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STUB1 regulates TFEB-induced
autophagy-lysosome pathway
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Abstract

TFEB is a master regulator for transcription of genes involved in
autophagy and lysosome biogenesis. Activity of TFEB is inhibited
upon its serine phosphorylation by mTOR. The overall mechanisms
by which TFEB activity in the cell is regulated are not well eluci-
dated. Specifically, the mechanisms of TFEB turnover and how they
might influence its activity remain unknown. Here, we show that
STUB1, a chaperone-dependent E3 ubiquitin ligase, modulates
TFEB activity by preferentially targeting inactive phosphorylated
TFEB for degradation by the ubiquitin—proteasome pathway. Phos-
phorylated TFEB accumulated in STUB1-deficient cells and in
tissues of STUB1-deficient mice resulting in reduced TFEB activity.
Conversely, cellular overexpression of STUB1 resulted in reduced
phosphorylated TFEB and increased TFEB activity. STUB1 preferen-
tially interacted with and ubiqutinated phosphorylated TFEB,
targeting it to proteasomal degradation. Consistent with reduced
TFEB activity, accumulation of phosphorylated TFEB in STUB1-
deficient cells resulted in reduced autophagy and reduced
mitochondrial biogenesis. These studies reveal that the ubiquitin—
proteasome pathway participates in regulating autophagy and
lysosomal functions by regulating the activity of TFEB.
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Introduction

TFEB (transcription factor EB) is a master regulator for transcrip-
tion of genes involved in autophagy and lysosomal biogenesis
(Sardiello et al, 2009; Settembre et al, 2011). Activity of TFEB is
inhibited upon its serine phosphorylation by the mammalian target
of rapamycin (mTOR). The phosphorylated TFEB is the inactive
form and is sequestered in the cytosol. Upon inhibition of mTORI1,
for example, by starvation or under conditions of lysosomal stress,
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TFEB is activated by dephosphorylation and is translocated to the
nucleus where it upregulates the transcription of its target genes
(Martina et al, 2012; Roczniak-Ferguson et al, 2012; Settembre
et al, 2012).

Although the regulation of TFEB activity by phosphorylation has
been established, the overall mechanisms by which TFEB levels in
the cell are regulated remain to be elucidated. Specifically, the
mechanisms of TFEB turnover and how they might influence its
activity remain unknown. STIP1 homology and U-Box containing
protein 1 (STUB1), formerly known as CHIP (Cterminus of HSC70-
Interacting Protein), is a chaperone-dependent E3 ubiquitin ligase
(Meacham et al, 2001). Here, we show that STUB1 modulates TFEB
activity by preferentially targeting inactive phosphorylated TFEB for
degradation by the ubiquitin—proteasome pathway. Thus, the ubig-
uitin—proteasome pathway participates in regulating autophagy and
lysosomal functions by regulating the activity of TFEB.

Results and Discussion
STUBL1 regulates steady state of phosphorylated TFEB

We have previously generated STUB1 knockout (—/—) mice (Wei
et al, 2014). In this study, additional characterization of these mice
suggested reduced autophagy. In an attempt to explain these find-
ings, we evaluated mouse embryonic fibroblasts (MEFs) from
these mice. We observed increased steady-state TFEB in STUBI-
deficient (—/—) MEFs (Fig 1A). More importantly, the increase in
TFEB, observed in STUB1™/~ MEFs, was mostly observed in the
phosphorylated S142 form of TFEB, which represents the inactive
form (Settembre et al, 2011). To investigate these observations in
human cells, we evaluated HeLa cells made deficient in STUB1
using specific sShRNA. Similar to the observations in MEFs, HeLa
cells deficient in STUB1 had increased levels of TFEB caused
largely by increase in phosphorylated S142-TFEB (Fig 1B). These
data were further confirmed by exogenously expressing FLAG-
tagged TFEB in HeLa cells and observing marked increase in phos-
phorylated TFEB in cells deficient in STUB1 (Fig 1C). Because
TFEB activity is regulated by mTOR, we determined the effect of
STUBI1 deficiency on mTOR activity by evaluating the level of its
downstream substrate phosphorylated S6. There was no significant
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Figure 1. STUB1 deficiency leads to accumulation of phosphorylated
TFEB.

A Wild-type (+/+) or STUB1 knockout (—/—) mouse embryonic fibroblasts
(MEFs) were analyzed by Western blot using indicated antibodies.

B Hela cells, stably expressing control ShRNA (shNT) or STUB1-specific ShRNA
(shStub1l), were analyzed by Western blot.

C Hela cells stably expressing shNT or shStubl were transfected for 48 h
with Flag-TFEB, and cell lysates were analyzed by Western blot.

D HEK293 cells were cotransfected for 48 h with Flag-TFEB together with
His-STUBL, H260Q-STUB1, or K30A-STUBL. Cell lysates were then analyzed
by Western blot.

Data information: Arrows denote a previously described non-specific band
(Sha et al, 2009). Data are quantitated as mean + SD, n = 3. * denotes

P < 0.05 using Student’s t-test analysis.

Source data are available online for this figure.

difference in mTOR activity or its inhibition by starvation, between
STUBI1-deficient MEFs or HeLa cells and their wild-type counter-
parts (Appendix Fig S1).

