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ABSTRACT Cancer-causing HPV E6 oncoproteins contain a PDZ-binding motif at the
extreme carboxy terminus, which plays an important role in the viral life cycle and in the de-
velopment of malignancy. Through this motif, HPV E6 targets a large number of cellular sub-
strates, many of which are involved in processes related to the regulation of cell polarity.
Recent studies also demonstrated E6's PDZ binding motif (PBM)-dependent association with
SNX27, with a potential role in the perturbation of endocytic transport. Here, we have per-
formed a proteomic analysis to identify SNX27-interacting partners whose binding to SNX27
is specifically perturbed in an E6-dependent manner. Extracts of HeLa cells that express GFP-
tagged SNX27, transfected with control siRNA or siRNA targeting E6AP, were subject to GFP
immunoprecipitation followed by mass spectroscopy, which identified TANC2 as an interact-
ing partner of SNX27. Furthermore, we demonstrate that HPV E6 inhibits association between
SNX27 and TANC2 in a PBM-dependent manner, resulting in an increase in TANC2 protein
levels. In the absence of E6, SNX27 directs TANC2 toward lysosomal degradation. TANC2, in
the presence of HPV-18E6, enhances cell proliferation in a PBM-dependent manner, indicating
that HPV E6 targets the SNX27-mediated transport of TANC2 to promote cellular proliferation.

IMPORTANCE While a great deal is known about the role of the E6 PDZ binding motif
(PBM) in modulating the cellular proteins involved in regulating cell polarity, much less is
known about the consequences of E6's interactions with SNX27 and the endocytic sorting
machinery. We reasoned that a potential consequence of such interactions could be to
affect the fate of multiple SNX27 endosomal partners, such as transmembrane proteins or
soluble accessory proteins. Using a proteomic approach in HPV-18-positive cervical tumor-
derived cells, we demonstrate that TANC2 is an interacting partner of SNX27, whose inter-
action is blocked by E6 in a PBM-dependent manner. This study therefore begins to shed
new light on how E6 can regulate the endocytic transport of multiple SNX27-binding pro-
teins, thereby expanding our understanding of the functions of the E6 PBM.
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Human papillomaviruses (HPVs) are small nonenveloped DNA viruses that cause
nearly 5% of all human malignancies. These viruses are responsible for the devel-

opment of a range of different malignancies, of which cervical cancer is the most im-
portant, causing more than 500,000 cases and 250,000 deaths annually (1 to 3). While
over 200 different HPV types have been identified, only a small subset is cancer-caus-
ing, with the most prevalent being HPV-16 and HPV-18 (3, 4).

HPVs induce malignancy largely through the action of two viral oncoproteins, E6
and E7. Both proteins play essential roles in the viral life cycle, creating an environment
within the differentiating epithelium favorable to replication of the viral genome. This
is brought about through perturbation of normal cell cycle control pathways and an
induction of an S-phase-like state, through the actions of E7 in targeting a plethora of
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cell cycle regulators, including the pRb family of pocket proteins (5). The normal cellu-
lar response to this deregulation of the cell cycle is a p53-dependent apoptotic
response (6), which is overcome through the action of the E6 oncoprotein and the sub-
sequent degradation of p53 in an E6AP-dependent manner (7). For reasons that still
remain unclear, in individuals the viral infection remains persistent over many months
and years, changes are initiated that ultimately result in the development of malig-
nancy. Common to all of these cases is a continued high-level expression of E6 and E7,
which continues to drive subsequent tumor development. However, loss of function or
reduced expression of either oncoprotein is sufficient to block continued tumor devel-
opment, and cells either enter senescence or undergo apoptosis (8, 9). Thus, both viral
oncoproteins remain excellent targets for therapeutic intervention in HPV-induced
malignancy.

Although the targeting pf pRB family members and p53 are essential features of cancer
progression, other functions of the viral oncoproteins are also critical to this process. In the
case of cancer-causing HPV E6 oncoproteins, the PDZ binding motif (PBM) at its carboxy
terminus, which is absent from the E6s of benign HPV types, appears to be particularly im-
portant (10, 11). This motif confers interaction with cellular proteins that contain PDZ
domains (Post Synaptic Density-95 [PSD-95], Discs-Large [DLG1] and Zonula Occludens 1
[ZO-1]), of which there are over 200 in the human proteome (12). Several cellular PDZ do-
main-containing substrates of the different high-risk HPV E6 oncoproteins have been iden-
tified (13), and many of these appear to be associated with pathways controlling cell polar-
ity and include Discs Large (DLG1) and Scribble (hScrib) (14).

