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Despite major advances in our understanding of many aspects of
human papillomavirus (HPV) biology, HPV entry is poorly understood.
To identify cellular genes required for HPV entry, we conducted
a genome-wide screen for siRNAs that inhibited infection ofHeLa cells
by HPV16 pseudovirus. Many retrograde transport factors were re-
quired for efficient infection, including multiple subunits of the
retromer, which initiates retrograde transport from the endosome
to the trans-Golgi network (TGN). The retromer has not been pre-
viously implicated in virus entry. Furthermore, HPV16 capsid
proteins arrive in the TGN/Golgi in a retromer-dependent fashion
during entry, and incoming HPV proteins form a stable complex
with retromer subunits. We propose that HPV16 directly engages
the retromer at the early or late endosome and traffics to the TGN/
Golgi via the retrograde pathway during cell entry. These results
provide important insights into HPV entry, identify numerous po-
tential antiviral targets, and suggest that the role of the retromer in
infection by other viruses should be assessed.
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Infectious entry of many nonenveloped viruses is poorly un-
derstood. These viruses cannot use membrane fusion to pene-

trate the plasma membrane or escape endocytic compartments
and have instead evolved entry strategies involving interactions
between viral capsid proteins and cell factors that carry out cel-
lular functions (1). Thus, studies of virus entry will not only elu-
cidate an essential step in virus infection, but also provide insight
into important cellular processes.
Papillomaviruses are small, nonenveloped, DNA viruses that

infect epithelial cells. High-risk human papillomaviruses (HPVs)
such as HPV16 are associated with 5% of all human cancers (2,
3). Although prophylactic vaccines that target certain HPV types
have been deployed, high-risk HPV will remain responsible for
substantial disease burden for decades because of poor vaccine
utilization and limited vaccine efficacy in people who are al-
ready infected by HPV. Understanding HPV entry will suggest
novel strategies for blocking HPV infection and provide im-
portant new insights into the cellular machinery involved in this
complex process.
Many aspects of productive HPV replication are obscure. HPV

capsids are composed of 72 pentamers of the major capsid protein
L1, as well as at least 12 molecules of the minor capsid protein L2,
which is largely buried in the intact capsid (4). After an initial
association of L1 with heparan sulfate proteoglycans, capsids
undergo conformational changes, and proteolytic cleavage occurs
in L2 (5-7). HPV is then thought to be transferred to an as-yet-
unidentified cell-surface receptor, followed by endocytosis and
intracellular trafficking (8–15). Cyclophilin B and the proteases
furin and γ-secretase play essential but not clearly understood
roles during HPV entry (16–19). After HPV is internalized,
capsid disassembly is initiated in the endosome by acidification
(11, 15, 20). HPV is then thought to escape into the cytoplasm and
travel by an unknown, microtubule-dependent route to the

nucleus where virus replication occurs (12, 19). One study con-
cluded that HPV16 traffics through the endoplasmic reticulum
(ER) (11). The L2 protein appears to be important for proper
intracellular trafficking, as does binding of sorting nexin 17 to an
internal segment of L2 (21–23).
In all cells, newly synthesized proteins must be transported to

their site of action, but the transport pathway that conveys cargo
from the Golgi apparatus to the endosome and cell surface
depletes Golgi factors required to maintain the flow of traffic.
Therefore, cells use vesicular retrograde transport pathways to re-
plenish the stores of these required trafficking factors. An impor-
tant component of the retrograde pathway is the retromer, a multi-
subunit cytoplasmic machine that initiates vesicular transport of
proteins from the endosome to the trans-Golgi network (TGN) to
replenish factors depleted during anterograde trafficking (24–28).
In many cases, the retromer engages substrates by binding to a
segment of the cargo that protrudes into the cytoplasm from the
lumen of the endosome (29–31). The retromer then recruits addi-
tional factors to induce the budding off of smaller vesicles, which are
transported to the TGN in a microtubule-dependent fashion and
fuse with the TGN membrane to deliver cargo. The retromer has
not been previously implicated in productive infection by any virus.
Here, we conducted a genome-wide siRNA screen to identify