To confirm that STUBI can affect steady-state level of TFEB, we
co-expressed FLAG-TFEB together with either His-tagged STUB1 or
His-STUB1 mutants into HEK293 cells. Co-expression of His-STUBI,
but not His-STUB1 mutants, led to reduction in phosphorylated
S142-TFEB (Fig 1D). His-STUB1 mutants used were His-STUBI-
K30A or His-STUB1-H260Q. STUB1-K30A has a point mutation in
the TPR chaperone-binding domain and therefore is unable to bind
chaperones and thus its ability to bind substrates is greatly reduced.
STUB1-H260Q has a point mutation in the U-box domain of STUB1
and therefore is deficient in E3 ubiquitin ligase activity, and thus, its
ability to ubiquitinate the substrate to mark it for degradation is
diminished (Xu et al, 2002). To determine if the effects of STUB1 on
TFEB can be observed in vivo, we evaluated tissues obtained from
STUB1~/~ mice and their wild-type +/+ controls. TFEB and phos-
phorylated TFEB were markedly increased in livers and brains of
STUB1/~ mice, compared to controls (Fig EV1). These data
suggested that STUB1 has an important in vivo role in regulating
TFEB activity.
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Figure 2. STUBL1 interacts with TFEB and ubiquitinates it.

A, B HEK293 cells were cotransfected for 48 h with GFP-TFEB (A) or Flag-TFEB
(B) together with His-STUB1, H260Q-STUBL, or K30A-STUBL. Cell lysates
were then subjected to co-immunoprecipitation using His (A) or Flag (B)
antibodies. The immunocomplexes and input were analyzed by Western
blot.

C HEK293 cells, cotransfected for 48 h with His-STUB1 and GFP-TFEB, were
treated for 4 h with 50 pM MG132 or vehicle only. Cell lysates were
analyzed by Western blot.

Data information: Data are quantitated as mean =+ SD, n = 3. * denotes
P < 0.05 and ** denotes P < 0.0001 using Student’s t-test analysis.

STUB1 targets TFEB to the ubiquitin—proteasome pathway

Taken together, the data above suggested that STUB1 could reduce
the steady-state level of TFEB by reducing the level of the inactive
phosphorylated TFEB. STUB1 functions as a specialized ubiquitin
ligase, which interacts with chaperone-bound substrates and targets
them for proteasomal degradation (Meacham et al, 2001; Xu et al,
2002; Sha et al, 2009; Wei et al, 2014). Therefore, we hypothesized
that STUBI interacted with TFEB and that interaction was mediated
by molecular chaperones. To test this hypothesis, we carried out
co-immunoprecipitation analysis following cotransfection of TFEB
with wild-type STUB1 or STUB1 mutants. TFEB was detected in
immune complexes with HSP70 and with either wild-type STUB1
or STUB1-H260Q (Fig 2A). However, the interaction of STUB1 with
TFEB and HSP70 was abrogated by mutation in the TPR chaper-
one-binding domain in STUB1-K30A mutant. These data suggested
that STUBI1 interacted with TFEB and such interaction was medi-
ated by chaperones including HSP70. TFEB ubiquitination was
increased by cotransfection of wild-type STUBI in HEK293 cells but
to a much lesser extent by STUB1-H260Q or STUB1-K30A mutants
(Fig 2B). These data suggested that STUBI interacted with and
ubiquitinated TFEB.
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Ubiquitination can target substrates for degradation via either
ubiquitin-proteasome system or macroautophagy (hereafter called
autophagy)-lysosome system (Zhao et al, 2007; Korolchuk et al,
2010; Schreiber & Peter, 2014). We investigated if TFEB was
predominately degraded by proteasome pathway or autophagy—
lysosome system. Inhibition of the proteasome with MG132 led to
accumulation of TFEB in HeLa cells (Fig EV2A). Furthermore, we
analyzed the effect of proteasomal or lysosomal inhibition on TFEB
half-life using pulse-chase strategy. $*°-labeled TFEB half-life was
measured in HeLa cells in the presence of proteasome inhibitor
PS341 or lysosome inhibitor bafilomycin A. TFEB half-life increased
significantly in the presence of proteasome inhibitor PS341, but not
with the presence of lysosome inhibitor bafilomycin A (Fig EV2B
and C). Taken together these data suggested that TFEB was
degraded predominantly through ubiquitin—proteasome system.

We then reasoned that STUB1-mediated reduction in TFEB levels
was caused by degradation of phosphorylated TFEB by the protea-
some, and therefore, proteasomal inhibition should abrogate the
effect of STUB1 on TFEB. We evaluated the effect of proteasomal inhi-
bition on TFEB in HeLa cells, following overexpression of STUB1. The
reduction in TFEB by STUB1 was markedly attenuated in the presence
of MGI132 (Fig 2C). These data suggested STUBI1 ubiquitinated
TFEB and targeted it for degradation through proteasome pathway.

STUB1 preferentially targets phosphorylated TFEB
for degradation

Activity of TFEB and subcellular localization of TFEB is regulated by
phosphorylation and dephosphorylation on residues S142 and S211
(Settembre et al, 2011, 2012, 2013a,b; Martina et al, 2012; Roczniak-
Ferguson et al, 2012). Our data above suggested that STUBI1 targeted
phosphorylated TFEB for degradation. Co-immunoprecipitation anal-
ysis of STUB1 with wild-type TFEB, S142A-TFEB, or S211A TFEB in
HEK293 cells showed that the interaction of STUB1 with TFEB was
reduced when STUB1 was cotransfected with S142A-TFEB or S211-
TFEB compared with wild-type TFEB (Fig 3A). These data suggested
that STUBI preferentially interacted with phosphorylated TFEB.

