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Abstract

Autophagy, a main intracellular catabolic process, is induced in response to a variety of cellular stresses to promptly degrade
harmful agents and to coordinate the activity of prosurvival and prodeath processes in order to determine the fate of the injured
cells. While the main components of the autophagy machinery are well characterized, the molecular mechanisms that confer
selectivity to this process both in terms of stress detection and cargo engulfment have only been partly elucidated. Here, we
discuss the emerging role played by the E3 ubiquitin ligases of the TRIM family in regulating autophagy in physiological and
pathological conditions, such as inflammation, infection, tumorigenesis, and muscle atrophy. TRIM proteins employ different
strategies to regulate the activity of the core autophagy machinery, acting either as scaffold proteins or via ubiquitin-mediated
mechanisms. Moreover, they confer high selectivity to the autophagy-mediated degradation as described for the innate immune
response, where TRIM proteins mediate both the engulfment of pathogens within autophagosomes and modulate the immune
response by controlling the stability of signaling regulators. Importantly, the elucidation of the molecular mechanisms
underlying the regulation of autophagy by TRIMs is providing important insights into how selective types of autophagy are
altered under pathological conditions, as recently shown in cancer and muscular dystrophy.

Facts either the autophagy core machinery or upstream

signaling pathways.

TRIMs participate to the autophagic response to stress
stimuli by regulating both autophagy induction and
cargos recognition.

TRIMs act as selective substrate receptors for the
intracellular degradation of pathogens, immune signal-
ing proteins, protein aggregates, and muscle proteins.

— TRIMs modulate autophagy levels in ubiquitin-
dependent and independent manners by interacting with
Open questions

— What are the molecular mechanisms that turn on and off

the autophagic activity of TRIMs during stress responses?

Is TRIM-regulated selective autophagy based on TRIM-

interacting motifs shared by different types of autopha-

gic cargos?

— How are the autophagic and proteasomal functions of
TRIMs coordinated during stress responses?

— Is the TRIM-regulated selective autophagy a therapeutic
target for human diseases?
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Fig. 1 Classification of TRIM proteins. TRIM proteins are char-
acterized by the presence of a tripartite domain consisting of a RING
finger, two B-boxes (Bl and B2) and a coiled-coil domain. TRIM
proteins are divided into 11 subclasses (from C-I to C-XI) on the basis
on their C-terminal domain. C-terminal domains expressed by TRIM
subgroups are: ARF ADP-ribosylation factor-like, BR bromodomain,
COS C-terminal subgroup one signature, FIL filamin-type immu-
noglobulin, NHL NHL domain, FN3 fibronectin type 3, PRY-SPRY
PRY-SPRY domain, MATH meprin and tumor-necrosis factor
receptor-associated factor homology, PHD plant homeodomain, TM
transmembrane. Some members of TRIM subclasses lack the RING
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C-X: TRIM45

C-XI: TRIM13, TRIMS9

pathological stresses [1]. Autophagy allows the prompt
degradation of damaged cell structures and invading
pathogens within lysosomes [2, 3]. Moreover, several
pathways activated under stressful conditions are directly
controlled by autophagy, which, by regulating signaling
protein stability, is able to fine-tuning the intensity and
duration of defence response [1].

In the last 20 years, the identification of the main com-
ponents of the autophagy core machinery, named
autophagy-related proteins (ATGs), has contributed to
uncover many aspects of how autophagosomes are formed
[1, 4]. More recently, considerable efforts have been
devoted to elucidate how selectivity of the process is
achieved both in terms of activation by different types of
stress/damage agents and sequestration of target materials
within autophagosomes. Many pieces of evidence point to
the E3 ubiquitin ligases as key players that signal to the
autophagy machinery under stress conditions [5]. Here, we
review how autophagy is regulated by TRIpartite Motif
(TRIM) proteins, a large family of E3 ubiquitin ligases that
play pivotal role in conferring selectivity to this process.
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C-I1: TRIM1/MID2, TRIMS, TRIM18/MID1, TRIM36, TRIMA46,

Family members Diseases

MID2: candidate for X-linked FG syndrome.
MID1: mutated in X-linked Opitz G/BBB syndrome
TRIM36: mutated in Anencephaly

TRIM11: associated with Alzheimer’s disease

TRIM20: mutated in Familial Mediterranean fever

TRIM21: RO52 autoantigen in SLE and Sjogren’s syndrome

TRIM27: chromosome translocation (fusion with RET) in thyroid cancer
TRIM68: SS-56 autoantigen in SLE and Sjogren’s syndrome

TRIMS50: Location in deleted chromosomal region in WBS

PML: chromosome translocation in AML (fusion with RARa) and B-ALL
(fusion with PAX5). TRIM44: mutated in congenital aniridia

TRIM24: chromosome translocation (fusion with FGFR1) in EMS

TRIM3: deleted in glioma
TRIM32: mutated in limb-girdle muscular dystrophy 2H

TRIM37: mutations in Mulibrey Nanism

TRIM13: deleted in B-CLL and MM

domain (underlined), B-boxes or Coiled-Coil (CC) domains (italics),
ND: TRIM lacking a unique C-terminal domain. As indicated in the
main text, members of the C-VI constitute the TIF1 family of chro-
matin binding proteins. TRIM proteins that play a role in autophagy
are indicated in red. FG: X-linked multiple congenital anomalies
syndrome. SLE systemic lupus erythematosus, WBS Williams—Beuren
syndrome, AML acute myeloid leukemia, B-ALL B-cell precursor
acute lymphoblastic leukemia, EMS 8pl1 myeloproliferative syn-
drome, B-CLL B-cell chronic lymphocytic leukemia, MM multiple
myeloma.

The TRIM protein family

The TRIM proteins are a large family of E3 ubiquitin
ligases (>80 members) characterized by the presence of
three domains: RING finger, B-Box-type zinc finger (Bl
box and B2 box), and Coiled-Coil region (Fig. 1) [6]. The
RING finger contains the catalytic site, the B-boxes act
as protein—protein interaction domains and together with
the Coiled-Coil mediate protein homo- or hetero-
oligomerization of TRIMs [7]. Depending on the interac-
tion with the E2 conjugating enzymes, TRIMs are able to
catalyze the formation of different ubiquitin chains that may
have either degradative or regulative roles [8]. Specific
TRIMs have also been shown to act as E3 ligase for
ubiquitin-like proteins, such as SUMO [9]. Moreover, eight
human TRIMs are RING-less (underlined in Fig. 1), sug-
gesting that they may either indirectly contribute to ubi-
quitination as scaffold proteins in association with other
TRIMs or play other functions not related to ubiquitination.

