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Abstract

Medical genetics plays an important role in the screening and prevention of numerous
diseases. Thus, it is important to develop effective screening and prevention programs and
improve the assessment of the susceptibility of diseases. The development of screening and
prevention programs depends on the identification of early biomarkers (including functional
and behavioral) for the risk and onset of the disease, and such programs need to be designed
according to internationally accepted criteria. Cervical cancer represents a very relevant
disease from the health and social perspective; around 528,000 new cases are diagnosed
every year globally, of which, 85% are from developing countries, representing almost 12% of
all cancers in females. Substantial reductions in the incidence of and mortality from cervical
cancer have been observed after the introduction of prevention campaigns with the
implementation of cervical screening programs through Papanicolaou (Pap) tests and, in
particular, following the introduction of organized programs which guarantee a high level of
screening coverage, as well as, the quality and continuity of diagnostic-therapeutic
procedures. It is estimated that Pap smear screening every 3-5 years provides 80% protection
against the onset of cancer. Advances in diagnostic techniques, particularly the development
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of easy-to-use molecular genetic tests, are replacing the use of the established Pap smear as
a screening tool. This is possible owing to the discovery in 1975 that some cellular
morphological changes (koilocytosis) were related to the presence of a Human Papillomavirus
(HPV) infection. The HPV test is performed on a small sample of cells taken from the cervix,
similar to the Pap test; however, it is not a morphological exam but a molecular biology exam
that detects the presence of HPV by identifying its deoxyribonucleic acid (DNA) or messenger
ribonucleic acid (MRNA). The results of numerous experimental studies have demonstrated a
greater sensitivity of this test compared to the sensitivity of the traditional Pap test. However,
the HPV test has a lower specificity due to two main factors: 1) The HPV test is based on the
search for the types of viruses that have a greater oncogenic potential, and 2) It does not
discriminate between transient infections and persistent and productive infections. The most
widely used molecular tests are based on the search for HPV sequences and genotyping using
molecular biology techniques, such as direct hybridization, qualitative polymerase chain
reaction (PCR), and viral nucleotide sequencing.
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1. Introduction

Advances in “genomic medicine” in developed countries are driving a notable expansion of
preventive medicine based on population screening to determine individual susceptibility to
common diseases, including heart disease, diabetes, cancer, and progressive neurodegenerative
diseases. The identification of the people at risk can be followed by the application of primary
prevention, for example, through dietary measures, specific physical exercises, and/or secondary
prevention through pharmacological interventions. In recent years, owing to the considerable
progress in the field of molecular genetics, a debate has arisen on the suitability of conducting
population screening to identify, through mutational analysis in the preclinical phase, subjects
suffering from dominant autosomal diseases of adult-onset, including familial hypercholesterolemia,
myotonic dystrophy, Huntington’s chorea, hereditary adult-type polycystic kidney, hereditary
hemochromatosis, and thrombophilia due to the heterozygous state for Factor V Leiden defect [1].
The most important developments during this period were in the areas of gynecological cancer
genetics and tumor growth control factors. In this field, new technologies are being developed that
could lead to gynecological cancer therapies at the genetic or cellular level. The quest for the best
non-cervical gynecological cancer screening tests continues. Imaging methods, such as magnetic
resonance imaging (MRI), have advanced to the point that they can now provide very high-
resolution pictures of cancers in vivo, but this technology is quite expensive [2].

The rich, multidisciplinary history of cancer prevention started in the 1700s with surgical and
occupational advice and ended in 2009 with the results of the massive Selenium and Vitamin E
(prostate) Cancer Prevention Trial (SELECT) (35,535 men). This timeline is a fascinating collection of
preclinical and clinical chemopreventive, vaccine, medical, and behavioral studies. The studies in
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mice by Lathrop and Loeb in 1913 and 1916 on cancer growth associated with pregnancy [3], or the
studies on cancer prevention by castration (oophorectomy), prevention of chemically induced
mouse carcinogenesis in 1929 [4], energy restriction studies in the 1940s [5-7], and later, the
molecular characterization of cancerization [8, 9] are all preclinical landmarks in cancer prevention.
In 2009, researchers focused on the effects of angiogenesis inhibition, as well as multistep
carcinogenesis in genetically engineered mice. Numerous large and small chemoprevention studies
of nutritional supplements [10], other dietary approaches [11], the Bacillus Calmette-Guérin (BCG)
trial in 1976 [12], molecular-targeted agents [13], and agents to avoid infection-related cancers [14]
are some examples among many clinical trials. In 1984, a vaccine against the Hepatitis B Virus (HBV)
was developed to prevent liver cancer. The removal of cervical intraepithelial neoplasia (CIN) found
by screening, including Papanicolaou (Pap) testing introduced in 1929 and colposcopy for cervical
premalignancy [15], colonoscopy and polypectomy to prevent colorectal cancer initiated in the
1960s [16], and prophylactic procedures, such as in Lynch syndrome patients started in 1977 [17-
21], are examples of clinical, surgical prevention. Smoking cessation and regulation (that dates back
to the 1950s), obesity control (that dates back to 1841), and research on gene therapy and cancer
survivorship are all examples of behavioral studies [22].

Medical ethics has been an undisputed aspect of medical research in recent years. Many people
claim that modern medical developments, such as the invention of dialysis machines, respirators,
MRI, genetic testing, and various cancer screenings, are to blame for the bio-ethical dilemmas that
physicians face in the 21 century [23]. Until recently, debates over the study and screening ethics
revolved around two interconnected issues: the voluntary and informed consent of participants and
the proper relationship between the risk and gain to subjects in the experiment. Patients have the
right to know everything about their medical condition. This legal concept emerged initially as a
result of court rulings on informed consent, but over time, physicians realized that most patients
want to learn the truth about their condition to make informed decisions. To screen is to search for
diseases in the absence of symptoms or to try to find diseases without the knowledge of their
presence. Routine mammography to detect breast cancer, Pap smears to detect cervical cancer, or
prostate-specific antigen (PSA) testing to detect prostate cancer are all examples of screening. The
key goal of the ethical concepts in cancer screening programs is to avoid causing undue harm to the
people who participate. The practice of disease screening may pose several ethical concerns [24,
25].

2. Genetic Screening
2.1 Overview

Genetic screening is a process that aims to identify individuals whose genetic constitution
(genotype) is a determining or predisposing cause of disease in the individual being screened and/or
in their descendants. Depending on the target population, genetic screenings are divided into
prenatal, neonatal, and adulthood, and can include the whole population or a specific
subpopulation. This methodology is different from other types of medical screening since in this
case, the identification of a subject at risk has significant implications not only for the person
concerned but also for the family members of the individual being screened, who, among other
things, have not asked to determine their genetic constitution and may not be interested in knowing
it. Genetic screening, alongside benefits, can have negative effects. The main benefits of genetic
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screening include the diagnosis of a presymptomatic disease or a predisposition to a genetic disease,
the determination of a predisposition to negative effects due to environmental factors (e.g., drugs,
smoking, and diet), and the identification of the status of a healthy carrier of a genetic disease, with
implications for the risks of reproduction [26]. The possible negative effects are psychological
repercussions, including anxiety, loss of self-esteem, and a sense of guilt, and are closely related to
the information received, mostly due to the difficulties in understanding and interpreting the
genetic consultation [27]. In this context, the improper use of information related to the facts
highlighted through this method could be the cause of various forms of social stigmatization and
marginalization, and discrimination in the workplace, which can ultimately cause significant
economic damage in employment, as well as at the insurance level. Genetic screening is, therefore,
an extremely sensitive medical step, from a social perspective, for the success of which the following
conditions must be met — rationality of design, benefit outweighing potential harm, acceptance by
the target population, feasibility, prevalence of benefits over costs, education of the population,
adequately equipped laboratories, previously successful pilot programs, importance and
seriousness of the disease, inclusion of screening in the public health system, development of
adequate ability to longitudinally follow the identified subjects, specificity and sensitivity of the
selected tests, voluntary participation, pre-test and post-test genetic consultation, informed
consent (this may not be necessary if the analysis is essential for the life and health of the subject
being screened), and absolute confidentiality [27]. Any use of the blood samples collected for
screening purposes, other than the purposes agreed to, requires specific additional informed
consent. Blood samples must be stored in a way that the same confidentiality that is commonly
used for each medical procedure is guaranteed.

2.2 Prenatal Screening

Prenatal screening consists of the identification of genetic diseases in the prenatal period
through various methods, including ultrasound study of the fetus, analysis of maternal serum for
risk factors, examination of fetal cells obtained through amniocentesis or chorionic villus sampling
(CVS), analysis of fetal cells in the maternal blood, and preimplantation embryo analysis. In
particular, prenatal screening is currently directed to [28]:

1. The identification of numerous congenital malformations using ultrasounds.

2. The identification of women at risk of Down syndrome and other chromosomal aberrations
through ultrasound assessment of nuchal translucency (NT) and measurement of various
biochemical parameters in the mother’s blood, including beta-human chorionic gonadotropin (B-
hCG) and pregnancy-associated plasma protein A (PAPP-A) in the first trimester and alpha-
fetoprotein (a-FP), total hCG, unconjugated estriol, and inhibin in the second trimester.

