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ABSTRACT MC159 is a viral FLIP (FLICE inhibitory protein) encoded by the mollus-
cum contagiosum virus (MCV) enabling MCV to evade antiviral immunity and to es-
tablish persistent infections in humans. Here, we show that MC159 contains a func-
tional SH3 binding motif, which mediates avid and selective binding to SH3BP4, a
signaling protein known to regulate endocytic trafficking and suppress cellular au-
tophagy. The capacity to bind SH3BP4 was dispensable for regulation of NF-�B-
mediated transcription and suppression of proapoptotic caspase activation but con-
tributed to inhibition of amino acid starvation-induced autophagy by MC159. These
results provide new insights into the cellular functions of MC159 and reveal SH3BP4
as a novel host cell factor targeted by a viral immune evasion protein.

IMPORTANCE After the eradication of smallpox, molluscum contagiosum virus (MCV) is
the only poxvirus restricted to infecting humans. MCV infection is common and
causes benign skin lesions that usually resolve spontaneously but may persist for
years and grow large, especially in immunocompromised individuals. While not life
threatening, MCV infections pose a significant global health burden. No vaccine or
specific anti-MCV therapy is available. MCV encodes several proteins that enable it to
evade antiviral immunity, a notable example of which is the MC159 protein. In this
study, we describe a novel mechanism of action for MC159 involving hijacking of a
host cell protein called SH3BP4 to suppress autophagy, a cellular recycling mecha-
nism important for antiviral immunity. This study contributes to our understanding
of the host cell interactions of MCV and the molecular function of MC159.
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Molluscum contagiosum virus (MCV) belongs to the Poxviridae family and is the
sole known member of the Molluscipox genus (1, 2). It is the only poxvirus that

can cause a persistent infection in humans, and since the eradication of smallpox, it is
the only poxvirus with a host range restricted to humans. Although not life threatening,
MCV infections pose a significant global health burden. MCV causes a common and
typically benign skin disease with characteristic small lesions known as mollusca, which
usually resolve spontaneously in weeks to months but may persist for years (1, 2).
However, in immunocompromised individuals much larger lesions and a more severe
course of the disease can be seen. To date no direct treatment for MCV infection exists.

Molluscum lesions show few or no signs of inflammation (3, 4), presumably reflect-
ing the battery of immunoevasion factors encoded by the MCV genome (5, 6). One
prominent factor is MC159, which together with MC160 of MCV and similar proteins of
gammaherpesviruses (such as Kaposi’s sarcoma-associated herpesvirus [KSHV]), consti-
tutes a protein family known as viral FLIPs ([vFLIPs] FLICE inhibitory proteins; FLICE
stands for FADD-like interleukin-1beta-converting enzyme and is better known as
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procaspase-8) (7–9). Cellular homologues of vFLIPs (splice isoforms cFLIPL, cFLIPS, and
cFLIPR) also exist and serve as key apoptotic regulators of the cell (10, 11).

All FLIPs consist of two death effector domains (DED) that they use to interact with
FADD and procaspase-8, but the antiapoptotic potency and detailed mechanisms of
action of different FLIPs deviate substantially (for a review, see reference 12). MC159
was recently shown to inhibit caspase-8 filament assembly via a unique capping
mechanism (13). The antiapoptotic function of MC159 has also been reported to
involve TRAF3 binding sites in the C-terminal region that is unique to MC159 (14).
Unlike the vFLIP of KSHV whose antiapoptotic function depends on its potent capacity
to activate NF-�B-driven gene expression (15, 16), MC159 mediates only a weak
increase or no increase in basal cellular NF-�B activity. Instead, MC159 efficiently
inhibits NF-�B induced by stimuli, such as tumor necrosis factor receptor (TNFR)
engagement, thereby blunting the proinflammatory aspects of NF-�B function (for a
review, see reference 12). The mechanistic basis of NF-�B inhibition by MC159 has
recently been elucidated and shown to involve targeting of the IKK complex to prevent
cellular inhibitor of apoptosis protein 1 (cIAP1)-induced polyubiquitination of NEMO
(17, 18).

In addition to inhibiting the activation of procaspase-8 and NF-�B, MC159 may also
contribute to MCV immunoevasion via further mechanisms. Randall and colleagues
found that MC159 can suppress interferon gene activation by inhibiting TANK-binding
kinase 1 (TBK1)-mediated activation of the interferon regulatory factor 3 (IRF3) tran-
scription factor by a mechanism that is distinct from its inhibitory targeting of NF-�B
(19). Furthermore, MC159 as well as other cellular and viral FLIPs have been shown to
suppress cellular autophagy (20). This may be important for persistence of MCV
infection because autophagy constitutes a prominent cellular defense system that can
suppress viral replication by multiple mechanisms, including promotion of virus rec-
ognition by intracellular innate sensors (21–23).

