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Abstract

Human papillomaviruses (HPVs) target PML nuclear bodies (NBs) during infectious entry and
PML protein is important for efficient transcription of incoming viral genome. However, the
transcriptional down regulation was shown to be promoter-independent in that heterologous
promoters delivered by papillomavirus particles were also affected. To further investigate the role
of PML protein in HPV entry, we used shRNA to knockdown PML protein in HaCaT
keratinocytes. Confirming previous findings, PML knockdown in HaCaT cells reduced HPV16
transcript levels significantly following infectious entry without impairing binding and trafficking.
However, when we quantified steady-state levels of pseudogenomes in interphase cells, we found
strongly reduced genome levels compared to parental HaCaT cells. Since nuclear delivery was
comparable in both cell lines, we conclude that viral pseudogenome must be removed after
successful nuclear delivery. Transcriptome analysis by gene array revealed that PML knockdown
in clonal HaCaT cells was associated with a constitutive interferon (IFN) response. Abrogation of
JAK1/2 signaling prevented genome loss, however, did not restore viral transcription. In contrast,
knockdown of PML protein in HeLa cells did not affect HPV genome delivery and transcription.
HeLa cells are transformed by HPV18 oncogenes E6 and E7, which have been shown to interfere
with the JAK/Stat signaling pathway. Our data imply that PML NBs protect incoming HPV
genomes. Furthermore, they provide evidence that PML NBs are key regulators of the innate
immune response in keratinocytes.

INTRODUCTION

Promyelocytic leukemia (PML) nuclear bodies (NBs) are distinct subnuclear structures that
are variable in number and size and have been implicated in a variety of cellular processes
including: transcriptional regulation, growth suppression, innate immune response, and
apoptosis (1). PML protein is the main structural component of PML NBs (2). Seven
isoforms of PML protein have been identified, all of which can reside in PML NBs with the
exception of PMLVII, which lacks a nuclear localization signal (3, 4). A cell in which PML
has been knocked out fails to assemble these structures (2). In addition to other proteins
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permanently residing in PML NBs, such as Sp100 and Daxx, many proteins have been
shown to transiently localize to these bodies (5, 6). PML NBs are highly dynamic and vary
during cell cycle progression (7-9). They disassemble during mitosis to form large
cytoplasmic aggregates and reassemble after mitosis and nuclear envelope reformation have
been completed (10). Despite many attempts, the exact cellular function of PML NBs has
not been uncovered yet. Because of the transient nature of protein association with PML
NBs, they were suggested to serve as intracellular storage compartment for excess protein
that allows quick access if needed (5). In support of this, post-translational modifications,
such as SUMOylation, regulate association of proteins with PML NBs (11, 12).

Many DNA viruses, including members of the herpesviridae family, target PML NBs during
primary infection and induce a reorganization of these subnuclear structures (13-20). To
achieve reorganization, these viruses encode proteins, either expressed as immediate early
proteins and/or delivered to host cells as a virion component, that target specific PML
isoforms for degradation. Failure to induce reorganization of PML NBs prevents efficient
establishment of infection (16, 21-27). Conversely, knockdown of PML alleviates the
requirement for the PML-targeting viral proteins (for review see ref. (28). Evidence has been
presented that supports an antiviral function for PML NBs, specifically PML protein, and
suggests that the reorganization allows the virus to escape this innate immune response (for
review see ref. (3).

While PML NBs have been shown to restrict viral infection for most viruses unless they are
reorganized, papillomaviruses (PVs), including bovine papillomavirus 1 (BPV1) and human
papillomavirus 16 (HPV16) and HPV18, require PML protein for efficient establishment of
infection (29, 30). PVs transiently target PML NBs during infectious entry. Prior to
accumulating at PML NBs, HPV16 attaches to host cells by interaction of the major capsid
protein, L1, with basement membrane- and cell surface-resident receptors (31-37). The
interaction with heparan sulfate moieties induces conformational changes affecting both
capsid proteins (34, 36, 38). Conformational changes reduce the affinity to the primary
receptor, which in turn allows transfer to less-well defined uptake receptors (39-43),
endocytosis (44-46), and uncoating in acidified endocytic vesicles (45, 47-49). The viral
genome in association with the minor capsid protein, L2, is rescued from lysosomal
degradation by retromer complexes. Retromer complexes mediate trafficking of the L2/
genome complex to the trans-Golgi network (TGN) (50-52). The L2 protein likely mediates
the interaction with the transport machinery, since it partially penetrates the endocytic
membrane following uncoating (53-55). The L2/genome complex gains access to the nuclei
during mitosis, requiring nuclear envelope breakdown rather than active nuclear import via
nuclear pores (56, 57). During these processes, the viral genome is still present in membrane
bound transport vesicles and requires microtubules for transport (58). The L2/DNA complex
associates with PML NBs after reformation of the nuclei (29). HPV16 L2 protein can be
SUMOylated and harbors a sumo interaction motif (SIM), suggesting that L2 protein may
mediate association with PML NBs (59, 60). This is supported by the observation that L2
over-expression in mammalian cells results in its accumulation at PML NBs (61-63).
Furthermore, L2 protein may transiently localize to PML NBs in differentiated keratinocytes
of naturally infected tissue (64).
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Triggered by our recent finding that Epstein Barr Virus (EBV)-harboring epithelial cells,
which have lower numbers of PML NBs compared to parental cells (65, 66) and displayed
reduced levels of HPVV16 genome following infectious entry, we revisited the role of PML
NBs in HPV16 infection using knockdown approaches. Herein, we report that knockdown of
PML protein in HaCaT keratinocytes reduces nuclear genome levels following infectious
entry, probably due to degradation after successful delivery. This points to a protective role
of PML NBs in HPV16 infection. We also observed that PML knockdown constitutively
activated an interferon (IFN) response.