TRIM proteins are classified into 11 subfamilies, based
on their C-terminal domains, which may mediate both
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substrates recognition and regulative protein—protein inter-
actions [10, 11] (Fig. 1). The PRY-SPRY, a domain with an
immunoglobulin-like fold, is present in approximately two-
thirds of the TRIM proteins. The NHL (named after the
identification in NCL-1, HT2A, and LIN-41 proteins) con-
sists of five or six repeats that fold into a barrel-like
p-propeller structure and mediate both protein and RNA
interactions. The tandem plant homeodomain and bromo-
domain characterize the transcriptional intermediary factor
1 (TIF1) subgroup of TRIM family members involved in
chromatin binding. Other domains that are present alone or
in different combinations [10, 11] are less represented, such
as: Meprin and TRAF-homology domain, ADP-ribosylation
factor (ARF) family domain, C-terminal subgroup one
signature, filamin-type immunoglobulin, fibronectin type 3
repeat, and transmembrane (TM) region.

TRIM proteins are involved in a wide range of molecular
functions, ranging from transcriptional regulation to signal
transduction pathways, in the context of several cellular
processes, such as growth, differentiation, development,
oncogenesis, and immunity [12]. The majority of TRIMs
show multiple alternatively spliced mRNAs, and are non-
ubiquitously expressed, suggesting that they are involved in
cell type specific functions [13].

An interesting feature of this family of proteins is the
rapid increase in number that has occurred recently in
evolution, probably by gene duplications [10, 14, 15]. This
expansion has occurred in jawed fishes that have more than
hundred TRIM genes with respect to lower organisms, such
as fruit flies, with only seven TRIMs. Since this expansion
occurred when the adaptive immune system emerged, it has
been proposed that “new” TRIM proteins may have evolved
in parallel with the increasing complexity of the immune
system [16—18]. This hypothesis is now corroborated by a
large set of experimental data that support the major role
played by many TRIMs in the immune response, where
they control several inflammatory pathways [13]. It is in the
context of the immune response that the strict link between
TRIM proteins and autophagy has originally emerged, as
described in details below.

The autophagy core machinery

Macroautophagy, hereafter defined as autophagy, allows
degradation of intracellular components by enwrapping
them in double-membrane vesicles, called autophagosomes,
and delivering them to lysosome for degradation [3]. Five
main steps are required to allow the autophagosome-
mediated degradation: initiation/nucleation, elongation,
cargo interaction, closure and fusion with the endolysoso-
mal compartment (Fig. 2) [19, 20]. These events are under
the control of distinct autophagy proteins [4, 21-23].

The BECLIN 1 complex, composed by class III phos-
phatidylinositol (PI)-3-kinase VPS34 and the cofactors
BECLIN-1, VPS15, and ATG14, allows the formation of
PI-3-phosphate (PI3P), a signal for the assembly of the
autophagosome precursor membrane (isolation membrane,
also called phagophore) [23-27]. Autophagosomes are
mainly formed at specialized endoplasmic reticulum (ER)
structures, such as ER-Golgi intermediate compartment,
ER-mitochondria, and ER-plasma membrane contact sites
[23-27].

The ULK complex, composed by the protein kinases
ULK1/2 and the cofactors ATG13, FIP200, ATG101, is
required for the activation of the BECLIN 1 complex
through the phosphorylation of its components (BECLIN-1,
VPS34, and ATG14) as well as of AMBRAL, a cofactor that
promotes BECLIN-1 complex stability/activity [28-32].

The ULK1 and the BECLIN 1 complexes are regulated
by a large variety of stress signaling pathways, which
modulate their activity mainly via posttranslational mod-
ifications, as described for the nutrient and energy sensor
kinases mTOR and AMPK, and various E3 ubiquitin liga-
ses, such as TRAF6, NEDD4L, CULLIN 3, and CULLIN 4
[33-36].

Generation of phagophores and their subsequent expan-
sion and closure requires the recruitment of ATG9-positive
vesicles and membrane insertion of ATGS8 family members
(LC3, GABARAP, and GATE-16) [4, 37, 38]. LC3 lipi-
dation is mediated by a ubiquitination-like cascade con-
sisting of the LC3 protease ATG4, the El activating
enzyme ATG3, the E2 conjugating enzyme ATG7, and the
E3 ligase ATG5/ATG12/ATG16 complex [4, 37]. The LC3
lipidation machinery is recruited to the isolation membrane
by the PI3P interacting protein WIPI-2 which directly
associates to ATG16 [39]. Besides regulating autophago-
some formation, LC3 interacts with cargos receptors that
provide selectivity to autophagy degradation (see below)
[40, 41].

The fusion of autophagosomes with the endolysosomal
compartment requires tethering factors, PI3P, Rab GTPases,
and SNARE proteins [42]. Tethering proteins, including
EPGS5, HOPS, and PLEKHMI, simultaneously bind to
ATG8s on autophagosomes and RAB7 on lysosomes [43].
They promote the assembly of trans-SNARE complexes
formed by STX17-SNAP29-VAMP7/8 on autophagosomes
and STX7-SNAP29-YKT6 on lysosome, which mediate
membrane fusion [42-45].

Although autophagy induction is mainly regulated by
cytosolic pathways, transcriptional and epigenetic events
also play a role in sustaining the autophagic response to
stress stimuli [19, 46]. Various transcription regulators have
been shown to regulate the expression of autophagy genes,
including TFEB, TFE3, ZKSCAN3, FOXO3, NF-xB,
E2F1, p53, PPARa, FXR, SIRT1, and CARMI1 [19, 46]. In
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Fig. 2 Schematic representation of the autophagy core machinery.
Description of the different steps of the autophagy process. Initiation.
Autophagosome formation is under the control of the ULKI and
BECLIN 1 complexes. Under nutrient-rich conditions, mTORCI1
associates with and inhibits ULKI1 complex (ATG101, ATGI3,
FIP200, and ULK1/2). During nutrient starvation, mTORC1 is inhib-
ited, allowing ULK1 complex to induce autophagy. When ATP levels
are low, the AMP-activated protein kinase (AMPK) acts as a positive
regulator of the ULK1 complex. Once active, ULK1 phosphorylates
BECLIN 1 and stimulates the lipid kinase activity of the BECLIN 1
complex (BECLIN 1, ATG14, VPS34, VPS15). This complex is
responsible for the production of phosphatidylinositol 3-phosphate
(PI3P) by the Class III PI-3-kinase, VPS34. PI3P allows the nucleation
of an isolation membrane, also called phagophore, which may originate
from endoplasmatic reticulum (ER), plasma membrane, Golgi complex,
endosomes vesicles or endoplasmatic reticulum-mitochondrial contact
sites (MAMs). Elongation, cargo recognition and closure. Autopha-
gosome expansion and closure requires the fusion of the isolation
membrane with ATGO9-positive vesicles and the insertion of ATG8

particular, how the activity of TFEB is regulated during the
autophagy response has been well-characterized. TFEB is
phosphorylated by growth-factors/nutrients regulated kina-
ses, such as mTOR, ERK, AKT, and PKCp, and seques-
tered in the cytosol [47]. Nutrient starvation or cytosolic
calcium increase triggers TFEB dephosphorylation and
nuclear translocation to induce the expression of a variety of
autophagy/lysosome genes [47].

