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ERAdP activates the NF-kB pathway via regulation of NEMO
ubiquitination

Activation of the NF-kB pathway encompasses several key steps,
including the CBM complex assembly, phosphorylation of IKKa/(3,
and ubiquitination of NEMO (also called IKK<vy). Intriguingly,
Carmal assembled the same amount of Bcl10/Malt1 subcomplex
in ERAdP-silenced NKL cells as did that of scramble-treated Ctrl
NKL cells (Supplemental Fig. 2A). Furthermore, phosphorylation
of IKKa/B was comparable in ERAdP-silenced compared with
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scramble-treated Ctrl NKL cells (Supplemental Fig. 2B). However,
ERAGJP silencing significantly declined ubiquitination of NEMO
compared with scramble-treated Ctrl NKL cells (Supplemental Fig.
2C). These results suggest that ERAdP activates the NF-kB path-
way via modulation of ubiquitination of NEMO.

ERAdP interacts with Ubcl3 to mediate K63-linked
ubiquitination of NEMO

To determine the molecular mechanism of ERAdP-mediated NF-
kB activation pathway, we screened a human spleen cDNA library

FIGURE 5. ERAGJP potentiates the charging activity of Ubc13. (A and B) ERAdP does not affect the stability of Ubc13 and TRAF6. After preincubation
of cycloheximide (CHX) (20 wg/ml) for 2 h, NKL cells were stimulated with PMA/IONO for the indicated times, followed by immunoblotting. (C and D)
ERAJP enhances the charging activity of Ubc13. Recombinant His-Ubal, His-Ubc13, and His-Ub were incubated in charging buffer at 37°C for 40 min,
with or without Flag-ERAdP (C) and with different doses of Flag-ERAdP (D). Ubc13 charging activity was analyzed by immunoblotting with anti-Ubc13
Ab. (E) The Ubc13 inhibitor blocks the ERAdP-enhanced charging activity of Ubc13. The Ubc13 inhibitor NSC697923 (2 uM) was pretreated for 1 h prior
to incubation with other components. (F) The Ubc13-C87A mutant blocks the charging activity of Ubc13. Ubc13-WT or inactive mutant Ubc13-C87A was

incubated with E1 (His-Ubel), His-Ub, and ATP in charging buffer at 37°C for 40 min. (G) The Ubc13-C87A mutant also blocks the ubiquitination of

NEMO. Ubc13-WT or Ubc13-C87A was incubated with the in vitro ubiquitination system components as described in Fig. 41.
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to identify ERAdP’s interacting protein by using a yeast two-
hybrid assay. Ubc13 was identified as an interacting protein of
ERAdP (Fig. 4A). Ubcl3 was reported to catalyze K63-linked
polyubiquitin chains for many important proteins as an E2
ligase (16). Deletion of Ubc13 in T lymphocytes causes defective
ubiquitination of NEMO and abolishes activation of NF-«kB sig-
naling (19). Thus, we proposed that ERAdP may activate NK cells
through the Ubc13-mediated NF-kB activation pathway. We found
that recombinant Flag-ERAdP and Ubc13-His can directly interact
with each other (Fig. 4B). Moreover, their interaction was con-
firmed by coimmunoprecipitation in 293T cells (Fig. 4C) and
NKL cells (Fig. 4D). With PMA/IONO stimulation, the associa-
tion of endogenous ERAdP and Ubcl3 was dramatically aug-
mented in NKL cells (Fig. 4D). These data suggest that NK cell
activation can enhance the association of ERAdP and Ubc13.
Ubc13 binds Uevla to form the E2/E3 complex with TRAF®6.
Ubcl13 and TRAF6 were reported to mediate ubiquitination of
NEMO (16). We proposed that ERAdP may promote NEMO
ubiquitination via the assistance of Ubc13. Surprisingly, we found
that ERAJP markedly strengthened the association among Ubc13
with Uevla and TRAF6 (Fig. 4E, 4F), suggesting that ERAdP
helped the assembly of the Ubc13 ligase complex. Importantly,
ERAdP significantly facilitated TRAF6- and Ubcl3-mediated
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ubiquitination of NEMO (Fig. 4G). Additionally, ERAdP specif-
ically enhanced K63-linked ubiquitination of NEMO, but not
K48-linked ubiquitination (Fig. 4H).

