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RESEARCH PAPER - BASIC SCIENCE

TRIM37 deficiency induces autophagy through deregulating the MTORC1-TFEB axis
Wei Wang, Zhijie Xia, Jean-Claude Farré, and Suresh Subramani

Section of Molecular Biology, Division of Biological Sciences, University of California, San Diego, CA, USA

ABSTRACT
TRIM37 gene mutations cause mulibrey (muscle-liver-brain-eye) nanism, a severe growth disorder with
prenatal onset. Although TRIM37 depletion normally induces apoptosis, patients with TRIM37 mutations
have a high risk of developing tumors, suggesting that there may be an alternative pro-survival
mechanism for TRIM37-deficient tumor cells. We find that TRIM37 interacts with MTOR and RRAGB
proteins, enhances the MTOR-RRAGB interaction and promotes lysosomal localization of MTOR, thereby
activating amino acid-stimulated MTORC1 signaling. In response to loss of TRIM37 functions, phosphor-
ylation of TFEB is significantly reduced, resulting in its translocation into the nucleus enabling its
transcriptional activation of genes involved in lysosome biogenesis and macroautophagy/autophagy.
The enhanced autophagy depends on the inhibition of MTORC1 signaling and may serve as an
alternative mechanism to survive the loss of TRIM37 functions. Our study unveils a positive role of
TRIM37 in regulating the MTORC1–TFEB axis and provides mechanistic insights into the pathogenesis of
mulibrey nanism, as well as potential therapeutic treatment.
Abbreviations: ACTB: actin beta; ATG: autophagy related; CASP3: caspase3; CLEAR: coordinated lyso-
somal expression and regulation; CQ: chloroquine; CTS: cathepsin proteases; CTSL: cathepsin L; EIF4EBP1:
eukaryotic translation initiation factor 4E binding protein 1; LAMP1: lysosomal associated membrane
protein 1; LAMP2: lysosomal associated membrane protein 2; LMNB1: lamin B1; MAP1LC3B/LC3B:
microtubule associated protein 1 light chain 3 beta; MTOR: mechanistic target of rapamycin kinase;
MTORC1: MTOR complex 1; mulibrey: muscle–liver–brain–eye; NAC: N-acetyl-L-cysteine; PARP1: poly
(ADP-ribose) polymerase 1; RAP2A: member of RAS oncogene family; RHEB: Ras homolog enriched in
brain; ROS: reactive oxygen species; RPS6KB1: ribosomal protein S6 kinase B1; RRAGB: Ras related GTP
binding B; SQSTM1: sequestosome 1; TFEB: transcription factor EB; TRIM37: tripartite motif containing 37.
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Introduction

TRIM37 (tripartite motif containing 37) is a member of the
tripartite motif (RING, B-Box, and coiled-coil domains)
family [1]. Its gene mutations result in mulibrey (muscle-
liver-brain-eye) nanism, which is a rare, autosomal-recessive
growth disorder of prenatal onset, with characteristic dys-
morphic features, pericardial constriction, and hepatomegaly
[1,2]. Additionally, patients have high risk of developing
insulin resistance, type 2 diabetes, and tumors [2–8]. So far,
23 TRIM37 gene mutations have been identified in mulibrey
nanism patients (the Leiden Open Variation Database, LOVD;
http://databases.lovd.nl/shared/genes/TRIM37).

Recently, several new cellular functions of TRIM37 pro-
teins have been revealed. TRIM37 is an E3 ligase with known
oncogenic function, and it is overexpressed in a subset of
breast cancers and promotes their transformation by mono-
ubiquitinating histone H2A [9]. Loss of TRIM37 enables
ectopic centrosomal foci formation to bypass the detrimental
consequences of acentrosomal mitosis [10,11]. We recently
found that TRIM37 protein functions as an E3 ligase for
PEX5 (peroxisomal biogenesis factor 5), the receptor for
import of peroxisomal matrix proteins, and TRIM37 defi-
ciency results in defective peroxisome biogenesis and induces

cell apoptosis [12]. These distinct functions may be attributed
to the diversity of TRIM37 localizations or the respective
substrates and shed significant insights into the pathogenesis
of mulibrey nanism. However, they do not explain the high
tumor incidence in patients. These TRIM37-deficient cells
may have acquired certain cellular changes by integrating
and modulating some signaling pathways in response to loss
of these essential TRIM37 functions. These changes, that
likely contribute to the tumor susceptibility of mulibrey nan-
ism, are the subject of this study.

The MTOR (mechanistic target of rapamycin kinase) sig-
naling pathway integrates a variety of inputs to maintain the
balance between anabolic and catabolic cellular processes, and
its deregulation is implicated in many human diseases [13,14].
MTOR is found in two multiprotein complexes: MTOR com-
plex 1 (MTORC1) and MTORC2. The former senses growth
factors through the TSC1/2 (TSC complex subunit 1/2)-RHEB
(Ras homolog enriched in brain) axis [15]. Growth factors
activate PI3K-AKT signaling, which phosphorylates TSC1/2
and inhibits its GAP activity towards RHEB GTPase. The
resulting higher level of GTP-bound RHEB activates
MTORC1 kinase in response to growth factors [16–20].

Alternatively, amino acids also activate MTORC1 signaling
through RRAG (Ras related GTP binding) proteins [21,22]. In
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the presence of amino acids, the GTPases RRAGA/B and
RRAGC/D are loaded with GTP and GDP respectively, which
promote their interaction with MTOR and recruit it to the lyso-
some surface. Once on the lysosomes, MTOR meets its upstream
effector, RHEB, and gets activated [23,24]. A well-known process
controlled by MTORC1 activation is the stimulation of protein
synthesis by phosphorylation of MTORC1 substrates, the transla-
tional regulators EIF4EBP1 (eukaryotic translation initiation fac-
tor 4E binding protein 1) and RPS6KB1 (ribosomal protein S6
kinase B1) [13].