Selective autophagy

Although it has long been considered as a nonspecific
degradation process, it is now evident that autophagy is
highly capable to discriminate the components that have to
be sequestered within autophagosomes [48, 49]. These
types of selective autophagy pathways have been named
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family members (LC3, GABARAP, GATE-16) on autophagosome
membranes upon lipidation. WIPI-2 binds PI3P on forming vesicles as
well as ATG16, thus allowing the recruitment of both ATG12-5-16
complex, which is necessary for LC3 lipidation. LC3 allows cargo
recruitment by interacting with the adaptor proteins, such as the ubi-
quitin binding protein p62 and proteins containing the LC3-interacting
region (LIR) motif. Then, phagophore closes to form a double-
membrane vesicle, named autophagosome. Fusion. Finally, autopha-
gosomes are recruited to lysosomes by a tethering complex and fuse
through SNARE proteins SINTAXIN 7 (STX79 and SINTAXIN 17
(STX17), forming a single membrane vesicle, named autolysome,
where sequestered materials are degraded. Transcriptional regulation.
Autophagy process is tightly regulated also at transcriptional level by
several transcription factors. Under amino acid sufficiency, mTORC1
inhibits the transcription factor EB (TFEB) causing its retention in the
cytosol and blocking its transcriptional activity. Upon nutrient starva-
tion, mTORCI is inactivated, leading to TFEB nuclear translocation
and transcription of genes involved in lysosomal biogenesis and
autophagosome formation.

according to the targeted cellular material: protein aggre-
gates (aggrephagy) [50], pathogens (xenophagy) [51],
damaged or unnecessary organelles, such as mitochondria
(mitophagy) [52], ER (ER-phagy or reticulophagy) [53],
nuclear envelope (nucleophagy) [54], lipid droplets (lipo-
phagy) [55], lysosomes (lysophagy) [56], and other cellular
structures, such as ribosomes (ribophagy), the midbody
ring, ferritin (ferritinophagy), zymogen granules (zymo-
phagy), stress granules (granulophagy), proteasome (pro-
teaphagy), and centriolar satellites [5, 57, 58]. The targeted
cellular components are recognized by so-called autophagy
receptors, which share the property to interact with autop-
hagosomes via LC3-interacting regions (LIR) [40].

There are two main mechanisms by which autophagy
receptors work: (1) they are selectively expressed on the
target structures, as in mitochondria (BNIP3, NIX,
FUNDCI1, AMBRAI1, PROHIBITIN) [59] and ER
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(FAM134B, SEC62, RTN3L, CCPGI1, ATL3, TEX264)
[60]; (2) they bind components of the target structure upon
their posttranslational modifications [5]. In this case, ubi-
quitination is so far the best characterized modification that
mediates cargo recognition [57, 61]. Ubiquitin is recognized
by a group of proteins that share the presence of both an
LIR domain and a ubiquitin binding domain (p62, NBRI1,
OPTN, NDP52, TAX1BP1) [61]. These receptors have
been described to mediate the degradation of ubiquitinated
structures, including organelles, such as mitochondria
(OPTN, NDP52, TAX1BP1) and peroxisomes (NBR1),
protein structures, such as protein aggregates (p62, NBR1,
OPTN), the residual mitotic structure called midbody (p62,
NBRI1), and bacteria (p62, OPTN, NDP52) [57].

As described in the following paragraphs, novel impor-
tant aspects of how selective autophagy works have been
clarified thanks to the identification of TRIM proteins as
regulators of both autophagy induction and substrate
recognition under various stress conditions.

Regulation of autophagy by TRIM proteins

It is noteworthy that TRIM proteins have been directly
linked to several steps of the autophagic process, ranging
from upstream signaling pathways to autophagosome for-
mation and transcriptional regulation of autophagy genes
(Table 1).

TRIM28, TRIM37, and TRIM19 controls autophagy by
targeting upstream signaling pathways conveying on ULK1
and BECLIN 1 complexes, such as those regulated by
AMPK and mTOR [62-65] (Fig. 3).

TRIM28 was shown to regulate autophagy by controlling
AMPK stability in cancer cells [62]. TRIM28 also known as
Kriippel-associated box-associated protein 1 (KAP1) or
TIF1-f shares many structural features with three other TRIM
proteins, TRIM24 (TIFla), TRIM33 (TIF1y), and TRIM66
(TIF19), and together constitute the TIF1 family, which is
involved in transcriptional repression and DNA repair [66].

TRIM28 expression is upregulated in a large set of can-
cers, including cervical, gastric, ovarian, glioma, breast, and
hepatocellular carcinoma, which often correlates with worse
overall patient survival, suggesting that TRIM28 supports
cancer progression [66]. In addition to its roles in tran-
scription and DNA damage, the tumor promoting function of
TRIM28 has been ascribed to its ability to inhibit the tumor
suppressive activity of autophagy in the early stages of
tumorigenesis [62]. This is due to the ability of TRIM28 to
target the proautophagic regulator AMPK to proteasome
degradation [62]. Interestingly, the binding and ubiquitina-
tion of AMPK require the interaction of TRIM28 to MAGE-
A3/6, proteins exclusively present in the testis, which are
however frequently expressed in tumors, including colon,

lung, and breast cancers [62]. The relevance of this regula-
tion is further highlighted by the finding that a high level of
MAGE-A/TRIM28 prevents the response of melanoma
patients to anti-CTL4 based immunotherapy, because it
impairs the autophagic activity required for the anticancer
immune response [63]. This inhibition is not only associated
to the degradation of AMPK but also of HMGBI1 (high-
mobility group box 1), an autophagy regulator of immuno-
genic cell death required for dendritic cell-mediated priming
of the adaptive immune response [63].

TRIM37 has been characterized as a negative regulator
of autophagy by modulating the activity of the mTOR
pathway. TRIM37 gene mutations result in Mulibrey
(muscle-liver-brain-eye) nanism, which is a rare, autosomal-
recessive growth disorder of prenatal onset with character-
istic dysmorphic features, pericardial constriction, and
hepatomegaly [67]. At molecular level, TRIM37 deficiency
leads to (1) dysregulated centriole duplication during cell
cycle, (2) defects in TRAF2 activity in the NF-xB pathway,
(3) degradation of the peroxisome import protein PEXS, (4)
impaired mTOR activity and consequent high basal autop-
hagy [67]. In the latter case, TRIM37 was shown to interact
with mTOR and the amino acid sensor RAG-B and to be
required for their association in nutrient-rich conditions
[64]. In TRIM37 deficient cells, mTOR inhibition results in
higher autophagy levels and the activation of the proauto-
phagic transcription factor TFEB [64]. As to whether
deregulated autophagy contributes to Mulibrey nanism
represents an important question to be addressed.

