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The present paradigms of selective autophagy in mammalian cells cannot fully explain the specificity and selectivity of
autophagic degradation. In this paper, we report that a subset of tripartite motif (TRIM) proteins act as specialized re-
ceptors for highly specific autophagy (precision autophagy) of key components of the inflammasome and type | inter-
feron response systems. TRIM20 targets the inflammasome components, including NLRP3, NLRP1, and pro—caspase 1,
for autophagic degradation, whereas TRIM21 targets IRF3. TRIM20 and TRIM21 directly bind their respective cargo and
recruit autophagic machinery to execute degradation. The autophagic function of TRIM20 is affected by mutations as-
sociated with familial Mediterranean fever. These findings broaden the concept of TRIMs acting as autophagic receptor
regulators executing precision autophagy of specific cytoplasmic targets. In the case of TRIM20 and TRIM21, precision
autophagy controls the hub signaling machineries and key factors, inflammasome and type I interferon, directing cardi-
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nal innate immunity response systems in humans.

Introduction

Autophagy is a eukaryotic intracellular pathway that carries
out key aspects of cytoplasmic homeostasis (Mizushima et al.,
2011; Frake et al., 2015; Kroemer, 2015) in addition to its inde-
pendent nutritional and metabolic roles (Rabinowitz and White,
2010; Kenific and Debnath, 2015). The principal aspects of how
the core autophagy machinery operates have been defined and
are conserved form yeast to humans (Mizushima et al., 2011).
In mammalian cells, the key factors (Simonsen and Tooze,
2009) activating autophagy include Beclin 1 (Liang et al., 1999)
and ULK1/2 (mammalian Atgl paralogues; Chan and Tooze,
2009), in a complex phosphorylation cascade downstream of
AMP-activated protein kinase (AMPK) and mammalian target
of rapamycin (Egan et al., 2011; Kim et al., 2011, 2013; Russell
et al., 2013). In addition to these upstream regulators, the auto-
phagic machineries include mammalian Atg8s (mAtg8s: LC3A,
LC3B, LC3C, GABARAP, GAPARAPL1, and GABARAPL2)
and their recruiter ATG12-ATG5-ATG16L1 complex, the em-
blematic autophagy factors believed to support the elongation
and completion of autophagosomal membranes (Mizushima et
al., 2011; Weidberg et al., 2011) as they envelop and sequester
the intended autophagic targets. The breath of targets for auto-
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phagy in mammalian cells (Randow and Youle, 2014; Stolz et
al., 2014) illustrates the versatility of autophagy as a process
but also poses the question regarding how autophagy recognizes
the cargo. Much progress has been made, including realization
that many of the targets such as faulty mitochondria (Youle and
Narendra, 2011), protein aggregates (Rubinsztein et al., 2012),
damaged endosomes/lysosomes (Maejima et al., 2013), and
invading microorganisms (Deretic et al., 2015) are earmarked
for autophagy by molecular tags such as ubiquitin (Stolz et al.,
2014) and galectins (Randow and Youle, 2014). Furthermore,
only five autophagic receptors recognizing such tags have been
described (Birgisdottir et al., 2013; Rogov et al., 2014). Never-
theless, the number of proteinaceous, membranous, and many
complex targets for selective autophagy keeps growing, and yet
the number of autophagic receptors has not followed this expan-
sion. This poses the question of whether the thus far discovered
receptors suffice to carry out all of selective autophagy in the
cell or whether there are additional receptors to be uncovered.
A recent study suggests that the tripartite motif (TRIM; RING
domain, B-Box, and coiled-coil domain [CCD]) class of pro-
teins, a large family of proteins with broad range of functions
for inflammation and cell growth (Reymond et al., 2001; Kawai
and Akira, 2011), may represent a new class of autophagic re-
ceptors (Mandell et al., 2014).
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Autophagy has many biological effects that include im-
munological processes and inflammation (Ma et al., 2013;
Mathew et al., 2014; Deretic et al., 2015). One aspect of this
role of autophagy is regulation of inflammasome activity
(Schroder and Tschopp, 2010), whereby autophagy antagonizes
inflammasome activation, through several proposed mecha-
nisms (Saitoh et al., 2008; Nakahira et al., 2011; Zhou et al.,
2011; Shi et al., 2012) that are, however, not fully understood.
Another distinct manifestation is autophagic suppression of
type I IFN responses through STING and RIG-I (retinoic ac-
id-inducible gene 1)-like receptors (Jounai et al., 2007; Saitoh
et al., 2009; Tal et al., 2009; Konno et al., 2013; Liang et al.,
2014; Deretic et al., 2015). In this work, we show that a sub-
set of TRIMs is involved in selective autophagy of the compo-
nents of the inflammasome and type I IFN regulatory systems.
These TRIMs form a platform for the type of autophagy termed
precision autophagy (Deretic et al., 2015) and directly bridge
their degradative targets with the core autophagic machinery,
including autophagy initiation (ULK1 and Beclin 1), elongation
(ATG16L1), and execution (mAtg8s) factors.

Results

TRIMs participate in IFN-y-

induced autophagy

IFN-y induces autophagy (Inbal et al., 2002; Gutierrez et al.,
2004; Fabri et al., 2011) and influences cytokine networks and
polarization of immune systems (Ghezzi and Dinarello, 1988;
Schroder and Tschopp, 2010; Mishra et al., 2013), whereas
TRIMs are involved in immune responses (Kawai and Akira,
2011) and, through an assortment of proposed mechanisms af-
fect autophagy (Niida et al., 2010; Tomar et al., 2012; Barde
et al., 2013; Pizon et al., 2013; Yang et al., 2013; Khan et al.,
2014; Mandell et al., 2014; Pineda et al., 2015). IFN-y can
induce expression of a subset of TRIMs (Carthagena et al.,
2009). We wondered whether TRIMs might be contributing
mediators to autophagy induction by IFN-y. We used an im-
age-based high content (HC) analysis of LC3 puncta (Fig. 1 A)
to screen for effects of TRIM knockdowns on IFN-y—induced
autophagy in human myelomonocytic cells. IFN-y—induced
autophagy in THP-1 cells (Fig. 1 A), showing dose depen-
dence (Fig. S1 A) and in primary human macrophages (Fig.
S1 B). For standardization, we used THP-1 cells for the screen
(Fig. 1 B and Fig. S1 C). Out of the 70 human TRIMs tested,
knockdowns of 24 different TRIMs reduced endogenous LC3
puncta per cell under IFN-y treatment (Fig. 1 B, open circles;
Fig. S1 C shows average + range values from two indepen-
dent screens). We followed this up by individual knockdowns
of a subset of six positive and four neutral TRIMs from the
screen (Fig. 1 C). All six TRIMs that were positive hits from
the screen, TRIM1, TRIMS8, TRIM20, TRIM21, TRIM22, and
TRIMG65 (knockdowns were evaluated in Fig. S1 D), were re-
quired for optimal induction of autophagy by IFN-y (Fig. 1 C).
Of the neutral TRIMs, TRIMS56 that was marginally positive
in the screen, showed a borderline but statistically significant
effect (Fig. 1 C). Thus, TRIMs contribute to autophagy induc-
tion in response to IFN-y (Fig. 1 D).

