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Abstract

Protein ubiquitination plays an important role in the regulation of TGF-p-activated kinase 1 (TAK1)-mediated NF-xB
activation. It is well established that TAK1 activation is tightly regulated with its binding partners, TAK1-binding proteins
(TAB1-3). However, the tight regulation of TAKI activation remains elusive. Here, using Trim26-knockout mice and
Trim26-transgenic mice, we found that TRIM26 acts as a positive regulator of TAK1 activation by ubiquitinating its binding
partner TAB1. Knockout of Trim26 inhibited TAK1 activation and downstream kinases activation, thus decreasing the
induction of proinflammatory cytokines following LPS, TNF-a, and IL-1f stimulation. Mechanistically, TRIM26 catalyzes
the K11-linked polyubiquitination of TAB1 at Lys294, Lys319, and Lys335 to enhance the activation of TAK1 and
subsequent NF-kB and MAPK signaling. Consequently, Trim26 deficiency protects mice from LPS-induced septic shock
in vivo. Moreover, Trim26 deficiency attenuates the severity of dextran sodium sulfate (DSS)-induced colitis. Thus, these
finding provides a novel insight into how TAK1 activation is regulated through TRIM26-mediated ubiquitination of TAB1
and reveals the new function of TRIM26 in the regulation of the inflammatory innate immune response.

Introduction

Innate immunity provides the first line of host defense
against microbial invading pathogens. Toll-like receptors
(TLRs) are among the first pattern-recognition receptors to
be identified as playing an essential role in the innate
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immune response [1-5]. TLRs initiate a signaling cascade
when stimulated by ligands, like lipopolysaccharide (LPS,
TLR4 ligand), polyinosinic-polycytidilic acid (Poly(I:C),
TLR3 ligand), and the synthetic triacylated lipopeptide
(Pam3CSK4, TLR2 ligand), which trigger the activation of
nuclear factor (NF-kB) [6]. Upon stimulated with these
ligands, myeloid differentiation primary response gene 88
(MyD88) and Toll/IL-1R domain-containing adapter that
induces an IFN-B (TRIF) are recruited to the Toll/IL-1R
domain located in the cytoplasmic tails of TLRs. MyD88/
TRIF then combines with IL-1R-associated kinase 1/4
(IRAK1/4) to promote the activation of TNFR-associated
factor (TRAF) 6 and transforming growth factor-activated
kinase 1 (TAKI), leading to the activation of NF-xB and
MAPK [4, 7, 8]. Excessive activation of TLRs signaling can
cause inflammatory diseases, such as autoimmunity [9],
chronic inflammation [10, 11], or allergy [12]. Thus, the
TLRs-mediated inflammatory response must be tightly
controlled.

TAKI1 belongs to the mitogen-activated protein kinase
kinase kinase family and is a core protein kinase in the
TLRs-induced immune response. It can be initiated by a
wide range of proinflammatory mediators, such as TLR
ligands, TNF-a, and IL-1p [13, 14]. The TAKI1-TABs
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complex consists of three regulatory subunits termed
TAKI1-binding protein (TAB)1, TAB2, and TAB3. TABI is
a chaperone protein for TAKI1 and is constitutively asso-
ciating with TAKI1, which results in the autopho-
sphorylation and activation of TAK1 [15]. While TAB2/3,
two structurally related proteins, recognize the K63-linked
ubiquitin chain of TRAF molecules [16].

Several studies have demonstrated that lysine (K)63-
linked and (K)48-linked polyubiquitination is critical for
TAKI-TABs complex assembly and TAKI activation.
For example, Wang et al. reported that TAKI is a
ubiquitin-dependent kinase of MAPK kinase and IxB
kinase (IKK), the formation of K63-linked polyubiquitin
chains by TRAF6 can activate the endogenous TAKI1
complex in a biochemically well-defined system [17]. The
E3 ubiquitin ligase tripartite motif (TRIM)8 positively
regulates TNF-a- and IL-1p-triggered NF-kB activation
by catalyzing K63-linked polyubiquitination of TAKI
[18, 19]. Tripartite motif (TRIM)27 and Tripartite motif
(TRIM)29 downregulates NF-kB activation by mediating
lysosome-dependent degradation of TAB2 [20, 21]. The
PHD domain of MEKK1 can directly promote K63-linked
polyubiquitination of TAB1 and induce TGF-p-mediated
TAKI1 activation [22]. As polyubiquitin chains comprise
several potential linkage residues, such as K6, K11, K27,
K29, K33, K48, and K63 [23], whether there exist other
linkage types in the regulation of TAB1 remains to be
explored.

The E3 ligase TRIM26 belongs to the TRIM protein
family, which is involved in various biological processes
including innate immunity, cell proliferation, autophagy,
and inflammatory response [24-27]. In this study, we
identified TRIM26 as a positive regulator of TAKI acti-
vation. TRIM26 interacts with TAB1 and specifically cat-
alyzes Kll1-linked polyubiquitination of TABI1, which
facilitates TAK1 activation and initiates downstream sig-
naling. Our study demonstrates a novel mechanism under-
lying TRIM26-mediated regulation of the inflammatory
response and identifies new therapeutic targets for inflam-
matory diseases.

Results

TRIM26 positively regulates TLRs-induced
production of proinflammatory cytokines

TRIM26 is a member of the TRIM protein family, which is
encoded within the locus of major histocompatibility com-
plex class I region [28]. We speculate TRIM26 could play
key roles in the regulation of immune response. Indeed, we
found TRIM26 promotes nuclear IRF3 ubiquitination and
degradation after virus infection to regulate type I interferon
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production and innate antiviral immunity [29]. However, its
biological function in the inflammatory response remains
unclear. To investigate the possible function of TRIM26 in
inflammatory immune responses, we first examined TRIM26
expression in primary peritoneal macrophages (PMs) stimu-
lated with various TLR ligands. The expression of Trim26
mRNA and protein was increased upon stimulation with LPS
(Supplementary Fig. Sla, b). Similarly, Pam3CSK4, Poly(I:
C), or R848 stimulation also enhanced Trim26 protein
expression in PMs (Supplementary Fig. S1c). Notably, TNF-
o and IL-1p, two proinflammatory cytokines induced upon
TLR ligands stimulation, also increased Trim26 protein
expression in PMs (Supplementary Fig. Slc), indicating
TRIM26 may play a role in the regulation of inflammatory
immune responses.

