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nfection with bacterial pathogens often induces host inflammatory responses (1),

which are initiated by the recognition of microbial products, collectively known as
pathogen-associated molecular patterns (PAMPs). PAMPs are recognized by Toll-like
receptors (TLRs) or cytosolic NOD-like receptors (NLRs) (1, 2), which activate nuclear
factor kB (NF-kB) and mitogen-activated protein kinases (MAPKs) and induce the
production of proinflammatory cytokines critical for host defenses (3, 4). To overcome
host defenses, some pathogens have developed strategies to dampen the host innate
immune response by inactivating MAPKs or NF-«B signaling. For instance, the Shigella
flexneri phosphothreonine lyase OspF, which is injected into host cells by a type llI
secretion system (T3SS), inactivates the innate immune response by dephosphorylating
MAPKs (5). The Yersinia protein YopJ/YopP, a T3SS effector protein containing both
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deubiquitinating and acetyltransferase activities, inhibits the activation of NF-«B and
prevents MAPK phosphorylation (6-8).

Bacterial pathogens also trigger host inflammatory responses so as to gain access to
essential nutrients and compete with the intestinal microbial flora during infection.
Salmonella enterica serovar Typhimurium (9), a causative agent of food poisoning,
stimulates innate immune responses in cultured epithelial cells with the T3SS effector
proteins SopE, SopE2, and SopB (10). Our previous observations of tumor necrosis
factor receptor-associated factor 6 (TRAF6)-mediated ubiquitination of SopB point to
the importance of TRAF6 during S. Typhimurium infection (11, 12). TRAF6 is a unique
member of the TRAF family that contains E3 ubiquitin ligase activity (13). TRAF6 plays
a crucial role in mediating the signals from the tumor necrosis factor (TNF) receptor
superfamily and the interleukin-1 receptor (IL-1R)/TLR superfamily (14). Upon bacterial
infection, TRAF6 has been shown to mediate the activation of MAPKs and NF-«B
downstream of MyD88 in IL-1/TLR signaling (15, 16). In addition to NF-kB and MAPKSs,
signal transducer and activator of transcription 3 (STAT3) plays an important role in host
inflammatory responses. STAT3 belongs to a family of transcription factors that trans-
duce cellular signals from a number of cytokines and soluble growth factors, such as
IL-6 family cytokines, epidermal growth factor (EGF), and platelet-derived growth factor
(PDGF) (17). Following activation, STAT3 is phosphorylated before its dimerization in
the cytoplasm. Then the dimerized protein moves from the cytosol to the nucleus to
initiate target gene transcription (18). STAT3 is found to be activated by certain
pathogens. For example, Helicobacter pylori activates STAT3, which plays an important
role in gastric carcinogenesis (19). In the case of S. Typhimurium, STAT3 is activated,
subsequently reprogramming gene expression in epithelial cells, converting host cells
to a metabolic state that is conducive to the intracellular replication of Salmonella (20).
However, the mechanisms of STAT3 activation by S. Typhimurium remain unclear. Here
we report a previously unidentified ubiquitination-dependent activation of STAT3 that
is mediated by TRAF6. This function of TRAF6 is initiated by the Salmonella pathoge-
nicity island 1 (SPI-1) T3SS effectors SopB and SopE2 from S. Typhimurium.

RESULTS

S. Typhimurium SPI-1 T3SS effectors trigger TRAF6 ubiquitination. Since TRAF6
plays a critical role in integrating multiple upstream receptor signals to induce down-
stream activation of transcription factors during bacterial infection (21), we examined
the responses of TRAF6 to bacterial pathogens. First, we infected cultured wild-type
(WT) mouse embryonic fibroblasts (MEFs) with various pathogens, including S. Typhi-
murium, Shigella flexneri, Listeria monocytogenes, and Staphylococcus aureus. Significant
portions of modified TRAF6 were observed in cells infected with S. Typhimurium at a
multiplicity of infection (MOI) of 10 at 8 and 16 h postinfection, whereas the mobility
of TRAF6 remained unchanged for the other three pathogens during the same periods
(Fig. TA). As a consequence, the total amount of TRAF6, including both modified and
unmodified TRAF6, was found to be significantly increased by S. Typhimurium at 8
and 16 h postinfection when measured by Image) and normalized to values for
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (Fig. 1B). Simultaneously, modi-
fication of TRAF6 was found to be a general response to S. Typhimurium, since
analogous observations were made in intestinal epithelial Henle-407 cells and mouse
RAW 264.7 macrophages, although the chains of TRAF6 modification seemed to differ
in different cell types (Fig. 1C). As in the MEFs for which results are shown in Fig. 1B, the
total amounts of TRAF6 in both Henle-407 cells and mouse RAW 264.7 macrophages
were increased by S. Typhimurium (Fig. 1D).

