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ABSTRACT Human papillomavirus 16 (HPV16), the leading cause of cervical cancer,
exploits a novel endocytic pathway during host cell entry. This mechanism shares
many requirements with macropinocytosis but differs in the mode of vesicle forma-
tion. Previous work indicated a role of the epidermal growth factor receptor (EGFR)
in HPV16 endocytosis. However, the functional outcome of EGFR signaling and its
downstream targets during HPV16 uptake are not well characterized. Here, we ana-
lyzed the functional importance of signal transduction via EGFR and its downstream
effectors for endocytosis of HPV16. Our findings indicate two phases of EGFR signal-
ing as follows: a—likely dispensable—transient activation with or shortly after cell
binding and signaling required throughout the process of asynchronous internaliza-
tion of HPV16. Interestingly, EGFR inhibition interfered with virus internalization and
strongly reduced the number of endocytic pits, suggesting a role for EGFR signaling
in the induction of HPV16 endocytosis. Moreover, we identified the Src-related ki-
nase Abl2 as a novel regulator of virus uptake. Inhibition of Abl2 resulted in an ac-
cumulation of misshaped endocytic pits, indicating Abl2’s importance for endocytic
vesicle maturation. Since Abl2 rather than Src, a regulator of membrane ruffling dur-
ing macropinocytosis, mediated downstream signaling of EGFR, we propose that the
selective effector targeting downstream of EGFR determines whether HPV16 endocy-
tosis or macropinocytosis is induced.

IMPORTANCE Human papillomaviruses are small, nonenveloped DNA viruses that
infect skin and mucosa. The so-called high-risk HPVs (e.g., HPV16, HPV18, HPV31)
have transforming potential and are associated with various anogenital and oropha-
ryngeal tumors. These viruses enter host cells by a novel endocytic pathway with
unknown cellular function. To date, it is unclear how endocytic vesicle formation oc-
curs mechanistically. Here, we addressed the role of epidermal growth factor recep-
tor signaling, which has previously been implicated in HPV16 endocytosis and iden-
tified the kinase Abl2 as a novel regulator of virus uptake. Since other viruses, such
as influenza A virus and lymphocytic choriomeningitis virus, possibly make use of re-
lated mechanisms, our findings shed light on fundamental strategies of virus entry
and may in turn help to develop new host cell-targeted antiviral strategies.
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Human papillomaviruses (HPVs) are a family of nonenveloped DNA viruses with
transforming potential. In particular, so-called high-risk types are associated with

various anogenital and oropharyngeal tumors. The most prevalent high-risk type,
Human papillomavirus 16 (HPV16), is the leading cause of cervical cancer (1). While the
mechanisms of transformation are rather well studied (2), the process of entry, i.e., the
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delivery of the viral genome into the nucleus for replication during initial infection,
remains only partially understood (3, 4). This can be attributed to the complex life cycle
of HPVs. Initial infection is established in basal keratinocytes of skin or mucosal
epidermis, where maintenance replication also occurs (5, 6). Transformation, viral
genome amplification, as well as assembly are tightly linked to tissue differentia-
tion, and new particles are shed from granular/corneal cells of the epithelium (7–9).
Thus, virus propagation is challenging, which can be overcome by the use of pseudo-
virions (PsVs) and other surrogate in vitro models. Similar to native HPV virions, PsVs
consist of two structural proteins, L1 and L2, which self-assemble into viral capsids.
Instead of the viral genome, PsVs incorporate a reporter plasmid as a pseudogenome.
Reporter gene expression indicates successful entry upon infection of permissive cells.
Importantly, PsVs are antigenetically indistinguishable from native HPVs (10–12).

The use of PsVs has allowed important insights into the early steps of HPV entry. For
instance, we know that HPVs enter cells using endocytosis. More specifically, HPV16 and
further high-risk types use a poorly characterized, novel endocytic mechanism (13, 14).
This pathway is independent of major components of established endocytic mecha-
nisms, such as clathrin, caveolin, flotillin, dynamin, and cholesterol. Instead, it relies on
actin dynamics and signaling factors, such as the epidermal growth factor receptor
(EGFR), phosphatidylinositol 3-kinase (PI3K), protein kinase C (PKC), and p21-activated
kinase 1 (PAK1). This minimal “footprint” of requirements is mostly shared by macropi-
nocytosis (15–17). Macropinocytosis is responsible for the uptake of large amounts of
extracellular fluids and is often triggered by high amounts of growth factors. However,
in contrast to macropinocytosis, HPV16 uptake is independent of cholesterol and Rho
GTPase signaling (13). Moreover, the mode of vesicle formation is distinct. HPV16 enters
cells in small inward budding pits, whereas macropinocytosis generates large outward
protrusions that fold back to form vesicles. As a final distinction, HPV16 endocytosis
occurs asynchronously over a protracted period of time, with a halftime of 10 to 12 h
(13), while macropinocytosis occurs within about 20 min after induction and ceases
thereafter (18). Since other viruses, such as influenza A virus (IAV) and lymphocytic
choriomeningitis virus, can make use of similar mechanisms for entry, a better charac-
terization of how endocytic vesicle formation is regulated and executed is of high
interest (19–22).