Autophagy is a self-digestive process that provides nutrients in
response to intra- and extracellular stresses [25,26]. These stresses
include lack of nutrients or growth factors, hypoxia, oxidative
stress, DNA damage, protein aggregation, damaged organelles,
or intracellular pathogens [27]. Autophagy is activated through
multiple stress-sensing signaling pathways that allow cells to cope
with these detrimental stresses. Nutrient or growth factor deple-
tion for example, as addressed above, results in inhibition of
MTORC1 signaling, which induces macroautopahgy/autophagy
through de-phosphorylation of downstream effectors involved in
autophagy [15]. One of these is TFEB (transcription factor EB), a
member of MiTF/TFE transcription factor family, which is phos-
phorylated by MTORC1 in nutrient-rich conditions, resulting its
association with the cytosolic chaperone, YWHA/14–3-3, and its
retention in the cytoplasm [28,29]. Similar toMTOR, TFEB is also
recruited to the lysosome surface by RRAG proteins under nutri-
ent-rich conditions to facilitate its phosphorylation by MTORC1
[30]. Inhibition of MTOR by torin treatment, amino acid with-
drawal, or mitochondrial or ER stresses leads to de-phosphoryla-
tion of TFEB, its dissociation from YWHA/14–3-3 proteins, and
subsequent translocation into the nucleus [31–33]. Once in the
nucleus, TFEB functions as a transcription factor to up-regulate
expression of a variety of genes involved in lysosome biogenesis
and autophagy. This role has been referred to as the CLEAR
(Coordinated Lysosomal Expression and Regulation) gene net-
work controlled by TFEB [34–36].

In this study, we report that loss of TRIM37 induces autophagy
in a MTORC1-dependent manner, which may serve as a pro-
survival mechanism following the loss of TRIM37.

Results

TRIM37 depletion increases basal autophagic flux

To explore how cells respond to the stresses caused by the loss of
TRIM37 functions, we examined the autophagy status in shRNA-
mediated TRIM37-knockdown (KD) cells. During autophagy,
nascent MAP1LC3/LC3 (microtubule associated protein 1 light
chain 3) is first processed into LC3-I and subsequently conjugated
with phosphatidylethanolamine (PE) to become LC3-II, which
associates with phagophore and autophagosomemembranes. The
protein SQSTM1 (sequestosome 1) is selectively incorporated into
phagophores by direct binding to LC3, and is degraded by autop-
hagy [25]. Hence the cellular LC3-II level and SQSTM1 abun-
dance are widely used as markers for autophagy detection [37].
We found a remarkable increase of LC3B-II and a decrease of
SQSTM1 proteins in TRIM37 KD HepG2 and HEK 293T cells
(Figure 1(a)). Additionally, more autophagosome structures were
formed by TRIM37 depletion, as indicated by punctate staining of

endogenous LC3B, as well as exogenous mCherry-EGFP-LC3B
proteins (Figure 1(b,c)). The increased mCherry-EGFP-LC3B
puncta colocalized with the lysosome marker, LysoTracker Blue,
suggesting that TRIM37 depletion promotes fusion of autophago-
somes with lysosomes (Figure 1(c)).

We examined if the enhanced autophagy mediated by
TRIM37 KD depends on the canonical autophagy machinery,
such as ATG7 and ATG16L1. A combination of siRNAs
targeted to ATG7 and ATG16L1 resulted in maximum inhibi-
tion of autophagy, as indicated by reduction of LC3B-II pro-
tein levels (Fig. S1A). Silencing of ATG7 and ATG16L1 in
TRIM37 KD cells reduced autophagy to the level comparable
to that seen in control cells (Figure 1(d)). These results sug-
gested that TRIM37 depletion induces canonical autophagy,
which depends on ATG7 and/or ATG16L1.

The increased LC3B-II protein and accumulation of LC3B
puncta in TRIM37 KD cells might result either from bona fide
autophagy induction or, alternatively, impaired autophago-
some degradation. To address this issue, we treated cells
with chloroquine (CQ), an autophagy inhibitor that raises
lysosomal pH and inhibits lysosomal degradation. Further
accumulation of autophagosomes and LC3B-II protein
would indicate that loss of TRIM37 increases autophagic
flux. Otherwise, TRIM37 depletion would inhibit autophago-
some degradation. CQ treatment dramatically increased
LC3B-II in TRIM37 KD cells (lane 4) compared to those
seen in untreated TRIM37 KD cells (lane 2) and CQ-treated
control cells (lane 3) (Figure 1(e)), demonstrating that autop-
hagic flux was significantly enhanced in TRIM37 KD cells due
to enhanced autophagosome generation.

Additionally, we used the mCherry-EGFP-LC3B construct
for autophagy flux analysis. This is based on the fact that the
GFP signals are quenched in acidic lysosomes, while mCherry
signals are relatively stable. CQ treatment recovers the GFP
signals due to increase of lysosomal pH. Hence, we observed
the appearance of yellow dots (colocalization of mCherry and
EGFP signal) in control cells treated with CQ (Figure 1(f)).
These yellow dots were more abundant in CQ-treated
TRIM37 KD cells (Figure 1(f)), further demonstrating that
autophagy flux was enhanced in TRIM37 KD cells.

TRIM37 depletion inhibits amino acid-stimulated
MTORC1 signaling

To explore the mechanism underlying the enhanced autop-
hagy in TRIM37-depleted cells, we investigated a couple of
essential signaling pathways that might be affected. None of
the MAPK1/3 (ERK2/1), AKT, and AMPK signaling pathways
were affected in TRIM37 KD cells as indicated by their phos-
phorylation status (Fig. S1B). However, to our surprise, there
was a substantial inhibition of MTORC1 activity as indicated
by the decrease of phosphorylation of its two well-known
downstream substrates, RPS6KB1 and EIF4EBP1, in TRIM37
KD HepG2 cells and HEK 293T cells (Figure 2(a) and
Fig. S1B). These results indicate that TRIM37 positively reg-
ulates MTORC1 signaling in normal growth conditions.

MTORC1 signaling acts as a master regulator of diverse
cellular processes by sensing and integrating the availability of
various nutrients such as amino acids and growth factors (e.g.

