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HPV-18 E6 enhances the interaction between EMILIN2 and

SNX27 to promote WNT signaling
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ABSTRACT Oncogenic HPV E6 proteins have a PDZ-binding motif (PBM) which plays
important roles in both the viral life cycle and tumor development. The PBM confers
interaction with a large number of different PDZ domain-containing substrates, one
of which is Sorting Nexin 27. This protein is part of the retromer complex and plays
an important role in endocytic sorting pathways. It has been shown that at least two
SNX27 interacting partners, GLUT1 and TANC2, are aberrantly trafficked due to the E6
PBM-dependent interaction with SNX27. To investigate further which other components
of the endocytic trafficking pathway might be affected by the SNX27-HPV E6 interaction,
we analyzed the SNX27 proteome interaction profile in a previously described Hela
cell line expressing GFP-SNX27, both in the presence and absence of the HPV-18 E6
oncoprotein. In this study, we identify a novel interacting partner of SNX27, secreted
glycoprotein EMILIN2, whose release is blocked by HPV18 E6 in a PBM-dependent
manner. Mechanistically, E6 can block EMILIN2 interaction with the WNT1 ligand, thereby
enhancing WNT1 signaling and promoting cell proliferation.

IMPORTANCE This study demonstrates that HPV E6 blocks EMILIN2 inhibition of WNT1
signaling, thereby enhancing cell proliferation in HPV-positive tumor cells. This involves
a novel mechanism whereby the E6 PBM actually contributes toward enhancing the
interaction between SNX27 and EMILIN2, suggesting that the mode of recognition of
SNX27 by E6 and EMILIN2 is different. This is the first example of the E6 PBM altering a
PDZ domain-containing protein to enhance potential substrate recognition.

KEYWORDS HPV, E6, SNX27, WNT signaling

H uman papillomaviruses (HPVs) are small, non-enveloped DNA viruses that infect
cutaneous and mucosal epithelial cells and can cause hyperproliferative lesions and
cancer development (1). The HPV types that are associated with the development of
cervical and other cancers are known as high-risk human papillomaviruses [HR-HPV], and
a common characteristic marker of these types is the presence of a PDZ (PSD95/Discs
Large/Z0-1)-binding motif (PBM) at the extreme carboxy terminus of the E6 oncopro-
teins. Through this motif, which is absent in the majority of low-risk HPV types, E6 can
interact with a variety of cellular proteins containing PDZ domains, such as Discs Large
(DLG1) and Scribble (hScrib), modulating cell polarity and thus regulating the HPV life
cycle and HPV-induced malignancies (2-5).

Interestingly, recent studies have identified a novel function of the E6 PBM and linked
this to the regulation of endocytic transport pathways. Cancer-causing E6s were found to
interact with Sorting Nexin 27 (SNX27), an essential component of the retromer complex,
which controls the correct trafficking of a number of PBM-containing endocytic cargoes
(6). Unlike most of its PDZ domain-containing targets, E6 does not target SNX27 for
degradation. Rather, it has been demonstrated that in HPV-18-positive cell lines, the
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association of SNX27 with components of the retromer complex and the endocytic
transport machinery is altered in an E6 PBM-dependent manner (7).

Analysis of an SNX27 cargo, the glucose transporter GLUT1, reveals E6-dependent
maintenance of GLUT1 expression and alteration in its association with components of
the endocytic transport machinery. Removal of HR E6 causes a reduction in glucose
uptake, while loss of SNX27 results in slower cell proliferation in low nutrient conditions
(7). More recently, it was shown that HPV E6 inhibits the association between SNX27 and
TANC2, resulting in increased levels of TANC2 and increased rates of cell proliferation, all
of which were shown to be dependent upon the E6 PBM (8).

Previous proteomic analyses have indicated a very large SNX27 interactome (9, 10),
many of which are believed to be important trafficking cargoes of SNX27. These include
transmembrane proteins and soluble accessory proteins (11), and it is likely that E6
may also modulate transport of some of these cargoes. Furthermore, there is emerging
evidence to suggest that SNX27 may have a role in the development of human cancer
(12, 13). While a precise role of SNX27 in cancer remains unclear, it is noteworthy that
many of the previous studies on SNX27 were performed in Hela cells and, considering
the presence of HPV-18 E6 in this cell type, we were interested in determining whether
the profile might have been influenced by the HPV-18 E6 oncoprotein. Therefore, to
investigate further which other components of the trafficking pathway might be affected
by the SNX27-HPV E6 interaction and linked with cancer development, we used a
previously-described Hela cell line expressing GFP-SNX27 (8), and we again analyzed
its SNX27 proteome interaction profile in the presence or absence of HPV E6.

In this study, we identify a novel interacting partner of SNX27, secreted glycoprotein
EMILIN2, whose interaction with SNX27 is enhanced in an HPV18 E6 PBM-dependent
manner, resulting in enhanced WNT1 signalling and enhanced cell proliferation.

RESULTS

Identification of EMILIN2 as a novel-interacting partner of SNX27 in HPV-18-
positive HelLa cells

It has been shown before that HPV E6 interacts with SNX27 and can potentially perturb
the normal endosomal trafficking of at least two of its interacting cargos, GLUT1 and
TANC2 (2, 8). Our earlier proteomic analysis in HPV-18-positive cervical tumor-derived
cells demonstrated that E6 can block, in a PBM-dependent manner, the binding of TANC2
to SNX27, thereby promoting increased cell proliferation (8). Therefore, we wanted to
analyze further which other PBM cargoes might be affected by endogenous HPV-18 E6.
To do this, we used previously described Hela cell lines, stably expressing GFP-SNX27
(8), transfected with siRNA E6AP to abolish E6 expression (14). Having confirmed 18E6
silencing by western blotting, using increased p53 levels as a surrogate marker (Fig. 1A),
we harvested the cells and immunoprecipitated the extracts using anti-GFP antibody-
conjugated agarose beads (GFP-trap) to pull down SNX27 and any associated proteins.
The samples were then subjected to mass spectrometry analysis. The resulting protein
profile obtained from siRNA E6AP-treated cells was compared with that from control
siRNA-treated cells, with our focus being on proteins that contain a PBM. One of the
most interesting candidates in this analysis was EMILIN2 (Fig. 1B), which has a class |
PBM (sequence x-S/T-x-V/I/L-COOH) located at the C-terminus, and which was detected
only in the presence of 18E6, suggesting that this is a potential interacting partner of
SNX27 whose association might be dependent on the presence of E6. Interestingly, to
our knowledge, EMILIN2 has not been identified before in any proteomic approach as an
SNX27-interacting partner.

