L] amemcan | Journal of
SOCIETYFOR |\ /- ®
3 MICROBIOLOGY Verlogy

VIRUS-CELL INTERACTIONS

L)

Check for
updates

Human Papillomavirus 16 L2 Recruits both Retromer and
Retriever Complexes during Retrograde Trafficking of the Viral

Genome to the Cell Nucleus

David Pim,? Justyna Broniarczyk,>? Abida Siddiqa,° Paola Massimi,® Lawrence Banks?®

aDepartment of Tumour Virology, ICGEB, Trieste, Italy
bMolecular Virology Research Unit, Adam Mickiewicz University, Poznan, Poland

<Department of Microbiology and Immunology, Center for Molecular Tumor Virology, Feist-Weiller Cancer Center, LSU Health Shreveport, Shreveport, Louisiana, USA

ABSTRACT Previous studies have identified an interaction between the human
papillomavirus (HPV) L2 minor capsid protein and sorting nexins 17 and 27 (SNX17
and SNX27) during virus infection. Further studies show the involvement of both ret-
romer and retriever complexes in this process since knockdown of proteins from ei-
ther complex impairs infection. In this study, we show that HPV L2 and 5-ethynyl-2’-
deoxyuridine (EdU)-labeled pseudovirions colocalize with both retromer and retriever,
with components of each complex being bound by L2 during infection. We also show
that both sorting nexins may interact with either of the recycling complexes but that
the interaction between SNX17 and HPV16 L2 is not responsible for retriever recruit-
ment during infection, instead being required for retromer recruitment. Furthermore,
we show that retriever recruitment most likely involves a direct interaction between
L2 and the C160rf62 subunit of the retriever, in a manner similar to that of its interac-
tion with the VPS35 subunit of retromer.

IMPORTANCE Previous studies identified sorting nexins 17 and 27, as well as the
retromer complex, as playing a role in HPV infection. This study shows that the newly
identified retriever complex also plays an important role and begins to shed light on
how both sorting nexins contribute to retromer and retriever recruitment during the
infection process.
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wide variety of different viruses infect mammalian cells by exploiting and manipu-

lating the cellular endocytic pathways. Whether this involves the endoplasmic
reticulum or endosomal sorting pathways, viral proteins must interact with cellular com-
ponents of either or both networks to transport their genomes to suitable sites for replica-
tion (1). In the case of human papillomaviruses (HPVs), capsid entry is a highly complex
process, with both the major (L1) and minor (L2) capsid components playing essential
roles (for a general review on L2 function, see reference 2). Following capsid binding to a
primary receptor on the cell surface, the L2 protein is cleaved by cell surface furin. There is
then subsequent cleavage of the L1 capsid protein by kallikrein-8, and the capsid binds to
a secondary surface receptor whose identity is unknown but which may involve growth
factor receptors, and previous studies have shown that the endocytosis of viral particles
stimulates the production of tubular recycling endosomes in a VAP- and epidermal growth
factor receptor (EGFR)-dependent manner (3, 4). Acidification of the endosomal compart-
ments further loosens the capsid structure, allowing at least a partial separation of L1 and
L2. Further disassembly is accomplished through the interactions of cyclophilins and
ESCRT components (5-7), ensuring that the majority of L1 is sorted to lysosomes, where it
is degraded, while L2 and the viral genome avoid destruction by engaging with
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endosomal sorting complexes. Current models suggest that the viral genome is bound in
a sequence-specific manner by L1 pentamers, which in turn are tethered to the amino ter-
minus of L2 in the lumen of sorting endosomes (8). L2 passes through the endosomal
membrane by means of a transmembrane domain (9), and the remainder of the molecule
lies in the cytosol, where it interacts with a variety of vesicle coat proteins that mediate its
retrograde transport to the trans-Golgi apparatus. Following nuclear membrane dissolu-
tion during mitosis, which is required for nuclear entry (10), L2 binds to mitotic chromo-
somes, most likely through its chromatin-binding residues (11), before moving to nuclear
promyelocytic leukemia protein (PML) bodies (12).

