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Lipopolysaccharide (LPS)-induced activation of TLR4 (toll-like receptor 4) is followed by a subsequent overwhelming
inflammatory response, a hallmark of the first phase of sepsis. Therefore, counteracting excessive innate immunity by
autophagy is important to contribute to the termination of inflammation. However, the exact molecular details of this
interplay are only poorly understood. Here, we show that PELI3/Pellino3 (pellino E3 ubiquitin protein ligase family
member 3), which is an E3 ubiquitin ligase and scaffold protein in TLR4-signaling, is impacted by autophagy in
macrophages (MF) after LPS stimulation. We noticed an attenuated mRNA expression of proinflammatory Il1b
(interleukin 1, b) in Peli3 knockdown murine MF in response to LPS treatment. The autophagy adaptor protein SQSTM1/
p62 (sequestosome 1) emerged as a potential PELI3 binding partner in TLR4-signaling. siRNA targeting Sqstm1 and Atg7
(autophagy related 7), pharmacological inhibition of autophagy by wortmannin as well as blocking the lysosomal
vacuolar-type HC-ATPase by bafilomycin A1 augmented PELI3 protein levels, while inhibition of the proteasome had no
effect. Consistently, treatment to induce autophagy by MTOR (mechanistic target of rapamycin (serine/threonine
kinase)) inhibition or starvation enhanced PELI3 degradation and reduced proinflammatory Il1b expression. PELI3 was
found to be ubiquitinated upon LPS stimulation and point mutation of PELI3-lysine residue 316 (Lys316Arg) attenuated
Torin2-dependent degradation of PELI3. Immunofluorescence analysis revealed that PELI3 colocalized with the typical
autophagy markers MAP1LC3B/LC3B (microtubule-associated protein 1 light chain 3 b) and LAMP2 (lysosomal-
associated membrane protein 2). Our observations suggest that autophagy causes PELI3 degradation during TLR4-
signaling, thereby impairing the hyperinflammatory phase during sepsis.

Introduction

The immune system is characterized by a host defense against
invading pathogens and can be divided into the innate and the
adaptive arm. In contrast to the acquired immunity, the innate
system reacts immediately by docking highly conserved pathogen

structures, termed pathogen-associated molecular patterns, to a
restricted number of pattern recognition receptors (PRRs).1 These
PRRs, expressed especially on antigen-presenting cells like macro-
phages (MF), dendritic cells, and B cells, trigger a PRR-depen-
dent signaling cascade and finally constitute a proinflammatory
response.2 Among these PRRs, the TLRs (toll-like-receptors) are
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one of the major receptor families. Up to now 11 TLRs have been
identified in mammals.3 TLR4, as one prominent family member,
recognizes lipopolysaccharide (LPS), which is part of the outer
membrane of gram-negative bacteria. MYD88 (myeloid differen-
tiation primary response 88) and TICAM1/TRIF (toll-like recep-
tor adaptor molecule 1) are the 2 key adaptor proteins for LPS-
TLR4 signal transduction. MYD88 activates adaptor molecules
like the family of IRAKs (interleukin-1 receptor-associated kin-
ases), TRAF6 (TNF receptor-associated factor 6, E3 ubiquitin
protein ligase), as well as MAP3K7/TAK1 (mitogen-activated
protein kinase kinase kinase 7) and the TABs (TGF-b activated
kinase 1/MAP3K7 binding protein 1/2/3). This conserved process
activates the transcription factors NFKB (nuclear factor of kappa
light polypeptide gene enhancer in B-cells) and AP-1 (activator
protein-1) via activation of IKBKB/IKK (inhibitor of kappa light
polypeptide gene enhancer in B-cells, kinase b) and mitogen-acti-
vated protein kinase (MAPK) cascades, respectively. Both NFKB
and AP-1 activate proinflammatory cytokine expression e.g., Il1b
(interleukin 1, b) and Tnf (tumor necrosis factor).4 Further,
TICAM1-dependent signaling is mediated by the adaptor and
effector proteins TBK1 (TANK-binding kinase 1), TRAF6, and
RIPK1 (receptor (TNFRSF)-interacting serine-threonine kinase
1) controlling IFNA1 (interferon, a 1) as well as proinflammatory
cytokine expression induced by activation of IRF3 (interferon reg-
ulatory factor 3) and NFKB.5,6

Sepsis is a serious clinical disease triggered by the immune
system and the TLR signaling cascade in response to a sys-
temic reaction against infectious pathogens.7 Sepsis is charac-
terized by a misbalance of pro- and antiinflammatory
responses, causing an excessive inflammation with high levels
of proinflammatory cytokines essential to kill pathogens and
later on limiting inflammatory events, which lead to an
immunosuppressive phenomenon.8,9 The pattern-recognition
system as well as proinflammatory mediators are considered
to be potential therapeutic targets in sepsis.9 To combine
characteristics of hyperinflammation in sepsis with the innate
immune system, we examined the regulatory potential of
PELI3/Pellino3 (pellino E3 ubiquitin protein ligase family
member 3) in the TLR4 signaling pathway. The E3 ubiquitin
ligase and scaffold protein PELI3 belongs to a new family of
evolutionary conserved proteins in the TLR signaling cas-
cade.10,11 So far, PELI3 is implicated as activator of
MAPK14/p38a, MAPK8/JNK1-MAPK9/JNK2, and
MAPK1/ERK2-MAPK3/ERK1 signaling cascades of TLR/
IL1R pathways.12-15 Furthermore, PELI30s really interesting
new gene (RING) domain, responsible for its E3 ubiquitin
ligase activity, is necessary for IRAK1 ubiquitination and
therefore promotes signal transduction.16 Interestingly, TLR
signaling is also connected to autophagy-dependent processes
by recruiting BECN1/Beclin1 (Beclin 1, autophagy related),
one of the key factors in autophagosome formation.17

Autophagy is a fundamental immunological process within
the cell, essential for elimination of microorganisms, control
of inflammation, and secretion of immune mediators but also
has an impact on adaptive immunity.18 Autophagy dampens
excessive inflammation in TLR signaling and acts as a

negative modulator in the innate immune system.19 It has
been shown that autophagy deficiency in septic-conditioned
mice augments proinflammatory responses.20 Therefore, we
focused our interest on the TLR signaling component PELI3
and its potential role in autophagy, following LPS-induced
TLR4-activation to mimic septic conditions.

Results

Peli3 knockdown inhibits LPS-dependent proinflammatory
cytokine expression

PELI3 has been discovered as a protein upstream of the
MAPK14 that is essential for a proinflammatory cytokine
response and autophagy is known to play a pivotal role in inflam-
matory processes especially the regulation of proinflammatory
cytokines.13,21,22 To elucidate the role of PELI3 in regulating
Il1b and Tnf expression pattern, we generated a stable lentiviral-
mediated knockdown of Peli3 in RAW264.7 cells and
BMDMF. In RAW264.7 cells, protein and mRNA levels of
silenced Peli3 in untreated and LPS-treated conditions were
reduced by 70% (Fig. 1A and C) and also primary macrophages
showed a significant decline of Peli3 mRNA expression
(Fig. 1G). Transient depletion of Peli3 in J774A.1 cells using
siRNA was similarly effective on protein and mRNA expression
(Fig. 1B and D). The classical proinflammatory cytokines Il1b
and Tnf are known to be upregulated following LPS stimula-
tion.23 In Peli3-depleted cells, Il1b mRNA was significantly
downregulated after 6 h LPS treatment (Fig. 1E, F, and H).
This mRNA decline was also evident for PRO-IL1B protein in
J774A.1 MF deficient for Peli3 compared with control-trans-
fected cells (Fig. 1B). Similar results were obtained for Tnf
mRNA expression (Fig. S1). Thus, PELI3 impacts on LPS-
dependent proinflammatory Il1b and Tnf expression.

