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Infection with high-risk human papillomavirus (HPV) types is linked to the onset of several
cancers. The mechanism of HPV infection, however, has not yet been fully elucidated.
Here, using the newly developed HPV infectious pseudovirion (HPV PsV) and a genome-
wide clustered regularly interspaced short palindromic repeat (CRISPR) screening system,
we established an experimental system and searched for genes involved in HPV infection.
The HPV PsV has the truncated herpes simplex virus thymidine kinase (dTK) to kill PsV-
infected cells when combined with ganciclovir. The five rounds of selection of 293FT cells
by infection with HPV PsVs identified two candidate genes involved in the HPV infection
pathway. The validation experiments showed that SLC25A17, which encodes the
peroxisomal membrane protein PMP34, was involved in the HPV infection pathway.
The gRNAs against SLC25A17 attenuated the efficiency of HPV PsV infection in 293FT
and HeLa cells. Although further experiments are required to determine whether PMP34
acts as the HPV infection pathway, these results indicate that our screening system is
useful for identification of the genes involved in the HPV infection pathway.

Keywords: HPV, HPV16, CRISPR screening, SLC25A17, PMP34
INTRODUCTION

Human papillomavirus (HPV) infection causes an estimated 5% of all human cancers, including
almost all cervical and most other anogenital cancers, and more than half of the oropharyngeal
cancers (1). Among 18 high-risk HPV types, HPV16 and HPV18 are the major etiologies of HPV-
associated cancers (2). However, the mechanism of HPV entry into cells remains unclear.

Papillomaviruses are nonenveloped double-stranded DNA viruses. HPV consists of two
structural proteins, the L1 major capsid protein and L2 minor capsid protein, and an 8 kb DNA
genome (3). The L1 major capsid protein spontaneously self-assembles into 72-pentamer virus-like
particles (VLPs) (3). The L2 minor capsid protein is known to play a role in facilitating capsid
assembly, enhancing infectivity, and HPV genome encapsulation (3–5). VLPs are empty particles
composed of L1 protein alone or L1 and L2 proteins (6–8). Pseudovirions (PsVs) are VLPs
harboring a pseudogenome, such as a reporter plasmid (9). Reporter plasmids < 6–7 kb in size have
been efficiently encapsulated into VLPs (9, 10).
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Thymidine kinase (TK) is an enzyme involved in the
pyrimidine salvage pathway of DNA synthesis. Herpes simplex
virus thymidine kinase (HSV-TK) has a very broad substrate
specificity, including pyrimidines and pyrimidine analogs as well
as purine analogs such as acyclovir and ganciclovir, which are
widely used as antiviral drugs (11–13). The HSV-TK acts on
acyclovir or ganciclovir and turns it into an active form of
acyclovir or ganciclovir triphosphate with DNA synthesis
inhibitory activity (14, 15). The HSV-TK gene, in combination
with ganciclovir, is the most widely used suicide system, from
basic research to clinical applications, and was proposed by
Moolten more than 30 years ago (14, 15). We developed a new
PsV harboring a plasmid containing the truncated HSV-TK
(referred to as dTK hereafter) sequence and green fluorescent
protein (GFP) to deliver GFP and dTK (HPV-PsV-GFP-dTK) to
infected cells with a suicide function that leads to death by
apoptosis. This newly developed PsV was then used to search for
genes involved in HPV entry into cells.

In the present study, we combined HPV-PsV-GFP-dTK with
the genome-wide clustered regularly interspaced short
palindromic repeat (CRISPR)-Cas9 system to construct an
experimental system for identification of the genes involved in
HPV infection.
MATERIALS AND METHOD