To further exploit this TRAF6-involved infection strategy by S. Typhimurium, we
employed MEFs as the host cells for further investigation, since we had our own line of
Traf6—/— MEFs. It has been shown previously that TRAF6 undergoes autoubiquitination
(22). To determine whether the changes in TRAF6 mobility caused by S. Typhimurium
were due to ubiquitination, we infected Traf6 /= MEFs with S. Typhimurium for 8 h.
TRAF6 was immunoprecipitated and was detected using anti-ubiquitin via Western
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FIG 1 S. Typhimurium induces the modification of TRAF6. (A) Induction of TRAF6 modification in MEFs
by S. Typhimurium, Shigella flexneri, Listeria monocytogenes, and Staphylococcus aureus. Cultured MEFs
were infected with equal amounts of bacteria at an MOI of 10 for 1 h. The infected cells were then chased
in the presence of gentamicin and were lysed at the indicated times. The proteins of the infected cells
were then separated and subjected to Western blot analysis with rabbit anti-TRAF6, using anti-GAPDH
as a loading control. The asterisk indicates the predicted mobility of unmodified TRAF6. (B) Quantified
ratio of total TRAF6 to GAPDH (from panel A). Each band was measured with ImageJ, and measurements
were normalized to GAPDH values. Values are means (= SD) for three independent experiments. Single
and double asterisks indicate statistically significant differences (P < 0.05) in the ratios of TRAF6 to
GAPDH within Henle-407 cells and RAW 264.7 cells, respectively, from the values for uninfected cells as
determined by Student'’s t test.

blotting. To better separate unmodified and modified TRAF6, we ran immunoprecipi-
tated TRAF6 on a 7.5% SDS-PAGE gel for a longer time than that used for whole-cell
lysate (WCE) separations (for which a 10% SDS-PAGE gel was used). As shown in Fig. 2A,
ubiquitinated TRAF6 was readily detected in S. Typhimurium-infected Traf6+/~MEFs,
confirming that the observed change in TRAF6 mobility was due to ubiquitination.
Moreover, we infected Traf6™/* and Traf6—/— MEFs with S. Typhimurium. As shown in
Fig. S1 in the supplemental material, both ubiquitinated TRAF6 and unmodified TRAF6
were robustly visualized in the anti-TRAF6 immunoblot from Traf6+/* MEFs, while no
signals were detected from the Traf6 =/~ MEFs, demonstrating the specific responses of
TRAF6 upon S. Typhimurium infection.

We next investigated whether S. Typhimurium T3SS effectors are involved in TRAF6
ubiquitination. As shown in Fig. 2B, TRAF6 ubiquitination was strictly dependent on the
T3SS, since TRAF6 ubiquitination was abolished in S. Typhimurium AinvA, a T3SS-
defective mutant (23), in contrast to WT S. Typhimurium. Since we showed previously
that SopB interacts directly with TRAF6 (11), we reasoned that SopB may be responsible
for TRAF6 ubiquitination. We found that deletion of SopB decreased TRAF6 ubiquiti-
nation but did not eliminate it (Fig. 2B), suggesting that SopB is not the only factor
involved in TRAF6 ubiquitination upon S. Typhimurium infection. Due to the well-
known cooperation of SPI-1 T3SS effectors SopE and SopE2 with SopB (10, 20), we also
examined the effects of SopE and SopE2 on TRAF6 ubiquitination. However, upon
screening the genome, we found that SopkE is totally absent in S. Typhimurium strain
LT2 (GenBank accession no. NC_003197.1). Thus, we constructed a AsopE2 mutant and
a AsopB AsopE2 double mutant in S. Typhimurium strain LT2. We found that TRAF6
ubiquitination was decreased upon infection with the AsopE2 mutant but was com-
pletely abolished upon infection with the AsopB AsopE2 mutant (Fig. 2B), suggesting
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FIG 2 S. Typhimurium T3SS effector-dependent ubiquitination of TRAF6. (A) TRAF6 is ubiquitinated upon
S. Typhimurium infection. Traf6+/* MEFs were infected with S. Typhimurium for 8 h. (Left) The presence
of ubiquitinated TRAF6 [TRAF6-(Ub)n] in the infected cells was analyzed by immunoprecipitation (IP) with
rabbit anti-TRAF6 and Western blotting (7.5% SDS-PAGE gels) (IB) with mouse anti-TRAF6 or mouse
anti-ubiquitin. (Right) Whole-cell lysates (WCE) were probed on Western blots from 10% SDS-PAGE gels
with rabbit anti-TRAF6, mouse anti-ubiquitin, and anti-GAPDH (as a loading control). (B) Dependence of
TRAF6 ubiquitination on the S. Typhimurium effectors SopB and SopE2. Cultured Traf6*/+ MEFs were
infected with wild-type S. Typhimurium or the AsopB, AsopE2, AsopB AsopE2, or AinvA mutant at an MOI
of 10 for 1 h, followed by Western blotting with rabbit anti-TRAF6. (C) Quantification of the ratio of total
TRAF6 to GAPDH (from panel B). Values are means (* SD) for three independent experiments. Single or
double asterisks indicate statistically significant differences (P < 0.05) between the wild type (WT) and
the AsopB mutant or between the WT and the AsopE2 mutant, respectively, using two-way analysis of
variance (ANOVA) with Prism software. (D) Traf6+/* MEFs either were not infected (n.i.) or were infected
with the indicated S. Typhimurium mutant expressing Yersinia pseudotuberculosis invasin protein at an
MOI of 50 or with wild-type S. Typhimurium at an MOI of 10 for 1 h, followed by Western blotting with
rabbit anti-TRAF6, using anti-GAPDH as a loading control.

that both SopB and SopE2 are required for TRAF6 ubiquitination. In accordance with a
significant decrease in TRAF6 ubiquitination, the total amount of TRAF6 upon infection
with the AsopB or AsopE2 mutant was smaller than that with wild-type S. Typhimurium
(Fig. 2C). Deletion of invA or dual deletion of sopB and sopE2 drastically reduced the
total amount of TRAF6 from that in wild-type S. Typhimurium-infected cells. However,
it is hard to ascertain on the basis of our present results whether the effectors SopB and
SopE2 induce the expression of TRAF6 during S. Typhimurium infection, since protein
levels are determined by multiple factors, such as mRNA expression and protein
degradation. Even the subcellular shift of posttranslationally modified protein from the
primary position of synthesis might stimulate the production of protein. Although our
present results indicate that SopB and SopE2 significantly stimulated the increase in
TRAF6 ubiquitination during S. Typhimurium infection, much further work is necessary
to clarify how the expression of TRAF6 is regulated by S. Typhimurium infection.

