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ABSTRACT OF THE THESIS

ATG16L1 down-regulates IL-1beta signaling via neddylated-Cullin-3
mediated p62 ubiquitination

by

HyeRi Kim

Master of Science in Biological Science
University of California, San Diego, 2011
Professor Eyal Raz, Chair
Assistant Professor Amy Kiger, Co-Chair

The Genome-Wide Association Studies shows that ATG16L1 mutation such as
single-mutation polymorphism or miss sense mutation makes a person susceptible to
Crohn’s Disease, a type of inflammatory bowel diseases. Then, we examined how the
loss of ATG16L1 functions effects signal transduction pathways with present of proinflammatory stimulus. Using in vitro experiment with mouse embryonic fibroblast
(MEF) cell-line, we have checked that deletion of ATG16L1 will significantly influence
the amplification of IL-1β signaling. Then, we have expected that influence of ATG16L1
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occurs in the upstream of IL-1β signaling cascade, and our result presents that increased
p62 expression in ATG16L1 knockout cells result in stronger inflammatory response due
to oligomerization of TRAF6. Also the data shows that ATG16L1 is required for
ubiquitination and degradation of p62 and that ATG16L1 is the essential component to
neddylate Cullin-3 (Cul-3), E3 ubiquitin ligase, to bring ubiquitin to p62. These findings
implicate that ATG16L1 is important factor to suppress IL-1β signaling through downregulation of p62 level by Cul-3 neddylation. Importantly, future study may provide
therapeutic solutions to pathological conditions due to increased p62 expression level.
Also, this study might give a direction for treatment in Crohn’s Disease patients with
susceptible allele of ATG16L1 by specifically targeting Cullin-3 and p62.
I would like to acknowledge Professor Eyal Raz for his support and mentorship.
His invaluable advices influenced my decision in future career and enable to take a step
to pursue my academic goals. I would also like to acknowledge Dr. Jongdae Lee for
offering such wonderful opportunities. Because of his support, I learned so much about
not only science but also life and responsibility as a scientist.
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INTRODUCTION
Autophagy, “self-eating,” can be divided into three major types: macroautophagy,
microautophagy, and shaperone-mediated autophagy. Each of these autophagies has
mechanically different characteristics. Macroautophagy, which will be referred to as
autophagy hereafter, is a cellular mechanism that either recycles or eliminates unwanted
cellular components such as proteins and organelles[1]. It is also the mechanism to
eliminate toxic components or intracellular pathogens during infections[2][3]. ATG16L1 is
an essential component in autophagosome formation. The complex of ATG12-ATG5ATG16 get associated in formation of double isolation membrane of autophagosome via
homologous feature to E3 ubiquitin-ligase enzyme[4]. Therefore, autophagosome structure
is failed to form when ATG16L1 is deficient[5]. From genome-wide association studies,
mutation such as single nucleotide polymorphism, SNP, in ATG16L1 is one of risk
genetic factors that increase person’s susceptibility to Crohn’s Disease, a type of
inflammatory bowel disease[6][7]. Another known function of ATG16L1 is regulation of
production and exocytosis of anti-microbial granules in Paneth cells[8][9]. Lastly,
ATG16L1 deficient in macrophage increases IL-1β production due to increase in
maturation of pre-IL1β [10].
P62 (sequestosome-1, SQSTM1) acts as a selective autophagy receptor for
ubiquitinated proteins to deliver them into the autophagosome [11][12]. Since p62 is largely
increased in autophagy-deficient cells[13], p62 is assumed to be degraded mainly by
autophagy. Also, p62 is important to study in signal transduction due to its interaction
with various signaling proteins, including TRAF6 from IL-1β signaling cascade[14].
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Protein ubiquitination requires 3 enzymes: E1, E2, and E3, where these three
enzymes have different roles in activating and delivering ubiquitin to substrate[15]. In the
mechanism discuss in this paper, Cullin-3 (Cul-3) work as E3 ubiquitin-ligase enzyme. In
order for its proper ubiquitin-ligase function, neddylation of Cul-3 is required[16][17].
Neddylation allows a conformational change in Cul-3 via conjugation of Nedd8 [18]. Also,
it is known that p62 interacts with Keap1, which is a component of Cul-3 to bring
ubiquitin to Nrf2[19].
In this paper, we represent that ATG16L1 and autophagy have role in IL-1β
signaling cascade. Their role is to suppress IL-1β signaling by p62 ubiquitination via
neddylated-Cul-3.
I would like to acknowledge Professor Eyal Raz for his support and mentorship.
His invaluable advices influenced my decision in future career and enable to take a step
to pursue my academic goals. I would also like to acknowledge Dr. Jongdae Lee for
offering such wonderful opportunities. Because of his support, I learned so much about
not only science but also life and responsibility as a scientist.