cellular factors required for HPV16 infection of cultured epi-
thelial cells. Our experiments revealed that HPV entry requires
multiple cellular proteins acting in the endosome-to-Golgi ret-
rograde transport pathway. Notably, the retromer is required for
efficient HPV infection and trafficking of incoming virus to
a Golgi-like compartment, and viral capsid proteins form a stable
complex with the retromer during cell entry. Thus, the retromer
constitutes a “missing link” in HPV entry, after endosome acid-
ification but prior to arrival in the nucleus.

Results
Genome-Wide siRNA Screen for Human Genes Required for HPV16
Infection. To identify cellular factors required for infection of
epithelial cells by HPV16, we conducted a genome-wide siRNA
screen in HeLa-S3 cervical carcinoma cells, which are highly
susceptible to infection with HPV16 pseudovirions (PsVs). Be-
cause the carcinogenic process in these cells was initiated by
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infection with HPV18, they presumably retain much of the cel-
lular machinery that mediates normal HPV entry.
We designed a high-throughput cell-based assay to score the

early phase of HPV infection with replication-deficient PsVs
containing a reporter plasmid expressing green fluorescent pro-
tein (GFP) packaged in an L1 + L2 HPV16 capsid (HPV16-
GFP) (32). For the screen, we used the Dharmacon SmartPool
human siRNA library, consisting of 18,119 siRNA pools target-
ing almost all human genes. HeLa-S3 cells were reverse trans-
fected with pools of four siRNAs targeting each gene for 48 h in
384-well plates, infected with HPV16-GFP for an additional
48 h, and then assayed for GFP fluorescence by using a high-
content optical imaging system (SI Appendix, Fig. S1). Each plate
contained GFP and RNA-induced silencing complex-free (RISC-
free) siRNAs as positive and negative controls, respectively. For
each well, the GFP intensity per cell was calculated, and an in-
tensity threshold was set to identify infected cells. The final read-
out was the percent of GFP-positive cells per well. The complete
screen was run in triplicate and achieved superior statistical met-
rics, namely an average Z′ factor of 0.71 and Pearson correlation
coefficients between replicates of 0.8–0.9 (Fig. 1A). We selected
hits based on a calculated score [the modified activity score
(MAS1)] that incorporated percent inhibition of infection and
cellular toxicity (as assessed by DNA staining) for each siRNA
pool, where a higher score indicates more inhibition of infection
with less toxicity. We defined the 1,000 siRNAs with the highest
average MAS1 scores as primary hits in the screen (SI Appendix,
Table S1). We also identified siRNAs that potentiated infection,
which will be described separately.
The vast majority of genes whose knock-down inhibited in-

fection were not previously linked to papillomavirus infection.
However, some of the hits—furin, the γ-secretase complex, and
the vacuolar ATPase complex (which causes endosome acidifi-
cation)—were reported by others to be required for HPV in-
fection or are consistent with our prior understanding of this

process (17–20). The identification of these genes validated our
screen design and suggested that our findings were relevant to
HPV16 infection.

Confirmation and Validation of Primary Screen. To assess the re-
liability of the screen, we rescreened individual siRNAs from 216
high-ranking siRNA pools (SI Appendix, Table S2). HPV16-GFP
infection was reproducibly inhibited by two or more siRNAs for
almost half of the primary hits tested, and less than 10% of the
hits were not validated by any of the four siRNAs (Fig. 1B). The
identification of multiple active siRNAs for many genes sug-
gested that these hits represented genes required for efficient
HPV16 infection and did not reflect off-target effects. We also
tested the siRNAs from 100 of these 216 hits against a replica-
tion-defective recombinant adenovirus encoding GFP (Ad5-GFP).
There was minimal correlation between siRNAs that inhibited
HPV16 or adenovirus infection (SI Appendix, Table S2). Thus,
inhibition of HPV16-GFP infection was not due to general anti-
viral effects or anti-GFP effects.
To validate these results we obtained single siRNAs for

a number of genes, transfected them into HeLa-S3 cells, and
measured target gene knock-down. Messenger RNA levels of the
examined genes were decreased by more than 20-fold (examples
shown in Fig. 1C). We also infected the knock-down cells with
HPV16-GFP and, after 48 h, assayed GFP expression by flow
cytometry. These siRNAs strongly inhibited HPV infection (Fig.
1C), but did not inhibit adenovirus (SI Appendix, Table S2).

