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Summary. Penile cancer is an uncommon disease
compared with other urological tumors and is more
common in low- and middle-income countries. Risk
factors include age, ethnicity, smoking, hygiene, and
human papillomavirus infection. Although carcinoma of
the penis can be cured in up to 80% of cases if detected
early, late diagnosis drastically reduces survival rates,
especially in metastatic cases. More than 95% of cases
are squamous cell carcinomas, and the degree of cell
differentiation is a key histopathological factor,
distinguishing between poorly (P), moderately (M), and
well-differentiated (W) carcinomas, with verrucous
carcinoma (V) having the best prognosis due to its low
metastatic capacity. This study analyses the differential
expression of several biomarkers related to cell
proliferation and cell cycle, inflammation, epigenetics,
and autophagy (cell cycle (IRS-4, Ki-67, RB1, CDK4,
cyclin D1, ERBB2, B-catenin, and MAGE-A),
inflammation (COX2, NLRP3, and AIF-1), epigenetics
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(HAT-1) and autophagy (ULK-1 and ATG9A) in penile
carcinoma according to the degree of differentiation.
Immunohistochemical techniques were performed on 34
penile squamous cell carcinoma (PSCC) samples
classified into subtype V (N=6), and groups P (N=9), M
(N=9), and W (N=10). The findings suggest a
differential expression of molecules according to the
degree of cell differentiation, with a higher differential
expression of molecules according to the degree of cell
differentiation, suggesting that the proteins studied could
have predictive value. The study highlights the
complexity of PSCC and the need for future studies to
explore translational applications and search for new
biomarkers to improve clinical management and
understanding of this disease.

Key words: Penile cancer, Biomarkers, Cell
proliferation, Inflammation, Autophagy, Cell cycle, IRS-
4, HAT-1, AIF-1

Introduction

Carcinoma of the penis is a rare urological cancer in
men compared with other more common tumors, such as
prostate, (Sekhoacha et al., 2022), lung (Leiter et al.,

LQC-H ©The Author(s) 2024. Open Access. This article is licensed under a Creative Commons CC-BY International License.



1014

Penile carcinoma cancer

2023), or colorectal cancer (Shin et al., 2023).
Epidemiological data show significant differences in the
incidence of this type of cancer globally. Thus, countries
such as Brazil or Uganda show higher incidence rates
ranging from 2.9-6.8 and 3-4 per 100,000 men,
respectively. In contrast, in the United States and
Europe, the incidence rate is significantly lower, being
0.58, and 1.33 per 100,000 men, respectively (Morrison,
2014).

In Spain, the incidence rate of penile cancer is
notably higher than in other European countries,
amounting to 2.55 new cases per 100,000 men (Borque-
Fernando et al., 2023). This disease generally affects
older men, whose average age of diagnosis is
approximately 70-80 years. Moreover, a higher
incidence of this type of cancer is also observed in
individuals of Hispanic descent compared with other
ethnicities (Zhan et al., 2022). In addition to age and
ethnicity, the main risk factors include smoking, poor
hygiene, and phimosis (Morrison, 2014). Also, it is
estimated that up to 20-50% of penile cancer cases are
associated with infections caused by the human
papillomavirus (HPV) (Iorga et al., 2020; Wei et al.,
2023). The HPV serotype most associated with this type
of cancer is HPV16, which accounts for up to 68.3% of
infections caused by the virus, while HPV6 accounts for
8.1% and 6.9% of cases respectively (Olesen et al.,
2019).

Diagnosis of penile cancer usually involves a visual
inspection in which patients may notice changes in the
glans or foreskin, even if they do not experience pain
(Hakenberg et al., 2018). In addition, the clinician’s
physical examination includes palpation of the penis and
groin regions. The use of imaging techniques provides
information on the extent and infiltration of the tumor,
while diagnostic confirmation requires a biopsy
(Hakenberg et al., 2015). Factors, such as tumor
morphology, size and location, and the elimination of
(micro)metastases in the inguinal lymph nodes are
decisive factors for the stratification and clinical
management of these patients (Protzel and Hakenberg,
2020). Early detection of penile cancer is crucial to
avoid delays in treatment, however, late diagnosis is
common, which negatively affects prognosis (Verhoeven
et al., 2013). Difficulties in early diagnosis and accurate
prognosis are due to the possibility that tumors may not
be evident upon clinical examination, may be hidden by
phimosis, the limitations of imaging techniques to detect
micrometastases in clinically normal lymph nodes, and
the lack of specific tumor markers (Hakenberg et al.,
2015). Penile carcinoma can be cured in up to 80% of
cases if detected early but the prognosis is dismal in
metastatic cases, with five-year survival rates of less
than 33% (Kellas-Slgczka et al., 2019).

Pathologically, more than 95% of most malignant
lesions of the penis are squamous cell carcinomas
(Brouwer et al., 2023). The other tumors in this organ
correspond to rare neoplasms, such as Kaposi’'s sarcoma,
cutaneous lymphomas, or different types of sarcomas

(Thomas et al., 2021a). Within squamous cell
carcinomas of the penis, several subtypes with different
biological and clinical characteristics can be
distinguished (Sanchez et al., 2015; Thomas et al.,
2021a). According to their degree of histopathological
differentiation, penile cancer can be divided into
different subtypes, classified from worst to best
prognosis: poorly differentiated tumors (P), moderately
differentiated (M), and well-differentiated tumors (W)
(Chaux et al., 2009; Teixeira Janior et al., 2022).
Conversely, verrucous carcinoma (V) is another entity of
highly differentiated penile carcinoma, which is slow-
growing and locally aggressive, but rarely metastasizes
to nearby lymph nodes or distant locations, thus having a
more favorable prognosis (Li et al., 2015). Further
histopathological analysis of the different types of
tumors may allow the identification of biomarkers useful
in clinical practice and to guide specific therapies,
promoting personalized and precision medicine
(Bakhtiar, 2017; Duffy, 2013). The importance of certain
histopathological and serum biomarkers in penile cancer
is recognized, however, more research is needed to
understand their implications in disease development
and their potential clinical applications (Pekarek et al.,
2022). In addition, few studies have investigated the
differences and biomarker applications of different
grades of penile cancer differentiation, suggesting that a
comparative analysis of molecular characteristics may be
beneficial to better understand the clinical and biological
differences between these entities and to develop
specific clinical applications.

Hanahan and Weinberg described the hallmarks of
cancer, the set of characteristics and mechanisms
associated with tumor development and progression
(Hanahan and Weinberg, 2011). In its latest update
(Hanahan, 2022), up to 14 hallmarks of cancer are
recognized, including uncontrolled cell proliferation,
cancer-associated inflammation, metabolic dysregula-
tion, and non-mutational epigenetic reprogramming. A
variety of molecules have been recognized to play a role
in each of these mechanisms, which are also interrelated.
For example, among the molecules involved in
uncontrolled cell proliferation, this study has highlighted
the role of molecules such as IRS-4 (insulin receptor
substrate 4), Ki-67, RB1 (retinoblastoma), CDK4
(cyclin-dependent kinase 4), cyclin D1, ERBB2 (human
epidermal growth factor receptor 2), B-catenin, and
MAGE-A (melanoma antigen gene). Ki-67, RB1, CDK4,
and cyclin D1 are biomarkers that tightly regulate cell
cycle entry and progression and modulate cell
proliferation processes (Hooper, 1994; Sun and
Kaufman, 2018; Montalto and De Amicis, 2020; Goel et
al., 2022; Ortega et al., 2022b;). IRS-4, ERBB2, B-
catenin, and MAGE-A are involved in the regulation of
several signaling pathways that promote cell
proliferation and resistance to apoptosis (Weon and
Potts, 2015; Zhang and Wang, 2020; Guijarro et al.,
2023; Raghav and Moasser, 2023). In parallel, COX2
(cyclooxygenase-2), AIF-1 (allograft inflammatory
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factor 1) and NLPR3 (NOD-like receptor pyrin domain
3) play a crucial role in promoting inflammation in the
tumor microenvironment and participate in cancer
progression and proliferation (Zhao et al., 2013;
Hashemi Goradel et al., 2019; Liu et al., 2019).
Furthermore, HAT-1 (histone acetyltransferase 1) is an
enzyme potentially involved in the epigenetic
dysregulation of different types of tumors while ULK-1
(Unc-51-1-like autophagy activating kinase) and ATG9A
(autophagy-related protein 9A) are involved in the
reprogramming of tumor metabolism (specifically
regulating autophagy). These are processes that facilitate
cell survival and adaptation under adverse conditions
involved in cancer development and progression
(Claude-Taupin et al., 2021; Poziello et al., 2021; Shen
et al., 2022).

