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The tripartite motif (TRIM)-containing proteins are a family of
proteins that have been known to be involved in divergent
biological processes, including important roles in immune re-
sponses through regulating various signaling pathways. In this
study, we identified a member of the TRIM family, TRIMS, as
a positive regulator of tumor necrosis factor-a (TNFa) and interleu-
kin-1p (IL-18)-triggered NF-kB activation. Overexpression of TRIM8
activated NF-xB and potentiated TNFa- and IL-1p-induced activa-
tion of NF-xB, whereas knockdown of TRIM8 had opposite effects.
Coimmunoprecipitations indicated that TRIM8 interacted with
TGFp activated kinase 1 (TAK1), a serine/threonine kinase essential
for TNFa- and IL-B-induced NF-xB activation. Furthermore, we
found that TRIM8 mediated K63-linked polyubiquitination of
TAK1 triggered by TNFa and IL-1B. Our findings demonstrate that
TRIMS serves as a critical regulator of TNFa- and IL-1p-induced NF-
kB activation by mediating K63-linked polyubiquitination of TAK1.

he transcription factor NF-kB plays a pivotal role in many

cellular events such as cell proliferation, inhibition of apo-
ptosis, and innate immunity. NF-xB activation requires the sig-
nal-induced phosphorylation and degradation of IkB proteins
(1). The kinase that phosphorylates IkB, termed IxB kinase (IKK)
complex, consists of the catalytic subunits IKKa, IKKf, and the
regulatory subunit NEMO/IKKYy. The IKK complex is activated by
a large variety of stimuli, including the proinflammatory cytokines
tumor necrosis factor « (TNFa) and interleukin-1p (IL-1p) (2).

Binding of TNFa to its receptor TNF-RI results in recruitment
of the adaptor protein TRADD. TRADD further recruits TRAF2,
TRAFS, and RIP1 to the receptor complex. TRAF2 mediates
polyubiquitination of RIP1, mainly in a K63-linked manner.
Ubiquitinated RIP further recruits TAB2 and TAK1 and medi-
ates activation of the latter. The activated RIP1-TAK1-TAB2
complex subsequently activates the IKK complex, leading to
phosphorylation of IkBa and activation of NF-xB (3). Similarly,
binding of IL-1p to its receptor IL-1R leads to the recruitment of
adaptor proteins and kinases, including MyDS88, IRAK1, and
IRAK4. IRAK4 phospholylates and activates IRAK1, which in
turn recruits TRAF6. IRAK1 and TRAF6 form a complex that is
released from the receptor. TRAF6 possesses an E3 ubiquitin
ligase activity that mediates its K63-linked autopolyubiquitina-
tion. Ubiquitinated TRAF6 further recruits the TAK1-TAB2-
TAB3 complex, resulting in the activation of TAKI1. Activated
TAKI1 eventually phosphorylates and activates IKK, leading to
activation of NF-«xB (3, 4).

TAKI1 is a member of the MAPK kinase kinase family that was
originally found to function in the transforming growth factor p
(TGFp)-mediated MAPK activation (5). TAKI1 has been dem-
onstrated to be essential in TNFa- and IL-1p-mediated activa-
tion of NF-kB and JNK (6, 7). In all of these pathways, activation
of TAK1 is an important event that transmits the upstream signal
from the receptor complex to the downstream signaling mole-
cules (3, 4, 6, 7).

So far, several reports have suggested that polyubiquitination
of TAKI1 is involved in the regulation of TAKI-mediated sig-
naling pathways. For example, TRAF6-mediated K63-linked
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polyubiquitination of TAK1 at K34 residue has been shown to
correlate with TAK1 activation in TGFp signaling (8). It has also
been demonstrated that Helicobacter pylori CagA activates NF-
kB by targeting TAK1 for TRAF6-mediated polyubiquitination
(9). However, the molecular regulation of TAK1 in TNFa- and
IL-1B~induced signaling pathways remains unclear.

The tripartite motif (TRIM)-containing proteins play di-
vergent roles in many biological processes, including important
roles in immune responses through regulating various signaling
pathways. It has been reported that several TRIM proteins are
up-regulated during immune responses, such as TRIM5a and
TRIM19/PML, which have been shown to restrict viral replica-
tion (10).

In this study, we identified a member of the TRIM family,
TRIMS, as a positive regulator of TNFa- and IL-1p-triggered
NF-kB activation. Furthermore, we found that TRIMS targeted
TAK1 for K63-linked polyubiquitination at K158, which was
essential for TNFa- and IL-1p-triggered NF-kB activation. These
findings reveal a regulatory mechanism of NF-kB activation by
proinflammatory cytokines such as TNFa and IL-1.

