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Simple Summary: Intravenous fluid management plays a key role in perioperative care,
particularly in patients undergoing radical cystectomy (RC) within enhanced recovery after
surgery (ERAS) protocols. This study analyzed 288 patients who underwent laparoscopic
RC with urinary diversion to evaluate the impact of fluid administration on postoperative
complications assessed 30 days after surgery. Patients were categorized based on the type of
urinary diversion (ureterocutaneostomy or ileal conduit) and the volume of intraoperative
fluids administered (less than or more than 1000 mL). The results showed that administering
more than 1000 mL of fluids was initially associated with an increased risk of complications,
but this association lost statistical significance after adjusting for surgery duration and BML
Indices such as the absolute Vascular Bed Filling Index (aVBFI) and the adjusted Vascular
Bed Filling Index (adjVFBI) revealed differences in complication severity 30 days after
surgery depending on the type of urinary diversion and fluid management strategy.

Abstract: Introduction: Intravenous fluid management is integral to perioperative care,
particularly under enhanced recovery after surgery (ERAS) protocols. In radical cystectomy
(RC), which carries high risks of complications and mortality, optimizing fluid manage-
ment poses a significant challenge due to the absence of definitive guidelines. Aim: the
purpose of this study was to investigate the effects of intravenous fluid administration on
postoperative complications in patients undergoing RC. Material and methods: This study
involved 288 patients who underwent laparoscopic RC and urinary diversion from 2018 to
2022. ERAS protocols were implemented for all patients. Participants were divided into
four groups based on the type of urinary diversion (ureterocutaneostomy vs. ileal conduit)
and the intraoperative fluid volume input (less than 1000 mL vs. more than 1000 mL).
Postoperative complications were evaluated at 30 and 90 days post-surgery using the
Clavien-Dindo scale. The fluid management effectiveness was measured using the absolute
Vascular Bed Filling Index (aVBFI) and the adjusted Vascular Bed Filling Index (adjVFBI).
Results: The UCS is associated with a lower risk of increased severity of postoperative com-
plications. The administration of more than 1000 mL of fluids was associated with a higher
risk of complications (p = 0.035). However, after adjusting for the duration of the surgery
and BM], this association did not hold statistical significance, indicating that fluid volume
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alone is not a direct predictor of postoperative complications. At aVBFI values between
zero and eight, urinary diversion using the UCS method is associated with a lower risk of
complications compared to the IC. When aVBFI equals eight, the differences in the severity
of complications between the UCS and the IC are minimal. However, when aVBFI exceeds
eight, the IC is associated with fewer complications during the 30 days post-operation
compared to the UCS. The correlation between the adjVFBI (B = —0.27; 95% CI: —0.45 to
—0.08; p = 0.005) and the severity of complications up to 30 days postoperatively is similar
to that seen with the aVBFI. Similarly, the correlation of the adjVFBI with the method of
urinary diversion (B = 0.24; 95% CI: 0.06 to 0.43; p = 0.011) resembles that of the aVBFIL The
volume of fluids administered and the indices aVBFI and adjVFBI did not influence the
occurrence of complications 90 days postoperatively. Conclusions: The volume of fluids
administered is not a factor directly affecting the occurrence of complications following RC
when the ERAS protocol is used. The amount of intraoperative fluid administration should
be adjusted according to the intraoperative blood loss. Our findings endorse the utility
of aVBFI and adjVFBI as valuable tools in guiding fluid therapy within the framework of
ERAS protocols. However, further multicenter randomized trials are needed to definitively
determine the best fluid therapy regimen for patients undergoing RC.

Keywords: radical cystectomy; bladder cancer; ERAS protocol; fluid therapy

1. Introduction

Intravenous fluid restoration is an essential part of perioperative and postoperative
care. Adequate intravenous fluid administration maintains proper water and electrolyte
balance. The optimal amount of intravenous fluids during and after general surgery still
remains undefined [1]. Previous studies have revealed that personalized perioperative fluid
management has improved the duration of postoperative ileus (with a lower complication
rate) [1,2]. According to some surgical guidelines, fluid intake should be restricted to a
maximum of 3 L on the day of surgery [3].

It is worth noting that a restricted postoperative fluid regime reduces complications
and postoperative hospital stay after surgery, especially when using the ERAS (Enhanced
Recovery After Surgery) protocol [4,5]. Upon achieving promising results in general
surgery, the ERAS protocol also began to be implemented in patients undergoing urological
procedures. Radical cystectomy (RC) remains the gold standard for treating muscle-
invasive urinary bladder cancer, but it is associated with a significant risk of complications
and mortality [6-8]. It is worth noting that LND is associated with higher perioperative
morbidity and mortality in patients with muscle-invasive bladder cancer undergoing
radical cystectomy. Moreover, extended LND did not result in improved disease-free or
overall survival in comparison with standard LND [9]. Moreover, Pfail et al. [10] showed
that patients with muscle-invasive bladder cancer and with clinically positive lymph nodes,
especially in N2-N3 disease, require a tailored approach. While neoadjuvant chemotherapy
followed by radical cystectomy is standard for N1 disease, the role of surgery in advanced
nodal stages is growing because of better patient selection and treatment strategies [10].
Neoadjuvant chemotherapy improves cancer-specific mortality (CSM) compared to RC
alone, both in organ- and non-organ-confined urinary bladder cancer [11]. Additionally, de
Angelis et al.’s [12] study showed that neoadjuvant chemotherapy before RC does not result
in a statistically significant CSM benefit relative to RC followed by adjuvant chemotherapy.
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The implementation of the ERAS protocol for patients undergoing RC can reduce the
hospitalization time and may improve the cancer-specific survival (CCS) and the 5-year
overall survival (OS) [13-16]. Moreover, meta-analyses demonstrate that applying the
ERAS protocol in patients undergoing RC reduces the complication rate and accelerates
the return of bowel function [17]. The introduction of less invasive modern surgical
techniques allows for a reduction in hospitalization time and a decrease in the number of
complications [18].

While working on the study, we hypothesized that excessive fluid administration
during cystectomy could lead to edema of the intestinal-to-intestinal or uretero-intestinal
anastomoses, particularly in patients from the ileal conduit group. Additionally, the ERAS
protocol and its components are implemented differently across various centers. With this
study, we aimed to emphasize the importance of restrictive fluid management and the
necessity of considering vascular bed filling.

From a pathophysiological point of view, proper water, electrolyte, protein and acid—
base balance is crucial for the quick recovery of patients undergoing major surgery. Thus,
restrictive fluid therapy remains an important component of the ERAS protocol.