Initiation of HPV16 endocytosis occurs after binding to heparan sulfate proteogly-
cans (HSPGs) on the cell surface (23, 24). This causes a first conformational change in
the viral capsid, which is followed by cleavage of the major structural protein L1 by the
extracellular protease kallikrein-8 (KLK8) (25, 26). Cyclophilins then aid to expose the N
terminus of the minor capsid protein L2, which is subsequently cleaved by furin (27, 28).
All of these changes reduce the affinity to HSPGs, allowing a transfer of the virus
particle to an elusive secondary receptor for internalization (29, 30). Previous studies
identified a variety of receptor candidates, such as the tetraspanins cluster of differen-
tiation 151 (CD151) and CD63 (31, 32), EGFR (13), growth factor receptors (33, 34),
integrin �6 (32, 35–37), and annexin A2 (38, 39). Hypothetically, these proteins may
form a complex that serves as an entry platform and induces signaling, possibly via
EGFR and/or integrin �6, for HPV16 uptake (3). Alternatively, Surviladze and colleagues
propose that HPV16 capsids do not detach from HSPGs but are instead shed from the
cell surface by matrix metalloproteinases releasing a complex of virus, HSPG ectodo-
main, and growth factors (33). This complex would then bind back to the cell surface
and induce the activation of growth factor receptors and subsequent downstream
signaling via extracellular signal-regulated kinase 1 (ERK1) and ERK2. A recent third
addition to these models implicates a disintegrin and metalloproteinase 17 (ADAM17)
(40), which supposedly facilitates the formation of CD151 containing entry platforms.
In this model, ADAM17 mediates ectodomain shedding of membrane proteins and
thereby releases growth factors, which in turn would activate EGFR and the down-
stream kinases ERK1 and 2. This ultimately triggers the formation of an entry platform,
making the host cell susceptible for infection.

Despite their mechanistic differences, all of these models conclude that EGFR-
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derived signaling eventually triggers endocytic uptake. Although some evidence exists
as to specific kinases that may facilitate HPV16 entry, the functional outcome of the
signaling events remains speculative. Here, we analyzed the specificity and functional
importance of EGFR and downstream effectors in signal transduction in light of the
mechanistic differences between HPV16 endocytosis and macropinocytosis. Using
phosphospecific Western blotting, small-molecule inhibitors, RNA interference (RNAi),
knockout cell lines, and electron microscopy (EM) to study EGFR and different down-
stream signaling factors, we showed that EGFR-derived signaling is required for the
initiation of endocytic pit formation. Moreover, we identified the kinase Abelson
tyrosine-protein kinase 2 (Abl2) as a downstream target involved in endocytic pit
maturation as a distinction from macropinocytosis.

RESULTS
EGFR signaling is required throughout HPV16 endocytosis. Initially, we aimed to

shed some light on whether EGFR signaling observed during or very shortly after
binding facilitates HPV16 endocytosis (13, 33). Previous work indicates HPV16-induced
phosphorylation of downstream EGFR targets such as ERK1 (Thr202/Tyr204)/ERK2
(Thr185/Tyr187) (referred to as pERK) as early as 5 min postinfection (p.i.) (33). As
previously reported, HPV16 infection of serum-starved HaCaT cells led to detectable
ERK phosphorylation (Fig. 1D and F) (33). In comparison to stimulation by epidermal
growth factor (EGF) that served as a positive control and caused elevated pERK up to
30 min poststimulation, HPV16 binding led to levels of pERK above background that
were short-lived and detected only at 10 but not 30 min p.i. (Fig. 1D to G). In line with
previous hypotheses (3, 33, 40), this may suggest an indirect way of EGFR stimulation.
Of note, pERK background signals were more prominent in solvent-treated control
samples (mock) at 10 versus 30 min poststimulation (Fig. 1D to G). This elevated pERK
background was likely due to mechanical stimulation during solvent addition as
previously observed (41, 42). Notably, ERK activation downstream of HPV16 infection
was detectable only upon high viral loads with varying levels of pERK, including
experiments where pERK above background was not detectable. The cause of the
variability could not be elucidated, suggesting that the degree of ERK activation even
upon high viral loads was typically close to the detection limit. Taken together, we
confirmed that EGFR signaling can occur with or shortly after virus binding. Corrobo-
rating the importance of EGFR signaling, the presence of the ATP competitive EGFR
inhibitor Iressa (43) dose-dependently reduced HPV16 infection (Fig. 1A) (13). Moreover,
we addressed the requirement of EGFR signaling for HPV16 endocytosis using a
previously established assay to measure the internalization of infectious virus particles
(13). At 12 h p.i., extracellular viruses were rendered noninfectious by a high-pH wash
so that only already internalized virus was able to cause infection. The inhibitor was
washed out at the time of pH wash, and infection was allowed to continue in the
absence of the inhibitor, thus negating any effects of the inhibitor that may occur at
later steps during the entry process. In the presence of Iressa, the endocytic uptake of
infectious virions was reduced by about 70% (Fig. 1B). Overall, these experiments
confirmed that EGFR signaling was important for HPV16 endocytosis and that EGFR
signaling could be induced immediately after infection.