TRIM20 induces autophagy
We focused on TRIM20 as a TRIM strongly induced by
IFN-y (Carthagena et al., 2009; Chae et al., 2011). We con-
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firmed that TRIM20 expression was responsive to IFN-y in
our system and tested its kinetics and dose-response (Fig.
S1, E and F). We next used HC analysis to establish in a
dose-response setting that TRIM20 was required for IFN-y—
induced autophagy (Fig. S1, G and H). This was confirmed
in immunoblot assays of LC3 lipidation in the presence of
bafilomycin A1, an inhibitor of autophagic flux (LC3-II con-
version; Fig. 1 E). Mirroring these findings, overexpression
of GFP-TRIM20 increased LC3 puncta (Fig. 1 F) and en-
hanced LC3-II conversion in immunoblots (Fig. S1 I); as
expected, the LC3-II band was revealed only in bafilomycin
Al-treated cells, which protects it from degradation through
autophagic flux. These results indicate that activation of au-
tophagy by IFN-y depends on TRIM20 and that elevated ex-
pression of TRIM20, a TRIM whose transcription is known
to be strongly activated by IFN-y (Carthagena et al., 2009;
Chae et al., 2011), induces autophagy.

TRIMZ20 interacts with ULK1, Beclin 1,
and ATL16L1

We next examined how TRIM20 induced autophagy. Auto-
phagy requires ULK1 and Beclin 1, both of which play piv-
otal roles in autophagy initiation in mammalian cells (He and
Levine, 2010; Mizushima et al., 2011). We detected GFP-
TRIM20 in immunoprecipitates with coexpressed Myc-ULK1
and Flag-Beclin 1 (Fig. 2, A and B) and with endogenous
ULKI1 and Beclin 1 (Fig. S2, A and B). TRIM20 puncta co-
localized with ULKI1 in the cytoplasm (Fig. 2 C). Induction
of autophagy depends on a phosphorylation cascade, which
includes activation of ULK1 by phosphorylation at Ser-317
(Kim et al., 2011). Active p-ULK1 (Ser-317) coimmunopre-
cipitated with TRIM20 (Fig. 2 D).

We next mapped ULK1-binding regions within TRIM20
(Fig. 2 E). Like the majority of TRIMs (Reymond et al., 2001;
Kawai and Akira, 2011), TRIM20 has B box, CCD, and PRY/
SPRY domains, but lacks an E3 ligase RING domain, and is
uniquely endowed with a pyrin domain (PYD). TRIM20 con-
structs lacking PYD and PRY/SPRY domains still bound ULK1
in immunoprecipitation assays (Fig. 2 F). Direct biding be-
tween TRIM20 and ULK1 was established in GST pull-down
experiments (Fig. 2 G). Both in vivo and in vitro experiments
pointed to the middle portion (including B-box and CCD) of
TRIM20 as being critical for association with ULK1, whereas
the N-terminal PYD and the C-terminal SPRY domains
were dispensable (Fig. 2 E).

Beclin 1 showed a more complex domain requirement
for inclusion in TRIM20 complexes, with either the middle
portion (including B-box and CCD) or the C-terminal region
(PRY/SPRY) displaying an independent capacity to bring
down Beclin 1 in immunoprecipitates (Fig. 3, A and B). We
also examined Beclin 1 for regions required for the ability to
coimmunoprecipitate with TRIM20 (Fig. S2, C and D). Two
Beclin 1 regions appeared to be required: the first one between
BH3 (Bcl-2-homology-3) and CCD and the second one over-
lapping with the evolutionary conserved domain of Beclin 1
(Fig. S2, C and D). Furthermore, in the presence of TRIM20,
the immunoprecipitated Beclin 1 complexes were enriched for
ULKT (Fig. 3 C). Thus, TRIM20 can interact simultaneously
with multiple autophagy factors and serves as a platform for
coassembly of ULK1 and Beclinl.

We also found that TRIM20 coimmunoprecipitated
with ATG16L1 (Fig. 3 D). TRIM20 displayed a complex
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Figure 1. TRIMs regulate IFN-y-induced autophagy. (A) THP-1 cells were subjected to TRIM knockdown and treated with 1,000 U/ml IFN-y for 4 h,
and high content (HC) analysis was performed using a Cellomics HCS scanner (epifluorescence) and iDEV software. HC (magenta, endogenous LC3B
immunofluorescence; blue, nuclei stained with Hoechst). Mask overlay, software-defined objects (primary objects, cell outlines; internal secondary obijects,
LC3 puncta). (B) Average count of LC3 puncta per cell from cells treated as in A (data from two 96-well plates with identical siRNA arrangements; the
corresponding data are shown in Fig. S1 C). Encircled are IFN-y-treated wells (right) and wells with vehicle controls (bottom left). TRIM knockdowns that
reduced LC3 puncta readout in both of the two experiments by 3 SDs (horizontal dot lines) from the average of IFN-y—treated controls (horizontal solid line)
are indicated by corresponding TRIM numbers (open circle). TRIMs that were chosen in follow up experiments in Fig. 1 C are also indicated with number.
(C) Similar to B, except that THP-1 cells were subjected to specific TRIM or scrambled (Scr; control) knockdowns and were analyzed in quadruplicates or
more repeats. (D) Model of TRIMs-mediated IFN-y~induced autophagy based on the results obtained in Fig. 1 and Fig. S1 thus far. (E) THP-1 cells were
treated with TRIM20 or scrambled siRNAs, incubated with or without IFN-y for 4 h in the presence of bafilomycin A1 (Baf A;), and LC3-Il conversion was
determined by immunoblots. R, relative infensity. (F) Hela cells were transfected with GFP or GFP-TRIM20, and HC analysis was performed. Data, means

+SE; n>3.* P<0.05 (ANOVA, C and E, or ttest in F). Bars, 5 pm.

domain requirement for inclusion in ATG16L1 complexes,
with either the middle portion (including B-box and CCD) or
the C-terminal region (PRY/SPRY) showing an independent
capacity to bring down ATGI16L1 in immunoprecipitates
(Fig. 3, E and F). TRIM20 primarily interacted with the WD

repeat of ATG16L1 (Fig. 3, G and H). Thus, the TRIM20
platform (Fig. 3 I) contains other autophagy regulators, such
as ATG16L1, a component of the autophagy E3-like complex
that regulates LC3 conjugation and autophagosome forma-
tion (Mizushima et al., 2003).
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Figure 2. TRIM20 interacts with ULK1 and Beclin 1. (A and B) Coimmunoprecipitation analysis of GFP-TRIM20 (T20) with Myc-ULK1 (A) or Flag-Beclin 1
(B) in HEK293 cells extracts. IP, immunoprecipitation; WB, Western blot. (C) Confocal microscopy of Hela cells coexpressing mCherry-TRIM20 with GFP-
ULK1. Line tracing corresponds to arrow. White outline, cell boundary defined by background fluorescence. Insets, enlarged areas as indicated by white
outlined squares. Bars, 10 pm. (D) Coimmunoprecipitation analysis of TRIM20 complexes with p-ULK1 (Ser-317) in HEK293 cells. (E) TRIM20 domains
and deletion constructs used. Dotted lines, deleted regions. (F) Coimmunoprecipitation analysis of interactions between deletion variants of TRIM20 (as
GFP fusions) with Myc-ULK1 in HEK293 cells. (G) GST pull-down analysis of radiolabeled Myc-ULK1 with GST+agged deletion variants of TRIM20. (top)
Autoradiogram of pull-down products. (bottom) Coomassie brilliant blue (CBB)-stained SDS-polyacrylamide gel with GST deletion variants of TRIM20. Data

are representative of three or more experiments.