3. The determination of the risk of neural tube defects (NTD) using ultrasounds and a-FP
measurements [29-35].

2.3 Neonatal Screening

Neonatal screening is aimed at identifying genetic diseases, especially metabolic and endocrine
problems, to determine which treatment can prevent the clinical development of the disease.
Neonatal diseases currently being screened by unanimous consent [36] are phenylketonuria (PKU),
congenital hypothyroidism, congenital deafness, and sickle cell anemia (SCA). The topic of debate is

Page 4/37



OBM Genetics 2021; 5(3), d0i:10.21926/obm.genet.2103132

the screening of other metabolic disorders, which include cystic fibrosis, congenital adrenal
hyperplasia (CAH), mental insufficiency linked to Fragile X syndrome, and the glucose-6-phosphate
dehydrogenase (G6PD) defect (Table 1) [37-40].

Table 1 List of genetic diseases for which neonatal screening is recommended.

phenylketonuria (PKU)*

other metabolic disorders

congenital hypothyroidism*

congenital deafness*

sickle cell anemia (SCA)*

cystic fibrosis

congenital adrenal hyperplasia (CAH)

mental insufficiency linked to X-fragile
glucose-6-phosphate dehydrogenase (G6PD) defect

* always
2.4 Adulthood Screening

Genetic screening in adulthood includes [41]:

1. The identification of the carrier status of an autosomal recessive or X-linked disease to
prevent the development of the disease in descendants, by either screening the whole population
or by cascade screening after the identification of an index case; the diseases currently being
screened in the populations at risk are Tay-Sachs disease, a-and B-thalassemia, SCA, and cystic
fibrosis.

2. Theidentification of adult-onset dominant diseases or hereditary cancers in subpopulations
at risk. The adult-onset diseases under scrutiny on whether to include them in screening programs
include familial hypercholesterolemia, myotonic dystrophy, Huntington’s chorea, polycystic kidney,
hereditary hemochromatosis, Leiden factor heterozygosity thrombophilia, and a-antitrypsin (AAT)
defect. The most common hereditary conditions considered as cancer-related risks in screening
programs are ataxia-telangiectasia, Cowden’s disease, familial adenomatous polyposis (FAP),
familial gastric cancer, Gorlin’s syndrome, hereditary ovarian and breast cancer, hereditary
nonpolyposis colorectal cancer (HNPCC), familial melanoma, Li Fraumeni syndrome, hereditary
prostate cancer (HPC), type 1, type 2a, and type 2b multiple endocrine neoplasms (MEN), type 1
and type 2 neurofibromatosis (NF), retinoblastoma (RB), and Peutz-Jeghers and Von Hippel-Lindau
(VHL) syndromes (Table 2).

3. The determination of the predisposition to the development of polyfactorial diseases such
as coronary heart disease (CHD), type | and type Il diabetes mellitus, allergic asthma, arterial
hypertension, cardiovascular disease (CVD), inflammatory bowel disease (IBD), rheumatoid arthritis,
systemic lupus erythematosus (SLE), and various psychiatric diseases, and/or negative side effects
by the administration of specific drugs [42-43].
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Table 2 List of hereditary conditions associated with the risk of developing cancer.

Syndrome Predominant cancer Gene

ataxia-telangiectasia breast cancer, lymphoma ataxia-telangiectasia mutated (ATM)

skin and mucous membranes hamartomas, breast,

Cowden’s disease .
thyroid, and renal cell cancer

phosphatase and tensin homolog (PTEN)

familial adenomatous polyposis (FAP) colorectal multiple adenomas, colorectal cancer adenomatous polyposis coli (APC)
familial gastric cancer gastric cancer cadherin-1 (CDH1)
Gorlin’s syndrome nevoid basal cell carcinoma (NBCC) NBCC syndrome (NBCCS)

breast cancer 1 (BRCA1)

hereditary ovarian and breast cancer ovarian, breast, and prostate cancer BRCA2

human mutS homolog 2 (hMSH2)

human mutL homolog 1 (hMLH1)
colorectal, endometrial, ovarian, and gastric cancer human post-meiotic segregation1 (hPMS1)

hPMS2

hMSH6

hereditary nonpolyposis colorectal
cancer (HNPCC)

kinase inhibitor 4A (INK4A)/multiple tumor
familial melanoma melanoma, glioblastoma, lung cancer suppressor 1(MTS-1)/cyclin-dependent kinase
inhibitor 2a (CDKN2A) (P16)

. . leukemia, soft tissues sarcoma, osteosarcoma, brain .
Li Fraumeni syndrome cancer tumor protein 53 (TP53)

HPC1

hereditary prostate cancer (HPC rostate cancer
yPp (HPC) P HPC X-Linked (XPCX)

multiple endocrine neoplasms (MEN) parathyroid glands, pancreas, and pituitary gland MEN-1
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type l
MEN type 2a
MEN type 2b

neurofibromatosis (NF) type 1

NF type 2

Peutz-Jeghers syndrome
retinoblastoma (RB)

Von Hippel-Lindau (VHL) syndrome

cancer

medullary thyroid carcinoma (MTC),
pheochromocytoma

MTC

multiple peripheral neurofibromas, optic glioma,
neurofibrosarcoma

central schwannoma, meningiomas, acoustic
neuroma

gastric and intestinal polyps, colorectal, pancreatic,
and ovarian cancer

RB, osteosarcoma

renal cell carcinoma, pheochromocytoma,
hemangioblastoma

rearranged during transfection (RET)
RET

NF1

NF2

serine/threonine kinase 11 (STK11)
RB

VHL
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Genetic screening for these applications requires new recommendations and evaluations,
especially as cost/benefit ratios. In the future, informed consent obtained after extensive genetic
consultation will be even more relevant. Specific recommendations include the screening of
children and adolescents, which, according to the recommendations of the American Academy of
Pediatrics (AAP) (1992), can be performed only in the following conditions: immediate clinical
benefit to the child or adolescent with the possibility of establishing measures to prevent the
disease or its consequences in the individual and to delay the onset or limit the severity of the
disease, and benefit other family members, provided there are no adverse effects on the child [44,
45].

Recently, through genomic association studies, with the same type of mutational analysis or with
association analysis between disease and deoxyribonucleic acid (DNA) polymorphisms - short DNA
segments repeated in tandem with a variable number of repeats in each individual (microsatellites)
or polymorphic variations of a single nucleotide called single nucleotide polymorphism (SNP) - it is
also possible to identify nucleotide variations in genes. Such mutations lead to a genetic
predisposition to the development of common complex polyfactorial diseases (due to the
interaction between different genes and environmental factors), including CHD, type | and type Il
diabetes mellitus, allergic asthma, arterial hypertension, cerebrovascular diseases, chronic IBD,
rheumatoid arthritis, SLE, and various psychiatric diseases (e.g., schizophrenia and bipolar syndrome)
[46]. The problem is extremely complex, since for each disease, there are variations in the sequence
of a large number of genes (probably about 80-100 for each disease) which, when present together,
produce the disease only under the influence of certain environmental conditions (e.g., smoking,
incorrect diet, lack of physical activities, etc.) [47]. From a technological point of view, there are no
obstacles to the development of this type of screening since microarray technology allows the study
of numerous nucleotide variations in the genome with relative ease. It is reasonable to assume that
this type of screening is likely to be applied soon on a large scale. For these applications, however,
informed consent will be required after extensive and careful genetic consultation. Screenings
similar to those outlined above are likely to be developed in the future to highlight a priori the
possibility of a positive response of each individual to a specific therapy, as well as the possibility of
adverse reactions. This approach could lead to the development of personalized medicine [48].

Population-wide screening, to identify healthy (heterozygote) carriers of autosomal recessive
diseases, helps to determine couples at risk, where both members are carriers, and therefore, at
risk of producing the disease in 25% of their children. The universally accepted criteria for applying
this type of screening to determine a disease are [49]:

1. Frequent, severe disease, for which there is no cure

2. Availability of simple methods to correctly identify healthy carriers

3. Existence of reproductive alternatives for couples at risk

Population-wide screening has so far been conducted for Tay-Sachs disease, a-and B-thalassemia,
SCA, and cystic fibrosis. Recently, the inclusion of spinal muscular atrophy (SMA) has been proposed,
in which the frequency of a carrier in the population is 1/50 [50, 51]. The above-mentioned
screening programs have been effective, as they have led to conscious and informed procreation in
the consulted couples, with a consequent reduction in the number of affected homozygotes. The
screening programs for Tay-Sachs disease in Jewish communities and those for B-thalassemia in the
Italian, Greek, and Cypriot communities at risk have particularly been effective [52]. For the success
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of these screening programs, the following requirements can be considered useful and necessary
[52]:

1. The identification of the ideal target population, consisting of couples of reproductive age
before pregnancy, makes it possible to use different preventive approaches.