Results

Identification of TRIM8 as a Positive Regulator of TNFa- and IL-1p-
Triggered Signaling Pathways. Ubiquitination is critically involved
in regulation of several key components of the TNFa- or IL-1p-
triggered NF-xB pathways (3). To identify additional enzymes
that regulate NF-xB activation, we screened a cDNA array
containing 352 expression clones of ubiquitin-related enzymes by
NF-kB reporter assays. These experiments identified TRIMS. As
shown in Fig. 14, overexpression of TRIMS activated NF-kB in
a dose-dependent manner. Because NF-kB could be activated by
various stimuli, we examined whether TRIMS is involved in
TNFa- or IL-1p-triggered NF-«xB activation. The results indicated
that TRIMS potentiated TNFa- and IL-1p-induced activation of
NF-kB in reporter assays (Fig. 1B). In reporter assays, TRIM8
did not potentiate Sendai virus (SeV)-triggered activation of the
IFNB promoter (Fig. 1C), suggesting that the regulation of
TRIMS in TNFa- or IL-1p-induced NF-kB activation is specific.
Real-time PCR experiments also indicated that TRIMS could
potentiate TNFa- and IL-1p-induced expression of NF-xB
downstream genes, such as IL-6, ICAMI, and TNFa (Fig. 1D).
These data suggest that TRIMS is involved in TNFa- and IL-1p-
induced NF-xB activation.
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Fig. 1. Identification of TRIMS8 as a positive regulator of TNFa- and IL-1p-
triggered NF-xB and transcription induction of inflammatory genes. (A)
Overexpression of TRIM8 activates NF-kB in a dose-dependent manner. A
total of 293 cells (1 x 10°) were transfected with NF-xB reporter (0.01 pg) and
an increased amount of TRIM8 expression plasmid. Luciferase assays were
performed 20 h after transfection. (B) Effects of TRIM8 on TNFa- and IL-1p-
induced activation of NF-kB. A total of 293 cells (1 x 10°) were transfected
with NF-xB reporter (0.01 ug) and empty vector or TRIM9 expression plasmid.
Twenty hours after transfection, cells were left untreated or stimulated with
TNFa (10 ng/mL) or IL-1B (10 ng/mL) for 10 h before luciferase assays were
performed. (C) TRIMS8 is not involved in SeV-induced activation of the IFNB
promoter. Reporter assays were performed as described in B, except that the
IFNB promoter reporter plasmid was used. (D) TRIM8 potentiates TNFa- and
IL-1p-induced transcription of endogenous IL-6, ICAM1, and TNFa genes. A
total of 293 cells (2 x 10°) were transfected with an empty vector or TRIM8
expression plasmid (0.1 pug). Twenty hours after transfection, cells were left
untreated or stimulated with TNFa (10 ng/mL) or IL-1p (10 ng/mL) for 10 h
before quantitative RT-PCR was performed.

Knockdown of TRIMS8 Inhibits TNFa and IL-1p-Induced NF-kB Activation.
Because overexpression of TRIMS potentiated TNFa- and IL-1p—
induced NF-xB activation, we next determined whether endoge-
nous TRIMS regulates TNFa- and IL-1p-induced signaling. To do
this, we constructed three human TRIM8 RNAi plasmids. Im-
munoblot analysis indicated that the #1 and #3 RNAI plasmids
could markedly inhibit the expression of transfected and endoge-
nous TRIMS in 293 cells, whereas the #2 RNAI plasmid had little
effect on TRIMS expression (Fig. 24). We transfected the TRIM8
RNAI plasmids into 293 cells and performed reporter assays. As
shown in Fig. 2B, knockdown of TRIMS expression inhibited
TNFo- and IL-1f-induced NF-kB activation. The degrees of in-
hibition were correlated with the efficiencies of knockdown of
TRIMS by each RNAI plasmid (Fig. 2 4 and B). We selected the
#3 TRIM8-RNAI plasmid for additional experiments described
below, and similar results were obtained with the #1 plasmid.
Further experiments indicated that TRIMS-RNAI inhibited
TNFa- and IL-1p-induced activation of the NF-xB promoter in
a dose-dependent manner in 293 cells (Fig. 2C). However,
knockdown of TRIMS could not inhibit SeV-induced activation of
the IFNp promoter (Fig. 2D) and IFNy-induced activation of the
IRF1 promoter (Fig. 2E). Consistently, quantitative real-time PCR
experiments indicated that knockdown of TRIMS inhibited TNFo-
and IL-1p-induced expression of endogenous IL-6, ICAMI1, and
TNFa genes in 293 cells (Fig. 2F). We further investigated whether
TRIMS plays a relevant role in inflammatory cells. The results
indicated that knockdown of TRIMS potently inhibited tran-
scription of ICAMI1 and TNFa genes in monocytic/macrophage
THP1 (Fig. 2G) and U937 (Fig. S1) cells. Taken together, these
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data suggest that TRIMS is required for TNFa- and IL-1p-trig-
gered NF-xB activation and induction of inflammatory proteins.