Some studies have suggested the potential
involvement of some of these molecules is altered in
penile squamous cell carcinomas (PSCCs), such as Ki-
67 (Berdjis et al., 2005), RB1 (da Silva et al., 2022),
cyclin D1 (Ioachim, 2008), CDK4 (McDaniel et al.,
2015), ERBB2 (Tan et al., 2023), MAGE (Hudolin et al.,
2006), and COX2 (De Paula et al., 2012), while the
possible role of other molecules such as IRS-4, AIF-1,
NLRP3, HAT-1, ULK-1, and ATG9 has, to the best of
our knowledge, not yet been studied. In this sense, our
starting hypothesis is that there is a differential
expression of previously described markers in penile
carcinoma according to their degree of differentiation, as
well as of molecules not yet explored in this type of
tumor but whose relevance in cancer is widely proven by
previous works. Similarly, we also hypothesize that each
tumor subtype included in this study has different
molecular correlations that may help to understand the
differences in the biological behavior of each. Finally,
we propose that the analysis of the expression levels of
each molecule can be specifically related to each cancer
subtype and that they could serve as diagnostic
biomarkers.

The present study aims to analyze the protein
expression profiles of molecules in the different
subtypes of penile cancer according to their degree of
differentiation using immunohistochemical techniques.
A total of 34 samples of PSCC will be analyzed, six
corresponding to subtype V, nine to groups P and M, and
10 from group W.

Materials and methods
Study design and participants

Our research adopted an observational and analytical
approach with a retrospective cohort design. Histological
specimens of PSCC were collected from 34 patients
undergoing surgery. Paraffin blocks were prepared for
further study, and comprehensive clinical information on
the patient was recorded. The diagnosis and clinical
management of the patients were performed following
the guidelines of the European Association of Urology

(EUA) and the Society of American Oncology (SEOC)
(Brouwer et al. 2023). In the present work, tumors were
stratified based on their degree of differentiation,
following the model proposed by the 8th edition of the
UICC/AJCC TNM (Kranz et al., 2024). According to
this system, a distinction is made between poorly (P),
moderately (M), and well-differentiated (W) tumors. In
parallel, paraffin-embedded sections were also obtained
from patients with verrucous penile carcinoma (V).
Table 1 details the number of patients included, mean
age, and TNM classification for each group.

The study rigorously adhered to fundamental ethical
principles, including autonomy, beneficence, non-
maleficence, and distributive justice. Furthermore, it was
conducted following the Good Clinical Practice
guidelines and ethical standards outlined in the latest
Declaration of Helsinki (2013) and the Oviedo
Convention (1997). All data and information collected
were handled in compliance with current data protection
legislation, including Organic Law 3/2018 of 5
December on Personal Data Protection and Guarantee of
Digital Rights, as well as Regulation (EU) 2016/679
(Table 1).

Immunohistochemical techniques

The antibody recovery process was carried out
according to the specifications described in the protocol
(Table 2). The detection of antigen-antibody reactions
used the avidin-biotin complex (ABC) method, using
avidin-peroxidase according to established protocols
(Ortega et al., 2021). After incubation with primary
antibody for 1 hour and 30 minutes, the samples were
subjected to overnight incubation with 3% BSA blocker
(catalog #37525; Thermo Fisher Scientific, Inc.,
Waltham, MA, USA) and phosphate buffer saline (PBS)
at 4°C. Subsequently, samples were incubated with
biotin-conjugated secondary antibody diluted in PBS for
90 min at room temperature (RT). Specifically, rabbit
IgG, diluted 1:300 (RG-96; Sigma-Aldrich, St. Louis,
MI, USA), goat IgG, diluted 1:100 (GT-34/B3148,;
Sigma-Aldrich), and mouse IgG, diluted 1:300

Table 1. Summary of the characteristics and data of patients included in
this study.

Stadium No. of patients Average age + SD TNM Ulcer
\Y 6 80.500+3.082 pTia No
w 10 71.500+9.823 pT2 Yes
M 9 78.222+11.681 pT2 Yes
P 9 74.889+10.080 pT2 Yes

Stage (V) refers to verrucous carcinoma, (W) well-differentiated
carcinoma, (M) moderately differentiated, and (P) poorly differentiated.
The mean ages of each group are shown with the corresponding
standard deviation (SD). In addition, the TNM classification (tumor,
lymph node, and metastasis) is shown, as well as the presence or
absence of ulcers in each group.
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(F2012/045K6072; Sigma-Aldrich) were used.
Thereafter, samples were subjected to ExtrAvidin®
peroxidase conjugate (Sigma-Aldrich; Merck KGaA,
Darmstadt, Germany) for 60 min at RT (diluted 1:200
with PBS). Protein expression levels were assessed using
a diaminobenzidine (DAB) Chromogenic Substrate Kit
(cat. no. SK-4100; Maravai LifeSciences, San Diego,
CA, USA), freshly prepared before use. The peroxidase
chromogenic substrate was applied for 15 min at RT,
allowing the development of brown staining indicative
of protein expression. For each protein, negative control
sections were included, with incubation with the primary
antibody replaced by blocking solution and PBS.
Carazzi's hematoxylin staining was performed for 15
minutes at RT to provide contrast in all tissues (Table 2).

Histopathological analysis

Tissue sections were examined using a Zeiss
Axiophot light microscope (Carl Zeiss, Oberkochen,
Germany) equipped with an AxioCam HRc digital
camera (Carl Zeiss, Oberkochen, Germany). Given the
importance of the proteins under investigation,
histological evaluations were performed according to the
intensity of immunohistochemical staining using a
scoring system.

The study of protein expression in different penile
cancer types was evaluated using the immunoreactive
score (IRS), as specified in previous protocols (Ortega et
al., 2022a). Two independent pathologists evaluated the
samples, and any discrepancies were resolved by a third
pathologist. Each group of subjects was represented by
seven microscopy fields randomly selected from five
sections. Subjects were classified as positive if the mean
proportion of labeled specimens exceeded or equaled 5%
of the total sample. This determination was made by
calculating the overall percentage of labeled tissue in
each microscopy field to derive an average for the entire
study sample (Fraile-Martinez et al., 2023).

Table 2. Primary and secondary antibodies and their dilutions.

Statistical analysis

For the analysis of the protein expression of the
biomarkers in the different patients, a normality check
was performed (Kolmogorov-Smirnoff, all p<0.001).
Since we observed that they do not have a normal
distribution, it was necessary to describe the results with
medians and interquartile ranges by performing
nonparametric tests, in this case, the Mann-Whitney U
test. Next, to analyze the differential expression of the
biomarkers studied among the different types of PSCC
included, the Bonferroni multiple comparison test of
means will be applied.

To perform a correlation analysis, the R statistical
software was used, applying the corrplot operations
package. The correlation matrix was prepared with
Pearson's coefficients, whose significance levels were
calculated with the corresponding cor.test. The software
used was Rstudio version 2023.12.1 built 402. To
estimate the odds ratio, we first performed a principal
component analysis (PCA) with the scaled values from
the previous correlation analysis, and then a multinomial
logistic regression (MLR), also using RStudio. The main
functions run were prcomp and multinom (nnet
package), and Irtest (Imtest package), respectively. These
approaches were designed to obtain the logarithms of the
odds ratios of the transition from each group of patients
to the other groups based on the IRS scores of the 14
protein markers evaluated. With the first step of PCA,
we sought to reduce the dimensionality of the data set of
14 protein variables to two principal components (PCs)
while maintaining the overall variation in protein
expression profiles. We considered the limitations of the
linear PCA assumption between variables and the lack of
nonlinear capture of the relationships between them. In
the second step, we ran the RLM from the PCA data. We
interpreted the coefficients obtained from the RLM
model as odds ratios (already given on a real scale
without the need for exponentiation) understood as the

Antigen Dilution  Supplier Protocol specifications

IRS-4 1:500 Thermo Fisher Scientific — Preincubation with Tris-EDTA Buffer pH 9 and incubation with 0.1% TTX (Triton x100 in TBS)
PA5-117329 for 5 minutes

