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ABSTRACT

Macroautophagy/autophagy is a membrane-mediated intracellular degradation pathway, through which
bulky cytoplasmic content is digested in lysosomes. How the autophagy initiation and maturation steps
are regulated is not clear. In this study, we found an E3 ubiquitin ligase complex, linear ubiquitin chain
assembly complex (LUBAC) and a deubiquitinating enzyme (DUB) OTULIN localize to the phagophore
area to control autophagy initiation and maturation. LUBAC key component RNF31/HOIP translocates to
the LC3 puncta area when autophagy is induced. RNF31 knockdown inhibits autophagy initiation, and
cells are more sensitive to bacterial infection. OTULIN knockdown, however, promotes autophagy
initiation but blocks autophagy maturation. In OTULIN knockdown cells, excessive ubiquitinated
ATG13 protein was recruited to the phagophore for prolonged expansion, and therefore inhibits
autophagosome maturation. Together, our study provides evidence that LUBAC and OTULIN coopera-
tively regulate autophagy initiation and autophagosome maturation by mediating the linear ubiquitina-
tion and the stabilization of ATG13.

Abbreviations: ATG: autophagy-related; CALCOCO2/NDP52: calcium binding and coiled-coil domain 2;
CQ: chloroquine; CUL1-FBXL20: cullin 1-F-box and leucine rich repeat protein 20; CUL3-KLHL20: cullin
3-kelch like family member 20; CUL4-AMBRAT1: cullin 4-autophagy and beclin 1 regulator 1; CYLD: CYLD
lysine 63 deubiquitinase; DAPI: 4',6-diamidino-2-phenylindole; DUB: deubiquitinating enzyme; EBSS:
Earle’s Balanced Salt Solution; GFP: green fluorescent protein; GST: glutathione S-transferase; IKBKG/
NEMO: inhibitor of nuclear factor kappa B kinase regulatory subunit gamma; LUBAC: linear ubiquitin
chain assembly complex; MAP1LC3/LC3: microtubule-associated protein 1 light chain 3; MAP1LC3B/
LC3B: microtubule-associated protein 1 light chain 3B; MIM: MIT-interacting motif; mRFP: monomeric red
fluorescent protein; NEDD4: NEDD4 E3 ubiquitin protein ligase; NFKB: NF-kappaB complex; OPTN:
optineurin; OTULIN: OTU deubiquitinase with linear linkage specificity; PIK3C3/Vps34: phosphatidylino-
sitol 3-kinase catalytic subunit type 3; Ptdins: phosphatidylinositol; PtdIns3K: class Il phosphatidylinositol
3-kinase complex; PtdIns3P: phosphatidylinositol 3-phosphate; RBCK1/HOIL1: RANBP2-type and C3HC4-
type zinc finger containing 1; RB1CC1/FIP200: RB1-inducible coiled-coil 1; RIPK1: receptor interacting
serine/threonine kinase 1; RNF216: ring finger protein 216; RNF31/HOIP: ring finger protein 31; RT-PCR:
reverse transcriptase polymerase chain reaction; S. Typhimurium: Salmonella enterica serovar
Typhimurium; SHARPIN: SHANK associated RH domain interactor; SMURF1: SMAD specific E3 ubiquitin
protein ligase 1; SQSTM1: sequestosome 1; STING: stimulator of interferon response cGAMP interactor 1;
STUB1/CHIP: STIP1 homology and U-box containing protein 1; TNF/TNF-alpha: tumor necrosis factor;
TNFAIP3/A20: TNF alpha induced protein 3; TRAF6: TNF receptor associated factor 6; TRIM32: tripartite
motif containing 32; UBAN: ubiquitin binding in TNIP/ABIN and IKBKG/NEMO proteins; ULK1/2: unc-51
like autophagy activating kinase 1/2; USP: ubiquitin specific peptidase; UVRAG: UV radiation resistance
associated; VCPIP1: valosin containing protein interacting protein 1; WIPI2: WD repeat domain, phos-
phoinositide interacting protein 2; ZBTB16-CUL3-RBX1: zinc finger and BTB domain containing protein
16-cullin 3-ring-box 1; ZRANB1: zinc finger RANBP2-type containing 1.
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Introduction membrane vesicles called autophagosomes, which engulf the
cytoplasmic contents to lysosomes for destruction [1,3,8]. It is
a multistep process governed by multiple complexes. The
ULK1/2 complex consists of the serine/threonine kinase
ULK1/2, the noncatalytic subunits ATG13, RB1CC1/FIP200,
and ATG101 [9-11]. Stressed conditions, such as nutrition

depletion that activates AMP-activated protein kinase

Autophagy is a self-eating system that is essential for cellular
homeostasis [1-3]. Numerous literature implied dysregulation
of autophagy is linked to various diseases such as neurode-
generative diseases, inflammatory disorders and cancers [4-
7]. Autophagy is characterized by the formation of double-
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(AMPK) and inactivates MTOR complex 1 (mechanistic tar-
get of rapamycin complex 1), result in the activation and pre-
assembly of ULK1/2 complex [10,12]. Specifically, ULK1 com-
plex activity is also regulated by non-degradative ubiquitina-
tion mediated by TRAF6 and unanchored ubiquitination
mediated by TRIM32 [13,14]. The activated ULK1/2 complex
then phosphorylates multiple downstream substrates to initi-
ate autophagy. The activated class III phosphatidylinositol
3-kinase (PtdIns3K) complex then produces PtdIns3P on the
PtdIns-enriched membrane to generate a platform for the
downstream effectors to bind and initiate autophagy [8,15].
Despite the extensive studies on the mechanism of autophagy,
it remains ambiguous how the autophagy initiation and
autophagosome formation are regulated.

Protein ubiquitination is accomplished by a cascade of
enzymes and was originally found to target proteins for
degradation [16]. Non-degradative ubiquitination also creates
the versatility in cell signaling and regulates numerous cellular
processes [17,18]. Protein could be mono-ubiquitinated or
poly-ubiquitinated with eight linkage types either homotypic
(one linkage type) or heterotypic [18]. One of the linkage
type, methionine-1(M1)-linked linear ubiquitin chains have
been found to regulate the activation of NFKB, immune
homeostasis, and the response to infection [19-21].

LUBAC is the only ubiquitin E3 ligase complex to date that
has been found to ubiquitinate substrate in a linear form. It is
composed of three subunits: the core ubiquitin ligase RNF31/
HOIP, the regulatory proteins RBCK1/HOIL1 and SHARPIN
[22]. Until now, the identified substrates of LUBAC, including
IKBKG/NEMO and RIPK1, are all involved in inflammation
and immune signaling [23-25]. LUBAC usually teams up with
the deubiquitinating enzymes OTULIN, CYLD and
TNFAIP3/A20 to regulate the linear ubiquitination status on
the substrates [26-29]. Dysregulation of linear ubiquitin is
linked to a number of severe physiologies [30,31]. It remains
unclear whether LUBAC and OTULIN are involved in other
pathways in addition to inflammation.

