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Abstract

Cervical cancer is the fourth leading cause of cancer-related deaths among women worldwide, causing over
660,000 new cases and 350,000 deaths in 2022, with a disproportionately high burden in low-resource
countries where access to treatment is limited. Human papillomavirus (HPV) is a common sexually
transmitted infection that accounts for approximately 95% of cervical cancer cases. Persistent HPV
infection can progress to cervical dysplasia, categorized into varying severities (CIN1, CIN2, and CIN3),
which significantly increases cancer risk. The mechanism of HPV-induced malignancy involves the
disruption of cellular apoptosis by integrating viral genetic material into cervical cells, particularly within
the transformation zone. The viral proteins E6 and E7 play pivotal roles in cervical carcinogenesis by
inhibiting tumor suppressor proteins, promoting uncontrolled cell proliferation, and evading immune
responses, ultimately driving progression toward malignancy. Timely detection and intervention are
essential for managing HPV-related cervical cancers. Preventative measures such as HPV vaccination have
demonstrated substantial efficacy. Six vaccines targeting high-risk (HR) HPV strains are recommended
before sexual activity or exposure. Despite these advancements, barriers, such as misinformation, logistical
challenges, and limited healthcare infrastructure, persist, particularly in underserved regions. Advances in
diagnostic and therapeutic technologies have offered new avenues for addressing these challenges. Next-
generation sequencing and CRISPR gene editing are emerging as promising tools for HPV-related cancer
treatment that enable precise and targeted interventions. Furthermore, artificial intelligence (AI) and
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imaging innovations have significantly enhanced diagnostic accuracy and personalized care. Pap smears
and HPV DNA testing are indispensable tools for early detection. To tackle HPV-related cervical cancer
globally, a multifaceted approach is required. Public health education, vaccination programs, research, and
international collaboration are crucial. Public health campaigns should combat misinformation, strengthen
vaccination programs, and focus on novel therapies, screening technologies, and next-generation
sequencing.
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Introduction

Cervical cancer remains one of the most significant global health challenges, with an estimated 660,000
new cases reported in 2022, making it the fourth most common cancer among women worldwide. The
highest burden of cervical cancer is concentrated in low- and middle-income countries (LMICs), where
access to screening, immunization, and treatment services is often limited [1]. This geographical disparity is
further compounded by risk factors, such as high HIV prevalence, gender bias, and poverty, which
exacerbate the situation. The incidence and death rates of cervical cancer are disproportionately high in
regions such as Sub-Saharan Africa (SSA), Central America, and Southeast Asia [1, 2]. Moreover, cervical
cancer disproportionately affects younger women, accounting for 20% of maternal cancer-related deaths
[3].

Human papillomavirus (HPV), a common sexually transmitted infection, is the primary cause of
cervical cancer affecting the skin, vagina, and throat, with 95% of the cases resulting from persistent
infection. HPV infection is typically asymptomatic, and the immune system of most individuals clears the
virus. However, in some cases, untreated persistent infections in the cervix can lead to the development of
cervical dysplasia, which may progress to cancer within 15-20 years. In women with weakened immune
systems, such as those living with untreated HIV, this progression can occur more rapidly within
5-10 years. Factors such as the carcinogenic potential of specific HPV strains, co-infection with other
sexually transmitted infections, immune system health, and lifestyle factors such as smoking, early
pregnancy, and hormonal contraception further contribute to this process [1]. The introduction of HPV
vaccines, including tetravalent, bivalent, and 9-valent vaccines, has proven effective in reducing the
incidence of HPV-related diseases and infections [4]. These vaccines target both low-risk and high-risk HPV
strains, which are responsible for approximately 70% of genital warts and 90% of cutaneous malignancies
(Table 1). Despite the success of vaccination, there remains a significant risk of HPV-related cancers and
other health complications [5]. This study aimed to explore the mechanisms of HPV progression to cervical
cancer, assess associated public health implications, and propose preventive measures to address this
global health burden.

Table 1. Types of HPV vaccines

HPV vaccine Targeted HPV types Diseases prevented Recommended age at

type vaccination

Bivalent HPV-16, HPV-18 Cervical cancer, precancerous 9 years and older (up to 26 for
lesions females, 45 for males)

Quadrivalent  HPV-6, HPV-11, HPV-16, HPV-18 Cervical cancer, precancerous 9 years and older (up to 26 for
lesions, genital warts females, 45 for males)

9-valent HPV-6, HPV-11, HPV-16, HPV-18, HPV-  Cervical cancer, precancerous 9 years and older (up to 26 for

31, HPV-33, HPV-45, HPV-52, HPV-58 lesions, genital warts females, 45 for males)

HPV: human papillomavirus. Data adapted from references [6, 7]
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Methodology

A comprehensive narrative review of HPV-induced cervical cancer was conducted from sources including
Scopus, PubMed, and Google Scholar, with no restrictions on publication dates, to ensure a thorough
exploration of both historical and recent advancements in HPV research. A structured search strategy
employed keywords and Medical Subject Headings (MeSH) terms such as “human papillomavirus”, “HPV”,
“cervical cancer”, “HPV vaccines”, AND “screening techniques”, utilizing Boolean operators (AND and OR).
The inclusion criteria encompassed peer-reviewed studies focusing on the epidemiology, prevention,
screening, and treatment of HPV-induced cervical cancer published in English, and articles not published in
English and non-academic sources were excluded. A snowball search strategy was used to identify
additional articles from the reference lists of the included articles. From the gathered articles, a thematic
analysis was performed to synthesize recurring patterns, with the findings presented narratively under
appropriate sections to highlight gaps in the study. However, it is important to note that, as a narrative
review, this approach may introduce potential bias in the selection of studies, as it is dependent on the
authors’ subjective judgment in choosing relevant literature. From the gathered articles, a thematic analysis
was performed to synthesize recurring patterns, with the findings presented narratively under appropriate
sections to highlight gaps in the study. The limitations of this methodology, including the risk of selection
bias and lack of systematic review rigor, should be considered when interpreting the findings.

Overview of HPV and cervical cancer

HPV is a common sexually transmitted infection that most sexually active individuals frequently acquire at
some point in their lives with no obvious symptoms. There are over a hundred different types of HPV, with
varied degrees of risk, making up the virus. Approximately 40 of these types are spread through
intercourse, and the remaining cause warts on the hands and feet [8]. These sexually transmitted HPV
strains specifically target mucosal membranes, such as the damp regions surrounding the genitalia and
anus. Not all HPVs that spread through sexual contact cause serious health problems. HPV is classified as a
small, double-stranded DNA virus and is primarily divided into two groups: high-risk HPVs, which are
associated with a variety of anogenital cancers, including cervical, anal, vulvar, vaginal, and penile cancers,
and low-risk HPVs, which cause cutaneous and anogenital warts. Approximately 70% of cervical
malignancies are caused by high-risk HPV strains such as HPV types HPV-16 and HPV-18. Other high-risk
types are HPV-31, HPV-33, HPV-45, HPV-52, and HPV-58 [9, 10]. Conversely, 90% of genital warts are
caused by low-risk HPV strains such as types HPV-6 and HPV-11, which rarely result in cancer. These warts
can develop weeks or months after intercourse with an infected partner, which usually resemble bumps
and occasionally cauliflowers [8]. HPV infection is the primary cause of cervical cancer, which occurs six
times more frequently in women living with HIV than in those without HIV infection [11]. Without
treatment, persistent HPV infection in the cervix is responsible for 95% of cervical cancer cases [11, 12].
Several factors can affect cancer progression, including the carcinogenic potential of the HPV strain, an
individual’s immune system health, co-infections with other sexually transmitted diseases (STDs), the
number of childbirths, early age at first pregnancy, use of hormonal contraceptives, and other lifestyle or
health-related factors [1].

Global impact of HPV-induced cervical cancer

Cervical cancer remains a significant global health challenge, with the World Health Organization (WHO)
reporting approximately 660,000 new cases and 350,000 deaths by 2022 (Figure 1) [13]. This marks an
increase from earlier estimates, including 604,127 new cases and 341,831 deaths in 2020 [4], and 570,000
new cases and 311,000 deaths in 2018 [14]. This burden disproportionately affects regions such as SSA,
China, and India, which bear a significant portion of cases. According to Martel et al. [15], cervical cancer
accounts for approximately 90% of malignancies in women infected with HPV. By 2019, the number of
female cancer cases associated with HPV infections had escalated to 620,000, highlighting the persistent
threat posed by this disease [15]. Despite advancements in prevention strategies, including HPV
vaccination, the burden remains high, particularly in LMICs. These regions face barriers, such as limited
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access to vaccination, cervical screening, and treatment facilities, which exacerbate health inequities. As of
2022, cervical cancer is the fourth most common cancer among women, necessitating the urgent need for
globally coordinated efforts to enhance access to preventative measures and treatments, particularly in
resource-limited settings [16].

Trends in Cervical Cancer: New Cases and Deaths (2018-2022)
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Figure 1. Trends in global cervical cancer cases and deaths (2018-2022). Data adapted from references [4, 13]

Prevalence and mechanism of HPV infection leading to cervical cancer

The prevalence of HPV infection and its associated cervical cancer is alarming, particularly in middle-aged
women [14, 17]. The geographic distribution of cervical cancer is highly uneven, with over 85% of deaths
occurring in low-resource regions [18]. SSA has the highest incidence rate, accounting for > 90% of the
global burden [19]. This regional disparity underscores the interplay among socioeconomic factors,
healthcare access, and disease burden. HPV is the leading cause of cervical cancer and remains a significant
global public health concern globally [20]. The prevalence of HPV among women with normal cervical
cytology showed a slight increase from 10.4% in 2007 to 11.7% in 2010. In 2019, the global adjusted
prevalence rate was 9.9%. In 2022, the burden of HPV-related disease will continue to grow, with an
estimated 660,000 new cases and 350,000 deaths reported. Oceania and Africa had the highest prevalence
rates at 21.8% and 21.1%, respectively, followed by Europe (14.2%), the Americas (11.5%), and Asia
(9.4%) [21].

Cervical dysplasia refers to abnormal changes in cervical cells caused by persistent HPV infection. The
severity of dysplasia is graded as follows: cervical intraepithelial neoplasia grade 1 (CIN1; mild dysplasia)
involves minor abnormalities in a small portion of the tissue, which often resolve on their own. CIN2
(moderate dysplasia) and CIN3 (severe dysplasia) showed progressively more significant abnormal
changes in cervical tissue. There is a greater chance that aberrant cells in CIN2 and CIN3 will develop
cancer, requiring careful observation or excision. These cellular alterations were identified using a smear
test and examined under a microscope [22]. HPV disrupts apoptosis, which is crucial for cell turnover and
immune function, and impairs cell activity. HPV contributes to this process by integrating its genetic
material into the DNA of cervical cells, thereby disrupting their normal function. The cervix, which connects
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the uterus to the vagina, consists of two main parts: the ectocervix and endocervix. The ectocervix, visible
during gynecological examinations, is covered by thin, flat squamous cells, whereas the endocervix, located
internally, is lined with glandular cells. These two cell types meet in the transformation zone, which is a
critical site where cervical cancer often originates. These cells undergo malignant transformation [23, 24].
HPV proteins E6 and E7 are essential for the promotion of cervical cancer growth. The E6 protein binds to
and disrupts an essential tumor suppressor protein in cervical cells. Next, this complex interacts with a
different protein that prevents tumor growth. Consequently, the body’s attempt to eradicate HPV E6
unintentionally destroys this vital tumor-suppressive protein, increasing the risk of cancer development.
The HPV E7 protein targets another tumor-suppressing protein, inhibiting its activity and increasing the
likelihood of cancer development [25].

Types and stages of cervical cancer development

Cervical cancer is categorized into two main types based on the originating cell type: squamous cell
carcinoma (SCC) (80-90% of cases) and adenocarcinoma (AC) (10-20% of cases). SCC arises from
ectocervical squamous cells, whereas AC originates from the glandular cells of the endocervix [26]. Both
types often develop at the squamocolumnar junction, which is a critical region of the cervix. Cervical cancer
progresses through four stages, with treatment options varying by stage (Table 2). Stage 1 involves a
localized disease that is treatable primarily through surgery. By stage 4, the cancer spreads to distant
organs, requiring multimodal therapies including surgery, chemoradiotherapy, targeted therapies, and
immunotherapy [27].

Table 2. Stages of cervical cancer development

Stage Description Treatment
Stage 1 Localized disease Surgery
Stage 2 Cancer spreads to nearby tissues Surgery, radiation therapy
Stage 3 The cancer spreads further into the pelvis or to lymph Chemoradiotherapy
nodes
Stage 4 Cancer spreads to distant organs Multimodal therapies (surgery, chemoradiotherapy,

targeted therapies, immunotherapy)

Data adapted from references [26, 27]

Mechanisms of HPV infection and replication
Entry and initial infection

HPV infection begins with the virus targeting the basal cells, typically following microabrasions, and
progresses through cellular differentiation in the parabasal layer. However, the specific receptors for HPV
entries remain elusive [28]. Candidates such as heparan sulfate proteoglycans (HPSGs), syndecan (Sdc)
types Sdc2 and Sdc4, and the annexin A2/S100A10 heterotetramer (A2t) have been proposed as critical
mediators of viral attachment and entry [26-29]. Moreover, epidermal growth factor receptor (EGFR), a6-
integrin, CD63, and tetraspanin CD151 [29] are cell membrane receptors linked to HPV binding.
Additionally, HPV enters cells via endocytosis without the aid of dynamin, clathrin, caveolin, or lipid rafts
[30]. Once internalized, HPV exploits the endocytic pathways to avoid degradation and facilitates trafficking
to the nucleus.