A common strategy utilized by viruses to promote their replication and to interfere
with antiviral immunity is to hijack host cell signal transduction pathways by incorpo-
rating into their proteomes functional binding motifs for modular protein interaction
domains (PID), such as the Src-homology region-3 (SH3) domain (reviewed in reference
24). SH3 domains represent the most ubiquitous class of PID (�300 encoded by the
human genome) and mediate a plethora of important protein interactions that regulate
normal and pathological cell behavior (25). SH3 domains are composed of a beta-barrel
fold of approximately 60 amino acid residues, which bind to short proline-containing
target peptides but can also acquire additional binding affinity and specificity via more
complex contacts with their ligand proteins (26).

Since the discovery and characterization of the interaction between the HIV-1
pathogenicity factor Nef with the tyrosine kinase Hck (27–29), we have described
several other examples of SH3-mediated host cell interactions involving viral proteins
such as NS5A of hepatitis C virus, NS1 of influenza A virus, and nsP3 of chikungunya and
other alphaviruses (30–33). To facilitate these efforts, we have developed a screening
platform based on an essentially complete collection of human SH3 domains assem-
bled into a phage display library that allows unbiased affinity-based screening of
preferred SH3 partners for potential SH3 ligands as native full-length proteins (34, 35).
In this study, we have used this discovery platform to identify human SH3 domain-
binding protein 4 (SH3BP4) as a novel interaction partner for MC159 and characterized
the role of this interaction in modulating cellular functions of MC159.

RESULTS
Identification of MC159 as an SH3 domain ligand. To identify novel viral ligands

for cellular SH3 domains, we scanned sequences of viral proteins from the Swiss-Prot/
TrEMBL database using the ScanProsite search engine. This revealed the MC159 protein
from MCV as a potential candidate containing two short sequences corresponding to
consensus SH3 binding motifs (26), one at the N terminus partly overlapping the first
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DED and another between the second DED and the tandem TRAF binding sites in the
C-terminal region of MC159 (Fig. 1).

To examine the SH3 binding capacity and potential SH3 partner specificity of
MC159, we expressed it in human 293T cells fused to a biotin acceptor domain (BD) and
bound it to streptavidin-coated beads for affinity screening of a phage display library
composed of a virtually complete (n � 296) human SH3 phage display library (34). In
contrast to control beads coated with BD only, beads coated with MC159 showed a
robust (�20-fold) enrichment of phages after a single round of affinity selection,
indicating MC159 as an avid SH3 ligand (Fig. 2). When the identities of the SH3 domains
of MC159-selected phage clones were determined by DNA sequencing, the SH3
domain of SH3 binding protein 4 (SH3BP4) (36) (also known as TTP [37]) was found to
be highly dominant, representing 80 to 100% of the sequenced clones in several
independent phage library screens (Fig. 2). No other individual SH3 domains were
significantly and reproducibly enriched in these experiments. Thus, our library screen
identified SH3BP4 as a robust and highly preferred SH3 domain partner of MC159.

To investigate the role of the two SH3 consensus target sequences (PXXP motifs) of
MC159 in SH3BP4 SH3 binding, we generated MC159 mutants having either one or
both of these motifs disrupted by a double-alanine substitution (PXXP to AXXA) (Fig. 1)
and tested these mutants as affinity ligands for SH3 phage display library screening.
Disruption of the C-terminal proline motif [MC159AXXA(C)] had no effect on the strong

FIG 1 Structural organization of MC159. Shown are the relative positions of the tandem death effector
domains (DED), the C-terminal TRAF-binding motifs, and the proline-rich (PXXP) motifs in the 241-amino-
acid MC159 polypeptide. The sequences of the PXXP motifs are shown and aligned with class I and class
II consensus SH3 domain binding motifs. The alanine substitution strategy for disrupting these motifs to
create MC159 mutants AXXA(N) and AXXA(C) is also indicated.

FIG 2 Phage display library screening for host cell SH3 protein partners of MC159. The relative increase
in the captured SH3-displaying phages in three independent experiments (Exp. 1 to 3) using the wild
type (WT) and the indicated mutants of MC159 protein as affinity baits compared to levels using beads
coated with control protein is indicated as fold enrichment. The proportions of SH3BP4 SH3-containing
clones among the phage genomes sequenced from the enriched phage populations selected by
wild-type MC159 and MC159AXXA(C) are shown below the bar diagram.
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capacity of MC159 for SH3 phage enrichment (Fig. 2). In contrast, mutation of the
N-terminal motif alone [MC159AXXA(N)] or in combination with the C-terminal motif
[MC159AXXA(N�C)] efficiently abrogated SH3 binding, resulting in a failure to enrich
phages compared to levels with a mock control (Fig. 2). Thus, we concluded that the
N-terminal class I SH3 consensus motif (KEVPSLP) in MC159 mediated its avid binding
to the SH3 domain of SH3BP4, whereas, despite the resemblance to a class II consensus
sequence, the C-terminal PXXP motif of MC159 showed no evidence of serving as a
functional SH3 binding site.