Studies using small interfering RNA (siRNA) screening and siRNA-mediated knock-
down of individual subunits identified retromer as one of the endosomal coat proteins
required for viral trafficking (13), and further work showed that retromer could bind to
the carboxy terminus of HPV16 L2 (14). Our previous studies indicated that L2 proteins
from a variety of different HPV types interact with sorting nexin 27 (SNX27), a compo-
nent and cargo carrier of the retromer complex, through a noncanonical interaction
with the SNX27 PDZ domain (15), thus indicating a further means by which L2 could
interact with the retromer complex. However, L2 also interacts with SNX17 through an
NPAY motif conserved in a variety of HPV L2 proteins, and this interaction is highly im-
portant for infection, although SNX17 is not considered to be a retromer component
(16, 17). The interaction with SNX17 can be detected as early as 2 h postinfection (18),
but it was not clear whether other sorting complex components are similarly bound at
this time. siRNA-mediated knockdown of either SNX17 or SNX27 has been shown to
reduce infection efficiency in a pseudovirion (PsV) infection model (15-17). However,
their relative contributions to viral trafficking appear to differ, with SNX27 knockdown
having less of an effect on infection efficiency than SNX17 knockdown.

Recently, a new endosomal sorting complex was identified from a series of human
proteomic interaction networks and originally termed “commander” (19-23). It has
similarities to the retromer complex, with a basic core trimer formed from C160rf62
(also termed VPS35L), DSCR3 (also termed VPS26c), and VPS29. However, unlike retro-
mer, commander has additional subunits, including CCD22, CCD93, and a variety of
COMMD proteins. McNally et al. (24), who also identified this complex and termed it
“retriever,” showed that siRNA-mediated knockdown of several of its subunits impairs
HPV infection efficiency, thus implicating commander/retriever as being important for
viral infection. Previous proteomic studies identified SNX27 as a component of the ret-
romer complex and SNX17 as a component of retriever. The two complexes appear to
control the fates of different cargo groups, and although they can be present simulta-
neously in the same vesicular compartment, they are recruited to endosomal sites by
different mechanisms (24). There is, however, some evidence that SNX17, although not
considered to be a retromer component, can enhance the sorting of at least one cellu-
lar cargo in a retromer-dependent manner (25).

In this study, we demonstrate that both complexes may be recruited by HPV L2 dur-
ing viral trafficking but that retromer is recruited more frequently than retriever. We
show that HPV16 L2 can simultaneously interact with both SNX17 and SNX27 and also
that both sorting nexins may interact with each other. However, the requirement for
L2-SNX17 binding may be separate from the SNX17-retriever interaction, since infec-
tion efficiency reduced by SNX17 knockdown can be rescued by the expression of
SNX17 mutants that do not interact with retriever. We show here that SNX17 may
interact with retromer subunits, while SNX27 may interact with retriever subunits. We
also show that the cytosolic region of L2 interacts directly with the VPS35 subunit of
the retromer complex, as previously demonstrated (14), as well as with the C160rf62
(VPS35L) subunit of retriever.

RESULTS

HPV16 L2 binds to both VPS35 of the retromer complex and C160r62 of the
retriever complex. Because siRNA knockdown experiments had previously shown that
the retriever complex is important for viral trafficking (24) (Fig. 1), we reasoned that
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FIG 1 As previously shown by McNally et al. (24), siRNA-mediated knockdown of several retriever complex subunits reduces PsV infection
efficiency. We also examined the levels of sorting nexin 27 in response to siRNA-mediated knockdown of the retriever subunits. (A)
Histograms showing reduced infection efficiency in HaCaT cells of HPV16 pseudovirions upon siRNA-mediated knockdown of retriever
complex components, as measured by luminometry. Error bars represent standard deviations. (B) Western blotting of the cell extracts used
for luminometry showing the efficiency of siRNA knockdowns. Of note, the knockdown of the retriever subunit CCDC93 also leads to

reduced SNX27 levels. Scr., scrambled siRNA.

HPV16 L2 might recruit retriever as well as retromer to accomplish this. Previous stud-
ies suggested that HPV16 L2 binds directly to retromer through residues in the cyto-
plasmic portion of the L2 molecule (14). We predicted that, because the VPS35 subunit
of retromer and the C160rf62 subunit of retriever are structurally similar, L2 might
interact directly with both retromer and retriever in a similar manner. To examine this
hypothesis, we expressed an 86-amino-acid C-terminal portion of HPV16 L2 as a gluta-
thione S-transferase (GST) fusion protein, introducing substitution mutations at resi-
dues FYL and YYMD and both sets of residues together (Fig. 2A). We incubated these
with HEK 293T cell lysates, and the levels of endogenous VPS35 and C160rf62 binding
were monitored by Western blotting. The results in Fig. 2B show that despite the rela-
tive abundance of both endogenous VPS35 and C160rf62, the interactions between
them and the wild-type (WT) L2 C-terminal fragment are extremely weak. However, L2
appears to bind C160rf62 more strongly than VPS35, and in both cases, the mutant L2
fragments bind less efficiently than the wild type.