Cell Culture
293FT cells are a fast-growing variant of the 293T cell line
derived from human embryonic kidney cells, which express
SV40 large T antigen to enhance replication of SV40 origin-
containing plasmids (9). 293FT cells were maintained in high
glucose Dulbecco’s modified Eagle medium (DMEM, Nacalai
Tesque) containing 10% fetal bovine serum (FBS, Sigma-
Aldrich) supplemented with 1% non-essential amino acids
(NEAA, Nacalai Tesque), 1% sodium pyruvate (Sigma-Aldrich)
and 1% L-glutamine (Nacalai Tesque). UM104, an HPV16-
positive head and neck squamous carcinoma cell line, was
cultured in DMEM containing 10% FBS with penicillin G (100
units/mL)/streptomycin (100 µg/mL), 1% NEAA, and 1% L-
glutamine. HeLa, an HPV18-positive cervical adenocarcinoma
cell line, was cultured in DMEM containing 10% FBS with
penicillin G (100 units/mL)/streptomycin (100 µg/mL). These
cells were incubated in a 5% CO2 atmosphere at 37°C.

Plasmid Construction
Codon-optimized HPV16 L1 and L2 were synthesized (Strings
DNA Fragments Libraries, Thermo Fisher) and were introduced
into each pCAGIP-gw (16) containing the SV40 ori using
gateway technologies (pCAGIP-h16L1 and pCAGIP-h16L2).
We constructed reporter plasmids, which were being
encapsidated into VLPs, to generate PsVs. This plasmid
contained enhanced GFP under the control of the human
elongation factor 1 alpha (EF1a) promoter, truncated HSV-
TK, which conferred sensitivity to nucleoside analogs such as
ganciclovir or acyclovir, a polyadenylation signal (polyA)
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(Primer#1-6), and E1 of the HPV16 genome. E1 was amplified
from UM104 cells (Primer#7,8) and contained two mutations,
which were fixed by PCR (Primer#9-12). Sequences of the
primers used to generate the plasmids are listed in
Supplementary Table 1A. EF1a, GFP, dTK, polyA, and E1
were introduced into pMA (VectorBuilder).

Production of HPV PsVs
We developed PsVs using the reported protocol (3, 9, 17) with
partial modifications. 293FT cells (5 × 106) per 10-cm dish were
plated on more than twenty plates on the day before transfection.
We co-transfected 4.5 µg each of pCAGIP-h16L1 and pCAGIP-
h16L2 and 3 µg of a reporter plasmid using Lipofectamine 2000
(Invitrogen). We changed the culture medium after one day at
37°C and harvested cells approximately 48 h after transfection.
Cells were rinsed with Dulbecco’s phosphate-buffered saline
(DPBS) and resuspended in 1.5 pellet volumes of DPBS with
9.5 mMMgCl2. The cells were suspended at a high concentration
(> 100 million cells per mL) in a siliconized tube. Brij58 (Sigma)
was added to 0.5%, followed by RNase Cocktail™ Enzyme Mix
(Invitrogen) to 0.1% and 1/40th the total volume of 1 M
ammonium sulfate, and the mixture was adjusted to pH 9. The
lysate was incubated at 37°C overnight to remove unpackaged
DNA and to allow capsid maturation. After 24 h of maturation,
the cell lysate was chilled on ice and centrifuged at 6,000 × g for
5 min at 4°C. The clarified supernatant was transferred to a new
tube, and the pellet was washed by adding double the volume of
the pellet, followed by centrifugation at 6,000 × g for 5 minutes at
4°C. The supernatant was combined into the previous tube, and
the pellet was frozen with the same volume of DPBS. The frozen
lysate was thawed and centrifuged at 6,000 × g for 5 min at 4°C,
and the supernatant was combined with the previous two
supernatants. The final pellet was added to the same volume of
DPBS containing 0.8 M NaCl and centrifuged at 6,000 × g for
5 min at 4°C. Pooled supernatants combined with the final
clarified supernatant were centrifuged at 6,000 × g for 5 min at
4°C. The resulting cleared supernatant was loaded onto three
preformed Optiprep (iodixanol, Axis-Shield Density Gradient
Media) step-gradients which were diluted 46% Optiprep/DPBS
with 0.8 M NaCl/DPBS to 27%, 33% and 39% and centrifuged at
288,000 × g (41,000 rpm) for 4.5 h at 16°C in a SW41Ti rotor
(Beckman Coulter). The PsV band was visible as a light gray
layer and collected in five fractions (approximately 200 µL each)
by puncturing the bottom of the tube with a 24G needle.
Infectivity assays were performed to exclude non-infectious
PsV fractions, and infectious PsV fractions were stored at −80°C.

