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The E3 ubiquitin ligase STUB1 regulates autophagy and mitochondrial biogenesis

by modulating TFEB activity
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ABSTRACT

TFEB is a master regulator for transcription of genes involved in autophagy, lysosome and mitochondrial
biogenesis. Activity of TFEB is inhibited upon its phosphorylation. STUB1, a chaperone-dependent E3
ubiquitin ligase, modulates TFEB activity by preferentially targeting inactive phosphorylated TFEB for
degradation by the ubiquitin proteasome pathway. Thus, the ubiquitin-proteasome pathway participates
in regulating autophagy and lysosomal functions by regulating the activity of TFEB.

TFEB (Transcription Factor EB) is a master regulator of auto-
phagosome, lysosome, and mitochondrial biogenesis. Phos-
phorylation of TFEB by mammalian target of rapamycin
(mTOR) inactivates it and sequesters it in the cytoplasm. TFEB
transcriptional activity is executed by the non-phosphorylated
form upon translocation to the nucleus.'” Cellular TFEB can
be dephosphorylated by the phosphatase calcineurin catalytic
subunit isoform beta (PPP3CB)*. However, the overall mecha-
nisms by which TFEB levels in the cell are regulated are not
well understood. Our recent study revealed some of the mecha-
nisms of TFEB turnover and how they might influence its
activity.”

STIP1 homology and U-Box containing protein 1 (STUB1)
is a chaperone-dependent E3 ubiquitin ligase that promotes
ubiquitin-mediated protein degradation and aids in cellular
stress recovery.® Our study on mice deficient in STUBI led to
the surprising observation that cells from these mice exhibited
reduced autophagy and mitochondrial biogenesis. Additional
studies revealed that STUBI deficiency led to accumulation of
TFEB but with a paradoxical reduction in TFEB activity. Fur-
ther, cellular overexpression of STUBI led to reduction in
TFEB levels but an increase in TFEB activity. To explain this
paradox, we conducted detailed mechanistic studies. These
studies elucidated that STUBI preferentially interacted with
and ubiquitinated phosphorylated TFEB and targeted it for
proteasomal degradation. By targeting the inactive phosphory-
lated TFEB for degradation, STUBI facilitated the dimerization
and nuclear translocation of the non-phosphoryated TFEB
leading to increase in overall TFEB activity. In contrast, in
STUBI-deficient cells, phosphorylated TFEB is not efficiently
degraded. Accumulation of phosphorylated TFEB exerts a
dominant negative effect by forming inactive heterodimers
with non-phosphorylated forms. TFEB activity was evaluated
by measuring proliferator-activated receptor coactivator lo
promoter (PGCla) activity, transcription of autophagy and
lysosomal genes, and TFEB nuclear translocation.
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Importantly, we found that induction of TFEB activity by
starvation or mTOR inhibition led to a marked increase in the
interaction between TFEB and STUBI. These experiments sug-
gested that phospho TFEB reduces TFEB activity by forming
heterodimers with non-phosphorylated TFEB; leading to
reduced TFEB translocation to the nucleus and that STUBI
regulates TFEB activity by modulating the level of phosphory-
lated TFEB through proteasomal degradation.

PGClea levels, mitochondrial number, and mitochondrial
oxygen consumption were reduced in STUBI1-deficient cells.
Overexpression of constitutively active mutants of TFEB
(S142A/S211A-TFEB) into STUBI1-deficient cells rescued auto-
phagy and mitochondrial function, as evidenced by increased
formation of microtubule-associated protein 1A/1B-light chain
3 (LC3) type-1I and ATP production. These findings confirmed
that the inhibition of autophagy and mitochondrial function
observed in STUBI-deficient cells was due to reduced TFEB
activity. These data also suggested that deficiency of STUB1
and a consequent reduction of TFEB activity would reduce the
ability of cells to adapt to stress due to failure to increase energy
stores or to induce autophagic-lysosomal stress responses. In
support of this concept, we found that stubl™'~ mice exhibited
near complete neonatal lethality.

