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ABSTRACT The human papillomavirus (HPV) E2 protein is a key regulator of vi-
ral transcription and replication. In this study, we demonstrate that the nonre-
ceptor tyrosine kinase Pyk2 phosphorylates tyrosine 131 in the E2 transactivation
domain. Both depletion of Pyk2 and treatment with a Pyk2 kinase inhibitor in-
creased viral DNA content in keratinocytes that maintain viral episomes. The
tyrosine-to-glutamic acid (E) mutant Y131E, which may mimic phosphotyrosine,
failed to stimulate transient DNA replication, and genomes with this mutation
were unable to establish stable episomes in keratinocytes. Using coimmunopre-
cipitation assays, we demonstrate that the Y131E is defective for binding to the
C-terminal motif (CTM) of Bromodomain-containing protein 4 (Brd4). These data
imply that HPV replication depends on E2 Y131 interaction with the pTEFb bind-
ing domain of Brd4.

IMPORTANCE Human papillomaviruses are the major causative agents of cervical,
oral, and anal cancers. The present study demonstrates that the Pyk2 tyrosine kinase
phosphorylates E2 at tyrosine 131, interfering with genome replication. We provide
evidence that phosphorylation of E2 prevents binding to the Brd4-CTM. Our findings
add to the understanding of molecular pathways utilized by the virus during its veg-
etative life cycle and offers insights into the host-virus interactome.
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he activator E2 and E1 DNA helicase proteins are the earliest proteins to be

expressed in human papillomavirus (HPV) infection. Small amounts of E2 mediate
the initiation of viral replication, and its relative expression level and function are linked
to the different stages of viral DNA replication (1, 2). The E2 protein is composed of an
~220-amino-acid (aa) transactivation domain (TAD), a nonconserved hinge region, and
a DNA-binding domain (DBD). E2 binds to a 12-nucleotide inverted palindrome stra-
tegically placed adjacent to transcriptional promoter elements and the origin of
replication (ori) (3). The E2 TAD associates with cellular host proteins such as Brd4,
TopBP1, TaxBP1, ChIR1, and GPS2/AMF-1 that are necessary for its genome replication,
transcription of the early promoter, and tethering of viral episomes to host mitotic
chromosomes during cell division (4-7).

We and others have identified several posttranslational modifications that coordi-
nate several E2 protein functions (8-12). Our laboratory recently discovered novel
regulatory interactions between E2 and tyrosine kinases belonging to fibroblast growth
factor receptor family (FGFR). We have identified phosphorylation sites within E2 at
tyrosine 102 (Y102) (9, 13) and Y138 (14) that control replication.

The differentiation status of the infected epithelium governs the viral replicative
program (15, 16). First, infection of basal epithelial cells is where the viral genome
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FIG 1 HPV E2 interacts with Pyk2. (A) HEK293TT cells were transfected with GFP-Pyk2 WT (wild type) or GFP-Pyk2 KD (kinase dead) and FLAG-HPV-31 E2.
FLAG-HPV-31 E2 was immunoprecipitated with M2 (FLAG) antibodies. Complexes were blotted with M2 (FLAG) and Pyk2 antibodies. (B) HEK293TT cells were
transfected with GFP-Pyk2 WT and FLAG-HPV-16 E2. FLAG-HPV-16 E2 was immunoprecipitated with M2 (FLAG) antibodies. Complexes were blotted with M2
(FLAG) and Pyk2 antibodies. (C) HPV-16 E2 in W12 cells was immunoprecipitated using sheep anti-HPV-16 E2 serum or normal sheep IgG. Complexes were

blotted with Pyk2 and HPV-16 E2 (TVG-261) antibodies.

replicates to a low copy number. In the maintenance stage in suprabasal cells, PV
genomes duplicate and partition in a cell-cycle-dependent manner (17, 18). As infected
cells migrate into the upper epithelial strata, in nondividing cells genomes amplify to
hundreds of copies. The late capsid proteins L1 and L2 are expressed, and viral particles
assemble and package episomes at this stage. We hypothesize that E2 posttranslational
modifications contribute to the regulation of the switch between replication stages.

E2 host interaction network mapping using yeast two-hybrid screens and a high-
throughput Gaussia princeps luciferase-based complementation assay (GPCA) detected
Pyk2 as potential interacting partner of HPV-18 E2 (19). Pyk2 is a calcium-regulated
nonreceptor tyrosine kinase and belongs to the focal adhesion kinase (FAK) subfamily.
Pyk2 and FAK share ~65% aa identity, similar phosphorylation sites, and domain
structure (20). Pyk2 signaling regulates cellular polarity, migration, proliferation, and
adhesion in response to stimuli, including hormones, growth factors, and cytokines
(21). In HaCaT cells, depletion or inhibition of the proline-rich tyrosine kinase (Pyk2) was
found to decrease HPV pseudovirion infection (22), and expression of L2 caused a 50%
increase in Pyk2 protein levels (23).