Retriever and retromer components can independently colocalize with HPV16
L2 during infection. To examine the relative contributions of retromer and retriever
sorting complexes to retrograde trafficking of the viral genome during HPV infec-
tion, we compared the colocalizations of HPV16 L2 with VPS35, as a marker of the
retromer complex, and with C160rf62, as a marker of the retriever complex. Hela
cells were infected with HPV16 PsVs, and at 4 h postinfection, cells were fixed and
stained for VPS35, C160rf62, and HPV16 L2. The results are shown in a series of
selected z-stacks from a single cell in Fig. 3A. A separate cell, color separated and
color combined to more easily see the colocalization, is shown in Fig. 3B, and
these images confirm apparent colocalizations between retromer and HPV16 L2
and between retriever and L2. Interestingly, in a number of cases, when we exam-
ined z-stacked cells, we observed colocalization of all three signals. This was more
frequently visible toward the cell apex and appeared to occur in larger structures,
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FIG 2 The carboxy terminus of HPV16 L2 interacts with C160rf62 of the retriever complex via the
same residues used for its interaction with VPS35 of the retromer complex. (A) We cloned a 106-
amino-acid C-terminal fragment of HPV16 L2 into the GST tag vector pQE9 and then made mutations
in the same sites previously demonstrated to be required for binding to VPS35 (14), FYL to AAA and
YYML to AAAA, and the double mutation. (B) We incubated the wild-type and single and double mutant
proteins bound to nickel agarose with the HEK 293T whole-cell lysate and then analyzed bound VPS35
and C160rf62 by Western blot analysis.

visible in at least 3 consecutive slices at a separation of 150 nm, that might be
endosomal membranes, as shown in Fig. 3C. These data suggest that retriever and
retromer can be simultaneously recruited by the viral L2 protein during viral traf-
ficking. No evidence of retromer and retriever colocalization was seen in unin-
fected control cells at the same time point. This is consistent with previous obser-
vations that retriever and retromer do not occupy the same regions of endosomal
membranes (24); indeed, we observed that they do not typically localize even to
the same parts of the cell. Both interactions are also readily visible by fluorescence
microscopy as early as 2 h and as late as 7 h postinfection, as shown in Fig. 4A
and B. Although we did not quantitate the apparent colocalization of VPS35, L2,
and VC160rf62 together, we measured separately the frequencies of L2 colocaliza-
tion with VPS35 and C160rf62 at 2, 4, and 7 h postinfection using Manders' coeffi-
cient; L2's recruitment and binding of retromer occur at a higher frequency than
its interaction with retriever. We also observed that the frequencies of interaction
with both complexes are similar at 2 and 4 h postinfection, but that by 7 h post-
infection there is a slight decrease in the L2 signal overlapping VPS35 and a slight
increase in the L2 signal overlapping C160rf62 (Fig. 4C). Interestingly, when we
examined separately the interactions of HPV16 L2 with SNX17 and SNX27, we also
observed numerous cases of both sorting nexins colocalizing with L2 at the 2-h
time point, as seen in Fig. 5, suggesting that both sorting nexins may be required
for the recruitment of sorting/recycling complexes early in infection.

Sorting nexins 17 and 27 can bind simultaneously to HPV16 L2 but may also
interact with each other. Previous studies have shown that HPV16 L2 interacts with
SNX17 and SNX27 through two independent mechanisms (15, 16). The above-described
results indicate that L2 can recruit both sorting nexins to the same location within the
cell, indicating that this may occur through simultaneous interactions. To determine
whether both SNX17 and SNX27 can indeed be bound by L2 at the same time, GST-L2
pulldown assays were performed using increasing amounts of whole-cell lysates in
which either SNX17 or SNX27 was expressed until L2 was saturated. We then incubated
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FIG 3 Retriever and retromer complexes colocalize together with HPV16 L2 during viral infection. (A)
A series of six enlarged images from a z-stacked uninfected Hela cell (top row) and an HPV16 PsV-
infected cell (bottom row), at 4 h postinfection, probed for VPS35, C160rf62, and HPV16 L2 (16L2). In
uninfected cells, there is no indication of retromer and retriever colocalization, but when HPV16 L2 is
present, clear examples of L2 colocalization with VPS35 or Cl16orf62 or of all three proteins
colocalizing together are visible, in structures that may be endosomal membranes or tubules. (B)
Enlarged image of the topmost slice of a different z-stacked Hela cell at 4 h postinfection showing
fluorescence for VPS35, C160rf62, and HPV16 L2 separately and color combined. (C) Enlarged images
of consecutive slices, 150 nm apart, of the same z-stacked cell shown in panel B demonstrating that
the structures to which C160rf62, VPS35, and HPV16 L2 all colocalize are sufficiently large as to be
visible in descending microscopic slices.

