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SUMMARY
The transcription factor EB (TFEB) is a master regulator of lysosomal biogenesis and autophagy. We identify
a distinct nuclear interactome of TFEB, with ubiquitin-specific protease 7 (USP7) emerging as a key post-
translational modulator of TFEB. Genetic depletion and inhibition of USP7 reveal its critical role in preserving
TFEB stability within both nuclear and cytoplasmic compartments. Specifically, USP7 is identified as the deu-
biquitinase responsible for removing the K48-linked polyubiquitination signal from TFEB at lysine residues
K116, K264, and K274, thereby preventing its proteasomal degradation. Functional assays demonstrate
the involvement of USP7 in preserving TFEB-mediated transcriptional responses to nutrient deprivationwhile
also modulating autophagy flux and lysosome biogenesis. As USP7 is a deubiquitinase that protects TFEB
from proteasomal degradation, these findings provide the foundation for therapeutic targeting of the
USP7-TFEB axis in conditions characterized by TFEBdysregulation andmetabolic abnormalities, particularly
in certain cancers.
INTRODUCTION

Transcription factor EB (TEFB) is a member of the microphthal-

mia transcription factor (MiT/TFE) family, which also includes

other members, such as microphthalmia-associated transcrip-

tion factor (MITF), TFE3, and TFEC in mammals. MiT/TFE tran-

scription factors share a conserved basic-helix-loop-helix

(bHLH) domain and a leucine zipper (Zip) region.1,2 The bHLH

domain facilitates DNA binding, while the Zip region is crucial

for dimerization, enabling the formation of homo- and hetero-

dimers with other family members.2 TFEB plays a vital role in

cellular adaptation to various stresses, including nutrient depri-

vation, oxidative and endoplasmic reticulum stress, and DNA

and mitochondrial damage, and is a master regulator of auto-

phagy and lysosomal biogenesis.3–9

Post-translational modifications (PTMs) determine the local-

ization and activity of TFEB, regulating its function. TFEB is

inactive when cytosolic but can regulate transcription when

translocated to the nucleus.4 Phosphorylation is a vital PTM

for this process and is regulated by kinases, such as the

mammalian target of rapamycin complex 1 (mTORC1), a

serine/threonine kinase. mTORC1 acts as a central signaling

hub that responds to stress and integrates various environ-

mental cues to regulate TFEB.10 It phosphorylates TFEB at

specific sites, including S122, S142, and S211, when amino

acids are abundant. In contrast, under amino acid-deficient

conditions, mTORC1 activity is inhibited.11–15 The inhibition

allows TFEB to translocate to the nucleus, which is crucial

for activating gene expression programs that aid cellular
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adaptation and survival in nutrient-deprived environments.

Other PTMs include, but are not limited to, acetylation,

SUMOylation, and ubiquitination.16–18

TFEB dysregulation is associated with various pathological

conditions, such as neurodegenerative diseases, lysosomal

storage disorders, metabolic disorders, and cancer.19–24 There-

fore, it is crucial to investigate additional mechanisms that fine-

tune TFEB activity.

This study examines the TFEB protein interaction network in

response to nutrient deprivation using mass spectrometry (MS)

analysis to identify factors that may affect TFEB signaling. We

identified a set of nuclear interacting proteins for TFEB to which

we refer as the ‘‘nuclear TFEB interactome.’’ Among these can-

didates, we focused on ubiquitin-specific protease 7 (USP7), a

130-kDa multidomain deubiquitinating enzyme belonging to

the USP family.25 It is involved in various cellular pathways,

such as the DNA damage response, transcriptional regulation,

cell cycle progression, and apoptosis.26–28 USP7 is predomi-

nantly nuclear and consists of three subdomains: a tumor necro-

sis factor-associated factor (TRAF)-like domain responsible for

substrate recognition, a central catalytic core that contributes

to enzymatic activity, and a herpes virus-associated ubiquitin-

like (HUBL) domain containing five Ubl domains.29–31 The

subcellular localization of USP7 is primarily facilitated by its

N-terminal domain, largely through interactions with several nu-

clear proteins, including p53, MDM2, TRAF4, and TRAF1.29 It

has been postulated that these interactions may facilitate nu-

clear translocation, particularly in pathways associated with

DNA damage repair and transcriptional regulation. Despite
ber 26, 2024 ª 2024 The Author(s). Published by Elsevier Inc. 1
CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Figure 1. USP7 regulates TFEB protein stability as a component of the starvation-induced TFEB nuclear interactome

(A) Schematic of the experimental approach used to identify TFEB-EGFP-interacting proteins under amino acid starvation conditions via liquid chromatography-

mass spectrometry (LC-MS). Created with BioRender.

(B) HeLa cells were transfected with FLAG-TFEB for 24 h, followed by amino acid starvation for 2 h, before harvesting for IP. Western blot analysis demonstrates

the coIP of endogenous USP7 with FLAG-TFEB. n = 3.

(C) Reverse coIP experiment. HeLa cells overexpressed Myc-TFEB for 24 h, followed by 2 h of amino acid starvation. Endogenous USP7 pull-down showed coIP

with Myc-TFEB. n = 3.

(D and E) TFEB KO HeLa cells were transfected with FLAG-TFEB overnight. The next day, cells were treated with 1 mM Torin 1 for 2 h, followed by IP of

endogenous USP7. Representative western blot shows increased TFEB co-immunoprecipitated with USP7 following Torin 1 treatment. Data are presented as

normalized mean ± SEM, n = 3. Paired two-tailed Student’s t test, *p < 0.05 (DMSO vs. Torin 1).

(F andG) HeLa cells were transfected with 50 nMof two distinct siRNAs (#2 and #4) targeting USP7 for 48 h.Western blot analysis indicates a significant reduction

in TFEB protein levels upon USP7 knockdown (KD) compared to scrambled control, as shown in the representative blot. Quantification is shown in (G). Data are

(legend continued on next page)
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having a range of nuclear substrates, USP7 has also been

observed to deubiquitinate cytosolic substrates; for instance,

Axin, a key component of the Wnt signaling pathway.32 The cat-

alytic domain contains the catalytic triad, which coordinates the

cleavage of ubiquitin from substrates and is composed of the

conserved residues C223, H464, and D481.30 The oncogenic

potential of USP7 is substantial, primarily due to its role in modu-

lating MDM2 stability, which directly influences the levels of the

tumor suppressor p53.33 This regulation plays a pivotal role in the

attenuation of p53-mediated apoptotic pathways, thereby pro-

moting tumor formation. Consequently, USP7 represents a

promising therapeutic target in cancer, where further investiga-

tion of its downstream substrates, including previously unchar-

acterized ones, could provide deeper insights into its oncogenic

mechanisms.

