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Molluscum Contagiosum Virus MC159
Abrogates clAP1-NEMO Interactions and
Inhibits NEMO Polyubiquitination
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ABSTRACT Molluscum contagiosum virus (MCV) is a dermatotropic poxvirus that
causes benign skin lesions. MCV lesions persist because of virally encoded immune Received 23 February 2017 Accepted 5 May
evasion molecules that inhibit antiviral responses. The MCV MC159 protein sup- 2017
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tational analyses revealed that MC159 and clAP1 each bind to the same NEMO re-
gion, suggesting that MC159 may competitively inhibit clAP1-NEMO interactions.
Indeed, MC159 prevented clAP1-NEMO interactions. MC159 also diminished clAP1-
mediated NEMO polyubiquitination and clAP1-induced NF-kB activation. These data
suggest that MC159 competitively binds to NEMO to prevent clAP1-induced NEMO
polyubiquitination. To our knowledge, this is the first report of a viral protein dis-
rupting NEMO-clAP1 interactions to strategically suppress IKK activation. All viruses
must antagonize antiviral signaling events for survival. We hypothesize that
MC159 inhibits NEMO polyubiquitination as a clever strategy to manipulate the host
cell environment to the benefit of the virus.
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IMPORTANCE Molluscum contagiosum virus (MCV) is a human-specific poxvirus that
causes persistent skin neoplasms. The persistence of MCV has been attributed to vi-
ral downregulation of host cell immune responses such as NF-kB activation. We
show here that the MCV MC159 protein interacts with the NEMO subunit of the IKK
complex to prevent NEMO interactions with the clAP1 E3 ubiquitin ligase. This inter-
action correlates with a dampening of clAP1 to polyubiquitinate NEMO and to acti-
vate NF-kB. This inhibition of clAP1-NEMO interactions is a new viral strategy to min-
imize IKK activation and to control NEMO polyubiquitination. This research provides
new insights into mechanisms that persistent viruses may use to cause long-term in-
fection of host cells.

KEYWORDS FLIP, IKK, MC159, NEMO, NF-«B, clAP1, molluscum contagiosum virus,
poxvirus, tumor necrosis factor, ubiquitination

olluscum contagiosum (MC) virus (MCV) is a member of the Poxviridae family and
is the etiological agent of MC (1). MCV infections are common worldwide (2, 3);
approximately 122 million MCV infections occurred in 2010 (4). MCV infects keratino-
cytes, resulting in small neoplasms that persist for months to years (1). There is little
inflammation at the borders of these long-lasting lesions (1), suggesting that MCV
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encodes molecules that dampen the immune response (5-7). Unfortunately, the ab-
sence of cell culture or efficient animal models for MCV replication has greatly ham-
pered MCV research. This has limited the field's understanding of how MCV evades the
immune response to persist. To date, knowledge about MCV immune evasion strategies
is derived from the expression of individual MCV proteins independent of infection or
during infection with a surrogate virus, and these strategies include antagonism of
apoptosis (8-11), NF-«B activation (12-14), interferon regulatory factor 3 (IRF3) activa-
tion (15), and chemokine (16) and interleukin-18 (IL-18) (17) actions.

Tumor necrosis factor (TNF) is upregulated at MC lesions (18). This has potential
antiviral consequences because TNF-TNF receptor 1 (TNFR1) interactions trigger anti-
viral events, including NF-«B activation (19). The canonical kB kinase (IKK) complex
controls NF-«kB activation and is comprised of NEMO (IKK<y) regulatory and IKKa and
IKKB kinase subunits (20-22). NEMO is instrumental in controlling NF-«B activation
because it regulates the IKKa-IKKB signaling axis during NF-«B activation.

NEMO has several important functions during TNF-induced NF-«B activation. First,
the C terminus of NEMO facilitates IKK binding to polyubiquitinated recreceptor-
interacting protein 1 (RIP1) (23, 24), which is part of the TNFR1-based signalsome.
Second, NEMO itself is polyubiquitinated, allowing for subsequent IKK activation.
K63-linked polyubiquitination of NEMO was reported first (23, 24), followed by M1-
linked ubiquitination (25-27). Most recently, K63/M1 hybrid polyubiquitination of
NEMO was reported (28). Although there is debate about the relative importance of
each type of ubiquitination, it is likely that each type of ubiquitination is necessary for
optimal NF-«B activation (29). Regardless, the covalent linkage of ubiquitin (Ub) to a
protein substrate occurs via cellular E1, E2, and E3 ligases (30). clAP1 is one such E3
ligase that polyubiquitinates NEMO in addition to other cellular proteins (31-33).

The MCV-encoded MC159 protein is perhaps the best-studied MCV molecule (6).
MC159 expression neutralizes NF-«B activation, and MC159 interacts with the NEMO
subunit of the IKK complex (14). Interestingly, MC159 does not disrupt the IKK complex
(14), suggesting that MC159 antagonizes IKK activation in a manner that is distinct from
those of other known viral NEMO inhibitors. We show here that MC159 prevented
NEMO polyubiquitination, leading us to further examine how MC159 prohibited this
posttranslational event. Here, the data indicated that MC159 competitively binds to
NEMO in a manner that prevents clAP1 from interacting with and polyubiquitinating
NEMO. This is the first report of a viral protein that blocks clAP1-NEMO interactions to
block NEMO polyubiquitination. As such, this work extends the repertoire of mecha-
nisms that viruses use to evade antiviral immune responses and illuminates one
strategy that may allow the sustained presence of replicating MCV in skin neoplasms.

RESULTS

MC159 inhibits NEMO polyubiquitination. We reported previously that MC159
inhibits NF-«B activation, and this inhibition correlated with MC159-NEMO interactions
(14). MC159-NEMO interactions did not disrupt the IKK complex (14), and this implied
that MC159 may prevent posttranslational modifications of NEMO or interactions with
NEMO-binding partners that are critical for NF-«B activation.

NEMO polyubiquitination is one such posttranslational modification that is required
for TNF-induced NF-kB activation (33). We used well-characterized immunoprecipita-
tion (IP) assays to examine if MC159 altered NEMO polyubiquitination. For these assays,
epitope-tagged versions of NEMO and ubiquitin were expressed in cells (Fig. 1A).
Immunoprecipitated NEMO was then separated by SDS-PAGE, and polyubiquitinated
NEMO was detected by immunoblotting (IB). In this system, NEMO polyubiquitination
was detected only when cells expressed both NEMO-FLAG and Ub-Myc (Fig. 1A, lanes
1 to 3). Maximal NEMO ubiquitination was observed with 500 ng each of pNEMO-FLAG
and pUb-Myc (Fig. 1A, lane 4). Figure 1A shows that the lower band in the immuno-
precipitated samples represented monoubiquitinated NEMO, which is 56 kDa, while the
remaining, higher-molecular-mass NEMO-containing bands represented polyubiquiti-
nated NEMO. This same pattern is indicated for the remaining figures.
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FIG 1 MC159 inhibits NEMO polyubiquitination. (A) HEK 293T cells were transfected as follows: 1,000 ng pCl (lane 1), 500 ng pCl and 500
ng pUb-Myc (lane 2), 500 ng pCl and 500 ng pNEMO-FLAG (lane 3), 250 ng pNEMO-FLAG and 750 ng pUb-Myc (lane 4), 500 ng
PNEMO-FLAG and 500 ng pUb-Myc (lane 5), and 750 ng pNEMO-FLAG and 250 ng pUb-Myc (lane 6). At 24 h posttransfection, cells were
lysed in Ub lysis buffer. (B) HEK 293T cells were cotransfected with 500 ng pNEMO-FLAG, 500 ng pUb-Myc, and 1,000 ng of either pCl,
pPMC159, or pPNEMOAZNF. At 24 h posttransfection, cells were lysed in Ub lysis buffer. (C) HEK 293T cells were transfected with 250 ng
PNEMO-FLAG, 250 ng pUb-Myc, and 1,000 ng of either pCl, pMC159, or pPNEMOAZNF. At 24 h posttransfection, cells were incubated in
medium containing 10 ng/ml TNF for 15 min prior to lysis in Ub lysis buffer. For all experiments, a portion of each lysate prior to
immunoprecipitation was set aside to detect protein expression by IB. The remaining cellular lysates were immunoprecipitated with
anti-FLAG antibody or an IgG isotype control antibody conjugated to protein G-Sepharose beads. Immunoprecipitated samples or cellular
lysates were separated by SDS-PAGE, and proteins were transferred onto PVDF membranes for IB. Membranes were probed with the
indicated antibodies to detect polyubiquitinated NEMO, MC159, or actin. Monoubiquitinated (Mono-Ub) and polyubiquitinated (Poly-Ub)
forms of NEMO are indicated.