In an attempt to reveal additional SH3 domains with weaker affinity toward MC159
whose binding might have been masked by the robust binding of SH3BP4 SH3, we
performed further phage library screens with a library from which SH3BP4 SH3 had
been excluded. However, no additional SH3 domains with specific affinity for MC159
could be identified, suggesting that among the human SH3 repertoire, SH3BP4 is
unique in its selectivity for avid MC159 binding.

Association of full-length SH3BP4 with MC159 in cells. To examine binding of
native full-length SH3BP4 to MC159 in human cells we cotransfected 293T cells with
vectors encoding these proteins appended to Myc and BD tags. Western blotting of
proteins coprecipitating with MC159 captured with streptavidin-coated beads revealed
an intense anti-Myc blotting signal for detecting SH3BP4, whereas no SH3BP4 was
found to coprecipitate with negative-control beads (Fig. 3A).

In agreement with the phage display results, mutation of the N-terminal PXXP
motif of MC159 efficiently disrupted SH3BP4 association, whereas mutation of the
C-terminal PXXP motif did not affect SH3BP4 coprecipitation. A faint residual
SH3BP4 signal was still associated with the MC159AXXA(N) protein but not with
mock-pulldown protein, suggesting that additional weak contacts between MC159
and SH3BP4 might also take place. However, since this weak residual association
was shared also by MC159AXXA(N�C), a role for the C-terminal PXXP motif in
contributing to this interaction could be excluded.

MC159 binding was not restricted to overexpression of SH3BP4 as coprecipitation of
endogenous SH3BP4 with MC159 could also be readily demonstrated in 293T cells
transfected with MC159 alone (Fig. 2B). Also, the observed effects of the PXXP-
disrupting mutations in MC159 were the same when binding to endogenous instead of
overexpressed and Myc-tagged SH3BP4 was studied (Fig. 3B).

Impact of SH3BP4 binding capacity on cellular functions of MC159. Blunting of
the activation of proapoptotic caspases and activation of NF-�B-mediated transcription
triggered by stimulation of the death receptors Fas and TNFR1 are well studied cellular
effects of MC159 and thought to be important for its role as an MCV immune evasion

FIG 3 Association of MC159 with SH3BP4 in human cells. Biotin acceptor domain-tagged MC159 or the
indicated PXXP motif mutants were transfected into 293T cells together with Myc-tagged SH3BP4 (A) or
SH3BP4 alone (B). Lysates of these cells were examined by Western blotting either directly (cell lysates)
or after precipitation with streptavidin-coated beads (MC159 pulldown) by probing the membranes
using labeled streptavidin (MC159) or anti-Myc (A) or anti-SH3BP4 (B) antibodies.
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factor (12). We therefore examined the impact of the SH3 binding capacity of MC159
to these functions.

In agreement with previous data (18, 38, 39), we found that transient transfection of
wild-type (WT) MC159 into 293T cells together with a luciferase reporter vector resulted
in a modest increase in the basal NF-�B activity but efficiently suppressed potent NF-�B
activation induced by TNF treatment of these cells (Fig. 4). However, abrogation of
SH3BP4 binding capacity had little impact in this regard as MC159AXXA(N) showed a very
similar capacity to modulate NF-�B activity.

To examine the role of SH3 binding of MC159 in antagonizing caspase-mediated
apoptotic cell death, we transfected wild-type MC159 and MC159AXXA(N) into HeLa cells
and monitored induction of apoptosis by analyzing proteolytic cleavage of caspase-8
and -3 following TNF treatment combined with cycloheximide-induced sensitization.
Caspase cleavage was determined by Western blotting to detect the disappearance of
intact caspase-3 and the appearance of caspase-8 cleavage products (Fig. 5). While the
previously described (7–9, 40) ability of MC159 to prevent proapoptotic caspase
activation was obvious, mutations in the SH3 binding site of MC159 had no effect on
this function (Fig. 5). Thus, the loss of SH3BP4 association did not positively or
negatively modulate the ability of MC159 to block caspase activation, a function
reported to be dependent on the double DED (41) and also attributed to the C-terminal
TRAF-binding sites of MC159.

Many virally encoded inhibitors of autophagy have been discovered (21–23), and
such a function has also been reported for MC159 (20). Since SH3BP4 has also been
independently linked to the autophagic regulation (42, 43), it was of particular interest
to examine the capacity of MC159 and its SH3BP4 binding-deficient mutant to regulate
cellular autophagy. To this end, we used a lentiviral vector to stably transduce wild-type
MC159 and MC159AXXA(N) fused with the red fluorescent protein mCherry into a
previously characterized MCF7-derived macroautophagy reporter cell line expressing
the LC3 protein fused to enhanced green fluorescent (MCF-7/LC3-EGFP cells) (44).

The two stably transduced cell populations gave similar and strong signals specific
for the MC159-mCherry fusion protein in Western blotting and showed similar patterns
of red decoration in immunofluorescent microscopy (Fig. 6A to C). The parental
MCF-7/LC3-EGFP cells showed low basal levels of cytoplasmic green autophagosome
speckles under normal culture conditions (a median of three �1-�m-diameter au-
tophagosomes per cell), and their sizes or average numbers per cell did not noticeably
differ in cells transduced with wild-type MC159 or MC159AXXA(N) (Fig. 6A).