The molecular mechanisms by which viral genome replication switches from the
initial burst immediately after infection to once per cell cycle mode in the maintenance
stage is unclear. Here, we provide evidence that Pyk2 controls E2 activity by phosphor-
ylation of tyrosine 131 and limits genome replication through impairment of Brd4
C-terminal motif (CTM) association.

RESULTS

Characterization of the Pyk2 and HPV E2 interaction. Our initial goal was to
experimentally substantiate Pyk2 binding to high-risk HPV-31 and HPV-16 E2 since
previous studies reported interaction with HPV-18 E2 (19). FLAG-tagged HPV-31 E2 was
found to coimmunoprecipitate with both GFP-tagged wild-type (WT) and kinase-dead
(KD) Pyk2 (24, 25) (Fig. 1A). FLAG-tagged HPV-16 E2 also coimmunoprecipitated with
GFP-tagged Pyk2 (Fig. 1B). E2 expressed in W12 cells from the HPV-16 episomes
coimmunoprecipitated with endogenous Pyk2 protein (Fig. 1C). To identify the region
of binding of HPV-31 and -16 E2 to Pyk2, a series of progressive N-terminal E2 deletions
were utilized (Fig. 2A). The E2 fragments express differently because of their variable
protein stability. We used this assay to measure the ability of these E2 segments to bind
to Pyk2 in a classical domain mapping experiment. WT Pyk2 coimmunoprecipitated
with the HPV-31 E2 region of aa 107 to 372 but not to a segment that spanned aa 176
to 372 or the DBD from aa 205 to 372 (Fig. 2B), confirming that the interaction occurs
within the E2 TAD. We used the 1-106/176 -372 fragment to determine the importance
of the excluded beta-sheet region of E2. Unexpectedly, we observed association
between Pyk2 with an HPV-31 E2 truncated protein that included aa 1 to 106 linked to
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FIG 2 Pyk2 interacts with the TAD of E2. (A) lllustration of HPV-31/-16 E2 fragments. (B) HEK293TT cells were transfected with GFP-Pyk2 and FLAG-HPV-31 E2
or HPV-31 E2 fragments (aa 107 to 372, 176 to 372, and 205 to 372) and immunoprecipitated with M2 (FLAG) antibodies. Complexes were blotted with M2
(FLAG) and Pyk2 antibodies. (C) HEK293TT cells were transfected with GFP-Pyk2 and FLAG-HPV-31 E2 or HPV-31 E2 with the B-sheet region of the E2 TAD deleted
(aa 1to 106 and aa 176 to 372) and immunoprecipitated with M2 (FLAG) antibodies. Complexes were blotted with M2 (FLAG) and Pyk2 antibodies. (D) HEK293TT
cells were transfected with GFP-Pyk2 and FLAG-HPV-16 E2 or HPV-16 E2 fragments (aa 1 to 104, 202 to 365, 105 to 365, and 202 to 365). After
immunoprecipitation with M2 (FLAG) antibodies, complexes were blotted with M2 (FLAG) and Pyk2 antibodies.

aa 176 to 372 (Fig. 2C). Similar binding between Pyk2 and the E2 TAD regions for
HPV-16 was also observed (Fig. 2D). These results implied that two adjacent, nonover-

lapping regions of the TAD can complex with Pyk2.

To determine whether E2 tyrosine phosphorylation increased with Pyk2 overexpres-
sion and to map the site(s) of E2 phosphorylation, HEK293TT cells were transfected with
HPV-31 or HPV-16 E2 and Pyk2 constructs. E2 was immunoprecipitated and then
blotted with antibodies that recognize tyrosine phosphorylation. Elevated E2 tyrosine
phosphorylation levels were detected with WT Pyk2 compared to KD Pyk2 (Fig. 3A). The
regions including aa 107 to 372 and including aa 1 to 106 plus 176 to 372 showed
higher phosphotyrosine levels (Fig. 3B). To identify residue(s) within HPV-31 E2 phos-
phorylated by Pyk2, we mutated conserved tyrosines Y32, Y102, Y131, Y138, Y158, and
Y159 within the E2 TAD to nonphosphorylatable phenylalanine (F). HEK293TT cells were
cotransfected with GFP-Pyk2 and these FLAG-tagged E2 mutant expression plasmids.
Using FLAG antibodies to immunoprecipitate the HPV-31 E2 proteins, which all coim-
munoprecipitated Pyk2, we found reduced phosphotyrosine signal with Y131F (49%)
but not with Y102F (Fig. 4). This led us to postulate that Y131 is a target for Pyk2

phosphorylation.

