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ABSTRACT

The infectious process of human papillomaviruses (HPVs) has been studied considerably, and many cellular components re-
quired for viral entry and trafficking continue to be revealed. In this study, we investigated the role of the nonreceptor tyrosine
kinase Pyk2 during HPV16 pseudovirion infection of human keratinocytes. We found that Pyk2 is necessary for infection and
appears to be involved in the intracellular trafficking of the virus. Small interfering RNA-mediated reduction of Pyk2 resulted in
a significant decrease in infection but did not prevent viral entry at the plasma membrane. Pyk2 depletion resulted in altered
endolysosomal trafficking of HPV16 and accelerated unfolding of the viral capsid. Furthermore, we observed retention of the
HPV16 pseudogenome in the trans-Golgi network (TGN) in Pyk2-depleted cells, suggesting that the kinase could be required for
the viral DNA to exit the TGN. While Pyk2 has previously been shown to function during the entry of enveloped viruses at the
plasma membrane, the kinase has not yet been implicated in the intracellular trafficking of a nonenveloped virus such as HPV.
Additionally, these data enrich the current literature on Pyk2’s function in human keratinocytes.

IMPORTANCE

In this study, we investigated the role of the nonreceptor tyrosine kinase Pyk2 during human papillomavirus (HPV) infection of
human skin cells. Infections with high-risk types of HPV such as HPV16 are the leading cause of cervical cancer and a major
cause of genital and oropharyngeal cancer. As a nonenveloped virus, HPV enters cells by interacting with cellular receptors and
established cellular trafficking routes to ensure that the viral DNA reaches the nucleus for productive infection. This study iden-
tified Pyk2 as a cellular component required for the intracellular trafficking of HPV16 during infection. Understanding the in-
fectious pathways of HPVs is critical for developing additional preventive therapies. Furthermore, this study advances our
knowledge of intracellular trafficking processes in keratinocytes.

Papillomaviridae is a family of small, nonenveloped DNA vi-
ruses with tropism for epithelial tissue. Low-risk human pap-

illomavirus (HPV) types cause benign warts, and high-risk types
cause anogenital or oropharyngeal area cancers (1–3). Studying
the tactics used by viruses during infection has a 2-fold impor-
tance: (i) the potential to identify drug targets and (ii) under-
standing processes of endocytosis and intracellular trafficking.

The HPV capsid is composed of the major capsid protein L1
and the minor capsid protein L2. Infection begins when the virus
capsid binds to heparan sulfate proteoglycans (HSPGs) at the cell
surface (in vitro) or on the basement membrane (in vivo) (4–8).
The HSPG syndecan-1 has been shown to be unnecessary in a
mouse model; however, it was suggested that other HSPGs may
compensate (9). Conformational changes to the viral capsid
mediated by cyclophilin B (a peptidyl-prolyl cis-trans isomer-
ase) and furin or PC5/6 (proprotein convertase) occur during
initial binding (10–12). It is thought that the virus is translo-
cated to a secondary receptor(s) for internalization, candidates
for which are integrins, growth factor receptors (GFRs), an-
nexin A2, and tetraspanins (4, 13–16). After entry, virions
travel through early endosomes and late endosomes/lyso-
somes, where acidification and proteases facilitate further un-
folding of the viral capsid (17, 18). After acidification, the en-
capsidated genome and L2 have been shown to separate from
L1, a process facilitated by retromer components, with the ma-
jority of L1 found in the lysosome (19, 20). It has been demon-
strated that trafficking through the trans-Golgi network
(TGN), through the Golgi complex, and possibly through the

endoplasmic reticulum (ER) is necessary for HPV infection
(21–26).

Pathways shown to be activated upon HPV binding include
phosphoinositide 3-kinase (PI3K)/Akt/mTOR through epidermal
GFR (EGFR), PI3K, and focal adhesion kinase (FAK) through
integrins (4, 27, 28). The �6�4 integrin complex has been shown to
be necessary for HPV16 infection of human keratinocytes and can
activate FAK (4, 13, 29, 30). Previously, we showed that the bind-
ing of HPV16 pseudovirions (PsVs) to HaCaT cells (human basal
keratinocytes) induced the phosphorylation of FAK at Y397, acti-
vating the kinase (4). In that study, we demonstrated that treat-
ment with the FAK inhibitor TAE226 significantly reduced
HPV16 infection of HaCaT cells. Although TAE226 was initially des-
ignated a FAK-specific inhibitor, studies revealed that the compound
equally inhibits Pyk2, a close family member of FAK (31).