LPS stimulation induces PELI3 binding to the autophagy
adaptor protein SQSTM1

Given PELI3’s function in IL1b regulation, we examined
PELI3 binding partners upon LPS stimulation using immuno-
precipitation (IP) coupled to mass spectrometry (IP-MS). Using
RAW264.7 cells stably expressing FLAG-tagged PELI3, we iden-
tified a peptide matching to SQSTM1/p62 (sequestosome 1) in
PELI3 immune complexes derived from cells treated with LPS
for 6 h (Fig. S2; Table S1). To verify our MS result, we per-
formed immunoblot analysis of IP and total lysate (TL) samples.
Protein abundance of FLAG-tagged PELI3 and SQSTM1 as well
as their association increased gradually in a time-dependent man-
ner in response to LPS treatment (Fig. 2A and B). In cells,
PELI3 was significantly found to partially colocalize in puncta
with SQSTM1 upon LPS stimulation (Fig. 2D).

Furthermore, in connection with SQSTM1’s function as
autophagy receptor, we examined the localization of the autopha-
gosome marker MAP1LC3B upon LPS stimulation. Similar to
SQSTM1, FLAG-tagged PELI3 colocalized in puncta with
MAP1LC3B in LPS-treated cells (Fig. 2C). Based on these
results, we suggest a connection between PELI3 and autophagy.
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Figure 1. Peli3 knockdown inhibits LPS-dependent proinflammatory cytokine expression. RAW264.7 cells (A, C, and E) and BMDMF (G and H) stably
transduced with shPeli3 or shctrl and J774A.1 cells (B, D, and F) transiently transfected with siPeli3 or sictrl were incubated with LPS for 6 h or remained
as controls. (A and B) Functional Peli3 knockdown was determined on protein level by western blot analysis. (B) PRO-IL1B protein expression in Peli3-
deficient J774A.1 cells was analyzed. RNA was isolated and mRNA expression of Peli3 (C, D, and G) and Il1b (E, F, and H) were analyzed using qPCR.
mRNA levels were normalized to Tbp mRNA levels. Data represent the mean § SEM of at least 3 individual experiments (*P < 0.05; **P < 0.01 vs. stimu-
lated shctrl or sictrl).
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Autophagy inhibition stabilizes PELI3 protein
Since SQSTM1 is a key player connecting both autophagoso-

mal and proteasomal degradation, we sought to understand how
these 2 pathways affect PELI3 protein stability upon LPS

stimulation using the
lysosomal ATPase inhibi-
tor bafilomycin A1 (Baf
A1) and the proteasomal
inhibitor MG-132,
respectively.24-26 Pretreat-

ment with Baf A1 was performed 30 min before 6 h LPS treat-
ment and MG-132 was added to the LPS stimulation for 4 h
prior harvesting, in each case according to the literature.27,28

Figure 2. LPS stimulation
induces PELI3 binding to
the autophagy adaptor pro-
tein SQSTM1. (A and B)
RAW264.7 cells stably over-
expressing FLAG-tagged
PELI3 were stimulated with
LPS for 3 h and 6 h or
remained untreated as con-
trol. After cell lysis IP of
FLAG-tagged PELI3 (A) was
performed with FLAG-anti-
body and Dynabeads�

and for SQSTM1-IP (B)
Dynabeads� were coupled
with SQSTM1-antibody.
(A) SQSTM1 to FLAG-PELI3
IP-interaction (SQSTM1/
FLAG) is shown in the densi-
tometric quantification, rep-
resenting the mean § SEM
of at least 3 individual
experiments (*P < 0.05 vs.
unstimulated sample).
(C and D) Immunofluores-
cence analysis of PELI3
colocalization with autoph-
agymarkers. RAW264.7 cells
overexpressing FLAG-
tagged PELI3 were sub-
jected to 6 h LPS treatment,
fixed and stained with an
anti-FLAG antibody and
antibodies against endoge-
nous MAP1LC3B (C) and
SQSTM1 (D), respectively.
Nuclei were counterstained
by Hoechst 33342. Repre-
sentative images of at least
3 individual experiments
are shown. Arrows indicate
colocalization of FLAG-
tagged PELI3 and
MAP1LC3B or SQSTM1.
Scale bars: 5 mm. (D) Coloc-
alization of FLAG-PELI3 with
SQSTM1 is quantified by
the Pearsons correlation
coefficient (FLAG/SQSTM1)
and represents the mean
§ SEM of at least 3
individual experiments
(***P < 0.001 vs. unstimu-
lated sample).
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Figure 3 For figure legend, see page 1942.
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LPS-induced PELI3 protein levels in RAW264.7 cells increased
further in the presence of Baf A1, whereas MG-132 did not alter
LPS-induced PELI3 abundance (Fig. 3A, upper panel).

Although MG-132 is a potent proteasome inhibitor, new and
more specific proteasome inhibitors such as epoxomicin (Epoxo)
with selective and irreversible properties are available.29 Thus, we
performed an experiment similar to the MG-132 setting by add-
ing Epoxo for 4 h after 2 h LPS stimulation. Comparable to
MG-132, blocking the proteasome irreversible with Epoxo
showed no significant change in PELI3 protein expression
(Fig. 3B).

As autophagy inhibition by blocking lysosomal activity with
Baf A1 does not ultimately demonstrate an involvement of
autophagy, we performed experiments in RAW264.7 cells with
wortmannin (Wortm). Wortm is a specific inhibitor of autoph-
agy by blocking phosphatidylinositol 3-kinase (PtdIns3K), the
kinase involved in the nucleation step of autophagosome forma-
tion.19,30 We observed a significant increase in PELI3 protein
expression in macrophages after pretreatment with Wortm
30 min and additional 6 h LPS stimulation compared with
DMSO-LPS control treatment (Fig. 3C).

Similar to the endogenous PELI3 expression in Figure 3A,
immunofluorescence analysis of LPS-stimulated RAW264.7 cells
treated with Baf A1 revealed an increase in overexpressed FLAG-
tagged PELI3, which was found increasingly colocalized with
MAP1LC3B (Fig. 3D). In line with the MAP1LC3B colocaliza-
tion study, macrophage stimulation with Baf A1 and LPS showed
an accumulation ofMAP1LC3B-II protein (Fig. 3A, lower panel).

Moreover, we investigated the impact of Sqstm1 knockdown
on PELI3 protein stability (Fig. 3E). Knockdown of Sqstm1 was
present for all treatments. We observed a stabilization of PELI3
protein in Sqstm1-depleted cells in the absence of LPS and a mar-
ginal effect after LPS-treatment. To further investigate PELI3 sta-
bilization by inhibition of autophagy, we established a
knockdown of Atg7 (autophagy-related 7), an essential Atg gene,
which is known to enhance IL1B secretion in LPS-induced
MF.31 In Atg7-silenced conditions, PELI3 protein levels were
elevated in untreated cells and slightly increased following LPS
stimulation (Fig. 3F). In summary, these data support our
hypothesis of an autophagy-mediated PELI3 regulation.