To test whether the signaling observed with or shortly after binding was indeed
crucial for virus uptake, the EGFR inhibitor Iressa was added at various time points
before and after infection. Addition of Iressa before and up to 4 h p.i. reduced infection
by about 80 to 90% (Fig. 1C). At later time points, HPV16 infection increased to reach
56% � 13%, when Iressa was added at 10 h p.i. (Fig. 1C). Since the time course
resembled the known internalization kinetics (13), our data indicated that EGFR signal-
ing was required throughout the asynchronous process of particle uptake. However,
such EGFR signaling did not lead to a sustained and observable pERK signal (Fig. 1E and
G). This may be due to the asynchronous events leading to infectious uptake so that
pERK levels may only be raised in individual cells or locally and thereby may not rise
above background within cell populations at these time points.
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FIG 1 EGFR signaling is essential for HPV16 endocytosis. (A) HeLa cells were pretreated with the EGFR inhibitor
Iressa at the indicated concentrations for 30 min before they were infected with HPV16 PsVs. To reduce cytotoxicity,
Iressa was exchanged for NH4Cl at 12 h p.i. Infection was scored by flow cytometry at 48 h p.i. Infection values were
normalized to solvent controls and are depicted as the mean of three independent experiments � standard
deviation (SD). (B) HeLa cells were preincubated with 25 �M Iressa for 30 min and subsequently infected with
HPV16 PsVs. At 12 h p.i., cells were either treated as in panel A (infection), or extracellular viruses were inactivated
by treatment with a high pH buffer (infectious internalization). Infection was scored by flow cytometry and
normalized to inhibitor reversibility. Depicted is the mean � SD (n � 3). (C) HaCaT cells were infected with HPV16
PsVs at different MOIs (in particles/cell). Iressa (25 �M) was added at the indicated time points p.i., and infection
was continued in the presence of the inhibitor. Infection was analyzed by flow cytometry at 48 h p.i., and infection
values were normalized to solvent-treated controls. The area in gray indicates baseline infection levels upon Iressa
treatment. Depicted is the mean of three independent experiments � SD. (D, E) Serum-starved HaCaT cells were
either incubated with PBS (mock), EGF, or different MOIs of HPV16, MCPyV, or HSV-1 for 10 (D) or 30 min (E). Cell
lysates were first blotted against pERK and thereafter against ERK. (F, G) pERK levels were quantified and normalized
to the respective mock samples and ERK (loading control). Depicted are the values from each experiment as fold
activation of the background of n � 7 independent experiments (for HPV16). The individual experiments are
indicated by individual geometric data points, whereas the data points are grouped by color according to the
stimulus.
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If EGFR signaling responsible for uptake needed to occur throughout internalization
over a period of several hours, what role did the detectable ERK stimulation with or
shortly after binding play? Detection of pERK within 10 min p.i. suggested that the
coinciding HPV16 binding of HSPGs may be important. Since HSPGs also bind growth
factors, which in turn interact with their receptors (44, 45), we hypothesized that
HPV16-induced clustering of HSPGs may lead to subsequent clustering and activation
of EGFR. To test this, we used herpes simplex virus 1 (HSV-1), an enveloped DNA virus,
and Merkel cell polyomavirus (MCPyV), a nonenveloped polyomavirus, as controls.
HSV-1 and MCPyV both bind to HSPGs (46–48) so that we expected EGFR stimulation
upon their binding to cells. Like HPV16, HSV-1 stimulated pERK at 10 min p.i., whereas
infection with MCPyV resulted in ERK phosphorylation only at 30 min p.i. (Fig. 1D to G).
This correlates with different binding kinetics of these viruses (data not shown),
resulting in the induction of pERK at different time points after virus addition. Since
both viruses elicited pERK shortly after binding (Fig. 1D to G), and since neither HSV-1
nor MCPyV are known to interact with growth factor receptors, EGFR activation may in
fact occur by indirect clustering of EGFR associated with HSPGs as has also been
observed for other viruses (49, 50). Together with our inhibitor data, this suggested that
EGFR signaling upon virus binding to HSPGs at high viral loads occurred coincidentally
rather than functionally.

HPV16 infection is independent of an initial burst of EGFR signaling. To
investigate the functional importance of early EGFR signaling induced upon virus
binding, we aimed to suppress early activation but not any signaling potentially
occurring later. For this, Iressa was added prior to and during stimulation and washed
out to allow signaling after binding of the stimulus. When Iressa was present during
EGF stimulation, pERK as an indicator of signaling was suppressed, whereas EGF-
stimulated signaling was observed again once the inhibitor was washed out (Fig. 2A).
Thus, Iressa washout allowed reversible inhibition of EGFR-related signaling. However,
when HPV16 was bound in the presence of Iressa and ERK activation was analyzed after
subsequent washout of the inhibitor, no rise in pERK levels was detected, whereas

FIG 2 Early ERK activation is dispensable for HPV16 infection. (A) Serum-starved HaCaT cells were either directly incubated
with PBS (mock) or EGF for 10 min (left) or pretreated with 25 �M Iressa for 30 min and subsequently stimulated with EGF
for 10 min (middle). To test for the reversibility of Iressa treatment, cells were preincubated with 25 �M Iressa for 30 min
and stimulated with EGF after washout of the inhibitor for 10 min (right). Cell lysates were first blotted against pERK and
thereafter against ERK. pERK levels were quantified and normalized to the mock of the untreated condition and ERK
(loading control). (B) Serum-starved HaCaT cells were incubated with 25 �M Iressa for 30 min prior to binding of HPV16
PsVs or EGF for 1 h (mock � PBS). Subsequently, Iressa was washed out, and incubation was continued in the presence
of HPV16 or EGF for the indicated time points. Lysates were processed as in panel A. pERK levels were quantified and
normalized to the respective mock samples and ERK (loading control). (C) HaCaT cells were preincubated with 25 �M Iressa
for 30 min and infected with HPV16 PsVs at different MOIs. At the indicated time points p.i., Iressa was washed out and
infection was continued in the absence of the inhibitor. Cells were scored for infection 48 h p.i. by flow cytometry, and
infection was normalized to the untreated control. Depicted is the mean of three experiments � SD.
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EGF-derived pERK was still observable (Fig. 2B). This suggested that HPV16-derived
detectable pERK only arose during binding to HSPGs but was not sustained through
specific interactions of HPV16 with EGFR. Next, we asked whether HPV16-induced EGFR
signaling during binding was crucial for HPV16 infection. Serum-starved HaCaT cells
were infected in the presence of the EGFR inhibitor, which was subsequently removed
at different time points p.i. Even an Iressa washout at 6 h p.i. only marginally reduced
infection (Fig. 2C). This indicated that HPV16 infection of immortalized epithelial cells
can occur independently of an initial strong pERK stimulation. Taken together, HPV16
binding to cells could activate EGFR signaling, but this early activation was dispensable
for infection, whereas an asynchronous EGFR signaling was required throughout HPV16
internalization. The absence of observable activation of downstream targets at these
times meant that studying any signaling cascades by this most typical approach (e.g.,
reviewed in reference 51) was not a feasible approach.