HPV genome trafficking and cellular interaction

When HPV binds to HPSGs, the RG-1 epitope at the N-terminus of the L2 protein is exposed, causing the L1
protein to alter its shape and display L2 on the capsid surface. When the RG-1 epitope is cleaved upstream
by furin protease, L2 attaches to the HPV episome and is trafficked downstream [31]. p120-catenin and y-
secretase are two examples of chaperones that L2 associates with throughout this trafficking phase [32,
33]. As such, L2 engages in various protein interactions during endosomal entrance to assist its
introduction into vesicular membranes, ultimately enhancing the vesicular trafficking of the L2-HPV
episome. To maintain the integrity of the L2-HPV episome, it has been shown that L2 interacts with sorting
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nexin 17 (SNX17) to limit vesicle acidification and prevent rapid lysosomal destruction of vesicle contents
[34]. Furthermore, L2 binds to Vps26, Vps29, and Vps35, which are essential for retrograde trafficking of
the L2-HPV episome to the trans-Golgi network (TGN) [4]. The L2-HPV episomes subsequently move from
the endosomal compartments to the TGN, where they remain until mitosis begins [28].

Viral genome amplification and immune evasion

L2 aids L2-HPV episome transport along microtubules during mitosis through interactions with motor
proteins Karyopherin alpha2 (KPNA2), dynein light chain (DYNLT3), and Ran-binding protein 10
(RanBP10). L2 then attaches mitotic chromosomes to enable L2-dependent chromosomal anchoring of the
L2-HPV episome in open mitosis [35]. ND10/PML bodies, which are highly transcriptionally active areas,
are where HPV episomes are located after being transported into the nucleus of daughter cells in a mitosis-
dependent manner owing to this anchoring process [36]. The E6, E7, E1, and EZ genes are expressed upon
entry into the nucleus and are essential for the initial phase of viral genome amplification. The progression
of HPV-related cancers is closely associated with viral persistence and oncogenic activity. The expression of
E6 and E7 oncogenes disrupts critical tumor suppressor pathways, leading to cellular transformation and
uncontrolled proliferation. E6 degrades p53 through its interaction with E6-associated protein (E6AP),
inhibiting apoptosis, and DNA repair, whereas E7 promotes the degradation of retinoblastoma protein
(pRb), freeing E2F to drive cell cycle progression. This deregulation fosters genomic instability, which is a
key step in the progression to malignancy [37, 38]. HPV transcription is triggered by p97 and p105
promoters of HPV-16 and HPV-18, respectively. By attaching to its response elements in the long control
region (LCR), the DNA-binding domain of the E2 protein subsequently represses the transcription of early
viral genes [39].

Concurrently, the E1 protein functions as an ATP-dependent DNA helicase and is thought to be the only
encoder [40]. E1 and E2 work together to create hexameric complexes that attach to the replication origin,
unwind DNA before the replication fork, and facilitate the recruitment of the replication machinery. To
avoid immune surveillance and create chronic infections, the virus replicates its episomes at low copy
numbers (50-100 episomes per nucleus) [41]. Further evidence suggests that E1 suppresses the expression
of genes linked to immunological responses, such as IFNf1, IFNA1, and interferon-stimulated genes (ISGs)
[42]. As the infection progresses, the integration of the HPV genome into the host cell’s genome often
occurs, especially in high-risk HPV types. This integration results in deregulated E6 and E7 expressions,
further amplifying oncogenic potential and contributing to the development of invasive cancer. The
production of reactive oxygen species (ROS) and DNA strand breaks during integration exacerbate genomic
instability and promote tumorigenesis. These events are hallmark features of HPV-driven cancers, including
cervical, oropharyngeal, and anogenital cancers [42, 43]. The host cell division program affects HPV genome
amplification and the production of E6 and E7 is required for mitosis in infected cells. E6 and E7
oncoproteins drive the HPV replicative cycle, and their activity is essential for oncogenesis and viral
replication. More specifically, the E7 oncoprotein is vital for sustaining cell cycle progression and
encouraging the G1 to S phase transition. This is accomplished by its interaction with the E3 ubiquitin ligase
Cullin 2, which promotes the degradation of pRb and the tumor suppressor protein pRb [44].

These events allow transcription factor E2F to be freed from its inhibitor pRb, which promotes the
expression of target genes, including cyclin E, cyclin A, and p16INK4A [44]. The creation of viral progeny,
generally produced from bicistronic mRNA, is ensured by the activities of the viral oncogenes E6 and E7 in
HPV-infected cells. Thus, E6 may balance the E7’s promotion of excessive cellular growth. E6 interacts with
the tumor suppressor protein p53 and, when combined with E6AP, creates a complex that helps the
proteasome to degrade p53. The function of p53 in apoptosis induction and DNA damage repair is
compromised by this interaction [44]. Furthermore, E6 and E7 support the HPV replicative cycle by
modulating many signaling pathways, such as PI3K/Akt, Notch, and Wnt/f-catenin [45]. Viral propagation
is further aided by the E5 protein, which stimulates cell division in higher layers of the epithelium. E5
inhibits endosomal acidification and promotes recycling of the EGFR receptor through its interaction with
the 16-kDa subunit of vacuolar ATPase (vATPase). Viral replication is accelerated by the activation of EGFR
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and its downstream effectors. Additionally, E5 helps in immune evasion by blocking the MHCI presentation
of antigens. By interfering with the trafficking of MHCI heavy chains to the cell membrane indirectly, it
accumulates in the endoplasmic reticulum and Golgi apparatus [46].

HPV episomes can multiply by hundreds of copies per cell during this stage of infection. The E4 protein
is essential for breaking down the cytokeratin network, which makes cells more brittle and encourages the
release of offspring virions [47]. It has been demonstrated that E4 causes keratin to become
hyperphosphorylated and ubiquitinated at residues lysine 8 (K8) and serine 73 (S73). This suggests that
these alterations aid the breakdown of keratin by proteasomes, which disrupts the network [48]. Viral
capsid proteins are assembled in terminally differentiated cells and are ultimately driven by the late
promoters, p670 and p811, in HPV-16 and HPV-18, respectively. An icosahedral shell of 360 L1 molecules
organized into 72 pentameric capsomers, with L2 positioned in the center, encases the HPV genome [49].
The generation of DNA strand breaks, ROS, and genomic instability during infection can aid the integration
of the viral genome into the host cellular genome. The deregulated expression of the E6 and E7 oncogenes is
frequently the result of this integration, and this is a crucial step in the development of cervical cancer.
Cellular transformation is caused by E6 and E7 interactions with tumor suppressor proteins and elements
of cellular signaling pathways [50, 51].

Roles of viral oncoproteins
E1 and E2 proteins

The early phases of HPV infection are marked by the expression of E1 protein, which is highly conserved
across HPV strains (Table 3). E2 proteins play a multifaceted role in viral replication and transcription
while also influencing other critical processes. Depending on the promoter environment, E2 can either
activate or repress viral gene expression, highlighting its regulatory complexity [52]. The two functional
domains of E2 proteins are the C-terminal conserved domain, responsible for DNA binding and
dimerization, and the N-terminal conserved domain, crucial for transactivation (TA) and DNA replication
[53]. Together, the E1 and E2 proteins are indispensable for the initiation and regulation of HPV replication.

Table 3. Roles of viral oncoproteins

Oncoprotein Function Source

E1 - Highly conserved across HPV strains. [52]
- Indispensable for initiating and regulating HPV replication.
E2 - Multifaceted role in viral replication and transcription. [53]
- Influences other critical processes.
- Can either activate or repress viral gene expression.
E4 - Translated as an E1*E4 fusion protein. [54]
- Leucine cluster motif is crucial for keratin binding.
- C-terminus facilitates self-association, forming structures reminiscent of amyloid fibers.
- Plays a pivotal role in regulating the cytokeratin network to aid viral release and dissemination.
ES - Significant in HPV-mediated carcinogenesis. [565, 56]

- Supports cellular hyperproliferation and cancer progression in both high-risk (HR-HPV) and low-
risk (low-riskHPV) forms.

- Influences E6 and E7 activities.

E6 - Relatively large (18 kDa). [57, 58]
- Contains two zinc finger domains.
- Primarily found in the nucleus.

- Orchestrates the transformation of normal cells into malignant ones, significantly contributing to
cervical carcinogenesis.

E7 - Approximately 100 amino acids long. [59, 60]
- Comprises three conserved regions (CR1, CR2, and CR3).
- A key player in cervical carcinogenesis through interactions with various host factors.
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E4 protein

The HPV E4 open reading frame (ORF) is located within the E2 gene, specifically in the region coding for the
flexible hinge domain of E2. Through alternative splicing, the E4 protein is translated as an E1*E4 fusion
protein, incorporating the first amino acids from the E1 protein, including the start codon [54]. The leucine
cluster motif in E4 is crucial for keratin binding, whereas its C-terminus facilitates self-association, forming
structures reminiscent of amyloid fibers. These fibers play a pivotal role in regulating the cytokeratin
network to aid viral release and dissemination [48].

E5 protein

Although -HPV lacks the encoded E5 protein, the E5 oncoprotein remains significant in HPV-mediated
carcinogenesis. Found in the endoplasmic reticulum, E5 is a small, 83-amino-acid, hydrophobic, membrane-
bound protein encoded at the 3" end of the early region of the viral genome and expressed from spliced
mRNA [55]. According to Moody and Laimins [50], E5 comprises three domains: N-terminal, central, and C-
terminal domains. Its N-terminal domain is highly hydrophobic and supports cellular hyperproliferation
and cancer progression in both high-risk HPV and low-risk HPV forms. Additionally, E5 influences E6 and
E7 activities, amplifying their oncogenic potential [56].

E6 protein

Compared with other HPV proteins, the E6 protein is comparatively large (18 kDa) and approximately 150
amino acids in length. It contains two zinc finger domains, each characterized by four Cys-X-X-Cys motifs.
E6 has C- and N-terminal domains and is primarily found in the nucleus. Interactions between the PDZ-
binding motif in the C-terminal domain and various cellular proteins affect numerous cellular activities
[57]. HPV genome integration into the host genome frequently disrupts the EZ gene, a negative regulator of
E6 transcription, resulting in E6 upregulation. E6, in conjunction with E7, orchestrates the transformation
of normal cells into malignant cells, thereby significantly contributing to cervical carcinogenesis [58].

E7 protein

The E7 protein, which is approximately 100 amino acids long, comprises three conserved regions: CR1,
CR2, and CR3. CR1 resembles the T antigens of SV40 and adenovirus, whereas CR2 shares homology with
the related viral proteins. CR3, which is common to all HPV types, encodes a zinc finger domain containing
two Cys-X-X-Cys motifs separated by 29 amino acids [59]. E7 plays a key role in cervical carcinogenesis by
interacting with various host factors [60].

Prevention and control measures

Gardasil was the first HPV vaccine approved by the United States Food and Drug Administration (FDA) in
2006, which was developed by the pharmaceutical company Merck & Co., Inc. [61, 62]. Six licensed vaccines
are currently available, marking a significant milestone in preventing cervical cancer and other HPV-related
diseases [63]. As of 2024, WHO reported 144 nations out of the 194 WHO Member States to have
incorporated HPV vaccination into their national vaccination programs, of which 27 countries are from
Africa, while 34 countries have launched cervical cancer surveillance schemes in Africa as reported by WHO
in 2023 [64, 65].

Administering these vaccines before the initiation of sexual activity is optimal, although they can also
be effective after HPV exposure. These vaccines are prepared using recombinant DNA technology and cell
culture techniques, incorporating pure L1 structural proteins that self-assemble into virus-like particles
(VLPs) specific to HPV types. They do not contain active biological agents or viral DNA, thus ensuring that
they cannot transmit HPV. The formulations include adjuvants but are free from preservatives and
antibiotics [6, 66]. The nonavalent HPV vaccine includes VLPs targeting high-risk types HPV-31, HPV-33,
HPV-45, HPV-52, and HPV-58. Both nonavalent and quadrivalent vaccines protect against anogenital warts
caused by HPV types HPV-6 and HPV-11. All HPV vaccines incorporate VLPs into high-risk types HPV-16
and HPV-18. Vaccination is recommended for girls aged nine years and above, with approval extending to
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age 26 for females and 45 for males [67]. HPV vaccination effectively prevents premalignant cervical lesions
and malignancies by targeting various high-risk HPV strains. Prefilled syringes and single- or double-dose
vials can be used for vaccine administration. The inclusion of adjuvants in these vaccines is crucial because
they enhance the immune response and ensure long-lasting immunity. The adjuvants help boost the body’s
immune reaction to VLPs, thereby improving the overall effectiveness of the vaccine [68]. To ensure safety,
quality, and effectiveness, WHO has established stringent requirements, including nucleic acid-based assays
and type-specific criteria for anti-HPV type HPV-16/18 serological testing. These guidelines assist
manufacturers and regulatory agencies in producing and evaluating high-quality vaccines [58]. Currently,
HPV vaccination programs are included in national immunization policies in 125 countries (64%) for girls
and in 47 countries (24%) for boys. Notable progress has been made in expanding access to vaccinations
worldwide [68]. This widespread implementation highlights the global commitment to reducing HPV-
related diseases and is detailed in WHO’s comprehensive vaccination data [69].

Vaccine efficiency and coverage rates

Licensed HPV vaccinations are most effective in those not already infected based on clinical trials before
their licensure [70]. The effectiveness of these vaccines decreases with increased sexual activity and
potential for HPV exposure. While individuals as young as nine years old were recruited in research
assessing antibody responses, young women between the ages of 15 and 26 made up the bulk of trial
participants. Because of the lack of information regarding the safety and effectiveness of HPV vaccination in
children under the age of nine, younger children might not receive these shots [71]. This initiative aligns
with the WHO’s Global Strategy to Accelerate the Elimination of Cervical Cancer, aiming to increase HPV
vaccination rates and reduce cervical cancer incidence worldwide. Since the establishment of a Global
Strategy to Accelerate the Elimination of Cervical Cancer, 30 additional countries, including high-risk
regions such as Bangladesh, Indonesia, and Nigeria, have introduced the HPV vaccine.