the saturated GST-L2 agarose beads with a lysate containing the other sorting nexin. The
results, shown in Fig. 6A, indicate that even when GST-L2 has bound one sorting nexin
to saturation, it can still bind to the second sorting nexin. This suggests that both sorting
nexins can interact simultaneously with a single L2 molecule. However, when we looked
at cells constitutively expressing green fluorescent protein (GFP)-tagged SNX27, we
observed strong colocalization with SNX17, as shown in Fig. 6B, suggesting that the
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FIG 4 (A) Enlarged images from a single Hela cell at 2 h postinfection with separated color channels
showing levels of colocalization between L2 and VPS35, L2 and C160rf62, VPS35 and C160rf62, and
all three proteins together. (B) Enlarged images from a single slice of a z-stacked Hela cell at 7 h
postinfection with separated color channels showing that HPV16 L2 can still be observed associating
separately with both retriever and retromer and with both complexes together. (C) Manders’ coefficient
analysis showing the frequency of association between HPV16 L2 and VPS35 or C160rf62 at 2, 4, and
7 h postinfection. ns, not significant.

two sorting nexins may be very closely associated with each other. When we transfected
HEK 293T cells with constructs expressing myc-tagged SNX27 and Flag-tagged SNX17,
immunoprecipitation of SNX27 with anti-myc antibodies allowed the detection of bound
Flag-tagged SNX17 by Western blot analysis (Fig. 6C). Although neither the immunofluo-
rescence nor coimmunoprecipitation experiments are definitive proof of a direct interac-
tion between SNX17 and SNX27, they show that both sorting nexins may be closely
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FIG 5 Engagement of HV16 L2 with SNX17 (left) and SNX27 (right) at 2 h postinfection.

associated during certain endosomal sorting/recycling events and further suggest a
means by which both might interact simultaneously with L2.

Infection by HPV16 requires SNX17, but SNX17 does not require interaction
with retriever. We have previously demonstrated the important role played by SNX17
during infection with HPV pseudovirions (16-18) and that this role requires a direct
interaction with HPV L2 protein. Consequently, we now asked whether this interaction
was required for the recruitment of retriever during viral infection. We examined this
by measuring the infection efficiency in H1299 cells in which SNX17 levels were
reduced by siRNA treatment and then replaced with siRNA-resistant wild-type SNX17
and two SNX17 mutants that fail to interact with the retriever complex. As shown in
Fig. 7, the infection efficiency is rescued by both wild-type SNX17 and the mutants
that fail to bind to retriever. Nearly identical results were obtained after the expression
of the same constructs in HeLa cells CRISPR engineered to knock out SNX17 expression
(a kind gift of Kerrie McNally) (data not shown). These findings argue that although the
interaction of SNX17 with HPV L2 is essential for viral infection, SNX17 does not need
to bind to the retriever complex and is therefore probably not the means by which re-
triever is recruited by HPV L2.

HPV16 PsV infection increases SNX17 colocalization with VPS35. If the function
of SNX17 for trafficking during HPV16 infection does not require its direct interaction
with retriever, we asked whether it might instead be involved in the recruitment of the
retromer. To answer this question, we analyzed the colocalization of SNX17 and VPS35
in cells infected with HPV16 PsVs and compared this with that found in uninfected
cells. To do this, Hela cells, seeded on coverslips, were infected with HPV16 PsVs that
contained 5-ethynyl-2'-deoxyuridine (EdU)-labeled pseudogenomes. After 4 h, cells
were fixed and permeabilized, and the EdU-labeled genomes were stained using a
Click-iT assay (Invitrogen). SNX17 and VPS35 were detected by immunofluorescence,
and the cells were analyzed for the colocalization of SNX17 and VPS35 in the presence
or absence of EdU-labeled viral pseudogenomes. The results shown in Fig. 8A and B
indicate first that SNX17 and VPS35 colocalize with a frequency that remains more or
less constant, in both uninfected and infected cells. However, during pseudovirion
infection, the frequency with which they colocalize together with EdU-labeled pseudo-
genomes is far higher than that in the absence of EdU-labeled pseudogenomes. In con-
trast, when the assay was repeated with pseudovirions where the SNX17-binding motif
of L2 had been mutated from NPAY to AAAA to abolish SNX17 interaction (17), the
colocalization of SNX17, VPS35, and EdU-labeled viral genomes was greatly reduced, to
the level of SNX17/VPS35 colocalization observed in uninfected cells. These results
demonstrate that HPV16 L2, through association with SNX17, promotes the recruit-
ment of the retromer complex following HPV infection.

