
Journal of Advanced Research 57 (2024) 163–180
Contents lists available at ScienceDirect

Journal of Advanced Research

journal homepage: www.elsevier .com/locate / jare
Original Article
PIBF1 regulates multiple gene expression via impeding long-range
chromatin interaction to drive the malignant transformation of HPV16
integration epithelial cells
https://doi.org/10.1016/j.jare.2023.04.015
2090-1232/� 2024 The Authors. Published by Elsevier B.V. on behalf of Cairo University.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Peer review under responsibility of Cairo University.
⇑ Corresponding authors.

E-mail addresses: yfindderam@gmail.com (Z. Yuan), dingwencheng326@163.com (W. Ding), huit71@sohu.com (H. Wang).
1 These authors contributed equally to this work.
Xiaomin Li a,b,1, Ci Ren a,1, Anni Huang a,1, Yue Zhao c,1, Liming Wang a, Hui Shen a, Chun Gao a, Bingxin Chen a,
Tong Zhu a, Jinfeng Xiong a, Da Zhu a, Yafei Huang d, Jianlin Ding a, Zan Yuan c,⇑, Wencheng Ding a,⇑,
Hui Wang a,e,⇑
aNational Clinical Research Center for Gynecology and Obstetrics, Tongji Hospital, Tongji Medical College, Huazhong University of Science and Technology, Wuhan 430030, China
bDepartment of Anesthesiology, Hubei Key Laboratory of Geriatric Anesthesia and Perioperative Brain Health, and Wuhan Clinical Research Center for Geriatric Anesthesia,
Tongji Hospital, Tongji Medical College, Huazhong University of Science and Technology, China
cAnnoroad Gene Technology (Beijing) Co., Ltd, Beijing 100176, China
dDepartment of Pathogen Biology, School of Basic Medicine, Tongji Medical College, Huazhong University of Science and Technology, Wuhan, Hubei, China
e Zhejiang Provincial Key Laboratory of Precision Diagnosis and Therapy for Major Gynecological Diseases, Women’s Hospital, Zhejiang University School of Medicine,
Hangzhou, Zhejiang, China
h i g h l i g h t s

� A site-specific HPV16 gene knock-in
cell model was established.

� PIBF1 was up-regulated as cis-
perturbation of HPV integration.

� PIBF1 is a chromatin binding protein
and could interact with cohesin
complex off the chromatin.

� PIBF1 may cause dysregulation of
tumorigenesis-related genes through
destroying cohesin ring-shaped
structure.
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Introduction: Human papillomavirus (HPV) integration can induce gene expression dysregulation by de-
stroying higher-order chromatin structure in cervical cancer.
Objectives: We established a 13q22 site-specific HPV16 gene knock-in cell model to interrogate the
changes in chromatin structure at the initial stages of host cell malignant transformation.
Methods: We designed a CRISPR-Cas9 system with sgRNA targeting 13q22 site and constructed the
HPV16 gene donor. Cells were cotransfected, screened, and fluorescence sorted. The whole genome se-
quencing (WGS) was used to confirm the precise HPV16 gene integration site. Western blot and qRT-
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Malignant transformation
PIBF1
Chromatin structure
PCR were used to measure gene expression. In vitro and in vivo analysis were performed to estimate the
tumorigenic potential of the HPV16 knock-in cell model. Combined Hi-C, chromatin immunoprecipita-
tion and RNA sequencing analyses revealed correlations between chromatin structure and gene expres-
sion. We performed a coimmunoprecipitation assay with anti-PIBF1 antibody to identify endogenous
interacting proteins. In vivo analysis was used to determine the role of PIBF1 in the tumor growth of cer-
vical cancer cells.
Results: We successfully established a 13q22 site-specific HPV16 gene knock-in cell model. We found
that HPV integration promoted cell proliferation, invasion and stratified growth in vitro, and monoclonal
proliferation in vivo. HPV integration divided the affected topologically associated domain (TAD) into two
smaller domains, and the progesterone-induced blocking factor 1 (PIBF1) gene near the integration site
was upregulated, although PIBF1 was not enriched at the domain boundary by CUT-Tag signal analysis.
Moreover, PIBF1 was found to interact with the cohesin complex off chromatin to reduce contact domain
formation by disrupting the cohesin ring-shaped structure, causing dysregulation of tumorigenesis-
related genes. Xenograft experiments determined the role of PIBF1 in the proliferation in cervical cancer
cells.
Conclusion: We highlight that PIBF1, a potential chromatin structure regulatory protein, is activated by
HPV integration, which provides new insights into HPV integration-driven cervical carcinogenesis.
� 2024 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Cervical cancer is one of the most common gynecological malig-
nancies, with 604,127 diagnoses and over 341,000 deaths world-
wide in 2020[1]. The integration of high-risk HPV (hrHPV) DNA
fragments into the host genome is considered a key event in the
progression of major cervical lesions [2]. According to previous
studies, integration of HPV genes was found in up to 76–94 % of
HPV16-positive squamous cervical cancers [3-5]. Additional evi-
dence of nonrandom integration of HPV in the human genome
has been found. Many high-frequency integration loci have been
reported, such as 3q28, 8q24.21, and 13q22.1, among others
[5,6]. Previous studies have focused on hrHPV virus oncogene ex-
pression, which can deregulate host gene expression [7]. The inte-
gration of HPV can also cause structural variations (SVs) in the host
genome due to the insertion of new genetic material into the chro-
matin. It has been systematically reported that SVs can alter regu-
latory elements by disrupting higher-order chromatin structures,
such as TADs and loops, and could affect gene expression far from
the SV breakpoint, which leads to the progression of cancer or
other diseases [8].

To date, several studies have characterized the SVs and the ef-
fects on higher-order chromatin structures and gene expression
driven by HPV integration in cervical cancer [9-11]. These studies
have found that integration is often accompanied by instability
of the host genome, recurrent focal amplification, rearrangement
adjacent to the integrated locus, and even dysregulation of distant
gene expression. However, the data reported in these studies were
based on clinical cervical cancer specimens or naturally integrated
cervical cancer cells, all of which were in a post integration state
with massive structural variations in the host genome [9-12].
Therefore, it is difficult to assess the dynamic changes in pathogen-
esis driven by HPV integration from the premalignancy stage to the
carcinoma stage on the basis of these samples.

Although there are several types of HPV integration events that
can occur in the cells of polyclonal precancerous lesions, clones
with integration at hotspots are often identified as the main clone
subtype of cervical cancers [13]. However, the mechanism of the
host hotspots site of integration and local genes in determining
the progression of cancer remains to be explored. A rigorously de-
signed cell model of HPV integration is urgently needed to facili-
tate the investigation of the initial stages of phenotypic
progression to cervical cancer. Groves et al. chose to study early
generations of W12-derived cell lines to minimize any effects of
genomic instability caused by deregulated HPV16 oncogene ex-
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pression, but the W12 cell context itself had some effect on the in-
tegration because this line was derived from a clinical low-grade
squamous intraepithelial lesion [10]. Therefore, a cell model that
maintains the restricted cell differentiation and phenotypic charac-
teristics of the epithelial cell layer is urgently needed.

In this study, we have successfully established a 13q22 site-
specific HPV16 knock-in cellular model. We first visually observed
the impact of the single integration at this site, without the influ-
ence of the other integration sites, on genome structure. We found
that PIBF1 may act as a potential chromatin structure regulatory
protein. HPV integration could upregulate PIBF1 expression to ac-
celerate the disruption of the cohesin complex and thereby reduce
long-range cis interactions and disrupt gene expression. The data
reported here help us to obtain deep insight into the mechanism
of how HPV integration affects the regulation of spatial chromo-
some structure.
Materials and methods

Plasmid construction and preparation

All sgRNAs were designed based on the hg19 genome using a
website tool (https://tools.genome-engineering.org). The gene se-
quences around the HPV integration site were selected, and we se-
lected the three sgRNAs with the highest score and fewest off-
target matches. They were cloned based on the protocol from the
Feng Zhang lab. Briefly, oligonucleotides complementary to gRNA
templates were ordered separately, annealed, phosphorylated
and cloned into the BbsI sites of pSpCas9(BB)-2A-EGFP (Addgene
plasmid, Cambridge, MA, USA). The sgRNAs sequences are listed
in Fig. S1A.

To construct donor vectors, left and right homology arms
(500 bp each) were amplified from HaCaT genomic DNA by PCR
and cloned into pDC515, generating pDC515-HAL-HAR (D0). Then,
the flag-Loxp + CMV-EGFP-2A-Puro-polyA + loxp cassette was gen-
erated and inserted downstream of the left arm of D0, yielding
pDC515-HAL-flag-Loxp + CMV-EGFP-2A-Puro-polyA + loxp-HAR
(D1), which served as the control donor vector. To obtain HPV16
knock-in donor vectors, the HPV16 URR + E6 + E7 gene was cloned
from HPV16 BAC and then reversed and inserted upstream of the
EGFP cassette of D1, generating pDC515-HAL-HPV16 E7 + E6 + U
RR-flag-Loxp + CMV-EGFP-2A-Puro-polyA + loxp-HAR (D2). All
plasmids were prepared using endotoxin-free plasmid extraction
kit (D6915, Omega, USA,) and stored at �80 �C. All constructs were
confirmed by sequencing.

http://creativecommons.org/licenses/by-nc-nd/4.0/
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For cell transfection of the donor, linearized D1 (HAL-flag-Loxp +
CMV-EGFP-2A-Puro-polyA + loxp-HAR) and D2 (HAL-HPV16 E7 +
E6 + URR-flag-Loxp + CMV-EGFP-2A-Puro-polyA + loxp-HAR) frag-
ments were amplified by PCR, using primer 1 (Table S3). All the
PCR product was checked by agarose gel and purified by a Cycle
Pure Kit (D6492, Omega, USA).