Substrates targeted for proteasomal degradation are marked

with a ubiquitin signal through a three-step process involving

E1, E2, and E3 enzymes.34,35 In 2017, Sha et al. discovered

that the E3 ubiquitin ligase STUB1 interacts with phosphorylated

TFEB, leading to the ubiquitination and preferential degradation

of transcriptionally inactive TFEB.18 However, the precise mech-

anisms regulating TFEB turnover within the nucleus remain un-

clear. The presence of the nuclear proteasome and the localiza-

tion of E3 ligases such as STUB1 and HERC2, which are crucial

in regulating the TFEB turnover, in both the cytosol and the nu-

cleus suggests that TFEB degradation may occur not solely in

the cytosol but also within the nucleus.36–38 This paper explores

themechanisms governing TFEB turnover with a particular focus

on the potential role of USP7, identified as an interacting protein

through mass spectrometry (MS), in preventing TFEB protein

degradation.

RESULTS

USP7, a component of the starvation-induced TFEB
nuclear interactome, regulates TFEB protein stability
In order to identify nuclear TFEB interactors, we used the affin-

ity purification (AP)-based MS approach outlined in Figure 1A.

Initial sensitization of TFEB-EGFP- or EGFP-overexpressing

cells to amino acid starvation triggered nuclear translocation

of TFEB, while EGFP localization remained unaffected. We sub-

jected the cells to two different treatments. First, we induced

prolonged starvation to promote nuclear accumulation of

TFEB. Second, we enabled the translocation of TFEB into the

cytoplasm by re-feeding the cells with medium supplemented

with amino acids.

By exploiting these different cellular states, we identified two

complementary sets of TFEB-binding proteins: cytosolic interac-

tors from the refeeding condition and nuclear interactors from

the starvation condition. In addition to confirming the presence

of known TFEB interactors, such as other MITF family transcrip-
presented as normalized mean ± SEM, n = 3. Ordinary one-way ANOVA with Dun

USP7 siRNA#2), ***p = 0.002 (scr vs. USP7 siRNA#4).

(H and I) HeLa cells were treated with 10 mM USP7 inhibitor P22077 for 6 h. Wes

following USP7 inhibition compared to DMSO control. Quantification is shown i

Student’s t test, **p = 0.009 (DMSO vs. P22077).

IB, immunoblot; IP, immunoprecipitation. See also Figures S1 and S2.
tion factors, mTOR, XPO1, and 14-3-3 protein (particularly in the

TFEB-EGFP condition and not in the EGFP-only control), we also

identified a selection of distinctive protein hits. This comprehen-

sive analysis revealed a distinct set of nuclear interaction part-

ners for TFEB, termed the nuclear TFEB interactome (Table S1).

We selected USP7 for further investigation of TFEB regulation,

as it is a deubiquitinating enzyme that we hypothesized may play

a role in TFEB turnover or activity modulation. We confirmed the

interaction between USP7 and TFEB using co-immunoprecipita-

tion (coIP) experiments conducted under the same conditions as

theAP-MSanalysis (FigureS1A) (Figure1B). A reverse coIPexper-

iment demonstrated successful coIP of Myc-TFEBwhen endoge-

nous USP7was pulled down (Figure 1C). Validation of these inter-

actions was further obtained through a proximity ligation assay.

The assay exclusively detected the interaction between the two

proteins when antibodies against both proteins were used, con-

firming their co-localization (Figure S1B). These results support

the interaction between USP7 and TFEB in cells, which is consis-

tent with the initial MS findings. Treatment with Torin 1, a com-

pound that inhibits mTORC1-dependent phosphorylation of

TFEB and promotes nuclear translocation of TFEB, increased

the binding of endogenous USP7 to TFEB (Figures 1D and 1E).

To investigate the effect of USP7 on TFEB turnover, we genet-

ically depleted USP7 using two different oligonucleotides that

targeted its coding region. This resulted in a significant decrease

in endogenous TFEB protein levels compared to scrambled con-

trols, indicating destabilization of TFEB (Figures 1F and 1G).

However, the levels of TFE3, another member of the MiT/TFE

family of transcription factors, were not affected by USP7 deple-

tion (Figure S1C). Furthermore, the catalytic function of USP7

appears to be relevant for TFEB stability, as endogenous TFEB

protein levels were lowered by the irreversible USP7 inhibitor

P22077 (Figures 1H and 1I). Additional USP7 inhibitors

(P005091, HBX41108, and XL177A) caused similar reductions

in TFEB levels (Figures S1D, S1E, and S2A). These findings

confirm that USP7 activity regulates TFEB protein levels. To

elucidate the role of STUB1 in the regulation of TFEB and its

interaction with USP7, we conducted a series of knockdown

(KD) experiments targeting USP7, STUB1, and both proteins

simultaneously. Consistent with prior observations, KD of

USP7 led to a reduction in endogenous TFEB levels (Figure S2B).

However, when both USP7 and STUB1 were knocked down

simultaneously, TFEB levels were restored (Figure S2B). This

restoration is likely attributable to a decrease in TFEB ubiquitina-

tion in the absence of STUB1.

Stabilization of TFEB by USP7 is post-translational and
proteasome dependent, protecting TFEB in both the
nucleus and cytoplasm
To determine whether the observed decrease in TFEB protein

levels upon USP7 loss was post-translational, we used
nett’s multiple-comparisons post-test, adjusted p value; ****p < 0.0001 (scr vs.

tern blot analysis reveals a 50% reduction in endogenous TFEB protein levels

n (I). Data are presented as normalized mean ± SEM, n = 3. Paired two-tailed
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cycloheximide (CHX), a translation inhibitor. In the presence of

CHX, genetic depletion of USP7 resulted in accelerated degra-

dation of FLAG-TFEB compared to control conditions (Figures

2A and 2B) and of endogenous TFEB upon inhibition of USP7

(Figures S3A and S3B). To investigate whether the catalytic ac-

tivity of USP7 is essential for its stabilizing effect on TFEB, we re-

constituted USP7 knockout (KO) cells with either wild-type (WT)

USP7 or a catalytically dead mutant (C223S [CS]).39 The WT-

USP7 was observed to significantly slow the degradation of

FLAG-TFEB, whereas the catalytically inactive CS-USP7 was

unable to elicit this effect. This observation corroborates the hy-

pothesis that the catalytic activity of USP7 is crucial for prevent-

ing TFEB degradation (Figures 2C and 2D).

To investigate whether the stabilizing effect of USP7 on TFEB

is related to the prevention of its proteasomal degradation, we

used the proteasomal inhibitor MG132. HeLa cells expressing

FLAG-TFEB were pre-treated with MG132 (or DMSO as a con-

trol) to inhibit the proteasome before adding the USP7 inhibitor

to the medium. While USP7 inhibition significantly reduced

FLAG-TFEB protein levels, MG132 prevented this effect (Figures

2E and 2F), suggesting that USP7 buffers proteasome-depen-

dent TFEB degradation.