To test whether TRAF6 ubiquitination was due to extracellular or intracellular
bacteria, we expressed the Yersinia pseudotuberculosis invasin protein in the invasion-
defective S. Typhimurium AinvA and AsopB AsopE2 mutants. The Yersinia invasin
protein is known to mediate the invasion of bacteria via the «,f3, integrin receptors
(24). Meanwhile, to ensure comparable intracellular bacterial numbers for the invasin-
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FIG 3 The absence of TRAF6 inhibits the phosphorylation of MAPKs, the activation of NF-«B, and the
phosphorylation of STAT3 upon S. Typhimurium infection. (A and B) Infected cells were analyzed by
Western blotting with antibodies against MAPKs and IkBa (A) or against STAT3 and the phosphorylated
forms of STAT3 (pY705 and pS727) (B). Tubulin was detected as a loading control. (C) Quantification of
the fold activation of STAT3-pY705 and STAT3-pS727 (relative to levels in uninfected cells). Values are
means (+ SD) for three independent experiments. Asterisks indicate statistically significant differences
(P < 0.05) from the values for Traf6*/* cells as determined by Student’s t test.

expressing mutants and wild-type S. Typhimurium, the MOI of these mutants were
elevated nearly 5-fold over that of wild-type S. Typhimurium during infection. This
manipulation is due to a lower level of invasion by the invasin-expressing strains than
by wild-type S. Typhimurium (data not shown). Despite the presence of equivalent
numbers of intracellular bacteria in the AinvA or AsopB AsopE2 mutant (see Fig. S2 in
the supplemental material), the expression of invasin did not rescue the defect in TRAF6
ubiquitination observed in wild-type MEFs (Fig. 2D). Taken together, these results
suggest that S. Typhimurium triggers TRAF6 ubiquitination through the SPI-1 T3SS
effectors SopE2 and SopB.

TRAF6 mediates ubiquitination-dependent STAT3 phosphorylation induced by
S. Typhimurium. To determine the biological function of TRAF6, we examined the
activation of three signaling pathways known to be responsible for the regulation of
host transcriptional responses upon S. Typhimurium infection: MAPKs, NF-kB, and
STAT3. We found that deletion of TRAF6 in Traf6—/— MEFs abolished the constitutive
phosphorylation of extracellular signal-regulated kinase (ERK) and p38 and the activa-
tion of NF-kB as measured by |kBa degradation, which were observed in Traf6™/+ MEFs
(Fig. 3A). Moreover, the activation of nearly all of the MAPKs and NF-kB was decreased
by various degrees in Traf6—/— MEFs in the early phase of infection. However, the
impact of the absence of TRAF6 on MAPKs and NF-«B gradually disappeared with
prolonged infection times, though at various time points for different MAPKs. For
instance, analogous levels of phosphorylated ERK, phosphorylated p38, and phosphor-
ylated Jun N-terminal protein kinase (JNK) were reached for wild-type Traf6*/* and
Traf6—/— MEFs at 4 h, 8 h, and 16 h postinfection, respectively. In addition, analogous
NF-kB activation was observed at 8 h postinfection. In summary, these results indicate
that the absence of TRAF6 led to delays in the activation of MAPKs and NF-«B but did
not abolish their activation. Ultimately, all the MAPKs and NF-«kB reached a plateau
independently of the function of TRAF6.

Distinct from the effects on MAPKs and NF-«B, TRAF6 deletion substantially dimin-
ished STAT3 phosphorylation in Traf6 '~ cells relative to the robust induction of STAT3
phosphorylation at Y705 at 8 to 16 h postinfection and at S727 at 2 h postinfection in
Traf6+/+ cells (Fig. 3B and C). As has been well established, the phosphorylation of
STAT3 at position S727 and its phosphorylation at position Y705 are induced and
regulated independently (25). Therefore, the decreases in ERK and JNK phosphorylation
that occur in the absence of TRAF6 may explain the inhibition of STAT3 S727 phos-
phorylation in Traf6—/— MEFs infected with S. Typhimurium. However, in contrast to
STAT3 S727 phosphorylation, STAT3 Y705 phosphorylation coincided with TRAF6 ubig-
uitination, which is initiated by SPI-1 T3SS effectors SopB and SopE2 (as shown in Fig. 2).
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Moreover, the phosphorylation of STAT3 was previously shown to be induced by SopB
and SopE2 (20), suggesting an underlying correlation between TRAF6 and STAT3
phosphorylation at Y705.