To verify these observations, we established an in vitro ubiqg-
uitination reconstitution assay. Incubation of all the essential recom-
binant components catalyzed the ubiquitination of NEMO (Fig. 41).
Actually, ERAdP indeed promoted NEMO ubiquitination (Fig. 41).
More importantly, ERAdP could enhance Ubc13-mediated NF-«kB
reporter activation through luciferase reporter assays (Fig. 4J). In
summary, ERAdP interacts with Ubc13 to facilitate K63-linked
ubiquitination of NEMO.

ERAdP potentiates the charging activity of Ubcl3

Ubc13 was reported to be regulated by deubiquitylase A20 (29).
A20 can target Ubc13 for K48-linked ubiquitination to mediate
its proteasomal degradation, leading to downregulation of NF-kB
pathway. We found that Ubc13 and TRAF6 were very stable after
24 h stimulation with PMA/IONO (Fig. 5A, 5B), and ERAdP
silencing or overexpression did not alter the stability of Ubc13 and
TRAF6. These data suggest that the regulation of Ubc13 stability
is not involved in the ERAdP-induced NF-kB activation pathway.

We next established an in vitro ubiquitin charging assay to
determine whether ERAdP influence the charging activity of
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FIGURE 6. Ubcl3 is required for ERAdP-induced IFN-y production of NK cells. (A) Ubc13 is silenced in NKL cells. Ubc13 was knocked down and
stably depleted NKL cell lines were established by puromycin selection. (B) Ubc13 silencing declines the ubiquitination of NEMO. Ubc13 silencing or
scramble shRNA-treated (shCtrl) NKL cells were stimulated with PMA/IONO for 30 min. Cell lysates were precipitated with anti-NEMO Ab and sub-
sequently immunoblotted with anti-ubiquitin Ab. (C) Ubcl3 silencing reduces IFN-y expression. Ubc13 silencing or shCtrl-treated NKL cells were
stimulated with PMA/IONO for 6 h, followed by quantitative RT-PCR assays for JFNG mRNA (upper panel). Supernatants of NKL cells after 24 h
treatment with PMA/IONO were analyzed by ELISA assays (lower panel). (D) Flow cytometry analysis of intracellular IFN-y expression in Ubc13-de-
pleted NKL cells after stimulation with PMA/IONO for 6 h. (E) The Ubc13 inhibitor can abolish the ubiquitination of NEMO. NKL cells were stimulated
with PMA/IONO for 30 min with or without pretreatment of the Ubc13 inhibitor for 1 h. Lysates were immunoprecipitated with anti-NEMO Ab, followed
by immunoblotting with anti-ubiquitin Ab. (F) The Ubc13 inhibitor disrupts the phosphorylation of IkBa with or without preincubation of the Ubc13
inhibitor. Ubc13-depleted NKL cells were stimulated with PMA/IONO for the indicated times, followed by immunoblotting. (G) Flow cytometry analysis
of IFN-y expression in NKL cells stimulated with PMA/IONO for 6 h with or without preincubation of the Ubc13 inhibitor or the NF-«kB inhibitor. Data