When the MCF-7/LC3-EGFP cells were placed into a culture medium lacking amino
acids and other nutrients, a substantial increase in the number (median, 17) of the

FIG 4 Regulation of NF-�B activity by MC159 and its SH3BP4 binding-deficient mutant. Luciferase activity
was measured in lysates of 293T cells transfected with an NF-�B-driven reporter plasmid alone (Control)
or with WT MC159 or MC159AXXA(N) with no treatment or after 8 h of stimulation with 10 ng/ml TNF.
Uniform expression of MC159 in the cotransfected cells was confirmed by Western blotting (bottom
panel).
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autophagosomes became evident in 6 h (Fig. 6B), presumably as a consequence of
suppression of the amino acid-stimulated Rag GTPase-TORC1 (target of rapamycin
complex 1) signaling pathway (45, 46). In agreement with previous data reported by
Lee et al. (20), in the cell population stably expressing wild-type MC159, only a modest
increase in autophagosomes was observed upon amino acid starvation, and the
LC3-EGFP fluorescence pattern in these cells remained more similar to that seen in cells
grown in complete culture medium (Fig. 6B). In contrast, the MC159AXXA(N)-transduced
cell population responded to starvation with an autophagy induction that was as
robust as that seen in control cells not expressing any MC159. Equal expression of
wild-type and mutant MC159 proteins in the transduced cell populations, as well as
equal expression of the LC3-EGFP reporter protein in all three cell populations, was
confirmed by Western blotting (Fig. 6C). A summary of the data on automated image
analysis of changes in the number of autophagosomes under different conditions in
three independent experiments involving a total of 20,181 MCF-7/LC3-EGFP cells
examined is shown as a box plot in Fig. 6E.

As an alternative approach for examining autophagic activity independently of LC3
fluorescence or morphological imaging, we examined the starvation-induced disap-
pearance of p62 in these cells. p62 is an adaptor protein for autophagic cargo, which
in this process becomes degraded itself, thereby serving as a useful indicator of the
autophagic flux (47, 48). Indeed, we noticed a profound (34-fold; i.e., down to 3.7% of
untreated) decrease in p62 levels in cells subjected to 6 h of starvation (Fig. 6D). In cells
expressing wild-type MC159 the starvation-induced degradation of p62 also occurred
but was much less pronounced (12-fold). In contrast, in cells expressing the SH3BP4
binding-deficient MC159AXXA(N) mutant, the loss of p62 was even enhanced compared
to expression in the control cells. Thus, these data corroborate the capacity of MC159
to suppress starvation-induced autophagy and further confirm the critical role of the
SH3BP4 binding site of MC159 in this process.

To directly prove that the correlation between SH3BP4 binding and autophagy
suppression by MC159 was due to functional involvement of SH3BP4, we used CRISPR/
Cas9 technology to knock out SH3BP4 from MCF-7/LC3-EGFP cells and generated

FIG 5 Regulation of proapoptotic caspase activation by MC159 and its SH3BP4 binding-deficient mutant.
HeLa cells were transfected with wild-type MC159, MC159AXXA(N), or an empty control vector and later
treated for 8 h with 10 ng/ml TNF combined with 10 �g/ml cycloheximide (TNF) or left untreated as
indicated. Induction of apoptosis was monitored by Western blotting to detect the cleavage of caspase-3
and -8 (A). Graphs quantifying the detected signals are shown on the right as bar diagrams for caspase-3
that remained intact (B) and for the appearance of cleaved caspase-8 (C). Equal expression levels of
MC159 in the transfected cells and uniform loading of cell lysates in the gel were monitored by detection
of MC159 and tubulin. Removal of two irrelevant lanes from the blots shown in panel A is marked by
vertical black lines.
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FIG 6 Regulation of autophagy by MC159 and its SH3BP4 binding-deficient mutant. (A and B) Control MCF-7/LC3-EGFP cells or
their lentivirally transduced derivatives stably expressing wild-type MC159 or MC159AXXA(N) were examined under normal culture
conditions (A) or after 6 h of starvation (B) in medium lacking amino acids and serum using fluorescence microscopy imaging of
nuclear (Hoechst)-, LC3-, and MC159-specific signals, as indicated. (C) Uniform LC3-GFP expression in all cells, equal MC159
expression in the transduced cells, and the lack of SH3BP4 expression in the knockout cells were verified by Western blotting using
antibodies against GFP, mCherry, and SH3BP4, respectively. (D) Decrease of p62 expression in MCF-7/LC3-EGFP cells (control, C)
and their derivatives expressing wild-type MC159 (WT) or MC159AXXA(N) (AXXA) was examined by Western blotting. The anti-p62
signals were quantified and normalized to levels of the corresponding loading control values (anti-�-tubulin signal) to calculate
the relative decrease in p62 expression, which is shown as a bar graph above the blot. (E) Box blot presentation of the data from
automated quantification of the number of autophagosomes in the parental MCF-7/LC3-EGFP cells and their SH3BP4 knockout
derivatives used as controls (C) or transduced with wild-type MC159 (WT) or MC159AXXA(N) (AXXA), as indicated. The boxes mark