Prior studies have shown that phosphorylated TFEB is seques-
tered in cytosol (Settembre et al, 2011, 2012, 2013a,b; Roczniak-
Ferguson et al, 2012). However, the fate of the phosphorylated
TFEB is not known. TFEB remains phosphorylated at baseline and
is dephosphorylated by the phosphatase calcineurin under condi-
tions leading to TFEB activation such as starvation or lysosomal
stress (Medina et al, 2015). We hypothesized that phosphorylated
TFEB is prone to STUB1-mediated degradation. We reasoned that
enhancing phosphorylation of TFEB would lead to reduction in its
steady state, as it would be more prone for degradation. We, there-
fore, investigated steady-state levels of TFEB following modulation
of its phosphatase calcineurin.

Consistent with recent studies (Medina et al, 2015), phosphoryla-
tion of TFEB was increased in cells made deficient in calcineurin
catalytic subunit PPP3CB by siRNA knockdown, whereas phospho-
rylation of TFEB was decreased in cells expressing a constitutive
active calcineurin A subunit (ACnA) (Fig 3B-D). More importantly,
TFEB levels were reduced in cells made deficient in calcineurin
compared to cells transfected with non-target siRNA. Further, the
reduction in TFEB by calcineurin knockdown was abrogated in cells
deficient in STUB1 (Fig 3C).
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Figure 3. STUBL preferentially targets phosphorylated TFEB for
degradation.

A HEK293 cells were cotransfected for 48 h with His-STUB1 together with
Flag-TFEB, S142A-TFEB, or S211A-TFEB. Cell lysates were subjected to co-
immunoprecipitation using His antibodies. The immunocomplexes and
input were analyzed by Western blot.

HeLa cells stably expressing control shRNA or STUB1-specific ShRNA were

transfected for 72 h with non-target siRNA or PPP3CB siRNA. Cell lysates

were then analyzed by real-time (RT)-PCR using PPP3CB-specific primers

(B) or by Western blot (C).

D  Flag-TFEB expressing Hela cells were stably transfected with control
shRNA or STUB1-specific ShRNA. Cells were transfected for 48 h with
vector only or ACnA (constitutively active calcineurin), and cell lysates
were analyzed by Western blot.

B, C

Data information: Data are quantitated as mean =+ SD, n = 3. * denotes
P < 0.05 using Student’s t-test analysis.

In contrast, TFEB levels were increased in cells transfected with
constitutive active calcineurin A subunit (ACnA), compared to cells
transfected with vector only. Further, levels of TFEB increased more
in cells with overexpression of ACnA that were also deficient in
STUBI1 (Fig 3D). These data suggested that phosphorylated TFEB is
preferentially targeted for STUB1-mediated degradation.

STUB1 deficiency reduced TFEB activity

Because phosphorylated TFEB is inactive (Settembre et al, 2011,
2012, 2013a,b; Roczniak-Ferguson et al, 2012), and our data
suggested that phosphorylated TFEB was preferentially degraded by
STUBI1, we speculated that STUB1 could influence TFEB activity.
Upon activation, TFEB binds to CLEAR (coordinated lysosomal
expression and regulation) element in promoter region of its target.
TFEB activity is often measured by its ability to upregulate peroxi-
some proliferator-activated receptor coactivator la (PGCla; also
known as Ppargcla) and promotes the transcription of its target
genes (Settembre et al, 2013a,b). We evaluated TFEB activity,
in STUBI1-deficient cells and their wild-type counterpart, using
PGCla promoter-driven luciferase activity. We speculated that

© 2017 The Authors
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accumulation of phosphorylated TFEB in STUBI-deficient cells
would result in reduction in overall TFEB activity, detected by
reduced PGClo transcription. Confirming such speculation, we
found that PGCla luciferase activity was significantly reduced in
HeLa cells made deficient in STUB1 by specific shRNA, compared to
cells expressing control shRNA. In contrast, there was no significant
difference in luciferase activity between control cells and STUBI1-
deficient cells when a CLEAR element mutated PGCloa promoter
was used (Fig 4A). There was no difference in CMV promoter-
driven Renilla luciferase activity between HeLa cells expressing
STUB1 shRNA or cells expressing control shRNA (Appendix Fig
S2A), confirming that the difference of PGCla-luciferase activity
was not caused by shRNA transfection. PGCla promoter activity
was also lower in STUB1~/~ MEFs, compared to +/+ MEFs (Fig 4B).

The activity of TFEB can also be evaluated by translocation of
non-phosphorylated TFEB to the nucleus in response to activating
stimulus such as starvation (Settembre et al, 2011, 2012, 2013a,b;
Roczniak-Ferguson et al, 2012). Therefore, we used starvation to
determine the effect of STUB1 on TFEB activity. In STUB1-deficient
HeLa cells, TFEB nuclear translocation in response to starvation
was markedly reduced compared to that observed in control cells,
as shown by biochemical cellular fractionation and by immuno-
fluorescence analysis (Fig 4C and D, respectively). There was
increased nuclear non-phosphorylated active TFEB caused by
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Figure 4. STUB1 modulates TFEB activity.
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starvation, (Appendix Fig S2B). In contrast, HeLa cells overexpress-
ing STUB1 had increased TFEB activity, as evidenced by increased
nuclear TFEB (Fig 4E) and by increased PGCla-luciferase transcrip-
tion (Fig 4F). Whereas TFEB moved to the nucleus in response to
starvation, there was no observed nuclear translocation of STUBI,
which remained mostly cytosolic and colocalized with cytosolic
“inactive” TFEB (Fig EV3A).