Previous studies have shown that Pyk2 localizes in the nuclei of human epidermal
keratinocytes (26). The localization of Pyk2 and E2 was analyzed using confocal mi-

October 2020 Volume 94 Issue 20 e01110-20

jviasm.org 3


https://jvi.asm.org

Jose et al. Journal of Virology

A B & &
& & & S &
WS AP
S @ & Q‘b“ (@*
FLAG-E2 31 31 - 16 16 & & & 6\«"««'” 4«»\ PP
S N QP
GFP-Pyk2 KD WT - KD WT FLAGHPV31E2 (& & o~ 0,;* & S FF
[ — FLAG-P)k2 KD WT KD WT KD WT KD WT
- w wee.  HPV E2 (FLAG) Lk
*
IP: HPV E2
FLAG Pyk2 (pTyr-1000! a g PE2, pTyr-1000
( ) s PPYK2 (pTy ) -— W s «—— IgG LightChain

3 IP: FLAG-HPV-31 E2 -
pHPV E2 (pTyr-1000) (FLAG) - —
HPV-31 E2 (FLAG)

o <«—— 1gG LightChain
HPV E2 (FLAG) DIE-vices
Inputs ' ‘ Pyk2 L

Inputs ~~~u~ udu Pyk2

FIG 3 Pyk2 phosphorylates the E2. (A) HEK293TT cells were transfected with GFP-Pyk2 WT or GFP-Pyk2 KD and FLAG-HPV-31 or
FLAG-HPV-16 E2. FLAG-HPV-E2 was immunoprecipitated with M2 (FLAG) antibodies, and complexes were blotted with pTyr-1000,
M2 (FLAG), and Pyk2 antibodies. (B) HEK293TT cells were transfected with FLAG-Pyk2 WT or FLAG-Pyk2 KD and FLAG-HPV-31 E2
fragments (aa 1 to 106, 176 to 372, 107 to 372, and 205 to 372). FLAG-HPV-31 E2 and FLAG-Pyk2 were immunoprecipitated with
M2 (FLAG) antibodies, and complexes were blotted with pTyr-1000 and M2 (FLAG) antibodies. Phospho-E2 fragments are
identified by an asterisk (*).

croscopy, and we observed Pyk2 and both HPV-16 and HPV-31 E2 in the nucleus and
nuclear membrane (Fig. 5A). We then tested the nuclear localization of the FLAG-
HPV-31 E2 WT, Y131F, and Y131E proteins in Hela cells and confirmed that these
mutants localized to the nucleus (Fig. 5B).

Reduction of Pyk2 increases HPV episome copy number. To determine the
effects of Pyk2 reduction on viral genome replication, we used small interfering RNA
(siRNA) to deplete Pyk2 levels in CIN612-9E cells, which maintain HPV-31 episomes, and
in W12 cells with HPV-16 episomes, followed by quantitative PCR (qPCR) to measure the
HPV DNA content. As a control for these experiments, siRNA directed to the tyrosine
kinase epidermal growth factor receptor (EGFR) was utilized since we previously
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FIG 4 Pyk2 induced tyrosine phosphorylation of HPV-31 E2 Y to F mutants. HEK293TT cells were transfected with GFP-Pyk2 and
FLAG-HPV-31 E2 phenylalanine F mutants (A) or with GFP-Pyk2 WT or GFP-Pyk2 KD and FLAG-HPV-31 F mutants (B). Lysates were
immunoprecipitated with M2 (FLAG), and bound proteins were blotted with Pyk2, pTyr-1000, and M2 (FLAG) antibodies. (C)
Quantification of phosphotyrosine levels of Y131F. Values are means = the SEM (n = 3). *, P < 0.05 (two-way t test).
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FIG 5 Nuclear localization of HPV E2 and Pyk2. (A) CV-1 cells were transfected with GFP-Pyk2 WT and FLAG-HPV-31
or -16 E2 constructs. Immunofluorescence staining for HPV-E2 proteins with M2 (FLAG) antibodies and DAPI (blue)
was performed. Cells were visualized under X60 magnification using confocal microscopy. Pyk2 (Green), E2 (red),
and DAPI (blue) are indicated. (B) HelLa cells were transfected with FLAG-HPV-31 E2 WT or Y131 mutants.
Immunofluorescence staining was done with M2 (FLAG, red) antibodies or DAPI (blue). Magnification, X60.

showed that its silencing did not alter HPV-31 DNA content in CIN612-9E cells (27). HPV
DNA was significantly increased for HPV-31 (~2.5-fold, Fig. 6A) and HPV-16 genomes
(~1.5-fold, Fig. 6B) after depletion of Pyk2 but not of EGFR.