To evaluate the impact of USP7 inhibition on TFEB levels

across different subcellular compartments, we conducted nu-

cleocytoplasmic fractionation following USP7 inhibition. The re-

sults revealed a reduction in FLAG-TFEB levels not only in the to-

tal cell lysate (input) but also within both cytoplasmic and nuclear

compartments (Figures 2G and 2H). Conversely, USP7 overex-

pression followed by nucleocytoplasmic fractionation showed

an increase in total, nuclear, and cytoplasmic TFEB levels

(Figures S3C and S3D).

mTORC1-mediated phosphorylation at S142 regulates the

degradation of TFEB. STUB1, an E3 ligase, preferentially inter-

acts with phosphorylated TFEB and directs its proteasomal

degradation.18 Accordingly, we assessed the impact of USP7

loss of function on three TFEB phospho-mutants: S211A-TFEB
Figure 2. Stabilization of TFEB by USP7 is a post-translational, protea

Inhibition of USP7 reduces TFEB levels in both cytosolic and nuclear compartme

(A) HeLa cells were transiently transfected with 50 nMUSP7 siRNA (#2) for 48 h to a

day 3, cells were treated with 25 mg/mL CHX at various time points. The represe

USP7 KD conditions compared to the scrambled control.

(B) Data are presented as normalized mean ± SEM, n = 3. Two-way ANOVA with B

vs. USP7 KD, 4 h).

(C)USP7 KOHEK293 cells were co-transfected withWT-USP7 or catalytically ina

were treatedwith 25 mg/mLCHX. The representative western blot shows slower de

USP7.

(D) Data are presented as normalized mean ± SEM, n = 3. Two-way ANOVAwith B

2 h and 6 h).

(E and F) HeLa cells overexpressing FLAG-TFEB were treated with the proteasom

HBX41108 (5 mM) for various times. The representative western blot shows that US

the presence of the proteasome inhibitor. Quantification is shown in (F). Data are

multiple-comparisons post-test, ***p < 0.001 (HBX41108 vs. MG132+HBX41108

(G) HeLa cells overexpressing FLAG-TFEB were treated with the USP7 inhibitor H

The representative blot shows a significant reduction in FLAG-TFEB protein leve

(H) Data are presented as normalized mean ± SEM, n = 3. Paired two-tailed Stude

nuclear.

(I–L) HeLa cells overexpressing Myc-S211A-TFEB (I) and Myc-S122D-TFEB (K) w

representative. Data are presented as normalized mean ± SEM, n = 3. Paired tw

See also Figures S3–S8.
(predominantly nuclear), S122D-TFEB (predominantly cyto-

plasmic), and S142A-TFEB (known for potentially escaping

ubiquitination due to weakened interaction with STUB1) (Fig-

ure S3E).11,14,40 Destabilization of both nuclear (S211A-TFEB)

and cytoplasmic (S122D-TFEB) TFEB was observed upon

USP7 inhibition (Figures 2I–2L), suggesting that USP7 acts on

TFEB in both the nucleus and the cytoplasm. However, the

S142A TFEB mutant showed only a slight decrease, which was

not statistically significant, suggesting that the reduced ubiquiti-

nation of this mutant makes it more stable (because it is not

effectively targeted to the proteasome), consistent with previous

research.18 Thus, S142A-TFEB is not obviously dependent on

USP7 for its stability (Figure S3F).

These findings collectively demonstrate that USP7 protects

TFEB in both the nucleus and cytoplasm from proteasome-

dependent degradation.

Subsequently, we investigated the levels of nuclear and cyto-

plasmic USP7 in response to amino acid starvation conditions

using nucleocytoplasmic fractionation. The results revealed a

slight increase in cytoplasmic USP7 levels without a significant

decrease in nuclear USP7 protein levels (Figures S3G and

S3H). Notably, the data also highlight the presence of substantial

cytoplasmic USP7, which is consistent with our hypothesis that

USP7 plays a role in regulating TFEB even under nutrient-rich

conditions. The significant cytoplasmic presence of USP7 sup-

ports the idea that, although USP7 is predominantly nuclear, it

shuttles between the cytoplasm and nucleus, thereby being

capable of regulating cytoplasmic substrates.

In response to amino acid starvation, we observed a slight in-

crease in USP7 protein levels in the cytoplasm (Figures S3G and

S3H), which prompted us to investigate USP7 transcript levels.

Our analysis revealed a time-dependent increase in USP7 tran-

script levels in response to amino acid starvation in WT cells

but not in HeLa double-KO cells lacking both TFEB and TFE3

(Figure S4A). To further corroborate the dependency of USP7

transcription on these factors, we conducted double-KD
some-dependent process

nts.

chieve USP7 KD, followed by FLAG-TFEB overexpression for the final 24 h. On

ntative western blot shows an accelerated degradation of FLAG-TFEB under

onferroni’s multiple-comparisons post-test, adjusted p value; **p = 0.0066 (scr

ctive CS-USP7 for 48 h, along with FLAG-TFEB for the final 24 h. On day 3, cells

gradation of FLAG-TFEBwhen co-expressedwithWT-USP7 compared to CS-

onferroni’s multiple-comparisons post-test, *p < 0.05 (WT-USP7 vs. CS-USP7,

e inhibitor MG132 (10 mM) for 2 h, followed by treatment with the USP7 inhibitor

P7 inhibition led to a reduction in FLAG-TFEB levels, whichwas not observed in

presented as normalized mean ± SEM, n = 3. Two-way ANOVA with �Sı́dák’s

, 6 h), *p < 0.05 (HBX41108 vs. MG132+HBX41108, 4 h).

BX41108 (5 mM) for 6 h before harvesting for nuclear/cytoplasmic fractionation.

ls in both the cytosolic and nuclear fractions following USP7 inhibition.

nt’s t test, *p < 0.05, ***p < 0.001 (DMSO vs. HBX41108). Cyt, cytoplasmic; Nuc,

ere treated with HBX41108 (5 mM) for 6 h. The western blots in (J) and (L) are

o-tailed Student’s t test, *p < 0.05; ns, not significant (DMSO vs. HBX41108).
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experiments of TFEB and TFE3, which resulted in a reduction in

USP7 transcript levels (Figure S4B). Additionally, overexpression

of WT and constitutively active TFEB (S211A-TFEB) led to a sig-

nificant increase in USP7 transcript levels, reinforcing the posi-

tive regulatory role of TFEB in USP7 expression (Figure S4C).

To determine whetherUSP7 is a direct target of TFEB, we per-

formed chromatin IP (ChIP) assays under conditions of Torin 1

treatment and amino acid starvation, both of which are known

to activate TFEB and promote its binding to the promoters of

target genes.14 Despite our initial hypothesis that USP7 might

be a TFEB target gene involved in a positive feedback loop,

our ChIP data did not confirm TFEB binding to the USP7 pro-

moter at the predicted coordinated lysosomal expression and

regulation (CLEAR) sequence (Figures S5A–S5E). Consequently,

we decided to discontinue this line of investigation. However, we

do not exclude the possibility of an indirect mechanism underly-

ing this observation.