AUTOPHAGY 1575



insulin). Amino acid withdrawal reduces phospho-RPS6KB1
and re-addition of amino acids activates MTORC1 signaling
in a time-dependent manner in control cells (Figure 2(b)). In
contrast, the response to amino acids was significantly
reduced by TRIM37 depletion (Figure 2(b)).

We also observed a delay of MTORC1 activation in
response to insulin stimulation in TRIM37 KD cells
(Fig. S1C). However, this was due to the reduced basal
MTORC1 activity at the initial time point, as the rate of

MTORC1 activation was almost the same as that seen in
control cells when the blots were compared at different
exposure times (Fig. S1C). This suggests that TRIM37
mainly regulates amino acid-stimulated, but not growth
factor-stimulated, MTORC1 signaling. Supporting this,
we found no changes of phosphorylation of AKT and
TSC2 proteins upon TRIM37 depletion (Fig. S1B), two
readouts for growth factor-activated MTORC1 signaling
[17,18].

Figure 1. TRIM37 depletion induces autophagy. (a) HepG2, HEK 293T control, and TRIM37 KD cells grown in normal growth media were collected for detection of the
proteins via western blotting using the indicated antibodies. Actin beta (ACTB) was used as a loading control. (b) HepG2 control and TRIM37 KD cells were immuno-
stained with anti-LC3B antibody to detect the localization of endogenous LC3B proteins using regular immuno-fluorescence microscopy. (c) TRIM37 was depleted
(TRIM37 KD) in HepG2 cells stably expressing mCherry-EGFP-LC3B. Cells grown in normal growth media were incubated with LysoTracker Blue (0.2 μM) for 30 min
before fixation with 4% paraformaldehyde and subsequent confocal image acquisition. (d) HEK 293T control and TRIM37 KD cells were transfected with two siRNAs
for ATG7 and ATG16L1. Cells were collected after 72 h for protein detection with the indicated antibodies. (e) HepG2 control and TRIM37 KD cells were treated with
CQ (10 μM) for 6 h prior to western blot detection of proteins shown. s.e. short exposure; l.e. long exposure. (f) HepG2 control and TRIM37 KD cells stably expressing
mCherry-EGFP-LC3B were treated with (+) or without (-) CQ (10 μM) for 6 h before confocal image acquisition. Scale bars: 10 μm. The intensities of LC3B-II were
quantified and presented as the ratio of LC3B-II:ACTB below the LC3B blots as ± SEM (n = 3) from 3 independent experiments. The LC3B-II:ACTB value in control cells
was set as 1.
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TRIM37 interacts with MTOR and RRAGB and its depletion
inhibits MTOR-RRAGB interaction and RRAGB-mediated
MTORC1 activation

We sought to address how TRIM37 regulates amino acid stimu-
lated MTORC1 pathway. We recently revealed an indispensable
role of TRIM37 in peroxisome biogenesis and the defective import
of peroxisomal matrix proteins in cells depleted of TRIM37 [12].
As peroxisomes are involved in maintaining homeostasis of reac-
tive oxygen species (ROS) [39,40] and recent papers show that
oxidative stress modulates TFEB activation andMTORC1 activity
via the lysosomal ROS sensor, MCOLN1/TRPML1 (mucolipin 1)
[41,42], it seemed plausible that the potential disruption in ROS
homeostasis mediates MTORC1 inhibition in TRIM37-deficient
cells. To test this, we first examined ROS levels by using the
DHR123 and CellRox dyes and found the ROS level in TRIM37
KD cells was comparable to those seen in control cells (Fig. S2A
and B). Furthermore, ROS scavengers N-acetyl-L-cysteine (NAC)
and TEMPO failed to rescue MTORC1 inhibition and autophagy
induction caused by TRIM37 depletion (Fig. S2C). These results
suggest that the effect of TRIM37 on MTORC1 does not depend
on ROS.

TRIM37 may function directly as an E3 ligase by ubiquiti-
nating some key protein(s) in the amino acid-stimulated
MTORC1 pathway. This is unlikely since the E3 ligase-defec-
tive TRIM37 mutant (C35,36S) [12,43] behaved the same as
the WT protein in rescuing the MTORC1 and autophagy
phenotypes (Fig. S2D). This result suggested that TRIM37
might interact directly with and modulate the activities of
some key proteins in this pathway.

To this end, we first tested if TRIM37 interacts with MTOR
and RRAGB proteins. Co-immunoprecipitation results showed
that TRIM37 was indeed associated with MTOR and RRAGB
(Figure 3(a,b)) and TRIM37-RRAGB interaction was indepen-
dent of amino acid availability (Figure 3(c)).

Next, we analyzed the subcellular localization of MTOR
because MTORC1 activity depends on its localization at lyso-
somes [23,24]. Amino acid depletion causes a cytoplasmic
distribution of MTORC1, while addition of amino acids re-
distributes MTORC1 to lysosomes, as indicated by the punc-
tate staining of MTORC1 and its colocalization with the

lysosomal marker protein, LAMP2 (lysosomal associated
membrane protein 2) (Figure 3(d,e)). However, MTORC1
failed to localize at lysosomes upon TRIM37 depletion in
response to amino acid stimulation (Figure 3(d,e)). These
results suggest that TRIM37 enhances lysosomal distribution
of MTORC1, hence promoting the signaling.

GTPases RRAGA/B and RRAGC/D are activated by bind-
ing GTP and GDP, respectively, in response to amino acids,
which promotes their interaction with MTOR and recruits
MTOR to the lysosome surface [21,22]. As TRIM37 silencing
inhibited MTOR recruitment to the lysosomes, we tested
whether the MTOR-RRAGB interaction was affected. As
expected, TRIM37 depletion caused a striking reduction of
MTOR-RRAGB interaction (Figure 3(f)).