It has been shown that TFEB activates its own transcription
through multiple CLEAR elements in TFEB promoter (Settembre
et al, 2013a,b). Thus, increased TFEB activity would generally lead
to increased TFEB mRNA. Consistent with this notion, TFEB mRNA
was higher in HeLa cells transfected with STUB1, compared to cells
transfected with vector only (Fig 4G). These data suggested that
STUB1 modulates TFEB activity by preferentially degrading phos-
phorylated TFEB and thereby regulating the level of inactive phos-
phorylated TFEB in the cytosol.

The above data indicated that TFEB activity, executed by non-
phosphorylated TFEB, inversely correlated with the cellular level of
phosphorylated TFEB. Therefore, these data implied that phosphory-
lated TFEB could exert a dominant negative effect by interfering with
non-phosphorylated TFEB translocation to the nucleus. In exerting
its activity, TFEB binds DNA as a homodimer or as heterodimer with
closely related b-HLH-LZ protein family members (Fisher et al,
1991). We hypothesized that phosphorylated TFEB might exert its
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A Hela cells, stably expressing control shRNA (shNT) or STUB1-specific ShRNA (shStubl), were transfected with wild-type PGCla promoter—luciferase vector or Clear site
mutated PGCla promoter—luciferase vector and luciferase activity was assayed 24 h post-transfection.
B Wild-type (+/+) or STU B1~/~ MEFs were transfected with vector only or PGCla promoter—luciferase vector, and luciferase activities were assayed 24 h post-

transfection.

C Hela cells stably expression shNT or shSTUB1 were mock-treated, starved for 1 or 2 h, and cell lysates were fractionated into nuclear and cytoplasmic fractions and
analyzed by Western blot. Arrows denote a previously described non-specific band (Sha et al, 2009).
D Hela cells stably expressing Flag-TFEB were transfected for 72 h with shNT or shSTUB1. Cells were mock-treated or starved for 2 h and analyzed by

immunofluorescence using Flag antibodies. Scale bar, 10 pm.

E Hela cells, stably expressing Flag-TFEB, were transfected with vector only or STUBL. Cells were mock-treated or starved for 8 or 12 h, and cell lysates (nuclear and

cytoplasmic fractions) were analyzed by Western blot.

F Hela cells were transfected for 24 h with vector only or STUBL. Cells were then transfected, for another 24 h, with PGCla-luciferase, and luciferase activity assay was

performed.

G Hela cells were transfected for 48 h with vector only or STUBL, and TFEB mRNA expression was assayed by RT-PCR.

Data information: Data are quantitated as mean + SD, n = 3. * denotes P < 0.05 using Student’s t-test analysis.

© 2017 The Authors

The EMBO Journal Vol 36 | No 17 | 2017

2547



2548

The EMBO Journal

A B C

1P Fiag-AA-TFEB
mef&};ﬁ“" wrooAa oo shNT shSTUB1

B ot S| CPTED STV 0 4 0 ahr
T —

Flag-TFES
Ctid Ctl STV Torin1

Flag-TFEB

EE

sTUB1

2% ol 26%Input  Contr STV Torin
GFP-TFEB WT  WT DD =
Flag-AA-TFEB__ + STuBt h ! ﬁ—l TFEB ™ &
——pr
— = -y - P-TFEB

12 12

SB

BRREL:

1 1 RN
“ S W | capOH |- -

08 - | 08
Bos * | Hos *
s E
= a,

04 04

02 ——chNT 02 ——chNT

— B shSTUBL =B hSTUBE

0 0
STV Oh  2h  4h STVOh  2h 4h

Figure 5. Interaction of TFEB with STUB1 is induced by starvation or
mTOR inhibition.

A Flag-AA-TFEB (TFEB-S142A/S211A) was cotransfected with GFP-TFEB, GFP-
AA-TFEB, or GFP-DD-TFEB (TFEB-S142D/S211D) into HEK293 cells. Cell
lysates were subjected to immunoprecipitation using Flag antibodies.
Immunocomplexes or 2.5% input were analyzed by Western blot.

B Hela cells stably expressing Flag-TFEB were transfected for 72 h with shNT
or shSTUBL. Cells were mock-treated or starved for 2 or 4 h and analyzed
by Western blot. Graphs show quantitative analysis of TFEB and P-TFEB.

C Hela cells stably expressing Flag-TFEB were subjected for 2 h to mock
treatment, starvation, or 250 nM Torinl treatment. Cell lysates were
subjected to immunoprecipitation analysis using Flag antibodies.