MATERIALS AND METHODS

Cell lines

293TT and HeLa cells were cultured in DMEM supplemented with 10% FBS, non-essential
amino acids, antibiotics, and L-Glutamax. HaCaT cells were grown in low glucose DMEM
containing 5% FBS and antibiotics. AGS-R and AGS-R-BX (infected with EBV) cells, a
kind gift of Lindsey Hutt-Fletcher (Shreveport, USA), were propagated in F12 medium
supplemented with 10% FBS, antibiotics, and L-Glutamax. AGS-R-BX cells were grown
under Neomycin selection to retain the EBV genome. Lentivirus-transduced cells were
maintained with continuous antibiotic selection, as appropriate.

Antibodies and reagents

Antibodies used for the study were as follows: PML (BETHYL,; catalog number (#)
A301-167A), lamin A/C mouse (Sigma; #SAB4200263), Nup153 (Covance; #MMS-102P),
pStatl and Statl (Cell Signaling; #9167S and 91768, respectively), and B-actin (Santa Cruz;
#sc-47778). L1-specific mouse monoclonal antibody 33L1-7 and rabbit polyclonal K-75
were described previously (42, 67). Click-iT® EdU Imaging Kit (Molecular Probes;
C10338), AlexaFluor (AF)-labeled secondary antibodies (Life Technologies; #A11029,
A11034, A21236, and A21245) and phalloidin were purchased from Life Technologies.
Peroxidase-conjugated AffiniPure goat anti-mouse and anti-rabbit antibodies were
purchased from Jackson ImmunoResearch.

Generation of HPV16 pseudo- and quasivirions

The pSheLL16 L1/L2 packaging plasmid and pfwB plasmid, expressing enhanced green
fluorescent protein (GFP) were a kind gift from John Schiller, Bethesda, MA. pCMV-LoxP-
HPV16-LoxP-eGFP plasmid and pBCre plasmid were provided by Jason Bodily
(Shreveport, USA) (68). Quasivirions were generated using 293TT cells following the
improved protocol of Buck and Thompson (69) with minor modifications. Briefly, 293TT
cells were first cotransfected with pSheLL16 L1/L2 packaging plasmid and pCMV-LoxP-
HPV16-LoxP-eGFP plasmid and 24 hours later transfected with pBCre plasmid. Two days
later, cells were harvested and viral particles were purified as described previously (69, 70).
Because activity of the cre recombinase generates two circular plasmids of packable size
(pPEGFPN1 and HPV16 genome), isolated virions comprise a mixture of pseudovirions
(PEGFPNL1 plasmid) and quasivirions (HPV16 genome). Pseudovirions harboring GFP were
also generated in 293TT cells as described by Buck et al. (69, 70). For pseudogenome
detection by fluorescence microscopy, pseudogenomes were labeled with EdU (5-
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ethynyl-2’-deoxyuridine) by supplementing the growth medium with 100 pM EdU at 6
hours post transfection as described (71) during generation of pseudovirions. To determine
the viral genome equivalent (vge) by real time quantitative PCR (RT-qPCR), encapsidated
DNA was isolated using the NucleoSpin® Blood QuickPure (Macherey-Nagel;
#740569.250). To determine the level of cellular DNA contamination in our quasivirion
preparations, sequencing libraries were prepared with the Illumina Nextera XT kit from 2
independent isolations of encapsidated viral DNA. Paired-end sequencing (2x300 cycles)
was performed on an Illumina MiSeq. 508,500 and 611,402 sequencing reads were obtained,
respectively. Reads were aligned to the human hg19 reference genome using the lllumina
MiSeq Reporter v2.5.1.

Lentivirus transduction

Lentivirus vector plasmid expressing anti-PML (pLKO-shPML1) was a kind gift from Dr.
Roger Everett, MRC University of Glasgow Centre for Virus Research (72). Lentivirus
supernatants were prepared after co-transfection into HEK-293TT cells of a lentivirus vector
plasmid with pMD2.G and psPAX2. HaCaT or HeLa cells were transduced with lentiviruses
expressing shRNAs directed against PML (shPML) or scrambled control (ctrl). Stable cell
lines were then selected with puromycin (10 pg/ml)(Calbiochem; #540222). A PML-
deficient single-cell clone was established and used for most experiments. However, similar
results were achieved using the bulk population prior to subcloning. PML knockdown was
confirmed by immunofluorescent staining and Western Blot.

Immunofluorescence staining and microscopy

Cells were grown on cover slips at approximately 50% confluency and infected with HPV16
pseudovirus. EdU staining was performed according to the manufacturer's directions. In
brief, at the indicated times post infection, cells were washed with PBS and fixed with 4%
paraformaldehyde for 15 min at room temperature, washed, permeabilized with 0.5% Triton
X-100 in PBS for 10 min, washed, and blocked with 5% goat serum in PBS for 30 min
followed by a 30 min incubation with Click-iT® reaction cocktail containing AlexaFluor 555
for EdU-labeled pesudogenome detection. After extensive washing, cells were incubated for
30 min with primary antibodies at room temperature, washed again extensively, and
subsequently incubated with AlexaFluor-tagged secondary antibodies for 30 min. After
extensive washing with PBS, cells were mounted in ‘Gold Antifade’ containing DAPI (Life
Technologies; #P3693). All IF images were captured by confocal microscopy with a 63x
objective using a Leica TCS SP5 Spectral Confocal Microscope and processed with Adobe
Photoshop software. Approximately 5-10x10° viral genome equivalents per cover slip were
used. Number of viral pseudogenome in the nuclei was quantified in z-stacks spanning the
whole nucleus, unless mentioned. Results are expressed as a number of EdU or an average
percent of EdU-labeled viral pseudogenome in the nucleus of control cells £ SEM.