represent at least three separate experiments. **p << 0.01.
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FIGURE 7. ERAdP Tg mice harbor hyperactivated NK cells that facilitate innate immune responses. (A) Flag-ERAdP is expressed in primary NK cells
of ERAdP Tg mice. Primary NK cells were isolated from Flag-ERAdP-Tg (Tg) or Ctrl (WT littermates) mice spleens. Flag-ERAdP was detected by
immunoblotting. (B) NK cell rates of ERAdP Tg mice are comparable to those of Ctrl mice. Mature NK cells (CD3” NK1.1*DX5") from PBMCs and
spleens of Tg and Ctrl mice were analyzed by flow cytometry. (C) ERAdP Tg NK cells produce more IFN-y. Primary NK cells isolated from Tg or Ctrl mice
spleens were treated with PMA/IONO for 24 h. (D) ERAdP Tg NK cells generated more ubiquitination of NEMO with NK cell activation. Primary NK cells
isolated from Tg or Ctrl mice spleens were stimulated with PMA/IONO for 30 min. The ubiquitination of NEMO was immunoprecipitated with anti-NEMO
Ab and probed with anti-ubiquitin Ab. (E) ERAdP Tg NK cells produce more phosphorylation of IkBa. Primary NK cells isolated from Tg or Ctrl mice
spleens were stimulated with PMA/IONO for the indicated times and detected by immunoblotting. (F) ERAdP Tg mice are resistant against L. mono-
cytogenes infection. Survival curves were recorded for 10 d after Tg and Ctrl mice (n = 16/genotype) were i.p. injected with 2 X 10° L. monocytogens. (G)
Depletion of NK cells in ERAdP Tg mice abolishes the resistance of L. monocytogenes infection. ERAdP Tg and Ctrl mice (Figure legend continues)
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Ubc13. Intriguingly, we found that ERAdP significantly enhanced
the charging activity of Ubcl3 (Fig. 5C). Furthermore, ERAdP
increased the Ubc13 charging activity in a dose-dependent manner
(Fig. 5D). A chemical inhibitor (NSC697923) of Ubc13 was re-
ported to inhibit the charging activity of Ubc13 and NF-«B acti-
vation (30). We found that the inhibitor NSC697923 completely
abolished the ERAdP-augmented charging activity of Ubcl3
(Fig. 5E). The Cys®” mutation abolishes enzymatic activity of
Ubcl3 (16). We observed that the inactive C87A-Ubc13 mutant
abolished the charging activity of Ubcl3 (Fig. 5F). Importantly,
the C87A-Ubc13 mutant failed to catalyze NEMO ubiquitination
through an in vitro reconstitution assay system (Fig. 5G). More-
over, the C87A-Ubcl3 mutant abolished ERAdP-reinforced
NEMO ubiquitination (Fig. 5G). These data indicate that the
charging activity of Ubc13 is required for its enzymatic activity.
Taken together, ERAdP acts as an activator to enhance Ubcl13
charging activity.

Ubcl3 is required for ERAdP-initiated IFN-vy production of
NK cells

To examine whether Ubc13 is involved in NK cell activation, we
silenced Ubc13 expression in NKL cells and established stable
Ubcl13-silenced NKL cell lines (Fig. 6A). Interestingly, Ubc13
depletion almost blocked NEMO ubiquitination with PMA/IONO
stimulation (Fig. 6B). Additionally, Ubc13 silencing significantly
declined IFN-vy production of NK cells (Fig. 6C), which is similar
to ERAdP depletion. These results were verified by flow cytometry
assays (Fig. 6D). Furthermore, the Ubcl3 inhibitor NSC697923
completely blocked NEMO ubiquitination with PMA/IONO treat-
ment in NK cells (Fig. 6E) or phosphorylation of IkBa (Fig. 6F).
Accordingly, the Ubcl3 inhibitor NSC697923 abolished IFN-y
production of NK cells (Fig. 6G). The NF-kB inhibitor disrupted
IFN-vy production of NK cells as a positive Ctrl (Fig. 6G). These data
suggest that Ubc13 is required for [FN-y production in NK cells.

To further confirm that Ubc13 is required for ERAdP-mediated
activation of NK cells, we silenced Ubcl3 in ERAdP-over-
expressing NKL cells (Supplemental Fig. 3A). Intriguingly, Ubc13
depletion remarkably impaired ERAdP-induced IFN-y produc-
tion (Supplemental Fig. 3B). Consistently, the Ubc13 inhibitor
NSC697923 completely abolished the ERAdP-induced IFN-vy
secretion (Supplemental Fig. 3C). In summary, Ubc13 is required
for the ERAdP-induced IFN-v secretion in NK cells.

ERAdP Tg mice harbor hyperactivated NK cells that facilitate
NK cell-mediated immunity

To further explore the physiological function of ERAdP in vivo, we
tried to generate ERAdP knockout mice. However, full deletion
of ERAdP caused early embryonic lethality at embryonic day
6.5. Then we intended to establish ERAdP Flox mice for getting
conditional knockout mice, but we failed after trying several
strategies. Instead, we generated Flag-ERAdP Tg mice with a
CD2 promoter—driven construct. Given that a Tg mouse model
demonstrates overexpression of ERAdP in WT mice, we used the

1301

ERAdP Tg mice only to explore the relevantly physiological
function of ERAdP in bacterial clearance. Flag-ERAdP was
overexpressed in primary NK cells of ERAdP Tg mice (Fig. 7A).
Absolute numbers of mature NK cells (CD3 NK1.1"DX5%) in the
periphery and spleen were similar in Tg mice compared with
littermate Ctrl mice (Fig. 7B). However, Tg NK cells generated
much more IFN-y than did Ctrl NK cells with PMA/IONO
stimulation (Fig. 7C). Moreover, Tg NK cells caused increased
ubiquitination of NEMO (Fig. 7D) and concomitantly led to
higher phosphorylation of IkBa (Fig. 7E), suggesting that ERAdP
Tg NK cells reinforce IFN-y production through the NF-kB ac-
tivation pathway.