Here, by screening the ubiquitin enzymes that functioning
in autophagy, we identified a DUB OTULIN, which inhibits
autophagy initiation and promotes ATG13 degradation. We
found LUBAC is the E3 ligase responsible for ubiquitination
of ATG13 as well as recruiting ATG13 to phagophore. Proper
amount of ubiquitinated ATG13 on phagophore is essential
for autophagy initiation, but prolonged presence of it impedes
autophagosome maturation. Cells with RNF31 knockdown
have no autophagy initiated and are more sensitive to bacter-
ial infection. In summary, we found that LUBAC and
OTULIN together mediate autophagy initiation and matura-
tion by controlling the linear ubiquitination and stabilization
of ATG13.

Results
OTULIN is required for autophagosome formation

To comprehensively understand how DUBs function in auto-
phagy pathway, we overexpressed 55 different DUBs in HelLa
cells stably expressing mRFP-EGFP-LC3B, respectively, and
screened those that affect LC3 puncta formation [32]. mRFP-
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EGFP-LC3B is a widely used autophagic indicator with yellow
LC3 signal when in the autophagosome (with both GFP and
RFP signals) and red LC3 signal when in the autolysosome
due to the acidic milieu that quenches GFP signal [33].
Interestingly, when OTULIN was overexpressed, LC3B puncta
formation was significantly inhibited under both normal and
starvation conditions (Figure 1(A,B and S1A). The catalytic
inactivation of OTULIN“"**® had less influence on the LC3B
pattern compared to the wild type OTULIN (Figure 1A,B and
S1A). Intriguingly, OTULIN knockdown caused dramatically
increase of the yellow LC3B puncta (incomplete autophagic
flux) number under both normal and starvation conditions
(Figure 1C,D and S1B). The size of both green and red puncta
in OTULIN knockdown cells was also increased compared to
that of the control (Figure 1A,B and SIA). Interestingly, the
YFP/RFP ratio was increased in OTULIN knockdown cells,
indicating the blockage of autophagic flux from autophago-
some to autolysosome (Figure 1D). The western blot result
showed the conversion of LC3B-I to LC3B-II and the accu-
mulation of SQSTM1 in OTULIN knockdown cells (Figure
1E). These data suggested that OTULIN may function at the
autophagy initiation to maturation stages.

The accumulation of LC3B puncta could indicate either
autophagic activation or blockage of downstream steps in
autophagy. Next, we tried to determine in which step of
autophagy OTULIN participates. Chloroquine (CQ) inhibits
autophagic flux by decreasing autophagosome and lysosome
fusion. Therefore, administration of CQ to the cells will
increase the ratio of yellow puncta (incomplete autophagic
flux) to red puncta (complete autophagic flux). Upon CQ
treatment, both the control and OTULIN-overexpressing
cells increased the number of yellow puncta (Figure 1F).
Nutrition starvation plus CQ treatment in the control cells
increased the number of yellow LC3B puncta, whereas the
same treatment in the OTULIN-overexpressing cells had
only a limited increase in the number of yellow LC3B
puncta (Figure S1D). Western blot result showed that
OTULIN blocked the conversion of LC3B-I to LC3B-II
under all the conditions (Figure SIE). These data further
verified that OTULIN plays a role in autophagy before the
fusion step.

Given that autophagic flux is blocked and the size of LC3B
puncta is increased in OTULIN knockdown cells, we then
examined which stage the enlarged puncta represent. WIPI2
functions as a docking site that links LC3 conjugation
machinery with PtdIns3P, and therefore is a marker for grow-
ing phagophore. Interestingly, we observed that WIPI2 and
the lipidation machinery component ATG16L1 were both
colocalized with the enlarged LC3B puncta in OTULIN
knockdown cells (Figure S1F and S1G). We also did the
experiment to see whether the enlarged LC3B puncta are
associated with ER. We used ER-localized SEC61B to indicate
the ER structure. The result showed that the enlarged LC3B-
and WIPI2-positive puncta were within the ER network
(Figure S1H). These results suggested that the enlarged
LC3B puncta in OTULIN knockdown cells are still in the
process of expansion and have not reached the mature stage.
Together, these experiments indicated that OTULIN is
required for autophagosome formation.
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Figure 1. OTULIN is essential for autophagosome formation. (A) The number of LC3B-positive puncta is less in OTULIN-overexpressing cells under starvation
conditions. Hela cells stably expressing mRFP-EGFP-LC3B were transfected with either the vector control or Flag-OTULIN or Flag-OTULIN®"?* and treated with EBSS for
4 h. Cells were fixed and stained with DAPI (blue) and representative fluorescence images of LC3B puncta are shown. Scale bar: 5 um. (B) Quantification of yellow
(RFP*GFP™) and red (RFP*GFP™) puncta per cell as represented in Figure 1A and S1A. Data are mean + SD from three independent experiments. *p < 0.05; **p < 0.01;
***p < 0.001 (one-way ANOVA). (C) Depletion of OTULIN induces the aggregation of the LC3B-positive puncta in cells under starvation conditions. Hela cells stably
expressing mRFP-EGFP-LC3B were transfected with either the control shRNA or OTULIN shRNA-1 or shRNA-2, and treated with EBSS for 4 h. Cells were fixed and
stained with DAPI (blue) and representative fluorescence images of OTULIN shRNA-1 are shown. The enlarged images of the white square part under each condition
are shown in the following pictures. Scale bar: 5 um. (D) Quantification of yellow (RFP*GFP*) and red (RFP*GFP™) puncta per cell as represented in Figure 1C and S1B.
Data are mean * SD from three independent experiments. ***p < 0.001 (one-way ANOVA). (E) Western blot analysis of the knockdown efficiency of OTULIN as
represented in Figure 1C and S1B. Protein SQSTM1 and endogenous LC3B were also examined. The numbers are the ratio of LC3B-II/I. (F) OTULIN inhibits LC3B-
positive puncta formation. Hela cells stably expressing mRFP-EGFP-LC3B were transfected with either the vector control or Flag-OTULIN, and treated with H,
O (solvent control) or CQ (20 nM) or CQ (20 nM) + EBSS for 4 h. Cells were fixed and stained with DAPI (blue) and representative fluorescence images of cells treated
with H,0 and CQ are shown. Scale bar: 5 pm.