TFEB is deubiquitinated by USP7 at K116, K264, and
K274
Genetic depletion (Figure 3A) or chemical inhibition of USP7

(Figures 3B, S6, S7A, and S7B) resulted in an increase in the

K48-linked polyubiquitination signal on TFEB, consistent with

our hypothesis that USP7was a deubiquitinase for TFEB, which

we confirmed using an in vitro deubiquitination assay (Fig-

ure 3C, lane 2). A negative control using ice-cold reaction con-

ditions did not produce an effect similar to that observed at the

optimal temperature for USP7 enzymatic activity (Figure 3C,

lane 3). Furthermore, a control reaction performed without

USP7 showed no significant reduction in the K48-linked polyu-

biquitin signal after 1 h of incubation at 37�C, suggesting that

there was no inadvertent loss of ubiquitin signal during this

time (Figure 3C, lane 1).

Having elucidated the ability of USP7 to remove poly-

ubiquitination from TFEB, our next aim was to identify the lysine

residues that undergo this modification and are deubiquitinated
Figure 3. K48-linked polyubiquitination of TFEB accumulates upon US

USP7 deubiquitinates TFEB at three lysine residues: K116, K264, and K274.

(A) HeLa cells were transfected with 50 nM USP7 siRNA (#2) for 48 h to knock do

treated with the proteasome inhibitor MG132 (10 mM) for 4 h before harvesting fo

polyubiquitin-specific signal upon USP7 depletion. n = 3.

(B) HeLa cells were transfected with FLAG-TFEB for 24 h, treated with MG132 a

harvesting for IP. The representative western blot in lane 2 shows an increase in

(C) In an in vitro deubiquitination reaction, active recombinant USP7 enzyme w

purified FLAG-TFEB within 1 h (lane 2), as shown by the reduction of the K48-linke

controls. n = 3.

(D) Summary of MS analysis of TFEB post-translational modifications (PTMs) iden

including K103, K116, K264, K279, and K347.

(E) HeLa cells overexpressing TFEB constructs (WT-TFEB and 3KR-TFEB) were

(F) The graph shows that the degradation rate of 3KR-TFEB is significantly slower

normalized mean ± SEM, n = 3. p = 0.0026 (WT-TFEB vs. 3KR-TFEB), two-way

(G and H) HeLa cells were transfected with 50 nM USP7 siRNA (#2) for 48 h to kno

last 24 h. On day 3, cells were treated with 25 mg/mL CHX. The western blot show

Data in the graph are presented as normalized mean ± SEM, n = 3. *p < 0.05 (W

multiple-comparisons post-test.

(I and J) After USP7 inhibition, an increase in K48-linked polyubiquitin signal was

Data in the graph are presented as normalized mean ± SEM, n = 4. Paired two

significant (3KR-TFEB; DMSO vs. HBX41108). The schematic was created using

See also Figures S6–S9.
by USP7. Although a previous study identified STUB1 as an E3

ligase, it did not identify lysine residues on TFEB, but recent in-

vestigations have highlighted K347 as a potential ubiquitination

site on TFEB, as the authors describe increased acetylation

and decreased ubiquitination at this residue following trichosta-

tin A treatment.41 We investigated PTMs on TFEB, particularly

under USP7 inhibition, using MS analysis. Initial analysis indi-

cated that K274 could be a possible ubiquitination site on

TFEB in response to USP7 inhibition (Figure S6A). However,

substituting K274 with arginine only provided partial resistance

to USP7 inhibition.

Subsequent MS analysis, conducted under similar condi-

tions, identified several potential ubiquitination sites on TFEB

that were specific to USP7 inhibition. These sites included

K103, K116, K264, K279, and K347 (Figures 3D, S6B, and

S6C). To determine the functional significance of these resi-

dues, lysine-to-arginine mutants were created, and their stabil-

ity was evaluated when subjected to USP7 inhibition condi-

tions. Single mutants did not provide stability to TFEB.

However, two double mutants, K116R/K274R-TFEB and

K264R/K274R-TFEB, showed complete resistance to USP7 in-

hibition (Figures S7C–S7F). Combining lysine residues from

these double mutants into a triple mutant (3KR-TFEB) rendered

TFEB immune to degradation under USP7 inhibition (Figures 3E

and 3F).

Furthermore, when USP7 was genetically depleted, WT-TFEB

underwent accelerated degradation compared to controls, while

the 3KR-TFEB mutant remained largely unaffected, thus vali-

dating its resistance to USP7 loss of function (Figures 3G and

3H). Interestingly, a single point mutant, K347R-TFEB, did not

provide immunity to USP7 inhibition (Figures S7G and S7H).

Moreover, USP7 inhibition increased K48-linked polyubiq-

uitination of WT-TFEB but not 3KR-TFEB (Figures 3I and 3J).

When comparing TFEB with other MiT/TFE transcription factors,

it is worth noting that TFEB has a singular presence of K116,

while K264 and K274 are conserved. This observation may
P7 depletion or inhibition

wn USP7, followed by FLAG-TFEB transfection for 24 h. On day 4, cells were

r IP. The representative western blot in lane 2 shows an increase in K48-linked

s described above, and additionally treated with HBX41108 (5 mM) 2 h before

the K48-linked polyubiquitin-specific signal upon USP7 inhibition. n = 3.

as added at 37�C. The enzyme cleaved K48-linked polyubiquitin chains from

d polyubiquitin signal in the representative western blot compared to negative

tifying several potential ubiquitination sites on TFEB specific to USP7 inhibition,

treated with the USP7 inhibitor HBX41108 (5 mM) for 1 or 2 h.

than that of WT-TFEB upon USP7 inhibition. Data in the graph are presented as

ANOVA with �Sı́dák’s multiple-comparisons post-test.

ck down USP7, followed by overexpression of WT-TFEB or 3KR-TFEB for the

s that FLAG-TFEB degrades faster than 3KR-TFEB under USP7 KD conditions.

T-TFEB [USP7KD] vs. 3KR-TFEB [USP7 KD]), two-way ANOVA with Tukey’s

observed for WT-TFEB (lane 5) but not for 3KR-TFEB (lane 6), as shown in (J).

-tailed Student’s t test, **p < 0.01 (WT-TFEB; DMSO vs. HBX41108); ns, not
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provide an explanation as to why TFEB is distinct from other

members of the MiT/TFE family in its regulation by USP7

(Figures S7I and S8).

In summary, our findings highlight the crucial role of USP7 in

deubiquitinating TFEB at K116, K264, and K274, thereby pro-

tecting it from proteasomal degradation.

USP7 plays a critical role in maintaining the TFEB-
mediated transcription response to starvation and the
autophagy flux
To elucidate the role of USP7 in TFEB-dependent transcription,

we conducted an experiment incorporating four distinct condi-

tions: (1) nutrient-rich growth medium (GM), (2) amino acid star-

vation, (3) amino acid starvation with the USP7 inhibitor

HBX41108, and (4) amino acid starvation with both HBX41108

and the proteasomal inhibitor MG132.