L. monocytogenes can effectively infect immunocompromised
hosts (including humans and mice) mainly by contaminated food.
NK cells contribute to the first defense against L. monocytogenes
infection via IFN-vy secretion (9). Depletion of NK cells or IFN-y
resulted in severe exacerbation of L. monocytogenes infection and
death in mice (31). We used the L. monocytogenes infection model
to detect whether ERAdP-induced IFN-y secretion exerted a crit-
ical role in the defense against L. monocytogenes infection. We
i.p. infected mice with a lethal dose of L. monocytogenes. Fourteen
of 16 littermate Ctrl mice died within 10 d (Fig. 7F), whereas only
5 Tg mice died until day 10. We depleted NK cells by i.p. injection
of anti-Asialo GM1 mAb. We found that the resistance of Tg mice
against L. monocytogenes infection was impaired upon depletion of
NK cells (Fig. 7G), indicating that NK cells provided protection
against L. monocytogenes infection.

To further confirm that IFN-y plays a critical role in defense
against L. monocytogenes infection, we infected mice with a sub-
lethal dose of L. monocytogenes. As expected, Tg mice harbored
a much lower L. monocytogenes load in spleens and livers than did
Ctrl mice (Fig. 7H). Additionally, Tg mice had much more activated
NK cells to generate IFN-y in spleens after early L. monocytogenes
infection compared with Ctrl mice (Fig. 7I). Accordingly, the [FN-y
level was much higher in Tg serum than in that of in Ctrl mice
(Fig. 7J). Finally, through in situ histological staining, we ob-
served more IFN-vy expression in splenic NK cells of Tg mice than
that of Ctrl mice after L. monocytogenes infection (Fig. 7K). In
summary, ERAdP-induced NK cell activation in Tg mice is more
resistant to L. monocytogenes infection.

Discussion

NK cells play a pivotal role in the innate and adoptive immune
responses through direct killing and cytokine secretion (2, 6). NK
cell activation is controlled by a variety of activating and inhibi-
tory receptors. However, the precise molecular mechanisms driving
defined NK functions remain largely elusive. In this study, we
identified a novel ER membrane protein, ERAdP, which is con-
stitutively expressed in human and mouse NK cells. ERAdP is
expressed at low levels in peripheral NKs of HB V-associated HCC
patients, which is reminiscent of low expression of immune ef-
fector molecules such as perforin and granzyme H (5). We iden-
tified that ERAdP interacts with Ubc13 to potentiate its charging

(n = 10/genotype) were i.p. injected with 2 X 10° L. monocytogenes after depletion of NK cells by anti—Asialo GM1 mAb. NK cell depletion was confirmed
by FACS with anti-NK1.1 Ab staining. (H) Tg and Ctrl mice were i.p. infected with a sublethal dose of L. monocytogenes (3 X 10%). After 3 d, spleens and
livers were homogenized with PBS and the supernatants were analyzed for bacterial load. (I) Flow cytometry analysis of IFN-y production in NK cells
(CD3 DX5"NKI.1*IFN-y* cells) in the spleens from Tg and Ctrl mice at 24 h after 3 X 10° L. monocytogenes i.p. infection. (J) Serum IFN-y of Tg and
Ctrl mice was detected by ELISA assays 3 d after 3 X 10° L. monocytogenes i.p. infection. (K) Immunofluorescence staining of IFN-y (red) and NK1.1
(green) (upper panel), as well as immunohistochemistry staining of IFN-y (lower panel) in paraffin sections of spleens from Tg and Ctrl mice at 24 h after
L. monocytogenes infection. Scale bars: upper panel, 5 pm; lower panel, 50 pm. Data are representative of at least three independent experiments and are
shown as means = SD. (L) A working model for the regulation of IFN-y production by ERAdP in NK cells through Ubc13-mediated NF-kB activation.

#p < 0.05, #p < 0.01.
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activity (Fig. 7L). Thus, ERAdP augments Ubc13-mediated NEMO
ubiquitination to trigger the Ubc13-mediated NF-kB pathway, leading
to NK cell activation. Importantly, ERAdP Tg mice have hyperac-
tivated NK cells that are more resistant to infections.