OTULIN knockdown increases ATG13 ubiquitination level
and stabilizes ATG13 protein

To explore how OTULIN regulates autophagy,
employed the Flag pulldown assay to screen the interaction
of OTULIN with a collection of autophagy-related proteins.
These proteins include ULK1, ATG13, RB1CC1, ATG101,
BECN1/beclin 1, ATGI14, ATG5 and LC3B, with at least

we
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one component in each functional complex that participates
in autophagy pathway. The result showed that Flag-
OTULIN clearly interacted with ATG13 and ATGIO01
(Figure S2A-H). Given that ULK1 complex is composed
of multiple components including ULKI, ATG13,
RBICC1, and ATGI101, we could not exclude that
OTULIN may also interact with ULK1 and RBI1CCI,
which were not detected by the pulldown assay. Since
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Figure 2. OTULIN knockdown stabilizes ATG13 protein level. (A) OTULIN binds ATG13 directly. The indicated GST or GST-OTULIN proteins were immobilized and
incubated with recombinant Flag-ATG13. The precipitated proteins were analyzed by immunoblotting with an anti-Flag antibody. The Coomassie Brilliant Blue-
stained gel shows the equivalent amount of GST and GST-OTULIN used for the affinity-isolation assay. (B and D) Cycloheximide (CHX) chase experiments to analyze
the degradation rate of MYC-ATG13 (B) and endogenous ATG13 (D) under OTULIN knockdown conditions. Anti-MYC (B) or anti-ATG13 (D) immunoblotting was used

to detect the protein level of ATG13. The degradation rate was blocked under

OTULIN knockdown conditions. ACTB was used as the loading control. (C and E)

Statistical analysis of the degradation rate of MYC-ATG13 or ATG13 in (B and D). Data are mean + SD from three independent experiments. (F) Depletion of OTULIN
results in accumulated ATG13 protein and ATG13-associated ubiquitin signal. HEK293 FT cells were transfected with MYC-ATG13, untagged ubiquitin, along with the
control shRNA, or OTULIN shRNA-1, or the negative control VCPIPT shRNA. Cells were treated with DMEM or EBSS for 4 h prior to lysis. Ubiquitinated proteins were
immunoprecipitated with anti-MYC beads under denaturing condition and immunoblotted with an anti-ubiquitin antibody.



1688 Y. CHU ET AL.

OTULIN is a DUB, we asked whether ATG13 and ATG101
are substrates of OTULIN. ATG13 protein level was notice-
ably reduced under OTULIN-overexpressing condition
(Figure S2A). The GST affinity-isolation assay also verified
that there was a direct interaction between OTULIN and
ATGI13 (Figure 2A). We, therefore, speculated ATGI13
might be the substrate of OTULIN.

To explore this possibility, we first performed cyclohexi-
mide chase experiments. The results showed that the degrada-
tion rate of either overexpressed MYC-ATG13 or endogenous
ATGI13 protein was markedly inhibited under OTULIN
knockdown condition compared to the control (Figure 2B-E,
S2I and S2]). The immunofluorescence images showed that
the accumulated ATG13 was colocalized well with the LC3B
puncta in OTULIN knockdown cells (Figure S2K and S2L).
Interestingly, we detected that the enlarged LC3B puncta were
also colocalized with SQSTM1 and ubiquitin in OTULIN
knockdown cells under both normal and starvation condi-
tions (Figure S2M and S2N). These data implied that
OTULIN might control ATG13 protein stability by regulating
the ubiquitination status on ATG13.

To validate this assumption, we performed an immuno-
precipitation assay under denaturing condition to examine
ATGI13 ubiquitination in OTULIN knockdown cells.
According to the previous literature, OTULIN is a DUB that
has been implicated in TNF-induced inflammation pathway
and usually cleaves linear ubiquitin from the substrates.
Interestingly, OTULIN knockdown caused intensive accumu-
lation of ATG13 protein as well as the conjugated ubiquitin
under both normal and starvation conditions (Figure 2F,
MYC blots and ubiquitin blots). We noticed that the increase
of ATG13 conjugated ubiquitin was about 1.5-fold higher
than that of ATG13 protein level in OTULIN knockdown
cells (Figure 2F). Therefore, we proposed that OTULIN
knockdown increases ATG13 linear ubiquitination level and
stabilizes ATG13 protein.

LUBAC linearly ubiquitinates and stabilizes ATG13

Previous studies reported that LUBAC is the E3 complex that
mediates the linear ubiquitination of substrates and is antag-
onized by OTULIN (Figure S3A) [26,27]. To find out whether
LUBAC works on ATGI13, we first analyzed the interaction
between LUBAC and ATG13. The LUBAC complex is com-
posed of three subunits: RBCK1, SHARPIN, and the catalyti-
cally active subunit RNF31 (Figure S3A) [22,24]. We first
overexpressed Flag-tagged RNF31 in cells and examined
whether the protein interacts with MYC-ATGI13. Flag-
RNF31 may form a functional LUBAC complex with the
endogenous RBCK1 and SHARPIN. The Flag pulldown
assay showed that Flag-RNF31 interacted with MYC-ATG13
(Figure 3A). It was reported that the N-terminally truncated
form of RNF31 (RNF31A1-698) is sufficient to form linear
ubiquitin chains in vitro [34]. Next, we tested whether
RNF31A1-698 directly binds to ATG13 in vitro. As expected,
when we used bacterial expressed Flag-ATGI13 to pulldown
HA-RNF31A1-698, we could detect a good amount of HA-
RNF31A1-698 in the pulldown fraction (Figure 3B).
Consistent with these results, co-immunoprecipitation assay

using anti-ATG13 antibody verified the interaction between
the endogenous ATG13 and RNF31 (Figure 3C).

To see whether RNF31 ubiquitinates ATG13 in cells, we
performed an immunoprecipitation assay under denaturing
condition. The result showed that wild type RNF31, but not
RNF31°%%°% [34], caused an increase in ATG13 protein level as
well as the conjugated ubiquitin signal (Figure S3B). The
increase of the conjugated ubiquitin signal is about 2-fold
more than that of ATGI13 protein level in RNF3I-
overexpressing cells. To precisely examine whether the
whole LUBAC complex mediates the ubiquitination of
ATGI13, we expressed all three subunits RNF31, RBCK1 and
SHARPIN in cells. The denaturing immunoprecipitation
showed that both ATGI13 protein level and the conjugated
ubiquitin signal were dramatically accumulated (Figure 3D).
This is the same result as that of expressing RNF31 alone.
Therefore, we expressed RNF31 alone to represent the whole
LUBAC complex for the assays in cell and used the truncated
RNF31 for the in vitro assay. As a negative control, over-
expressing another E3 ligase STUBI/CHIP did not alter
ATG13 protein level, neither the conjugated ubiquitin signal
(Figure 3D). This indicates that RNF31 specifically functions
on ATG13. We also performed an in vitro ubiquitination
assay by combining El, E2 (UBE2D2/UbcH5B) [22], HA-
RNF31A1-698, and untagged ubiquitin together with mam-
malian purified MYC-ATG13. After the reaction, a MYC
affinity-isolation assay under denaturing condition was per-
formed. The immunoblot result showed that there was a good
amount of linear ubiquitin signal conjugated on MYC-ATG13
(Figure 3E). Interestingly, bacteria-purified Flag-ATG13 was
not able to pulldown ubiquitin chain in our in vitro assay
(data not shown). These data suggested that the mammalian
cell expressing ATGI3 may have acquired some post-
translational modifications before being ubiquitinated.
Together, these data indicated that RNF31 linearly ubiquiti-
nates ATG13 and stabilizes ATG13 protein level.