Next, the optimized conditions for Fig. 1A were used to examine the impact of
MC159 on NEMO polyubiquitination. NEMO polyubiquitination was stimulated by
either the overexpression of NEMO (Fig. 1B) or TNF stimulation of cells (Fig. 1C). For the
latter case, we used a smaller amount of pNEMO-FLAG such that NEMO did not
stimulate NF-«B activation but polyubiquitination of NEMO could still be detected. TNF
was used as a stimulus because TNF is upregulated in MCV lesions (18), and the signal
transduction events leading from TNF-TNFR1 interactions to NF-kB activation are well
characterized (19). Cells were also cotransfected with an empty vector (pCl) or a plasmid
containing the MC159L gene.

It was necessary to express MC159 independent of infection for two reasons. First,
MCV cannot be propagated in cell culture (6). Second, there are two other MCV proteins
that inhibit NF-kB activation (MC160 and MC132) (12, 13). Thus, the examination of
MC159 function in cells infected with MCV isolated from patient lesions may be
confounded by the presence of these or other as-yet-unidentified MCV NF-«B-
inhibitory proteins. We chose to express MC159 via transient transfection. Of course,
one weakness of the use of transient transfections is that MC159 ectopic expression
may not necessarily reflect MC159 protein expression levels during infection. Indeed,
natural MC159 expression levels are not known because there is no method to currently
propagate MCV in cell culture. We attempted to create cell lines expressing MC159.
However, the MC159 protein levels dramatically decrease each time after passaging of
these cell lines, such that MC159 is no longer detectable by the fifth passage of cell
lines. However, transient-transfection systems afford the opportunity to use reagents
(e.g., TNF) that trigger NF-kB activation via well-defined signal transduction pathways.
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Figures 1B and C show that the quantity and intensity of polyubiquitinated NEMO
were decreased in MC159-expressing versus pCl-transfected cells, indicating that
MC159 antagonized NEMO polyubiquitination. Namely, the intensities of bands repre-
senting polyubiquitinated NEMO were decreased when MC159 was present versus
when MC159 was absent when comparing band intensities within each gel shown in
Fig. 1B and C. NEMO protein levels were not decreased in transfected cells, indicating
that this decrease in ubiquitination was not due to a decrease in NEMO protein levels.
A separate set of cells was cotransfected with a plasmid encoding mutant NEMO that
lacks its lysines, substrates for ubiquitin (NEMOAZnF) (33, 34). Thus, NEMO polyubig-
uitination was also greatly reduced when cells expressed NEMOAZnF, as would be
expected. In Fig. 1B and C, parallel immunoprecipitations were performed, in which
nonspecific IgG was used in place of an anti-FLAG antibody (Ab). NEMO was not
immunoprecipitated under these conditions, showing the specificity of the immuno-
precipitation conditions. MC159 was also coimmunoprecipitated with FLAG-NEMO, in
agreement with data from previous reports (14, 35). Thus, these results suggest that
MC159 antagonized NEMO polyubiquitination, likely by interacting with NEMO, and
warranted further study into how MC159 prevented NEMO polyubiquitination.

MC159 inhibits K63-linked NEMO ubiquitination. Ubiquitination is an important
posttranslational modification and can trigger events as diverse as protein degradation
or protein activation (30, 36). For example, K48-linked polyubiquitination triggers the
proteasomal degradation of a protein (30, 36). In contrast, K63-linked polyubiquitina-
tion is important for intracellular signaling (23, 24, 29, 37, 38). Indeed, K63-linked NEMO
polyubiquitination was the first type of ubiquitination to be reported during TNF-
induced NF-«B activation (23, 24, 29, 37, 38).

Given that MC159 blocks TNF-induced NF-«B activation (14), we queried whether
MC159 could prevent the K63-linked polyubiquitination of NEMO. To answer this
question, ubiquitin constructs were used, in which only lysine residue 48 (K48) or K63
remained intact (Fig. 2A), affording the examination of K48- or K63-linked polyubig-
uitination in isolation. All cells were treated with TNF to trigger NEMO polyubiquitina-
tion (Fig. 2B). As shown in Fig. 2B, TNF-stimulated NEMO polyubiquitination occurred
when wild-type (WT) ubiquitin was present (lane 2). Polyubiquitinated NEMO was still
detected when mutant ubiquitin expressing lysine only at residue 63 was present (Fig.
2B, lane 6). In this case, there was an increase in the molecular mobility of polyubig-
uitinated NEMO proteins compared to that of cells expressing wild-type ubiquitin.
NEMO polyubiquitination was greatly reduced when pK48-Ub was expressed (lane 5).
This was expected because TNF does not stimulate the K48-linked ubiquitination of
NEMO (24). FLAG-tagged NEMO protein levels were similar regardless of wild-type or
mutant ubiquitin. Thus, the diminished NEMO ubiquitination profile was not due to
K48-mediated NEMO degradation.

MC159 inhibited TNF-induced NEMO polyubiquitination when either the wild-type
or pK63-Ub proteins were expressed (Fig. 2B, lanes 9 and 11). Thus, MC159 inhibited the
K63-linked ubiquitination of NEMO during TNF stimulation. MC159 coimmunoprecipi-
tated with NEMO regardless of the expression of wild-type or mutant ubiquitin. As
described above, the level of polyubiquitinated NEMO was greatly decreased when
cells expressed NEMOAZnF. These results suggest that MC159 blocked the K63-linked
ubiquitination of NEMO during TNF stimulation.

MC159 does not inhibit RIP1 ubiquitination. RIP1 polyubiquitination is essential
for TNF-induced IKK activation (23). The K63-linked ubiquitin chains on RIP1 serve as a
platform to recruit IKK (via the NEMO protein) and TAK binding protein (TAB)-trans-
forming growth factor B (TGF-pB)-activated kinase 1 (TAK1) (via the TAB2 protein) (19).
Next, TAK1 phosphorylates and activates IKK (23). MC159 has been reported to coim-
munoprecipitate with RIP1 (39, 40). It was of interest to ask if MC159 could prohibit the
polyubiquitination of RIP1. Epitope-tagged versions of RIP1 and ubiquitin were ex-
pressed in cells. Immunoprecipitated RIP1 was then probed for polyubiquitination by
immunoblotting. Ectopic RIP1 expression resulted in RIPT polyubiquitination when
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FIG 2 MC159 inhibits K63-linked NEMO polyubiquitination. (A) Schematic representation of wild-type or
mutant Ub proteins that indicate lysine (K) or arginine (R) at a specific residue. (B) HEK 293T cells were
cotransfected with 250 ng pNEMO-FLAG; 250 ng of pWT-Ub-HA, pK48-Ub-HA, or pK63-Ub-HA; and 1,000
ng of either pCl, pMC159, or pNEMOAZnF for 24 h. Next, cells were incubated in medium containing 10
ng/ml TNF for 15 min. Cells were lysed in Ub lysis buffer. A portion of each lysate was set aside to monitor
protein expression. For the remaining clarified cellular lysates, IPs were performed by using either
anti-FLAG or IgG antibodies conjugated to protein G-Sepharose beads. Immunoprecipitated samples or
cellular lysates were separated by SDS-PAGE, and proteins were transferred onto PVDF membranes for
IB. Membranes were probed with the indicated antibodies to detect ubiquitinated forms of NEMO,
MC159, or actin. For immunoprecipitated samples probed with anti-HA to detect ubiquitin, anti-FLAG, or
anti-MC159 antibodies, lanes from the same gel were spliced to show the relevant samples for the
experiment. The corresponding cellular lysates were probed by immunoblotting in a subsequent assay,
avoiding the need for splicing. Monoubiquitinated (Mono-Ub) and polyubiquitinated (Poly-Ub) forms of
NEMO are indicated.

Myc-tagged ubiquitin was coexpressed (Fig. 3A). A similar trend was observed during
incubation of cells with TNF, which also increased RIP1 polyubiquitination (Fig. 3B). As
shown in both Fig. 3A and B, RIP1 polyubiquitination was not decreased—in fact, it
appeared to be enhanced—when MC159 was present when comparing ubiquitination
patterns between pCl- and MC159-expressing cells within each gel shown in Fig. 3A
and B. These data suggested that MC159 was not a global inhibitor of polyubiquitina-
tion. RIP1 overexpression is also known to activate apoptosis (41). While none of the
cellular monolayers used in these experiments showed apoptotic morphologies (e.g.,
cellular blebbing or cellular detachment), we cannot rule out the possibility that this
increase in polyubiquitination is due to an increase in cellular viability when the
antiapoptotic MC159 protein is coexpressed.

