhibitors). The solu-

ble fractions from tissue lysates were isolated by centrifugation at

16,000 g for 10 min in a microfuge. All the experiments were
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performed in a labeling-free setting. Proteins (30 lg) were precipi-

tated overnight in cold acetone and peptides purified using the iST

Kit (Preomics) following the company instructions. Instruments for

LC MS/MS analysis consisted of a NanoLC 1200 coupled via a nano-

electrospray ionization source to the quadrupole-based Q Exactive

HF benchtop mass spectrometer (Michalski et al, 2011). Peptide sep-

aration was carried out according to their hydrophobicity on a

home-made chromatographic column, 75 lm ID, 8 lm tip, bed

packed with Reprosil-PUR, C18-AQ, 1.9 lm particle size, 120 Ang-

strom pore size, using a binary buffer system consisting of solution

A: 0.1% formic acid and B: 80% acetonitrile, 0.1% formic acid.

Runs of 120 min after loading were used for proteome samples,

with a constant flow rate of 300 nl/min. After sample loading, run

start at 5% buffer B for 5 min, followed by a series of linear gradi-

ents, from 5% to 30% B in 90 min, then a 10 min step to reach

50% and a 5 min step to reach 95%. This last step was maintained

for 10 min. Q Exactive HF settings: MS spectra were acquired using

3E6 as an AGC target, a maximal injection time of 20 ms and a

120,000 resolution at 200 m/z. The mass spectrometer operated in a

data-dependent Top20 mode with subsequent acquisition of higher

energy collisional dissociation (HCD) fragmentation MS/MS spectra

of the top 20 most intense peaks. Resolution, for MS/MS spectra,

was set to 15,000 at 200 m/z, AGC target to 1E5, max injection time

to 20 ms, and the isolation window to 1.6Th. The intensity thresh-

old was set at 2.0 E4 and Dynamic exclusion at 30 s.

All acquired raw files were processed using MaxQuant and the

implemented Andromeda search engine. For protein assignment,

spectra were correlated with the UniProt Homo Sapiens including a

list of common contaminants. Searches were performed with tryptic

specifications and default settings for mass tolerances for MS and

MS/MS spectra. Carbamidomethyl at cysteine residues was set as a

fixed modification, while oxidations at methionine and acetylation

at the N-terminus were defined as variable modifications. The mini-

mal peptide length was set to seven amino acids, and the false dis-

covery rate for proteins and peptide-spectrum matches to 1%. The

match-between-run feature with a time window of 0.7 min was

used. For further analysis, the Perseus software was used and first

filtered for contaminants and reverse entries as well as proteins that

were only identified by a modified peptide. Label-free quantification

was performed using IBAQ quantification. The values were logarith-

mized, grouped, and filtered for min. valid number (min. 3 in at

least one group). Missing values have been replaced by random

numbers that are drawn from a normal distribution. Significantly

regulated proteins between conditions were determined by student

t-test using FDR < 0.05 as threshold. Log2 Fold-change values for

significant proteins and genes (FDR < 0.05) expressed in both the

proteome and transcriptome data sets were used for correlation

analysis. The Pearson correlation coefficient was used for global

correlation analysis correlating the data sets. Data visualization was

done in the statistical environment R.

Data availability

For expression data, the whole set of results is available in the GEO

database as: GSE213063: Gene expression profile of kidneys from

mice at post-natal day 2. GSE207649: Gene expression profile of kid-

ney tumor samples from BHD patients relative to control kidney

samples. GSE207650: Gene expression profile of UOK257 cells

silenced for TFEB or TFE3 relative to control UOK257 silenced for

luciferase. The mass spectrometry proteomics data have been

deposited to the ProteomeXchange Consortium via the PRIDE [1]

partner repository with the dataset identifier PXD035450.

Expanded View for this article is available online.
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The paper explained

Problem
Birt-Hogg-Dub�e (BHD) is a hereditary cancer syndrome caused by
germline pathogenic variants of the FLCN gene in which affected indi-
viduals are at risk for the development of cutaneous fibrofolliculomas,
pulmonary cysts and pneumothoraces, and bilateral, multifocal renal
cysts and solid tumors. There is currently no effective form of therapy
for BHD-associated cutaneous or lung lesions and the only treatment
for the kidney tumors is surgical removal.