Cell culture and transfection

HaCaT cells (derived from a transformed nontumorigenic hu-
man keratinocyte cell line), Human papillomavirus-related cervical
cancer cell lines (SiHa) were purchased from ATCC and cultured in
fresh Dulbecco’s minimum essential medium (DMEM; Invitrogen)
supplemented with 10 % fetal bovine serum (FBS, Gibco) and 100
U/mL penicillin streptomycin (Invitrogen). Ect1/E6E7 (immortal-
ized human ectocervical squamous cell line) were purchased from
ATCC and cultured in Keratinocyte-Serum Free medium supple-
mented with human recombinant EGF (0.1 ng/ml), bovine pituitary
extract (0.05 mg/ml), and calcium chloride (final concentration
0.4 mM). Cells were grown in a humidified incubator at 37 �C, in
a 5 % carbon dioxide atmosphere.

All cells were transfected using linear polyethylenimine (PEI)
(Sigma; 764604). PEI powder was diluted with sterilized ddH2O
to 5 lg/ll, and the ratio of PEI to total DNA was 3 lg:1 lg. Each
well of a six-well plate received 1 lg sgRNA and 1 lg linearized
donor. Before transfection, the cell medium was replaced with
1.8 ml of DMEM, PEI was added to the DNA mixture suspended
in 200 ll of Opti-MEM, and the cells were incubated for 15 min
at room temperature. Then, the mixture was added to the cultured
cells and incubated the cells in a CO2 incubator. After 24 h, the
medium was replaced daily with 2 ml of fresh DMEM containing
puromycin (50–100 nM) for 3 weeks; the puromycin concentration
was decreased gradually with the increase in EGFP positive cells
under a fluorescence microscope (Olympus, Tokyo, Japan).

sgRNA targeting analyses

HaCaT cells plated in 6-well plates were transfected with 2 lg
of the indicated sgRNAs (separately) for 48 h. Genomic DNA was
extracted, and approximately 500 bp of the genomic fragment en-
compassing the sgRNA target sites was amplified with primer 5
(listed in Table S3). A 200 ng sample of each purified PCR product
was denatured and reannealed in 1 � NEB Buffer 2 T7EI (New Eng-
land Biolabs) for 15 min at 37 �C. The reaction mixtures were then
analyzed on a 10 % TBE polyacrylamide gel. The products were also
purified using a gel extraction kit to prepare for single cloning into
the PMD18-T plasmid vector, and the exact mutant sequences was
screened by Sanger sequencing.

Single-cell cloning and analysis

After selection with puromycin for 5 days, cells were digested
by trypsin, and EGFP-positive cells were immediately sorted into
96-well plates using BD FACS under sterile conditions and cultured
at 37 �C with 5 % CO2. Each well contained 100 ll fresh DMEM sup-
plemented with puromycin (25 mM) and refreshed weekly. After
3 weeks, EGFP-positive cell colonies were digested and transferred
into 24-well plates. Then, a portion of the cells was harvested for
DNA extraction using the Tissue DNA Kit (QIAGEN, D3396), and ev-
ery colony was genotyped by PCR (Table S1) and and Sanger
sequencing.

Polymerase chain reaction (PCR)

PCR was performed by Taq DNA polymerase (Vazyme; P131)
with the following settings: 3 min at 95 �C for pre-incubation, fol-
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lowed by 34 cycles of 15 s at 95 �C, 30 s at 60 �C, and extension for
60 sec/kb depending on the expected product size at 72 �C.

Flow cytometry

To evaluate the percentages of EGFP-positive cells, the cells was
suspended in PBS and fixed with 2% paraformaldehyde for 10 min,
then subjected to flow cytometry analysis using a FACSAria II cell
sorter (BD Biosciences).

Quantitative reverse transcription PCR (RT–PCR)

Total RNA was isolated using the Total RNA Kit I (OMEGA;
R6834). RT-PCR was performed using 2 lg of total RNA. Quantita-
tive RT-PCR was performed in a CFX96 Real-Time system (Bio–Rad,
USA). The experiments were performed in triplicate, and the pri-
mers of all target genes and GAPDH (reference gene) are listed in
Table S4.

Colony formation assay

A total of 500 cells were seeded in 12-well plates in triplicate
and incubated for 2 weeks. The colonies were stained with 0.04%
crystal violet and photographed. Colonies of>50 mm in diameter
were counted using an Omnicon 3600 image analysis system.

Cell proliferation assay

Cell proliferation were performed using Cell Counting Kit-8
(Dojindo Molecular Technologies) according to the manufacturer’s
manual. Briefly, 5 � 103 cells were seeded in 96-well plates and
cultured for 0 h, 24 h, 48 h, 72 h and 96 h in a 37�C incubator with
5% CO2. Then CCK-8 dye was incubated at 37�C for 3 h, the ab-
sorbance was determined at 450 nm using a microplate reader.

Transwell migration and invasion assay

Cells were diluted with serum-free DMEM to a concentration of
5x105 cells/ml, and 100 ll cells were placed on Transwell cham-
bers (Corning Life Sciences). For the cell invasion assay, chambers
were precoated with 50 ll Matrigel (BD Biosciences) solution di-
luted in DMEM (vol/vol 1:8), and cells were added to the upper
compartment and incubated for 24 and 48 h at 37�C. DMEM sup-
plemented with 20% FBS was prepared in the lower compartment.
Then cells were scored by counting the number of stained cells on
the whole filter under a microscope.

Wound healing assay

The cells were seeded in six-well culture plates. When the cell
density reached 100%, a wound was made by using a 200 ll pipette
tip to scratch the monolayer. The cells was washed with 1x PBS for
3 times to remove cell debris and then incubated in fresh serum-
free DMEM. The area of the scratch was photographed at 0 h, 6 h
and 12 h, and the distance from the scratch was measured at differ-
ent time points. Finally, the wound healing effect was analyzed for
each group of cells with the following calculation: 100 � (scratch
width at 0 h - scratch width at 12 h)/ scratch width at 0 h. Three
replicates were performed for each group of experiments.

3D organotypic coculture

We performed the three-dimensional organotypic coculture as
described previously [14]. Briefly, a polyethylene terephthalate
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hanging cell culture insert (Millipore Merck Germany;
MCEP24H48) in a 24-well plate was coated with 50 ll Matrigel.
After the Matrigel was polymerized in a 37 �C incubator, 5000 fi-
broblasts diluted in 100 ll Matrigel mix (50 ll Matrigel, 20 ll
FBS, 10 ll 10 � DMEM, 10 ll 1 N NaOH, 10 ll rat tail collagen, type
1) were added to the bottom layer. Then, 1x106 HaCaT cells were
added to the top layer for 24 h after fibroblast implantation. When
cell was implanted for 10 days, we harvested the organotypic gels
and embedded them in paraffin. Hematoxylin and eosin (HE) stain-
ing was performed on paraffin sections, and images were taken us-
ing an Olympus BX53 microscope (Olympus).

Lentivirus preparation and transduction

The PIBF1 knockdown lentivirus were constructed by Shanghai
Genechem Co., Ltd. For the PIBF1 knockdown lentivirus (lv-
shPIBF1), the siRNA sequence of PIBF1, ATGAGCTAGTGAATCCAT-
TAA or GCAAGGTGACTACCGTCAAGA, was cloned into the hU6-
MCS-CBh-gcGFP-IRES-puromycin vector. TTCTCCGAACGTGTCACGT
was cloned into the same lentivirus vector (lv-shCON), and it is
served as the negative-control scrambled sequence. All the len-
tivirus constructs were transduced according to the manufacturer’s
instructions.

Xenograft experiments

The four-week-old female BALB/c-Nude mice were provided by
GemPharmatech (Nanjing, China) and housed at the Experimental
Animal Center, Tongji Medical College, Huazhong University of
Science and Technology (HUST, Wuhan, China). All mice were di-
vided into groups randomly. 5 � 106 SiHa cells or 1 � 107 HaCaT
cells was injected subcutaneously in the right flank of each mouse.
The tumor size was measured by a digital caliper and calculated
using the following formula: 0.5 � Length � Width2. All the exper-
imental protocols were approved by the Institutional Animal Care
and Use Committee of HUST, and we carried out the study in strict
accordance with the Guidelines for the Welfare of Animals in Ex-
perimental Neoplasia.

Immunohistochemistry staining (IHC)

We euthanized the mice and isolated the xenografts, then fixed
them with 4 % paraformaldehyde. IHC staining was performed on
the paraffin-embedded sections (5 lm) according to the protocol
of antibodies. The slides were incubated with the rabbit anti-
Ki67 (1:150, ab16667, Abcam) primary antibody overnight at
4 �C. Antibody detection was performed using DAB. Photographs
were taken using cellSens Dimension, and the staining intensity
was measured using ImagePro Plus.