We also observed that MC159 coimmunoprecipitated with RIP1, in agreement with
data from previous reports (39, 40). Interestingly, hemagglutinin (HA)-tagged RIP1
protein levels were slightly higher in lysates and in immunoprecipitates when MC159
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FIG 3 MC159 does not inhibit RIP1 polyubiquitination and still allows RIP1-NEMO interactions. (A and B)
HEK 293T monolayers were cotransfected with 1,000 ng pCl or pMC159, 500 ng pUb-Myc, and 500 ng
pRIP1-HA. At 24 h posttransfection, cells were incubated in medium lacking (A) or containing (B) 10
ng/ml TNF for 15 min to trigger RIP1 ubiquitination. Cells were lysed in Ub lysis buffer 24 h later. Some

(Continued on next page)
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was expressed. The reason for this remains unclear, but this suggests that MC159 may
enhance RIP1 stability. We also observed a higher-molecular-weight form of RIP1 in
immunoprecipitates and lysates from TNF-stimulated cells (Fig. 3B). One possibility is
that this band represents a phosphorylated form of RIP1 based on similar findings
reported by others (42). Nevertheless, these data suggested that MC159 was not acting
as a global inhibitor of polyubiquitination.

MC159 does not inhibit RIP1-NEMO interactions. Our and data and those re-
ported previously by others showed that MC159 coimmunoprecipitates with RIPT (39,
40) and NEMO (14, 35). IKK must interact with RIP1 for NF-kB activation (23). Thus, an
alternative explanation for the MC159-mediated inhibition of NF-kB activation could be
that MC159 inhibited RIP1-NEMO interactions (23). To test this possibility, epitope-
tagged versions of NEMO and RIP1 were coexpressed in the presence or absence of
MC159. FLAG-tagged NEMO was immunoprecipitated, and the presence of RIP1 was
evaluated by using immunoblotting (Fig. 3C). NEMO-RIP1 interactions were detected in
cells lacking or expressing MC159, implying that MC159 did not prevent IKK from
interacting with RIP1. This interaction was not due to the nonspecific binding of
proteins to protein G-Sepharose beads because RIP1 was not detected when IgG was
used in place of anti-FLAG for coimmunoprecipitations. Similar to the data shown in
Fig. 3B, MC159 protein expression correlated with an increased level of RIP1 proteins
present in immunoprecipitates and cellular lysates (Fig. 3C).

MC159 is not ubiquitinated by the cell but associates with ubiquitin. Ubiquiti-
nation involves the covalent attachment of an ~8-kDa ubiquitin to a lysine on a
recipient protein (20). MC159 has five lysine residues. Thus, one possible reason for the
observed decrease in NEMO polyubiquitination would be that MC159 outcompeted
cellular proteins for host cell ubiquitin machinery. To test this possibility, MC159 was
coexpressed with Myc-tagged ubiquitin in cells. In this case, Myc-tagged ubiquitin was
immunoprecipitated, and this immunoprecipitate was probed for the presence of
MC159 by immunoblotting (Fig. 4). MC159 was present in immunoprecipitates col-
lected from either unstimulated or TNF-stimulated cells, as indicated by a 31-kDa band
(43), and this is the same size as the that of MC159-containing band observed in cellular
lysates. We conclude that it is unlikely that MC159 itself received covalent ubiquitin
linkages because covalent ubiquitin linkages would be expected to increase the
molecular mass of MC159 to at least 39 kDa. Because MC159 coimmunoprecipitated
with Myc-tagged ubiquitin under these conditions (Fig. 4A and B), one possibility is that
MC159 may interact with unanchored, noncovalently linked forms of ubiquitin. How-
ever, it is not clear if this modification to MC159 is beneficial.

MC159 binds to the N-terminal region of NEMO. NEMO has two C-terminal
regions that contain lysines that are targeted for covalently linked ubiquitination:
ubiquitin binding domain (UBAN) (residues 249 to 339) and zinc finger (ZnF) (residues
389 to 419) (20). Since MC159 inhibited NEMO polyubiquitination, one hypothesis was
that MC159 binds to the C terminus of NEMO to physically cloak lysine substrates. This
possibility was examined by mapping NEMO-MC159 interactions using the wild-type or
mutant NEMO constructs shown in Fig. 5A. As shown in Fig. 5B, HEK 293T cells were
transfected with plasmids expressing NEMO, MC159, and ubiquitin to duplicate the
conditions used for ubiquitination assays shown in Fig. 1 and 2. All transfected cells

FIG 3 Legend (Continued)

lysates were set aside to monitor protein expression. For the remaining clarified cellular lysates, IPs were
performed by using IgG or anti-HA antibodies conjugated to protein G-Sepharose beads. Immunopre-
cipitated samples or cellular lysates were separated by SDS-PAGE, and proteins were transferred onto
PVDF membranes for IB. Membranes were probed with the indicated antibodies to detect RIP1, MC159,
or actin. NS, nonspecific band. (C) HEK 293T monolayers were cotransfected with 1,000 ng pCl or
pMC159, 500 ng pUb-Myc, and 500 ng pRIP1-HA. Cells were lysed in IP lysis buffer at 24 h
posttransfection. A portion of each lysate was set aside to monitor protein expression. For the
remaining clarified cellular lysates, IP was performed by using IgG or anti-FLAG antibodies conju-
gated to protein G-Sepharose beads. Inmunoprecipitated samples or cellular lysates were separated by
SDS-PAGE, and proteins were transferred onto PVDF membranes for IB. Membranes were probed with
the indicated antibodies to detect either NEMO, RIP1, MC159, or actin.
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FIG 4 MC159 coimmunoprecipitates with ubiquitin but is not covalently linked to ubiquitin. Subconflu-
ent HEK 293T cellular monolayers were cotransfected with 500 ng pUb-Myc and 500 ng pMC159. At 24
h posttransfection, cells were incubated in medium either lacking (A) or containing (B) 10 ng/ml TNF.
After 15 min, cells were lysed in Ub lysis buffer. A portion of each lysate was set aside to monitor protein
expression. For the remaining clarified cellular lysates, IP was performed by using IgG or anti-Myc
antibodies conjugated to protein G-Sepharose beads. Immunoprecipitated samples or cellular lysates
were separated by SDS-PAGE, and proteins were transferred onto PVDF membranes for IB. Membranes
were probed with the indicated antibodies to detect either MC159, Myc-tagged ubiquitinated proteins,
or actin.

were treated with TNF to trigger NEMO polyubiquitination. These conditions were
conducive for NEMO-MC159 interactions because MC159 coimmunoprecipitated with
FLAG-tagged wild-type NEMO as expected (Fig. 5B). Interestingly, MC159 did not
interact with NEMO residues 250 to 419, the NEMO region that contains the lysines that
receive ubiquitin linkages. Instead, MC159 interacted with the N-terminal region of
NEMO (residues 1 to 250), a region that does not possess known ubiquitination sites
(Fig. 5B).

Additional experiments were performed by using NEMO~/~ mouse embryonic
fibroblasts (MEFs) (Fig. 5C) that were reconstituted with the NEMO constructs shown in
Fig. 5A. This second experimental approach was used to rule out contributions of
endogenous NEMO. Once again, MC159 coimmunoprecipitated with wild-type NEMO
and the NEMO construct consisting of residues 1 to 250. No MC159-NEMO interactions
were detected when a NEMO construct expressing NEMO residues 251 to 419 was used.
These data suggested that MC159 interacted with the N-terminal region of NEMO and
not with the NEMO regions that are known to contain lysines that are targeted for
ubiquitination.

MC159 reduces clAP1-induced NF-xB activation and NEMO ubiquitination.
clAP1 and clAP2 are similar proteins, and both proteins are required to activate NF-«B
during TNF stimulation (44). Each protein acts as an E3 ligase to covalently link ubiquitin
to cellular proteins, including RIPT and NEMO (33, 44, 45). cIAP1 interacts with the N
terminus of NEMO (amino acids 64 to 106) (32). Moreover, clAP1 adds K63 ubiquitin
linkages to cellular substrates under certain conditions (31). Since MC159 and clAP1
each interact with the N terminus of NEMO, one possibility was that MC159 prevented
cIAP1-NEMO interactions as a mechanism to inhibit NEMO ubiquitination.