2. The voluntary screening of heterozygotes, conducted after obtaining informed consent,
following genetic consultation.

3. Educational programs for physicians and paramedics of the screened population and for high
school pupils, among whom conducting this type of screening is controversial.

4. The dissemination of information at important sites (e.g., physicians’ offices and marriage
and family planning offices) through materials (posters and brochures) containing fundamental
messages on the characteristics of the disease and the methods of prevention.

5. The efficiency of the technical screening process, to avoid inconclusive examinations, as
much as possible, to prevent or reduce anxiety.

6. Recognition of the crucial role of genetic consultation in screening programs. It must be non-
directive and based on confidential meetings with the couple and/or the individual bearer. The
essential elements to discuss during genetic consultation include the natural history of the disease,
available treatments, prognosis, research perspectives, and information on available options
(terminate the relationship, maintain the relationship without conceiving, use of prenatal,
preconceptional, or preimplantation diagnosis, and in vitro insemination from healthy donors).
Accurate information on the risks and benefits must be provided for these different technologies.

7. The need to inform relatives about the risk, once a carrier of an autosomal recessive disease
has been identified. This information must be communicated by the identified bearer.

8. The ongoing critical review of the heterozygote screening programs.

9. The need to disseminate these programs in developing countries. This is particularly valid
for B-thalassemia and SCA, which are extremely frequent in such places.

3. Cancer Genetics

Cancer affects more people than any other disease. About half of the world’s population is likely
to get diagnosed with cancer during their lifetime [53]. Cancer is one of the most complex and
widespread pathologies in the current clinical epidemiological panorama. The complexity of
oncological pathology depends on some biological and clinical characteristics peculiar to malignant
tumors, such as multifactorial etiology, biological heterogeneity, variability of clinical manifestations,
and natural history of the disease. Also, the complexity is related to the extreme diversification of
the response to different treatments, in particular, to medical therapy, due to the histological type
and biomolecular properties, the site of onset of the neoplasm, and the severity of health,
psychological, and social issues raised by the recognition of the disease and its progress towards
chronicity or towards the terminal phase. Disease spread is also a quantitative datum, which, like
biological and clinical complexity, places the need for cancer control among the top priorities in the
field of health protection.

In recent years, research has shown that cancer development is determined by the altered
function of one or more oncogenes (favoring tumor development) and/or of tumor suppressors
(inhibiting tumor development) [54]. High-risk population or subpopulation screening for the
identification of carriers of cancer-predisposing genes is a future possibility that is already under
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debate. Currently, the search for cancer predisposition is limited to families showing at least one
patient with hereditary cancer. The possibility of the existence of a predisposition to the
development of hereditary cancer in a family is suggested by the presence of the following
conditions in one or more members [55]:

1. The onset of cancer at an unusually young age for that type of tumor

2. Bilateral or multifocal development in a single organ

3. The development of several types of primary tumors in one individual

4. The development of cancer in an individual or in a family in which there are members with
congenital anomalies

5. Families in which an inherited cancer-causing mutation has already been identified

Hereditary cancers are due to mutations in specific genes. Mutational analysis of genes
implicated in the development of tumors can be performed to diagnose hereditary cancer in an
affected individual and/or to find family members at risk after identifying a specific mutation in a
relative. As with other hereditary diseases, the study of family members must be preceded by a
thorough genetic consultation, illustrating the advantages (application of preventive methods) and
disadvantages (stigmatization and loss of self-esteem). It is necessary to acquire informed consent
that illustrates several crucial points, providing information on the type of test, the implications of
a positive/negative result, the possibility that the test is not informative, the risk of transmission of
the defect, and the possibility of psychosocial repercussions. For studies involving children and
adolescents, the above considerations apply to late-onset hereditary diseases. Screening of children
and adolescents should be limited to early-onset pediatric cancers, such as RB and
polyposis/colorectal cancer [56-58]. In the last 25 years, advances in molecular genetics have made
genetic testing of inherited mutations in cancer-predisposing genes possible. The exact cellular role
of these genes, as well as their carcinogenic potential, are still unknown. Inherited genetic mutations
play a significant role in the polygenic and multifactorial nature of cancer in just 5-20% of cases. Of
clinical importance is the identification of hereditary cancer syndromes, predictive genetic testing,
and counseling of women and family members at elevated risk. Presymptomatic screening tests and
appropriate programs for early cancer detection, prevention, and clinical follow-up are still being
debated [59].

Gynecological cancers, which mostly include uterine, ovarian, and cervical cancers, account for
95,000 new cases in the United States (US) annually [60]. The most prevalent cancer is uterine
cancer, and the number of new cases and deaths has been due to that. Cervical cancer has declined
as a result of preinvasive cancer screening, early detection, and treatment. Ovarian cancer, on the
other hand, remains the most fatal cancer due to diagnosis at an advanced stage and drug resistance.
At presentation, uterine and cervical cancers are often located in the primary organ, while ovarian
cancer is disseminated in the peritoneum and upper abdomen. Surgery is usually the first line of
treatment for ovarian cancer, followed by systemic therapy for more advanced cases. Systemic
chemotherapy, which includes platinum, taxanes, doxorubicin, topotecan, and gemcitabine, was
previously the gold standard in either the upfront or recurrent environment. Over the last three
years, molecular and genetic breakthroughs have resulted in the approval of over eight new
indications and five novel biological therapies, including antiangiogenics, poly-adenosine
diphosphate (ADP)-ribose polymerase (PARP) inhibitors, and immune-therapies [60]. Hereditary
syndromes cause 10% of all gynecological cancers, with hereditary breast-ovarian cancer and
hereditary nonpolyposis colon cancer syndromes, also known as HBOC and Lynch syndromes,
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respectively posing the greatest risk [61]. Both lead to ovarian cancer and predispose individuals to
endometrial cancer. The Cowden syndrome is linked to endometrial cancer, and Peutz-Jeghers
syndrome is linked to an elevated risk of ovarian, uterine, and cervical cancers, while Li-Fraumeni
syndrome patients are more likely to develop ovarian and endometrial cancers. Although these
syndromes are all linked to gynecological cancers, it is still unclear if these tumors have any
epidemiological, clinical, pathological, or imaging characteristics that might allow intervening
physicians to suspect a hereditary syndrome in patients with no established genetic risks.
Furthermore, both the screening and monitoring systems are fraught with controversy. The ovarian
high-grade serous carcinoma (HGSC) that occurs in the fallopian fimbriae is the most common cause
of HBOC syndrome [62]. Endometrial tumors associated with Lynch syndrome have a wide range of
histological characteristics and a preference for the lower uterine section. The majority of ovarian
cancers linked to Lynch and Cowden syndromes are non-serous, typically endometrioid. Peutz-
Jeghers syndrome is closely linked to the ovarian sex cord tumor with annular tubules (SCTAT) and
cervical adenoma malignum. Hereditary gynecological tumors, unfortunately, do not seem to have
distinguishing imaging characteristics [63]. The appropriate use of tumor markers in patients with
gynecological cancers might have a significant effect on disease management. Outside clinical trials,
their value in ovarian cancer screening cannot be recommended. Increased levels of different
markers may provide prognostic information for patients with early ovarian or cervical carcinoma,
which may change their treatment options. The primary utility of tumor markers is in tracking
treatment response and confirming relapse, for which they can outperform scans [64-67].

4. Genetic Screening
4.1 Overview

Despite uterine cervical cancer being considered a preventable disease, it remains the second
most common malignancy in women worldwide, with a higher incidence in underdeveloped
countries [68]. Cervical cancer represents a very relevant disease from a health and social
perspective. Around 528,000 new cases are diagnosed every year globally and, of these, 85% are
from developing countries, where it represents almost 12% of all female cancers [69]. Data from
the National Cancer Registries show that, in Italy, cervical cancer incidence and mortality from 1980
to 2015 have continuously decreased [70]. Mortality from uterine cancer decreased by more than
50% in the last 40 years, going from 14 cases per 100,000 women in 1955 to 6 cases (with two deaths)
per year for every 100,000 women in 1990. Data from the Italian National Statistics Institute (ISTAT)
do not differentiate between deaths attributable to cervical cancer or endometrial carcinoma.
However, information from population analyses, taking birth cohorts into account, allow
approximate differentiation between the two types of cancer, as cervical cancer has an earlier onset
than endometrial cancer [71]. The reduction in mortality was observed mainly for the younger
cohorts, indirectly suggesting that much of it was due to decreased mortality from cervical cancer.
It is currently estimated that, in Italy, about 3,600 new cases of cervical cancer are diagnosed
annually, with at least 1,700 registered deaths [72].