Retrograde Transport Is Required for HPV Infection. We used the
Database for Annotation, Visualization and Integrated Discov-
ery (DAVID) to analyze all 1,000 primary hits to identify over-
represented gene categories. Classification of the hits by the gene
ontology term “cellular compartment” showed that the top two
enriched categories were Golgi stack and TGN (Fig. 1D). The
enrichment of Golgi genes in our screen raised the possibility

Fig. 1. Genome-wide RNA interference screen for human genes required for HPV16 infection. (A) Scatter plot showing percent inhibition of HPV16-GFP
infection for two different replicates of the genome-wide screen. Each spot represents a single siRNA pool. (B) Pie chart of 216 hits tested for HPV16-GFP
inhibition in the confirmation screen, showing the number (and percentage) of active siRNAs for each hit. (C) HeLa-S3 cells were transfected with a control
RISC-free siRNA (con) or siRNAs against APH1A (a γ-secretase subunit), ATP6AP2 (a V-ATPase subunit), or VPS29 (a retromer subunit). (Left) Knock-down
efficiency of the targeted mRNA was assayed by qRT-PCR 48 h after transfection, and mRNA levels in knock-down cells were normalized to the cognate mRNA
in control cells. (Right) Knock-down cells were infected with HPV16-GFP, and GFP expression was assayed 2 d later by flow cytometry. The fraction of GFP
positive cells was normalized to the fraction of GFP positive cells in cells transfected with control siRNA. The results of an experiment performed in triplicate
are shown; similar results were obtained in multiple independent experiments. (D) DAVID software was used to classify the 1,000 highest-ranked primary hits
according to cellular compartment, and fold-enrichment of each category in the hit list compared with the complete siRNA library was calculated. Only gene
categories enriched by more than twofold are shown. qRT-PCR, quantitative reverse transcriptase-PCR.
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that HPV16 undergoes vesicular transport by the retrograde
pathway from the endosome to the Golgi apparatus. Consistent
with this hypothesis, the top 1,000 hits included VPS29 (Fig. 1C),
a component of the retromer, which initiates retrograde trans-
port of cargo from the endosome to the TGN, and a number of
Rab GTPases and related proteins, including Rab6a, Rab6IP1,
Rab7b, and Rab9 (SI Appendix, Table S1), which regulate ret-
rograde movement of cellular cargo from the endosome to the
TGN (33–35). We obtained individual siRNAs for these retro-
grade transport factors and confirmed that they repressed ex-
pression of their target mRNAs. As shown in Fig. 2A, siRNA-
mediated knock-down of these genes reduced HPV16 infection
efficiency by ∼70% or more but had relatively little effect on
adenovirus infection. These genetic results strongly suggested
that the retrograde pathway is important in HPV16 entry.
Retro-2 is a small molecule that inhibits retrograde transport of

ricin toxin from the early endosome to the TGN (36). We tested
here whether Retro-2 inhibited HPV16 infection. HeLa cells
were pretreated with Retro-2 for 2 h, infected with HPV16-GFP
or Ad5-GFP, and assayed by flow cytometry for GFP expression
2 d later. Adenovirus infection was not inhibited by Retro-2
treatment, but Retro-2 caused a dose-dependent inhibition of
HPV16 infection (Fig. 2B), consistent with a role of retrograde
transport in HPV infection. Retro-2 inhibited infection even if it
was added several hours after HPV16-GFP addition (SI Ap-
pendix, Fig. S2). Localization of HPV components in the early
endosome is readily apparent by 4 h after infection, when the