To test our hypothesis, we chose to overexpress an epitope-tagged version of clAP1
instead of small interfering RNA (siRNA) silencing of clAP1. This is because both cIAP1
and clAP2 must be siRNA silenced to completely block TNF-induced NF-«B activation.
Unfortunately, the siRNA silencing of both clAP1 and clIAP2 also triggers apoptosis (44).
Thus, the overexpression of clAP1 (instead of siRNA silencing of clAP1) avoids con-
founding effects.
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FIG 5 MC159 binds to the N-terminal region of NEMO. (A) Schematic representation of wild-type and
mutant NEMO constructs used here. NEMO domains, including the two coiled-coil regions (CC1 and CC2),
a leucine zipper (LZ), and a zinc finger (ZnF) domain, are shown here. (B) Subconfluent HEK 293T cellular
monolayers were cotransfected with the indicated plasmids (1,000 ng pMC159, 500 ng of pNEMO-based
plasmids, and 500 ng pUb-Myc). Where necessary, pCl was present in transfection reaction mixtures to
bring the amount of total DNA in each transfection reaction mixture up to 2,000 ng. At 24 h posttrans-
fection, cells were incubated with medium containing TNF (10 ng/ml) for 15 min. (C) NEMO~/~ MEFs
were cotransfected with the indicated plasmids (1,000 ng pMC159 and 500 ng of pNEMO-based
plasmids). Where necessary, pCl was present in transfection reaction mixtures to bring the amount of
total DNA in each transfection reaction mixture up to 1,500 ng. At 24 h posttransfection, HEK 293T cells
or MEFs were lysed in 150 ul of IP lysis buffer. A portion of each lysate was set aside to monitor protein
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As an initial test of this hypothesis, we capitalized on previous reports that clAP1
overexpression stimulates NF-kB activation (33). Luciferase activity assays were devel-
oped under conditions similar to those for examining NEMO ubiquitination (Fig. 1B).
Figure 6A shows that clAP1-induced luciferase activity was highest when cells were
transfected with 750 or 1,000 ng of a clAP1-containing plasmid. MC159 expression
greatly reduced clAP1-mediated NF-kB activation (Fig. 6A). The Kaposi's sarcoma
herpesvirus K13 protein contains two tandem death effector domains, similar to MC159
(46). K13 also binds to NEMO but is known to activate NF-«xB (47, 48). Thus, K13
expression would be expected to enhance clAP1-induced NF-kB activation, and this
trend was observed (Fig. 6A). Examination of lysates used for luciferase activity assays
showed that MC159 and FLAG-NEMO protein expression levels were similar under all
conditions examined. K13-FLAG protein levels were also similar in cells receiving 750 or
1,000 ng clAP1. clAP1 levels appeared slightly lower in K13-expressing cells when
smaller amounts of the clAP1-containing plasmid were present, but this trend did not
continue when larger amounts of the clAP1-containing plasmid were transfected into
cells.

A second strategy to examine if MC159 negatively regulated clAP1 was to determine
clAP1-induced NEMO polyubiquitination in the presence or absence of MC159. In this
case, cells coexpressed epitope-tagged NEMO, clAP1, and ubiquitin. HA-tagged NEMO
was immunoprecipitated and probed for polyubiquitination by immunoblotting (Fig.
6B and C). Cells overexpressing clAP1 showed more polyubiquitinated forms of NEMO
than did cells lacking clAP1, and 250 ng pclAP1 was the best inducer of NEMO
polyubiquitination (Fig. 6B). This finding suggests that clAP1 facilitates the polyubig-
uitination of NEMO. While these reactions each showed higher-molecular-weight bands
indicative of polyubiquitinated NEMO, these higher-molecular-weight bands were less
intense when MC159 was present, suggesting that MC159 partially inhibited clAP1
ubiquitination of NEMO (Fig. 6C).

MC159 inhibits NEMO-cIAP1 interactions. When examining the immunoprecipi-
tates shown in Fig. 6B, we observed that clAP1 was absent from NEMO-based immu-
noprecipitations in MC159-expressing cells. This suggested that MC159 prevented
clAP1-NEMO interactions. This seemed likely because clAP1 binds to residues 64 to 106
of NEMO (32), while MC159 binds to a region in the first 250 residues of NEMO.

Additional immunoprecipitations were performed (in which the plasmid expressing
ubiquitin was absent) to further investigate if MC159 could interfere with clAP1-NEMO
interactions (Fig. 7). Figure 7A shows immunoprecipitations of an HA-tagged version of
NEMO. FLAG-tagged clAP1 coimmunoprecipitated with NEMO only when MC159 was
absent (Fig. 7A). MC159 is a viral FLICE inhibitory protein (FLIP), and there are other viral
FLIPs expressed by herpesviruses. The expression of Kaposi's sarcoma-associated her-
pesvirus (KSHV) K13 did not perturb clAP1-NEMO interactions (Fig. 7B), indicating that
MC159 inhibition of clAP1-NEMO interactions was a unique property of this MCV vFLIP.
We also asked if clAP1 was an MC159 binding partner (Fig. 7C). In this case, FLAG-
tagged clAP1 was immunoprecipitated, and immunoprecipitates were probed for the
presence of HA-tagged NEMO or HA-tagged MC159. While clAP1-NEMO interactions
were detectable, cAIP1-MC159 interactions were not (Fig. 7C). This finding suggested
that MC159 specifically targets NEMO.

The above-described experiments detected interactions of epitope-tagged proteins
that were overexpressed in HEK 293T cells. Additional experiments were performed to
show that MC159 blocked the interactions of endogenous clAP1 and NEMO (Fig. 7D).
In this case, cells were transfected with only pCl or MC159/pCl. While TNF was added
to these cells, note that clAP-NEMO interactions can be detected in the absence or

FIG 5 Legend (Continued)

expression. For the remaining clarified cellular lysates, IP was performed by using IgG or anti-FLAG
antibodies conjugated to protein G-Sepharose beads. Immunoprecipitated samples or cellular lysates
were separated by SDS-PAGE, and proteins were transferred onto PVDF membranes for IB. Membranes
were probed with the indicated antibodies to detect either NEMO, MC159, or actin.
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FIG 6 MC159 reduces cIAP1-mediated NF-«B activation and NEMO polyubiquitination. (A) HEK 293T cells
were cotransfected for 24 h with 225 ng pNF-«Bluc; 25 ng pRL-TK; 250 ng pUb-myc; 250 ng pNEMO-FLAG;
750 ng of pcDNA3.1 (vector control [VC]), pMC159, or pK13-FLAG; and increasing amounts of pclAP1.
Cells were lysed, and luciferase activities were quantified. Results are shown as the fold induction of
luciferase activity relative to those of cells transfected with the empty vector. *, P < 0.05; **, P < 0.001
(compared to cells transfected with the empty vector). Inmunoblot analysis of lysates was also per-
formed. (B) HEK 293T cells were cotransfected with 250 ng pNEMO-HA, 250 ng pUb-Myc, 250 or 500 ng
pclAP1, and an amount of pCl sufficient to make 1,500 ng present in all reaction mixtures. (C) HEK 293T
cells were cotransfected with 250 ng pNEMO-HA, 250 ng pUb-Myc, 250 ng pclAP1, and 1,000 ng of either
pCl or pMC159. (B and C) At 24 h posttransfection, cells were lysed in 150 ul of Ub lysis buffer. A portion
of each lysate was set aside to monitor protein expression. For the remaining clarified cellular lysates, IP
was performed by using the indicated antibodies conjugated to protein G-Sepharose beads. Immuno-
precipitated samples or cellular lysates were separated by SDS-PAGE, and proteins were transferred onto
PVDF membranes for IB. Membranes were probed with the indicated antibodies to detect clAP1, NEMO,
MC159, K13, or actin. Monoubiquitinated (Mono-Ub) and polyubiquitinated (Poly-Ub) forms of NEMO are
indicated.
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FIG 7 MC159, but not the K13 homolog, inhibits NEMO-clAP1 interactions. (A and B) HEK 293T cells were
cotransfected with 500 ng pclAP1-FLAG, 500 ng pNEMO-HA, and 1,000 ng of pCl, pMC159 (A), or
pK13-FLAG (B). At 24 h posttransfection, cells were collected and lysed in IP lysis buffer. A portion of each
lysate was set aside to monitor protein expression. The remaining clarified cellular lysates were incubated
with IgG or anti-HA antibody conjugated to protein G-Sepharose beads. (C) HEK 293T cells were cotrans-
fected with 500 ng pclAP1-FLAG and 500 ng pCl, pPNEMO-HA, or pMC159-HA. At 24 h posttransfection, cells
were collected and lysed in IP lysis buffer. Clarified cellular lysates were incubated with IgG or anti-HA
antibodies conjugated to protein G-Sepharose beads. (D) Dishes (10 cm?) of subconfluent monolayers of
Hela cells were transfected with 5,000 ng of pCl or pMC159-HA. At 24 h posttransfection, cells were
incubated in medium containing TNF (10 ng/ml) for 10 min. Cells were collected and lysed in IP lysis buffer.
A portion of each lysate was set aside to monitor protein expression. For the remaining clarified cellular
lysates, IPs were performed by using IgG or anti-clAP1 antibodies conjugated to protein G-Sepharose
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presence of TNF (33). clAP1 was immunoprecipitated by using anti-clAP1 antibodies,
and immunoprecipitates were probed with antibodies against NEMO or HA-tagged
MC159. While clAP1-NEMO interactions were detected in pCl-transfected cells, these
interactions were reduced when MC159 was present.