Infectivity Assay
The PsV titer was measured. Successful packaging of the plasmid
containing GFP was functionally evaluated by quantifying the
infection of cells, as determined by the percentage of green
fluorescent cells using BD FACSCanto™ II (BD Biosciences)
for flow cytometry. 293FT cells (1 × 106) were plated in 2 mL of
culture medium in 6-well plates. Two hours later, 60 µL of each
PsV fraction was added directly to the culture medium. Twenty-
four hours after inoculation, the cells were subjected to FACS
analysis and the percentage of green fluorescent cells was
May 2022 | Volume 2 | Article 870922
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expressed as infectivity (%). The titer was calculated as the
number of infected cells per mL of PsVs (TU/mL) from the
percentage of green fluorescent cells.

Western Blotting
Proteins separated on SDS-PAGE were transferred to
polyvinylidene difluoride membranes. The membranes were
blocked with 3% skim milk and incubated overnight at 4°C
with the primary antibodies, mouse anti-HPV16 L1 antibody
(sc-47699, Santa Cruz Biotechnology) and mouse anti-HPV16
L2 antibody (sc-65708, Santa Cruz Biotechnology). After
washing the membrane twice and blocking with 3% skim milk,
the membrane was incubated with HRP-conjugated mouse
secondary antibody (NA9310, GE Healthcare). Signals were
detected with Chemi-Lumi One or Chemi-Lumi One Super
(Nacalai Tesque) using an ImageQuant LAS 4000 mini system
(GE Healthcare).

CRISPR-Cas9 Screen and PCR
for Sequence
We generated a pool of Cas9-expressing 293FT (293FT-Cas9)
cells using lentiviral transduction with pKLV2-EF1aBsd2ACas9-
W (Addgene #67978), and the Cas9 activity in individual
subclones was tested using a lentiviral reporter pKLV2-
U6gRNA(gGFP)PGKBFP2AGFP-W (Addgene #67980) (18). A
total of 3.5 × 106 cells were transduced with the genome-wide
gRNA lentiviral supernatant at a multiplicity of infection (MOI)
of 0.3, a human genome-wide CRISPR library version 1 (v1)
consisting of 90,709 gRNAs targeting a total of 18,010 genes
provided by Kosuke Yusa (18, 19). Two days after transduction,
the cells were selected with puromycin (0.7 µg/mL) for 5 days
and further cultured. 293FT-Cas9 cells transduced with CRISPR
library V1 (293FT-Cas9-lentivirus-library cells) were harvested
on day 7 after transduction. 293FT-Cas9-lentivirus-library cells
(1 × 106) were plated and inoculated with HPV PsVs (MOI of
0.8) and incubated for 24 h to allow almost all cells to become
infected, which were then selected with ganciclovir (20 µg/mL).
Six days after ganciclovir treatment, the surviving cells were re-
inoculated with HPV PsVs and reselected with ganciclovir. A
total of 5 rounds, each consisting of HPV PsV inoculation and
ganciclovir selection, were performed. After the five rounds, the
genomic DNA from the surviving cells (n=4; 2.3 × 106, 2.5 × 106,
3.5 × 106, 3.9 × 106) was collected using the DNeasy Blood &
Tissue Kit (QUIAGEN). For gRNA sequencing, the region
containing the gRNA was amplified using genomic DNA (< 1
µg) and primers 5 ’-ACACTCTTTCCCTACACGACG
CTCTTCCGATCTTGTGGAAAGGACGAAACA-3’ and 5’-
GACTGGAGTTCAGACGTGTGCTCTTCCGATCTC
TAAAGCGCATGCTCCAGAC-3’ with Q5 Hot Start High-
Fidelity 2X Master Mix (NEB #M0494). The PCR products
were purified using the Monarch PCR & DNA Cleanup Kit
(NEB #T1030). Eight hundred picograms of the purified first
PCR products and primers 5’-AATGATACGGCGACC
A C C G A G A T C T A C A C T C T T T C C C T A C A C G A
CGCTCTTCCGATCT-3’ and 5’-CAAGCAGAAGACGGCA
Frontiers in Virology | www.frontiersin.org 3
TACGAGATNNNNNNGTGACTGGAGTTCAGACGTGT
GCTCTTCCGATCT-3’ (NNNNNN contains the index
sequence) were used for a second PCR with NEBNext Q5 Hot
Start HiFi PCR Master Mix (NEB #M0543). The second PCR
products were purified with Agencourt AMPure XP beads in a
PCR-product-to-bead ratio of 1:0.7 (19). The purified libraries
were quality-verified using an Agilent 4200 TapeStation.