Epidemiological studies conducted at the beginning of the second half of the 20" century showed
that cervical cancer was infectious and was transmitted by sexual intercourse [73]. For around 15
years, herpes simplex virus type 2 (HSV2), the genital herpes virus, was suspected to be the
etiological agent. This hypothesis was disproved just when the first convincing evidence was
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produced that the Human Papillomavirus (HPV) was the causative agent of cervical cancer (99.7%
of cases) [74]. Many findings from the 1980s and 1990s unequivocally confirmed that HPV was the
causative agent [75]. The most dangerous type of HPV, among over 100 HPV types, are the types 16
and 18, which together account for over 70% of cervical cancer cases and, very likely, for most of
the other malignancies of the anogenital region and the oropharynx [76]. HPV infections are a
leading cause of virus-associated cancers of the anogenital, oropharyngeal, and cutaneous
epithelium [76]. HPV is necessary for the development of cervical neoplasia. Progress in our
understanding of the epithelial biology of this common pathogen has greatly influenced current
concepts of cervical carcinogenesis. This knowledge has provided a framework for understanding
the biological basis of many diagnostic criteria. Furthermore, classification schemes, diagnostic
testing, and clinical management have been modified and clarified in light of this knowledge [77].
As a DNA virus, HPV type 16 has a relatively stable genome that is hypothesized to have co-evolved
with its host over the millennia [78]. Nevertheless, among the “wild” populations of HPV-16 that
are in circulation, a large number of variants have been identified, and these may have considerably
different pathogenic potentials [79].

HPV is mainly transmitted by sexual contact and is detected in over 99% of cases of cervical
cancer. While most women will become infected during their sexual lives, only a small percentage
of those infected will develop cancer [80]. Therefore, HPV infection is not enough to trigger
malignant transformation; other important co-factors play a role in the multistep phase of tumor
formation. The long gap between primary infection and cancer emergence indicates that other
environmental and host factors, such as sexual activity, immune status, genetic predisposition,
nutritional status, tobacco use, and socioeconomic status, are involved in tumor formation.
However, in the absence of HPV, these co-factors are irrelevant. In the screening and diagnosis of
cervical neoplastic lesions, Pap testing (Pap smear) and HPV DNA testing are used. In the prevention
of HPV infection, HPV vaccination tends to be cost-effective. The development of sophisticated
targeted therapeutic approaches, such as antisense oligonucleotides against HPV oncoproteins,
could benefit from a detailed understanding of the mechanisms that underpin HPV carcinogenesis
[81]. Cervical cancer has an inherited aspect, which is linked to genetic vulnerability, according to
recent population-based twin and family studies [82]. As a result, SNP markers and microsatellites
should be considered when assessing the genetic factors involved in precancerous changes in
cervical cancer. Combinations of genetic factors, such as SNPs and microsatellites, can influence the
risk associated with complex multifactorial diseases, such as cervical cancer, according to some
studies [83-84].

HPV infects epithelial cells in the cervix’s transition region. HPV infection is most common in
young people, similar to other sexually transmitted diseases (STDs). However, since most people
develop an efficient type-specificimmune response, this viral infection is usually temporary. Genital
warts affect about 1% of the population, and cervical precancerous lesions affect 4% of women,
which may be low-grade squamous intraepithelial lesion (L-SIL) or high-grade SIL (H-SIL) [85]. These
lesions, which are most often seen in women between the ages of 35 and 40, have a high chance of
progressing to invasive cancer. HPV DNA inclusion into the host genome and overexpression of viral
“early” oncogenes (E6 and E7) results in the formation of premalignant and malignant cells. By
avoiding the growth control exerted by tumor protein 53 (TP53) and RB protein 105, cells gain a
proliferative advantage (p105Rb). Both cellular proteins are inactivated by E6 and E7 proteins,
respectively. Aneuploidy and karyotypic anomalies are also important occurrences in tumor
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development [85]. When high-risk HPV infects the cervical epithelium, it might cause active or
transforming cervical intraepithelial neoplasia (CIN) lesions, which can have similar morphology.
Aberrations in host cell genes accumulate over time in transforming CIN lesions, which is necessary
for cancer progression. Early and advanced transforming CIN lesions can be differentiated based on
epigenetic changes. This paves the way for new molecular methods for the screening, diagnosis,
and management of the precursor lesions in cervical cancer [86, 87]. Thus, testing of molecular
targeted therapies against this malignancy is highly desirable. The development of cervical cancer
is a multistep process that begins with the accumulation of genetic and epigenetic changes in
regulatory genes, which leads to oncogene activation and the inactivation or loss of tumor
suppressor genes (TSGs). In the last decade, epigenetic inactivation of TSGs by promoter
hypermethylation had been recognized as a significant and alternative mechanism in the genesis of
tumors besides genetic alterations. Epigenetic changes in cervical cancer can affect the expression
of HPV and host genes at different stages in the multistep carcinogenesis process [88]. Several
epigenetic changes occur in HPV and host cellular genomes during cervical carcinogenesis, including
global DNA hypomethylation [89], hypermethylation of the core TSGs [90], and histone
modifications [91]. Epigenetic modifications are reversible, making them a priority for
transcriptional therapies, including DNA methylation and histone deacetylase inhibition. To date,
studies in patients with cervical cancer have shown that demethylation and histone deacetylase
inhibition can reactivate the expression of hypermethylated and silenced TSGs, as well as, the
hyperacetylation and inhibitory effect on histone deacetylase activity in tumors [92]. Furthermore,
the identification of epigenetic changes in cytological smears, serum DNA, and peripheral blood
could lead to the creation of new biomolecular markers for early detection, response prediction,
and prognosis [93, 94]. In cervical carcinogenesis, DNA methylation is an early and common
molecular alteration. During cervical carcinogenesis, methylation of the HPV long control region
(LCR) and “late” gene (L1) is normal, and it increases with the severity of cervical neoplasm. In
invasive cervical cancers, the L1 gene of HPV-16 and HPV-18 are repeatedly hypermethylated, which
could be used as a clinical marker of cancer progression [95-99]. Furthermore, in cervical precursors
and invasive cancers, promoters of TSGs involved in many cellular pathways are methylated. Some
of them are linked to squamous cell carcinomas (SCC), while others are linked to adenocarcinomas,
L-SIL, or atypical squamous cells of unknown significance (ASC-US). For this methodology to be
clinically applied, however, consistent panels must be validated. Demethylating drugs can even be
used to revert methylated TSGs, which might be an alternative anticancer therapy. However,
demethylating drugs with no carcinogenic or mutagenic properties must be detected and confirmed
first [100].

The pathogenesis mechanisms of cervical cancer are not well understood currently. As
mentioned earlier, the inactivation of TSGs and activation of oncogenes have been shown to play a
role in carcinogenesis induced by genetic and epigenetic changes. Previously, it was widely assumed
that genetic mutations, especially somatic mutations in TSGs, were key events in tumor
pathogenesis. With a better understanding of tumors in recent years, evidence has shown that
aberrant hypermethylation of 5’ —cytosine (C)—phosphate (p)—G (guanine)—3’ (CpG islands or CGl)
in promoters causes epigenetic silencing of certain genes [101]. Carcinogenesis and metastasis are
also aided by histone alteration. Rather than variations in DNA sequences, epigenetics applies to
heritable changes in gene expression triggered by regulatory mechanisms. DNA methylation,
chromatin remodeling, histone modification, and micro-ribonucleic acid (miRNA) regulation are
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examples of epigenetic processes. These changes, taken together or separately, enable researchers
to create methylation profiles, histone modification maps, and expression profiles that are specific
to this pathology and can be used as screening, early detection, or prognostic markers in cervical
cancer [102]. Understanding the genetic and epigenetic changes linked to the development of
cervical cancer may lead to the development of molecular biomarkers that can be used for screening,
diagnosis, and treatment of cervical cancer precursor lesions [103]. In invasive cervical cancer (ICC),
epigenetic alterations such as dysregulation of miRNA expression are common. The mechanism and
function of miRNA dysregulation in cervical carcinogenesis are still unknown. MiR-29a and miR-21
are most commonly downregulated and upregulated in ICC progression, according to studies
examining miRNA expression in ICC progression [104-108]. MiR-10a, miR-20b, miR-9, miR-16, and
miR-106 have all been found to be dysregulated in microarray-based studies [109-115]. In cervical
exfoliated cells, miR-34a, miR-125, and miR-375 were also found to be dysregulated during cancer
progression [116-117]. The importance of miRNA in ICC progression and early development is
becoming increasingly apparent. Presently, studies are primarily conducted according to
convenience, which leads to selection bias, and are often limited in size — these factors restrict our
understanding of the role of miRNA in ICC. The use of a tailored approach rather than a genome-
wide investigation also prevents the detection of all related miRNA. Deep sequencing on large-scale
population-based studies will aid in the discovery and validation of the connection between altered
miRNA expression and cervical cancer progression, allowing biomarkers to be identified. Small basic
miRNA signatures could be used in screening once they have been evaluated using a miRNome scale
[118, 119].