Abl2 is required for HPV16 endocytosis. Small-compound inhibitor studies tar-
geting potential EGFR downstream effectors during HPV16 endocytosis were employed
as an alternative approach. Here, we focused on potential regulators of actin dynamics,
as our previous work demonstrated that HPV16 uptake depends on actin polymeriza-
tion, which is independent of classical Rho GTPase signaling (13). Sarcoma (Src) family
kinases (SFK) are important regulators of actin polymerization during macropinocytosis
(52), which shares similarities with HPV16 endocytosis (13). Moreover, the nonreceptor
tyrosine kinase Src has previously been implicated in HPV16 infection (34, 39). To
analyze the role of Src and the closely related and highly similar Abl kinases during
HPV16 entry, the ATP competitive dual small-molecule inhibitor saracatinib was used
(53). Saracatinib-mediated inhibition of Src and Abl kinases decreased HPV16 infection
by 65% � 9% (Fig. 3A). In contrast, uptake of vesicular stomatitis virus (VSV) by
actin-dependent clathrin-mediated endocytosis (CME) (54) was unaffected (Fig. 3A). To
more specifically address the involvement of Src, the highly selective inhibitor PP2 was
utilized (55). PP2 modulates Src kinase-ligand interactions but not Abl activity (56, 57).
However, PP2 treatment neither had an effect on HPV16 nor on VSV infection but
reduced reovirus infection by 70% � 14% (58), suggesting that Src was not required for
HPV16 infection (Fig. 3B). Our evidence contrasted previous findings from Dziduszko
and Ozbun that suggest the importance of Src kinases in HPV16 infection (39). Similar
to our work, their studies relied on small-compound inhibitors, which need to be very
well controlled due to pleiotropic effects on closely related kinases. To provide an
alternative approach, we resorted to genetic experiments. In confirmation of the notion
that Src family kinases are dispensable for entry, HPV16 infection of mouse embryonic
fibroblasts (MEFs) lacking the three most ubiquitously expressed SFK members Src, Fyn,
and Yes (59), was even increased (Fig. 3E). Infection with Semliki Forest virus (SFV),
which enters cells via CME (60–63), was unaffected in these cells (Fig. 3E).

Next, we turned our attention to the Src-related kinases Abl1 and 2, as they are the
most likely target for variable inhibition by Src family kinase inhibitors. Inhibition of Abl
kinases by the ATP competitive inhibitors nilotinib (64) and imatinib (65) reduced
HPV16 infection by 74% � 4% and 79% � 7%, respectively (Fig. 3C and D). At the same
time, infection with VSV was unaffected (Fig. 3C and D), suggesting that HPV16
infection depended on Abl kinases. To further investigate whether HPV16 infection
involves Abl kinases, we depleted cells of the two closely related kinases Abl1 or Abl2
by transfection of small interfering RNAs (siRNAs). All siRNAs led to an efficient
depletion on the protein level (Fig. 3F). Interestingly, Abl1 knockdown did not affect
HPV16 infection (Fig. 3G), whereas depletion of Abl2 reduced infection by 80% � 15%
(Fig. 3G). This indicated that Abl2 was required for HPV16 infection, while Abl1 seemed
to be dispensable. To examine if Abl contributed to HPV16 endocytosis, we analyzed
infectious internalization in the presence of the Abl inhibitors as described above. Both
inhibitors reduced virus uptake, highlighting a role for Abl2 in the endocytic uptake of
HPV16 (Fig. 3H). We concluded that Abl2, but not Src, was a crucial downstream target
of EGFR required for HPV16 infection and internalization.
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EGFR regulates pit induction, whereas Abl2 regulates pit maturation. So far, we
implicated EGFR and Abl2 as essential regulators of the novel endocytic pathway used
for HPV16 internalization. To more specifically determine the regulatory role of both
factors in endocytosis, quantitative ultrastructural analysis of endocytic pits in the
presence or absence of either EGFR or Abl inhibitors was performed by ultrathin section
transmission electron microscopy (TEM). Most virus containing pits (79%) in untreated
cells were small, inward budding vesicles with diameters of about 60 to 80 nm (Fig. 4A).
Each of these pits contained one virus particle and was termed a typical pit (Fig. 4A).
Iressa-mediated EGFR inhibition resulted in a 64% decrease in the number of endocytic
pits, with about half of the remaining pits appearing elongated and wider (about
130-nm diameter) compared to those of untreated cells (Fig. 4B and D). The reduction
in pit number indicated that pit formation failed to initiate if EGFR signaling was
suppressed. Interestingly, Abl inhibition by imatinib and nilotinib led to an enrichment
of virus-containing pits with aberrant pit shapes by 275% and 195%, respectively (Fig.
4E). These pits were much larger (about 145 nm in diameter), contained most often
several virus particles per pit, and were frequently associated with multiple budding
structures that had a grape-like appearance (Fig. 4C). Importantly, only the number of
endocytic pits containing virus particles changed, whereas upon visual inspection, the
overall number of pits of various existing endocytic mechanisms did not (data not
shown). This indicated that the treatments affected HPV16 endocytosis specifically.
Since EGFR inhibition interfered with pit initiation and virus-filled pits did form upon