(Continued on next page)
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lentivirally transduced populations that stably expressed wild-type MC159 or
MC159AXXA(N). The lack of SH3BP4 expression and equal expression of MC159 in these
cells were confirmed by Western blotting (Fig. 6C). The lack of SH3BP4 had no obvious
effect on the basal level of autophagy as measured by counting LC3-GFP-positive
autophagosomes (Fig. 6E), but starvation-induced autophagy was slightly attenuated,
which is in agreement with the reported role of SH3BP4 as a negative regulator of
amino acid-Rag GTPase-mTORC1 signaling (43). In contrast to the parental MCF-7/LC3-
EGFP cells, MC159 could no longer counteract starvation-induced autophagy in the
SH3BP4 knockout cells, and no difference in the numbers of autophagosomes could be
observed between cells expressing wild-type and mutant MC159 (Fig. 6E). Based on
these data, we conclude that the ability of MC159 to suppress starvation-induced
autophagy is indeed mediated via its binding to the host cell protein SH3BP4.

DISCUSSION

The FLIP family was first recognized as a group of procaspase-8-like proteins
encoded by MCV and various gammaherpesviruses (vFLIPs) (7–9), which were soon
found to have cellular counterparts (cFLIPs) serving as key regulators of apoptotic cell
death (10). Subsequently FLIPs have also been described as inhibitors of autophagy
(20). The present study started from the observation that, unlike other cellular or viral
FLIPs, the MC159 protein of MCV contained peptide motifs suggestive of SH3 binding.
We found that an N-terminal peptide motif was indeed a functional SH3 binding site
and among the human SH3 repertoire avidly and selectively recruited the SH3 domain
of SH3BP4.

Considering that this sequence looks like an archetypal class I SH3 consensus
binding motif, the nearly exclusive specificity of MC159 for binding to SH3BP4 was
striking. It is possible that, besides the consensus binding motif, additional noncanoni-
cal contacts between MC159 and the SH3 domain of SH3BP4 also contribute to the
selectivity of this interaction. Elucidation of the molecular basis of this binding speci-
ficity using structural biology approaches could therefore be a worthwhile future
endeavor.

Although only a few papers addressing the function of SH3BP4 have so far been
published, it has emerged as an interesting protein involved in important cellular
processes. SH3BP4 has been shown to regulate the internalization of the transferrin
receptor, intriguingly mediated via its apparent capacity to allow cargo-specific control
of clathrin endocytosis (37). On the other hand, and relevant to this study, SH3BP4 has
been reported to interfere with amino acid-controlled activation of the mammalian
target of rapamycin complex 1 (mTORC1), a master regulator of cellular autophagy (43).
Specifically, it was shown that binding of SH3BP4 to Rag GTPases prevented their
association with mTORC1, resulting in suppression of amino acid-induced mTORC1
activity and, thereby, inhibition of cell growth and promotion of autophagy.

Because previous work has independently also linked MC159 to regulation (inhibi-
tion) of autophagy, it was of special interest for us to study the MC159-SH3BP4
interaction in the context of autophagy induction. We found that disruption of the
SH3BP4 binding site in MC159 strongly compromised the capacity of MC159 to
counteract starvation-induced autophagy. The functional requirement of SH3BP4 in this
process was confirmed by knockout experiments showing that, in cells lacking SH3BP4,
this binding site became irrelevant and that wild-type MC159 had lost its capacity to
suppress starvation-induced autophagy.

Since binding of SH3BP4 to Rag GTPases has been shown to be SH3 dependent (43),
a simple scenario whereby MC159 would inhibit autophagy by competing with Rag
GTPases for binding to SH3BP4 could, thus, be easily envisaged. However, the mech-

FIG 6 Legend (Continued)
the two middle quartiles of the data points separated by a line showing the median autophagosome count, and the whiskers show
the distribution of all values in the upper and lower data point quartiles. The statistical significance of the indicated comparisons
is shown as follows: *, P � 6,291 � 10�93; **, P � 5,868 � 10�101.
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anism of action of MC159 might be more complex because of the following: (i)
disruption of the SH3 binding site of MC159 strongly diminished but did not completely
abrogate its capacity to suppress inhibition of autophagy; (ii) despite lacking SH3BP4-
binding sites, other viral and cellular FLIPs can also inhibit autophagy, apparently due
to their capacity to prevent Atg3 from binding and processing LC3 (20). Regarding the
latter point, however, when we consider the diversity in the molecular mechanisms
used by different FLIPs to antagonize apoptosis (12), there is no reason to expect that
all FLIPs would share just a single strategy for suppressing autophagy. Nevertheless,
studies on the relative contribution or possible cooperation of SH3BP4 and Atg3
binding in the anti-autophagy function of MC159 could be informative. However,
addressing this question may not be a straightforward task because mutation of the
residues in KSHV vFLIP protein K13 mediating its binding to Atg3 resulted in a more
general damage to K13 functionality, including a failure to regulate NF-�B signaling as
well as to suppress caspase activation (20). In any case, based on our current data it can
be concluded that the occurrence of a functional SH3 binding motif of MC159 enabling
the recruitment of SH3BP4 potently contributes to its capacity for autophagy suppres-
sion, a feature of MCV evolution that distinguishes MC159 from other FLIPs.