The existence of a somatic or germline breast cancer (BRCA) mutation is now accepted as a
standard of care to select patients with ovarian cancer for treatment with PARP inhibitors. During
the clinical development of the PARP inhibitor class of drugs, it was discovered that a subset of
women without BRCA mutations responded to them (termed “BRCAness”) [120]. Other genetic
defects causing homologous recombinant deficiency (HRD) were thought to make BRCA wild-type
cancers more susceptible to PARP inhibition [121]. These other causes of HRD are also being studied
at the molecular level. Individual gene defects, such as the recombination protein A 51 (RAD51)
mutation and the checkpoint kinase 2 (CHEK2) mutation, homozygous somatic failure, and whole-
genome properties such as genomic scarring are among them. Testing this in patients with ovarian
cancer, as well as with endometrial and cervical cancers, is possible when selecting patients for
molecular therapy targeting DNA repair. The use of HRD assays and multiple gene sequencing panels
to select a larger group of patients for PARP inhibitor therapy is being investigated. Mismatch repair
(MMR), checkpoint signaling, and non-homologous end-joining (NHEJ) DNA repair are all non-HRD
targets for exploiting DNA repair defects in gynecological cancers [122-125].

The widespread adoption of high-throughput next-generation sequencing (NGS) technologies
has allowed for massive parallel tumor tissue sequencing, revealing new information about tumor
biology and advancing personalized medicine. In gynecological cancer, a large number of targeted
agents have been studied, and some have been approved by the US Food and Drug Administration
(FDA), such as PARP inhibitors in ovarian cancer, bevacizumab in ovarian and cervical cancers, and
pembrolizumab in microsatellite-unstable or MMR-deficient endometrial cancer. Identification of
predictive biomarkers capable of guiding the selection of the appropriate medication for the patient
is critical for improving the efficacy of targeted therapy. To promote faster adoption of a genotyping
approach in treatment selection, various limitations must be addressed, such as the ability to easily
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evaluate tumor heterogeneity and clonal evolution along disease trajectory, as well as, the need for
novel trial designs, such as adaptive or basket trials incorporating molecular features as selection
criteria. Detailed examination of the genomic characteristics of exceptional responders could lead
to a better understanding of tumor biology, the mechanism of action of a particular target agent,
and the discovery of predictive biomarkers for future studies [126].

4.2 Prevention

The discovery of high-risk HPV forms as a necessary cause of cervical cancer opens up the
possibility of successful primary prevention and increased productivity in cervical screening
programs. However, to take advantage of these opportunities, a better understanding of the natural
history of HPV infection and its relationship to the development of cervical epithelial abnormalities
is needed [127]. Persistent high-risk HPV can progress from a beneficial (virion-producing) to an
abortive or transforming infection, with cancer developing as a result of the host’s genetic
mutations. However, it is uncertain which precancerous lesions advance and which do not; the
majority of precancers identified by screening are treated, resulting in overtreatment. Following the
discovery of HPV as a carcinogen, successful preventive vaccines and responsive HPV DNA and RNA
tests were developed. Vaccination services (the ultimate long-term prevention strategy) and HPV
test screening could drastically alter the landscape of HPV-related cancers if used together. Since
HPV testing provides more reassurance when the result is negative, it is likely to replace cytology-
based cervical screening. However, ensuring that HPV vaccination and screening are implemented
effectively around the world remains a challenge [128-131]. One of the most important reasons that
explain the variation in the incidence, prevalence, and mortality from cervical cancer across
geographical areas is the lack or inefficiency of screening programs. Screening programs can be
implemented through:

1. Primary prevention, i.e., vaccination; and
2. Secondary prevention, i.e., Pap smear, thin layer cytology, and HPV testing.

4.2.1 Primary Prevention

Primary prevention involves interventions aimed at changing social habits, improving the health
and cultural status of women, along with the use of suitable measures to avoid or reduce infection
through extensive vaccination programs. Primary prevention is based on the principle that to
decrease the risk of a disease, the level of exposure to agents, which either cause the disease or
increase the risk to contract it, must be avoided or minimized as much as possible. The results of
the primary prevention of chronic degenerative diseases, including cancer, however, may remain
unfruitful for a long time, and hence, not quantifiable. This often undermines the importance of
primary prevention, especially when the quantitative assessment of the risks and benefits for the
comparison of the exposure to specific substances is difficult. While there is no valid reason to
believe that the carcinogenicity of certain chemical substances remains limited within factories or
to the one voluntarily smoking tobacco, the difficulty in demonstrating a statistical significance of
the data can sometimes be adduced as sufficient evidence for harmlessness. Thus, although
epidemiological evidence suggests that even average or relatively low pollution levels can have
adverse health effects, environmental concentrations of pollutants directly related to energy
production and consumption, activities of some industries, and massive use of some industrial
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products, like cars, continue to increase. Advances in scientific knowledge on the mechanisms
underlying the multifactorial and multistage process of carcinogenesis are highly beneficial for the
improvement of diagnostic and therapeutic tools, as well as for the refinement of primary
prevention initiatives. It is therefore desirable that primary prevention measures are taken after
considering all the available facts and information. This brings up the need for institutional
consultations on tobacco policy and measures for the protection of workers and the general
population at risk from asbestos, or the development of transport policies that reduce
environmental contamination of urban areas. We must be aware that we cannot wait to get all the
information and data (which the currently available technology is unable to provide anyway) for the
adoption of preventive measures. It must be emphasized that even if only weak or inconclusive
evidence is available for the carcinogenicity of a substance, this should be treated as sufficient
reason to take preventive or precautionary action to alleviate long-term, irreversible effects on
public health.

Vaccination directly targets the causative agents of precancerous lesions and cervical cancer.
Thus, intense research has been conducted to produce prophylactic vaccines against specific HPV
strains [132]. Prophylactic strategies concentrate on eliciting successful humoral immune responses
that might protect against HPV infection in the future. Induction of capsid-specific neutralizing
antibodies might help to prevent HPV infection. Virus-like particles (VLPs) have been synthesized
using recombinant techniques to express the L1 main capsid protein to induce neutralizing antibody
responses, and remarkable immune-prophylactic results have been demonstrated in humans and
other animals [132]. HPV VLP vaccines induce high titers of conformationally-dependent, type-
specific HPV-neutralizing antibodies. Overcoming type-specificity issues with responses to VLP
vaccines is a potentially important field of current HPV vaccine research, with a focus on inducing
broad and cross-protective neutralizing responses. Techniques to enhance cellular immunity by
improving viral antigen recognition are being investigated as a treatment for existing HPV infections.
Thus, the current clinical trials on cervical cancer have focused on the oncogenic proteins E6 and E7
of HPV-16 and -HPV-18. The viral oncogenes E6 and E7 are present in HPV-related cancers and are
potential targets for HPV therapeutic vaccines [133]. In clinical trials of therapeutic vaccines with
various preclinical animal papillomavirus models, several approaches are being evaluated for
efficacy. To increase cell-mediated immunity to papillomavirus proteins found in HPV infections and
cancers, researchers have used genetic vaccines [134], recombinant virus vaccines [135], dendritic
cell-based strategies [136], immunomodulatory strategies [137], and various combination strategies
[138]. The effectiveness of HPV VLP vaccines for prevention is undeniable. The current vaccine
clinical trials, on the other hand, have been less successful in disease clearance. Nonetheless, several
combination approaches have shown substantial therapeutic improvement in preclinical
papillomavirus models and are being tested in patient populations to determine which one is the
most effective. The successful development of HPV-specific vaccines could provide an appealing and
cost-effective alternative to current cervical cancer screening and treatment programs [139, 140].
They are nearly 100% safe, only mildly reactogenic, and are among the best vaccines ever created.
The disadvantages of anti-HPV vaccines include the fact that the benefits can take 20 to 30 years to
manifest, and that they do not provide immunity against all oncogenic HPVs. Hence, it is important
to continue organized cytological screening, which will remain the primary tool for cervical cancer
prevention for many decades. Other vaccines, besides VLP-based vaccines, are likely to be in
development, including those that might either be able to inhibit an already progressing infection
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or be used in cervical cancer immunotherapy [141]. Vaccination of girls aged 8 to 14 years is the
most effective strategy. Other methods to consider include vaccinating teenage and non-sexually
active women, as well as sexually active women. Primary prevention techniques should be
developed in tandem with secondary prevention by redesigning screening systems. The cooperation
of public health agencies, the collaboration of health workers from various areas, and enhanced
public awareness are needed for the effective implementation of vaccination programs [142]. Other
immunotherapeutic options against HPV-associated diseases, such as therapeutic vaccines, are
constantly being investigated. By modulating dendritic cells and cytotoxic T lymphocytes,
therapeutic HPV vaccines improve cell-mediated immunity against HPV E6 and E7 antigens [143].
Immune checkpoint inhibitors have only recently been approved for use in the treatment of HPV-
related cervical cancer [144-147]. In Italy, since 2007, public vaccination against HPV is conducted
for all girls who are 12 years old, as the vaccine neutralizes the virus when it is present only in the
vagina. The site-specific activity of the vaccine makes it ineffective in women who have already been
infected [148]. Vaccines have not replaced screening, but this needs to be changed. Vaccines can
more easily reach the sections of the population that are reluctant to participate and trust screening
programs, and this is important because most cervical cancers occur in women who do not undergo
Pap smears [149-151].