We designed a Trim26-specific small interfering (siRNA)
and transfected into primary PMs to knockdown endogen-
ous Trim26 expression. Trim26 mRNA and Trim26 protein
levels were substantially reduced in Trim26-specific sSiRNA
transfected macrophages compared to those transfected with
non-targeting control siRNA (Supplementary Fig. S2a). We
found knockdown of Trim26 resulted in decreased mRNA
expression of Tnfa, 116, and I112b in PMs induced with LPS
(Supplementary Fig. S2b). Further, we found Pam3CSK4-,
Poly(I:C)-, and R848-induced Tnfa, 1l6, and Il12b mRNA
expression was much lower in Trim26 knockdown PMs
(Supplementary Fig. S2c). We also designed human
TRIM26-specific siRNA and transfected into THP-1 cells
(human monocyte cell line). Consistent with the data
obtained from mice macrophages, we found LPS-induced
expression of TNF-a and IL-6 was decreased in THP-1 cells
transfected with TRIM26-specific siRNA (Supplementary
Fig. S2d-f). These data demonstrated that knockdown of
TRIM26 suppressed TLRs-induced production of proin-
flammatory cytokines in both human and mouse
macrophages.

To directly evaluate the physiological role of TRIM26,
we generated Trim26-knockout (Trim26 /") mice using
transcription-activation-like effector nuclease (TALEN)
technology (Supplementary Fig. S3a, b). Successful
deletion of Trim26 was confirmed by immunoblot ana-
lysis in PMs from Trim26~'~ mice (Supplementary
Fig. S3c). We prepared PMs from Trim26™" mice and
Trim26 '~ mice, followed stimulation with various TLR
ligands. qPCR and ELISA analysis unveiled that induc-
tion of TNF-a, IL-6, and IL-12p40 were decreased in
Trim26~'~ compared with Trim26™" cells following LPS
stimulation (Fig. 1A, B). Consistently, Trim26 deficiency
also attenuated the production of proinflammatory cyto-
kines induced by Pam3CSK4, Poly(I:C), or R848 in PMs
(Fig. 1C, D). Similar results were observed in bone
marrow-derived macrophages (BMDMs) and mouse
embryonic fibroblasts (MEFs) prepared from Trim26™"
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Fig. 1 TRIM26 positively regulates TLRs-induced production of
proinflammatory cytokines. A qPCR analysis Tnfa, 116, and 1112b
mRNA expression in PMs prepared from Trim26™" and Trim26™~
mice stimulated with LPS (200 ng/ml) for the indicated times. B
ELISA of TNF-a, IL-6, and IL-12p40 protein in supernatant of PMs
prepared from Trim26™+ and Trim26™ mice stimulated with LPS for
12 h. C qPCR analysis of Tnfa, 116, and 1112b mRNA, respectively, in
PMs prepared from Trim26%7* and Trim26™ mice, stimulated with
Pam3CSK4 (1 pg/ml), Poly(I:C) (20 pg/ml), and R848 (10 pg/ml) for
6h. D ELISA analysis of TNF-a, IL-6, and IL-12P40 protein,
respectively, in PMs prepared from Trim26™*+ and Trim26™" mice,
stimulated with Pam3CSK4 (1 pg/ml), Poly(I:C) (20 pg/ml), and R848
(10 pg/ml) for 12 h. E qPCR analysis of Tnfa, 1l6, and 1112b mRNA

and Trim26~~ mice stimulated with LPS, Pam3CSK4,
Poly(I:C), or R848 (Fig. 1E-H). We also prepared PMs
from Trim26-overexpressing transgenic mice (Trim267%)
followed stimulation with LPS [29]. We found over-
expression of Trim26 increased LPS-induced expression
of Tnfa and Il16 mRNA (Supplementary Fig. S4a, b).
Similarly, Trim26 overexpression potentiated transcrip-
tion of Tnfa and 116 mRNA following Pam3CSK4, Poly(I:
C), or R848 stimulation (Supplementary Fig. S4c). Col-
lectively, these data demonstrated that TRIM26 is a
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expression in BMDMs prepared from Trim26" and Trim267" mice,
stimulated with LPS (200 ng/ml) for the indicated times. F qPCR
analysis of Tnfa, 1l6, and 1l12b mRNA in BMDMs prepared from
Trim26* and Trim26~ mice, stimulated with Poly(I:C) (20 ug/ml)
and R848 (10 pg/ml) for 6 h. G qPCR analysis of Tnfa and 116 mRNA
expression in MEFs prepared from Trim26™* and Trim26”~ embryos
(day 13.5), stimulated with LPS (200 ng/ml) for the indicated times. H
gPCR analysis of Tnfa and 1/6 mRNA, respectively, in MEFs prepared
from Trim26™+ and Trim26”~ embryos (day 13.5), stimulated with
Pam3CSK4 (1 ug/ml), Poly(I:C) (20 pg/ml), and R848 (10 ug/ml) for
6 h. Data are shown as mean + SD of triplicates from one representa-
tive experiment in A—H. *p <0.05, **p < 0.01; Student’s ¢ test. Similar
results were obtained in three independent experiments.

positive regulator of TLRs-induced expression of proin-
flammatory cytokines.

TRIM26 enhances TLRs-induced NF-kB and MAPK
signaling

Because transcription of the proinflammatory cytokines
such as Tnfa, 116, and 1112b is mainly dependent on NF-
kB and MAPK activation. Thus, we investigated the effect
of TRIM26 on NF-kB and MAPK signaling. Knockout of
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Fig. 2 TRIM26 enhances TLRs-induced NF-kB and MAPK sig-
naling. A Immunoblot analysis of phosphorylated and total IKKa/p,
p65, ERK, JNK, and p38 in peritoneal macrophages from Trim26+*
and Trim26™ mice stimulated with LPS for indicated times. B-D
Immunoblot analysis of phosphorylated and total IKKo/p, p65,

Trim26 in PMs decreased LPS-induced phosphorylation
of IKKa/p and p65, which are hallmarks of NF-kB acti-
vation (Fig. 2A). The phosphorylation of JNK, p38,
and ERK in the MAPK signaling pathway was also atte-
nuated in Trim26~~ PMs (Fig. 2A). Similarly, Poly(I:C)-
or Pam3CSK4-mediated NF-xkB and MAPK signaling was
also decreased in PMs from Trim26~'~ mice (Fig. 2B, C).