Mutant of TRIM8 Inhibits TAK1- but Not p65-Mediated NF-kB Activation.
We next examined the position of TRIMS in TNFa- and IL1-f-
induced signaling pathways. To do this, we constructed five
TRIMS truncation mutants and detected their abilities to activate
NF-«B or regulate TNFa- and IL-1p-induced NF-kB activation.
TRIMS contains an N-terminal RING finger, followed by two B-
boxes and a coil-coil domain. The C terminus of TRIMS lacks a
recognizable structural domain. The truncation mutants that we
constructed are the following: TRIM8-RBC, which contains the
RING finger, B-boxes, and the coil-coil domain; TRIMS-BC, which
consists of the B-boxes and the coil-coil domain; TRIMS-AR,
which lacks the RING finger; TRIMS-R, which contains only the
RING finger; and TRIM-CT, which consists of the C terminus of
TRIMS (Fig. S24). In reporter assays, full-length TRIMS activated
NF-«B and potentiated TNFa- and IL-1p—induced NF-«B activa-
tion. TRIM8-RBC, TRIM-BC, TRIMS-AR, and TRIMS-CT had
minimal effect on NF-«xB activation by themselves but retained
their ability to potentiate TNFa- or IL-1f-induced NF-xB activa-
tion. However, the TRIM-R mutant completely lost the ability to
activate NF-xB and potently inhibited TNFa- and IL-1p—induced
NF-«B activation, suggesting that TRIM8-R acts as a dominant
negative mutant to inhibit TNFa- or IL-1f-induced NF-kB acti-
vation (Fig. S2B).

To determine the position of TRIM8 in TNFa- and IL1-p-
induced signaling pathways, we examined the effects of TRIMS-
R on NF-«B activation mediated by various signaling molecules
involved in these pathways. As shown in Fig. S2C, TRIMS8-R
inhibited NF-xB activation mediated by overexpression of TNF-
R1, IL-1R, TRADD, FADD, TRAF2, TRAF6, RIP, TAKI, or
IKKp but not p65, suggesting that TRIMS regulates TNFa- and
IL1-B-induced signaling at a step between TAK1 and p65.

TRIM8 Interacts with TAK1. To further investigate the regulatory
mechanism of TRIMS in TNFa- and IL-1p-triggered signaling
pathways, we examined the ability of TRIMS to interact with
different signaling components in these pathways. The results of
transient transfection and coimmunoprecipitation experiments
indicated that TRIMS interacted with TAK1 but not with TABI,
TAB2, TAB3, IKKa, IKKB, or IKKy (Fig. 34 and Fig. S34). We
further performed endogenous coimmunoprecipitation experi-
ments, and the results indicated that TRIMS was weakly asso-
ciated with TAK1 in unstimulated cells and that this association
was increased after stimulation with TNFa or IL-1f (Fig. 3B and
Fig. S3B). These results suggest that TNFa or IL-1f stimulation
promotes endogenous association of TRIM8 with TAK1.

TRIM8 Enhances Polyubiquitination of TAK1. Because some mem-
bers of the TRIM family are demonstrated to have E3 ubiquitin
ligase activity, we determined whether TRIMS has any effects on
polyubiquitination of TAK1. As shown in Fig. 3C, overexpression
of TRIMS8 enhanced polyubiquitination of TAKI in 293 cells.
Furthermore, overexpression of TRIMS potently promoted K63-
linked polyubiquitination of TAK1 but had only a minimal effect
on K48-linked polyubiquitination of TAK1 (Fig. 3C). Recently, it
has been demonstrated that polyubiquitination of the K158 res-
idue of TAKI1 is required for TNFa- and IL-1p-induced NF-xB
activation (11, 12). Interestingly, TRIMS failed to mediate poly-
ubiquitination of TAK1(K158R) in 293 cells (Fig. 3D). In vitro
ubiquitination assays with UbcHS5b as an E2 indicated TRIMS
could ubiquitinate TAK1 but not TAK1(K158R) (Fig. 3E). These
results suggest that TRIMS could mediate K63-linked poly-
ubiquitination of TAKI at residue K158. Interestingly, TAK1
(K158R), in the presence of TABI, significantly inhibited TNFa-
and IL-1p-induced NF-xB activation (Fig. S4).