RNAseq Library
The mRNA was purified from the total RNA of 293FT cells
extracted with ISOGEN (Nippon Gene) and the RNA library was
prepared according to the protocol [NEBNext Poly(A) mRNA
Magnetic Isolation Module (NEB #E7490), NEBNext Ultra RNA
Library Prep Kit for Illumina (NEB #E7530), NEBNext Multiplex
Oligos for Illumina (NEB #E7335)]. The quality of the library
was assessed using a Bioanalyzer with an Agilent High
Sensitivity Chip.

Quantitative RT-PCR
RNA was isolated using ISOGEN (Nippon Gene). cDNA was
synthesized from total RNA using SuperScript III (Invitrogen).
Quantitative RT-PCR (qPCR) was performed using SYBR Green
Realtime PCR Master Mix (TOYOBO) and the CFX384 Real-
Time System (Bio-Rad). The primers used for qPCR analysis
were: SLC25A17-F, GCTAGACTTCGACTTCAGGTTG;
SLC25A17-R, AAACCACCCTCGATATGGTGC. Genomic
DNA contamination was examined by evaluating reverse
transcription reaction samples lacking reverse transcriptase.

Gene Validation
SLC25A17 was validated using two independent gRNAs.
Sequences of gRNAs used in this study are listed in
Supplementary Table 1B. The gRNAs were cloned into the
BbsI site of plasmid pKLV2-U6gRNA5(BbsI)-PGKpuro2ABFP-
W (Addgene #67974). We generated a pool of Cas9-expressing
HeLa (HeLa-Cas9) cells using lentiviral transduction and
analyzed the Cas9 activity using a functional assay in the same
way as for 293FT-Cas9 cells (18). 293FT-Cas9 or HeLa-Cas9 cells
were transfected with the plasmids expressing individual gRNA
using FuGENE (Promega) and incubated for five days before
infection with HPV PsVs. Validation was also performed using
the infectivity assay. For FACS analysis, gene-edited 293FT-, and
HeLa-Cas9 cells were inoculated with HPV PsVs (MOI of 0.05)
for 24 h. The data were analyzed using FlowJo software
(version 10).

Bioinformatics
The 293FT cell RNAseq library was analyzed using Hiseq X. The
obtained reads were mapped onto the human reference genome
(hg19) using STAR (2.5.3a) (20). Gene expression levels were
calculated using Stringtie (1.3.4b) (21). The gRNA sequencing
libraries were analyzed using Hiseq X. The reads of gRNAs were
calculated using Mageck (0.5.2) (22). The dot plot of gRNA
enrichment was drawn using R (version 3.6.3) (23) with the
ggplot2 package (24). An FDR < 0.05 was considered significant.
May 2022 | Volume 2 | Article 870922
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RESULT