We then asked whether RRAG proteins mediated TRIM37-
regulated MTORC1 signaling by overexpressing RRAGB
(WT) or its constitutively-active forms, RRAGBGTP

RRAGCGDP, in TRIM37 KD cells. Under normal growth
conditions, RRAGBGTP RRAGCGDP but not RRAGB (WT)
expression reversed the inhibition of MTORC1 activity by
TRIM37 KD, comparable to that seen in control cells
(Figure 4(a)). During amino acid stimulation, MTORC1 activ-
ity was constitutively activated by overexpressing RRAGBGTP

RRAGCGDP in both control and TRIM37 KD cells, irrespec-
tive of amino acid availability (Figure 4(b)). Furthermore,
MTOR was re-distributed to lysosomes when RRAGBGTP

was expressed in TRIM37 KD cells (Figure 4(c)). These results
suggest that TRIM37 activates MTORC1 following amino-
acid stimulation through the RRAG proteins.

Hence our results show that TRIM37 interacts with MTOR
and RRAGB, enhances MTOR-RRAGB interaction, and pro-
motes lysosomal localization of MTOR proteins, thereby con-
tributing directly to the activation of MTORC1 signaling in
response to amino acids.

TRIM37 depletion activates TFEB signaling

Two well-known MTORC1 substrates for autophagy regula-
tion are ULK1 (unc-51 like autophagy activating kinase 1) and
TFEB [28,29,44]. We found that the phosphorylation of ULK1

Figure 2. TRIM37 depletion inhibits amino acid-stimulated MTORC1 signaling. (a) HepG2, HEK 293T control, and TRIM37 KD cells were cultured in normal growth
media and collected for protein detection via western blotting with the indicated antibodies. T-RPS6KB1 and T-EIF4EBP1 indicate total RPS6KB1 and EIF4EBP1,
respectively. ACTB was used as a loading control. (b) HepG2 control and TRIM37 KD cells were incubated in media depleted of amino acids (AA) [38] for 2 h and
stimulated with amino acid-containing media for the indicated times, before proteins were detected by western blots. GAPDH was used as a loading control.
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at Ser757, which is directly phosphorylated by MTORC1 [44],
was barely altered by TRIM37 depletion (Fig. S1B). Hence we
suspected that TRIM37 depletion might affect TFEB activity.
As a transcription factor, TFEB was dephosphorylated as
indicated by the disappearance of slowly migrating, smeared
bands (Fig. S3A), and moved to nucleus (Fig. S3B), where it
could activate genes involved in lysosome biogenesis and
autophagy in response to MTORC1 inhibition by amino
acid depletion or lysosome disruption [28,29,36].

TFEB phosphorylation was dramatically reduced by
TRIM37 depletion, as indicated by the decrease of the
smeared bands, corresponding to phospho-TFEB (Figure 5
(a)). Consistently, endogenous TFEB proteins were predomi-
nantly present in the nuclear fractions in TRIM37-depleted
cells compared with the mostly cytosolic distribution in con-
trol cells (Figure 5(b)). This was further confirmed by the
almost exclusively nuclear distribution of TFEB-GFP in
TRIM37 KD cells (Figure 5(c,d)). In contrast to that observed
in control cells, addition of amino acids failed to re-translo-
cate TFEB from the nucleus to the cytoplasm in TRIM37 KD

cells following amino acid withdrawal (Figure 5(c,d)), consis-
tent with the inhibition of MTORC1 signaling in response to
amino acid stimulation in TRIM37 KD cells (Figure 2(b)).

Besides TFEB, other members of MiTF/TFE family such as
TFE3 (transcription factor binding to IGHM enhancer 3), MITF-
A (melanogenesis associated transcription factor), and MITF-D
have also been shown to move into the nucleus in response to
MTORC1 inhibition [29,31]. Similar to TFEB, a predominantly
nuclear distribution of these transcription factors (TFE3, MITF-
A, and MITF-D) was observed in TRIM37 KD HepG2 (Figure 6
(a,b)) and HEK 293T cells (Fig. S4A and B), in contrast to their
mainly cytoplasmic distributions in control cells. These results
suggest that TRIM37 broadly controls the activity of MiTF/TFE
transcription factors through MTORC1 signaling.

Upon moving into nucleus, MiTF/TFE family proteins
activate transcription of numerous genes involved in lysosome
biogenesis and autophagy. Consistent with this notion,
mRNA levels of a substantial number of genes involved in
lysosome biogenesis and autophagy were significantly upre-
gulated upon TRIM37 depletion (Figure 6(c)). More

Figure 3. TRIM37 interacts with MTOR and RRAGB proteins and its depletion inhibits MTOR-RRAGB interaction and lysosomal distribution of MTOR. (a) HEK 293T cells
were transfected with FLAG-MTOR and TRIM37-GFP constructs. After 24 h, equal amounts of cell lysates were collected for immunoprecipitation (IP) with control IgG
(Ctrl) or FLAG antibody, followed by protein detection with GFP and MTOR antibodies. (b and c) HEK 293T cells were transfected with HA-GST-RRAGB and TRIM37-GFP
constructs. After 24 h, cells lysates were collected (normal). Alternatively, cells were starved for amino acid for 2 h (AA-) and stimulated with amino acid-containing
media for 1 h (AA+). Equal amounts of cell lysates were collected for immuno-precipitation (IP) with control IgG (Ctrl) or HA antibody. GFP and HA-HRP antibodies
were used to detect TRIM37-GFP and HA-GST-RRAGB, respectively. (d and e) HepG2 control and TRIM37 KD cells were incubated in amino acid-depleted media [38]
for 2 h (AA-) and then stimulated with amino acid-containing media (AA+) for 15 min. Nuclei were stained with DAPI. (d) Cells were immuno-stained with MTOR
antibody. (e) Cells stimulated with AA (15 min) were co-stained with MTOR and LAMP2 antibodies. The images were acquired by confocal microscopy. Scale bars: 10
μm. (F) HEK 293T control and TRIM37 KD cells were transfected with FLAG-MTOR and HA-GST-RRAGB constructs. After 24 h, equal amounts of cell lysates were
collected for immuno-precipitation (IP) with control IgG (Ctrl) or HA antibody, followed by protein detection with the indicated antibodies. s.e. short exposure; l.e.
long exposure.
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importantly, we also found that certain lysosomal proteins,
such as cathepsin proteases and LAMP1 (lysosomal associated
membrane protein 1), were increased in TRIM37 KD cells
(Figure 5(a)), consistent with the up-regulation of these
mRNAs as well (Figure 6(c)). These results suggested that

TRIM37 depletion induces autophagy by activation of MiTF/
TFE family proteins.