In contrast to suppression of autophagy, other functions of MC159 that we exam-
ined were not compromised by the loss of the SH3BP4 interaction. MC159 with a
disrupted SH3BP4 binding site showed wild-type-like potency (i) in modestly elevating
the basal cellular level of NF-�B activity, (ii) in potently inhibiting strong NF-�B
activation induced by TNF stimulation, and (iii) in counteracting proteolytic activation
of procaspase-8 and -3 in TNF-treated cells. Thus, the SH3 binding independence of
these established MC159 functions indicates that SH3BP4 is specifically involved in
mediating the anti-autophagy effect of MC159 rather than being a host cell factor more
generally required for supporting MC159 functionality.

While involvement of SH3BP4 in fundamental cellular processes has been reported
previously (37, 43), much remains to be learned from its role in cell biology. SH3BP4 has
no close relative in the human genome but shares significant homology and a similar
domain architecture with metastasis-associated in colon cancer 1 (MACC1), a regulator
of hepatocyte growth factor (HGF)/Met signaling with value as a cancer biomarker (49).
While this sequence homology does not provide obvious new insights into SH3BP4
function, it is worth noting that recent studies on cancer genetics have also implicated
SH3BP4 as an important factor in human cancer pathogenesis. A genome-scale screen
of microRNA-related single nucleotide polymorphisms (SNP) carried out by Wilkins et al.
revealed an SNP in the 3= untranslated region of SH3BP4 to be strongly associated with
survival of laryngeal cancer (50). On the other hand, SH3BP4 was one of the most
significant hits identified by Zhang et al. in a study examining differentially expressed
genes associated with metastatic prostate cancer (51). Thus, further studies on SH3BP4,
including the role of SH3BP4 in regulation of endocytic trafficking and autophagy, are
clearly warranted and, in addition to elucidating the immunoevasion mechanisms
enabling MCV to establish a persistent infection, could lead to new breakthroughs in
cancer research.

It will be interesting to see if the recruitment of SH3BP4 by MC159 as a part of its
anti-autophagy strategy is the only objective of this interaction or if SH3BP4 also serves
other roles as a host cell factor exploited by MCV. In our preliminary studies, SH3BP4
binding capacity of MC159 showed no obvious correlation with transferrin receptor
(TfR) turnover (C. Schmotz, unpublished data). However, given that SH3BP4 has been
shown to regulate TfR internalization (37) and that extensive accumulation of TfR
immunostaining has been reported in cells of molluscum bodies (4), this topic may
need further experimental attention, as do the possible effects of MC159 on cell surface
levels of others proteins involved in antiviral immunity.

In conclusion, we have shown that MC159 is a viral SH3 ligand that selectively
chooses SH3BP4 as its cellular partner. This interaction strongly contributes to the
capacity of MC159 to suppress cellular autophagy and may also have other effects on
host cell physiology that remain to be characterized. Although no experimental models
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exist for directly testing this assumption, it can be envisaged that SH3BP4 binding by
MC159 helps MCV to escape from antiviral immunity to establish persistent infections.
Current approaches to treat MCV lesions include topical application of immunostimu-
latory pharmaceuticals (1). The modest efficacy of such therapies could be greatly
improved by developing approaches that would directly target the immunoevasion
mechanisms of MCV. A more detailed understanding of host cell interactions of the
multiple immunoregulatory molecules encoded by MCV, including hijacking of SH3BP4
by MC159, are needed to make this possible.

MATERIALS AND METHODS
Cell culture. Human embryonic kidney 293T (HEK293T), HeLa, and MCF7/LC3-EGFP cells were grown

in Dulbecco’s modified eagle medium (DMEM) (Sigma-Aldrich, St. Louis, MO, USA) supplemented with
4,500 mg/liter of glucose, 10% fetal bovine serum (FBS) (Gibco, Carlsbad, CA, USA), 0.05 mg/ml penicillin,
0.05 mg/ml streptomycin (Sigma-Aldrich), and 1 mM L-alanyl-L-glutamine (Sigma-Aldrich) at 37°C in 5%
CO2. For amino acid starvation to induce of autophagy in MCF7/LC3-EGFP cells, Hanks’ balanced salt
solution (HBSS) with CaCl2 and MgCl2 was used (Gibco, Carlsbad, CA, USA).