Cell-binding assay

For the binding analysis, cells were incubated with equal amounts of PsV for one hour at
37°C. Unbound particles were removed by several washes with PBS. Cells were then fixed
and stained with L1-specific polyclonal rabbit antibody K-75 as described above without
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EdU detection. Assays were quantified and expressed as the pixel sum ratio of the L1 to
ROI.

Infection in presence of drugs and immunofluorescence

Western blot

RNA isolatio

Gene Array

HaCaT cells were grown on cover slips at approximately 50% confluency and infected with
HPV16 pseudovirus in the presence of 0.4 uM INBC (Ruxolitinib; Cayman Chemical;
#11609). At 30 hpi, samples were fixed with 4% paraformaldehyde and stained as described
above for EdU, PML, lamin A/C, and DAPI using primary and appropriate AF tagged
secondary antibody.

For immunofluorescence in the presence of Leptomycin B (LMB), 10ng/ml LMB (Sigma;
#1.2913) was added at 24 hpi and incubated for an additional two hours. At 26 hpi, samples
were fixed with 4% paraformaldehyde and stained as described above for EdU, PML, lamin
AJC and DAPI using primary and appropriate AF tagged secondary antibody.

Whole-cell extracts were obtained from cell pellets lysed in 1x Laemmli sample buffer
supplemented with 2-mercaptoethanol and 1x phosphatase inhibitor Cocktail 2 and 3
(Sigma; #P5726 and P0044, respectively). Proteins were resolved on SDS-PAGE and
transferred to nitrocellulose membrane. Membranes were blocked 1 hour in 5% Blotting-
Grade Blocker (BIO-RAD; #170-6404) in 1x TBST and incubated at 4°C overnight with
primary antibodies. The primary antibodies and dilutions were as follows: PML (1:2000),
phospho-Statl (Tyr701) (1:1000), and Statl (1:1000). After primary antibody incubation,
membranes were washed 3 x 15 minutes in 1x TBST wash buffer. Membranes were then
incubated with horseradish peroxidase—tagged goat anti-mouse and goat anti-rabbit
secondary antibodies (1:2,500) at room temperature for 1 hour, washed 3 x 15 minutes in 1x
TBST. Signals were detected by enhanced chemiluminescence (Thermo Scientific;
#1859701 and 1859698)). Equal protein loading was confirmed by probing with B-actin
monoclonal antibody (1:2,000).

n, cDNA synthesis, real-time qPCR

Total RNA was extracted using the RNeasy Plus Mini RNA Isolation Kit (Qiagen; #74236).
RNA samples from cells infected with quasivirions in the absence or presence of INBC or
IFN B (Calbiochem; #407318) along with untreated controls were treated with DNAse |
(BioLabs) prior reverse transcription. 0.5 pg total RNA was used to reverse-transcribe into
cDNA using ImProm-I1 Reverse Transcriptase kit (Promega). Equal amounts of cDNA were
quantified by RT-gPCR using the 1Q SYBR Green Supermix (BIO-RAD) and a CFX96
Real-Time System (BIO-RAD). PCR reactions were carried out in triplicate, and transcript
levels were normalized to B-actin. Mock reverse-transcribed samples were included as
negative control. A list of oligonucleotide sequences used is provided in Table 1. The BIO-
RAD CFX Manager 3.1 software was used to analyze the data.

RNA samples were analyzed by microarray using the GeneChip Human Genome U133 2.0
plus array (Affymetrix). RNA integrity was assessed with an Agilent TapeStation RNA
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Assay (Agilent Technologies, Palo Alto, CA). Microarray hybridization and fluorescence
detection were performed as described in the Affymetrix GeneChip Expression Technical
Manual. Pixel intensities were measured, expression signals were analyzed and features
extracted using the commercial software package Expression Console 1.4 (Affymetrix).
Arrays were globally scaled to a target intensity value of 500 in order to compare individual
experiments. The absolute call (present, marginal, absent) of each gene expression in each
sample was identified using the above-mentioned software. The data files generated by the
Affymetrix microarray hybridization platform were analyzed using GeneSifter Analysis
Edition by Geospiza software. The analysis was carried out on RNA samples isolated from
vector control and shPML stably transduced HaCaT cells, each in duplicate. Signals that
changed by >2-fold, with differential P values of <0.05 in shPML HaCaT compared to
control cells, were analyzed for differential gene expression. Data deposited in Gene
Expression Omnibus (accession number pending).

RESULTS

PML knock down reduces HPV pseudogenome levels in HPV16-infected cells

Using mouse cells deficient for PML protein, it was reported that PML protein is important
for efficient transcription of incoming BPV1. Similarly, transcription driven by the
heterologous CMV major immediate early promoter was impaired 10 fold in the absence of
PML protein (29). To explain activation of homologous and heterologous promaoters, it was
concluded that PML NBs provide an environment favoring transcription. While investigating
a possible synergy between EBV and HPV16, we observed that the amount of EdU-labeled
nuclear DNA delivered by HPV16 particles was reduced approximately three-fold in EBV-
harboring epithelial AGS cells as compared to parental AGS cells (Fig. 1A and C).
Furthermore, the number of PML NBs was reduced in cells infected with EBV as well (Fig.
1B). We also observed reduced HPV16 transcript levels in EBV-containing compared to
parental AGS cells (Fig. 1D)).