Figure 7E shows a reverse approach to examine the effect of MC159 on the
clAP1-mediated ubiquitination of NEMO. In this case, cells were transfected with the
HA-tagged Ub constructs shown in Fig. 2 (WT, K48, or K63), and ubiquitinated proteins
were immunoprecipitated by using anti-HA antibodies. Immunoprecipitates were
probed with antibodies specific for NEMO. When NEMO and ubiquitin were overex-
pressed (Fig. 7E, lane 3), a 56-kDa NEMO protein was detected, representing the
monoubiquitinated form of NEMO. This was expected because NEMO has a UBAN
(ubiquitin binding region) domain. Also, the diubiquitinated form of NEMO (64 kDa)
was also observed. When clAP1 was overexpressed, a third, higher-migrating band of
NEMO was detected (approximately 72 kDa), indicating that clAP1 facilitates NEMO
polyubiquitination (Fig. 7E, lane 4). This banding pattern changed when K48 or K63
mutant ubiquitins were expressed. When K48 was expressed, monoubiquitinated
NEMO was observed, but there was a dramatic reduction in diubiquitinated NEMO
levels. This was expected because K48-linked ubiquitination is usually associated with
proteosomal degradation. When K63 ubiquitin was expressed, we instead observed a
doublet NEMO band with a slightly higher molecular weight than that of the diubiqg-
uitin NEMO observed in Fig. 7E, lanes 3 and 4. We speculate that this doublet may
represent a mixed population of NEMO that has ubiquitin binding to the UBAN region
versus the zinc finger domain region, but we have no means to prove this. It was most
interesting that when MC159 was expressed, only monoubiquitinated NEMO was
detected in Fig. 7E. In summary, these data suggest that MC159 greatly reduced
clAP-NEMO interactions and thus clAP1-mediated NEMO polyubiquitination.

MC159 inhibits NEMO-cIAP1 interactions during surrogate virus infection.
Vaccinia virus and other poxviruses are genetically tractable because these viruses can
be propagated in vitro. However, MCV cannot be propagated in cell culture (6, 7),
making it difficult to assess if MC159 inhibits NEMO-cIAP1 interactions during MCV
infection. As an alternative strategy to study MC159 function during infection, the MCV
MC159L gene was stably inserted into a vaccinia virus that lacked the vaccinia virus
A49R gene, a gene that encodes an NF-kB-inhibitory protein (49). MC159 protein
expression was detected in infected cells at both 2 and 6 h postinfection (p.i.), and this
was expected because MC159 was under the control of a synthetic early/late promoter
(Fig. 8A). The parental virus (vAA49) and the revertant virus, in which the A49R gene was
reintroduced into vAA49, did not express MC159 (Fig. 8A).

Next, viruses were used to infect cells expressing epitope-tagged versions of NEMO
and clAP1 (Fig. 8B). In this case, NF-«kB activation was triggered by the overexpression
of clAP1 and NEMO. clAP1 coimmunoprecipitated with NEMO in mock-infected cells or
in cells infected vAA49 or vAA49rev. However, these interactions were greatly reduced
when cells were infected with vMC159AA49. E3, a vaccinia virus protein expressed early
in infection, was present in similar amount in lysates of all infected cells, demonstrating
similar extents of virus infection (Fig. 8B). An identical set of lysates was incubated with
IgG antibodies. Under these conditions, neither NEMO, clAP1, nor MC159 was detected
in immunoprecipitation reactions, indicating that these proteins did not nonspecifically
bind to protein G-Sepharose beads. In summary, these data indicate that MC159
interferes with clAP1-NEMO interactions during virus infection.

FIG 7 Legend (Continued)

beads. (E) HEK 293T cells were cotransfected with 250 ng pclAP1-Myc; 250 ng pNEMO-FLAG; 250 ng
pWT-Ub-HA, pK48-HA, or pK63-Ub-HA; and 1,000 ng pCl or pMC159, as indicated. At 24 h posttransfection,
cells were collected and lysed in IP lysis buffer. A portion of each lysate was set aside to monitor protein
expression. For the remaining clarified cellular lysates, IPs were performed by using IgG or anti-HA

antibodies conjugated to protein G-Sepharose beads. For all experiments, immunoprecipitated samples or

cellular lysates were separated by SDS-PAGE, and proteins were transferred onto PVDF membranes for IB.
Membranes were probed with the indicated antibodies to detect clAP1, NEMO, Ub, MC159, K13, or actin.
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FIG 8 MC159 inhibits NEMO-cIAP1 interactions during surrogate virus infection. (A) RK13 cellular
monolayers were infected with vAA49, vAA49rev, or yYMC159AA49 (MOI = 10). At 2 or 6 h p.i, cells were
collected and lysed in CE buffer. A portion of each lysate was electrophoretically separated by using
SDS-12% PAGE, and proteins were transferred onto PVDF membranes. Membranes were probed with
antibodies to detect MC159 or actin. (B) HEK 293T cellular monolayers were cotransfected with 500 ng
PNEMO-HA and 500 ng pclAP1-FLAG. At 24 h posttransfection, cells were either mock infected or
infected with vAA49, vAA49rev, or vYMC159AA49 (MOI = 10). At 24 h postinfection, cells were collected
and lysed in IP lysis buffer. A portion of each lysate was set aside to monitor protein expression. For the
remaining clarified cellular lysates, IPs were performed by using IgG or anti-HA antibodies conjugated to
protein G-Sepharose beads. Immunoprecipitated samples or cellular lysates were separated by SDS-
PAGE, and proteins were transferred onto PVDF membranes for IB. Membranes were probed with the
indicated antibodies to detect NEMO, MC159, cIAP1, E3, or actin.

DISCUSSION

There is no reliable FDA-approved treatment for MCV infections (6, 7). Understand-
ing how MC159 represses NEMO activation may provide a rationale for the design of
compounds that may have therapeutic value for MCV infections. We show here that
MC159 inhibited NEMO polyubiquitination, piquing curiosity as to how MC159 might
interact with NEMO to interfere with its posttranslational modification. MC159 probably
is not a competitive substrate for the host cell ubiquitination machinery because
MC159 is not covalently linked to ubiquitin. MC159 also does not physically cloak the
C-terminal lysine residues of NEMO that are known substrates of the ubiquitin machin-
ery because MC159 did not interact with the C-terminal region of NEMO.

A potential mechanism for the MC159 antagonist function became apparent when
we observed that MC159 interacted with the N terminus of NEMO, the same region to
which clAP1 binds (32). Here, several lines of evidence support the model that MC159
binds to NEMO to prevent clAP1 from interacting with and polyubiquitinating NEMO.
First, clAP1 no longer coimmunoprecipitated with NEMO when MC159 was present.
Second, clAP1 had a greatly reduced capacity to polyubiquitinate NEMO when MC159
was present. Third, clAP1-induced NF-«B activation was greatly reduced by MC159. This
is the first report of a viral protein disrupting clAP1-NEMO interactions as a strategy to
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antagonize NF-«kB activation. The current model is that by competitively inhibiting
clAP1-NEMO interactions, MC159 prevents the clAP1-induced polyubiquitination of
NEMO. Thus, MC159 represents a novel viral strategy to antagonize IKK activation. One
caveat is that our coimmunoprecipitation data do not rule out the possibility that
MC159 indirectly binds to NEMO. We think that this possibility is less likely because a
viral homolog of MC159 (K13) binds directly to NEMO in a cell-free system (47).

We used TNF to trigger signal transduction events in many experiments here because
TNF is expressed at MC lesions (18). Also, many of the signal transduction events that occur
from TNFR1 to NF-kB transcriptional activation are well known (19), which would aid in
determining how MC159 may alter IKK activation. For example, the K63-linked polyubig-
uitination of NEMO was the first type of ubiquitination event shown to be important for
TNF-induced NF-kB activation (23, 24). TNF also stimulates the formation of M1-linked and
K63/M1-ubiquitin hybrid chains on NEMO (28, 50). K63-linked chains are substrates for
M1-linked polyubiquitination (28, 50). Since MC159 inhibited K63-linked ubiquitination (Fig.
2), it is predicted that MC159 would also block the formation of K63/M1 hybrid chains and,
as such, may also inhibit NF-«B activation triggered via other innate immune signaling
pathways such as those triggered by the IL-1 receptor (IL-1R) (28, 50).