Autophagy destabilizes PELI3 protein
Next, we monitored PELI3 upon autophagy induction by dis-

tinct treatments. First we used Torin2, a catalytic inhibitor of

MTOR (mechanistic target of rapamycin [serine/threonine
kinase]) that negatively regulates autophagy.32,33 RAW264.7
cells were subjected to a 30 min pretreatment with Torin2 prior
to 6 h LPS stimulation. As expected, following Torin2 treatment,
PELI3 protein levels were significantly diminished (Fig. 4A). To
monitor autophagy, we checked MAP1LC3B abundance by
western blot and immunofluorescence experiments. To measure
the autophagic flux in RAW264.7 cells, we performed our stan-
dard 6 h LPS treatments with Torin2 and DMSO controls and
then additionally inhibited the formation of the autolysosome
with Baf A1 2 h prior to harvest. We observed a significant accu-
mulation of MAP1LC3B-II in Baf A1-treated autophagy-acti-
vated cells, whereas without lysosomal protease inhibitor
MAP1LC3B-II partially degraded (Fig. S3A). Concomitantly,
immunofluorescence studies revealed a distinctive increase in
MAP1LC3B puncta upon Torin2 treatment compared with LPS
stimulation alone, which could be strengthened by Baf A1 sup-
plementation (Fig. S3B). Furthermore, rapamycin (Rapa), an
allosteric MTOR inhibitor, is also prominent for autophagy
induction.34 In line with the Torin2-mediated autophagy induc-
tion, Rapa also demonstrated a significant downregulation of
PELI3 (Fig. 4B). Autophagy can also be stimulated by a period
of starvation with Hank’s balanced salt solution (HBSS).35 Thus,
we subjected the cells for 1 and 3 h to HBSS or the correspond-
ing standard medium for RAW264.7 cells. Consistently with the
2 other autophagy inducers, starvation showed a significant
decline of PELI3 protein expression in RAW264.7 MF
(Fig. 4C).

To check if Torin2-dependent PELI3 degradation is in fact
due to autophagy, we analyzed colocalization of PELI3 and the
lysosomal marker LAMP2 (lysosomal-associated membrane pro-
tein 2) by immunofluorescence. We observed a partial colocaliza-
tion of both proteins after LPS treatment. However, upon
autophagy induction by Torin2, PELI3 was strongly reduced
and only appeared as small central dots, matching with the lyso-
somal membrane marker LAMP2 (Fig. 4D).

As PELI3 protein is reduced by autophagy activation and aug-
mented upon autophagy inhibition we performed a cyclohexi-
mide (CHX)-chase assay to further examine PELI3 stability.
Remarkably, PELI3 protein was stable with CHX after 5 h LPS
treatment (Fig. 4E), whereas PELI3 is reduced upon MTOR
inhibition by Torin2 (Fig. 4F). As expected, a combined neutral-
izing treatment of autophagy induction and inhibition
with Torin2 and Wortm showed no alteration in PELI3 protein

Figure 3 (See previous page). Autophagy inhibition stabilizes PELI3 protein. (A) RAW264.7 cells were treated with LPS for 6 h in combination with the
lysosomal V-ATPase inhibitor bafilomycin A1 (Baf A1), the proteasomal inhibitor MG-132 or DMSO as a control. Protein abundance of SQSTM1, PELI3 and
MAP1LC3B was analyzed by western blot. Densitometric quantification of PELI3 is shown and represents the mean § SEM of at least 3 individual experi-
ments (*P < 0.05; ***P < 0.001 vs. corresponding control). (B) RAW264.7 cells were treated with LPS for 6 h in combination with the specific proteasomal
inhibitor epoxomicin (Epoxo) or DMSO as a control. Densitometric quantification of PELI3 protein level is shown and represents the mean § SEM of at
least 3 individual experiments (fold of 6 h LPS C DMSO). (C) PELI3 protein expression was analyzed by western blot in RAW264.7 cells treated with LPS
and the autophagy inhibitor wortmannin (Wortm) or DMSO control. Densitometric quantification is provided and represents the mean § SEM of at least
3 individual experiments (*P < 0.05 vs. DMSO C 6 h LPS). (D) Immunofluorescence staining of endogenous MAP1LC3B and overexpressed FLAG-tagged
PELI3 in RAW264.7 cells was determined for unstimulated as well as LPS plus DMSO and Baf A1 treatments, respectively, as described before. Nuclei
were counterstained by Hoechst 33342. Representative images of at least 3 individual experiments are shown. Arrows indicate colocalization of FLAG-
tagged PELI3 and MAP1LC3B. Scale bars: 5 mm. RAW264.7 cells were transiently transfected with sictrl or 2 siRNA targeting Sqstm1 (E) or Atg7 (F) prior to
LPS or mock treatment. Analysis of PELI3 and the correspondent siRNA target at protein levels.

1942 Volume 10 Issue 11Autophagy



Figure 4 For figure legend, see page 1944.
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stability (Fig. 4G). In contrast, proteasomal inhibition by Epoxo
did not prevent Torin2-dependent PELI3 downregulation
(Fig. 4H). Based on these experiments, we conclude that autoph-
agy induction leads to PELI3 destabilization.

Autophagy attenuates PELI3-dependent PRO-IL1B
expression

As PELI3 abundance declined upon Torin2 as well as HBSS
starvation, we examined whether Torin2 and HBSS treatment
affects proinflammatory Il1b expression similarly to PELI3 defi-
ciency. Interestingly, Il1b mRNA expression was significantly
attenuated after Torin2 (Fig. 5A) and HBSS starvation strink-
ingly revealed reduced Il1b mRNA expression levels increasing
with the time of starvation (Fig. 5B). To investigate the mecha-
nism underlying the autophagy-induced degradation of PELI3
protein and Il1b mRNA expression, we established transient
depletion of Peli3 in J774A.1 cells and activated autophagy by
Torin2 treatment. We demonstrated a reduction of PRO-IL1B
upon Torin2 plus 6 h LPS stimulation in control as well as
Peli3-depleted cells, though degradation of PRO-IL1B upon
autophagy induction was not altered by Peli3 deficiency
(Fig. 5C). To elucidate whether autophagic regulation of PELI3
affects MAPKs and consequently proinflammatory cytokine
expression, we analyzed protein abundance of phosphorylated
MAPKs. Supporting evidence for that experimental setup came
from attenuated Il1b and Tnf mRNA expression by pharmaco-
logical inhibition of these MAPKs 1 h prior to LPS stimulation
(Fig. S4A and S4B). Upon autophagy activation PELI3 degrada-
tion demonstrated a significant decline in phosphorylated
MAPK14 and a slight reduction for MAPK8/9 phosporylation,
whereas phosphorylation status of MAPK1/3 remained
unchanged (Fig. S4C–S4E). This phenomenon correlates with
previous data about the phosphorylation of distinct MAPKs in
Peli3-deficient cells.14