Retro-2 is still effective. This timing suggests that Retro-2 acts at
a postinternalization step.
We also performed confocal microscopy of HeLa cells infec-

ted with HPV16-GFP. Incoming virus was detected with a poly-
clonal antiserum that recognized the HPV16 L1 protein. By 20 h
after infection, L1 was distributed throughout the cell, with
concentration at discrete perinuclear sites (Fig. 2C). Treating
HeLa cells with Retro-2 at the time of infection induced a dra-
matic relocalization of L1 to the cell periphery, demonstrating
that retrograde transport was required for the perinuclear lo-
calization of L1, as well as for infectivity. Retro-2 treatment did
not disrupt Golgi morphology (SI Appendix, Fig. S3).

HPV Traffics to a Golgi-Like Compartment. The evidence presented
above indicated that retrograde transport is required for efficient
HPV infection. To determine whether HPV16 itself traffics to the
Golgi complex, we tested whether L1 colocalized with markers
for Golgi and TGN compartments. By 16 h after infection, al-
though most L1 staining was adjacent to the Golgi apparatus or
the TGN, we also observed colocalization of L1 with the Golgi
marker, GM130, and the TGN marker, TGN46, at discrete per-
inuclear sites “capping” the nucleus (white signals in Fig. 3A and
SI Appendix, Fig. S4). Colocalization of L2 and TGN46 was also
observed in infected cells (Fig. 3B).
To confirm transport of viral components to the Golgi, we used

the proximity ligation assay (PLA), an immune-based method
that generates a signal only when two proteins of interest are
located within 40 nm of each other. HeLa cells were infected with
HPV16-GFP for 15 h, stained with primary antibodies against L1
and GM130, and assayed by PLA. In cells infected with HPV16-
GFP, but not in uninfected cells, many bright signals were ob-
served with a discrete perinuclear localization (Fig. 3C, Center).
Similar results were obtained when a different Golgi (golgin97) or
a TGN (TGN46) antibody was used for PLA. This result in-
dicated that at least some of the major capsid protein and Golgi
markers are in close apposition in a perinuclear compartment.
We designate the compartment containing HPV components
and TGN/Golgi markers as the Golgi-like compartment (GLC).
Taken together, these data demonstrated that components of the
virus are transported by the retrograde pathway to the Golgi
complex during entry.

Retromer Is Required for HPV16 Infection and Golgi Trafficking. The
cargo recognition core of the retromer is composed of three
subunits: VPS26, VPS29, and VPS35. The VPS29 gene was a top
hit in our screen with four positive siRNAs (SI Appendix, Table
S2). To confirm that the retromer is required for HPV16 entry,
we transfected HeLa cells with siRNAs against VPS26, VPS29, or
VPS35, confirmed target gene knock-down, and infected the cells
with HPV16-GFP or Ad5-GFP. HPV16 infection was strongly
inhibited by multiple siRNAs to all three retromer subunits, but
adenovirus infection was not inhibited (Fig. 4A). Retromer
knock-down also inhibited HPV16-GFP infection of immortal-
ized human cervical keratinocytes, a natural host cell for genital
HPV infection (Fig. 4B). Efficient infection by HPV5 and
HPV18 PsVs also depended on retromer function (Fig. 4C).
Thus, the retromer is required for entry by multiple HPV types in
various host cells. Notably, the retromer has not been previously
implicated in virus entry.
As shown in Fig. 2C, Right, VPS26 knock-down caused L1 to

lose its perinuclear localization and adopt a heterogeneous dis-
tribution, scattered over large areas within most cells, even though
this treatment did not disrupt Golgi morphology (SI Appendix,
Fig. S3). This phenotype is similar to the effects of retromer in-
activation on cellular retromer cargoes (27). Exposure of hidden
capsid epitopes or viral DNA was not affected by retromer knock-
down, indicating that the retromer is not required for the initia-
tion of capsid disassembly (SI Appendix, Fig. S5).