Ki-67 1:1000  Vitro, MAD-000310QD-3/V -

RB1 1:750 Vitro, MAD-000900QD-3/V -

CDK4 1:250 Vitro, MAD-000597QD-3/V -

Cyclin D1 1:500 Vitro, MAD-000630QD-3/V -

ERBB2 1:500 Vitro, MAD-000308QD-3/V -

w-catenin 1:250 Vitro, MAD-000699QD-3/V -

MAGE-A 1:50 Santa cruz (sc-20034) -

COX2 1:1000  Vitro, MAD-000335QD-3/V -

NLPR3 1:500 Abcam (ab263899) -

AlF-1 1:500 Abcam (ab5076) EDTA pH 9 before incubation with blocking solution

ULK-1 1:500 Abcam (ab203207) Sodium chloride 10 mM. pH 6, before incubation with the blocking solution

ATG9A 1:50 Abcam (ab108338) 100% Triton 0.1% in PBS for 10 minutes before incubation with the blocking solution

HAT-1 1:1000  Abcam (ab193097) 100% Triton 0.1% in PBS for 10 minutes before incubation with the blocking solution

IgG (Rabbit) 1:1000  Sigma-Aldrich (RG-96/B5283) -

19G (Mouse) 1:300 Sigma-Aldrich (F2012/045K6072) -
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relative transition probabilities between groups.
Results

Penile squamous cell carcinomas with a lower degree of
tissue differentiation show a significant increase in
proliferation and cell cycle markers

First, our results show an increase in the expression
of the proliferation biomarker IRS-4; as the disease stage
worsens, this marker increases its expression, as
indicated by the IRS score (V=0.917+0.376; W=
1.650+0.412; M=2.056+0.300; and P=2.889+0.220 (Fig.
1A). Also, in the histological sections of the four stages,
it can be seen that the concentration of IRS-4 expression
increases and is found in greater proportion in the P
group (Fig. 1B-E).

Next, we found that the expression of the
proliferation marker Ki-67 intensifies as the disease
worsened (Fig. 2A) (V=0.583+0.492; W=1.050+0.284;
M=1.444+0.391; and P=2.1114+0.333). In addition, in
histological sections of the four stages, it can be seen
that the concentration of Ki-67 expression increases and
is found in greater proportion in the P group (Fig. 2B-E).

The next cell cycle biomarker studied was RB1,
whose expression increases as the disease worsens (Fig.
3A) (V=0.417+0.376; W=1.100+0.211; M=1.222+0.363;
and P=1.667+0.354). In addition, in histological sections
of the four stages, it can be seen that the concentration of
RB1 expression increases and is found in greater
proportion in the P group (Fig. 3B-E).

We also observed that the expression of biomarker
CDKA4, a cell cycle marker, increases as the cancer stage
becomes more undifferentiated (V=0.667+0.408;
W=1.100£0.316; M=1.722+0.363; and P=2.222+0.507)
(Fig. 4A). In addition, in histological sections of the four
stages, it can be seen that the concentration of CDK4
expression increases and is found in greater proportion
in the P group (Fig. 4B-E).

Another biomarker whose expression is studied in
the development of penile cancer, and which belongs to
the cell cycle group, is cyclin D1. Its expression
increases as the disease worsens (Fig. 5A) (V=
0.833+0.258; W=1.300+0.483; M=1.722+0.363; and
P=2.111+0.417). In addition, in histological sections of
the four stages, it can be seen that the concentration of
cyclin D1 expression increases and is found in greater
proportion in the P group (Fig. 5B-E).

After that, the cell proliferation biomarker ERBB2
was studied; its expression increased as tumor
development progressed (Fig. 6A) (V=0.917+0.376;
W=1.650+0.474; M=1.833+0.433; and P=2.278+0.264).
In addition, in histological sections of the four stages, it
can be seen that the concentration of ERBB2 expression
increases and is found in greater proportion in the P
group (Fig. 6B-E).

We also studied the expression of the cell
proliferation biomarker, B-catenin 1; the concentration of
this biomarker increases as the stage of the disease

differentiates (Fig. 7A) (V=0.750+0.274; W=1.200+
0.422; M=1.611+£0.417; and P=2.167+0.250). In
addition, in histological sections of the four stages, it can
be seen that the concentration of B-catenin 1 expression
increases and is found in greater proportion in the P
group (Fig. 7B-E).

Finally, the expression of biomarker MAGE-A,
related to cell proliferation, was observed. This marker
appears to increase as tumor progression worsens (Fig.
8A) (V=1,167+0,408; W=1.950+0.284; M=2.222+0.507;
and P=2.889+0.333). In addition, the histological
sections of the four stages show that the concentration of
MAGE-A expression increases and is found in greater
proportion in the P stage (Fig. 8B-E).

The data were corroborated with the Bonferroni test,
as shown in Table 3.

The expression levels of inflammatory proteins COX2,
AlIF-1, and NLRP3 inversely correlate with the degree of
tumor differentiation of penile squamous cell carcinoma

First, our results show an increase in the expression
of the proliferation biomarker COX2, as the disease
stage worsens, this marker increases its expression, as
indicated by the IRS score (V=0.583+0.492; W=
1.250+0.486; M=1.833+0.433; and P=2.111+0.417)
(Fig. 9A). Also, in histological sections of the four
stages, it can be seen that the concentration of COX2
expression increases and is found in higher proportion in
the P group (Fig. 9B-E).

Next, we found that the expression of the
proliferation marker AIF-1 intensifies as the disease
worsened (Fig. 10A) (V=0.750+0.274; W=1.350+0.337,
M=2.056+0.300; and P=2.389+0.546). In addition,
histological sections of the four stages show that the
concentration of AIF-1 expression increases and is found
in greater proportion in the P group (Fig. 10B-E).

Finally, the expression of biomarker NLRP3, related
to cell proliferation, was observed. This marker appears
to increase as tumor progression worsens (Fig. 11A)
(V=0.917+0.492; W=1.350+0.337; M=2.167+0.354; and
P=2.778+0.441). In addition, in histological sections of
the four stages, it can be seen that the concentration of
NLRP3 expression increases and is found in greater
proportion in the P group (Fig. 11B-E).

The data were corroborated with the Bonferroni test,
as shown in Table 3.

Protein expression of the epigenetic protein HAT-1 and
autophagy mediators ULK-1 and ATG9A inversely
correlates with the degree of tumor differentiation of
penile squamous cell carcinoma

First, our results show an increase in the expression
of the proliferation biomarker HAT-1; as the disease
stage worsens, this marker increases its expression, as
indicated by the IRS score (V=0.667+0.606; W=
1.250+0.354; M=2.2224+0.264; and P=2.944+0.167)
(Fig. 12A). Also, in histological sections of the four
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Fig. 1. A. Histological specimens were categorized as verrucous (V=0.917+0.376), well-differentiated (W=1.650+0.412), moderately differentiated
(M=2.056+0.300), and poorly differentiated (P=2.889+0.220) expression levels using the IRS-Score method. Photomicrography showing the expression
level of IRS-4 in verrucous penile carcinoma (V) (B), in well-differentiated penile carcinoma (W) (C), and in moderately differentiated penile carcinoma
(M) (D). E. Elevated expression levels of IRS-4 in poorly differentiated penile carcinoma (P). *p<0.05, **p<0.01,***p<0.001. x 320.
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Fig. 2. A. Histological specimens were categorized into verrucous (V=0.583+0.492), well-differentiated (W=1.050+0.284), moderately differentiated
(M=1.444+0.391), and poorly differentiated (P=2.111+0.333) expression levels using the IRS-Score method. Photomicrography showing Ki-67
expression levels in verrucous penile carcinoma (V) (B), in well-differentiated penile carcinoma (W) (C), and in moderately differentiated penile
carcinoma (M) (D). E. Ki-67 expression levels are elevated in poorly differentiated penile carcinoma (P). *p<0.05, **p<0.01,***p<0.001. x 320.



