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ABSTRACT

The human papillomavirus (HPV) capsid protein L2 is essential for viral entry. To gain a deeper understanding of the role of L2,
we searched for novel cellular L2-interacting proteins. A yeast two-hybrid analysis uncovered the actin-depolymerizing factor
gelsolin, the membrane glycoprotein dysadherin, the centrosomal protein 68 (Cep68), and the cytoskeletal adaptor protein ob-
scurin-like 1 protein (OBSL1) as putative L2 binding molecules. Pseudovirus (PsV) infection assays identified OBSL1 as a host
factor required for gene transduction by three oncogenic human papillomavirus types, HPV16, HPV18, and HPV31. In addition,
we detected OBSLI expression in cervical tissue sections and noted the involvement of OBSL1 during gene transduction of pri-
mary keratinocytes by HPV16 PsV. Complex formation of HPV16 L2 with OBSL1 was demonstrated in coimmunofluorescence
and coimmunoprecipitation studies after overexpression of L2 or after PsV exposure. We observed a strong colocalization of
OBSL1 with HPV16 PsV and tetraspanin CD151 at the plasma membrane, suggesting a role for OBSL1 in viral endocytosis. In-
deed, viral entry assays exhibited a reduction of viral endocytosis in OBSL1-depleted cells. Our results suggest OBSL1 as a novel

L2-interacting protein and endocytosis factor in HPV infection.

IMPORTANCE

Human papillomaviruses infect mucosal and cutaneous epithelia, and the high-risk HPV types account for 5% of cancer cases
worldwide. As recently discovered, HPV entry occurs by a clathrin-, caveolin-, and dynamin-independent endocytosis via tetras-
panin-enriched microdomains. At present, the cellular proteins involved in the underlying mechanism of this type of endocyto-
sis are under investigation. In this study, the cytoskeletal adaptor OBSL1 was discovered as a previously unrecognized interac-
tion partner of the minor capsid protein L2 and was identified as a proviral host factor required for HPV16 endocytosis into
target cells. The findings of this study advance the understanding of a so far less well-characterized endocytic pathway that is

used by oncogenic HPV subtypes.

uman papillomaviruses (HPVs) are small, nonenveloped
DNA viruses that infect dividing basal keratinocytes of skin
and mucosa via microlesions of the tissue. HPV is capable of in-
ducing benign epithelial warts on the skin and mucosa, and infec-
tion with a high-risk HPV type may cause cervical and other ano-
genital and oropharyngeal cancers (1, 2). Cervical cancer is the
third most common cancer in women worldwide and is associated
with HPV infection, more precisely with high-risk HPV types such
as HPV16, HPV18, and HPV31 (3). HPV is composed of a viral
capsid with the major capsid protein L1, the minor capsid protein
L2, and the viral genome. One icosahedral capsid contains 360
copies of L1, which can self-assemble to 72 pentamers, and up to
72 copies of the minor capsid protein L2, located inside the L1
shell (4-6). The capsid proteins L1 and L2 are key players in early
events of infection, such as virus binding at the plasma membrane,
cell entry, and transport of viral DNA into the nucleus (7-10).
Primary cell binding of the viral capsid is mediated by interac-
tion of major capsid protein L1 with heparan sulfate proteogly-
cans (HSPGs) or non-HSPG components such as laminin-332
(11-17). After primary binding, both capsid proteins undergo
conformational changes initiated by interactions with HSPGs,
chaperones, and cellular proteases (18-21). The chaperone cyclo-
philin B facilitates exposure of the L2 N terminus (22), while furin
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cleaves the first 12 amino acids of L2 (23-26). Furin cleavage may
also occur during virion morphogenesis, as shown for tissue-de-
rived native HPV16, resulting in infection independent of cellular
furin (25). The precleaved virus is transferred to tetraspanin-en-
riched microdomains (TEMs) (27, 28), where L2 directly interacts
with the annexin A2 heterotetramer (A2t), a protein localized on
the outer and inner leaflet of the plasma membrane and mediating
viral endocytosis and infection (29, 30). Interaction occurs be-
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tween L2 amino acid residues 108 to 126 and A2t subunit SI00A10
(29, 30).

Endocytosis of viral particles is mediated by a clathrin-, dy-
namin-, and caveolin-independent mechanism but requires tet-
raspanin CD151 and the actin cytoskeleton (10, 27, 28, 31-34).
Following internalization, viral particles are found in CD63-pos-
itive endosomes recruiting syntenin-1, a CD63-interacting adap-
tor protein (35). The CD63—syntenin-1 complex was identified as
aregulatory component in postendocytic HPV trafficking to mul-
tivesicular endosomes (35), where vacuolar ATPase and cyclophi-
lins facilitate capsid disassembly and dissociation of L1 and L2
(36-38). DiGiuseppe and coworkers revealed that L2 amino acid
residues 64 to 81 and 163 to 170 and the L2 C-terminal exposure
on the cytosolic side of intracellular membranes enable interac-
tion with cytosolic host cell factors (39). Interactions of L2 with
actin (40), components of the retrograde transport machinery
(37, 41, 42), sorting nexins 17 and 27, TSG101, y-secretase, and
Hsc70, as well as the microtubule network, have been reported
(37, 41-48). These interactions result in trafficking to the Golgi
network (37, 41, 42, 47), transport toward the nucleus (43, 44),
and accumulation at nuclear substructures (49-53). Furthermore,
L2 possesses a membrane-destabilizing peptide in its C terminus
(54) and a transmembrane domain in its N terminus (55) that are
both important for translocation to the cytoplasm. The precise
step in viral infection at which L2 becomes accessible on the cyto-
solic side of the host membrane remains unknown. It may occur
after capsid disassembly or earlier in infection.