STAT3 is phosphorylated before its entrance into the nucleus to regulate target
gene transcription (18). To confirm TRAF6-dependent STAT3 phosphorylation during S.
Typhimurium infection, we performed immunofluorescence assays to visualize STAT3-
pY705 in cells. We found that nearly 70% of the Salmonella-infected Traf6™/* MEFs
stained positive for STAT3-pY705 (green), which colocalized with the nucleus (blue) at
8 h postinfection; in contrast, only approximately 17% of Traf6—/— MEFs were positive
for STAT3-pY705, though with only small amounts of green staining (see Fig. S3A and
B in the supplemental material). It was shown previously that effector-driven STAT3
phosphorylation plays a central role in the modulation of host gene expression to
promote Salmonella-induced filament (SIF) formation and Salmonella-containing vacu-
ole (SCV) maturation in the late stages of infection (20); thus, we measured S. Typhi-
murium replication within Traf6 '+ and Traf6 —/— MEFs. We found that S. Typhimurium
replication was significantly lower in Traf6 =/~ cells than in Traf6*/*+ cells (Fig. S3C),
confirming the involvement of TRAF6 in STAT3 phosphorylation during S. Typhimurium
infection. To examine whether the differences in bacterial burden between Traf6*/+
and Traf6—/— cells led to different STAT3 phosphorylation by S. Typhimurium, we used
chloramphenicol, a bacterial protein synthesis inhibitor, to impede the intracellular
replication of the bacteria. Since equal numbers of intracellular bacteria were observed
in Traf6*/* and Traf6—/— MEFs after 1 h of infection (Fig. S3C), we chose to add
chloramphenicol to the medium at this point. We found that robust STAT3 phosphor-
ylation was readily detected in Traf6 /" cells after 8 and 16 h of infection (see Fig. S4
in the supplemental material), a finding consistent with the results seen in Fig. 3B,
where no chloramphenicol was present. These results indicate that the SopB and SopE2
effectors delivered early in infection play a vital role in STAT3 phosphorylation, al-
though a proportion of newly synthesized effector proteins could be translocated
during the late stage of infection. These results are consistent with the manner of STAT3
activation revealed by Hannemann et al. (20). Meanwhile, significantly weaker STAT3
phosphorylation was observed in Traf6 =/~ cells than in Traf6™/* cells in the presence
of chloramphenicol (Fig. S4), taking into account the TRAF6-dependent STAT3 phos-
phorylation achieved through more-extensive replication of S. Typhimurium in Traf6+/*
MEFs than in Traf6—/— MEFs. Taken together, these results suggest that TRAF6 mediates
STAT3 phosphorylation during S. Typhimurium infection.

Next, we investigated whether STAT3 is ubiquitinated by TRAF6 because TRAF6
possesses E3-ubiquitin ligase activity (13). Polyubiquitinated STAT3 was readily de-
tected 2 h after S. Typhimurium infection (Fig. 4A, left). The amount of ubiquitinated
STAT3 gradually increased and reached its highest level at 8 h postinfection. In
comparison, little, if any, STAT3 ubiquitination was detected in Salmonella-infected
Traf6—/— MEFs (Fig. 4A, right), indicating a requirement for TRAF6 in the ubiquitination
of STAT3 during S. Typhimurium infection. To examine whether the E3-ubiquitin ligase
activity of TRAF6 is required for STAT3 ubiquitination and phosphorylation, we com-
plemented Traf6 =/~ MEFs with either wild-type TRAF6 or TRAF6 C70A, a RING mutant
lacking E3-ubiquitin ligase activity. We found that in contrast to wild-type TRAF6, the
C70A mutant failed to restore either STAT3 ubiquitination or STAT3 phosphorylation
after 8 h of infection (Fig. 4B). Meanwhile, the number of intracellular bacteria in
C70A-expressing Traf6—/— MEFs was significantly lower than that in cells expressing
wild-type TRAF6 (Fig. S3D). These data suggest that STAT3 ubiquitination and phos-
phorylation depend on the E3-ubiquitin ligase activity of TRAF6. To test the formation
of a TRAF6-mediated polyubiquitin chain on STAT3, we first cotransfected HEK293T
cells with TRAF6 as well as K63-only or K48-only mutants of ubiquitin and then infected
these cells with S. Typhimurium for 8 h. Robust STAT3 polyubiquitination was visualized
in cells expressing both TRAF6 and K63-only ubiquitin at 8 h after infection by S.
Typhimurium, whereas relatively weak STAT3 polyubiquitination was detected in cells
expressing both TRAF6 and K48-only ubiquitin (see Fig. S5 in the supplemental
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anti-tubulin (as a loading control). (B) Importance of the TRAF6 C70 residue for S. Typhimurium-induced
STAT3 ubiquitination and phosphorylation. Traf6 =/~ MEFs were transfected with either mock plasmids
(Vector), pcDNA4-FLAG-TRAF6 (WT), or pcDNA4-FLAG-TRAF6 C70A (C70A) for 24 h before infection with
S. Typhimurium for 8 h. STAT3 was immunoprecipitated as described for panel A, and the phosphory-
lation of STAT3 was detected as for Fig. 3B.
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material). These data suggest that during S. Typhimurium infection, STAT3 is ubiquiti-
nated with lysine-63-linked polyubiquitin chains.

