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Introduction

Cervical cancer remains one of the most significant malignant diseases affecting
women worldwide, despite the availability of effective methods of primary and
secondary prevention. The disease is closely associated with persistent infection
with high-risk types of human papillomavirus (HPV), which represents a necessary
prerequisite for the development of cervical intraepithelial neoplasia (CIN) and
subsequent invasion. Despite the proven causal relationship between HPV and
cervical carcinoma, progression to high-grade dysplasia and invasive disease is
observed only in a proportion of infected women, suggesting the involvement of

additional molecular and cellular mechanisms.

Current research shows that the viral oncoproteins E6 and E7 not only disrupt the
cell cycle through inactivation of p53 and pRb, but also induce significant changes
in cellular metabolism, mitochondrial function, and redox homeostasis. In this
context, oxidative stress is regarded as an important mediator linking viral
persistence, chronic inflammation, and genomic instability, all of which contribute

to the progression from precancerous lesions to invasive carcinoma.

Despite the high sensitivity of current screening methods, including HPV testing,
cytology, and colposcopy, their specificity for clinically significant lesions remains
limited. This creates a need for additional biomarkers that can reflect active tumor
transformation and support more precise risk stratification in HPV-positive

patients.

In this context, growing attention is being directed toward mitochondria-related
markers and regulators of redox balance. One potential candidate is ROMOI1
(Reactive Oxygen Species Modulator 1), a protein of the inner mitochondrial

membrane involved in the regulation of reactive oxygen species production and the



maintenance of mitochondrial function. Data from other malignancies suggest a
relationship between increased ROMOI1 expression and tumor progression, but its

role in HPV-associated tumors remains insufficiently clarified.

The present dissertation is focused on investigating ROMO1 expression as a
potential biomarker in cervical neoplasia. Through immunohistochemical analysis
of normal cervical tissue, precancerous lesions (CIN), and invasive carcinoma, the
study aims to determine the expression profile of ROMO1, evaluate its associations
with clinicopathological characteristics, and place this marker in the context of

HPV-induced oxidative stress and mitochondrial dysfunction.

The obtained results contribute to a better understanding of the role of
redox-mediated mechanisms in cervical carcinogenesis and provide a foundation
for future studies aimed at validating ROMOI1 as a diagnostic or prognostic

biomarker.



III. AIM AND OBJECTIVES

Aim of the Study

Based on the literature data regarding the clinical and epidemiological significance
of cervical cancer, the present study aimed to investigate the expression levels of
ROMOI1 in normal, precancerous, and cancerous tissues, to determine the
relationship between ROMO1 expression levels and selected clinicopathological
characteristics in patients with cervical cancer, and to identify the most appropriate

statistically significant method for evaluating the expression of this biomarker.

Objectives
To achieve the main aim, the following objectives were defined:

2.1 To determine the levels of ROMOI1 expression in normal, precancerous, and

cancerous tissues.

2.2 To identify the most appropriate statistically significant method for assessing

biomarker expression.

2.3 To determine whether a relationship exists between ROMOI1 expression levels

and the degree of dysplasia.

24 To compare the Ilevels of biomarker expression with selected
clinicopathological characteristics of the patients, including histological type,

tumor size, tumor grade, lymphovascular invasion, N status, and FIGO stage.



IV. MATERIALS AND METHODS
1. Qualitative Method

A retrospective analysis of archival histological materials and clinical data was

performed.
Patients

The study included 205 patients with morphologically confirmed invasive cervical
carcinoma, classified into three histological subtypes: squamous cell carcinoma
(SCC), adenocarcinoma (AC), and adenosquamous carcinoma (ASC). For
comparative analysis, 41 cases of precancerous lesions (CIN) and 30 samples of

normal cervical tissue were also included.

All cases were diagnosed at the Clinic of Oncogynecology, Medical University —
Pleven, between 2015 and 2024. Since all available cases within this period were

included, no prior sample size calculation was performed.

Demographic and clinicopathological data (age, FIGO stage, T stage, nodal status,
histological type, tumor grade, and presence of lymphovascular space invasion —

LVSI) were extracted from the hospital’s electronic database.
The study was conducted as part of the research project:

“MeMoMi: Mechanisms of Modulation of the Immune Response in the Tumor
and Its Microenvironment for Defining Prognostic Groups and Optimizing
the Treatment Algorithm in Patients with Cervical Cancer” (Medical

University — Pleven).