We also observed a remarkable deregulation of the MTORC1-
TFEB axis in patient fibroblasts with TRIM37 gene mutation [12].
MTORC1 activity was significantly inhibited, accompanied by
increase of TFEB nuclear distribution in these TRIM37-deficient
fibroblasts (Fig. S5A-C), further supporting our conclusions and
highlighting the significance of our studies.

The enhanced autophagy by TRIM37 depletion depends
on the inhibition of MTORC1 signaling

The above results suggested that the enhanced autophagy in
TRIM37-depleted cells might depend on the inhibition of
MTORC1 and activation of TFEB. To further demonstrate this,
we expressed RRAGBGTP (RRAGBQ99L) in TRIM37 KD cells.
RRAGBGTP expression would constitutively activate MTORC1
signaling, irrespective of the availability of amino acids. As
expected, expressing RRAGBGTP protein rescued MTORC1 inhi-
bition by TRIM37 depletion (Figure 7(a)). More importantly,
TFEB phosphorylation was restored (Figure 7(a)), the protein re-
distributed from the nucleus to the cytoplasm (Figure 7(b,c)), and
autophagy activation was reversed in TRIM37 KD cells with
RRAGBGTP expression (Figure 7(a)). These results directly
demonstrate that TRIM37 inhibits autophagy through MTORC1
activation.

To determine if the enhanced autophagy and increase in
lysosomal proteins caused by TRIM37 depletion depends on
TFEB activation, we silenced TFEB in TRIM37 KD cells.
However, we still observed increases of autophagy, as well as
cathepsin protease proteins, in the double TFEB TRIM37 KD
cells (Fig. S4C). Since MiTF/TFE family members play redun-
dant roles [31,32,45,46], the increased activities of other
MiTF/TFE family members (Figure 6(a–c)) may compensate
for the loss of TFEB functions in TRIM37 KD cells.

The enhanced lysosomal functions may serve as an
alternative mechanism to survive the loss of TRIM37
functions

The above results suggested that the enhanced autophagy and
lysosome functions by TRIM37 depletion might provide an
alternative mechanism to survive the loss of TRIM37 func-
tions. To demonstrate this, we used CQ to inhibit lysosome
functions. CQ treatment had little effect on cell survival, as
indicated by percentages of positive propidium iodide (PI)-
staining cells (Figure 8(a)) and cleaved PARP1 (poly[ADP-
ribose] polymerase 1) and CASP3 (caspase 3) proteins (lane 1
and 3, Figure 8(b)), and anchorage independent cell growth
(Figure 8(c)) in control cells. Consistent with previous obser-
vations [12], TRIM37 depletion induced cell death as indi-
cated by both PI staining (CQ [-], Figure 8(a)) and detection
with cleaved PARP1 and CASP3 (lane 1 and 2, Figure 6(b)),
and reduced anchorage-independent cell growth (CQ [-],
Figure 8(c)). However, CQ treatment resulted in further cell
death and inhibition of anchorage-independent growth in
TRIM37 KD cells (Figure 8(a–c)). Similarly, a further increase
of cell death was observed in the double TRIM37 ATG7 KD
cells as indicated by CASP3 cleavage (Fig. S6A). These results

Figure 4. TRIM37 promotes MTOR signaling through RRAGB. (a) HepG2 control
and TRIM37 KD cells were transfected with constructs encoding GFP only,
RRAGBGTP (HA-GST-RRAGBQ99L) plus RRAGCGDP (HA-GST-RRAGCS75L), or HA-GST-
RRAGB (WT). Cells were collected after 24 h of transfection, before proteins were
detected by western blots. (b) HepG2 control and TRIM37 KD cells were trans-
fected with constructs encoding myc-RPS6KB1, together with GFP or RRAGBGTP

plus RRAGCGDP . After 24 h, cells were incubated with amino acid-depletion
media for 2 h, followed by stimulation with amino acid-containing media for
15 min, before proteins were detected by western blots. (c) HepG2 control,
TRIM37 KD cells and TRIM37 KD cells expressing FLAG-RRAGBGTP were immunos-
tained with MTOR antibody. Nuclei were stained with DAPI. The images were
acquired by confocal microscopy. Scale bars: 10 μm.
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Figure 5. TRIM37 depletion reduces TFEB phosphorylation and induces TFEB nuclear translocation. (a) HepG2, HEK 293T control, and TRIM37 KD cells grown in
normal growth media were collected for protein detection with the indicated antibodies. The smeared bands represent TFEB phosphorylation (phospho-TFEB). Pan-
cathepsin (pan-CTS) antibody recognizes cathepsin family proteins. ACTB is used as a loading control. (b) HepG2 control and TRIM37 KD cells were fractionated into
cytoplasm (Cyt) and nucleus (Nuc), followed by protein detection with the indicated antibodies. GAPDH and LMNB1 (lamin B1) were used as control proteins for
cytoplasmic and nuclear fractions, respectively. (c and d) The TFEB-GFP expression construct was transfected into HepG2 control or TRIM37 KD cells. After 24 h, cells
were incubated in amino acid-free media for 2 h (AA-), followed by incubation in amino acid-containing media (AA+) for 2 h. Normal, shows cells grown in normal
growth media. Nuclei were stained with DAPI. Scale bars: 5 μm. (d) Quantification of cells shown in (c). Approximately 20–30 cells expressing TFEB-GFP were
obtained and the percentages of cells with predominantly nuclear TFEB-GFP distributions were quantified. The results are presented as mean ± SEM (n = 3) based on
3 independent experiments. **, p < 0.01; ***, p < 0.001 (Student’s t test).