STATs share a highly conserved structure with five functional domains: an NH-
terminal coiled-coil domain, a DNA-binding domain, a linker domain, an Src homology
2 (SH2) domain, and a trans-activation domain (26). Among these, the SH2 domain is
necessary for STAT3 binding to membrane receptors and subsequent phosphorylation
(27). To clarify the dependence of STAT3 ubiquitination on the SH2 domain, we
coexpressed TRAF6 with wild-type STAT3 or a STAT3 ASH2 mutant (devoid of the SH2
domain) in HEK293T cells, followed by S. Typhimurium infection. As shown in Fig. 5A,
TRAF6 expression failed to promote the ubiquitination of the STAT3 ASH2 mutant, in
contrast to wild-type STAT3. To analyze the lysine residues within the SH2 domain for
possible ubiquitination sites (Fig. 5B), we mutated all six lysine residues (Lys548, Lys551,
Lys557, Lys573, Lys574, and Lys591) within the SH2 domain to Ala [the K(1-6)A mutant].
We found that STAT3 ubiquitination and phosphorylation were substantially abolished
in the STAT3 K(1-6)A mutant (Fig. 5C), suggesting that ubiquitination within the SH2
domain of STAT3 is essential for STAT3 phosphorylation. Since the first step of STAT3
phosphorylation is its recruitment to the membrane, we investigated whether STAT3
ubiquitination is vital for membrane recruitment. As shown in Fig. 5D and in Fig. S6 in
the supplemental material, only 0.08% of the STAT3 K(1-6)A mutant was recruited to
the membrane even when coexpressed with TRAF6, in contrast to 68.2% of wild-type
STAT3. Simultaneously, the phosphorylation of STAT3 in the membrane was greatly
diminished, demonstrating the role of STAT3 ubiquitination in membrane recruitment
and phosphorylation. Moreover, we compared the subcellular localizations of STAT3 in
Traf6™/+ and Traf6=/— MEFs. The results in Fig. S7 in the supplemental material
indicated that both STAT3 and phosphorylated STAT3 were acquired from the plasma
membrane fractions in the presence of TRAF6 in wild-type MEFs. However, neither
STAT3 nor phosphorylated STAT3 was detected in Traf6=/— MEFs, further confirming
the dependence of STAT3 membrane recruitment and subsequent phosphorylation on
TRAF6-catalyzed STAT3 ubiquitination. Thus, we concluded that TRAF6 ubiquitinates
STAT3 within its SH2 domain and that this step is required for STAT3 recruitment and
phosphorylation upon S. Typhimurium infection.

TRAF6 ubiquitination is required for STAT3 phosphorylation upon S. Typhimu-
rium infection. Previously, the SPI-1 T3SS effectors SopE, SopE2, and SopB were shown

August 2017 Volume 85 Issue 8 €00081-17

Infection and Immunity

iaiasm.org 7


http://iai.asm.org

Ruan et al.

A Anti-FLAG Beads B

FLAG-STAT3 WT ASH2 1 2 3
0 8 0 8 Infection time (hr) GCQITWAKFCKENMAGKGFSFWVWLDNIID

Da LV%!éYILALWNEGYIMGFISé(ERERAILST
e 170
g 130 & STAT3-(Ub),
S 95 ==
2 72_“--- STAT3 [ ] WT STAT3
= 1 541 600 710
95
72
WCE
WT ASHZ C Anti-FLAG Beads
0 8 0 8 Infection time (hr) FLAG-STAT3 _ WT K(1-6)A
95 s 0 2 4 816 0 2 4 8 16lnfectiontime (hr)
|- | FLAG-STAT3 kDa 3
- :
55— Tubulin 7 _|sTAT3-(UD),
[
+ + + + HA-TRAF6 2 STATS
+ +* - - FLAG-STAT3WT 22
- * % FLAG-STAT3 ASH2 -
130 —
951 ....” |STAT3-pY705
D Total Mem 72
kg_Dsa 8 8 8 8 Infection time (hr) WCE
72— |™® @ ==| STAT3-pY705 wT K(1-6)A
95 02 48160 2 4 816
3 | [E—rLAC-STAT:
Zg A A-TRAFG 72

= 43
55— Tubulin

+ + + HA-TRAF6

-+ - FLAG-STAT3 WT

+ -+ FLAG-STAT3 K(1-6)A

FIG 5 Mutation of lysines within the SH2 domain abolishes STAT3 ubiquitination. (A) Ubiquitination and
phosphorylation of FLAG-STAT3 or FLAG-STAT3 ASH2 when cotransfected with HA-TRAF6 into HEK293T
cells for 24 h before infection with S. Typhimurium for 8 h. FLAG-STAT3 or FLAG-STAT3 ASH2 was pulled
down using anti-FLAG M2 magnetic beads and was then analyzed with rabbit anti-STAT3 and rabbit
anti-STAT3-pY705. WCEs were probed with mouse anti-FLAG and rabbit anti-tubulin (as a loading control).
(B) Diagram indicating the locations of lysine residues within the SH2 domain of STAT3. (C) Effects of
mutations in the STAT3 SH2 domain lysine residues on STAT3 ubiquitination and phosphorylation.
FLAG-STAT3 or FLAG-STAT3 K(1-6)A was cotransfected with HA-TRAF6 into HEK293T cells for 24 h before
infection with S. Typhimurium for the indicated times. FLAG-STAT3 was pulled down and detected as
described for panel A. (D) Effects of mutations in the STAT3 SH2 domain lysine residues on STAT3
membrane localization and phosphorylation. FLAG-STAT3 or FLAG-STAT3 K(1-6)A was cotransfected with
HA-TRAF6 into HEK293T cells for 24 h before infection with S. Typhimurium for 8 h. WCE and plasma
membrane (Mem) fractions were analyzed by Western blotting with the indicated antibodies.