1019
Penile carcinoma cancer

Rl I ’ o .
A ey S TR AR e - LR
3 == SNy R ey =g A
[ LA +. X - freed
- ok 1w TR 8 RS
a = { i. \::—-- qQ ",,‘. Y 'l'.»‘ e
o > 4 ¢ . -
S R e
o Wi * ~ 4 « -
1 Plds b an nl ey
9! |;| LG 2 i e
ilss :

B0Ka A W H

3 i - c\-!‘!.
": W FUSYRERY P oemt s g B VAR S
A N \.:a" ."w'i“ 3 - , =Gy - o g 5 *.'f ]

“-\ .:‘.‘"";u‘;.x" o :‘s - d Qg " -‘ ‘é 4 3'.'
() Al oo s = - - -4 e *"‘

A
5 x \"l\ A - “ & Ny i
‘!;\'.-.z!“'.u-i&\lf;‘-‘f&i b A Ao St
21l ) ".. ) '..m‘!':\*...' o .’..’ L S S ¥ 4 “.'- e
Aol ,::‘t‘i?\. ‘d’(’*.i :”' i.o.‘i'w& .~' "':f;‘-;u:
b 3t b il & & .". - i " r3 s
‘:\\ W W\ ‘:.“:-P m :::‘4 ¥ ""‘.;b-'—".‘:‘“ -." .&‘..4"
S "'i‘.:} oy IS 0y :é%';k 8 *;’f o
‘ od‘n NS ‘1‘ e Sy Y < ¥ 2
3255-. S AN 320K T e R,

Fig. 3. A. The histological specimens were categorized into verrucous (V=0.417+0.376), well-differentiated (W=1 .100+0.211), moderately differentiated
(M=1.222+0.363), and poorly differentiated (P=1.667+0.354) expression levels using the IRS-Score method. Photomicrography showing the expression
level of RB1 in verrucous penile carcinoma (V) (B), in well-differentiated penile carcinoma (W) (C), and in moderately differentiated penile carcinoma
(M) (D). E. RB1 expression levels are elevated in poorly differentiated penile carcinoma (P). *p<0.05, **p<0.01, ***p<0.001. x 320.
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Fig. 4. A. The histological specimens were categorized into verrucous (V=O.66710.408), weII-dlfferentlated (W=1 .10010.316), moderately differentiated
(M=1.722+0.363), and poorly differentiated (P=2.222+0.507) expression levels using the IRS-Score method. Photomicrography showing the CDK4
expression level in verrucous penile carcinoma (V) (B), in well-differentiated penile carcinoma (W) (C), and in moderately differentiated penile
carcinoma (M) (D). E. CDK4 expression levels are elevated in poorly differentiated penile carcinoma (P). *p<0.05, **p<0.01, ***p<0.001. x 320.
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Fig. 5. A. The histological specimens were categorized into verrucous (V=0.833+0.258), well-differentiated (W=1.300+0.483), moderately differentiated
(M=1.722+0.363), and poorly differentiated (P=2.111+0.417) expression levels using the IRS-Score method. Photomicrography showing the expression
level of cyclin D1 in verrucous penile carcinoma (V) (B), in well-differentiated penile carcinoma (W) (C), and in moderately differentiated penile

carcinoma (M) (D). E. Photomicrography showing how the expression levels of cyclin D1 are elevated in poorly differentiated penile carcinoma (P).
*p<0.05, **p<0.01, ***p<0.001. x 320.
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iated (W=1.650+0.474), moderately differentiated
(M=1.833+0.433), and poorly differentiated (P=2.278+0.264) expression levels using the IRS-Score method. Photomicrography showing ERBB2
expression level in verrucous penile carcinoma (V) (B), in well-differentiated penile carcinoma (W) (C), and in moderately differentiated penile
carcinoma (M) (D). E. ERBB2 expression levels are elevated in poorly differentiated penile carcinoma (P). *p<0.05, **p<0.01, ***p<0.001. x 320.
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Fig. 7. A. Histological specimens were categorized into verrucous (V=0.750+0.274), well-differentiated (W=1.200+0.422), moderately differentiated
(M=1.833+0.433), and poorly differentiated (P=2.167+0.250) expression levels using the IRS-Score method. Photomicrography showing the expression
level of B-catenin 1 in verrucous penile carcinoma (V) (B), in well-differentiated penile carcinoma (W) (C), and in moderately differentiated penile
carcinoma (M) (D). E. It can be seen how the expression levels of B-catenin 1 are elevated in poorly differentiated penile carcinoma (P). *p<0.05,
**p<0.01, ***p<0.001. x 320.
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Fig. 8. A. The histological specimens were categorized into verrucous (V=1.167+0.408), well-differentiated (W=1.950+0.284), moderately differentiated
(M=2.222+0.507), and poorly differentiated (P=2.889+0.333) expression levels using the IRS-Score method. Photomicrography showing the expression
level of MAGE in verrucous penile carcinoma (V) (B), in well-differentiated penile carcinoma (W) (C), and in moderately differentiated penile carcinoma
(M) (D). E. It can be seen how the expression levels of MAGE-A are elevated in poorly differentiated penile carcinoma (P). *p<0.05, **p<0.01,
***p<0.001. x 320.
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Fig. 9. A. Histological specimens were categorized into verrucous (V=0.583+0.492), well-differentiated (W=1.250+0.486), moderately differentiated
(M=1.833+0.433), and poorly differentiated (P=2.111+0.417) expression levels using the IRS-Score method. Photomicrography showing the COX-2
expression level in verrucous penile carcinoma (V) (B), in well-differentiated penile carcinoma (W) (C), and in moderately differentiated penile

carcinoma (M) (D). E. It can be seen how COX-2 expression levels are elevated in poorly differentiated penile carcinoma (P). *p<0.05, **p<0.01,
***p<0.001. x 320.
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Fig. 10. A. The histological specimens were categorized into verrucous (V=0.750+0.274), well-differentiated (W=1.350+0.337), moderately
differentiated (M=2.056+0.300), and poorly differentiated (P=2.389+0.546) expression levels using the IRS-Score method. Photomicrography showing
the expression level of AIF-1 in verrucous penile carcinoma (V) (B), in well-differentiated penile carcinoma (W) (C), and in moderately differentiated
penile carcinoma (M) (D). E. AIF-1 expression levels are elevated in poorly differentiated penile carcinoma (P). *p<0.05, **p<0.01, ***p<0.001. x 320.
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stages, it can be seen that the concentration of HAT-1
expression increases and is found in greater proportion
in the P group (Fig. 12B-E).

Next, it was obtained that the expression of the
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proliferation marker ULK-1 intensifies as the disease
worsened (Fig. 13A) (V=0.667+0.516; W=1.050+0.284;
M=2.000+0.250; and P=2.611+0.417). In addition, in
histological sections of the four stages, it can be seen

Fig. 11. A. Histological specimens were categorized into verrucous (V=0.917+0.492), well-differentiated (W=1.350+0.337), moderately differentiated
(M=2.167+0.354), and poorly differentiated (P=2.778+0.441) expression levels using the IRS-Score method. Photomicrography showing the expression
level of NLRP3 in verrucous penile carcinoma (V) (B), in well-differentiated penile carcinoma (W) (C), and in moderately differentiated penile carcinoma
(M) (D). E. NLRP3 expression levels are elevated in poorly differentiated penile carcinoma (P). *p<0.05, **p<0.01, ***p<0.001. x 320.
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Fig. 12. A. The histological specimens were categorized into verrucous (V=0.667+0.606), well-differentiated (W=1.250+0.354), moderately
differentiated (M=2.222+0.264), and poorly differentiated (P=2.944+0.167) expression levels using the IRS-Score method. Photomicrography showing
the expression level of HAT-1 in verrucous penile carcinoma (V) (B), in well-differentiated penile carcinoma (W) (C), and in moderately differentiated
penile carcinoma (M) (D). E. HAT-1 expression levels are elevated in poorly differentiated penile carcinoma (P). *p<0.05, **p<0.01, ***p<0.001. x 320.
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that the concentration of ULK-1 expression increases to increase as tumor progression worsens (Fig. 14A)
and is found in higher proportion in the P group (Fig. (V=0.667+0.606; W=0.950+0.158; M=1.778+0.441;
13B-E). M=1.778+0.441). In addition, in histological sections of

Finally, the expression of biomarker ATG9A, related the four stages, it can be seen that the concentration of
to cell proliferation, was observed. Said marker appears ATGY9A expression increases and is found in greater

-1

IRS-SCORE U

Fig. 13. A. Histological specimens were categorlzed into verrucous (V=0.667+0.516), well-differentiated (W=1. 050+O 284), moderately differentiated
(M=2.000+0.250), and poorly differentiated (P=2.611+0.417) expression levels using the IRS-Score method. Photomicrography showing the expression
level of ULK-1 in verrucous penile carcinoma (V) (B), in well-differentiated penile carcinoma (W) (C), and in moderately differentiated penile carcinoma
(M) (D). E. ULK-1 expression levels are elevated in poorly differentiated penile carcinoma (P). *p<0.05, **p<0.01, ***p<0.001. x 320.
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Fig. 14. A. Histological specimens were categorized into verrucous (V=0. 66740 606), well- dlfferentlated (W 0.950+0. 158) moderately differentiated
(M=1.778+0.441), and poorly differentiated (M=1.778+0.441) expression levels using the IRS-Score method. Photomicrography showing the ATG9A
expression level in verrucous penile carcinoma (V) (B), in well-differentiated penile carcinoma (W) (C), and in moderately differentiated penile
carcinoma (M) (D). E. ATGOA expression levels are elevated in poorly differentiated penile carcinoma (P). *p<0.05, **p<0.01, ***p<0.001. x 320.
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proportion in the P group (Fig. 14B-E).
The data were corroborated with the Bonferroni test,
as shown in Table 3.