METHODS
Cells: The MEF (Mouse Embryonic Fibroblast) Wild-Type and ATG16L1 Knock-out
cell lines were received from Osaka University and were used for in-vitro experiments.

Cell Culture: The MEF cell line was cultured in high glucose (4.5g/L) Dulbecco’s
Modified Eagle Medium (DMEM, Mediatech, Manassas, VA) supplemented with 10%
FBS, L-glutamine, sodium pyruvate, peneicillin-strep and HEPES buffer. The cells were
grown on T75 flask surfaces. When the cells get confluent, they were detached from
surface by incubating in trypsin, pelleted, and re-suspended in media. Then, these cells
were plated according to each designed experiments.

Antibodies: anti-p62, anti-flag, anti-SMA (Smooth Muscle Actin), anti-V5 and anti-βactin antibodies were ordered from Sigma (St. Louis, MO). Anti-pERK, anti-pJNK, antipp38, anti-LC3, anti-Cullin3 for immunoblotting, anti-myc and anti-IκBα antibodies
were ordered from Cell Signaling Technologies (Danvers, MA). Anti-vimentin antibody
was from BD Biosciences (Franklin Lakes, NJ), anti-uniquitin antibody from Santa Cruz
Biotechnology (Santa Cruz, CA), anti-nedd8 and anti-GFP antibodies from Invitrogen
(Carlsbad, CA) and anti-Cul3 for immunoprecipitation from Epitomics (Burlingame, CA).

Reagents: MG132, Bafilomycin A1 (BA1) and 3-methyladenine (3MA) was purchased
from Sigma, Cullin-3 siRNA from Santa-Cruz Biotechnology, and Human recombinant
and IL-1β was from R & D System (Minneapolis, MN). IL-6 ELISA kit was ordered
from eBiosciences (San Diego, CA)
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Electrophoretic Mobility Shift Assay (EMSA): Translocation of activated NF-κB into
the nucleus will be measured by EMSA using consensus NF-κB oligonucleotides (Santa
Cruz Biotechnologies) as previously described[20].

Immuno-blotting, Western Blot, Assay: Total cell lysate, cytoplasmic or nuclear
proteins were extracted with appropriate extract buffer. These samples were mixed with
LDS buffer and heated and ran on NuPAGE 4-12% BIS-Tris gels (invitrogen). The
proteins were then transferred to Immobilon-FL transfer membranes (Millipore) and
blocked with 1X PBS, 2% BSA and 0.1% sodium azide solution to reduce background
and primary antibody (1:2000) was incubated in blocking buffer. On the next day, the
membrane is washed for 3 times for 15 minutes with 8.75% NaCl, 1.2% THAM Tris
Base, and 2% of Tween 20. Then, the secondary antibody (1:10,000) was incubated in
washing buffer for an hour and washed. Finally, interest protein was chemiluminescently
detected by either Supersignal West Pico or Supersignal West Dura (Thermo, Rockford,
IL) and was exposed on films. This method was used to detect expression level of certain
proteins.

Immuno-precipitation: The proteins were collected by either total cell lysis buffer or
ubiquitinase buffer. From these protein extracts, interested protein was immuneprecipitated by incubating with protein A or G and antibody against interested protein for
2 hours or overnight in cold room.
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mRNA isolation, cDNA synthesis, and quantitative PCR (qPCR):

mRNA was

isolated from cells using a protocol that uses Trizol, chloroform and isopropanol. Then,
the concentration of RNA samples was adjusted so one µg of RNA was used to
synthesize cDNA by reverse transcription using Superscript III First-Strand system
(Invitrogen). Quantitative real-time PCR will be performed on an AB7300 using SYBR
Green PCR Master Mix (Applied Biosystems).