I

to be required for STAT3 phosphorylation during S. Typhimurium infection (20). In
agreement with these findings, deletion of sopB decreased, and double deletion of sopB
and sopE2 completely abolished, the activation of STAT3 observed for wild-type S.
Typhimurium LT2 at 8 and 16 h postinfection (see Fig. S8A and B in the supplemental
material). However, until now, it was not clear whether TRAF6 ubiquitination induced
by SopB and SopE2 was important for STAT3 ubiquitination and phosphorylation or if
it served only as a hallmark of E3 ubiquitin ligase activation. Thus, we mutated TRAF6
Lys124, an essential site for TRAF6 autoubiquitination (28), to Ala and found that
ectopic expression of the K124A mutant in Traf6—/— MEFs not only dramatically
impaired TRAF6 ubiquitination but simultaneously decreased STAT3 ubiquitination and
phosphorylation from that with wild-type TRAF6 in response to S. Typhimurium infec-
tion (Fig. 6A and B), confirming the involvement of TRAF6 ubiquitination in STAT3
ubiquitination and phosphorylation induced by the SPI-1 T3SS effectors SopB and
SopE2.

DISCUSSION

It is well established that S. Typhimurium manipulates host cell gene expression
either by stimulating innate immune receptors with conserved bacterial products or
through SPI-1 T3SS effectors, which stimulate transcriptional responses independently
of innate immune receptor activation. In this study, we have defined an SPI-1 T3SS
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FIG 6 TRAF6 ubiquitination is important for the induction of STAT3 phosphorylation by S. Typhimurium.
(A) Importance of the TRAF6 K124 residue in STAT3 phosphorylation. Traf6=/~ MEFs were transfected
with mock plasmids, pcDNA4-FLAG-TRAF6, pcDNA4-FLAG-TRAF6 C70A, or pcDNA4-FLAG-TRAF6 K124A
for 24 h before infection with S. Typhimurium for 8 h. WCEs were probed with mouse anti-FLAG, rabbit
anti-pSTAT3 (Y705), rabbit anti-STAT3, or anti-GAPDH (as a loading control). (B) Quantification of the fold
activation of STAT3-pY705 (relative to that for Traf6—/~ MEFs expressing a mock plasmid). Values are
means (= SD) for three independent experiments. Asterisks indicate statistically significant (P < 0.05)
differences from the values for Traf6 =/~ MEFs expressing wild-type TRAF6 as determined by Student’s t
test. (C) Schematic representation. SPI-1 T3SS effectors SopB and SopE2 initiate the ubiquitination of
TRAF6 via the activation of Racl, Cdc42, and RhoG. TRAF6 catalyzes STAT3 ubiquitination, which is
essential for STAT3 membrane recruitment and subsequent phosphorylation. TRAF6 ubiquitination not
only acts as a hallmark of activation of ubiquitin ligase activity but also is involved in TRAF6-catalyzed
STAT3 ubiquitination. STAT3 phosphorylation modulates host gene expression to promote intracellular
bacterial replication.

effector-driven TRAF6-dependent regulation of STAT3 phosphorylation, which modu-
lates host transcriptional responses to adapt to invading bacteria. We found that unlike
Shigella flexneri, Listeria monocytogenes, and Staphylococcus aureus, S. Typhimurium
induces the ubiquitination of TRAF6 within host cells specifically through the T3SS SPI-1
effectors SopB and SopE2, suggesting that a distinct TRAF6-dependent strategy is used
by Salmonella.

SopB is a phosphatidylinositol 4-phosphatase and 5-phosphatase that promotes
Salmonella invasion by redundantly activating Rac I, Cdc42, and RhoG (29). SopE2 is a
known guanine nucleotide exchange factor (GEF) capable of activating Racl and Cdc42
(30). It is also known that S. Typhimurium SopB and SopE2 exert their function on STAT3
phosphorylation by redundantly activating Racl, Cdc42, and RhoG (20), and we have
demonstrated here that SopB and SopE2 initiate TRAF6 ubiquitination (Fig. 2). We have
also shown that TRAF6 ubiquitination is required for STAT3 phosphorylation (Fig. 6A).
Therefore, we hypothesize that SopB and SopE2 initiate TRAF6 ubiquitination via the
activation of Racl, Cdc42, and RhoG (Fig. 6C). In support of our hypothesis, TRAF6 is
found to be a ubiquitin ligase responsible for ubiquitination-dependent Akt phos-
phorylation (13), and SopB promotes Akt phosphorylation, which is induced by S.
Typhimurium via the Racl-phosphatidylinositol 3-kinase (PI3K) signaling pathway
(31). Additionally, SopE2 is reported to enhance the activity of TRAF6 in activating
NF-«kB-dependent transcription during S. Typhimurium infection (32). TRAF6 has also
been found to act downstream of the Racl/PI3K/Akt signaling cascade in TLR2 signaling
for nitric oxide production in chondrocytes (33), and Racl knockdown inhibits both the
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redox-dependent formation of a TRAF6-NF-kB-inducing kinase (NIK) complex and the
recruitment of both TRAF6 and NIK to IL-1R during NF-kB activation (34). Racl is
frequently found to interact with Myd88 and TRAF6 in IL-1R signaling, reactive oxygen
species (ROS) production in osteoclastogenesis, and TRANCE-mediated NF-«kB activa-
tion (35). All these findings supply evidence for an interaction between Racl and TRAF6,
further suggesting the possible involvement of Racl, Cdc42, and RhoG in SopB- and
SopE2-dependent TRAF6 ubiquitination.