Correlation analysis of the molecules studied found
significant differences between different subtypes of
penile squamous cell carcinoma

We performed a correlation analysis, expressed with

the help of correlation matrices and heat maps (Figs. 15-
19), to determine how the measured markers correlate
according to their assigned IRS score from the
histopathological point of view. Of note, looking at the
heat maps by patient groups (penile cancer subtype),
variations in expression patterns that change
significantly from one group to another become very
visible. However, performing the plot for the total penile
cancer cohort has a different effect (Fig. 15); therefore,

Table 3. Bonferroni multiple comparison test of means between all penile cancer subtypes with all biomarkers used in the study.

Bonferroni multiple Mean differences t Significant p<0.05? Summary 95% confidence interval of
comparison test mean differences
IRS-4
Vvs. W -0.7333 4.253 Yes ** -1.220 to -0.2463
Vvs. M -1.139 6.472 Yes e -1.636 to -0.6418
Vvs. P -1.972 11.21 Yes o -2.469 to -1.475
Wvs. M -0.4056 2.644 No ns -0.8389 t0 0.02778
Wvs. P -1.239 8.076 Yes o -1.672 to -0.8056
Mvs. P -0.833 5.294 Yes e -1.278 to -0.3887
Ki-67
Vvs. W -0.4667 2.461 No ns -1.002 to 0.06891
Vvs.M -0.8611 4.450 Yes e -1.408 to -0.3145
Vvs. P -1.528 7.895 Yes o -2.074 to -0.9812
Wvs. M -0.3944 2.338 No ns -0.8710 to 0.08209
Wvs. P -1.061 6.290 Yes o -1.538 to -0.5846
Mvs. P -0.6667 3.852 Yes ** -1.156 to -0.1778
RB-1
Vvs. W -0.6833 4.075 Yes ** -1.157 to -0.2096
Vvs.M -0.8056 4.706 Yes e -1.289 to -0.3221
Vvs. P -1.250 7.303 Yes i -1.733 to -0.7665
Wvs. M -0.1222 0.8191 No ns -0.5437 t0 0.2993
Wvs. P -0.5667 3.798 Yes ** -0.9881 to -0.1452
Mvs. P -0.4444 2.903 Yes * -0.8769 to -0.01202
CDK4
Vvs. W -0.4333 2.088 No ns -1.019 to 0.1528
Vvs.M -1.056 4.984 Yes e -1.654 to -0.4573
Vvs. P -1.556 7.345 Yes i -2.154 to -0.9573
Wvs. M -0.6222 3.370 Yes * -1.144 to -0.1007
Wvs. P -1.122 6.078 Yes i -1.644 to -0.6007
Mvs. P -0.5000 2.639 No ns -1.035 to 0.03509
CYCLIN-D1
Vvs. W -0.4667 2.241 No ns -1.055 to 0.1215
Vvs.M -0.8889 4.183 Yes ** -1.489 to -0.2886
Vvs. P -1.278 6.013 Yes i -1.878 to -0.6775
Wvs. M -0.4222 2.279 No ns -0.9456 to 0.1011
Wvs. P -0.8111 4.378 Yes i -1.334 to -0.2878
Mvs. P -0.3889 2.046 No ns -0.9258 to 0.1480
ERBB2
Vvs. W -0.7333 3.554 Yes * -1.316 to -0.1505
Vvs.M -0.9167 4.353 Yes e -1.511 t0 -0.3219
Vvs. P -1.361 6.464 Yes i -1.956 to -0.7663
Wvs. M -0.1833 0.9987 No ns -0.7019 to 0.3352
Wvs. P -0.6278 3.420 Yes * -1.146 to -0.1092
Mvs. P -0.4444 2.360 No ns -0.9765 to 0.08756
3-CATENIN 1
Vvs. W -0.4500 2.428 No ns -0.9735 to 0.07349
Vvs.M -0.8611 4.553 Yes e -1.395 to -0.3268
Vvs. P -1.417 7.490 Yes i -1.951 to -0.8824
Wvs. M -0.4111 2.493 No ns -0.8769 to 0.05466
Wvs. P -0.9667 5.862 Yes i -1.432 to -0.5009
Mvs. P -0.5556 3.284 Yes * -1.033 to -0.07768
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the separation between groups allowed us to obtain a
broader idea of the different expression patterns in each
disease subtype (Figs. 16-19). In the first instance, the
joint correlation analysis without patient classification
exhibits a strong correlation between all variables (Fig.
15).

By observing a significantly strong correlation, we
could gain insight into the functional relationships
between the protein markers studied or their influence on

Table 3. (Continued).

each other's expression levels. This means that there
could be patterns of co-expression between markers,
which would allow us to understand the course of the
disease in each group of patients. Subsequently, we
carried out a correlation analysis in each group of
patients to see how the relationships between markers
vary and, thus, how their protein expression patterns
converge or diverge.

Starting the correlation analyses with patients

Bonferroni multiple Mean differences t Significant p<0.05? Summary 95% confidence interval of
comparison test mean differences
MAGE-A
Vvs. W -0.7833 3.915 Yes ** -1.348 t0 -0.2182
Vvs.M -1.056 5.170 Yes i -1.632 to -0.4788
Vvs. P -1.722 8.435 Yes e -2.299 to -1.145
Wvs. M -0.2722 1.529 No ns -0.7750 to 0.2306
Wvs. P -0.9389 5.274 Yes o -1.442 to -0.4361
Myvs. P -0.6667 3.650 Yes > -1.183 to -0.1508
COX-2
Vvs. W -0.6667 2.835 Yes * -1.331 to -0.002365
Vvs.M -1.250 5.208 Yes b -1.928 to -0.5720
Vvs. P -1.528 6.365 Yes o -2.206 to -0.8498
Wvs. M -0.5833 2.788 No ns -1.174 t0 0.007733
Wvs. P -0.8611 4.115 Yes e -1.452 to -0.2700
Myvs. P -0.2778 1.294 No ns -0.8842 to 0.3286
AlF-1
Vvs. W -0.6000 2.996 Yes * -1.166 to -0.03437
Vvs.M -1.306 6.388 Yes b -1.883 to -0.7283
Vvs. P -1.639 8.019 Yes e -2.216 to -1.062
Wvs. M -0.7056 3.960 Yes > -1.209 to -0.2023
Wvs. P -1.039 5.831 Yes e -1.542 to -0.5356
Myvs. P -0.3333 1.823 No ns -0.8497 t0 0.1830
NLRP3
Vvs. W -0.4333 2.100 No ns -1.016 t0 0.1495
Vvs.M -1.250 5.936 Yes i -1.845 to -0.6552
Vvs. P -1.861 8.838 Yes e -2.456 to -1.266
Wvs. M -0.8167 4.449 Yes i -1.335 to -0.2981
Wvs. P -1.428 7.778 Yes e -1.946 to -0.9092
Myvs. P -0.6111 3.245 Yes * -1.143 t0 -0.07910
HAT-1
Vvs. W -0.5833 3.201 Yes * -1.098 to -0.06858
Vvs.M -1.556 8.363 Yes b -2.081 to -1.030
Vvs. P -2.278 12.25 Yes e -2.803 to -1.752
Wvs. M -0.9722 5.996 Yes b -1.430 to -0.5142
Wvs. P -1.694 10.45 Yes e -2.152 to -1.236
Myvs. P -0.7222 4.341 Yes b -1.192 to -0.2523
ULK-1
Vvs. W -0.3833 2.046 No ns -0.9124 t0 0.1458
Vvs.M -1.333 6.974 Yes b -1.873 10 -0.7933
Vvs. P -1.944 10.17 Yes e -2.484 to -1.404
Wvs. M -0.9500 5.700 Yes i -1.421 t0 -0.4792
Wvs. P -1.561 9.367 Yes e -2.032 to -1.090
Myvs. P -0.6111 3.574 Yes > -1.094 to -0.1281
ATG9A
Vvs. W -0.2833 1.169 No ns -0.9682 t0 0.4016
Vvs.M -1.111 4.490 Yes b -1.810 to -0.4121
Vvs. P -1.833 7.408 Yes e -2.5321t0-1.134
Wvs. M -0.8278 3.837 Yes > -1.437 to -0.2184
Wvs. P -1.550 7.185 Yes e -2.159 to -0.9406
Myvs. P -0.7222 3.263 Yes * -1.347 to -0.09701
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stratified by disease group, we see more detailed
differences in protein expression patterns. In V penile
cancer (Fig. 16), we observe a moderately strong
positive correlation (p<0.01) between cyclin D1, HAT-1,
and AIF-1 with COX2; also, with the same degree of
significance (»p<0.01) cyclin D1 correlated with Ki-67.
We see a significant positive correlation (p<0.05)
between ATG9A with HAT-1, AIF-1, and ULK-I.
NLRP3 establishes the same relationship with CDK4, as
well as AIF-1 with HAT-1, HAT-1 with cyclin D1, cyclin
D1 with RB1, COX2 with IRS4 and RB1, RB1 with Ki-
67, and finally, Ki-67 with IRS4. We also found several
pairs of variables without any linear relationship (in
white, Fig. 16).