Licensed HPV vaccinations are most effective in individuals not previously infected, as demonstrated
by clinical trials conducted before their licensure [64]. Vaccine effectiveness diminishes with increased
sexual activity and potential HPV exposure. While antibody response studies included participants as young
as nine years old, the majority of clinical trials focused on young women aged 15 to 26. Due to limited data
on the safety and efficacy of HPV vaccination in children under nine years, vaccinations are typically not
administered to this age group [71]. In alignment with the WHO’s Global Strategy to Accelerate the
Elimination of Cervical Cancer, over 30 additional countries, including high-burden regions such as
Bangladesh, Indonesia, and Nigeria, have introduced HPV vaccination programs to reduce the incidence of
cervical cancer and address the disparities in vaccine access globally [72].

Currently, 140 countries include HPV vaccination in their national immunization programs [70, 71]. In
2022, 21% of girls worldwide received at least one dose of the HPV vaccine, marking a recovery of
immunization rates to pre-pandemic levels. Reaching the target of immunizing every girl in the world
against HPV by 2030 is possible if the current rate of advancement keeps up [73]. To attain a 90% coverage
objective and manage pandemic-related disruptions, the WHO partnered with the Global Alliance for
Vaccines and Immunization (GAVI) and other partners to launch systematic activities. The goals of these
initiatives are to speed up catch-up immunizations, revive HPV vaccination programs, and reach girls who
missed their vaccinations due to pandemic disruptions [71, 74]. For instance, Nigeria added the HPV
vaccine, which comes in a single dosage, to its regular immunization schedule in October 2023. The
government of Nigeria intends to vaccinate 7.7 million girls, making it the most extensive HPV vaccination
campaign in the area in a single dose [75].

Challenges and innovations in HPV-related cervical cancer prevention and
treatment

Standard treatment facilitators include bringing treatment closer to patients and providing transportation
or vouchers. The cost of transportation and the distance to the medical facility, along with other practical
obstacles, prevented women from obtaining therapy, with most of them ignorant of essential details,
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including making an appointment for follow-up [76, 77]. Following their interviews, many women sought
additional information about their treatment, including the hospital to visit, the cost of therapy, and what to
expect. Within the healthcare system, some women have claimed to have encountered logistical challenges
[78, 79]. This study draws insights from multiple countries, highlighting both shared and context-specific
challenges in accessing HPV-related cervical cancer treatment [78, 80]. While certain barriers—such as
transportation difficulties and misinformation—are common across different settings, the extent of their
impact varies depending on healthcare infrastructure, socioeconomic factors, and public health policies [81,
82]. Often, participants were unclear about the role of HPV in cervical cancer. During the in-depth
interviews (IDIs), assumptions emerged, rather than openly admitting ignorance. Misinterpretation of test
results and treatment plans often prevents women from receiving the appropriate care [77, 80]. For
example, myths include the idea that women should not undergo treatment for HPV throughout their
reproductive years and uncertainty about the nature of the treatment, such as whether daily medicine
similar to HIV is required [77, 81]. Frequent questions included, “Is HPV curable?” and “Does being HPV
positive equate to a cervical cancer diagnosis?” These misconceptions highlight the important obstacles to
successful cancer therapy and prevention. By analyzing data from different healthcare settings, this study
underscores the need for tailored intervention strategies that consider country-specific healthcare policies
and cultural perspectives [83, 84]. Addressing these diverse barriers is essential for improving HPV-related
cervical cancer prevention and treatment globally [85]. Throughout the IDIs, fear surfaced as a common
topic. This included anxiety related to screening, results (“I understood my result, but still felt some fear”),
cancer, disease, and treatment [82]. In particular, participants’ anxiety about receiving a cancer diagnosis
prevents them from thinking about available treatment alternatives [77, 82]. It is important to note that
while these issues were frequently raised, the study’s findings do not necessarily suggest that all women
experience these barriers in the same manner. These interpretations reflect a broad understanding of the
challenges, but the data do not directly establish the extent to which each factor contributes uniquely to
treatment delays or misconceptions. For example, while anxiety about diagnosis is significant, the study did
not provide direct evidence linking this fear to treatment avoidance across all participants [83, 84].

Technological advances in the diagnosis and treatment of HPV-induced cervical cancer have
dramatically improved the diagnostic and therapeutic outcomes [85]. Next-generation sequencing (NGS) is
an advanced tool in genomics research that simultaneously sequences millions of DNA fragments and offers
detailed insights into genome structure, genetic variations, and gene activity. Recent advancements in NGS
have emphasized faster and more accurate sequencing, reduced costs, and enhanced data analysis, offering
significant breakthroughs in disease understanding and personalized healthcare [86]. CRISPR/Cas is a fast,
cost-effective, and efficient gene editing strategy. CRISPR/Cas can knock out the E6 and E7 oncogenes in
HPV, reactivate tumor suppressor pathways (p53 and Rb), and inhibit cancer cell growth [87]. Despite
preclinical success, challenges, such as vector delivery and off-target effects, remain. These issues can be
addressed by liposome packaging, improved bioinformatics tools, and advanced sequencing methods. The
future of CRISPR/Cas in cancer treatment is promising, with ongoing trials for various diseases, including
the first CRISPR-based HPV treatment focusing on editing the E6 and E7 oncogenes [88-90]. However,
although the potential of CRISPR/Cas and NGS is promising, these findings should be interpreted with
caution. Current evidence primarily stems from preclinical studies, and further clinical trials are necessary
to directly demonstrate the efficacy and safety of these technologies in treating HPV-induced cervical
cancer. As research progresses, the real-world application of these innovations will become clearer,
although they offer considerable hope for future cancer treatments [85, 90].

Furthermore, novel imaging techniques such as optical coherence tomography (OCT) and reflectance
confocal microscopy (RCM) have improved the visualization and assessment of cervical lesions, allowing for
early identification and accurate diagnosis [80]. The accurate determination of the size and depth of
melanoma infiltration is vital. However, the current techniques have limitations. This study introduces a
combined 18 MHz ultrasound and photoacoustic tomography device that provides high-resolution 3D skin
lesion images. The device strongly correlates with histological measurements, highlighting its potential as a
non-invasive diagnostic tool [91]. These technological breakthroughs are critical for improving the
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treatment and outcomes of HPV-induced cervical cancer. Healthcare delivery and medical practice can
undergo significant changes owing to the powerful and innovative field of artificial intelligence (AI) in
computer science [92]. The healthcare industry stands to benefit greatly from Al, which can improve
patient outcomes, personalize treatment programs, and increase the accuracy of diagnoses. Al algorithms
outperform traditional methods in analyzing large datasets, identifying patterns, and predicting disease
progression. Al aids cancer detection, prognosis, and treatment planning by examining complex medical
imaging and genomic data [93]. Furthermore, Al-powered technologies can improve clinical workflows,
minimize administrative costs, and facilitate decision-making, resulting in more efficient and effective
healthcare delivery. As Al technology progresses, its incorporation into various healthcare applications
promises to transform patient care and medical research. While Al's potential is significant, the currently
available data focus largely on theoretical applications and preliminary studies. The actual impact of Al on
cervical cancer diagnosis and treatment requires further empirical validation in a clinical setting. Therefore,
while Al offers substantial promise, the broad claims about its transformative effects should be approached
with careful consideration of existing limitations and ongoing research [92, 94, 95].

Screening, detection, and public health strategies for HPV-related cervical
cancer

HPV infections, which are oncogenic, account for most cervical malignancies. These infections can cause
premalignant lesions to develop, ultimately leading to invasive carcinomas [17]. Nearly all cervical
malignancies are caused by high-risk HPV infections. Pap smears are used in cervical cancer screening to
identify cytological alterations in early HPV infection [96]. Cytological alterations include abnormal cells
and precancerous and malignant tumors. When a Pap smear indicated the possibility of cancer, HPV DNA
testing was performed either as a follow-up or by co-testing using the same cytology sample. Screening
sensitivity and specificity have been improved using this method [96]. Cervical SCC (CSCC) (approximately
70%), cervical AC (CAC) (approximately 25%), and mixed histological tumors (30%) are histologically
linked cervical malignancies associated with HPV. In contrast, less than 1% of newly diagnosed cases are
non-HPV-associated cervical malignancies, including cervical neuroendocrine carcinoma, small-cell
carcinoma, and large-cell carcinoma [96]. In contrast to AC, which develops from glandular epithelial cells
of the endocervix, SCC is derived from squamous epithelial cells of the ectocervix [97]. According to recent
research, the incidence of SCC is decreasing, whereas that of AC is increasing in several nations [87, 88]. The
cohort effect and less effective cytological screening for AC explain the increase in AC incidence among
younger women [97]. Although there is growing evidence that patterns of dissemination, prognostic
variables, treatment outcomes, and AC epidemiology differ from those of SCC, it can be hypothesized that
these differences are due to evolving screening practices. Despite these variations, cervical cancer is
classified and treated using similar protocols [98].

By classifying invasion into three separate patterns, the Silva-classification approach has been used to
diagnose CAC associated with HPV [98, 99]. Although HPV analysis and p16 immunohistochemistry (IHC)
are not necessary for diagnosis or categorization, p16 expression is regarded as a surrogate marker for HPV
association [99]. CSCC associated with HPV is frequently associated with precancerous lesions, and no
precancerous lesions have been reported in infrequent instances of non-HPV-related CSCC [99]. HPV-
related CSCC was verified by HPV DNA testing according to WHO recommendations. However, p16 [HC is
also recommended because there is limited morphological differentiation between HPV-related and non-
HPV-related cases [99]. Cervical cancer is believed to progress on a continuum, starting with moderate
CIN1, moving on to microinvasive lesions and more severe neoplasia (CIN2 or CIN3), and ending with
invasive disease [100]. The data indicate that while CIN1 is common, the direct progression from CIN2 or
CIN3 to invasive cancer remains a subject of ongoing research, with some data suggesting that this
progression may be influenced by other factors, such as immune response or co-infections [101, 102].

Cervical cancer often shows no early symptoms, leading to a delayed diagnosis. Early diagnosis through
screening is essential to identify precancerous cellular alterations before the complete development of
cancer. According to previous studies, HPV-infected cervical cells can develop into precancerous lesions
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over five to ten years. High-risk HPV strains, which are precursors of cervical cancer, can be detected using
HPV testing [103]. Cervical cancer is usually easier to cure if discovered early. If symptoms appear later
than expected, treatment may become more challenging for managing cervical cancer [104]. According to
the American Cancer Society, cervical cancer screening and testing should begin at approximately 25 years.
People between the ages of 25 years and 65 years should undergo a primary HPV test every five years.
Screening may differ from the criteria mentioned above for various reasons, including an individual’s
unique risk factors and medical history [104]. Although test choices are becoming increasingly
individualized, individuals must be examined for cervical cancer regularly regardless of the test they
choose. WHO recognizes HPV-related illnesses, especially cervical cancer, as major global health concerns.
WHO recommends that routine HPV vaccination should be included in national immunization programs.
This recommendation is subject to several conditions: public health priorities should include HPV-related
disease prevention, vaccine implementation should be feasible, sustainable funding should be available, and
local vaccination strategies should be cost-effective. The follow-up Pap test recommendations vary from
every 3-6 months to annually or every three years. The varying intervals for follow-up testing are based on
factors such as the initial test results, although there is debate regarding the optimal frequency, which may
vary by region and population. Doctors can increase women’s adherence to follow-up testing by talking to
them in a way that considers their sociocultural context, asking about worries about their partners’
reactions, stressing the value of follow-up, and ensuring that they understand the procedure and timetable
for follow-up recommendations [105]. Knowledge is a critical predisposing factor for changing behavior
and has a significant impact on health-seeking behaviors. Acquiring knowledge could potentially improve
attitudes, disbelief, and misconceptions significantly as well as improve screening [106]. Healthcare
practitioners play a key role in raising awareness and providing information that improves screening
adherence [107].

Data from the 2016 Centers for Disease Control National Immunization Survey-Teen (NIS-Teen) show
that compared to 59.3% of teenagers living in non-metropolitan statistical areas (non-MSAs), 70.1% of
teenagers living in MSAs’ main cities had received one or more doses of the HPV vaccine [108]. Limited
access to healthcare in rural areas contributes to lower vaccination rates [109]. In addition to
misinformation, one of the most common barriers was discovered in a study of teenagers in rural regions
who had not received vaccinations. Prompt advice from clinicians is essential for initiating vaccinations
because it encourages many patients to adopt healthy practices [110, 111]. Although these findings are
consistent with the observed trends, it is still unclear whether targeted education campaigns in rural areas
will effectively overcome these barriers, as other factors such as vaccine accessibility may also play a
significant role [112]. Notably, even though this is a strong predictor of HPV vaccine series completion, 66%
of physicians said that they did not have enough time to lecture parents and teenagers about the HPV
vaccine [113]. A community-based strategy may address some of these challenges, as it is not reliant on
patients attending clinical sessions. Community-based interventions such as educational media can
motivate patients to be vaccinated [114, 115].

These interventions, which can be designed and implemented by educators, public health workers,
nurses, or counselors who reside in or are not affiliated with these communities, focus on removing
barriers related to inadequate education or misinformation and the provider’s lack of time for education
[116]. Community-based education programs have the potential to be more successful in debunking myths
and highlighting the importance of vaccinations because they are not restricted by time or location. Thus,
community-based educational initiatives may work better in rural regions than in cities [117]. Most
research on HPV vaccines has focused on individual, parent, and provider interventions; however,
community-based interventions have not been well studied in this sector. Additionally, studies contrasting
community-based interventions in rural and urban environments are lacking [92]. The stigma, scarcity of
healthcare providers, and restricted access to education that characterize rural areas may make
community-based therapies more advantageous than those in cities, although they are still understudied.
While some studies suggest that community-based education may be more effective in rural areas, it
remains to be seen whether these interventions can be successfully scaled to larger urban populations. To

Explor Med. 2025;6:1001292 | https://doi.org/10.37349/emed.2025.1001292 Page 12



have a meaningful economic impact on public health, we must determine the relative efficacy of
community-based education programs in rural and urban environments [116, 118].