Development of a New Infectious HPV PsV
Containing GFP and Thymidine Kinase
When we produced PsVs, the PsV fractions were numbered 1 to
5 sequentially from the bottom (Figure 1A). We performed
infectivity assays in which successful packaging of the plasmid
was functionally evaluated by quantifying the infection of 293FT
cells, as determined by the percentage of green fluorescent cells
using FACS analysis. This assay also showed that the infectivity
was very low in PsVs that did not contain L2, confirming that our
PsV does not infect cells non-specifically, but is infected in an L2-
dependent manner, as previously reported (25) (Figure 1B). We
analyzed HPV16 L1 and L2 protein expression in each PsV from
fraction No. 3 using western blots to confirm that the mature
capsid was composed of both L1 and L2 proteins (Figure 1B).

We constructed a reporter plasmid containing dTK to
incorporate a suicide function that leads to death by
ganciclovir. Ganciclovir can kill cells in which the DNA of TK
has been transferred. We plated 2 × 105 293FT cells in 24-well
plates. Two hours later, cells were infected with HPV-PsV-GFP-
dTK and then ganciclovir was administered. Some populations
of the infected cells died from the infection itself without the
administration of ganciclovir (Figure 2A). The cells were
infected with different amounts of PsVs, and ganciclovir was
administered at a constant concentration. The number of
surviving cells decreased depending on the amount of PsVs
(Figure 2A). Next, the cells were infected with a constant
amount of PsVs, and ganciclovir was administered at different
Frontiers in Virology | www.frontiersin.org 4
concentrations. The number of surviving cells after ganciclovir
treatment was decreased in a ganciclovir-dose-dependent
manner (Figure 2B). Ganciclovir is a cytotoxic agent, but
293FT cells showed resistance to ganciclovir at concentrations
≤ 40 µg/mL (Figure 2B). The newly developed infectious HPV-
PsV-GFP-dTK can infect human cells, and the administration of
ganciclovir can lead to the death of infected cells.

SLC25A17 and SAMHD1 Identification as
Candidate Genes in a CRISPR-Cas9
Screening Using the Genome-Wide
Lentiviral gRNA Library
To identify the genes involved in HPV infection, we applied the
genome-wide CRISPR-Cas9 screening system. First, 293FT cells
harboring the gRNA library were infected with HPV-PsV-GFP-
dTK. Then, the cells were treated with ganciclovir to select
uninfected cells and the gRNA was sequenced. While 1−2
rounds of PsV infection and ganciclovir selection were not
sufficient to narrow down the candidate genes, five rounds of
selection identified two candidate genes, SLC25A17 and
SAMHD1 (Figures 3A, B) . SLC25A17 encodes the
peroxisomal membrane protein PMP34 (26) and SAMHD1
encodes the enzyme that hydrolyzes deoxynucleotide
triphosphate (dNTPs) into deoxyribonucleosides and
triphosphates (27). Because nucleotide metabolism is unlikely
to be involved in the HPV infection route, the results of the
genome-wide screening suggested that SLC25A17, which is
associated with membrane proteins, may be involved in
HPV infection.
A

B

FIGURE 1 | Production, infectivity and western blotting assay of HPV-PsV-GFP-TK. (A) Step 1: Co-transfection of 293FT cells with HPV L1/L2 and a reporter
plasmid. Step 2: Cells are harvest two days after transfection. Step 3: Cell pellets are resuspended in DPBS with 9.5 mM MgCl2, Brij58, RNase Mix and 1M (NH4)

