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Purpose: Enhancers are genomic regulatory elements located distally from the target gene, which play a critical role in determining
cell identity and function. Dysregulation of enhancers has been frequently observed in various types of cancer, including cervical
cancer. However, the identity of enhancers and their associated transcriptional regulators that are involved in cervical cancer remains
unclear.

Methods: With bioinformatics and 3D genomics, we revealed the enhancers in cervical cancer cell line and calculated which
transcription factor (TF) is specifically binding on them based on TFs motif database. We knockdowned this TF and studied its
function in cervical cancer cell line in vivo and in vitro.

Results: We found 14,826 activated enhancers and predicted that JUND (JunD Proto-Oncogene) is relatively enriched in the
sequences of these enhancers. Well-known oncogene MYC and JUN were regulated by JUND through enhancers. To further explore
the roles of JUND in cervical cancer, we analyzed the gene expression data of clinical cervical cancer samples and knock-downed
JUND by CRISPR-Cas9 in Hela cell line. We found JUND is over-expressed in cervical cancer and the expression of JUND increased
along with the cervical cancer progresses. Knockdown of JUND decreased the proliferation of Hela cells in vitro and in vivo and
blocked cell cycle in G1-phase. Transcriptome sequencing analysis revealed the identification of 2,231 differentially expressed genes
in response to the JUND knockdown treatment. This perturbation resulted in the modulation of several biological processes and
pathways that have been previously linked to cancer.

Conclusion: These findings provide evidence for the significant involvement of JUND in cervical cancer pathogenesis, thereby
positioning JUND as a potential therapeutic target for the treatment of this disease.
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Introduction

More than half a million women are diagnosed with cervical cancer every year and the disease caused over 300,000
deaths worldwide.'* Cervical cancer is always associated with infection of one or more of the oncogenic types of human
papillomavirus (HPV).> Without available HPV vaccination, cervical cancer is the second most common cancer among
women in the third world countries. Even in developed countries, the prognosis of advanced/recurrent cervical cancer is
still underwhelming and the lethality for cervical cancer is still rigorous.* Cervical cancer cells show very different
characteristics with normal cervical tissue, including the histological features, expression of genes and epigenetic
modification of genome.’ Enhancers are genomic elements that bound by tissue- or cell type-specific transcription
factors (TFs) that activate target gene transcription in a distal and autonomous manner.® Redistribution of enhancers
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causes the disorder of gene expression in cancer.” New cancer cell-specific enhancers are not shared by healthy cells from
the same tissue.®” Enhancer specificity can extend to certain subtypes of cancer and be the specific targets for cancer
therapy. With the epigenetic markers of histone H3 acetylated at lysine 27 (H3K27ac) and H3 monomethylated at K4

1912 enhan-

(H3K4mel) and enhancer—promoter interaction locations built by Paired-End-Tag sequencing (ChIA-PET),
cers of cervical cancer can be found through integrated bioinformatic analysis.

TFs have been implicated as important drivers of cervical cancer.'*'* Certain TFs are identified to be lineage-specific
and drive the cancer process through the activation of different enhancer repertoires.'>'® JUND, a member of the AP-1
family, functioned as an oncogene in cancers. It has been reported that JUND was a crucial modulator in prostate cell
cycle progression and thus promoting cancer development.'” Ishikawa et al found that Butein ameliorated adult leukemia
via inhibiting JUND expression.'® JUND was involved in cancer stemness and drug resistance in hepatocellular
carcinoma.'® Previous study indicated that JUND is essential in prostate cancer proliferation and confer protection
against radiation-induced cell death,?® while other AP-1 TFs family c-Jun and JunB had no effect on cell proliferation.?'
It has been reported that the presence of HPV leads to an up-regulation of JUND expression in human ectocervical
keratinocytes.*>

In this study, we found the active enhancers in Hela cell line through bioinformatic. With the going deep of the research
work, it had been found that JUND specifically binding on these enhancers. In order to study the tumorigenesis of JUND in
cervical cancer, we decreased the expression of JUND through CRISPR-Cas9 genome editing tool in Hela cell line and
investigated the cell proliferation in vivo. With the RNA-seq, the biological processes and pathways affected by JUND would
be found. Our results demonstrated an essential role for JUND in cervical cancer initiation and tumorigenesis.

Materials and Methods
Cell Culture

The human Hela cell lines were obtained from ATCC (American Type Culture Collection). Hela cells were cultured in
Dulbecco’s Modified Eagle’s Medium (DMEM, Gibco, Grand Island, NY, USA) containing 10% fetal bovine serum
(FBS, HyColne, Utah, USA) at 37°C in a humidified atmosphere containing 5% CO,.

