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Tumor necrosis factor receptor (TNFR)-associated factor 6 (TRAF6) transduces signals from members of the Toll/
interleukin-1 (IL-1) receptor and members of the TNF receptor super family including CD40 and RANK. We have
reported recently that TRAF6 deficiency results in defective development of epidermal appendices including guard
hair follicles and sweat glands. Furthermore, our results suggest that this defect may be due to the impaired signaling
of EDAR, XEDAR or TROY, members of the TNFR super family expressed in skin. Although TRAF6 plays a crucial
role in formation of the skin appendices, the molecular mechanisms underlying regulation of TRAF6 are largely
unknown. Thus, we began to search for proteins that bind to and activate TRAF6. We have identified TIFA, a TRAF-
interacting protein with a forkhead-associated (FHA) domain. The FHA domain is a motif known to bind directly to
phosphothreonine and phosphoserine. In transient transfection assays, TIFA activates NFxB and JNK. However, TIFA
carrying a mutation that abolishes TRAF6 binding or mutations in the FHA domain that are known to abolish FHA
domain binding to phospho-peptide fails to activate NFxB and JNK. TIFA, when overexpressed, binds both TRAF6
and IRAK-1 and significantly enhances the IRAK-1/TRAF®6 interaction. Furthermore, analysis of endogenous proteins
indicates that TIFA associates with TRAF6 constitutively, whereas it associates with IRAK-1 in an IL-1 stimulation-
dependent manner iz vivo. Thus, TIFA is likely to mediate IRAK-1/TRAF6 interaction upon IL-1 stimulation. These
results suggest that TIFA may be involved in signaling that leads to the development of skin appendices. In such a
case, TIFA could be important target molecule for drugs that affect skin condition. Inhibition of TIFA or TRAF6 may
reduce the number of hair follicles. In contrast, activation of TIFA or TRAF6 may increase their number. Thus, TIFA

and TRAF®6 could be target molecules for developing compounds that could used by hairy or bald-headed persons.
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TIFA contains an FHA domain and activates NFxkB and JNK. (A) Diagram of the overall structure of

TIFA and alignment of the FHA domain of TIFA with that of other proteins. Amino acids identical or similar in
least six proteins are indicated by gray boxes. Asterisks indicate amino acids selected for site-directed mutagen-
esis. (B) Multiple-tissue Northern blot. A mouse multiple-tissue Northern blot (Clontech) was probed with a cDNA
fragment of mouse TIFA (upper) or B-actin (lower). (C) Activation of NFxB by TIFA. HEK293T cell were trans-
fected with 1 ng of 3xkB-luc or 3xMkB-luc (mutant kB sites), 10 ng of -actin--gal and the indicated amounts of
TIFA expression plasmid. Thirty-six hours after transfection, luciferase assays were performed. The results shown
are the mean of duplicate experiments. (D) Activation of JNK by TIFA. HEK293T cells were transfected with 10
ng of pEF-T7-JNK and the indicated amounts of pME-FLAG-TIFA. Thirty-six hours after transfection, His-JNK
was immunoprecipitated with anti-T7 antibody. Immunoprecipitates were subjected to an in vitro kinase assay us-
ing GST-Jun as a substrate. The results shown were representative of duplicate experiments.



ENFHS DL o7z (Fig. 3A). & SITHE 4 DRIZERAK
ZHOWTHE L2 ZABCHESREBIZIEFHA X1 &
CRAAL VAN EDHLETINIZREZL RO NFB
2 JNK o ifitEfbig & — 3k L 7= (Fig. 2C, 3A). Al &,
TIFA ® HCHEATED TRAF6 DG LICLETH B Z &
MR R E N7z, & T A G50ES66A ZE BRI BN T
NF«xB % JNK OiFHALREDS 2 oIl HOERTEYRH 5 2
L5, HIZ TRAF6 L#A L THLHEAT 2O TIE T4