Data information: Data are quantitated as mean + SEM, n = 4. * denotes
P < 0.05 using Student’s t-test analysis.

dominant negative effect by interacting with non-phosphorylated
TFEB. To test this hypothesis, we constructed a phosphorylation-
defective and phosphomimetic Flag-tagged TFEB mutants,
S142A/S211A-TFEB and S142D/S211D-TFEB, respectively. Flag-
tagged S142A/S211A-TFEB mutant was cotransfected, in HEK293
cells, with a GFP-tagged TFEB construct (wild-type, S142A/S211A, or
S142D/S211D). Co-immunoprecipitation analysis, using Flag anti-
body, suggested that Flag-tagged S142A/S211A-TFEB mutant inter-
acted with GFP-tagged TFEB independent of its phosphorylation
status (Fig SA). These data further implied that binding of accumu-
lated phosphorylated TFEB to non-phosphorylated TFEB is the under-
lying mechanism for reduced TFEB activity in STUB1-deficient cells.
The above findings suggested that degradation of inactive phos-
phorylated TFEB would constitute an inherent mechanism for
increasing TFEB activity. Therefore, we reasoned that activation of
TFEB, by stimuli such as starvation, would be accompanied by
enhanced degradation of phosphorylated TFEB and thus reduction
in overall steady-state level of TFEB. We found that, in HeLa cells,
starvation induced time-dependent reduction in steady-state TFEB.
Importantly, such reduction was attenuated in cells deficient in
STUBI (Fig 5B). These data suggested that targeting phosphorylated
TFEB for degradation is an important cellular mechanism to
increase TFEB activity upon induction by conditions such as starva-
tion. We therefore reasoned that upon activation of TFEB, there
could be enhanced interaction between TFEB and STUB1 and
conducted experiments to test such possibility. We found that
induction of TFEB activity, by starvation or mTOR inhibition, led to
marked increased in the interaction between TFEB and STUBI
(Fig 5C). These data confirmed that modulation of the level of
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Figure 6. STUB1-deficient cells exhibit reduced autophagy.
Wild-type (+/+) or STUB1 /=~ MEFs were used (A-Q).

A MEFs were analyzed by Western blot.

B MEFs were mock-treated or starved for 2 h (STV) and then analyzed by
Western blot. Wild-type or ATG7~/~ MEFs were used as control for
autophagy flux analysis.

C MEFs were transfected with GFP-LC3 for 48 h and then treated with
chloroquine (50 um) for 2 h before they were fixed in 4% PFA for
fluorescence microscopy. Scale bar, 10 pm.

D Hela cells, stably expressing control shRNA (shNT) or STUB1-specific ShRNA
(shStubl), were subjected to RT-PCR-based gene expression array analysis.
Genes that were significantly reduced (P < 0.05 in Student’s t-test analysis)
in STUB1 knockdown cells are shown. Data are mean + SD, n = 3.

phosphorylated TFEB by STUBLI is an integral cellular mechanism of
regulation of TFEB activity. They further implied that under
stress conditions, phosphorylated TFEB, which is the major TFEB
pool in the cytosol, was degraded in order to free more of the
non-phosphorylated TFEB to translocate to the nucleus. The non-
phosphorylated TFEB would then activate target genes including
TFEB itself, leading to increasing the overall cellular pool of active
TFEB. These data also explained the paradoxical nature of increased
levels of TFEB (phosphorylated form) and decreased TFEB activity
observed in STUB1-deficient cells.

Accumulation of phosphorylated TFEB in STUB1-deficient cells
resulted in reduced autophagy

TFEB is the master transcription factor for the expression of auto-
phagy and lysosomal genes (Sardiello et al, 2009; Settembre et al,
2011). Therefore, we reasoned that reduced TFEB activity in STUB1-
deficient cells would result in reduced autophagy. During autophagy,

a cytosolic form of LC3 (LC3-I) is conjugated to phos-
phatidylethanolamine to form LC3-phosphatidylethanolamine
conjugate (LC3-II), which is recruited to autophagosomal

membranes (Kabeya et al, 2000; Tanida et al, 2008). LC3-II serves as
an autophagosomal marker and widely used to monitor autophagy.
LC3-II formation can be detected by its enhanced mobility in immu-
noblots and by forming cytoplasmic puncta detected by fluorescence
microscopy. Sequestosome 1 (SQSTM1), also called p62, is a receptor
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for cargo destined to be degraded by autophagy and itself is degraded
by autophagy. p62 accumulates when autophagy is inhibited, and is
reduced by autophagy induction (Bjgrkey et al, 2009; Rusten &
Stenmark, 2010). Under baseline conditions, autophagy was reduced
in STUB1~/~ MEFs, compared to +/+ MEFs, as shown by reduced
LC3-1I formation and increased SQSTM1 (Fig 6A). Upon induction of
autophagy by starvation, LC3-II increased and SQSTM1 was reduced
in STUB1"/* MEFs but these responses were greatly attenuated in
STUB1~/~ MEFs (Fig 6B). Wild-type and ATG7~/~ MEFs were used
as controls for autophagy flux analysis. To further evaluate auto-
phagic flux, we used GFP-LC3 to evaluate autophagy by fluorescence
microscopy in MEFs that were treated with the lysosomal inhibitor
chloroquine. GFP-LC3 autophagosomes were markedly decreased in
STUB1~/~ MEFs, compared with wild-type MEFs (Fig 6C). These
data suggested that autophagy was reduced in STUB1-deficient MEFs
and that reduction was likely due to reduced initiation of autophago-
somes rather than reduced lysosomal degradation. To confirm these
findings, we evaluated expression of genes in the autophagy-lysoso-
mal pathway by RT-PCR-based array analysis. The expression of
these genes was reduced in STUB1-deficient cells (Fig 6D).

These data suggested that autophagy was reduced in STUBI-
deficient cells because of reduction in transcription of autophagy
genes, secondary to accumulation of phosphorylated TFEB leading
to reduction in TFEB activity.