FIG 3 HPV16 internalization depends on the tyrosine kinase Abl2. (A to D) HeLa cells were incubated with the
small-compound inhibitors saracatinib (Src, Abl) (A), PP2 (Src) (B), nilotinib (Abl) (C), or imatinib (Abl) (D) at the indicated
concentrations for 30 min. The cells were then either infected with HPV16 PsVs (black bars) for 48 h, with VSV-GFP for 5 h
(white bars), or with reovirus for 16 h (gray bars). In the case of HPV16 infection, the inhibitor was exchanged by NH4Cl
at 12 h p.i. to reduce cytotoxicity. Infection was scored by flow cytometry and normalized to solvent-treated control cells.
(E) Mouse embryonic fibroblasts with a knockout of Src, Fyn, and Yes (SFY) as well as the littermate control cell line (Src�/�)
were infected with HPV16 PsVs (black bars) for 48 h or SFV (white bars) for 5 h. Infection was scored by flow cytometry.
(F) HeLa Kyoto cells were lysed 48 h after transfection with indicated siRNAs. Lysates were immunoblotted with Abl1- or
Abl2-specific antibodies. (G) HeLa Kyoto cells were transfected with siRNAs against Abl1 and 2. At 48 h posttransfection,
cells were infected with HPV16 PsVs for 48 h. Infection was analyzed by microscopy and automated cell scoring, and values
were normalized to the control siRNA. (H) HeLa cells were preincubated with 25 �M Iressa, 25 �M imatinib, or 10 �M
nilotinib for 30 min and subsequently infected with HPV16 PsVs. Cells were treated with a high-pH buffer at 12 h p.i.
Infection was continued in the absence of the inhibitor. Infectious internalization was scored 48 h p.i. by flow cytometry
and normalized to solvent-treated controls. All infection values are depicted as the mean of three independent experi-
ments � SD.

EGFR and Abl2 Regulate HPV16 Endocytosis Journal of Virology

June 2020 Volume 94 Issue 11 e02143-19 jvi.asm.org 7

https://jvi.asm.org


Abl2 inhibition, Abl2 acted downstream of EGFR and was not involved in pit induction.
Due to the observed change in pit size and shape, Abl2 signaling rather regulated pit
dilation or maturation prior to scission.

DISCUSSION

Several studies have linked EGFR signaling to HPV16 endocytosis (13, 33, 34, 40). In
this study, we aimed to further elucidate its role and potential downstream signaling
events facilitating HPV16 endocytosis. Besides corroborating an essential role of EGFR
for endocytosis, our results strongly indicated that EGFR signaling was crucial for the
induction of endocytic pit formation. Moreover, we found that Abl2 kinase, a potential

FIG 4 EGFR and Abl2 regulate pit induction and dilation/maturation, respectively. (A to C) HeLa ATCC
cells were treated with 25 �M Iressa (B) or 25 �M imatinib (C) for 30 min or were left untreated (A) and
subsequently infected with HPV16 PsVs. Cells were fixed at 6 h p.i., and endocytic pits were analyzed by
ultrathin section TEM. (D) Virus-containing plasma membrane invaginations were counted and normal-
ized to untreated control cells. At least 10 cells were counted per experiment in several independent
experiments, excluding nilotinib where only one experiment was done. (E) The amount of virus-filled
atypical pits per cell (e.g., in panel C) was determined and normalized to the amount of atypical pits in
control cells.
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downstream target of EGFR signaling, regulated pit dilation or maturation during
HPV16 endocytosis. In addition, biochemical assessment of phosphorylation dynamics
combined with inhibitor studies determined that the burst of EGFR signaling observed
during HPV16 binding was not required for infection of immortalized cells.

The observation of an early burst of EGFR signaling and the requirement of EGFR
signaling throughout the asynchronous uptake of HPV16 that occurs over several hours
poses a number of questions. First, are the two processes linked, and if not, how is
signaling induced? Second, what is the potential role of initial EGFR signaling, as it was
not required for endocytosis? Third, what is the detailed functional outcome of signal-
ing and what are the effectors that are being targeted. Although at present in part
speculative, we will discuss these questions in light of the existing experimental
evidence.

Currently there are different models on how EGFR signaling is induced during
HPV16 endocytosis. Raff et al. (3) propose that signaling is initiated upon transfer of
terminally restructured virus particles to an entry platform containing the EGFR. An
alternative model suggests that HPV16 bound to HSPG/growth factor complexes is
shed from the cell surface (33). The decorated particle then induces signaling by
binding to EGFR, which facilitates virus entry. A more recent model proposes that EGFR
is activated through soluble growth factors shed from the cell surface by ADAM17.
Signaling then triggers the formation of a virus entry platform over several hours (40).
However, none of these models necessitates the early burst of EGFR signaling but
rather throughout the asynchronous virus uptake, which may indicate that the two are
not functionally linked.