In the correlations with W penile cancer (Fig. 17),
we observed a moderately significant positive
correlation (p<0.01) between RB1 with Ki-67, MAGE-A
with IRS4, and AIF-1 with HAT-1. We also found
significant directly proportional correlations for ATG9A
with Ki-67 and ULK-1; ULK-1 with HAT-1, AIF-1, and
NLRP3; NLRP3 with AIF-1; HAT-1 with COX2;
MAGE-A with Ki-67; B-catenin with COX2 and CDK4;
ERBB2 with IRS4 and COX2; RB1 with Ki-67; and
IRS4 with Ki-67 and COX2. Alignment between some
pairs of variables was also observed (in white, Fig. 17).

Establishing linearity relationships in M penile
cancer (Fig. 18), a perfect (p<0.001) and positive (1)
correlation was observed between cyclin D1 and CDK4,
in addition to a positive and highly significant (»<0.001)
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correlation between MAGE-A and IRS4. Alternatively,
there is a moderately significant positive correlation
(»p<0.01) between ERBB2 and Ki-67 with IRS4; also,
AIF-1 and MAGE-A with Ki-67; ULK-1 with AIF-1;
and ATG9A with ULK-1. In addition, there is positive
collinearity and statistical significance (»p<0.05) for
ERBB2 with Ki-67 and COX2; MAGE-A with ERBB2;
HAT-1 with Ki-67; AIF-1 with MAGE-A; ULK-1 with
NLRP3; and ATGY with NLRP3. Likewise, there was no
linear relationship between several pairs of variables,
denoting a different disease pattern from the previous
ones (in white, Fig. 18).

Lastly, in the correlation analysis in the case of
patients with P penile cancer (Fig. 19), the color pattern
in the heat map can be seen to change notably, given that
here we move on to variables that are negatively
correlated. We first observe a positive correlation and
high significance (p<0.001) between cyclin D1 and B-
catenin with CDK4; in addition to NLRP3 and ULK-1
with ATG9A. With a moderately high significance
(»<0.01), we found positive collinearity between cyclin
D1 with COX2 and ULK-1 with NLRP3. With statistical
significance, we also observed positive collinearity
between RB1 with IRS4; CDK4 with COX2; ERBB2
with Ki67 and the same with RB1; B-catenin with COX2
and with cyclin D1; MAGE-A with Ki-67 and RB1; and
finally, between ULK-1 and ATG9A with AIF-1.
Ultimately, a negative linear relationship was also
established between AIF-1 and CDK4. There were only

ATGYA
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Fig. 15. Correlation of variables considering the
complete cohort (without classification). Correlation
matrix + heat map of the molecular markers included in
+ 04 the study. Note: The graph shows the Pearson
coefficients with their corresponding degrees of
significance. The diagonal represents the perfect
correlation (1), that of each protein with itself. The warm
colors represent negative correlations (-1.0) or inversely
o0g proportional in this specific case, while cold colors

represent positive correlations (0.1) or directly

proportional in this specific case. *p<0.05, **p<0.01,
-1 **p<0.001.
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Fig. 16. Correlation of variables in the "verrucous"
penile cancer group. Correlation matrix + heat map of
the molecular markers included in the study. Note:
The graph shows the Pearson coefficients with their
corresponding degrees of significance. The diagonal
represents the perfect correlation (1), that of each
protein with itself. The warm colors represent negative
correlations (-1.0) or inversely proportional in this
specific case, while cold colors represent positive
correlations (0.1) or directly proportional in this specific
case. “p<0.05, **p<0.01, ***p<0.001.

Fig. 17. Correlation of variables in the "well-
differentiated" penile cancer group. Correlation matrix +
heat map of the molecular markers included in the
study. Note: The graph shows the Pearson coefficients
with their corresponding degrees of significance. The
diagonal represents the perfect correlation (1), that of
each protein with itself. The warm colors represent
negative correlations (-1.0) or inversely proportional in
this specific case, while cold colors represent positive
correlations (0.1) or directly proportional in this specific
case. *p<0.05, **p<0.01, ***p<0.001.
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alignments between ATG9A with COX2 and ERBB2 (in
white, Fig. 19).

Odds ratio estimation: Principal Component Analysis
(PCA) and Multinomial Logistic Regression (MLR).

PCA (Supplementary Materials S1, S2, and S3)
allowed us to evaluate the association between the
combined protein expression profile (reducing
dimensionality in the two PCs) and group classification
while controlling for IRS scores. The RLM model
provided the assigned odds ratios for the patient group
(Table 4).

With the results obtained from the multinomial
linear regression model, we can interpret the coefficients
as the odds of transitioning of each patient group to the
reference ("V") group. Positive coefficients indicate an
increase in the probability of transitioning to the
corresponding group, while negative coefficients
indicate a decrease.

For the “W” group:

- The intercept of 9.612349 represents the baseline
odds of transitioning to the “W” group compared to the
reference group (“V”).

- The coefficient for PC1 (2.831983) indicates that a
higher value of the first principal component (PC1)
increases the probability of transitioning to the “W”
group, as indicated by the positive value.

- The coefficient for Pc2 (-3.405405) implies that a
higher value of the second principal component (PC2)
decreases the likelihood of transitioning to the “W”
group, as shown by the negative coefficient.

For the “M” group:

- The intercept of 16.904714 reflects the baseline odds
for transitioning to the “M” group compared to the
reference group (“V”).

- The coefficient for PC1 (23.757308) suggests that
an increase in PC1 significantly raises the probability of
transitioning to the “M” group.

- The coefficient PC2 (8.387335) indicates that a
higher value of PC2 also increases the probability of
transitioning to this group, as denoted by the positive
coefficient.

For the “P” group:

- The intercept of 12.241944 denotes the baseline
odds of transitioning to the “P” group compared to the
reference group (“V”).

- The coefficient for PC1 (25.472907) shows that an
increase in PC1 strongly elevates the likelihood of
transitioning to the “P” group.

- The coefficient for PC2 (8.565876) also indicates
that a rise in PC2 positively impacts the probability of
transitioning to this group.

Discussion

In the present work we have focused on evaluating,
using immunohistochemical techniques, the protein
expression of a series of biomarkers involved in the
regulation of growth and cell cycle, inflammation,
autophagy, and epigenetics, in different types of PSCCs.
Our results show that there is a differential expression of
a wide set of regulatory molecules of these processes
according to the degree of cell differentiation. This could
indicate the existence of different carcinogenic
mechanisms depending on the degree of differentiation.
However, it is known that the degree of differentiation
represents an important prognostic value in penile
squamous carcinoma, with P tumors having a worse
prognosis, followed by M and W, while V tumors have a
better prognosis (Velazquez et al., 2008; Chaux et al.,
2009). Thus, the proteins we have analyzed could have
potential prognostic value as they are more expressed in
tumors with a worse prognosis, although further research
is required to confirm this hypothesis. Future lines of
research could assess the validity of these markers as
potential therapeutic targets in aggressive variants of this
type of cancer, alongside other well-established
molecules, such as PD-L1 or microsatellite instability
(Montella et al., 2022). Nevertheless, the correlogram
also shows interesting and significant differences in the
molecular expression patterns of the different proteins
included, thus showing distinctive biological patterns
related to the degree of cell differentiation. The odds
ratio estimation also suggests that these variables could
potentially have an important impact on the
differentiation of PSCC groups. The different molecules
and cellular processes considered in the present study, as
well as the interpretation of the statistical analyses
performed, will be detailed below.