A limited number of studies utilizing community-based education interventions have been conducted
in the last ten years to boost HPV vaccine uptake or intention to take up in towns and cities. Community-
based interventions include radio, newspapers, video advertising, websites, social media campaigns,
educational sessions, school-based reminders, and radionovelas [119, 120]. Based on variables such as
vaccination uptake, willingness to vaccinate, information gained, and/or impression of reduced barriers to
vaccination, nine of the ten treatments reported in the literature showed noteworthy efficacy effects.
Although promising, it is necessary to recognize that the long-term sustainability of these interventions
remains uncertain, and further studies are needed to evaluate their impact across different regions and
populations. Of these, eight were conducted in rural regions. The efficacy of community-based treatments in
rural and urban settings has not yet been compared.

Recommendations for future directions

HPV-induced cervical cancer is a global public health concern, especially in LMICs, which have limited
access to prevention and treatment. Despite advances in HPV vaccines and screening, significant gaps
remain in the prevention, diagnosis, and treatment of cervical cancer, particularly for individuals with
advanced disease. A comprehensive approach is necessary, aligning with the WHO’s Cervical Cancer
Elimination Initiative (CCEI) pillar 3, which emphasizes the treatment of invasive cervical cancer using
chemotherapy, surgery, and radiotherapy (RT) [121, 122]. Recent studies have highlighted the need for
public health education, technological advancements, and global collaboration [123]. The following
guidelines address these issues and provide a complete plan to mitigate the effects of HPV-induced cervical
cancer. Focusing on development, technological advancements, Al potential, and firm policies can
significantly reduce the disease burden. Additionally, efforts to strengthen treatment capacity for those
exposed to HPV without vaccination and for individuals with advanced disease should be prioritized.

Policy recommendations and global initiatives

Policy suggestions and global activities are critical for the successful treatment of HPV-induced cervical
cancer (Figure 2). Governments should adopt and enforce comprehensive HPV vaccination programs to
ensure widespread coverage and accessibility to all eligible populations. Equally important is the
establishment of national and regional centers of excellence for cervical cancer treatment, enabling access
to chemotherapy, surgery, and RT for advanced disease management [124]. International collaboration is
essential, with organizations such as WHO driving efforts to standardize screening techniques, improve
healthcare infrastructure, and fund research into novel diagnostics and treatments. Policies should also
include public education initiatives to raise awareness of HPV prevention and the significance of frequent
screening [125]. Funding should support low-cost HPV vaccines and diagnostics, particularly for low-
income areas. Incorporating treatment strategies into global initiatives will bridge the gap in cervical
cancer care and ensure equitable access to life-saving interventions, even for patients with invasive
diseases. These integrated efforts have the potential to drastically reduce the incidence and mortality rates
of cervical cancer all over the world [126].

Research and development

Research and development (R&D) is critical in the fight against HPV-induced cervical cancer. Efforts should
focus on the development of new treatments, vaccines, and diagnostics, with an emphasis on
comprehensive strategies that address the full spectrum of disease progression, including advanced cases
[108]. Technologies such as CRISPR, NGS, and improved immunotherapy are promising and should be
integrated into therapeutic frameworks. Furthermore, the exploration of therapeutic combinations
involving chemotherapy, surgery, and RT is vital for managing invasive cervical cancer, particularly for
patients who were not vaccinated or presented with advanced disease [127, 128]. Investigating the
molecular mechanisms, including the pathways of HPV-mediated carcinogenesis, will pave the way for
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Figure 2. A comprehensive strategy to combat HPV—induced cervical cancer

targeted therapies and novel preventative approaches. Collaborative R&D activities, backed by solid
funding and international alliances, should prioritize translating scientific findings into clinical applications,
such as personalized medicine and improved treatment regimens, to significantly enhance patient
outcomes [88, 89, 129].

Emerging treatments and vaccines

Emerging therapies and vaccines are critical for the treatment of HPV-related cervical cancers.
Immunotherapies and targeted gene-editing technologies such as CRISPR/Cas9 hold promise for selectively
targeting and eradicating HPV-infected cells [130]. Furthermore, advances in vaccine research have
broadened protection against a broader spectrum of HPV strains, increasing the efficacy of preventative
measures. New vaccinations are being developed to provide longer-lasting protection, make administration
more accessible, and expand demographic coverage. Continued research and clinical trial investments are
required to bring these new medicines and vaccines to wider clinical usage, reducing the worldwide
cervical cancer burden [88-90].

Innovative screening techniques

Innovative screening methods for HPV-induced cervical cancer have revolutionized early identification and
treatment. Liquid-based cytology and high-risk HPV DNA testing improve the accuracy and reliability of
screening programs, allowing for the earlier detection of precancerous lesions. Furthermore, developments
in molecular diagnostics, such as NGS and digital colposcopy, provide precise genetic insights and improve
the visibility of cervical abnormalities [131]. Self-sampling methods are gaining popularity, as they allow
women in resource-constrained environments to participate in screening programs. While screening
innovations address early detection, it is critical to integrate strategies for diagnosing and staging advanced
cervical cancer, enabling timely and effective treatment interventions. These developments are crucial for
lowering the incidence and mortality of cervical cancer using effective and accessible screening methods
[90, 132].
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Global collaboration

Global collaboration is critical in the fight against HPV-induced cervical cancer, affecting research, policy,
and health care delivery. A global partnership allows for the sharing of knowledge, resources, and best
practices for prevention, screening, and treatment [133]. Collaborative programs, such as the GAVI and the
WHO'’s Global Strategy to Accelerate Cervical Cancer Elimination, aim to increase vaccine coverage,
particularly in low-income countries [134]. Multinational research consortiums also help produce
breakthrough diagnostic tools and cures suited to different global situations. These coordinated efforts
strengthen healthcare systems and promote equity in cervical cancer prevention and care with the ultimate
objective of eliminating cervical cancer globally [135].

International partnership and funding

International partnerships and funding are pivotal for addressing the global burden of HPV-induced
cervical cancer. Collaborative efforts among governments, non-governmental organizations, and
international health agencies facilitate the sharing of expertise, resources, and technology essential for
prevention, screening, and treatment initiatives. Global cervical cancer management efforts are governed
by recommendations established by organizations such as the International Agency for Research on Cancer
(IARC) and WHO, which are crucial for coordinating research objectives [136, 137]. Initiatives such as the
Global Fund to Fight AIDS, tuberculosis, and malaria, and bilateral aid programs provide financial support
for the construction of screening infrastructure, procurement of vaccines, and creation of healthcare
capacity in low-resource settings. These collaborations highlight the importance of working together to

accomplish global health objectives and lower the incidence and mortality rates of cervical cancer [138,
139].

Unified strategies to combat HPV-induced cervical cancer

Unified measures to combat HPV-induced cervical cancer include vaccination, improved detection
technologies, and increased access to treatment. Vaccination programs that target HPV strains, such as HPV
types HPV-16 and HPV-18, which are most associated with cervical cancer, are critical for primary
prevention. Integrating these programs into national immunization schedules worldwide, particularly in
LMICs, has the potential to drastically lower future cancer burden. At the same time, advances in screening
tools, such as HPV DNA testing, and cytology-based approaches, such as Pap smears, ensure the early
detection and treatment of precancerous lesions. Access to cost-effective therapeutic alternatives, including
surgical treatment, chemotherapy, and RT, particularly brachytherapy, must be prioritized as essential

components in reducing mortality rates, especially for advanced and invasive cases of cervical cancer [85,
140].

Conclusions

The global prevalence of HPV infections is alarming, particularly in low-resource areas, such as SSA, where
over 85% of cervical cancer deaths occur. HPV-related cervical dysplasia progresses to cancer through viral
proteins E6 and E7, disrupting key tumor suppressor functions. This disparity highlights the need for
effective public health interventions such as vaccination and early screening programs in underserved
areas. Policymakers should prioritize HPV prevention, screening, and treatment strategies, particularly in
regions with limited access to healthcare, to reduce cervical cancer mortality and improve health outcomes.
HPV vaccination is effective in preventing cervical cancer and anogenital warts, but challenges remain in
low-resource settings owing to logistical barriers, misinformation, and anxiety about cancer diagnoses.
Innovations, such as CRISPR/Cas gene editing, NGS, and Al-powered diagnostic tools, hold promise for
improving cervical cancer treatment and prevention. Community-based educational initiatives can enhance
vaccine uptake and reduce misinformation. The global fight against HPV-induced cervical cancer requires
comprehensive approaches, including improved vaccination, screening, and treatment accessibility,
particularly in low-resource settings. Emphasizing public health education, Al advancements, and
international collaboration, along with investing in emerging therapies and diagnostics, can significantly
reduce cervical cancer incidence and mortality, particularly in low-income countries.

Explor Med. 2025;6:1001292 | https://doi.org/10.37349/emed.2025.1001292 Page 15



Abbreviations

AC: adenocarcinoma

Al: artificial intelligence

CAC: cervical adenocarcinoma

CIN1: cervical intraepithelial neoplasia grade 1
CSCC: cervical squamous cell carcinoma
E6AP: E6-associated protein

EGFR: epidermal growth factor receptor
GAVI: Global Alliance for Vaccines and Immunization
HPSGs: heparan sulfate proteoglycans
HPV: human papillomavirus

IDIs: in-depth interviews

[HC: immunohistochemistry

LMICs: low- and middle-income countries
NGS: next-generation sequencing

pRb: retinoblastoma protein

R&D: research and development

ROS: reactive oxygen species

RT: radiotherapy

SCC: squamous cell carcinoma

Sdc: syndecan

SSA: Sub-Saharan Africa

TGN: trans-Golgi network

VLPs: virus-like particles

WHO: World Health Organization

Declarations
Author contributions

RAA: Conceptualization, Data curation, Methodology, Supervision, Writing—review & editing. BOA: Data
curation, Methodology, Writing—review & editing. ARA: Data curation, Writing—review & editing. MMA:
Methodology, Validation, Writing—review & editing. 0JO: Project administration, Data validation,
Methodology, Writing—review & editing. TK: Data curation, Writing—review & editing. BMU: Data
curation, Supervision, Writing—review & editing.

Conflicts of interest

Not applicable.

Ethical approval
Not applicable.

Consent to participate

Not applicable.

Explor Med. 2025;6:1001292 | https://doi.org/10.37349/emed.2025.1001292 Page 16



Consent to publication

Not applicable.

Availability of data and materials

Not applicable.

Funding

The authors have not received any funding for this study.

Copyright
© The Author(s) 2025.

Publisher’s note

Open Exploration maintains a neutral stance on jurisdictional claims in published institutional affiliations
and maps. All opinions expressed in this article are the personal views of the author(s) and do not
represent the stance of the editorial team or the publisher.

References

1. Cervical Cancer [Internet]. WHO; c2025 [cited 2024 Jun 17]. Available from: https://www.who.int/h
ealth-topics/cervical-cancer#tab=tab_1

2. Stelzle D, Tanaka LF, Lee KK, Khalil Al, Baussano I, Shah ASV, et al. Estimates of the global burden of
cervical cancer associated with HIV. Lancet Glob Health. 2021;9:e161-9. [DOI] [PubMed] [PMC]

3. Guida F, Kidman R, Ferlay ], Schiiz ], Soerjomataram I, Kithaka B, et al. Global and regional estimates
of orphans attributed to maternal cancer mortality in 2020. Nat Med. 2022;28:2563-72. [DOI]
[PubMed] [PMC]

4, Singh D, Vignat ], Lorenzoni V, Eslahi M, Ginsburg O, Lauby-Secretan B, et al. Global estimates of
incidence and mortality of cervical cancer in 2020: a baseline analysis of the WHO Global Cervical
Cancer Elimination Initiative. Lancet Glob Health. 2023;11:e197-206. [DOI] [PubMed] [PMC(]

5. Mukherjee AG, Wanjari UR, Gopalakrishnan AV, Kannampuzha S, Murali R, Namachivayam A, et al.
Exploring the Molecular Pathogenesis, Pathogen Association, and Therapeutic Strategies against HPV
Infection. Pathogens. 2022;12:25. [DOI] [PubMed] [PMC]

6. Wang R, Pan W, Jin L, Huang W, Li Y, Wu D, et al. Human papillomavirus vaccine against cervical
cancer: Opportunity and challenge. Cancer Lett. 2020;471:88-102. [DOI] [PubMed]

7. Yang DY, Bracken K. Update on the new 9-valent vaccine for human papillomavirus prevention. Can
Fam Physician. 2016;62:399-402. [PubMed] [PMC(]

8. Johnson TC. WebMD [Internet]. WebMD LLC; c2005-2025 [cited 2024 Jun 17]. Available from: http
s://www.webmd.com/bio/traci-c-johnson?pg=23

9. Alrefai EA, Alhejaili RT, Haddad SA. Human Papillomavirus and Its Association With Cervical Cancer:
A Review. Cureus. 2024;16:e57432. [DOI] [PubMed] [PMC]

10.  Sendagorta-Cudoés E, Burgos-Cibrian ], Rodriguez-Iglesias M. Genital infections due to the human
papillomavirus. Enferm Infecc Microbiol Clin (Engl Ed). 2019;37:324-34. [DOI] [PubMed]

11. Castle PE, Einstein MH, Sahasrabuddhe VV. Cervical cancer prevention and control in women living
with human immunodeficiency virus. CA Cancer ] Clin. 2021;71:505-26. [DOI] [PubMed] [PMC(]

12.  Liu G, Sharma M, Tan N, Barnabas RV. HIV-positive women have higher risk of human papilloma
virus infection, precancerous lesions, and cervical cancer. AIDS. 2018;32:795-808. [DOI] [PubMed]
[PMC]