Li et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1110946108/-/DCSupplemental/pnas.201110946SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1110946108/-/DCSupplemental/pnas.201110946SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1110946108/-/DCSupplemental/pnas.201110946SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1110946108/-/DCSupplemental/pnas.201110946SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1110946108/-/DCSupplemental/pnas.201110946SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1110946108/-/DCSupplemental/pnas.201110946SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1110946108/-/DCSupplemental/pnas.201110946SI.pdf?targetid=nameddest=SF4
www.pnas.org/cgi/doi/10.1073/pnas.1110946108

24r NF-xB 1001 NF-xB 200r IFN-B
< TRIM8-RNAI
S m w 22 160(
Transfocted == -Flag-TRIM8 & gl
ANt e FlagMITA & 1
312
< TRIM8-RNAI & 8l
QO —
O #1 #2 #3
e — -TRIM8 4r
Endogenous .
— = —-f3-actin 0 0 0
Con #1 #2 #3 Con _20 50 100ng Con #1 #2 #3
TRIM8-RNAI TRIM8-RNAI#1 TRIM8-RNAI
E IRF1 F 293-IL-6 293-ICAM1 293-TNFa
8r o Con 9 6 12
= INF-y - 10 o Con
56k < oIL-1p
< S6 g4 zs = TNFo.
o ['4 [ €
34f [ - 56
5 e 32 £y
X, = S S
2
0 0 0 0
Con #1 #2 #3 Con TRIM8 Con _ TRIM8 Con TRIM8
TRIM8-RNAI RNAI RNAI RNAI
G THP-1-ICAM1 THP-1-TNFa
12 20 8 25
7
10
20
< 6
Z 8 <Zq5 ; 5 <z( = Con
74 o r 15 .
E s g0 €4 £ o TRIM8-RNAI
5y s g3 g1o
§ 2 55 E 2 = 5
1
0 0 0 0
IL-1g: 0 2 6 () TNFe:0 2 6 (h) IL-1B: 0 2 6 (h) TNFa: 0 2 6 (h)

Fig. 2.

Knockdown of TRIM8 inhibits TNFa- and IL-18-induced NF-xB activation. (A) Effects of TRIM8 RNAi plasmids on expression of TRIM8. (Upper) A total of

293 cells (2 x 10°) were transfected with Flag-TRIM8 (0.2 pg each), Flag-MITA (0.05 pg), and the indicated RNAi (1 pg) plasmids. Thirty-six hours later, im-
munoblot analysis was performed with anti-Flag. (Lower) A total of 293 cells (2 x 10°) were transfected with the indicated RNAI plasmids (1 pg) for 48 h, and
then immunoblot analysis was performed with the indicated antibodies. (B) Effects of TRIM8 RNAi plasmids on TNFa- and IL-1p-induced NF-kB activation. A
total of 293 cells (1 x 10°) were transfected with NF-kB reporter (0.01 pug) and the indicated RNAi plasmids. Thirty-six hours after transfection, cells were left
untreated or stimulated with TNFa (10 ng/mL) or IL-18 (10 ng/mL) for 10 h before luciferase assays were performed. (C) TRIM8-RNAI inhibits TNFa- and IL-14-
induced activation of the NF-xB in a dose-dependent manner. A total of 293 cells (1 x 10°) were transfected with NF-xB reporter (0.01 pug) and an increased
amount of the #1 TRIM8-RNAI plasmid. Reporter assays were performed as described in B. (D and E) Effects of TRIM8 RNAi on SeV-triggered activation of the
IFNp promoter (D) or IFNy-induced activation of the IRF1 promoter (E). A total of 293 cells (1 x 10°) were transfected with the indicated reporter (0.05 pg) and
TRIM-RNAI plasmids (0.5 pg) for 36 h. Cells were then subjected to the indicated stimulation for 8 h before luciferase assays were performed. (F) Effects of
TRIM8 RNAi on TNFa- or IL-1p-induced transcription of endogenous IL-6, ICAM1, and TNFa genes in 293 cells. These 293 cells (2 x 10°) were transfected with
the indicated RNAi plasmids (2 pg). Thirty-six hours after transfection, cells were left untreated or stimulated with TNFa (10 ng/mL) or IL-1p (10 ng/mL) for 10 h
before RT-PCR experiments were performed. (G) Effects of TRIM8 RNAi on TNFa- or IL-1p-induced transcription of endogenous ICAM1 and TNFa genes in THP-
1 cells. THP-1 cells were transduced with GFP control or TRIM8 RNAI by retrovirus-mediated gene transfer. The cells were then either untreated or treated

with TNFa (10 ng/mL) or IL-18 (10 ng/mL) for the indicated times before RT-PCR experiments were performed.