Reduced mitochondrial biogenesis in STUB1-deficient cells

TFEB directly controls PGCla induction during stress response
(Settembre et al, 2013a,b). PGCla is a master regulator of mito-
chondrial biogenesis and function (Scarpulla, 2011; Austin & St-
Pierre, 2012). We reasoned that reduced TFEB activity in STUB1~/~
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Figure 7.
A-D  Wild-type (+/+) or STUBL1 ™/~ MEFs were subjected to RT-PCR analysis of
PGCla (A), mitochondrial copy number analysis (B), ATP content analysis
(C), or mitochondrial respiration analysis (D).

Hela cells, stably expressing control ShRNA (shNT) or STUB1-specific
shRNA (shStubl), were subjected to RT-PCR analysis of PGCla (E) or ATP
content analysis (F).

Reduced mitochondrial biogenesis in STUB1-deficient cells.

E, F

Data information: Data are mean + SD, n = 3. * denotes P < 0.05 using
Student’s t-test analysis.
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cells would result in reduction in PGCla and consequently
decreased mitochondrial biogenesis. We found that PGCla mRNA
expression was significantly reduced in STUB1~/~ MEFs (Fig 7A).
Mitochondrial copy number was also reduced in STUB1~/~ MEFs,
compared to wild-type MEFs (Fig 7B). The majority of cellular ATP
is produced by mitochondria (Dahout-Gonzalez et al, 2006). ATP
content was significantly reduced in STUB1™/~ MEFs, compared
with wild-type MEFs (Fig 7C). Furthermore, we investigated mito-
chondrial respiration in STUB1~/~ and +/+ MEFs using Seahorse XF
analyzer as previously described (Scurtu et al, 2015; van der Windt
GJ, 2016). Mitochondrial oxygen consumption rate (OCR) in
STUB1~/~ MEFs was lower than in wild-type MEFs (Figs 7D and
EV3B). Consistent with the above findings in MEFs, HeLa cells with
shRNA-mediated knockdown of STUB1 expressed lower PGCla
mRNA and had lower ATP content, compared with cells treated
with non-target shRNA (Fig 7E and F). Taken together, these data
suggested that mitochondrial biogenesis was compromised in
STUBI1-deficient cells, and mitochondrial-dependent ATP generation
was reduced. These data further implied that deficiency of STUB1
and consequently of TFEB activity would reduce the ability of cells
to adapt to stress conditions due to failure to increase energy stores
or to induce autophagic-lysosomal stress responses. Consistent
with this notion, we found that STUB1™/~ mice exhibited near
complete neonatal lethality (Fig EVAA-C) and the surviving
STUB1~/~ mice were smaller in size and less active than wild-type
sibling mice (Fig EV4D). Cell proliferation assay using XTT assay
showed that STUB1/~ MEF cells proliferate slower than that of
wild-type MEFs (Fig EV4E).

Constitutively active TFEB mutant rescued autophagy and
mitochondrial biogenesis in STUB1-deficient cells

We then wanted to confirm that reduced autophagy and mitochon-
drial biogenesis, observed in STUBI1-deficient cells, was due to
reduced TFEB activity. To enhance TFEB activity in STUB1-deficient
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Figure 8. Overexpression of the non-phosphorylatable TFEB mutant

rescues autophagy and mitochondrial biogenesis in STUB1-deficient cells.

Hela cells, stably expressing non-target shRNA (shNT) or STUB1-specific ShRNA

(shStub1l), were used.

A Cells were transfected for 24 h with vector only (control) or TFEB-S142A/
S211A mutant (Flag-AA-TFEB) and then transfected for another 24 h with
PGCla promoter—luciferase before luciferase activity was analyzed.

B Cells were transfected for 48 h with vector only or Flag-AA-TFEB, and cell
lysates were analyzed by Western blot.

C Cells were treated with transfection reagent only (control) or transfected
with vector only or Flag-AA-TFEB. ATP content in cell lysates was analyzed
48 h post-transfection.

Data information: Data are mean =+ SD, n = 3. * denotes P < 0.05 using
Student’s t-test analysis. N.S. denotes not significant.
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Figure 9. Proposed model for the regulation of TFEB activity by STUB1.

A In a nutrient-rich environment, activated mTOR phosphorylates TFEB,
resulting in reduced TFEB activity.

B Under conditions of mTOR inhibition, such as during starvation, STUB1
targets phosphorylated TFEB for proteasomal degradation. Non-
phosphorylated TFEB translocates to the nucleus exerting its transcriptional
activity promoting genes of the autophagy—lysosomal and mitochondrial
pathways as well as TFEB itself.

C In STUB1-deficient cells, phosphorylated TFEB is not efficiently degraded.
Accumulating phosphorylated TFEB is inactive and it further reduces TFEB
activity by forming heterodimers with non-phosphorylated TFEB, leading to
reduced TFEB translocation to the nucleus. Reduced TFEB activity, in
STUB1-deficient cells, leads to inhibition of autophagy-lysosome pathway
and mitochondrial biogenesis.

HeLa cells, we transfected these cells with S142A/S211A-TFEB,
which is a constitutively active version of TFEB (Settembre
et al, 2012). Exogenous expression of S142A/S211A-TFEB in
HeLa cells resulted in increase in TFEB activity, estimated by
measuring PGCla promoter luciferase activity and rescued TFEB
activity in STUBI1-deficient cells (Fig 8A and Appendix Fig S3).
Furthermore, expression of S142A/S211A-TFEB mutant into
STUB1-deficient HeLa cells rescued autophagy deficiency, as
evidenced by increased formation of LC3-II, and ATP (Fig 8B
and C, respectively). Similar results were obtained using MEFs
from wild-type and STUB1~/~ mice (Fig EV5). These data indi-
cated that lower TFEB activity in STUBI1-deficient cells was
responsible for reduced autophagy and mitochondrial biogenesis
in these cells.