Interestingly, recent studies identified a novel function of the E6 PBM and linked this to
the regulation of endocytic transport pathways (15). High-risk HPV E6s were found to inter-
act with sorting nexin 27 (SNX27), an essential component of the retromer complex, which
controls the correct trafficking of many different cargos, including transmembrane recep-
tors, transporters, ion channels, solute carriers, and soluble signaling and regulatory pro-
teins (16, 17). It has been found that at least one such cargo, GLUT1, is aberrantly trafficked
as a result of the E6 PBM-dependent interaction with SNX27. Moreover, it has been shown
that, unlike most of its PDZ domain-containing targets, E6 does not target SNX27 for deg-
radation. Instead, in HPV-18-positive cell lines, the association of SNX27 with components
of the retromer complex and the endocytic transport machinery is altered in an E6 PBM-
dependent manner (15). Proteomic studies have also indicated that E6 could potentially
interact with other components of the retromer complex, including Vps35, Vps26, and
Vps29 (18), although whether these interactions are the result of the association of E6 with
SNX27 remains to be determined.

While a great deal is known about the cargoes that can be potentially transported
by SNX27, it is noteworthy that many of these studies have been performed in HeLa
cells where there is high-level expression of HPV-18 E6, which could potentially modu-
late the pattern of SNX27-cargo interactions (16). We were therefore interested in ana-
lyzing how loss of E6 might alter the pattern of SNX27-binding proteins in HeLa cells
and thereby shed further light on the biological relevance of this association. In this
study, we identify TANC2 as an interacting partner of SNX27, whose interaction with
SNX27 is specifically blocked in an E6 PBM-dependent manner, which contributes to-
ward enhanced levels of proliferation in HPV-positive cells.

RESULTS
Identification of TANC2 as an interacting partner of SNX27. Previous studies had

shown that HPV E6 interacts with SNX27 and can potentially perturb the normal endo-
somal trafficking of certain cargoes (15). Since earlier proteomic analysis of the SNX27
interactome had been performed in HeLa cells (16), we wanted to analyze directly how
this might be modulated by the endogenous HPV-18 E6 present within these cells. To
do this, we first generated a HeLa cell line stably expressing GFP-SNX27, and, as can be
seen from Fig. 1A, this is expressed in a punctate manner typical of the normal pattern
of SNX27 expression (16). Using this cell line as a basis, we then transfected the cells
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with siRNA scrambled as a control, or siRNA E6AP, which has been shown previously to
very effectively abolish expression of the E6 oncoprotein (19). Silencing of 18E6 was
confirmed by Western blotting using the p53 antibody, using increased p53 levels as a
surrogate marker for E6 silencing (Fig. 1B). After 72 h, the cells were harvested and
immunoprecipitated 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 (Fig. 1C). The resulting protein profiles were compared
with those obtained from control and siRNA E6AP-treated cells, with our focus being
on those proteins that contain a PBM. The most striking candidate in this analysis was
TANC2. This is a canonical carboxy-terminal PBM-containing protein that was only
detected in the absence of E6, indicating that this is a potential interacting partner of
SNX27 whose association is blocked by the presence of E6 (Fig. 1D). In addition, these

FIG 1 Identification of TANC2 as an interacting partner of SNX27. (A) To generate a HeLa cell line stably
expressing GFP-SNX27, HPV-18-positive HeLa cells were transfected with a GFP-SNX27-expressing plasmid
and subjected to G418 selection over 2 weeks. Representative pictures of HeLa stably expressing SNX27 are
shown. (B) Western blot analysis of HeLa stably expressing GFP-SNX27, transfected with control siRNA and
siRNA targeting E6AP, confirmed the silencing of 18E6 protein. (C) Protein extracts from HeLa stably
expressing GFP-SNX27, transfected with control siRNA and siRNA targeting E6AP, were immunoprecipitated
with GFP-Trap, and the immunoprecipitated material was analyzed by mass spectroscopy. (D) The table
shows identification of TANC2 as the prominent SNX27 hit in HeLa stably expressing GFP-SNX27, transfected
with E6AP siRNA, together with E value (the base-10 log of the expectation that the assignment is
stochastic), L value (the base 210 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 total number of tandem mass spectra that can be assigned to each protein.
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results confirm previous findings in which TANC2 was identified in the mass spectro-
metric analysis of SNX27 cellular partners in HPV-negative RPE1 (human retinal pig-
ment epithelial-1) cells (16). Moreover, SNX27 and TANC2 interactions were also found
in a recently described PDZ–PBM interactome analysis (20). To determine whether
TANC2 binds SNX27 in a PBM-dependent manner, we analyzed whether TANC2 and
SNX27 can associate in vitro and in vivo. To do this, wild type and a PBM deletion mu-
tant of TANC2 (DPBM) were overexpressed in HEK293 cells; the cell extracts were used
in a pulldown assay with the GST-SNX27 fusion protein, and the bound proteins were
analyzed by immunoblotting using an anti-TANC2 antibody. As can be seen from Fig.
2A, TANC2 interacts with SNX27 in a PBM-dependent manner. To confirm that TANC2
and SNX27 also interact in vivo, we used a coimmunoprecipitation assay. HEK293 cells
were transfected with the TANC2-expressing plasmid alone or in combination with plasmid