Bcl10, a caspase recruitment domain (CARD) protein, asso-
ciates with Malt1 adaptor protein as a major regulator of TCR- and
BCR-mediated NF-kB activation (32, 33). Carmal (also termed
CARD11 and Bimp3) interacts with Bcl10 through CARD-CARD
interaction. These three proteins form the CBM complex (34, 35).
Ligand engagement first activates the receptor-associated Src
kinases to mediate phosphorylation of Carmal. Carmal phos-
phorylation initiates the CBM complex assembly, which recruits
the ubiquitination machine E3 (TRAF6)/E2 (Ubc13) complex and
the IKK complex (13). The ubiquitination of NEMO and phos-
phorylation of IKKa/f lead to full activation of the IKK complex
and subsequent NF-kB activation. Hara et al. (36) reported that
Carmal or BcllO deficiency abolishes cytokine/chemokine pro-
duction of NK cells owing to impaired NF-kB activation, sug-
gesting that the CBM complex may play an important role in
NK cell activation. In this study we observed that ERAdP did
not affect the assembly of the CBM complex, but it facilitated
the NEMO ubiquitination by promoting the charging activity of
Ubc13. Moreover, ERAdP could positively induce cytokine pro-
duction of NK cells, which is reminiscent of the CBM complex—
mediated NF-kB activation pathway (37, 38).

Ubc13 has been reported to be regulated by deubiquitylase A20,
OTUBI, and the Shigella flexneri effector Ospl (29, 39, 40).
A20, together with TAX1BP1, interacts with Ubc13 and UbcH5c,
resulting in its ubiquitination for degradation, which down-
regulates NF-kB activation (29). OTUBI directly binds to and
inhibits Ubc13 to suppress double-stranded break—induced histone
ubiquitination, independent of its deubiquitylase activity (40). The
interaction of OTUB1 and Ubc13 positions the N-terminal helix of
OTUBI to interfere with Uevla binding to Ubcl3 and the sub-
sequent attack on the thioester bond by the Uevla-linked acceptor
ubiquitin. Recently, Ospl was reported to suppress the TRAF6-
mediated signaling pathway and restrain acute inflammatory
responses against bacterial infection (39). Ospl is a glutamine
deamidase and deamidates the residue Glu'® of Ubcl3 to form
a glutamic acid residue. This modification abolishes the ubiquitin
charging activity of Ubc13, leading to inactivation of the NF-kB
pathway. In this study, we showed that ERAdP directly binds to
Ubc13 and potentiates its charging activity as a positive regulator.

ERAJP robustly interacts with Ubcl3 after NK cell activa-
tion upon PMA/IONO stimulation or crosslinking with activating
receptors. Actually, ERAdP was observed to bind Bcl10 after NK
cell activation (data not shown). Given that the CBM complex was
reported to recruit TRAF6/Ubc13 complex, it is possible that the
assembled CBM complex in activated NK cells acts as a scaffold
to mediate ERAdP-Ubc13 interaction. This phenomenon needs
further investigation.

Secretion of soluble cytokines by NK cells in early innate im-
mune responses significantly impacts the recruitment and function
of other hematopoietic cells to exert their physiological roles.
Besides promoting IFN-y production, ERAdP could induce se-
cretion of other cytokines such as TNF-a and GM-CSF (data not
shown). IFN-v is mainly produced by NK cells at early stages of
a variety of immune responses (41, 42). IFN-y can act directly on
CDS8* T cells to increase their numbers upon viral infection (43).
We previously showed that IFN-y produced by NK cells exerts
a crucial role for the priming of CTL responses for tumor rejection
(6). Many studies showed that NK cells and secreted IFN-y are
implicated in the resistance against several infectious diseases, in-
cluding CMV, HIV, Mycobacterium tuberculosis, L. monocytogenes,
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and hepatitis virus (9—11). In this study, we showed that ERAdP Tg
mice augment NK cell activation and IFN-y generation that exert
a critical role in the eradication of intracellular pathogens such as
L. monocytogenes. We are still investigating the ERAdP-induced
eradication of virus infection. Therefore, understanding the mech-
anism of ERAdP-mediated NK cell activation will provide strate-
gies to treat infectious diseases for future clinical implications.
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