Fig. 2. Retrograde transport is required for HPV infection. (A) Rab knock-
down specifically inhibits HPV16-GFP infection. Effect of siRNAs on infection
efficiency was assayed as described in the legend to Fig. 1C, Right. Black bars,
HPV16-GFP infection; gray bars, Ad5-GFP infection. Results are the average
(±SD) of multiple independent experiments. Statistical significance relative
to cells transfected with control siRNA was determined by a paired two-
tailed t test: *P < 0.05; **P < 0.01. (B) HeLa cells were infected with HPV16-
GFP (black bars) or Ad5-GFP (gray bars) and treated with the indicated
concentrations of Retro-2 at the time of infection. GFP expression was
assayed by flow cytometry 40 h postinfection, and the fraction of GFP-pos-
itive cells was normalized to the fraction of GFP-positive cells in untreated
sample. Results are displayed as described in A. (C) HeLa cells were trans-
fected with RISC-free siRNA (Left and Center) or VPS26 siRNA (Right). Forty-
eight hours later, cells were infected with HPV16-GFP at an MOI of 100. Cells
in the Center panel were treated with 100 μM Retro-2 at the time of in-
fection. Twenty hours postinfection, cells were immunostained with the
polyclonal L1 antiserum and visualized by immunofluorescence microscopy.
A single confocal slice is shown in each panel.
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If the retromer is required for transport of HPV16 to the
TGN, then knocking-down retromer function should impair lo-
calization of HPV components to the GLC. To examine this
possibility, we infected control and VPS29 knock-down HeLa
cells with HPV16 and, after 16 h, used PLA for L1 and GM130
to assess GLC localization. There was a dramatic reduction in
both the number and intensity of PLA signals in VPS29 knock-
down cells compared with control cells (Fig. 3C). Confocal image
analysis with the Blobfinder software (Center for Image Analysis,
Uppsala University) showed a fivefold reduction in the total
fluorescence intensity of PLA signals in VPS29 knock-down cells.
Thus, the retromer is required for trafficking of HPV16 to a GLC.

HPV16 Proteins Are Present in a Physical Complex with the Retromer.
To test whether retromer components associated with incoming
virions at the endosome, HeLa cells were transfected with
a control or VPS26 siRNA and 48 h later infected with HPV16.
L2HA-GFP, which expresses HA-tagged L2. After 12 h, cells
were immunostained with antibodies against VPS35 and HA and
examined by confocal microscopy. As shown in Fig. 5A, there
was striking colocalization between VPS35 and L2 in infected
cells, suggesting that there may be a physical association between

the retromer and L2 in partially disassembled capsids. As ex-
pected, VPS35 expression and colocalization were abolished by
VPS26 knockdown, which destabilizes all three retromer subunits
(35) (Fig. 5A, Right). L2 and retromer also colocalized with the
early endosomal marker EEA1 (Fig. 5B), suggesting that some L2
in capsids undergoing disassembly was in the vicinity of the ret-
romer in the early endosome, consistent with the known role of
retromer in initiating endosome-to-TGN trafficking.
We next used coimmunoprecipitation to determine whether the