FIG 2 TANC2 interacts with SNX27 in vitro and in vivo. (A) A GST-pulldown assay using GST alone or GST-
SNX27, incubated with extracts of HEK293 cells transfected with plasmids expressing TANC2 WT or DPBM.
Western blot analysis of the bound proteins shows that TANC2 binding to SNX27 is PBM dependent
(upper panel). The lower panel shows the Ponceau Red-stained membrane. (B) HEK293 cells were
transfected with plasmids expressing GFP-SNX27 and TANC2, or GFP-SNX27 alone. As control, untransfected
cells were used. After 24 h, cell extracts were immunoprecipitated using rabbit anti-GFP antibody and
protein A-conjugated Sepharose beads. As a control, lysates from cells transfected with plasmids expressing
GFP-SNX27 and TANC2 were divided and immunoprecipitated using either rabbit anti-GFP or rabbit anti-E7
(unrelated) antibody. Coimmunoprecipitating TANC2 was then detected by Western blotting using mouse
anti-TANC2 antibody (upper panel). (C) HEK293 cells were transfected with plasmid expressing TANC2
alone. After 24 h, the cell extracts were immunoprecipitated using mouse anti-SNX27 antibody and protein
G-conjugated Sepharose beads. As control, lysates from cells transfected with plasmids expressing TANC2
alone were divided and immunoprecipitated, using either mouse anti-GFP or mouse anti-HA (unrelated)
antibodies. Coimmunoprecipitating TANC2 was then detected by Western blotting using rabbit anti-TANC2
antibody (upper panel).
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expressing GFP-tagged SNX27. After 24 h, the cells were harvested and cell extracts immuno-
precipitated with rabbit anti-GFP antibody or, as a control, with rabbit anti-E7 antibody.
Coimmunoprecipitating TANC2 was then detected by Western blotting using mouse anti-
TANC2 antibody. The results in Fig. 2B demonstrate a clear interaction between TANC2 and
SNX27. To further confirm the interaction, the assay was repeated using HEK293 cells trans-
fected only with TANC2-expressing plasmid. Similarly, after 24 h, the cells were harvested,
and cell extracts were immunoprecipitated with mouse anti-SNX27 antibody or, as a control,
with mouse anti-GFP and anti-HA antibodies. Coimmunoprecipitating TANC2 was then
detected by Western blotting using a rabbit anti-TANC2 antibody. The results in Fig. 2C con-
firm the binding of TANC2 to endogenous SNX27.

HPV-18E6 inhibits interactions between TANC2 and SNX27 in a PBM-depend-
ent manner. Having established that SNX27 and TANC2 interact in a PBM-dependent
manner, we next sought to determine whether this was affected by the presence of
HPV-18 E6. To do this, we again performed a glutathione S-transferase (GST) pulldown
assay where SNX27, expressed as a GST fusion protein, and GST alone were incubated
with cell extracts of HEK293 cells, either untransfected (control) or transfected with
plasmids expressing HA-tagged HPV-18 E6 wild type (WT). The results shown in Fig. 3A
confirm that E6 also binds GST-SNX27 and show that the presence of HPV-18 E6 inhib-
its TANC2 binding to GST-SNX27. We repeated this analysis using extracts from HeLa
cells in the presence (siCTRL) and absence of E6 (siE6AP), and, as can be seen from Fig.
3B, E6 again binds strongly to SNX27, as would be expected, and TANC2 interaction
with SNX27 is stronger in the absence of E6. Finally, in order to demonstrate that this
inhibitory effect of E6 occurs via its PBM, the pulldown assay was repeated using cells
expressing HPV-18 E6, either wild type or the T156E mutant (whose PBM is nonfunc-
tional). As can be seen from Fig. 3C, loss of the E6 PBM reduces E6’s association with
SNX27 and at the same time allows association between SNX27 and TANC2. Taken to-
gether, these results indicate that TANC2 is a PBM-dependent interacting partner of
SNX27 and that their association is inhibited by HPV-18 E6 in a PBM-dependent
manner.

The stability of TANC2 and HPV E6 are regulated in a PBM-dependent manner.
Having shown that HPV-18 E6 can inhibit the association between TANC2 and SNX27, we
wanted to determine how this might be reflected in changes to the levels of TANC2 pro-
tein. To do this, HeLa cells were transfected with siRNA E6AP in order to knock down HPV
E6 (19) and control siRNA, and the levels of TANC2 were analyzed by Western blotting. As
can be seen from Fig. 4A, loss of E6/E6AP induced a marked decrease in the levels of
TANC2. In order to determine whether this loss is SNX27 dependent, cells were knocked
down for SNX27 alone and doubly knocked down for E6AP and SNX27; as can be seen
from Fig. 4A, loss of SNX27 has no major effect on TANC2 levels in HeLa cells.