TRIM19 regulates autophagy by controlling intracellular
Ca’" levels [65]. TRIMI9, best known as promyelocytic
leukemia (PML) gene, is a tumor suppressor that was initially
identified inactivated in acute PML by chromosome translo-
cation giving rise to the PML-RARa fusion protein, and later
on found mutated in a wider range of tumors [68]. PML
mainly resides in the nucleus where it forms nuclear struc-
tures, called PML-nuclear bodies, involved in proliferation,
apoptosis, genome stability, and antiviral response [68].

PML-deficient tumors show high resistance to che-
motherapy and this feature has been correlated to an upre-
gulation of basal autophagy levels. Indeed, in normal
conditions PML negatively regulates autophagy by loca-
lizing at the ER-mitochondria contact sites in a p53-
dependent manner [65]. In keeping with its localization, a
reduced IP3R-mediated Ca®" transfer from the ER to
mitochondria has been observed in PML-deficient cancer
cells [65]. This causes an impaired activity of the tri-
carboxylic acid cycle dehydrogenases and subsequent
decrease in mitochondrial respiration and ATP production,
which results in AMPK activation and autophagy induction.
Consistently, restoration of the Ca*" signal by over-
expression of the mitochondrial Ca®" uniporter restores
basal levels of autophagy in cancer cells [65].

SPRINGER NATURE
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'il:l:ﬁ;p}”f;g;l\/ie[)gr&t;iir(l)s;nvolved Protein  Role in autophagy Ref.
TRIMSa  Autophagy Induction and selective degradation of HIV capsid proteins [72, 82]
Selective inhibition of autophagic degradation of TAKI in cytoplasmic bodies [80]
TRIM6  Bulk autophagy induction [72]
TRIM11 Autophagic degradation of misfolded proteins [119]
Autophagic degradation of AIM2 during viral infection [94]
TRIM14 Inhibition of autophagic degradation of cGAS during viral infection [105]
TRIM16 Autophagy induction and selective degradation of protein aggregates and damaged [75]
endolysomal compartments
Autophagy-mediated IL-1f secretion [98]
TRIM17 Inhibition of bulk autophagy by promoting BECLIN-1/MCL-1 interaction [79]
Autophagic degradation of midbody remnant [79]
TRIM18 Autophagy inhibition by preventing TFEB activation through proteasomal [85]
degradation of PP2A
TRIM19 Autophagy inhibition by limiting AMPK activity in tumors and viral infection [65]
TRIM20 Autophagy induction and selective degradation of inflammasome by IFN-y [74]
TRIM21 Autophagy Induction and selective degradation of IRF3 upon IFN-y treatment [74]
Ubiquitin-mediated autophagic degradation of IKKf during HTLV-1 infection [113]
Autophagic degradation of opsonized Salmonella enterica [117]
TRIM2  Bulk autophagy induction [72]
Induction of BECLIN 1 gene expression during M. tuberculosis infection [84]
TRIM23 Stimulation of p62 activity by TBK1-mediated phosphorylation during viral infection [109]
TRIM28 Autophagy inhibition by proteasomal degradation of AMPK in cancer cells [62]
Autophagy induction through VPS34 SUMOylation upon HDAC inhibitor treatment [83]
Mitophagy induction by inhibiting miRNAs targeting autophagy genes [88]
TRIM31 Induction of unconventional autophagy in intestinal epithelia upon lipopolysaccharide [89]
stimulation
TRIM32 Autophagy induction by promoting ULKI1 activity through unanchored ubiquitination [76]
during muscle atrophy
Autophagic degradation of TRIF protein to downregulate Toll-like receptor signaling [112]
Stimulation of the cargo binding properties of p62 monoubiquitination [121]
TRIM37 Bulk autophagy Inhibition by promoting mTOR/RAG-B activity [64]
TRIM38 SUMOylation-mediated inhibition of STING degradation by chaperone-mediated [106]
autophagy during viral infection
TRIM49 Bulk autophagy induction [72]
TRIM50 Autophagy induction through nondegradative ubiquitination of BECLIN 1 [73]
TRIMS9 Autophagy inhibition by promoting the proteasomal degradation of TRAF6 [81]
Inhibition of BECLIN 1 expression by repressing NF-kB pathway [81]
TRIM63  Autophagic degradation of nicotinic acetylcholine receptor during muscle atrophy [120]
TRIM65 Inhibition of miRNAs targeting ATG7 by proteasomal degradation of the RISC [87]

complex protein TNRC6A

The autophagy inhibitory role of PML was also con-
firmed in other cell systems [69-71]. PML is responsible
for reducing autophagy levels in mesenchymal stem
cells, a decrease that is required to induce the differ-
entiation of these cells in adipocytes [71]. Moreover,
in HeLa and mouse embryonic fibroblasts infected
with enterovirus 71 (EV71), PML-deficient cells show
enhanced viral replication associated with an increased
formation of autophagosomes, which are hijacked by

SPRINGER NATURE

EV71 to accomplish its replication [69]. Interestingly, the
EV71 protease 3Cpro favors viral replication by pro-
moting PML cleavage and consequent disruption of PML
bodies [69]. In addition to the negative role of PML in
autophagy, it is worth to mention that, in acute PML
cells, the PML-RARa« fusion can become an autophagy
target, whose degradation is triggered following tumor
cell treatment with all-trans retinoic acid and arsenic
trioxide [70].
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Fig. 3 Regulation of the autophagy core machinery by TRIM
proteins. Regulation of AMPK and mTOR activity. TRIM28 stimu-
lates AMPK proteasomal degradation, through its degradative ubi-
quitination. The binding and ubiquitination of AMPK requires the
interaction of TRIM28 with the protein MAGE-A3/6. TRIM37 is a
negative regulator of autophagy that activates mTOR pathway by
promoting the interaction between mTORCI and RAG proteins.
TRIM19 negatively regulates autophagy by controlling Ca** flux from
ER to mitochondria to ensure ATP production. Regulation of BECLIN
1 and ULK1 complex. TRIM5a, 6, 16, 20, 21, 22, 49, and 50 associate
with both autophagic proteins ULK1 and BECLIN 1 assembling these
factors in a complex and promoting their functions. Most of these
TRIMs act in response to selective stimuli like HIV infection
(TRIM5a), Endomembrane damage (TRIM16), interferon y (IFN-y)
stimulation (TRIM20, TRIM21), and HDAC inhibition (TRIM50). A
group of TRIM proteins regulates autophagy initiation preferably
acting only on ULK1 or BECLIN 1. TRIM32 interacts with the