But what causes the early burst of ERK activation? Viruses provide multiple receptor-
binding sites and typically engage more than one receptor molecule. For instance,
murine leukemia virus (MLV) clusters its receptor, mouse cationic amino acid trans-
porter 1, upon binding (66). Interestingly, the HPV16 capsid displays multiple HSPG-
binding sites (67) so that it likely clusters several HSPGs upon binding. Since HSPGs bind
growth factors and thereby activate adjacent EGFR (44, 45, 68), HPV16 binding-induced
HSPG-EGFR coclustering perhaps triggers EGFR signaling observed with or shortly after
binding to cells. In support, our results demonstrated that binding of other HSPG-
engaging viruses, namely, MCPyV and HSV-1, raised pERK levels briefly after binding
comparable to those of HPV16 and EGF.

Our findings that early EGFR signaling was not required for HPV16 endocytosis and
infection of immortalized cells do not rule out a putative importance for successful
infection in vivo. Early EGFR signaling could prime host cells for viral gene expression
as has, for example, been suggested for HIV-1 binding to chemokine receptors (69, 70),
antagonize the host cell immune response (71, 72), or trigger proliferation of primary
cells, which would be required for HPV16 nuclear import (73, 74).

Since our combined evidence from inhibitor kinetics and ultrathin section TEM
indicated that EGFR activation was needed for induction of endocytic pit formation and
occurred asynchronously over a period of several hours, EGFR activation for pit induc-
tion most likely occurred through a mechanism different from virus-induced HSPG-
EGFR coclustering. This is supported by previous work that demonstrates infection of
HSPG-deficient cells upon structural activation of the virus (25, 30, 33, 75). In the entry
platform model, the endocytosis-facilitating microdomain is formed by the tetraspanin
CD151 and contains EGFR, integrin �6, and further plasma membrane proteins (3).
Since the ability of CD151 to form tetraspanin-enriched microdomains is essential for
HPV16 infection (32), one possibility is that the CD151 microdomain associates with
multiple EGFR molecules, thereby activating the receptor through transautophospho-
rylation (76). This is in analogy to processes described in cancer cells, where CD151
enhances growth factor receptor signaling through complex formation with integrins
(77). Alternatively or in conjunction, ADAM17-dependent coclustering of preformed
CD151-EGFR microdomains with HPV16 facilitates maturation of the virus entry plat-
form and allows uptake (40).

The next step after initiation of endocytic pit formation via EGFR signaling would be
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pit dilation and maturation. Endocytic vesicle scission subsequently occurs by actin
polymerization in a Rho GTPase-independent manner (13). In other endocytic mecha-
nisms, these steps are carefully regulated by signaling events. Wondering whether
downstream signaling of the EGFR would influence endocytosis in an additional
manner to pit induction, we focused on Abl and Src kinases. These are prominent
regulators of actin dynamics (52, 78) and could drive actin polymerization during HPV16
endocytosis and infection. By use of RNAi, inhibitors, and knockout cell lines, we
identified the kinase Abl2 as a regulator of endocytic pit maturation, whereas Src was
dispensable for HPV16 infection. While in line with the observations of Abban and
Meneses that the Src inhibitor PP2 has no effect on HPV16 infection (79), the Ozbun lab
observed an inhibition of infection upon PP2 treatment (34, 39). Including an inhibitor
swap to NH4Cl after virus internalization (introduced in reference 13) likely avoided
pleiotropic effects in our experiments and may thus explain the difference between the
data presented here and previous work, where kinase inhibitors were kept throughout
experimentation (34, 39). This may also mean that PP2-mediated inhibition of Src
possibly affects infection at a later step of HPV16 entry.

The EM analysis implied that Abl2 was required for endocytic pit maturation since
the amount of atypically formed pits increased upon Abl2 inhibition. A considerable
fraction of atypical pits displayed multiple budding structures. A similar phenotype has
previously been observed for caveolar endocytosis, where phosphatase inhibition leads
to the formation of multicaveolar clusters (80, 81). Even though HPV16 uptake is
independent of caveolin (13), the similarity in morphology may suggest a requirement
of Abl2-regulated phosphatases for HPV16 endocytosis. In fact, we previously estab-
lished a role of phosphatases during endocytosis but not binding (13). One candidate
is SHIP2, which acts downstream of Abl kinases and controls phosphatidylinositol (3–5)
trisphosphate and phosphatidylinositol (4, 5) bisphosphate levels, which are important
regulators of plasma membrane trafficking (82–85). Thus, Abl2 may activate SHIP2 to
drive phosphoinositide turnover and therefore pit maturation during HPV16 endocy-
tosis. Additionally, we observed that, despite being misshaped upon Abl inhibition,
many endocytic pits were already constricted at the vesicle neck. This suggests a
perturbation of endocytic vesicle scission, which depends on actin polymerization (13).
Abl2 has binding sites for actin (86, 87) and stimulates actin branching by interaction
with Arp2/3 and cofilin, respectively (88). Thus, Abl2 may induce actin polymerization
for endocytic vesicle scission. Since Abl2 had never been linked to endocytosis, our
findings suggest a novel function of this kinase in membrane trafficking.

As discussed above, EGFR and Abl2 kinase signaling directly regulate different steps
in the formation of the endocytic vesicle and must, therefore, occur subsequently with
EGFR signaling occurring prior to Abl2 signaling. Given previous work implicating EGFR
signaling in the activation of Abl kinases (89–91), it is likely that the two signaling
events are part of a hierarchical cascade. However, without further experimental
evidence, we cannot exclude that both events occur through different virus-cell
interactions.