Currently, knowledge regarding the influence of fluid supply during RC is scarce.
Several studies on the optimal method of fluid therapy in patients undergoing RC have been
conducted by both anesthesiologists and urologists. Previous randomized clinical trials
evaluating various fluid therapy regimens did not conclusively determine the management
of fluid therapy in patients undergoing RC for urinary bladder cancer [19-22].

Previous knowledge regarding the effect of fluid therapy during and after RC is
still inconclusive.

Therefore, the main purpose of this study was to investigate the effects of intravenous
fluid administration on postoperative complications in patients undergoing RC.

2. Materials and Methods
2.1. Study Protocol

Two hundred eighty-eight consecutive patients with muscle-invasive urinary bladder
cancer who underwent laparoscopic RC with lymphadenectomy and urinary diversion
(ureterocutaneostomy or ileal conduit) from 2018 to 2022 were enrolled in a retrospective
cohort study. The same surgeon performed all RCs. In each patient of our cohort who
underwent radical cystectomy, lymph node dissection (LND) was performed. The standard
LND in muscle-invasive bladder cancer involves the removal of nodal tissue cranially up
to the common iliac bifurcation, with the ureter being the medial border, and includes the
internal iliac, presacral, obturator fossa and external iliac nodes. The lateral borders are
the genitofemoral nerves, caudally the circumflex iliac vein, the lacunar ligament and the
lymph node of Cloquet [11]. The cohort included patients of various cancer stages, ages
and comorbidities.

Patients after RC were divided into four groups based on the urinary diversion tech-
nique [ureterocutaneostomy (UCS) and ileal conduit (IC)] and the amount of intravenous
fluid (crystalloids) administration [< or >1000 mL], as follows: (1) group 1 [UCS + fluid
intake < 1000 mL], (2) group 2 [UCS + fluid intake > 1000 mL], (3) group 3 [IC + fluid
intake < 1000 mL] and (4) group 4 [IC + fluid intake > 1000 mL].

ERAS protocols were implemented in each patient who underwent RC, incorporating
both preoperative and postoperative measures.

Preoperative measures included promoting increased physical activity and a high-
protein diet approximately four weeks prior to RC. No bowel preparation or enemas were
used. Carbohydrate- and electrolyte-rich fluids were administered the day before and the
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morning of the surgery to mitigate insulin resistance. Perioperatively, gabapentin was
employed as a co-analgesic. Postoperative management allowed fluid intake on the day of
surgery, with oral nutrition initiated on the first postoperative day. Gastric tubes were not
used postoperatively, and the route of drug administration was switched to the oral route
as tolerated. Low-molecular-weight heparin was administered for thromboprophylaxis.

The collected data included gender, age, body mass index (BMI), Charlson comor-
bidity index (CCI), nutrition scale (nutrition risk screening, NRS), anesthesiological risk
using the ASA (American Society of Anesthesiologists) score, baseline hemoglobin levels
and the presence of comorbidities such as hypertension, type 2 diabetes, heart failure,
where patients with heart failure were classified as those diagnosed with a reduced left
ventricular ejection fraction (LVEF) of <560% during cardiological evaluation, and chronic
kidney disease.

Several parameters closely related to the surgical procedure, such as the operation time,
blood loss and the method of urinary diversion (UCS or IC) were also taken into account.

These groups were compared in terms of complications at 30 and 90 days post-surgery,
and 30- and 90-day post-surgery complications and their relationships were assessed in all
experimental groups. Complications were assessed using the Clavien-Dindo scale.

In assessing complications, the ratio of the volume of fluids administered relative
to body weight (mL/kg), BMI (mL/kg/m?), duration of the procedure and combined
ratio, taking into account procedure time and body weight (mL/hour/kg), were used.
Additionally, two novel clinical parameters were introduced (see Section 2.2).

Propensity score matching (PSM) was conducted to balance baseline characteristics
between the UCS group (n = 240) and the ileal conduit diversion group (n = 48). To
achieve covariate balance between the groups, the validity of subsequent comparisons
was enhanced. PSM was implemented using a nearest-neighbor matching algorithm with
a 1:1 matching ratio, ensuring that each patient in the IC group was matched with one
patient from the UCS group based on similar propensity scores. The propensity scores were
estimated using a logistic regression model, with patient age, CCI (Charlson Comorbidity
Index) and clinical tumor stage as predictors.

2.2. Nowvel Clinical Parameters

Due to the high heterogeneity of patients undergoing RC related to different patient
weights and operation time (which is influenced, among others, by the type of urinary diver-
sion), we have defined two novel clinical parameters (aVBFI and adjVFBI), which allow for
the unification of experimental groups, allowing for a reliable comparison between groups.

The absolute Vascular Bed Filling Index (aVBFI) assesses vascular bed filling during
the procedure. The aVBFI is calculated as the ratio of fluids administered during the
procedure due to blood loss.

The adjusted Vascular Bed Filling Index (adjVFBI) is a more accurate parameter than
aVBFI because it also considers the procedure’s duration. The adjVFBI is calculated as the
ratio of the aVBFI to the duration of the procedure in minutes.

Moreover, in further analysis, we assumed that fluid loss through evaporation, respi-
ration and convection remains constant, and that in laparoscopic interventions, it is not as
significant as in open surgeries.

2.3. Statistical Analysis

Data analysis was conducted, adhering to rigorous methodological and statistical
standards, with a significance level set at o = 0.05, which is standard in biomedical sciences,
minimizing the risk of Type I error. Descriptive statistics tailored to the type of data were
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utilized. For quantitative variables, the median was used as it is less sensitive to outliers
than the arithmetic mean, and the first and third quartiles were presented, allowing for a
fuller understanding of the data distribution.

For categorical variables, the number of observations and percentages were used,
facilitating the interpretation of the distribution. To assess the significance of differences
between groups, the Wilcoxon rank-sum test was used for quantitative variables and the
Pearson Chi-square test, Fisher’s exact test or a proportions test for categorical variables,
depending on the sample size and data characteristics.

A multivariate analysis was conducted using a multiple regression model to identify
factors affecting the severity of postoperative complications, enabling the assessment of
relationships between multiple independent and dependent variables. A robust estimator
(M-Huber) that is less sensitive to outliers was used in the analysis, ensuring greater
reliability of the results.

The analysis provides information on the risk profile and enables the identification
of high-risk groups as well as risk factors that can be targeted for intervention to improve
treatment outcomes. The statistical analysis results are presented with 95% confidence
intervals and p-values, allowing for the precise interpretation of the strength and direction
of the statistical relationships.