13.  Cervical Cancer [Internet]. WHO; c2025 [cited 2024 Jun 23]. Available from: https://www.who.int/n

ews-room/fact-sheets/detail /cervical-cancer

Explor Med. 2025;6:1001292 | https://doi.org/10.37349/emed.2025.1001292 Page 17


https://www.who.int/health-topics/cervical-cancer#tab=tab_1
https://www.who.int/health-topics/cervical-cancer#tab=tab_1
https://dx.doi.org/10.1016/S2214-109X(20)30459-9
http://www.ncbi.nlm.nih.gov/pubmed/33212031
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7815633
https://dx.doi.org/10.1038/s41591-022-02109-2
http://www.ncbi.nlm.nih.gov/pubmed/36404355
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9676732
https://dx.doi.org/10.1016/S2214-109X(22)00501-0
http://www.ncbi.nlm.nih.gov/pubmed/36528031
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9848409
https://dx.doi.org/10.3390/pathogens12010025
http://www.ncbi.nlm.nih.gov/pubmed/36678374
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9865103
https://dx.doi.org/10.1016/j.canlet.2019.11.039
http://www.ncbi.nlm.nih.gov/pubmed/31812696
http://www.ncbi.nlm.nih.gov/pubmed/27255620
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4865336
https://www.webmd.com/bio/traci-c-johnson?pg=23
https://www.webmd.com/bio/traci-c-johnson?pg=23
https://dx.doi.org/10.7759/cureus.57432
http://www.ncbi.nlm.nih.gov/pubmed/38699134
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11063572
https://dx.doi.org/10.1016/j.eimc.2019.01.010
http://www.ncbi.nlm.nih.gov/pubmed/30853139
https://dx.doi.org/10.3322/caac.21696
http://www.ncbi.nlm.nih.gov/pubmed/34499351
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10054840
https://dx.doi.org/10.1097/QAD.0000000000001765
http://www.ncbi.nlm.nih.gov/pubmed/29369827
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5854529
https://www.who.int/news-room/fact-sheets/detail/cervical-cancer
https://www.who.int/news-room/fact-sheets/detail/cervical-cancer

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Arbyn M, Weiderpass E, Bruni L, Sanjosé Sd, Saraiya M, Ferlay ], et al. Estimates of incidence and
mortality of cervical cancer in 2018: a worldwide analysis. Lancet Glob Health. 2020;8:e191-203.
[DOI] [PubMed] [PMC]

Martel Cd, Georges D, Bray F, Ferlay ], Clifford GM. Global burden of cancer attributable to infections
in 2018: a worldwide incidence analysis. Lancet Glob Health. 2020;8:e180-90. [DOI] [PubMed]
Ferlay ], Colombet M, Soerjomataram I, Parkin DM, Pifieros M, Znaor A, et al. Cancer statistics for the
year 2020: An overview. Int ] Cancer. 2021;149:778-89. [DOI] [PubMed]

Arbyn M, Castellsagué X, Sanjosé Sd, Bruni L, Saraiya M, Bray F, et al. Worldwide burden of cervical
cancer in 2008. Ann Oncol. 2011;22:2675-86. [DOI] [PubMed]

Atun R, Jaffray DA, Barton MB, Bray F, Baumann M, Vikram B, et al. Expanding global access to
radiotherapy. Lancet Oncol. 2015;16:1153-86. [DOI] [PubMed]

Brisson M, Kim JJ, Canfell K, Drolet M, Gingras G, Burger EA, et al. Impact of HPV vaccination and
cervical screening on cervical cancer elimination: a comparative modelling analysis in 78 low-
income and lower-middle-income countries. Lancet. 2020;395:575-90. [DOI] [PubMed] [PMC(]
Cancer attributable to infection [Internet]. [ARC; c2025 [cited 2024 Jun 28]. Available from: https://
gco.iarc.fr/causes/infections/home

Moshi JM, Sohaili A, Moafa HN, Hakami AMS, Mashi MM, Thomas PPM. Short Communication:
Understanding the Barriers to Cervical Cancer Prevention and HPV Vaccination in Saudi Arabia.
Viruses. 2024;16:974. [DOI] [PubMed] [PMC(]

Gupta S, Nagtode N, Chandra V, Gomase K. From Diagnosis to Treatment: Exploring the Latest

Management Trends in Cervical Intraepithelial Neoplasia. Cureus. 2023;15:e50291. [DOI] [PubMed]
[PMC]

Bray F, Ferlay ], Soerjomataram I, Siegel RL, Torre LA, Jemal A. Global cancer statistics 2018:
GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA
Cancer ] Clin. 2018;68:394-424. [DOI] [PubMed]

Doorbar ], Griffin H. Refining our understanding of cervical neoplasia and its cellular origins.
Papillomavirus Res. 2019;7:176-9. [DOI] [PubMed] [PMC]

Priya Joi. How does HPV cause cervical cancer [Internet]? VaccinesWor; [cited 2024 Jul 04]. Available
from: https://www.gavi.org/vaccineswork/how-does-hpv-cause-cervical-cancer

Gadkari R, Ravi R, Bhatia JK. Cervical Cancers: Varieties and the Lower Anogenital Squamous
Terminology. Cytojournal. 2022;19:39. [DOI] [PubMed] [PMC(]

Hull R, Mbele M, Makhafola T, Hicks C, Wang S, Reis R, et al. Cervical cancer in low and middle-
income countries (Review). Oncol Lett. 2020;20:2058-74. [DOI]

Ozbun MA, Campos SK. The long and winding road: human papillomavirus entry and subcellular
trafficking. Curr Opin Virol. 2021;50:76-86. [DOI] [PubMed] [PMC]

Finke ], Hitschler L, Boller K, Florin L, Lang T. HPV caught in the tetraspanin web? Med Microbiol
Immunol. 2020;209:447-59. [DOI] [PubMed] [PMC]

Schelhaas M, Shah B, Holzer M, Blattmann P, Kiihling L, Day PM, et al. Entry of human papillomavirus
type 16 by actin-dependent, clathrin- and lipid raft-independent endocytosis. PLoS Pathog. 2012;8:
€1002657. [DOI] [PubMed] [PMC(]

Richards RM, Lowy DR, Schiller ]JT, Day PM. Cleavage of the papillomavirus minor capsid protein, L2,
at a furin consensus site is necessary for infection. Proc Natl Acad Sci U S A. 2006;103:1522-7. [DOI]
[PubMed] [PMC]

Inoue T, Zhang P, Zhang W, Goodner-Bingham K, Dupzyk A, DiMaio D, et al. y-Secretase promotes
membrane insertion of the human papillomavirus L2 capsid protein during virus infection. ] Cell
Biol. 2018;217:3545-59. [DOI] [PubMed] [PMC(]

Harwood MC, Dupzyk A], Inoue T, DiMaio D, Tsai B. p120 catenin recruits HPV to y-secretase to
promote virus infection. PLoS Pathog. 2020;16:e1008946. [DOI] [PubMed] [PMC]

Explor Med. 2025;6:1001292 | https://doi.org/10.37349/emed.2025.1001292 Page 18


https://dx.doi.org/10.1016/S2214-109X(19)30482-6
http://www.ncbi.nlm.nih.gov/pubmed/31812369
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7025157
https://dx.doi.org/10.1016/S2214-109X(19)30488-7
http://www.ncbi.nlm.nih.gov/pubmed/31862245
https://dx.doi.org/10.1002/ijc.33588
http://www.ncbi.nlm.nih.gov/pubmed/33818764
https://dx.doi.org/10.1093/annonc/mdr015
http://www.ncbi.nlm.nih.gov/pubmed/21471563
https://dx.doi.org/10.1016/S1470-2045(15)00222-3
http://www.ncbi.nlm.nih.gov/pubmed/26419354
https://dx.doi.org/10.1016/S0140-6736(20)30068-4
http://www.ncbi.nlm.nih.gov/pubmed/32007141
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7043009
https://gco.iarc.fr/causes/infections/home
https://gco.iarc.fr/causes/infections/home
https://dx.doi.org/10.3390/v16060974
http://www.ncbi.nlm.nih.gov/pubmed/38932266
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11209025
https://dx.doi.org/10.7759/cureus.50291
http://www.ncbi.nlm.nih.gov/pubmed/38205499
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10776490
https://dx.doi.org/10.3322/caac.21492
http://www.ncbi.nlm.nih.gov/pubmed/30207593
https://dx.doi.org/10.1016/j.pvr.2019.04.005
http://www.ncbi.nlm.nih.gov/pubmed/30974183
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6477515
https://www.gavi.org/vaccineswork/how-does-hpv-cause-cervical-cancer
https://dx.doi.org/10.25259/CMAS_03_14_2021
http://www.ncbi.nlm.nih.gov/pubmed/35928526
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9345096
https://dx.doi.org/10.3892/ol.2020.11754
https://dx.doi.org/10.1016/j.coviro.2021.07.010
http://www.ncbi.nlm.nih.gov/pubmed/34416595
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8500947
https://dx.doi.org/10.1007/s00430-020-00683-1
http://www.ncbi.nlm.nih.gov/pubmed/32535702
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7293171
https://dx.doi.org/10.1371/journal.ppat.1002657
http://www.ncbi.nlm.nih.gov/pubmed/22536154
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3334892
https://dx.doi.org/10.1073/pnas.0508815103
http://www.ncbi.nlm.nih.gov/pubmed/16432208
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1360554
https://dx.doi.org/10.1083/jcb.201804171
http://www.ncbi.nlm.nih.gov/pubmed/30006461
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6168257
https://dx.doi.org/10.1371/journal.ppat.1008946
http://www.ncbi.nlm.nih.gov/pubmed/33085724
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7577436

34.

35.

36.

37.

38.

39.
40.

41.

42.

43.

44,

45,

46.

47.

48.

49,

50.

51

52.

53.

Marusi¢ MB, Ozbun MA, Campos SK, Myers MP, Banks L. Human papillomavirus L2 facilitates viral
escape from late endosomes via sorting nexin 17. Traffic. 2012;13:455-67. [DOI] [PubMed] [PMC]
Aydin |, Villalonga-Planells R, Greune L, Bronnimann MP, Calton CM, Becker M, et al. A central region
in the minor capsid protein of papillomaviruses facilitates viral genome tethering and membrane
penetration for mitotic nuclear entry. PLoS Pathog. 2017;13:e1006308. [DOI] [PubMed] [PMC]

Day PM, Baker CC, Lowy DR, Schiller JT. Establishment of papillomavirus infection is enhanced by
promyelocytic leukemia protein (PML) expression. Proc Natl Acad Sci U S A. 2004;101:14252-7.
[DOI] [PubMed] [PMC(]

Bhattacharjee R, Das SS, Biswal SS, Nath A, Das D, Basu A, et al. Mechanistic role of HPV-associated
early proteins in cervical cancer: Molecular pathways and targeted therapeutic strategies. Crit Rev
Oncol Hematol. 2022;174:103675. [DOI] [PubMed]

Kasap E, Turkler C, Yilmaz N, Gorgulu G, Togay A, Inan AH, et al. Comparison of External and Internal
Site Genital Sampling to Detect High-Risk HPV DNA in Women. Clin Lab. 2024;70. [DOI] [PubMed]
McBride AA. The papillomavirus E2 proteins. Virology. 2013;445:57-79. [DOI] [PubMed] [PMC]
Bergvall M, Melendy T, Archambault ]. The E1 proteins. Virology. 2013;445:35-56. [DOI] [PubMed]
[PMC]

Maglennon GA, McIntosh P, Doorbar J. Persistence of viral DNA in the epithelial basal layer suggests
a model for papillomavirus latency following immune regression. Virology. 2011;414:153-63. [DOI]
[PubMed] [PMC]

Williams VM, Filippova M, Soto U, Duerksen-Hughes P]. HPV-DNA integration and carcinogenesis:
putative roles for inflammation and oxidative stress. Future Virol. 2011;6:45-57. [DOI] [PubMed]
[PMC]

Pesut E, Pukié A, Lulié¢ L, Skelin J, Simi¢ I, GasSperov NM, et al. Human Papillomaviruses-Associated
Cancers: An Update of Current Knowledge. Viruses. 2021;13:2234. [DOI] [PubMed] [PMC(]
Castro-Mufioz L], Manzo-Merino ], Mufioz-Bello JO, Olmedo-Nieva L, Cedro-Tanda A, Alfaro-Ruiz LA,
et al. The Human Papillomavirus (HPV) E1 protein regulates the expression of cellular genes
involved in immune response. Sci Rep. 2019;9:13620. [DOI] [PubMed] [PMC]

Manzo-Merino ], Contreras-Paredes A, Vazquez-Ulloa E, Rocha-Zavaleta L, Fuentes-Gonzalez AM,
Lizano M. The role of signaling pathways in cervical cancer and molecular therapeutic targets. Arch
Med Res. 2014;45:525-39. [DOI] [PubMed]

Gutierrez-Xicotencatl L, Pedroza-Saavedra A, Chihu-Amparan L, Salazar-Pifia A, Maldonado-Gama M,
Esquivel-Guadarrama F. Cellular Functions of HPV16 E5 Oncoprotein during Oncogenic
Transformation. Mol Cancer Res. 2021;19:167-79. [DOI] [PubMed]

Doorbar J. The E4 protein; structure, function and patterns of expression. Virology. 2013;445:80-98.
[DOI] [PubMed]

Mclntosh PB, Laskey P, Sullivan K, Davy C, Wang Q, Jackson D], et al. E1*"E4-mediated keratin
phosphorylation and ubiquitylation: a mechanism for keratin depletion in HPV16-infected
epithelium. ] Cell Sci. 2010;123:2810-22. [DOI] [PubMed] [PMC(C]

Buck CB, Trus BL. The Papillomavirus Virion: A Machine Built to Hide Molecular Achilles’ Heels. Viral
Molecular Machines. 2012;726:403-22. [DOI]

Moody CA, Laimins LA. Human papillomavirus oncoproteins: pathways to transformation. Nat Rev
Cancer. 2010;10:550-60. [DOI] [PubMed]