Interestingly, MYC-ATG13 protein level was significantly
decreased in RNF31 knockdown cells, and the reduction could
be blocked by MG132 treatment (Figure 3F). We also per-
formed a cycloheximide chase experiment and found that the
degradation rate of MYC-ATGI13 is strikingly inhibited under
RNF31-overexpressing condition (Figure S3C and S3D). We
further compared the protein level change versus mRNA level
change of ATG13 and found that the mRNA of ATG13 was
not significantly changed in RNF3I-overexpressing or
OTULIN knockdown cells, but the protein level was highly
accumulated (Figure S3E-S3H). These data suggested that
RNF31 recruits and stabilizes ATG13 from being degraded.

RNF31 and OTULIN together regulate ATG13 protein level
and the autophagic flux

To understand whether RNF31 and OTULIN antagonize each
other to regulate ATGI13 in cells, we then performed an
immunoprecipitation under denaturing condition. The
ATGI13 protein level and its conjugated ubiquitin signal
were decreased in RNF31 single knockdown but increased in
OTULIN single knockdown cells (Figure 4A). The ATGI13
protein level and the conjugated ubiquitin signal in RNF31
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Figure 3. LUBAC linearly ubiquitinates ATG13 and stabilizes ATG13 protein level. (A) Flag-RNF31 and Flag-OTULIN interact with MYC-ATG13. HEK293 FT cells were
transfected with MYC-ATG13 along with Flag-RNF31 or Flag-OTULIN. Flag pulldown was performed using anti-Flag beads and the samples were analyzed by
immunoblotting with the indicated antibodies. (B) ATG13 interacts with RNF31 in vitro. Bacterial purified Flag-ATG13 was used to pulldown recombinant HA-RNF31A1
-698 with anti-Flag beads. The precipitated proteins were analyzed by immunoblotting with the indicated antibodies. (C) Endogenous ATG13 interacts with RNF31 in
cells. Immunoprecipitation using either IgG or anti-ATG13 was performed. The co-immunoprecipitated RNF31 was immunoblotted with an anti-RNF31 antibody. (D)
MYC-ATG13 is ubiquitinated by LUBAC. HEK293 FT cells were transfected with MYC-ATG13 along with the LUBAC complex or Flag-STUBT and were treated with DMEM
or EBSS for 4 h. Ubiquitinated proteins were immunoprecipitated with anti-MYC beads under denaturing condition and immunoblotted with an anti-ubiquitin
antibody. (E) In vitro ubiquitination of mammalian MYC-ATG13 by HA-RNF31A1-698. HEK293 FT cells were first transfected with MYC-ATG13. Immunoprecipitation of
MYC-ATG13 was then performed with anti-MYC beads. The precipitated MYC beads were incubated with E1-GST, His-UBE2D2, ubiquitin, and HA-RNF31A1-698 for 1 h
at 37°C. The reaction samples were immunoprecipitated with anti-MYC beads under denaturing conditions. Antibodies against ubiquitin and linear ubiquitin were
used to detect the ubiquitination type on MYC-ATG13. (F) MYC-ATG13 protein level is decreased in RNF31 knockdown cells. HEK293 FT cells were transfected with
MYC-ATG13, along with the control siRNA or RNF37 siRNA-1 or siRNA-2 and treated with DMSO or MG132 (10 pM) for 15 h. Samples were analyzed by
immunoblotting with the indicated antibodies. ACTB was used as the loading control.
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Figure 4. RNF31 and OTULIN balance ATG13 protein level and the autophagic flux. (A) MYC-ATG13 ubiquitination under different conditions. HEK293 FT cells were
transfected with MYC-ATG13 and untagged ubiquitin, along with the control, or RNF37 siRNA-1, or OTULIN shRNA-1, or (OTULIN shRNA-1 + RNF31 siRNA-1), or (RNF31
SiRNA-1 + Flag-OTULIN), or (OTULIN shRNA-1 + Flag-RNF31) and treated with DMEM or EBSS for 4 h. Ubiquitinated proteins were immunoprecipitated with anti-MYC
beads under denaturing conditions and immunoblotted with an anti-ubiquitin antibody. (B) LC3B puncta formation was analyzed in Hela cells stably expressing
MRFP-EGFP-LC3B. Cell were transfected with the control, or RNF37 shRNA-1, or OTULIN shRNA-1, or (OTULIN shRNA-1 + RNF31 shRNA-1), or (OTULIN shRNA-1 + Flag-
RNF31), or (RNF31 shRNA-1 + Flag-OTULIN). Cells were treated with EBSS for 4 h. Cells were fixed and stained with DAPI (blue) and representative fluorescence images
are shown. Scale bar: 5 um. (C) Statistical analysis of the number of yellow (RFP*GFP") and red (RFP*GFP~) puncta per cell as represented in (B) and Figure S4. Data
are mean = SD from three independent experiments. *p < 0.05; **p < 0.01; ***p < 0.001 (one-way ANOVA). (D) Western blot analysis of the samples as represented
n (B) and Figure S4. The knockdown efficiency and protein overexpression were shown. Samples were also immunoblotted with the indicated antibodies. The
numbers are the relative ratio of LC3B-II/I.



and OTULIN double knockdown cells were slightly decreased
compared to those in OTULIN knockdown cells, suggesting
the antagonizing role of RNF31 and OTULIN (Figure 4A).
When RNF31 knockdown and OTULIN overexpression were
combined, the ATG13 protein and the conjugated ubiquitin
were decreased compared to those in the control, whereas
when RNF31 overexpression and OTULIN knockdown were
combined, the ATG13 protein level and the conjugated ubi-
quitin signal were dramatically increased (Figure 4A).
Nutrition starvation treatment resulted in a similar pattern
(Figure 4A). These data indicate that RNF31 and OTULIN
together regulate ATG13 protein level as well as the ubiquiti-
nation signal on ATGI13.