Propensity score matching analyses were conducted using the R Statistical language
(version 4.3.3; R Core Team, 2024) on Windows 11 pro 64 bit (build 22631), using the
packages cobalt (version 4.5.5; Greifer N, 2024), Matchlt (version 4.5.5) [23].

3. Results
3.1. Characteristics of Experimental Groups

The median age of the patients was 68.5 years (63 to 74 years). The gender distribution
in the study group showed a significant predominance of males, who comprised 78.1%
(225 patients), compared to females, who accounted for 21.9% (63 patients). The median
body weight of the patients was 80 kg (70 to 89 kg). The median BMI was 26.95 kg/m?
(24.30 to 30.05 kg/m?). Ureterocutaneostomy and ileal conduit were conducted in 240 and
48 patients, respectively.

The hospitalization stay was 10 days (8 to 13 days). The duration of hospitalization
did not differ significantly between all experimental groups (p = 0.153).

Hypertension (HT) was the most common comorbidity, which affected 65.3% of all
patients. In patients with IC, the incidence of HT was lower at 54.1% compared to the
group with UCS, which had a prevalence of 67.5%. However, this difference did not reach
statistical significance (p = 0.077). Diabetes mellitus (DM) was present in 24.7% of the
participants, with a slightly higher frequency in the patients with IC (29.2%) compared to
the patients with UCS (23.8%), although this difference was also not statistically significant
(p = 0.427). Similarly, the incidence of heart failure (HF) did not differ significantly between
groups, with 14.6% in the IC and 19.1% in the UCS patients (p = 0.454). In our cohort, a
statistically significant difference was observed in the case of chronic kidney disease (CKD).
In the group of patients after IC, the percentage of patients with CKD was significantly
lower (8.3%) compared to the patients with UCS (30%), with a p-value of 0.002. (Table 1)

Patients in the IC group were statistically younger than those in the USC group.
The median age for the IC group was 64 years, compared to 69 years for the USC group
(p <0.001).

According to the Charlson comorbidity index (CCI) results, the majority of patients
(59.7%) had a score greater than four, suggesting the presence of comorbid conditions that
worsen the prognosis. A statistically significant difference (p < 0.001) between urinary
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diversion techniques indicates that a higher percentage of patients with ileal conduit had a
better CCI outcome (<4) (64.6%) compared to the patients with UCS (35.4%).

For older and comorbid patients, the uretero-ureterocutaneous fistula (UCN) without
the use of intestinal interposition devices is an alternative and safe procedure [24]. In
our population of 417 patients, the operation time (incision—suture time: median 82 min;
range 63-121 min) and mortality (2.1%) are low despite a pronounced negative selection of
comorbid in elderly patients (mean age 79 years). A potential disadvantage compared to
the ileum conduit is the obligatory ureteral splinting.

Table 1. Characteristics of the study group.

Urinary Diversion

L. _ Overall in b
Characteristic N =288 Sample ? IC?, UCs 2, 4
n=48 n =240
Hypertension 188 (65.28%) 26 (54.2%) 162 (67.5%) 0.077
Diabetes o o o
mellitus 71(24.65%) 14(29.2%) 57 (23.8%) 0.427
Heart failure 53(18.40%) 7 (14.6%) 46 (19.2%) 0.454
Chronic kidney 76(26.39%) 4(8.3%) 72 (30.0%) 0.002
disease
Neoadjuvant o o o b
chemotherapy 44 (15.3%) 5 (10.4%) 39 (16.3%) 0.305
cTNM:
cT2 101 (35.1%) 25 (52.1%) 76 (31.7%) 0.007 4
T3 118 (41.0%) 20 (41.7%) 98 (40.8%) 09154
cT4 68 (23.6%) 2 (4.2%) 66 (27.5%) 0.001 ©
N1 33 (11.5%) 1(2.1%) 32 (13.3%) 0.025 ¢

21 (%); ® Pearson Chi-square test; © Fisher’s exact test; 4 proportions test.

The assessment of the ASA scale score revealed significant differences between the
groups (p = 0.004). In the patients with IC, a larger percentage of patients had a lower risk
class, ASA2 (41.7%), compared to the UCS patients (19.2%), while the higher risk class,
ASA3, was more common in the UCS patients (79.2%) than in the IC patients (58.3%). The
NRS (nutritional risk score) also showed a statistically significant difference (p = 0.022),
with the median score in the IC patients being lower than that in the UCS patients.

The study observed a statistically significant difference in preoperative hemoglobin
(HGB) levels between the groups, where patients with IC creation had a higher median HGB
(13.80 g/dL) compared to the patients with UCS (12.30 g/dL). The differences remained
significant postoperatively, with higher HGB in the IC patients (11.95 g/dL) compared to
the UCS patients (10.65 g/dL). The loss of hemoglobin did not differ significantly between
the groups.

The use of neoadjuvant chemotherapy (CHTX) in this cohort was relatively low, at
15.3% (44 individuals)—5 patients from the IC group (10.4%) and 39 patients from the UCS
group (16.3%). The neoadjuvant CHTx used for our patients was based on cisplatin agents.

The low percentage of patients receiving neoadjuvant chemotherapy results from
the significant comorbidity of the Polish population compared to other European popula-
tions [25]. Scientific reports indicate that the risk of malnutrition in the Polish population
over 65 years old can reach 44.2% [26] and 39.2% in the oncological patient group [27]. The
prevalence of overweight is 63% in men and 43% in women [28]. This also explains why
the simplest form of urinary diversion is often chosen after cystectomy (CR).

The results indicate statistically significant differences (p < 0.05) in terms of clinical
tumor stage (cT). In the UCS group, individuals with advanced cT4 tumors constituted
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27.5%, while the patients with IC constituted only 4.17% (p = 0.001). (Table 1) A higher
proportion of patients in the UCS group was suspected of having lymph node metastases
compared to the IC group (13.3% vs. 2.1%, p = 0.025). Patients in the IC group more
frequently had organ-confined disease (c12)—52.1%, compared to 31.7% in the UCS group
(p = 0.007). The percentage of patients with ¢T3 advancement did not differ significantly
between the groups, with 41.6% in the IC group and 40.1% in the UCS group (p = 0.915).
However, the presence of hydronephrosis was significantly less common in the IC group
(10.4%) compared to the UCS group (34.2%) [p = 0.001].