To confirm that TANC2 protein levels can be stabilized by E6 in cells other than HeLa
cells, we repeated the experiment using HPV-18-positive C4-1 cells and HPV-16-positive
SiHa and CaSki cell lines. These cell lines were transfected with either scrambled siRNA as a
control or siRNA E6AP to knock down HPV E6 protein (19), and the levels of TANC2 in the
cell lysates were analyzed by Western blotting. As can be observed in Fig. 4B, loss of E6 sig-
nificantly decreased TANC2 levels in all HPV-positive cells tested, suggesting that both
HPV-18 and HPV-16 E6 oncoproteins can regulate TANC2 stability. Since it was possible
that TANC2 levels were regulated directly by E6AP, rather than by E6, we performed similar
experiments using HPV-negative C33A and HaCaT cells, transfected with scrambled siRNA
as a control and siRNA E6AP. The Western blotting results in Fig. 4B show that loss of E6AP
does not affect TANC2 levels in HPV-negative cell lines, confirming that TANC2 levels are
regulated by HPV E6 protein, rather than by E6AP.

Having established that HPV-18E6 inhibits the interactions between TANC2 and SNX27
in a PBM-dependent manner, we sought to verify how this might be reflected in changes
to the levels of TANC2 and E6 proteins. First, to determine whether TANC2 levels might be
affected by HPV-18E6 in a PBM-dependent manner, we overexpressed TANC2 in HEK293
cells in the presence of HPV-18E6 wild type or the 18E6T156E PBM mutant, defective for
PDZ domain binding. Western blot analysis confirms that the TANC2 levels are stabilized

HPV-18 E6 Inhibits TANC2-SNX27 Interactions Journal of Virology

November 2022 Volume 96 Issue 22 10.1128/jvi.01365-22 5

https://journals.asm.org/journal/jvi
https://doi.org/10.1128/jvi.01365-22


by HPV-18 E6 in a PBM-dependent manner (Fig. 4C). Next, to determine whether TANC2
can affect HPV-18E6 levels, we repeated the experiment, transfecting HEK293 cells with
18E6 WT or 18E6DPBM mutant alone or in the presence of TANC2. Interestingly, as can be
seen in Fig. 4D, TANC2 appears to increase 18E6 levels in a PBM-dependent manner.

Ablation of HPV E6 directs TANC2 for lysosomal degradation. To determine
whether the decrease in TANC2 levels in the absence of E6/E6AP was due to lysosomal
degradation, the assay was repeated in the presence of the lysosome inhibitor chloro-
quine. As can be seen from Fig. 5A, a clear rescue of TANC2 is seen in the presence of
chloroquine, indicating that association with SNX27 promotes the sorting of TANC2
into a pathway leading to lysosomal degradation. To further confirm this observation,
we performed immunofluorescence analysis of TANC2 in HeLa cells transfected with
siRNA scrambled (siCTRL) and siRNA E6AP. As can be seen from Fig. 5B, loss of E6/
E6AP, as would be expected, increases TANC2 accumulation within lysosomal compart-
ments. However, there is also a significant accumulation of TANC2 within the nucleus,
the significance of which remains to be determined.

FIG 3 HPV-18E6 inhibits interactions between TANC2 and SNX27 in a PBM-dependent manner. (A) A
GST-pulldown assay using GST alone or GST-SNX27, incubated with the extracts of HEK293 cells
transfected with plasmids expressing HA-tagged HPV-18 E6 wild type (WT). Western blotting was
used to assess the levels of endogenous TANC2 or exogenous HA-E6 bound to the GST fusion
proteins. Note that TANC2 binding to GST-SNX27 is inhibited by the presence of HPV-18 E6 and that
E6 also binds GST-SNX27. (B) The GST-pulldown assay was repeated using extracts from HPV-18-
positive HeLa cells treated for 72 h with siRNAE6AP to ablate E6 expression. Western blot analysis
shows that the endogenous E6 in HeLa cells treated with siRNA scrambled (siScram) binds strongly to
GST-SNX27, while TANC2 binding is low. Upon ablation of E6 (siRNA E6AP), TANC2 binding increases
markedly. (C) The assay was repeated, including the HA-tagged HPV-18 E6T156E PBM mutant. Binding
of E6T156E mutant to SNX27 is reduced dramatically, and its presence does not block TANC2-SNX27
binding, indicating the PBM-dependence of this interaction.
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FIG 4 The stability of TANC2 and HPV E6 are regulated in a PBM-dependent manner. (A) HeLa cells were transfected with
scrambled siRNA as a control, siRNA E6AP to silence 18E6, and siRNA SNX27. After 72 h, cells were harvested and total protein
levels were detected by Western blotting with anti-TANC2 antibody and anti-SNX27 antibody, plus anti-p53 antibody to
confirm E6 silencing and anti-a-actinin antibody to monitor protein loading. The upper panel shows representative images of
the Western blot analyses. The lower panel shows quantification of TANC2 levels, normalized to a-actinin. The results are
expressed as the means from at least three independent experiments, and the standard deviations are shown (**, P , 0,01;
****, P , 0,0001; ns, nonsignificant). (B) HPV-18-positive C4-1 cells, HPV-16-positive SiHa and CaSki, and HPV-negative C33A
and HaCaT cells were transfected with scrambled siRNA as a control and siRNA E6AP. After 72 h, cells were harvested and
total protein levels were detected by Western blotting with anti-TANC2 antibody, anti-p53 antibody to confirm E6 silencing,
and anti-a-actinin antibody to monitor protein loading. The upper panel shows representative images of the Western blot
analyses. The lower panels show quantification of TANC2 levels, normalized to a-actinin. The results are expressed as the