Here we describe Pyk2 functioning in HPV16 (the most com-
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monly found genotype in human cancers) endolysosomal traf-
ficking and exit from the TGN in HaCaT cells (32). Pyk2 has been
shown to be necessary for the entry of various enveloped viruses,
such as Kaposi’s sarcoma-associated herpesvirus and HIV-1, at
the plasma membrane (33, 34). To our knowledge, Pyk2 has not
been implicated in the infectious pathway of nonenveloped vi-
ruses. Pyk2 has been reported to play a role in cell migration,
proliferation, and survival and to be upregulated in various hu-
man tumors (31, 35–37). Studies of Pyk2’s function in keratino-
cytes are limited, but the kinase has been shown to play roles
during differentiation and inflammation (38, 39). In terms of in-
tracellular trafficking, Pyk2 has most recently been shown to be
necessary for sustained EGFR signaling in breast cancer cells,
where Pyk2 depletion resulted in early EGFR degradation via lys-
osomal trafficking (40). Additionally, studies have suggested that
Pyk2 is involved in the regulation of some vesicular transport
from the Golgi complex (41, 42). Taken together, our results sug-
gest novel roles for a nonreceptor tyrosine kinase in the HPV16
infectious pathway and expand the literature of Pyk2’s function in
keratinocytes.

MATERIALS AND METHODS
Cell culture and PsV production. HaCaT cells, purchased from Addex-
Bio (San Diego, CA), were described by Boukamp et al. (43). Cells were
cultured in Dulbecco’s modified Eagle’s medium (DMEM; Thermo Sci-
entific, Somerset, NJ) supplemented with 10% BenchMark fetal bovine
serum (Gemini Bio-Products, West Sacramento, CA). HPV16 PsVs were
produced in 293TT cells as described by Buck et al. (44). The p8fwb plas-
mid was used as a reporter genome and is referred to as the pseudo-
genome. The cultures were incubated with 10 �M 5-ethynyl-2=-deoxyu-
ridine (EdU) at 6 h posttransfection.

Determination of number of viral particles. We determined percent
infectivity by measuring green fluorescent protein (GFP) expression after
48 h in HaCaT cells via flow cytometry (Accuri C6; BD, Franklin Lakes,
NJ). We infected all of our experimental cells to achieve 15% GFP expres-
sion (0.15 infectious unit per cell). A multiplicity of infection (MOI) of
0.15 corresponds to approximately 800 pseudogenome-containing or vi-
ral genome equivalents per cell (measured via quantitative PCR of p8fwb
with the StepOne real-time PCR system [Thermo Scientific]).

Flow cytometry and infection assays. HaCaT cells were seeded into
the wells of 24-well plates at 50,000 per well and in triplicate for each
condition. After 24 h, the cells were placed on ice for 30 min in serum-free
DMEM. HPV16 PsVs were allowed to bind for 1 h on ice. Excess virus was
washed off, and cultures were placed at 37°C for 48 h. Cells were harvested
with trypsin and washed three times with phosphate-buffered saline
(PBS) with centrifugation (3,000 rpm for 5 min) before GFP flow cytom-
etry analysis. Ten thousand events were collected for each sample.

siRNA transfections and TAE226 treatment. Accell small interfering
RNA (siRNA) SMARTpools (each a set of four siRNAs) for FAK and Pyk2
were purchased from GE Healthcare Dharmacon Inc. (Lafayette, CO).
Nontargeting control siRNA was purchased from IDT (Coralville, IA).
RNA interference (RNAi) Max Lipofectamine was purchased from Life
Technologies (Norwalk, CT). HaCaT cells were seeded in six-well plates at
200,000 cells per well. Transfections were prepared in serum-free DMEM
before being added to wells. Transfections proceeded for 48 h at 37°C,
after which the cells were harvested with trypsin, counted, and replated for
experiments to be performed the following day (72 h posttransfection).
Optimization of the siRNA knockdowns was performed with 50 or 100
pmol of siRNA for 24, 48, and 72 h. The most efficient knockdown of FAK
and Pyk2 was obtained at 72 h posttransfection with 100 pmol of siRNA
per well. Cells were treated with TAE226 at 2 �M for 1 h at 37°C before
infection. TAE226 (NVP-TAE226) was purchased from Selleck Chemicals
(Houston, TX).