Figure 6. TRIM37 depletion induces nuclear translocation of MiTF/TFE family proteins and activates the CLEAR network. (a and b) HepG2 control and TRIM37 KD cells
were transfected with constructs expressing TFEB-GFP, TFE3-GFP, MITF-A-GFP, or MITF-D-GFP. Images were taken after 24 h. Scale bars: 5 μm. (b) Quantification of
cells in (a). Approximately 20–30 GFP-positive cells were obtained and the percentages of cells with predominantly nuclear distributions of these GFP fusion proteins
were quantified. The results are presented as mean ± SEM (n = 3) based on 3 independent experiments. ***, P < 0.001 (Student’s t test). (c) Real-time PCR analysis of
the autophagy genes and lysosome biogenesis genes in HepG2 control and TRIM37 KD cells. Data are shown as mean ± SEM, n = 3. *: p < 0.05, **: p < 0.01, ***:
p < 0.001 (Student’s t-test).
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suggest that the survival of TRIM37-deficient cells may
depend on enhanced lysosomal functions. On the other
hand, the induced cell death in CQ-treated or untreated
TRIM37 KD cells was abolished when cells were expressing
MTORC1 constitutive proteins RRAGBGTP (RRAGBQ99L)
(Fig. S6B), suggesting that TRIM37 depletion induces cell
death through MTORC1 inhibition.

Discussion

Our studies present a molecular mechanism for how cells
respond to, integrate, and adapt to intracellular changes in
response to loss of TRIM37 functions. MTORC1 is a master
regulator of basic cellular processes such as cell growth, sur-
vival, and metabolism, and its deregulation has been impli-
cated in many human diseases including cancer, diabetes, and
neurodegeneration, as well as in many human genetic diseases
[13,14,47,48]. Our studies implicate MTORC1 as the major

signaling pathway affected by TRIM37 deficiency in mulibrey
nanism. The depletion of TRIM37 inhibits the cellular
response to nutrients, such as amino acids but not growth
factors, through MTORC1 inhibition and consequently,
enhancing autophagy, which might contribute to the patho-
genesis of mulibrey nanism.

Unlike the role of TRIM37 in peroxisome biogenesis [12] and
H2A-mediated transcriptional regulation [9], TRIM37 promotes
activation of MTORC1 independent of its E3 ligase activity.
Interestingly, we find that TRIM37 interacts directly with the
key components of MTORC1 pathway (MTOR and RRAGB).
Our results also suggest that the presence of TRIM37 facilitates
RRAGB-mediated recruitment of MTOR to lysosomes, which
activates the signaling. TRIM37 may act as a bridge that brings
together MTOR and RRAGB proteins since the MTOR-RRAGB
interaction is remarkably reduced by TRIM37 depletion.
Another possibility is that TRIM37 promotes GTPase RRAGB
transition from the inactive GDP to the active GTP bound form,

Figure 7. RRAGBGTP expression rescues MTORC1 inhibition and compromises autophagy induction by TRIM37 depletion. (a–c) TRIM37 was silenced in HepG2 cells
stably expressing FLAG-RAP2A or FLAG-RRAGBGTP (FLAG-RRAGBQ99L). (a) These cells in normal growth media were collected for protein detection with the indicated
antibodies. ACTB is used as a loading control. (b) The cells were also transfected with the TFEB-GFP construct. After 24 h, the localization was analyzed by microscopy.
Nuclei were stained with DAPI. Scale bars: 5 μm. (c) Quantification of cells shown in (b). Approximately 20–30 cells expressing TFEB-GFP were obtained and the
percentages of cells with predominantly nuclear TFEB-GFP distributions were quantified. The results are presented as mean ± SEM (n = 3) based on 3 independent
experiments. ***, p < 0.001 (Student’s t test). FLAG-RAP2A was used as a negative control protein, as described previously [24].

Figure 8. Survival of TRIM37 KD cells may depend on lysosomal functions. (a and b) HepG2 control and TRIM37 KD cells were treated without (-) or with (+) CQ (10
μM) for 16 h. (a) Cells were collected for PI staining to analyze the percentages of cell death. Data from triplicate samples in each group are presented as mean ± SEM
and representative of 3 independent experiments; *: p < 0. 05; **: p < 0. 01; (Student’s t-test). (b) Cells were also collected for protein detection with the indicated
antibodies. (c) HepG2 control and TRIM37 KD cells were grown in soft agar in the absence (-) or presence (+) of CQ (10 μM). The pictures were taken after 2 weeks.
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which then recruits MTOR to lysosomes for activation. These
hypotheses need to be tested in the future.

In response to various environmental or intracellular stresses,
TFEB activates the CLEAR network, which regulates lysosome
biogenesis and autophagy [31]. Our results show that the stresses
caused by the loss of TRIM37 increase TFEB activity and autop-
hagy in an MTORC1-dependent manner. Depending on the cel-
lular context, autophagy can either promote or inhibit cell death
[49–51]. Our study suggests that autophagy may facilitate a pro-
survival function upon the loss of TRIM37. Patients with TRIM37
gene mutations have high risk of developing tumors, with kidneys
being the organ that is affected most often [2,4–8]. Consistently,
TRIM37 protein is hardly detected in renal cancers, compared to
its high level in normal tissues [52]. It has been shown that
progression of renal cell carcinomas requires autophagy [53–55].
Our results, in combination with these patient data, suggest that
these TRIM37-deficient renal cancer cells may have adapted
autophagy as an alternative survival mechanism to provide essen-
tial metabolites and/or nutrients to help these tumor cells over-
come the loss of TRIM37.

Because chloroquine and its derivative hydroxychloroquine
(HCQ) are well tolerated in humans and have been used thera-
peutically for several diseases, including malaria, rheumatoid
arthritis, lupus erythematosus, and some human cancers [56], it
is worth exploring whether CQ, HCQ, and their derivatives may
also have beneficial effects for treating tumors in mulibrey nanism
patients. Indeed, small molecules related to HCQ, such as ROC-
325, or its combination with other drugs, have proven to have
therapeutic potential in renal cell carcinoma cells [57–59].