Plasmids. A synthetic fragment encoding the MC159L gene of molluscum contagiosum virus
subtype 1 was purchased from GenScript (NJ, USA) and cloned into derivatives of the EF1-alpha
promoter-driven mammalian expression vector pEBB (from Bruce Mayer, University of Connecticut [52]).
The pEBB expression vectors contained either an N-terminal hemagglutinin (HA) tag or a transcarboxy-
lase biotin acceptor domain (BD). For generation of the MC159 variants MC159AXXA(N), MC159AXXA(C), and
MC159AXXA(N�C), all amino acid substitutions in MC159 were done by overlap PCR mutagenesis. An
MC159(R197D) variant was generated by site-directed mutagenesis. The cDNA of human SH3BP4 (NCBI
GeneID 23677) was inserted in the mammalian expression vector pCMV/myc-DEST via gateway cloning;
pCMV/myc-DEST is a Myc epitope-containing derivate of the pCMV-DEST vector (35). The construction of
an NF-�B-driven firefly luciferase expressing plasmid pBIIX has been described in Saksela and Baltimore
(53). To create the pWPI-puro vector, we replaced EGFP in pWPI (from Didier Trono [plasmid 12254;
Addgene]) with the puromycin resistance gene. For cell imaging studies, mCherry was fused to the C
terminus of MC159 WT and the MC159-AXXA(N) variant, and the resulting constructs were subcloned into
the constitutively expressing lentiviral plasmid pWPI-puro. Plasmid CAG-Cas9-T2A-EGFP-ires-puro was
from Timo Otonkoski (plasmid 78311; Addgene). SH3BP4 genomic RNA (gRNA; BRDN0001487091) was a
gift from John Doench and David Root (plasmid 78089; Addgene).

Antibodies and other reagents. The following antibodies were used: mouse anti-Myc (clone 9E10;
Santa Cruz Biotechnology, TX, USA), mouse anti-SH3BP4 (A6; Santa Cruz Biotechnology), mouse anti-
caspase-3 (BD Bioscience, CA, USA), mouse anti-caspase-8 (1C12; Cell Signaling Technology, MA, USA)
rabbit anti-LC3B (D11) XP (Cell Signaling Technology, MA, USA), mouse monoclonal (6G6) to red
fluorescent protein (RFP) (ChromoTek), rabbit anti-GFP (sc-8334; Santa Cruz Biotechnology), and rabbit
anti-p62 (Enzo). IRDye 680CW goat anti-mouse IgG and IRDye 800CW goat anti-rabbit IgG were from
Li-Cor Biotechnology.

Phage display. Ten-centimeter dishes of 293T cells were transfected with pEBB-BD-MC159 con-
structs or a control either by a standard calcium phosphate precipitation method (20 �g of plasmid DNA
per dish) or by using polyethylenimine (PEI) (Polyscience, Inc., PA, USA). For the latter, 12 �g of plasmid
DNA was mixed with PEI in Opti-MEM (Thermo Fisher Scientific, MA, USA) using a ratio of 1:2. At 48 h
posttransfection, cells were collected in TEN (50 mM Tris [pH 7.4], 1 mM EDTA, 150 mM NaCl) buffer,
pelleted at 4,000 rpm, and frozen for at least 15 min at �80°C. Subsequently, cells were thawed on ice
and lysed in 1 ml of lysis buffer (phosphate-buffered saline [PBS], 1.2% [vol/vol] NP-40, protease inhibitor
[Thermo Fisher Scientific, MA, USA]). The lysates were sonicated two times for 10 s each time at 50%
amplitude and spun for 20 min at 13,200 rpm at 4°C. For precipitation of the BD fusion proteins,
streptavidin-coated magnetic beads (Dynabeads M-280-Streptavidin; Invitrogen, CA, USA) were used
according to the manufacturer’s instructions. The pulldown was performed for 90 min at 4°C under
rotation. Then the beads were washed once with 1 ml of cold lysis buffer and twice with 1 ml of cold PBST
(PBS plus 0,05% Tween 20) for 1 min each wash.

For performing the SH3 phage display on the precipitated BD-fusion proteins, the target protein-
containing beads were incubated with a mixture of human SH3 library-displaying phages about 1 � 1011

colony forming units (CFU) and 5% milk in PBST at a ratio of 2:1 for 90 min under rotation at room
temperature. After incubation, beads were washed four times with 1 ml of 0.05% PBST for 5 min under
rotation, and reaction tubes were changed after the first and third washes. Then the beads and bound
phages were incubated with 800 �l of TG1 bacteria (optical density [OD] of 0.5 to 0.6) with shaking for
1 h at 37°C. Subsequently, bacteria were plated in different dilutions on ampicillin-containing lysogeny
broth (LB) plates. Finally, individual colonies were sequenced for their SH3 domain-encoding phagemids
(pG8J8/SH3 clones [34]) to identify the BD fusion protein SH3 interaction domains.