Human Cancer Cell Xenograft Model

For tumor formation of Hela in NOD/SCID mice, 1.5x10° control Hela cells and 1.5x10°® JUND-KO-pool Hela cells
were harvested, washed twice with PBS, suspended in PBS with 30% Matrigel, and subcutaneously injected into hind
legs of five NOD/SCID mice. The tumors were collected and weighted after 20 days. All animal experiments were
approved by the Institutional Animal Care and Use Committee, with the the principles of the 3Rs (Replacement,
Reduction and Refinement).

Genome Editing

For the knockdown of JUND in Hela, two expression cassettes encoding the sgRNA sequences (sgRNAI-JUND
TCGGCGCGCAGGGGGGTAGG, sgRNA2-JUND CGGCGGGAAGGGCACAGGTT) flanking the deletion region
were cloned into a plasmid that expresses a codon-optimized version of Cas9 (p2U6-Kana-Cas9-iRFP670). Seeding
Hela cells to be 70% confluent in 6-well (5 x 10° cells) at transfection, 5 ug plasmid was transfected into the plasmid
using Lipofectamine 3000 reagent (Invitrogen, Carlsbad, USA) following the manufacturer’s guidelines. The transfected
Hela cells were selected with puromycin for two days. We then used qPCR to test the mRNA expression of JUND and
move on to the next steps.

Quantitative RT-PCR

Total RNA was purified from Hela with RNeasy Mini Kit (QIAGEN), and total RNA (1 pg) was reversely transcribed
into cDNA and analyzed by qPCR. The primers for B-Actin are 5’-GCCAACACAGTGCTGTCT-3’ (forward) and 5’-
AGGAGCAATGATCTTGATCTT-3’ (reverse). The primers for JUND are 5’-ATCGACATGGACACGCAGGAGC -3’
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(forward) and 5°- CTCCGTGTTCTGACTCTTGAGG —3’ (reverse). Changes in mRNA expression were calculated
according to the 2 **CT method (CT, cycle threshold).

Western Blot Analysis

The experiment involved extracting total proteins from cells using RIPA lysis buffer (Thermo Fisher Scientific) that contained
a Protease and Phosphatase Inhibitor Cocktail (Cell Signaling Technology CST). The proteins were then separated using 10%
SDS-PAGE and transferred to 0.45 um nitrocellulose membranes (Merck Millipore USA). These membranes were then blocked
using a blocking buffer and then incubated with primary antibodies overnight at 4°C. The primary antibodies used were anti-
JUND (ab181615; Abcam) and anti-B-actin antibody (ab8226; Abcam). Afterward, the membranes were incubated with
secondary antibodies for 1 hour at room temperature, and the detection of protein signals was done using chemiluminescence.

The Analysis of ChlA-PET and ChIP-Seq Data

The ChIA-PET and ChIP-seq data were obtained from Gene Expression Omnibus (GEO) and Encyclopedia of DNA
Elements (ENCODE). The accessions were GSM1872889, GSM935328, GSM798322, GSM733696, GSM733684,
GSM733682.2* The interaction data derived from POLII ChIA-PET analysis were displayed in BED12 format that
showed the anchors and coordinates of the loop. The ChIP-Seq data were displayed using the UCSC Genome Browser
(http://genome.ucsc.edu/). All analyses were performed using human (build hg19, GRCh37) RefSeq annotations down-

loaded from the UCSC genome browser.

Analysis of Gene Expression Profile
The gene expression profiles of cervical cancers, cervical intraepithelial neoplasia and normal cervical tissues were

downloaded from GEO database (accession: GSE63514) (https://www.ncbi.nlm.nih.gov/geo/).>> The gene expres-

sion profiles of cervical cancer cell lines and normal cervical cells were downloaded from GEO database
(accession: GSE89657).2° The cDNA of 24 normal, 14 cervical intraepithelial neoplasia grades 1 lesions, 22
cervical intraepithelial neoplasia grades 2 lesions, 40 cervical intraepithelial neoplasia grades 3 lesions, and 28
cancers specimens was hybridized to Affymetrix U133-Plus2.0 arrays. Differentially expressed gene among
tumors, cervical intraepithelial neoplasia and normal tissues were identified using two-group comparisons, and

p <0.05 was set as the cutoff criterion.