Proteasomal and autophagy systems are two major cellular
degradation systems that play essential roles in maintaining
proteostasis. Our finding that the STUB1 mediates the protea-
somal degradation of the autophagy regulator TFEB has pro-
vided new insight into the interaction between these two
degradation systems.

Overall, we revealed that STUBI plays a role in maintaining
the homeostasis of the autophagy-lysosome pathway and mito-
chondrial biogenesis by modulating phosphorylated TFEB. The
diagram in Fig. 1 illustrates a proposed model of how STUBI1
regulates TFEB activity. At resting state, activated mTOR phos-
phorylates TFEB, resulting in a low baseline TFEB activity.
Upon stress, such as in starvation and/or mTOR inhibition,
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Figure 1. Mechanisms of TFEB regulation by STUB1. A. TFEB is phosphorylated by
mTOR and dephosphorylated by PPP3CS. STUBT interacts preferentially with the
phosphorylated form of TFEB, ubiquitinates it and target it for proteasomal degra-
dation. Degradation of the phosphorylated TFEB increases the proportion of non-
phosphorylated TFEB dimers, which translocate to the nucleus and exerts its effect
in increasing autophagosome, lysosome and mitochondrial biogenesis. B. STUB1
deficiency causes accumulation of the cytoplasmic phosphorylated TFEB. Phos-
phorylated TFEB is inactive, as it cannot translocate to the nucleus. More impor-
tantly, by forming heterodimers with nonphosphorylated TFEB, it exerts a
dominant negative effect on TFEB activity. Reduced TFEB activity leads to inhibi-
tion of autophagy-lysosome pathway and mitochondrial biogenesis.

there is enhanced interaction between STUB1 and phosphory-
lated TFEB. The latter is ubiqutinated by STUBI and is targeted
for proteasomal degradation. Non-phosphorylated TFEB trans-
locates to the nucleus and upregulate genes of the autophagy-
lysosomal and mitochondrial pathways as well as TFEB itself.
The results of this study suggest that targeting phosphorylated
TFEB for degradation is an important mechanism to enhance
TFEB activity. TFEB is active as a dimer.” In the absence of
phosphorylated TFEB, there is increased formation of active
non-phosporylated homodimers of TFEB. One important
implication for this cellular strategy of degrading inactive TFEB
is the need to re-synthesize new TFEB. In support of this
hypothesis, it has been shown that TFEB promotes its own
transcription.® In STUB1 deficient cells, phosphorylated TFEB
is not efficiently degraded. Accumulating phosphorylated
TFEB is inactive and it further reduces TFEB activity by form-
ing heterodimers with nonphosphorylated TFEB, leading to
reduced TFEB translocation to the nucleus. Reduced TFEB

activity, in STUBLI deficient cells, leads to inhibition of auto-
phagy-lysosome pathway and mitochondrial biogenesis. Taken
together, our study suggests that the mechanism of degrading
inactive phosphorylated TFEB and re-synthesizing new TFEB
is an important cellular mechanism to cope with cellular stress
conditions requiring increased autophagic-lysosomal and mito-
chondrial biogenesis.

TFEB upregulates the expression of key genes involved in
folding, proteostasis and lysosomal trafficking pathways. Fur-
ther, activation of TFEB attenuates lysosomal storage pathology
both in vitro and in vivo.” Due to TFEB’s ability to regulate
autophagy, TFEB is now considered a therapeutic target in dis-
eases associated with deficiencies in the autophagic-lysosomal
pathways.'” In neurodegenerative diseases, activation of TFEB
has been found to improve autophagic-lysosomal function and
ameliorate neurodegeneration, by improving behavioral defi-
cits'®. Given its critical role in the modification of TFEB’s activ-
ity, our work suggests that STUB1 may be a new potential
therapeutic target in these diseases.
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