The project was approved by the Ethics Committee of Medical University — Pleven
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(No. 656/29.06.2021). All patient data were analyzed in an aggregated and

anonymized form.
CIN lesions were categorized as follows:

e LSIL (CIN I) — dysplasia involving up to one-third of the epithelial
thickness

e HSIL (CIN II/IIT) — dysplasia involving more than one-third of the
epithelial thickness

Invasive carcinomas were evaluated according to:

e histological subtype (SCC, AC, ASC)

e tumor differentiation grade (G1-G3)

e nodal status (NO/NT)

e presence of lymphovascular space invasion (LVSI)

Staging was performed according to the FIGO 2018 classification.

11



1.1. Patients characteristics

Patient characteristics are presented in Table 1.

Characteristic Number %
Healthy tissue 30 100
Precancerous 41 100
lesion

LSIL 6 14.6
HSIL 35 85.4
Age

>50 106 51.7
<50 99 48.3
T stage

T1bl 68 33.17
T1b2 82 40
T1b3 26 12.6
T2A 20 9.75
T2B 9 4.39
N stage

NO 152 74.14




N1 53 25.85
FIGO stage

FIGO I 138 67.3
FIGO I 14 6.82
FIGO 11 53 25.85
Hystology

AC 50 244
ASC 18 8.78
SCC 137 66.8
G

Gl 50 24.39
G2 101 49.26
G3 54 26.34
LVSI

Ha 47 22.92
He 158 77.1
Total number 205 100
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2. Morphological Method
2.1 Histological Examination

Tissue samples were fixed in 10% buffered formalin, embedded in paraffin, and
sectioned at a thickness of 2-5 um. After routine staining with hematoxylin and

eosin (H&E), the slides were examined under a light microscope by a pathologist.

Tumors were classified and graded according to standard pathological criteria.
Staging was performed according to the TNM classification (AJCC/UICC) and the
FIGO 2018 system.

2.2 Immunohistochemical Analysis

Immunohistochemical  staining  was  performed on  formalin-fixed,
paraffin-embedded tissue sections (3 um). An automated staining system

(AutostainerLink 48, Dako, Denmark) was used.

After deparaffinization and antigen retrieval using citrate buffer (pH 6), the
sections were incubated with a primary monoclonal antibody against ROMO1
(clone OTI2C12, Abcam) at a dilution of 1:150. Detection was performed using the
EnVision FLEX polymer detection system (Dako) and visualized with a DAB

chromogen.
All procedures were carried out according to the manufacturer’s protocols.
2.3 Evaluation of ROMO1 Expression

Tissue sections were evaluated microscopically at both low and high

magnification. The following parameters were assessed:
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e staining intensity

e percentage of positive tumor cells

e Jlocalization of expression

Due to the absence of a standardized scoring system for ROMOI, three

semi-quantitative methods were applied:

e H-score

o Allred score

e (Combined score

H-score
The H-score was calculated using the following formula:

H-score = (% of weakly stained cells x 1) + (% of moderately stained cells x 2)

+ (% of strongly stained cells x 3)
The resulting values ranged from 0 to 300.

Based on a pilot study involving 75 patients, the H-score demonstrated higher
statistical sensitivity compared with the other scoring systems. Therefore, the final
analysis of ROMOI1 expression in the present study was performed using the

H-score.
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Evaluation in Normal Tissue and CIN

In normal tissue and CIN lesions, ROMO1 expression was evaluated qualitatively
by assessing staining intensity and the distribution of positive cells across the

epithelial layers, since no defined tumor area is present in these tissues.

3. Statistical Method

The collected and summarized data were analyzed using appropriate parametric

and non-parametric statistical tests.
3.1 Statistical Analysis Applied in the Present Study

All statistical analyses were performed using the R environment (version 4.5.0,
2024; R Foundation for Statistical Computing, Vienna, Austria). Graphical
presentation of the results was carried out using the ggplot2 (version 3.5.2) and
ggpubr (version 0.6.1) packages for R. A p-value of <0.05 was accepted as the

threshold for statistical significance.
The following methods were applied:

e Descriptive analysis —- ROMO1 H-score and clinicopathological
characteristics (T stage, N stage, histological subtype, and presence of
lymphovascular space invasion — LVSI) were presented in tabular form

using frequency distributions and contingency tables.

e Comparative analysis — the y? (chi-square) test was used to assess the

association between ROMO1 H-score and categorical variables (T stage, N

16



stage, histological subtype, and LVSI).

e Analysis of quantitative variables — age was compared between groups

according to ROMO1 H-score levels using a two-sided t-test.

e Graphical analysis — visualization of the results was performed using

graphs generated in the R environment.
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V. Results

Objective 1. To determine the levels of ROMO1 expression in normal,

precancerous, and cancerous tissues
Results of the immunohistochemical analysis

In normal cervical epithelium, ROMOI1 showed high-intensity basal expression
restricted exclusively to the lowest layer of the stratified squamous epithelium.
None of the examined normal samples (0/30) demonstrated positivity in the
suprabasal epithelial layers, indicating that in the healthy cervix ROMOI is

virtually not expressed outside the basal cells.