retromer was present in a physical complex with incoming HPV16
capsids. We were not able to detect complex formation between
endogenous retromer subunits and HPV components. Therefore,
we analyzed cells expressing all three retromer subunits exoge-
nously, which is a common approach to detect association between
the retromer and its cargoes (31, 37). We transfected genes en-
coding myc-tagged VPS26, VPS29, and VPS35 into 293T cells.
Thirty hours later, the cells were infected with HPV16.L2HA-GFP
at amultiplicity of infection (MOI) of 50 for 8 h, lysed in detergent,
and precipitated with an antibody against the myc tag. Complexes
were analyzed by SDS/PAGE and Western blotting with an anti-
body against the HA epitope on L2. Strikingly, L2 protein was
coimmunoprecipitated from extracts of infected cells expressing
the myc-tagged retromer trimer, but not from infected cells
transfected with an empty vector or from uninfected cells (Fig.
5C). An isotype-matched control antibody did not coprecipitate
L2. The L1 protein also specifically coimmunoprecipitated with
the retromer (SI Appendix, Fig. S6A). In contrast, when trans-
fected cells were infected with SV40, we observed no specific
coprecipitation of retromer and the SV40 major capsid protein,
VP1 (SI Appendix, Fig. S6B). These experiments indicated that
HPV16 capsid components are in a physical complex with the
retromer during entry.Fig. 3. HPV localizes to a Golgi-like compartment. (A) HeLa cells were

infected with HPV16-GFP for 16 h at an MOI of 50 and immunostained with
polyclonal antiserum against L1 (green) and monoclonal antibody against
GM130 (red). Areas of strongest overlap are pseudocolored white in the
Right panel using an ImageJ colocalization plugin. The same confocal slice is
shown in all three panels. (B) Samples were processed as in A except cells
were stained with anti-L2 (RG1) and TGN46. (C) HeLa cells were transfected
with a RISC-free siRNA (Left and Center) or VPS29 siRNA (Right). Forty-eight
hours later, cells were mock-infected (Left) or infected with HPV16-GFP at an
MOI of 100 (Center and Right). Sixteen hours postinfection, the cells were
reacted with antibodies against L1 and GM130 and processed for PLA. A
single confocal slice is shown in each panel.

Fig. 4. The retromer is required for HPV infection. (A) HeLa-S3 cells were
transfected with a RISC-free siRNA (control), or siRNAs against VPS26, VPS29,
or VPS35. Knock-down cells were infected 48 h later with HPV16-GFP (black
bars) or Ad5-GFP (gray bars). Infection efficiency was assayed as described in
the legend to Fig. 1C, Right. Results are displayed as in Fig. 2A. (B) The ability
of HPV16-GFP to infect human cervical keratinocytes was analyzed and
displayed as in A. (C) HeLa cells were transfected with a RISC-free siRNA
(control), or siRNAs against VPS26, VPS29, or VPS35. Knock-down cells were
infected 48 h later with HPV16-GFP (black bars), HPV18-GFP (dark gray bars),
or HPV5-GFP (light gray bars). Infection efficiency was assayed as described
in the legend to Fig. 1C, Right. Results are displayed as in Fig. 2A.
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Discussion
In this report, we conducted a genome-wide siRNA screen to
identify cellular proteins required for entry of HPV16-GFP
pseudovirus into cervical carcinoma cells. Our experiments
showed that HPV entry was strongly inhibited by siRNAs tar-
geting several retrograde transport factors, including all three
subunits of the retromer recognition core. Similar results were
obtained in human cervical keratinocytes and for different HPV
types, demonstrating that the retromer is required for entry by
a variety of papillomaviruses into their normal host cells. Because
the retromer has not been previously implicated in virus entry, our
results show that HPV uses a previously undescribed mechanism
of cell entry. Furthermore, retromer knock-down inhibited traf-
ficking of HPV to a Golgi-like compartment, and incoming HPV16
is present in a physical complex with exogenously expressed ret-
romer. Taken together, these results implied that HPV16 itself
(or an infectious component of the virus) is transported by the
retromer and retrograde machinery to the Golgi. The tools and
approaches used here may reveal that other viruses also use this
trafficking pathway. After this work was completed, another labo-
ratory also implicated the TGN in HPV16 entry (38).
HPV undergoes a number of binding events, conformational

changes, and proteolytic cleavage during entry, but the exact se-
quence of these steps and the mechanism of capsid disassembly
and endosome escape are still matters of considerable controversy.
Other laboratories showed that L1 dissociates from L2 during
HPV entry and is sorted to the lysosome for degradation (39). We
found that some L1, like L2, remains physically associated with the
retromer and traffics to a Golgi-like compartment. It is possible