The study acknowledges certain limitations that
must be considered when interpreting the results. One
significant limitation is the relatively small number of
cases in each differentiation group, which can affect the

Table 4. Odds ratios estimate for each group compared to the verrucous type, p value of model: 1.277571e-15.

Group Odds ratio (coefficients+SD)

Intercept PC1 PC2
w 9.612349+7.065516 2.831983+2.065565 -3.405405+3.467105
M 16.904714+19.467447 23.757308+40.527181 8.387335+31.798641
P 12.241955+19.615269 25.472907+40.535195 8.565876+31.804789

In interpreting the principal component coefficients, we considered the overall patterns of variability in the data (captured by PC1 and PC2), which are

related to the outcome of interest (in this case, the patient group).
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statistical power and generalizability of the findings.
Also, the overall number of cases included in the study
may be insufficient to draw robust conclusions about the
role of specific biomarkers in penile carcinoma. The
limited availability of data on these biomarkers,
particularly in rare cancers like penile carcinoma, poses
challenges for developing a comprehensive under-
standing of their prognostic value. Future studies with
larger sample sizes and a more balanced representation
of differentiation subtypes are necessary to confirm these
preliminary findings and to strengthen the reliability of
biomarkers as indicators of prognosis.

Histopathological markers of proliferation and cell cycle
in penile cancer

Cancer cells are characterized by their ability to
maintain chronic proliferation due to an uncontrolled
cell cycle (Feitelson et al., 2015). This process is
influenced by growth factors interacting with cell
receptors, triggering signaling pathways that control cell
growth and division (Yun et al., 2010; Hanahan and
Weinberg, 2011). Tumors can enhance proliferation
through autocrine and paracrine stimulation but
mutations in cancer disrupt cell cycle regulation,
allowing continuous division (Visconti et al., 2016;
Matthews et al., 2021).

This study identified markers linked to proliferation
in PSCCs, including IRS-4, Ki-67, RB1, CDK4, Cyclin
D1, ERBB2, B-catenin, and MAGE. These markers were
significantly elevated in more aggressive tumors (P and
M stages).

First, we found that IRS-4, an adaptor protein, less
studied in comparison to other IRS family members,
showed increased expression in aggressive penile
carcinoma (P and M states. IRS-4 overexpression,
observed in various other cancers, suggests its potential
role in activating oncogenes through pathways like
PI3K/Akt and MAPK, making it a promising biomarker
and therapeutic target for more aggressive penile cancers
(Shaw, 2011; Hao et al., 2021; Kuasne et al., 2021;
Thomas et al., 2021b; White and Kahn, 2021; Guijarro et
al., 2023).

Next, we saw that the expression of biomarker Ki-
67, known as a marker of cell proliferation, showed
higher expression in less differentiated carcinomas (P,
M, and W). Its role as a prognostic biomarker in penile
carcinoma remains controversial as studies have linked it
to lymph node metastasis but not necessarily to survival
outcomes (Gerdes et al., 1983; Berd;jis et al., 2005;
Urruticoechea et al., 2005; Guimaraes et al., 2007;
Stankiewicz et al., 2012; Cuylen et al., 2016; Sobecki et
al., 2016; Sun et al., 2017; Miller et al., 2018; Mehdi et
al., 2023).

We also analyzed Cyclin D1/CDK4/6 and RBI1 as
cell cycle regulators that were more expressed in
aggressive tumors. Cyclin D1-CDK4 complexes regulate
the G1-to-S phase transition in the cell cycle. Increased
expression of these proteins in less differentiated penile

carcinomas suggests their potential as biomarkers and
therapeutic targets (Paternot et al., 2010; Suryadinata et
al., 2010; Baker and Reddy, 2012; Mirzaa et al., 2014,
McDaniel et al., 2015; Hamilton and Infante, 2016;
Fenner et al., 2018; Ortiz et al., 2021).

In contrast, RBI acts as a tumor suppressor
regulating cell cycle progression, it is more expressed in
less differentiated tumors. While alterations in RB1 have
been observed in PSCC, its prognostic value remains to
be confirmed (Chinnam and Goodrich, 2011;
Reuschenbach et al., 2012; Indovina et al., 2015; Marchi
et al., 2017; Ren and Gu, 2017; Berry et al., 2019;
Huang et al., 2019; Macedo et al., 2020; da Silva et al.,
2022; Ortega et al., 2022b; Xie et al., 2022; Liu et al.,
2023).

Another biomarker we studied was ERBB2, this
receptor plays a role in carcinogenesis by activating
pathways like PI3K/Akt/mTOR. ERBB2 overexpression
has been linked to the progression of various cancers,
including penile carcinoma (Yarden and Pines, 2012;
Arteaga and Engelman, 2014; Miller et al., 2019;
Roskoski, 2019; Padayachee et al., 2020; Zhang et al.,
2021; Zhu et al., 2021; Tan et al., 2023).

Also, we studied the role of B-catenin, a key
transcription factor in the Wnt pathway. B-catenin is
associated with P tumors. Its role in penile carcinoma
development suggests it may be a prognostic biomarker.
(Niehrs and Acebron, 2012; Cruciat and Niehrs, 2013;
Arya et al., 2015; Perugorria et al., 2019; Yu et al., 2021;
Liu et al., 2022).

Finally, the MAGE-A marker forms part of the
MAGE protein family and is implicated in cancer
progression. MAGE proteins interact with E3 ligases to
regulate protein ubiquitination, making them potential
biomarkers and therapeutic targets in PSCC (Doyle et
al., 2010; Miranda, 2010; Hao et al., 2013; Weon and
Potts, 2015; Hagiwara et al., 2016; Newman et al., 2016;
De Donato et al., 2017).

Further studies are needed to validate the role of
these markers as therapeutic targets and prognostic tools
in PSCC.

Histopathological markers of inflammation in penile
cancer

Inflammation has an important role in cancer
development and progression by supporting key cancer
hallmarks, such as cell proliferation and mutagenesis
(Singh et al., 2019). Tumor and stromal cells create an
inflammatory tumor microenvironment (ITM), which
interacts with immune cells and promotes tumor growth
(Denk and Greten, 2022). This ITM is driven by
mechanisms like oncogene activation, inactivation of
tumor suppressors, oxidative stress, and hypoxia (Greten
and Grivennikov, 2019). Chronic inflammation due to
factors like obesity, autoimmune conditions, and HPV
infections is also linked to increased cancer risk,
including penile cancer (Greten and Grivennikov, 2019).
Evidence suggests inflammation has a dual role in
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cancer, promoting progression while also serving as a
potential tumor-suppressive mechanism (Protzel and
Spiess, 2013; Engelsgjerd and LaGrange, 2022; Janicic
et al., 2023). Biomarkers of inflammation, such as COX-
2, NLPR3, and AIF-1, are emerging as key elements in
both the development and prognosis of cancers,
including penile cancer.

In penile cancer, systemic and local inflammation,
driven by factors like balanitis and phimosis, contributes
to tumor progression (Douglawi and Masterson, 2017).
Markers like IL-1A, IL-6, interferon-gamma, and COX-
2 are upregulated in penile cancer (Czajkowski et al.,
2023), with COX-2 and its metabolite PGE2 promoting
angiogenesis, proliferation, and metastasis (Hashemi
Goradel et al., 2019). COX-2 overexpression has been
linked to poor outcomes in various cancers (Ortega et
al., 2022b; Purnama et al., 2023), and our findings show
higher COX-2 levels in more aggressive penile cancer
subtypes. Although prior studies did not find a clear
association between COX-2 and prognosis in penile
cancer (De Paula et al., 2012), our data suggest that its
overexpression is more pronounced in aggressive forms
of the disease.

AIF-1, a protein involved in regulating inflamma-
tion, is also overexpressed in various cancers, including
breast and liver, and is associated with worse outcomes
(Liu et al., 2007, 2008; Zhang et al., 2018; De Leon-
Oliva et al., 2023). It is known to activate pathways such
as NF-xB and B-catenin, which promote tumor growth
(Jia et al., 2015), and our study observed elevated AIF-1
levels in more aggressive penile tumors, suggesting a
potential link to prognosis.

Finally, NLRP3, a key component of the inflamma-
some, is involved in sensing cellular stress and
triggering inflammatory responses through cytokines
like IL-18 and IL-18 (Rathinam and Chan, 2018).
Although its role in cancer is complex, with some
studies suggesting protective effects, NLPR3 is
generally associated with cancer progression and poor
prognosis (Swanson et al., 2019; Ortega et al., 2023b;
Shadab et al., 2023). In our study, NLPR3 was more
expressed in aggressive tumor subtypes, indicating its
potential role in penile cancer progression, although
further research is required to confirm its prognostic
value.