Extraction of total cellular DNA

After trypsin digestion, the cultured cells were collected in a
1.5 ml EP tube by centrifugation at 1200 rpm for 5 min. Then,
the cells were washed with 1x PBS and centrifuged again to obtain
cell precipitates. DNA from cells was extracted using a standard Qi-
agen DNA extraction kit following the kit’s operating instructions.
DNA was quantified and quality assayed using a Qubit 2.0 Fluo-
rophotometer (Life Technologies), NanoDrop One/OneC (1.8 < O
D260/OD280 < 2.0). DNA was stored at �80 �C.

G-banding chromosome karyotype analysis

The G-banding chromosome karyotype analysis procedure have
been described in detail previously [15]. The reagents were pre-
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pared as follows: colchicine (Sinochrome), 0.9% saline, trypsin
(Thermo Fisher), hypotonic solution (0.4% KCl mixed 1:1 with
0.4% sodium citrate), fixative (3:1 methanol:glacial acetic acid),
staining solution (Giemsa stock solution:phosphate buffer, pH
7.4 = 1:6), digestion solution (50 ml of physiological saline placed
in 37 �C water for 0.5 h, followed by addition of 1 ml of 0.25% tryp-
sin and rewarming for 30 min.). First, the cultured cells were incu-
bated with colchicine for 2 h, and then the culture medium was
transferred into an EP tube. Second, after incubating the cells with
trypsin for 2 min, the cell suspension was transferred to the above
EP tube and centrifuged at 1500 rpm for 10 min to obtain the cell
pellet. Next, the cells were resuspended in hypotonic solution, in-
cubated in 37 �C water for 20 min, prefixed with fixative and cen-
trifuged at 1500 rpm for 10 min to obtain a cell pellet. After
repeating the above fixation process 2 times, we resuspended the
cell pellet in fixative to obtain the final cell suspension. We then
dropped the cell suspension onto a glass slide and allowed it to
dry. The slide was placed in digestion solution for 15 s, washed
with physiological saline, and then stained with the staining solu-
tion. Finally, we counted and recorded 10 split phases under the
microscope for analysis.

Western blot assay

The proteins were isolated and resolved by Sodium dodecyl sul-
fate–polyacrylamide gel electrophoresis (SDS-PAGE), transferred to
polyvinylidene difluoride membrane (PVDF) and probed with pri-
mary antibodies for 12 h at 4 �C. The proteins were visualized using
the ECL system (Bio–Rad) and analyzed by Image Lab (6.0.1). The
primary antibodies and dilutions used were as follows:

GAPDH (1:2500, rabbit, YM1235, Immunoway), PIBF1 (1:2000,
rabbit, NB100-58-834, NOVUS), SMC3 (1:1000, rabbit, ab9263, Ab-
cam), RAD21 (1:1000, rabbit, ab217678, Abcam), H3 (1:500, rabbit,
ab32388, Abcam), SP1 (1:1000, rabbit, A14662, ABclonal).

Subcellular protein fractionation

After trypsin digestion, the cultured cells were collected in
1.5 ml EP tubes by centrifugation at 1200 rpm for 5 min. The super-
natant was discarded, and the cells were resuspended with 1x PBS
and centrifuged again to obtain the cell precipitate. We used the
Subcellular Protein Fractionation Kit for Cultured Cells (Thermo
Scientific, 78840) to obtain the protein supernatant from the cyto-
plasm, nuclear pulp, and chromatin-bound components according
to the kit instructions. We added protein loading buffer to the pro-
tein and boiled the sample at 100 �C for 15 min. Finally, the protein
expression in each component was detected by immunoblotting
assay.

Immunoprecipitation assay

Cultured cells were lysed for 2 h in ice-cold RIPA lysis buffer
(Beyotime, P0013) containing PMSF protease inhibitors (Beyotime,
ST505). After centrifugation at 12000 rpm for 5 min at 4 �C, the su-
pernatant containing the total protein extract was transferred to a
new EP tube. The preparation for the combination of antibody and
beads was performed as follows: first, the primary antibodies
against PIBF1 (NOVUS, rabbit, NB100-58834) and anti-IgG (Bey-
otime, rabbit, A7016) were diluted according to the antibody in-
structions. Second, the antibody was coincubated with protein
A + G agarose beads (Beyotime, A7016) for 2 h with rotation at
4 �C and then centrifuged at 1000g for 5 min at 4 �C to obtain
the antibody-bound beads. Next, 600 ll of the total protein super-
natant obtained above was added to the antibody-conjugated pro-
tein A + G agarose beads and rotated overnight at 4 �C to bind the
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protein to the antibody. On the second day, the reaction was cen-
trifuged at 1000g at 4 �C for 5 min, the supernatant was discarded,
and the protein A + G agarose beads were washed 4 times with 1x
PBS. In the next step, we added 1.5 � loading buffer to the sample
and boiled it at 100 �C for 5 min. Finally, the obtained protein was
analyzed by western blot assay.
Immunofluorescence assay

Cells were plated in 6-well plates on glass coverslips. After 24 h,
the cells were fixed with 4% paraformaldehyde for 15 min, perme-
abilized in 0.5% Triton X-100/1X PBS for 20 min and blocked in 3%
BSA/1X PBS solution for 30 min. Cells were then incubated with
primary antibody overnight at 4 �C, washed with 1x PBST and in-
cubated with HRP secondary antibody for 1 h at 37 �C. Nuclei were
stained with 406-diamidino-2-phenylindole (DAPI). Images were
acquired with fluorescence microscope. The antibodies included
PIBF1 (1:100, mouse, sc-166372, Santa Cruz), SMC3 (1:200, rabbit,
ab9263, Abcam), RAD21 (1:100, rabbit, ab217678, Abcam), Cy5-
goat anti-mouse IgG H&L (ab6563, Abcam), and Cy5-goat anti-
rabbit IgG H&L (Ab6564, Abcam).
Liquid chromatography/mass spectroscopy (LC–MS/MS) analysis

The mass spectrometric procedure and detection conditions
used have been described in detail previously [16]. Briefly, coim-
munoprecipitated proteins were prepared by immunoblotting;
the area of the protein in the SDS–PAGE gel was excised and cut in-
to small pieces of approximately 1 mm3, and then the peptides
were prepared according to the experimental procedure for detec-
tion and analysis. Mass spectrometry analysis was performed using
the Q Exactive Plus LC–MS system (Thermo), and the resulting
mass spectra were searched by MaxQuant (V1.6.2.10) using the
MaxLFQ database search algorithm. The database searched was
the Human Proteome reference database in UniProt.
siRNA

Cells were transfected with small interfering RNA targeting
PIBF1 (si-PIBF1-1 and si-PIBF1-2, RiboBio, Guangzhou, China) or a
nontargeting control (si-NC, RiboBio, Guangzhou, China,
siN0000001-1–5) using Lipo3000 (Thermo, L3000015) according
to the manufacturer’s instructions. The cells were harvested 72 h
after transfection.
Whole-genome sequencing and processing

Genomic DNA extraction of the HaCaT, Vector, and KI cell lines
using a QIAamp DNA Mini Kit (QIAGEN). After the sample passes
the DNA integrity test, g-Tube (Covaris) was used to shearing
8 lg of genomic DNA and concentrated with AMPure PB magnetic
beads. The construction of each SMRTbell library was using the
Pacific Biosciences SMRTbell Template Prep Kit 1.0 or Express Tem-
plate Prep Kit 2.0. We produced the library size-selected by Sage
ELF BluePippinTM system 3 for molecules 8–12 kb/14–17 kb, fol-
lowed by primer annealing and the binding of SMRTbell templates
to polymerases with the DNA Polymerase Binding Kit. Sequencing
was carried out for 30 h on the Pacific Bioscience Sequel II platform
at Annoroad Genomic Company. We used NGLMR [17] to perform
the alignments with default parameters.
Hi-C sequencing and processing