2SO4. Step 4: Cell pellet wash followed by supernatant ultracentrifugation at 281,000 × g for 4.5 h at 16°C, and fraction collection (No.1 to 5). (B) The infectivity of
PsVs using the reporter plasmid with pCAGIP-h16L1 and pCAGIP-h16L2 (left) and with only pCAGIP-h16L1 (right) analyzed in triplicate. Infectivity is indicated by the
proportion of fluorescent cells as measured using flow cytometry. Western blotting of HPV16 L1 and HPV16 L2 in HPV PsV. PsV using pCAGIP-h16L1 without
pCAGIP-h16L2 is used as a negative control in HPV16 L2.
May 2022 | Volume 2 | Article 870922
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Validation Experiments Suggest That
SLC25A17 Is Involved in HPV
To validate the results of the screening, we examined whether
gRNAs against the candidate genes decreased in the HPV-PsV-
GFP-dTK infection. Both gRNAs against SLC25A17 significantly
decreased the infection efficiency of HPV-PsV-GFP-dTK in
293FT-Cas9 cells (Figure 4A). The same experiments were
performed on HeLa-Cas9 cells. In HeLa-Cas9 cells, both
gRNAs against SLC25A17 decreased the infection efficiency of
HPV-PsV-GFP-dTK (Figure 4A). The relative expression level
of SLC25A17 mRNA for ACTB mRNA was generally decreased
in cells transfected with gRNAs against SLC25A17 compared
with that in cells transfected with control gRNA (Figure 4B).
Thus, we confirmed that the gRNAs were effective for these
experiments, although the degree of the effect varied depending
on the gRNA. The results of these validation experiments
suggested that SLC25A17 is involved in the HPV
infection pathway.
DISCUSSION

HPV is a notable virus whose infection is associated with the
onset of several cancers, including oropharyngeal cancer, but the
mechanism of infection is unknown. In this study, we established
and used an experimental system to elucidate the HPV infection
route. To search for genes involved in the HPV infection
pathway using genome-wide CRISPR screening, we developed
HPV PsVs, which enable the negative selection of uninfected
cells with ganciclovir, and constructed a system that allows more
Frontiers in Virology | www.frontiersin.org 5
accurate screening by repeating the procedure. Initially, the
screening was performed after 1−2 rounds of the selection
process (PsV inoculation and ganciclovir administration).
However, a considerable number of genes remained in the
sequence and the candidate genes could not be narrowed
down. The large number of candidate genes is likely to include
genes such as VPS29, a component of the retromer that have
been reported to be involved in HPV infection (28), but it is
difficult to distinguish them from unrelated genes because of the
increased noise in the data obtained. Incontrast, when the
process was repeated 5 times, we were able to narrow them
down to two candidates, SLC25A17 and SAMHD1. Furin,
gamma secretase and others, which have been reported to be
associated with HPV infection (29–32), were not detected
significantly by this screening. This may be difficult to detect
by the screening because these are secreted factors, and even if
these factors are inhibited in one cell, the surrounding cells
supply these factors. Validation experiments suggested that
SLC25A17 is involved in the HPV infection pathway.

We used the CRISPR-Cas9 system to construct the
experimental procedure. The high efficiency and simplicity of
this system make it suitable for genome-wide screening in the
form of pooled gRNA libraries (18, 19). In recent years, several
viral receptors have been identified using the CRISPR-Cas9
system. The adeno-associated virus receptor (AAVR) was
identified as a type I transmembrane protein, KIAA0319L,
using haploid genetic screening and the role of AAVR was
validated using CRISPR-Cas9 to generate AAVR-knockout cell
lines (33). Moreover, the cell adhesion molecule Mxra8 was
identified as a receptor for multiple arthritogenic alphaviruses
using genome-wide CRISPR-Cas9 screening (34). Here, we
A

B

FIGURE 2 | Cell survival assay. (A) Cell survival assay performed in triplicate showing the number of surviving cells (left) two days after inoculation with 0, 6, 12, 18
µL of HPV16 PsVs (5.7 × 106 IU/mL) and (right) one day after treatment with 20 µg/mL ganciclovir, which was performed one day after inoculation with 0, 6, 12, 18
µL of HPV16 PsV into 293FT cells. (B) Cell survival assay performed in triplicate showing the number of surviving cells (left) two days after treatment with 0, 10, 20,
40 µg/mL ganciclovir and (right) one day after treatment with 0, 10, 20, 40 µg/mL ganciclovir, which was performed one day after inoculation with 12 µL of HPV16
PsV (5.7 x 106 IU/mL) into 293FT cells.
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constructed an experimental procedure using the CRISPR-Cas9
system to identify HPV receptors. SLC25A17 is likely involved in
the HPV infection pathway as it was a prime candidate derived
from our CRISPR-Cas9 screening targeting human genes.
However, this needs to be validated with further experiments,
as in the case of AAVR and Mxra8.