In this study, we identified the cytoskeletal adaptor protein
obscurin-like 1 (OBSL1) as a relevant cellular component during
HPV gene transduction and endocytosis. OBSLI was first discov-
ered and described by Geisler et al. in 2007 as a protein closely
related to obscurin (56). Obscurin is a structural protein expressed
in myocytes, whereas OBSL1 was found in cells of numerous tis-
sues, indicating that its function is not limited to myocardial
muscles. Although OBSL1 has not been characterized well, it is
thought to act as a cytoskeletal adaptor protein, for example, in
linking the internal cytoskeleton to the plasma membrane (56).
Furthermore, it was found to form a protein complex at the Golgi
apparatus of mammalian brain neurons (57). Here, we demon-
strate that OBSL1 forms a complex with HPV16 L2 and that
OBSL1 knockdown inhibits gene transduction of human kerati-
nocytes by pseudoviruses of oncogenic HPV types 16, 18, and 31.
Therefore, we propose that OBSL1 plays a general role in infection
of keratinocytes by various human papillomaviruses.

MATERIALS AND METHODS

Plasmids and antibodies. The pcDNA3.1-V5-Obsll expression vector
was kindly provided by P. E. Clayton (58). Codon-optimized HPV16 L1
and L2 expression plasmids were prepared based on the wild-type origin
vector described before (59). FLAG-tagged L2 was cloned into p3xFLAG-
CMV-14 using BamHI. For detection of V5-tagged OBSL1 after Western
blotting or immunofluorescence staining, either monoclonal antibody
(MAD) SV5-Pk1 (Bio-Rad, Hercules, CA) or polyclonal antibody ab9116
(Abcam, Cambridge, UK) was used. HPV16 L1-specific mouse monoclo-
nal antibody 16L1-312F and rabbit polyclonal antibody K75 and 33L1-7
as well as HPV16 L2-specific mouse antibody 33L2-1 have been previously
described (L2-1 [60], K75 [61], 312F [62], and L1-7 [63]). Obscurin-like
1-specific polyclonal rabbit antibody HPA036404 and FLAG (M2)- and
B-actin (A5441)-specific mouse antibodies were purchased from Sigma-
Aldrich, St. Louis, MO. Obscurin-like 1-specific polyclonal goat antibody
(E-16) and dysadherin-specific goat antibody (N-20) were obtained from
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Santa Cruz Biotechnology, Dallas, TX. Cep68-specific polyclonal rabbit
antibody (15147-1-AP) was purchased from Proteintech, Rosemont, IL,
and gelsolin-specific monoclonal antibody GS-2C4 was purchased from
Abcam. Monoclonal mouse antibody against Golgi (Golgin-97) was pur-
chased from Thermo Fisher, Waltham, MA. Horseradish peroxidase
(HRP)-coupled secondary antibodies were purchased from Dianova,
Hamburg, Germany; secondary antibodies for immunofluorescence de-
tection (Alexa Fluor) as well as the Click-iT EdU imaging kit were pur-
chased from Invitrogen, Carlsbad, CA.

Production of PsVs. HPV16, -18, and -31 pseudoviruses (PsVs) and
HPV16 L1-only PsV were prepared as previously described and published
(33,53, 64). Quantification of the reporter gene plasmid was performed as
published before (28, 53, 65).

Yeast two-hybrid screening. The yeast two-hybrid screening with L2
asbait usinga cDNA library (pJG4-5) derived from human serum-starved
WI-38 fibroblasts has been described previously (44, 66).

Cell lines and transfection. The human cervical carcinoma cell line
HeLa was purchased from the German Resource Center of Biological
Material (DSMZ; Braunschweig, Germany). HaCaT cells (human non-
virally transformed keratinocytes) were obtained from Cell Lines Services
(CLS), Eppelheim, Germany. Both cell lines were grown at 37°C in Dul-
becco’s modified Eagle’s medium (DMEM; Invitrogen, Carlsbad, CA)
supplemented with 10% fetal calf serum (FCS; Biochrom AG, Berlin, Ger-
many), 1% Glutamax I (Invitrogen), 1% modified Eagle’s medium non-
essential amino acids (GE Healthcare, Little Chalfont, UK), and antibiot-
ics (Fresenius Kabi, Bad Homburg vor der Hoehe, Germany). Normal
human epidermal keratinocytes (NHEK) were purchased from Promo-
Cell, Heidelberg, Germany, and cultivated according to the manufactur-
er’s instructions in keratinocyte growth medium 2.