TLRs-induced production of proinflammatory cyto-
kines such as TNF-a and IL-1f would promote further
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ERK, JNK, and p38 in peritoneal macrophages from Trim26™" and
Trim267~ mice stimulated with Pam3CSK4(1 pg/ml), Poly(I:C)
(20 pg/ml), or TNF-a (20 ng/ml) for indicated times. Similar results
were obtained in three independent experiments.

production of proinflammatory cytokines using a similar
signaling pathway as to TLR signaling. Consistently, the
mRNA levels of Tnfa and Il6 were substantially
decreased in Trim26~/~ PMs after TNF-a and IL-1pB
stimulation compared to that in Trim26™* PMs (Sup-
plementary Fig. S5a). While increased expression of
Tnfa and 116 mRNA was observed in PMs from Trim26'$
mice upon TNF-a induction (Supplementary Fig. S5b).
Consistent with the above data, we found the activation
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Fig. 3 TRIM26 mediates polyubiquitination of TAB1 and interacts
with TAB1. A Lysates from HEK293T cells transiently co-transfected
with plasmids of Myc-TAB1, Myc-TAKI, or Myc-IRF3, Flag-
TRIM26, and HA-Ub were subjected to immunoprecipitation with
anti-Myc Ab, immunoblot analysis was followed with anti-HA Ab. B
Lysates from HEK293T cells transiently co-transfected with plasmids
of Flag-TAB2, Myc-TRIM26, and HA-Ub were subjected to immu-
noprecipitation with anti-Flag Ab, immunoblot analysis was followed
with anti-HA Ab. C Immunoprecipitation analysis of the interaction of
TRIM26 or TRIM31 with TABI, using Myc-TRIM26, Flag-TABI1,
GFP-TRIM31, or Myc-TABI1 co-transfected into HEK293T cells. D
Recombinant TRIM26 and TAB1 protein were prepared in an in vitro
transcription and translation system, immunoprecipitation analysis was

of NF-xB and MAPK signaling pathway was also
inhibited in PMs from Trim26~~ mice upon TNF-a
stimulation (Fig. 2D). These data confirmed that
TRIM26 enhances TLRs-induced NF-kxB and MAPK
signaling.

. . MOCI(. . .
. . o . ..

TRIM26

performed using anti-TAB1 Ab, immunoblot analysis was followed
with anti-TRIM26. E Lysates from peritoneal macrophages stimulated
with LPS (200 ng/ml) for indicated times were subjected to immuno-
precipitation analysis with anti-TAB1 Ab, followed by immunoblot-
ting analysis with anti- TRIM26 and anti-TAB1 Ab, respectively. F
Confocal microscopy of Hela cells transfected for 24 h with plasmids
expressing GFP-TRIM26 and Myc-TABI1, followed by labeling of
TAB1 with a Myc-specific primary antibody and an Alexa-Fluor-568-
conjugated goat anti-rabbit-IgG secondary antibody (red). Scale bars,
20 um. G Colocalization between TAB1 and Trim26 in MEFs was
examined by confocal microscopy stimulated with LPS (200 ng/ml).
Scale bars, 20 um. Similar results were obtained in three independent
experiments.

TRIM26 interacts with and mediates
polyubiquitination of TAB1

TRIM26 regulates various biological processes by poly-
ubiquitinating target proteins through its E3 ligase

SPRINGER NATURE
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activity [24, 25, 27, 29]. In order to investigate the reg-
ulatory mechanism of TRIM26 on TLRs-induced produc-
tion of proinflammatory cytokines and activation of NF-xB
and MAPK signaling, we aimed to identify the molecules in
the TLR signaling pathway that were targeted by TRIM26.
We first transfected Myc-MyD88, Flag-IRAKI1, Flag-
IRAK4, or Flag-TRAF6, which are upstream molecules
involved in NF-xB and MAPK activation in the TLR
pathway, together with HA-ubiquitin and TRIM26

SPRINGER NATURE

expression plasmids into HEK293T cells. Co-
immunoprecipitation (Co-IP) and immunoblot analysis
showed that the polyubiquitination of MyD88, IRAKI,
IRAK4, and TRAF6 was not affected in the presence of
TRIM26 (Supplementary Fig. S6a—d).

Downstream of MyD88, IRAK complex, and TRAF6 are
the TAK1-TABs complex, which is recruited to TRAF6
after activation of the TLR signaling pathway [30]. We then
transfected TRIM26 and HA-Ub together with Myc-TABI,
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Fig. 4 TRIM26 targets Lys294, 319, and 335 of TAB1 for K11-
linked polyubiquitination. A Immunoprecipitation analysis of the
TABI1 ubiquitination in HEK293T cells transfected with plasmids
encoding Myc-TAB1, HA-ubiquitin (WT) together with a control
vector or plasmids encoding Flag-TRIM26(WT) or Flag-TRIM26
(C16A) or Flag-TRIM26(AR). B Recombinant TRIM26 and TAB1
proteins were prepared in an in vitro transcription and translation
system. In vitro ubiquitination assay was performed in the presence of
Ub, E1, UbcHS5c, TRIM26, and TAB1. The ubiquitination of TABI
was examined by immunoblot analysis with anti-TAB1 Ab. C The
HEK?293T cells were transfected with plasmids of Flag-TRIM26 and
Myc-TABI together with HA-Ub or its mutants for 24 h and then
followed by co-immunoprecipitation with anti-Myc Ab and immuno-
blotting analysis with anti-HA Ab. D Co-immunoprecipitation analysis
of the ubiquitination of TABI in HEK293T cells transfected with
plasmids encoding Myc-TAB1, HA-ubiquitin(K11) mutant, or HA-
ubiquitin(K11R) mutant together with a control vector or plasmids
encoding Flag-TRIM26(WT) or Flag-TRIM26 (C16A) or Flag-
TRIM26(AR). E Co-immunoprecipitation analysis of the ubiquitina-
tion of TAB1 in HEK293T cells transfected with plasmids encoding
Myc-TAB1, HA-ubiquitin(K11) mutant, or together with a control
vector or plasmids encoding Flag-TRIM26. F In vitro ubiquitination
assay was performed in the presence of K11-Ub, El, UbcH5c,
TRIM26, and TABI. The ubiquitination of TAB1 was examined by
immunoblot analysis with anti-TAB1 Ab. G Lysates from Trim26""
and Trim26~~ mice peritoneal macrophages stimulated with LPS (200
ng/ml) for the indicated times were subjected to immunoprecipitation
with anti-TAB1 Ab followed by immunoblot analysis with anti-
ubiquitin  Ab. H Co-immunoprecipitation analysis of the poly-
ubiquitination of TAB1 WT and its mutants, in which the lysine
residues at position 294, 319, 335 were replaced with alanine indivi-
dually, in HEK293T cells transfected with plasmids encoding Myc-
TAB1 WT or its mutants, plus Flag-TRIM26 and HA-ubiquitin. I Co-
immunoprecipitation analysis of the polyubiquitination of TAB1 WT
and its mutant 3KA, in which all the three lysine residues at position
294, 319, 335 were replaced with alanine, in HEK293T cells trans-
fected with plasmids encoding Myc-TAB1 WT or its mutants, plus
Flag-TRIM26 and HA-ubiquitin. Similar results were obtained in three
independent experiments.