We measured the mRNA levels of TFEB target genes,

including LC3B. As expected, amino acid starvation resulted in

a significant upregulation of these genes (Figure 4A). However,

the presence of the USP7 inhibitor HBX41108 markedly sup-

pressed this increase. Notably, the addition of MG132 reversed

this suppression, restoring the expression of most TFEB target

genes. These results suggest that USP7 inhibition leads to the

destabilization of nuclear TFEB, promoting its proteasomal

degradation and thereby diminishing its capacity to induce

target gene expression under starvation conditions. The protea-

somal inhibitor MG132 appears to rescue TFEB levels and its

transcriptional activity.

Given the central role of TFEB in autophagy regulation, we

aimed to investigate the downstream effects of USP7, a regu-

lator of TFEB, on autophagy. Currently, only one study has re-

ported an indirect link between USP7 and autophagy through

SMAD2. In this study, USP7 was discovered to deubiquitinate

the E3 ligase NEDD4L, resulting in its stabilization. This pathway

facilitates the degradation of SMAD2, a transcription factor in the

transforming growth factor b pathway and a positive regulator of

autophagy, by NEDD4L.42 However, we hypothesize that any ef-

fect observed on autophagy resulting from perturbations to the

USP7-TFEB axis would manifest prior to the multi-step process

proposed in the aforementioned report.

LC3, a widely recognized biochemical marker, was used to

monitor autophagy flux. LC3-II levels correlate with autophago-
Figure 4. USP7 is essential for maintaining TFEB-mediated transcripti

(A) HeLa cells were incubated with growth medium (GM) or an amino acid starva

without the proteasome inhibitor MG132 for 6 h. The cells were then harvested for

various TFEB target genes in response to starvation, with and without USP7 inh

(B and C) HeLa cells were treated with amino acid starvation medium and HBX41

representative western blot shows a significant reduction in LC3-II levels upon U

(D and E)WT and TFEB KOHeLa cells were treated with HBX41108 (5 mM) for 6 h (

demonstrates amarked reduction in LC3-II levels following USP7 inhibition in the p

(F and G) HEK293 cells were transfected with 50 nM USP7 siRNA (#2) for 48 h t

sentative western blot shows a significant reduction in LC3-II levels upon USP7

(H) The SRAI-LC3B HeLa reporter cell line was treated with the USP7 inhibitor P2

TOLLES/Ypet ratio. n = 3.

(I and J) HeLa cells were treated with the USP7 inhibitor HBX41108 (5 mM) for 6

Green. The graph shows a decrease in LysoTracker-positive puncta upon USP

normalized mean ± SEM.

For all graphs, paired two-tailed Student’s t test, ***p < 0.001, **p < 0.005, *p < 0
some abundance; however, an increase in LC3-II can also occur

due to autophagosome turnover blockade. LC3-II levels were

assessed in conjunction with bafilomycin A1, an inhibitor of auto-

phagosome-lysosome fusion or lysosomal acidification, to

impede LC3-II degradation, which allows one to infer variations

in LC3-II synthesis. Under conditions similar to those used for

amino acid starvation transcription analysis, inhibiting USP7 in

HeLa cells resulted in significantly lower levels of LC3-II in the

presence of bafilomycin treatment (Figures 4B and 4C). This in-

dicates defective autophagosome synthesis and autophagy in-

duction. Similarly, autophagy induction was impaired when

USP7 was inhibited under basal conditions. This experiment

was performed in bothWT and TFEB KOHeLa cell lines to deter-

mine the specificity of USP7 inhibition on autophagy and its

mediation by TFEB. In WT HeLa cells, USP7 inhibition in the

presence of bafilomycin consistently decreased LC3-II levels,

suggesting decreased autophagosome biogenesis, but had little

or no effect in TFEB KO cells (Figures 4D and 4E). This supports

the idea that the USP7 inhibitor affects TFEB protein levels and,

as a result, influences the autophagy pathway, since TFEB is one

of its regulators. Furthermore, USP7 KD in bafilomycin-treated

HEK293 cells resulted in a significant decrease in LC3-II levels,

suggesting that autophagy induction is impaired upon USP7

KD, compatible with our inhibitor data in HeLa cells (Figures

4B–4E), and this was associated with reduced TFEB protein

levels, as expected (Figures 4F, 4G, and S9A). In addition to

the assays mentioned above, our group developed an advanced

assay tomonitor autophagy flux. This assay uses a fusion protein

of the signal-retaining autophagy indicator (SRAI) reporter (a tan-

dem fusion of the Ypet and TOLLES fluorescent proteins) and

LC3B, a classical autophagy marker protein. After the protein

is delivered to lysosomes via autophagy, the lysosome-sensitive

Ypet protein is degraded, relieving fluorescence resonance en-

ergy transfer inhibition of the blue TOLLES signal (as TOLLES

is relatively resistant to lysosomal proteolysis).43 USP7 inhibition

and our positive control bafilomycin decreased the TOLLES/

Ypet ratio compared to the DMSO control, suggesting that auto-

phagy flux is impaired, and autophagy substrates were

degraded inefficiently by lysosomes (Figure 4H). This may

be due to impaired lysosomal biogenesis as well as decre-

ased autophagosome formation, as we demonstrated above.

Furthermore, we observed a reduction in the number of
onal response to starvation and autophagy flux

tion medium, with or without the USP7 inhibitor HBX41108 (5 mM) and with or

RNA isolation and RT-PCR analysis. The graph shows themRNA fold change of

ibition, and the rescue effect of MG132 on USP7 inhibition. n = 5.

108 (5 mM) for 6 h. Bafilomycin A1 (Baf; 400 nM) was added for the last 4 h. The

SP7 inhibition in the presence of Baf treatment. n = 4.

in GM), with Baf (400 nM) added for the last 4 h. The representative western blot

resence of Baf treatment inWTHeLa cells but not in TFEBKOHeLa cells. n = 3.

o knock down USP7. On day 3, cells were treated with Baf in GM. The repre-

KD in the presence of Baf treatment. n = 3.

2077 (10 mM) or Baf (100 nM) for 24 h, resulting in a reduced fold change in the

h. Microscopy images were acquired using live cells stained with LysoTracker

7 inhibition. n = 3. Scale bars: 20 mM. Data in the graphs are presented as

.05 (DMSO vs. various conditions). See also Figure S9.
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LysoTracker-positive puncta following USP7 inhibition (Figures

4I and 4J). Based on our observations, we propose that USP7 af-

fects TFEB stability and thereby regulates genes involved in

different stages of autophagosome and lysosomal biogenesis,

which, in turn, impacts autophagy flux.

We examined the effects of the 3KR-TFEBmutant that is resis-

tant to USP7 inhibition. This mutant appeared to have higher

levels when expressed alongside its WT counterpart in normal

cells, likely because it is resistant to ubiquitination (Figure S9B).