Preventing infections, including wound infections, appears to play a crucial role
during radical cystectomy and in the perioperative period. Infectious complications can
account for up to 25% of complications following radical cystectomy procedures during
RARC [29]. If open access is used during radical cystectomy (ORC), the use of Alexis
wound protectors has been shown to effectively reduce the rate of postoperative wound
infections [30]. In our study, all procedures were performed laparoscopically, and we
used standard extraction bags. We observed only incidental cases of wound infections or
pneumonia after laparoscopy.

The median operation time was 200 min (from 175 to 241 min.). The duration of the
procedure was significantly longer in the group of patients using the IC creation (average
260 min.) compared to the UCS creation (average 190 min.; p < 0.001). The median blood
loss was 250 mL (ranging from 150 to 350 mL). Concurrently, there was no significant
difference in blood loss between the UCS and IC groups (p = 0.962). (Table 2).

Table 2. Parameters of perioperative factors in the sample, stratified by urinary diversion technique
after cystectomy.

Urinary Diversion

Characteristic N =288 Os\a/re;alltl:l 1C2, UCs ?, pe
P n=48 n = 240
. . 200 260 190
Surgery time min (175-241) (242-285) (165-220) <0.001
250 250 250
Blood loss mL. (150-350) (200-350) (150-350) 0.962
Fluids administrated 1000 1350 1000 0.011
during surgery mL (500-1900) (800-1900) (500-1900) ’
Fluids
administrated /Surgery 428 (3.34-541)  3.69 (255-4.60) 441 (3.58-579)  <0.001
time / Welght ’ i ’ : ’ : ’ : : ’
mL/hr/kg
1405 143.0 140.0
; 2
Fluids/BMI ml/kg/m (124.0-158.0) (124.0-152.25)  (124.0-159.25) 0.998
aVBFI (1) 480(3.18-7.04)  5.00(3.63-8.08)  4.33(3.0-7.0) 0.107

2 Mdn (Q1, Q3); © Wilcoxon rank-sum test.

The ratio of fluids administered per hour of surgery per kilogram of body weight
(mL/hour/kg) was significantly lower in the IC group (3.69) compared to the UCS group
(4.41; p < 0.001).

This may be due to the fact that patients in the IC group statistically weighed more
than those in the USC group—84 kg vs. 79 kg (p = 0.011). However, no differences between
the groups were noted after calculating the BML

The rate of blood product transfusions was higher in the UCS group (34.2%) than in
the IC group (14.6%; p = 0.007). No statistically significant differences were observed in the
percentage of patients requiring intensive care unit support (p = 0.228).

There was a statistically significant difference in the incidence of ileus (p = 0.001), with
a higher frequency of cases in the IC group (27.1%) compared to the UCS group (9.6%).
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3.2. Postoperative Complications According to the Clavien-Dindo Classification Within 30 Days

The frequency of complications, as measured by the Clavien-Dindo scale, did not
differ significantly, regardless of the method of urinary diversion or the amount of fluids
administered. The distribution of complications in each group is attached in Table 3.

Table 3. Complications depending on the type of urinary diversion type.

Urinary Diversion

Overall in

Characteristic N Sample 2 1Ca, UcCs ?, p b
n =48 n =240
Clavien-Dindo 30 days 288 0.354
1 126 (43.8%) 19 (39.6%) 107 (44.6%)
2 70 (24.3%) 19 (20.8%) 60 (25.0%)
3a 37 (12.9%) 8 (16.7%) 29 (12.1%)
3b 32 (11.1%) 9 (18.8%) 23 (9.6%)
4 6 (2.1%) 0(0.0%) 6 (2.5%)
5 8 (2.8%) 0 (0.0%) 8 (3.3%)
Clavien-Dindo 90 days 280 0.176
1 46 (16.4%) 4(8.3%) 42 (18.1%)
2 71 (25.4%) 11 (22.9%) 60 (25.9%)
3a 29 (10.4%) 8 (16.7%) 21 (9.0%)
3b 4 (1.4%) 1(2.1%) 3 (1.3%)
4 1 (0.4%) 0(0.0%) 1 (0.4%)
5 11 (3.9%) 0 (0.0%) 11 (4.7%)

3 11 (%); P Fisher’s exact test.

However, several factors that influence the severity of complications were identified
(Table 4).

Table 4. Factors determining the complications 30 days after RC.

Severity of Complications

Explanatory Variables (Clavien-Dindo)

B CI 95% p
Age years 0.01 —0.01-0.03 0.283
BMI kg /m? —-0.03 —0.06-—0.00 0.045
Fluids administrated (>1000 mL) 0.28 0.02-0.54 0.035

Fluids to surgery time to patient

weight ratio ml/hr/kg 0.04 0.11-0.04 0.337
Neoadjuvant CHTx —0.00 —0.30-0.30 0.999
Hypertension 0.11 —0.14-0.36 0.396
Diabetes mellitus 0.08 —0.19-0.35 0.572
Heart failure —0.07 —0.37-0.24 0.669
Chronic kidney disease 0.11 —0.19-0.41 0.467
Hydronephrosis 0.09 —0.17-0.36 0.476
Acute kidney injury 0.11 —0.13-0.36 0.358

Urinary diversion (IC) * - - -
Urinary diversion (UCS) —0.53 —0.99--0.07 0.024
aVBFI —0.07 —0.12-—0.03 0.002
adjVBFI —0.27 —0.45-—0.08 0.005
Transfusion 0.24 —0.04-0.51 0.092
Hospitalization days 0.02 0.00-0.03 0.011
Reoperation 2.11 1.78-2.44 <0.001
aVBFI x Urinary diversion (UCS) 0.07 0.02-0.12 0.011
adjVBFI x Urinary diversion (UCS) 0.24 0.06-0.43 0.011

Annotations: B—regression model coefficient; CI 95%—confidence interval 95%; p—p-value of the statistical
test. *—No value is given for the urinary diversion (IC) variable because urinary diversions were compared to
each other.

The administration of fluid volumes above 1000 mL is associated with a higher severity
of complications (p = 0.035) within 30 days post-surgery when not accounting for additional
factors such as the duration of the operation and patient weight. However, the lack of
statistical significance in this area after adjusting the volume of administered fluids for the
duration of the operation and patient BMI indicates that fluid volume alone is not a reliable
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predictor of the severity of complications after RC. Using the UCS after RC is associated
with less severe complications according to the Clavien-Dindo scale, suggesting its potential
benefits in a postoperative context (B = —0.53, p = 0.024). However, the significance of
this variable becomes more complex when considering its interaction with the absolute
Vascular Bed Filling Index (aVBFI). A direct comparison of the four experimental groups,
based solely on the number of fluids administered (< or >1000 mL), showed no differences.