Myc-TAK1, Flag-TAB2 into HEK293T cells. We found
polyubiquitination of TAB1 but not TAK1 or TAB2 was
increased in the presence of TRIM26 (Fig. 3A, B). As a
control, TRIM26-mediated polyubiquitination of IRF3 was
easily detected (Fig. 3A), as previously reported [29]. The
IKK complex consists of two catalytic subunits (IKKa and
IKKB) and a regulatory subunit IKKy (also known as
NEMO) [31], which are kinases downstream of the TAK1-
TABs complex and involved in NF-xB activation. We
transfected Flag-TRIM26 and HA-Ub together with Myc-
IKKa, IKKf, and IKKy into HEK293T cells. Co-IP and
immunoblot analysis showed that none of these IKK com-
plex subunits were polyubiquitinated by TRIM26 (Supple-
mentary Fig. S6e). These data indicated that TRIM26 may
target TAB1 for polyubiquitination.

To further confirm TRIM26 targets TAB1, we investi-
gated the interaction between TRIM26 and TABI1. Flag-
TAB1 and Myc-TRIM26 expression plasmids were co-
transfected into HEK293T cells, we found TAB1 indeed
could associate with TRIM26 (Fig. 3C, left panel). While an
interaction between TRIM31 and TAB1 under the same

conditions was unable to be detected (Fig. 3C, right panel).
To verify that TRIM26 associated with TAB1 directly, Myc-
TRIM26 and His-TAB1 recombinant proteins were prepared
and in vitro pull-down assay was performed. This experiment
revealed that TRIM26 could form a complex with TABI
directly (Fig. 3D). We also detected the interaction between
endogenous Trim26 and TABI in PMs (Fig. 3E). Notably,
the interaction was increased upon stimulation with LPS
(Fig. 3E). Confocal microscope imaging demonstrated that
TRIM26 colocalized with TAB1 (Fig. 3F). Considering that
overexpressed proteins might affect their natural distributions
in the cells, we also used MEFs to explore the colocalization.
Consistently, confocal analysis showed the colocalization
between TAB1 and Trim26 in MEFs was enhanced upon
LPS stimulation (Fig. 3G). Taken together, these data sug-
gested that TRIM26 interacts with TABI to regulate TLRs-
induced production of proinflammatory cytokines and acti-
vation of NF-kB and MAPK signaling.

TRIM26 promotes K11-linked polyubiquitination of
TAB1

To explore whether enhanced TAB1 ubiquitination depends
on the enzymatic activity of TRIM26, we transfected WT
TRIM26 and RING domain mutant TRIM26 into
HEK293T cells together with Myc-TAB1 and HA-Ub.
TABI1 ubiquitination was easily detected in the presence of
WT TRIM26 (Fig. 4A). While the substitution of the
cysteine residue at position 16 of the RING domain with
alanine (C16A) or deletion of the RING domain (AR) in
TRIM26 abrogated TAB1 polyubiquitination (Fig. 4A),
indicating the E3 ligase activity is required for TRIM26-
mediated TAB1 ubiquitination. In vitro ubiquitination assay
with recombinant TRIM26 and TABI1 protein revealed that
TRIM26 can directly catalyze TAB1 ubiquitination
(Fig. 4B). As different forms of ubiquitin chains play dis-
tinctive roles in the regulation of protein function [23], we
investigated the type of TRIM26-induced TAB1 poly-
ubiquitin chain. Expression plasmids for Myc-TAB1 and
Flag-TRIM26 were transfected into HEK293T cells toge-
ther with plasmids encoding WT ubiquitin or ubiquitin
mutants containing only one single lysine residue. We
found TRIM26-mediated TAB1 ubiquitination was
observed in the presence of WT and K11 ubiquitin plasmid
(Fig. 4C). Similarly, TRIM26-mediated K11-linked poly-
ubiquitination of TAB1 was attenuated in TRIM26 mutants
C16A and AR transfected HEK293T cells (Fig. 4D), indi-
cating the E3 ligase activity of TRIM26 is indispensable
required for Kl11-linked TAB1 ubiquitination. To directly
confirm TRIM26-mediated Kl11-linked TAB1 poly-
ubiquitination, we also used a ubiquitin mutant K11R, which
contains all lysine residues except the lysine residue at
position 11 was mutated. TAB1 was not polyubiquitinated
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when ubiquitin K11R was transfected into HEK293T cells in
the presence or absence of TRIM26 (Fig. 4E). Considering
that overexpressed proteins might affect their functions in the
cells, in vitro ubiquitination assay was performed. We
observed TAB1 polyubiquitination in the presence of
TRIM26 and Kl11-linkage ubiquitin (Fig. 4F). To exclude
any artificial effect caused by overexpression and determine
whether TRIM26-mediated TAB1 ubiquitination occurs
in physiological conditions, PMs from Trim26™" and
Trim26~~ mice were prepared followed stimulation with
LPS. Co-IP experiments showed that the level of endogenous
TAB1 ubiquitination was decreased in Trim26~/~ PMs
compared with that in Trim26™" PMs upon LPS stimulation
(Fig. 4G). In addition, Trim26 deficiency also inhibited K11-
linked polyubiquitination of TAB1 upon LPS stimulation
(Fig. 4G). Taken together, these results indicated that
TRIM26 mainly mediated Kl11-linked polyubiquitin on
TABI1 dependent on its E3 ligase activity.