Materials and methods

Reagents

The following antibodies were purchased from Cell Signaling
Technology: p-AKT (Ser473; 4060), p-PRKAA/AMPKα (Thr172;
2535), p-EIF4EBP1 (Thr37/46; 2855), EIF4EBP1 (9644), p-ULK1
(Ser757; 6888), p-MAPK1/ERK2-MAPK3/ERK1 (Thr202/Tyr204;
4376), TFEB (4240), p-RPS6KB1 (Thr389; 9234), cleaved CASP3
(Asp175; 9664); cleaved PARP1 (Asp214; 5625); GAPDH (2118),
p-TSC2 (Thr1462; 3617), TSC2 (4308), MTOR (2983). The fol-
lowing antibodies were from Santa Cruz Biotechnology: TRIM37
(sc-515,044), ULK1 (sc-390,904), LAMP1 (sc-20,011), LAMP2
(sc-18,822), CTSL (sc-32,320), pan-CTS (sc-376,803), LMNB1
(sc-374,015), SQSTM1 (sc-28,359), ATG16L1 (sc-393,274).
Other antibodies are as follows: ACTB (Sigma, A1978), FLAG
(Sigma, F3165), LC3B (for WB, Novus Biologicals, NB100-2220),
LC3B (for IF, Nanotools, 0231–100), ATG7 (Epitomics, 2054–1),
HA-HRP (Abcam, ab1190), HA (Sigma, 11,583,816,001). Other
reagents were as follows: chloroquine (Sigma, C6628), insulin
(Sigma, I5500), LysoTracker Blue DND-22 (Invitrogen, L7525),
N-acetyl-L-cysteine (NAC; Sigma, A9165), 4-hydroxy-TEMPO
(Sigma, 176,141). The siRNAs used to silence ATG7 and
ATG16L1 were as described previously [60].

Plasmids

The following plasmids were purchased from Addgene. pBABE-
puro mCherry-EGFP-LC3B (22,418; deposited by Jayanta

Debnath lab), pEGFP-N1-TFEB (38,119; deposited by Shawn
Ferguson lab), pEGFP-N1-MITF-A (38,132; deposited by Shawn
Ferguson lab), pEGFP-N1-MITF-D (38,133; deposited by Shawn
Ferguson lab), pEGFP-N1-TFE3 (38,120; deposited by Shawn
Ferguson lab), Flag pLJM1 RAP2A (19,311; deposited by David
Sabatini lab), Flag pLJM1 RRAGB 99L (19,315; deposited by
David Sabatini lab), pRK5-HA GST RRAGBWT (19,301; depos-
ited by David Sabatini lab), pRK5-HA GST RRAGB 99L (19,303;
deposited by David Sabatini lab), pRK5-HA GST RRAGC 75L
(19,305; deposited by David Sabatini lab), FLAG-MTOR (26,603;
deposited by Jie Chen lab).

Cell culture and DNA transfection

HEK 293T and HepG2 cells (ATCC) were cultured in
Dulbecco’s modified Eagle’s medium (DMEM; Thermo
Fisher Scientific, 11,965,118) supplemented with 10% fetal
bovine serum (Thermo Fisher Scientific, A3160601) and peni-
cillin/streptomycin (1:100 dilution, Thermo Fisher Scientific,
15,140,122). Fibroblasts from a healthy donor (AG21802) and
a mulibrey nanism patient (AG02122) were obtained from the
Coriell Institute and cultured in minimum essential medium
eagle (Sigma, M5650) supplemented with 15% fetal bovine
serum (Thermo Fisher Scientific, A3160601) and penicillin/
streptomycin (1:100 dilution, Thermo Fisher Scientific,
15,140,122). All cells were incubated at 37°C in a humidified
5% (v:v) CO2 incubator. Cell transfection was performed by
using X-tremeGENE™ HP DNA Transfection Reagent (Sigma,
6,366,546,001) according to manufacturer’s instructions.

Western blot and co-immunoprecipitation

Cells were collected in lysis buffer (40 mM HEPES, pH 7.4,
120 mM NaCl, 1 mM EDTA, 1.0% CHAPS (Thermo Fisher
Scientific, 28,299), 10 mM pyrophosphate (Sigma, P9146),
10 mM glycerophosphate (Sigma, G6251), and protease inhi-
bitor cocktails (Sigma, 05892791001)). The lysates were cen-
trifuged (12,000 xg, 5min) and supernatants were collected.
The protein concentrations were measured using a BCA pro-
tein assay kit (Thermo Fisher Scientific, 23,225) and equal
amounts of proteins were subjected to western blot analysis.
To obtain better migration and separation of the phosphory-
lated and non-phosphorylated TFEB, we used commercial
4–15% gradient precast protein gels (Bio-Rad, 4,561,084) for
detection of TFEB. Otherwise, we used homemade SDS-
PAGE gels for protein migration. Image Studio Ver4.0 soft-
ware was used to examine if the blots were oversaturated.

For co-immunoprecipitation, cells were transfected with
constructs and collected in lysis buffer (50 mM Tris-HCl,
pH 7.5, 150 mM NaCl, 0.2% Triton X-100 (Sigma, X100RS),
10% glycerol, and protease inhibitors). Protein lysates were
incubated with the corresponding IP antibody followed by
addition of protein G beads (Sigma, GE17-0618–01). The IP
beads were washed 3 times with lysis buffer and boiled for
10 min in 40 µl of 2× SDS sample buffer (100 mM Tris-HCl,
pH 6.8, 4% SDS, 20% glycerol, 0.2 M dithiothreitol [DTT],
and 0.02% bromophenol blue). The IP lysates were subjected
to western blot detection of the interacting proteins.
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Immunofluorescence

Cells were grown on cover slides and fixed with 4% parafor-
maldehyde (Sigma, 158,127) for 10 min, followed by 5 min of
0.5% Triton X-100 permeabilization and 0.5 h of blocking with
1% BSA (Sigma, A7030) in Dulbecco’s phosphate-buffered sal-
ine (DPBS; Thermo Fisher Scientific, 14,190–250) at room
temperature. To stain the endogenous LC3B proteins, cells
were fixed with 100% methanol for 15 min at −20°C. The slides
were then incubated with primary antibodies and the corre-
sponding fluorescent dye-conjugated secondary antibodies for
2 h and 1 h, respectively. Nuclei were stained with DAPI (1 μg/
ml; Sigma, D8417). The localizations were observed under a
fluorescence microscope (Axioskop 2 MOT plus; Carl Zeiss)
and the pictures were acquired and processed using the
AxioVision software (Carl Zeiss). Alternatively, the slides were
observed and images acquired by confocal microscopy (Zess
LSM880 Laser Scanning Microscope with Airyscan).