that most molecules of L1 dissociate from L2, but that some L1
molecules persist in a remnant of the capsid responsible for pro-
ductive infection. The PLA assay, which focuses on only those L1
molecules that arrive in the Golgi complex, may be more sensitive
in this regard than standard immunostaining. Inhibition of retro-
grade transport typically reduced infection by about 80%, implying
that retromer-mediated retrograde transport is the predominant
but not necessarily the exclusive mode of intracellular trafficking
for HPV16 in HeLa cells and cervical keratinocytes. Alternative
entry pathways may assume increased importance in other cells,
with other HPV types, or under certain infection conditions. For
example, HPV31 infectious entry is independent of Rab7 in
HaCaT cells, a skin keratinocyte cell line (20).
Taken together, our results support a model of HPV16 infection

in which the retromer interacts with disassembling viral capsids at
the endosome membrane. However, the retromer is in the cyto-
plasm whereas the incoming virus is initially in the lumen of the
endosome. We speculate either that the virus “piggybacks” a ride
with a cellular retromer cargo or adapter protein [such as sorting
nexin 17 (22, 40)], which extends across the endosomal membrane,
or that conformational changes in the capsid during disassembly in
the endosome lumen expose a hydrophobic segment of L1 or L2,
which can embed in the endosomal membrane and protrude into
the cytoplasmwhere it can bind to the retromer. A transmembrane
domain exists in the N terminus of L2 (41), and escape of HPV
from the endosome and subsequent transport to the nucleus
requires a hydrophobic C-terminal segment of the L2 protein,
which can disrupt membranes and target proteins to membranes
(21). It is possible that one or both of these segments span the
endosomal membrane and engage the retromer. Our data suggest
that the escape of HPV16 from the endosome involves retromer-
mediated extraction of the virus into a vesicle, which is then routed
to the TGN, rather than mechanical disruption of the endosomal
membrane and transfer into the cytoplasm. However, L2 may
mediate such a membrane-disrupting event after delivery to the
TGN. Sequestration of infecting capsids within a vesicle may
protect it from cytoplasmic anti-viral innate immune attack or
ensure its delivery to other vesicular sites that contain cellular
machinery required for subsequent disassembly or trafficking
events. Presumably, analysis of additional hits from our screen will
provide insight into entry events after TGN arrival. For example,
the enrichment of ER factors in the hits from our screen (Fig. 1D)
suggests that the viral genomemay traffic from the Golgi to the ER
during entry. It was previously reported that HPV16 infection was
inhibited by Brefeldin A, which affects several trafficking steps
including ER entry and by knock-down of protein disulfide iso-
merases that are primarily localized in the ER (11, 42). The en-
richment of potassium channels in our list of hits suggests that the
channels themselves or ion fluxes play a role in infection.
In summary, we have demonstrated a direct role for the ret-

romer and retrograde trafficking during infectious entry by
HPV16. The hits we identified, as well as other factors required
for retrograde transport, represent potential antiviral targets.
Our results also suggest that HPV can be used to analyze cellular
retrograde transport pathways and reveal unexpected complexity
to retrograde trafficking in this system. For example, both ret-
romer and Rab9 are required for efficient HPV16 infection yet
are thought to act in parallel pathways during retrograde trans-
port. Indeed, we have in essence conducted a genome-wide
screen for retrograde transport factors because hits that interfere
with HPV infection are candidates for such factors. Because
perturbations of the retromer have been implicated in numerous
diseases (43), further studies of HPV entry may have broad
impact on our understanding of virology, basic cell biology, and
disease pathophysiology.

Materials and Methods
Detailed experimental methods are presented in SI Appendix.