These findings suggest that COX-2, AIF-1, and
NLPR3 may serve as important inflammatory
biomarkers in penile cancer, with potential links to
tumor aggressiveness and patient outcomes.

Histopathological markers of autophagy and epigenetics
in penile cancer

Autophagy is essential for cellular maintenance,
regulating the removal of damaged components, and
promoting responses to stress. It influences various
cellular processes, including survival, proliferation,
metabolism, and immune evasion, making it important
in both normal cell function and cancer (Boya et al.,

2013; Levine and Kroemer, 2019; Klionsky et al., 2021).
While autophagy generally acts as a tumor-suppressive
mechanism by eliminating damaged or toxic cellular
components, it can also support tumor cells by
maintaining metabolic fitness and aiding immune
evasion (Mulcahy Levy and Thorburn, 2020; Yamamoto
et al., 2020; Mukhopadhyay et al., 2021). Dysregulated
autophagy is linked to several cancers, such as
melanoma, breast cancer, and lung cancer ( Saha, 2012;
Artal-Martinez de Narvajas et al., 2013; Liu et al., 2013;
Strohecker et al., 2013; Kim et al., 2018; Yamamoto et
al., 2020).

In penile cancer, key proteins involved in autophagy,
such as ULK-1 and ATG9A, have been shown to have
elevated expression in more aggressive tumor stages.
ULK-1, which initiates autophagy by forming a complex
with ATG13 and RB1CC1/FIP200, is overexpressed in
the aggressive P stage of penile carcinoma compared
with less aggressive stages (Chan et al., 2007; Hara et
al., 2008). This suggests that ULK-1 could be a
biomarker and a therapeutic target for PSCC. Further
research is needed to confirm its role in cancer
progression.

While the expression of the ATG9A molecule has an
important role as an autophagy-related protein
responsible for lipid transport during autophagosome
formation, it is also more highly expressed in aggressive
stages of penile cancer (Bento et al., 2016). Its function
in penile cancer is not yet fully understood, however, its
elevated expression suggests that it may play a role in
tumor aggressiveness, making it another potential
biomarker for the disease.

Finally, HAT-1 is involved in regulating histone
modification and cellular processes like DNA repair, it
has been linked to various cancers and is associated with
poor prognosis (Popova et al., 2021). Its acetyl-
transferase activity is regulated by AMPK, linking it to
autophagy regulation (Ortega et al., 2023a). In penile
cancer, HAT-1 also shows higher expression in
aggressive stages, reinforcing its potential as a
therapeutic target.

These findings suggest that autophagy-related
molecules, including ULK-1, ATG9A, and HAT-1, may
serve as important biomarkers and therapeutic targets in
penile carcinoma. However, further studies are required
to confirm their roles in cancer progression and
treatment.

Correlation analysis and odds ratio estimation.

Our analysis of Figures 1-14 demonstrates a clear
increase in marker expression across different
histopathological groups, categorized by cell
differentiation in PSCC. However, Figures 15-19 reveal
diverse correlation patterns when examining the total
cohort and subgroups based on disease subtype. This
indicates that proteins do not show a consistent linear
relationship across all tumor subtypes, suggesting
distinct molecular mechanisms influencing tumor
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progression and prognosis.

The variability in these protein correlations reflects
differences in signaling pathways, cellular activities, and
responses to treatments among PSCC subtypes. For
instance, CDK4 and Cyclin D1 exhibit strong
correlations in P and M tumor stages but not in W and V
subtypes. In P tumors, CDK4 and Cyclin DI are also
associated with COX-2, promoting their coordinated role
in cell cycle regulation. CDK4 correlated with B-catenin
in P and W tumors but interacted with NLRP3 in V
tumors, while in P tumors, it showed a negative
correlation with AIF-1. Also, autophagy-related proteins,
such as ATG9A and ULK-1, correlate with NLRP3 in P
and M subtypes, and these correlations are more
pronounced in P tumors.

In contrast, V tumors, associated with a better
prognosis, show more coordinated protein regulation.
Cyclin D1 correlates with IRS-4, Ki-67, COX-2, and
HAT-1 in V tumors, while COX-2 is linked to IRS-4,
RB-1, HAT-1, and AIF-1. In W tumors, Cyclin D1 loses
its correlations, and COX-2 associates more strongly
with B-catenin and ERBB2. IRS-4 shows varying
associations across subtypes, correlating with Ki-67, V,
W, and M stages but not in P tumors, where it correlates
with RB-1. These findings suggest that the molecular
interactions within each PSCC subtype are unique and
could provide valuable insights for personalized
therapies and prognoses.

Although our study emphasizes significant
correlations, we must consider limitations such as
sample size and variability in coefficient estimates.
While the preliminary findings suggest that molecular
features may contribute to the differentiation of PSCC
subtypes, larger studies are needed to validate these
correlations and improve our understanding of the
clinical implications. Further exploration of other
variables and larger cohorts will be important to draw
more definite, generalizable conclusions.

Conclusions

In the present study, we have evaluated and
demonstrated the existence of the differential expression
of several biomarkers involved in cell proliferation and
cell cycle (IRS-4, Ki-67, RB1, CDK4, cyclin D1,
ERBB2, B-catenin, and MAGE-A), inflammation (COX-
2, NLRP3, and AIF-1), epigenetics (HAT-1), and
autophagy (ULK-1 and ATG9A) in penile carcinoma
according to the degree of differentiation (P, M, W, and
V). Overall, our results show that these molecules are
more highly expressed in P and M squamous carcinomas
compared with the more differentiated W and V
subtypes. Thus, individually, these proteins should be
evaluated and confirmed in future studies as biomarkers
of worse prognosis. However, our results have also
shown that there are significant differences in the
correlation of the expression patterns of these molecules.
This fact could be indicative of a distinctive regulatory
network according to the degree of differentiation, thus

explaining the possible biological differences between
each subtype. Likewise, we have also shown that the
study of the expression of these molecules could have
important clinical value in stratifying the different PSCC
subtypes, although further studies are required to
confirm these findings and to make solid and
generalizable statements.
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Justification of the result of the baseline principal component analysis (PCA) according to the standard deviations, the proportion contributed by each
component to the variance of the data and the cumulative proportion.

Importance of components:

Standard deviation 3.
Proportion of variance 0.
Cumulative Proportion O.

Standard deviation 0.
Proportion of Vvariance 0.
Cumulative Proportion O.

PC1 PC2 PC3
3545 0.99167 0.66945
8038 0.07024 0.03201
8038 0.87400 0.90601

PC9 PC10 PCI11
30783 0.25138 0.2454
00677 0.00451 0.0043
98414 0.98866 0.9930

PC4

.54398 0.
.02114 0.
«92715 0

PC12

.20639 0.
.00304 0.
.99600 0.

PC5 PC6 PC7 PCE
48910 0.42782 0.40361 0.34351
01709 0.01307 0.01164 0.00843
94424 0.95731 0.96895 0.97738
PC13 PCl4
1714 0.1631
0021 0.0019
9981 1.0000

MS1. PCA results with standard deviations and their variance ratios from the first principal component to the last.

PCA Scores Plot

Principal Component 2
.

0
Principal Component 1

MS2. Screen plot to visualize the variance explained by the first two principal components

Penis Cancer Classification
4

> # Obtener los loadings para PCl y PC2
> loadings <- pca_resultSrotation[, 1:2]

> # Mostrar los loadings
> print(loadings)

PC1
RB1 0.2609266
Cox2 0.2783096
CDK4 0.2783832
CYCLIN D1 0.2591034
ERB2 0.2687899
B-CATENIN 1 0.2731155
MAGE 0.2765415
HAT-1 0.2968903
AIF-1 0.2713804
NLRP3 0.2880007
ULK-1 0.2845742
ATGYA 0.2749863
Grupo_numerado 0.2918535

=0.
=0
-0.
=0.
-0.
-0.
1.
.16861469
.38230250
.26727111
.35957493
. 37895706
.09124234

o000 O

PC2
27051100
15452646
29373914
36249274
31318140
21747431
11241142

MS3. Loadings for PC1 and PC2. Contribution of each original protein or variable to the corresponding principal component in the PCA. IRS-4 and Ki-
67 have been excluded in the dimensionality reduction process, indicating that their contribution to the total variability is minimal compared to the

proteins included in the analysis.