Knockdown of TRIM8 Reduces TNFa- and IL-1p-Induced K63 but Not
K48-Linked Polyubiquitination of Endogenous TAK1. To determine
whether endogenous TRIMS is required for TNFa- and IL-18-
induced TAK1 polyubiquitination, we generated TRIMS stable
knockdown in 293 cell lines. Immunoprecipitation experiments
indicated that knockdown of TRIMS reduced both TNFa- and
IL-1p-induced TAKI1 polyubiquitination (Fig. 44). We next
determined whether endogenous TRIMS mediates K48- or K63-
linked polyubiquitination. Knockdown of TRIMS reduced
TNFa- or IL-1p-induced K63-linked (Fig. 4B), but not K48-linked
(Fig. 4C), polyubiquitination of TAK1. These results suggest that
TRIMS mediates K63-linked polyubiquitination of endogenous
TAKI1 triggered by TNFa and IL-1p.

Knockdown of TRIM8 Reduces TNFo- and IL-1$—-Induced Phosphorylation
of TAK1, IKKa/p, and IkBa. Previously, it has been demonstrated that
phosphorylation of TAK1, IKKa, and IKKp is required for their
activation by TNFa or IL-1p (1-3). Therefore, we further analyzed
the effects of TRIMS8 knockdown on TNFa- and IL-18-induced
phosphorylation of TAK1 and IKK. As shown in Fig. 5, both TNFa
and IL-1p-induced transient phosphorylation of TAK1 and IKK
peaked at ~5 min after cytokine stimulation, and the phosphory-
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lation was inhibited and delayed in TRIMS8 knockdown cells.
Consistently, TNFa- or IL-1p—induced phosphorylation and deg-
radation of IkBa, a downstream target of IKK, also was diminished
in TRIMS knockdown cells (Fig. 5 and Fig. S5). In these experi-
ments, knockdown of TRIMS had no inhibitory effect on basal
phosphorylation of TBK1 (Fig. 5), indicating that TRIMS did not
affect global phosphorylation. These results suggest that TRIMS is
important for TNFa- and IL-1p-induced activation of TAK1
and IKK.

TRIMS Is Involved in TNFa- and IL-1p-Induced AP1 but Not in ELK1 and
CHOP Activation. In addition to NF-kB, TNFa and IL-1 also ac-
tivate the transcription factors AP1, ELK1, and CHOP via the
serine/threonine kinases JNK, ERK1/2, and p38, respectively. In
reporter assays, TRIMS activated AP1 and potentiated TNFa-
and IL-1p-induced AP1 activation (Fig. S64). Knockdown of
TRIMS inhibited TNFa- and IL-1f-induced phosphorylation of
JNK in THP1 and U937 cells. In contrast, overexpression or
knockdown of TRIMS had no marked effects on TNFa- and IL-
1p-induced ELK1 and CHOP activation in reporter assays (Fig.
S6B). These results suggest that TRIMS is also involved in TNFa-
and IL-1p-induced AP1 but not in ELK1 and CHOP activation.

PNAS | November 29,2011 | vol. 108 | no.48 | 19343

IMMUNOLOGY


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1110946108/-/DCSupplemental/pnas.201110946SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1110946108/-/DCSupplemental/pnas.201110946SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1110946108/-/DCSupplemental/pnas.201110946SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1110946108/-/DCSupplemental/pnas.201110946SI.pdf?targetid=nameddest=SF6