Unexpectedly, the ChIP experiment data revealed that the 3KR

mutant displayed reduced binding to TFEB target genes

compared to WT-TFEB (Figure S9C). We hypothesize that the

mutation of lysine residues K274, located at the TFEB dimer

interface, and K264, which is in proximity to K274, may slightly

impair dimerization, thereby leading to decreased chromatin

binding and reduced affinity for TFEB target gene promoters.17

However, when we reconstituted a TFEB KO HeLa cell line

with an empty vector, WT-TFEB, and 3KR-TFEB and assessed

the steady-state levels of several TFEB target genes, the results

indicated a significant upregulation, with 3KR-TFEB exhibiting a

notably stronger response (Figure S9D). Thus, it is likely that the

greater stability of the TFEB-3KR mutant relative to WT-TFEB

outbalances its impaired chromatin binding, making it a stronger

transcriptional inducer overall.

These findings underscore the critical role of USP7 in regu-

lating TFEB stability and its downstream impact on autophagy,

highlighting the complex interplay between protein deubiquitina-

tion and transcriptional control in cellular homeostasis.

DISCUSSION

Our investigation into the protein-protein interaction network of

TFEB highlights the importance of understanding its regulatory

intricacies, particularly in the context of amino acid starvation.

This study aimed to address the paucity of data on TFEB regula-

tion independent of its subcellular localization while also investi-

gating mechanisms beyond its nuclear translocation; i.e., those

governing TFEB turnover and stability.

Our research has uncovered the role of the deubiquitinase

USP7 as a modulator of TFEB. We have shown that USP7-medi-

ated deubiquitination at specific lysine residues—namely, K116,

K264, and K274—stabilizes TFEB, prevents its proteasomal

degradation, and, consequently, affects its transcriptional activ-

ity. Our results suggest that USP7-mediated deubiquitination

serves as a critical mechanism to control TFEB activity, particu-

larly in response to starvation-induced signaling. Interestingly,

two of the three lysine residues, K116 and K274, have been re-

ported previously to be acetylated.17 This provides an opportu-

nity to explore a paradigm of crosstalk between two PTMs, ubiq-

uitination and acetylation, to control the activity of TFEB.

Furthermore, our study highlights the potential therapeutic im-

plications of targeting USP7 in diseases characterized by

dysregulated TFEB activity. In conditions where TFEB is hyper-

activated and constitutively localized to the nucleus, such as

Birt-Hogg-Dubé syndrome, exploring USP7 inhibition as a ther-

apeutic strategy may lower nuclear TFEB levels and activity,

potentially attenuating tumorigenesis.12 Conversely, exogenous

expression of USP7 may counteract TFEB degradation and pre-
10 Cell Reports 43, 114872, November 26, 2024
serve its activity in scenarios where TFEB turnover is acceler-

ated, such as Gaucher disease.44

Moreover, the elevated expression of USP7 in various can-

cers, such as breast, prostate, colorectal, and lung cancer, un-

derscores its central role in tumorigenesis.45–48 As a post-trans-

lational modifier, USP7 controls cellular pathways that promote

cancer progression, including increased proliferation, evasion

of growth-suppressive signals, inhibition of apoptosis, andmain-

tenance of genomic instability.49 A prominent avenue for phar-

macological targeting of USP7 has shown potential in promoting

p53-mediated cell-cycle arrest and apoptosis, positioning USP7

as an attractive therapeutic target.50,51 However, the heteroge-

neous substrate spectrum of USP7, which includes both tumor

suppressor and oncogenic elements, requires careful investiga-

tion. Our study highlights the importance of studying the USP7-

TFEB axis and its potential to provide critical insights into the

mechanisms by which USP7 affects metabolic reprogramming

of cancer cells and, thereby, cancer progression. This may be

by stabilizing TFEB and its subsequent regulation of cancer

cell metabolism.52
Limitations of the study
Our studies were performed in cell culture. Thus, it would be

interesting to understand the roles of USP7 in vivo in different tis-

sues exposed to starvation for different periods. As with most

loss-of-function studies, it would be informative to understand

the magnitudes of USP7 reductions that impact TFEB and its

downstream processes. However, since USP7 overexpression

resulted in increased TFEB levels, it is likely that USP7 activity al-

terations above and below the normal physiological levels

impact TFEB. The residual K48-linked ubiquitination observed

in the 3KR mutant suggests other ubiquitination sites on TFEB

that are not deubiquitinated by USP7, though the functional sig-

nificance of these sites remains unclear. We also did not fully

explore how the endogenous ubiquitinated versus deubiquiti-

nated forms of TFEB affect chromatin binding and transcriptional

regulation. Finally, while our data suggest that USP7 transcrip-

tion is TFEB dependent, this regulation does not appear to

involve canonical TFEB-binding motifs in the USP7 promoter.

The underlying mechanisms and the impact of varying USP7

levels on TFEB function in vivo, particularly in different tissues

under starvation conditions, remain to be elucidated.
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pcDNA3.1-N-Myc_WT USP7 Ashton et al.53 Addgene #131242; RRID:Addgene_131242
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Software and algorithms

GraphPad Prism 10 GraphPad https://www.graphpad.com/

BioRender BioRender https://www.biorender.com/

ImageJ software GitHub https://imagej.net

Image Studio software LI-COR https://www.licor.com/bio/image-studio/

Scaffold Proteome software https://www.proteomesoftware.com/
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell culture
HeLa and HEK-293 cells were cultured in high-glucose DMEM supplemented with 100 U/ml pen/strep and 10% FBS at 37�C under a

5% CO2 atmosphere. In preparation for starvation mass spectrometry experiments, cells were cultured in EBSS for the specified

times. Refeeding was carried out using EBSS supplemented with 2X MEM essential amino acid and MEM nonessential amino

acid solutions, 10% dialyzed FBS, and 2 mM GlutaMAX supplement. Amino acid starvation medium for RT-PCR experiments

was prepared from amino acid-free DMEM powder, glucose, sodium bicarbonate, 100 U/ml pen/strep, and 10% dialyzed FBS.

The control medium was supplemented with essential and non-essential amino acid solutions and GlutaMAX. Cells were passaged

by trypsinisation when they reached 80–90%confluence. Only cells with passage numbers below 20were used in the experiments to

avoid potential artifacts caused by excessive growth time in culture. All cell lines underwent regular testing for mycoplasma

contamination.

METHOD DETAILS

Transient transfection
HeLa cells were transiently transfected using a purified plasmid and the Mirus TransIT-2020 transfection reagent in penicillin/strep-

tomycin-free DMEMmedium. The plasmid DNA and TransIT-2020 reagent were diluted at a 1:3 ratio in opti-MEM, mixed, and incu-

bated for 20-25min to formDNA-lipid complexes. These complexes were then added to the HeLa cells and incubated overnight. The

following day, the medium was replaced to remove the transfection complexes. Transient protein expression was assessed 24 to

48 h post-transfection, depending on the specific experimental requirements detailed in the figure legends. The same protocol

was followed for siRNA-mediated knockdowns, except that Lipofectamine 2000 was used as the transfection reagent.