MEKKI has been characterized as an E3 ligase poten-
tiating TAK1 activation to activate MAPKs through the
ubiquitination of TAB1 [22]. Four lysine (Lys) residues of
mouse TAB1, Lys294, Lys319, Lys335, and Lys350, have
been identified as potential sites for K63-linked poly-
ubiquitination mediated by MEKK1. Compared to mouse
TAB1, human TAB1 does not have Lys350. Therefore, we
constructed three TAB1 mutants TAB1(K294A), TABI1
(K319A), and TAB1(K335A), in which the lysine residues
at positions 294, 319, and 335 were replaced with alanine.
Co-IP experiments showed that TRIM26 could not promote
the polyubiquitination of TAB1(K294A), TABI1(K319A),
and TAB1(K335A) (Fig. 4H). We further constructed a
TAB1 mutant TABI(3KA), in which all three lysine resi-
dues were replaced with alanine residue. We found that the
K11-linked polyubiquitination of TAB1(3KA) was abol-
ished in the presence of TRIM26 (Fig. 4I). Collectively,
these data described that the three lysines (K294, 319, and
335) of TABI1 are the major ubiquitination sites mediated
by TRIM26. Altogether, these results suggested that
TRIM26 conjugates the K11-linked polyubiquitin chain at
Lys294, Lys319, and Lys335 of TABI, which leads to the
activation of downstream signaling pathway.

Other reported E3 ligases for TAB1 is not involved in
TRIM26-mediated K11-linked TAB1
polyubiquitination

Three E3 ligases RNF114, ITCH, and MEKK1 have been
reported to promote TAB1 ubiquitination through various
polyubiquitin chains [22, 32, 33]. ITCH and MEKKI1 cata-
lyzes the K48-linked and K63-linked polyubiquitination
of TABI, respectively. RNF114 forms K11-, K27-, and K48-
linked polyubiquitination chains on TABI during
the maternal-to-zygotic transition. To investigate whether
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TRIM26 induces K11-linked polyubiquitination exclusively,
we first examined the level of K11-linked polyubiquitination
on TABI in the presence of ITCH and MEKKI1 expression
plasmids. We found that both MEKKI1 and ITCH unable to
promote Kl1-linked ubiquitination of TABI(Fig. S7a, c),
indicating ITCH and MEKK1 could not catalyze K11-linked
polyubiquitination of TAB1. Because RNF114 was reported
to promote K11-linked TAB1 ubiquitination, we next inves-
tigated whether TRIM26 and RNF114 could work together to
mediated K11-linked ubiquitination. As expected, we found
overexpression of RNF114 could increase K11-linked poly-
ubiquitination of TAB1 in HEK293T cells (Fig. S7e). We
further used siRNA to knockdown the expression of endo-
genous TRIM26 in HEK293T cells, we found the level of
Kl11-linked TAB1 polyubiquitination in the presence of
RNF114 expression plasmid was slightly decreased in
TRIM26 siRNA transfected cells (Fig. S7e), indicating both
TRIM26 and RNF114 could promote Kl1-linked poly-
ubiquitination of TAB1 separately.

Next, we examined whether TRIM26-mediated K11-
linked polyubiquitination on TAB1 could impact the TAB1
polyubiquitination mediated by RNF114, ITCH, and
MEKKI1. We found overexpressed TRIM26 had no influence
on MEKKI-mediated K63-linked ubiquitination, ITCH-
mediated K48-linked ubiquitination, and RNF114-mediated
K48-linked ubiquitination (Fig. S7b, d, f). These data sug-
gested that RNF114, ITCH, and MEKKI1 are not involved in
TRIM26-mediated K11-linked TAB1 polyubiquitination.

TRIM26 enhances TAK1 phosphorylation and
subsequent NF-kB and MAPK signaling

As an important component of the TAK1-TABs complex,
TABI is essential for TAK1 kinase activity. Since we
demonstrated that TRIM26 promotes Kl1-linked poly-
ubiquitination of TAB1 and positively regulates TLRs-
induced production of proinflammatory cytokines and
activation of NF-kB and MAPK signaling, we hypothesized
TRIM26 is essential for TAK1 activation. Indeed, LPS-,
Poly(I:C)-, and Pam3CSK4-induced TAK1 phosphorylation
was lower in PMs from Trim26 '~ mice than in those from
Trim26"" mice (Fig. SA-C). In addition, TNF-o- or IL-1p-
induced TAK1 phosphorylation was attenuated by Trim26
deficiency (Supplementary Fig. S8a, b).

To directly confirm TRIM26 was required for TAKI1
activation, we rescued Trim26 expression in Trim26~~
PMs through infection with lentiviral mouse Trim26
(mTrim26) overexpression vector. Overexpression of
mTrim26 but not the enzymatic mutant C16A could restore
LPS-induced phosphorylation of TAKI1, IKKa/p, p65,
ERK, JNK, and p38 (Fig. 5D). Consistently, mTrim26
instead of mTrim26(C16A) rescued the expression of Tnfa,
116, and 1112b mRNA upon LPS stimulation (Fig. SE).
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Fig. 5 TRIM26 enhances phosphorylation and complex assembly
of TAK1. A—C The Trim26"" and Trim26™" peritoneal macrophages
were stimulated with LPS (200 ng/ml), Poly(I:C) (20 pg/ml), or
Pam3CSK4 (1 pg/ml) for the indicated times, and immunoblotting
analysis were performed using anti-p-TAKI1 or anti-TAK1 Abs. D
Immunoblotting analysis of phosphorylated (p) and total TAKI,
IKKo/p, p65, ERK, INK, and p38 in Trim26"* and Trim267 peri-
toneal macrophages. Trim26” peritoneal macrophages reconstituted
with vectors for mTrim26 or mTrim26(C16A) stimulated with LPS

As an E3 ligase, TRAF6 could catalyzes K63-linked
polyubiquitination of TAK1, which is essential for TAK1
phosphorylation and activation of downstream kinases [34].
Co-IP and immunoblot analysis showed that TRIM26
coprecipitated with TRAF6 (Supplementary Fig. S9a).
However, the interaction between TRAF6 and TAK1 was
not affected in the presence of TRIM26 (Supplementary
Fig. S9b). Importantly, TRAF6-mediated K63-linked
polyubiquitination of TAK1 was also not impaired in the
presence of TRIM26 (Fig. S9c), suggesting that TRIM26
regulates TAK1 activation independent of TRAF6. Toge-
ther, these data demonstrated that TRIM26 regulates TAK1
activation and downstream NF-kB and MAPK signaling
through the K11-linked ubiquitination of TABI.