Fig. 5. The retromer forms a complex with incoming HPV16 capsids. (A)
HeLa-sen2 cells were transfected with RISC-free siRNA (Left three panels) or
VPS26 siRNA (Right). After 48 h, cells were infected with HPV16-GFP.L2-HA
at an MOI of 200. Twelve hours postinfection, cells were immunostained
with antibodies recognizing HA (red) or VPS35 (green). Areas of strongest
overlap are pseudocolored white in the two Right panels by using an ImageJ
colocalization plug-in. The same confocal slice is shown in the Left three
panels. A single confocal slice is shown in the Right panel. (B) HeLa-sen2 cells
were infected with HPV16-GFP L2-HA at an MOI of 200. Twelve hours
postinfection, cells were immunostained with antibodies recognizing HA
(green, HPV16 L2) or EEA1 (red). Areas of strongest overlap are pseudocol-
ored white in the Right panel as in A. The same confocal slice is shown in all
three panels. (C) 293T cells were transfected with genes encoding myc-tag-
ged retromer subunits VPS26, VPS29, and VPS35 (Ret) or with an empty
vector (Vec). As indicated, cells were then mock-infected (−) or infected with
HPV16-GFP.L2-HA at an MOI of 50 for 8 h (+). Cells were then harvested in
Nonidet P-40 buffer and precipitated with a myc (M) or an isotype- and spe-
cies-matched control (C) antibody. Samples were analyzed by SDS/PAGE and
immunoblotting with an HA antibody. Arrows indicate HA-tagged L2. Upper
shows immunoprecipitated material; Lower shows 5% of total extract.
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siRNA Screening. HPV pseudovirus was generated in 293TT cells with p16-
shell, expressing L1 and L2, and pCIneo-GFP, expressing GFP (32). Pseudovi-
rus was titered by flow cytometry of infected HeLa-S3 cells for GFP fluo-
rescence. The genome-wide screen was run in triplicate using the siGENOME
SMARTpool collection (Dharmacon) consisting of 18,119 pools, each con-
taining four different siRNAs targeting each transcript. Each plate contained
RISC-free and GFP siRNA as negative and positive controls, respectively.
siRNA was delivered by reverse transfection with RNAiMax (Invitrogen).
After 48 h, HPV16-GFP was added at an MOI of 2, and cells were incubated
for an additional 48 h. Cells were fixed in 4% (vol/vol) paraformaldehyde,
and nuclei were stained with Hoescht dye 33342. All reagent addition and
wash steps were carried out robotically. Images were acquired and analyzed
using the Opera Confocal Imager (Perkin-Elmer) and the Acapella software
package (Perkin-Elmer). Nuclear GFP intensities per cell were calculated, and
an intensity threshold was used to determine the percentage of GFP-positive
cells per well. To identify highly active but nontoxic siRNA pools, a modified
activity score was used. Statistical analysis was carried out using ActivityBase
(IDBS). The 1,000 siRNA pools with the highest scores were defined as pri-
mary hits and analyzed with the DAVID database. For the confirmation
screen, unpooled siRNAs for 216 of the top hits were tested in duplicate
as above.

Retro-2 Experiments. HeLa cells were infected with HPV16-GFP or Ad5-GFP at
an MOI of 0.5 and cotreated with Retro-2 (36). Two days after infection,
fluorescence intensity was assayed by flow cytometry.

Proximity Ligation Assay. HeLa cells on glass coverslips were infected with
HPV16-GFP at an MOI of 100. Twelve to 16 h later, cells were fixed in 4%
formaldehyde and stained with rabbit polyclonal antiserum against L1
(1:1,000) and mouse monoclonal antibody against GM130 (BD Transduction
Laboratories) (1:250). PLA probes and reagents were used according to the
manufacturer’s instructions (Olink Biosciences).

Retromer Immunoprecipitation. The 293T cells were transfected with genes
encoding myc-tagged VPS26, VPS29, and VPS35, or an empty vector (44).
Thirty hours later, cells were infected with HPV16.L2HA-GFP at an MOI of
50 for 8 h and then lysed in buffer containing 1% Nonidet P-40. Extracts
were immunoprecipitated with 1 μg of control or myc antibody (Millipore)
and analyzed by immunoblotting.
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