Sorting nexins 17 and 27 can interact with subunits of both retriever and
retromer complexes. Although no previous proteomic studies had identified any con-
nection between SNX17 and the retromer or between SNX27 and the retriever, we
wanted to understand how SNX17 binding by L2 appears necessary for retromer rather
than retriever recruitment and how SNX27 function might relate to the retriever. To
study this, we carried out two parallel experiments, expressing Flag-tagged SNX17 and
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FIG 6 Sorting nexins 17 and 27 can bind simultaneously to a single L2 molecule but may also
interact directly with each other. (A) GST-fused HPV16 L2 bound to glutathione-agarose beads was
incubated with increasing amounts of an HEK 293T cell extract in which either SNX17 or SNX27
was expressed until saturation was achieved. At this point, the cell extract expressing the
alternative sorting nexin was added. After washing, bound proteins were detected by probing the
Western blot (WB) with anti-SNX17 or anti-SNX27 antibodies. (B) Anti-SNX17 immunofluorescence
of Hela cells constitutively expressing GFP-tagged SNX27 showing very high levels of colocalization
between both sorting nexins. (C) Immunoprecipitation (IP) of myc-tagged SNX27 pulls down
detectable levels of Flag-tagged SNX17 from extracts of HEK 293T cells expressing both tagged

proteins.
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FIG 7 Sorting nexin 17 binding to the retriever complex is not required for HPV PsV trafficking. H1299 cells were transfected
with siRNA against SNX17, and after 48 h they were then transfected with constructs expressing siRNA-resistant wild-type
SNX17 and two mutants of SNX17 that are unable to bind to the retriever complex. After a further 24 h, the cells were
infected with PsVs, and 48 h later, the infection efficiency was determined by luminometry. (A) Western blot showing siRNA-
mediated knockdown of endogenous SNX17 and expression levels of ectopically expressed siRNA-resistant WT and mutant
SNX17. Scrambled siRNA (siScr.) was used as a negative control. (B) Histogram of infection efficiency, based on data from 4

separate experiments. Error bars represent standard deviations.

untagged SNX27 in HEK 293T cells and then incubating whole-cell lysates with GST
alone and GST-fused VPS26, VPS35, VPS29, C160rf62, and DSCR3. The results, shown in
Fig. 9A and B, suggest that, despite the lack of previous evidence, SNX17 may interact
with the retromer through binding the VPS35 and VPS29 subunits and that SNX27 may
be able to interact weakly with all the GST-fused subunits, although we cannot rule
out that endogenous sorting complex proteins in the cell lysates may be contributing
to the pulldown of ectopically expressed proteins. We note that Ponceau staining of
the two membranes does not reveal expressed GST-C160rf62 despite its predicted mo-
lecular mass being around 140 kDa. To confirm that it was expressed, we probed one
of the two membranes with antibodies against C160rf62, and the extra panel in Fig. 9B
confirms this; extra bands below the predicted molecular mass are probably break-
down products.

DISCUSSION

Our interest in the involvement of the retriever complex in HPV trafficking stems
from initial observations showing that siRNA-mediated knockdown of some retriever
complex subunits reduces virus infection efficiency (24). Consequently, we sought to
examine HPV's requirement for both retromer and retriever to identify their relative
contributions to efficient viral trafficking during infection. To explain how the viral L2
protein might interact with both retromer and retriever complexes, we looked for
direct interactions with these complexes. Popa et al. (14) reported the direct binding of
L2 to the retromer complex and identified two stretches of residues in the carboxy ter-
minus that might be required for VPS35 interaction. Our approach consisted of
expressing the 86-amino-acid C-terminal stretch of HPV16 L2 as a GST fusion protein,
binding it to glutathione-agarose beads, and incubating it with a whole-cell extract.
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FIG 8 Sorting nexin 17 and VPS35 colocalize more frequently in the presence of EdU-labeled pseudogenomes than in their absence but at a lower
frequency when the NPAY SNX17-binding motif of L2 is mutated to AAAA. (A) Representative immunofluorescence images showing the colocalization of
SNX17, VS35, and EdU-labeled pseudogenomes. (B) The colocalization between SNX17 and VPS35 was analyzed by Pearson’s correlation coefficients using
Fiji software on 30 individual cells under each condition. Statistical significance between uninfected cells and cells infected with the NPAY-AAAA mutant
and WT HPV16 was determined by one-way analysis of variance (ANOVA). NS, not significant. **** P < 0.0001; statistically significant.
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FIG 9 SNX17 and -27 may interact with retromer and retriever complexes, respectively. Purified GST and GST-fused VPS26, VPS35, VPS29, C160rf62, and
DSCR3 were incubated with HEK 293T whole-cell lysates in which Flag-tagged SNX17 or SNX27 was ectopically expressed. After PAGE separation and
Western blot transfer, bound proteins were detected by probing with anti-Flag antibodies (for SNX17) (A) or anti-SNX27 antibodies (B). To confirm the
expression of GST-fused C160rf62, one of the two membranes was probed with anti-C160rf62 antibodies.