4.2.2 Secondary Prevention

Secondary prevention includes Pap smears, liquid-based or thin layer cytology (LBC), and HPV
detection (HPV tests). The objectives of secondary prevention require clinical-therapeutic measures
aimed at:

1. Diagnosis of the disease in its early stages; and

2. The greater effectiveness of therapeutic interventions

One of the most promising approaches to reduce the emergence of cancer is early detection.
Early detection also plays an important role in the treatment of cervical and breast cancer, and it is
expected to play an even bigger role in the treatment of colorectal, prostate, and lung cancer in the
future. The introduction of new molecular technologies that can detect cellular changes at the
genome or proteome level has recently re-energized early detection science [152].

The term “oncological screening” refers to the overall efforts made to identify tumors at an early
stage. These studies are conducted on subjects who do not have any signs or symptoms of a
neoplasm. It is possible to include the entire population over a certain age, only one sex, or only
subjects with a high risk of developing cancer due to genetic, professional, or discretionary reasons.
When risk factors that can be prevented are identified, screening programs should be combined
with campaigns aimed at cancer prevention by appropriate measures. The objective of cancer
screening, on the other hand, cannot be limited to the detection of a larger number of tumors.
Screening is worthwhile only if it decreases overall mortality or, at least, mortality for a specific
tumor. Screening can also allow the diagnosis of a disease when there is a chance of recovery, which
is more difficult when the disease is detected, i.e., when signs or symptoms appear. This is why not
all cancer screening campaigns are equally successful. Every year, about 150,000 people die in Italy
due to cancer [153]. If detected early enough, some of these tumors can be treated successfully.
Noninvasive procedures can be used to detect cervical cancer. Pap test is a screening method that
is used globally and can be performed on an entire healthy population that might be at risk of
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contracting cancer. Screening programs have been started hoping to save many of the
approximately 270,000 new cancer cases registered annually. Screening is performed according to
the national guidelines to ensure quality; these protocols are subject to change over time to
incorporate new information or to correct any system errors. The following is a simplified procedure
for a potential cancer screening route:

1. Following the selection of the target demographic, for example, all women aged 25 to 64
years (in the case of cervical cancer monitoring), all the individuals are sent an invitation letter with
the date and time of the appointment, which is scheduled according to the hospital’s acceptance
capability.

2. The patient is examined, which may or may not include a Pap smear, depending on the
person and the type of cancer to be monitored.

3. Oncethe test results are available, they are communicated to the individual concerned, who
are notified by mail and recalled for a second test at a later date. In case of positive results, the
patient is contacted over the telephone and suggested to undergo additional examinations; the
patient is said to be in “phase two” of their treatment.

4. In phase two, which is only applicable for a limited percentage of those who were tested
initially (usually less than 3-5%), detailed tests are performed, which, depending on the person and
the type of cancer, might include cytological and colposcopic examinations, removal of a fragment
of tissue (biopsy) and subsequent histological analysis, and additional tests such as ultrasound,
radiography, computerized tomography (CT), MRI, and positron emission tomography (PET), among
other tests. In case of negative results, the patient is contacted for new control tests at a later date;
in case of positive results, the patient is recommended an oncological therapeutic strategy and/or
surgery to treat the diagnosed tumor.

5. Once the treatment is over, the patient enters a follow-up regimen in which the tumor is
tracked over time to determine whether it has been removed successfully or is still growing.

Substantial reductions in the incidence and mortality from cervical cancer have been observed
after the introduction of prevention campaigns with the implementation of cervical screening
programs through Pap tests and, in particular, following the introduction of organized programs,
which guarantee a high level of screening coverage, as well as, the quality and continuity of
diagnostic-therapeutic procedures. It is estimated that Pap smear screening every 3-5 years
provides 80% protection from cancer onset [154]. The rationale for introducing population
screening for cervical cancer is based on the possibility of identifying the disease in the
asymptomatic phase when the probability that the disease is in the preinvasive or initial invasive
phase is higher. Pap smear is not aimed at identifying other infections of the female genital system,
although, in some circumstances, it might reveal genital infections and other cancers of the female
genital tract. The Pap test not only identifies very early tumor lesions but also identifies the
preneoplastic lesions. Therefore, screening can not only reduce the mortality from carcinoma
(favoring the diagnosis in a phase in which treatment can be effective) but can also reduce the
incidence of invasive neoplasm through the treatment of preneoplastic forms. The effectiveness of
screening by Pap smear is reflected in the temporal variations in mortality from cervical cancer
across different geographical areas. Evidence from active interventions in (more or less) large
populations and non-randomized studies have shown a significant reduction in the incidence of
invasive cancers in women subjected to the Pap test [155]. The extent of the reduction in the
mortality from cervical cancer in a certain geographical area is related to the percentage of the
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population that underwent screening, the age group included in the program, and the participation
by the invited population. The analysis of the different ranges of re-screening adopted and different
age groups included in the programs at a population scale provides information and data that can
be used to calculate the theoretical effectiveness of the different screening policies.

Outside organized cytology screening programs, the Pap test is called “spontaneous screening”.
It has been estimated that, on average, it counts about 3.5-4.0 million Pap tests every year. This
implies that annually one out of every three or four women, aged between 25 and 64 years,
performs the test. Therefore, the number of tests conducted should almost be sufficient to
guarantee coverage in the age group subjected to screening, with re-screening every three years.
However, the actual proportion of women who periodically undergo the Pap test is much lesser,
and often this group performs frequent testing (tests performed annually or even more frequently).
On the other hand, a large part of the female population has never taken the test or perform it
irregularly. This segment of the population that has not undergone the Pap test is at a higher risk of
having cervical cancer; these women should be given priority in active screening programs. In Italy,
the spread of spontaneous Pap tests since the 1960s and the initiation of organized screening
programs two decades ago were the main factors in reducing the incidence and mortality from
neoplasm. Regional screening programs currently cover 84% of the female population aged 25-64
years (2019 data) [156]. It is recommended to conduct a screening program for Italians aged
between 25 and 64 years covering 85% of the female population, with a Pap smear done every three
years through an organized screening program. Spontaneous tests that are not performed according
to these norms should not be recommended. Spontaneous tests must, in any case, not exceed 10%
of the ones performed by organized programs and they must be adequately motivated. Cervical
cancer screening is undoubtedly the most effective cancer screening procedure. Surprisingly, its
efficacy is one of the most compelling arguments against HPV vaccination in countries where Pap
test screening program is well-organized. Pap test is the first screening test for cervical cancer, more
commonly known as the cervicovaginal smear. It has been widely used for over 60 years and kept
virtually unchanged to date. Cervical cancer screening guidelines for sexually active women from 25
to 64 years of age mention that individuals should perform the Pap test by inspecting the material
taken from the cervix with a small spatula and brush the sample under a microscope after staining
it with a clear “thin prep” stain. The test should be repeated every three years. Women who have
been vaccinated against HPV must continue to be screened with Pap tests. The reasons for the
success of this method are:

1. The discovery in 1975 that some cellular morphological changes (koilocytosis) were linked
to the presence of HPV infection.

2. The consensus obtained in 1988 and 2001 on a reporting system capable of making
cytological interpretation more homogeneous and reproducible and establishing a unique
diagnostic study design.

Currently, the most widely used system for reporting cervical cytology is the 2001 Bethesda
system (Table 3) [157, 158].
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Table 3 The 2001 Bethesda system for reporting cervical cytology.