Interactions between EMILIN2 and SNX27 are enhanced by the presence of
HPV-18E6 in vitro and in vivo

Having found by mass spectrometry analysis that EMILIN2 and SNX27 interact in the
presence of HPV-18 E6, we next sought to determine whether EMILIN2 and SNX27 can be
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FIG 1 Identification of EMILIN2 as a novel-interacting partner of SNX27 in HPV-18-positive Hela cells. (A) Western blot analysis of HeLa cells stably expressing
GFP-SNX27, transfected with control siRNA and siRNA targeting E6AP, confirms the silencing of 18E6 protein. (B) Extracts of Hela cells stably expressing
GFP-SNX27 transfected with siRNA control or siEGAP were analyzed by mass spectroscopy. The table shows the identification of EMILIN2 as the prominent SNX27
hit, only in cells transfected with control siRNA. Also shown are E values (the base-10 log of the expectation that the assignment is stochastic), L values (the base
—10 log of the sum of the intensities of the fragment ion spectra), protein coverage (% of protein residues /% corrected for unlikely peptides), the number of
unique peptide sequences (#), and a total number of tandem mass spectra that can be assigned to each protein.

associated in vitro and in vivo. To do this, first, we performed a glutathione S-transferase
(GST) pull-down assay where GST-SNX27 and GST alone were incubated with extracts of
HEK293 cells expressing HPV-18 E6, either wild type or the T156E mutant (whose PBM is
non-functional). The results in Fig. 2A show that Emilin can interact with SNX27 in the
absence of E6; however the presence of HPV-18 E6 enhances EMILIN2 binding to GST-
SNX27 in a PBM-dependent manner. In addition, we observed that E6 can bind to GST-
SNX27, as expected. To confirm that EMILIN2 and SNX27 also interact in vivo, we used a
co-immunoprecipitation assay. HEK293 cells were transfected with the EMILIN2-
expressing plasmid alone or in combination with a plasmid expressing Flag-tagged
SNX27 in the presence and absence of GFP-tagged 18E6. As a control, we used cells
transfected only with EMILIN2-expressing plasmid and GFP-tagged 18E6. After 48 h, the
cells were harvested, and cell extracts were immunoprecipitated with mouse anti-Flag
antibody. Co-immunoprecipitating EMILIN2 was then detected by Western blotting
using a mouse anti-EMILIN2 antibody. The results in Fig. 2B demonstrate a clear interac-
tion between EMILIN2 and SNX27 and confirm that SNX27 can bind both EMILIN2 and
HPV-18 E6.

The PDZ and the FERM domain of SNX27 are required for EMILIN2 binding

Since both EMILIN2 and HPV-18E6 contain a PBM, we were surprised that HPV-18 could
enhance EMILIN2 association with SNX27. To investigate this further, we proceeded to
analyze the mechanism of interaction between EMILIN2 and SNX27. First, we performed
a pulldown assay using cells expressing EMILIN2 and wild-type SNX27 or mutants of
SNX27 lacking the PDZ domain (SNX27APDZ) or the FERM domain (SNX27AFERM)
(shown schematically in Fig. 3A). As a control, we used cells transfected only with
EMILIN2 and pCDNA plasmids. After 48 h, the cells were harvested, and cell extracts were
immunoprecipitated with mouse anti-Flag antibody. Co-immunoprecipitating EMILIN2
was then detected by Western blotting using a mouse anti-EMILIN2 antibody. As can be
seen from Fig. 3B, the loss of either the PDZ or the FERM domains of SNX27 greatly
reduces EMILIN2 association with SNX27, indicating that both the PDZ and the FERM
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FIG 2 Interactions between EMILIN2 and SNX27 are enhanced in the presence of HPV-18E6 in vitro and in vivo. (A) HEK293 cells were transfected with plasmids
expressing EMILIN2, HA-tagged HPV-18 E6 (HA-18E6) WT, HPV-18 E6 (HA-18E6) APBM mutant, or pCDNA plasmid as a control. After 24 h, the cells were harvested
and incubated with GST alone and GST SNX27 fusion proteins. Bound proteins were assessed by Western blotting using an anti-EMILIN2 antibody. For all

experiments, the intensity of EMILIN2-SNX27 interactions was assessed by quantifying the pixel intensity of each EMILIN2 band relative to the corresponding

intensity of the GST (SNX27) band, using densitometry (ImageJ). The results are shown above the relevant lanes, normalized to the levels of the pCDNA control.
Note that more EMILIN2 is pulled down by SNX27 in the presence of E6. (B) EMILIN2 and Flag-SNX27 were expressed in HEK293 cells with or without GFP18E6.
Extracts were immunoprecipitated with an anti-Flag antibody, and coimmunoprecipitated EMILIN2 was detected on immunoblot with an anti-EMILIN2 antibody,
confirming the EMILIN2/SNX27/18E6 complex. The intensity of EMILIN2-SNX27 interactions was assessed by quantifying the pixel intensity of each EMILIN2 band
relative to the corresponding intensity of the SNX27 band, using densitometry (ImageJ). The results are shown normalized to levels of the interactions of EMILIN

and SNX27 in the absence of 18E6.

domains of SNX27 are required for EMILIN2 binding. Next, to determine whether
HPV-18E6 can affect the interaction between EMILIN2 and SNX27 mutants, we repeated
the experiment, transfecting HEK293 cells with EMILIN2 and wild-type SNX27 or
SNX27APDZ or SNX27AFERM, in the presence of HPV-18E6. As expected, and can be seen
in Fig. 3C, the loss of either the PDZ or the FERM domain of SNX27 greatly reduces
EMILIN2 association with SNX27, confirming that both the PDZ and the FERM domains of
SNX27 are required for EMILIN2 binding. HPV-18E6 binding to SNX27 was found to be
dependent on the PDZ domain present on SNX27, as expected. Interestingly, we also
observed that the FERM domain seems to be required for an efficient E6-SNX27 interac-
tion.