(Continued on next page)
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TANC2 promotes cell proliferation in the presence of HPV-18E6 in a PBM-de-
pendent manner. The TANC2 gene was first reported as an oncogene in breast cancer
cells, in which knockdown of the TANC2 gene resulted in decreased cell viability (21).
We were therefore interested in investigating whether knocking down TANC2 protein
levels could affect the viability of cervical cancer cells. To do this, HPV-18-positive HeLa
cells and HPV-negative C33A cells were transfected with siRNA TANC2, or siRNA
scrambled as a control. After 72 h, the cells were trypsinized, collected, and counted.
The silencing of TANC2 was confirmed by Western blotting. As shown in Fig. 6A, silenc-
ing of TANC2 expression results in a 50% reduction in HeLa cell numbers but has no
effect upon HPV-negative C33A cell numbers. These data indicate that loss of TANC2
expression in HeLa cells results in a reduction in total cell numbers.

In order to further confirm that E6's blocking of SNX27-mediated transport of TANC2
can result in increased levels of proliferation, we performed a colony-forming assay in
C33A cells in the presence of ectopically expressed TANC2 and HPV-18 E6 WT or HPV-18
E6DPBM mutant. The cells were transfected with empty vector or plasmid expressing
TANC2, either alone or in combination with plasmids expressing HPV-18E6 WT or HPV-18
E6DPBM mutant. The cells were then subjected to Hygromycin B selection, after which the
colonies were stained with Giemsa stain and counted. The results shown in Fig. 6B indicate
that overexpression of TANC2 in the presence of HPV-18E6 drastically increases the forma-
tion of colonies compared with cells expressing either HPV-18E6 or TANC2 alone.
Interestingly, we did not observe any increase in the number of colonies when TANC2 is
overexpressed in the presence of HPV-18 E6DPBM mutant, suggesting that TANC2 pro-
motes the proliferation of cervical tumor-derived cells in the presence of HPV E6 and that
this process is regulated in a PBM-dependent manner.

DISCUSSION

Human papillomaviruses induce malignancy through the action of the E6 and E7 vi-
ral oncoproteins, and both are required for the development and maintenance of the
cancer phenotype. Despite the years of research on E6 and E7, there are still gaps in
our understanding of how they work, both to facilitate the normal life cycle of the virus
and in their contribution to malignancy (22).

Many steps in carcinogenesis—loss of cell polarity, dynamic changes in cell morphol-
ogy, and increased cell motility and invasion—are regulated by the endocytic transport
machinery (23). Moreover, SNX27, which mediates a variety of protein–protein interactions
important in trafficking, protein sorting, and membrane remodelling, is increasingly associ-
ated with carcinogenesis (24), affecting tumor growth in vitro and in vivo (25 to 27).
However, the molecular mechanisms through which SNX27 contributes to different cancer
cells remains unclear. While E6 has been shown to affect endocytic transport of GLUT1
through its association with SNX27 (15), little is known about any other endocytically con-
trolled signaling pathways that might be affected.

To investigate which components of the trafficking pathway might be affected by the
SNX27-HPV E6 interaction, we generated a HeLa cell line expressing GFP-SNX27 and ana-
lyzed its 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 striking
was TANC2. This PBM protein, detected only in the absence of E6, is involved in cell growth