In contrast, all analyzed precancerous lesions (CIN, n = 41) showed positive
ROMOI1 expression in the layers of dysplastic cells. In LSIL (CIN 1), positivity
was mainly confined to the lower one-third of the epithelium; in HSIL (CIN II), it
extended to approximately the lower two-thirds; and in HSIL (CIN III), it involved
almost the entire thickness of the epithelial layer. Thus, the area of
ROMO1-positive cells progressively increased with increasing severity of

dysplasia.

Objective 2. To identify the most appropriate statistically significant method

for evaluating biomarker expression

In a pilot study involving 75 patients, the H-score and Allred score were compared.

Both methods demonstrated significantly higher ROMOI1 levels in FIGO stage I
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than in FIGO stages II and IIIl. However, the H-score showed greater
discriminatory power, reflected by stronger statistical associations between FIGO
groups (e.g., FIGO I vs FIGO II: p = 0.00012; FIGO I vs FIGO III: p = 0.0008)

compared with the Allred score.

An additional argument in favor of the H-score was the statistically significant
difference it identified between patients with and without lymph node metastases
(»p = 0.033). Owing to its higher sensitivity and better reflection of tumor
heterogeneity, the final evaluation of ROMOI in the present study was performed

exclusively using the H-score.

Objective 3. To determine whether there is an association between ROMO1

expression levels and the degree of dysplasia

Immunohistochemical analysis of squamous intraepithelial lesions demonstrated
100% ROMOI1 expression in the suprabasal layers of abnormal cells in all
examined CIN cases. The expression was diffuse, of moderate to strong intensity,

and confined to the dysplastic areas.

In LSIL/CIN I, ROMOI1 was expressed in cells involving approximately one-third
of the epithelial thickness. In HSIL/CIN II, expression extended through one-third
to two-thirds of the epithelial thickness, whereas in HSIL/CIN III it involved more
than two-thirds, with intense staining distributed throughout almost the entire

affected epithelial layer.
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Objective 4. To compare biomarker expression levels with selected
clinicopathological characteristics of the patients—tumor grade, histological

type, FIGO stage, N status, T stage, and lymphovascular invasion

In invasive cervical carcinoma, ROMOI1 expression was markedly heterogeneous,
with cases showing negative, weak, and strong immunostaining. In most tumors,
ROMOI1 was positive to varying degrees, suggesting that oxidative imbalance is a

common feature of cervical carcinoma.

No statistically significant association was found between ROMO1 expression and
FIGO stage, tumor grade, presence of lymphovascular invasion, nodal status, or
patient age (p > 0.25 for all variables). High ROMO1 expression was observed
across all subgroups of these parameters, indicating that increased oxidative stress
is a general characteristic of the disease, independent of traditional prognostic

factors (Figures 1 and 2).

However, two statistically significant associations were identified (Figure 3). First,
ROMOI1 expression varied according to tumor histological type (p = 0.02), with
squamous cell carcinoma (SCC) showing the highest expression, followed by
adenosquamous carcinoma (ASC), whereas adenocarcinoma (AC) showed the

lowest expression.

Second, a significant inverse association was found between ROMO1 expression
and tumor size/local invasion (pT stage; p = 0.035). Higher ROMOI1 levels were
more frequently observed in earlier local stages, whereas expression decreased in
more advanced tumors. For example, 52% of pT1b2 tumors showed high ROMO1

expression, whereas this was observed in only 11% of pT2a tumors.
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VI. Discussion

The present study is, to our knowledge, the first to investigate the
immunohistochemical expression of ROMOI1 in histologically verified samples of
normal cervical tissue, precancerous lesions, and invasive cervical carcinoma. The
obtained results outline a clear expression profile of this marker during cervical

neoplasia.

In normal cervical epithelium, ROMO1 expression is practically restricted to
the basal layer, whereas all precancerous lesions show diffuse positivity in
dysplastic cells. This finding indicates that a pronounced redox imbalance is
activated already in the early stages of HPV-induced transformation, reflected by

increased ROMOI expression.