We examined whether TRIM20 possessed the ability to
interact with mammalian Atg8 paralogues (mAtgS8s),
factors required for autophagosomal membrane forma-
tion (Mizushima et al., 2011). Although no binding was
detected with LC3B, the commonly used marker for
autophagic membrane (Kabeya et al., 2000), GST pull-
down experiments revealed interactions of TRIM20 with
GABARAP and GABARAPLI, and to a lesser extent with
LC3A, LC3C, and GABARAPL2 (Fig. 4 A). GABARAP
colocalized with TRIM20 (Fig. S2 E). Albeit TRIM20 did
not directly interact with LC3B, mCherry-TRIM20 pro-

files were closely juxtaposed to conventional LC3-posi-
tive puncta (Fig. S2 F). The region of TRIM20 (Fig. 4 B)
responsible for the interaction with mAtg8s, GABARAP
and LC3A, was mapped. A TRIM20 deletion construct
spanning residues 375-595 retained capacity to bind
GABARAP or LC3A (Fig. 4, B and C). To delimit further
the TRIM20 sequence required for mAtg8s binding, we used
GST-GABARAP as bait in a binding assay with an array
of TRIM20 peptides (Fig. 4 D). Three series of TRIM20
peptides (regions of primary sequence staggered by three
amino acid residues), with either three or four positive con-
secutive binding signals, were identified (Fig. 4 D). The
most upstream region (397-ICSLSHQEH-404; region I) did
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Figure 3. TRIM20 assembles ULK1 and Beclin 1 in a complex and interacts with ATG16L1. (A) TRIM20 domains and deletion constructs used. (B) Coim-
munoprecipitation analysis of interaction between deletion variants of TRIM20 (as GFP fusions; asterisks denote fusion products on the bottom blot) with
Flag-Beclin 1 in HEK293 cells. (C) Coimmunoprecipitation analysis of ULK1 in Beclin 1 complexes in the presence and absence of TRIM20 in HEK293T
cell lysates. (D) Coimmunoprecipitation analysis of GFP-TRIM20 with endogenous ATG16L1. (E) TRIM20 domains and deletion constructs used. (F) Coim-
munoprecipitation analysis of interaction between deletion variants of TRIM20 with Flag-ATG16L1 in HEK293 cells. (G) ATG16L1 domains and deletion
constructs used. (H) Coimmunoprecipitation analysis of interactions between deletion variants of Flag-ATG16L1 and GFP-TRIM20 in HEK293 cells. (I) Model
of TRIM20-dependent autophagy induction based on Fig. 2, Fig. 3, and Fig. S2. Data are representative of three or more experiments.

not contain a recognizable LC3-interacting region motif,
whereas region II (470-YYFLEQQEHFFVSLEDVG-498)
and region III (523-SEWELLQD-530) contained potential
LC3-interacting region motifs (Birgisdottir et al., 2013).
In follow up mutational analyses, no single or double al-
terations of the regions I-III abrogated GABARAP bind-
ing (Fig. S2 G). Only when all three regions (I, II, and III)

were mutated, did this cause loss of GABARAP binding
(Fig. 4 E and Fig. S2 G). Thus, all three regions contrib-
ute to the binding of TRIM20 to mAtg8s. Collectively,
the aforementioned findings and experiments described
in previous sections demonstrate that TRIM20 assembles
both the key regulators of autophagy (ULKI, Beclin 1, and
ATG16L1) and a subset of effector factors (mAtg8s).

TRIMs direct precision autophagy * Kimura et al.

Q77


http://www.jcb.org/cgi/content/full/jcb.201503023/DC1

o978

A GST-mAtgs B
mAtg8s
Qo\?
N O A » N0 ® g
A S TRIM20 © @5 ¥ v v& & A
) S &F 9 1{PYDHB-box}{cCDHPRY[SPRY}
78
Myc-TRIM20 i ]
' INE /R -
cce B ™ A596-781 S B
. A1-374, -7 TS e -7 sl
596-781 _
A1596 === 77T T T
C Pull-down of [*S] Myc-TRIM20
GST-GABARAP GST-LC3A GST Input (10%) Input (CBB)
0/ 0D > > >
N N ON N VA
~N A G o N " O N et O N O Wt © .
SEESE P HSE £8 4858 REOSS L LLS
~ ~ ~N ~ s ~ 4 & o . G b ’
v vy vvYvy v vVy TYVY NI SVSi
- - s SPEPEIE (0 GST-GABARAP
WP o GsT-LC3A
- boad - — -~
e e o5 cST
= = &3 MycTRIM20
&
-~ N
RN
D . Region | E og’y o’vlf
TRIM20 peptide array 397 404 N §\ &
probe: GST-GABARAP ,ICSLSQEH| > A394-404 > VS
- &« "o Q?Q 5°Q
Y © 4
& : ‘.g) O
00 w7 e Y >~
: ) e -
. o B Gsrasarap
[t 0@ o '@] Pull-down of ,
e e e © , [ 1o} [%S] Myc-TRIM20 GST
4 . o~ \' - : I
00¢ "‘/.."' / -i Input (10%)
v v
. . .40GST
Region Il Region Il - i) GABARAP
YYFLEQQEHFFVASLEDVG]  523[SEWELLQD|530 Input (CBB) 25GST
470 475 —> AT70-477 498

W525A L528A

Figure 4. TRIM20 interacts with mammalian Atg8 paralogues (mAtg8s). (A) GST pull-down analysis of interactions between radiolabeled Myc-TRIM20
and GST+tagged mAtg8s. (top) Autoradiogram of pull-down products. (bottom) CBB-stained SDS-polyacrylamide gel with GST-mAtg8s. (B) TRIM20 domains
and deletion constructs used. (C) GST pull-down analysis of binding between radiolabeled Myc-TRIM20 deletion variants and GST-GABARAP and GST-
LC3A. (D) Identification of GABARAP-interacting regions on TRIM20 by peptide array. Three series of TRIM20 peptides (regions of primary sequence stag-
gered by three amino acid residues), with either three or four positive consecutive binding signals, were identified. The peptide sequences corresponding
to the positive binding signals (encompassed spots; defined as regions I, Il, and Ill) were mutated as indicated and were subjected to the GST pull-down
experiments in E and Fig. S2 F. (E) GST pull-down analysis of interaction between radiolabeled Myc-TRIM20 triple mutants and GST-GABARAP. Data are

representative of three or more experiments.