(1) Hi-C assay preparation and sequencing.
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Adherent cells were crosslinked with 40 ml 2 % formaldehyde
solution 15 min under vacuum at room temperature. After that,
we used 4.324 ml 2.5 M Gly in order to terminate the crosslinking
reaction. Afterward, the supernatant was discarded, and cells re-
tained in the precipitate. Cells were frizzed by liquid nitrogen.
We resuspended the cells in 25 ml extraction buffer. Next, we fil-
tered the sample through Miracloth (Calbiochem), and the filtrate
was centrifuged at 4000 rpm for 20 min at 4 �C. Thereafter, we re-
suspended the pellet in 1 ml extraction II buffer (10 mM Tris-HCl
pH 8, 1 % Triton X-100, 0.25 M sucrose, 10 mM MgCl2, 0.1 mM
PMSF, 13 protease inhibitors and 5 mM mercaptoethanol). After
a few moments, the solution was centrifuged 10 min at
14000 rpm and 4 �C. The pellet was then resuspended in 300 ll ex-
traction buffer III (10 mM Tris-HCl pH 8, 2 mMMgCl2, 0.15 % Triton
X-100, 1.7 M sucrose, 5 mM b-mercaptoethanol, 1 ll protease in-
hibitor, 0.1 mM PMSF). Then, add 300 ll clean extraction buffer
III, and centrifuged the sample 10 min at 14000 rpm. After the su-
pernatant discarded, the pellet we washed with 500 ll ice-cold 1x
CutSmart buffer and the sample was centrifuged for 5 min. The nu-
cleus was remained in the pellet. Thereafter, the pellet was washed
twice used restriction enzyme buffer and then transferred the pel-
let to a safe-lock tube. Then, the chromatin was solubilized with di-
lute SDS and incubated for 10 min at 65 �C. Triton X-100 overnight
was used to quench the SDS. In the next step, a 4-cutter restriction
enzyme (400 units MboI) was used to digested the nuclei on a
rocking platform at 37 �C. After that, the DNA ends were labeled
with biotin-14-dCTP, and the blunt-end were joined between the
cross-linking fragments. Thus, the proximal chromatin DNA were
ligated. We incubated nuclear complexes with proteinase K at
65 �C and then generated reverse crosslinked nuclear complexes
[18]. We purified the reversed crosslinked nuclear complexes by
phenol–chloroform extraction after crosslinking. After we cleared
the Biotin-C from nonligated fragments by adding T4 DNA poly-
merase, we sheared the fragments to 200–600 bp by sonication
and the fragments were repaired with a mixture of T4 DNA poly-
merase, DNA Polymerase I Klenow Fragment and T4 polynu-
cleotide kinase. In the next step, enrichment of the biotin-labeled
DNA fragments was performed by streptavidin C1 magnetic beads.
The Hi-C library was then sequenced on the Illumina HiSeq X Ten
platform with paired-end reads of 150 bp. We trimmed the raw
read length to 50 bp and filtered with fqtools_plus (https://github.-
com/annoroad/fqtools_plus) discarding low-quality reads, reads
containing adapters (>5 bp adapter nucleotide) and reads with a
high N ratio (>5 %).

(2) Hi-C read mapping and normalization.
Corresponding to our experiment, the donor sequence is insert-

ed into the chr13:73814191 of the Homo sapiens genome (hg19) as
the customized reference of all omics data alignment. We mapped
reads to the customized hg19 reference through Bowtie2 (v2.3.4)
[19]. Then, HiC-Pro was used to do genome mapping and send
the unique mapped paired-end reads to genome MboI simulated
digestion fragments [20]. Only the paired-end reads mapped to
diffrent MboI fragments uniquely were extracted for processing.
We used HiC-Pro software (v2.7.1) build matrix tool to generate in-
teraction matrices at different resolutions (1 Mb, 100 kb, 40 kb,
20 kb) [20]. HiCCUPS software (v2.7.1) was used to constructed
10 kb and 5 kb resolution matrices in hic format. Briefly, ICE (Iter-
ative Correction) method was used to remove potential chromatin
interaction bias [20]. And we used a more computational efficiency
version (https://github.com/seqyuan/iced) developed by us.

(3) Sample interaction differential and IDE analysis.
Observed/Expected hic matrix was used to analyze HaCaT, Vec-

tor, and KI interaction differences (described below in ‘‘Identifica-
tion of A/B compartments”) of each sample’s intrainteraction
matrices. The differences in cis interactions between pairs of sam-
ples are displayed in heatmaps. IDE (Interaction Decay Exponents)
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describe the interaction frequency or trend in relation to the gen-
ome physical distance, the IDE values was calculated by (https://
github.com/dekkerlab/cworld-dekker) at 1 Mb resolution. The bin
pair distance and interaction frequencies were both log10 trans-
formed, and the interaction and distance exponents were fit a lin-
ear model. The slope of the linear model was taken as the IDE
value.
A/B compartments identification

First, the expected interaction score of variable distance was
calculated by loess smoothed method in each intrachromosomal
matrix. Then we calculate the Observed/Expected matrix of each
chromosome. After that, PCA (principal component analysis) of
the Observed/Expected Pearson correlation matrix was defined as
the compartment eigenvalues. After that, we adjusted the PCA
eigenvalues by gene density to define the A/B compartments. We
also compared the interaction matrices and Pearson’s correlation
matrices of each chromosome to determine whether they matched
each other. In addition, we checked whether the gene expression
count was significantly different in the two different compart-
ments. Then, we decided whether eigen1 values or eigen2 values
should be used for each chromosome in each sample. In addition,
multiplication by �1 was performed if the gene expression level
of the chromosome compartment with the positive eigenvalue
was significantly lower than that of the other compartment. Final-
ly, we define the compartment with a negative or zero eigenvalues
as the B compartment and the other as the A compartment
(https://github.com/dekkerlab/cworld-dekker).
Defined contact domain boundaries

CDBs (contact domain boundaries) was identified by HiCDB
method [21] at 10 kb resolution matrix by default parameters.
The CDBs differences in samples was compared by bedtools [22].
Loop calling

The whole genome chromatin interaction loops were identified
by HiCCUPS (Hi-C Computational Unbiased Peak Search), a tool of
the Juicer package using a 5-kb resolution matrix [23]. To identi-
fied sample-specified loops, all of the sample loop anchors Ob-
served/Expected ratio was calculated in each. And then, we
compared these correspond loop OE ratios between samples. If
the OE ratio of one sample is twice that of the other, then we define
this loop as distinct between the two samples.
RNA-seq analysis

Samples were extracted by the TRIzol method, RNA-seq se-
quencing libraries were constructed followed by the standard Illu-
mina protocols, and then sequenced on the Illumina HiSeq X-ten
system. Each library was performed three biological replicates.
The filtered sequencing reads were mapped to the customized
hg19 human genome using Hisat2 (v2.1.0) [24] software with the
default parameter. The gene expression level was normalized using
the FPKM method as described by Traver Hart [25]. DESeq2 pack-
age [26] was used to identified differentially expressed genes
(DEGs). Significantly differentially expressed genes were consid-
ered by parameters: absolute log2-fold change � 1 and
Benjamini-Hochberg adjusted q-value < 0.05.
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ChIP sequencing and processing

We performed chromatin immunoprecipitation libraries ac-
cording to previously described methods [27]. In brief, 10 million
cells were washed twice in a cold PBS buffer, cross-linked with
1 % formaldehyde 10 min at room temperature, and then addition
of glycine (125 mmol /L final concentration) were used to
quenched. Afterward, the sample is then lysed on ice to produce
chromatin. Sonicated was used to obtain soluble sheared chromat-
in, average DNA length was 200–500 bp. 100 ll of the sheared
samples was used for immunoprecipitation with primary antibod-
ies and IgG antibodies (Abcam, ab17870), 20 ll was saved at –20 �C
for input DNA. The antibodies used were as follows: H3K27ac (Ab-
cam, ab4729), H3K27me3 (CST9733), CTCF (ABclonal, A13272),
PIBF1 (Novus, NB100-58834), RAD21 (Abcam, ab217678), and
SMC3 (Abcam, ab9263); At 4 �C, 10 lg antibodies were used over-
night for each immunoprecipitate reaction. The next day, 30 ll
protein beads were added and incubated for 3 h. The beads were
next washed once with 20 mM Tris/HCl (pH 8.1), 1 % Triton X-
100, 50 mM NaCl, 0.1 % SDS and 2 mM EDTA; twice with 10 mM
Tris/HCl (pH 8.1), 1 mM EDTA, 1 % deoxycholic acid, 1 % NP-40
and 250 mM LiCl; and twice with TE buffer 1� (10 mM Tris-Cl at
pH 7.5, 1 mM EDTA). The bound material was then eluted from
the beads in 300 ll elution buffer (100 mM NaHCO3, 1 % SDS)
and first treated with RNase A (final concentration 8 lg/mL) at
65�C for 6 h. Then proteinase K (final concentration 345 lg/mL)
was treated overnight at 45�C. Sequencing libraries were con-
structed using immunoprecipitated DNA following a protocol pro-
vided by Illumina� sequenced INEXTFLEX� ChIP-Seq Library
Preparation Kit (NOVA-5143–02, Bioo Scientific). PE 150 sequenc-
ing was performed on Illumina HiSeq X Ten platform.