Lys316 contributes to Torin2-dependent PELI3 degradation
Ubiquitination is used in selective autophagy as a targeting

signal for autophagy substrates to bind specific autophagy recep-
tors.36 SQSTM1 targets ubiquitinated proteins to autophago-
somes for degradation via its ubiquitin-associated (UBA)
domain.37 Thus, we examined whether PELI3 is subjected to
ubiquitination upon LPS stimulation. Thereto, we performed

pull-down assays under denaturating conditions to detect cova-
lently bound UBB on PELI3. Immunoblot analysis of pull-down
fractions revealed that UBB was indeed conjugated to PELI3 in
response to LPS treatment, which identifies a LPS-specific ubiq-
uitination (Fig. 6A). As Torin2 induces PELI3 degradation, we
were sought to identify which lysine residue of PELI3 is responsi-
ble for its ubiquitin-dependent autophagosomal degradation.
Thus, RAW264.7 MF as well as J774A.1 cells transduced with
wild-type (WT) PELI3 as well as PELI3 variants carrying a single
lysine to arginine replacement at positions 23, 43, 222, 279 and
316 were pretreated for 30 min with Torin2 prior to 6 h LPS
stimulation. Cells expressing FLAG-tagged WT PELI3, pre-
treated with DMSO prior to LPS stimulation served as negative
control. After Torin2 treatment, we found a significant stabiliza-
tion of PELI3 variants in RAW264.7 cells with a substitution at
position 43, 279, and 316 compared with WT PELI3. Notably,
these 3 variants were expressed at similar levels as WT PELI3 in
DMSO-treated conditions (Fig. 6B). Concerning the lysine
studies in the J774A.1 cells, the result for FLAG-PELI3 protein
expression was more obvious demonstrating a strong and signifi-
cant stabilization of the lysine mutation 316 (Fig. 6D). To link
PELI3 stabilization to IL1B expression, we analyzed PRO-IL1B
expression in both macrophage cell lines. Comparing the 3
potential stabilizing single PELI3 mutants (K43R, K279R and
K316R) with WT PELI3 in RAW264.7 cells following Torin2
treatment, only the K316R mutant rescued Torin2-dependent
PRO-IL1B degradation (Fig. 6C). In line with the outcome of
PRO-IL1B protein expression in RAW264.7 MK, J774A.1 cells
also showed a rescue effect of the IL1B pro-form only in the 316
lysine mutation construct after Torin2 treatment compared with
WT PELI3 overexpression (Fig. 6D). We further validated the
PRO-IL1B data at mRNA expression level in cells expressing
WT PELI3 and lysine mutants, respectively. Intriguingly,
replacement of lysine at position 316 in both cell lines rescued
Il1b expression after Torin2 treatment similar to the DMSO con-
trol (Fig. 6E and F). In addition, we checked the interaction of
the FLAG-PELI3K316R mutant with SQSTM1 upon 6 h LPS
stimulation (Fig. S5) and showed no altered binding properties
to SQSTM1 compared with the WT FLAG-PELI3 overexpres-
sion construct.

These results suggest that ubiquitination of PELI3 at Lys316
is required for its autophagy-dependent degradation.

Figure 4 (See previous page). Autophagy destabilizes PELI3 protein. (A–D) RAW264.7 cells were incubated with LPS for 6 h or remained untreated as
controls. In addition, cells were stimulated with distinct inducers of autophagy. (A) Lysates of cells treated with Torin2 were analyzed for the protein lev-
els of PELI3 and SQSTM1. Densitometric quantification of PELI3 represents the mean § SEM of at least 3 individual experiments (**P < 0.01 vs. DMSO C
6 h LPS). (B) Autophagy induction with Rapamycin (Rapa) was performed and cell lysates were analyzed for the protein expression of PELI3 and SQSTM1.
Densitometric quantification of PELI3 represents the mean§ SEM of at least 3 individual experiments (*P< 0.05 vs. DMSOC 6 h LPS). (C) RAW264.7 cells
were starved for 1 and 3 h with HBSS and protein expression of PELI3 and SQSTM1 was analyzed by western blot analysis. The graph shows the densito-
metric analysis of PELI3 and represents the mean § SEM of at least 3 individual experiments (*P < 0.05 vs. corresponding (corr) HBSS control M). (D) The
lysosomal marker LAMP2 and overexpressed FLAG-tagged PELI3 were stained for immunofluorescence as before. Representative images of at least 3 indi-
vidual experiments are shown. Arrows indicate colocalization of FLAG-tagged PELI3 and LAMP2. Scale bars: 5 mm. LPS-dependent PELI3 stability was
examined by western blot in RAW264.7 cells treated with cycloheximide (CHX) at 5 h after LPS stimulation alone (E) and combined with chemicals alter-
ing autophagy (F–H). (F) PELI3 protein level was checked for autophagy activation by Torin2 additional to CHX stimulation. (G) A further control experi-
ment consisted of a neutralization mix of Torin2 and Wortm in addition to CHX treatment at 5 h after LPS treatment. (H) Supplemental stimulation of
Torin2 combined with proteasomeal inhibition by Epoxo was added together with CHX. All parts (E–H) are illustrated in densitometric quantifications
of PELI3 and represent the mean§ SEM of at least 3 individual experiments (**P < 0.01; ***P < 0.001 vs. LPS w/o CHX).
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Discussion

The first discovery of PELI3 in Drosophila 1999 was the start-
ing point for further attendance and research of the protein in
the field of innate immunity and TLR signaling.38 The innate
immune system is a highly conserved and structured process,
which can be triggered by a variety of PRRs to defend the host
against invaded pathogens. LPS as one possible pathogen-associ-
ated molecular pattern stimulates the TLR4 signaling cascade in
which PELI3 impacts the outcome of the signaling.

Here, we describe the regulation of PELI3 in innate immu-
nity. Peli3 silencing by lentiviral shRNA resulted in reduced lev-
els of the proinflammatory cytokines Il1b (Fig. 1E, F, and H)
and Tnf (Fig. S1) in murine MF, which are predestined bio-
markers reflecting the hyperinflammatory phase of sepsis. Sepsis
is a disease with an initial overwhelming proinflammatory
response due to infection and a delayed onset of immune paraly-
sis with suppression of immune cells.8 Based on previous studies,
which characterized PELI3 as a scaffold protein and interacting
partner of TRAF6, MAP3K7, NFKB-inducing kinase
MAP3K14/NIK (mitogen-activated protein kinase kinase kinase
14), and IRAK1, our aim was to identify potent binding partners
essential for LPS-regulated processes.10,12

The discovery of SQSTM1 as a novel PELI3-binding partner
by MS as well as by western blot and immunofluorescence analy-
sis (Fig. 2; Fig. S2) provides new insights into the field of
autophagy. SQSTM1 has a multitude of properties as it is a mul-
tidomain protein adaptor and thus acts as a key player for
autophagy and apoptosis and is also implicated in cancer.39 Fur-
ther investigations will be needed to characterize the domain in
SQSTM1 that is responsible for PELI3 binding. A hallmark of
SQSTM1 is its ability to bind ubiquitinated proteins and organ-
elles for selective autophagy and subsequent degradation as well
as acting as a signal hub in distinct pathways like NFKB and
NFE2L2/Nrf2 (nuclear factor, erythroid 2-like 2) signaling.40