siRNA-mediated knockdown and gene transduction assay. All small
interfering RNAs (siRNAs) were purchased from Qiagen, Hilden,
Germany. The following gene-specific siRNAs were used: gelsolin,
Hs_GSN_3/4/5; dysadherin, Hs_FXYD5_3/5/6; cep68, Hs_CEP68_2/
Hs_KIAA0582_2/3; and obsl1, Hs_KIAA0657_4/5/6. Likewise, from Qia-
gen, AllStar negative-control siRNA was used as a nonsilencing control
siRNA. HeLa or HaCaT cells or NHEK were transfected with 30 nM
siRNA using Lipofectamine RNAIMAX according to the manufacturer’s
instructions (Invitrogen, Carlsbad, CA). Subsequent experiments were
performed 48 h after siRNA transfection. PsV infection assays were per-
formed as described previously (28). Briefly, HeLa or HaCaT cells or
NHEK were seeded into 24-well plates and transfected with siRNA for
48 h. Afterwards, cells were exposed to 100 (HeLa and HaCaT) or 500
(NHEK) luciferase vector-positive PsVs per cell. Twenty-four hours
(HeLa and HaCaT) or 48 h (NHEK) postexposure (p.e.), luciferase activ-
ity was measured to quantify gene transduction efficiency of HPV PsV and
normalized by lactate dehydrogenase (LDH) measurements (CytoTox-
ONE homogeneous membrane integrity assay; Promega, Firchburg,
WI). Luciferase and LDH activities were measured with a Tristar LB 941
luminometer (Berthold Technologies, Bad Wildbad, Germany). The
siRNA knockdown efficiency was quantified by Western blotting and
quantitative PCR (qPCR). Western blotting for dysadherin was per-
formed under nonreducing conditions. For gPCR experiments, HeLa or
HaCaT cells or NHEK were seeded into 12-well plates and transfected
with siRNAs for 48 h as described above. Afterwards, cells were lysed using
peqGOLD TriFast (Peqlab, Erlangen, Germany), and total mRNA was
isolated using a Direct-zol RNA MiniPrep kit from Zymo Research, Ir-
vine, CA, according to the manufacturer’s instructions. The mRNA was
then treated with 5 U of RNase-free, recombinant DNase I (Roche Diag-
nostics, Rotkreuz, Switzerland), and cDNA synthesis was performed by
using a qScript cDNA synthesis kit (Quanta Biosciences, Beverly, MA).
For real-time quantitative PCR, specific primer sets for OBSL1 were used,
while B-actin served as a reference. Primer sequences are available on
request. One qPCR mix (20-pl total reaction volume) comprised 5 pl of
c¢DNA template, 1 pl of each forward and reverse primer (10 uM), 10 pl of
Fast Start Universal SYBR green Probe Master (Roche Diagnostics, Rot-
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NP_001121138.1 Gelsolin, GSN

actin depolymerizing factor

852-1982/2226

AAP36551.1 Dysadherin, FXYD5 FXYD domain containing ion transport regulator 5 1-534/534
EAW99927 .1 Centrosomal protein 68 kDa, Cep68 centriole-centriole cohesion 1505-1860/1860
NP_056126.1 Obscurin-like 1, OBSL1 cytoskeletal adaptor protein 328-1030/5688
+ Gelsolin + Dysadherin + Cep68 + Obscurin-like 1
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FIG 1 Identification of four cellular interaction partners of HPV16 L2. (A) Listed proteins were identified by yeast two-hybrid screen. The GenBank accession
no., full name, putative function, and identified base pairs compared to full-length DNA sequence are listed. (B) Yeast strain L40 expressing a negative control
(NC; LexA-lamin), a positive control (PC; LexA-Fos2), or the bait LexA-L2 280-473 (L2) fusion construct was transformed with corresponding prey construct
B42-HA-GSN (gelsolin), B42-HA-FXYDS5 (dysadherin), B42-HA-Cep68 (Cep68), B42-HA-OBSL1 (OBSL1), or empty prey vector pJG4-5 (rightmost column).
Transformants were tested for the prototrophic marker histidine (— His) and B-galactosidase (f3-gal.) activity reporting bait-prey interaction. Plates were
incubated for 4 days at 30°C. Yeast cells were transferred onto nitrocellulose filter and incubated in 5-bromo-4-chloro-3-indolyl-B-D-galactopyranoside (X-Gal)

buffer to detect B-galactosidase activity.

kreuz, Switzerland), and 3 pl of aqua bidest. The qPCR was performed
with a 7300 real-time PCR system and Sequence Detection Software 4.0
(Applied Biosystems, Foster City, CA) and analyzed by using the compar-
ative cycle threshold (C;) method.

Immunofluorescence microscopy. HeLa or HaCaT cells were grown
on coverslips. After transfection and/or treatment with about 500 HPV16
PsVs per cell, cells were washed and fixed with methanol at —20°C for 10
min or 30 min according to the 5-ethynyl-2'-deoxyuridine (EdU) staining
protocol at different time points after addition of PsVs. For phalloidin
costaining, the cells were fixed with 4% paraformaldehyde for 10 min at
room temperature and then permeabilized with 0.2% Triton-X in phos-
phate-buffered saline (PBS) for 2 min at room temperature. Fixed cells
were washed three times with PBS and blocked for 30 min with PBS-1%
(wt/vol) bovine serum albumin (BSA; AppliChem, Darmstadt, Ger-
many). For L2 staining after PsV exposure, cells were incubated with
Click-iT reaction cocktail according to the manufacturer’s instructions
(without the addition of EAU label for PsV staining) as described previ-
ously (22, 53). Afterwards, proteins were stained with the desired antibod-
ies at 37°C for 1 h. After washing with PBS, coverslips were blocked with
PBS-1% BSA for 10 min and subsequently incubated with Alexa-conju-
gated specific secondary antibodies or phalloidin-tetramethyl rhoda-
mine isothiocyanate (TRITC; Sigma-Aldrich, St. Louis, MO) for 1 h at
37°C in the dark. DNA was stained with Hoechst 33342 (Invitrogen,
Carlsbad, CA). Coverslips were mounted onto slides using Fluoprep
mounting medium (bioMérieux, Marcy—I’EtoiIe, France). Fluorescence
imaging was performed on a Zeiss Axiovert 200 M microscope equipped
with a Plan-Apochromat 100X objective lens (1.4 numeric aperture), and
Z-stack images were deconvoluted using the software supplied by Zeiss
(Axiovision 4.7; Carl Zeiss, Jena, Germany). For confocal microscopy,
images were recorded with an LSM880 confocal laser scanning micro-
scope (Carl Zeiss) using a water immersion objective (C-Apochromat
40X/1.2 W). Alexa Fluor 488-labeled OBSL1-V5 was excited with the
488-nm line of an argon laser, and the fluorescence was detected in the
wavelength range of 500 to 553 nm. Phalloidin-TRITC that was used for
staining of the F-actin structures was excited with the 543-nm line of an
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HeNe laser, and the fluorescence was detected in the range of 562 to 633
nm. Z-stacks with a distance of 0.5 pm between the slices were acquired
and representative slices selected. Image files were assembled into figures
using InDesign software (Adobe).