FIG 4 Legend (Continued)
means from at least three independent experiments, and the standard deviations are shown (****, P , 0,0001; ns,
nonsignificant). (C) TANC2, alone, or with HA-18E6 or HA-18E6T156E (PBM mutant, which is defective for PDZ domain
binding), was expressed in HEK293 cells. After 48 h, cell lysates were collected and analyzed by Western blotting, using the
following antibodies: a-TANC2, a-b-Galactosidase, and a-HA to detect HPV-18 E6. The left panel shows representative images
of the Western blot analyses. The right panel shows quantification of TANC2 levels, normalized to b-Galactosidase. The results
are expressed as the means from at least three independent experiments, and the standard deviations are shown (****,
P , 0,0001). (D) GFP-18E6 or GFP-18E6DPBM mutant alone or in the presence of TANC2 were expressed in HEK293 cells. After
48 h, cell lysates were collected and analyzed by Western blotting, using the following antibodies: a-TANC2,
a-b-Galactosidase, and a-E6 to detect HPV-18 E6. The right panel shows quantification of E6 levels, normalized to
b-Galactosidase and relative to GFP-18E6 or GFP-18E6DPBM alone. The results are expressed as the means from at least three
independent experiments, and the standard deviations are shown (****, P , 0,0001; ns, nonsignificant).
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and survival and is believed to play an important role in carcinogenesis in a context-depend-
ent manner (21), indicating that it might be an important E6 target that is normally regulated
by SNX27. Indeed, TANC2 had been previously identified in the mass spectrometric analysis
of SNX27 cellular partners in HPV-negative RPE1 (human retinal pigment epithelial-1) cells
and in the recently described PDZP–BM interactome analysis (16). However, to our knowl-
edge, no TANC2–SNX27 interaction had ever been verified biochemically.

Here, we confirm that SNX27 interacts in vitro and in vivo with TANC2 in a PBM-depend-
ent manner, and that E6 competes with TANC2 for SNX27 binding. As a consequence, loss
of E6/E6AP in HPV-positive cells induces a marked decrease in TANC2 levels, while loss of

FIG 5 Ablation of E6 directs TANC2 toward lysosomal degradation. (A) HeLa cells were transfected with
scrambled siRNA as control or siRNA E6AP to knock down E6 expression After 48 h, cells were incubated
with or without chloroquine then harvested 24 h later. The total protein levels were detected by Western
blotting with anti-TANC2 antibody, anti-p53 antibody to confirm E6 silencing, and anti-a actinin antibody
to monitor protein loading. (B) HeLa cells were transfected with scrambled siRNA (siCTRL) or siRNA E6AP.
After 72 h, cells were stained with Lysotracker (red) followed by immunolabeling of TANC2 (green) and
p53 (far red). Representative images are shown (left panel). Quantification of TANC2 distribution within
lysosome compartments is also shown (right panel), based on the number of TANC2-positive dots on 100
Lysotracker-positive dots. The results are expressed as the means from at least three independent
experiments, and the standard deviations are shown (**, P , 0,01).
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SNX27 does not. Although the use of a pool E6AP siRNAs might increase the probability of
off-target effects, no decrease in TANC2 levels is seen in E6AP-ablated HPV-negative cells,
indicating that the effect is HPV E6 specific. In addition, the stability of both TANC2 and
HPV E6 were shown to be regulated in a PBM-dependent manner.

FIG 6 TANC2 promotes cell proliferation in the presence of HPV-18E6 in a PBM-dependent manner. (A) HeLa
and C33A cells were transfected with control siRNA (siCTRL) or siRNA specifically targeting TANC2. Seventy-
two hours after transfection, the cells were trypsinized, collected, and counted using a hemacytometer. The
number of cells in siTANC2-treated samples was normalized to the number of cells in siCTRL-treated samples
in each experiment. Histograms show the cell numbers, expressed as means from at least three independent
experiments, and the standard deviations are shown (**, P , 0,01). The silencing of TANC2 was confirmed by
Western blotting (right panels). Note that loss of TANC2 correlates with reduced cell numbers in HPV-18-
positive HeLa cells. (B) C33A cells were seeded at low confluence and transfected after 24 h with plasmids
expressing HPV-18E6 or HPV-18E6DPBM in the presence or absence of TANC2 and selected for 14 to 21 days
with Hygromycin B. Colonies were fixed and stained with Giemsa and counted using the software Plot
Histograms of Colony Size (countPHICS). Representative pictures are shown in the upper left panel, and
quantification of the colony formation rate is shown in the lower left panel. The results are expressed as
means from at least three independent experiments, and the standard deviations are shown (*, P , 0,1; ns,
nonsignificant). The expression of HPV-18E6, HPV-18E6DPBM, and TANC2 were confirmed by Western blotting
(right panels). Note that overexpression of TANC2 in the presence of HPV-18E6 drastically increases the
formation of colonies compared with cells expressing TANC2 and HPV-18E6DPBM together or TANC2 and
HPV-18E6 alone.
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A previous analysis of the surface proteome of SNX27- and VPS35-depleted HeLa
cells showed TANC2 to be unaffected (16), which is consistent with our findings, as
TANC2 is not a transmembrane protein but is a soluble SNX27-binding regulatory pro-
tein (17). Additionally, recent studies have identified SNX27 high- and low-affinity
ligands, based on the amino acid sequences upstream of the PBM motif. High-affinity
cargoes require acidic residues located at 23 and 25 positions that clamp a conserved
arginine on the SNX27 surface. In contrast, TANC2, based on the sequence of its C ter-
minus motif (pkrPFvESnV), belongs to class 3a ligands that bind relatively weakly to
SNX27 (17).