In invasive carcinoma, ROMOI1 expression demonstrates marked
heterogeneity. No statistically significant association was observed with FIGO
stage, tumor grade, lymphovascular invasion, nodal status, or patient age.
However, two significant associations were identified—according to histological
subtype and pT stage. Squamous cell carcinoma showed higher ROMOI1
expression compared with adenocarcinoma and adenosquamous carcinoma, which
is likely related to its stronger association with HPV and its characteristic evolution
through CIN. In addition, higher ROMOI1 expression was more frequently

observed in earlier local stages, while it decreased with increasing tumor invasion.
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This pattern differs from that observed in several HPV-negative malignancies, such
as lung, hepatocellular, and colorectal cancers, where increased ROMOI1
expression is associated with advanced disease and poorer prognosis. The findings
of the present study suggest that in cervical carcinoma ROMO1 exhibits a distinct,

context-dependent behavior.

Based on these observations, a biphasic model of ROMOI behavior in
HPV-associated cervical carcinogenesis can be proposed. In the early stages of
HPV infection, the viral oncoproteins E6 and E7 induce oxidative stress,
mitochondrial dysfunction, and metabolic reprogramming. In this context, early
induction of ROMOI1 may represent an adaptive response that supports cell
survival under conditions of increased oxidative burden. With disease progression,
the accumulation of genetic and epigenetic alterations, HPV genome integration,
and worsening mitochondrial dysfunction may lead to a reconfiguration of redox

regulation and a subsequent reduction in ROMO1 expression.

This observation is consistent with current views of ROMOI1 as a molecule with a
dual function—acting both as a regulator of reactive oxygen species and as a
mitochondrial cation channel involved in maintaining mitochondrial homeostasis.
Therefore, ROMOI1 expression does not necessarily follow a linear increase during

tumor progression, but rather reflects the dynamic state of cellular redox balance.

From a clinical perspective, ROMOI1 may have potential as an additional
diagnostic marker, since it is virtually absent in normal epithelium but clearly
expressed in dysplastic and neoplastic cells. This could support the morphological
evaluation of difficult or borderline cases. From a therapeutic standpoint, the
marker and its associated redox pathways open avenues for future research aimed

at modulating mitochondrial function and oxidative stress.
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The present study also has several limitations. The immunohistochemical method
used provides a semi-quantitative assessment, and no universally accepted standard
for ROMOI1 evaluation currently exists. The study is single-center, and the lack of
long-term follow-up data does not allow definitive conclusions regarding the
prognostic value of the marker. In addition, viral parameters such as E6/E7 activity
and HPV integration status were not directly analyzed. Nevertheless, the findings
offer a new perspective on HPV-induced carcinogenesis and identify ROMOI1 as

an important component of its biological mechanisms.
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VII. Conclusion

The present dissertation summarizes and integrates the obtained results regarding
the role of ROMOLI in the context of HPV-associated cervical carcinogenesis, with
particular emphasis on the relationship between oxidative stress, mitochondrial

dysfunction, and the progression from precancerous lesions to invasive carcinoma.

The main conclusion is that ROMO1 represents a dynamic biomarker along
the spectrum “normal epithelium — CIN - invasive carcinoma.” In normal
cervical tissue, ROMO1 expression is minimal or limited, whereas in
precancerous lesions (LSIL/HSIL; CIN I-III) the intensity of marker expression
increases with the progression of the CIN stage. This finding supports the
concept that oxidative stress is an early and essential component of

HPV-induced transformation.

In invasive carcinoma, ROMO1 expression demonstrates marked heterogeneity,
with a tendency toward higher levels in earlier local stages, while advanced local
invasion is associated with a decline in high expression levels. This pattern is
particularly noteworthy because it differs from observations in several
non-HPV-associated tumors, where elevated ROMOI1 expression is more

commonly associated with advanced disease and poor prognosis.

From a methodological perspective, this work establishes the H-score as the most
appropriate semi-quantitative method for evaluating ROMO1 expression in tissue,
as it combines staining intensity and the proportion of positive cells, thereby

providing greater sensitivity for detecting clinically relevant differences. Based on

27



this validation step, the final analyses were performed exclusively using the

H-score, ensuring consistency and robustness of the statistical evaluation.