Immunostaining of tissue slices. Paraffin-embedded cervix tissue
slices were stained as described previously (28, 50, 51, 66, 67).

Cell binding assay. HaCaT cells were grown in 24-well plates and
transfected with target-specific siRNA for 48 h. Afterwards, cells were
detached with 0.05% trypsin—2.5 mM EDTA, resuspended in DMEM, and
transferred into siliconized reaction tubes. Control cells were pretreated
with polyethyleneimine (PEI), an inhibitor of HPV infection (Sigma-
Aldrich, St. Louis, MO), for 1 h at 4°C as indicated below and described
previously (65). Subsequently, all cells were exposed to 200 to 500 HPV16
PsVs for 1 hat4°C on an overhead rotator. Samples were washed with PBS
and collected in SDS sample buffer for Western blotting. Cell-bound
HPV16 particles were stained using anti-L1 antibody 312F. B-Actin
served as an internal loading control.

Detection of surface-bound particles by flow cytometry and immu-
nofluorescence. HaCaT cells were seeded in either 12-well plates on cov-
erslips for immunofluorescence or 24-well plates for flow cytometry anal-
ysis and transfected with control siRNA or an OBSLI siRNA pool for 48 h.
Afterwards, cells were treated with 200 to 500 HPV16 PsVsfor 1 hor24 h
and incubated at 37°C. Cells were washed with fresh medium to remove
unbound virus at 1 h postinfection. For immunofluorescence analysis,
cells were washed with PBS and fixed with 2% paraformaldehyde. Surface-
bound particles were stained with anti-L1 polyclonal antibody K75 and
secondary anti-rabbit Alexa Fluor 488 antibody according to the immu-
nofluorescence protocol described above. Cell nuclei were stained with
Hoechst 33342. For quantification, the relative amount of surface-bound
particles was determined based on the K75-positive pixels relative to the
cell nucleus signal (DNA/Hoechst 33342-positive pixels) in 50 randomly
selected cells each from three independent experiments. A threshold value
was set to exclude background. For flow cytometry analysis, PsV-exposed
cells were trypsinized with 0.05% trypsin—2.5 mM EDTA after 1 h and 24
h, as indicated below. Surface-bound particles were stained with anti-L1
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FIG 2 Influence of the putative cellular L2 interaction partners on HPV16 PsV gene transduction. HaCaT cells were transfected with control siRNA or siRNA
targeted against gelsolin, dysadherin, Cep68, or OBSL1 for 48 h and then exposed to HPV16 PsVs for 24 h. (A) Cell lysates of siRNA-mediated protein depletion
48 h after transfection were analyzed by Western blotting with specific antibodies (siRNAs that showed reduction of protein level without off-target effects were
selected). (B) Gene transduction efficiency was measured by luciferase activity and was normalized to lactate dehydrogenase (LDH) activity as a control for cell
viability. Control siRNA-transfected cells were set to 100% = SD. *, P < 0.05 compared to the value for the control.

polyclonal antibody K75 in PBS—0.5% FCS for 30 min at 4°C and second-
ary anti-rabbit Alexa Fluor 488 antibody in PBS—0.5% FCS for 20 min at
4°C. Cells were analyzed by flow cytometry (FACScan; Becton, Dickinson,
East Rutherford, NJ) and CellQuest3.3 software (Becton, Dickinson).
Measurements of viral particle internalization through protease
protection assays. For the proteinase protection assay as described previ-
ously (68), HaCaT cells were transfected with either control siRNA or an
OBSLI siRNA pool for 48 h. Cells were infected with 1,000 to 2,000
HPV16 PsV for 1 h, washed with medium, and incubated for another 24 h.
Cells were then washed two times with PBS and incubated with cell culture
medium without FCS and supplemented with 20 g/ml of proteinase K
(Sigma-Aldrich, St. Louis, MO) for 15 min at 37°C. Control cells were
treated with cell culture medium alone. Digestion was stopped by addi-
tion of 2 mM phenylmethylsulfonyl fluoride (PMSF). Subsequently, cells
were washed with PBS, lysed in SDS sample buffer, and processed for
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Western blotting. Undigested L1 protein was stained using anti-L1 anti-
body 312F and was normalized to L1 input (after 24 h of incubation with
HaCaT cells).

Detection of virus capsid disassembly by immunofluorescence.
HaCaT cells were grown on coverslips and transfected with control siRNA
or an OBSLI siRNA pool for 48 h. Cells were treated with 200 to 500
HPV16 PsV for 7 h at 37°C. Subsequently, cells were fixed with methanol
and stained with anti-L1-7 MAb and secondary anti-mouse Alexa Fluor
488 antibody according to the immunofluorescence protocol described
before (27, 28). Quantification was done as described in the protocol
above for detection of surface-bound particles.