Autophagy/
Lysosome Genes

A large set of TRIM proteins directly regulate the
autophagy machinery, as initially elucidated by the seminal
work of Mandell et al. [72]. TRIM5q, 6, 16, 20, 21, 22, 49,
and 50 are able to associate with both ULK1 and BECLIN 1
and act as platforms to assemble these factors in a complex
to promote their activation [72-75] (Fig. 3). So far, evi-
dence that the autophagy complex formation triggered by
these TRIMs is mediated by their ubiquitination activity has
been only provided for TRIM16 and TRIMS50, which target
ULK1 and BECLIN 1 for K63-linked polyubiquitination,
respectively [73, 75]. Moreover, the presence of TRIMs that
lack part of the catalytic domain suggest that the direct
ubiquitination of substrates may not always be required for
this proautophagic function [72]. Notably, most TRIMs
have been characterized to mediate autophagy activation in
response to selective stimuli, such as TRIM5a upon HIV
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autophagy cofactor AMBRA1 and promotes ULK1 kinase function by
unanchored polyubiquitin. TRIM17 inhibits BECLIN 1 complex by
promoting the interaction of BECLIN 1 with its negative regulator
MCL-1. TRIMS9 ubiquitinates and promotes the proteasomal degra-
dation of the E3 ubiquitin ligase TRAF6, inhibiting BECLIN 1
activity. TRIM28 positively regulates autophagy promoting VPS34
activation by sumoylation. Regulation of autophagy at transcriptional
level. TRIM59 negatively regulates the expression of BECLIN 1,
while TRIM22 stimulates autophagy by promoting BECLIN 1
expression. TRIM28 inhibits the expression of a series of autophagy
inhibitory miRNAs. TRIMI18 ubiquitinates and targets PP2A for
proteasomal degradation, causing inhibition of TFEB activity.
TRIMG65 ubiquitinates and induces the degradation of TNRC6A, a
component of the RNA-induced silencing complex (RISC), inhibiting
the expression of a series of antiautophagic miRNAs. Proautophagic
factors are colored in green, antiautophagic factors in red.

Inhibition of anti-autophagic miRNA
by proteasomal degradation of
RISC complex proteins

infection, TRIM16 upon endomembrane damage, TRIM20
and 21 upon Interferon (IFN)-y stimulation, TRIMS50 upon
spermidine treatment [72—75].

Not all the TRIMs that stimulate autophagy act as scaf-
folds to assemble ULK1 and BECLIN 1 in a single com-
plex. We have recently demonstrated that the E3 ubiquitin
ligase TRIM32 is an exclusive ULKI activator [76].
TRIM32 gene is mutated in limb-girdle muscular dystrophy
2H (LGMD2H), a late-onset autosomal-recessive myopathy
[77]. We found that the E3 ubiquitin ligase activity of
TRIM32 is required to regulate autophagy in muscles upon
atrophy induction and, in this way, protects muscle cells
from excessive ROS production and induction of the
proatrophic genes [76]. We also observed that the interac-
tion of TRIM32 with ULK1, which requires the presence of
the autophagy cofactor AMBRALI, stimulates ULK1 kinase
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activity through the formation of unanchored K63-linked
polyubiquitin chains that associate to the carboxy-terminal
domain of ULKI1 [76]. Notably, mutations in TRIM32
responsible for LGMD2H affect its ability to bind ULK1
and to induce autophagy in muscle cells, resulting in a
dysregulated activation of the atrophic process [76, 78].

A subset of TRIM proteins that negatively regulate
autophagy initiation by preferably acting on the BECLIN 1
complex has been also identified [79-81].

TRIM17 inhibits BECLIN 1-dependent autophagy by
promoting the interaction of BECLIN-1 with its negative
regulator MCL-1 [79]. Intriguingly, TRIM17 was also found
to act as a positive regulator of the selective type of autop-
hagy targeting the midbody [79]. These different functions of
TRIM17 suggest that TRIM proteins may be able to direct
the autophagy machinery to selective cargos and, at the same
time, to inhibit its activity on others. This opposite activity of
TRIM proteins has been recently corroborated by studies on
TRIMS5a, where this mechanism has been named “deselec-
tive autophagy” [80]. On one hand, TRIMS5«a promotes
autophagy during HIV infection (see below for details)
[72, 82]. On the other hand, TRIM5a was found to induce
the formation of cytoplasmic bodies, where the autophagy
receptor p62 and the associated protein kinase TAK1 loca-
lized in stress conditions. Notably, these p62 bodies are
protected from autophagic degradation, so as to allow TAK1
to activate NF-kB-mediated signaling pathways [80].

At variance with its inhibitory role on AMPK, TRIM28
was reported to stimulate prosurvival autophagy by reg-
ulating VPS34 activity when cells are treated with antic-
ancer agents, such as histone deacetylase (HDAC)
inhibitors [83]. In details, HDAC inhibition leads to HSP70
acetylation, a posttranslational modification that promotes
the recruitment of TRIM28 to the BECLIN 1 complex.
Here, TRIM28 acts as an E3 ligase for the ubiquitin-like
protein SUMO to VPS34. SUMOylation occurs in the cat-
alytic domain of VPS34 and is required for maintaining
VPS34 in an open conformation, thus stimulating the lipid
kinase activity of VPS34 [83].

TRIMS9 inhibits BECLIN 1 activity by triggering the
proteasomal degradation of TRAF6, an E3 ubiquitin ligase
able to stimulate BECLIN 1 activity through K63-linked
polyubiquitination [81]. Moreover, TRIMS59 has been
reported to negatively regulate the expression of BECLIN 1
through the inhibition of NF-xkB pathway [81].

The ability of TRIM proteins to regulate autophagy at
transcriptional level is not limited to TRIM59. TRIM22 was
shown to stimulate autophagy in response to Mycobacterium
tuberculosis infection by promoting BECLIN 1 expression
in NF-xB dependent manner [84].

TRIM1S8 is involved in the regulation of the expression of
autophagy genes by controlling TFEB activity [85]. TRIM 18,
best known as MIDI, is a gene whose mutations are
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associated with the X-linked form of Opitz Syndrome, a
developmental disorder characterized by midline defects and
intellectual disability [86]. MID1 targets PP2A to proteaso-
mal degradation and, in this way, it inhibits TFEB depho-
sphorylation and nuclear translocation [85]. This inhibition is
released by the fasting-induced hormone FGF21, which
mobilizes calcium from the ER via the inositol trisphosphate
receptor, and allows the transcription repressor complex
DREAM to shuttle to the nucleus [85]. DREAM then inhi-
bits the expression of the MIDI gene, leading to stabilization
of PP2A and the activation of TFEB [85].