Cellular protein interactions. Cell culture and transfections were performed as described for the
streptavidin pulldown of BD-tagged MC159. The ratio of the amount of transfected pEBB-BD-MC159 DNA
to that of pCMV/DESTmyc-SH3BP4 DNA was 3:1. Frozen cell pellets were thawed on ice, lysed in 1 ml of
lysis buffer (40 mM HEPES, 120 mM NaCl, 10 mM glycerophosphate, 1% [vol/vol] Triton X-100, protease,
and phosphatase inhibitor minitablets [Thermo Fisher Scientific, MA, USA]), and incubated on ice for 20
min. After the lysates were cleared by centrifugation at 4°C, they were incubated with streptavidin-
coated magnetic beads (Dynabeads M-280-Streptavidin; Invitrogen, CA, USA) for 90 min at 4°C under
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rotation. Subsequently, the beads were washed three times with 1 ml of lysis buffer for 30 s and boiled
in 4� Laemmli SDS-PAGE buffer. The precipitated proteins were separated and analyzed by standard
Western blotting.

NF-�B luciferase reporter assay. 293T cells were seeded into 24-well plates and transfected with
50 ng of NF-�B-driven pBIIX-fLuc DNA, 50 ng of pEBB-HA-RenLuc, and 125 ng of pEBBHA-MC159 DNA
using Fugene 6 (Promega, WI, USA) according to the manufacturer’s instructions. At 24 h posttransfec-
tion, cells were treated with TNF-�-containing medium (10 ng/ml TNF-�) for 8 h. After treatment, cells
were washed with PBS and lysed in 100 �l of passive lysis buffer (Promega, WI, USA). To assess luciferase
activities, a dual-luciferase reporter assay system (Promega, WI, USA) was used according to the
manufacturer’s instructions. The measured Renilla luciferase was used as an internal control for each
sample, and the values obtained for firefly luciferase were normalized according to levels in the
measured controls.

TNF-induced apoptosis. Six-well plates of HeLa cells were transfected with either control plasmid
DNA or pEBBHA-MC159 DNA using a previously described PEI transfection method. At 24 h posttrans-
fection, cells were treated with medium containing 10 ng/ml TNF-� and 10 �g/ml cycloheximide for 8 h.
After treatment, cells were washed once with PBS and lysed in 200 �l of NP-40 lysis buffer (150 mm NaCl,
50 mm Tris-HCl, pH 7.9, 1% Nonidet P-40). All samples were boiled in 4� Laemmli SDS-PAGE buffer,
separated by SDS-PAGE, and analyzed for caspase-3 and -8 cleavage by Western blotting. Quantification
of the signals obtained from Western blotting for full-length caspase-3 and cleaved caspase-8 was done
using Image Studio Lite software (Li-Cor Biosciences).

SH3BP4 knockout cells. MCF7/LC3-EGFP cells were plated on six-well plates for 80% confluence
after 24 h. Cells were cotransfected with 0.6 �g of Cas9 plasmid and 1.6 �g of SH3BP4 gRNA plasmid
using TransIT-2020 (Mirus Bio) according to the manufacturer’s instructions. At 48 h posttransfection,
cells were selected with 4 �g/ml of puromycin for 2 days and then diluted in 96-well plates for single-cell
selection.

Lentivirus-mediated gene transduction. pWPI-MC159-mCherry constructs were cotransfected with
pDelta8.9 and vesicular stomatitis virus G protein (VSV-G) plasmids into HEK293T cells in complete
medium using polyethylenimine. Supernatant was collected at 48 h posttransfection, filtered, and used
to infect the wild-type or the SH3BP4 knockout MCF7/LC3-EGFP cells. Populations of infected cells stably
transduced with wild-type or mutant MC159-mCherry were selected with puromycin.

Autophagy analyses. MCF7 cells expressing the macroautophagy marker LC3-EGFP alone or to-
gether with mCherry-fused wild-type MC159 or MC159AXXA(N) were plated on 13-mm-diameter number
1.5 coverslips. After 24 h the cells were washed twice with PBS and further cultured in complete medium
(untreated) or in HBSS (starvation). After 6 h the cells were fixed with 4% paraformaldehyde (PFA) for
15 min, washed three times with PBS, and mounted with the nuclear marker Hoechst stain on micro-
scope slides. Images were acquired on an Axio Imager Z2 upright microscope (Carl Zeiss Microscopy,
GmbH, Germany) with a 20� (numeric aperture [NA],0.8) air immersion objective to a Hamamatsu Orca
Flash 4.0 LT, 4-megapixel monochrome sCMOS camera. For each position three image stacks were
acquired for the nuclear, EGFP, and mCherry channels. Image stacks were automatically deconvolved
using the Huygens batch processing application (scientific volume imaging; Huygens Software). For each
of the 12 experimental conditions (wild type, mutant, or no MC159/starvation or no treatment/parental
MCF-7/LC3-EGFP cells or their SH3BP4 knockout derivatives), three independent, large experiments were
carried out which involved two independent biological replicas for each condition. Quantitative au-
tophagosome analysis was performed for the cells in several randomly picked areas from each biological
replicate, amounting to a total of 20,181 parental and 12,538 SH3BP4 knockout cells examined for their
autophagosome numbers. Statistical analysis to determine the significance of the differences in the
observed autophagosome number variation was performed with a Mann-Whitney U test using IBM SPSS
statistics software.
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