However, after applying the aVBFI, it was found that there was a significant interaction
between aVBFI and the type of urinary diversion (UCS/IC) (B = 0.07, p = 0.011).

At aVBFI values between zero and eight, urinary diversion using the UCS is associated
with a lower risk of complications compared to the IC. When aVBFI equals eight, the
differences in the severity of complications between the UCS and the IC are minimal.
However, when aVBFI exceeds eight, the IC creation is associated with fewer complications
within 30 days postoperatively compared to UCS (Figure 1) .

The correlation between the adjusted Vascular Bed Filling Index (adjVFBI) (B = —0.27;
95% CI: —0.45 to —0.08; p = 0.005) and the severity of complications up to 30 days post-
operatively is similar to that seen with aVBFI. Similarly, the correlation of adjVFBI with
the method of urinary diversion (B = 0.24; 95% CI: 0.06 to 0.43; p = 0.011) resembles that

of aVBFL
Q20
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Figure 1. The interaction effect between aVBFI and the urinary diversion on the severity of complica-
tions using the Clavien-Dindo scale one month after RC.

3.3. Complications According to the Clavien-Dindo Classification After 90 Days

The different amounts of intravenous fluid administration did not influence the sever-
ity of complications in 90 days postoperatively.

The statistical analysis based on two hundred and eighty observations (eight patients
died before reaching 90 days post-surgery) indicated that the occurrence of acute kidney
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injury in the postoperative period was associated with a higher degree of complication
severity (B = 0.40; 95% CI: 0.04-0.75; p = 0.028). A longer hospitalization time was also
significantly associated with a higher degree of complication severity (B = 0.04; 95% CI:
0.02-0.06; p < 0.001). No significant associations were observed between other factors and
complications after 90 days from the procedure.

3.4. Propensity Score Matching

The propensity score matching procedure was successful in balancing covariates
between the UCS group and the ileal conduit diversion group. Prior to matching, significant
imbalances were observed across several covariates. For instance, the standardized mean
differences (SMD) indicated substantial differences in age (SMD = —0.80), CClI scale (“good”
vs. “burdened” SMD = 0.61 and —0.61, respectively) and tumor stage, particularly for cT4
(SMD = —1.17). These imbalances suggest that patients in the UCS group were older, had
a higher burden of comorbidities and were more likely to present with advanced tumor
stages compared to the ileal conduit group.

After matching, covariate balance improved considerably. The standardized mean
differences for all covariates were reduced to within acceptable thresholds, with SMD
values for age (—0.08), CCI categories (0.00 for both (“good” vs. “burdened”) and tumor
stages (e.g., cT1-cT2: SMD = 0.13, cT3: SMD = —0.17, cT4: SMD = 0.10) indicating minimal
residual imbalance. The mean difference in propensity scores between the groups was
also reduced (SMD = 0.05), reflecting the successful alignment of treatment probabilities
between the matched groups. The variance ratios for continuous variables, such as age
(0.72), and eCDF differences for categorical variables (all <0.13) further confirm improved
balance post-matching (see Figure 2 for visualized covariate balance).

Covariate Balance

distance - L o
age A [ J [ J
CCl scale 0 © Sample
® Unadjusted
cT1-cT2 - e o ® Adjusted
cT3 4 (I
cT4 Jo@ )

40 05 00 05
Standardized Mean Differences

Figure 2. Standardized mean differences for covariate balance before and after propensity score matching.

The matching process retained all 48 patients in the ileal conduit group and matched
them to 48 patients in the UCS group, reducing the control group from 240 to 48 for direct
comparisons. This ratio ensured equal representation of both groups in the matched dataset,
minimizing bias in subsequent analyses. Importantly, no patients were discarded or ex-
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cluded due to extreme propensity scores, indicating that overlap in treatment probabilities
was sufficient for reliable matching.

These results imply that the matched dataset provides a robust basis for comparing
outcomes between the UCS and IC groups, free from the confounding influences of age,
comorbidities and tumor stage. The improved balance after matching allows for more
accurate estimation of the effect of urinary diversion type on patient outcomes, without the
bias introduced by baseline differences between the groups.

The assessment of the impact of the urinary diversion method using the covariate
balance sample (N = 96, n IC =n UCS = 48) reproduced the results of the previously reported
regression models. The UCS diversion was associated with a significantly lower severity
of complications one month after surgery (B = —0.51, 95% CI: —0.99-—0.03, p = 0.036)
compared to the IC diversion. However, the urinary diversion method did not have a
significant effect on the Clavien-Dindo parameter at three months post-surgery (p = 0.415).

4. Discussion

The results of this study indicate that the amount of intravenous fluids administration
as an isolated parameter does not correlate with the severity of early and late postopera-
tive complications after RC. The significant effects observed with newly defined clinical
parameters such as absolute and adjusted Vascular Bet Filling Index (aVBFI and adjVBFI)
suggest that the appropriate ratios of fluid resuscitation relative to blood loss are crucial for
improving postoperative outcomes and can effectively reduce the severity of complications.
Our findings also suggest that simpler methods of urinary diversion should be considered
during procedures associated with significant blood loss.

In various single-center studies of radical cystectomy, the incidence of complications
remains high even when tumors are slightly less advanced. Additionally, the rate of blood
transfusions has been reported to be as high as 54.8%, as detailed in the study by Anil
Erdik et al. [31].

Bazargani et al. [19] found no correlation between the amount of perioperative fluids
input (including crystalloids, colloids, and blood products) and complications at 30 and
90 days post-surgery in 180 patients after open RC. Additionally, fluid administration did
not affect the length of hospital stay.

On the other hand, Wuetrich et al. [32] randomized 166 patients into two groups
and demonstrated that reduced fluid administration at a rate of 3 mL/kg/hour during
surgery, combined with intraoperative noradrenaline infusion, reduced complications by
21% (52% vs. 73%) compared to administering 6 mL/kg/hour without noradrenaline. This
approach also decreased the risk of death within 90 days after RC by 4.8% (0% vs. 4.8%).
However, their study did not utilize the ERAS protocol, whose components may positively
influence the frequency of complications and postoperative stress. This might be the reason
for conflicting results regarding fluid therapy alone in these patients.

Similarly, Furrer et al.’s [33] study, in a group of 775 patients undergoing RC
without the ERAS protocol, demonstrated that a reduced crystalloid administration of
3.5 vs. 4.2 mL/kg body weight during the procedure may contribute to developing post-
operative renal failure. However, no effect of colloids on postoperative renal failure
was demonstrated.