Western blotting and internalization assay. The antibodies used in
Western blot assays at a 1:1,000 dilution were Pyk2 antibody (number
3292; Cell Signaling Technology, Danvers, MA), FAK antibody (ab98961;
Abcam, Cambridge, United Kingdom), actin antibody (A3853; Sigma-
Aldrich, St. Louis, MO), and anti-HPV antibody (BPV-1/1H8 �
CAMVIR, ab2417; Abcam). IRDye secondary antibodies (anti-rabbit and
anti-mouse 680 and 800) from Li-Cor (Lincoln, NE) were used at 1:30,000
for 680 nm and at 1:20,000 for 800 nm. Cell lysates were harvested with
Nonidet P-40 (United States Biological, Salem, MA) lysis buffer contain-
ing Halt Protease and Phosphatase Inhibitor Cocktail (Life Technologies).
Samples were subjected to SDS-PAGE and transferred to nitrocellulose
membranes (Thermo Scientific). The membranes were blocked for 30
min in 10% milk in TNET wash buffer. Primary antibody incubations
were carried out at 4°C overnight or at room temperature for 4 h. Second-
ary antibody incubations were carried out at room temperature for 30
min. Proteins were visualized and band intensities were measured with
the Li-Cor Odyssey Imaging System. To measure virus internalization,
PsVs were allowed to bind to cells on ice for 1 h. Excess virus was washed
off, and the cells were incubated at 37°C for 40 min to allow the virus to be
internalized. After 40 min, one set of samples was harvested with NP-40
lysis buffer. The second set of samples was trypsinized for 7 min; the cells
were washed three times with PBS and centrifuged before lysis buffer was
added. Actin protein levels were used for normalization in Western blot
assays.

Immunofluorescence analysis. PsVs were allowed to bind to HaCaT
cells on glass coverslips on ice for 1 h. Excess virus was washed off, and the
cells were incubated at 37°C. Cells were fixed with 4% paraformaldehyde
(PFA) and permeabilized and blocked for 30 min, 1 h, or 1.5 h with a
buffer containing 0.02% Triton X-100 (Sigma-Aldrich) and 0.02% Fish
Skin Gelatin (Electron Microscopy Sciences, Hatfield, PA). The Click-iT
reaction was performed with the Click-iT Alexa Fluor 647 Imaging kit
(Life Technologies) for 30 min before or after primary antibody incuba-
tion. The samples were incubated with primary antibodies for 1 h and
with secondary antibodies at 1:2,000 for 30 min. PBS washes were per-
formed between incubation steps. Coverslips were mounted on slides
with ProLong Gold Antifade Mountant with 4=,6-diamidino-2-phenylin-
dole (DAPI; Life Technologies).

The following antibodies were used for immunofluorescence at a
1:100 dilution: anti-EEA1 antibody (C-15, sc-6414; Santa Cruz Biotech-
nologies, Dallas, TX), anti-HPV16 L1 (H16.V5) antibody (a kind gift from
Neil Christensen, Penn State University, Hershey, PA), Alexa Fluor 488
phalloidin (A12379; Life Technologies), anti-LAMP1 antibody (D2D11,
number 9091; Cell Signaling Technologies), anti-TGN46 antibody
(AHP500GT; AbD Serotec, Kidlington, United Kingdom), and Pyk2 an-
tibody (number 3292; Cell Signaling Technology). Anti-HPV16 L1
(33L1-7) antibody, a kind gift from Martin Sapp (Louisiana State Univer-
sity, Shreveport, LA), was used at 1:50. Secondary antibodies (donkey
anti-rabbit 568, donkey anti-sheep 568, donkey anti-goat 568, and donkey
anti-mouse 555 and 647) were purchased from Life Technologies.

Colocalization and color pixel analysis. Confocal image analysis was
performed in ImageJ (45). The JACoP plugin (46) was used to calculate
the fraction of virus signal overlapping the organelle signal (Manders
coefficient M1). Thresholds were set manually and kept constant across all
of the scans measured in each experiment. The Color Pixel Counter pl-
ugin (47) was used to measure the number of red pixels in each scan,
which was normalized to the number of nuclei. Analysis was performed
on the center slice of at least three separate Z-stacks scanned from each
coverslip. The average M1 coefficient or average red pixel count per cell is
presented with standard deviation. Representative data are shown from
one of three separate experiments performed, except for Fig. 6, where data
from three independent experiments (a total of nine scans) are shown.