XEFRL72OKBH T TIFA &% 0 G50ES66A % 5
ko) CF Y NT U ERB BB L
Superdex75 7V A# A 5 L THNT L7z (Fig. 3B)o 20
fEk. TIFA OBARA 3 ERICHYTLIREZDETA
W SN2 DIk LT G50ES66A 28 #AkIZ 5 #1ikdH 5
WIZ 6 BKICHINTAREZXDEZAIZER SR, #to
T TRAF6 OiEMALIZIE TIFA @ 3 B ARERSLETH
DZENLY B REIVEAERLIEK L 72851213 TRAF6 %

THRWIEPHELNE Lo, T THCEAKDOKE WL TE LW EEZ 5N,
x
A B égo
147 104 184 T & O é(,,g
FHEA " Q “ 7
(i@ N JFHA] C | GST-TIFA /\\ s 4?‘?0 é? Q7
5566666 & &
(<1l N [FHA] GST-N-FA TITTTTCO T T we
, WB: T
FLAG-TRAF6 " — anti-FLAG
QST GST-N — ! pull-down
FLAG-TRAFE i e el (i | /G
GST-FA-C
kDa g
o o, e Hysate
GST-FA GST-TIFA - w“£ anti-GST
mutants 29 B - i -
GST-C -
Fold activation
asT-asoeseea  C 1 10 20 30
o N TFRAT ] gsTTIrA
| GST-E178A GST-N-FA
S GST-N
< B GST-FA-C
A U GST-FA
mTIFA 174 SSPSEMDE 181 GST-C
hTIFA 174 SSPTEMDE 181 GST-G50ES66A NFxB
hCD40 231 QEPQEINF 238 GST-E178A
hRANK 342 QMPTEDEY 349
hIRAK 702 QGBEESDE 709
Consensus  xxPxExx%Y D JNK FLAG-TIFA
& wt E178A G50ES66A
O
< 011 011 01 1 pug
GSTcJun = D @ = e
T7-NK s QDG aDea
Fold activation: 1.0 2.8 6.0 1.4 1.3 1.2 1.3
Figure 2 Both the TRAF6 binding site and the intact FHA domain are required for TIFA-induced activation

of NFxB and JNK. (A) Structure of TIFA and its mutants and alignment of TRAF6 binding sites. (B) Identifi-
cation of the TRAF6 binding site in TIFA. HEK293T cells were cotransfected with pME-GST-TIFA or pME-
GST-TIFA mutant and pME-FLAG-TRAF6. Thirty-six hours after transfection, cell lysates were subjected to
GST pull-down assay. (C) Activation of NFxB by TIFA mutants. HEK293T cell were transfected with 1 ng
of 3xxB-luc or 3xMxB-luc (mutant kB sites), 10 ng of B-actin-p-gal and 5 ug of expression plasmid for TIFA
or its mutants. Thirty-six hours after transfection, luciferase assays were performed. Results shown are the
mean * sd of triplicate experiments and are representative of two independent experiments. (D) Activation
of JNK by TIFA mutants. HEK293T cells were transfected with 10 ng of pEF-T7-JNK and the indicated
amounts of expression plasmid for TIFA or its mutants. Thirty-six hours after transfection, His-JNK was im-
munoprecipitated with anti-T7 antibody. Immunoprecipitates were subjected to in vitro kinase assay using
GST-Jun as a substrate. The results shown are representative of duplicate experiments.
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Fig. 3 Self-association of TIFA. A, Identification of the domain required for TIFA self-association. GST-TIFA
or its mutants were coexpressed with FLAG-TIFA or FLAG-G50ES66A in HEK293T cells. GST pull-down
assays were performed, and coprecipitated FLAG-TIFA was analyzed by Western blotting with anti-FLAG
antibody. B, Oligomer formation of recombinant TIFA protein and that of mutant TIFA protein. MBP-TIFA
(24 ug, upper) or MBP-TIFA-G50ES6G6A (lower) was cleaved with 2.4 U of PreScission Protease (GST-3C)
at 4°C for 4 hr. The reaction mixture was applied to a Superdex 75 column, and fractions (20 ul) were col-
lected. Fractions were analyzed on 10% polyacrylamide-SDS gel and proteins were visualized by coomassie
brilliant blue staining. Arrows indicate the elution profile of the molecular-weight marker proteins (158 kDa,
y-globulin; 44 kDa, ovalbumin; 17 kDa, myoglobin) and the position of the void volume.
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Figure 4 TIFA enhances the association of TRAF6 and Figure 5 Interaction of TIFA with TRAF6 and IRAK-1 in