HPV-18E6 blocks the release of EMILIN2 into the medium in a PBM-depend-
ent manner

Having shown that HPV-18 E6 can enhance the association between EMILIN2 and SNX27,
we wanted to determine how this might be reflected in changes to the levels of EMILIN2
protein. As EMILIN2 is a secreted glycoprotein, we decided to determine whether
HPV-18E6 and SNX27 can affect the levels of intracellular and secreted EMILIN2.

To do this, HEK293 cells were transfected with EMILIN2-expressing plasmid, alone or
in combination with HA-tagged HPV-18 E6, either wild-type or the T156E mutant (whose
PBM is non-functional). After 24 h, the medium was replaced with serum-free medium for
24 h. Cell lysates and concentrated cell medium were analyzed by western blot, using
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FIG 3 The PDZ and the FERM domain of SNX27 are required for EMILIN2 binding. (A) Schematic of full-length SNX27 and the SNX27APDZ and AFERM mutants.
(B) HEK293 cells were transfected with plasmids expressing EMILIN2, full-length Flag-tagged SNX27, and deletion mutants of SNX27 or pCDNA plasmid as a
control. Extracts were immunoprecipitated with an anti-Flag antibody, and coimmunoprecipitated EMILIN2 was detected on immunoblot with an anti-EMILIN2
antibody, while SNX27 was detected using a mouse anti-FLAG antibody. For all experiments, the intensity of EMILIN2-SNX27 interactions was assessed by using
densitometry (ImageJ) to quantify the pixel intensity of each immunoprecipitated EMILIN2 band, relative to the corresponding intensity of the immunoprecipi-
tated SNX27 band. The results are shown normalized to levels of the interactions of EMILIN and SNX27 wild type. (C) HEK293 cells were transfected with
plasmids expressing EMILIN2, full-length Flag-tagged SNX27, deletion mutants of SNX27, or pCDNA plasmid as a control, in the presence of 18E6. Extracts were
immunoprecipitated with an anti-Flag antibody, and coimmunoprecipitated EMILIN2 and 18E6 were detected on immunoblot with anti-EMILIN2 and anti-18E6
antibodies, while SNX27 was detected using a mouse anti-FLAG antibody. For all experiments, the intensity of EMILIN2-SNX27 interactions was assessed by
quantifying the pixel intensity of each immunoprecipitated EMILIN2 band, relative to the corresponding intensity of the immunoprecipitated SNX27 band using
densitometry (Imagel). The results are shown normalized to levels of the interactions of EMILIN and SNX27 wild type in the presence of 18E6 protein.

a-HA to detect E6, a-EMILIN2, and a-f3-galactosidase antibodies. As can be seen from Fig.
4A, the presence of HPV-18 E6 has no major effect on total EMILIN2 levels in HEK293 cells,
but blocks the release of EMILIN2 into the medium in a PBM-dependent manner.

To determine whether SNX27 can also affect EMILIN2 levels inside and outside cells,
we repeated the experiment transfecting HEK293 cells with EMILIN2-expressing plasmid,
alone or with plasmids expressing either HA-tagged HPV-18 E6, Flag-tagged SNX27, or
both together. As can be seen in Fig. 4B, the presence of HPV-18 E6 and SNX27 does not
affect intracellular levels of EMILIN2. As would be expected, the presence of HPV-18 E6
blocks the release of EMILIN2 into the medium, but surprisingly SNX27 alone has no
effect on EMILIN2 secretion. Interestingly, the presence of both HPV-18 E6 and SNX27
significantly increased the secretion of EMILIN2, suggesting that overexpression of
SNX27 can counteract the E6 effects.
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FIG 4 HPV-18E6 blocks the release of EMILIN2 into the medium in a PBM-dependent manner. (A) EMILIN2, alone or with HA-18E6 or HA-18E6T156E (APBM
mutant), was expressed in HEK293 cells. After 24 h, the medium was replaced with a serum-free medium for 24 h. Cell lysates and concentrated cell medium were
analyzed by western blot, using a-HA to detect E6, a-EMILIN2, and a-f3-galactosidase antibodies. (B) EMILIN2 was expressed in HEK293 cells alone, with SNX27,
with 18E6, or with 18E6 plus SNX27. After 24 h, the medium was replaced with serum-free medium for 24 h. Cell lysates and concentrated medium were analyzed
by western blot, as before. (C) HeLa cells were transfected with scrambled siRNA as a control and siRNA E6AP to silence 18E6 (left panel) or with scrambled siRNA
as a control and siRNA SNX27 to silence SNX27 protein. After 48 h, the medium was replaced with a serum-free medium for 24 h. Equal amounts of concentrated
proteins were immunoprecipitated using an anti-EMILIN2 antibody. Cell lysates and immunoprecipitated EMILIN2 in concentrated cell medium were analyzed
by western blot, using anti-EMILIN2, anti-p53 antibody to confirm E6 silencing, anti-SNX27 antibody to confirm SNX27 silencing, anti-a-actinin and anti-GAPDH
antibodies to monitor protein loading. (D) NIKS, expressing either wild-type HPV-18 E6 or empty GFP as a control were grown in serum-free medium for 24 h. Cell
lysates and concentrated medium were analyszed by western blot, using anti-EMILIN2, anti-18E6 antibody and anti-GAPDH antibody to monitor protein loading.
(E) C33A cells were transfected with scrambled siRNA as a control and siRNA E6AP. After 48 h, the medium was replaced with a serum-free medium for 24 h. Cell
lysates and concentrated cell medium were analyzed by western blot, using anti-EMILIN2, anti-E6AP antibody, and anti-a-actinin antibody to monitor protein

loading.