RESULTS
siRNA-mediated reduction of Pyk2 decreases HPV16 infection
in HaCaT cells. We had previously shown that TAE226 interfered
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with HPV16 PsV infection in HaCaT cells (4). Here we focused on
two targets of TAE226, FAK and Pyk2. Infection levels in HaCaT
cells transfected with FAK, Pyk2, or both siRNAs were compared
with those in TAE226-treated cells (Fig. 1). Infection levels in cells
transfected with 200 pmol of nontargeting (control) siRNA were
compared with those in cells transfected with 100 pmol of FAK or
PyK2 siRNA or 100 pmol each of the FAK and Pyk2 siRNAs (i.e.,
200 pmol total) and in cultures treated with 2 �M TAE226 (Fig.
1A). We observed a 20% decrease in infection in FAK siRNA-
transfected cells and a 60% decrease in Pyk2 and Pyk2-FAK
siRNA-transfected cells and TAE226-treated cells. Compared to
those in untreated cells or control siRNA-transfected cells, the
FAK and Pyk2 protein levels were not affected by TAE226 (Fig. 1B,
lanes 1, 2, and 6). FAK siRNA reduced the total FAK level by 83%
but surprisingly reduced the total Pyk2 level by 40% (Fig. 1B, lane
3). Pyk2 siRNA reduced Pyk2 protein levels by 81% and caused a
17% decrease in FAK protein levels (Fig. 1B, lane 4). Dual trans-
fection reduced FAK by 71% and Pyk2 by 83% (Fig. 1B, lane 5).
These experiments showed that 81% depletion of Pyk2 resulted in
a significant 60% decrease in viral infection (P � 0.005). We op-
timized the experimental design with equimolar siRNA levels (100
pmol total) and a PsV MOI of 0.15. Results showed a �80% loss of
infection in Pyk2 siRNA-transfected cells (Fig. 1C, P � 0.0005).
There was a 90% loss of Pyk2 protein expression under these con-
ditions (Fig. 1D, lane 9; described in Materials and Methods).
These data suggested that the loss of Pyk2 had a more significant
effect on PsV infection than did the loss of FAK. Additionally, the
FAK siRNA pool affected Pyk2 protein levels (Fig. 1B, lane 4).

Pyk2 depletion does not interfere with HPV16 PsV binding
and internalization. Having shown that Pyk2 depletion reduced
HPV16 PsV infection, we assessed if Pyk2 depletion prevented

binding, internalization, and initial trafficking of PsVs into an
endosome (Fig. 2). Equal levels of L1 protein in our cultures after
40 min of infection suggested no differences in PsV binding (Fig.
2A, lanes 1 to 5). To test for internalization, cell cultures were
treated with trypsin 40 min after infection to remove virions that
were bound but not internalized (Fig. 2A, lanes 6 to 10). We ob-
served comparable L1 levels in untreated, control, and Pyk2
siRNA-transfected cells, indicating internalized PsVs (Fig. 2B,
lanes 7, 8, and 10, respectively). In TAE226-treated cells, there was
a �50% decrease in internalized L1 levels, indicating reduced viral
internalization (Fig. 2A, lane 10). Total levels of Pyk2 are shown.

We analyzed siRNA-transfected or TAE226-treated cells by
confocal immunofluorescence microscopy. Viral particles were
detected with the conformation-dependent antibody H16.V5
against the L1 capsid protein (red) (48), endosomes were identi-
fied with the early endosome marker EEA1 (green), and nuclei
were stained with DAPI (blue). At 2 h after infection, our data
showed similar levels of L1 signal colocalizing with EEA1 in con-
trol and Pyk2-depleted cells (Fig. 2B, C, and H). In TAE226-
treated cells, colocalization of viral particles with EEA1 was min-
imal (Fig. 2D and H). Previously, we had observed a loss of
filopodia with TAE226 treatment (43). Here we stained our sam-
ples with phalloidin and observed almost complete loss of filopo-
dia in TAE226-treated cells (Fig. 2G). Filopodia were observed in
control and Pyk2 siRNA-transfected cells, although there were
fewer filopodia in Pyk2-depleted cells (Fig. 2E and F). Pyk2 knock-
down was confirmed via microscopy (Fig. 2I).

Taken together, these data showed that Pyk2 depletion did not
hinder viral binding, internalization, or trafficking into an endo-
some. These data suggested that although Pyk2 depletion inter-
fered with filopodium formation, the loss of filopodia did not