RIP1 polyubiquitination is critical for IKK and NF-kB activation, and clAP1 ubiquiti-
nates RIP1 (23, 25, 26, 51-53). Thus, it was quite surprising to observe that MC159 did
not prevent RIP1 polyubiquitination despite RIP1-MC159 coimmunoprecipitations.
Since these are coimmunoprecipitations, it cannot be discerned if MC159 binds directly
to RIP1 or indirectly to RIP1 via NEMO. Nevertheless, our results raise the question of
why the inhibition of NEMO but not RIP1 polyubiquitination may be beneficial to MCV.
TNF-TNFR1 interactions possess the capacity to trigger either NF-kB activation, apop-
tosis, or necroptosis (19, 54). The ubiquitination status of RIP1 can control this outcome
(23, 51, 55, 56). The general consensus is that polyubiquitinated RIP1 allows NF-«B
activation (23). However, if RIP1 is unmodified, apoptosis (57-59) or necroptosis (56,
60-62) signaling events may occur. Thus, a strategic allowance of RIP1, polyubiquiti-
nation would decrease signaling events associated with cell death and increase events
associated with virus survival. There are reports that show that MC159 inhibits TNF-
induced necroptosis (35) and programmed necrosis (39, 63), which support this hy-
pothesis. MC159 is already known to bind to and inhibit procaspase-8 to inhibit
apoptosis (8, 9, 43). Thus, the allowance of RIPT ubiquitination for the purposes of cell
survival would represent a second (albeit indirect) antiapoptosis mechanism of MC159.

clAP1 is an E3 ligase that polyubiquitinates RIP1 (44, 45). Other reports have shown
that clAP1 also ubiquitinates NEMO (32, 33). For example, using recombinant proteins,
Tang et al. showed that clAP1 conjugates K6-linked ubiquitin to NEMO (33). clAP1 has
also been reported to add K63-linked ubiquitin to BCL10 to stimulate IKK activation in
B cell lymphoma cell lines (31). No reports show that clAP1 ubiquitinates NEMO during
Toll-like receptor 2 (TLR2)- or IL-1R-induced NF-«B activation. Instead, TRAF6 ubiquiti-
nated NEMO for TLR2-induced and IL-1R-induced NF-kB activation (64). Thus, it is
difficult to predict if MC159 would inhibit TNF receptor-associated factor 6 (TRAF6)-
induced NEMO ubiquitination. While there is no reported evidence to show that clAP1
adds Ké3-linked ubiquitin chains to NEMO, clAP1 has been reported to K63 link
ubiquitinated Bcl-10 (31) and RIP1 (65). Thus, we became interested in the possibility
that clAP1 may act as an E3 ligase in our system of study because of the coincidence
that MC159 interacted with the N terminus of NEMO, where clAP1 was reported to bind
(32). We show here that MC159 inhibited NEMO-clAP1 interactions and clAP1-induced
NF-kB activation and NEMO polyubiquitination. From these data, our current model is
that MC159 prevents clAP1-induced NEMO polyubiquitination. We observed that
MC159 did not completely abolish NEMO polyubiquitination under any conditions
examined. It has been proposed that there are multiple E3 ligases that ubiquitinate
NEMO (20). We speculate that perhaps MC159 does not prevent these other ligases
from interacting with and modifying NEMO. The biological relevance of this remains
unclear. We also observed that MC159 was a stronger inhibitor of NEMO polyubiquiti-
nation when cells were stimulated with TNF than with the overexpression of clAP1.
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Perhaps the latter result is due to competition between clAPT and MC159 for NEMO in
the transfection system used here.

MCV cannot be propagated in cell culture, making it difficult to examine the
biochemical function of MC159 during infection. Here, we expressed the MCV MC159L
gene in vaccinia virus as a strategy to explore MC159 functions during poxvirus
infections. We show that MC159 prevented clAP1-NEMO interactions during virus
infection, implying that MC159-NEMO interactions are biologically relevant during MCV
infections. We purposefully did not examine NEMO ubiquitination or NF-«B activation
in virus-infected cells because the parental vaccinia virus (VAA49) expresses at least
nine other NF-kB-inhibitory proteins that inhibit NF-kB activation, including some that
act upstream of IKK activation (e.g., A52, A46, and K7) (66). Thus, NEMO is expected to
remain in its nonubiquitinated state during vAA49 infection due to these other vaccinia
virus proteins. Because of this, it would be technically impossible to detect MC159's
effects on NEMO polyubiquitination in these virus-infected cells.

To date, MCV encodes three proteins that target the NF-«B activation pathway:
MC159, MC160, and MC132 (6, 12). MC159 and MC160 each target the IKK complex (13,
14, 67). MC159 binds to the NEMO subunit of the IKK complex (14). In contrast, MC160
triggers IKKa degradation (67). MC132 acts at a step downstream of MC159 and MC160;
MC132 degrades the p65 subunit of the NF-kB complex (12). The mechanism of each
MCV protein described above was determined by expressing each protein independent
of infection because MCV cannot be propagated in cell culture. Of course, all three
proteins are predicted to be expressed simultaneously during MCV infection. It is not
clear why MCV codes for proteins with seemingly redundant functions. Similar ques-
tions are raised with vaccinia virus, a virus that expresses at least 10 different NF-xB
inhibitors (66). One prevailing theory for vaccinia virus is that each NF-«B-inhibitory
protein is important to block NF-«B activation triggered at different stages of infection
or by different signal transduction pathways. Perhaps MCV encodes multiple proteins
for similar reasons. For example, MC159 may target canonical IKK activation, while
MC132 may be a means to neutralize NF-«B activation that occurs through the noncanoni-
cal (IKK-independent NF-«B activation) pathway.

This report focuses on MC159 inhibition of NF-«B activation (14, 35, 40, 68).
However, there are several reports showing that MC159 activates the NF-«B pathway
when MC159 is expressed at low levels (14, 35, 68, 69). This begs the question of which
phenotype has biological relevance. Interestingly, the murine cytomegalovirus (MVCMV)
M45 protein induces NF-«B early after infection (70) and then inhibits NF-«B during
later times postinfection (71). For M45, the former function is due to virion-associated
M45 molecules, and it has been proposed that NF-«B activation is important for initial
virus infection (70). In contrast, de novo-synthesized M45 proteins inhibit NF-«B, and
this may be important for MCMV persistence (71). An attractive hypothesis is that
reports of MC159 activating and inhibiting NF-«B activation may reflect MC159 up- or
downregulating NF-kB activation temporally during infection to reorganize the cell
landscape in a manner that is beneficial for persistent infection. Unfortunately, this
hypothesis cannot be tested currently because MCV cannot be propagated in cell
culture or in animals. In an elegant approach to further examine MC159 within the
context of virus infection, Huttmann et al. examined MC159 properties within the
context of M45-less MCMV infection (35). MC159 did not inhibit MCMV-induced NF-xB
activation at late times postinfection (35), which implies that the NF-«B-inhibitory
properties of MC159 are important during the initial phases of infection.

The IKK complex is a powerful means to activate NF-«B (20). Several viruses manipulate
NEMO to antagonize IKK. For example, the Merkel cell polyomavirus (McPyV) small T
antigen (ST) and the MCMV M45 protein each bind to NEMO to prevent IKK activation
(71, 72). Each protein uses a different mechanism to antagonize NEMO, and this likely
reflects the different needs of a virus during infection. McPyV ST draws cellular
molecules serine/threonine-protein phosphatase 4 (PP4C) and protein phosphatase 2
beta (PP2ap) to NEMO to presumably dephosphorylate and inactivate IKK (72). In
contrast, M45-NEMO interactions target NEMO to the autophagosome for subsequent
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NEMO degradation (71). Here, MC159 inhibits NEMO polyubiquitination. Other viral
proteins target other IKK subunits. The vaccinia virus B14 protein binds to IKKB to
prevent IKKB phosphorylation by upstream kinases (73). The MCV MC160 protein
degrades IKKa to destroy the IKK complex (13, 67). These viral proteins exemplify the
importance of IKK for the antiviral response and that multiple viruses antagonize IKK
activation using multiple strategies.

On the other side of the coin, some oncogenic viruses encode NEMO-binding
proteins to stimulate IKK activation and induce the transformation of infected cells.
These proteins include the KSHV K13 protein (47, 48). MC159 and K13 are members of
the FLIP family of proteins (46). These proteins are also present in cells in two forms,
cFLIP-long and cFLIP-short (cFLIP, and cFLIPg), and these proteins were characterized
originally by two tandem death effector domains and their ability to block extrinsic
apoptosis (46). It is rather striking that MC159 and K13 each bind to the N terminus of
NEMO, but MC159-NEMO interactions inhibit IKK activation, while K13-NEMO interac-
tions trigger IKK activation (14, 47, 48). How do these seemingly similar proteins interact
with NEMO but cause such disparate biological outcomes? The solved crystal structures
of MC159 (74, 75) and a K13-NEMO complex (76) have not shed light on potential
mechanisms. It was originally proposed that K13 would induce major conformational
changes in NEMO that favor IKK activation. However, Bagneris et al. recently reported
that K13 binding causes only subtle conformational changes in NEMO, suggesting that
K13 may rely on other binding partners to stimulate IKK (77). In our hands, MC159
prevented clAP1-NEMO interactions, while K13 did not (Fig. 7B). One hypothesis for
future research is that K13 may enhance clAP1-NEMO interactions to activate IKK, while
MC159 prevents such interactions to inhibit IKK. Although much is known about IKK
activation, there are still many questions remaining about NEMO and IKK, including
their temporal regulation by different stimulants and different cell types. It is proposed
that parallel studies of structural homologs like MC159 and K13 provide a unique
platform to learn how to precisely manipulate IKK activation to the benefit of human
health.