Although in our hands, both interactions are rather weak, this approach showed that
endogenous C160rf62 binds to the L2 C terminus more strongly than does VPS35 and
that mutations made in the same residues that eliminate VPS35 binding (14) in our
assay reduced binding to either endogenous protein. To examine the contribution of
retromer and retriever during viral trafficking, we carried out immunofluorescence
experiments, examining colocalization 2, 4, and 7 h after infection with HPV16 pseudo-
virions. We observed that the VPS35 and VPS35L (C160rf62) subunits of the retromer
and retriever complexes, respectively, independently colocalize with the HPV16 L2 pro-
tein but that L2 recruits retromer more frequently than retriever, as shown by the
Manders’ coefficient results. The relative levels of interaction with either complex are
more or less the same at 2 and 4 h postinfection, but by 7 h, there appears to be a
slight decrease in retromer association and a slight increase in retriever association.
Additionally, we observed that in a number of cases, L2 colocalizes with both proteins
at distinct structures that we suspect are endosomal membranes. All these data
strongly suggest that both retromer and retriever complexes are involved in viral traf-
ficking and that both are brought into proximity with each other in a way that does
not occur in uninfected cells. To examine how both complexes might be recruited, we
looked at the interactions of HPV16 L2 with SNX17 and SNX27 since these cargo car-
riers associate with retriever and retromer complexes, respectively, and both have pre-
viously been shown to play a role in trafficking (15-18). By fluorescence microscopy,
we observe an association between HPV16 L2 and both sorting nexins as early as 2 h
postinfection, implying that both are involved in the recruitment of sorting complexes.
To examine how L2 might utilize sorting nexins in conjunction with sorting/recycling
complexes, we show here, using binding saturation experiments, that both sorting
nexins can most likely bind simultaneously to the same L2 molecule. However, it seems
unlikely that L2 recruits the retriever complex through SNX17 since we show that infec-
tion is equally effective in cells expressing mutants of SNX17 that cannot interact with
retriever. Instead, we show that during infection, colocalization between SNX17 and
VPS35 occurs far more frequently when EdU-labeled, HPV-encapsidated DNA is also
present, showing that the presence of PsVs brings SNX17 and retromer together more
frequently than when PsVs are not present. We invariably observe a consistently low
level of colocalization between SNX17 and the VPS35 subunit of the retromer complex,
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FIG 10 Putative model for the recruitment of retriever and retromer complexes by HPV L2 protein
early during trafficking. Loosening of the virion structure allows multiple L2 molecules to penetrate
the endosomal membrane and thus recruit both retromer and retriever through interaction of their
C-terminal residues with VPS35 and C160rf62, respectively, interactions which might be strengthened
through L2 binding of the PDZ domain of SNX27 and interactions between SNX17 and SNX27
themselves. SNX17 binding may also be involved in the interaction with retromer, but a direct
interaction of SNX17 with retriever is not required.