To confirm further that EMILIN2 secretion can be affected by E6 and SNX27, we
repeated the experiment using HPV-18-positive Hela cells. First, this cell line was
transfected with either scrambled siRNA as a control or siRNA E6AP to knock down the
HPV E6 protein (14). Cell lysates and secreted EMILIN2 were analyzed by western blot. As
can be observed in Fig. 4C (left panel), loss of E6 has no major effect on total EMILIN2
levels in HeLa cells but significantly increases the release of EMILIN2. Interestingly, when
we repeated the experiment using HPV-18-positive Hela cells transfected with
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scrambled siRNA as a control or siRNASNX27 to knock down the SNX27 protein, as
expected, we observed that loss of SNX27 has no major effect on total EMILIN2 levels in
Hela cells but seems to decrease the release of EMILIN2 (Fig. 4C, right panel).

To further validate the effect of HPV18 E6 protein on EMILIN2 release in a more
physiologically relevant setting, we repeated the experiments using Normal Immortal-
ised Keratinocytes (NIKS), stably expressing either wild type HPV-18 GFP-E6 or empty
GFP as a control. Cell lysates and secreted EMILIN2 were analyzed by western blot. As
expected and can be seen in Fig. 4D, the presence of E6 has no major effect on total
EMILIN2 levels in NIKS cells but significantly blocks the release of EMILIN2. To provide
additional evidence that EMILIN2 release is regulated by HPV 18E6 protein, we per-
formed similar experiments using HPV-negative C33A cells, transfected with scrambled
siRNA as a control and siRNA E6AP. The Western blotting results in Fig. 4E show that loss
of E6AP does not affect EMILIN2 level and release in HPV-negative cell lines, confirming
that EMILIN2 release is regulated by HPV 18E6 protein.

EMILIN2 affects HPV-18E6 localization in a PBM-dependent manner

To determine the mechanism by which HPV-18E6 reduces EMILIN2 secretion, we
performed an immunofluorescence analysis. To do this, HEK293 cells were transfected
with GFP-tagged HPV-18 E6 WT or HPV-18 E6APBM, in the presence or absence of
an EMILIN-expressing plasmid. As can be seen from Fig. 5, EMILIN 2 is expressed in
a punctate manner typical of the normal pattern of EMILIN2 expression (15) and its
distribution is not affected by the presence of HPV-18 E6 WT or HPV-18 E6APBM.
Interestingly in cells co-transfected with EMILIN-expressing plasmid, HPV-18E6 is seen
in both nucleus and cytoplasm; while in cells co-transfected with empty pCDNA plasmid,
HPV-18E6 is located mainly in the nucleus, as previously reported (16). However, the
localization of HPV-18 E6APBM did not change in the presence of overexpressed
EMILIN2, suggesting that EMILIN2 affects HPV-18E6 localization in a PBM-dependent
manner.

EMILIN2 reduces cell proliferation through a WNT-induced signaling pathway
and interaction with the WNT1 ligand in the absence of the E6 PBM domain

As has already been shown, both EMILIN2 and HPV-18 E6 oncoprotein can independently
affect tumor cell viability and proliferation through regulation of the WNT/B-catenin
signaling pathways, we, therefore, sought to determine whether a similar mechanism
was operative here (17, 18). As it had previously been shown that EMILIN2 decreases
tumor cell viability (17, 19), we first decided to investigate whether overexpression of
EMILIN2 can affect the proliferation of cells ectopically expressing HPV-18 E6 WT or
HPV-18 E6GAPBM mutant. To do this, we performed a colony-forming assay in HaCaT cells
transfected with plasmids expressing HPV-18E6 WT or HPV-18 E6APBM mutant, in the
absence or presence of EMILIN2. The cells were then subjected to G418 selection, after
which the colonies were stained with Giemsa and counted. The results shown in Fig. 6
indicate that overexpression of HPV-18E6, in the presence or absence of EMILIN2, slightly
changes the formation of colonies. Interestingly, we observed a dramatic difference in
the number of colonies when the HPV-18 E6GAPBM mutant was overexpressed in the
presence of EMILIN2, suggesting that EMILIN2 can reduce the proliferation of cells in the
absence of a functional E6 PBM.

Next, we queried whether the WNT signaling pathway can regulate this process.
HEK293 cells were transiently transfected with a TCF-4-dependent luciferase reporter
plasmid (TOPFLASH) and a B-catenin-expressing plasmid in the presence or absence of
plasmids expressing EMILIN2 and HPV-18E6 WT or HPV-18 E6APBM, as indicated. After
48 h, immunoblot assays were performed, confirming the expression of B-catenin,
EMILIN2, and GFP-tagged E6 proteins (Fig. 7A left panel).