TRIM proteins also regulate autophagy by regulating
miRNA expression [87]. For example, TRIM65 induces the
ubiquitination and degradation of TNRC6A, a component of
the RNA-induced silencing complex [87]. Decreased
TNRC6A levels inhibits the expression of a series of miR-
NAs including miR-138-5p, which was shown to target the
expression of ATG7 [87]. The relevance of the TRIM65/
TNRC6A/miR-138-5p pathway in autophagy regulation was
confirmed in non-small cell lung cancer cells, where
TRIM65-regulated autophagy contributes to the resistance to
cisplatin treatment [87]. Moreover, TRIM28 was shown to
sustain mitophagy at transcriptional level [88]. In fact,
TRIM28 represses the expression of a series of miRNAs that
target autophagy genes, such as Nix/Bnip3l, Ulkl, Gabar-
apl2, Atgl2, Beclin 1, and Bcl-2 [88]. As a consequence, the
hemato-specific knockout of mouse Trim28 displayed fatal
hyporegenerative anemia, characterized by erythrocyte defi-
ciency and accumulation of erythroblasts in the bone mar-
row, which failed to activate mitophagy to degrade
mitochondria during differentiation [88].

In addition to regulate the activity of the autophagy core
machinery, recent evidences show that TRIMs may also
trigger an unconventional form of autophagy, in which
autophagosome formation is independent of ATG5/ATG7
[89]. In particular, TRIM31 was found to promote uncon-
ventional autophagy in response to lipopolysaccharide sti-
mulation by interacting with phosphatidylethanolamine in a
palmitoylation-dependent manner [89]. Importantly,
TRIM31 expression is required to block Shigella infection
in intestinal epithelial cells and is downregulated in patients
with Crohn’s disease, suggesting that its dysregulation may
contribute to the uncontrolled bacterial replication in
inflammatory bowel diseases [89].

Regulation of autophagic cargo recognition
by trim proteins

Studies on TRIM proteins have profoundly improved our
understanding on how autophagy contributes to the cellular
response to a variety of stress cues by either controlling the
stability of specific signaling proteins or by selectively
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Fig. 4 Regulation of inflammasome by TRIM-mediated autop-
hagy. TRIM proteins regulate inflammasome stability and IL-1§
secretion. Left: During viral infection, TRIM11 binds to the inflam-
masome DNA sensor AIM2 and promotes its selective autophagic
degradation. TRIMI11 auto-polyubiquitination allows the AIM2/
TRIMI11 complex to be recognized by the selective autophagy cargo
receptor, p62 and sequestered into the autophagosome. Middle: In
response to interferon y stimulation, TRIM20 negatively regulates

removing damaged cellular components. As described in
the following paragraphs, most of the TRIMs that work as
substrate receptors are involved in the regulation of the
immune responses, i.e., inflammasome, cytosolic DNA
sensing, and other NF-xB-regulated pathways (Table 1).

Regulation of inflammasome by TRIM proteins

Inflammasomes are protein complexes formed by (1) sen-
sor/scaffold proteins (e.g., NLRP1, NLRP3, AIM?2,
NLRC4, and Pyrin/TRIM20), (2) the adaptor ASC (also
known as PYCARD), (3) the procaspase 1. Inflammasome
activation is triggered by a wide range of pathogen-
associated or danger-associated molecular patterns
(PAMPs or DAMPs) which are recognized by different
sensor proteins [90]. Once assembled, caspase 1 is activated
and is responsible for the maturation of interleukin (IL)-1p
and IL-18 through proteolytic cleavage. Caspase 1 also
targets gasdermin D, which is responsible for the activation
of pyroptosis, a specific cell death modality [91, 92].
Autophagy is known to act predominantly as a negative
regulator of inflammasome-mediated responses [93]. This
feature was initially ascribed to the ability of autophagy to

1L-1p

Autophagosome

inflammasome activity by directly targeting NLRP1, NLRP3, and
procaspase 1 for autophagic degradation. Right: In response to lyso-
somal damage, Galectin 8 (Gal8) recruits TRIM16 that in turns binds
to IL-1p and mediates its engulfment within the authophagosome. In
addition, TRIM16 interacts with the SNARE protein Sec22b on the
forming autophagosome, allowing the fusion with the plasma mem-
brane and IL-1p secretion, by interacting with syntaxin 3/4 (STX34).

promptly remove inflammasome stimuli, such damaged
mitochondria or invading pathogens. More recently, it has
become evident that autophagy can also directly target
inflammasome components for lysosomal degradation,
whose recognition is mainly mediated by TRIMs (Fig. 4)
[74, 94, 95]. In this manner, autophagy may limit inflam-
masome activity and avoid excessive or prolonged inflam-
mation [96]. For example, during viral infection, TRIM11
binds to AIM2, an inflammasome sensor activated by
double-stranded DNA, and promotes its selective engulfment
within autophagosomes [94]. Interestingly, AIM2 is not
ubiquitinated by TRIM11, but is the auto-polyubiquitinated
TRIMI11 in complex with AIM2 that is recognized by the
autophagic cargo receptor p62 and captured by the nascent
autophagosome [94]. This regulation is specific for AIM2,
because NLRP3 is not affected by TRIM11 [94].

An important role in the TRIM-mediated crosstalk
between autophagy and inflammasome is played by
TRIM20, a peculiar TRIM in which the RING domain is
substituted by the PYRIN domain, a region evolutionarily
related to the death domain [97]. Importantly, mutations in
the TRIM20 gene, also known as PYRIN and MEFYV, are
associated with the autoinflammatory disease familial

SPRINGER NATURE



896

M. Di Rienzo et al.

Mediterranean fever [97]. TRIM20 has been shown to play
both positive and negative roles in the regulation of
inflammasome depending on the stimuli [74, 95]. TRIM20
acts as an inflammasome sensor to stimulate IL-1p pro-
duction in response to actin cytoskeleton modifications [95].
On the other hand, TRIM20 mediates the inhibition of
inflammasome activity when cells are treated with IFN-y by
targeting NLRP1, NLRP3, and procaspase 1 for autophagic
degradation [74]. This function is mediated by the ability of
TRIM20 to interact with both upstream autophagy reg-
ulators, such as ULK1, BECLIN 1, and ATG16, and the
ATGS proteins GABARAP and GABARAPLI1 [74].

IL-1p secretion is another important step at which TRIM-
dependent autophagy controls inflammasome activity
[98, 99]. Once cleaved by caspase 1, a mature IL-1P is
secreted by at least two different mechanisms: (1) Gasdermin
mediated pore formation [100] (2) Secretory autophagy [99].
Recently, important aspects of the molecular mechanism
underlying the autophagy-dependent release of IL-1f in
response to lysosomal damage have been elucidated [98].
Following lysosomal membranes damage, glycan groups are
exposed and rapidly recognized by galectin 8, which, in turn,
recruits TRIM16 [98]. Here, TRIM16 also binds IL-1f and
mediates its engulfment within LC3-II positive vesicles.
Moreover, TRIM16 allows the recruitment of the SNARE
protein SEC22B on the forming autophagosomes, which is
required to tether them to the plasma membrane, by inter-
acting with SYNTAXIN 3 and SYNTAXIN 4, instead of
SYNTAXIN 17 that is present on lysosomes. Of note, this
unconventional secretion pathway is not specific for IL-1p,
but also involved in the extracellular release of other cyto-
solic proteins, such as FERRITIN [98].