RT-PCR

Total RNA was extracted with TRIzol reagent (Thermo Fisher
Scientific, 15,596,026) and reverse transcribed according to
manufacturer’s instructions using the High-Capacity cDNA
Reverse Transcription Kit (Thermo Fisher Scientific,
4,374,966). The cDNA was used as template for real-time
PCR analysis with Fast SYBR Green (Thermo Fisher
Scientific, 4,385,612) of target gene expression with the spe-
cific primers as listed in Table S1 and as described previously
[36,61]. The relative expressions of each gene were normal-
ized to loading control gene GAPDH. The data are presented
as the fold changes of gene expression in TRIM37 knockdown
vs. control cells from 3 independent experiments.

Flow cytometry

To detect percentages of cell death, cells were either
untreated or treated with lysosomal inhibitor chloroquine
(10 μM) for 16 h, and digested to single cells using 0.25%
trypsin (Thermo Fisher Scientific, 25,200,056). Cells were
stained with propidium iodide (PI) (1 μg/ml; Sigma, P4170)
in PBS. Channel FL3 (deep red fluorescence, Ex 488 nm,
Em 670LP) was used to detect PI signal using a
FACScalibur flow cytometer (Beckton-Dickinson). To
detect cellular ROS, cells were incubated with dihydrorho-
damine 123 (DHR123, 10 μM; Thermo Fisher Scientific,
D23806) or CellRox Green (5 μM; Thermo Fisher
Scientific, C10444) dyes for 30 min. Then cells were
digested to single cells and fluorescence was detected
through channel FL1 (green fluorescence, excitation wave-
length 488 nm, emission wavelength 535/530 nm), using a
FACScalibur flow cytometer (Beckton-Dickinson).

Generating stable knockdown cells

The shRNA sequence targeting TRIM37 is 5ʹ TTCGAGAAT
ATGATGCTGTGG 3ʹ (Dharmacon, RHS4533-EG4591). The
shRNA sequence targeting TFEB is 5ʹ TTGATGTT
GAACCTTCGTCTC 3ʹ (Dharmacon, RHS4533-EG7942). The

shRNA sequence targeting ATG7 is 5ʹ TACAGTGTT
CCAATAGCTGGG3ʹ (Sigma, TRCN0000007587). The lentivirus
systemwas used to establish knockdown stable cell lines as follows.
The shRNA construct was transfected together with the lentivirus
packaging plasmids, psPAX2 (Addgene, 12,260, deposited by
Didier Trono lab) and pMD2.G (Addgene, 12,259 deposited by
Didier Trono lab) into HEK 293T cells. The virus supernatants
were collected and filtered for target cell infection. Surviving cell
populations following puromycin selection (2 μg/ml; Sigma,
P9620) were subjected to knockdown analysis by western blot.

To make the double TRIM37 and TFEB knockdown or double
TRIM37 and ATG7 knockdown cells, TFEB or ATG7 genes were
first silenced by infecting HepG2 cells with virus expressing TFEB
orATG7 shRNA, respectively, followed by TRIM37 silencing with
virus expressing TRIM37 shRNA. To confirm that the phenotype
observed in the TRIM37 KD cells was caused by loss of the
TRIM37 protein (WT or C35,36S mutant), we first made a stable,
HepG2 cell line expressing shRNA-resistant TRIM37 (WT or
C35,36S). Then endogenous TRIM37 was silenced with virus
expressing TRIM37 shRNA as described [12].

To rescue MTORC1 inhibition in TRIM37 KD cells, cell lines
expressing FLAG-RAP2A (control cells) or FLAG-RRAGBQ99L

were first established as follows: Flag pLJM1 RAP2A, or Flag
pLJM1 RRAGBQ99L together with psPAX2 and pMD2.G were
transfected into HEK 293T cells. The virus supernatants were
collected and filtered for HepG2 cell infection. Surviving cell
populations were selected with puromycin (1 μg/ml) and RAP2A
orRRAGBQ99L expressionwas verified by FLAGantibody.HepG2
cells stably expressing FLAG-RAP2A were infected with virus
expressing control or TRIM37 shRNA, while HepG2 cells stably
expressing FLAG-RRAGBQ99L were infectedwith virus expressing
TRIM37 shRNA as described above.

Soft agar assay

1 × 104 HepG2 control and TRIM37 KD cells were suspended
in 2 ml of 0.3% agarose (APEX, 20–102) and poured onto a
3 ml 0.7% agarose bed in 60-mm tissue culture dishes. The
cells were incubated for around 2 weeks till visible colonies
appeared. Cells were stained with 0.1% crystal violet in 10%
ethanol for 30 min and de-stained with H2O.

Subcellular fractionation of cytoplasm and nucleus

Subcellular fractionation was done as previously described [29].
Cells grown in 10-cm dishes were washed once in PBS and
collected with 500 μl of ice-cold hypotonic buffer (10 mM
HEPES, pH 7.9, 10 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA,
1 mM DTT, 0.15% NP-40 [Fluka Biochemika, 74,385]), and
homogenized with 20 strokes of a Dounce homogenizer
(Thermo Fisher Scientific, K85300-0002). The homogenates
were subjected to centrifugation at 18, 407 x g, 5 min. The super-
natants were collected as cytoplasmic fraction and the pellet were
collected as nuclear fraction by resuspending in 200 ml of high-
salt buffer (20 mMHEPES, pH 8.0, 400 mMNaCl, 1 mM EDTA,
1 mM EGTA, 1 mM DTT, 0.5% NP-40, 1%, 25 U benzonase
[Sigma, E1014]). GAPDH and LMNB1 (lamin B1) were used as
the control proteins for cytoplasmic and nuclear fractions
respectively.
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Statistics

p values were calculated using 2-tailed unpaired Student’s t test. P
values of less than 0.05 were considered statistically significant. *
p < 0.05; ** p < 0.01; *** p < 0.001.
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