MATERIALS AND METHODS

Cell lines and plasmids. Human embryonic kidney HEK 293T cells and human cervical carcinoma
(HeLa) cells were obtained from the American Type Culture Collection. NEMO~—/~ MEFs were obtained
from Tak Mak (University of Toronto). Rabbit kidney cells (RK13) were a kind gift from Grant McFadden
(University of Florida). All cells were cultured in Eagle’s minimal essential medium (MEM) supplemented
with 2 mM L-glutamine and 10% fetal bovine serum (FBS; Fisher).

Plasmids pCl and pcDNA3.1 were obtained from Promega and Invitrogen, respectively. Plasmids
harboring the MCV MC159 gene (pMC159) or an HA epitope-tagged MC159 gene (pMC159-HA) were
described previously (14, 15, 68). pK13-FLAG harbors a FLAG-tagged KSHV K13 gene and was provided
by Jeffery Cohen (National Institutes of Health). The RIP1 plasmid (pRIP1-HA) was a kind gift from Preet
Chaudary (University of Texas Southwestern Medical Center) (40). pPNEMO-FLAG and pNEMO-HA express
an epitope-tagged version of NEMO. The p1-250-FLAG and p251-419-FLAG plasmids were provided by
Kunitada Shimotohno (Chiba Institute of Technology). p1-250-FLAG encodes residues 1 to 250 of NEMO,
while p251-419-FLAG encodes residues 251 to 419 of NEMO. pIKKyAZnF (called pNEMOAZnF here)
encodes a mutant NEMO protein in which the ZnF domain of NEMO is absent and cannot be
ubiquitinated (33). Plasmids pWT-Ub-HA (Yossi Yarden, Weizmann Institute of Science) and pUb-Myc
(Kunitada Shimotohno) encode HA and Myc epitope-tagged ubiquitins, respectively (78). The constructs
pK48-Ub-HA and pK63-Ub-HA were kind gifts from Derek Abbott (Case Western Reserve University).
Plasmids pclAP1-FLAG and pclAP1-Myc, which produce FLAG and Myc epitope-tagged cIAP1 proteins,
respectively, were purchased from Addgene. Plasmid pNF-kBluc carries the firefly luciferase gene under
the control of a synthetic NF-kB promoter (Promega). Plasmid pRL-TK (Promega) expresses constitutively
low levels of sea pansy luciferase and is used to determine transfection efficiency.

For all experiments involving plasmids, DNA was transfected into cells by using FuGene 6 transfection
reagent (Promega), according to the manufacturer’s protocols.

Viruses. VAA49 and vAA49rev were described previously (49). A recombinant virus was created, in
which the MC159L gene, under the control of the synthetic p7.5 promoter, was inserted into a mutant
vaccinia virus (vAA49) with a deletion of nucleotides (nt) 113 to 473 of the A49R gene (49). The first step
in this process was to create a pAA49MCS plasmid that had multiple cloning sites for the insertion of the
MC159L gene.

A plasmid lacking nt 113 to 473 of the A49R gene (pAA49Z11) was used as a source of DNA. From
this plasmid, two regions were PCR amplified: the A48 flank and the A50 flank. A48 begins at A48R nt 457
and continues through to A49R nt 112 for a 338-bp product. The primers used to PCR amplify this
product are A48R forward primer 5'-ATCGGGATCCAACAAAAGGTATTACAAGAATAT-3" and A48R reverse
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primer 5'-CGCGGATACTAGTATCGATATAGTTTCTATCTTGGCAATAACTAATTG-3'. The underlined regions
are regions of vaccinia virus DNA. The forward primer introduces a BamHI restriction enzyme site (in
italics). The reverse primer introduces the Clal and Spel restriction enzyme sites (in italics). The A50-
flanking region was PCR amplified from pAA49Z11. This PCR product begins at A49R nt 474 and ends at
A50R nt 293 to PCR amplify a 339-bp product. The A50 forward primer is 5'-GAAACTATATCGATACTA
GTATCCGCGAACGATATTTGTGA-3'. The A50 reverse primer is 5'-ATATGAATTCGATTTCTGTGTTCTCTTTG
AAGAAAGTC-3'. The underlined nucleotides are located in the vaccinia virus genome. The forward
primer introduces the Clal and Spel restriction enzyme sites (in italics). The reverse primer introduces an
EcoRl restriction enzyme site. Next, 50 to 100 ng of each gel-purified PCR product was stitching-of-ends
(SOE) joined (the DNA regions that overlapped for SOE are in boldface type) and PCR amplified by using
A48R forward and A50R reverse primers. The resultant PCR product was restriction enzyme digested with
BamHI and EcoRI and inserted into pUC13/gpt/EGFP that was digested with BamHI and EcoRI and shrimp
alkaline phosphatase (SAP) modified. This plasmid is referred to as pAA49MCS.

To create an MC159L-containing plasmid for the insertion of MC759L into the vaccinia virus genome,
the MCV MCT759L gene was PCR amplified from MC159/pCl by using forward primer 5'-CGGATCTATA
ATCATGTCCGACTCCAAGGAGG-3' and reverse primer 5'-GAAAACTAGTTCAAGTCGTTTGCTCGGGG-3' to
yield a 726-bp PCR product. The MC159 nucleotides are underlined. The reverse primer engineered in the
Spel restriction enzyme digestion site is in italic type. The p7.5 promoter was PCR amplified from
pUC13/gpt/EGFP. The forward primer is 5'-TTTTATCGATTAAATAATAAATACAATAATTAATTTCTCGT-3', and
the reverse primer is 5'-GGAGTCGGACATGATTATAGATCCGTCACTG-3’, which yielded a 121-bp PCR
product. The forward primer introduced a Clal restriction enzyme site (italic type). Next, 50 to 100 ng of
each gel-purified PCR product was SOE joined and PCR amplified by using A48R forward and A50R
reverse primers. The DNA regions that overlapped for SOE are in boldface type. The resultant PCR
product of 847 bp was restriction enzyme digested with Clal and Spel and inserted into pAA49MCS that
was digested with Clal and Spel and SAP modified. This plasmid was called MC159/pAA49MCS.

To create vVMC159AA49R, BSC-1 cells were infected with vAA49R and transfected with MC159/
pAA49R. Recombinant viruses were collected 24 h later and selected in the presence of mycophe-
nolic acid, xanthine, and hypoxanthine (79). This process was repeated three times to isolate
recombinant viruses away from parental viruses. Intermediate viruses expressing the Escherichia coli gpt
gene product were resolved into vAA49 or vYMC159AA49 by growing viruses in BSC-1 cells in the absence
of drugs. The genotype of each virus was confirmed by using PCR to amplify MC759L and the flanking
A48R and A50R regions.

MC159 expression in vMC159AA49-infected cells was assessed by immunoblotting. RK13 cellular
monolayers were infected with vAA49, vAA49rev, or vMC159vAA49 (multiplicity of infection [MOI] of 10
PFU/cell). At 2 or 6 h p.i,, cells were removed from the plate by scraping and collected by centrifugation
(18,000 X g for 5 min). Cellular pellets were resuspended and lysed in 150 ul CE buffer (10 mM HEPES,
10 mM KCl, 0.1 mM EDTA [pH 8], 0.1 mM EGTA [pH 8], 0.05% Nonidet P-40) that was supplemented with
Halt protease inhibitors (Fisher) for 30 min at 4°C. Cellular lysates were centrifuged at 18,000 X g for 5
min. Clarified supernatants were removed to new tubes, and 15 g of protein from each supernatant was
used for immunoblotting.

Luciferase reporter assay. A dual-reporter luciferase assay was performed to quantify NF-kB
activation according to previously reported protocols (14, 15, 68). Briefly, subconfluent cellular mono-
layers of HEK 293T cells in 12-well plates were cotransfected with 225 ng pNF-«kBluc; 12.5 ng pRL-TK; and
750 ng of pcDNA3.1, pMC159, or pK13. Cells were additionally cotransfected with 250 ng, 500 ng, 750
ng, or 1,000 ng pclAP1. All transfections were performed in triplicate. Cells were lysed in 1X passive lysis
buffer (PLB; Promega), and lysates were analyzed for firefly and sea pansy luciferase activities. For each
lysate, the ratio of firefly luciferase activity to sea pansy luciferase activity was calculated to correct for
differences in transfection efficiencies. The data from triplicates were averaged. The resultant values were
used to compare the expression of the firefly luciferase gene in stimulated cells to that in unstimulated,
pcDNA3.1-transfected cells, whose value was set to 1. Values are shown as means =+ standard deviations
(SD). The Student t test was used to determine statistical significance. Statistically significant inhibition
of luciferase activity is indicated by asterisks.