Since EBV has been shown to induce the degradation of PML isoforms (73) and PML
protein was recently indirectly implicated in nuclear delivery of HPV16 (74), we revisited
the role of PML protein in the establishment of HPV16 infection. To this end, we generated
stable HaCaT-derived cell lines deficient for all isoforms of PML protein using sShRNA
delivered by lentivirus transduction using constructs kindly provided by R. Everett (72).
Various groups have used this shRNA in a number of studies and no off-target effects have
been reported (72, 75-78). As control, HaCaT cells were also stably transduced with a
lentivirus expressing a scrambled shRNA. Knockdown was confirmed by IF and Western
blot analysis (Fig. 2A and B). Confirming previous findings, transcription of HPV16
genome delivered by HPV16 quasivirions, which contain an authentic HP\VV16 genome with
a loxP element inserted downstream of the L1 open reading frame (68) and were assembled
using 293TT cells, was strongly reduced in PML protein-deficient cells compared to vector
control-transduced HaCaT cells (Fig. 2C). In line with our observations with EBV-harboring
AGS cells, we found that the amount of EdU-labeled DNA delivered by HPV16 particles
present in nuclei of HPV16 infected cells at 30 hours post infection (hpi) was reduced by at
least three-fold in PML protein-deficient HaCaT (Fig. 2D and E).
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Reduced nuclear HPV16 genome levels in PML knockout cells are due to genome loss
following successful nuclear delivery

To rule out that the reduced nuclear level of viral pseudogenome was due to early events, we
quantified virion binding in vector control and PML protein-deficient HaCaT cells. As
shown in Fig. 3A, binding was not significantly affected by PML knockdown. L2 protein,
which accompanies viral genome to the nucleus, harbors a nuclear export signal recognized
by the nuclear export factor CRM1 (79). To test the possibility that DNA delivered by
HPV16 particles is exported from the nucleus in absence of PML protein, we measured
EdU-stained puncta in infected cells treated with the CRM1 inhibitor LMB during the last
two hours of infection. LMB treatment did not restore levels of EdU-positive puncta in PML
protein-deficient cells (Fig. 3B). LMB treatment resulted in CRM1 accumulation in the
nucleus (data not shown). During these analyses, we noticed similar numbers of EdU puncta
associated with mitotic chromosomes in PML-expressing and -deficient HaCaT cells. As a
reminder, it was shown that HPV infection requires nuclear envelope breakdown for nuclear
access of the viral genome and the viral genome is still in a vesicle during mitosis (56-58).
Therefore, we quantified association of EdU-labeled encapsidated DNA with mitotic
chromosomes at different stages of mitosis in both vector control and PML-deficient HaCaT
cells. Reduced levels of EdU-labeled puncta in interphase of PML-deficient cells compared
to vector control cells were again confirmed. However, we found no significant difference
between these cells from metaphase through telophase (Fig. 3C and D) providing further
support that the observed difference in interphase is not due to early events of infectious
entry. The rather low degree association of viral genomes with mitotic chromosomes is best
explained by the asynchronous entry with reported half times of up to 12 hours (42). We
would like to point out that we did not observe co-localization of PML protein with viral
pseudogenome on mitotic chromosomes, suggesting that interaction between PML protein
and viral genome may not be important for efficient nuclear genome delivery (Fig. 3C) in
line with observations by Day et al. (29). Although co-localization of individual viral
genomes with large cytoplasmic PML aggregates was observed in rare cases (74). When we
compared EdU-labeled puncta in pro-metaphase and ana-/telophase of vector control cells,
we observed approximately a 50 % decrease in the number of puncta associated with each of
the newly forming nuclei (Fig. 3D). This is best explained by the segregation of sister
chromatids rather than being due to dissociation from the mitotic chromosomes. An
additional reduction in EdU puncta is seen from ana-/telophase to interphase and
approximately 63 % are retained in interphase cells compared to late mitotic stages (Fig.
3F). In PML protein-deficient cells, we again see a reduction by approximately 50 % of EdU
puncta in late mitotic stages compared to pro-metaphase due to sister chromatid segregation.
However, only 17 % of EdU puncta are retained in interphase nuclei of PML protein-
deficient cells (Fig. 3F). Based on signal size and intensity, which is similar in viral particles
bound to ECM and present intracellularly (data not shown), we assume that on average each
EdU puncta associated with mitotic chromosomes or present in interphase cells represents a
single DNA molecule delivered by one viral particle rather than representing an aggregate of
viral particles. Therefore, loss of EdU puncta cannot be explained by diffusion of aggregated
DNA.
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Taken together, these findings suggested that DNA delivered by viral particles is lost in PML
protein-deficient cells. In an attempt to confirm these findings, we isolated nuclei of HaCaT
cells after infection to measure nuclear viral genome by gPCR. Unfortunately, we were not
able to completely remove viral genome still present on the ECM, the cell surface or in the
cytoplasm despite employing various means of cell fractionation. Nuclear fractions obtained
from cells infected with L1 only or mutant HPV16 particles harboring 16L2-R302/5A,
which are both defective for delivering genome to the nucleus, contained similar levels of
viral genomes as nuclei from wild type infected cells (51). To rule out that reduced levels of
EdU puncta in PML protein-deficient cells are due to loss of encapsidated linear cellular
DNA, which always contaminates pseudovirus preparations, we subjected DNA isolated
from two HPV16 quasivirion preparations and aligned the reads to the human genome. We
found that 24 and 34 % of total encapsidated DNA was of human origin (Fig. 3E).
Therefore, the 83 % reduction of EdU puncta in PML protein-deficient HaCaT cannot solely
be explained by degradation of encapsidated cellular DNA, suggesting that the loss is mostly
due to removal of encapsidated pseudogenome. However, the level of encapsidated cellular
DNA correlates well with the observed 37 % loss of EdU puncta in parental HaCaT cells.
Taken together, these data suggest that the loss of viral genome following nuclear delivery
may be partially responsible for the PML knockdown phenotype. The data furthermore
indicate that viral genome is likely lost by degradation if not associated with PML NBs.

PML knockdown does not impair HPV16 infection of HelLa cells

Next, we wanted to confirm our findings using HeLa cells, a cervical cancer-derived cell line
commonly used in HPV entry studies. PML protein-deficient Hel a derivatives were
established together with vector control lines (Fig. 4A and B) and analyzed for HPV16
transcription and pseudogenome delivery as described above for HaCaT cell lines. To our
surprise, PML knockdown neither impaired transcription of HPV16 genomes and
pseudogenomes nor did it affect levels of nuclear DNA delivered by viral particles at 24 hpi
in interphase cells (Fig. 4C-E). However, we again observed a drop in genome levels similar
to HaCaT when early mitotic stages were compared to later stages, which is due to sister
chromatid segregation.