The bowtie2 software [19] aligned ChIP-seq reads to custom
hg19 references and uses only unique and non-duplicate mapped
reads for downstream analysis. Samtools was used to calculate
read coverage and depth [28]. To check the repeatability of the
ChIP-seq experiment, deeptools was used to generate correlation
graphs for all samples, including the input samples. DeepTools
[29] bamCoverage function was used to generated ChIP Signal
track files in BigWig format, and normalized to 1 million reads
for visualization. The gene body and flanking region heatmap
graph according to the normalized signal intensity were also gen-
erated by DeepTools. Peak calling was utilized by MACS2 [30], and
the following step was annotation of peaks by using bedtools [31].
Cut-Tag sequencing and analysis

We first harvested cells and then centrifuged them for 3 min at
600g at room temperature. Subsequently, the samples were
washed twice in wash buffer by gentle pipetting. Then, cell nuclei
were prepared and resuspended. The next phase was incubation of
the sample and primary antibody overnight at 4 �C on a rotating
platform. After centrifugation, the primary antibody was removed
carefully. To increase the number of Protein A binding sites for
each bound antibody, we incubated the cells for 30 min at RT in
secondary antibody diluted in DigWash buffer. Next, the cells were
washed using DigWash buffer to remove unbound antibodies. The
pA-Tn5 adapter complex dilution was prepared and added to the
nucleus with gentle vortexing. Then, the nuclei were incubated
at RT for 1 h and washed in wash buffer to remove unbound pA-
Tn5 protein. In the subsequent step, we resuspended the nuclei
in tagmentation buffer and incubated them for 1 h at 37 �C. To stop
the tagmentation reaction, STOP buffer was added to the sample,
incubated at 55 �C for 30 min and then heated at 70 �C for
20 min. Library DNA was then purified and amplified for sequenc-
ing with the Illumina NovaSeq 6000 [32]. Raw sequence reads were
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first processed by FastQC for quality control, and then poor-quality
reads and adapter sequences were removed. Quality filtered reads
were then mapped to the reference genome using Bowtie [19], and
the reads mapped to the genome unique site were kept for next
processing. MACS2 [30] was used to call peaks in the next step.
The mapped bam files were convert to bigwig format for later visu-
alization analysis.

GO analysis

There are many differentially expressed genes in areas of chro-
matin alterations, such as A/B compartments switched regions and
differential loops or contact domains. We therefore performed GO
enrichment analysis to determine whether these genes were sig-
nificantly enriched in a biological process. For each GO term, we
obtained a BH-corrected p value corresponding to a single, inde-
pendent test for each GO term [33].

KEGG analysis

We also applied KEGG analysis to analyze the genes in areas of
chromatin alteration. For the KEGG terms, we obtained the BH-
corrected p value corresponding to a single, independent test [34].

Statistical analysis

The relationship between interaction changes were used fish-
er’s test and wilcoxon rank sum test to determine, transcriptome
and epigenome signals. Annoroad-OMIC-Viz (https://github.com/
Spartanzhao/Annoroad-OMIC-Viz) and trackc (https://github.com/
seqyuan/trackC) were used to generate multiomics display figures.

Results

Establishment of a 13q22 site-specific HPV16 gene knock-in cell model

Based on the CRISPR–Cas9 gene editing combined with the ho-
mologous end repair mechanism for DNA knock-in at the target
site [35], as shown in Fig. 1A, we established a gene-editing design
for knock-in of the HPV gene at the 13q22 site in HaCaT cells. Based
on the integration site in the human cervical cancer cell line SiHa,
we constructed the three highest-scoring sgRNAs targeting the
13q22 site sequence in HaCaT cells (Fig. S1A). We validated the ef-
fectiveness of the sgRNAs by T7EI assay and Sanger sequencing. As
shown in Fig. S1B-D, CRISPR–Cas9 with sgRNA3 efficiently edited
the sequences of the genome target site. Then, the knock-in donor
was cloned to efficiently screen the integrated positive cells, con-
taining the Flag-Loxp + CMV-EGFP-2A-Puro-polyA + Loxp cassette
and HPV16 E7-E6-URR gene, flanking 500 bp homologous arm se-
quences (Fig. S1E). We also designed a control donor containing the
flag gene only (Fig. S1F).

Previous studies have proven that double-stranded
oligodeoxynucleotides (dsODNs) are more efficient for targeted in-
sertion of DNA than circular donors when used as templates in
combination with CRISPR–Cas9[36], so we prepared the KI donor
(4.5 Kb) and Vector donor (3.2 Kb) in the form of dsODNs
(Fig. S1G). Following the procedure, cells were cotransfected,
screened, and fluorescence sorted. We finally obtained EGFP-
positive monoclonal cell lines (Fig. 1B). Flow cytometry assays
showed a high purity of monoclonal cells (Fig. S2A). Both the speci-
fic DNA amplification products (Fig. 1C-D) and Sanger sequencing
results (Fig. S2B-C) verified the accuracy of the insert sequences.
To further precisely characterize the donor DNA knock-in at the
13q22 site, we performed whole-genome long-read sequencing
in KI cells and Vector cells. The reads from the KI cells indicated
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a 3.5 kb insertion at chr13:73814191, and the reads from the Vec-
tor cells indicated a 2.2 kb insertion at the same target site
(Fig. 1E). The insert sequences of all these reads were aligned to
the donor sequence. The results clearly demonstrated that the
donor DNA was successfully knocked in at the target site. The dif-
ference between the total number of reads aligned to human ge-
nomic DNA near the integration site (n = 32) and the number of
reads aligned partially to donor DNA (n = 16) indicated heterozy-
gosity in the KI cells. Because a previous study reported that
CRISPR–Cas9 caused chromosome breakage during gene editing
[37], we confirmed the integrity chromosome 13 in the cell models
using G-banding chromosome karyotype analysis (Fig. 1F). Finally,
the E6 and E7 mRNA expressions were also detected in KI cells
(Fig. 1G). In summary, we have successfully constructed a 13q22
site-specific HPV16 gene knock-in cellular model (KI) and a
13q22 site-specific flag gene knock-in cellular model (Vector). To
our knowledge, this represents the first site-specific HPV knock-
in cell model.
HPV16 gene knock-in at the 13q22 site alters the cell biological
phenotype

After establishing the knock-in cell lines, we performed cell ex-
periments to evaluate the effect of HPV16 gene knock-in on cell bi-
ological behavior. As shown in Fig. 2A and 2B, the number of
colonies was much higher in KI cells than in HaCaT and Vector cell-
s. In addition, the KI cells grew faster than the control cells, accord-
ing to the CCK-8 assay (Fig. 2C). The Transwell and wound healing
assay results showed that HPV16 gene knock-in promoted cell in-
vasion and migration ability (Fig. 2D-G). To Further explore
whether HPV16 gene knock-in affected cells stratified growth, we
developed a 3D organotypic coculture model, consisting of ECM
Matrigel substrate at the bottom, a layer of fibroblasts in the mid-
dle, and a layer of KI cells or control cells at the top, which faithful-
ly represents the histologic and biological microenvironment
in vivo. Our results demonstrated that HPV16 gene knock-in en-
hanced the cell stratified growth (Fig. 2H). To evaluate the tumori-
genic potential, three group cells (HaCaT, Vector, and KI) were
injected subcutaneously into nude mice. Tumor growth was mea-
sured at weekly intervals. As exemplified in tumor growth curves
of the three group cells (Fig. 2I), HaCaT and Vector cells formed epi-
dermal cysts and finally growth arrest completely, and KI cells sur-
vived and remained vital during the observation period of 7 weeks
and the tumor enlarged slowly. Histologically, both H&E and IHC
staining showed necrosis in the HaCaT and Vector xenograft tis-
sues, but monoclonal proliferation was detected in the KI xeno-
grafts tissues (Fig. 2J). Furthermore, the IHC assays showed that
the expression levels of Ki67 increased in the KI xenograft tissues
(Fig. 2K). These data suggested that HPV16 gene knock-in at the
13q22 site induces malignant biological behavior in KI cells.
Chromatin architecture undergoes reorganization after HPV16
gene knock-in at the 13q22 site