From a scientific standpoint, the present study proposes a hypothetical integrative
model, in which ROMOI1 participates in an early adaptive response to
HPV-induced oxidative stress, while during tumor evolution a reprogramming of
redox regulation occurs, leading to downregulation of ROMO1 expression, which
may facilitate cellular damage and sustain tumor progression. This concept opens
important avenues for future research, particularly prospective studies evaluating

the prognostic value of ROMOI1 in longitudinal patient cohorts.

In conclusion, the results support the hypothesis that ROMOI1 is an important
component of HPV-associated cervical carcinogenesis, and that its expression
carries significant biological and potential diagnostic relevance. This work
provides a foundation for the future validation of ROMOI as a biomarker in larger
prospective cohorts and for further elucidation of the molecular mechanisms

underlying its distinctive biphasic behavior in cervical carcinoma.
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VIII. Conclusions

1. ROMO1 demonstrates a distinctly different expression profile across the
spectrum of normal cervical tissue — SIL/CIN - invasive carcinoma,
supporting its involvement in HPV-associated redox dysregulation and

early tumor transformation.

2. Based on methodological comparison, the H-score was established as the
most appropriate semi-quantitative method for evaluating ROMOI, as it
integrates staining intensity and the proportion of positive cells and shows
greater sensitivity for detecting clinically relevant differences. For this
reason, the final analyses and interpretations of ROMO1 expression in the
present dissertation are based exclusively on the H-score, without the
inclusion of parallel scoring systems (Allred/Combined), in order to ensure

methodological consistency and comparability of the results.

3. The ROMOI1 H-score did not show statistically significant associations with
several clinicopathological parameters, including tumor grading,
lymphovascular invasion, nodal status, and FIGO stage within the studied

cohort.

4. In invasive cervical carcinoma, ROMO1 expression is heterogeneous, with

cases demonstrating negative, low, and high levels of immunostaining,
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reflecting varying degrees of activation or compensation of oxidative stress

among tumors.

. A significant association between ROMO1 expression and histological
subtype was observed, with squamous cell carcinoma (SCC) demonstrating
more frequent and higher expression compared with adenocarcinoma (AC)

and adenosquamous carcinoma (ASC).

. Significant variability in ROMOI1 expression according to pT stage (tumor
size) was also identified, with higher levels more frequently observed in
earlier local stages and decreasing with more advanced disease, supporting a
model of early activation followed by reduction of ROMOI1 expression

during the progression of local invasion.

. These findings provide a foundation for future studies aimed at:(i) linking
ROMO1 expression with viral parameters (E6/E7 activity and HPV
integration status),(ii) directly measuring ROS levels and mitochondrial
function in relation to ROMOI, and(iii) evaluating the prognostic value of

ROMOI in prospective cohorts with long-term follow-up.
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IX. Contribution of the dissertation

Contributions of scientific- practical and/or original character

1. The expression profile of ROMO1 across the spectrum of
normal cervical tissue = CIN — invasive carcinoma has been described
and verified, providing a practical framework for the interpretation of

ROMOM1 in routine immunohistochemical (IHC) diagnostics.

2. The H-score has been methodologically validated as the optimal
semi-quantitative method for the evaluation of ROMOI, compared with
alternative scoring systems, and a consistent approach for final assessment

based solely on H-score has been introduced.

3. Statistically  significant associations between ROMOI1
expression and histological subtype as well as T stage in invasive cervical
carcinoma (SCC vs AC/ASC; pT stage) have been identified, contributing to

more precise clinicopathological characterization of tumors.

Contributions of scientific- practical character

1. An integrative model for the role of ROMO1 in HPV-associated

cervical carcinogenesis has been proposed, linking virus-induced oxidative
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stress, mitochondrial dysfunction, and the dynamics of ROMO1 expression.

2. A “biphasic” model of ROMOI1 behavior has been formulated
and substantiated-characterized by strong expression in precancerous lesions
and early invasion (adaptive redox response) followed by a tendency toward
reduced expression during progression to more advanced local invasion.
This model appears specific to HPV-associated neoplasms and differs from

patterns observed in many HPV-negative tumors.

3. The concept has been established that ROMOI1 reflects an early
redox adaptation rather than a classical marker of advanced disease, which
explains the absence of stable associations with FIGO stage, tumor grading,
lymphovascular invasion (LVI), nodal status, and patient age within the

studied cohort.

4. Testable hypotheses and priority directions for future research
have been defined, including investigation of the relationship between
ROMOI1 and viral parameters (E6/E7 activity and integration status),
functional correlations with ROS production and mitochondrial function,

and prospective evaluation of its prognostic value.
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