PML protein knockdown induces an IFN response in HaCaT cells

To start addressing possible mechanisms responsible for the unexpected loss of HPV
genome, we compared the transcriptome of PML protein-deficient with vector control-
transduced HaCaT cells using gene array analysis. Strikingly, factors typically induced by
IFN signaling were highly upregulated in PML protein-deficient cells (Fig. 5A). This
analysis also confirmed the knockdown of PML protein. We chose eight genes and
confirmed their increased expression in PML knockdown cells by RT-gPCR (Fig. 5B).
Interferon-stimulated gene (ISG) expression levels increased as a function of passage
number (data not shown), suggesting that the constitutive IFN response is not an immediate
response after PML knockdown. Among the upregulated genes was Statl, which is a key
signaling factor in the IFN pathways. Western blot analysis confirmed an increase in the
amount and phosphorylation of Statl protein (Fig. 5C). Surprisingly, the common type |
IFNSs are not expressed at appreciable levels in either cell line (Table 2). The exception is
IFN x, a keratinocyte-specific type | IFN, which is expressed at very low levels, however,
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not affected by PML knockdown. The type Il IFN v is also not expressed in HaCaT cells. In
contrast, the type 111 IFN A is expressed, albeit at low levels, and expression is increased
approximately 10 fold in PML protein-deficient cells. We then confirmed that the type | IFN
pathway is functional. Addition of recombinant interferon g (IFN B) induces a strong
interferon response in vector control and further increases by two- to four-fold the already
elevated ISG expression levels in PML protein-deficient HaCaT cells (Fig. 5D).

The upregulation of 1ISGs was observed in uninfected PML protein-deficient HaCaT cells.
To determine whether HPV16 infection alters the IFN response, we infected PML protein-
deficient and control HaCaT cells with HPV16 pseudovirus and followed expression of a
subset of ISGs over time. While we observed a slight fluctuation of ISGs in PML knock
down cells, HPV16 infection did not consistently modulate ISG expression (Fig. 5E). In
contrast, a slight increase of ISG expression was observed in control cells over time that
never reached the levels of PML-deficient HaCaT, though. Control HeLa cells had
comparable base line levels of ISG transcript. However, PML protein-deficient HelLa cells
did neither display increased expression of ISGs nor Statl activation (Fig. 5F and G). This is
not surprising since HeLa cells express HPV18 E6 and E7 oncogenes at high levels and E6
expression has been demonstrated to interfere with type | IFN signaling (80, 81).

Blocking the interferon response prevents loss of DNA delivered by HPV16

Next, we chose to determine whether the JAK/Stat signaling was causally linked to impaired
HPV16 infection. To this end, PML protein-deficient HaCaT cells were infected with
HPV16 quasivirions in the presence of INBC, a JAK1/2 kinase inhibitor. All IFN receptors
are known to signal through this pathway. INBC treatment significantly decreased 1SG
expression levels and the phosphorylation of Statl, suggesting that kinase inhibition was
successful (Fig. 6A and B). At the same time, INBC treatment did restore EdU-stained
puncta levels following infection with HPV16 pseudovirions (Fig. 6C). These data suggest
that signaling through the JAK/Stat pathway is required for the loss of DNA delivered by
viral particles to cells deficient for PML protein. However, HPV16 early transcription was
not restored in the presence of INBC (Fig. 6D), suggesting that PML protein positively
contributes to viral transcription as previously suggested, in addition to protecting incoming
viral genome.

DISCUSSION

PML NBs have long been believed to serve important functions in antiviral defense. They
are targeted and reorganized by many DNA viruses and the expression of PML protein is
induced by treatment with IFN. Knockdown of PML facilitates infections of many DNA
viruses and alleviates the need for viral proteins responsible for reorganization of PML NBs.
In contrast to these observations, PML protein was shown to be important for efficient
transcription from incoming PV genomes, which was interpreted as PML NBs providing an
environment favoring transcription. The findings presented herein support the notion that
PML protein has a protective role in HPV/16 infection in addition. Our data suggest that
PML NBs prevent loss of incoming viral genome after successful delivery to the nucleus.
Since treatment with inhibitors of the nuclear export factor CRM1 did not restore genome
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levels in PML protein-deficient cells, we propose that genome loss is due to degradation.
Our data also suggest that PML protein is not directly involved in nuclear genome delivery
as recently suggested (74), which confirms previous findings by Day et al. (29). We only see
rare events of co-localization of viral genome in large cytoplasmic PML aggregates, never
on mitotic chromosomes. Furthermore, association of viral genome with chromosomes
during mitosis is not altered by PML knockdown. One possible explanation for the loss of
viral genome in HaCaT but not in HeLa cells is that it is being recognized as foreign by
nuclear innate immune sensors. This is in line with our observation that PML protein-
deficient HaCaT but not HeL a cells display elevated transcript levels of interferon
responsive genes. The encapsidated genome is mostly chromatinized and as such similar to
the host cell DNA. It will be interesting to investigate in future, which sensors are involved.
A possible trigger may be the presence of viral capsid proteins or the circular form of
incoming viral genome. However, the current experimental system for pseudovirus
production and labeling of the genome is based on transfecting plasmids derived from
bacteria into the packaging cell line. Therefore, we cannot exclude that virus-delivered
encapsidated DNA is partially derived from bacteria and recognized as such.