Although SQSTM1 is an autophagy-specific substrate, it can also
affect the ubiquitin proteasome system.41,42 Thus, we employed
inhibitors that block autophagosome formation, autophago-
some-lysosome fusion and proteasomal degradation to probe by
which pathway PELI3 is targeted (Fig. 3). Autophagy is tightly
connected with intermediate metabolism and the PtdIns3K sig-
naling pathway, all together controlling cell homeostasis.43

Autophagy inhibition by the PtdIns3K signaling inhibitor
Wortm strikingly revealed PELI3 accumulation (Fig. 3C). Nev-
ertheless, suppression of the PtdIns3K signaling complex MTOR
by Torin2 and subsequent autophagy induction is one factor in

Figure 5. Autophagy attenuates PELI3-dependent PRO-IL1B expression. (A) RNA of Torin2-treated cells was isolated and mRNA expression of Il1b was
analyzed using qPCR. mRNA levels were normalized to TbpmRNA levels. DMSO plus LPS-treated sample is set as 1. Data represent the mean § SEM of at
least 3 individual experiments (**P < 0.01 vs. DMSO C 6 h LPS). (B) RNA of HBSS-starved cells was isolated and mRNA expression of Il1b was analyzed
using qPCR. The mRNA levels were normalized to TbpmRNA levels. Corresponding HBSS control M is set as 1. Data represent the mean § SEM of at least
3 individual experiments (*P < 0.05 vs. corresponding (corr) HBSS control M). (C) J774A.1 cells transiently transfected with siPeli3 or sictrl were incubated
with DMSO plus 6 h LPS, Torin2 plus 6 h LPS or remained as control. Protein abundance of PELI3 and PRO-IL1B were examined by western analysis. The
graph shows the densitometric analysis of PRO-IL1B and represents the mean § SEM of at least 3 independent experiments. sictrl with DMSO plus
LPS-treated sample is set as 1 (**P < 0.01; ***P < 0.001 vs. sictrl and DMSOC 6 h LPS).
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Figure 6 For figure legend, see page 1947.
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the complex network of cell homeostasis. It could also be that tar-
geting PtdIns3K might alter cell metabolism, growth, and prolif-
eration.43 Further, Baf A1 treatment inhibits the lysosomal
degradation of ubiquitinated PELI3, thus leading to its stabiliza-
tion. In contrast, blocking the proteasome with MG-132 or
Epoxo, a more specific inhibitor, did not significantly alter
PELI3 protein levels. Recent studies show that knockout of Atg7,
which is an essential Atg gene, and Sqstm1 leads to the formation
of ubiquitinated protein aggregates.44-46 We found that PELI3
accumulated in RAW264.7 MK upon depletion of Sqstm1
(Fig. 3E) and Atg7 (Fig. 3F) implicating autophagy in the regu-
lation of PELI3 stability.

Moreover, we found that increased autophagic activity
induced by Torin2 and Rapa treatment as well as starvation sig-
nificantly reduced PELI3 protein levels (Fig. 4A–C). CHX
experiments pointed out that under LPS-control conditions
PELI3 is stable, whereas it is destabilized following autophagy
induction. This destabilization phenomenon cannot be rescued
by proteasome inhibition. Although CHX has been described to
block starvation-induced autophagy, it is also established that
Torin-dependent autophagy induction is not altered by CHX

treatment and thus suitable for monitoring PELI3 stability.47,48

Furthermore, the PELI3 decline can also be triggered by Torin2
stimulation in an LPS-independent manner (Fig. S6). Consistent
with autophagosomal engulfment of PELI3, we observed a strong
colocalization of PELI3 with the lysosomal membrane marker
LAMP2 after Torin2 treatment. Duran et al. have identified
SQSTM1 colocalization with LAMP2 and thus our hypothesis
of a PELI3-autophagy connection is confirmed from distinct
points of view.49

MTOR inhibitors show well-established immunosuppressive
activity and thus we checked the impact of Torin2 as well as star-
vation-induced autophagy on proinflammatory Il1b mRNA
expression to find a potential connection with the reduced cyto-
kine levels in Peli3 knockdown cells. The mRNA expression of
Il1b was significantly reduced which correlates well with the
work of Harris et al. that autophagy induction controls IL1B
secretion, targets PRO-IL1B for lysosomal degradation and regu-
lates the activation of the NLRP3 inflammasome.50 Moreover,
inflammation-mediated autophagy induction goes along with
lysosomal degradation of ubiquitinated NLRP3 to limit an exces-
sive proinflammatory IL1B response.51,52 Our observation that

Figure 7. Proposed schema summarizing PELI3 regulation. (A) LPS treatment induces PELI3 protein expression as well as its subsequent ubiquitination,
promotes binding to SQSTM1, and MAP1LC3B colocalization. Silencing Peli3 attenuates PRO-IL1B expression. (B) Autophagy activation degrades PELI3
protein as well as inhibits PRO-IL1B expression.

Figure 6 (See previous page). Lys316 contributes to Torin2-dependent PELI3 degradation. (A) Pull down assays in WT PELI3 overexpressing RAW264.7
cells were performed under denaturing conditions to detect ubiquitin conjugates on PELI3 after 6 h LPS or mock stimulation. Generation of RAW264.7
cells (B, C, and E) and J774A.1 cells (D and F) stably overexpressing either FLAG-tagged WT PELI3 or FLAG-tagged PELI3 mutant variants (K23R, K43R,
K222R, K279R and K316R). These cells were stimulated with LPS for 6 h in combination with Torin2. To display the rescue effect of lysine replacement
constructs, WT PELI3 was treated additionally with DMSO as control. (B) Western blot analysis of FLAG-tagged PELI3 in RAW264.7 cells was performed.
The graph shows the densitometric analysis and represents the mean § SEM of at least 3 individual experiments. Torin2 plus LPS-treated sample is set
as 1 (*P < 0.05; **P< 0.01 vs. WT and Torin2 C 6 h LPS). (C) Western analysis of PRO-IL1b in RAW264.7 cells with a stable overexpression of FLAG-tagged
WT PELI3 and the 3 shortlisted lysine-arginine replacement constructs (K43R, K279R and K316R). (D) Besides analysis of FLAG-PELI3 protein expression in
J774A.1 cells, western analysis of PRO-IL1b was performed. Densitometric quantification of FLAG-PELI3 is provided and represents the mean § SEM of at
least 3 individual experiments (*P < 0.05 vs. WT and Torin2 C 6 h LPS). (E and F) RNA was isolated and Il1b mRNA expression was analyzed using qPCR.
The mRNA levels were normalized to TbpmRNA levels. DMSO plus LPS-treated sample is set as 1. Data represent the mean § SEM of at least 3 individual
experiments (*P < 0.05; **P < 0.01; ***P < 0.001 vs. WT and DMSOC 6 h LPS).
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PELI3 downregulation in response to autophagy induction does
not alter PRO-IL1B degradation but inhibits PRO-IL1B expres-
sion (Fig. 5C) further strengthens our concept of reduced proin-
flammatory cytokine expression upon autophagy induction.
Thus, we suggest that in cells undergoing autophagy PELI3 is an
essential factor in regulating PRO-IL1B expression.