Regulation of the STING signaling pathway by TRIM
proteins

TRIM proteins were reported to regulate both positively and
negatively the activity of various components of the cGAS/
STING pathway by modulating either protein stability in a
proteasome-dependent manner or protein activity by reg-
ulative ubiquitination [101]. More recently, they have also
emerged as key players of the crosstalk between autophagy
and cytosolic DNA response (Fig. 5).

The cGAS/STING signaling pathway is essential to
detect DNA released into the cytosol during pathogen
replication or organelle damage [102]. cGAS senses cyto-
solic DNA and generates the second messenger cGAMP,
which binds to STING, an ER-resident TM protein, and
promotes its conformational change and oligomerization
[103]. STING is thus able to interact with the protein
kinases TBK1 and IKKs and stimulate the phosphorylation
of transcription factors IRF3 and NF-«B, thus inducing the
expression of type I IFN and inflammatory cytokines [104].
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TRIM14 and TRIM38 contribute to enhance the activity
of the STING pathway by preventing the autophagic
degradation of cGAS and STING, respectively [105, 106]. In
particular, TRIM14 recruits the deubiquitinase USP14 on
cGAS to decrease its K48-linked ubiquitination, which
mediates p62-mediated autophagic degradation [105].
Instead, TRIM38 is required for STING sumoylation, which
impedes STING degradation by the chaperone-mediated
autophagy, a selective form of autophagy that does not
require autophagosome formation but targets proteins
directly inside the lysosome through LAMP2A [106].
TRIM38 also mediates cGAS sumoylation, but, in this case,
this modification prevents cGAS proteasomal degradation.
The relevance of TRIM14 and TRIM38 in the activation of
the cGAS/STING pathways has been confirmed in the con-
text of HSV1 infection, where both TRIMs are required for
the efficient activation of type I IFN response [105, 106].

TRIM23 regulates the activity of TBK1, a protein kinase
involved in the STING signaling pathway and other
important immune responses [107]. TBK1 also plays a
direct role in autophagy by phosphorylating p62/SQSTM1
family members, which is required for their binding of both
upstream autophagy regulators and ubiquitinated cargos
[108]. TRIM23 is a protein with both E3 ubiquitin ligase
and ARF GTPase activities, which are both required to
stimulate TBK1- and p62-mediated selective autophagy
[109]. In particular, K27-linked auto-polyubiquitination of
the ARF domain is essential for the GTP hydrolysis activity
of TRIM23 and the activation of TBKI, by facilitating
dimerization and its ability to phosphorylate p62 [109]. As a
proof of the importance of this regulation, the Us11 Protein
of Herpes Simplex Virus 1 is able to inhibit the antiviral
autophagy response by disassembling the TRIM23-TBK1
complex [110].

An opposite role on cGAS/STING and other innate
immune pathways is played by TRIM21 [74]. TRIM21 has
long been recognized as a suppressor of type I IFN and
identified as an autoantigen associated with Sjogren syn-
drome and systemic lupus erythematosus [111]. Recently,
TRIM21 was found to bind to the ATGS-like proteins
GABARAP and p62, and, in this way, to promote the
autophagy degradation of IRF3 dimers, thus highlighting a
novel mechanism by which autophagy may restrain type I
IFN response [74].

Regulation of other NF-kB signaling pathways by
TRIM proteins

In addition to the STING pathway, TRIM proteins are
involved in the autophagy regulation of other NF-xB-
regulated pathways to avoid an excessive or prolonged
inflammatory responses [112, 113]. Inflammatory cytokines
and Toll-like receptors activate NF-kB by through the
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Fig. 5 Regulation of STING signaling pathway by TRIM-mediated
autophagy. cGAS senses cytosolic DNA and generates the second
messenger cGAMP, which binds to STING, promoting its oligomer-
ization. STING is therefore able to interact with protein kinases TBK1
and IKK and stimulate the expression of type I IFN and inflammatory
cytokines. TRIM14 recruits the deubiquitinase USP14, which cleaves
polyubiquitin from the cytosolic DNA sensor cGAS and promotes its
p62-mediated autophagic degradation. TRIM38 is required for the
sumoylation of the downstream effector STING, preventing its
degradation by the chaperone-mediated autophagy. Auto-
ubiquitination of TRIM23 stimulates the STING activated protein

protein kinases IKKs and the regulatory nonenzymatic
scaffold protein NEMO [114]. IKKs phosphorylates NF-xB
to promote its dimerization and nuclear translocation, and
the NF-xB inhibitor IxkB to trigger its ubiquitin-mediated
proteasomal degradation [115].

During HTLV-1 infection, TRIM-regulated autophagy is
responsible for preventing a persistent activation of NF-xB
induced by the HTLV-1 protein TAX through the degra-
dation of IKKs (Fig. 5) [113]. In particular, TRIM21 was
found to interact with the active form of IKKp and to
mediate its monoubiquitination. Ubiquitinated IKK is then
sequestered within autophagosomes and delivered to lyso-
some for degradation [113].

Upstream regulators of IKK are also targeted by proau-
tophagic TRIMs (Fig. 5), as shown for TRIM32, which
interacts with TRIF, a critical adaptor protein of Toll-like
receptors 3/4, and mediates its autophagic degradation in an
E3 activity-independent manner [112]. In particular,
TRIM32 acts a scaffold protein to recruit TRIF within
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HTLV-1 TAX

STING .)
l-b ] Autophagic
. degradation of IKKs

kinase TBKI1, promoting its ability to phosphorylate the selective
autophagy cargo receptor p62. In response to interferon y stimulation
(IFNy), TRIM21 inhibits STING signaling pathway by promoting the
autophagic degradation of IRF3 dimers. In HTLV-1-infected cells, the
viral protein TAX promotes monoubiquitination of IKKs by TRIM21
which allows their interaction with the autophagy receptor p62 and the
sequestration into the autophagosome. TRIM32 inhibits Toll-like
receptors 3/4 activity. TRIM32 mediates the autophagic degradation of
TRIF, a critical adaptor protein of Toll-like receptors 3/4, by inter-
acting with the selective autophagy receptor TAX1BP1.

autophagosomes by interacting with TAX1BP1, a receptor
for selective autophagy [112].

Regulation of selective degradation of pathogens
by TRIM proteins

An important autophagic contribution of TRIM proteins to
the innate immune response is definitely their ability to
directly bind pathogens’ structures and deliver them to the
autophagosomes for degradation, a process defined as
xenophagy [101].