Our data suggest that PML protein is required for efficient HPV transcriptional activity, in
addition to ensuring the integrity of incoming HPV genome. While treatment with the
inhibitor of the JAK/Stat signaling pathway INBC restored genome levels, it did not rescue
transcription. This is in line with a previous report using a rather artificial experimental
system of PML deficient mouse embryonic stem cells and BPV1 (29). The findings were
recently confirmed in a study using primary human foreskin keratinocytes, in which the
authors showed that transient knockdown of PML protein reduced HPV18 transcription and
impaired the establishment of immortalized cell lines upon transfection of HPV18 genome
(30). However, the underlying mechanism was not investigated. The same study described
that another marker of PML NBs, Sp100, restricts transcription from HPV18 genomes.
Taken together with our results, the data suggest that, in addition to providing a protective
environment for HPV genomes upon infectious entry, PML NBs regulate transcription as
well. An attractive interpretation is that the initial stimulation of viral transcription in the
presence of PML protein allows the establishment of infection and recruitment of Sp100
may help to silence viral promoters at later times. Since PML NBs are completely
disassembled during mitosis and are reassembled after nuclear envelope reformation (10), it
is conceivable that Sp100 recruitment to these sites is slightly delayed allowing
establishment of infection before silencing viral genomes to aid immune evasion. Further
studies are required to establish the exact timing of Sp100 recruitment to PML NBs
following infectious entry. It will also be of interest to delineate the timing of PML protein
recruitment to the L2/viral genome complex, which may occur prior to or after release of the
viral genome from the nuclear transport vesicles (58).

The herein described protective function of PML NBs may also explain why other DNA
viruses, such as members of the ferpesviridae family, reorganize PML NBs rather than
disassembling them completely. One previous study indirectly implied that PML NBs might
be required for stabilizing the herpes simplex virus type 1 (HSV-1) genome. Using HSV-1
virions that packaged an amplicon, which was comprised of the HSV-1 origin of replication,
the “a” sequence for cleavage and packaging, and a reporter, it was observed that exclusively
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amplicon sequences located at PML NBs were transcriptionally active (82). The protective
function of PML NBs might have gone unnoticed in other studies because viral factors
counteracting the host cell innate immune response might have prevented degradation of
viral genome. Indeed, using HelLa cells we provide some evidence that viral proteins E6 and
E7 may prevent HPV genome degradation by interfering with innate immunity. E6 protein is
known to interfere with JAK/Stat signaling (80, 81). Unfortunately, HeL a cells are addicted
to the viral oncogenes excluding a knockdown approach to directly test this assumption. Our
attempts to express E6 and E7 at levels that would allow detection of the viral proteins in
HaCaT cells were unsuccessful. It is well known in the field that HaCaT cells do not easily
express foreign DNA as is evident from the low expression level of reporters delivered by
HPV particles despite efficient delivery of viral pseudogenome.

Our findings also imply that the PML protein-deficient host cell can sense incoming PV
DNA or the viral capsid protein(s) and target the DNA for degradation. While cytosolic and
nuclear sensors of foreign DNA have been identified previously, these sensors detect DNA
that is bacterial, artificial or naked, i.e. not packaged into chromatin (83-89). In contrast, the
HPV genome is organized into chromatin composed of the four core histones and does not
contain any viral protein other than the capsid proteins that help deliver the viral genome
(90). Currently, we don't know the nature of this sensor and where it might be located.
According to current models, incoming viral DNA escapes the endocytic compartment at the
TGN or endoplasmic reticulum prior to mitosis (55). Thus, both cytosolic and nuclear
sensors should have access to viral genome. However, only IFI16, a sensor present in both
the nuclei and cytosol, is expressed in HaCaT cells, and preliminary data suggest that
knockdown of IFI16 does not prevent genome loss. In turn, this suggests that other sensors
must be present that have not been identified as of yet. Since APOBEC3 induced by IFN a
has recently been shown to degrade hepatitis B virus DNA, it may be an attractive additional
candidate (91).

The results presented herein also suggest that PML NBs play an important role in regulating
innate immune responses in keratinocytes. Knockdown of PML protein induces a strong and
constitutive IFN response. Since the JAK kinase inhibitor INBC significantly reduces 1SG
expression in PML protein-deficient cells, it seems likely that autocrine signaling is
involved. However, since only INF A is upregulated and expressed at rather low levels, it is
conceivable that an unknown intracellular activation is driving ISG expression. Further
experimentation is required to distinguish between these possibilities. A similar activation of
IFN signaling upon PML knockdown, in this case IFN -y signaling, has been reported once
before in mouse embryonic stem cells even though these results are disputed (92, 93). It
might have gone unnoticed by others because it is not found in all cell lineages and many
transformed cell lines express viral oncogenes, which are able to interfere with innate
immune responses. Indeed, HeL a cells do not display a similar activation upon PML
knockdown. Other transformed cell lines of various origins that we tested also showed no
increased 1SG expression (data not shown). Furthermore, the slow build up of the IFN
response might have contributed to it not being more often reported.

In summary, we have identified a novel function of PML NBs; protecting incoming HPV16
genomes and thus allowing transcription to be initiated. Our data also suggest that IFN
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responses can restrict HPV infection and it will be interesting to test whether the
constitutively active IFN pathway may be responsible for our difficulty to infect primary
keratinocytes. We have also presented evidence that PML NBs are key regulators of the
innate immune response, at least in HaCaT keratinocytes. Whether this also applies to other
keratinocytes, including primary cell lines, and to cells of other lineages is under current
investigation.
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IMPORTANCE

Promyelocytic leukemia nuclear bodies (PML NBs) are important for antiviral defense.
Many DNA viruses target these subnuclear structures and reorganize them.
Reorganization of PML NBs by viral proteins is important for establishment of infection.
In contrast, human papillomaviruses (HPVs) require the presence of PML protein for
efficient transcription of incoming viral genome. Our finding that PML protein prevents
the loss of HPV genome following infection implies that the host cell may be able to
recognize chromatinized HPV genome or the associated capsid proteins. A constitutively
active interferon response in absence of PML protein suggests that PML NBs are key
regulators of the innate immune response in keratinocytes.
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Fig 1. HPV16 pseudogenome delivery to the nucleus of EBV-harboring epithelial AGS cells
(A) Cells were grown on glass coverslips and infected with EdU-labeled HPV16 PsV. At 24

hpi cells were fixed and processed for the detection of EdU-labeled DNA (red), PML
(green), NUP153 (blue) and DAPI (gray). (B) PML NBs and (C) EdU-labeled viral
pseudogenome number was counted manually in z-stacks spanning the whole nucleus for
each cell. 15 AGS cells and 13 EBV-harboring AGS cells were included in the count. P
value was determined using Student's t-test. (D) RT-gPCR for viral transcription at 48 hpi
with HPV16 quasivirions. cDNA samples were analyzed for HPV16E7 and the data shown
are fold changes relative to AGS cells. Error bars represent SEM of five independent
experiments.