RT-PCR Primers: GAPDH was used as control to compare quantitative of other mRNA
levels. GAPDH, IL-6, KC, p62, and IκBα primers were purchased from IDT
Technologies (San Diego, CA).

Transfection of MEF: Transfection of MEF was done by electroporation with
Nucelofactor MEF2 solution and the protocol T-020 (Lonza, Basel, Switzerland).

Stable transfection of p62 shRNA: Control and p62 shRNA bearing lentivirus particles
were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Selection was made
with 1µg/ml puromycin for several times after two days post-infections.

Plasmids: ATG16L1 cDNA was cloned into a modified pCMV (Clontech, CA)
containing an N-terminal Flag2.Human p62 cDNA was PCR cloned at Bgl2/Notl sites
into a modified pCMV containing eGFP. V5-tagged-Cul3 plasmid was received from
Freeman (Vanderbilt University). Human myc-Nedd8 expression vector was ordered
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from OriGene (Rockville, MD). Flag-Ubiquitin and myc-Ubiquitin were obtained from
Karin and Rosenfeld (UCSD).

Immuno-histochemistry (IHC): Cells were grown in chamber-slide and was fixed with
4% para-formaldehyde for 15 minutes at room temperature. Then, it was washed with
PBS/Triton X-100 (1%, PTX Buffer) twice, incubated with primary antibody in PTX
buffer for an hour in room temperature, washed twice with PTX buffer, incubated with
secondary antibody conjugated with Alexa Flour 488 or 546 (Invitrogen) for a hour in
dark space, washed twice, and dried mounted for confocal imaging (Olympus FV1000).

P62 KO mice: This mice type was provided from Jose Moscat[14]

Densitometry: Using Image J software, quantitative measurement of western blot was
performed.

Statistical significances: Significance was calculated by one-way ANOVA or t-test, and
P value less than 0.05 was marked as significant.

I would like to acknowledge Professor Eyal Raz for his support and mentorship.
His invaluable advices influenced my decision in future career and enable to take a step
to pursue my academic goals. I would also like to acknowledge Dr. Jongdae Lee for
offering such wonderful opportunities. Because of his support, I learned so much about
not only science but also life and responsibility as a scientist.

RESULTS
Autophagy suppresses IL-1β-induced signaling in MEF
First, the influence of ATG16L1 deletion in IL-1β signaling was investigated by
stimulating MEF WT and ATG16L1 KO cells were stimulated with IL-1β
(1 ng/ml). Then the activation levels of NF-κB and MAPKs, sub-pathways in IL-1β
signaling pathways (Figure 1), were measured. The activation of NF-κB was measured by
EMSA while phosphorlyations of components in MAPKinase pathways were measured
by immunoblotting (IB) (Figure 2). As seen in Figure 2, both MAPKinase and NF-κB
pathways were more activated in ATG16L1 KO cells compared to WT when they were
stimulated with IL-1β.

Figure 1: IL-1β Signaling cascade includes NF-κB and MAPKs. Copyright, Nature
Reviews Immunology 4, 499-511[25]
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Figure 2: Loss of ATG16L1 function induces IL-1β signaling

Then, transcription level of pro-inflammatory genes was observed by quantitative
PCR. The MEF WT and ATG16L1 KO cells were stimulated with IL-1β like previous
experiment and performed qPCR on IL-1β, KC and IL-6 (figure 3). At zero time point,
transcription level of three genes on both WT and ATG16L1 KO cells were at the
baseline. However, when it was stimulated with IL-1β, the transcription level of these
genes were much higher in ATG16L1 KO cells compared to WT cells.

Figure 3: Loss in ATG16L1 increases 1L-1β induced pro-inflammatory gene
transcription
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Then, IL-6 protein level to IL-1β stimulation for 24 hours was measured by
ELISA(Figure 4). As data shows and similar to previous, ATG16L1 KO cells produced
high level of IL-6 compared to WT when it was stimulated with IL-1β while their control
level is similar. This indicates that transcription of gene and production of cytokine are
activated upon IL-1β stimulation, and ATG16L1 is act as a suppressor to IL-1β signaling.