TRIMZ20 is a receptor for selective
autophagy of inflammasome components
TRIM20, encoded by the MEFV gene, is a risk locus for fa-
milial Mediterranean fever (FMF; French FMF Consortium,
1997; The International FMF Consortium, 1997). TRIM20 has
305 FMF-associated variants (http://fmf.igh.cnrs.fr/ISSAID/
infevers/), with frequent mutations in its PRY/SPRY domain
(Masters et al., 2009). The PYD domain of TRIM20 has been
the primary focus of interest in inflammasome regulation as a
result of its potential to bind the cognate PYD domain of ASC
(Schroder and Tschopp, 2010). However, it has been reported
that the PRY/SPRY domain, located at the other end of TRIM20,
recognizes, and binds to NLRP3 (Papin et al., 2007). The latter
relationship has remained obscure despite the frequency of mu-
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tations in the PRY/SPRY domain (Masters et al., 2009). We ex-
plored the significance of the interactions between the TRIM20
PRY/SPRY domain and NLRP3 in the context of the aforemen-
tioned recognized function of TRIM20 in autophagy. The full-
length TRIM20 and a TRIM20 construct containing only the
PRY/SPRY domain both interacted with NLRP3 (Fig. S3 A).
A knockdown of TRIM20 spared NLRP3 from degradation in
cells treated with IFN-y and lipopolysaccharide (LPS; Fig. 5 A
and Fig. S3, B and C). When cells were treated with LPS alone,
a knockdown of TRIM20 had no effect on NLRP3 levels (Fig.
S3 D), albeit LPS alone increased NLRP3 levels (Fig. S3 E) as
expected (Bauernfeind et al., 2009), in keeping with TRIM20
acting to transduce the effects of IFN-y. Bafilomycin Al (an
inhibitor of autophagic degradation) protected NLRP3, whereas
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Figure 5. TRIM20 degrades inflammasome components through autophagy. (A) Levels of NLRP3 were determine in lysates from THP-1 cells subjected to
TRIM20 or scrambled (Scr) siRNA were activated with 1,000 U/ml IFN-y for 3 h, and 2.5 pg/ml LPS for 2 h (for optimal TRIM20 expression; Fig. S3 B).
RI, relative intensity. (B) Levels of NLRP3 were determined in THP-1 subjected to TRIM20 or control knockdowns and treated or not with bafilomycin A1 (Baf
Ay). (C) The abundance of NLRP3 protein was determined in THP-1 cells subjected to TRIM20 or control knockdowns and exposed to Escherichia coli strain
LF82 and IFN-y in the presence or absence of bafilomycin AT. (D) The abundance of NLRP3 protein was determined in primary human MDMs subjected
to TRIM20 or control knockdowns and exposed to LPS and IFN-y in the presence or absence of bafilomycin A1. (E) Levels of NLRP3 were determined in
THP-1 cells subjected to ULK1, Beclin 1, or scrambled (Scr) siRNA and treated with IFN-y and LPS. (F-H) Levels of NLRP3 (F), NLRP1 (G), or pro-caspase
1 (H) were determined in cells expressing GFP or GFP-TRIM20 after autophagy induction (Earle's balanced salt solution , 3 h) in the presence or absence
of bafilomycin A1. Data, means = SE; n > 3. *, P < 0.05; f, P > 0.05 (ANOVA).

TRIM20 knockdown increased amounts of NLRP3 and elimi-
nated the protective effects of bafilomycin A1 (Fig. 5 B). Similar
effects were observed with THP-1 cells exposed to pathogens
(adherent-invasive Escherichia coli LF82; Lapaquette et al.,
2010) and with primary human peripheral blood monocyte-de-
rived macrophages (MDMs) treated with LPS (Fig. 5, C and D).

Degradation of NLRP3 depended on ULK1 and Beclin
1, establishing that disposal of NLRP3 was through autophagy
(Fig. 5 E; and Fig. S3 F). Conversely, expression of TRIM20
decreased levels of coexpressed NLRP3 (Fig. 5 F). The desta-
bilizing effect of TRIM20 overexpression on NLRP3 levels
was suppressed by bafilomycin Al (Fig. 5 F). Additionally,
TRIM20 was protected by bafilomycin Al from degradation

in the presence of NLRP3 (Fig. S3, G and H), indicating that
TRIM20 is degraded along with the delivery of its substrate to
autolysosomal compartments.

In addition to NLRP3, other inflammasome components,
pro—caspase 1 (Chae et al., 2006; Papin et al., 2007) and NLRP1
(Papin et al., 2007), have been previously shown to interact with
the PRY/SPRY domain of TRIM20. When pro—caspase 1 and
NLRP1 were coexpressed with TRIM20, they too were subject
to degradation inhibitable by bafilomycin Al (Fig. 5, G and H).
These data show that TRIM20 acts as an autophagy receptor
for degradation of inflammasome components and that TRIM20
is responsible for delivery of NLRP3 and other tested inflam-
masome components for autophagic degradation.
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Presence of target substrate potentiates
assembly of activated autophagic
components on the TRIMZ20 platform

We tested whether the availability of substrate, NLRP3, influ-
enced TRIM20 assembly with ULKI1. Although ULKI1 was
enriched in NLRP3 immunoprecipitates when cells expressed
TRIM20 (Fig. 6 A), this was reduced when cells were sub-
jected to TRIM20 knockdown (Fig. S3 I). The presence of
NLRP3 did not affect levels of total ULK1 in TRIM20 immu-
noprecipitates (Fig. 6 B). However, the presence of NLRP3 in-
creased the amount of active p-ULK1 (Ser-317 and Ser-555;
Egan et al., 2011; Kim et al., 2011) associated with TRIM20
(Fig. 6 B). Because these two sites of ULK1 are phosphory-
lated by AMPK (Egan et al., 2011; Kim et al., 2011), we tested
whether AMPK is recruited to the TRIM20 complex. AMPK
was found in TRIM20 complexes with or without NLRP3 (Fig.
S3 J). These data indicate that modulation of TRIM20 action,
in the presence of its cognate autophagic target, is reflected in
ULK1 phosphorylation state and not in ULK1 or AMPK levels.
These and aforementioned data suggest a model in which not
only does TRIM20 organize autophagic machinery by serving
as a platform for the assembly of ULKI, Beclin 1, ATG16L1,
and mAtg8s, but it also recognizes autophagic substrates via its
PRY/SPRY domain, and that this substrate recognition enriches
ULKI1 in its activated state on the TRIM20 platform (Fig. 6 C).

Disease-associated mutations in TRIM20
diminish its autophagic potency

A physiologically relevant consequence of TRIM20 mutations
in FMF s excessive IL-1p production (Chaeetal., 2011; Meinzer
et al., 2011; Omenetti et al., 2014). In patients (Omenetti et al.,
2014), albeit not in murine systems (Chae et al., 2011), this
is dependent on NLRP3 in the context of TRIM20 mutations.
A knockdown of ULK1 or TRIM20 elevated IL-1f responses
(specifically for IL-1p [Fig. 6 D] because lactate dehydroge-
nase [LDH] release was unaffected Fig. S4 A). When the cells
knocked down for either ULK1 or TRIM20 were also subjected
to knockdowns of NLRP3, this normalized IL-1p expression
(Fig. S4, B-D). When cells were subjected to inflammasome
activation with LPS and nigericin, fluorochrome-labeled in-
hibitor of caspases (FLICA) staining (based on a fluorogenic
probe FAM-YVAD-FMK for detection of in situ caspase 1
activity) revealed active caspase-1 puncta, as reported previ-
ously (Broz et al., 2010). The number of FLICA-positive cells
increased when cells were subjected to a TRIM20 knockdown
(Fig. 6 E and Fig. S4 E). Thus, TRIM20 suppresses caspase-1
activation and IL-1p production.