even though hitherto, SNX17 was not considered to interact directly with retromer.
This suggests that SNX17 may play a general role in the retrograde trafficking of cer-
tain cargoes. Interestingly, another study demonstrated the SNX17-enhanced traffick-
ing of the JAG-1 receptor along a retromer-specific route (25). These data demonstrate
that interaction between L2 and SNX17 is required for the recruitment of retromer,
rather than retriever, as shown by the greatly reduced colocalization between the EdU-
labeled pseudogenome, SNX17, and VPS35 when the SNX17-binding motif of L2 is
mutated from NPAY to AAAA. Although previous studies have not shown a direct rela-
tionship between SNX17 and retromer, we show that GST-fused subunits of retromer
may interact with SNX17, and GST-fused subunits of retriever may interact with SNX27,
with the caveat that this particular experimental approach using ectopically expressed
sorting nexins in whole-cell lysates may be affected by endogenous sorting complex
subunits. Further studies are aimed at characterizing the interactions in more detail.
However, such interactions begin to provide some explanation of our previous obser-
vation that siRNA-mediated knockdown of some retriever subunits, which may impair
the overall stability of the complex, also reduces levels of SNX27 (24), as also shown in
Fig. 1. These findings suggest multiple interactions between the two sorting nexins
and the subunits of either recycling complex so that the dual usage of retromer and re-
triever might occur early in infection, when a single, partly disassembled virus particle
containing multiple L2 molecules protruding through the endosomal membrane might
interact with either or both sorting complexes. A speculative model is shown in Fig. 10.
It is also possible that the dual binding of both complexes might be the result of L2
forming oligomers within the endosomal lumen or at the point of passing through the
membrane, with the C terminus of each L2 interacting with different complexes. Two
recently reported models of retromer structure and function, although different, sug-
gest how both sorting complexes might be assembled (26, 27). More structural details
of how retriever is assembled and recruited to endosomal membranes will shed light
on this aspect of its function, but it should be noted that the dual recruitment of both
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sorting complexes during infection might also modulate their normal functions and
have implications for the recycling of other cellular cargoes, thus affecting aspects of
cellular biology relevant to viral infection.

MATERIALS AND METHODS

Cell lines. HEK 293TT cells were used to produce wild-type HPV16 pseudovirions. HaCaT cells were
used for infection studies where the infection efficiency was measured by luminometry. Hela cells were
utilized for infection experiments to visualize protein colocalization by immunofluorescence. For SNX17
knockout experiments, we used H1299 cells and siRNA against SNX17 (Dharmacon). The WT and SNX17
knockout HeLa cells were kind gifts of Kerrie McNally (P. Cullen laboratory). HEK 293T cells were used as
a source for endogenous VPS35 and C160rf62 for His-tagged L2 pulldowns. All cells were maintained in
Dulbecco’s modified Eagle medium supplemented with glutamine and penicillin/streptomycin, with
10% fetal bovine serum (Gibco). Hela cells stably expressing GFP-tagged SNX27 were produced by
transfection of a GFP-SNX27 construct (a kind gift of Martin Playford) followed by extended G418 treat-
ment and selection of resistant colonies.

Plasmid constructs. Plasmid constructs pEBB-2HA-VPS35L-HA, expressing hemagglutinin (HA)-
tagged human VPS5L, and pEBB-HA-DSCR3, expressing HA-tagged DSCR3, were kind gifts of Ezra
Burstein and were subcloned into pGEX4. Constructs pGEX6P VPS35, pGEX6P VPS29, and pGEX6P
VPS26A, expressing GST-fused components of the retromer complex, were kind gifts of Peter Cullen, as
were the constructs expressing siRNA-resistant wild-type and mutant SNX17. Constructs expressing
Flag-tagged SNX17 and myc-tagged SNX27 were described previously (15).

Pseudovirion production. HPV16 pseudovirions packaged with a pGL3Luci construct expressing
firefly luciferase were produced in HEK 293TT cells by the method developed by Buck et al. (28), using
construct pShell16, where L2 carries an N-terminal HA tag, or construct pXuLL16, where L2 is untagged.

5-Ethynyl-2’-deoxyuridine labeling of pseudogenomes during pseudovirion production. PsVs
containing a packaged 5-ethynyl-2'-deoxyuridine (EdU)-labeled plasmid were prepared as previously
described (18). Briefly, 25 uM EdU was added to the HEK 293TT cells at 12 h posttransfection. Harvesting
and purification of the EdU-labeled PsVs were then performed as described above. Visualization of Edu-
labeled pseudogenomes during infection was performed after fixation of the cells on coverslips, using a
Click-iT assay (Invitrogen) according to the manufacturer’s protocol.

siRNA-mediated knockdown of retriever complex proteins. Knockdown experiments were per-
formed as previously described (24).