BEEERENAS S PNAS  PNAS

A HA-TRIM8 HA-TRIMS B P pre TAK]
A N 2 % A Ly : a
g@‘(\ g@f& q«p‘% g@% Q;/\N‘ q\q&" q\%ﬁ“’ q\*& TNFo: 0 0 5 15 30 (min)
e @ @ <\ @ @ @ Q@ 1B: «TRIMS - TRIMS
IP:19G oF 1gG oF IgG oF IgG oF IP:19G oF I1gG oF IgG oF 1gG oF . [ —— 7Y
P : -TRIM8 = -TRIM8 Y Y TAK1
I1B: aHA IB: aHA - 1 B o
e il |G L, - :
— — < - 9 IP: pre oTAKA
———eee— HA-TRIMS ————— A-TRIVMS IL-1p: 00 5 15 30 (min)
_,Flag-TAB2 /’l;llag—:ﬁﬁﬁ IB: «TRIM8 S -TRIMS
Lysate | == === = Flag-TAK1 Lysate == """ < Flag-KKa —— &
" Flag-TAB3 “Flag-TAK1 Lysate — T 1IM3
- — Flag-TAB1 = — Flag-IKKy R TAKA
C D E E1+UbcH5b+Bio-Ub
CBP-TAK1 cell line . TAKT — - + + -
HAUbKE3) = -+ F-TAK1(K158R) - + E1+Bio-Ub+TAK1+TRIMS KIS8R - - - - %
HA-Ub(K48) - + - F-TAK1(WT) + - UbcH1 2 3 6 7 10 5a 5b 5¢ TRMg - + - + +
HA-Ub(WT)__+ - - Myc-Ub_+ +
Flag-TRIM8 - + - + - + HA-TRIMB = ¥ — + £ ki
1 &
IP: «CBP &l IP: aFlag & ) Ub-TAK1
IB: aHA I Ub-TAKT ! aMyc | [Ub-TAKT - .
; g A
s - .. T
: i
IP: «CBP IP: oFl
B! gCBP _______ TAKA1 B §F|§8 e TAK
g TAK1 - - -
Lysate | = ——— TAK1 —_—— e — Input
ysale = -TRIMS Lysate| e e TRIMS TAK1 TRIM8 K158R

Fig. 3. TRIM8 interacts with and ubiquitinates TAK1. (A) TRIMS8 interacts with TAK1 in the mammalian overexpression system. A total of 293 cells (2 x 10°)
were transfected with the indicated plasmids (5 pug each), and coimmunoprecipitation and immunoblot analysis were performed with the indicated antibodies
(Upper panels). Expression of the transfected proteins was analyzed by immunoblots with anti-HA and anti-Flag (Lower panels). (B) Endogenous TRIM8 is
associated with TAK1 following TNFa or IL-1p stimulation. A total of 293 cells (2 x 107) were left untreated or stimulated with TNFa or IL-1p for the indicated
times. Immunoprecipitation and immunoblot analysis were performed with the indicated antibodies. (C) Overexpressed TRIM8 enhances wild-type and K63-
linked polyubiquitination of TAK1. A total of 293 cells (2 x 10°) stably expressing calmodulin-binding peptide (CBP)-tagged TAK1 were transfected with Flag-
TRIM8 and the indicated ubiquitin plasmids. Twenty-four hours after transfection, cell lysates were immunoprecipitated with anti-CBP. The immunopreci-
pitates were analyzed by immunoblots with anti-HA, anti-TAK1, or anti-Flag as indicated. (D) TRIM8 enhances polyubiquitination of wild-type TAK1 but not
of TAK1(K158R) in vivo. A total of 293 cells (2 x 10°) were transfected with the indicated plasmids. Twenty-four hours after transfection, cell lysates were
immunoprecipitated with anti-Myc. The immunoprecipitates were analyzed by immunoblots with anti-HA or anti-Flag as indicated. (E) TRIM8 enhances
polyubiquitination of wild-type TAK1 but not of TAK1(K158R) in vitro. TAK1, TAK1(K158R), and TRIM8 were translated in vitro, and biotin-ubiquitin, E1, and
the indicated E2s were added for ubiquitination assays. Ubiquitin-conjugated proteins were detected by immunoblot with HRP-streptavidin. Before ubig-
uitination analysis, the input levels of the translated proteins were detected by immunoblots.

Discussion

The transcription factor NF-kB plays critical roles in a broad
range of physiological and pathological processes, such as in-
flammation, immune regulation, and cell survival. TNFa and IL-
1B are two cytokines that induce inflammation through activation
of NF-kB. In this study, we performed expression screens of
ubiquitin-related enzymes for their abilities to regulate NF-xB
activity. This effort identified TRIMS, a TRIM family protein, as
an important regulatory component in the TNFa- and IL-1p-
induced NF-kB activation pathways.

Overexpression of TRIMS activated NF-xB in reporter assays.
Knockdown of TRIMS or a TRIMS mutant inhibited TNFa- and
IL-1p-induced NF-xB activation. These results suggest that
TRIMS is important for TNFa- and IL-1p-induced NF-kB ac-
tivation. Our results also suggest that TRIMS8 is important for
TNFa- and IL-1p-induced AP1 but not for ELK1 and CHOP
activation. These findings suggest that TRIMS is differentially
involved in TNFa- and IL-1p-induced signaling pathways.

TAKI1 is a serine/threonine protein kinase involved in both
TNFa- and IL-1p-induced NF-kB activation pathways. A TRIMS
mutant inhibited NF-kB activation mediated by overexpression of
TAKI1 as well as its upstream components but not downstream
p65. Stimulation of cells with TNFo and IL-1p led to increased
association of TRIMS8 with TAKI1. These results suggest that
TRIMS targets TAK1 in the TNFa- and IL-1p—-induced pathways.