We then tested whether the disease-causing variants of
TRIM20 affected autophagy and clearance of inflammasome
components. We chose the three most frequent variants found
in FMF patients (Masters et al., 2009), M680I, M694V, and
V726A (Fig. 6 F). Compound (double or triple) mutant variants
of TRIM20 formed fewer TRIM20 puncta (Fig. S4, F and G).
Whereas expression of wild-type TRIM20 resulted in degrada-
tion of NLRP3, overexpression of TRIM20 single (M694V),
double (M680I and M694V), and triple (M680I, M694V, and
V726A) mutants showed diminished degradation of NLRP3
(Fig. 6 G). Furthermore, protein complexes with the M694V,
double (M680I+M694V), and triple (M680I+M694V+V726A)
TRIM20 mutants harbored less ULK1, a trend that was paral-
leled by phospho-ULK1 levels (Fig. 6 H). Consistent with this,
there were fewer LC3 puncta per cell induced through expres-
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sion of the triple mutant TRIM20 (M680I+M694V+V726A)
than by the wild-type TRIM20 (Fig. S4 H). Thus, the disease-as-
sociated mutations in the PRY/SPRY domain of TRIM20 per-
turb ULK1 recruitment and autophagic degradation of NLRP3
and hence may contribute to the inflammatory phenotype asso-
ciated with FMF mutations (Fig. 6 I).

TRIM21 interacts with autophagy factors
Our IFN-y screen with TRIM family of proteins yielded addi-
tional hits beside TRIM20 (Fig. 1 B), several of which were
validated in follow up analyses (Fig. 1 C). Among these was
TRIM21 (also known as Ro52/SSA associated with Sjogren
syndrome), which is transiently induced by IFN-y (Fig. S5
A). Incidentally, TRIM20 and 21 could be coimmunoprecipi-
tated (Fig. S5 B). The IFN-y induction of TRIM21 expression
was in agreement with previous studies (Carthagena et al.,
2009; Espinosa et al., 2009). TRIM21 has an acknowledged
role in regulating type I IFN responses (Higgs et al., 2008;
Espinosa et al., 2009; Yoshimi et al., 2009; McEwan et al.,
2013; Zhang et al., 2013). In one mechanism, TRIM21 has
been reported to cause IKKp degradation most likely through
autophagy, based on its 3-methyladenine protection and LC3
localization (Niida et al., 2010). Based on our detailed studies
with TRIM20, we wondered whether TRIM21 might also act
as a platform for assembly of autophagic regulatory factors.
Indeed, TRIM21 bound both regulators, ULK1 and Beclin 1
(Fig. 7, A and B), and a subset of mAtg8s, most prominently
GABARAP (Fig. 7 C). GABARAP binding to TRIM21 did
not require the SPRY domain of TRIM21 (Fig. 7, D and E).
Unlike TRIM20, which does not bind Sequestosomel/p62
(p62; Mandell et al., 2014), a well-known autophagic receptor
(Birgisdottir et al., 2013), TRIM21 did bind p62 (Fig. 7, F and
G). The TRIM21-binding region within p62 was delimited to
the residues 170-256 of p62 (Fig. 7, F and G). The regions
of TRIM21 binding p62 excluded its SPRY domain (Fig. 7,
D and E). Thus, TRIM21 interacts with multiple regulators
and effectors of autophagy.

TRIMZ21 is a regulator receptor for
autophagic degradation of activated IRF3
TRIM21 is known to interact with the transcription factor
IRF3 (IFN regulatory factor 3) through its SPRY domain
(Higgs et al., 2008). It has been proposed that TRIM21 can
suppress type I IFN response (Higgs et al., 2008; Espinosa
et al., 2009; Yoshimi et al., 2009; Zhang et al., 2013), albeit
an activation effect (McEwan et al., 2013), has also been re-
ported. The proposed mechanism for negative regulation of
IRF3 is mainly focused on proteasomal degradation of IRF3
(Saitoh et al., 2006; Higgs et al., 2008). However, autophagy
is also known to play a suppressive role on type I IFN (Jounai
et al., 2007; Saitoh et al., 2009; Mathew et al., 2014; Der-
etic et al., 2015). We thus wondered whether TRIM21 could
cause autophagic degradation of IRF3, analogous to what we
observed with TRIM20 and NLRP3. IRF3 colocalized with
TRIM21 in LC3-positive dots (Fig. 8 A). Furthermore, IRF3*
TRIM21+* profiles were also ULK1 positive (Fig. 8 B). More-
over, IRF3 was found in protein complexes with ULK1 when
TRIM21 was present (Fig. 8 C).

Cytosolic DNA (during viral infection, e.g., with HIV)
induces type I IFN response through endogenous second mes-
senger (cyclic guanosine monophosphate—AMP) by using its
adaptor protein STING that results in IRF3 dimerization/ac-
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analysis of ULK1 in NLRP3 complexes in HEK293T cells expressing GFP-TRIM20 or GFP alone. IP, immunoprecipitation; WB, Western blot. (B) The effect of
NLRP3 expression on the presence of phospho-ULK1 in TRIM20 complexes. Lysates from HEK293 cells transiently expressing Myc-ULK1, GFP-TRIM20 (or
GFP alone), and Flag-NLRP3 (or not) were immunoprecipitated with anti-GFP and immunoblots were probed as indicated. (C) Model of TRIM20's function in
autophagy as a regulatorreceptor: TRIM20 assembles autophagy machinery (ULK1, Beclin 1, ATG16L1, and mAtg8s) and recognizes substrates (NLRP3,
pro—caspase 1, and NLRP1) delivering them for autophagic degradation. The recognition of substrate enriches active p-ULK1 on the TRIM20 platform. (D)
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were analyzed for quantification. Scr, scrambled. (F) Predominant FMF-associated point mutations of TRIM20 reside in the PRY/SPRY domain. (G) Levels
of NLRP3 were determined in lysates of HEK293 cell expressing GFP-TRIM20 (wild-type or FMF-associated variants) or GFP and induced for autophagy by
starvation in EBSS for 3 h. (H) Effects of FMF-associated variants on ULK1 presence in TRIM20 complexes. HEK293 cells were transiently transfected with
Myc-ULK1, and either GFP-TRIM20 (wild-type or FMF-associated variants) or GFP alone. Lysates were immunoprecipitated with anti-GFP, and immunoblots
were probed as indicated. Numbers indicate relative intensity of the band above. (I) Role of FMF-associated mutation in NLRP3 degradation. The presence
of NLRP3 promotes phosphorylation of ULKT in TRIM20 complex, leading to autophagic degradation of NLRP3. TRIM20 mutants recruited less ULK1 and
phospho-ULKT, which results in lower autophagic activity and diminishes degradation of inflammasome components. Asterisks denote common FMF-asso-
ciated point mutations in TRIM20. Data, means + SE; n > 3. *, P < 0.05 (ANOVA).
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tivation (Gao et al., 2013). It is the dimerized form of IRF3
that activates type I IFN responses (Takahasi et al., 2003). A
knockdown of TRIM21 increased levels of IRF3 dimers in
IFN-y—treated cells stimulated with double-stranded DNA
(Herring testis [HT]-DNA) transfected into the cells (Fig. 8 D)
but not in cells treated with HT-DNA alone, i.e., in the absence
of IFN-y (Fig. S5 D), in keeping with the role of TRIM21
in acting as an effector of IFN-y. A knockdown of TRIM21
also increased IRF3 dimers in cells infected with a single-cy-
cle infection HIV-1 virus under conditions when cells were
treated with IFN-y (Fig. S5 E). Bafilomycin A1 protected di-
merized IRF3 from degradation; this protection was no lon-
ger apparent in cells knocked down for TRIM21 (Fig. 8 E),
indicating that dimerized IRF3 was routed for autophagic
degradation by TRIM21. As a physiologically relevant con-
sequence, knockdown of TRIM21 resulted in increased levels
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of IFN-p expression after DNA transfection or infection with
HIV-1 (Fig. 8 F and Fig. S5 F). These data show that TRIM21
acts as a platform for IRF3 degradation, connecting it with
the autophagic regulators (ULK1) and and effectors such as
mAtg8s (Fig. S5 G). A knockdown of TRIM21 resulted in in-
creased levels of IFN-f response to LPS (Fig. S5 H), in keep-
ing with the proposed autophagic targeting of IKKp (Niida et
al., 2010) within a parallel pathway to IRF3-dependent activa-
tion of type I IFN responses.