TRIM26 deficiency protects mice from LPS-induced
septic shock

To gain insight into the functions of TRIM26 in the reg-

ulation of TLR-mediated inflammation in vivo, we

LPS(h)

(200 ng/ml) for the indicated times. E qPCR analysis of Tnfa, 1I6, and
1112b mRNA expression in Trim26" and Trim26™" peritoneal mac-
rophages. Trim26™ peritoneal macrophages reconstituted with vectors
for mouse mTrim26 or mTrim26(C16A) stimulated with LPS (200 ng/
ml) for 6 h. Data are shown as mean+ SD of triplicates from one
representative experiment in E. *p <0.05, **p <0.01 (one-way ana-
lysis of variance, ANOVA). Similar results were obtained in three
independent experiments.

monitored inflammatory cytokines expression as well as
septicemia-induced death in Trim26™" and Trim26~~ mice
after intraperitoneal (i.p.) administration of LPS. As shown
in Fig. 6A, LPS-triggered serum levels of TNF-a, IL-6, and
IL-12p40 were decreased in Trim26~~ mice than in WT
mice. Consistent herewith, Trim26™~ mice experienced
later death onset and exhibited a lower death rate (Fig. 6B)
and they showed less lung inflammation and lower patho-
logical assessment of lung severity scores (Fig. 6C, D) than
their WT counterparts. Collectively, these data suggested
that TRIM26 positively regulates LPS-mediated inflamma-
tory innate immune response in vivo.

TRIM26 deficiency attenuates dextran sodium
sulfate (DSS)-induced colitis

The DSS model is among the most extensively used models
of inflammatory bowel disease (IBD) [35, 36]. Because NF-
kB signaling plays important roles in IBD [36], thus, we
examined the effects of Trim26 deficiency on DSS-induced
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Fig. 6 TRIM26 deficiency protects mice from LPS-induced septic
shock. A Sex- and age-matched Trim26™" and Trim26™ mice (n = 6)
were injected intraperitoneally with LPS (40 pg/g) for 4 h. ELISA
analysis of TNF-a, IL-6, and IL-12p40 in the serum of Trim26™" and
Trim26™ mice. B Trim26** and Trim26™" littermates (n = 12) were
stimulated with LPS (40 ug/g) as in A. The survival of mice was
monitored over the following 5 days. C Trim26™* and Trim26~~ mice

acute colitis. First, we assessed the clinical features of age-
and sex-matched WT and Trim26-deficient mice after trea-
ted with 3% DSS in the drinking water over a 6-day period.
Compared with Trim26™" mice, Trim26~/~ mice displayed
attenuated colitis, as indicated by less weight loss, rectal
bleeding scores, and stool consistency scores (Fig. 7A-C).
To further assess the severity of colitis, colon length was
measured on day 6. Colons of Trim26 '~ mice were longer
than those of Trim26*" mice administered DSS (Fig. 7D,
E). Histopathological analysis revealed that the colonic
mucosa of Trim26~/~ mice was more intact, without
apparent loss of crypt structures and mucosal ulceration,
and Trim26~'~ mice showed less inflammatory cell infil-
tration in colonic tissues than their WT littermates after DSS
treatment (Fig. 7F). The pathological assessment of colitis
severity scores reflected the same phenomenon (Fig. 7G).
All together, these results suggested that Trim26 deficiency
attenuates the severity of DSS-induced colitis.

Discussion
TAKI1 is a key regulator of NF-kB activation and proin-

flammatory cytokines production in response to stimulation
with TLRs and cytokines. The activation of TAK1 depends
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LPS

were injected intraperitoneally with LPS (40 pug/g) for 4h, H&E
experiments were performed on the lung injury of the mice. D His-
tological analysis of colon tissues described in C. Scale bars, 100 um.
Data are shown as mean =+ SD in A; n =6 biologically independent
animals. *p<0.05, **p<0.01; A Student’s 7 test; B log-rank t-est.
Similar results were obtained in three independent experiments.

on the aggregation of the TAK1-TABs complex that indu-
ces auto- or para-phosphorylation of TAK1 [17]. Over the
past decade, a large number of studies have shown that
TAKI activity is extensively regulated by phosphorylation,
ubiquitination, and binding to the regulatory binding part-
ners TAB1-3 [19, 37-40]. As a critical adapter in NF-xB
and MAPK signaling, TAB1 has been reported to regulate
through protein ubiquitination. MEKK1 has been char-
acterized as an essential E3 catalyzing K63-linked TAB1
polyubiquitination to activate MAPKs in response to TGF-f
[22]. ITCH catalyzes the K48-linked polyubiquitination of
TABI and promotes TAB1 degradation in TNF-a-induced
inflammation [33]. However, whether TAB1 could be
regulated through nonclassical protein ubiquitination
remained unknown.

Here, we identified TRIM26 as a novel E3 ligase to
induce a nonclassical polyubiquitination, K11-linked poly-
ubiquitination of TAB1, which led to TAK1 phosphoryla-
tion and the subsequent transcription of proinflammatory
cytokines. First, we generated Trim26~"~ mice and
demonstrated that Trim26 deficiency attenuated the pro-
duction of proinflammatory cytokines in response to TLR
ligands, TNF-a, and IL-1f stimulation. In addition, the
challenge of Trim26~'~ mice with LPS resulted in inflam-
matory responses that were less lethal than those in wild-
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Fig. 7 TRIM26 deficiency attenuates dextran sodium sulfate
(DSS)-induced colitis. A Sex- and age-matched Trim26™" and
Trim26™" mice (n = 6) were given 3% DSS in their drinking water for
6 days, body weight were measured daily. B, C Rectal bleeding score
and stool consistency of Trim26"" and Trim26 mice were scored
daily. D, E Macroscopic appearances and colon lengths of Trim26+*
and Trim26”~ mice were measured on day 6. F Histopathological

type mice. Second, using in vitro and in vivo Co-IP assays,
we showed that TRIM26 directly interacted with TAB1. We
also found that TRIM26 catalyzed Kll1-linked poly-
ubiquitination of TAB1 at Lys294, Lys319, and Lys335,
but not other adapters like MyD88, TRAF6, TAB2. Third,
we discovered that TLRs-, TNF-a-, and IL-1B-induced
phosphorylation of TAK1 was markedly decreased in
Trim26-deficient mice.