FIG 1 siRNA-mediated reduction of Pyk2 results in decreased HPV16 infection in HaCaT cells. (A) Infection levels in HaCaT cells transfected with nontargeting
(control), FAK, or Pyk2-FAK siRNA or treated with 2 �M TAE226. Percent infection was measured via flow cytometry. (B) Western blot analysis of FAK, Pyk2,
and actin protein levels in cells used in the experiment shown in panel A. (C) Infection levels in cells transfected with 100 pmol of control or Pyk2-specific siRNA.
(D) Western blot analysis of FAK, Pyk2, and actin protein levels in cells used in the experiment shown in panel C. *, P � 0.005; **, P � 0.0005 (paired one-tailed
t test).
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FIG 2 HPV16 internalization and early trafficking events are not disrupted in Pyk2-depleted HaCaT cells. (A) Western blot analysis of Pyk2, L1, and actin levels in
HaCaT cells transfected with control or Pyk2 siRNA (lanes 3, 5, 8, and 10) or treated with 2 �M TAE226 and infected for 40 min with HPV16 PsVs. Cells were harvested
directly for lysates (lanes 1 to 5) or treated with trypsin prior to harvesting (lanes 6 to 10). (B to G) Immunofluorescence analysis of EEA1 (green), L1 (red), and phalloidin
(cyan) in cells transfected with control or Pyk2 siRNA or treated with 2 �M TAE226. Nuclei are stained with DAPI (blue). Colocalization of EEAI and L1 appears yellow.
(H) The JACoP plugin for ImageJ was used to measure the M1 coefficient (fraction of red overlapping green) with three confocal scans for each condition. *, P � 0.05
(paired one-tailed t test). (I) Confirmation of siRNA-mediated Pyk2 knockdown via immunofluorescence analysis. HaCaT cells were transfected for 72 h with control
or Pyk2 siRNA. Immunofluorescence analysis was performed with anti-Pyk2 antibody (green), and nuclei were stained with DAPI (blue).
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FIG 3 Depletion of Pyk2 results in earlier lysosomal targeting of the L1 protein in HaCaT cells. (A to C) Cells transfected with control nontargeting siRNA. (D
to F) Cells transfected with Pyk2 siRNA. Cells were fixed at 4, 8, and 16 h postinfection with HPV16 PsVs. Immunofluorescence analysis was performed with
anti-L1 H16.V5 (red) and anti-LAMP1 (green) antibodies. Nuclei were stained with DAPI (blue). Colocalization of L1 and LAMP1 appears yellow. (G) The
JACoP plugin for ImageJ was used to measure the M1 coefficient (fraction of red overlapping green) with three confocal scans for each condition. *, P � 0.05
(paired one-tailed t test). (H) Western blot analysis of Pyk2, L1, and actin protein levels in control siRNA-transfected or Pyk2 siRNA-transfected cells at time
points postinfection with HPV16 PsVs. (I) Measurement of the integrated density of L1 protein bands in Western blot assays from three independent experi-
ments. All L1 levels were normalized to actin levels and compared to the levels at 0 min.
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correlate with viral internalization levels (Fig. 2A, lane 5, C, and
H). Furthermore, the reductions of infection after TAE226 treat-
ment or Pyk2 depletion appeared to work through different
mechanisms because TAE226 prevented viral internalization,
whereas Pyk2 depletion did not.

Depletion of Pyk2 resulted in earlier lysosomal detection of
HPV16 PsVs. Models of HPV infection suggest that after the endo-
some, viral particles are diverted to the lysosome or to the TGN (49,
50). An antibody to LAMP1 was used as a lysosome marker (green),
H16.V5 was used to detect PsVs (red), and nuclei were stained with
DAPI (blue) (Fig. 3). In control cells, virus colocalization with
LAMP1 was minimal at 4 h and increased at 8 h, with maximum
overlap observed at 16 h (Fig. 3A to C and G). In contrast, colocaliza-
tion of the virus and LAMP1 signals in Pyk2-depleted cells was max-
imal at 4 h and then decreased at 8 and 16 h (Fig. 3D to F and G).

These data suggested that HPV16 PsVs trafficked to the lyso-
some earlier in Pyk2-depleted cells. Compared to that of the con-
trol, the H16.V5 signal decreased by 16 h in the Pyk2-depleted cells
(Fig. 3, compare panels F and C). We wondered if the early traf-
ficking to the lysosome caused degradation of the L1 protein.
Western blotting results indicated that the rates of L1 degradation
in control and Pyk2-depleted cells were similar, suggesting that
the decrease in the H16.V5 signal was not due to early degradation
of L1 (Fig. 3H and I).