Specimen adequacy:
satisfactory for evaluation:

o

o

o

presence or absence of endocervical or transformation zone components or other

quality indicators such as partially obscuring blood or inflammation;
unsatisfactory for evaluation (specify the reason):
specimen rejected or not processed (specify the reason);

a specimen processed and examined, but unsatisfactory for evaluation of epithelial
abnormalities (specify the reason);
General categorization (optional):

negative for intraepithelial lesion or malignancy;
epithelial cell abnormality;

other;

Interpretation/result:

negative for intraepithelial lesion or malignancy;

organisms:

Trichomonas vaginalis;

fungal organisms morphologically consistent with Candida species;
the shift in flora suggesting bacterial vaginosis;

o

o

o

o

o

o

bacteria morphologically consistent with Actinomyces species;
cellular changes consistent with Herpes Simplex Virus (HSV);
other non-neoplastic findings (optional to report):

reactive cellular changes associated with:

inflammation (includes typical repair);
radiation;

contraceptive intrauterine device (IUD);
post-hysterectomy glandular cell status;
atrophy;

epithelial cell abnormalities:
squamous cells:

o

o

atypical squamous cells (ASC):

e ASC of undetermined significance (ASC-US);

e ASC, cannot exclude high-grade squamous intraepithelial lesion (ASC-H);

low-grade squamous intraepithelial lesion (L-SIL):

e encompassing: Human Papillomavirus (HPV), mild dysplasia, and cervical
intraepithelial neoplasia (CIN) 1;

high-grade SIL (H-SIL):

e encompassing: moderate and severe dysplasia, carcinoma in situ (CIS), CIN 2,
and CIN 3;

squamous cell carcinoma (SCC);

glandular cells:

atypical glandular cells (AGC):
e specify endocervical, endometrial, or AGC not otherwise specified (NOS);

Page 20/37



OBM Genetics 2021; 5(3), d0i:10.21926/obm.genet.2103132

* AGC, favor neoplastic:
e specify endocervical or NOS;
» endocervical adenocarcinoma in situ (AIS);
* adenocarcinoma;
o other (not comprehensive list):

= endometrial cells of a woman 40 years or older;
Automated review and ancillary testing (include if applicable);
Educational notes and suggestions (optional).

While some screening systems (e.g., Pap smears) have been successful in reducing cancer-related
mortality, no screening program is flawless. Screening procedures are applied to a significant
portion of the population that appears to be stable. Limits for some diseases, in particular, can be
quite evident to preclude the implementation of a systematic screening program. There are two
types of potential drawbacks of formal screenings, organizational and medical. The capacity of a
program to attract the entire target population is limited by the organizational form. A screening
program, no matter how well-organized, is hardly able to cover more than 70-80% of the target
population, and the outcomes of existing programs are often even lower. The ability to reduce total
mortality or individual mortality using a specific screening campaign represents the limit of the
medical form [159-160].

Liquid-based cytology (LBC) was introduced in the mid-90s. By this method, one can achieve a
high-quality monolayer preparation (thin layer) without interference, i.e., a preparation free from
blood and mucus and from layers of superimposed material with few inflammatory elements that
rarely hinder a correct interpretation. Thus, it is more sensitive than the conventional Pap test, has
a lower percentage of inadequate preparations, and has a greater interpretative reproducibility
between operators. Several different LBC techniques have been used, among which, ThinPrep® and
Surepath® have received FDA approval and are widely used methods. The test is very simple and
requires collecting a sample of cervical cells with a cytobrush in the same way as in the Pap test; the
instrument is then shaken in a jar containing a preservative. Slide preparations are automatic, using
an instrument where the suspended cells are collected by aspiration or sedimentation on the
surface of a membrane and then transferred to the slide. LBC also has the advantage of allowing the
application of molecular methods for HPV and the detection of progression markers with
immunocytochemical techniques on the same sample. Regarding this, while selecting the LBC
system, attention must be paid to the characteristics of the preservative liquid, which must be able
to maintain DNA stability at room temperature for a minimum of 30 days and allow evaluation of
ribonucleic acid (RNA). Automated reading systems of cervicovaginal smears prepared in the
traditional way or thin layers have also been introduced. Some systems make an automatic selection
of a quote of smears that can be considered as negative without further review by cytologists,
others select the most “suspicious” fields of each smear, and some combine both approaches. Such
systems have demonstrated a sensitivity comparable to that of traditional reading, and some are
approved by the FDA for primary screening. It is recommended to classify cytological preparations
according to comparable accredited systems and histological ones based on the classification
recommended by the World Health Organization (WHO), using the Systematized Nomenclature of
Human and Veterinary Medicine (SNOMED) code. It is also appropriate to officially adopt conversion
tables between different classification systems. Finally, it is recommended to adjust the medical
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contents of the report as per the directives of the European Economic Community (EEC). Reporting,
registering, and archiving of preparations must be automated, using software and classifications
compatible with the municipal registry data and health registers.

The current specificity of the Pap test in predicting cancer and its progressive premalignant
lesions is minimal. HPV infections can lead to cervical cancer by causing genetic instability,
hyperproliferation, and immortalization of the mucosa. Several molecular markers linked to this
neoplastic mechanism are informative [161]. Quantitative chromosomal and DNA aneuploidy
analysis is a useful method for detecting H-SIL progression [162]. For accurate and repeatable
measurements, a high level of standardization (material handling, calibration and quality control,
measurement, and interpretation of results) is needed [162]. Advances in diagnostic techniques, in
particular, the development of easy-to-use molecular genetic tests, are replacing the use of the
consolidated Pap test as a screening tool. HPV testing, using HPV DNA from exfoliated cervical cells,
has been proposed based on the evidence of the role of “high-risk” types of HPV (especially HPV-
16, 18, 31, 33, 45, 51, 52, and 56) as the etiological agent of cervical cancer [163]. A significant
increase in the validity of the available techniques allowed to demonstrate the presence of “high-
risk” HPV in a high percentage of both invasive cancers and H-SIL, while the prevalence was low in
the healthy population and moderate in L-SIL [164]. The HPV test is always performed on a small
sample of cells taken from the cervix, as in the Pap test. However, it is not a morphological exam
but a molecular biology exam that allows detecting the presence of HPV by identifying its DNA or
messenger RNA (mRNA). The results of numerous experimental studies have demonstrated a
greater sensitivity of the HPV test compared to the traditional Pap test, at the expense of a lower
specificity, due to two main factors:

1. The HPV testis based on the search for 12-14 types of viruses that have a greater oncogenic
potential [165]; and

2. The HPV test does not discriminate between transient infections and persistent and
productive infections [165].

The most promising uses appear to be:

1. As a secondary selection method for individuals to be recommended colposcopy, among
those with low-grade cytology (L-SIL) or borderline cytology (ASC-US). Management of these cases
is difficult because a non-negligible proportion of the subjects, whose cytology is classified as low-
grade or borderline, actually present high-grade histological alterations (CIN 2-3). Several studies
have consistently indicated the ability of HPV testing to detect a high percentage of these individuals
[166-168]; and

2. HPV typing, by hybrid capture (HC) Il or polymerase chain reaction (PCR), in cytologically
negative subjects, for redefining screening intervals.

The most widely used molecular tests are based on the search for HPV viral sequences and
genotyping using molecular biology techniques, such as direct hybridization, qualitative PCR, and
viral nucleotide sequencing. Direct hybridization or HC is a non-radioactive, accurate, and
reproducible method with high sensitivity and is the only method approved by the FDA. It is a liquid-
phase molecular hybridization test comprising microplate capture of cervical cleavage cells. The test
is capable of determining very low concentrations of DNA and can be used to determine low-risk
HPVs (HPV-6, 11, 42, 43, and 44) and high-and intermediate-risk HPVs (HPV-16, 18, 31, 33, 35, 39,
45,51, 52, 56, and 58). However, it cannot identify a single viral type nor the exact viral load, which
is calculated semi-quantitatively using a chemiluminescence intensity gradient. The method consists
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of the denaturation of single-stranded DNA, which is hybridized in solution with mixed RNA probes,
where one probe highlights low-risk types and another highlights high-risk oncogenic viruses. Each
reaction mixture containing the formed RNA/DNA hybrids is transferred to a test tube with
polyclonal antibodies directed against the RNA/DNA hybrids adhering to the test tube walls. The
bound hybrids are then reacted with an antibody, directed against the RNA/DNA hybrids,
conjugated with alkaline phosphatase. Any unbound material is removed by washing, and then a
chemiluminescent substrate is added, which binds to the alkaline phosphatase. The light produced
by the reaction is measured using a luminometer in relative light units (RLU).

Real-time PCR is an application of classical PCR and provides more precise quantitative
information on the concentrations of the amplified DNA. Any nucleic acid sequence present in a
sample can be amplified by a cyclic process to generate many identical copies, which can
subsequently be analyzed. PCR is characterized by a series of cycles at different temperatures that
allow denaturation of the target DNA molecules, hybridization of specific primers, and elongation
of the chain by the Thermus aquaticus (Taq) polymerase. Each cycle consists of three stages and can
be repeated 20-40 times. The easiest way to identify a PCR product is to continuously monitor the
progress of the reaction without having to stop the reaction to view it on a gel. Real-time implies
that data collection and analysis occur simultaneously with the reaction. Nucleotide sequencing
allows the nucleotide sequence of a nucleic acid molecule to be read in the correct order and thus,
reveals the type of HPV present. The most commonly used technique in recent years is
pyrosequencing [169-172]. This technique allows DNA sequencing by synthesis. The detection
system depends on the pyrophosphate released when a nucleotide is added to the DNA strand; the
signal is quantitatively related to the number of bases added and detected in a pyrogram. The
genome of the different types of HPV viruses is different, and therefore, generates different types
of pyrograms, thus identifying the virus accurately. However, the method is not easy to use, it
cannot be automated, and it is very expensive [173, 174].