Analysis of Motif Enrichment
The AME tool in MEME suite is used to identify motifs that are relatively enriched in the sequences of AASEs with
default parameter.”” The motif database is HOCOMOCO Human (v11 CORE)*®,

RNA-Seq and Analysis
RNA purity was checked using the kaiaoK5500“Spectrophotometer (Kaiao, Beijing, China). RNA integrity and

concentration were assessed using the RNA Nano 6000 Assay Kit of the Bioanalyzer 2100 system (Agilent
Technologies, CA, USA). A total amount of 2 pg RNA per sample was used as an input material for the RNA
sample preparations. Sequencing libraries were generated using NEBNext® Ultra™ RNA Library Prep Kit for
Ilumina® (#E7530L, NEB, USA). Paired-end sequencing was completed on an Illumina HiSeq system. Clean data
were generated after removing adapters and low quality reads. The reference GRCh38 genomes and the annotation
file was downloaded from ENSEMBL database (http://www.ensembl.org/index.html). Bowtie2 v2.2.3 was used for
building the genome index, and Clean Data was then aligned to the reference genome using HISAT2 v2.1.0. Reads

Count for each gene in each sample was counted by Featurecounts.”’ The differentially expressed genes were
analyzed by DESeq2.’° The adjusted p-value <0.05 and Foldchange >2 as cutoff.
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Biological Processes and Pathways Enrichment Analysis
We used DAVID (https://david.ncifcrf.gov/home.jsp.version6.8) to do KEGG pathway and GO analysis for the differ-
entially expressed genes.’' EASE Score, a modified Fisher Exact P-value, is used to measure the gene-enrichment in

annotation terms. P-value <0.05 to be considered strongly enriched in the annotation categories.

Cell Proliferation Assay

To assess cell proliferation, we employed the Cell Counting Kit 8 (CCK-8) assay following the manufacturer’s guide-
lines. Briefly, cells were seeded in 96-well plates at a density of 2x10% cells per well, and then treated with CCK-8
solution at various time points (24-96 hours) post-plating. The absorbance of the samples was measured at 450 nm using
a microplate reader.

Cell Cycle Assay

To conduct the cell cycle assay, we employed the Cell Cycle Staining Kit (Multi Sciences Biotech Co., Ltd.) following
the manufacturer’s instructions. Firstly, cells were harvested and treated with 100 pL. RNase A at 37°C for 30 minutes
and subsequently incubated with 400 puL Propidium iodide (PI) at 4°C in the dark for 30 minutes. Finally, we analyzed
the cells using flow cytometry.

Statistics

Statistical analysis was carried out using GraphPad Prism 5. An unpaired two-tailed #-test was performed for comparisons
between two groups. Results with p <0.05 were considered statistically significant. The mean values + standard deviation
(SD) were used to present the quantitative results.

Results
JUND Specially Bind on the Enhancers in Hela Cell Line

In order to find the enhancers involved in transcriptional regulation in cervical cancer, we analyzed the RNAPII ChIA-
PET data of Hela cell line, which can help to detect promoter—enhancer interactions. Enhancers of Hela cell line were
selected from the ends of RNAPII ChIA-PET loops with the mark of H3K27ac and H3K4mel which acknowledged as
the activated enhancer marker (Figure 1A) (Supplemental Table 1). Meanwhile, promoter regions were removed and we

screened 14,826 activated enhancers. To find which TF plays a vital role in the formation of enhancer in Hela cell line.
We analyzed the motifs of TFs which were enriched in the enhancers of Hela. In results, we found JUND was
significantly enriched in them (Figure 1B). JUND is a member of the JUN family, and a functional component of the
AP-1 TF complex. Results of distance analysis showed JUND specifically binding on H3K27ac, H3K4mel and
H3K4me3 area (Figure 1C and D). The peak of H3K4mel was higher than H3K4me3, which means JUND prefer
binding on the enhancers. Further, the peak of JUND located on the centre of activated enhancers in Hela cell lines
(Figure 1E). We showed the genome regions of two well-known oncogenes MYC and JUN, of which enhancers have the
peaks of JUND (Figure 2A).

JUND is Up-Regulated in Cervical Cancer

We analyzed the gene microarray data of 128 cervical tissue which includes normal, cervical cancer and cervical
intraepithelial neoplasia.”> In our analysis, we verified the over-expression of JUND in cervical cancer (Figure 2B).
Moreover, the expression of JUND increased along with the cancer progresses (Figure 2C). The expression of JUND of
cervical cancer cell lines was higher compared to normal keratinocytes (Figure 2D). Given JUND’s specific binding to
enhancers in Hela cells, we have concluded that it plays a critical role in the carcinogenic process by promoting the

expression of oncogenes in cancer cells.
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Figure 1 JUND specially enriched on the enhancer of Hela cell line. (A). A hypothetical model of the activated enhancers in Hela cell line. (B) Motif of JUND significantly
enriched in the enhancers of Hela cell line. The optimal enrichment p-value of the motif according to the statistical test, adjusted for multiple tests using a Bonferroni
correction. The E-value is the adjusted p-value multiplied by the number of motifs in the motif file. (C) The distance of peak regions of H3K27ac and H3K27me3 from the