As can be seen in the right panel of Fig. 7, TCF-4 transcriptional activity was signifi-
cantly decreased (by around 50%) upon ectopic expression of EMILIN2 in the presence of
B-catenin, compared with cells without EMILIN2 overexpression. Interestingly, TCF-4
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FIG 5 EMILIN2 effects on HPV-18E6 localization are PBM-dependent. GFP-18E6 or —18E6APBM were expressed, with or without EMILIN2, in HEK293
cells. Immunofluorescent analyses with anti-EMILIN2 (red) and anti-GFP (green) antibodies show that EMILIN2 alters the localization of GFP-18E6 but not
GFP-18E6APBM. Representative images are shown (left panel). Quantification of GFP-18E6 and GFP-18E6APBM distribution within the nucleus or nucleus and
cytoplasm compartments is also shown (right panel) based on the percentage of cells expressing GFP-18E6 and GFP-18E6APBM.

transcriptional activity was not substantially affected by EMILIN2 in the presence of
HPV-18 E6 WT, but it was similarly reduced (around 50%) by EMILIN2 in the presence of
HPV-18 E6APBM.

It is well-known that EMILIN2 binds to the WNT1 ligand (17). Therefore, to confirm
further that EMILIN2 inhibits WNT1-induced signaling in the absence of a functional E6
PBM domain, we examined whether the presence of HPV-18 E6 WT or HPV-18 E6APBM
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FIG 6 EMILIN2 reduces cell proliferation in the absence of a functional E6 PBM. HaCaT cells expressing HPV-18E6 or —18E6APBM EMILIN2, were G418-selected
for 2-3 weeks. Colonies were counted with countPHICS software. Top representative images; bottom quantification histogram shows means from 3 independent
assays and standard deviations (*P < 0.1; ***P < 0.001).

mutant could affect those interactions. HEK293 cells were transfected with plasmids
expressing EMILIN2, Flag-tagged SNX27, and V5-tagged WNTT1 in the presence of GFP-
tagged 18E6 wild type or 18E6APBM mutant. As a control, we used cells transfected with
all constructs except the V5-tagged WNT1 plasmid. After 48 h, the cells were harvested,
and cell extracts were immunoprecipitated with mouse anti-V5 antibody. Co-immuno-
precipitating EMILIN2 and SNX27 were then detected by Western blotting using a mouse
anti-EMILIN2 antibody and a mouse anti-Flag antibody, respectively. As would be
expected, and can be seen in Fig. 7B, the presence of HPV-18 E6 inhibits the binding of
EMILIN2 to the WNTT1 ligand in a PBM-dependent manner. Interestingly, HPV-18 E6 has a
similar inhibitory effect on the interaction of SNX27 with WNTT.

All these data suggest that HPV-18 E6 blocks EMILIN2 release in a PBM-dependent
manner, possibly to prevent EMILIN2 binding to the WNT1 ligand, thereby blocking WNT
signaling, which could lead to reduced cell proliferation.
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FIG 7 EMILIN2 inhibits WNT1-induced signaling through binding to WNT1 in the absence of a functional E6 PBM. (A) HEK293 cells expressing EMILIN2 +
HPV-18E6 or HPV-18E6APBM and {-catenin were transfected with TOPflash reporter plasmid (TOP) and B-galactosidase reporter plasmids. Immunoblot confirms
protein expression (left panel). 3-catenin activity was detected by measuring the luciferase activity, normalized for Renilla. Histogram compares luciferase
activities with B-catenin levels from three independent assays with standard deviations (*P < 0.1; **P < 0.01; ns, nonsignificant), (right panel). (B) EMILIN2,
Flag-SNX27, V5-WNT1, plus or minus GFP18E6, or HPV-18E6APBM were expressed in HEK293 cells. Extracts were immunoprecipitated with an anti-V5 antibody,
and coimmunoprecipitated EMILIN2 was detected on immunoblot with an anti-EMILIN2 antibody, while SNX27 was detected using a mouse anti-FLAG antibody.
For all experiments, the intensity of EMILIN2-WNT interactions was assessed by quantifying the pixel intensity of each EMILIN2 band relative to the corresponding
intensity of the WNT band, while the intensity of SNX27-WNT interactions was assessed by quantifying the pixel intensity of each SNX27 band relative to the
corresponding intensity of the immunoprecipitated WNT band using densitometry (ImagelJ). The results are shown normalized to levels of pcDNA control. Note
that the presence of HPV-18E6 reduces the interactions of EMILIN2 and SNX27 with WNT1 in a PBM-dependent manner.

DISCUSSION

The major role played by the two viral oncoproteins, E6 and E7, in HPV-induced
malignancy is well-known; however, not all functions of these proteins are entirely
understood.

A unique feature of oncogenic HPV E6 protein is the presence of a Class | PDZ-binding
motif (PBM) at its carboxy terminus, which is absent in E6 from benign HPV types,
indicating that the PBM is a signature for oncogenic potential (2, 4). Increasing evi-
dence suggests that the HPV E6 PBM domain may mediate cancer development and/or
progression by regulating endocytic transport pathways. Early proteomic analyses have
shown that the HPV18 E6 PBM interacts with the components of the endocytic sorting
machinery, such as Sorting Nexin 27 (SNX27), an essential element of the retromer
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complex (6). It has been shown that at least two SNX27 interacting partners, GLUT1 and
TANC2, are aberrantly trafficked as a result of the E6 PBM-dependent interaction with
SNX27 and thereby contribute to the development of HPV-induced malignancies (8).

In this report, we present new insights into the effect of the HPV E6 PBM domain on
an SNX27-binding partner. To explore further which SNX27 cargoes can be altered by
HPV E6, we decided to repeat the previously described analysis of the SNX27 proteome
interaction profile in the presence or absence of HPV E6.

Mass spectrometry identified a number of SNX27-interacting proteins, of which the
most interesting was EMILIN2 (Elastin microfibril interface-located protein 2), as it had
not previously been described as an SNX27 binding partner. EMILIN2 was detected only
in the presence of HPV E6 and contains a class | PBM (LSHL) located at the C-terminus.

EMILIN2 is a secreted glycoprotein that belongs to the EDEN protein family (20,
21), which plays various roles in the extracellular matrix (ECM), particularly in tissues
requiring elasticity and resilience. EMILIN2 contributes to the structural integrity of
tissues by interacting with other ECM proteins, such as elastin and fibrillin. It helps in
organizing and stabilizing the extracellular matrix, especially in tissues like blood vessels
and skin. Dysregulation of EMILIN2 expression or function is associated with various
pathological conditions, including cardiovascular diseases, cancer, and connective tissue
disorders (20, 21).