Taken together, we demonstrated that the initiation of HPV16 endocytosis de-
pended on EGFR signaling but was independent of an initial signaling induced with or
shortly after cell binding. In addition, we identified Abl2 as cellular kinase involved in
endocytic pit maturation. The requirement of Abl2 kinase for HPV16 endocytic pit
maturation demarcates an essential difference to macropinocytosis. While EGFR signal-
ing is required for both macropinocytosis and HPV16 endocytosis (13, 33, 34, 40, 92),
the induction kinetics are entirely different. A transient, strong stimulation in macropi-
nocytosis is opposed by an asynchronous activation occurring over several hours in
HPV16 endocytosis. This may be due to the mode of EGFR activation and/or down-
stream regulatory factors. Macropinocytosis depends on Src activation and signaling,
which leads to recruitment and activation of cortactin to drive membrane ruffling (52,
93), macropinosome formation, and maturation (94, 95), whereas HPV16 endocytosis
needs the Src-like kinase Abl2 to drive vesicle maturation. Thus, it is tempting to
speculate that the involvement of Abl2 instead of Src together with the sustained low
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activation of EGFR is one of the causes for differences between the modes of vesicle
formation, which is the most striking divergence between the pathways.

MATERIALS AND METHODS
Cells, viruses, pharmacological inhibitors, ligands, siRNAs, and antibodies. HeLa (ATCC [96]),

HeLa Kyoto (kind gift from L. Pelkmans, ETH Zürich Switzerland [97]), HaCaT (kind gift from J. T. Schiller,
NCl, Bethesda, MD, USA [98]), and mouse embryonic fibroblasts (Src/Fyn/Yes [SFY]) and its littermate
control Src�/� (kind gift from R. Mancini and L. Pelkmans, ETH, Zürich, Switzerland [59]) were cultivated
in Dulbecco modified Eagle medium (DMEM) high glucose (Sigma) supplemented with 10% fetal calf
serum (Biochrom). Recombinant HPV16 PsVs containing green fluorescent protein (GFP) reporter plas-
mids were produced as previously described using the plasmids pClneo-GFP and p16sheLL (11). VSV-GFP
(Indiana), SFV, MCPyV, and HSV-1 were generated as described earlier (60, 99–101). Reovirus (T3D [102])
was a kind gift from S. Boulant (DKFZ/Heidelberg University, Germany). Small-compound inhibitors in this
study included the following: Iressa and PP2 from Tocris Bioscience as well as saracatinib, nilotinib, and
imatinib from LC Laboratories. The ligand EGF was from Sigma. The siRNAs against Abl1 (ABL1_5,
AAAGGTGAAAAGCTCCGGGTC; ABL1_11, CCAGTGGAGATAACACTCTAA) and Abl2 (ABL2_6, ATCAAGCAT
CCTAATCTGGTA; ABL2_8, AACCCTGTCCTTAATAACTTA) and the negative-control siRNA (AllStarNeg) were
purchased from Qiagen. Antibodies in this study were the following: Lady Di (against SFV glycoproteins,
ETH Zürich, Switzerland [13]), ERK-2 (Santa Cruz [33]), pERK (NEB [33]), Abl1 (Millipore), Abl2 (Abcam),
�-tubulin (Sigma-Aldrich), and �NS (kind gift from S. Boulant, DKFZ/Heidelberg University, Germany).

Infection and infectious internalization studies. HeLa ATCC, HaCaT, or mouse embryonic fibro-
blasts seeded in 12-well plates (5 � 104 cells/well) were preincubated with small-compound inhibitors at
the indicated concentrations for 30 min. Cells were subsequently infected with HPV16 PsVs, VSV-GFP, or
SFV in the presence of the inhibitor to result in about 20% infection of the unperturbed control. In case
of infection assays with HPV16 PsV, the medium was exchanged by 10 mM NH4Cl/10 mM HEPES at 12 h
p.i. to reduce cytotoxicity (13). For infectious internalization assays, cells were washed twice with
phosphate-buffered saline (PBS) at 12 h p.i. and incubated with high-pH buffer (0.1 mM N-cyclohexyl-
3-aminopropanesulfonic acid [CAPS] buffer, pH 10.5) for 90 s to inactivate extracellular virions (13). Then,
cells were washed twice with PBS and further cultivated in complete growth medium to allow infection
by already internalized virus. For all assays, cells were trypsinized (Sigma) and fixed in 4% (vol/wt)
paraformaldehyde (PFA) either at 5 h p.i. for SFV, 6 h p.i. for VSV-GFP, or 48 h p.i. for HPV16 PsV. In the
case of SFV, immunostaining against the glycoproteins followed by a secondary antibody staining using
Alexa Flour 488 (Molecular Probes) was performed. Cells were analyzed for infection (level of GFP or Alexa
Flour 488 staining) by flow cytometry (FACSCalibur; Becton, Dickinson). The relative number of infected
cells was normalized to the solvent control. For infectious internalization assays, infection was normalized
to inhibitor reversibility as previously described (13). For reovirus experiments, 6,000 HeLa ATCC cells
were seeded in optical bottom 96-well plates (Greiner Bio-One). Cells were preincubated with PP2 at
indicated concentrations and subsequently infected with reovirus in the presence of PP2 to result in
about 20% infection in the solvent treated control. At 16 h p.i., cells were fixed with 4% PFA and
immunostained against the nonstructural �NS protein followed by secondary antibody staining. Nuclei
were stained with RedDot 2 (VWR/Biotium), and infection was analyzed microscopically (as described in
RNAi). Cell number and infection were determined using CellProfiler (version 2.1.1). Nuclei were seg-
mented, and a mask covering the nuclei and 10 adjacent pixels in the perinuclear area was transferred
to the respective images with virus signal (�NS staining). Cells were classified as infected or uninfected
based on the virus intensity in the masked area. The threshold was set based on the intensity of
uninfected samples. Readout was the average percentage of infected cells per sample.