A first evidence of a direct role of TRIM in xenophagy
came from studies of the role of TRIM5a in HIV infection
[72, 82]. Independently of its E3 ubiquitin ligase activity,
TRIM>5a acts as a bridge between the HIV-1 p24 capsid, to
which binds through its SPRY domain, and members of the
ATGS8 family, to trigger viral degradation [72].

The antiviral function of TRIMSa has been long con-
sidered to be reserved to non-human primates and only in
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part dependent on its ability to trigger xenophagy [116].
However, an important work from Ribeiro et al. has con-
firmed that the proautophagic activity of TRIMSa is rele-
vant in the immune response to HIV-1 infection in human
Langerhans cells, a specific subset of dendritic cells [82]. In
these cells, TRIM5a is required to recruit the autophagic
machinery to cytosolic Birbeck granules, where HIV-1 is
sequestered by the lectin receptor Langerin, and to ensure
the autophagic degradation of the invading HIV-1. This
mechanism is specific for Langerhans cells, because, in
dendritic cells expressing the lectin receptor DC-SIGN,
HIV-1 infection leads to the dissociation of TRIMSa from
DC-SIGN, thus inhibiting its autophagy-mediated degra-
dation [82].

Interestingly, TRIM-mediated recognition of pathogens
could also occur indirectly by interacting with cellular
structures associated to the invading agent [75]. For
example, TRIM16 restricts M. tuberculosis infection in
macrophages by localizing to the bacteria-containing pha-
gosomes [75]. TRIM16 does not interact with bacterial
components but associates with vesicle membranes that are
damaged by the M. tuberculosis secretion systems leading
to the exposure of glycan residues to the cytosol. Glycan
residues are then recognized by galectin 3, which in turn
recruits TRIM16 and allow M. tuberculosis ubiquitination,
a prerequisite for autophagosomal engulfment [75].

A different strategy to indirectly recognize pathogens is
adopted by TRIM21 through a process called antibody-
dependent intracellular neutralization [117]. Taking advan-
tage of the ability to bind the Fc region of immunoglobu-
lins, TRIM21 associates with opsonized Salmonella
enterica when enters in epithelial cells, allowing autopha-
gosome engulfment and autolysosomal degradation [117].

Other autophagic cargos recruited by TRIMs

In addition to the important autophagic roles played in the
immune response, TRIMs act as autophagy receptors in
response to other critical cellular stresses. For example,
TRIM16 has been shown to localize to stress-induced pro-
tein aggregates where it induces autophagy, by interacting
with ULK1 and ATGI16L1, and acts as autophagy receptor
by recruiting p62 and LC3B (aggrephagy) [118]. In addition,
TRIM16 participates to p62-mediated NRF2 stabilization to
induce the expression of a set of genes that convert mis-
folded proteins into less toxic protein aggregates [118]. In
turn, NRF2 is able to stimulate TRIM16 expression in a
positive feedback mechanism. In this way, TRIM16 main-
tains proteostasis and protects cells from oxidative and
proteotoxic stress-induced cell death [118].

The role of TRIM proteins in mitigating proteotoxic stress
has been highlighted in the context of tumorigenesis, where
it was demonstrated that NRF2 induces TRIM11 expression,
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which is required for survival of mammary epithelial cancer
cells by promoting both proteasome and autophagy-
mediated degradation of misfolded proteins [119].

TRIM proteins are also involved in the recognition of
autophagy cargos in tissue-specific contexts. An important
indication has arisen from the study of the role of TRIM63,
best known as MuRF1, upon induction of muscle atrophy
by denervation [120]. In this damage condition, the levels
of the nicotinic acetylcholine receptor (CHRN) on the
postsynaptic membrane of the nerve-muscle synapse is
decreased by MuRF1-mediated autophagy upon endoso-
mal internalization [120]. In MuRFI1 knockout mice,
CHRN-positive vesicles failed to be engulfed by autop-
hagosomes upon denervation, thus impairing their lyso-
somal degradation and allowing them to be recycled on
sarcolemma [120].

TRIM proteins can also indirectly contribute to cargo
degradation by regulating the activity of the autophagy
receptor p62. An interesting example is represented by
TRIM32, which mono-ubiquitinates p62 to promote its
recruitment to autophagosomes [121]. This modification is
also required to stimulate the degradation of TRIM32 itself,
thus establishing a feedback loop to terminate the autop-
hagy response. Importantly, a TRIM32 mutant causing the
LGMD2H disease is unable to mono-ubiquitylate p62 and
undergo autophagic degradation, suggesting that impair-
ment of p62 activation by TRIM32 may contribute to the
development of muscular dystrophies [121].

Concluding remarks

The identification of TRIM family proteins as important
players of autophagy has greatly contributed to understand
the key homeostatic role played by this process in a variety
of stress responses, uncovering new specific intracellular
targets which are delivered to lysosomes for degradation.
Selective autophagy requires a large set of substrate
receptors that not only bind substrates in response to cell
damages and stress signals, but also recruit the autophagy
machinery in loco to form new autophagosomes. The large
family of TRIM ubiquitin ligases satisfy both requirements.
They selectively bind to substrates that have to be degraded,
including pathogens, damaged or unneeded cellular struc-
tures, components of stress signaling pathways, and con-
comitantly to ATG8 family members that decorate nascent
autophagosomes. Moreover, most of proautophagic TRIMs
interact with ULK1 and BECLIN 1 complexes favouring
their activation by either acting as a recruitment platform for
these upstream autophagy regulators or through their reg-
ulative ubiquitination. However, not all the TRIM proteins
act as positive regulators, but some of them were shown to
inhibit either the autophagic core machinery or upstream
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signaling pathways. In this regard, the finding that TRIMS5a
and TRIM17 may favor or prevent selective autophagy
depending on the specific targets opens the possibility that
TRIM proteins may play more complex roles in autophagy
regulation.

Many aspects of the role of TRIMs in selective autop-
hagy remain to be elucidated. Few autophagic targets of
TRIMs have been identified so far, which still limits our
understanding of the molecular mechanisms underlying
selective cargo recognition in response to stress stimuli/
damage and their ability to activate the proautophagic
function of TRIMs. Proteomic characterization of autop-
hagic cargos regulated by TRIMs is therefore an emerging
requisite to obtain a more comprehensive view of TRIM-
regulated autophagy. In addition, most of the autophagic
TRIMs are E3 ubiquitin ligases that also play a role in
proteasome-mediated degradation. Elucidating as to whe-
ther these different activities of TRIMs are coordinated will
contribute to better clarify the crosstalk between these
catabolic processes during stress responses.

To date, most of the available information on the role of
TRIM in autophagy has been obtained in context of innate
immunity, where specific TRIMs contribute to modulate
intensity and duration of inflammatory responses.

A contribution of TRIM proteins to different types of
selective autophagy is expected to emerge in the near future
in other cell contexts frequently exposed to physiological
and pathological stress conditions, with neurological and
cardiovascular systems representing the most likely
candidates.
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