ECM is an essential component of the tumor microenvironment, which plays a crucial
role in cancer progression and development, regulating cell proliferation, adhesion,
invasion, and migration (22). Therefore, as an ECM molecule, EMILIN-2 exerts an
important function in a number of tumor types, such as breast, gastric, colorectal, kidney,
and ovarian cancers (17, 23-26).

Sorting Nexin 27 contains an N-terminal PDZ domain (Post-Synaptic Density-95/Discs-
Large/Zonula Occludens), central PX domain, and C-terminal FERM domain (4.1/Ezrin/
Radixin/Moesin). The SNX27 PDZ domain binds PBM cargoes such as transmembrane
and cytosolic proteins, which contain type | PDZ-binding motifs (PBM) (11, 27-31). The
FERM domain regulates the interactions with endosomal cargoes and can also serve as a
signaling complex scaffold (32, 33). It has been shown that the FERM domain binds Ras
GTPases (32) and recycling cargoes carrying NPxY/NxxY motif (33).

Here, we show that EMILIN2 binding requires the PDZ and the FERM domains of
SNX27 and both PBM and NxxY motifs are present in the EMILIN2 protein sequence.
Therefore, it was tempting to speculate that E6's association with SNX27 through its PBM
might somehow enhance EMILIN2’s association with the SNX27 FERM domain, thereby
preventing EMILIN2 secretion. However, when we repeated the assay in the presence
of 18E6, we found that 18E6 also requires both PBM and NxxY motifs to bind SNX27,
which is in agreement with previous data (7). More studies are needed to explain the
mechanism of the EMILIN2, SNX27 and E6 association.

Recent studies showed that the interaction of SNX27 with another extracellular matrix
component—degrading enzyme MT1-MMP—is critical for recycling MT1-MMP to the
cell surface, which promotes breast cancer metastasis (34). It is also interesting to note
that, unlike the other known SNX27 binding partners, MT1-MMP lacks a PBM. Instead,
the cytosolic tail of MT1-MMP harbors a DKV motif that closely resembles a Class-Ill
PDZ-binding motif sequence of X[DE]Xp, where X represents any amino acid and ¢
represents a hydrophobic residue (35). All this confirms that SNX27 can interact with
different ligands through diverse domains and motif associations.

EMILIN-2 expression is often down-regulated during tumor progression; however, the
impact of this loss has not been explored, thus far. It has been reported that EMILIN2
affects the activation of the Wnt/B-catenin signaling pathway, a key regulator in the
development of many cancers, thus down-modulating cell proliferation and migration
(17). It has also been shown that EMILIN-2 influences angiogenesis by triggering IL-8
expression via the EGFR/EGF pathway, thus affecting vessel development and perfusion
(36).
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In this study, we confirm that, in a PBM-dependent manner, HPV-18 E6 enhances the
interaction between EMILIN2 and SNX27, consequently blocking the release of EMILIN2.
To examine potential mechanisms for the reduced secretion of EMILIN2 in the presence
of E6, we performed an immunofluorescence analysis which showed that EMILIN2 affects
HPV-18E6 localization in a PBM-dependent manner. Ectopic co-expression of EMILIN2
with E6 WT dramatically increases the pool of cytoplasmic E6, whereas the nuclear
localization of the E6 PBM mutant does not change. All this suggests that the E6 PBM
domain might play an essential role in blocking EMILIN2 release from cells, inducing
translocation of E6, in the presence of EMILIN2, to the cytoplasm.

Previous studies have shown that EMILIN2 down-modulates the WNT signaling
pathway and suppresses breast cancer cell growth and migration (17). As HPV E6 and
SNX27 have also been shown to regulate the WNT signaling pathway independently (18,
37, 38), we decided to determine whether this could also be the case here.

First, in a colony formation assay, there was little difference in the numbers of colonies
obtained upon overexpression of either EMILIN2, or HPV-18 E6 WT, or both together;
however, there was a dramatic reduction in the number of colonies obtained when
the HPV-18 E6APBM mutant and EMILIN2 were expressed together. This suggests that
EMILIN2 can reduce cell proliferation in the absence of functional E6 PBM and, again,
confirms the importance of this domain. The next question raised by this observation
was: could the observed difference in cell growth be regulated by the WNT signaling
pathway, similarly to breast cancer cells? The analysis confirmed our hypothesis, showing
that EMILIN2 alone, and in the presence of HPV-18 E6APBM, significantly reduced the
activation of the WNT signalling pathway. Interestingly, this effect was not observed
when EMILIN2 and E6 WT were ectopically expressed together, confirming the critical
role of the PBM domain.

A fundamentally essential role in the transduction of the WNT signalling path-
ways is played by secreted glycoproteins such as WNT1, which can activate intracellu-
lar signaling pathways by binding to different receptors, such as Frizzled receptors.
Interestingly, previous studies showed that as a result of sequence homology with the
cysteine-rich domain (CRD) of the Frizzled receptors, EMILIN2 could affect WNT signaling
activation through interaction with the WNT ligand (17). To determine whether the same
mechanism might be operative in this case, we decided to check whether the presence
of HPV-18 E6 could affect the interactions of EMILIN2 with the WNT1 ligand. Our results
confirmed that the presence of HPV-18 E6 inhibits the binding of EMILIN2 to the WNT1
ligand in a PBM-dependent manner. Interestingly, HPV-18 E6 has the same inhibitory
effect on the interaction of SNX27 with WNT1.

All these data suggest that HPV-18 E6 blocks EMILIN2 release in a PBM-dependent
manner. In addition, E6 prevents the interaction of EMILIN2 with WNT1 ligand and the
consequent inhibition of WNT signalling, which could lead to reduced cell proliferation.