Modern imaging methods aid in the detection of small tumors in the parts of the body that are
difficult to reach. Thus, minimally invasive procedures are used, including fine needle aspiration
(FNA), to sample cellular material. Tumor cells should be identified for prognostically important
features for optimal care. FNA and exfoliative cytology are used to examine primary and metastatic
neoplasms, as well as individual disseminated cells in solid tumors. Immunochemistry and PCR-
based molecular studies help in the identification and genotyping of tumor cells. Immunostaining,
in particular, necessitates laboratory procedures tailored to cytology samples. Cell image analysis,
particularly for DNA ploidy and chromosomal fluorescence in situ hybridization (FISH) of interphase
cells, might add predictive value to morphological data. Immunochemistry and PCR of cytological
materials are used to investigate prognostic tumor cell markers. For dissociated solid tumor cells,
cytology must promote translational research and validate the effects of molecular cytogenetics,
such as comparative genomic hybridization (CGH) and complementary DNA (cDNA) microarray
techniques. Newly discovered genetic variations could be assessed for their functional significance
and linked to structural changes in tumor cells [175]. The high sensitivity of array-based technologies,
as well as the identification of panels of molecular fingerprints that are unique to each disease, is
expected to aid pathologists in evaluating cytological samples and tissue biopsies in conjunction
with morphological parameters in the future [176]. This method could usher a new era in diagnosis
and patient care, where each patient would receive individualized treatment based on the
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molecular characteristics of the disease, which could be extracted from a small sample of tissue
[177].

As we have seen, Pap smear is hampered by weak inter-and intra-observer agreement due to
arbitrary test requirements. More reproducible assays might enhance the quality of the current
screening process and prevent unnecessary medical intervention and psychological distress among
individuals. Evidence indicates that HPV infection alone is insufficient to cause malignant changes
and that other host genetic variations play a role in the growth of cervical cancer. Despite the
introduction of screening programs for HPV-related cancers, especially cervical cancer, researchers
continue to discover viral and host biomarkers that might help to identify individuals with precancer
or cancer more efficiently. In both primary screening and triage settings, novel biomarkers that
enable monitoring of these critical molecular events in histological or cytological specimens could
improve the identification of lesions that have a high risk of progression. Biomarker discovery and
detection of molecular targets linked to carcinogenesis have entered a new age owing to advances
in molecular biology and high throughput gene expression profiling technologies. These
breakthroughs have strengthened our understanding of carcinogenesis and will make screening,
early detection, management, and tailored targeted therapy more accessible. Several novel genes
that are differentially expressed in cervical cancer, including some genes involved in cell cycle
control, have been identified using high-density microarrays to determine gene expression profiles
in cervical cancer; p16INK4a, MCM 3, MCM 5, CDC6, Geminin, Cyclins A-D, topoisomerase 2-alpha
(TOPO2), cadmium-containing carbonic anhydrase 1 (CDCA1), and baculoviral inhibitor of apoptosis
repeat-containing 5 (BIRC5) are among them. Real-time PCR has been used to confirm mRNA
expression, and immunohistochemistry has been used to confirm protein expression [178, 179]. To
induce and sustain cervical carcinogenesis, epithelial stem cells must produce two viral oncogenes,
E6 and E7, which results in substantial overexpression of the cellular protein 16-cyclin-dependent
kinase 4 inhibitor (p16INK4a). Since this protein is not expressed in regular cervical squamous
epithelia, searching for p16INK4a overexpressing cells allows one to more precisely identify
dysplastic lesions and eliminates inter-observer variability in traditional cytological or histological
tests. Extensive recombination of the viral and cellular genomes is correlated with the progression
of preneoplastic lesions to invasive cancers, which can be tracked by the detection (amplification)
of HPV oncogene transcripts (APOT assay) derived from combined viral genome copies. Detection
of integrated type oncogene transcripts indicates advanced dysplasia or invasive cancers and thus,
serves as a marker for the progression of cervical lesions [180]. Nonrandom host somatic
chromosomal variations are commonly seen in HPV-related cancers but at varying rates and might
have functional implications. In the case of the 3926 mutation, there is strong preliminary evidence
that this genomic change can be used as a biomarker for cervical cancer disease progression [181].
The FISH-based HPV-associated cancer test detects genomic imbalance at four loci (3926, 5p15,
20q13, and centromere 7) on a cell-by-cell basis in cytology specimens in a single hybridization [182].
The FISH-based HPV-associated cancer test, when used as a secondary screening assay, might aid in
the identification of clinically significant HPV-associated diseases and help in patient management
[183].

Since the discovery of the HPV oncogenes E6 and E7, which result in cancer cell senescence,
cervical cancer has been an appealing model to test gene-specific therapies. Antisense
oligonucleotides, ribozymes, and, more recently, small interfering RNA (siRNA)-based therapies
have all been studied as oligonucleotide-based therapies. Cancers, genetic disorders, and viral
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infections have all been subjected to siRNA-based therapies, which have several advantages over
antisense and ribozyme technologies. In vitro testing of siRNA against cervical cancer has yielded
promising results, but the same issues that hampered the clinical development of ribozymes and
antisense oligonucleotides are now posing problems for the siRNA field: target selection, specificity,
and delivery. If these problems are resolved, a variety of new and effective cervical cancer
treatments could be available [184-194].

5. Conclusions

Genetic screening, and its various aspects, has proven to be a valid medical process, as it can
prevent the emergence of potentially serious genetic diseases and/or can help prevent the birth of
newborns with fatal diseases. In the next few years, it is expected that genetic screening will be
extended to primary and secondary prevention of complex diseases and the identification of the
efficacy and possible side effects of drugs, thus allowing the formulation of personalized medicine.
For the medical procedure to be successful and not lead to negative effects, it must be preceded
and followed by a thorough genetic consultation that illustrates its advantages and disadvantages
[195]. The latest guidelines of the American Cancer Society (ACS) for early detection of cancer in
asymptomatic individuals, which have been updated almost 40 times, provide screening
recommendations for breast, colorectal, prostate, and cervical cancers, among other cancers, based
on patient age, experience, environmental and/or occupational exposures, and other factors. The
differences between the public health guidelines for screening and the individual decisions about
early detection tests are an important matter for both the general public and health care providers.
While newer technologies, such as genetic and molecular markers of risk and disease, are likely to
supplant current screening protocols, a greater use of the technologies available now can
strengthen the efforts to develop a coordinated and systematic approach to early cancer detection
[196].

In gynecological oncology, molecular pathology currently has a limited role in enhancing patient
outcomes. Molecular research, on the other hand, is shedding light on the epidemiology,
pathogenesis, and development of female genital cancers. Prediction of poor outcome in low-risk
cases, more precise staging of multifocal tumors, detection of new precursor lesions, and prediction
of response to various therapeutic regimens should all be part of the future roles. Any patient with
a malignant tumor will benefit from gene therapy in the future. However, the most important task
of molecular pathology will be in the screening and triage of putative cervical cancer precursors, as
well as the prophylaxis of these lesions with HPV vaccines [197]. Cervical cancer is a complex disease
that has sparked research in many areas related to its basic diagnostic and clinical aspects due to its
connection to HPV [198-200]. This association is complicated not only because of the fundamental
nature of the relationship between virus and cancer but also because of how it translates to
pathological diagnosis and clinical management [201]. Studies on the association between HPV
infection and cervical epithelial abnormalities, the molecular epidemiology of HPV infection, and
the possible use of HPV testing as a screening technique, or a method for treating women with Pap
smear abnormalities, are all offshoots of the virus-pathology relationship [202]. The cervical
transformation zone is another important factor in the pathogenesis of cervical neoplasia. The
broad range of invasive and noninvasive lesion phenotypes linked to HPV infection in this area
suggests that not only the virus but also the unique target epithelial cells of the host in the
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transformation zone play a role in the growth of cervical neoplasia. Determining the subtypes of
epithelial cells in the transformation region and their phenotypic response to infection would help
researchers better understand the relationship of the virus with the host epithelium. The complexity
of the molecular interactions contributing to the multiplicity of tumor phenotypes associated with
HPV infection in the uterine cervix will be clarified, if not resolved, by new technologies such as
expression arrays [203-215].
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