The cytosolic precursor PRO-IL1B is impacted by the inflam-
masome and cleaved by enzyme apoptosis-associated speck-like
protein containing a C-terminal caspase-recruitment domain
(ASC) into an active form.53 As RAW264.7 MF lack the proteo-
lytic activity of endogenous ASC, the secreted and bioactive form
of IL1B cannot be detected in the supernatants of these cells.54

Thus, we used a second murine MF cell line, J774A.1 with pro-
teolytic active ASC to measure IL1B secretion level. Though the
setting in our work is based in general on 6 h LPS stimulation
which is too short to allow intense IL1B secretion, we analyzed
IL1B release in J774A.1 MF (Figs. S7 and S8). In correlation
with the results from Saitoh et al. in atg7 knockout MF after
long-term LPS stimulation, our data showed increased IL1B
release in Atg7-deficient J774A.1 MF (Fig. S7).31 But as
expected, differences in IL1B secretion were not significant.
Therefore, we believe that following shorter stimulation times,
e.g., 6 h LPS treatment, analysis of the IL1B pro-form is more
meaningful.

Ubiquitinated protein aggregates can be degraded by lyso-
somes as autophagic cargo.55 Thus, we performed an analysis for
prediction of ubiquitination sites of PELI3 with www.ubpred.
org. This program suggested that 5 out of 10 lysine residues in
PELI3 are potential ubiquitination sites. It is currently state-of-
the-art to substitute the lysine residue against the amino acid
arginine to investigate its impact on autophagy and ubiquitina-
tion. In line, the work from Xia et al. shows that a single lysine
437 mutation of BECN1 is efficient to abrogate its ubiquitina-
tion and autophagy activity.56 Subsequently, we investigated the
influence of single lysine mutations on PELI3 stability under
Torin2 stimulation. Our work in RAW264.7 cells revealed that
3 replacement constructs show PELI3 expressions comparable to
basal levels without Torin2 treatment thus characterizing lysine
sites, which impede the autophagic lysosomal degradation. How-
ever, only the lysine-to-arginine substitution at site 316 in stable
PELI3 overexpressing RAW264.7 and J774A.1 cells was able to
rescue extenuated Il1b mRNA, PRO-IL1B protein expression as
well as IL1B secretion in J774A.1 cells (Fig. S8) and hence dis-
played functionality.

In the context of LPS-induced TLR4 signaling, we charac-
terized PELI3 as a protein, which is altered and controlled by
autophagy (Fig. 7). We provide evidence that autophagy
induction affects PELI3 stability by lysosomal degradation of
ubiquitinated PELI3. This implicates changes in IL1B expres-
sion and consequently alters TLR4 signaling as in detail a sig-
nificant decline in phosphorylated MAPK14 in corroboration
with established data.14 Since an overwhelming proinflamma-
tory response in early stages of sepsis causes serious problems,
targeting PELI3 by considering the knowledge of autophagy
induction should be approached and extended in future as
therapy regime.

Materials and Methods

Antibodies and reagents
Primary antibodies were used against PELI3/Pellino3

(Santa Cruz Biotechnology, K-14, sc-31622), MAP1LC3B/
LC3B (MBL, PM036), MULTI UBB/Multiubiquitin (MBL,
D058-3), SQSTM1/p62 (MBL, PM045), FLAG-tag (Sigma-
Aldrich, F1804), TUBB/Tubulin, b class I (Sigma-Aldrich,
T4026), ACTB/actin, beta (Sigma-Aldrich, A2066), LAMP2
(abcam, ab37024), 6£ HIS-tag (abcam, ab14923), ATG7
(Cell Signaling Technology, 2631), p-MAPK14/p-p38a (Cell
Signaling Technology, 4511), MAPK14/p38a (Cell Signaling
Technology, 9212), p-MAPK1/ERK2-p-MAPK3/ERK1 (Cell
Signaling Technology, 9106), MAPK1/ERK2-MAPK3/ERK1
(Cell Signaling Technology, 4696), p-MAPK8/JNK1-p-
MAPK9/JNK2 (Cell Signaling Technology, 9255), MAPK8/
JNK1 (Santa Cruz Biotechnology, FL, sc-571) and HA.11
(Covance, MMS-101P). PRO-IL1B antibody was a kind gift
from the NCI (Bethesda, MD, USA). For western blot detec-
tion with Odyssey Infrared Imaging System, IRDye 680LT
Donkey anti-mouse/anti-rabbit (926-68022/-68023) and
IRDye 800CW Donkey anti-mouse/anti-rabbit (926-32212/-
32213) were used from Li-Cor. For detection with enhanced
chemiluminescence (ECL), Amersham ECL HRP-linked sec-
ondary antibodies (NA934V, NA931V) were obtained from
GE Healthcare Life Science. For immunofluorescence experi-
ments, Hoechst 33342 (H21492), Alexa Fluor� 488 goat
anti-mouse IgG (HCL) *highly cross-adsorbed* *2 mg/ml*
(A11029) and Alexa Fluor� 546 goat anti-rabbit IgG (HCL)
*highly cross-adsorbed* *2 mg/ml* (A11035) were ordered
from Invitrogen. For distinct treatment conditions, 1 mg/ml
LPS (Sigma-Aldrich, L4516), 50 nM bafilomycin A1 (Sigma-
Aldrich, B1793), 10 mM MG-132 (Sigma-Aldrich, C2211),
100 nM rapamycin (Cell Signaling Technology, 9904),
100 nM wortmannin (Sigma-Aldrich, W1628), 1 mM epoxo-
micin (Sigma-Aldrich, E3652), 50 mg/ml cycloheximide
(Sigma-Aldrich, C7698), HBSS (Sigma-Aldrich, H8264),
10 mM SB203580 (Sigma-Aldrich, S8307), 10 mM
SP600125 (Sigma-Aldrich, S5567), 50 mM PD98059
(Sigma-Aldrich, P215) and 100 nM Torin2 (Sellekchem,
S2817) were used. For immunoprecipitation (IP) experi-
ments, Dynabeads� Protein G (Invitrogen, 10004D) and
Ni-NTA-agarose (Qiagen, 30210), respectively, were used.

Cell culture
RAW264.7 MF were maintained with DMEM high glucose

(4.5 g/L) medium, J774A.1 MF were maintained with RPMI
1640 medium and both were supplemented with 100 U/ml pen-
icillin, 100 mg/ml streptomycin and 10% heat-inactivated fetal
calf serum (FCS). All cell culture reagents were from PAA Labo-
ratories. Cells were cultured at 37�C in a humidified atmosphere
with 5% CO2. For positive selection of stable, lentiviral trans-
duced RAW264.7 or J774A.1 cells, medium was additionally
supplemented with 2 mg/ml puromycin dihydrochloride (Appli-
Chem, A2856). Cells were spread 3 times a week and medium
was changed prior to experiments.
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Generation of murine bone marrow-derived macrophages
(BMDMF)

Bone marrow from femur and tibia was collected by flushing
bone shaft with 2 to 3 ml Dulbecco’s phosphate-buffered saline
(PBS, Sigma-Aldrich, D5652) supplemented with 1% penicillin/
streptomycin using a syringe and a 26 G needle into a 50 ml fal-
con. Cells were pooled, passed through a 100-mm pre-rinsed
nylon cell-strainer and centrifuged at 300 g for 10 min at RT.
Cell pellet was resuspended in a proper volume of RPMI 1640
medium and cells were counted for seeding on 6-well plates. Up
to 1£ 108 cells per mouse were expected by bone marrow extrac-
tion. Seeded bone marrow was differentiated with 20 ng/ml of
M-CSF (Peprotech, 315-02) to macrophages for 7 d prior to
experiments.