To examine the potential mechanisms for the reduced TANC2 levels in HPV-18 E6-
ablated HeLa cells, we blocked lysosomal degradation using chloroquine, which
resulted in dramatic increases in TANC2 levels in the presence or absence of E6, indi-
cating that TANC2 levels are regulated through the lysozome. Indeed, immunofluores-
cence analysis showed increased TANC2 accumulation within lysosomal compartments
in HPV-18 E6-ablated HeLa cells. Intriguingly we also observed some TANC2 accumula-
tion in the nucleus in the same analysis. Previous studies have indeed indicated a pos-
sible interaction of TANC2 with nucleus receptors and nuclear transport machinery
(28), and this may be a reflection of a possible increase in these associations. However,
significantly more work will be required to understand the relevance of this observa-
tion in the context of HPV E6.

Previous studies had shown that loss of TANC2 decreases the viability of breast can-
cer cells and induces apoptosis (21). In HPV-18-positive, but not HPV-negative, cervical
cancer cells, we found that ablation of TANC2 reduces cell numbers, while ectopic
expression of E6 and TANC2 dramatically increases colony formation in HPV-negative
cells, apparently in a PBM-dependent manner. However, since the levels of E6 are also
higher in cells overexpressing TANC2, we cannot at this stage specify whether the
increase in the number of colonies is due to an E6-TANC2-specific function or is simply
a reflection of increased levels of E6.

These data raise a number of questions concerning the mechanism(s) by which
TANC2 modulates cell proliferation. Although TANC2 has been identified as an onco-
gene in breast cancer cells (21), the role of TANC2 in carcinogenesis in general is not
yet understood; little is known about TANC2-interacting proteins, or about the signal-
ing pathways that it might affect, potentially leading to cancer development. In silico
analysis suggested that TANC2 functions in several biological processes: the canonical
WNT pathway, the noncanonical WNT/planar cell polarity pathway, in Rap2-mediated
signaling, and in the HIPPO pathway (28). All of these pathways have been docu-
mented to control cancer cell proliferation, migration, and survival. Therefore, it is
probable that alterations in TANC2's cellular distribution and levels might affect them
and could contribute to cancer development.

Previous studies have shown that at least one SNX27 cargo, the glucose transporter
GLUT1, is aberrantly trafficked due to the E6 PBM-dependent interaction with SNX27.
Here, we demonstrate that HPV-18E6 inhibits interactions between TANC2 and SNX27
in a PBM-dependent manner and that HPV-18E6 blocks TANC2’s lysosomal degrada-
tion, resulting in faster proliferation and growth of tumor cells. Thus, the interplay
between these proteins may play an important role in maintaining the tumorigenic
phenotype of the cancer cells. Taken together, these studies confirm that PBM-contain-
ing HPV E6 oncoproteins can modulate endosomal transport and that this novel activ-
ity of E6 may contribute to cancer development.

MATERIALS ANDMETHODS
Plasmids. pGWI HA-18E6WT and pGWI HA-18E6T156E, which is defective for PDZ domain binding,

have been described previously (29, 30). pHAHA-empty GFP and pHAHA-GFP18E6 were made by sub-
cloning green fluorescent protein (GFP) from peGFP C1 plasmid (Addgene, #6084-1) using NheI and
BamHI restriction sites into the pHAHA empty vector (Addgene, #12617) (31) and were kindly provided
by Arushi Vats. The pHAHA-Empty GFP plasmid was used to clone 18E6. To make pHAHA-GFP18E6, 18E6
sequence was first amplified from the pEGFP-18E6 plasmid, using EcoRI and SalI restriction sites, and
then cloned into the pHAHA-GFP vector. The primer sequences used are as follows: GFP18E6_F: ATA
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GAA TTC ATG GCG CGC TTT GAG GAT C and GFP18E6_R: CCT GTC GAC TTA TAC TTG TGT TTC TCT GC.
The p3xFlag-Tanc2WT construct was kindly provided by Eunjoon Kim and has been described previously
(32). The p3xFlag-Tanc2DPBM and pHAHA-GFP18E6DPBM plasmids were generated using the Invitrogen
Gene Tailor site-directed mutagenesis system and verified by sequencing. Oligonucleotides were
designed in house and were synthesized by Eurofins Genomics. Constructs expressing GST-tagged
SNX27 and GFP-tagged SNX27 were kindly provided by Martin P. Playford and have been described pre-
viously (33).

Cells and transfection. HeLa (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 (300mg/mL). Cells were cultured at 37°C with 10% CO2. To generate a HeLa cell line
stably expressing GFP-SNX27, HPV-18-positive HeLa cells were transfected with a GFP-SNX27-expressing plas-
mid and subjected to G418 selection over 2 weeks. After this time, single-cell clones were picked and then ana-
lyzed by Western blotting for GFP-SNX27 using mouse anti-GFP antibody (Santa Cruz).