We also examined the LC3B pattern in HelLa cells stably
expressing mRFP-EGFP-LC3B under different conditions.
Under both normal and starvation conditions, we found that
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less LC3B puncta formed in RNF31 knockdown cells (Figure
4B,C and S4), implying that RNF31 is required for autophagy
initiation. The LC3B puncta number in RNF31 and OTULIN
double knockdown cells was less than that in OTULIN single
knockdown cells though it was still more than that in the
control (Figure 4B,C and $4), suggesting OTULIN may work
downstream of RNF31 in autophagy pathway. When OTULIN
knockdown and RNF31 overexpression were combined, we
observed a huge accumulation of LC3B puncta (Figure 4B,
C and S4). In contrast, when OTULIN overexpression and
RNF31 knockdown were combined, there was a significant
decrease of LC3B puncta (Figure 4B,C and S4). Nutrition
starvation showed a similar pattern, albeit with an increase
of the LC3B puncta number generally (Figure 4B,C and S4).
The immunoblotting result showed that double knockdown of
OTULIN and RNF31 slightly reduced the conversion of LC3B-
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Figure 5. RNF31 ubiquitinates ATG13 on multiple lysine residues. (A) Interaction of ATG13 or its truncation mutants with RNF31. ATG13 truncation constructs were
generated based on the domain information. 1-191aa was the HORMA domain. 383-433aa was the MIM motif. HEK293 FT cells were transfected with Flag-RNF31
and MYC-ATG13 or the indicated truncation mutants. Flag pulldown was performed with anti-Flag beads. Samples were analyzed by immunoblotting with the
indicated antibodies. (B) Ubiquitination of MYC-ATG13 and its mutants in RNF37-overexpressing cells. HEK293 FT cells were transfected with MYC-ATG13 or the
indicated mutants and untagged ubiquitin, along with the control or Flag-RNF31. Ubiquitinated proteins were immunoprecipitated with anti-MYC beads under
denaturing conditions and samples were analyzed by immunoblotting with the indicated antibodies.
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I to LC3B-II and SQSTM1 level compared to the OTULIN
single knockdown (Figure 4D). These data suggested RNF31
and OTULIN together balance the autophagic flux.

RNF31 ubiquitinates ATG13 on multiple lysine residues

To determine which domain of ATG13 interacts with RNF31,
we generated a series of MYC-tagged ATG13 truncations and
examined their ability to interact with RNF31. Alignment of
ATG13 proteins from different species showed that there is
a conserved HORMA domain at the N-terminus (Figure S5A)
[35]. Besides HORMA domain, yeast Atgl3 also has an MIM
motif in the C-terminal intrinsically disordered region,
responsible for interacting with Atgl [36]. The alignment
showed that human ATG13 MIM motif was located in the
region of 383-432 amino acid residues (Figure S5A). The
truncation mutants were generated based on the above infor-
mation. The mapping result showed that RNF31 interacted
with all the truncation mutants (Figure 5A). There are a total
of 22 lysine residues in ATG13 protein sequence, including 14
in the HORMA domain, and eight in the C-terminal region
(Figure S5B, blue colored). We generated constructs mutating
either the 14 lysine residues in the HORMA domain, or the
eight lysine residues in the C terminal region, or the total 22
lysine residues, and designated as ATG13"*%, ATG13***, and
ATG13** R, respectively. The immunoprecipitation with anti-
MYC antibody under denaturing condition was then per-
formed. The result showed that all ATGI3 proteins, both
wild type and mutants, were stabilized when co-expressed
with RNF31, albeit with different levels. However, compared
to wild type ATGI13, all the mutants were less ubiquitinated,
with ATG13%**® being the least (Figure 5B). Therefore, we
concluded that RNF31 ubiquitinates ATG13 on multiple
lysine residues.

RNF31 and OTULIN are partially colocalized with LC3B
puncta for autophagosome formation

To understand whether RNF31 and OTULIN directly regulate
autophagosome formation, we first analyzed the subcellular
localization of the two enzymes. Under normal conditions,
when Flag-OTULIN or Flag-RNF31 was expressed in HelLa
cells, we observed that both enzymes were closely localized
with LC3B puncta. Slightly higher number of colocalization
was observed under starvation conditions (Figure 6A-C).
These results indicated that proper amount of the enzymes
is required for autophagosome formation. We further per-
formed a time-course analysis of RNF31 subcellular localiza-
tion when autophagy was induced. HeLa cells stably
expressing mRFP-EGFP-LC3B were cultured in the starvation
medium and the endogenous RNF31 signal was traced. As
time elapses, more RNF31 translocated to the puncta area,
with the highest amount of colocalization at 45 min after
autophagy was induced (Figure S6A and S6B). These data
suggested that RNF31 and OTULIN together regulate autop-
hagosome formation.

Interestingly, when we knocked down RNF3I, we found
the components of ULK1 complex, including ULK1, RB1CC1
were all decreased, consistent with the result that RNF3I

knockdown inhibits autophagy initiation (Figure 6D).
Therefore, ATG13 stabilization by RNF31 is required for the
proper function of ULK1 complex. Interestingly, RNF31
seems to only function on ATGI13, for RNF31 does not
ubiquitinate ULK1, RBICC1 or ATG101 (Figure S6C-E).

RNF31 knockdown inhibits xenophagy initiation and
promotes cell death

To further explore the physiological function of LUBAC and
OTULIN in autophagy, we generated a cell-based Salmonella
infection model. To determine whether autophagy is activated
by RNF31, we evaluated the co-localization of the two xeno-
phagy receptors CALCOCO2/NDP52 and OPTN, together
with LC3B and invasive Salmonella enterica serovar
Typhimurium (S. Typhimurium). Compared to the control
cells, there was a smaller number of CALCOCO2 and LC3B
puncta, and less CALCOCO2 and LC3B surrounded S.
Typhimurium in RNF3I knockdown cells (Figure 7A,C).
The number of the OPTN signal was not reduced obviously
in RNF31 knockdown cells, but that of the colocalization of
OPTN and LC3B together with S. Typhimurium was notice-
ably reduced (Figure 7B,D). Consistent with reduced xeno-
phagy in RNF31 knockdown, the overall fold replication of S.
Typhimurium in RNF31 knockdown was significantly
increased (Figure 7E). These data suggested that RNF3I
knockdown inhibits autophagy initiation, and cells are more
sensitive to bacterial infection.

On the other hand, as shown previously, OTULIN knock-
down blocks autophagic flux and increases the number of
enlarged LC3B puncta. To examine whether the enlarged
LC3B puncta are functional autophagosomes, we utilized the
xenophagy model to examine the capability of autophagy in
OTULIN knockdown cells. When the cells were infected with
S. Typhimurium, fewer bacteria were wrapped by the enlarged
LC3B puncta under OTULIN knockdown condition (Figure
S7A and S7B), indicating that the enlarged puncta are not
functional for engulfing the substrates. Altogether, we con-
cluded that RNF31 and OTULIN cooperatively regulate auto-
phagy initiation and maturation steps, and RNF31 is required
for autophagy initiation and OTULIN is necessary for autop-
hagosome maturation.