The viability of CIN612 and W12 cells treated with up to 1.2 uM concentrations of
the Pyk2 kinase inhibitor PF-431396 (28) was not altered (Fig. 7A). HPV DNA context
increased 2-fold after inhibitor treatment with 10 or 100 nM PF-431396 for 72 h in both
cell lines (Fig. 7B), without a significant change in HPV transcripts in CIN612 cells (Fig.
7C). To assess whether Pyk2 inhibition altered E2 phosphorylation, HEK293TT cells were
transfected with WT Pyk2 and HPV-31 E2 constructs and exposed to PF-431396 for 24 h.
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FIG 6 Pyk2 siRNA increases HPV DNA content. (A) CIN612-9E cells were transfected with a scrambled control, Pyk2,
or EGFR siRNA. After 72 h, lysates were immunoblotted with Pyk2, EGFR, or B-actin antibodies. CIN612-9E cells were
transfected with a control, Pyk2, or EGFR siRNA. Real-time PCR was performed for the HPV-31 long control region
(LCR) and normalized to the level of B-actin. Values are expressed as means =+ the SEM (n = 6). *, P < 0.05. (B) W12
cells were transfected with a control, Pyk2, or EGFR siRNA. After 72 h, the lysates were immunoblotted with Pyk2,
EGFR, and B-actin antibodies. W12 cells were transfected with a control, Pyk2, or EGFR siRNA. DNA was isolated for
real-time PCR for the HPV16 E6 DNA region and normalized to the levels of B-actin. Values are expressed as means
+ the SEM (n = 12). *, P < 0.05.
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FIG 7 Pyk2 inhibition increases HPV DNA content by decreasing E2 tyrosine phosphorylation. (A) CIN612-9E and W12 cells were treated with the Pyk2 inhibitor
PF-431396 for 24 h, and cell viability was quantified by an MTS cell proliferation assay. Values are expressed as means * the SEM (n = 8). *, P < 0.05. (B)
CIN612-9E cells were incubated with 100 nM PF-431396, and W12 cells were incubated with 10 or 100 nM PF-431396 for 72 h. DNA was isolated, and real-time-PCR
was performed for HPV-31 or HPV-16 DNA region near the LCR and normalized to the levels of B-actin. Values are expressed as means = the SEM (n = 6). *, P < 0.05.
(C) CIN612-9E cells were treated with 10 or 100 nM PF-431396 for 72 h. RNA was isolated and converted to cDNA using reverse transcription-PCR. Real-time PCR was
carried out with primers to HPV-31 E1AE4 and HPV-31 E2AE8 mRNA and normalized to 18S transcripts. Values are means *+ the SEM (n = 3).*, P < 0.05. (D) HEK293TT
cells were transfected with GFP-Pyk2 and FLAG-HPV-31 E2. Cells were treated with 10 or 100 nM PF-431396 for 24 h. E2 was immunoprecipitated with M2 (FLAG)

antibodies. Complexes were blotted with pTyr-1000, Pyk2, and M2 (FLAG) antibodies.

Immunoblotting showed that 100 nM PF-431396 decreased the phospho-E2 and
phospho-Pyk2 levels (Fig. 7D).

Pyk2 knockout (KO) CIN612-9E cells were created using lentivirus-expressed CRISPR-
Cas9 and confirmed by immunoblotting with Pyk2 antibodies (Fig. 8A). We did not
observe any changes in the phenotype of the Pyk2 KO cells. The HPV-31 DNA content
was increased in these cells; however, the effect was not significant (Fig. 8B). To test
whether these Pyk2-null cell lines maintained episomes or promoted HPV DNA inte-
gration, we used an exonuclease V assay (29, 30). Exonuclease V does not digest
double-stranded circular DNA such as mitochondrial DNA or HPV episomes. This assay
was used to quantify episomal maintenance. DNA isolated from control and Pyk2 KO
cells was subjected to exonuclease V digestion and analyzed by qPCR. Actin DNA was
completely digested after treatment with exonuclease V (Fig. 8C), while circular mito-
chondrial DNA was resistant in all samples (Fig. 8C). Pyk2 KO cells had significantly
lower episomal HPV DNA (Fig. 8C), as well as spliced (E1AE4 and E8AE2) but not E6
transcripts (Fig. 8D) compared to the control. These results were observed in early
passages of Pyk2 KO cell lines, because after passage 4 the CRISPR-Cas9 control cell
lines had increased integrated HPV-31 genomes.
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HPV-31 ET1AE4, EBAE2, and E6 transcripts and normalized to actin transcripts. Values are means = the SEM (n = 3).

*, P < 0.05.