Early unfolding of the HPV16 capsid occurs in Pyk2 siRNA-
transfected HaCaT cells. We next determined if a conformational
change in the viral capsid occurred earlier in Pyk2-depleted
HaCaT cells by performing an immunofluorescence assay with
the antibody 33L1-7, against a hidden epitope of L1 (Fig. 4) (51).
At 2 h postinfection, there was no detectable L1-7 signal in the
control or Pyk2 siRNA-transfected cells (Fig. 4A, D, and G). We
observed a minimal L1-7 signal in the control cells at 4 h (Fig. 4B and
B1) but a strong and consistent appearance in the Pyk2-depleted cells
(Fig. 4E, E1, and G). The L1-7 signal was visible at 18 h in the control
cells (Fig. 4C and C1), similar to the timing of L1-7 signal appearance
reported by Bienkowska-Haba et al. (52). The mean L1-7 signal level
at 18 h in the control cells was comparable to that in Pyk2-depleted
cells (Fig. G). At least three scans, each with 10 to 20 nuclei per field of
view, were used to measure L1-7 signal levels.

We stained with a LAMP1 antibody to detect if the L1-7 signal
localized to lysosomes (Fig. 4). At 4 h in the control cells, there was
minimal colocalization of L1-7 and LAMP1, resulting in an M1
coefficient (fraction of L1 overlapping with LAMP1) of �0.2 (Fig.
4H). In contrast, at 4 h in the Pyk2-depleted cells, there was dis-
tinct colocalization of L1-7 and LAMP1, resulting in an M1 coef-
ficient of approximately 0.8 (Fig. 4E, E1, and H). At 18 h, there was
an increase in L1-7 colocalization with LAMP1 in the control
siRNA-transfected cells and no observable difference from the
Pyk2-depleted cells (Fig. 4C, C1, F, F1, and H). These results sug-
gested that unfolding of the viral capsid in the lysosome occurred
earlier in Pyk2-depleted cells.

The HPV16 pseudogenome localizes to the lysosome in
Pyk2-depleted HaCaT cells at early time points. Next we wanted

to determine the trafficking of the encapsidated pseudogenome in
these cells. We infected siRNA-transfected HaCaT cells with
HPV16 PsVs containing an EdU-labeled pseudogenome. We used
the Click-iT reaction to visualize the EdU-labeled DNA (red), a
LAMP1 antibody for the lysosome (green), and DAPI for the nu-
clei (blue) (Fig. 5). At 4 h postinfection, there was no visible colo-
calization of the pseudogenome and LAMP1 in control siRNA-
transfected cells (Fig. 5A and A3). Significant colocalization was
observed in Pyk2-depleted cells (Fig. 5D, D3, and G). The colocal-
ization increased slightly at 8 h under both conditions; however,
there was a significantly higher level in the Pyk2-depleted cells
(Fig. 5G). At 16 h postinfection, the control cells showed a slight
increase in the localization of the pseudogenome to the lysosome,
but we did not see an accumulation in the lysosome of the Pyk2-
depleted cells (Fig. 5C, F, and G). The fraction of the EdU-labeled
pseudogenome in Pyk2-depleted cells colocalizing with LAMP1
was minimal at approximately 10% (indicated by M1 coefficients;
Fig. 5G). The latter data suggested that a portion of the viral DNA
could be degraded in the lysosome in the Pyk2-depleted cells,
although this may not account for the �80% loss of viral infection
(Fig. 1C). To verify that the EdU signal specifically labeled the
encapsidated genomes, we stained with the H16.V5 antibody be-
fore the EdU/Click-iT reaction (a reaction that denatures the cap-
sid, as Day et al. have noted) (22). We observed all of the EdU
signal overlapping the H16.V5 signal; a fraction of the H16.V5
signal stained empty viral capsids or capsids containing the pseu-
dogenome that did not incorporate EdU (Fig. 5H).

The HPV16 pseudogenome accumulates in the TGN in Pyk2
siRNA-transfected HaCaT cells. We considered if the viral pseu-
dogenome was able to reach the TGN in Pyk2-depleted cells. We
visualized the EdU-labeled pseudogenome with Click-iT (red),
the TGN with the anti-TGN46 antibody (green), and nuclei with
DAPI (blue). At 16 h postinfection, similar levels of colocalization
of the pseudogenome and TGN46 were observed in the control
and Pyk2-depleted cells (Fig. 6A, A1, C, C1, and E). At 24 h, we
observed a decrease in pseudogenome localization to the TGN in
control cells (Fig. 6B, B1, and E). In contrast, at 24 h in Pyk2-
depleted cells, we observed a marked increase in pseudogenome
and TGN colocalization (Fig. 6D, D1, and E). These results sug-
gested that the viral pseudogenome did reach the TGN in Pyk2-
depleted cells. However, as pseudogenome levels decreased in the
TGN in the control cells at 24 h, the levels increased in Pyk2-
depleted cells, suggesting that the pseudogenome accumulated in
the TGN when Pyk2 levels were decreased. We confirmed these
results with the Golgi complex marker GM130 and observed less
colocalization of the EdU-labeled pseudogenome with GM130 at
24 h in control cells than in Pyk2-depleted cells (Fig. 6F and G). To
verify that Pyk2 depletion in HaCaT cells did not alter the localiza-
tion of the organelle markers used in our immunofluorescence ex-
periments, we costained each of the markers in siRNA-transfected
cells (Fig. 7). We did not observe any alterations in the staining of the
organelle markers in the Pyk2-depleted cells.