Hussain SS, Lundine D, Leeman JE, Higginson DS. Genomic Signatures in HPV-Associated Tumors.
Viruses. 2021;13:1998. [DOI] [PubMed] [PMC]

Grm HS, Massimi P, Gammoh N, Banks L. Crosstalk between the human papillomavirus E2
transcriptional activator and the E6 oncoprotein. Oncogene. 2005;24:5149-64. [DOI] [PubMed]
Horner SM, DiMaio D. The DNA binding domain of a papillomavirus E2 protein programs a chimeric
nuclease to cleave integrated human papillomavirus DNA in HeLa cervical carcinoma cells. ] Virol.
2007;81:6254-64. [DOI] [PubMed] [PMC]

Explor Med. 2025;6:1001292 | https://doi.org/10.37349/emed.2025.1001292 Page 19


https://dx.doi.org/10.1111/j.1600-0854.2011.01320.x
http://www.ncbi.nlm.nih.gov/pubmed/22151726
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3276720
https://dx.doi.org/10.1371/journal.ppat.1006308
http://www.ncbi.nlm.nih.gov/pubmed/28464022
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5412989
https://dx.doi.org/10.1073/pnas.0404229101
http://www.ncbi.nlm.nih.gov/pubmed/15383670
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC521143
https://dx.doi.org/10.1016/j.critrevonc.2022.103675
http://www.ncbi.nlm.nih.gov/pubmed/35381343
https://dx.doi.org/10.7754/Clin.Lab.2024.240724
http://www.ncbi.nlm.nih.gov/pubmed/39506596
https://dx.doi.org/10.1016/j.virol.2013.06.006
http://www.ncbi.nlm.nih.gov/pubmed/23849793
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3783563
https://dx.doi.org/10.1016/j.virol.2013.07.020
http://www.ncbi.nlm.nih.gov/pubmed/24029589
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3811109
https://dx.doi.org/10.1016/j.virol.2011.03.019
http://www.ncbi.nlm.nih.gov/pubmed/21492895
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3101335
https://dx.doi.org/10.2217/fvl.10.73
http://www.ncbi.nlm.nih.gov/pubmed/21318095
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3037184
https://dx.doi.org/10.3390/v13112234
http://www.ncbi.nlm.nih.gov/pubmed/34835040
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8623401
https://dx.doi.org/10.1038/s41598-019-49886-4
http://www.ncbi.nlm.nih.gov/pubmed/31541186
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6754496
https://dx.doi.org/10.1016/j.arcmed.2014.10.008
http://www.ncbi.nlm.nih.gov/pubmed/25450584
https://dx.doi.org/10.1158/1541-7786.MCR-20-0491
http://www.ncbi.nlm.nih.gov/pubmed/33106372
https://dx.doi.org/10.1016/j.virol.2013.07.008
http://www.ncbi.nlm.nih.gov/pubmed/24016539
https://dx.doi.org/10.1242/jcs.061978
http://www.ncbi.nlm.nih.gov/pubmed/20663917
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2915882
https://dx.doi.org/10.1007/978-1-4614-0980-9_18
https://dx.doi.org/10.1038/nrc2886
http://www.ncbi.nlm.nih.gov/pubmed/20592731
https://dx.doi.org/10.3390/v13101998
http://www.ncbi.nlm.nih.gov/pubmed/34696429
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8537705
https://dx.doi.org/10.1038/sj.onc.1208701
http://www.ncbi.nlm.nih.gov/pubmed/15856010
https://dx.doi.org/10.1128/JVI.00232-07
http://www.ncbi.nlm.nih.gov/pubmed/17392356
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1900111

54.

55.
56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Wang X, Meyers C, Wang H, Chow LT, Zheng Z. Construction of a full transcription map of human
papillomavirus type 18 during productive viral infection. ] Virol. 2011;85:8080-92. [DOI] [PubMed]
[PMC]

DiMaio D, Petti LM. The E5 proteins. Virology. 2013;445:99-114. [DOI] [PubMed] [PMC]

Crook T, Tidy JA, Vousden KH. Degradation of p53 can be targeted by HPV E6 sequences distinct
from those required for p53 binding and trans-activation. Cell. 1991;67:547-56. [DOI] [PubMed]
Ganti K, Broniarczyk J, Manoubi W, Massimi P, Mittal S, Pim D, et al. The Human Papillomavirus E6
PDZ Binding Motif: From Life Cycle to Malignancy. Viruses. 2015;7:3530-51. [DOI] [PubMed] [PMC(]
Sanchez-Perez AM, Soriano S, Clarke AR, Gaston K. Disruption of the human papillomavirus type 16
E2 gene protects cervical carcinoma cells from E2F-induced apoptosis. ] Gen Virol. 1997;78:
3009-18. [DOI] [PubMed]

Pal A, Kundu R. Human Papillomavirus E6 and E7: The Cervical Cancer Hallmarks and Targets for
Therapy. Front Microbiol. 2020;10:3116. [DOI] [PubMed] [PMC]

McIntyre MC, Frattini MG, Grossman SR, Laimins LA. Human papillomavirus type 18 E7 protein
requires intact Cys-X-X-Cys motifs for zinc binding, dimerization, and transformation but not for Rb
binding. ] Virol. 1993;67:3142-50. [DOI] [PubMed] [PMC(]

McLemore MR. Gardasil: Introducing the new human papillomavirus vaccine. Clin ] Oncol Nurs.
2006;10:559-60. [DOI] [PubMed]

Markowitz LE, Tsu V, Deeks SL, Cubie H, Wang SA, Vicari AS, et al. Human papillomavirus vaccine
introduction--the first five years. Vaccine. 2012;30:F139-48. [DOI] [PubMed]

Okolie EA, Nwadike BI. Spotlight on Human Papillomavirus Vaccination Coverage: Is Nigeria Making
Any Progress? JCO Glob Oncol. 2023;9:e2300088. [DOI] [PubMed] [PMC(]

Accelerating action for HPV vaccination in Africa [Internet]. WHO; c2024 [cited 2024 Jul 10].
Available from: https://www.afro.who.int/news/accelerating-action-hpv-vaccination-africa

WHO and partners rally cervical cancer elimination efforts [Internet]. WHO; c2024 [cited 2024 Jul
13]. Available from: https://www.who.int/news/item/17-11-2024-who-and-partners-rally-cervica
l-cancer-elimination-efforts

Mo Y, Ma ], Zhang H, Shen ], Chen ], Hong ], et al. Prophylactic and Therapeutic HPV Vaccines: Current
Scenario and Perspectives. Front Cell Infect Microbiol. 2022;12:909223. [DOI] [PubMed] [PMC]
Torre LA, Islami F, Siegel RL, Ward EM, Jemal A. Global Cancer in Women: Burden and Trends.
Cancer Epidemiol Biomarkers Prev. 2017;26:444-57. [DOI] [PubMed]

Bogani G, Sopracordevole F, Ciavattini A, Ghelardi A, Vizza E, Vercellini P, et al. HPV-related lesions
after hysterectomy for high-grade cervical intraepithelial neoplasia and early-stage cervical cancer:
A focus on the potential role of vaccination. Tumori. 2024;110:139-45. [DOI] [PubMed]

Introduction of HPV (Human Papilloma Virus) vaccine [Internet]. WHO; [cited 2024 Jul 06]. https://i
mmunizationdata.who.int/global /wiise-detail-page/introduction-of-hpv-(human-papilloma-virus)-v
accine?ISO_3_CODE=&YEAR=

Gilca V, Salmeroén-Castro ], Sauvageau C, Ogilvie G, Landry M, Naus M, et al. Early use of the HPV 2-
dose vaccination schedule: Leveraging evidence to support policy for accelerated impact. Vaccine.
2018;36:4800-5. [DOI] [PubMed] [PMC(]

Global partners cheer progress towards eliminating cervical cancer and underline challenges. WHO;
€2025 [cited 2025 Jan 06]. Available from: https://www.who.int/news/item/17-11-2023-global-par
tners-cheer-progress-towards-eliminating-cervical-cancer-and-underline-challenges

Advancing the cervical cancer elimination agenda in the African region. WHO; c2024 [cited 2024 Sep
11]. Available from: https://www.afro.who.int/media-centre/statements-commentaries/advancing-
cervical-cancer-elimination-agenda-african-region

Charde SH, Warbhe RA. Human Papillomavirus Prevention by Vaccination: A Review Article. Cureus.
2022;14:e30037. [DOI] [PubMed] [PMC(]

Explor Med. 2025;6:1001292 | https://doi.org/10.37349/emed.2025.1001292 Page 20


https://dx.doi.org/10.1128/JVI.00670-11
http://www.ncbi.nlm.nih.gov/pubmed/21680515
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3147953
https://dx.doi.org/10.1016/j.virol.2013.05.006
http://www.ncbi.nlm.nih.gov/pubmed/23731971
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3772959
https://dx.doi.org/10.1016/0092-8674(91)90529-8
http://www.ncbi.nlm.nih.gov/pubmed/1657399
https://dx.doi.org/10.3390/v7072785
http://www.ncbi.nlm.nih.gov/pubmed/26147797
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4517114
https://dx.doi.org/10.1099/0022-1317-78-11-3009
http://www.ncbi.nlm.nih.gov/pubmed/9367388
https://dx.doi.org/10.3389/fmicb.2019.03116
http://www.ncbi.nlm.nih.gov/pubmed/32038557
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6985034
https://dx.doi.org/10.1128/JVI.67.6.3142-3150.1993
http://www.ncbi.nlm.nih.gov/pubmed/8497045
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC237652
https://dx.doi.org/10.1188/06.CJON.559-560
http://www.ncbi.nlm.nih.gov/pubmed/17063609
https://dx.doi.org/10.1016/j.vaccine.2012.05.039
http://www.ncbi.nlm.nih.gov/pubmed/23199957
https://dx.doi.org/10.1200/GO.23.00088
http://www.ncbi.nlm.nih.gov/pubmed/37319397
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10497273
https://www.afro.who.int/news/accelerating-action-hpv-vaccination-africa
https://www.who.int/news/item/17-11-2024-who-and-partners-rally-cervical-cancer-elimination-efforts
https://www.who.int/news/item/17-11-2024-who-and-partners-rally-cervical-cancer-elimination-efforts
https://dx.doi.org/10.3389/fcimb.2022.909223
http://www.ncbi.nlm.nih.gov/pubmed/35860379
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9289603
https://dx.doi.org/10.1158/1055-9965.EPI-16-0858
http://www.ncbi.nlm.nih.gov/pubmed/28223433
https://dx.doi.org/10.1177/03008916231208344
http://www.ncbi.nlm.nih.gov/pubmed/37978580
https://immunizationdata.who.int/global/wiise-detail-page/introduction-of-hpv-(human-papilloma-virus)-vaccine?ISO_3_CODE=&YEAR=
https://immunizationdata.who.int/global/wiise-detail-page/introduction-of-hpv-(human-papilloma-virus)-vaccine?ISO_3_CODE=&YEAR=
https://immunizationdata.who.int/global/wiise-detail-page/introduction-of-hpv-(human-papilloma-virus)-vaccine?ISO_3_CODE=&YEAR=
https://dx.doi.org/10.1016/j.vaccine.2018.02.004
http://www.ncbi.nlm.nih.gov/pubmed/29887322
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6078939
https://www.who.int/news/item/17-11-2023-global-partners-cheer-progress-towards-eliminating-cervical-cancer-and-underline-challenges
https://www.who.int/news/item/17-11-2023-global-partners-cheer-progress-towards-eliminating-cervical-cancer-and-underline-challenges
https://www.afro.who.int/media-centre/statements-commentaries/advancing-cervical-cancer-elimination-agenda-african-region
https://www.afro.who.int/media-centre/statements-commentaries/advancing-cervical-cancer-elimination-agenda-african-region
https://dx.doi.org/10.7759/cureus.30037
http://www.ncbi.nlm.nih.gov/pubmed/36381816
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9637390

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Ong SK, Abe SK, Thilagaratnam S, Haruyama R, Pathak R, Jayasekara H, et al. Towards elimination of
cervical cancer - human papillomavirus (HPV) vaccination and cervical cancer screening in Asian
National Cancer Centers Alliance (ANCCA) member countries. Lancet Reg Health West Pac. 2023;39:
100860. [DOI] [PubMed] [PMC]

One Dose at a Time: Mobilizing to Eliminate Cervical Cancer in Nigeria [Internet]. The Johns Hopkins
University; [cited 2024 Dec 10]. Available from: https://publichealth.jhu.edu/ivac/2024/one-dose-a
t-a-time-mobilizing-to-eliminate-cervical-cancer-in-nigeria

Arefadib N, Shafiei T, Cooklin A. Barriers and facilitators to supporting women with postnatal
depression and anxiety: A qualitative study of maternal and child health nurses’ experiences. J Clin
Nurs. 2023;32:397-408. [DOI] [PubMed] [PMC]

Isaacson S, Adewumi K, Smith ]S, Novak C, Oketch S, Huchko M]. A Qualitative Exploration of Barriers
to Treatment Among HPV-Positive Women in a Cervical Cancer Screening Study in Western Kenya.
Oncologist. 2023;28:e9-18. [DOI] [PubMed] [PMC(]

Jaeger FN, Bechir M, Harouna M, Moto DD, Utzinger J. Challenges and opportunities for healthcare
workers in a rural district of Chad. BMC Health Serv Res. 2018;18:7. [DOI] [PubMed] [PMC]
Kingsberg SA, Schaffir ], Faught BM, Pinkerton ]V, Parish SJ, Iglesia CB, et al. Female Sexual Health:
Barriers to Optimal Outcomes and a Roadmap for Improved Patient-Clinician Communications. ]
Women'’s Heal. 2019;28:432-43. [DOI]

Adedimeji A, Ajeh R, Pierz A, Nkeng R, Ndenkeh ]], Fuhngwa N, et al. Challenges and opportunities
associated with cervical cancer screening programs in a low income, high HIV prevalence context.
BMC Womens Health. 2021;21:74. [DOI] [PubMed] [PMC]

Demissie BW, Azeze GA, Asseffa NA, Lake EA, Besha BB, Gelaw KA, et al. Communities' perceptions
towards cervical cancer and its screening in Wolaita zone, southern Ethiopia: A qualitative study.
PLoS One. 2022;17:e0262142. [DOI] [PubMed] [PMC(C]

Galeshi M, Shirafkan H, Yazdani S, Motaghi Z. Challenges and Needs of HPV-Positive Women. Inquiry.
2023;60:469580221150094. [DOI] [PubMed] [PMC]

Hanek K], Garcia SM. Barriers for women in the workplace: A social psychological perspective. Soc
Personal Psychol Compass. 2022;16:e12706.