Coimmunoprecipitation. For coimmunoprecipitation after overex-
pression, HeLa cells were seeded in 60-mm dishes and incubated for 24 h
at 37°C. Cells were transfected with the appropriate plasmids for addi-
tional 24 h using Lipofectamine 2000 (Invitrogen, Carlsbad, CA). There-
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FIG 3 OBSL1 mRNA level correlates with gene transduction by HPV16, -18, and -31 PsV in HeLa and HaCaT cells. (A) siRNA-mediated OBSLI depletion on
mRNA level in HeLa and HaCaT cells. Experiments were performed as described for Fig. 2. Forty-eight hours after siRNA transfection, total mRNA of
siRNA-treated HeLa and HaCaT cells was isolated, reverse transcribed to cDNA, and analyzed by quantitative real-time PCR using gene-specific primers for
amplification. Shown are the results of two independent experiments performed in duplicate. (B) HeLa and HaCaT cells were transfected with control siRNA or
OBSLI siRNA for 48 h. Shown is the gene transduction with HPV16 PsV as measured by luciferase activity and normalized to lactate dehydrogenase (LDH)
activity as a control for cell viability. Control siRNA-transfected cells were set to 100% * SD. *, P < 0.05 compared to the value for the control. (C and D)
Experiments were performed as described for panel B but with exposure to HPV18 PsV (C) or HPV31 PsV (D).

after, cells were lysed using MACS lysis buffer (MACS Miltenyi Biotec,
Bergisch Gladbach, Germany), containing dithiothreitol (DTT) and the
protease inhibitors aprotinin and leupeptin (10 wg/ml each), and incu-
bated for 20 min at 4°C on an overhead rotator. Lysates were treated 3
times with an ultrasonicator (30% duty cycle; output control, 30%;
Branson Sonifier 250; Emerson Industrial Automation, St. Louis, MO)
for 20 s and incubated for 20 min at 4°C on an overhead rotator.
Lysates were centrifuged for 10 min at 4°C and 13,000 rpm and pre-
cleared with 50 wl of protein A/G agarose (Santa Cruz Biotechnology,
Dallas, TX). Precleared lysates were incubated with 1 pl of anti-V5
antibody (Bio-Rad) for precipitation of V5-OBSLI for 1 hat 4°Cona
rotating wheel and for 1 h after addition of 50 wl of protein A/G
agarose. Agarose was washed with wash buffer containing 500 mM
NaCl, 50 mM Tris-HCI (pH 8.0), 1% (vol/vol) NP-40 (Sigma-Aldrich,
St. Louis, MO), 0.5% (wt/vol) sodium deoxycholate (Sigma-Aldrich),
0.1% SDS (Carl Roth, Karlsruhe, Germany), and protease inhibitors.
The precipitates were boiled in SDS sample buffer and processed for
Western blotting. For coimmunoprecipitation after pseudovirus in-
fection, HaCaT cells were seeded in 10-cm dishes and incubated for 24
h at 37°C. Cells were then exposed to HPV16 PsV (L1/L2 and L1 only
PsVs) for 4 h, washed on ice with HEPES wash buffer (25 mM HEPES,
150 mM NaCl, 5 mM MgCl,) containing the protease inhibitors apro-
tinin and leupeptin (10 pg/ml each), lysed with lysis buffer {1% 3-[(3-
cholamidopropyl)-dimethylammonio]-1-propanesulfonate (CHAPS), 25
mM HEPES, 150 mM NaCl, 5 mM MgCL,} containing aprotinin and
leupeptin (10 pg/ml each), and incubated for 15 min at 4°C on an over-
head rotator. Lysates were treated 3 times with an ultrasonicator (30%
duty cycle; output control, 30%; Branson Sonifier 250; Emerson Indus-
trial Automation, St. Louis, MO) for 20 s and incubated for 30 min at
4°C on an overhead rotator. M-280 sheep anti-rabbit IgG Dynabeads
(Invitrogen, Carlsbad, CA) were preincubated with anti-HPV16 L1
(K75) for 30 min at room temperature and 2 h at room temperature
after addition of lysates. Magnetic beads were washed three times with
PBS containing 0.02% Tween and aprotinin and leupeptin (10 pg/ml
each) and subsequently boiled in SDS sample buffer and processed for
Western blotting.
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Statistics. All experiments were reproduced at least three times. Sta-
tistical significances (P < 0.05) were calculated with a two-tailed, paired ¢
test using Microsoft Office Excel 2010.

RESULTS

Yeast two-hybrid screening reveals novel putative cellular inter-
action partners of HPV16 L2. The multifunctional minor capsid
protein L2 plays essential role in virus entry and morphogenesis.
To gain a deeper insight into the HPV replication cycle, we per-
formed a yeast two-hybrid screen with the L2 protein as previously
described (44, 66). Four novel putative cellular interaction part-
ners of L2 were identified in this screen: the actin-depolymerizing
factor gelsolin, the membrane glycoprotein dysadherin, the cen-
trosomal protein Cep68, and the cytoskeletal adaptor protein ob-
scurin-like 1 (OBSL1) (Fig. 1).

Cep68 and OBSLI are proviral factors in HPV16 PsV gene
transduction. The influence of each of the four putative L2 inter-
action partners on HPV16 PsV gene transduction was evaluated in
siRNA-mediated knockdown experiments with HaCaT cells (Fig.
2) using HPV16 PsV with an encapsidated luciferase expression
plasmid. Transfection of the target-specific siRNAs resulted in a
depletion of all four proteins (Fig. 2A). However, the knockdown
of gelsolin and dysadherin had no or only a minor influence on
HPV16 PsV gene transduction, while Cep68- and OBSL1-specific
siRNA treatment led to a significant reduction of gene transduc-
tion by all tested siRNAs (Fig. 2B). The importance of the cyto-
skeleton during HPV16 infection has been demonstrated before
(69), but a cytoskeletal adaptor with a suggested function as a
linker between the cytoskeleton and the plasma membrane has
not been described so far. Therefore, OBSL1 was selected for fur-
ther analysis in this study.