Discussion

In this study, we discovered a novel regulatory role of linear
ubiquitination in autophagy and identified a new substrate
ATGI13 of LUBAC and OTULIN. ATG13 is a key component
in ULK1 complex and is responsible for activating ULK1
kinase activity. Therefore, ATG13 protein level is important
for autophagy initiation and autophagosome formation. We
demonstrated that proper linear ubiquitination on ATG13 by
LUBAC key component RNF31 stabilizes the protein from
being degraded by the proteasome. OTULIN is a DUB that
cleaves linear ubiquitin from ATG13 to balance ATG13 pro-
tein level in cells. Our data showed RNF31 linearly ubiquiti-
nates ATG13 and stabilizes ATG13 protein to activate
autophagy. Therefore, a model is proposed based on our
data that LUBAC and OTULIN are the ubiquitinating
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Figure 6. RNF31 and OTULIN are partially colocalized with LC3B puncta. (A) Flag-RNF31 and Flag-OTULIN are closely localized with LC3B puncta. Hela cells were
transfected with RFP-LC3B, along with the control vector, or Flag-RNF31, or Flag-OTULIN, and then treated with normal medium or EBSS for 4 h. Cells were fixed and
stained for Flag (green) and DAPI (blue) and representative fluorescence images are shown. The enlarged images of the white square part under each condition are
shown in the following pictures. Scale bar: 5 um. (B and C) Percentage of Flag-RNF31 or Flag-OTULIN colocalization with LC3B as represented in (A). Data are mean +
SD from three independent experiments. (D) The protein levels of ATG13, ULK1, and RB1CC1 are decreased under RNF37 knockdown condition. Less ATG13 and
RB1CC1 were pulled down by GFP-ULK1 under RNF31 knockdown condition. HEK293 FT cells were transfected with GFP-ULKT, along with the control siRNA or RNF31
siRNA-1. GFP immunoprecipitation was performed and samples were analyzed by immunoblotting with the indicated antibodies.

enzymes that regulate ATG13 ubiquitination and ATGI3 The role of ubiquitination regulation on the autophagy
protein level to control autophagy initiation and maturation machinery proteins is just emerging. Because autophagy is
(Figure S7C). a stress response process, its activation is mostly dependent
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Figure 7. RNF31 knockdown inhibits xenophagy initiation and promotes cell death. (A) Confocal image of CALCOCO2, LC3B and infected S. Typhimurium
colocalization in Hela cells. Cell were transfected with GFP-CALCOCO2, RFP-LC3B, along with control shRNA or RNF37 shRNA-1. Cells were fixed at 3 h post-
infection and stained for LPS (S. Typhimurium). Representative fluorescence images are shown. Line graphs show fluorescence plots along indicated lines. Scale bar:
5 um. (B) Confocal image of OPTN, LC3B and infected S. Typhimurium colocalization in HelLa cells. Experimental procedures were the same as that in (A) except cells
were transfected with RFP-LC3B along with the control shRNA or RNF37 shRNA-1 and cells were stained for endogenous OPTN and LPS (S. Typhimurium). Scale bar:
5 um. (C and D) Percentage of CALCOCO2- and LC3B-positive S. Typhimurium as represented in (A). Percentage of OPTN- and LC3B-positive S. Typhimurium as
represented in (B). At least 80 bacteria per cover slide were counted. Data are mean = SD, n = 5 images (1 cover slide from three independent experiments).
*p < 0.05 (Student'’s t-test). (E) Fold replication of S. Typhimurium in the control and RNF37 shRNA-1 knockdown cells. Bacteria were counted based on the colony-
forming unit assay. Data are depicted as fold replication of S. Typhimurium at 8 h versus 2 h post-infection (mean + SD; n = 3). **p < 0.01 (Student's t-test).



on the internal and external condition change. Therefore,
the whole system needs to be turned on or off based on the
environmental conditions. The machinery proteins in this
pathway also need to be regulated accordingly. It has been
reported that many components, previously thought as the
constitutive components, are targeted by ubiquitin system
for degradation when the environmental condition changes.
CUL3-KLHL20 governs the ubiquitination of a set of auto-
phagy proteins in prolonged starvation to negatively regu-
late autophagy [37]. PIK3C3/VPS34 is also targeted by
CUL1-FBXL20 for degradation and inhibition of autophagy
[38]. Ubiquitination-dependent degradation of ATG14 is
directly mediated by ZBTB16-CUL3-RBX1 E3 ubiquitin
ligase complex [39]. BECN1 seems to be a key protein for
versatile ubiquitination. The E3 ligase CUL4-AMBRAI,
TRAF6, NEDD4, RNF216 and CUL3-KLHL20 target
BECNI1 for different kinds of ubiquitination modification
to either activate or degrade the protein [40]. Accordingly,
there are various DUBs, such as USP14, USP19, USP10,
USP13, and USP9X, which negatively regulate BECNI
activity or degradation [40]. It was recently reported that
ubiquitination of UVRAG by SMURFI1 promotes autopha-
gosome maturation and the DUB ZRANBI reverses this
activity [41]. Therefore, autophagy seems to be a dynamic
network that is constantly regulated. In our case, we iden-
tified that LUBAC and OTULIN regulate the linear ubiqui-
tination on ATGI13 as well as ATGI3 protein level. This
finding adds an additional mode of ubiquitination regulat-
ing autophagy. Identifying the E3 ligase that responsible for
ATGI13 degradation when RNF31 is absent will be the next
step.

It was well recognized before that LUBAC and OTULIN
antagonize each other on substrate linear ubiquitination, until
recently, Heger et al. reported that OTULIN directly deubi-
quitinates LUBAC [42]. Therefore, OTULIN coordinates with
LUBAC to regulate inflammation. In our case, the data
showed that knockdown of RNF31 decreases, whereas knock-
down of OTULIN increases the linear ubiquitination on
ATG13 as well as ATGI13 protein level (Figure 4A).
However, ATGI13 linear ubiquitination and ATG13 protein
level were slightly decreased in the RNF31 and OTULIN
double knockdown compared to those in OTULIN single
knockdown (Figure 4A). Therefore, we proposed that in dou-
ble knockdown cells, OTULIN knockdown increases the rela-
tive amount of ubiquitinated LUBAC, therefore activates
linear ubiquitination on ATGI13 as well as ATG13 protein
level. Consistent with this, our fluorescent image data showed
that double knockdown of RNF31 and OTULIN only slightly
decreased LC3 puncta size compared to that of OTULIN
single knockdown (Figure 4B,C and S4).

Perturbations of autophagy have been linked to various
diseases, including neurodegeneration, skeletal muscle myo-
pathies, and cancer [6]. It has been reported that deficiency in
LUBAC or OTULIN or ATG13 causes embryonic lethality in
mice [27,42-44]. Autophagy and inflammation are the two
feedback responses that help organisms to defend against
stress, and there were several studies reporting the connection
between the two signaling pathways. It was reported that
ATG13-deficient cells are more sensitive to TNF-induced
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apoptosis [44]. A new study also reported that the key inflam-
mation signal protein STING induces autophagy to help cell
fight against infection [45]. OPTN is an autophagy receptor
that targets ubiquitin-coated bacteria for xenophagy [46].
Meanwhile, OPTN has a UBAN domain that binds to linear
ubiquitin to activate NFKB signal pathway [47]. It was
reported recently that LUBAC-synthesized linear ubiquitin
chains activate OPTN-induced anti-bacterial autophagy as
well as NFKB to defend cells against bacterial invasion [48].
It is consistent with our data that RNF31 linearly ubiquiti-
nates ATG13 and stabilizes ATG13 to ensure proper autopha-
gy initiation and protect cells from infection (Figures
3F4,6,7). It would be interesting to examine whether the
phenotype observed in animal models is related to autophagy
dysfunction. It is also worth exploring more substrates in
autophagy that are targeted by LUBAC and OTULIN.