HeLa and C33A cells were transfected with siRNA using Lipofectamine RNAiMAX transfection reagent
(Invitrogen). The following siRNA Smart Pools from Dharmacon were used: E6AP, SNX27, and TANC2, while
the scrambled siSTABLE nontargeting siRNA was used as control. For HEK293 cell transfections, calcium phos-
phate precipitation was used, as described previously (34).

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, 1 mM EDTA, 0.25% NP-40) and
incubated with GFP Trap (Chromotek) for 2 to 3 h on a rotating wheel at 4°C. The beads were then exten-
sively washed, and the samples were subjected to mass spectroscopic analysis, as previously described (35).
The interacting partners of SNX27 were compared between control and siRNA E6AP-treated cells. Briefly, pro-
teins 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 the addition of 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
(NewObjective) packed with 15 cm of 1.8 mm Zorbax XDB C18 particles, using a home-made high-pressure
column loader. The desalted samples were injected onto 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 ori-
fice of an LTQ ion trap mass spectrometer (Thermo Electron). A cycle of one full scan (400 to 1700 m/z), fol-
lowed 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.

Glutathione S-transferase (GST) pulldown assay. GST-tagged fusion proteins were expressed and
purified as described previously (36). HEK293 cells were harvested and lysed in RIPA buffer (20 mM Tris pH
7.5, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100) 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 analyzed by
SDS-PAGE and Western blotting.

Coimmunoprecipitation assay. HEK293 cells were transfected with plasmids expressing GFP-SNX27
and TANC2, or GFP-SNX27 alone, for 24 h. As a control, nontransfected cells were used. After 24 h, the
cells were harvested in RIPA buffer containing protease inhibitors (Calbiochem Protease Cocktail 1). Cell
extracts were immunoprecipitated using rabbit anti-GFP antibody (Abcam) and protein A-conjugated
Sepharose beads. As a control, lysates from cells transfected with plasmids expressing GFP-SNX27 and
TANC2 were divided and immunoprecipitated using rabbit anti-GFP or rabbit anti-E7 (unrelated) anti-
body. Coimmunoprecipitating TANC2 was then detected by Western blotting using mouse anti-TANC2
antibody. The assay was repeated using HEK293 cells transfected with plasmid expressing TANC2 alone.
After 24 h, the cells were harvested, and cell extracts were immunoprecipitated using mouse anti-SNX27
antibody and protein G-conjugated Sepharose beads. As a control, lysates from cells transfected with
plasmids expressing TANC2 alone were divided and immunoprecipitated using either mouse anti-GFP
(Santa Cruz) or mouse anti-HA (unrelated) antibodies. Coimmunoprecipitating TANC2 was then detected
by Western blotting using rabbit anti-TANC2 antibody (upper panel).

Immunofluorescence assay. HeLa cells were seeded on glass coverslips at a density of approximately
1.2 � 105 cells/coverslip and transfected with siRNA scrambled as control or siRNA E6AP. After 72 h, cells were
stained with Lysotracker (Invitrogen) following the manufacturer's protocol and then fixed with 4% paraformal-
dehyde and permeabilized by PBS/0.1% Triton X-100. Immunostaining was performed by incubating the cover-
slips in PBS containing antibodies against TANC2 (Abcam) and p53 (Santa Cruz), as indicated, overnight in a
humidified chamber at 4°C. The coverslips were then washed thrice with PBS and incubated with the appropri-
ate fluorophore-conjugated secondary antibodies, as indicated, for 1 h in a humidified chamber at 37°C. The
coverslips were then washed thrice with PBS and twice with distilled water and mounted onto glass slides. The
images were captured using the LSM510 META Confocal microscope (Carl Zeiss).

Proliferation assay. C33A and HeLa cells were plated in a 12-well plate, incubated for 24 h, and trans-
fected with siRNA specifically targeting TANC2 or with a control siRNA (siCTRL). After 72 h, the cells were tryp-
sinized, collected, and counted using a hemocytometer. The numbers of cells in siTANC2-treated samples
were normalized to the numbers of cells obtained for siCTRL-treated samples in each experiment. Western
blotting of the cellular lysates was also used to confirm the efficiency of TANC2 silencing by TANC2 or CTRL
siRNAs, as indicated.
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Colony formation assay. C33A cells were seeded in 6-cm2 plates at low confluence (15,000 cells/
dish). After 24 h, cells were transfected with a TANC2-expressing plasmid, together with plasmids
expressing either HPV-18E6 WT, HPV-18E6DPBM, or a control plasmid, and were selected for 14 to
21 days with Hygromycin B (Invitrogen). Colonies were then stained with Giemsa stain (1% crystal violet,
25% methanol) and counted using the software Plot Histograms of Colony Size (countPHICS) (37). Each
experiment was repeated a minimum of 3 times.

Statistical analysis. All experiments were performed with appropriate repetitions. Statistical signifi-
cance was calculated using the GraphPad Prism 6 software.
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