Characterization of E2 Y131. To test replication of genomes with E2 Y131 muta-
tions, we generated quasiviruses packaged with G418-selectable HPV-31 genomes for
infection of NIKS keratinocytes (31). At 2 weeks postinfection and G418 selection,
colonies formed with WT and Y131F genomes. while only one small, slowly proliferating
colony was observed with Y131E genomes. HPV Y131F genome copy (1.6-fold) and WT
(66.6-fold) were increased compared to CIN612 cells with episomal HPV (Fig. 9A). WT
genomes were maintained as episomes but Y131F displayed integration, as indicated
by exonuclease V assay. To distinguish between circular and linear HPV DNA, CIN612
cells with HPV-31 episomal and integrated genomes were utilized as controls (29, 30)
(Fig. 9B and Q). At 28 days postinfection, genomic DNA was isolated from NIKS cells with
WT, Y131F, and Y131E genomes. Both Y131F genome copy (0.17-fold compared to
CIN612 cells with episomal HPV) and WT (22.2-fold) were lower than at 14 days (Fig. 9D).
The HPV-31 Y131E genome copy was detected at very low levels (0.013-fold compared
to CIN612, Fig. 9D).

Because the E2 mutations affected genome copy number, it was necessary to
independently test these in a transient-replication assay using CMV-based expression
vectors for HPV-31 E1 and E2 mutants, along with an HPV ori-luciferase plasmid replicon
(32). E2 Y131F but not Y131E activated E1-dependent replication equal to WT (Fig. 10A).
Coimmunoprecipitation experiments demonstrated that Y131F maintained ability to
bind to the E1 protein, as did Y131E, albeit at a lower efficiency (54%; Fig. 10B). An
HPV-16 E2 mutation of this tyrosine to an alanine (Y131A) displayed reduced binding
to the helicase ChIR1, which is necessary for mitotic segregation of HPV-16 episomes
(33, 34). HEK293TT cells were transfected with FLAG-ChIR1 and FLAG-E2 Y131 mutants.
While ChIR1 associated with the E2 mutants, Y131F and Y131E were reduced to 65 and
41% of the WT, respectively (Fig. 10C). We recently reported that another tyrosine in
close proximity within the beta-strand region in the TAD, Y138, was important for
binding E2 to the Brd4 CTM (aa 1224 to 1362) (14). Full-length Brd4 protein coimmu-
noprecipitated with both HPV-31 E2 Y131F and Y131E (Fig. 10D), which is known to
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FIG 9 E2 Y131 is important for episomal maintenance. (A) NIKS cells were infected with HPV-31 WT and mutant
quasiviruses and selected with G418 for 2 weeks. Quantification of viral HPV-31 DNA was carried out using qPCR
in NIKS cells infected with HPV-31 WT and Y131F quasiviruses. Values are expressed as means = the SEM (n = 3).
(B) CIN612 episomal and integrated cell lines served as controls in the exonuclease V digestion assay. HPV-31 DNA
from NIKS WT and Y131F quasiviruses was quantified using real-time PCR after exonuclease V digestion for actin
and mitochondrial DNA. Values are means of the percent exonuclease V resistance = the SEM (n = 3). (C) Percent
exonuclease V resistance for HPV-31 DNA in CIN612 and NIKS WT and Y131F cell lines. Values are means = the SEM
(n = 3)* P < 0.05 (compared to CIN612 cells by one-way t test). (D) NIKS cells were infected with HPV-31 WT and
mutant quasiviruses and selected with G418 for 28 days. Quantification of HPV-31 DNA using qPCR in NIKS cells
infected with HPV-31 WT and Y131 mutant quasiviruses. Values expressed as means * the SEM (n = 3).

occur independent of the CTM (35). Although Y131F complexed with the CTM, Y131E
binding was not detectable (Fig. 10E).

DISCUSSION

Several tyrosine kinases have been proposed to be E2 binding partners, includ-
ing FGFR3 (27), FGFR2 (36), BAZ1B (37), and Pyk2 (19). A yeast two-hybrid screen
revealed Pyk2 as an interacting partner of HPV-39 E2 and GPCA-based assay found
that high-risk HPV-18 E2 interacted with Pyk2 (19). Pyk2 is distributed in the
cytoplasm and the nucleus. It was previously reported that Pyk2 depletion by siRNA
resulted in the retention of HPV-16 pseudoviruses in the trans-Golgi network (22).
We describe the significance of E2 association with Pyk2 on HPV-16 and HPV-31
genome replication and identify the probable amino acid modified by this kinase as
tyrosine 131.