In this study, we elucidated that STUBI1 plays a critical role in
maintaining the homeostasis of the autophagy-lysosome pathway
and mitochondrial biogenesis by controlling the steady state of
phosphorylated TFEB. The model depicted in Fig 9 illustrates how
STUBI regulates TFEB activity. At nutrient-rich environment, acti-
vated mTOR phosphorylates TFEB, resulting in a low baseline
TFEB activity. Upon stress, such as in starvation and/or mTOR
inhibition, there is enhanced interaction between STUB1 and
phosphorylated TFEB. The latter is ubiqutinated by STUBI and is
targeted for proteasomal degradation. Non-phosphorylated TFEB
translocates to the nucleus exerting its transcriptional activity by
promoting genes of the autophagy-lysosomal and mitochondrial
pathways as well as TFEB itself. The results of this study
suggested that targeting phosphorylated TFEB for degradation was
an important mechanism to enhance TFEB activity. TFEB is active
as a dimer (Fisher et al, 1991). In the absence of phosphorylated
TFEB, there will be increased formation of active non-phosphory-
lated homodimers of TFEB. One consequence of this cellular strat-
egy of degrading inactive TFEB would be the need to resynthesize
new TFEB. Consistent with this notion, it has been shown that
TFEB promotes its own transcription. In STUBI1-deficient cells,
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phosphorylated TFEB is not efficiently degraded. Accumulating
phosphorylated TFEB is inactive and it further reduces TFEB
activity by forming heterodimers with non-phosphorylated TFEB,
leading to reduced TFEB translocation to the nucleus. Reduced
TFEB activity, in STUBI-deficient cells, leads to inhibition of
autophagy-lysosome pathway and mitochondrial biogenesis.
Taken together, our study suggests that the mechanism of degrad-
ing inactive phosphorylated TFEB and resynthesizing new TFEB is
an important cellular mechanism to cope with cellular stress
conditions requiring increased autophagic-lysosomal and mito-
chondrial biogenesis.

Lysosomal storage disorders are caused by lysosomal dysfunc-
tion as a consequence of enzyme deficiencies and abnormal buildup
of various toxic materials in cells (Winchester et al, 2000). TFEB
upregulates the expression of key genes involved in folding,
proteostasis, and lysosomal trafficking pathways (Song et al, 2013;
Spampanato et al, 2013). Further, activation of TFEB attenuates
lysosomal storage pathology both in vitro and in vivo. (Medina et al,
2011; Song et al, 2013; Spampanato et al, 2013). Therefore, TFEB is
considered as a therapeutic target in diseases associated with defects
in autophagy-lysosomal pathways. Methods to induce TFEB activa-
tion to enhance autophagy-lysosome-mediated degradation of
misfolded proteins have been suggested for treatment of diseases
associated with misfolded proteins such as neurodegenerative
diseases (Decressac & Bjorklund, 2013; Martini-Stoica et al, 2016).
Our study showed that STUB1 plays a critical role in modulating
TFEB activity and reveals STUB1 as a novel potential therapeutic
target in these diseases.

Materials and Methods

Reagents

N-Carbobenzoxyl-L-leucinyl-L-leucinyl-L-norleucinal (MG132), N-
ethylmaleimide (NEM), Chloroquine (CQ), and Triton X-100 were
from Sigma. mTOR inhibitor Torinl and Tween 20 were from
Calbiochem. TFEB and PARP antibodies were from Cell Signal-
ing. STUB1 antibody (pc711) was from Calbiochem. Phospho-
S142 TFEB antibody was a gift from Dr. Gerard Karsenty.
GAPDH antibody was from Advanced ImmunoChemical. o-
tubulin antibody was from Abcam. GFP antibody was from
Thermo Scientific. Ubiquitin antibody (u5379) and HA antibody
(HA-7) were from Sigma. LC3B antibody was from Novus. p62
antibody was from American Research Products. ATG7 antibody
was from Abcam. STUBI1, STUB1-H260Q, and STUBI1-K30A
expressing vectors are kindly provided by Dr. Len Neckers. TFEB
mutants of TFEB-S142A, TFEB-S211A, TFEB-S142A/S211A were
generated by site-directed point mutagenesis. PGCla-luciferase
reporter vectors were previously described (Settembre et al,
2013a,b). HA-tagged-ACaN vector was kindly provided by Dr.
Beverly Rothermel at University of Texas Southwestern Medical
Center. PPP3CB siRNA was purchased from Dharmacon.
STUB1*/~ mice were from Texas A&M Institute for Genomic
Medicine. Mice were maintained in a pathogen-free animal facil-
ity at Baylor College of Medicine. Mouse embryo fibroblasts
(MEFs) were generated from Day 13.5 embryos. ATG7™/~ MEFs
were obtained from Dr. Masaaki Komatsu. All experimental
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protocols were approved by the Institutional Animal Care and
Use Committee.