JUND binding sites in Hela cell line. (D) The distance of peak regions of H3K4me| and H3K4me3 from the JUND binding sites in Hela cell line. (E) The distance of JUND
binding sites from the activated enhancers of Hela cell line.
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JUND is Required for the Proliferation of Hela Cell Line

To prove that JUND is essential in cervical cancer, we knocked-out (KO) JUND in Hela cell line by CRISPR-Cas9 and
collect the pools of resistance screened Hela cells (JUND-KO-pool) (Figure 3A). As results, the expression of JUND
mRNA was decreased in JUND-KO-pool group, which has the same effect as knockdown (Figure 3B). The knockdown
of JUND significantly reduced the proliferation of Hela cell line (Figure 3C). Meanwhile, cell cycle assay indicated that
the cell number of JUND knockdown group in G1-phase was more than that of control group, and the cells of S-phage
were decreased accordingly (Figure 3D). To explore the role of JUND in the tumorigenesis in vivo, the knockdown of
JUND in Hela cells and controls were injected into the immunodeficient NOD-SCID mice, and the tumors of JUND
knockdown group were smaller than control group (Figure 3E). These data demonstrated that JUND is required for the
proliferation of Hela cells.

Multiple Processes and Pathways Were Affected by JUND

To reveal the progresses and pathways of JUND-dependent tumorigenesis of Hela cells, we performed RNA-seq analysis
of control and JUND-KO pool of Hela cells to identify the genes that are affected by JUND. Over 2,231 genes were
differentially expressed (adjusted p-value < 0.05 and Foldchange >2) between control and Hela cells with JUND
knockdown (Figure 4A) (Supplemental Table 2). KEGG pathway enrichment analysis shows that differentially expressed

genes were enriched in TGF-beta signaling pathway, ribosome, glycolysis/gluconeogenesis, extra cellular matrix (ECM)-
receptor interaction and focal adhesion (Figure 4B). From the results of gene ontology (GO) enrichment analysis, we can
find positive regulation of cell differentiation and regulation of programmed cell death enhanced (Figure 4C). However,
cell cycle, positive relation of gene expression, intracellular transport, chromosome and mitochondrion organization were
decreased (Figure 4C).

Discussion

Enhancers play a key role in tumorigenesis, and we intend to discover which TF specially regulates genes through
enhancers in cervical cancer. With the RNAPII ChIA-PET data, H3K27ac and H3K4mel ChIP-seq data, we found
14,826 activated enhancers in Hela cell line. Motif database was used to find the TF that specially binding on them. From
the results, we found JUND (ATGACGTCAT) was significantly enriched on the activated enhancers in Hela cell line.
With the analysis of the enhancer and promoter histone markers on the binding site of JUND, we found JUND prefer
binding on the activated enhancers in Hela cell lines. JUND could promote the expression of target genes, which has
been reported previously.”'*** In our results, the decrease of JUND led the down-regulated of proliferation and cell cycle
was blocked in G1-phase. Therefore, the proportion of wild type Hela cells increased with time in the pool of JUND-KO
group. The JUND-KO-pool cells proliferated fast after 3 days in vitro and the difference of tumors formed in vivo
showed no excessively large.

From the RNA-seq data, we could find 2,231 differentially expressed genes and multiple processes and pathways
were affected by JUND. The expression of MYC was effected by JUND through multiple enhancers. MYC has a central
role in almost every aspect of the oncogenic process, orchestrating proliferation, apoptosis, differentiation, and
metabolism.*> JUND probably activates the enhancers of MYC and promotes its transcription. Decrease of MYC
could lead to the inhibition of cancer cells.** From the results, it can be found another AP-1 TFs JUN is also regulated
by JUND. AP-1 and MYC often collaborate to regulate the expression of genes which involved in cell cycle progression
and proliferation.>>*® Researchers have shown that targeting both AP-1 and MYC together can be more effective than
targeting either gene alone in certain types of cancer. This is because the two genes have overlapping functions and
contribute to the same pathways that promote cancer growth and survival.*’° Overexpression of JUND increases cell
proliferation and invasiveness of cancer cell lines.** The GO enrichment analysis shows positive regulation of cell
differentiation and regulation of programmed cell death enhanced. Meanwhile, cell cycle, positive relation of gene
expression, intracellular transport, chromosome and mitochondrion organization decreased. KEGG pathway enrichment
analysis shows differentially expressed genes were enriched in TGF-beta signaling pathway, ribosome, glycolysis/
gluconeogenesis, ECM-receptor interaction and focal adhesion.
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Conclusion

Our research has validated the crucial role of JUND in the development of cervical cancer, as it facilitates gene
transcription predominantly via enhancers. By examining the Hela cell line, we have identified a set of genes that are
directly regulated by JUND. These findings offer a fresh perspective on the interplay between transcription factors and
enhancers in the pathogenesis of cervical cancer.
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