Coimmunoprecipitations of HPV-16 and -31 E2 revealed that the interaction with
Pyk2 is independent of its kinase activity. Experiments with E2 deletions suggest that
Pyk2 binds to two distinct sites within aa 1 to 175 of the TAD and phosphorylates
tyrosine(s) in this region. Tyrosine 131 is among one of several Y phosphorylations
identified within HPV-31 E2 using mass spectrometry (MS) (13). However, MS studies
with Pyk2 overexpression are not possible since this technique is not quantitative.
Instead, we used a series of tyrosine-to-phenylalanine mutants in the TAD and were
able to narrow down a potential target residue for Pyk2 phosphorylation at Y131.
Interestingly, HPV-16 E2 Y131 mediates binding to the cellular DNA helicase ChIR1 (33).
An alanine substitution at this E2 residue significantly reduced but did not completely
abrogate this protein-protein interaction, which is essential for viral episomal associa-
tion to mitotic chromosomes (6). HFKs harboring HPV-16 Y131A mutant genomes
replicated initially but were undetectable at later passages (33). Y131E, similar to the
nearby glutamate mutant at Y138, failed to replicate, and while it bound E1 with less
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FIG 10 Y131E is unable to stimulate transient replication and is defective for Brd4 CTM binding. (A) C33A cells were transfected with HPV-31 E1 and HPV-31
Y131 mutants, along with pFLORI31 and pRL constructs. After 72 h later, the firefly and Renilla luciferase levels were measured using Dual-Glo luciferase reagent.
The firefly luciferase levels were normalized to the Renilla luciferase levels. Values are expressed as means =+ the SEM (n = 8). (B) HEK293TT cells transfected
with HA-HPV-31 E1 and FLAG-HPV-31 E2 Y131 mutants. HPV-31 E2 was immunoprecipitated with M2 (FLAG) antibodies. Complexes were blotted with ET and
M2 (FLAG) antibodies. (C) HEK293TT cells were transfected with FLAG-ChIR1 and FLAG-HPV-31 E2 Y131 mutants. Immunoprecipitations were performed with
goat ChIR1 antibodies and immunoblotted with M2 (FLAG) antibodies. (D) HEK293TT cells transfected with FLAG-Brd4 full-length and FLAG-HPV-31 E2 Y131
mutants. Immunoprecipitations were performed with Brd4 antibodies and immunoblotted with M2 (FLAG) antibodies. (E) HEK293TT cells transfected with
GST-CTM and FLAG-HPV-31 E2 Y131 mutants. HPV-31 E2 was immunoprecipitated with M2 (FLAG) antibodies. Complexes were blotted with GST and M2

antibodies.

efficiency, still recruited E1 to the viral origin (14), which therefore is unlikely to explain
the inability of Y131E to initiate replication.

We analyzed the effects of Y131E in context of the whole genome. In this
experiment, we used a physiologically relevant genome infection model (38) cou-
pled with G418 gene to improve colony selection (39). We observed that infection
efficiency was equivalent between the Y131 genome mutants compared to the WT
in HEK293 and Hela cells after G418 treatment. This suggests normal uptake of the
virus, cellular processing, and transport of genomes to the nucleus. HPV DNA
content was significantly lower and showed integration in cell lines infected with
Y131 mutant genomes compared to cells infected with WT genomes. These data
suggest that the dephosphorylated status at Y131 is essential for viral episomal
establishment.

We previously reported that siRNA depletion of FGFR3 in CIN612 cells resulted in a
modest 1.5-fold increase in viral copy number. Similarly, HPV genome content signifi-
cantly increased after transient Pyk2 depletion in cell lines that maintain HPV episomes.
Culture of CIN612 cells with 100 nM PF-431396, a FAK/Pyk2 inhibitor (28), reduced E2
phosphorylation and produced an increase in viral DNA content comparable to the
levels achieved using Pyk2 siRNA knockdown. These data suggest a model in which
Pyk2 activation is inhibitory for E2 induced HPV replication.

We expected that CRISPR-Cas9-mediated KO of Pyk2 in HPV genome containing
cells would increase the viral genome content several fold. We observed a modest
increase in HPV DNA content in these cells, but it was not significant. Exonuclease V
assay revealed that Pyk2 knockout leads to viral genome integration. We postulate that
Pyk2 knockout increased replication initially, but as the cells were passaged, the
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genomes became integrated or were lost due to failed mitotic segregation. Transient
depletion or inhibition of Pyk2 results in increase in copy number, whereas permanent
loss of Pyk2 leads to viral genome integration.

Pyk2 immunohistochemistry from normal skin tissues in the Protein Atlas Database
(v18) displays high Pyk2 expression in the epidermal basal layer (40). We posit that Pyk2
kinase activity in basal cells restricts viral replication by tyrosine phosphorylation of E2
Y131 to maintain a low copy number. During differentiation-dependent genome
amplification in upper epithelial strata, Pyk2 levels are low, and this would allow robust
E2 activity. The mechanism(s) by which phosphorylation modulates E2 function appears
to be the inability to bind to the Brd4-CTM, a phenotype observed with both Y131E and
Y138E. Future studies are needed to understand how the association between E2 and
the Brd4-CTM enables initiation of HPV DNA replication.