Lentiviral transduction
To knock down Peli3, we ordered MissionTM short hairpin

(shRNA) against Peli3 from Sigma-Aldrich (Clone ID
TRCN0000198813). For stable lentiviral overexpression of a
FLAG-tagged PELI3 plasmid (kindly provided by Liselotte Jen-
sen, Temple University Philadelphia, USA), we generated the
lentiviral vector construct by using Clone-itTM enzyme free lenti-
vectors (SBI, LF521A-1) according to the manufacturer’s proto-
col. Site-directed mutagenesis for generation of point mutation
within the WT PELI3 overexpression construct, the following
lysines residues 23, 43, 222, 279, and 316 were replaced against
arginine (KxR) by using the QuikChange� II XL site-directed
mutagenesis kit according to the manufacturer’s protocol. For
generation of lentiviral particles, 3 £ 106 HEK293T cells were
seeded in 10 ml complete DMEM high medium. The next day
HEK293T were transfected with 2 mg shRNA plasmid or lenti-
viral cDNA, 26 ml MissionTM lentiviral packaging plasmid mix
(Sigma-Aldrich, SHP001) and 8 ml JetPRIME transfection
reagent (Peqlab, 13-114) according to distributor instructions.
Medium was replaced 15 h after transfection and 72 h after-
wards, the supernatant fraction containing infectious lentiviral
particles was harvested. The supernatant fraction was centrifuged
(5 min, 2800 g, RT) and filtered through a 0.45-mm sterile fil-
ter. To concentrate infectious lentiviral particles 100-fold, the
clarified supernatant fraction was combined with the Lenti-XTM

Concentrator (Clontech, 631232) in a ratio of 1 to 3, mixed by
gentle inversion and incubated for 2 h at 4�C. Thereafter, the
mix was centrifuged (45 min, 1,500 g, 4�C) and the off-white
pellet was resuspended in an appropriate volume of cell culture
medium. For transduction of RAW264.7 cells and J774A.1 cells,
50 ml of 100-fold lentivirus was dropped onto seeded cells and
24 h later medium was changed for the first time including
2 mg/ml puromycin dihydrochloride for positive selection. For 2
wk, twice a day, the medium was replaced before starting the
experiments. For transduction of BMDMF, 25 ml of 100-fold
lentivirus was dropped onto bone marrow cells at d 3 and 4 after
isolation and starting differentiation with M-CSF.

Transient transfection
siRNAs against Sqstm1 (Qiagen, siSqstm1-1: Mm_Sqstm1_4

and siSqstm1-2: Mm_Sqstm1_5) or Atg7 (Qiagen, siAtg7-1:

Mm_Apg7I_1, siAtg7-2: Mm_Apg7I_2) were transiently trans-
fected into 1 £ 106 RAW264.7 cells using HiPerFect
Transfection Reagent (Qiagen, 301707) according to the man-
ufacturer’s protocol. siRNA against Peli3 (Qiagen, siPeli3:
Mm_6030441F14Rik_1) was transiently transfected into 1 £
106 J774A.1 cells using HiPerFect according to the man-
ufacturer’s protocol. 32 h after transfection, RAW264.7 or
J774A.1 cells were stimulated with LPS as indicated. Sqstm1,
Peli3, and Atg7 knockdown efficiencies were compared with
siControl (sictrl) (AllStars Neg. Control siRNA, Qiagen,
SI03650318) transfected cells and confirmed by western analysis
or in addition for siPeli3 by quantitative PCR.

Quantitative PCR
Total RNA from 5 £ 105 RAW264.7 or J774A.1 cells was

isolated by using peqGOLD RNAPure Kit (Peqlab, 30-1020) as
instructed by the manufacturer’s protocol. Total RNA from
BMDMF was isolated by using RNeasy Mini Kit (Qiagen,
74104) following the manufacturer’s protocol. Two mg RNA
were reverse transcribed into cDNA (cDNA) with the iScriptTM

cDNA Synthesis kit (Bio-Rad, 170-8890). Quantitative PCR
(qPCR) was performed with the iQTM SYBR� Green Supermix
(Bio-Rad, 170-8880) according to the distributor’s instructions.
qPCR measurement and data analysis were performed with the
CFX real-time PCR system from Bio-Rad. The following primer
pairs (Biomers) against murine targets were selected: Tbp
(NM_013684.3) forward: 50-CTGACCACTG CACCGTTG
CC A-30, Tbp reverse: 50-GACTGCAGCA AATCGCTTGG
GA-30; Peli3 (NM_172835.3) forward: 50-ATGTTCCAGA
TTGGCCGCTC TACT-30, Peli3 reverse: 50-GCATCAAAGC
CAGCAGCGTA GATT-30; Il1b (NM_008361.3) forward: 50-
GACCTTCCAG GATGAGGACA-30, Il1b reverse: 50-AGGC-
CACAGG TATTTTGTCG-30. Tnf (NM_001278601.1) for-
ward: 50-CCATTCCTGA GTTCTGCAAA GG-30, Tnf reverse:
50-AGGTAGGAAG GCCTGAGATC TTATC-30. Values were
normalized to Tbp mRNA.

Western blot analysis
1 £ 106 RAW264.7 or J774A.1 cells were grown in 6-cm

plates, treated with LPS and the appropriate reagents for distinct
times and subsequently harvested in 200 ml Nonidet P40 (NP-
40) lysis buffer (50 mM Tris, pH 7.4, 250 mM NaCl, 5 mM
EDTA, 50 mM NaF, 1 mM Na3VO4, 1% NP40 [Sigma-
Aldrich, 74385-1L], 0.02% NaN3; supplemented prior to use
with 1 mM PMSF, 1 mM DTT, 2 mM 1,10-phenanthroline
[Sigma-Aldrich, P9375] and 1£ PIM). The lysis was continued
by shaking (1 h, 1,000 rpm, 4�C), centrifugation (10 min,
20,000 g, 4�C) and protein content determination by Lowry.
50 mg protein was added to 4£ SDS-PAGE sample buffer
(0.5 M TRIS-HCl, pH 6.8, 10% SDS [Sigma-Aldrich, 74255],
40% glycerol, 0.002% bromophenol blue, 10% b-mercaptoetha-
nol), boiled for 10 min, loaded onto SDS-polyacrylamide gels
and separated by gel electrophoresis (SDS-PAGE). Afterwards,
the SDS-gel was blotted onto Hybond nitrocellulose membrane
(GE Healthcare Life Science, RPN303D) following standard
procedures. Nonspecific binding sites were blocked with
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Rockland Blocking Buffer (Rockland, MB-070) for 1 h. The pri-
mary antibodies (listed above) were added to the membrane for
overnight incubation. After washing with TTBS, TBS and PBS
for 10 min in each case, the membrane was incubated with the
secondary antibody (listed above) for 45 min and after a further
washing procedure, the detection of proteins was performed with
the Odyssey Infrared Imaging System (LI-COR Biotechnology,
Bad Homburg, Germany) and the ECL detection method,
respectively.