Previously, it has been demonstrated that TRAF6-mediated
polyubiquitination of TAK1 at K158 is important for TNFa- and
IL-1p-induced NF-kB activation (12, 13). In our experiments, we
found that overexpression of TRIMS8 caused increased K63-
linked, but not K48-linked, polyubiquitination of TAK1, whereas
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knockdown of TRIMS diminished TNFa- and IL-1p-induced
K63-linked polyubiquitination of endogenous TAKI1. In addi-
tion, knockdown of TRIM also inhibited TNFa- and IL-1p-in-
duced phosphorylation of TAK1 as well as of the downstream
components IKK and IxBa. These results suggest that TRIMS is
involved in TNFa- and IL-1p-induced NF-kB activation by
mediating K63-linked TAK1 polyubiquitination and subsequent
activation. Whether TRAF6 and TRIMS collaborate or play
redundant roles in this process is unknown at this point. It is
also possible that TRAF6 and TRIMS are differentially re-
quired for TAK1 activation in a temporal manner or different
cell types.

The identification of TRIMS as an important regulator of the
TNFa- and IL-1p-induced NF-kB and AP1 activation pathways
sheds light on the complicated regulatory processes of inflamma-
tion and immune regulation. Because TAK1 is also involved in sig-
naling pathways mediated by certain pattern recognition receptors
(14, 15), it is possible that TRIMS8 has a broader role in innate
immune responses. Nevertheless, our study provides evidence for
a role of TRIMS in signaling by the proinflammatory cytokines
TNFo and IL-1.

Materials and Methods

Reagents and Antibodies. Recombinant TNFq, IL-1f, and IFNy (R&D Systems);
mouse monoclonal antibodies against FLAG (Sigma), HA (Origene), p-actin
(Sigma), phosphorylated-TAK1, and IKKa/f; and mouse monoclonal anti-
bodies against plkBa, pTAK1, pTBK1, and pJNK (Cell Signaling) were pur-
chased from the indicated companies. Rabbit anti-TAK1 was raised against
recombinant human full-length TAK1 protein, and mouse anti-IKBax was
raised against recombinant human full-length IKBa protein.
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Fig. 4. TRIM8-RNAi reduces TNFa- and IL-1f-induced K63-
linked polyubiquitination of endogenous TAK1. (A) Effects
of TRIM8 RNAi on TNFa- or IL-1f-induced polyubiquitination
of endogenous TAK1. A total of 293 cells stably transduced
with a control or TRIM8 RNAi were either untreated or
stimulated with TNFa (10 ng/mL) or IL-1 (10 ng/mL) for the
indicated times. Cell lysates were immunoprecipitated with
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IP: aTAK1
IB: aHA

IP: aTAK1
IB: aHA

!
! !L Ub-TAK1
L] . ¢

- P4 l
.-.---- -TAK1

Lysate
-TRIM8

Lysate

Constructs. NF-xB, IRF1, AP1, and IFNB promoter luciferase reporter plas-
mids and mammalian expression plasmids for IL-1R, IL1Racp, TRAF6,
TAK1, TAB1, IKKB, TNF-R1, RIP, TRAF2, TRADD, FADD, and p65 were
previously described (16-18). pFB, pFA2-ELK1, and pFA2-CHOP plasmids in
the Trans-Reporter Systems for ELK1 and CHOP were purchased from
Stratagene. Mammalian expression plasmids for HA- or FLAG-tagged
TRIM8 and its mutants were constructed by standard molecular biology
techniques.

Expression Cloning. The cDNA expression clones encoding 352 ubiquitin-re-
lated enzymes were obtained from the Ubiquitin-GFC Transfection Array
purchased from Origene (catalog #UBGB19601). The clones were transfected
together with an NF-xB luciferase reporter plasmid into 293 cells. Reporter
assays were performed 16 h after transfection to identify clones that could
markedly activate the NF-«xB reporter.

Transfection and Reporter Assays. A total of 293 cells (1 x 10°) were seeded on
24-well dishes and transfected the following day by a standard calcium
phosphate precipitation method. Empty control plasmid was added to en-
sure that each transfection receives the same amount of total DNA. To
normalize for transfection efficiency, 0.05 ug of pRL-TK (Renilla luciferase)
reporter plasmid was added to each transfection. Approximately 18 h after
transfection, luciferase assays were performed using a dual-specific lucifer-
ase assay kit (Promega). Firefly luciferase activities were normalized on the
basis of Renilla luciferase activities.