In summary, our study reveals a new function of LUBAC
and OTULIN that linearly ubiquitinates ATG13 and regulates
ATGI13 protein level to control autophagy initiation and
maturation.

Materials and methods
Cell lines and bacterial preparation

HEK293 FT (PTA-5077) and HeLa cells (CRM-CCL-2) from
ATCC were cultured in DMEM (Thermo Fisher Scientific,
10566024) with 10% fetal bovine serum (Gemini, 900-108)
and 100 U/ml penicillin G and 100 pg/ml streptomycin
(Thermo Fisher Scientific, 15140148) at 37°C under 5%
CO,. HelLa cells stably expressing mRFP-EGFP-LC3B were
cultured in complete medium containing 300 ng/pl G418
(Invivogen,  ant-gn-1). S.  Typhimurium  (strain:
ATCC14028), provided by Dr. Rui Huang (Soochow
University, China), were grown overnight in Luria broth
[49]. Next, these bacteria were sub-cultured in fresh LB
(1:33) for 3.5 h. Before infection, sub-cultured bacteria were
diluted (1:5) in antibiotic-free DMEM containing 10% FBS.

Antibodies and reagents

Mouse anti-MYC (2276), rabbit anti-HA (3724), rabbit anti-
OTULIN (14127), rabbit anti-ATG13 (13468) and rabbit anti-
CALCOCO2/NDP52 (60732) were purchased from Cell
Signaling Technology. Rabbit anti-Flag (F3165), mouse anti-
Flag (F7425) and rabbit anti-LC3B (L7543; for detecting the
endogenous LC3B) were purchased from Sigma-Aldrich.
Mouse anti-LC3 (M186-3; for detecting the exogenous
LC3B) and mouse anti-ACTB (HRP-DirecT; PM053-7) were
obtained from Medical & Biological Laboratories Co., LTD.
Mouse anti-SQSTM1 (sc-28359) and mouse anti-ubiquitin
(sc-8017) were purchased from Santa Cruz Biotechnology.
Rabbit anti-RNF31/HOIP (ab46322), rabbit anti-OPTN
(23666), mouse anti-LPS (ab8274) and mouse anti-WIPI2
(ab105459) were purchased from Abcam. Rabbit anti-
RB1CC1 (17250-1-AP) was purchased from Proteintech and
mouse anti-linear ubiquitin (MABS451) was purchased from
Merck. The secondary antibodies goat anti-mouse IgG
(H + L), HRP (111-035-146) and goat anti-rabbit IgG
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(H + L), HRP (111-035-144) were purchased from Jackson
ImmunoResearch Inc. The secondary antibodies goat anti-
rabbit IgG (H + L), Alexa fluor 488 (A-11034), goat anti-
mouse IgG (H + L), Alexa fluor 488 (A-11029), goat anti-
mouse IgG (H + L), Alexa fluor 633 (A-21052) and goat anti-
rabbit IgG (H + L), Alexa fluor 633 (A-21071) were purchased
from Invitrogen. MG132 (HY-13259) was purchased from
MedChemExpress.

Plasmids

The plasmid mRFP-EGFP-LC3B was provided by Professor
Tamotsu Yoshimori (Osaka University, Japan; Addgene,
21074). The plasmid MYC-ATGI3/hAtgl3 (31965; Do-
Hyung Kim) was purchased from Addgene. The truncation
mutants of ATGI3 was generated by introducing stop codon
into the designated position into MYC-ATG13. ATG13 lysine
mutant ATGI13%*® was generated by multiple rounds of PCR-
mediated site-directed mutagenesis on the specific lysine resi-
dues. The mutagenic primers are listed in Table S1. To gen-
erate. ATGI3'"*™® or ATGI3***, HORMA™?® was first
synthesized and then fused with the wild type or mutated
C-terminal fragment by annealing. The primer for annealing
is listed in Table S1. pET32a-TEV-Flag-ATG13 was generated
by inserting TEV-Flag-ATG13 fragment into pET32a(+)
(Novagen, 69015-3). Flag-OTULIN was a gift from Professor
Zongping Xia (Zhengzhou University). Flag-OTULIN®'?*
was generated by PCR-mediated site-directed mutagenesis,
based on the Flag-OTULIN plasmid. The mutagenic primer
is listed in Table S1. GST-OTULIN was generated by inserting
OTULIN fragment into pGEX-6P-1 (GE Healthcare, 28-9546-
48). All mutations were confirmed by DNA sequencing. Flag-
RNF31 (CH898682) was purchased from Vigene Biosciences.
pET32a-TEV-HA-RNF31A1-698 was generated by inserting
TEV-HA-RNF31A1-698 fragment into pET32a(+). HA-
RBCK1 was generated by inserting HA-RBCK]I sequence into
pCDNAS5 (Invitrogen, V6010-20). Flag-STUBI was generated
by inserting Flag-STUBI fragment into pRK5 (BD
Biosciences, 556104). The construct for expression of His-
tagged UBE2D2 was kindly provided by Dr. Cynthia
Wolberger (John Hopkins University, Baltimore, MD).
Untagged ubiquitin plasmid was kindly gifted by Professor
Kazuhiro Iwai (Kyoto University, Japan). pcDNA3.0-ubiquitin
was generated by inserting ubiquitin sequence into pcDNA3.0
vector (Invitrogen, A-150228). GFP-ULKI, GFP-CALCOCO2
and GFP-SEC61B were generated by inserting ULKI,
CALCOCO?2 or SEC61B fragment into pEGFP-C1 (Clontech,
6084-1). For OTULIN, RNF31 and VCPIP1 shRNA knock-
down, target sequences were cloned into pSUPER.neo
(OligoEngine, VEC-PBS-0004). The empty vector was used
as negative control. For the assays done in HEK293 FT cells,
RNF31 siRNA was used to give a better knockdown efficiency.
Target sequences are listed in Table SI.

Protein purification

GST-OTULIN, His-UBE2D2, His-TEV-Flag-ATG13, and
His-TEV-HA-RNF31A1-698 were purified from E. coli BL21
(DE3) (Transgen Biotech, CD601-01), according to

a previously described method [50]. Protein eluted from
Glutathione-Sepharose beads (GE Healthcare, 17-5132-02)
or Ni-NTA (GE Healthcare, 17-5318-02) were fractionated
on a Superdex 200 HR (10/300) column (GE Healthcare,
28-9909-44) in a buffer containing 50 mM Tris-HCI (pH
7.5), 100 mM sodium chloride and 2 mM DTT (MDBio,
Inc., D023). Flag-ATG13 and HA-RNF31A1-698 were gener-
ated by removing His tag with TEV protease (New England
Biolabs, Inc., P8112S). For bacterial purified untagged ubiqui-
tin, cells were first sonicated in 20 mM Na-Acetate
(Sinopharm Chemical Reagent Co., 127-09-3), pH 5.1 buffer.
After centrifuge, the supernatant was then loaded on a HiTrap
SP HP (5 ml) column (GE Healthcare, 17-1152-01) in 20 mM
Na-Acetate (pH 5.1)/0-500 mM NaCl gradient. Collect the
fraction with ubiquitin and change the buffer to 20 mM Tris-
HCI, pH 7.5 through a HiTrap DEAE FF (1 ml) column (GE
Healthcare, 17-5055-01).