Cell Microbiol. Author manuscript; available in PMC 2018 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bienkowska-Haba et al. Page 20

W ctl shPML

parental

|
= _ > T 1.5
t o a E kk ek *k
o 5 o
7 =3
S
3 19
=
£
o
£
S
3
[
= = e
E6 E17E4
- p<0.001
£
8 1001
(%}
S
-
o
3
S 504
2 T
S
=
2 o
ctrl shPML

Fig 2. Knock down of PML protein in HaCaT cells
(A) Immunofluorescent staining of HaCaT cells stably transduced with lentiviruses

expressing scrambled or sShRNA directed against PML. Cells were seeded onto glass
coverslips and stained with PML antibody (green) and DAPI (blue). (B) Western blot
analysis of PML protein in HaCaT cells stably transduced with vector control or shPML.
Cells lysates were analyzed with anti-PML specific antibody. The levels of B-actin served as
a loading control. Differences in PML protein levels were calculated by densitometry of the
blots. Results shown are a representative of two independent experiments in which the repeat
experiment also yielded similar results. (C) RT-qPCR for viral transcription at 72 hpi with
HPV16 quasivirions. cDNA samples were analyzed for HPV16 E6, E7 and E1"E4 and the
data shown are fold changes relative to vector control-transduced HaCaT cells samples.
Error bars represent SEM of three (E6, E1"E4) and ten (E7) independent experiments,
respectively. (D) Cells were grown on glass coverslips and infected with EdU-labeled Ps\V
and processed at 24 hpi for the detection of EdU-labeled DNA (red), PML (blue), lamin A/C
(green) and DAPI (not shown). (E) Quantification of EdU-labeled viral pseudogenome
detected in the nuclei of vector control- and shPML-transduced HaCaT cells. The data
shown are average percent of viral pseudogenome present in the nuclei of control cells.
EdU-labeled viral pseudogenome number was counted manually in z-stacks spanning the
whole nucleus for each cell. Results were calculated from 55 cells collected in three
independent experiments. Error bars represent SEM. P value was determined using Student's
t-test. ***: p<0.001; **: p<0.005
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Fig 3. Binding, uncoating, and delivery of HPV16 pseudogenome to the nucleus of PML-deficient
HaCaT cells

(A) Cell-binding assay. HPV16 pseudoviruses were bound to of HaCaT cells stably
transduced with lentiviruses expressing scrambled or shRNA directed against PML for 1 h
and L1 was detected using K-75 antibody. (B) Quantification of EdU-labeled viral
pseudogenome in the nuclei of PML-deficient HaCaT cells after inhibition of nuclear export.
Cells were grown on glass coverslips and infected with EdU-labeled PsV and processed at
26 hpi. Leptomycin B (10ng/ml) was added 2 h prior to fixation. Cells were stained for EdU,
PML, lamin A/C and DAPI. Number of EdU-labeled viral pseudogenome was quantified in
z-stacks spanning the whole nucleus in 51 control and 47 LMB-treated cells. Student's t-test
was used to determine statistical significance of the data. (C) EdU-labeled viral
pseudogenome in different stages of mitosis. Cells were grown on glass coverslips and
infected with EdU-labeled PsV and processed at 24 hpi for the detection of EdU-labeled
DNA (red), PML (green), lamin A/C (not shown) and DAPI (blue). A single slice from a z
stack is shown. (D) Number of EdU-labeled viral genome bound to cellular chromatin or in
the nucleus was scored in cells captured in different stages of mitosis. An example
representative of two independent experiments is shown. Results were calculated from at
least 30 cells per experiment. Student's t-test was used to determine statistical significance of
the data. (E) Composition of encapsidated DNA in quasivirion preparations according to
MiSeq Reporter. Two samples of DNA isolated from independent quasivirion preparations
were sequenced using Illumina NextSeq 500. Results of alignment to the human genome are
shown as percent of total sequenced encapsidated DNA. (F) Quantification of EdU-labeled
viral genome bound to cellular chromatin in cells at interphase normalized to
anaphasetelophase (shown in (D)).
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Fig 4. Knock down of PML protein in HeLa cells
(A) Immunofluorescent staining of HeLa cells stably transduced with lentiviruses expressing

scrambled (ctrl) or shRNA directed against PML (shPML). Cells were seeded onto glass
coverslips and stained with PML antibody (green) and DAPI (blue). (B) Western blot
analysis of PML protein in HeLa cells stably transduced with vector control or shPML
lentiviruses. Cell lysates were analyzed with anti-PML specific antibody. The levels of p-
actin served as a loading control. Differences in PML protein levels were calculated by
densitometry of the blots. Results shown are a representative of two independent
experiments in which the repeat experiment also yielded similar results. (C) RT-gPCR for
viral transcription at 72 hpi with HPVV16 quasivirions. cDNA samples were analyzed for
HPV16E7 and the data shown are fold changes relative to vector control transduced Hela
cells samples. Error bars represent SEM of two independent experiments. (D) Detection of
EdU-labeled viral pseudogenome in different stages of mitosis. Cells were grown on glass
coverslips and infected with EdU-labeled PsV and processed at 24 hpi for the detection of
EdU-labeled DNA, PML, lamin A/C (not shown) and DAPI. Colors are coded as indicated
by the labels on the figure. (E) Number of EdU-labeled viral genome bound to cellular
chromatin or in the nucleus was scored in cells captured in different stages of mitosis.
Results were calculated from at least 30 cells per experiment. Student's t-test was used to
determine statistical significance of the data.
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Fig 5. Expression of interferon-stimulated genes (1SGs) in PML-deficient HaCaT and HeLa cells
(A) Heat map of innate immune response genes generated based on microarray analysis of