Studies emphasize that fluid administration should be individualized and based on
objective measurements of flow rates to achieve optimal preload values. This involves
adjusting fluid delivery according to the filling of the vascular bed, which can be monitored
using tools like an esophageal Doppler probe placed in the patient. Goal-directed fluid
therapy (GDFT) has been particularly studied in terms of the recovery of gastrointestinal
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(GI) function after surgical procedures, and several meta-analyses have been conducted on
this topic.

Giglio and colleagues analyzed 16 studies and demonstrated that GDFT reduces the
frequency of severe GI complications compared to the control groups [34]. Additionally,
Gomez-Isquierdo et al. [1] concluded that GDFT decreases the incidence of postoperative
nausea and vomiting, allows patients to tolerate a diet sooner and shortens the time to
the first bowel movement. These benefits did not extend to patients who were managed
under the ERAS protocol. Also, Srinivasa et al. [35] analyzed 691 patients where GDFT
was combined with the ERAS protocol in colorectal surgery and found no differences in
complications or length of hospital stay among the patients.

The impact of GDFT has also been studied in patients with urinary bladder cancer
undergoing RC. After analyzing two fairly large groups of patients who underwent open
RC, where GDFT was applied in the experimental group without the ERAS protocol, Arslan-
Carlon et al. [22] did not demonstrate a positive impact of this fluid therapy approach on
either intestinal function or the number of high-grade postoperative complications. They
observed a higher risk of acute kidney injury (AKI) in patients from the GDFT group. On
the other hand, Pillai and colleagues demonstrated that using GDFT in patients undergoing
RC reduces GI complications and improves wound healing [2]. However, the experimental
and control groups were small; the procedure duration significantly differed between
groups, and the ERAS protocol was not implemented in this study.

Ghoreifi et al. [20] studied the application of GDFT in patients undergoing RC and
the ERAS protocol implementation. They evaluated kidney function, the length of stay,
complications and rehospitalization 90 days post-surgery. No significant differences were
found between the experimental and control groups. Additionally, stroke volume variation
(SVV) was studied by Kong et al. [21] in patients undergoing RC. SVV is gaining increasing
attention as a reliable index for protocolized fluid management (specifically maintaining
SVV within the 10-20% range) to minimize vascular congestion in surgical areas and
intraoperative blood loss during procedures such as living-donor hepatectomy. However,
this study did not show the impact of this method of fluid transfusion on postoperative
outcomes. Nevertheless, it did help to reduce blood loss and the number of transfusions of
blood products.

The results of the studies presented above are conflicting, yet they suggest that intra-
operative fluid administration based on the filling of the vascular bed or blood loss may
influence the complications following RC.

We would also like to mention that a limitation of our study is the retrospective nature
of the data analysis. We also did not exclude patients with advanced cancer or those
undergoing palliative cystectomy from the analysis. The group of patients in whom urinary
diversion was performed using the IC is significantly smaller, and these patients had lower
CCI scores and initial cancer staging. Patients in the UCS group also had a higher risk
of malnutrition, which is an independent risk factor for the occurrence of complications
30 days after the procedure [36]. However, comparing the results of our study with those
of other researchers suggests that optimizing fluid administration based on the filling of
the vascular bed could have a positive impact on complications in patients undergoing RC
together with the application of the ERAS protocol.

Additionally, it seems that newly defined clinical parameters, such as absolute and ad-
justed Vascular Bed Filling Index (aVBFI and adjVBFI), seem useful in everyday urological
practice in assessing the risk of postoperative complications after RC.
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5. Conclusions

The volume of fluids administered does not directly affect the severity of complica-
tions following RC when the ERAS protocol is used. The amount of intraoperative fluid
administration should be adjusted according to the intraoperative blood loss. In procedures
with significant blood loss, simpler methods of urinary diversion should be considered.

The findings endorse the utility of novel clinical parameters such as aVBFI and adjVBFI
as valuable clinical tools in guiding fluid therapy within the framework of ERAS protocols.
However, further multicenter randomized trials are needed to definitively determine the
best fluid therapy regimen for patients undergoing RC.
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Simple Summary: Current means of bladder cancer diagnosis are invasive or lack sensitivity. Dysbio-
sis of the urinary microbiome has been implicated in the development of bladder cancer, though its
potential as a diagnostic tool is unknown. This study attempts to characterize bladder cancer-specific
dysbiosis of the urinary microbiome to explore its diagnostic potential. Numerous species were
observed to be differentially abundant between the urine samples of patients with bladder cancer
and healthy individuals. Specific immune modulations were observed with respect to these species,
as was the enrichment of select pathways known to be implicated in the progression of bladder
cancer. The study suggests that the urinary microbiome may reflect dysregulations of the tumor
microenvironment. Further investigation may reveal the potential of the identified species as urinary
biomarkers of this disease. In this way, the urinary microbiome may allow for the noninvasive and
earlier detection of bladder cancer, regardless of stage or subtype.

Abstract: There are a total of 82,290 new cases and 16,710 deaths estimated for bladder cancer
in the United States in 2023. Currently, urine cytology tests are widely used for bladder cancer
diagnosis, though they suffer from variable sensitivity, ranging from 45 to 97%. More recently, the
microbiome has become increasingly recognized for its role in human diseases, including cancers.
This study attempts to characterize urinary microbiome bladder cancer-specific dysbiosis to explore
its diagnostic potential. RNA-sequencing data of urine samples from patients with bladder cancer
(n = 18) and matched controls (n = 12) were mapped to bacterial sequences to yield species-level
abundance approximations. Urine samples were analyzed at both the population and species level
to reveal dysbiosis associated with bladder cancer. A panel of 35 differentially abundant species
was discovered, which may be useful as urinary biomarkers for this disease. We further assessed
whether these species were of similar significance in a validation dataset (1 = 81), revealing that
the genera Escherichia, Acinetobacter, and Enterobacter were consistently differentially abundant. We
discovered distinct patterns of microbial-associated immune modulation in these samples. Several
immune pathways were found to be significantly enriched with respect to the abundance of these
species, including antigen processing and presentation, cytosolic DNA sensing, and leukocyte
transendothelial migration. Differential cytokine activity was similarly observed, suggesting the
urinary microbiome’s correlation to immune modulation. The adherens junction and WNT signaling
pathways, both implicated in the development and progression of bladder cancer, were also enriched
with these species. Our findings indicate that the urinary microbiome may reflect both microbial
and immune dysregulations of the tumor microenvironment in bladder cancer. Given the potential
biomarker species identified, the urinary microbiome may provide a non-invasive, more sensitive,
and more specific diagnostic tool, allowing for the earlier diagnosis of patients with bladder cancer.