Puja SS, Neha NN, Alif OR, Sultan TJ, Husna MGZA, Jahan |, et al. Exploring the barriers to feminine
healthcare access among marginalized women in Bangladesh and facilitating access through a voice
bot. Heliyon. 2024;10:e33927. [DOI] [PubMed] [PMC(]

Khairkhah N, Bolhassani A, Najafipour R. Current and future direction in treatment of HPV-related
cervical disease. ] Mol Med (Berl). 2022;100:829-45. [DOI] [PubMed] [PMC(]

Satam H, Joshi K, Mangrolia U, Waghoo S, Zaidi G, Rawool S, et al. Next-Generation Sequencing
Technology: Current Trends and Advancements. Biology (Basel). 2023;12:997. [DOI] [PubMed]
[PMC]

Ahmed MM, Kayode HH, Okesanya 0], Ukoaka BM, Eshun G, Mourid MR, et al. CRISPR-Cas Systems in
the Fight Against Antimicrobial Resistance: Current Status, Potentials, and Future Directions. Infect
Drug Resist. 2024;17:5229-45. [DOI] [PubMed] [PMC]

Zhen S, Hua L, Takahashi Y, Narita S, Liu Y, Li Y. In vitro and in vivo growth suppression of human
papillomavirus 16-positive cervical cancer cells by CRISPR/Cas9. Biochem Biophys Res Commun.
2014;450:1422-6. [DOI] [PubMed]

Lau C, Suh Y. Genome and Epigenome Editing in Mechanistic Studies of Human Aging and Aging-
Related Disease. Gerontology. 2017;63:103-17. [DOI] [PubMed] [PMC]

Jubair L, Fallaha S, McMillan NAJ. Systemic Delivery of CRISPR/Cas9 Targeting HPV Oncogenes Is
Effective at Eliminating Established Tumors. Mol Ther. 2019;27:2091-9. [DOI] [PubMed] [PMC]
Kukk AF, Scheling F, Panzer R, Emmert S, Roth B. Non-invasive 3D imaging of human melanocytic
lesions by combined ultrasound and photoacoustic tomography: a pilot study. Sci Rep. 2024;14:
2768. [DOI] [PubMed] [PMC(]

Explor Med. 2025;6:1001292 | https://doi.org/10.37349/emed.2025.1001292 Page 21


https://dx.doi.org/10.1016/j.lanwpc.2023.100860
http://www.ncbi.nlm.nih.gov/pubmed/37576906
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10415801
https://publichealth.jhu.edu/ivac/2024/one-dose-at-a-time-mobilizing-to-eliminate-cervical-cancer-in-nigeria
https://publichealth.jhu.edu/ivac/2024/one-dose-at-a-time-mobilizing-to-eliminate-cervical-cancer-in-nigeria
https://dx.doi.org/10.1111/jocn.16252
http://www.ncbi.nlm.nih.gov/pubmed/35156748
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10078709
https://dx.doi.org/10.1093/oncolo/oyac208
http://www.ncbi.nlm.nih.gov/pubmed/36239434
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9847557
https://dx.doi.org/10.1186/s12913-017-2799-6
http://www.ncbi.nlm.nih.gov/pubmed/29310644
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5759836
https://dx.doi.org/10.1089/jwh.2018.7352
https://dx.doi.org/10.1186/s12905-021-01211-w
http://www.ncbi.nlm.nih.gov/pubmed/33602194
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7890622
https://dx.doi.org/10.1371/journal.pone.0262142
http://www.ncbi.nlm.nih.gov/pubmed/34995307
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8740975
https://dx.doi.org/10.1177/00469580221150094
http://www.ncbi.nlm.nih.gov/pubmed/36705022
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9893350
https://dx.doi.org/10.1016/j.heliyon.2024.e33927
http://www.ncbi.nlm.nih.gov/pubmed/39108898
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11301159
https://dx.doi.org/10.1007/s00109-022-02199-y
http://www.ncbi.nlm.nih.gov/pubmed/35478255
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9045016
https://dx.doi.org/10.3390/biology12070997
http://www.ncbi.nlm.nih.gov/pubmed/37508427
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10376292
https://dx.doi.org/10.2147/IDR.S494327
http://www.ncbi.nlm.nih.gov/pubmed/39619730
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11608035
https://dx.doi.org/10.1016/j.bbrc.2014.07.014
http://www.ncbi.nlm.nih.gov/pubmed/25044113
https://dx.doi.org/10.1159/000452972
http://www.ncbi.nlm.nih.gov/pubmed/27974723
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5310972
https://dx.doi.org/10.1016/j.ymthe.2019.08.012
http://www.ncbi.nlm.nih.gov/pubmed/31537455
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6904748
https://dx.doi.org/10.1038/s41598-024-53220-y
http://www.ncbi.nlm.nih.gov/pubmed/38307985
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10837440

92.

93.

94.

95.

96.

97.

98.

99,

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

Bajwa ], Munir U, Nori A, Williams B. Artificial intelligence in healthcare: transforming the practice of
medicine. Future Healthc ]. 2021;8:e188-94. [DOI] [PubMed] [PMC]

Esteva A, Kuprel B, Novoa RA, Ko ], Swetter SM, Blau HM, et al. Dermatologist-level classification of
skin cancer with deep neural networks. Nature. 2017;542:115-8. [DOI] [PubMed] [PMC]

LiT, Li S, Kang Y, Zhou ], Yi M. Harnessing the evolving CRISPR/Cas9 for precision oncology. ] Transl
Med. 2024;22:749. [DOI] [PubMed] [PMC(]

Alowais SA, Alghamdi SS, Alsuhebany N, Algahtani T, Alshaya Al, Almohareb SN, et al.
Revolutionizing healthcare: the role of artificial intelligence in clinical practice. BMC Med Educ.
2023;23:689. [DOI] [PubMed] [PMC(]

Berman TA, Schiller JT. Human papillomavirus in cervical cancer and oropharyngeal cancer: One
cause, two diseases. Cancer. 2017;123:2219-29. [DOI] [PubMed]

Tjalma WAA, Waes TRV, Eeden LEMVd, Bogers JJPM. Role of human papillomavirus in the
carcinogenesis of squamous cell carcinoma and adenocarcinoma of the cervix. Best Pract Res Clin
Obstet Gynaecol. 2005;19:469-83. [DOI] [PubMed]

Alvarado-Cabrero I, Parra-Herran C, Stolnicu S, Roma A, Oliva E, Malpica A. The Silva Pattern-based
Classification for HPV-associated Invasive Endocervical Adenocarcinoma and the Distinction
Between In Situ and Invasive Adenocarcinoma: Relevant Issues and Recommendations From the
International Society of Gynecological Pathologists. Int ] Gynecol Pathol. 2021;40:S48-65. [DOI]
[PubMed] [PMC]

Hohn AK, Brambs CE, Hiller GGR, May D, Schmoeckel E, Horn L. 2020 WHO Classification of Female
Genital Tumors. Geburtshilfe Frauenheilkd. 2021;81:1145-53. [DOI] [PubMed] [PMC(]

Gupta S, Kumar P, Das BC. HPV: Molecular pathways and targets. Curr Probl Cancer. 2018;42:
161-74. [DOI] [PubMed]

Li X, Chen Y, Xiong ], Chen P, Zhang D, Li Q, et al. Biomarkers differentiating regression from
progression among untreated cervical intraepithelial neoplasia grade 2 lesions. ] Adv Res. 2024;
S2090-123200393-X. [DOI] [PubMed]

@vestad IT, Engeseater B, Halle MK, Akbari S, Bicskei B, Lapin M, et al. High-Grade Cervical
Intraepithelial Neoplasia (CIN) Associates with Increased Proliferation and Attenuated Immune
Signaling. Int ] Mol Sci. 2021;23:373. [DOI] [PubMed] [PMC]

HPV and Cancer [Internet]. National Cancer Institute; [cited 2024 Nov 20]. Available from: https://w
ww.cancer.gov/about-cancer/causes-prevention/risk/infectious-agents /hpv-and-cancer

Cho S. The Importance of Regular and Accessible HPV Screening. LetsGetChecked; c2025 [cited 2025
Jan 5]. Available from: https://www.letsgetchecked.com/articles/the-importance-of-regular-and-ac
cessible-hpv-screening/?srsltid=AfmBOopKOLFETKRftUjKhz5TT363AeB_YzPaQIcZEsKwVKJWDLo09
MamP

Giudice MED, Grunfeld E, Harvey BJ, Piliotis E, Verma S. Primary care physicians’ views of routine
follow-up care of cancer survivors. ] Clin Oncol. 2009;27:3338-45. [DOI] [PubMed]

Naregal PM. EFFECTIVENESS OF PLANNED TEACHING PROGRAMME ON KNOWLEDGE REGARDING
CERVICAL CANCER AMONG WOMEN&A<£. Asian ] Pharm Clin Res. 2017;10:335. [DOI]

Lemmo D, Martino ML, Donizzetti AR, Freda MF, Caso D. The Relationship between Healthcare
Providers and Preventive Practices: Narratives on Access to Cancer Screening. Int ] Environ Res
Public Health. 2022;19:10942. [DOI] [PubMed] [PMC]

Askelson NM, Ryan G, Seegmiller L, Pieper F, Kintigh B, Callaghan D. Implementation Challenges and
Opportunities Related to HPV Vaccination Quality Improvement in Primary Care Clinics in a Rural
State. ] Community Health. 2019;44:790-5. [DOI] [PubMed] [PMC]

Ayeni AR, Okesanya 0], Olaleke NO, Ologun CO, Amisu OB, Lucero-Prisno DE, et al. Knowledge of
cervical cancer, risk factors, and barriers to screening among reproductive women in Nigeria. ] Glob
Heal Sci. 2023;5:e2. [DOI]

Explor Med. 2025;6:1001292 | https://doi.org/10.37349/emed.2025.1001292 Page 22


https://dx.doi.org/10.7861/fhj.2021-0095
http://www.ncbi.nlm.nih.gov/pubmed/34286183
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8285156
https://dx.doi.org/10.1038/nature21056
http://www.ncbi.nlm.nih.gov/pubmed/28117445
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8382232
https://dx.doi.org/10.1186/s12967-024-05570-4
http://www.ncbi.nlm.nih.gov/pubmed/39118151
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11312220
https://dx.doi.org/10.1186/s12909-023-04698-z
http://www.ncbi.nlm.nih.gov/pubmed/37740191
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10517477
https://dx.doi.org/10.1002/cncr.30588
http://www.ncbi.nlm.nih.gov/pubmed/28346680
https://dx.doi.org/10.1016/j.bpobgyn.2005.02.002
http://www.ncbi.nlm.nih.gov/pubmed/16150388
https://dx.doi.org/10.1097/PGP.0000000000000735
http://www.ncbi.nlm.nih.gov/pubmed/33570863
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7969170
https://dx.doi.org/10.1055/a-1545-4279
http://www.ncbi.nlm.nih.gov/pubmed/34629493
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8494521
https://dx.doi.org/10.1016/j.currproblcancer.2018.03.003
http://www.ncbi.nlm.nih.gov/pubmed/29706467
https://dx.doi.org/10.1016/j.jare.2024.09.009
http://www.ncbi.nlm.nih.gov/pubmed/39260797
https://dx.doi.org/10.3390/ijms23010373
http://www.ncbi.nlm.nih.gov/pubmed/35008799
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8745058
https://www.cancer.gov/about-cancer/causes-prevention/risk/infectious-agents/hpv-and-cancer
https://www.cancer.gov/about-cancer/causes-prevention/risk/infectious-agents/hpv-and-cancer
https://www.letsgetchecked.com/articles/the-importance-of-regular-and-accessible-hpv-screening/?srsltid=AfmBOopKOLFETKRftUjKhz5TT363AeB_YzPaQIcZEsKwVKJWDLo9MamP
https://www.letsgetchecked.com/articles/the-importance-of-regular-and-accessible-hpv-screening/?srsltid=AfmBOopKOLFETKRftUjKhz5TT363AeB_YzPaQIcZEsKwVKJWDLo9MamP
https://www.letsgetchecked.com/articles/the-importance-of-regular-and-accessible-hpv-screening/?srsltid=AfmBOopKOLFETKRftUjKhz5TT363AeB_YzPaQIcZEsKwVKJWDLo9MamP
https://dx.doi.org/10.1200/JCO.2008.20.4883
http://www.ncbi.nlm.nih.gov/pubmed/19380442
https://dx.doi.org/10.22159/ajpcr.2017.v10i2.15722
https://dx.doi.org/10.3390/ijerph191710942
http://www.ncbi.nlm.nih.gov/pubmed/36078658
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9517751
https://dx.doi.org/10.1007/s10900-019-00676-z
http://www.ncbi.nlm.nih.gov/pubmed/31102115
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6934039
https://dx.doi.org/10.35500/jghs.2023.5.e2

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

Albers AN, Thaker ], Newcomer SR. Barriers to and facilitators of early childhood immunization in
rural areas of the United States: A systematic review of the literature. Prev Med Rep. 2022;27:
101804. [DOI] [PubMed] [PMC]