Yang et al. reported that RNF114 forms K11-, K27-, and
K48-linked polyubiquitination chains on TAB1 during the
maternal-to-zygotic transition, which leads to the degrada-
tion of TAB1 [32]. While TRIM26 only conjugates K11-
linked, but not K48-linked or K27-linked polyubiquitin
chain on TABI1, thus TRIM26 has no effect on the reg-
ulation of TABI stability. Although RNF114 and TRIM26
can both conjugates Kll-linked polyubiquitination on
TABI, our experiments demonstrated that their effects are
independent on each other. RNF114 could promote the
polyubiquitinate of TAB1 in TRIM26 siRNA knockdown
HEK293T cells (Supplementary Fig. S7e). In addition,
MEKKI1 and ITCH, the enzymes that have been reported to

Time after 3% DSS-administration(Days)
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changes in colon tissue were examined by H&E staining. G Histolo-
gical analysis of colon tissues described in f. Scale bars, 500 um. Data
are shown as mean+ SD in B, C, E; n =6 biologically independent
animals. *p<0.05, **p<0.01; A one-way analysis of variance,
ANOVA; B, C, E Student’s ¢ test. Similar resulfs were obtained in
three independent experiments.

modify TAB1 polyubiquitination, unable to promote K11-
linked ubiquitination of TAB1 (Fig. S7a, c¢). Thus, our study
revealed a new mechanism underlying phosphorylation and
activation of TAK1 mediated by TRIM26 catalyzing K11-
linked polyubiquitination of TAB1 in the TLRs-mediated
inflammatory response.

Different from K48- or K63-linked polyubiquitination
chains, the function of KllI-linked polyubiquitination
remains unclear. In most research, like K48-linked poly-
ubiquitination, K11 ubiquitin chains could also increase
protein degradation [41, 42]. However, K11, K63, and
linear ubiquitin linkages contribute to the activation of the
NF-xB and MAPK signaling [43]. RNF26 conjugates K11-
linked polyubiquitination of STING, thus protecting STING
from K48-linked polyubiquitination and degradation [44].
How KIl11-linked polyubiquitination of TABI regulates
TAKI activation is not clear. It has been reported that
ubiquitination of TAKI1-TABs complex can regulate the
assembly of this complex and downstream signaling
[22, 38, 39]. We therefore hypothesized that K11-linked
polyubiquitination of TAB1 enhancing the assembly of

SPRINGER NATURE



3088

J. Zhao et al.

TAK1-TABs complex. Indeed, Co-IP experiments with
TAB1 antibody showed that TABI-TAKI and TABI-
TAB2 associations were attenuated in 7rim26-deficient
PMs compared to that in WT PMs upon LPS stimulation
(data not shown). Another possible explanation is that K11-
linked polyubiquitination might cause a conformational
change in the substrate that renders it more accessible for
the binding of proteins as reported for the formation of
Rv0222-SHP1-TRAF6 complex [45]. Overall, the detailed
mechanism by which Kll1-linked polyubiquitination of
TABI regulates the activation of TAK1 deserves further
investigation.

In conclusion, using Trim26-knockout and Trim26-
transgenic mice, we demonstrated that TRIM26 is a TLRs-
inducible protein that acts as a positive regulator of TLRs-,
TNF-a-, and IL-1B-induced inflammatory responses by
promoting TAB1 K11-linked polyubiquitination and TAK1
phosphorylation. Our findings identify TRIM26 as a pre-
viously unrecognized component of the inflammatory
immune response. This study reveals that through catalyz-
ing TAB1 ubiquitination and TAKI activation, TRIM26
plays an important role in the regulation of the inflamma-
tory innate immune response. TRIM26 may serve as a
potential target for new therapeutic interventions against
inflammation-associated diseases.

Materials and methods
Mice and cells

Trim26~'~ mice on a C57BL/6 background were generated
by Cyagen Biosciences Inc. (Guangzhou, China) using
TALEN technology. The Trim26-deficient mice were gen-
otyped by sequencing of a PCR fragment (250 bp) of the
TALEN-targeting region amplified from genomic DNA
isolated from tail tips using the following primers: forward
5-GCTTGAGCAATCCACAGGGGTATC-3’ and reverse
5'-GCCACACGGGTCGGATGTTCT-3'. Trim26™ mice
were described previously [29]. Human HEK293T, THP-1,
and Hela cells were obtained from the American Type
Culture Collection (Manassas, VA). Mouse primary PMs
and BMDMs were prepared as described [36]. MEFs were
isolated from Trim26"* and Trim26~~ embryos (day
13.5). The cells were cultured in DMEM supplemented with
10% FCS (Invitrogen-Gibco), 100 U/ml penicillin, and 100
pg/ml streptomycin at 37 °C in the presence of 5% CO,.

Reagents and Abs
LPS (Escherichia coli, 055:B5) was purchased from Sigma

(St. Louis, MO). Poly(I:C) (tlrl-picw), R848 (tlrl-r848), and
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Pam3CSK4 (tlrl-pms) were purchased from Invivogen.
TNF-a (410-MT-010), IL-1p (401-ML-0050) recombinant
mice protein were purchased from R&D Systems. Poly(I:
O), LPS, R848, Pam3CSK4, IL-1p, and TNF-a were used at
a final concentration of 20 pg/ml, 200 ng/ml, 10 pg/ml, 1 pg/
ml, 20 ng/ml, and 20 ng/ml, respectively. PMA (tlrl-pma)
was purchased from InvivoGen. The following Abs were
used at a dilution of 1:1000 for western blot analysis, unless
otherwise stated: Abs targeting p65 (8242), p-p65 (Ser536)
(3033), IKKP (8943), p-IKKa(Serl76)/IKKP(Serl77)
(2078), p38 MAPK (8690), p-p38 MAPK (Thr180/Tyr182)
(9215), JNK (9252), phospho-JNK (Thr183/Tyr185)
(4671), p44/42 MAPK (Erk1/2) (4695), p-p44/42 MAPK
(Erk1/2) (Thr202/Tyr204) (4377), p-TAK1 (Thrl87)
(4536), TAKI1 (5206), and ubiquitin (3936) were from Cell
Signaling Technology (Beverly, MA); Abs against K11-
linkage ubiquitin (A18197) was from ABclonal. Abs
against TRIM26 (sc-393832), TAB1 (sc-166138), and f-
actin (Santa Cruz, sc-47778) were from Santa Cruz Bio-
technology (Santa Cruz, CA); Ab against HA (26183) was
from Thermo Fisher Scientific; Ab against Myc(A190-
105A) was from Bethl Laboratories; Protein A/G PLUS-
Agarose (sc-2003) used for immunoprecipitation was from
Santa Cruz Biotechnology (Santa Cruz, CA); FLAG (M2)
(F1804) Abs were from Sigma-Aldrich; HRP-conjugated
goat anti-mice or rabbit IgG Abs used for Western blotting
were from Calbiochem.