Keywords: bladder cancer; urinary microbiome; biomarker; cancer diagnosis; immune modulation
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1. Introduction

In the U.S., 82,290 new cases and 16,710 deaths were reported for bladder cancer in
2023, with a 5-year survival rate of 77.9% [1]. These cancers are known to disproportionately
affect older, male populations, with the median age at diagnosis being 73 [1]. Veterans are
particularly susceptible to developing these diseases due to an increased risk of exposure
to chemicals implicated in their pathogenesis, largely Agent Orange [2,3]. Increased usage
of tobacco products, as observed in these populations, is also known to increase these
individuals’ risk of developing bladder cancer [4,5].

Bladder cancers are classified as either muscle-invasive or non-muscle-invasive, with
treatment options varying considerably between these two groups [6,7]. In the treatment of
these patients, clinicians will often select a combination of transurethral resection, adjuvant
intravesical therapy, radical cystectomy, and neoadjuvant chemotherapy depending on the
subtype [6,7]. However, a delayed diagnosis will result in worse prognoses irrespective of
interventions [8]. As such, the early detection of bladder cancer is crucial toward improving
the outcome of patients with this disease. Of the current means of diagnosis, cystoscopies
are often performed when patients become symptomatic, typically presenting with urinary
bleeding [9,10]. In these cases, however, the cancers have likely already reached more
advanced stages, making treatment more difficult [8]. Moreover, smaller lesions may
be overlooked [11,12]. For the early detection of bladder cancer, numerous biomarker
screening tests have been developed and implemented [13]. Urine cytology tests, the BTA
stat test, and the NMP22 test are commonly used, though they suffer from poor sensitivities
in less advanced cancers [13-16]. Hence, the development of a means to diagnose bladder
cancers regardless of their stages or subtypes would provide significant clinical benefit.

The progression from non-muscle-invasive to muscle-invasive bladder cancer has been
heavily associated with epithelial-mesenchymal transition (EMT) [17-19]. This transition
is characterized by a decrease in cell adhesion, by which epithelial cells gain mesenchymal
traits [20]. The disruption of this pathway has been associated with increased cell motility
and proliferation rates, ultimately promoting the acquisition of muscle-invasive bladder
cancer [17-19]. The WNT/ 3-catenin signaling pathway has also been implicated in this
transition [21,22]. Mutations in this pathway have been linked to tumorigenesis and the
development of drug resistance by inducing a cancer stem cell phenotype [21]. Numerous
genetic factors have been identified for their importance in EMT and WNT/ 3-catenin
signaling, including the dysregulation of select transcriptional factors and the differential
activation of associated receptors [22,23]. Epigenetic factors are less explored, though the
human microbiome has been shown to indirectly regulate both EMT and WNT/ 3-catenin
signaling [24,25].

The human microbiome is a collection of microorganisms that populate the gastroin-
testinal system [26]. The microbiome has become increasingly implicated in human dis-
eases, including inflammatory bowel disease, psoriasis, and diabetes, among others [27,28].
The microbiome is thought to influence an array of biological pathways, largely through
metabolite-mediated immune modulation [29,30]. As such, studies have also characterized
the microbiome for its implication in various cancers, particularly colorectal cancers [31-34].
Less is known regarding the microbiome’s influence beyond the gastrointestinal system,
though microbial species are known to exist outside of the gut. Although previously con-
sidered sterile, the bladder has been shown to harbor a diverse population of microbiota,
creating potential for the urinary microbiome to influence urological diseases [35]. In fact,
studies have shown select genera to be enriched in the urine samples of patients with
bladder cancer [36,37]. Urinary tract infections, too, have been shown to increase the risk
of bladder cancer mortality [38]. Nonetheless, the exact mechanisms by which the urinary
microbiome may mediate bladder cancer remain unknown. We have previously demon-
strated the importance of the intratumoral microbiome to EMT in bladder cancer [39]. We
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hypothesize that by investigating the urinary microbiome for similar dysbiosis, we may
identify additional microbial influences of this disease. Further, by exploring this dysbiosis
for its implications in immune modulation, EMT, and WNT/ 3-catenin signaling, we may
better understand the human microbiome’s relevance to the transition between bladder
cancer subtypes. With the discovery of microbial biomarkers, we may be more equipped
for the early diagnosis of bladder cancers, regardless of stage or subtype.

To test our hypothesis, RNA-sequencing data of bladder cancer (n = 18) and normal
(n =12) urine samples were first downloaded from the NCBI BioProject Database. Se-
quences were mapped to bacterial sequences to yield species-level abundance approxima-
tions. Both population-level and species-level variations were explored, as were microbial-
associated immune dysregulations and the microbial-associated enrichment of EMT and
WNT/ 3-catenin signaling. Several species that were differentially abundant between the
bladder cancer and normal samples were found to be of similar significance in a validation
dataset. By assessing the urinary microbiome for its relation to these factors, we hope to
demonstrate the importance of biomarker microbiota in the early diagnosis of bladder
cancer.

2. Materials and Methods
2.1. Data Acquisition

RNA-Seq data were downloaded from the NCBI BioProject Database (https://www.
ncbi.nlm.nih.gov/gds (accessed on 25 July 2023)) of bladder cancer (1 = 18) and normal
(n = 12) urine samples from three studies (PRINA657414, PRINA872870, and PRJNA723026).
For validation, RNA-Seq data were similarly downloaded from the Genome Sequencing
Archive (https:/ /ngdc.cncb.ac.cn/gsa/ (accessed on 3 January 2024)) of bladder cancer
(n = 62) and normal (1 = 19) urine samples (PRJCA003781).

2.2. Bacterial Read Mapping

Sequences were mapped to bacterial species using the Pathoscope 2.0 software [40],
with reference sequences sourced from the NCBI Nucleotide Database (https://www.ncbi.
nlm.nih.gov/nucleotide/ (accessed on 28 July 2022)). Bacterial reads were targeted for
quantification, and human reads were filtered. Standard parameters were chosen.

2.3. Gene Read Mapping

Sequences were mapped to the hg38 reference genome using the STAR 2.7.10a
software [41], with reference sequences sourced from the NCBI Nucleotide Database
(https:/ /www.ncbi.nlm.nih.gov/nucleotide/ (accessed on 28 July 2022)). Standard param-
eters were chosen.