OBSL1 is required for gene transductions by oncogenic HPV
types 16,18, and 31. Next, siRNA-mediated OBSL1 mRNA deple-
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FIG 4 Obscurin-like 1 is expressed in HPV16 target cells and required for gene transduction of primary keratinocytes. (A) Distribution of OBSL1 in cervical
mucosa and expression of OBSLI in basal cells (right images show higher magnification of basal keratinocytes). Human cervical tissue sections were stained with
an OBSLI antibody (green). Nuclei are shown in blue. (B) Normal human epidermal keratinocytes (NHEK) were transfected with control or OBSLI siRNA for
48 h. Total mRNA was isolated, reverse transcribed to cDNA, and analyzed by quantitative real-time PCR using gene-specific primers for amplification. (C)
NHEK were transfected with control or OBSLI siRNA for 48 h and then exposed to HPV16 PsV for 24 h. Gene transduction was measured by luciferase activity
and normalized by LDH measurements. The control siRNA infection rate was set to 100%. *, P < 0.05 compared to the value for the control.

tion (Fig. 3A) was analyzed. The mRNA level correlated with the
reduction of HPV16 gene transduction in HaCaT (Fig. 2 and 3B)
and HeLa cells (Fig. 3B). These data suggest a specific function for
the cytoskeletal adaptor protein OBSL1 in HPV16 infection. Since
HPV16, HPV18, and HPV31 share similar endocytic require-
ments for entry (33), the influence of OBSLI depletion was inves-
tigated for HPV18 and HPV31 in both cell lines (Fig. 3C and D).
Here again, OBSL1 mRNA level knockdown efficiency in HeLa
and HaCaT cells correlated with reduced HPV PsV gene transduc-
tion. These data suggest that the OBSL1-dependent entry step in
infection of keratinocytes with various human papillomaviruses is
conserved.

OBSL1 is expressed in cervical tissue and supports HPV gene
transduction of primary keratinocytes. Since HPV16 virions in-
fect keratinocytes of the mucosa (64), we studied the distribution
of OBSLI1 in cervical tissue sections by immunofluorescence
staining. We detected a high expression level of OBSLI in basal
keratinocytes (Fig. 4A). In addition, siRNA-mediated knock-
down of OBSL1 in human primary keratinocytes (NHEK) (Fig.
4B) verified its biological relevance in HPV gene transduction
(Fig. 4C).

HPV16 L2 forms a complex with OBSLI. To analyze the
OBSL1 localization in keratinocytes and its interaction with
HPV16 L2, colocalization and coimmunoprecipitation assays of
OBSL1 and L2 were performed (Fig. 5). Confocal and deconvolu-
tion fluorescence microscopy showed that OBSL1 is mainly local-
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ized in the cell periphery, with partial colocalization with the
actin-binding protein phalloidin (Fig. 5A and B), while no co-
localization with a Golgi protein was observed (Fig. 5C), which
illustrates the role of OBSL1 as a cytoskeletal adaptor protein or a
plasma membrane-associated protein. Overexpression of HPV16
L2 led to different subcellular localization patterns: a characteris-
tic punctate pattern in the nucleus (Fig. 5D), diffuse nuclear local-
ization (data not shown), or cytoplasmic localization of L2 (Fig.
5F) due to different expression levels and the diverse localization
signals of L2 as described earlier (70-72). In cotransfected cells,
the cellular localization patterns of OBSL1 and L2 changed and
both proteins were strongly colocalized in the cytoplasm (Fig. 5E).
Cytoplasmic L2 also colocalized with endogenous OBSL1 (Fig.
5F). To support these findings, coimmunoprecipitation analyses
of OBSLI and L2 were conducted (Fig. 5G). The precipitation of
OBSLI resulted in a coprecipitation of L2, providing further evi-
dence of OBSL1/L2 complex formation in human keratinocytes.
Moreover, coprecipitation of endogenous OBSL1 was also ob-
served after HPV16 L1/L2 PsV infection (Fig. 5H), whereas
HPV16 PsV lacking the L2 protein (L1 only) showed a back-
ground level of OBSLI interaction comparable to that with non-
infected cells, suggesting complex formation of HPV16 L2 with
OBSL1 during virus entry.

OBSLI colocalizes with L2, L1 and tetraspanin CD151 during
PsV entry. To investigate the role of OBSLI in HPV infection, we
performed coimmunofluorescence studies of endogenous OBSL1
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FIG 5 HPV16 L2 forms a complex with OBSL1 in mammalian cells. (A) Confocal fluorescence microscopy shows colocalization of OBSLI1-V5 with actin-binding
protein phalloidin-TRITC (red). HaCaT cells were transfected with OBSL1-V5 for 24 h. OBSL1 was stained with monoclonal mouse V5 antibody (green). (B to F)
Deconvolution microscopy shows OBSL1 distribution pattern. (B) Representative picture of OBSL1-V5 (red). (C) Costaining of OBSL1-V5 and the Golgi apparatus. (D)
Representative nuclear HPV16 L2 distribution pattern. (E) Representative colocalization of OBSL1-V5 and L2. OBSL1-V5 and HPV16 L2 were expressed alone or in
combination in HeLa cells for 24 h. OBSL1 was stained with a polyclonal rabbit V5 antibody (red), L2 with the monoclonal mouse L2 antibody L2-1 (green). The Golgi
vesicles were visualized with the monoclonal mouse antibody Golgin-97 (green), and the DNA was visualized with Hoechst 33342 (blue). (F) Representative colocal-
ization of endogenous OBSL1 and L2 in HaCaT cells. HaCaT cells were transfected with HPV16 L2 for 24 h. OBSL1 was stained using polyclonal rabbit OBSL1 antibody
(red), L2 with the monoclonal mouse L2 antibody L2-1 (green), and DNA with Hoechst 33342 (blue). (G) Coimmunoprecipitation studies of L2 and OBSL1. Lysates
were prepared from HeLa cells transiently cotransfected with pcDNA3.1 empty vector or OBSL1-V5 and HPV16L2-FLAG as indicated. Protein expression was verified
by Western blotting of the lysates with the specific antibodies. Lysates were subjected to immunoprecipitation (IP) with antibodies specific for the V5 tag of OBSL1. The
precipitated proteins were detected by Western blotting using anti-V5 or anti-FLAG antibody. (H) Coimmunoprecipitation of HPV16 PsV and OBSLI. Lysates were
prepared from mock-, L1/L2 PsV-, or L1-only PsV-exposed HaCaT cells as indicated. Protein input was verified by Western blotting of the lysates with the specific
antibodies. Lysates were subjected to immunoprecipitation with antibodies specific for HPV16 L1 (K75). The precipitated proteins were detected by Western blotting
using anti-OBSL1 (E-16), anti-HPV16 L2 (L2-1), or anti-HPV16 L1 (312F).