Figure 4: Autophagy suppress IL-1β induced IL-6 induction

To test if the increase in inflammation level is due to loss in autophagosome formation,
the activation level of NF-κB and phosphorylation of ERK in ATG5 is knockout in MEF
was observed. These MEF WT and ATG5KO were stimulated with IL-1β as indicated
time point. The difference in induction was measured by Densitometry, and induction in
activation of each element in IL-1β signaling cascade in ATG5 KO cells was higher
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compared to that in WT; respectively activation of NF-κB was 2 fold higher while that of
ERK was 7 fold higher (Figure 5). With these observations, the conclusion of ATG16L1
and autophagy have essential role to suppress IL-1β signaling transduction was made.

Figure 5: Dysfunctional autophagy enhances the IL-1β signaling pathway

ATG16L1 suppresses IL-1β signaling cascade via down-regulating p62
Previous data shows that ATG16L1 deletion affects both NF-κB and MAPK
pathways. This fact indicates that its regulation is at the upstream of cascade, at the level
of MyD88-IRAK-TRAF6-TAK1[21]. Here, p62 molecule is chosen because of its
participation in same complex with LC3[12], its polymerization of p62 forms protein
aggregates which degraded by autophagy and its ability to interact with TRAF6 and
promotes IL-1β signaling pathway by oligomerization of ubiquitinated TRAF6[14][22].
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Based on these facts, the level of p62 level in MEF WT and ATG16L1 KO cells
was measured at each stimulated time point with IL-1β. In fact, p62 level in ATG16KO
cells was higher than in WT cells (Figure 6).

Figure 6: ATG16L1 down-regulates p62

Then, transcription level of p62 in MEF WT and ATG16L1 KO cells was
measured by qPCR to check this event occurs post-transcription. The p62 transcript level
wasn’t affected by loss in ATG16L1 when it was stimulated similar condition with IL-1β
(Figure 7). This similarity in transcription level of p62 in both WT and ATG16L1 KO
cells shows that differences in p62 level are occurring at post-transcription.

Figure 7: ATG16L1 down-regulates p62 level at post-transcription level
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Then, what causes difference in p62 protein level was investigated. P62 is
assumed to be only degraded via autolysosome due to its correlation to autophagy.
However, it was discovered that p62 is degraded by both proteasome and autolysosome.
This discovery was found by using 3 types of inhibitors and measured the p62 recovery
level. MEF WT cells were treated with inhibitor of proteasome (MG132, 10µM),
inhibitor of lysosome (Bafiliomycin A1, 100nM) and inhibitor of autophagy (3methyladenine, 1mM). The recovery of p62 level was significant when proteasome was
inhibited and when autolysosome was inhibited (Figure 8). Since the autolysosome
degradation is fairly well studied in the field, we have decided to study further in
proteasomal degradation.

Figure 8: p62 is mainly degraded by proteasome

In order to check if ATG16L1 is essential to degrade p62 via ubiquitinproteasomal pathway, MEF WT and ATG16L1KO cells were treated with inhibitors as
indicated. Then, these cells’ lysates was immunoprecipiated with p62, a method that
ensures to compare similar amount of p62. Then, we first probed with p62. The level of
p62 didn’t altered in ATG16L1 KO cells while WT shows more p62 level in inhibited
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treatments compared to control. This indicates that both proteasomal and lysosomal p62
degradation was dependent on ATG16L1. Then, we probed same IP:p62 membrane with
ubiquitin to observe p62 ubiquitination. The reason we observed ubiqutination is
proteasome usually degrades ubiquitinated proteins. The data shows that only the
proteasomal pathway involved with p62 ubiquitination (Figure 9).

Figure 9: p62 is degraded by ubiquitin-proteasomal pathway

Then, the co-localization of p62 and ubiquitin molecules was checked also with
immunofluorescence (IF) (Figure 10). MEF WT cells were transfected with either GFPp62 or GFP-p62 and Myc-ubiquitin, and they were IF with anti-ubiquitin or anti-myc
antibody. The red color represents ubiquitin proteins and green represents p62. The
yellow color shows co-localization of two.
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Figure 10: Ubiquitination of p62 in MEF WT