Plasmid constructs

The Flag-TRIM26 expression plasmid was described pre-
viously [29]. Plasmids encoding TRIM26 mutants, includ-
ing C16A and AR, were generated using the KOD-Plus-
Mutagenesis kit (Toyobo, Osaka, Japan). Myc-TRIM26
was generated by subcloning the TRIM26-coding sequence
into the pCDNA3.1 vector. HA-ubiquitin and other plas-
mids were described previously [46]. All constructs were
confirmed by DNA sequencing. An expression vector for
Flag-TAB2 was obtained from Dr. Hui Xiao (Institut Pas-
teur of Shanghai, CAS, Shanghai, China). Expression vec-
tors for HA-K11R was provided by Dr. Chen Wang (School
of Life Science and Technology, China Pharmaceutical
University, China). Expression vectors for TRAF6, IKK,
and TAK1 were provided by Dr. Michael Karin (University
of California at San Diego, San Diego, CA). Expression
vector for ITCH-Flag was provided by Dr. Zhengfan Jiang
(Peking University). Expression vector for RNF114-Flag
was provided by Dr. Ran Huo (Nanjing Medical Uni-
versity). Expression vector for MEKK1-Flag was provided
by Dr. Chao Xu (Shandong Provincial Hospital Affiliated to
Shandong University). Other plasmids used in this study
were described previously [29].
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siRNA transfection

The siRNA target sequences for transient silencing
were as follows: 5-CCAAGGACUUCGCCAACAA-3’
(si-mTRIM26), 5-GAGUCACAGGAACUCAUCU-3’
(si-hTRIM26), and 5’-UUCUCCGAACGUGUCACGU-
3/ (si-Ctrl).

Quantitative real-time PCR

Total RNA was isolated from cells using the RNA fast 200
kit (Fastagen). Complementary DNA synthesis was per-
formed using reverse transcriptase (Takara), followed by
gPCR using A LightCycler (Roche) and QuantiTect SYBR
Green PCR Kit (Roche) according to the manufacturers.

Detection of cytokine production

Mouse sera or cell supernatants were used to examine the
level of cytokine secretion by ELISA. The concentrations of
TNF-a, IL-6, and IL-12p40 were measured using com-
mercial ELISA kits (Dakewe Biotech, Shenzhen, China).

Co-immunoprecipitation and immunoblot analysis

For immunoprecipitation, whole-cell extracts were collected
24 h after transfection and were lysed in immunoprecipita-
tion buffer containing 50 mM EDTA, 50 mM Tris-HCI, pH
7.4, 150 mM NaCl, 1.0% (v/v) Nonidet P40, and protease
inhibitor cocktail (Sigma). The lysates were centrifuged at
14,000 x g at 4 °C for 10 min. The supernatants were col-
lected and incubated with protein G Plus-Agarose immu-
noprecipitation reagent together with 1 ug of the relevant
antibodies. After incubation at 4 °C for 12 h, the beads were
washed with 1 ml of immunoprecipitation buffer four times.
Immunoprecipitation was eluted by boiling with a 1% (w/v)
SDS sample buffer. For western blot analysis, immuno-
precipitation or whole-cell lysates were subjected to SDS-
PAGE, and the proteins were transferred onto nitrocellulose
membranes, followed by immunoblotting with the indicated
Abs, as previously described [29].

Ubiquitination assays

To evaluate the ubiquitination of TAB1 in HEK293T cells,
HEK?293T cells were transfected with Myc-TAB1, HA-Ub
(WT), HA-Ub (K11), HA-Ub (K11R), and Flag-tagged WT
or mutant TRIM26, and whole-cell extracts were immuno-
precipitated with anti-Myc and analyzed by immunoblotting
with an anti-HA antibody. To evaluate the ubiquitination of
endogenous TAB1, macrophages were stimulated with LPS
(200 ng/ml), and whole-cell lysates were immunoprecipitated

with anti-TAB1 and analyzed by immunoblotting with the
anti-Ub antibody.

In vitro binding and ubiquitination assays

TAB1 and TRIM26 recombinant proteins were prepared
using a TNT Quick Coupled Transcription/Translation
System (Promega). For the binding assay, TAB1 and
TRIM26 were mixed together, followed by immunopreci-
pitation with the TAB1 antibody and western blotting with
the TRIM26 antibody. The ubiquitination assay was con-
ducted as described previously [29].

mTrim26 overexpression lentivirus

pLVX-IRES-Puro-mTrim26 was generated by subcloning
the mTrim26-coding sequence into the pLVX-IRES-Puro
vector, and the empty pLVX-IRES-Puro was used as a
control. Plasmids encoding mTrim26 mutant C16A was
generated using the KOD-Plus-Mutagenesis kit (Toyobo,
Osaka, Japan). The lentivirus was produced by transient
transfection of the pLVX-IRES-Puro-mTrim26 construct or
control vector into HEK293T cells using Lipofectamine
2000 (Thermo Fisher Scientific) with pLVX-IRES-Puro,
psPAX2, and pMD2.G.

In vivo LPS challenge

For endotoxicity studies, age-matched female Trim26™"
and Trim26~~ mice (8 weeks old) were challenged with
LPS (40pug/g, administered i.p.). Mouse survival was
monitored every 12h. Female Trim26"" and Trim26~'~
mice (8 weeks old) were i.p. injected with LPS (40 pg/g) or
PBS. After 4 h, the mice were killed, blood was collected,
and serum levels of TNF-a, IL-6, and IL-12p40 were
measured by ELISA. Lungs from control or LPS-stimulated
mice were dissected, fixed in 10% phosphate-buffered for-
malin, embedded in paraffin, sectioned, stained with
hematoxylin and eosin (H&E) solution, and examined by
light microscopy for histological changes.

DSS-induced colitis

For the colitis model establishment, age-matched female
Trim26"* and Trim26~'~ mice (6 weeks old) were pro-
vided with 3% (w/v) DSS in the drinking water for 6 days.
Body weight, stool consistency, and the presence of occult
blood were monitored every 24 h. Stool consistency and
occult blood were scored as described previously [35, 36].
On day 6, the entire colon was excised and its length was
measured. Then, 0-0.5 cm control or DSS-induced mouse
colon tissues close to the rectum were collected. Colitis was
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assessed by H&E staining and severity scores were calcu-
lated as described previously [35, 36].

Statistical analysis

Statistical significance was determined using two-tailed
Student’s ¢ tests or two-way ANOVA analysis (where more
than two groups of data were compared). Statistical sig-
nificance in examining survival among Trim26™" and
Trim26~'~ mice was performed via the Kaplan-Meier sur-
vival by GraphPad Prism6.0. Values of p<0.05 were
considered to be statistically significant.

Data availability

The data within the article and its Supplementary Infor-
mation files that support this study are available from the
authors upon request.
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