FIG 4 Depletion of Pyk2 results in early unfolding of the HPV16 capsid in HaCaT cells. (A to C) Cells transfected with control nontargeting siRNA. (D to F) Cells
transfected with Pyk2 siRNA. Cells were fixed at 2, 4, and 18 h postinfection with HPV16 PsVs. Immunofluorescence analysis was performed with anti-L1 33L1-7
(red) and anti-LAMP1 (green) antibodies. Nuclei were stained with DAPI (blue). Colocalization of L1 and LAMP1 appears yellow. (G) The color pixel counter
plugin for ImageJ was used to measure red pixels, and the results were normalized to the number of cells in each scan. (H) The JACoP plugin for ImageJ was used
to measure the M1 coefficient (fraction of red overlapping green) with three confocal scans for each condition. *, P � 0.05 (paired one-tailed t test).
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DISCUSSION

In this study, using siRNAs, we found that FAK family member
Pyk2 appears to be involved in HPV16 PsV trafficking in HaCaT
cells. The alterations to intracellular trafficking under Pyk2-de-
pleted conditions affect unfolding of the viral capsid, localization

of the pseudogenome to the lysosome, and exit from the TGN. To
our knowledge, this is the first report implicating Pyk2 in the later
trafficking and sorting processes of HPV16 infection.

We had previously observed that treatment with the FAK in-
hibitor TAE226 prevented filopodium formation and reduced vi-

FIG 5 Depletion of Pyk2 results in early and increased localization of the HPV16 pseudogenome to the lysosome in HaCaT cells. (A to C) Cells transfected with
nontargeting control siRNA. (D to F) Cells transfected with Pyk2 siRNA. Cells were fixed at 4, 8, and 16 h postinfection with HPV16 PsVs. The Click-iT reaction
was used to label the EdU-labeled genome (red) and anti-LAMP1 antibody (green), and nuclei were stained with DAPI (blue). Colocalization of L1 and LAMP1
appears yellow. (G) The JACoP plugin for ImageJ was used to measure the M1 coefficient (fraction of red overlapping green) with three confocal scans for each
condition. *, P � 0.05; **, P � 0.005 (paired one-tailed t test). (H) EdU signal corresponds to viral particles. HaCaT cells were infected for 4 h before fixation. The
Click-iT reaction was performed to label the EdU-labeled pseudogenome (red) after immunofluorescence analysis with anti-L1 H16.V5 antibody (green). Nuclei
were stained with DAPI (blue).
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FIG 6 siRNA-mediated reduction of Pyk2 results in the accumulation of the HPV16 pseudogenome in the TGN in HaCaT cells. (A, B) Cells transfected with
control nontargeting siRNA. (C, D) Cells transfected with Pyk2 siRNA. Cells were fixed at 16 and 24 h postinfection with HPV16 PsVs. The Click-iT reaction was
performed to label the EdU-labeled pseudogenome (red) and anti-TGN46 antibody (green), and nuclei were stained with DAPI (blue). Colocalization of EdU
and TGN46 appears yellow. (E) The JACoP plugin for ImageJ was used to measure the M1 coefficient (fraction of red overlapping green) with three confocal scans
for each condition in three independent experiments (nine scans total). *, P � 0.05; **, P � 0.005 (paired one-tailed t test). (F and G) siRNA-transfected cells were
fixed 24 h postinfection with HPV16 PsVs. The Click-iT reaction was performed to label the EdU-labeled pseudogenome (red) and anti-GM130 antibody
(green), and nuclei were stained with DAPI (blue). Colocalization of EdU and GM130 appears yellow.
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rus entry (4). We hypothesized that Pyk2 could mediate these
rearrangements that have been shown to be necessary for virus
internalization (53, 54). Our findings here showed that although
there was disruption of filopodia in Pyk2-depleted cells, there was
no significant reduction of virus binding or localization to early
endosomes (Fig. 2).