To explore whether HPV16 gene knock-in at the human genome
can alter chromatin architecture and gene expression, we conduct-
ed Hi-C analysis on KI and control cells, for which RNA-seq and
ChIP-seq datasets had also been produced. Our results showed that
approximately 88.5 % of the A/B compartment remained conserved
in KI cells compared to HaCaT and Vector cells, and only 6.2 % of
the genome underwent A/B or B/A compartment changes
(Fig. S3A). Interestingly, a large proportion of A/B compartment
transformations occurred on chromosome 13 (Fig. S3B, C) and
mainly occurred within 10 Mb near the HPV knock-in site
(Fig. 3A). GO and KEGG pathway analyses were performed for ge-
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Fig. 1. Establishment of a 13q22 site-specific HPV16 gene knock-in cell model. (A) Schematic overview of the 13q22 site-specific gene knock-in strategy through CRISPR–Cas9
system. The red letters represented the PAM sequence, and the triangle indicates the sgRNA target site. Donor: the upper is for KI, and the lower is for Vector. HAL/HAR, left/
right homology arm; HDR: homology-directed repair. (B) Representative EGFP fluorescence images of HaCaT, Vector, and KI cells. HaCaT: parental cells; KI: 13q22 site-specific
HPV16 URRE6E7 and flag gene knock-in HaCaT cell model; Vector: 13q22 site-specific flag gene knock-in HaCaT cell model. (C, D) Identification of site-specific gene knock-in
by PCR. Schematic diagrams of PCR primers designed for gene knock-in in KI and Vector cells (C) and agarose gel electrophoresis of DNA PCR fragments for the PCR analysis of
HaCaT, Vector, and KI cells with primers as indicated in figure C (D). F1-R1 and f1-r1 are the PCR primers at the 50 end of the knock-in site in KI and Vector cells; F2-R2 and f2-
r2 are the PCR primers at the 30 end of the knock-in site in KI and Vector cells. The direction of the arrows represents the direction of the primers. The primer sequences are
listed in the Table S1. (E) An integrative genomics viewer screenshot of long-read whole-genome sequencing shows 16 reads indicating a 3.592 kb insertion at the 13q22
locus in KI cells and 11 reads indicating a 2.312 kb insertion at 13q22 locus in Vector cells (purple rectangles indicate the full-length donor sequence). (F) G-banding
chromosome karyotype analysis of HaCaT, Vector, and KI cells. The black arrow indicates chromosome 13. (G) The relative mRNA expression of HPV16 E6 and HPV16 E7 in
HaCaT, Vector, and KI cells.
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nes associated with A/B compartment changes in KI cells. The re-
sults showed that these genes are associated with cancer and
metabolism-related pathways, including the regulation of cell ad-
hesion, ubiquitin-mediated proteolysis, and histidine metabolism
pathways (Fig. S3D-E). As shown in Fig. 3B, C, the TAD around
the target site was highly similar in HaCaT and Vector cells, but
in KI cells, the large TAD was split into two smaller TADs after
HPV knock-in. The Hi-C map clearly shows that the interaction fre-
quency of genome regions at both ends of the integration site is
significantly reduced. A subtraction heatmap (Fig. 3D) and the in-
teraction differences score distribution (Fig. 3E) show this differ-
ence more clearly. We also analyzed the genome-wide change in
TADs. With the HiCDB method and contact domain boundary
(CDB) local relative insulation (LRI) score analysis, we identified
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9239 conserved CDBs in the three groups of cells and 2336 specific
CDBs in KI cells (Fig. S3F, G). As an indicator of active transcription-
al status, the H3K27ac ChIP-seq profile of the CDBs showed en-
hanced signal in KI cells (Fig. S3H), which may explain the
altered gene expression network in KI cells. KI-specific CDB-
containing genes were used for pathway enrichment analysis.
We identified many enrichment pathways related to cell growth
and the cell cycle, such as cell cycle and regulation of cell growth
(Fig. S3I, J), which correspond to the biological behavior of rapid
cell proliferation described above. In addition, we further focused
on the characteristic changes in the chromatin loop after HPV inte-
gration. We identified 860 loops with an increase in long-range in-
teraction and 305 loops with a reduction in long-range interaction
in KI cells compared with control cells (Fig. 3F, G). Changes in



Fig. 2. HPV16 gene integration at the 13q22 site promoted cell proliferation, invasion and migration, and stratified growth. (A, B) Colony-forming ability of cells.
Representative images (A) and quantitative analysis results (B) of the colony-forming assay for HaCaT, Vector, and KI cells. The viability of the three groups of cells at 0 h, 24 h,
48 h, and 72 h, as detected by CCK-8 assay. (D) Representative images of the Transwell assay to detect the migration and invasion ability of the three groups of cells at 24 h
and 48 h, respectively. Scale bar: 50 lm. (E) Representative images showing the scratch assay results for the three groups of cells at 0 h, 6 h, and 12 h. Scale bar: 200 lm.
Computed migration front lines are shown (white). (F) Quantitative analysis of the invasion and migration assay results. (G) The relative scratch healing rates of the three
groups of cells. (H) Representative H&E staining results of in vitro three-dimensional cell culture. The lower panel corresponds to the section marked by the black box in the
upper panel. Scale bars: 20 lm. (I-J) For the in vivo analyses, 1 � 107 cells (HaCaT, Vector, and KI) were injected subcutaneously into the posterior hip of nude mice. Each
group included five nude mice. I)Tumor growth was recorded every week until week 7. J) Represent H&E-stained images in xenograft tumor tissues. (K)
Immunohistochemical analysis of Ki67 expression in xenograft tumor tissues and Ki67 protein expression was evaluated using HSCORE. The data shown represented
mean ± SD (Student’s t-test). P value was denoted as *P < 0.05, **P < 0.01, and ***P < 0.001, ‘‘ns” represented ‘‘not significant”.
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Fig. 3. Chromatin architecture undergoes reorganization after HPV16 gene knock-in at the 13q22 site. (A) Hi-C maps indicating cis contacts of chromosome 13 in three
groups of cells (resolution:1 Mb). Corresponding cis compartment tracks are shown at the top. The blackline indicates the region in which the compartment was altered. The
red arrow indicates the knock-in site. (B) Hi–C maps of chromatin contacts for the Chr13:73.2 M�74.4 M region of the three groups of cells (resolution: 20 kb) illustrate the
local contact domain reorganization near the integration site. The red arrow indicates the integration site. The blue arrows indicate the CDBs (C1, C2, C3, C4). (C) Pattern
diagram illustrating the change in chromatin TADs after HPV knock-in. Purple triangle: TAD; green arrow: HPV knock-in. (D) Hi-C difference maps of the
Chr13:73.2 M�74.4 M region obtained by subtracting the normalized Hi-C contact frequencies in control cells from those in KI cells. The yellow arrow indicates the
integration site. C1-C4 indicate the CDBs. The local contact domain of the TAD where the integration site was located is depicted using the black dotted lines and defined as
contact domains 1–3. (E) Distribution of contact difference scores within the contact domain defined in figure D in KI cells compared to control cells. (F) Scatter plot showing
the long-range interaction loops identified as enhanced (red dots, n = 860) and weakened (green dots, n = 305) in KI cells compared to control cells. (G) Aggregated peak
analysis of KI cell-specific enhanced (top, n = 101) and weakened (bottom, n = 175) long-range interaction loops in comparison to those in control cells.
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chromatin loop interactions often correlate with transcriptional
changes. Our results showed that the increase in long-range inter-
action was associated with upregulation of gene expression
(Fig. S3K). Moreover, several pathways enriched among these ge-
nes were associated with tumorigenesis, such as the AMPK signal-
ing pathway and glycosaminoglycan biosynthetic process (Fig. S3L,
M). Altogether, these results show that HPV16 gene knock-in at the
genome 13q22 site led to chromatin architecture reorganization.
PIBF1 is a DNA-binding protein and is upregulated in KI cells

Our previous high-throughput sequencing study based on can-
cer tissues revealed that HPV integration at hotspots affects the ex-
pression of key genes near the integration site [5]. In this study, in
addition to the TAD changes near the integration site, the H3K27ac
Fig. 4. PIBF1 is a DNA-binding protein and upregulated in KI cells. (A) Hi-C contact
resolution: 20 kb) as well as matching tracks of the ChIP-seq profile. The gene track is sho
mRNA expression of genes in the chromatin TAD where the knock-in site was located. (C
PIBF1 protein expression in the three groups of cells. (D) The distribution of PIBF1 protein
extract (CB). (E) An example region of PIBF1 CUT-Tag profiles in the three groups of cel
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ChIP-seq signal was significantly enriched in KI cells compared to
control cells (Fig. 4A). The expression of genes near the integration
site showed that PIBF1,MZT1, and KLF5were upregulated in KI cells
(Fig. 4B). The relationship between MZT1 or KLF5 and carcinogene-
sis has been well recognized [38,39]. While PIBF1 is known to play
a crucial role in maintaining pregnancy through its effects on the
immune system, its function in tumorigenesis needs further inves-
tigation. Western blot assays detected high expression of PIBF1 in
KI cells compared to two control cells (Fig. 4C). Molecular function
studies by Beata Polgar et al.[40] suggested that PIBF1 may have
transcription factor functions, which was confirmed for the first
time in a study of invasion regulation. To further clarify the func-
tion of PIBF1 binding to DNA with new methods, we performed a
subcellular protein fractionation assay to detect the distribution
of PIBF1 protein in the cytoplasm, nucleus, and chromatin
heatmap at HPV16 gene knock-in site neighboring regions (Chr13:73.2–74.4 Mb,
wn in the bottom panel. The red arrow indicates the integration site. (B) The relative
) Representative images (left panel) and quantitative analysis results (right panel) of
expression in cytoplasmic extract (CE), nuclear extract (NE), and chromatin-bound

ls. P value: two-tailed t test, *P < 0.05, **P < 0.01.
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(Fig. 4D), which indicated that PIBF1 could bind to chromatin. Sub-
sequently, we identified 7694, 8823, and 13,134 peaks in HaCaT,
Vector, and KI cells, respectively, through PBF1 CUT-Tag profiles,
which further confirmed the DNA binding function of PIBF1; the
peak track of an example region is shown in Fig. 4E. Annotation
of these peaks showed that approximately 88 % of the PIBF1 bound
to intronic and intergenic regions, while approximately 6 % bound
to promoter regions (Fig. S4A). Among all the binding sites ob-
served within the context of all human genes, a weak PIBF1 signal
was observed at the promoter region (Fig. S4B). Taken together, our
data demonstrate that PIBF1 is a DNA-binding protein and upreg-
ulated in KI cells.
PIBF1 interacts with the cohesin complex off chromatin