Results
While we and others have previously shown that FLCN loss results in
nuclear translocation and constitutive activation of both TFEB and
TFE3, and that genetic deletion of TFEB rescues renal cystogenesis in
a kidney-specific Flcn KO mouse model, the role of TFEB/TFE3 in
human BHD tumorigenesis was unknown. In the current study, we
show that both Tfeb and Tfe3 contribute to murine renal cystogenesis
and that human BHD renal tumors are characterized by activation of
the TFEB/TFE3 transcriptional program. We also show that silencing
either TFEB or TFE3 in human BHD-associated kidney cancer cells res-
cues xenograft tumorigenesis. In addition, we highlight the previously
unrecognized presence of an aggressive human variant of BHD-
associated RCC characterized by a pathologic phenotype reminiscent
of both TFE3 papillary-clear and TFEB eosinophilic-clear renal cell car-
cinoma with cystic, cystic/solid, and solid features.

Impact
In this study, we highlight the critical role and clinical implications of
TFEB- and TFE3-driven solid, cystic and cystic/solid renal lesions. The
finding that downregulation of several of the TFEB/TFE3 target genes
had a significant effect on proliferation of BHD RCC tumor cells will
hopefully provide the foundation for the development of an effective
form of therapy for patients affected with this cancer and related
disorders.
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Expanded View Figures

Figure EV1. Kidney tissues from Flcn-KO mice show upregulation of the lysosomal pathway.

A Kegg pathway associated with genes significantly upregulated in kidney tissues from Flcn KO mice relative to control mice at the precystic stage p2 (Dataset EV1).
B Lamp1 immunostaining (in red) of renal tissues from control (Ctrl) and kidney-specific Flcn KO (Flcn KO) mice. Insets show magnification of the boxed area. Nuclei

were stained with DAPI (blue). Scale bar 10 lm. Bar graph shows quantification of Lamp1-positive vesicles/nuclei. Mean � 95% of confidence interval (n = 3 biologi-
cal replicates). Unpaired t-test **P < 0.01.

Source data are available online for this figure.
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Figure EV2. Depletion of Tfeb but not Tfe3 corrects the aberrant upregulation of validated Tfeb/Tfe3 target genes in Flcn-KO mice.

Heatmap showing validated TFEB/TFE3 target genes differentially expressed from kidney samples of the indicated murine groups (relative to Dataset EV1). Genes are ranked
from the most significantly upregulated to the less significantly upregulated in the Flcn KO group. Each row shows the relative expression level of a single gene. Each column
shows the expression level of a single sample. Upregulated transcripts are shown in red and downregulated transcripts are shown in blue.
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Figure EV3. Both TFEB and TFE3 are constitutively nuclear in UOK257 cells.

A, B Representative immunofluorescence analysis of TFEB (A) or TFE3 (B) localization in BHD patient-derived UOK257 cells and control UOK257-2 cells, obtained by sta-
ble transfection of UOK257 cells with exogenous FLCN. Cells were deprived of amino acids for 2 h (starved) and then restimulated with amino acids (refed) for 1 h
in the presence or absence of 300 nM torin1. Scale bar, 10 lm.

Source data are available online for this figure.
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▸Figure EV4. Silencing of TFEB or TFE3 abrogates the activation of target genes in UOK257 cells.

A Immunoblot analysis of the indicated proteins in UOK257 cells silenced for luciferase (shLUC) or TFEB (shTFEB) or TFE3 (shTFE3).
B Heatmap showing validated TFEB target genes differentially expressed from UOK257 cells infected with the indicated shRNA (relative to Dataset EV3). Genes are

ranked from the most significantly upregulated to the less significantly upregulated in the cells infected with control shRNA (shLUC). Each row shows the relative
expression level of a single gene. Each column shows the expression level of a single sample. Upregulated transcripts are shown in red and downregulated
transcripts are shown in blue.

C Kegg pathways associated with TFEB target genes significantly downregulated in (B).

Source data are available online for this figure.
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Figure EV4.
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Figure EV5. Silencing of TFEB or TFE3 significantly reduces lysosomal number and degradative ability.

A, B LysoTracker (A) and DQ-BSA (B) analysis of UOK257 cells silenced for TFEB or TFE3 or scramble siRNA (CTRL). Scale bars: 50 lm in (A) and 20 lm in (B). Plots repre-
sent number of spots/cell and are expressed as mean � SE (n = 3 biological replicates), ordinary one-way ANOVA, Tukey’s multiple comparisons test.

Data information: **P < 0.01; ***P < 0.001; ns: not significant.
Source data are available online for this figure.
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Appendix Figure S1. Silencing of several TFEB/TFE3 target genes significantly reduces 

UOK257 cell proliferation. UOK257 cells were silenced for the indicated genes and then 

cell proliferation index analyzed through MTT assay on two different plates (plate 1 and 2). 

Values are reported as fold change relative to cells transfected with scramble siRNA (CTRL). 

Plots represent Mean ± 95% of confidence interval (n=4), one-way ANOVA. Significant and 

not significant differences are shown as green and red bars, respectively. *P < 0.05; **P < 

0.01; ***P < 0.001.  
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