GFP trap for mass spectrometry experiment
For GFP-Trap, HeLa cells were transfected with TFEB-EGFP or EGFP in 140 mm dishes for 24–48 h. For harvesting, the cells were

washed three times with ice-cold 1X PBS and collected in an ice-cold Eppendorf tube with 1 mL of 1X PBS. After centrifugation at

1000 rpm for 10 min at 4�C, the cell pellet was resuspended in 500–700 mL lysis buffer (10 mM Tris/Cl pH 7.5; 150 mM NaCl; 0.5 mM

EDTA; 0.5% NP-40; containing protease and phosphatase inhibitors). After 30 min incubation on ice, the lysates were

passed through a BD Micro-Fine+ 30G, 0.5mL insulin syringe every 10 min for a further 30 min. The insoluble fraction was removed

by centrifugation of the lysate at 13000 rpm for 15 min. The supernatant was then collected in a pre-cooled tube and equilibrated
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GFP-Trap_MA beads (pre-washed) were added, followed by end-over-end tumbling for 2 h at 4�C. After the incubation period, the

beads were magnetically separated and washed three to four times with wash buffer (10 mM Tris/Cl pH 7.5; 150 mM NaCl; 0.5 mM

EDTA). Finally, the beads were resuspended in 60 mL of 2X Laemmli buffer, vortexed and heated at 100�C for 10 min. The immuno-

precipitation samples were then subjected to mass spectrometric analysis.

LC-MS/MS
Samples were resolved a short distance into a pre-cast minigel, the entire lane was excised and cut into 4 approximately equal sized

chunks. The proteinswere reduced, alkylated, and digested in-gel with the resulting tryptic peptides analyzed by LC-MS/MSusing an

OrbiTrap XL (Thermo Scientific) coupled to a nanoAcquity UHPLC (Waters). Raw files were converted to mzML using MSConvert

(Proteowizard) and searched against a human Uniprot database (downloaded 090614, 20,264 entries) using MASCOT 2.3. Deami-

dation (N,Q) and oxidation (M) were set as variable modifications and carbamidomethylation (C) as a fixed modification. Peptide and

protein identifications were validated in Scaffold 4.3.2. Peptide identifications greater than 90% probability, as established by Pep-

tide Prophet, were accepted. Protein identification required greater than 95% probability and a minimum of 2 peptides.

Immunofluorescence
Cells for IF analysis were grown on coverslips and treated according to experimental requirements. Initial fixation was performedwith

4% paraformaldehyde (PFA) in PBS for 10 min, followed by permeabilization with 0.1% Triton X-100 for 10 min, followed by blocking

with 1%BSA in PBS for 20min. The coverslips were then incubated with primary antibodies (diluted in 1%BSA) for 2 h, followed by a

thorough wash with PBS. This was followed by incubation with Alexa Fluor-conjugated goat anti-mouse or rabbit secondary anti-

bodies for 45 min in the dark at room temperature. After three PBS washes, samples were mounted with DAPI for nuclear staining.

Imaging of IF samples was performed using an LSM880 confocal microscope (Zeiss), with subsequent analysis, quantification and

processing using ImageJ software (NIH).

Proximity ligation assay (PLA)
HeLa cells overexpressing Myc-TFEB were used. To ensure specificity, antibodies from different species (mouse for Myc and rabbit

for USP7) were used. Cells grown on coverslips were fixed with 4%paraformaldehyde for 5–7 min, followed by permeabilization with

0.1% Triton X-100 (v/v). The Duolink PLA fluorescence kit was used according to the manufacturer’s instructions. Confocal micro-

scopy imaging was performed the following day.

Immunoprecipitation
Co-immunoprecipitation experiments with Flag-TFEB used the same buffer conditions as GFP-Trap except for the use of Anti-Flag

M2 magnetic beads.

For endogenous immunoprecipitation of USP7, the procedure mirrored that of GFP-Trap except that primary antibodies (e.g., anti-

USP7 or IgG control) were added to clarified lysates for overnight incubation and end-over-end tumbling at 4�C. Subsequently, 50 mL

of magnetic Dynabeads Protein A slurry was washed, added to the samples, and incubated for a further 2 h at 4�C. Finally, the beads

were washed three times and proteins were eluted by boiling in Laemmli sample buffer.

A slightly modified lysis buffer (containing 10mMTris/Cl pH 7.5; 250mMNaCl; 0.5mMEDTA; 1%Triton X-100; supplemented with

protease and phosphatase inhibitors and DUB inhibitor, PR-619) was used to assess the ubiquitination status of Flag-TFEB. After 2 h

incubation, beads were magnetically separated. Beads were washed five times with the same lysis buffer instead of wash buffer.

Western blotting
Cellular protein levels were analyzed by western blotting. Cell lysis was performed using 1X Laemmli buffer, followed by loading of

20–30 mL of lysate onto a 10-well, 10–15%SDS-PAGE gel and electrophoresis at 100–120 V. A standardmolecular weight ladder was

co-loaded for gel monitoring. After electrophoresis, the proteins were transferred to activated PVDF membranes by semi-dry trans-

fer. The membranes were then blocked with 5% skimmed milk or 1% BSA to prevent non-specific binding. Primary antibody incu-

bation was performed overnight at 4�C, followed by washing with PBST. Secondary antibody incubation was performed for 1 h at

room temperature. Secondary antibody dilutions were maintained at 1:5000 for ECL or 1:3000 for LICOR fluorophore-conjugated

antibodies. After washing with PBST, themembranes were developed using ECL or imaged directly for fluorescence signal detection

using LICOR Image Studio software.

Purification of ubiquitinated Flag-TFEB protein
To purify ubiquitinated Flag-TFEB protein, Anti-FLAG M2 magnetic beads conjugated to ubiquitinated Flag-TFEB were extracted

from HEK293T cells. Five 140 mm dishes were precoated with poly-D-lysine prior to cell culture on day 1. On day 2, each dish

was transfected with 20 mg of Flag-TFEB DNA in pen/strep-free medium. After a PBS wash on day 3, the medium was replaced

with pen/strep-containing medium and the cells were left undisturbed for 48 h to maximise Flag-TFEB expression based on previous

standardisation experiments. On purification day, cells were treated with MG132 (10 mM) and USP7 inhibitor (P22077- 5 mM) for 4 h

and 30 min. Each plate was lysed using 1.3 mL of lysis buffer as described in the immunoprecipitation section and a similar protocol

was followed with modifications to the washing steps. Magnetic beads were washed four times with high salt wash buffer (50 mM
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HEPES pH 7.0–7.6, 200 mM NaCl, 5% glycerol, no detergent and no protease inhibitor, critical for downstream DUB reactions), fol-

lowed by onewash with low salt buffer (50mMHEPES pH 7.0–7.6, 50mMNaCl, 5% glycerol). Flag beads were pooled, resuspended

in low salt buffer and washed penultimately. The final wash of the Flag magnetic beads was performed with the in vitro deubiquiti-

nation reaction buffer, the composition of which is described in the following section.