The PIBF1 protein is predicted to have extensive structural
maintenance of chromosome (SMC) structural domains. Two SMC
proteins, SMC1 and SMC3, are chromatin structural proteins that
interact with RAD21 to form cohesin complexes, which participate
in chromatin loop formation [41]. Therefore, we speculated that
PIBF1 might interact with SMC3/RAD21. To verify the above hy-
pothesis, we performed a coimmunoprecipitation assay with
anti-PIBF1 antibody to identify endogenous interacting proteins.
This assay revealed a strong interaction between PIBF1 and
SMC3/RAD21 (Fig. 5A). The mass spectrometry spectrum of the
PIBF1 immunoprecipitation product showed SMC3 and RAD21 sig-
nals (Fig. S5A). Immunofluorescence colocalization assays also
showed that PIBF1 colocalized with SMC3/RAD21 in the nucleus
Fig. 5. PIBF1 interacts with the cohesin complex off chromatin. (A) PIBF1, RAD21, a
immunoprecipitation (IP) experiments, as indicated. (B) Immunofluorescence with PIBF1
bar: 10 lm. (C) The columnar Venn diagram showed the peak numbers of RAD21, SMC3
represent all peak numbers of each protein. Dots with connected lines at the bottom repr
specific to each protein. (D, E) Quantification analysis and heatmap of PIBF1 CUT-Tag en

174
(Fig. 5B). Together, the above results indicate that PIBF1 interacts
with the cohesin complex. Furthermore, we speculated that PIBF1
might participate in the formation of chromatin loops and CDBs.
However, the PIBF1 CUT-Tag profile and SMC3/RAD21 ChIP-seq
profiles showed that the PIBF1 peaks did not colocalize with
SMC3 and RAD21 peaks genome-wide (Fig. 5C). Moreover, the
PIBF1 CUT-Tag signal was not enriched at the CDBs or loop anchors
(Fig. 5D, E). Hence, PIBF1 binding sites within the DNA did not cor-
relate with the chromatin loop anchors or CDBs. We conclude that
PIBF1 interacts with the cohesin complex off chromatin.
A model for PIBF1 and cohesin complex interaction and the
associated chromatin domain disappearance

Based on the above results, we propose that the interaction be-
tween PIBF1 and the cohesin complex in KI cells may disrupt its
ring-shaped structure such that can no longer participate in form-
ing the chromatin loop anchor and CDB through the extrusion
model (Fig. 6A, B). The disappearance of loops/CDBs in certain gen-
ome regions may be associated with PIBF1 mediated disruption of
the cohesin complex. We summarized the possible effects of chro-
matin loop disappearance on gene expression. As shown in Fig. 6A,
B, PIBF1 interacts with RAD21 or SMC1 and then disrupts the ring-
shaped cohesin structure, influencing chromatin loop formation
and gene expression. The disappearance of the enhancer-
promoter loop would lead to downregulated expression of the can-
cer suppressor gene after the loss of enhancer regulation. However,
the disappearance of the repressive loop would activate specific
nd SMC3 were detected by western blot in cell lysates(input) and after PIBF1
(red), RAD21 (pink), SMC3 (pink), and cell nucleus (DAPI) and merged images. Scale
and PIBF1 identified by ChIP-seq and CUT-Tag profiling. The bars in the bottom left
esents cobinding peaks of the correspondence proteins. Single dots represent peaks
richment at CDBs (D) or loop anchors (E) in the three groups of cells.
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oncogenes with upregulated expression after gaining the nearby
enhancer. From the 305 loops with reduced long-range interac-
tions in KI cells, we identified E-P loops and suppressive loops. Ex-
amples of E-P loops found at chr6 and chr18 that exhibit a
reduction in long-range interactions in KI cells are shown in
Fig. 6A and Fig. S6C.
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Associated with these loops, the expression of the cancer sup-
pressor genes PACSIN1 and L3MBTL4 was downregulated in KI
cells compared to control cells (Fig. 6C and Fig. S6E). In addition,
examples of repressive loops found at chr1 and chr11 that exhibit
a reduction in long-range interactions in KI cells are shown in
Fig. 6B and Fig. S6D; concomitantly, the expression of the oncoge-
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nes HSD11B1 and OR5B21 was upregulated in KI cells compared to
control cells (Fig. 6D and Fig. S6F). To verify the correlation be-
tween PIBF1 overexpression and the dysregulation of gene expres-
sion, we transfected KI cells with PIBF1 siRNA. The results showed
that the expression of the cancer suppressor genes PACSIN1 and
L3MBTL4 was upregulated (Fig. 6C, Fig. S6E), and the expression
of the oncogenes HSD11B1 and OR5B21 was downregulated
(Fig. 6D, Fig. S6F). These data indirectly suggest a potential effect
of PIBF1 on chromatin loop disruption. In addition, we identified
weakened CDBs in KI cells compared to control cells (Fig. S7A-B).
Examples of Hi-C interaction heatmaps showed the disappearance
of CDBs in KI cells (Fig. 6E, Fig. S7C). The functional analysis of ge-
nes showed that CDB remodeling-related genes in KI cells were en-
riched in several cancer-related pathways, such as cell cycle and
regulation of cell growth. In summary, the strong interaction of
PIBF1 with the cohesin complex may disrupt its ring-shaped struc-
ture and impede the formation of chromatin loops and CDBs, re-
sulting in the dysregulation of cancer-related gene expression.
Knockdown of PIBF1 inhibits the proliferation, invasion, and
migration of KI cells

To further illustrate the effect of PIBF1 on KI cell proliferation,
invasion, and migration, siRNA targeting PIBF1 was transfected in-
to KI cells to investigate whether knockdown of PIBF1 could re-
verse the malignant biological behavior of KI cells. RT-qPCR and
western blotting results showed that PIBF1 was significantly
knocked down after siRNA treatment (Fig. 7A, B). Next, CCK8, Tran-
swell, and clone formation assays were performed. As shown in
Fig. 7C, the KI cells grew more slowly than the control cells after
knockdown of PIBF1. Then, Transwell invasion/migration and
wound healing assays were performed to test cell invasion and mi-
gration ability. The results showed that knockdown of PIBF1 appar-
ently inhibited KI cell invasion and migration ability (Fig. 7D, E). In
addition, knockdown of PIBF1 significantly decreased the number
of colonies formed (Fig. 7F). These data indicated the vital role of
PIBF1 in the malignant phenotypic changes in KI cells.
Downregulated PIBF1 inhibits the tumor growth of cervical
cancer cells

The HPV16 integration event at 13q22 site has been reported in
SiHa cell line [5,42]. However, the potential association and impli-
cations of HPV integration at PIBF1 was unidentified. In this study,
we found that the PIBF1 expression in SiHa was higher than that in
Ect1/E6E7 (Fig. 8(A, B)). To further demonstrate the role of PIBF1 in
promoting tumorigenesis in cervical cancer after HPV integration,
as shown in Fig. 8C, we transfected SiHa cervical cancer cells with
lv-shPIBF1 to knockdown PIBF1. Compared with the control cells
transfected with lv-shCON, the PIBF1 expression decreased in
SiHa-lv-shPIBF1 cells (Fig. 8 (D, E)). The constructed SiHa cells were
then injected subcutaneously into the posterior hips of nude mice.
We measured the volume of the tumors every five days and euth-
anized the mice until day 30. Compared to the control tumors
Fig. 6. A model of PIBF1 and cohesin complex interaction and the associated domain dis
complex leading to the disruption of the ring-shaped cohesin complex structure, which
Hi-C contact heatmap at genome region chr6:34130000–34570000 in three groups of c
weaker enhancer-PACSIN1 interaction loop in KI cells compared to control cells (right
Scheme illustrating that the interaction between PIBF1 and the cohesin complex leads to
the disappearance of the suppressive loop and results in enhancer acquisition at oncoge
210160000 in three groups of cells followed by the H3K27ac ChIP-seq profile and gene tra
The dashed circles indicate the region with the HSD11B1 loop. (C, D) The relative expres
with small interfering RNA targeting PIBF1 (si-PIBF1-1 and si-PIBF1-2) or nontargeting
40.83 Mb and Chr18: 5.83–7.41 Mb displaying the disappearance of CDBs in KI cells. (F) G
t test, *P < 0.05, **P < 0.01.
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transfected with lv-shCON, the tumors transfected with lv-
shPIBF1 showed slower growth in PIBF1 downregulated condition
(Fig. 8 (F-H)). Furthermore, the IHC assays demonstrated that the
expression levels of Ki67 decreased in the tumors transfected with
the lv-shPIBF1 lentivirus (Fig. 8 (I, J)). The above results suggested
that PIBF1 promoted the tumor growth of cervical cancer.

Discussion

The frequency of HPV integration was covered to increase as
CIN progresses to cervical cancer gradually, and it was considered
an essential indicator of disease assessment [43,44]. Some re-
searchers believed that HPV integration events give cells a selec-
tive growth advantage and promote oncogenic progression [45].
Previous studies of cervical cancer cell lines and clinical samples
noted that some regions of the human genome had been repeated-
ly targeted by HPV integration [46-49]. However, the cause and
consequence of integration remains needs further investigation
to benefit our understanding. As these authors are known, there
is no stable HPV16 genes target integrated cell model up to now
to decipher the initial stages of phenotypic progression to cervical
cancer. The main reason for this problem may be the difficulty and
uncontrollability of HPV gene knock-in. With the help of the
CRISPR-Cas9 approach and homologous terminal repair mechanis-
m, our study here established an original cell model with the
HPV16 gene integrated at 13q22 site for the first time. The PCR-
sequencing and WGS confirmed the precise HPV16 gene integra-
tion at 13q22 site, and the sequencing data has not shown integra-
tion in off-target sites. The integrity of chromosomes showed by
Karyotype analysis has avoided the effects of chromosome struc-
tural variations other than HPV16 gene integration. A study has
demonstrated that the HPV16 gene integration event has con-
tributed to the malignant progression inW12 cells[50]. The growth
advantages of KI cells well-established here, shown by our results
in vivo and in vitro, also highlighted the importance of HPV16 gene
hotspot integration.