Cooper S, Schmidt BM, Sambala EZ, Swartz A, Colvin CJ], Leon N, et al. Factors that influence parents’
and informal caregivers’ views and practices regarding routine childhood vaccination: a qualitative
evidence synthesis. Cochrane Database Syst Rev. 2021;10:CD013265. [DOI]

Dimitrova A, Carrasco-Escobar G, Richardson R, Benmarhnia T. Essential childhood immunization in
43 low- and middle-income countries: Analysis of spatial trends and socioeconomic inequalities in
vaccine coverage. PLoS Med. 2023;20:e1004166. [DOI] [PubMed] [PMC]

Boyd ED, Phillips JM, Schoenberger YM, Simpson T. Barriers and facilitators to HPV vaccination
among rural Alabama adolescents and their caregivers. Vaccine. 2018;36:4126-33. [DOI] [PubMed]
Asmare G, Madalicho M, Sorsa A. Disparities in full immunization coverage among urban and rural
children aged 12-23 months in southwest Ethiopia: A comparative cross-sectional study. Hum
Vaccin Immunother. 2022;18:2101316. [DOI] [PubMed] [PMC]

Kim S, Zhou K, Parker S, Kline KN, Montealegre JR, McGee LU. Perceived Barriers and Use of
Evidence-Based Practices for Adolescent HPV Vaccination among East Texas Providers. Vaccines
(Basel). 2023;11:728. [DOI] [PubMed] [PMC(]

Panagides R, Voges N, Oliver ], Bridwell D, Mitchell E. Determining the Impact of a Community-Based
Intervention on Knowledge Gained and Attitudes Towards the HPV Vaccine in Virginia. ] Cancer
Educ. 2023;38:646-51. [DOI] [PubMed] [PMC(]

Wit Ld, Fenenga C, Giammarchi C, Furia Ld, Hutter I, Winter Ad, et al. Community-based initiatives
improving critical health literacy: a systematic review and meta-synthesis of qualitative evidence.
BMC Public Health. 2017;18:40. [DOI] [PubMed] [PMC]

Guerrero Z, Iruretagoyena B, Parry S, Henderson C. Anti-stigma advocacy for health professionals: a
systematic review. ] Ment Health. 2024;33:394-414. [DOI] [PubMed] [PMC(]

Carman AL, McGladrey ML, Hoover AG, Crosby RA. Organizational Variation in Implementation of an

Evidence-Based Human Papillomavirus Intervention. Am ] Prev Med. 2015;49:301-8. [DOI]
[PubMed]

Vanderpool RC, Breheny PJ, Tiller PA, Huckelby CA, Edwards AD, Upchurch KD, et al. Implementation
and Evaluation of a School-Based Human Papillomavirus Vaccination Program in Rural Kentucky.
Am ] Prev Med. 2015;49:317-23. [DOI] [PubMed]

Global cervical cancer elimination forum commitments [Internet]. WHO; c2025 [cited 2025 Jan 05].
Available from: https://www.who.int/initiatives/cervical-cancer-elimination-initiative/cervical-can
cer-forum/commitments

Carlos RC, Dempsey AF, Patel DA, Dalton VK. Cervical cancer prevention through human
papillomavirus vaccination: using the “teachable moment” for educational interventions. Obstet
Gynecol. 2010;115:834-8. [DOI] [PubMed] [PMC(]

Malagén T, Franco EL, Tejada R, Vaccarella S. Epidemiology of HPV-associated cancers past, present

and future: towards prevention and elimination. Nat Rev Clin Oncol. 2024;21:522-38. [DOI]
[PubMed]

Shin MB, Liu G, Mugo N, Garcia PJ, Rao DW, Broshkevitch C], et al. A Framework for Cervical Cancer
Elimination in Low-and-Middle-Income Countries: A Scoping Review and Roadmap for Interventions
and Research Priorities. Front Public Health. 2021;9:670032. [DOI] [PubMed] [PMC]

Guillaume D, Waheed D, Schleiff M, Muralidharan KK, Vorsters A, Limaye R]. Global perspectives of
determinants influencing HPV vaccine introduction and scale-up in low- and middle-income
countries. PLoS One. 2024;19:e0291990. [DOI] [PubMed] [PMC]

Cernuschi T, Hall S, Malvolti S, Bloem P, Kampo A, Debruyne L, et al. Improving access to human
papillomavirus vaccines: A case study in the IA2030 core principle of partnership. Vaccine. 2024;42:
S$118-23. [DOI] [PubMed]

Explor Med. 2025;6:1001292 | https://doi.org/10.37349/emed.2025.1001292 Page 23


https://dx.doi.org/10.1016/j.pmedr.2022.101804
http://www.ncbi.nlm.nih.gov/pubmed/35656229
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9152779
https://dx.doi.org/10.1002/14651858.CD013265.pub2
https://dx.doi.org/10.1371/journal.pmed.1004166
http://www.ncbi.nlm.nih.gov/pubmed/36649359
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9888726
https://dx.doi.org/10.1016/j.vaccine.2018.04.085
http://www.ncbi.nlm.nih.gov/pubmed/29793895
https://dx.doi.org/10.1080/21645515.2022.2101316
http://www.ncbi.nlm.nih.gov/pubmed/36054825
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9746474
https://dx.doi.org/10.3390/vaccines11040728
http://www.ncbi.nlm.nih.gov/pubmed/37112640
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10146224
https://dx.doi.org/10.1007/s13187-022-02169-5
http://www.ncbi.nlm.nih.gov/pubmed/35460507
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9034253
https://dx.doi.org/10.1186/s12889-017-4570-7
http://www.ncbi.nlm.nih.gov/pubmed/28728547
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5520348
https://dx.doi.org/10.1080/09638237.2023.2182421
http://www.ncbi.nlm.nih.gov/pubmed/36919957
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10173949
https://dx.doi.org/10.1016/j.amepre.2015.03.011
http://www.ncbi.nlm.nih.gov/pubmed/26190804
https://dx.doi.org/10.1016/j.amepre.2015.05.001
http://www.ncbi.nlm.nih.gov/pubmed/26190806
https://www.who.int/initiatives/cervical-cancer-elimination-initiative/cervical-cancer-forum/commitments
https://www.who.int/initiatives/cervical-cancer-elimination-initiative/cervical-cancer-forum/commitments
https://dx.doi.org/10.1097/AOG.0b013e3181d502d7
http://www.ncbi.nlm.nih.gov/pubmed/20308846
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2902966
https://dx.doi.org/10.1038/s41571-024-00904-z
http://www.ncbi.nlm.nih.gov/pubmed/38760499
https://dx.doi.org/10.3389/fpubh.2021.670032
http://www.ncbi.nlm.nih.gov/pubmed/34277540
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8281011
https://dx.doi.org/10.1371/journal.pone.0291990
http://www.ncbi.nlm.nih.gov/pubmed/38227567
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10791006
https://dx.doi.org/10.1016/j.vaccine.2022.11.040
http://www.ncbi.nlm.nih.gov/pubmed/36496285

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

Feng X, Li Z, Liu Y, Chen D, Zhou Z. CRISPR/Cas9 technology for advancements in cancer
immunotherapy: from uncovering regulatory mechanisms to therapeutic applications. Exp Hematol
Oncol. 2024;13:102. [DOI] [PubMed] [PMC(]

Rabaan AA, AlSaihati H, Bukhamsin R, Bakhrebah MA, Nassar MS, Alsaleh AA, et al. Application of
CRISPR/Cas9 Technology in Cancer Treatment: A Future Direction. Curr Oncol. 2023;30:1954-76.
[DOI] [PubMed] [PMC(]

Wei Y, Zhao Z, Ma X. Description of CRISPR-Cas9 development and its prospects in human
papillomavirus-driven cancer treatment. Front Immunol. 2022;13:1037124. [DOI] [PubMed] [PMC]
Silva A]D, Moura IAd, Gama MATMd, Leal LRS, Pinho SSd, Espinoza BCF, et al. Advancing
Immunotherapies for HPV-Related Cancers: Exploring Novel Vaccine Strategies and the Influence of
Tumor Microenvironment. Vaccines (Basel). 2023;11:1354. [DOI] [PubMed] [PMC(]

Okunade KS, Adejimi AA, John-Olabode SO, Oshodi YA, Oluwole AA. An Overview of HPV Screening
Tests to Improve Access to Cervical Cancer Screening Amongst Underserved Populations: From
Development to Implementation. Risk Manag Healthc Policy. 2022;15:1823-30. [DOI] [PubMed]
[PMC]

Terasawa T, Hosono S, Sasaki S, Hoshi K, Hamashima Y, Katayama T, et al. Comparative accuracy of
cervical cancer screening strategies in healthy asymptomatic women: a systematic review and
network meta-analysis. Sci Rep. 2022;12:94. [DOI] [PubMed] [PMC]

Jallah JK, Anjankar A, Nankong FA. Public Health Approach in the Elimination and Control of Cervical
Cancer: A Review. Cureus. 2023;15:e44543. [DOI] [PubMed] [PMC(]

Reza S, Anjum R, Khandoker RZ, Khan SR, Islam MR, Dewan SMR. Public health concern-driven
insights and response of low- and middle-income nations to the World health Organization call for
cervical cancer risk eradication. Gynecol Oncol Rep. 2024;54:101460. [DOI] [PubMed] [PMC]

Abbas K, Yoo K], Prem K, Jit M. Equity impact of HPV vaccination on lifetime projections of cervical
cancer burden among cohorts in 84 countries by global, regional, and income levels, 2010-22: a
modelling study. EClinicalMedicine. 2024;70:102524. [DOI] [PubMed] [PMC]

Rathod S, Potdar ], Gupta A, Sethi N, Dande A. Empowering Women'’s Health: Insights Into HPV
Vaccination and the Prevention of Invasive Cervical Cancer. Cureus. 2023;15:e49523. [DOI]
[PubMed] [PMC]

Torode ], Kithaka B, Chowdhury R, Simelela N, Cruz JL, Tsu VD. National action towards a world free
of cervical cancer for all women. Prev Med. 2021;144:106313. [DOI] [PubMed] [PMC]

Global strategy to accelerate the elimination of cervical cancer as a public health problem. [Internet].
WHO; c2025 [cited 2025 Jan 05]. Available from: https://www.who.int/publications-detail-redirect/
9789240014107

Cervical Cancer [Internet]. IARC; c1965-2025 [cited 2025 Jan 05]; Available from: https://www.iarc.
who.int/cancer-type/cervical-cancer/

Pathak P, Pajai S, Kesharwani H. A Review on the Use of the HPV Vaccine in the Prevention of
Cervical Cancer. Cureus. 2022;14:e28710. [DOI] [PubMed] [PMC]

Explor Med. 2025;6:1001292 | https://doi.org/10.37349/emed.2025.1001292 Page 24


https://dx.doi.org/10.1186/s40164-024-00570-y
http://www.ncbi.nlm.nih.gov/pubmed/39427211
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11490091
https://dx.doi.org/10.3390/curroncol30020152
http://www.ncbi.nlm.nih.gov/pubmed/36826113
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9955208
https://dx.doi.org/10.3389/fimmu.2022.1037124
http://www.ncbi.nlm.nih.gov/pubmed/36479105
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9721393
https://dx.doi.org/10.3390/vaccines11081354
http://www.ncbi.nlm.nih.gov/pubmed/37631922
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10458729
https://dx.doi.org/10.2147/RMHP.S296914
http://www.ncbi.nlm.nih.gov/pubmed/36176779
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9514784
https://dx.doi.org/10.1038/s41598-021-04201-y
http://www.ncbi.nlm.nih.gov/pubmed/34997127
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8741996
https://dx.doi.org/10.7759/cureus.44543
http://www.ncbi.nlm.nih.gov/pubmed/37789997
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10544705
https://dx.doi.org/10.1016/j.gore.2024.101460
http://www.ncbi.nlm.nih.gov/pubmed/39114805
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11305207
https://dx.doi.org/10.1016/j.eclinm.2024.102524
http://www.ncbi.nlm.nih.gov/pubmed/38685933
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11056390
https://dx.doi.org/10.7759/cureus.49523
http://www.ncbi.nlm.nih.gov/pubmed/38156129
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10752828
https://dx.doi.org/10.1016/j.ypmed.2020.106313
http://www.ncbi.nlm.nih.gov/pubmed/33678227
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8201602
https://www.who.int/publications-detail-redirect/9789240014107
https://www.who.int/publications-detail-redirect/9789240014107
https://www.iarc.who.int/cancer-type/cervical-cancer/
https://www.iarc.who.int/cancer-type/cervical-cancer/
https://dx.doi.org/10.7759/cureus.28710
http://www.ncbi.nlm.nih.gov/pubmed/36211088
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9529156

	Abstract
	Keywords
	Introduction
	Methodology
	Overview of HPV and cervical cancer
	Global impact of HPV-induced cervical cancer
	Prevalence and mechanism of HPV infection leading to cervical cancer
	Types and stages of cervical cancer development
	Mechanisms of HPV infection and replication
	Entry and initial infection
	HPV genome trafficking and cellular interaction
	Viral genome amplification and immune evasion

	Roles of viral oncoproteins
	E1 and E2 proteins
	E4 protein
	E5 protein
	E6 protein
	E7 protein

	Prevention and control measures
	Vaccine efficiency and coverage rates

	Challenges and innovations in HPV-related cervical cancer prevention and treatment
	Screening, detection, and public health strategies for HPV-related cervical cancer
	Recommendations for future directions
	Policy recommendations and global initiatives
	Research and development
	Emerging treatments and vaccines
	Innovative screening techniques
	Global collaboration
	International partnership and funding
	Unified strategies to combat HPV-induced cervical cancer

	Conclusions
	Abbreviations
	Declarations
	Author contributions
	Conflicts of interest
	Ethical approval
	Consent to participate
	Consent to publication
	Availability of data and materials
	Funding
	Copyright

	Publisher’s note
	References