MATERIALS AND METHODS

Plasmids and antibodies. The following plasmids were used. Codon-optimized pCDNA3-FLAG
HPV-31 E2 and pCDNA3-FLAG-HPV-16 E2 (27, 41), FLAG-Pyk2 WT and KD (42), GFP-Pyk2 WT and KD (24),
and FLAG-HPV-31 E2 fragments were described previously (14). FLAG-HPV-16 E2 fragments (aa 105 to
365 and aa 202 to 365) were created by PCR with oligonucleotides to the codon-optimized HPV-16 E2
(from A. McBride) and cloned into the Hindlll and BamHI sites of pCDNA3. The FLAG-HPV-16 E2
1-104/202-365 fragment was created by PCR as described above. Amino acids 1 to 104 were cloned into
the Hindlll and BamHI sites of pCDNA3 and aa 202 to 365 into this vector using the EcoRI and Apal sites.
Y131 was mutated in pCDNA3-HPV-31 E2 using the Q5 site-directed mutagenesis kit (New England
BioLabs) and confirmed by sequencing. pLentiCRISPR v2 was from Addgene (catalog no. 52961) (43), and
pLentiCRISPR v2 human Pyk2 guide 1 was from GenScript. Reporter constructs pFLORI31 (ori FLuc) and
PRL (RLuc) were previously described (32).

The antibodies included mouse anti-FLAG M2, anti-B-actin (sigma), rabbit anti-Pyk2 (Sigma), rabbit
anti-Brd4 (Cell Signaling), goat-ChIR1 (6), rat anti-16E1 (44), rabbit-GST (14), and rabbit anti-pTyr-1000
(Cell Signaling). Mouse anti-HPV-16-E2 TVG261 and HPV-16 E2 sheep antiserum (45) were used to identify
HPV-16 E2 proteins.

Cell culture. All cell lines were maintained at 37°C and 5% CO,. HEK293TT (from J. Schiller and C.
Buck), HeLa, and CV-1 cells were cultured in Dulbecco modified Eagle medium (DMEM; Life Technologies)
with 10% fetal bovine serum (FBS; Perk Serum) and penicillin/streptomycin (100 U/ml; Life Technologies).
CIN612-9E cells (from L. Laimins) were grown in E medium with J23T3 fibroblast feeders (from H. Green).
W12 (from M. Stanley and P. Lambert) and NIKS cells were grown in F medium with J23T3 fibroblast
feeders.

Immunofluorescence. CV-1 cells were transfected with Lipofectamine 2000 and seeded onto
coverslips. After 24 h, coverslips were fixed in 4% paraformaldehyde for 15 min, followed by
phosphate-buffered saline (PBS) washes. Coverslips were placed in 10% goat serum in PBS/Triton
X-100 (0.2%) for 30 min, followed by primary antibody in PBS-T overnight, washed with PBS,
incubated in a 1:5,000 dilution of goat anti-mouse 594 (Invitrogen) for 1 h, washed with PBS, and
mounted onto slides with Vectashield mounting media with DAPI (4’,6'-diamidino-2-phenylindole).
Cells were analyzed with an Olympus FV1000 MPE confocal microscope. Hela cells were transfected
with polyethyleneimine (PEl; 2 mg/ml). After 48 h, the coverslips were fixed in 4% paraformaldehyde
for 15 min, followed by PBS washes. The coverslips were treated as described above and analyzed
with a Nikon microscope.

Coimmunoprecipitations and immunoblotting. Cells were transfected with PEl (2 mg/ml) and
lysed, and immunoprecipitation and immunoblotting were performed as previously described (14). The
HPV-16 E2 coimmunoprecipitation methods were as described previously (36).

HPV DNA content PCR. CIN612-9E and W12 cells without feeders were transfected using Lipo-
fectamine 2000 (Invitrogen) and either control siRNA (Santa Cruz, sc-37007), PYK2 siRNA (Santa Cruz,
sc-36332), or EGFR siRNA (Santa Cruz, sc-29301) at a final concentration 15 nM in E or F medium. After
72 h, the cells were lysed in Tris-EDTA with 0.1% SDS with 10 ng/ul RNase. DNA was isolated, and qPCR
was performed using Sso Fast Evagreen Mastermix (Bio-Rad). The HPV-31 DNA content was measured
using primers to HPV-31 LCR (5'-GTTCTGCGGTTTTTGGTTTC and 5'-TGTTGGCAAGGTGTGTTAGG-3'), and
HPV-16 DNA was analyzed using the primers 5'-AAACTGCACATGGGTGTGTG-3’ and 5'-TTCGGTTACGCC
CTTAGTTTT-3'. HPV DNA was normalized to B-actin DNA using the primers 5’-GAGGCACTCTTCCAGCCT
TC-3" and 5'-CGGATGTCCACGTCACACTT-3’ (44).

Pyk2 inhibitor PF-431396. PF-431396 (Aobious, Inc.) stock solution (10 mM) was prepared in
dimethyl sulfoxide. To test the inhibition of Pyk2 phosphorylation of E2 in HEK293TT, the cells were
transfected and, 24 h later, the medium was replaced with DMEM plus 2.5% FBS with 10 or 100 nM
PF-431396 for 24 h.