Cell proliferation assay

XTT [3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide]
assay was performed according to the user’s manual (Roche).
Briefly, cells were plated in 96-well plates at a density of 1.3 x 10°
cells per well in 0.1 ml culture medium. At the times specified, 50 ul
XTT labeling mixture per well was added and incubated for 4 h at
37°C and 5% CO,. The spectrophotometrical absorbance of samples
was measured at wavelength of 490 nm. The reference wavelength
was 690 nm.

Nuclear and cytoplasmic fractionation

Nuclear and cytoplasmic fraction was extracted using NE-PER™
Nuclear and Cytoplasmic Extraction Reagents. Briefly, cells were
washed twice with PBS and resuspended in cytoplasmic extraction
reagents I and incubated on ice for 10 min. Cytoplasmic extraction
reagents II were added and incubated on ice for 1 min and centri-
fuged at 4°C, 16,000 g, for 5 min. Supernatant was saved as cytoplas-
mic fraction. The pellet were washed once with PBS and suspended
in nuclear extraction reagent and incubated on ice for 40 min with
vortexing for 15 s every 10 min. The supernatant nuclear fraction
was harvested by centrifuge at 4°C, 16,000 g, for 10 min.

Autophagy induction

Autophagy was induced by starvation by incubating cells in EBSS
for 2 h or by incubating cells for 2 h in regular medium with
250 nM of the mTOR inhibitor Torinl.

Immunoprecipitation

Immunoprecipitation was carried out by lysing cells in RIPA buffer
and 1 mg of cell lysates was incubated at 4°C with primary antibody
for 2 h before Dynabeads protein G (Thermo Scientific) were added
to the samples. After further incubation for 1 h at 4°C, beads were
washed three times in ice-cold lysis buffer. Immunoprecipitated
proteins were eluted by heating at 95°C for 5 min in 2x LDS buffer.
Co-immunoprecipitation assay was carried out by lysing cells in
NETN buffer (20 mM Tris—-Cl, pH 8.0, 100 mM NaCl, 1 mM EDTA,
and 0.5% NP-40), and 1 mg of cell lysates was precleared by Dyna-
beads protein G and incubated with primary antibody for 2 h before
Dynabeads protein G (Thermo Scientific) were added to the
samples. Immunoprecipitated proteins were eluted by heating at
95°C for 5 min in 2x LDS buffer.

Fluorescence microscopy

Cells were grown on glass coverslips coated with poly-D-lysine,
fixed in 4% paraformaldehyde, permeabilized by 0.2% Triton X-
100, and blocked in 10% normal goat serum. Primary antibody
incubation was done at room temperature for 1 h, followed by a
30-min incubation with Alexa Fluor-labeled secondary antibodies
(Molecular Probes, Eugene, OR). Coverslips were mounted by the
blue nuclear chromatin stain 4, 6-diamidino-2-phenylindole (DAPI;
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Molecular Probes), and images were acquired by a Zeiss Axiovert
microscope deconvolution microscopy system.

Real-time PCR

Total RNA was reverse-transcribed into cDNA and reaction was
performed using TagMan-specific primer sets (AB, Applied Biosys-
tems). Relative expressions of specific genes were calculated by
AACt method by normalizing to the expression of glyceraldehyde
phosphate dehydrogenase (GAPDH) or 18s rRNA. Quantitative anal-
ysis of autophagy gene expression was carried out using RT? Pro-
filer™ PCR Array Human Autophagy (Qiagen). Fold changes were
calculated using AACt method with normalization of raw data to
housekeeping genes.

Mitochondrial copy number analysis

Total DNA was extracted using DNeasy Blood & Tissue Kit (Qiagen).
TagMan probe sets specific to human or mouse mitochondrial cyto-
chrome c oxidase subunit I (mtCOXI), and TagMan probe sets speci-
fic to human or mouse genomic GAPDH were used for quantitative
PCR-based analysis of relative mitochondrial copy number assay in
50 ng of total DNA.

Mitochondrial respiration assay

MEFs from wild-type or STUB1 knockout mice were seeded in XF24
cell culture plates (Seahorse Bioscience, North Billerica, MA). After
24 h, OCR was measured using the Seahorse Bioscience XF24 Extra-
cellular Flux Analyzer (Seahorse Bioscience). OCR of cells was
measured in sequence to basal levels (with no additives), with
1 pg/ml oligomycin, with 4 uM FCCP and 1 uM rotenone. Cells
were subjected in sequence to the following additions: (i) Basal
levels were measured with no additives; (ii) 1 uM OLIGO, which
reversibly inhibits ATP synthase and OXPHOS, was added to show
glycolysis alone; (iii) 0.3 uM FCCP, a mitochondrial uncoupler, was
added to induce maximal respiration; (iv) 0.1 uM ROT, a complex I
inhibitor and mitochondrial poison, was added to end the reaction.
Triplicate experimental wells were examined, and the results were
plotted by Seahorse software.

Luciferase assay

Luciferase activity was measured using Steady-Glo® Luciferase
Assay System (Promega Corporation). Briefly, cells were cultured in
100 pl medium using 96-well white plate, and 100 pl of CCLR (cell
culture lysis reagent) with luciferase substrate was added to each
well. Luminescence was measured using SpectroMax M3 multi-
mode microplate reader (Molecular Devices).

Statistical analyses

Data are presented as the mean + standard deviation of at least
three independent experiments. Differences between samples were
analyzed using Student’s t-test or as otherwise indicated in the text.

Statistical significance was set at P < 0.05.

Expanded View for this article is available online.
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