Collectively, our findings show that multiple TRIMs
participate in autophagic response to IFN-y. Specifically,
TRIM20 and TRIM21 organize autophagic apparatus to
degrade their cognate targets and down-regulate responses
via inflammasome/IL-1p and IRF3/type I IFN (Fig. 8 G).
Tapering of such responses may be essential to pre-
vent excessive inflammation.
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recruit autophagic machinery thus coordinating target recogni-
tion with assembly of the autophagic apparatus and initiation

Our findings show that a subset of TRIMs act as receptors and
regulators for selective autophagy targeting components of the
inflammasome and type I IFN response systems. TRIM20 rec-
ognizes the inflammasome components, NLRP1, NLRP3, and
pro—caspase 1, and leads to their autophagic degradation. A
similar principle is at work with TRIM21, which targets acti-
vated (dimerized) IRF3 for autophagy. Not only do TRIM20
and TRIM21 directly bind their respective cargo, but they also

of autophagy. These studies increase the repertoire of currently
known autophagic receptors (Johansen and Lamark, 2011;
Birgisdottir et al., 2013) and expand the target receptor role
of TRIMs in autophagy, previously indicted only for TRIMS«
(Mandell et al., 2014). Thus, direct target recognition and as-
sembly of autophagic machinery to conduct a process referred
to as precision autophagy (Deretic et al., 2015) is a more gen-
eral feature of the TRIM family of proteins.
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The recognition of cognate targets by TRIM20 and
TRIM?21 is reminiscent of direct retroviral capsid recognition
by TRIMSa (Stremlau et al., 2006), which, as recently shown
(Mandell et al., 2014) leads to autophagic degradation of HIV.
The principles of precision autophagy (Deretic et al., 2015) may
differ fundamentally from targeting of a variety of ubiquitinated
cargo earmarked for autophagy by ubiquitin-binding receptors
(Stolz et al., 2014). Incidentally, TRIM20 does not possess the
RING E3 ubiquitin ligase domain and does not bind p62 (Man-
dell et al., 2014). The absence of a RING domain and absence of
binding to p62 underscores the ubiquitin-independent nature of
target recognition by TRIM20. However, engagement of other
Sequestosome 1-like receptors, a class (Deretic et al., 2013) of
ubiquitin and galectin recognizing receptors (Gomes and Dikic,
2014; Randow and Youle, 2014) may not be ruled out as well as
a nontargeting role for ubiquitination in stabilizing autophagy
initiation complexes (Shi and Kehrl, 2010; Nazio et al., 2013;
Chauhan et al., 2015). Furthermore, inclusion of additional cy-
toplasmic material along with specific targets during TRIM-di-
rected autophagy may not be ruled out.

Importantly, our findings indicate that substrate recogni-
tion by TRIM20 also directs precision autophagy machinery as-
sembled by TRIM20. Thus, in their role in autophagy, TRIM20
and TRIM21 act not only as receptors for autophagy but also as
platforms for assembly of regulators (ULK1 and Beclin 1) and
effectors (mAtg8s; p62 in the case of TRIM21), into initiation
complexes. The presence in TRIM20 complexes of ATG16L1
may reflect direct association or reinforcement of indirect links
between ULK1 and ATG16L1 (Gammoh et al., 2013; Nishimura
et al.,, 2013). Other TRIMs may function similarly, as ob-
served with TRIMS5a and preliminarily with TRIM6, TRIM17,
TRIM22, TRIM49, and TRIMSS5 (Mandell et al., 2014). The
concept of platforms for assembly of autophagic machinery in
mammalian cells also extends to generic, starvation-induced
autophagy, which utilizes exocyst components specifically en-
dowed with Exo84 (Bodemann et al., 2011). However, TRIM
engagement with autophagy may entail other mechanisms, as
for example TRIM28 has multiple (both positive and negative)
proposed mechanisms of action (Barde et al., 2013; Yang et al.,
2013; Pineda et al., 2015), whereas the mechanism of autoph-
agy induction for TRIM13 in response to the ER stress has not
been fully delineated (Tomar et al., 2012), although it shows
a relationship with p62 and DFCP, an ER-derived autophagy
precursor compartment termed omegasome (Axe et al., 2008).

A further major biological finding reported here is that
TRIMs are mediators of IFN-y—induced autophagy. The en-
gagement of multiple TRIMs reveled in our screen should not
be surprising, as multiple systems can trigger IFN-y—induced
autophagy, such as the previously described death-associated
protein kinase phosphorylation of Beclin 1 (Inbal et al., 2002;
Zalckvar et al., 2009) and immunity related GTPase—dependent
induction of autophagy (Gutierrez et al., 2004), which has re-
cently been shown to act through a coassembly of ULK1 and
Beclin 1 (Chauhan et al., 2015). Additional upstream mecha-
nisms may be controlled by TRIMs detected in our screen,
as in the case of TRIMS, which is known to be inducible by
IFN-y (Toniato et al., 2002). TRIMS activates TAK1 (Li et al.,
2011), which is proposed to occur through K63 polyubiquiti-
nation. TAK1, in turn, activates AMPK-dependent autophagy
(Kanayama et al., 2004; Herrero-Martin et al., 2009; Criollo et
al., 2011) by phosphorylating AMPK (Xie et al., 2006). Hence,
TRIMS affects upstream pathways known to activate autoph-

JCB » VOLUME 210 « NUMBER B » 2015

agy. This may explain why TRIMS was identified as a hit in our
IFN-y—dependent autophagy induction screen. Furthermore,
it is likely that TRIMs, known to hetero-oligomerize (Bell et
al., 2012) as supported by our observations with TRIM20 and
TRIM21, cooperate in IFN-y induction of autophagy.

The finding that TRIM20 is a mediator of IFN-y suppres-
sion of inflammasome activation provides a mechanism for
this important IFN-y effect in prevention of excessive inflam-
masome activation and associated pathology in infectious and
autoimmune diseases (Minguela et al., 2007; Nandi and Behar,
2011), for which a satisfactory definition has been lacking albeit
indirect mechanisms have been proposed (Mishra et al., 2013).
The TRIM20-dependent direct recognition and autophagic deg-
radation of the inflammasome components NLRP3, pro—caspase
1, and NLRP1, differs from the previous studies of indirect ef-
fect on inflammasome activation via mitophagy (Nakahira et
al., 2011; Zhou et al., 2011), and is more akin to the proposed
autophagic degradation of AIM2, a sensory component of the
DNA-reactive specialized inflammasome, albeit AIM2 has
been proposed to be eliminated by a ubiquitin-tag recognizing
receptor (Shi et al., 2012). We furthermore demonstrated that
FMF disease-associated mutations in the PRY/SPRY domain
of TRIM20 (Masters et al., 2009), alter the capacity of TRIM20
to direct autophagic degradation of inflammasome components.
These mutations reduced the binding of ULKI, thus explaining
in part how the common mutations associated with FMF work.
We propose that IFN-y—TRIM?20 autophagy axis normally sup-
press excessive inflammasome and IL-1p activation and that
this ability is blunted by common disease-associated TRIM20
polymorphisms occurring in FMF.