Autophagy assays

To induce autophagy, cells were incubated with the starvation
medium EBSS (Sigma-Aldrich, E2888) for 4 h. To inhibit
autophagosome-lysosome fusion, cells were treated with
20 nM chloroquine diphosphate salt (Sigma-Aldrich, C6628)
for 4 h. After treatment, cells were harvested for immuno-
fluorescence microscopy or immunoblotting analysis.

Immunofluorescence microscopy

HeLa cells stably expressing mRFP-EGFP-LC3B were seeded
on small glass slides (Marienfeld, AP-0111520) and transiently
transfected with indicated constructs. After 24 h, cells were
washed with phosphate-buffered saline (PBS, Gibco,
70011044) and fixed with 4% paraformaldehyde (Thermo
Fisher Scientific, 43368) in PBS for 15 min. After being
washed four times with PBS, the nuclei were labeled with
DAPI (Sigma-Aldrich, D9542). Finally, the samples were
mounted with Clear Mount™ Mounting solution
(Invitrogen, P36934). For the immunofluorescence stain stu-
dies, fixed cells were washed four times with PBS, and then
incubated with indicated primary antibodies (1:500) for 1 h,
and fluorescent dye-conjugated secondary antibodies (1:600)
for 30 min. Images were acquired on Zeiss LSM800 or
LSM880 microscope (Zeiss, Jena, Thuringia, Germany) with
a 63 x 1.4 NA oil objective. Same acquisition parameters were
used for a specific set of experiments.

GST dffinity-isolation assay, immunoprecipitation and
immunoblotting

GST or GST-OTULIN immobilized Glutathione-Sepharose
beads were incubated with purified Flag-ATG13 for 1 h in
NP40 lysis buffer (50 mM Tris-HCI pH 7.4, 150 mM sodium
chloride, and 0.5% NP40 (BBI Life Sciences Cooperation,
9016-45-9)). GST beads were then washed three times with
NP40 wash buffer (50 mM Tris-HCI pH 7.4, 150 mM sodium
chloride, and 0.1% NP40). The bound proteins were analyzed
by western blot using a Flag-specific antibody (Sigma-Aldrich,
F3165).



For immunoprecipitation experiments, related plasmids
were transfected into HEK293 FT cells using Lipofectamine
2000 (Invitrogen, 11668019) for 2-3 d. Cells were harvested
and lysed in cell lysis buffer (Sigma-Aldrich, C2978) contain-
ing protease inhibitor cocktail (Bimake, B14011) for 30 min at
4°C. The soluble supernatant fractions were harvested by
centrifugation at 17,000 x g for 10 min and then used for
immunoprecipitation with the indicated antibodies or anti-
bodies conjugated on beads. After that, the antibody-bound
immunoprecipitation samples were further incubated with
protein A beads (Cell Signaling Technology, 9863S). After
binding, the beads were washed three times with immunopre-
cipitation wash buffer to remove nonspecific binding proteins.
The beads bound material was eluted using Laemmli buffer
and analyzed by immunoblotting. For immunoprecipitation
under denaturing conditions, harvested cells were lysed in
a buffer with 1% SDS (Sinopharm Chemical Reagent Co.,
30166480) and 5 mM DTT. The samples were heated at 95°
C for 5 min and diluted into 0.1% SDS and 0.5 mM DTT with
lysis buffer. The soluble supernatant fractions were harvested
and subjected to immunoprecipitation experiments as
described above. After that, immunoblotting was performed.
All immunoblotting was performed using polyvinylidene
fluoride membrane (Bio-Rad, 1620177) and the indicated
antibodies. Protein signals were detected using ECL western
blotting detection reagents (PerkinElemer, NEL105001EA).
The chemiluminescence bands were imaged under
Amersham Imager 600 (GE Healthcare Life Sciences, USA).
The bands were adjusted within the linear range, and quanti-
fied by Image] software (NIH).

In vitro ubiquitination assays

For in vitro ubiquitination assay, the mammalian purified
substrate MYC-ATG13 (5 uM) or ATG13 mutants was incu-
bated with GST-E1 (180 nM; BostonBiochem, E-306), His-
UBE2D2 (2 uM), HA-RNF31A1-698 (2 puM) and untagged
ubiquitin (11 pM) in the reaction buffer (25 mM Tris pH
7.4, 2 mM magnesium (Aladdin, M113688) and ATP (Sigma-
Aldrich, A2383), and 1 mM DTT) at 37°C for 1 h. After the
reaction finished, the product was then immunoprecipitated
with MYC beads (Bimake, B26302) under denaturing condi-
tion and the samples were analyzed by western blot.

Bacterial infection and colony-forming unit assay

HeLa cells, transfected with RNF31 knockdown constructs,
were grown in 6-well format. Seventy-two h after transfec-
tion, cells were infected with 100 pl diluted bacteria, and
incubated for 15 min at 37°C. Then cells were washed two
times with PBS, and further cultured with DMEM and 10%
FBS containing 100 pg/ml gentamycin (Shanghai
BasalMedia Technologies Co., LTD, S130]J7) for 1 h and
20 pg/ml gentamycin for the following hours. For immuno-
fluorescence assay, small glass slides were harvested 3 h after
infection and stained by following the method of immuno-
fluorescence microscopy. For colony-forming unit assay,
cells were harvested 2 h and 8 h after infection, and lysed
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in 1 ml PBS containing 0.1% Triton-X (Sangon Biotech,
9002-93-1). After a serial dilution, 0.5 ml dilutions were
plated on 10-cm LB agar plates and cultured overnight. The
number of colonies per plate were counted next day.

Cycloheximide chase

Cycloheximide chase experiments were performed by incubat-
ing the cells in DMEM containing 50 ug/ml cycloheximide
(Abcam, ab120093) at 37°C. Equal number of cells was taken
at different time points as indicated in the figures for immu-
noblotting analysis. Cells were lysed with the lysis buffer.

Quantification and statistical analysis

All data were performed in at least three independent experi-
ments. For the quantification of puncta, the numbers of
puncta per cell were counted using Image] software. Data
were shown as mean + SD, and error bars represented the
standard deviations from counting of 100 cells in each group
from three independent experiments. Data graphing and
descriptive statistics were presented by utilizing Origin 8.5
(Origin lab cooperation, USA) and Microsoft Excel Data
Analysis package. The significance between two groups was
obtained using the Student’s t-test. The significance among
multiple groups was obtained using one-way ANOVA fol-
lowed by Tukey’s multiple comparisons test. ns, not signifi-
cant; *, p < 0.05; **, p < 0.01; ***, p < 0.001.
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