Genomic changes such as duplication, insertion, and deletion
have altered chromatin 3D structure, resulting in gene expression
dysregulation in disease. For instance, genomic tandem duplication
disrupted TAD boundaries in gastric cancer, resulting in oncogene
IGF2 overexpression after acquiring enhancer CCNE1[51]. Re-
searchers have also shown that HERV-H Retrotransposons inserted
in the human genome can mediate TAD boundaries forming and
potentially affect gene transcription regulation[52]. In our study,
3D genome architecture is globally unperturbed after HPV integra-
tion, but we do observe local modulations on A/B compartments,
TADs, and loops near the integration site. We became aware of a
study by Christian Paris et al. in which CTCF binding sites were
identified in the HPV gene region[53]. Thus, it could explain the
formation of TAD boundary at HPV integration site here, consistent
with a previously reported TAD change after HPV integrates at an-
other site[9]. Therefore, the integration of HPV could directly
change interaction frequencies on both sides of the integration site
and impact gene expression. More interestingly, previous studies
have found that HPV integration appears more readily to target
appearance. (A) Scheme illustrating the interaction between PIBF1 and the cohesin
in turn leads to the disappearance of enhancer-promoter loop (left panel). Example
ells followed by the H3K27ac ChIP-seq profile and gene tracks, which indicated a
panel). The dashed circles indicate the region with an enhancer-PACSIN1 loop. (B)
the disruption of the ring-shaped cohesin complex structure, which in turn leads to
ne (left panel). Example Hi-C contact heatmap at genome region chr1:209740000–
cks, which indicated a weaker chromatin interaction loop of HSD11B1 (right panel).
sion of PACSIN1 and HSD11B1 in different groups of cells. KI cells were transfected
control (si-NC). (E) Representative Hi-C contact heatmap at regions chr11:37.05–
O and KEGG analysis for genes related to specific CDBs in KI cells. P value: two-tailed



Fig. 7. Knockdown of PIBF1 inhibits the proliferation, invasion, and migration of KI cells. (A) The relative mRNA expression of PIBF1 in KI cells after siRNA treatment. (B)
Representative images (left panel) and quantitative analysis results (right panel) of PIBF1 protein expression in KI cells after siRNA treatment. (C) Viability of KI cells at 0 h,
24 h, 48 h, and 72 h after siRNA treatment. (D) Representative images of Transwell assays at 24 h and 48 h in KI cells after siRNA treatment, and the corresponding
quantitative analysis results. Scale bar: 20 lm. (E) Representative scratch assay images at 0 h, 12 h, and 24 h in KI cells after siRNA treatment and computed results of the
relative scratch healing rates. Computed migration front lines are shown (white). Scale bar: 200 lm. (F) Representative images of the colony-forming assay in KI cells after
siRNA treatment. P value: two-tailed t test, *P < 0.05, **P < 0.01. ***P < 0.001, ****P < 0.0001.
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at transcriptional active regions[46,54-56], which may affect the
expression of viral oncogenes and target genes. We have also
shown in our KI and control cells that the active histone modifica-
177
tion (H3K27ac) was highly enriched at the genome region around
the 13q22 integration site. All the above epigenetic variations were
contributed to the gene expression changes, such as PIBF1. A new



Fig. 8. PIBF1 Knockdown inhibits cervical cancer cells growth. (A, B) The PIBF1 expression was detected in SiHa and Ect1/E6E7 cells. The quantitative analysis results of PIBF1
protein expression were shown (B). (C) Representative GFP fluorescence images of SiHa cells infected with lentivirus. (D, E) PIBF1 expression was detected in SiHa cells
infected with lentivirus. The quantitative analysis results of PIBF1 protein expression were shown (E). (F-H) For the in vivo analyses, 5� 106 SiHa cells infected with lentivirus
were injected subcutaneously into the posterior hip of nude mice. F) Tumor growth was recorded every five days until day 30. Error bars represent the SD of the mean (n = 5).
J) Image of the tumor specimens after harvested. H) Tumor weight was measured after harvested. Error bars represent the SD of the mean (n = 5). (I, J) Immunohistochemical
analysis of Ki67 expression in xenograft tumor tissues, and Ki67 protein expression was evaluated using HSCORE. Each group included five nude mice. The data shown
represented mean ± SD (Student’s t-test). P value was denoted as *P < 0.05, **P < 0.01, and ***P < 0.001, ‘‘ns” represents ‘‘not significant”.
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HPV16 knock-in cellular model with promoter nonsense mutation
should be constructed in the future to further illustrate whether
the proximity of the HPV16 promoter affecting the gene expression
changes.

PIBF1, located at 13q22 locus, plays a role in normal pregnancy
and tumor progression[57]. It has been noted that PIBF1 protein
has～90% structural maintenance of chromosomes (SMC) domains
and interacts with some SMC proteins such as KIAA1328[58].
KIAA1328 was reported to interact with another SMC protein,
SMC3[59], one of the three core subunits of the chromatin cohesin
complex. Consistent with what researchers suppose, our data has
demonstrated through immunofluorescence and immunoprecipi-
178
tation assay, that PIBF1 interacted with cohesin complex. Chromat-
in TAD and loop were important genome 3D structures, and loop
extrusion by the cohesin complex contributed to TADs and chro-
matin loops[60,61]. However, the distribution of PIBF1 binding
sites at DNA was inconsistent with SMC3/RAD21, indicating PIBF1
has a competitive combination role rather than a constitutive pro-
tein in cohesin construction. The expression of PIBF1 in our model
is up-regulated. It may affect the formation of chromatin loops and
CDBs by disrupting the ring-like cohesin complex, thereby impact-
ing gene expression, indirectly supported by the differentially ex-
pressed genes in the vicinity of loci with altered interaction
frequencies of loops and CDBs. For example, chromatin loops inter-
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action frequencies change at chr6: 34130000–34570000 and chr1:
209740000–210160000 resulted in cancer suppressor PACSIN1[62]
and oncogene HSD11B1[63,64] expression dysregulation, and they
were also directly regulated by PIBF1. Phenotypically, PIBF1 over-
expression was related to poor prognosis and promoted cells pro-
liferation and colony formation by inhibiting Akt signaling in
gastric cancer[65]. Knockdown of PIBF1 could decrease primary
lung carcinoma and ovarian cells invasion[66]. It also acted as an
oncogene in breast cancer [67]. Hence, the diverse phenotypes re-
ported could result from pleiotropic effects triggered by local per-
turbations of 3D chromatin architecture when PIBF1 was
overexpressed. On the other hand, the application of PIBF1 siRNA
succeeded in reversing the malignant biological behavior of inte-
grative cells. Downregulated PIBF1 also inhibits the tumor growth
of cervical cancer cells in vivo. Thus, it is convinced that the over-
expressed PIBF1 contributed a lot to the malignant transformation
of host cells upon HPV16 genes integration.

In conclusion, our study shows that genome 3D structure and
epigenome alteration near the 13q22 integration site leads to
PIBF1 overexpression, which likely contributes to genome-wide
chromatin loops and CDBs change and gene regulation, hence un-
raveling the relationship between HPV integration and the biolog-
ical behavior change of host cells. It provided a solid basis for the
theory of HPV integrated carcinogenesis. However, further re-
search is needed to verify the HPV integration-induced carcinogen-
esis, including cell tumorigenesis, the effects of integration
byproducts on cells, the dynamic process of genome 3D structure
variation mediated by PIBF1, and the role of other elevated expres-
sion genes near the HPV integration site. We also need to establish
more cell models with HPV integrated at different sites. HPV18 is
another important high-risk HPV type. Previous studies have
proved that HPV integration is observed in all HPV18-related cer-
vical cancers, and cancers with HPV18 integration are more aggres-
sive which threaten women’ life and health seriously.
Subsequently, studies have found that HPV18 is more likely to in-
tegrate into the fragile site 8q24 region than HPV16. Therefore, an
8q24 site-specific cell model that maintains the restricted cell dif-
ferentiation and phenotypic characteristics of the epithelial cell
layer is also urgently needed. Besides, the KI cells are at a low pas-
sage in this study, and we will perform long-term culture to further
interrogate the chromosome instability, which will be a good di-
rection in the next research. And more efforts need to be made be-
cause many events and processes may contribute to the
development of HPV integration, a strong driver of oncogenesis.
Conclusion

We successfully established a 13q22 site-specific HPV16 gene
knock-in cell model. HPV16 gene knock-in at the 13q22 site in-
duced malignant transformation of host cell. HPV integration could
upregulate PIBF1 expression. Moreover, the interaction of PIBF1
with the cohesin complex may disrupt its ring-shaped structure
and impede the formation of chromatin loops and CDBs, resulting
in the dysregulation of cancer-related gene expression. The data
reported here provides new insights into HPV integration-driven
cervical carcinogenesis.
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