and L2 in HPV16 PsV cell entry. We observed colocalization atthe =~ formed studies in OBSLI-overexpressing cells and found an in-
plasma membrane of HaCaT cells 4 h after PsV exposure (Fig. 6A).  crease of colocalization with L2 (Fig. 6B). These results imply an
Due to reduction of OBSLI antibody reactivity after cell treatment  involvement of OBSL1 during virus binding or endocytosis. Our
using the L2 staining protocol for PsV-derived L2, we also per- earlier studies demonstrated that the virus internalization requires
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A

FIG 6 OBSLI1 associates with the HPV16 entry platform. (A and B) HaCaT cells were exposed to HPV16 PsV for 4 h. The cells were fixed with methanol and
treated with Click-iT reaction buffer, without the addition of Alexa Fluor label for vDNA staining. Obscurin-like 1 was stained with anti-OBSL1 antibody for
staining of endogenous OBSL1 (red) (A) or with anti-V5 antibody after overexpression (B), L2 was stained with monoclonal mouse anti-L2 (L2-1) (green), and
nuclear DNA was stained with Hoechst 33342 (blue). (C) HaCaT cells were cotransfected with OBSL1-V5 and CD151-green fluorescent protein (GFP) for 24 h
and exposed to HPV16 PsVs for 4 h. OBSLI was stained with monoclonal mouse V5 antibody (red), L1 was stained with polyclonal rabbit L1 antibody (K75;

blue), and nuclei are shown with dotted lines.

association with the membrane organizer CD151 and integration
in tetraspanin-enriched microdomains (27, 28). Therefore, we an-
alyzed the putative association of OBSL1 with CD151 and dem-
onstrated colocalization of both proteins in HaCaT cells (Fig. 6C),
suggesting that OBSL1 is a part of the entry receptor complex and
involved in HPV endocytosis.

OBSLI1 is involved in HPV16 PsV endocytosis. To gain fur-
ther insights into the function of OBSL1 in HPV entry, we inves-
tigated its role during early steps of HPV16 entry. Cells were trans-
fected with either control siRNA or an OBSLI siRNA pool and
incubated with HPV16 PsV (Fig. 7). Surface-bound viral particles
were quantified by quantitative Western blot analysis (Fig. 7A),
flow cytometry (Fig. 7B), or immunofluorescence analysis (Fig.
7E) using L1-specific antibodies. Quantitative Western blot anal-
ysis demonstrated that siRNA-mediated OBSLI depletion had
no or a minor effect on initial HPV16 cell surface binding. As an
internal control, HaCaT cells were transfected with control siRNA
and treated with polyethyleneimine (PEI), a strong inhibitor for
primary HPV16 PsV binding (65). These data were strengthened
by results obtained from L1 surface staining by flow cytometry
analysis (Fig. 7B, 1 h p.e.), which also showed comparable virus
binding in control and OBSL1-depleted cells. After 24 h of incu-
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bation with PsV, the amount of surface-bound viral particles de-
creased to 60% of the initial binding level (Fig. 7B, third bar) in
control-treated cells. In contrast, 100% of surface-bound viral
particles were still detectable at the cell surface after 24 h of incu-
bation in OBSL1-depleted cells, indicating a lack of HPV16 endo-
cytosis (Fig. 7B, last bar), and were still sensitive for proteinase K
digestion, as shown in Fig. 7C and D. Additionally, quantitative
immunofluorescence analysis of nonpermeabilized cells revealed
a 3-fold-higher level of viral particles on the cell surface of OBSL1-
depleted cells than on control cells at 24 h after PsV exposure (Fig.
7E). Taken together, these results demonstrate that OBSL1 is re-
quired for virus endocytosis. As an additional control experiment,
we analyzed the PsV internalization and capsid disassembly/
degradation in endosomes of OBSL1-depleted cells using the
disassembly specific anti-L1 MAb 33L1-7 (Fig. 7F). This anti-
body binds to an epitope revealed only after disassembly in
acidified endosomes (27, 38). Control or OBSLI siRNA-trans-
fected cells were exposed to HPV16 PsV for 7 h. Control cells
showed a high degree of 33L1-7 staining, whereas the L1-7
signal was strongly decreased, to 32%, in OBSL1 knockdown
cells, further supporting the data showing that OBSLI is re-
quired for HPV16 endocytosis.
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DISCUSSION
HPV16 entry and the role of the minor capsid protein L2 therein

analyses. We discovered OBSLI as a novel L2 binding protein
involved in the poorly characterized endocytic pathway that is

are not fully understood. Here we present four putative cellular
interaction partners of HPV16 L2 identified by a yeast two-hybrid
screen: gelsolin, dysadherin, Cep68, and OBSL1. The importance
of these proteins in HPV16 infection was studied by siRNA-me-
diated knockdown experiments in HPV16 PsV gene transduction
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used by the oncogenic HPV types 16, 18, and 31.