During the preparation of this report, depletion of Pyk2 was
reported to result in premature targeting of EGFR to the lysosome
for degradation, thus halting EGFR downstream signaling in
breast cancer cells (40). We observed a similar acceleration of the
endolysosomal pathway during HPV16 infection in Pyk2-de-
pleted HaCaT cells, resulting in early capsid unfolding. However,
we did not observe premature degradation of the L1 protein in
Pyk2-depleted cells. We consistently observed earlier localization
of the pseudogenome to the lysosome in Pyk2-depleted cells, and
at higher levels than in control cells, which may contribute to the

decreased infection seen. However, our data showed that the viral
pseudogenome is able to reach the TGN in Pyk2-depleted cells,
suggesting that accelerated lysosomal localization is not the pri-
mary reason for the decreased infection seen.

Studies of HPV16 infection have reported the localization of
viral particles to the TGN (20, 22, 23, 25, 26). In HeLa cells, Popa
et al., Lipovsky et al., and Zhang et al. detected L1 and L2 localizing
at the TGN and Golgi complex at 16 h (20, 25, 26). In HaCaT cells,
DiGiuseppe et al. detected the EdU-labeled pseudogenome local-
izing to the TGN at 18 h and a decrease in colocalization at 36 h,
suggesting that by 36 h the pseudogenome had trafficked out of
the TGN (23). Here we similarly observed colocalization of the
pseudogenome (Fig. 6) and L1 protein (data not shown) with the
TGN in control siRNA-transfected HaCaT cells at 16 h and a de-
crease in this localization at 24 h (Fig. 6). The reduction in staining
at 24 h in control cells differs from a study by Day et al. where

FIG 7 siRNA-mediated reduction of Pyk2 and localization of organelle markers for early endosomes, lysosomes, or the Golgi compartment in HaCaT cells. (A
to E) Cells transfected with control nontargeting siRNA or Pyk2-specific siRNA for 72 h before 4% PFA fixation. Nuclei in all panels were stained with DAPI
(blue). Immunofluorescence analysis was performed with anti-EEA1 (green) and anti-LAMP1 (red) antibodies (A), anti-EEA1 (green) and anti-TGN46 (red)
antibodies (B), anti-GM130 (green) and anti-EEA1 (red) antibodies (C), anti-GM130 (green) and anti-LAMP1 (red) antibodies (E), or anti-LAMP1 (green) and
anti-TGN46 (red) antibodies (D).
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colocalization of L1 or the EdU-labeled pseudogenome and the
TGN was observed at 24 h postinfection in untreated HeLa cells
(22). The difference may be due to the cell type used, the PsV
amounts used, or the experimental design used. In contrast to the
results observed in our control cells, pseudogenome localization
to the TGN increased at 24 h in Pyk2-depleted cells. The increase
in Pyk2-depleted cells suggests an accumulation of the pseudo-
genome in the TGN.

Our data and published previously literature support a model
in which Pyk2 mediates the movement of the pseudogenome out
of the TGN. Two identified substrates of Pyk2, Pap� and ASAP1,
were demonstrated to have Arf-GAP (GTPase-activating protein)
activity in HeLa, 293, and mouse embryo fibroblast (MEF) cells
(41, 42). Interestingly, Arfs are known to recruit coat protein I
(COPI) to the Golgi membrane for vesicle formation (55). Previ-
ously, we used brefeldin A to prevent COPI vesicle formation and
suggested that HPV16 might use COPI-mediated movement to
reach the ER (24). We are currently investigating whether Pyk2
may regulate Arf1 recruitment of COPI for vesicle formation. Al-
ternatively, Pyk2 may be involved in cell cycle regulation or cell
cycle progression, two events that have been shown to be neces-
sary for HPV16 DNA to access the nucleus during infection or in
general vesicle trafficking (41, 56–58).

In summary, we have shown that depletion of Pyk2 signifi-
cantly reduces HPV16 PsV infection in human keratinocytes.
Taken together, our results suggest a multifunctional role for Pyk2
in the HPV16 infectious pathway. First, the presence of endoge-
nous Pyk2 protein in HaCaT cells may delay unfolding of the viral
capsid, potentially preventing viral DNA from being degraded in
the lysosome. Second, Pyk2 function may be necessary for viral
DNA to exit the TGN for productive infection to occur. Further
studies are required to determine how Pyk2 functions in these two
processes. To our knowledge, these are novel functions for a ki-
nase to perform during viral infection. Additional studies of
Pyk2’s role in the endolysosomal pathway and regulation of vesic-
ular transport will provide valuable knowledge about intracellular
trafficking in human keratinocytes.
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