IRAK-1. (A) Interaction of TIFA with IRAK-1. HEK293T cells
were cotransfected with pME-GST-TIFA, pME-GST-TIFA
mutant or pME-GST and pEF-IRAK-1. Thirty-six hours after
transfection, cell lysates were subjected to GST pull-down
assay. (B) TIFA links TRAF6 to IRAK-1. HEK293T cells were
cotransfected with 0.2 ug of pME-FLAG-TRAF6 and/or pEF-
IRAK-1 and increasing amounts of pME-Myc-TIFA. FLAG-
TRAF6 was immunoprecipitated with anti-FLAG antibody.

vivo. (A) Interaction of TRAF6 with TIFA in 70Z pre-B cells.
Lysates prepared from 70Z cells with (+) or without (-) IL-1
stimulation (20 ng/ml, 5 min) were immunoprecipitated with
either anti-TIFA, control rabbit 1gG or anti-TRAF6 antibody.
Immunoprecipitates were analyzed by Western blotting with
anti-TIFA, anti-IRAK and anti-TRAF6 antibodies. Lysates
prepared from HEK293T cells transfected with pME-TIFA
or control vector were analyzed on identical gels. Open and
solid arrowheads indicate the Ig light chain and non-specific
bands, respectively. (B) IL-1 stimulation-dependent interaction
of TIFA and IRAK-1 in MEF cells. Wild-type MEFs were in-
fected with retrovirus expressing FLAG-TIFA or control virus.
Both types of MEFs were unstimulated (-) or stimulated (+)
with IL-1 (20 ng/ml, 5 min). Anti-FLAG antibody immunopre-
cipitates were analyzed by Western blotting with anti-IRAK
antibody. Solid arrowhead indicates lIg light chain. Lysates
were also subjected to immunoblotting directly to analyze
IRAK-1 expression.
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Figure 6 TIFA functions upstream of TRAF6 and downstream of IRAK-1. (A) HEK293T cells or HepG2 cells
were transfected with 3xkB-luc and increasing amounts (0, 3 or 10 ug) of pME-GST-G50ES66A. Thirty
hours after transfection, cells were either stimulated with TNFo(10 ng/ml, HEK293T) or IL-1 (20 ng/ml,
HepG2) for 6 hr. (B, C) HEK293T cells were transfected with an expression plasmid encoding one of the
NF«B activators including MyD88, IRAK-1, TAK1/TAB1 or TRAF6 in the presence of increasing amounts
(0, 3 or 10 ug) of pME-GST-G50ES66A. (D, E) HEK293T cells were transfected with 0.1 pg of pME-TIFA
in the absence or presence of expression vector encoding MyD88(152-296), IRAK-1(1-211), TRAF6(275-
530), TAK1(K63W) or Ubc13(C87A). Thirty-six hours after transfection, luciferase activity was measured.
Relative values in which the fold activation in the absence of each dominant-negative mutant was set to
100 (A, B, D, E) or in which the luciferase activity with reporter alone was set to 1 (C) are shown. Results
shown are the mean + sd of triplicate experiments and are representative of two independent experiments.
(F) hypothesis of the TIFA-mediated signal pathways.
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