Depletion of the putative L2-binding proteins in HaCaT cells
demonstrated that the actin-binding protein gelsolin was not re-
quired for gene transduction by HPV16 PsV. The interaction be-
tween L2 and gelsolin may play a role during the HPV replication
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cycle, as it was shown that HPV16 E7 interacts with gelsolin during
postinfective carcinogenesis, resulting in increased cell survival
(73). Besides gelsolin, the membrane glycoprotein dysadherin had
no or only a minor influence on HPV16 PsV entry but could still
be relevant for HPV16 morphogenesis. In contrast, cellular deple-
tion of Cep68 led to a significant reduction of HPV16 PsV gene
transduction. It has been shown that Cep68 affects centrosome
cohesion, decorates centrioles, and dissociates from centrosomes
during mitosis (74). HPV16 requires cell cycle progression for the
complex of L2/viral DNA (vDNA) to enter the host cell nucleus
(52, 75). Therefore, the involvement of L2/Cep68 interaction in
nuclear entry is conceivable and requires further investigation.
More importantly, we found the cytoskeletal adaptor protein
OBSLI as a proviral host cell factor. Cellular depletion of OBSL1
correlated with reduction of HPV16, -18, and -31 PsV gene trans-
ductions in HeLa and HaCaT cells. These data demonstrate that
this cellular protein plays a general role in infections by various
oncogenic human papillomaviruses.

OBSL1 has already been identified in numerous tissues and was
described as a membrane-interacting protein with suggested func-
tions similar to those of obscurin, titin, and myomesin. This may
allow OBSLI1 to function as a cytoskeletal adaptor that links cellu-
lar support networks, including the intermediate filament, micro-
filament, or actin filament system, to membrane-bound struc-
tures. The localization of OBSL1 was reminiscent of that of
plectin, another cytoskeletal adaptor protein (56). In line with
these results, our studies showed the expression of OBSL1 in cer-
vical tissue and plasma membrane localization in keratinocytes. In
addition, HPV16 gene transduction of primary keratinocytes was
highly regulated by OBSL1, further supporting its biological rele-
vance.

To confirm OBSLI as a novel binding partner of the minor
capsid protein L2, complex formation was demonstrated by co-
immunofluorescence and coimmunoprecipitation studies with
eukaryotic cells after overexpression of L2 or after PsV exposure.
In contrast to reports suggesting OBSL1 localization at the Golgi
apparatus (65), no colocalization between the Golgi and OBSL1
was detected in HaCaT cells. Instead, we observed association of
OBSLI with the actin cytoskeleton, the tetraspanin CD151—both
required for papillomavirus endocytosis—and colocalization of
OBSL1 and L2 at the plasma membrane during HPV16 PsV entry,
suggesting a role for OBSLI in early events of HPV16 entry. We
assigned the function of OBSL1 to a postbinding and pre-endocy-
tosis step during viral infection, since the depletion resulted in
strong inhibition of viral endocytosis while cell binding was unaf-
fected. These data implicate OBSLI as part of the entry receptor
complex. Interestingly, cyclophilin and annexin A2, two proteins
involved in HPV16 entry, have been identified in the OBSL1 in-
teractome (76). Cyclophilin mediates conformational changes of
the viral capsid on the cell surface, enabling L2 exposure (22), and
annexin A2 is demonstrated to be an L2-specific receptor (29, 30).
It will be interesting to demonstrate whether L2 becomes a trans-
membrane protein on the cell surface as shown for cytosolic local-
ized amino acids of endosomal L2 (39). This translocation may be
mediated by the L2-specific receptor annexin A2, since annexins
were discovered to bind to the inner and outer leaflet of mem-
branes and able to insert into lipid bilayers (77). The accessibility
of L2 on the cytosolic side would allow the interaction with cyto-
solic OBSL1. Our data indicate that HPV16 forms a complex with
OBSLI at the cell surface in an L2-dependent manner. More spe-
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cifically, OBSL1 interacts with L2 amino acids 280 to 473 in yeast,
suggesting association with the cytoskeletal adaptor protein via
the C terminus of L2. This part of L2 exhibits membrane-destabi-
lizing activity and is exposed on the cytoplasmic side of mem-
branes during infection (39, 54). Nevertheless, we cannot exclude
a bivalent function for OBSL1. It may also be involved in later
steps of infection, as was shown for furin and cyclophilin (22, 23,
36). Additionally, studying the role of OBSL1 during infection
with native HPV16 may be of interest since the requirements of
HSPG binding and furin cleavage differs between HPV PsV and
native viruses (15, 25, 78).

The model of OBSLI as a part of the entry receptor complex is
supported not only by HPV16 PsV coimmunoprecipitation and
the requirement of OBSL1 for PsV endocytosis but also by OBSL1/
CD151 and OBSL1/actin coimmunofluorescence analyses. We
found an association between OBSLI and the tetraspanin CD151,
another protein of the second receptor complex and a mediator of
HPV endocytosis (10, 27, 28, 33). Furthermore, the actin cytoskele-
ton was shown to be required for HPV transport on the cell surface
and the virus entry into the cell (32, 69, 79). It was also shown to be
regulated by CD151 (80, 81). In this regard, our data suggest that
OBSLLI is a membrane-interacting protein and cytoskeletal adaptor
supporting the connection between OBSL1, the HPV entry receptor
complex, and actin as a precondition for HPV16 internalization.

Combined, our results identified OBSL1 as a novel L2-specific
HPV16 interaction partner that is involved in gene transduction
of epithelial cells by different oncogenic HPV subtypes and in
endocytosis of HPV16 particles. Future research is needed to de-
termine whether this interaction occurs on the plasma membrane
in the early steps of infection or whether OBSL1 is associated with
viral endocytosis complexes supporting virus internalization
without direct L2 contact.
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