Lysates from luciferase assays were also analyzed for the presence of relevant proteins by immuno-
blotting. In this case, 20 ug of protein from each lysate was separated by using SDS-PAGE and transferred
onto polyvinylidene difluoride (PVDF) membranes. Membranes were probed with polyclonal rabbit
anti-MC159 (1:1,000) (43), rabbit anti-FLAG (1:2,000) (catalog number F7425; Sigma-Aldrich), and goat
anti-clAP1 (1:400) (catalog number AF8181; R&D Systems) and then with horseradish peroxidase (HRP)-
conjugated goat anti-rabbit IgG (1:10,000) (CalBiotech) or HRP-conjugated rabbit anti-goat IgG (1:5,000)
(R&D Systems) to detect MC159, K13, or clAP1 expression levels. Antibody-antigen reactions were
detected by using chemiluminescence reagents (Thermo Scientific) and autoradiography.

Immunoblotting and antibodies. For all immunoblots, the protein concentration of lysates was
determined by using the 660-nm protein assay (Pierce). Twenty micrograms of clarified cellular lysates
was subjected to SDS-PAGE, and proteins were transferred to polyvinylidene difluoride (PVDF) mem-
branes (Millipore). Membranes were blocked in 5% (wt/vol) milk or bovine serum albumin (BSA) in
Tris-buffered saline and Tween 20 (TBST) (150 mM NaCl, 50 mM Tris base, 0.05% Tween 20) for at least
30 min at room temperature. Membranes were incubated with the indicated primary antibodies overnight at
4°C. Next, membranes were washed three times in large volumes of TBST and incubated with the appropriate
HRP-conjugated secondary antibodies. Immunoblots were developed by using chemiluminescence reagents
(Thermo Scientific) and autoradiography. Primary antibodies used in these experiments were polyclonal
rabbit anti-MC159 (1:1,000) (43), anti-FLAG (1:2,000) (catalog numbers F3165 and F7425; Sigma-Aldrich),
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anti-HA (1:2,000) (catalog number 3724; Cell Signaling Technology), anti-Myc (1:2,000) (catalog numbers 2272
and 2276; Cell Signaling Technology), anti-NEMO (1:1,000) (catalog number sc8330; Santa Cruz Biotechnol-
ogy), and anti-clAP1 (1:400) (catalog number AF8181; R&D Systems). Monoclonal mouse anti-E3 (1:5,000) was
a kind gift from Stuart Isaacs (University of Pennsylvania) (80). Secondary HRP-conjugated antibodies were
obtained from either Thermo Scientific (goat anti-mouse IgG; 1:10,000), Calbiochem (goat anti-rabbit IgG;1:
10,000), or R&D Systems (rabbit anti-goat IgG; 1:5,000).

Ubiquitination assay. There were two approaches used to stimulate NEMO polyubiquitination. The
first approach was to overexpress NEMO in sufficient amounts to ensure NF-«B activation. For the first
approach, HEK 293T cells were seeded into 6-well plates at 5 X 10° cells/well and transfected with 500
ng pUb-Myc, 500 ng pNEMO-FLAG, and 1,000 ng pCl or pMC159. In some cases, plasmids encoding HA
epitope-tagged wild-type (pWT-Ub-HA) or mutant (pK63-Ub-HA or pK48-Ub-HA) ubiquitin were used
instead of pUb-Myc. The second approach provided the opportunity to examine TNF-induced NEMO
polyubiquitination. In this case, HEK 293T cells were transfected with 250 ng pUb-Myc, 250 ng pNEMO-
FLAG, and 1,000 ng pCl or pMC159. At 24 h posttransfection, cells were incubated with TNF (10 ng/ml;
Roche) for 15 min.

To examine RIP1 polyubiquitination, cells were instead transfected with 500 ng pRIP1-HA and 500 ng
pUb-Myc. At 24 h posttransfection, cells were incubated in medium lacking or containing TNF. To
examine MC159 ubiquitination, cells were instead transfected with 500 ng pMC159 and 500 ng pUb-Myc.
At 24 h posttransfection, cells were incubated in medium lacking or containing TNF (10 ng/ml) for 15
min. For reverse immunoprecipitation, cells were transfected with 250 ng pNEMO-HA; 250 ng pclAP1-
Myc; 250 ng either pWT-Ub-HA, pK48-Ub-HA, or pK63-Ub-HA; and 1,000 ng pCl or MC159.

In all cases, cells were removed from the plate by scraping and collected by centrifugation (18,000 X g
for 5 min). Cellular pellets were resuspended in 150 ul Ub lysis buffer (50 mM Tris [pH 7.6], 250 mM NaCl,
1% Triton X-100, 0.5% Nonidet P-40, 3 mM EGTA, 3 mM EDTA, 10% glycerol, 0.1 mM Na,VO,, 10 uM
N-ethylmaleimide) supplemented with a mixture of protease inhibitors (Halt; Fisher-Pierce) for 30 min at
4°C as previously described (33). Cellular lysates were centrifuged at 18,000 X g for 5 min. Clarified
supernatants were collected. Fifty microliters of the supernatants was set aside and used to detect
protein expression levels. The remaining 100 ul of clarified lysates was used for IPs to detect the
polyubiquitination of the protein of interest. In this case, lysates were precleared for no more than 2 h
with protein G-Sepharose beads (Invitrogen) at 4°C with rotation. Beads were collected by centrifuga-
tion. Clarified lysates were removed to new tubes and incubated with 1 ng mouse anti-FLAG (catalog
number F3165; Sigma-Aldrich), anti-HA (catalog number H9658; Sigma-Aldrich), or anti-Myc (catalog
number 2276; Cell Signaling Technology) antibodies or mouse IgG isotype control antibodies
(catalog number 15381; Sigma-Aldrich) for 2 h at 4°C with constant rotation. After 2 h, 50 ul protein
G-Sepharose beads was added to each sample, and the samples were incubated overnight with constant
rotation at 4°C. Beads were collected by centrifugation (18,000 X g for 5 min) and washed three times
with 750 ul Ub lysis buffer and once with Ub lysis buffer supplemented with 3 M urea.

Coimmunoprecipitation assays. To detect NEMO-MC159 interactions, subconfluent HEK 293T or
NEMO~/~ MEF cellular monolayers were cotransfected with 500 ng pUb-Myc; 500 ng of either pNEMO-
FLAG, p1-250-FLAG, or p251-419-FLAG; and 1,000 ng pCl or pMC159. At 24 h posttransfection, cells were
incubated in medium lacking or containing TNF (10 ng/ml) for 15 min. Cells were lysed in 150 ul of IP
lysis buffer (50 mM Tris [pH 8.0], 150 mM Nacl, 0.5% Nonidet P-40, 50 mM NaF, 0.1 mM Na,VO,, 1 mM
dithiothreitol [DTT]) supplemented with a mixture of protease inhibitors (Halt; Fisher-Pierce) as previously
described (33). Fifty microliters of the supernatants was set aside and used to detect protein expression
levels. The remaining 100 wl of clarified lysates was used for IPs to detect protein-protein interactions.
Clarified lysates were precleared for 1 to 2 h with protein G-Sepharose beads (Invitrogen) at 4°C with
rotation. Next, clarified lysates were incubated with 1 ug anti-FLAG or IgG overnight at 4°C. Fifty
microliters of protein G-Sepharose beads was added to each tube, and reaction mixtures were incubated
for an additional 4 h at 4°C with constant rotation.

To detect endogenous NEMO-cIAP1 interactions, 10-cm? dishes of subconfluent HelLa cell monolay-
ers were transfected with 5,000 ng of pCl or pMC159-HA. At 24 h posttransfection, cells were incubated
in medium containing TNF (10 ng/ml) for 10 min. Next, cells were dislodged from plates by scraping into
1 ml chilled PBS and collected by centrifugation (1,000 X g for 10 min). Cellular pellets were incubated
in 150 ul IP lysis buffer for 30 min at 4°C. Cellular lysates were centrifuged (18,000 X g for 5 min). Fifty
microliters of the supernatants was set aside and used to detect protein expression levels. The remaining
100 ul of clarified lysates was used for IPs to detect protein-protein interactions. For IPs, lysates were
precleared for 2 h with protein G-Sepharose beads (Invitrogen) at 4°C with rotation. Beads were removed
by centrifugation, and clarified lysates were incubated with 2 g mouse monoclonal anti-clAP1 (catalog
number sc-271419; Santa Cruz) or IgG isotype control (catalog number 15381; Sigma-Aldrich) antibodies
for 2 h at 4°C with constant rotation. After incubation with anti-clAP1 Ab, 50 ul protein G-Sepharose
beads was added, and supernatants were incubated for an additional 1 h with constant rotation at 4°C.

For all IPs, pelleted bead-protein complexes were suspended in 30 ul of 2X Laemmli buffer
containing 5% 2-mercaptoethanol (2-ME) and boiled for 5 min. Immunoprecipitated samples or a portion
of the remaining clarified lysates was electrophoretically separated by SDS-PAGE, and proteins were
transferred onto PVDF membranes for IB.
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