The reported TRIM21-dependent suppression of type
I IFN activation by autophagic degradation of IRF3 dimers
mirrors the action of TRIM20 in suppressing inflammasome
activation. TRIM21, an autoantigen associated with Sjogren
syndrome and systemic lupus erythematosus, suppresses type I
IFN response (Higgs et al., 2008; Espinosa et al., 2009; Yoshimi
et al., 2009; Zhang et al., 2013), albeit this has been ascribed
to proteasomal degradation of IRF3 (Higgs et al., 2008) and
IRF7 (Higgs et al., 2010). Nevertheless, type I IFN can also be
activated by NF-kB, and autophagy has been implicated in deg-
radation of the upstream NF-kB activating kinase, IKK{ (Niida
et al., 2010). The TRIM?21-directed autophagic degradation of
activated IRF3 shown here complements the action of TRIM21
on NF-kB (Niida et al., 2010). Although the mechanism is not
fully known, activation of type I IFN system is one major fea-
ture of Sjogren syndrome and systemic lupus erythematosus
(Banchereau and Pascual, 2006). We thus raise the possibility
that perturbations of IFN-y—TRIM21 autophagy axis may cause
activation of type I IFN in autoimmune diseases.

Our findings reported here broaden the concept of TRIMs
acting as autophagic receptors and as platforms for assembly
of autophagy initiation complexes. Our findings also link cargo
recognition by a TRIM, acting as an autophagic receptor, with
the function of the same TRIM in the assembly of autophagic
machinery triggering the execution of autophagy of a very
specific cytoplasmic targets. This brand of autophagy, termed
precision autophagy, is guided by TRIMs and has important bio-
logical functions. For example, the TRIM20- and TRIM21-pre-
cision autophagy uncovered here balances key innate immunity
responses, potentially serving as a guardian against excessive
inflammation, which in turn may cause pathology during au-
toimmune processes or in infections causing cytokine storms.



We propose that the large family of TRIMs with 70 members in
humans endows cells with a precision in deploying autophagy.

Materials and methods

Cells, plasmids, siRNA, and transfection

THP-1, HeLa, and HEK293T cells were obtained from ATCC. Human
peripheral blood monocytes were from StemCell Technologies or from
healthy individual donors and cultured as described previously (Guti-
errez et al., 2004). THP-1 cells were differentiated with 50 nM phor-
bol 12-myristate 13-acetate (PMA) overnight before use. Full-length
human TRIM20 was synthesized, and TRIM21 was purchased from
DNASU, and both were cloned by PCR into pDONR221. The TRIMs
mutants were generated by site-directed mutagenesis and confirmed
by sequencing. pENTR or pDONR221 vectors were generated by BP
cloning, and expression vectors were made by the LR reaction (Gate-
way; Invitrogen). Other plasmids used were Beclin 1 and its deletion
mutants (from B. Levine, University of Texas Southwestern Medical
Center, Dallas, TX), ULKI1 (from S. Tooze, London Research Insti-
tute, Cancer Research UK, London, England, UK), ATG16L1 and its
deletion mutants (from R. Xavier, Massachusetts General Hospital,
Boston, MA), pCI-Caspase 1 (from K. Fitzgerald, University of Mas-
sachusetts, Worcester, MA), IRF3 (DNASU), pUNO1-hNLRP3a, and
pUNOI1-hNLRPI (InvivoGen). siRNAs were from GE Healthcare and
were delivered to cells by either RNAIMAX (Life Technologies) or nu-
cleoporation (Amaxa). Plasmid transfections were performed by either
calcium phosphate or nucleoporation (Amaxa). HT-DNA (Sigma-Al-
drich) was transfected as described previously (Gao et al., 2013).

Bacterial and viral infection

For infection studies, Escherichia coli strain LF82 (Lapaquette et al.,
2010) was infected at MOI of 1:20. Single-cycle infection HIV-1 vi-
ruses were generated as previously described (Mandell et al., 2014) and
were infected to undifferentiated THP-1 cells (Gao et al., 2013).

Antibodies and reagents

Antibodies used were: Flag (Sigma-Aldrich), HA (Roche), LC3 (Sig-
ma-Aldrich), AMPK, ULKI p-Ser 317, and p-Ser 555 (Cell Signaling
Technology), NLRP1 (Cell Signaling Technology), NLRP3 (Adipo-
gen), Caspase-1, and ULKI (Santa Cruz Biotechnology, Inc.), and
GFP, IRF3, Myc, and Actin (Abcam). To determine autophagic activity
by immunoblotting, cells were cultured in the presence of bafilomycin
Al, and lysates were subjected to immunoblotting as described previ-
ously (Mizushima et al., 2010). The reagents used were Ultrapure LPS
(InvivoGen), IFN-y (PeproTech), Cytotoxic LDH assay (Promega), and
TO-PRO-3 Iodide (Life Technologies). Immunoblotting and immunos-
taining were conducted as previously described (Kyei et al., 2009).
FAM-YVAD-FMK stainings (FLICA; ImmunoChemistry Technolo-
gies) were performed according to the manufacturer’s instructions.

IL-13 measurement

For IL-1f secretion, THP-1 cells that had been subjected to the differ-
entiation with 50 nM PMA overnight were treated with 2.5 ug/ml LPS
for 2 h and then treated with 20 uM nigericin for 30 min. IL-1p mea-
surements were performed using HEK-Blue IL-1f cells (InvivoGen).

TRIM family screen

THP-1 cells were cultured in 96-well plates containing SMARTpool
siRNA (GE Healthcare), RNAIMAX (Life Technologies), and PMA.
Culture media were changed after overnight incubation, and 48 h after
plating, cells were treated with IFN-y or vehicle for 4 h, and then fixed

and stained to detect endogenous LC3 (Alexa Fluor 488 as a fluoro-
chrome) and nuclei (Hoechst 33342). Plates with cells were subjected
to HC analysis for image acquisition and data processing. Two separate
siRNA screen for induced autophagy were performed with the cutoff
(>3 SDs change relative to the mean of stimulated control) for hits.

HC image analysis

HC imaging and analysis was performed using a Cellomics V' HCS
scanner and iDEV software (Thermo Fisher Scientific). Automated epi-
fluorescence image collection was performed until a minimum of 500
cells per well per siRNA knockdown per plate was acquired. Epifluo-
rescence images were machine analyzed using present scanning param-
eters and object mask definitions. Hoechst 33342 staining were used to
automatically detect cellular outlines based on background staining of
the cytoplasm, and the mean count of LC3 puncta per cell was deter-
mined. Autophagy induction with IFN-y resulted in a Z’ value of 0.87.