In this study, we have shown a novel mechanism by which HPV E6 may regulate the
WNT signaling pathway. Previous data had reported that both E6 and SNX27 control
the WNT signaling pathway independently, using different mechanisms. It has previously
been reported that ectopically expressed E6 significantly augments the Wnt/beta-cate-
nin signaling response in a dose-dependent manner, and that this activity is independ-
ent of the ability of E6 to target p53 for degradation or to bind PDZ-containing targets
(39). However, recent data show that HPV18 E6 promotes cervical cancer cell migration
and invasion by reducing the levels of its PDZ-containing target, MAGI3, which leads to
the activation of Wnt/p - catenin signalling (40). Other reports show that E6 proteins
can up-regulate TCF-4 transcriptional activity to promote overexpression of Wnt target
genes, and that E6 and E6*| bind to TCF-4 and B-catenin, impacting TCF-4 stabilization
(41).

While several studies implicate HPV E6 in the activation of the canonical
Wnt/B-catenin pathway, SNX27 was shown to inhibit the activation of the Wnt signal-
ing pathway. SNX27 interacts with Frizzled (Fzd) receptors to regulate the endocytosis
and stability of Fzd, inhibiting canonical Wnt signaling (37). Another report shows the
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importance of the C-terminal PBM of SNX27 for the transcriptional activity of B-catenin
and proposes that SNX27 might be involved in the endosomal assembly of B-catenin
complexes and induce a decrease in the transcriptional activity of 3-catenin (38).

As HPV E6 induces activation of WNT signaling to promote cancer cell migration
and invasion while EMILIN2 and SNX27 downregulate this pathway, it is possible that
E6 enhances the intracellular interaction of EMILIN2 and SNX27 to prevent EMILIN2
secretion. This is also supported by the increased cytoplasmic pool of E6 in the presence
of EMILIN2, and the increased interaction of SNX27 with WNT1 in the absence of HPV E6.
Interestingly, our data confirm the essential role of the E6 PBM in this process. We proved
that the E6 PBM has a crucial effect on the interaction of EMILIN2 with SNX27 and on
EMILIN2's secretion and binding to the WNT1 ligand, which, as a consequence, activates
the WNT signaling pathway and reduces cell proliferation. Interestingly, previous reports
have shown that HPV oncoproteins can modulate extracellular matrix components, such
as matrix metalloproteinases. HPV E6 has been also shown to interact with Laminin-5, an
ECM protein involved in cell adhesion and migration. Additionally, HPV E6 can activate
various signaling pathways involved in ECM remodeling, such as the PI3K/Akt pathway
(42, 43). However, further studies are needed to understand this mechanism better,
especially in E6-induced malignancy. This work shows that SNX27 can interact with
different ligands through diverse PDZ or FERM domain associations and that the E6
PBM domain can modulate SNX27 cargo binding, trafficking, and mode of action and
identifies a novel function of the E6 PBM domain in cancer development.

MATERIALS AND METHODS
Cells and transfection

HaCaT, HEK293, and Hela wild type (ATCC) and GFP-SNX27 Hela cells were maintained
in Dulbecco’s modified Eagle’s medium (DMEM), supplemented with 10% Fetal Calf
Serum (Life Technology), penicillin-streptomycin (100 U/mL), and glutamine (300 pug/mL).
Cells were cultured at 37°C with 10% CO2. Hela cell lines stably expressing GFP-SNX27
were generated as described previously (8). To generate the NIKS (Normal Immortalised
Keratinocytes) (44) stably expressing GFP-18E6 and GFP, NIKS were transfected with
GFP-18E6 and GFP empty plasmids as control and subjected to hygromycin selection
for over 2 weeks. After this time, single-cell clones were picked and then analyzed by
Western blotting for GFP-18E6 and GFP, using mouse anti-GFP antibody (Santa Cruz).
Cells were maintained in F medium (0.66 mM Ca**) composed of three parts Ham'’s F12
medium to one part Dulbecco’s modified Eagle’s medium and supplemented with the
following components: 5% fetal bovine serum (FBS), adenine (24 pug/mL), cholera toxin
(8.4 ng/mL), epidermal growth factor (10 ng/mL), hydrocortisone (2.4 ug/mL), and insulin
(5 pg/mL).

Hela cells were transfected with siRNA using Lipofectamine RNAIMAX transfection
reagent (Invitrogen). The E6AP siRNA Smart Pool (Dharmacon) was used, while the
scrambled siSTABLE nontargeting siRNA was used as a control. For HEK293 cell transfec-
tions, calcium phosphate precipitation was used, as described previously (45).

Plasmids

pGWI HA-18E6WT, pGWI HA-18E6T156E, which is defective for PDZ domain binding,
pHAHA-GFP18E6 and pHAHA-GFP18E6APBM have been described previously (46, 47).
The pcDNA3.1-EMILIN2 construct was kindly provided by Maurizio Mongiat and has been
described previously (19). Constructs expressing GST-tagged SNX27, GST-tagged SNX27
PDZ, GFP-tagged SNX27, and Flag-tagged SNX27 full-length and the SNX27APDZ and
AFERM mutants were kindly provided by Martin P. Playford and have been described
previously (8, 48, 49).
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Mass spectrometry analysis