Immunoprecipitation (IP)
For analysis of PELI3 binding proteins, 3 £ 106 RAW264.7

cells stable expressing FLAG-HIS-tagged WT PELI3 or the
K316R mutant were seeded on 10-cm plates and stimulated with
LPS for distinct times and harvested (see above western analysis).
2.5 mg mouse anti-FLAG antibody or anti-SQSTM1 antibody
(2 ml/300 ml lysate) were incubated with 1.5 mg Dynabeads�

Protein G for 30 min. One milligram protein was added to the
Dynabeads�-antibody-complex and incubated overnight at 4�C.
Prior to the elution step from the Dynabeads�, the complex was
washed 4 times with PBS. The IP samples were eluted from the
beads by heating with SDS sample buffer.

Analysis by mass spectrometry (MS)
Coimmunoprecipitated proteins were separated by SDS-

PAGE and gels were incubated in fixing solution (50% metha-
nol, 10% acetic acid, 10 mM ammonium acetate), stained with
Coomassie (0.025% Coomassie brilliant blue G250 in 10% ace-
tic acid), destained in 10% acetic acid and intensively washed
with water. Each lane was divided into 8 pieces, mashed and
transfered into a filter microtiter plate followed by several wash-
ing steps (50% methanol, 50 mM ammonium hydrogen carbon-
ate). Samples were reduced with 5 mM DTT in 50 mM
ammonium hydrogen carbonate (AHC), incubated with 30 mM
iodoacetamide and finally digested with 5 ng/ml trypsin in AHC
overnight at 37�C. Resulting tryptic peptides were subjected to
LC-MS/MS analysis on an Orbitrap XL mass spectrometer
(Thermo Fisher Scientific, Dreieich, Germany) coupled to a
nano-HPLC system (Agilent Technologies, B€oblingen, Ger-
many). Peptides were separated on a 10.5 cm £ 75 mm-ID col-
umn filled with 3 mm C18 reversed phase silica in 60 min runs
using 30 min gradients of 5% to 50% acetonitrile in water with
0.1% formic acid, followed by column wash and re-equilibration
steps for 15 min each and eluting peptides subjected to MS/MS
analysis. MS data was collected by a Data DependentTM acquisi-
tion method consisting of a full MS scan with a mass resolution
of 30,000 at 400 m/z with following collision-induced dissocia-
tion of 10 most abundant precursor ions with charge states of 2
and greater in the linear ion trap at 35% normalized collision
energy. Evaluation of MS/MS spectra was performed in the Pro-
teome Discoverer 1.3 environment (Thermo Fisher Scientific,
Dreieich, Germany) with Mascot server 2.2 as database search
engine. Database search parameters were: 10 ppm deviation on
the precursor and 0.8 Da on fragment masses, fixed carbamido-
methylation of cysteine, variable oxidation of methionine and
trypsin as protease (full tryptic with one missed cleavage). Spectra

were matched against a reviewed species-specific (Mus musculus)
protein database containing 16,625 sequences downloaded from
www.uniprot.org (August 2013). Individual peptide matches
were filtered by a decoy database search with a target false discov-
ery rate set to 0.05 (Table S1).

HIS-Ni-NTA immunoprecipitation
To detect ubiquitination of PELI3, 3 £ 106 RAW264.7 cells

stable expressing FLAG-HIS-tagged PELI3 were seeded on 10-
cm plates, stimulated and underwent denaturating lysis condi-
tions by performing HIS-nickel-affinity-IP. The resin was washed
3 times in buffer A (6 M guanidine-HCl, 0.1 M Na2HPO4/
NaH2PO4, 10 mM imidazole, pH 8.0) and resuspended in
buffer A. The cells were washed and finally harvested in PBS.
The cell pellet was resuspended in PBS again and vortexed.
Twenty microliters of the total lysate was combined with 50 ml
2£ Laemmli buffer (1 M TRIS-HCl, pH 6.8, 10% SDS, 20%
glycerol, 6.7% DTT and 0.0067% bromophenol blue) and
boiled for 10 min. The remaining cells were resuspended in
buffer A following sonification. Finally, 50 ml of equilibrated
Ni-NTA-agarose resin was added to the sample and rotated for
3 h at room temperature. The resin was collected and washed
twice in buffer A, 2 times in buffer A/TI (1 volume buffer A and
3 volume buffer TI: 25 mM TRIS-HCl, 20 mM imidazole, pH
6.8) and once in buffer TI. For the final step, all the liquid was
removed by plunging a 26 G needle directly into the resin, which
then was resuspended in 100 ml of 2£ Laemmli buffer contain-
ing 250 mM imidazole and boiled for 10 min. 35 ml of TL (pre-
Ni-NTA-agarose sample) and 40 ml of IP lysate (post-Ni-NTA-
agarose sample) were separated by SDS-PAGE and examined by
western analysis.

Immunofluorescence staining
To analyze colocalization of FLAG-tagged PELI3 with

autophagy markers (MAP1LC3B, SQSTM1, LAMP2), 5 £ 105

RAW264.7 cells were seeded on a sterile coverslip (Menzel) in a
6-well plate. Cultivation and treatment conditions ended up in
harvest by washing with PBS and cell fixation with 4% parafor-
maldehyde for 10 min. Coverslips were washed twice with PBS
before cell permeabilization with 0.25% Triton X-100 (Sigma-
Aldrich, X100) in PBS. Subsequently cells were washed again
with PBS and blocked with 10% BSA in PBS (30 min, 37�C).
Primary antibody incubation (MAP1LC3B, SQSTM1, LAMP2,
FLAG) in 3% BSA in PBS was performed overnight at 4�C, fol-
lowed by 2 PBS washing steps at d 2 and secondary antibody
incubation (listed above) in 3% BSA in PBS for 45 min at 37�C.
Coverslips were washed twice and mounted on microscope slides
using VECTASHIELD� Mounting Medium (H-1000) from
Vector Laboratories. For image acquisition, the AxioVert 200 M
fluorescence microscope (Carl Zeiss, G€ottingen, Germany)
equipped with the ApoTome (Carl Zeiss, G€ottingen, Germany)
and a Plan-Apochromat objective (63£/1.40 oil lens, Carl Zeiss,
G€ottingen, Germany) as well as a charge-coupled device (CCD)
camera (Carl Zeiss, G€ottingen, Germany) and the AxioVision
software were used (Carl Zeiss, G€ottingen, Germany).
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Cytometric bead array (CBA)
IL1B was measured in the supernatant fractions of J774A.1

cells treated for 6 h with LPS and additionally with 200 mg/ml
aluminum hydroxide for activation of the NLRP3 (NLR family,
pyrin domain containing 3) inflammasome.57,58 The assay was
performed by FACS analysis using the CBA Flex Set for murine
IL1B (BD Biosiences, 560232). In brief, 25 ml supernatant frac-
tion and standards were incubated with 25 ml IL1B-coated beads
and then labeled with a PE detection reagent. Each incubation
procedure was performed for 1 h. Samples were washed with
1 ml FACS flow, centrifuged (200 g, 5 min) and resuspended in
300 ml FACS flow for measurement. Samples were acquired with
the LSR Fortessa flow cytometer (BD Biosciences, Heidelberg,
Germany) and analyzed with BD Biosciences FCAP software.

Statistical analysis
Each experiment was performed at least 3 times. Statistical

analysis was performed using the paired Student t test. We con-
sidered P values < 0.05 as significant. Otherwise representative
data are shown.
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