PML protein-deficient cells (PML) compared to vector control HaCaT cells (UN-p12).
Asterisks highlight down regulation of PML gene expression. (B) RT-gPCR analysis of ISGs
in PML-deficient HaCaT cells. The data shown are fold changes relative to vector control-
transduced HaCaT cells. Error bars represent SEM of three independent experiments. (C)
Immunoblot analysis of pStatl and Statl in lysates from control and PML-deficient HaCaT
cells. p-actin was used as a loading control. (D) Expression of ISGs in cells infected with
HPV16 quasivirions in the presence or absence of IFN. Cells were treated with 1000 U/ml
of IFNB 1 h prior to infection. Samples were collected 48 hpi and analyzed by RT-gPCR.
The data shown are fold changes relative to mock-treated vector control HaCaT cells. Error
bars represent SEM of four independent experiments. P value was determined using
Student's t-test. * P<0.02. (E) RT-qPCR analysis of ISGs in PML deficient and control
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HaCaT cells at indicated times post infection with HPV16 pseudovirus. The data shown are
fold changes relative to uninfected vector control HaCaT cells. (F) RT-gPCR analysis of
ISGs in PML-deficient HeLa cells. The data shown are fold changes relative to vector
control-transduced cells. Error bars represent SEM of two independent experiments. (G)
Western blot analysis of pStatl and Statl in lysates from control and shPML HeLa cells. The
levels of B-actin served as a loading control. Results shown are a representative of two
independent experiments.
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Fig 6. Inhibition of the JAK/Stat signaling pathway in PML-deficient HaCaT cells
(A) Expression of ISGs in cells infected with HPV16 quasivirions in the presence or absence

of Jak1/Jak2 kinase inhibitor. Cells were treated with 0.4 pM of INBC 1 h prior to infection.
Samples were collected at 48 hpi and analyzed using RT-gPCR. The data shown are fold
changes relative to mock-treated vector control HaCaT cells. Error bars represent SEM of
two independent experiments. Student's t-test was used to determine P value. * P<0.01. (B)
Immunoblot analysis of pStatl and Statl in lysates from control and shPML HaCaT cells
treated for 8 h with 0.8 pM INBC. B-actin was used as a loading control. (C) Quantification
of EdU-labeled viral pseudogenome in the nuclei of cells infected with HPV16
pseudovirions in the presence of INBC. Stably transduced HaCaT cells were grown on
coverslips infected with HPV16 pseudovirus in absence or presence of INBC (0.4 uM). At
30 hpi, samples were fixed and stained for EdU, PML, lamin A/C and DAPI. Number of
EdU-labeled viral genome in the nuclei was counted in z-stacks spanning the whole nucleus
for each cell. The data shown are average percent of viral pseudogenome present in the
nuclei of vector control cells. Results were calculated in total from 60 to 116 cells collected
from three independent experiments. Error bars represent the SEM, P value was determined
using Student's t-test. (D) Indicated HaCaT cell derivatives were infected with HPV16
quasivirions in the absence or presence of INBC for 48 h. Relative E7 transcript levels were
determined by RT-qPCR.
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Table 1

List of oligonucleotides used in the study
Name 5" Sequence 3’ Sequence Reference
MX1 ctttccagtccagctcggea agctgctggcecgtacgtctg (94)
MX2 aaactgttcagagcacgattgaag accatctgctccattctgaactg (95)
OAS2 aggtggctcctatggacggaa ggcttctcttctgatcctggaatty (94)
IFI27 ggcagccttgtggctactct atggagcccaggatgaacttg (95)
IFI6 gttctcactatattgtccaggctagagt | agtttattctgttgtcacatctaggttgtt | (96)
CXCL10 caaatctgctttttaaagaatgctc aagaatttgggccccttg 97)
IRF7 taccatctacctgggcttcg agggttccagcttcacca (95)
BST2 acgcgtctgcagaggtggag gcagcggagctggagtect (94)
HPV16E7 atgagcaattaaatgacagctcagag | gcagcggagctggagtect (98)
HPV16E6 ctgcaatgtttcaggaccc tcacgtcgcagtaactgttg
HPV16E1"E4 | cagaaaccataatctaccatggcty tgtgtttcttcggtgecca
IFNa gcetgggaggttgtcagageagaa | gtgectgcacaggtatacaccaag
IFNB gcctttgetctggcacaacaggt tgccacaggagcttctgacactga
IFNy caggtcattcagatgtagcggat actctcctctttccaattcttcaaaa
IFNx gccccaagagtttctgcaatac ggcctgtagggacatttcataga
IFNA ggaattgggacctgaggctt ctaggacgtcctccaggget
B-actin ggcatcctcaccctgaagta cagaggcgtacagggatagc
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Table 2

interferon mRNA levels in HaCaT cells

Ct value Fold change (xSEM)
Gene
Ctrl (ave) | shPML (ave) | shPML

Actin | 20.07 20.97 -

IFN @ 20 * 20 * -

IFNB | 40" a0” :

IFNY | 40" a0” ;

IFNx | 35.95 36.04 1.75 (£0.59)

IFNA | 35.62 33.33 9.36 (+1.86)

*
no amplification observed
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