Increased p62 is responsible for enhanced IL-1β signaling in MEF ATG16L1 KO
Then, another experiment was designed to test if the increased level of p62 in
MEF ATG16L1 KO cells causes increased in IL-1β signaling. MEF ATG16L1 KO cells
were transfected with either control or p62 shRNA and were stimulated with IL-1β as
indicated. Then, activation of NF-κB was measured by EMSA and other proteins level by
immunoblotting (Figure 11). This shows that when p62 is knockdown, the activation of
both NF-κB and MAPKinase pathways lowered. Also, the mRNA transcription level of
IκBα and of KC was measured on the same samples by qPCR (figure 12) and shows that
transcriptional level of these are lowered in p62 knock-down samples. These data proves
that increased in p62 level in ATG16L1 deficient cells has increased IL-1β signaling; p62
regulates IL-1β signaling level in MEF ATG16L1 KO.
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Figure 11: increased p62 level is responsible for enhanced IL-1β signaling in MEF
ATG16L1 KO

Figure 12: p62 level determines activation of IL-1β signaling cascade

Then, the role of p62 in IL-1β signaling was explored by in vivo experiment. WT
or p62 KO mice (n=3-4, 10 weeks old) were I.P. injected with IL-1β (100ng/mouse) and
serum cytokine levels were measured after 90 minutes by ELISA. The production of
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TNFα and IL6 was significantly lower in p62 KO mice than in WT mice. However, there
is still increase production of these serum cytokines in p62 KO mice treated with IL-1β.
This indicates that p62 is not essential but is enhancer in IL-1β signaling (Figure 13).

Figure 13: p62 enhances but not essential to IL-1β signaling

ATG16L1 interacts and regulate p62 ubiquitination
Before checking the co-localization in between ATG16L1 and p62, the
correlation in those two was studied by reconstitution of ATG16L1 in MEF ATG16L1
KO cells. MEF ATG16L1 KO cells were transfected with either GFP or flag-ATG16L1
and stimulated with IL-1β as indicated. Then, the level of p62, pERK, flag-ATG16L1
and SMA was measured by immunoblotting and NF-κB by EMSA (figure 14). The
reconstitution of ATG16L1 allows MEF ATG16L1 KO cells to suppress both p62 level
and IL-1β signaling.
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Figure 14: ATG16L1 suppresses p62 level and IL-1β signaling cascade

Then, the co-localization of p62 and ATG16L1 was determined by IF. MEF WT
cells were transfected with either GFP-p62 or GFP-p62 and flag-ATG16L1, and
immunohistochemistry was done with either anti-GFP or anti-flag antibody (Figure 15).
This co-localization of p62 and ATG16L1 and ATG16L1 regulation on p62 indicated that
there is direct interaction of two.

Figure 15: ATG16L1 co-localizes with p62
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ATG16L1 mediates ubiquitination of p62 via Cullin-3
From the published paper, p62 is known to interact with Keap1 and Keap1 is a
component of Cullin-3 ubiquitin ligase for Nrf2[19]. So, this Cul-3 is tested whether it
interacts and ubiquitinates p62. MEF WT cells were transfected with either GFP-p62 or
GFP-p62 and V5-Cullin3 and performed IF with either anti-GFP or anti-V5 antibody
(figure 16). Cullin-3 interacts with p62, but its interaction doesn’t require ATG16L1.
GFP-p62 transfected MEF WT and ATG16L1 KO cells’ lysates were IP with GFP-p62
and immunoblotted with anti-cullin-3 and anti-GFP antibodies. Surprisingly, the Cul-3
interaction level with p62 was higher in ATG16L1 KO cells than in WT, indicating that
ATG16L1 is not required for p62 and Cullin-3 interaction (Figure 17).

Figure 16:

Cullin-3 co-localizes with p62
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Figure 17: ATG16L1 is not required for p62 and Cul-3 interaction

Then, we investigated how Cullin-3 regulates p62 level and IL-1β signaling
cascade. MEF WT cells were transfected with either Cullin-3 siRNA or V5-Cul3
respectively to create either Cul3 Knock-down or over-expression of Cul3 condition.
Then, they were stimulated with IL-1β as indicated and measured the following
information to check Cullin-3’s regulation. And, Cullin-3 is discovered to down-regulate
p62 level and IL-1β signaling (figure 18).
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Figure 18: Cullin-3 down-regulates p62 level and IL-1β signaling

ATG16L1 regulates Cul-3 mediated ubiquitination on p62 via neddylation
Previously, we have discovered that ATG16L1 is not required for p62 and Cul-3
interaction. So, the necessity of ATG16L1 for Cullin-3 to down-regulate p62 level and
IL-1β signaling was studied. MEF ATG16L1 KO cells was transfected with V5-Cullin3

21
to over-express Cullin-3 and measured p62 level and activation of IL-1β signaling by IB
and EMSA. As result, Cullin-3 couldn’t down-regulate both p62 level and IL-1β
signaling without ATG16L1 (figure 19).