Hela cells stably expressing GFP-SNX27 were transfected with a control siRNA or siRNA
E6AP to reduce levels of HPV-18E6 expression. After 72 h, the cells were extracted in
mass spectrometry lysis buffer [50 mM HEPES, pH 7.4, 150 mM NaCl, 50 mM NaF, T mM
EDTA, 0.25% NP-40] and incubated with GFP Trap (Chromotek) for 2-3 h on a rotating
wheel at 4°C. The beads were then extensively washed, and the samples were subjected
to mass spectroscopic analysis, as previously described (8, 50). The interacting partners
of SNX27 were compared between control and siRNA E6AP-treated cells. Briefly, proteins
were eluted directly from the affinity beads using 50 ng of sequencing grade trypsin
(Promega) in 20 mM diammonium phosphate pH 8.0 for 6 h at 37°C. The supernatant
was removed from the beads, and the cysteines were reduced and alkylated by boiling
for 2 min in the presence of 10 mM Tris (2-carboxyethyl) phosphine (Pierce), followed
by incubation with 20 mM acetaminophen (Sigma) for 1 h at 37°C. The reactions were
stopped by adding acetic acid (Sigma) to 0.1%. The resulting mixture was desalted using
C18 Ziptips (Millipore) and lyophilized to dryness. Nanobore columns were constructed
using Picofrit columns (NewObijective) packed with 15 cm of 1.8 mm Zorbax XDB C18
particles using a homemade high-pressure column loader. The desalted samples were
injected into the nanobore column in buffer A (10% methanol/0.1% formic acid). The
column was developed with a discontinuous gradient and sprayed directly into the
orifice of an LTQ ion trap mass spectrometer (Thermo Electron). A cycle of one full scan
(400-1,700 m/z), followed by eight data-dependent MS/MS scans at 25% normalized
collision energy, was performed throughout the LC separation. RAW files from the LTQ
were converted to mzXML files by rEADW (version 1.6) and searched against the Ensembl
human protein database.

GST pull-down assay

GST-tagged fusion proteins were expressed and purified as described previously (8, 36).
HEK293 cells were harvested and lysed in HNTG buffer (20 mM HEPES, pH 7.5, 150 mM
NaCl, 0.1% Triton X-100, 10% glycerol), containing protease inhibitors (Calbiochem
Protease Cocktail 1). The extracts were clarified by centrifugation and then incubated
with the SNX27 GST fusion proteins for 2 h at room temperature. After extensive
washing, the bound proteins were analyzsed by SDS PAGE and western blotting.

Co-immunoprecipitation assay

HEK293 cells were transfected with plasmids expressing EMILIN2 and Flag-SNX27 in
the presence of GFP-18E6, EMILIN2, and Flag-SNX27 alone, and EMILIN2 together with
GFP-18E6 as control. Forty-eight hours after transfection, cells were harvested in HNTG
buffer described above, containing protease inhibitors (Calbiochem Protease Cocktail
1), and extracts were immunoprecipitated using an anti-Flag antibody and protein
G-conjugated sepharose beads. Co-immunoprecipitating EMILIN2 was then detected
by Western blotting using a mouse anti-EMILIN2 antibody (MyBioSource). To verify the
interaction of EMILIN2 with WNT1 ligand, HEK293 cells were transfected with plasmids
expressing EMILIN2, Flag-tagged SNX27, and V5-tagged WNT1 in the presence of
GFP-tagged 18E6 wild-type or 18E6APBM mutant. Cells not expressing V5-tagged WNT1
plasmid were used as control. After 48 h, cells were harvested in HNTG buffer containing
protease inhibitors (Calbiochem Protease Cocktail 1), and extracts were immunoprecipi-
tated using an anti-Flag antibody and protein G-conjugated sepharose beads. Co-immu-
noprecipitating EMILIN2 and SNX27 were then detected by Western blotting using a
mouse anti-EMILIN2 antibody and a mouse anti-Flag antibody, respectively.

Analysis of secreted EMILIN2

Twenty-four hours after transfection with appropriate plasmids (HEK293) or 48 h after
adding siRNA (Hela), cells were washed twice with PBS and grown in serum-free medium
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for another 24 h. Next conditioned media from the cell lines were concentrated using
Amicon Ultra-4 centrifugal devices. Equal amounts of proteins were mixed with Laemmli
Sample Buffer 6x and run on a 10% SDS-PAGE. To detect EMILIN2 in the medium of
Hela cells, equal amounts of concentrated proteins were immunoprecipitated using an
anti-EMILIN2 antibody and protein G-conjugated sepharose beads. Immunoprecipitating
EMILIN2 was then detected by Western blotting using a mouse anti-EMILIN2 antibody
(MyBioSource).

Immunofluorescence assay

HEK293 cells were seeded on glass coverslips at a density of approximately 5 x 10° cells/
coverslip and transfected with GFP-18E6 or 18E6APBM in the presence or absence of
EMILIN2. After 48 h, cells were fixed with 4% paraformaldehyde and permeabilized with
PBS/0.1% Triton X-100. Immunostaining was performed using rabbit EMILIN2 and mouse
GFP antibody (Santa Cruz) and the appropriate fluorophore-conjugated secondary
antibodies. The images were captured using the LSM510 META Confocal Microscope
(Carl Zeiss).

Colony formation assay

HaCaT cells were seeded in 6 cm plates at the low confluence (15,000 cells/dish).
After 24 h, cells were transfected with plasmids expressing either HPV-18E6 WT or
HPV-18E6APBM, in the presence or absence of EMILIN2-expressing plasmid, and were
selected for 14-21 days with G418 (Invitrogen). Colonies were then stained with Giemsa
stain (1% crystal violet, 25% methanol) and counted using the software Plot Histograms
of Colony Size (countPHICS) (51). Each experiment was repeated a minimum of three
times.

Luciferase assay

HEK293 cells were transfected with plasmids expressing B-catenin and TCF-4 and
B-galactosidase (reporter plasmid), and additionally with constructs expressing EMILIN2
alone or with HPV-18E6 or HPV-18E6APBM. Forty-eight hours after transfection, cells
were lysed, and luciferase activity was analyzed using Dual Luciferase Assay Kit
(Promega) and normalized to Renilla following measurement with a luminometer.

Statistical analysis

All experiments were performed with appropriate repetitions. Statistical significance was
calculated using the GraphPad Prism 6 software.
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