Since TRAF6 is known to act downstream of the TLR superfamily (36), the loss of
TRAF6 might cause major decreases in TLR signaling. Therefore, STAT3 phosphorylation
could be reduced later in the infection, when the TLR-driven expression of IL-6 and
IL-10 (37), which activate STAT3 by autocrine/paracrine signaling (38), would be
blocked. However, this possibility has been excluded by Hannemann et al. (20); when
they treated uninfected cultured epithelial cells with supernatants obtained from S.
Typhimurium-infected cells at different times after infection, no detectable STAT3
phosphorylation was observed in these cells, showing that STAT3 activation is a
consequence of Salmonella infection that is independent of the autocrine or paracrine
pathways (20). Our examination of the function of TRAF6 with regard to STAT3 in S.
Typhimurium-infected cells has revealed that TRAF6 catalyzes the lysine-63-linked
polyubiquitination of STAT3 within the SH2 domain. Wei et al. argued previously that
TRAF6 catalyzes STAT3 ubiquitination upon alpha interferon (IFN-a) stimulation (39),
and they concluded that TRAF6 overexpression ubiquitinates STAT3 and depresses the
transcriptional activity of the STAT3-responsive promoter in response to IFN-a. How-
ever, they did not supply any details with regard to TRAF6-dependent STAT3 ubiquiti-
nation. In contrast to their conclusion, we regard TRAF6 as essential for STAT3 phos-
phorylation in response to S. Typhimurium infection. In our speculation, STAT3
ubiquitination might serve as a signal for STAT3 membrane recruitment and subse-
quent phosphorylation or as a platform for the binding of kinases or other factors vital
for STAT3 phosphorylation (Fig. 6C). With regard to kinases for STAT3 phosphorylation,
although Hannemann et al. (20) proved that PAK (p21-activated kinase) and Abl
tyrosine kinases are involved in a noncanonical phosphorylation of STAT3, it is not clear
whether there are other kinases that phosphorylate STAT3 aside from these enzymes or
whether ubiquitination-dependent STAT3 phosphorylation requires the participation of
PAK and Abl tyrosine kinases. Besides STAT3, a variety of proteins, such as the
mammalian target of rapamycin (mTOR) (40), IxB kinase (IKK) (41), SM22«a K21 (42),
glycogen synthase kinase 38 (GSK-3p) (43), Akt (13), and transforming growth factor 3
(TGF-B) type | receptor (TBRI) (44), have been reported to be ubiquitinated by TRAF6,
generating a nondegradative lysine-63-linked polyubiquitin chain prior to phosphory-
lation and activation. However, it is difficult to clarify whether STAT3 is a substrate of
TRAF6, due to the absence of direct evidence, such as an in vitro reconstitution study.

Concerted TRAF6 ubiquitination and the kinetics of STAT3 phosphorylation, both of
which are activated by the SPI-1 T3SS effectors SopB and SopE2, suggest that TRAF6
might serve as an infection-associated protein, providing a potential therapeutic target
against Salmonella. In support of our finding, TRAF6 was found to be translocated into
pathogen-containing vacuoles (PVs) (45) and was involved in the ubiquitin-dependent
labeling of PVs, which provide a safe haven for many intracellular bacterial pathogens
(46). In conclusion, we have described here a mechanism by which S. Typhimurium
T3SS effectors broaden their functions through the activation of host proteins in a
ubiquitination-dependent manner to modulate host transcriptional responses so as to
adapt host cells to the intracellular replication of bacteria.

MATERIALS AND METHODS

Bacterial strains, cells, growth conditions, cDNA constructs, and other reagents. Wild-type (WT)
S. Typhimurium LT2, as described in reference 5, was used in this study. AsopB, AinvA, AsopE2, and AsopB
AsopE2 mutants were constructed using the ARed recombination system as described in reference 47.
Shigella flexneri 2a strain 301, Listeria monocytogenes 10403S, and Staphylococcus aureus 0485 were
purchased from the China General Microbiological Culture Collection Center (CGMCC). The human
intestinal epithelial cell line (Henle-407), the RAW 264.7 cell line, and the HEK293T cell line were
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purchased from the American Type Culture Collection (ATCC). Wild-type Traf6+/* and Traf6=/— mouse
embryonic fibroblasts (MEFs) were generously donated by Jun-ichiro Inoue and Jin Gohda of the
University of Tokyo. All cells were cultured in antibiotic-free Dulbecco’s modified Eagle medium (DMEM;
Gibco) supplemented with 10% bovine fetal serum (FBS) at 37°C under a 5% CO, atmosphere.

DNA encoding the Yersinia pseudotuberculosis invasin (GenBank accession no. CNI21406.1) was
synthesized and subcloned into the pBAD24 vector. The S. Typhimurium AinvA and AsopB AsopE2 strains
were each transformed with pBAD24-invasin. The expression of invasin, which was under the control of
the arabinose-inducible araABC promoter in these S. Typhimurium strains, was induced by adding 100
mmol/liter arabinose to the medium. cDNA for TRAF6 or STAT3 was inserted into the pcDNA4-FLAG
vector for the expression of FLAG-tagged proteins as described in reference 48. cDNA for TRAF6 was
inserted into the pcDNA3-HA vector for the expression of hemagglutinin (HA)-tagged TRAF6 as described
in reference 48. The TRAF6 C70A, TRAF6 K124A, and STAT3 K(1-6)A point mutants were generated using
a QuikChange site-directed mutagenesis kit (Stratagene). The STAT3 ASH2 mutant was constructed in our
lab by two-step PCR using KOD-Plus high-fidelity DNA polymerase (Koyobo, Japan). The pcDNA3-K63-
only ubiquitin plasmid and the pcDNA3-K48-only ubiquitin plasmid were donated by H. Li from Xinan
University, as described in reference 49. All plasmids were verified by DNA sequencing.