The gRNAs against SLC25A17 identified in the CRISPR
screening experiments attenuated the efficiency of HPV PsV
infection. However more reliable results may be obtained by
producing cells in which SLC25A17 is knocked out. In the
screening process, cells in which SAMHD1 was deleted might
have survived HPV infection with ganciclovir, suggesting that,
for some reason, the cells had become ganciclovir resistance. To
improve this screening in the future, similar genome-wide
CRISPR screening needs to be conducted to search for
ganciclovir resistance genes. For example, instead of TK, which
leads to cell death with ganciclovir, diphtheria toxin fragment A,
which can lead to cell death without drugs, could be contained in
HPV PsVs. Although our experimental system may need some
Frontiers in Virology | www.frontiersin.org 6
improvements, this study shows that the screening is useful
and suggests that SLC25A17 is involved in the HPV
infection pathway.

SLC25A17 encodes the peroxisomal membrane protein
PMP34, which belongs to the family of mitochondrial solute
carriers whose RNA is expressed in all tissues. Peroxisomes are
multifunctional organelles in humans with roles in cellular
metabolism, cytotoxicity, and important immune signaling that
were identified about 10 years ago (26). The RIG-I-like receptor
(RLR) adaptor protein MAVS is localized in human peroxisomes
and acts as an innate immune signaling factor that induces type
III interferon expression during viral infection, leading to an
antiviral response (35, 36). Thus, peroxisomes are important sites
for antiviral signaling. However, recent studies have discovered
that peroxisomes facilitate virus-host interactions to support
cellular processes for viral replication and spread. For example,
the capsid proteins of the flaviviruses dengue (DENV) and West
Nile (WNV) bind to peroxisome membranes and interact with
the peroxisome biogenesis factor PEX19 to inhibit peroxisome
A

B

FIGURE 3 | Genome wide CRISPR-Cas9 screening to identify the gene(s) involved in HPV infection. (A) 293FT-Cas9 cells were transduced with lentiviral CRISPR
library V1 consisting of 90,709 gRNAs selected with puromycin and then inoculated with HPV PsVs (MOI of 0.8). One day later, cells were selected with ganciclovir.
Six days later, surviving cells were re-inoculated with HPV PsVs and selected with ganciclovir. This selection was repeated a total of five times. Enriched gRNAs were
analyzed by sequencing. Then, genomic DNA was collected for gRNA sequencing. (B) Dot plot of p-value of the enriched gRNAs with expression level [Fragments
per kilobase million (FPKM)]. Red dot shows FDR < 0.05.
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biogenesis, reducing the number of peroxisomes by
approximately 30%. As a result, decreased expression of type
III interferon reduces early antiviral signaling (37). Moreover,
peroxisome-synthesized lipids are thought to be necessary for the
formation of viral envelopes and the maintenance of host and
viral adaptability in the process of infections with enveloped
viruses such as influenza, human cytomegalovirus (HCMV), and
WNV (26). However, no association with peroxisomes has been
reported for non-enveloped viruses such as HPV. Therefore,
further experiments are needed to confirm whether PMP34 is a
receptor or major pathway for HPV infection. If PMP34 were
identified as a major route of HPV infection, this could lead not
only to the elucidation of the mechanism of HPV infection, but
also to the elucidation of peroxisome function, the details of
Frontiers in Virology | www.frontiersin.org 7
which remain unknown. We strongly believe that further
elucidation of the mechanism of HPV infection will lead to the
development of new prevention and treatment methods for
HPV-related cancers, including oropharyngeal cancer.

In conclusion, the results of this study indicate that our
screening system is useful and suggest that PMP34 is involved
in the HPV infection pathway.
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