In vitro DUB assay
An in vitro deubiquitination reaction was performed using Flag-TFEB immobilised on magnetic beads. Following a protocol adapted

from Ji et al. (2019) for Axin, USP7 substrate, the beads were suspended in a deubiquitination reaction buffer containing 50 mM Tris-

Cl pH 7.4, 150 mM NaCl, 5 mM MgCl2 and 5 mM dithiothreitol (DTT). Active recombinant USP7 enzyme, stored at �80�C, was

thawed on ice. Experimental setups included three 40 mL reactions: one with only Flag-TFEB bound to magnetic beads at 37�C
for 1 h (used as a control), another with Flag-TFEB and USP7 enzyme on ice (additional control), and the third with Flag-TFEB

and USP7 enzyme at 37�C for 1 h. Reactions were gently mixed every 2 min for 1 h and then quenched with 13.5 mL of 4X sample

buffer. Samples were subjected to western blot analysis. Duplicate samples were loaded on the gel to assess USP7 and Flag-TFEB/

K48 separately.

Site-directed mutagenesis for point mutations
In this study, mass spectrometry was used to investigate the post-translational modifications of TFEB following USP7 inhibition. The

results identified many potentially modified lysine residues, which were mutated to arginine using site-directed mutagenesis. The

QuickChange Lightning Site-Directed Mutagenesis Kit from Agilent Technologies was used to generate K > R mutants of WT flag

TFEB. Primers were designed using the. QuickChange primer design tool(https://www.agilent.com/store/primerDesignProgram.

jsp), details of which are provided in Table S2. PCR reactions were performed according to the manufacturer’s protocol using

50 ng of Flag TFEB dsDNA template. Due to the size of the plasmid (approximately 7 kb), an extension step of 4 min per cycle at

68�C was used. PCR products were subjected to Dpn I digestion at 37�C for 1 h before transformation into XL 10-Gold ultracompe-

tent cells according to the manufacturer’s instructions. Heat shock was followed by recovery in SOC media. By exploiting the ampi-

cillin resistancemarker of Flag-TFEB, the entire transformation reaction was plated on LB-ampicillin plates and positivemutants were

identified by sequencing using the Sanger sequencing services of Source-BioScience.

Isolation of RNA and RT-PCR
RNA extraction was performed using the Qiagen RNeasy Kit, using a Trizol-free method based on column purification to obtain high

quality RNA samples. Approximately 1 x 106 HeLa cells were subjected to relevant treatments, such as drug exposure or starvation,

and RNA isolation was performed according to the manufacturer’s protocol. Lysates were homogenised using the QIAshredder.

RNAse-free tubes and pipette tips were used throughout to maintain RNA integrity. Finally, RNA samples were eluted in RNase-

free water and stored at �80�C until further use for RT-PCR analysis using the Luna one-step RT-qPCR kit.

Flow cytometry
HeLa cells stably expressing SRAI-LC3B were harvested, washed with PBS, and detached from the plate using trypsin. The effect of

trypsin was neutralised by serum containing media and cells were kept on ice throughout the process. Analysis was performed on an

Attune NxT flow cytometer equipped with VL2 (405 512/25) and BL1 (488 530/30) detectors. To select cells expressing the SRAI-

LC3B reporter protein, TOLLES-positive HeLa cells were identified by thresholding against unstained wild-type HeLa cells. Cells

with greater VL2-A fluorescence than the distribution of unstained HeLa cells (TOLLES-CFPA+) were selected for further analysis

using FlowJo software. To obtain a quantitative ratiometric readout, themean TOLLES:YPet ratio of the TOLLES-CFP-A+ population

was calculated as (VL2-A*100)/BL1-A using the ’Derive Parameters’ function.

Lysotracker staining
HeLa cells were grown to 50–60% confluence in MatTek glass bottom culture dishes (P35G-1.0-14-C) on the day of treatment and

imaging. The Lysotracker staining kit was used according to the manufacturer’s instructions. Cells were treated with the appropriate

concentration of Lysotracker reagent for 30min. For the final 20min of staining, Hoechst dyewas added at a concentration of 1 mL per

cell culture dish.

Prior to imaging, the cells were washed, and the staining medium was replaced with fresh medium. Live cell imaging was used to

acquire microscopic images, and subsequent analysis was performed using ImageJ software.

Chromatin immunoprecipitation (ChIP) assay
HeLa TFEB knockout cells were transfected with either WT FLAG-TFEB or 3KR FLAG-TFEB. At 24 h post-transfection, cells were

treated with Torin-1 for 1 h to ensure nuclear localisation of TFEB, regardless of the variant expressed. Cells were then fixed with

formaldehyde to cross-link proteins to DNA, followed by lysis according to the manufacturer’s instructions for the SimpleChIP

Plus Enzymatic Chromatin IP Kit. Chromatin was partially digested with micrococcal nuclease to obtain optimal fragment sizes.

Chromatin immunoprecipitation was then performed using ChIP-validated anti-TFEB antibodies and ChIP-grade Protein G mag-

netic beads. After immunoprecipitation, the protein-DNA cross-links were reversed, and the DNA was purified using the DNA
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purification spin columns provided in the kit. Enrichment of specific DNA sequences co-immunoprecipitated with TFEB was as-

sessed by qPCR, focusing on promoters of CLEAR genes and including HPRT as a negative control. IgG rabbit antibody was

used as a control for endogenous TFEB pull-down for ChIP experiments in HeLa WT cells to assess USP7 as a target gene, with

the rest of the protocol being the same.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data are presented as means ± standard error of the mean (SEM) from at least three independent experiments. The number of bio-

logical replicates (n) for each experiment, along with detailed statistical information, are provided in the respective figure legends.

Statistical comparisons between two groups were performed using Student’s t-test, while one-way or two-way ANOVA with appro-

priate post-hoc tests was used for comparisons involvingmore than two groups. All analyses were conducted using GraphPad Prism

10 (GraphPad Software, La Jolla, CA). A p-value of less than 0.05 was considered statistically significant.
Cell Reports 43, 114872, November 26, 2024 19


	USP7 protects TFEB from proteasome-mediated degradation
	Introduction
	Results
	USP7, a component of the starvation-induced TFEB nuclear interactome, regulates TFEB protein stability
	Stabilization of TFEB by USP7 is post-translational and proteasome dependent, protecting TFEB in both the nucleus and cytoplasm
	TFEB is deubiquitinated by USP7 at K116, K264, and K274
	USP7 plays a critical role in maintaining the TFEB-mediated transcription response to starvation and the autophagy flux

	Discussion
	Limitations of the study

	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Acknowledgments
	Author contributions
	Declaration of interests
	Supplemental information
	References
	STAR★Methods
	Key resources table
	Experimental model and study participant details
	Cell culture

	Method details
	Transient transfection
	GFP trap for mass spectrometry experiment
	LC-MS/MS
	Immunofluorescence
	Proximity ligation assay (PLA)
	Immunoprecipitation
	Western blotting
	Purification of ubiquitinated Flag-TFEB protein
	In vitro DUB assay
	Site-directed mutagenesis for point mutations
	Isolation of RNA and RT-PCR
	Flow cytometry
	Lysotracker staining
	Chromatin immunoprecipitation (ChIP) assay

	Quantification and statistical analysis