Figure 19: ATG16L1 is required for Cul-3 mediated down-regulation of p62 and IL-1β
signaling
Since we have discovered that ATG16L1 required for Cullin-3, we wanted to
study how ATG16L1 regulate Cullin-3. From published paper, it is known that Cullin-3
is activate when it gets neddylated by Nedd-8 conjugation [16][17], and its activation leads
to transfer of ubiquitin molecule to substrate, which is p62 in this case. To check if
ATG16L1 is essential for Cul-3 neddylation, MEF WT and ATG16L1 KO cells were
transfected with V5-Cul3 and myc-Nedd8, stimulated with IL-1β as indicated and IB
with anti-ATG16L1, anti-Cul-3 and anti-SMA antibodies (figure 20A). Also, Cul-3 was
immunoprecipitated after IL-1β stimulation and probed with Nedd8 by IB (figure 20B).
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Figure 20 A and B: ATG16L1 is required for neddylation of Cullin-3

ATG16L1 suppresses IL-1β signaling via down-regulation of p62 and Cul-3
neddylation
In summary of mechanisms, ATG16L1 is required for neddylation of Cul-3 in
presence by DCN-1 and then brings ubiquitin to p62 for proteasomal degradation [23][24]
(Figure 21). Therefore, presence of ATG16L1 in WT cells allows constitutive
ubiquitination and degradation of p62 that brings subsequent inflammatory response by
restraining IL-1β signaling. However, when ATG16L1 is deficient, there is high level of
p62 that activates TRAF 6 in IL-1β signaling [14][22], resulting hyper-inflammatory
response (figure 22).
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Figure 21: ATG16L1 and neddylated Cul-3 brings ubiquitin to p62

Figure 22: ATG16L1 suppresses IL-1β signaling via neddylated-Cul-3 mediated p62
ubiquitination
I would like to acknowledge Professor Eyal Raz for his support and mentorship.
His invaluable advices influenced my decision in future career and enable to take a step
to pursue my academic goals. I would also like to acknowledge Dr. Jongdae Lee for
offering such wonderful opportunities. Because of his support, I learned so much about
not only science but also life and responsibility as a scientist.

DISCUSSION
The known functions of ATG16L1 are formation of autophagy and suppression
of IL-1β proteins in mouse macrophage against LPS stimulation[10]. Also, another
function of ATG16L1 is to regulate normal Paneth cells function. ATG16L1 deficiency
in intestinal epithelial cells causes release of anti-microbial peptides from paneth cells[9].
Together, these information indicate that ATG16L1 deficiency increases the
susceptibility to infections and to inflammation. Moreover, published journals proposed
that viral infection to ATG16L1 deficient mouse shows characteristic that is similar to
Crohn’s Disease in human[8]. Our data shows how ATG16L1 suppresses proinflammatory signal in molecular level. Our test model predicts that over-produced IL-1β
from ATG16L1 KO macrophagy has influence on signaling transduction and result a
hyper-inflammatory response in autophagy-deficient cells. As overall summary of
signaling pathway, ATG16L1 suppresses IL-1β signaling cascade via down-regulation of
p62. P62 is known to regulate the packing and delivery of polyubiquitinated, misfolded
or aggregated proteins or organelles for autophagy[11][12][14]. This aggregated protein
regulation occurs on one of the components in IL-1β signaling cascade, TRAF6.
Generally, p62 level assumed to be regulated only by autophagy. However, our data
shows that p62 level is also regulated by ubiquitin-proteasomal degradation, which this
degradation requires neddylated Cullin-3. Here, we have found that ATG16L1 is
essential to neddylate Cul-3 and to ubiquitinate p62.
I would like to acknowledge Professor Eyal Raz for his support and mentorship.
His invaluable advices influenced my decision in future career and enable to take a step
to pursue my academic goals. I would also like to acknowledge Dr. Jongdae Lee for
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not only science but also life and responsibility as a scientist.
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