CIN612-9E and W12 cells, without feeders, were grown to 40% confluence and then treated with 10
or 100 nM PF-431396 in E or F media. After 72 h, the cells were lysed in Tris-EDTA plus 0.1% SDS with
10 ng/ul RNase. DNA was isolated with phenol-chloroform-isoamyl alcohol (25:24:1; Fisher Scientific), and
gPCR was performed using Sso Fast Evagreen Mastermix (Bio-Rad). The HPV-31 and HPV-16 DNA
contents were measured using the primers described above and normalized to B-actin DNA. RNA was
isolated using TRIzol (Invitrogen). RNA was converted to cDNA using SuperScript Il reverse transcriptase
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(Life Technologies). Real-time PCR was performed using Sso Fast Evagreen Mastermix (Bio-Rad). HPV-31
E1AE4 transcripts were measured using previously described primers (46). HPV-31 E8AE2 transcripts were
detected using 5'-GTGGAAACGCAGCAGATGGTA-3" and 5'-TTCGATGTGGTGGTGTTGTTG-3’, and HPV-31
E6 was measured using 5'-AAGACCGTTGTGTCCAGAAGA-3’' and 5'-CTGTCCACCTTCCTCCTATGTT-3'.
Gene expression was normalized to 18S (29) or the actin transcripts with primers listed above. Cell
viability against PF-431396 (10 nM to 1.6 uM) was tested in CIN612 and W12 cells using a CellTiter96
AQueous One solution cell proliferation assay (Promega).

Generation of Pyk2-null cell lines. HEK293TT cells were transfected with pLentiCRISPRV2 or
pLentiCRISPRV2 Pyk2 guide and Pax2 and VSVG constructs using PEI (2 mg/ml). The purified virus and
Polybrene was added to CIN612-9E cells with puromycin-resistant J23T3 feeders. At 48 h after infection,
the cells were treated with 1 ug/ml puromycin to generate polyclonal cell lines.

Exonuclease V digestion. Cell pellets were resuspended in PBS and isolated by using the DNeasy
blood and tissue kit (Qiagen). Then, 500 ng of DNA was either treated with exonuclease V (New England
Biolabs) or left untreated for 2 to 4 h at 37°C. The enzyme was inactivated at 70°C for 20 min. Next, 50 ng
of the digested or undigested DNA was quantified by real-time PCR. HPV-31 LCR and actin primers and
the human mitochondrial DNA primers and exonuclease V protocol were described (27, 29, 44). Percent
exonuclease V-resistant DNA was calculated as 2-(Pigested CT-Undigested €7 100,

Transient DNA replication assays. C33A cells were seeded into a 96-well plate, and each well was
transfected with 0.5 ng of pRL (RLuc), 2.5 ng of pFLORI31, 10 ng of codon-optimized triple FLAG-HPV-
31-E1 (32), and 10 ng of FLAG HPV-31 E2 WT, Y131F, or Y131E using Lipofectamine 2000. After 72 h, the
cells were lysed, and the luciferase activity was measured using Dual Glo (Promega). The firefly luciferase
levels were normalized to the Renilla luciferase levels.

Production of quasiviruses. A QuikChange mutagenesis kit (Agilent) was used to create the Y131F
and Y131E mutations of E2 in the pBR322-HPV31neoHC plasmid (13) using EcoRI and Pvul. Mutations
were confirmed by sequencing. Wild-type and mutant genomes were digested overnight with Hindlll,
and the 8-kb HPV-31 genome was extracted from the vector using a PureLink quick gel extraction kit
(Invitrogen). Genomes were ligated overnight with T4 DNA ligase (New England Biolabs).

Quasiviruses were produced as previously described (47) with the following modifications.
HEK293TTF cells (from R. Roden), which express furin, were transfected with 10 ug of ligated genomes
and 10 ug of HPV-16 capsid codon modified L1 and L2 genes (pShell L1L2, from J. Schiller) using 2 ug/ml
PEl. The cells were washed in PBS with 10 MM MgCl, and lysed in PBS containing 10 mM MgCl,, 0.5%
Triton X-100, 25 mM ammonium sulfate (pH 9), and 5 mM CaCl,. Lysates were incubated at 37°C 48 h for
maturation and spun at 7,000 rpm for 5 min (48).

To make extracellular matrix (ECM), HaCaT cells were seeded grown to confluence and washed
in PBS and ECM buffer containing 0.5% Triton X-100 and 20 mM ammonium hydroxide in PBS (31).
Virus stock was added to the well and placed at 37°C. After 6 h, the medium containing the virus
particles was removed and replaced with NIKS cells. Then, after 48 h, 250 ng/ml of G418 was added
to the NIKS cells.

Statistical analysis. A two-way or one-way t test was used for analysis. Means are expressed * the
standard errors of the mean (SEM). The appearance of an asterisk (*) in the figures indicates a P value
of =0.05.
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