Immunofluorescence. Hela cells were plated at approximately 10° cells per dish onto 4-cm petri
dishes containing a coverslip. After 24 h, the cells were infected with approximately 8 x 107 Edu-labeled
PsVs for 1 h on ice, followed by 2 washes with phosphate-buffered saline (PBS) before replacement of
the medium and incubation at 37°C. Infected cells and uninfected controls were harvested at 2, 4, and 8
h postinfection by washing with PBS, fixing with 37% paraformaldehyde for 20 min, and then washing
twice with PBS. Cells were permeabilized with PBS-0.5% Triton X-100 for 20 min and then washed twice
with PBS-0.1 M glycine. For the colocalization of VPS35 and SNX17 together with the viral pseudoge-
nome, immunofluorescence was carried out using goat anti-VPS35 antibody (catalog no. ab10099;
Abcam) and mouse anti-SNX17 (catalog no. sc-166957; Santa Cruz) at 37°C for 2 h, and cells were
washed twice with PBS, followed by the fluorescent secondary antibodies donkey anti-goat (Alexa Fluor
488, catalog no. A11055) and donkey anti-mouse (Alexa Fluor 647, catalog no. A31571), for 30 min at 37°
C. After washing with PBS, the viral DNA was labeled using a Click-iT kit (Invitrogen) according to the
manufacturer’s protocol. When visualizing HPV16 L2 together with C160rf62 and VPS35, we used mouse
anti-HA (catalog no. 12CA5; Roche) together with rabbit anti-C160rf62 antibody (catalog no. PA5-28553;
Invitrogen) and goat anti-VPS35 antibody (catalog no. ab10099; Abcam) at 37°C for 2 h, and cells were
washed twice with PBS, followed by the fluorescent secondary antibodies donkey anti-goat (Alexa Fluor 488,
catalog no. A11055), donkey anti-rabbit (Alexa Fluor 647, catalog no. A31573), and goat anti-mouse rhoda-
mine X (catalog no. R6393; Invitrogen), for 30 min at 37°C. For visualizing L2 colocalization with sorting nexin
17 or 27, we used rat anti-HA antibodies (Sigma) and mouse anti-SNX17 (catalog no. sc-166957; Santa Cruz)
or mouse anti-SNX27 (catalog no. ab77799; Abcam) antibodies, followed by donkey anti-mouse (Alexa Fluor
647, catalog no. A31571) and chicken anti-rat (Alexa Fluor 488), incubated as indicated above. Slides were
visualized with a Zeiss LSM 510 confocal microscope at an original magnification of x630. z-stacked images
were captured at 150-nm separation. The colocalization of L2 protein with either VPS35 of retromer or
C160rf62 of retriever was carried out by Manders’ coefficient analysis using the JACoP plug-in for ImageJ.

GST-binding saturation experiments. GST-fused HPV16 L2 bound to glutathione-agarose beads
was produced as previously described (29). HEK 293 cells were transfected with constructs expressing
SNX17 or SNX27 by calcium phosphate-mediated transfer (30), and after 24 h, cells were lysed in a buffer
containing 50 mM HEPES (pH 7.0), 250 mM NaCl, and 0.1% NP-40. Increasing amounts of cell lysates con-
taining either ectopically expressed SNX17 or SNX27 were incubated with GST-L2 to determine empiri-
cally at what point the GST-L2 was saturated for binding. Next, at this maximum input, an equal amount
of the lysate containing the other sorting nexin was added and coincubated with GST-L2. After washing,
bound proteins were eluted by boiling in loading buffer, separated by PAGE, transferred to nitrocellulose
membranes, and probed with antibodies against SNX17 and SNX27.

Binding of HPV16 L2 to C160rf62 and VPS35. We cloned the open reading frame encoding an 86-
amino-acid C-terminal portion of HPV16 L2 into bacterial expression vector pGEX4t to produce an N-ter-
minal GST fusion protein. Mutations in residues previously reported to be required for binding to VPS35
were made using the Gene-Tailor site-directed mutagenesis system (Invitrogen) according to the
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manufacturer’s protocol and were verified by sequencing. Purified GST-fused L2 C-terminal fragments,
the wild type, and mutants were purified from bacterial cultures after isopropyl-3-o-thiogalactopyrano-
side (IPTG) induction, as previously described (29); bound to glutathione-agarose beads; and incubated
with the whole-cell lysate produced after lysing 4- by 10-cm petri dishes of HEK 293T cells in a buffer
containing 50 mM HEPES (pH 7.0), 250 mM NaCl, and 0.1% NP-40. After several washes, bound proteins
were eluted, separated by PAGE, transferred to membranes, and probed for bound C160rf62 and VPS35
using goat anti-VPS35 antibodies (catalog no. ab10099; Abcam) and rabbit anti-C160rf62 (catalog no.
PA5-28553; Invitrogen).
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