HC analysis of puncta in subpopulations of transfected cells

HeLa and THP-1 cells were transfected with plasmids or siRNA and
cultured in full media for overnight (plasmids) or 48 h (siRNA). Cells
were then fixed and stained to detect, LC3 (Alexa Fluor 488 or 568
as fluorochromes), GFP, and nuclei. HC imaging and analysis was
performed using a Cellomics V™' HCS scanner and iDEV software
(Thermo Fisher Scientific). >200 cells were analyzed in more than qua-
druplicate manner using a 20x objective. Hoechst 33342 staining were
used to automatically detect cellular outlines based on background
Hoechst staining, and the mean total count or area of punctate of LC3,
or TRIM20 per cell was determined. For subpopulation analyses, cells
that have above the threshold of the background fluorescence were
gated as successfully transfected ones.

Fluorescence confocal microscopy

Fluorescence confocal microscopy was performed as described previ-
ously (Kyei et al., 2009). Images were acquired using a microscope
(META; Carl Zeiss) equipped with a 63x/1.4 NA oil objective, camera
(LSM META; Carl Zeiss), and AIM software (Carl Zeiss). Fluorochromes
associated with secondary antibodies were Alexa Fluor 488, 568, or 647.

IRF3 dimerization assay and quantitative RT-PCR

Detection of IRF3 dimerization was performed by native PAGE as
previously described (Takahasi et al., 2003). Quantitative RT-PCR
was performed as previously described (Kimura et al., 2013) using
the following primer sets: ULK1, 5'-AGATGTTCCAGCACCGTGAG
and AATGCACAGCTTGCACTTGG-3'; BECNI, 5'-GGAGAACCT-
CAGCCGAAGAC-3" and 5-ACGTTGAGCTGAGTGTCCAG-3';
ACTIN, 5'-GGGCATGGGTCAGAAGGATT-3" and 5'-TCGATGG-
GGTACTTCAGGGT-3"; TRIM1, 5-AAGAATGTGACGAGTTG-
GTAGAG-3" and ATGAGGACTGTTGACCGTTC-3"; TRIMS,
5’-CATGCCTCACTGCAAACCAC-3" and 5-GGTAACTGATCCG-
GCACACA-3"; TRIMS, 5'-ATCCTGATGGACAGGACCCA-3" and
5’-CTCCTTCTTGGCCACTTCGT-3"; TRIM16, 5'-GTAAGCCCAC-
GAACACAAATG-3" and 5'-TCCAGCCCTGAAACTTCTATTC-3';
TRIM20, 5'-CTGAGTCAGGAGCACCAAGG-3" and 5'-GCT-
GCTCCTCCCCTGATTTT-3"; TRIM21, 5'-CAGTCTCGGAAACAC-
CGTGA-3" and 5'-AATGCCACCTGGAGCTTCTC-3"; TRIM?22,
5’-CTCGACCTGCTTATCCGTATTT-3" and 5'-CTCAGCACAAGG-
GCTACTATG-3"; TRIM28, 5'-CCATACTGTGCGCTCTACTG-3' and
5'-GGTTCATGCTTGTGTACGTTG-3"; TRIMS56, 5-TTCTTCGT-
CAATGGGCTGCT-3" and 5'-AAGTCATCGGCACAGTCCAG-3';
and TRIM6S5, 5'-GATCTACCTGAACTTGCCTCTG-3" and 5'-GAG-
GAGGGAGGAATCTGTCT-3'. For IFN-f§ and GAPDH, TagMan
probes and real-time PCR master mixes were used.
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Coimmunoprecipitation and GST pull-down
Coimmunoprecipitations were performed as previously described (Kyei
et al., 2009) with slight modification. In brief, cells were lysed with
NP-40 buffer (Life Technologies) containing 1 mM PMSF and protease
inhibitor cocktail (Roche) for 45 min followed by centrifugation. Su-
pernatants were incubated for 2 h with antibodies at 4°C. The immune
complexes were captured with Dynabeads (Life Technologies). Immu-
noprecipitates were washed three times with PBS, eluted with Laemmli
SDS-PAGE sample buffer, and subjected to immunoblot analysis.
GST and GST-tagged proteins were expressed in Escherichia
coli BL21 (DE3) or SoluBL21 (Amsbio). GST and GST fusion pro-
teins were purified and immobilized on glutathione-coupled Sep-
harose beads (Glutathione-Sepharose 4 Fast Flow; GE Healthcare),
and pull-down assays with in vitro translated [*S]-labeled proteins
were performed as described previously (Pankiv et al., 2007). The
[*3S]-labeled proteins were produced using the TNT T7 Quick Cou-
pled Transcription/Translation System (Promega) in the presence of
[*S]L-methionine. The proteins were eluted from washed beads by
boiling for 5 min in SDS-PAGE gel loading buffer, separated by SDS-
PAGE, and radiolabeled proteins were detected in a bioimaging an-
alyzer (BAS-5000; Fujifilm).

Peptide array overlay assay

Peptide arrays were synthesized on cellulose membrane using a
MultiPep automated peptide synthesizer (INTAVIS Bioanalytical In-
struments AG) as described previously (Kramer et al., 1996). Interac-
tion analyses between peptide and recombinant protein were probed
by overlaying the membranes with recombinant protein, and bound
proteins were detected with HRP-conjugated anti-GST antibody
(clone RPN1236; GE Healthcare).

Statistical analyses
Either a two-tailed Student’s ¢ test or analysis of variance (ANOVA)
was used. Statistical significance was defined as P < 0.05.

Online supplemental material

Fig. S1 shows IFN-y dose response for LC3 puncta formation; induc-
tion of autophagy in primary human monocyte—derived macrophages;
knockdown efficacy and effects; time course for IFN-y; averages and
range for screen data in Fig. 1 B; induction of TRIM20 expression
by IFN-y; and induction of autophagy by TRIM20 overexpression.
Fig. S2 shows TRIM20 interaction with endogenous ULK1 and Be-
clin 1; mapping of Beclin 1 regions interacting with TRIM20; colo-
calization of TRIM20 with GABARAP and partial juxtaposition with
LC3B; and controls for GST pull-downs with GABARAP. Fig. S3
shows interaction of NLRP3 with TRIM20; LPS and IFN-y effects
on TRIM20-dependent degradation of NLRP3; knockdown efficacy
controls; bafilomycin Al protection of TRIM20 degradation in the
presence of NLRP3; endogenous interaction of NLRP3 and ULK1 is
mediated by TRIM20; and small amounts of AMPK are in TRIM20
complexes independent of NLRP3. Fig. S4 shows IL1f secretion and
controls; images for FLICA; and effects of TRIM20 FMF-associated
polymorphisms on number of TRIM20 and LC3 puncta. Fig. S5 shows
expression study for TRIM21; presence of TRIM20 and TRIM21 in
common protein complexes; knockdown efficacy; absence of effects
on IRF3 dimer levels in the absence of IFN-y; effects of TRIM21
on levels of dimerized IRF3 in HIV1 infection; TRIM21 effects on
LPS-induced IFN-f levels; and model of TRIM21 function in pre-
cision autophagy of IRF3 dimers. Online supplemental material is
available at http://www.jcb.org/cgi/content/full/jcb.201503023/DCI1.
Additional data are available in the JCB DataViewer at http://dx.doi.
org/10.1083/jcb.201503023.dv.
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