Rabbit anti-phospho-ERK, rabbit anti-phospho-p38, rabbit anti-phospho-JNK, rabbit anti-ERK, rabbit
anti-p38, mouse anti-JNK, mouse anti-IkBe, rabbit anti-phospho-STAT3 (Y705), mouse anti-STAT3, and
rabbit anti-phospho-STAT3 (S727) antibodies, as well as Alexa Fluor 488-conjugated secondary rabbit
antibodies, were purchased from Cell Signaling Technology. Rabbit anti-TRAF6, chicken anti-GAPDH,
mouse anti-ubiquitin (K63 specific), mouse anti-ubiquitin (K48 specific), a secondary rabbit antibody, a
secondary mouse antibody, and a secondary chicken antibody were purchased from Millipore. Mouse
anti-FLAG and anti-FLAG M2 magnetic beads were purchased from Sigma. Rabbit anti-N-cadherin, rabbit
anti-STAT3, mouse anti-TRAF6, mouse-anti-ubiquitin, and rabbit anti-tubulin were purchased from Santa
Cruz Biotechnology. DAPI (4,6-diamidino-2-phenylindole) and gentamicin were purchased from Roche.
Pierce Sepharose A/G beads were purchased from Thermo Scientific.

Bacterial infections, transfection, and Western blotting. Cells at a confluence of 80% were starved
in FBS-deficient DMEM for 2 h. Starved cells were then infected with S. Typhimurium or with Shigella
flexneri, Listeria monocytogenes, or Staphylococcus aureus at an MOI of 10 for 1 h. The infected cells were
subsequently incubated with DMEM and 100 pg/ml gentamicin for 30 min. Finally, the infected cells
were washed once with prewarmed phosphate-buffered saline (PBS) and then incubated with DMEM and
10 pg/ml gentamicin until the harvest times. Transfection and Western blotting were performed as
described previously (11). Protein bands in images of Western blots were quantified with Image)
software.

Immunofluorescence microscopy. Traf6*/+ and Traf6 =/~ MEFs grown on glass coverslips were
infected with S. Typhimurium, washed once with prewarmed PBS, and fixed in 4% paraformaldehyde in
PBS for 15 min at 37°C before being permeabilized for 15 min with 0.3% Triton X-100 in PBS. Cells were
then washed five times with PBS and blocked with 2% normal goat serum in PBS for 1 h at room
temperature, followed by incubation at 4°C overnight with rabbit-anti-phospho-STAT3 (Y705). The next
day, after five washes with PBS, the cells were incubated with Alexa Fluor 488 (green)-conjugated
anti-rabbit secondary antibodies and DAPI for 2 h at room temperature before being washed twice with
PBS. Finally, the glass coverslips were mounted on glass slides and were examined using a Nikon Eclipse
Ti fluorescence microscope, a digital sight camera, and NIS-Elements Basic Research software.

Immunoprecipitation. For immunoprecipitation (50), the infected cells were lysed in lysis buffer (50
mM Tris [pH 7.6], 1 M NaCl, 1% NP-40, 0.5% Triton X-100, 5% sodium deoxycholate, T mM phenylmethane
sulfonyl fluoride [PMSF], and a protease inhibitor cocktail). The cells were disrupted by mechanical lysis
with a Dounce homogenizer. After centrifugation (at 15,000 X g for 30 min at 4°C), the cell extracts were
precleared using Sepharose A/G beads for 2 h with continuous shaking at 4°C. The beads were removed
by centrifugation, and the supernatants were then incubated with a primary antibody at 4°C overnight.
The immune complex was captured by incubation with new Sepharose A/G beads for 1 h at 37°C. The
beads were then washed three times with lysis buffer using centrifugation. The pellets containing the
Sepharose A/G immune complexes were suspended in 1X SDS loading buffer and were analyzed by
immunoblotting.

Isolation of plasma membranes. Plasma membranes were isolated as described previously (50).
After HEK293T cells (on a 10-cm plate) were infected (MOI, 10) for 8 h, the harvested cells were incubated
in a buffer (20 mM HEPES [pH 7.2], 0.5 mM EGTA, 1 mM PMSF, and a protease inhibitor cocktail) on ice
for 30 min. The cells were disrupted by mechanical lysis with a Dounce homogenizer, and the lysates
were centrifuged twice at 15,000 X g and 4°C for 30 min to remove bacteria and debris. The resulting
supernatants were centrifuged at 100,000 X g and 4°C to separate the membrane (pellet) from the
cytoplasmic (supernatant) fractions. The presence of STAT3 and phosphorylated STAT3 in the membrane
fractions was detected by Western blotting.

Intracellular S. Typhimurium numbering assays. Cells were infected, washed, and treated with 100
rg/ml gentamicin to kill extracellular bacteria. After infection, the infected cells were lysed with 0.3%
Triton X-100, and 10-fold serial dilutions of the homogenates were plated on LB agar. CFU, representing
the numbers of intracellular bacteria, are reported as the means = standard deviations (SD) from three
independent experiments.

Statistical analyses. Unless otherwise noted, results are presented as the means * SD for three
independent experiments. Statistical significance was calculated by a one-tailed distributed paired
Student t test or by two-way analysis of variance (ANOVA) with Prism software (GraphPad Software, Inc.).
P values of <0.05 were considered to indicate significant differences.
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