RNAi. A total of 2,000 HeLa Kyoto cells in 96-well optical bottom plates were reverse transfected with
20 nM siRNA using Lipofectamine RNAiMax (Invitrogen) according to the manufacturer’s instructions.
Cells were infected with HPV16 PsVs at 48 h posttransfection to result in about 20% infection in
AllStarNeg control cells. Cells were fixed with 4% PFA at 48 h p.i., and nuclei were stained with RedDot
2. Infection was analyzed on a Zeiss Axiovert Z.1 microscope equipped with a Yokogawa CSU22 spinning
disc module. Images were acquired with a 20� objective using a CoolSnap HQ camera (Visitron Systems).
Cell number and infection were determined using a MATLAB-based infection scoring procedure (Math-
Works [13, 97, 103]). Raw infection values were normalized to the control siRNA. To analyze knockdown
efficiencies, 2 � 104 HeLa Kyoto cells in 12-well plates were reverse transfected with 20 nM siRNA. Cell
lysates were prepared 48 h posttransfection. Lysates from two wells per condition were combined and
prepared for SDS-PAGE and Western blotting by addition of 2� SDS sample buffer (4% SDS, 100 mM
Tris-HCl, pH 6.8, 20% glycerol, 8 mM dithiothreitol [DTT], 4% bromphenol blue) and incubation for 5 min
at 95°C for protein denaturation. The samples were analyzed for Abl1 and Abl2 expression, and �-tubulin
was used as a loading control.

ERK activation studies. Two days prior to stimulation, 3 � 105 HaCaT cells were seeded in 6-well
plates. The following day, cells were serum starved for 16 h. Then, cells were exposed to PBS (mock),
30 ng EGF and HPV16 PsV, MCPyV, or HSV-1 at multiplicities of infection (MOI) of 100, 1,000, or 10,000
particles/cell for the indicated time points. Alternatively, cells were preincubated with a small-compound
inhibitor at the designated concentrations for 30 min prior to infection. The cells were lysed on ice by
incubation with radioimmunoprecipitation assay (RIPA) buffer (150 mM NaCl, 1% Triton X-100, 0.5%
sodium deoxycholate, 0.1% SDS, 50 mM Tris, pH 7.4) supplemented with protease inhibitors (Roche
complete mini) for 5 min. Nuclei were sedimented by centrifugation and protein concentrations were
determined with a bicinchoninic acid (BCA) test kit (Thermo Scientific). Then, the lysates were incubated
with 2� SDS sample buffer as above, and pERK levels were determined by Western blotting analysis.
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Thereafter, the nitrocellulose membrane was stripped, twice with elution buffer I (50 mM Tris-HCl, pH 7.5,
5 mM EDTA, 150 mM NaCl) for 2 min, once with elution buffer II (5 mM DTT, 200 mM glycine-HCl, pH 2.8)
for 2 min and reprobed against ERK as a loading control. Relative signal intensity of pERK was determined
using ImageJ and normalized to the signal intensity of the loading control ERK before normalization to
the indicated mock sample.

Electron microscopy. A total of 1 � 105 HeLa ATCC cells seeded in 3-cm dishes were preincubated
with 25 �M Iressa, 10 �M nilotinib, or 25 �M imatinib for 30 min and infected with HPV16 PsVs (10,000
particles/cell). Cells were fixed at 6 h p.i. in 2.5% glutaraldehyde (GA) in Dulbecco’s phosphate-buffered
saline (D-PBS), postfixed in 1% OsO4, block stained with 0.5% uranylacetate (UAC), dehydrated, and
embedded in Epon. Ultrathin sections (60 nm) were cut and counterstained with uranyl acetate and lead.
Samples were analyzed at 80 kV on a FEI Tecnai 12 electron microscope (FEI, Eindhoven, Netherlands).
Images of selected areas were documented with an Olympus Veleta 4k charge-coupled-device (CCD)
camera or with Ditabis imaging plates (Ditabis, Pforzheim, Germany). The total number of pits/cell as well
as the number of atypical pits/cell (elongated, multiple particles and/or pits) was determined for at least
10 cells per experiment in several independent experiments, excluding nilotinib, where only one
experiment was performed. Since HPV16 endocytic pits are not easily distinguishable from caveolae or
uncoated pits from other endocytic mechanisms without further staining, only pits containing virus(es)
were counted. Pit numbers were normalized to untreated controls.

ACKNOWLEDGMENTS
We thank I. Fels (Institute of Cellular Virology, Münster, Germany) for technical

support during virus production. Thanks also to members of the Schelhaas laboratory
for helpful comments on this manuscript.

This work was supported by funding to M.S. by the German Research Foundation
(grants SCHE 1552 6-2 and INST211/817A09).

REFERENCES
1. Zur Hausen H. 2002. Papillomaviruses and cancer: from basic studies to

clinical application. Nat Rev Cancer 2:342–350. https://doi.org/10.1038/
nrc798.

2. Doorbar J, Quint W, Banks L, Bravo IG, Stoler M, Broker TR, Stanley MA.
2012. The biology and life-cycle of human papillomaviruses. Vaccine
30(Suppl):F55–F70. https://doi.org/10.1016/j.vaccine.2012.06.083.

3. Raff AB, Woodham AW, Raff LM, Skeate JG, Yan L, Da Silva DM,
Schelhaas M, Kast WM. 2013. The evolving field of human papilloma-
virus receptor research: a review of binding and entry. J Virol 87:
6062– 6072. https://doi.org/10.1128/JVI.00330-13.
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