Real-Time PCR. Total RNA was isolated from cells using TRIzol reagent
(TAKARA), reverse transcribed, and subjected to real-time PCR analysis to
measure mRNA expression levels of tested genes. Gene-specific primer
sequences were as follows: /L-6—TTCTCCACAAGCGCCTTCGGTC (forward)
and TCTGTGTGGGGCGGCTACATCT (reverse); ICAMT—TCAGTGTGACCGCA-
GAGGACGA (forward) and TTGGGCGCCGGAAAGCTGTAGAT (reverse); TNFo—
GCCGCATCGCCGTCTCCTAC (forward) and CCTCAGCCCCCTCTGGGGTC (re-
verse); and GAPDH—GACAAGCTTCCCGTTCTCAG (forward) and GAGTCAA-
CGGATTTGGTCGT (reverse).
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immunoblots with anti-ubiquitin, anti-TRIMS, or anti-TAK1 as
indicated. (B and C) Effects of TRIM8 RNAi on TNFa- or IL-14-
induced K63-linked (B) or K48-linked (C) polyubiquitination
of endogenous TAK1. A total of 293 cells stably transduced
with a control or TRIM8 RNAi were transfected with HA-
tagged K63-only or K48-only ubiquitin plasmid. Twenty-four
hours after transfection, cell lysates were immunoprecipi-
tated with anti-TAK1. The immunoprecipitates were ana-
lyzed by immunoblots with anti-HA, anti-TAK1, and anti-
-TRIMS TRIMS as indicated.

RNAi Experiments. Double-stranded oligonucleotides corresponding to the
target sequences were cloned into the pSuper.Retro RNAi plasmid (Oligoengine).
The following sequences were targeted for human TRIM8 cDNA: #1 (5'-GAA-
GGAATGAAATCCGGAA-3'), #2 (5'-TTGATAAGACGGAGGATGT-3'), and #3 (5'-TG-
AACGAAGTGGDDAAGAA-3).

Coimmunoprecipitation and Immunoblot Analysis. For transient transfection
and coimmunoprecipitation experiments, 293 cells (1 x 10%) were transfected
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Fig. 5. Knockdown of TRIM8 reduces TNFa- and IL-1p-induced phosphory-
lation of TAK1, IKKo/p, and IkBa. (A and B) TRIM8-RNAI inhibits TNFa-induced
phosphorylation of TAK1, IKKo/p, IKBa but not of TBK1. A total of 293 cells
stably transduced with a control or TRIM8 RNAi plasmid were either un-
treated or treated with TNFa (10 ng/mL) (A) or IL-1p (10 ng/mL) (B) for the
indicated times and then subsequently analyzed by immunoblots with the
indicated antibodies.
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for 18-24 h. The transfected cells were lysed in 1 mL of lysis buffer [20 mM
Tris (pH 7.5), 150 mM NaCl, 1% Triton, 1 mM EDTA, 10 pg/mL aprotinin, 10
pg/mL leupeptin, 1 mM phenylmethylsulfonyl fluoride]. For each immuno-
precipitation, a 0.4-mL aliquot of the lysate was incubated with 0.5 pug of the
indicated antibody or control IgG and 25 pL of a 1:1 slurry of Protein G
Sepharose (GE Healthcare) for 2 h. Sepharose beads were washed three
times with 1 mL of lysis buffer containing 0.5 M NaCl. The precipitates were
analyzed by standard immunoblot procedures.

For endogenous coimmunoprecipitation experiments, 293 cells (5 x 107)
were stimulated with TNFa (10 ng/mL) or IL-1p (10 ng/mL) for the indicated
times or left untreated. The coimmunoprecipitation and immunoblot
experiments were performed as described above.

In Vitro Ubiquitination Assays. The tested proteins were expressed with a TNT
Quick Coupled Transcription/Translation Systems kit (Promega) following
instructions of the manufacturer. Ubiquitination was analyzed with
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a ubiquitination kit (Enzo Life Sciences) following protocols recommended by
the manufacturer.

RNAi-Transduced Stable U937 and THP-1 Cells. The 293 cells were transfected
with two packaging plasmids, pGag-Pol and pVSV-G, and the GFP control or
TRIM8 RNAi retroviral plasmid by calcium phosphate precipitation. Cells were
washed 12 h after transfection and new medium without antibiotics was
added for 24 h. The recombinant virus-containing medium was filtered and
used to infect U937 or THP-1 cells in the presence of polybrene (4 pg/mL). The
infected U937 or THP-1 cells were selected using puromycin (0.5 pg/mL) for
2 wk before additional experiments were performed.
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