2.4. Cross Study Normalization

Median Absolute Deviation (MAD) normalization was performed to increase the
validity of cross-study comparisons. In this technique, the median expression value of a
gene is subtracted from each individual sample’s expression of that gene. The resultant
values are then divided by the MAD of that gene to yield relative expression values in
each sample. This technique was similarly performed on species abundance values. MAD
normalization assumes an equal median and distribution across samples and is resilient to
outliers. MAD normalization has been shown to be robust in gene expression experiments
compared to other standard normalization tools [42]. Principle coordinate analysis (PCoA)
was conducted to confirm the effectiveness of this technique using Euclidean distance.
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2.5. Microbial Contamination Correction

There is potential for contaminant species to be introduced upon sample collection
and sequencing [43]. Across all samples, noncontaminant species are expected to be of
greater abundance in samples of a greater total abundance of taxa. Contaminant species
are likely introduced in a fixed amount and will not display this behavior. Spearman’s
correlations were computed between each species and the total abundance of all species in
a sample. Species that did not show a significant correlation to the total abundance of taxa
were deemed contaminants and excluded from subsequent analyses.

2.6. Global Indicator Analyses

The microbiome R package was used to perform PCoA using Euclidean distance. This
package was also used to calculate alpha and beta diversity values.

2.7. Differential Abundance Analyses

The Kruskal-Wallis test was used to identify species differentially abundant between
bladder cancer and normal samples (p < 0.05). A hypergeometric test was used to de-
termine whether a significant number of genera were common to both the original and
validation datasets.

2.8. Gene Set Enrichment Analyses

The clusterProfile R package was used to assess immune, adherens junction, and
WNT signaling pathway enrichment [44]. Twenty-two immune-associated gene sets were
sourced from the KEGG PATHWAY Database (https://www.genome.jp/kegg/pathway.
html (accessed on 3 August 2023)). The enrichplot R package was used to visualize
enrichment results.

2.9. Expression Correlation Analyses

Spearman’s correlations were calculated relating species’” abundances to cytokine
expression. This analysis was similarly performed to relate species” abundances to the
expression of the genes of the adherens junction and WNT signaling pathways. Only
differentially abundant species were analyzed.

3. Results
3.1. Cross-Study Normalization and Contamination Correction

Bacterial abundance and gene expression counts were extracted from bladder cancer
(n = 18) and normal (1 = 12) urine samples spanning three studies (Figure 1A). MAD
normalization was performed to increase the comparability of samples for subsequent
analyses (see Section 2). PCoA was conducted to visualize the samples’ bacterial abundance
and gene expression profiles by study both before (Figure 1B) and after (Figure 1C) MAD
normalization. After normalization, the samples showed closer proximity, and thus greater
similarity in their expression and abundance profiles, confirming the effectiveness of the
chosen normalization technique and demonstrating the comparability of the samples’
abundance and expression profiles for subsequent analyses.

To identify and exclude potential contaminant species, Spearman’s correlations were
computed between each species and the total abundance of all species in a sample (see
Section 2). Species that did not show a significant correlation to the total abundance of
taxa were deemed contaminants and excluded from subsequent analyses. This procedure
was performed on bladder cancer and normal samples collectively. A phylogenic tree was
created to visualize the distribution of contaminant species by class or phylum (Figure 1D).
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Figure 1. Analysis overview. (A) Overview schematic. (B) PCoA plots of unnormalized bacterial
abundance (top) and gene expression (bottom) profiles by study. Points represent samples, with a
closer proximity indicating greater similarity in the samples’ bacterial abundance or gene expression
profiles. (C) PCoA plots of normalized bacterial abundance (top) and gene expression (bottom)
profiles by study. MAD normalization was performed. Points represent samples, with a closer
proximity indicating greater similarity in the samples’” bacterial abundance or gene expression
profiles. Samples show greater comparability after normalization. (D) Phylogenic tree and bar chart
of contaminant species by class or phylum.

3.2. Global Urinary Microbiome Dysbiosis

PCoA was conducted to characterize the samples’ bacterial abundance profiles by
their disease states (Figure 2A). This analysis attempts to simplify the abundance values of
all microbial features in each sample into several arbitrary dimensions. In these dimensions,
the proximity of one sample to another describes wholistically the samples’ similarities in
microbiome composition. Bladder cancer samples occupy a distinct region of the plot from
normal samples, suggesting the presence of a wholistic variation in urinary microbiome
composition between these disease states.

Measures of alpha and beta diversity were further computed in each sample (Figure 2B).
Absolute and relative diversity were found to be significantly lesser in bladder cancer
samples, while Shannon diversity was significantly greater (Figure 2C). It is unclear what
factors may have influenced the observed difference in direction. Nonetheless, these
metrics suggest the presence of global dysbiosis in the urinary microbiome of bladder
cancer patients.
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Figure 2. Global indicator dissimilarity. (A) PCoA plots of bacterial abundance by disease state.

Points represent samples, with a closer proximity indicating greater similarity in the samples’ bacterial
abundance profiles. Bladder cancer samples occupy a distinct region of the plot as compared to normal
samples, suggesting global dissimilarity in their urinary microbiome compositions. (B) Heatmap
of alpha and beta diversity measures across samples. Rows represent samples. Cell values are
relative, and units are arbitrary. (C) Boxplots of alpha diversity measures by disease state. Absolute,
relative, and Shannon diversity indicators are significantly altered between bladder cancer and
normal samples. * p < 0.05.

3.3. Differentially Abundant Species

The Kruskal-Wallis test was used to compare individual species” abundances between
bladder cancer and normal samples. A total of 35 species were found to be differentially
abundant between these disease states (p < 0.05) (Figure 3A). Most notably, Caldanaerobacter
subterraneus was significantly enriched in the urine samples of patients with bladder cancer.
Among others, the abundance of Burkholderia ambifaria, Staphylococcus xylosus, and Klebsiella
pneumoniae was significantly lesser in these samples. The significance (Figure 3B) and fold-
change (Figure 3C) distributions of species were plotted. A phylogenic tree was created to
visualize the distribution of differentially abundant species by class or phylum (Figure 3D).
A majority of the differentially abundant species were of the classes Betaproteobacteria and
Gammaproteobacteria.
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Figure 3. Differential abundance. (A) Volcano plot showing differential abundance of species
between bladder cancer and normal samples. Points represent microbes. Thirty-five species were
determined to be differentially abundant. (B) Histogram showing the significance distribution of
species. (C) Histogram showing the fold-change distribution of species. (D) Phylogenic tree and bar
chart of differentially abundant species by class or phylum.

3.4. Microbe-Associated Immune Dysregulation

Gene set enrichment analysis was conducted to determine whether select immune-
associated pathways were enriched with respect to individual species” abundances. Twenty-
two KEGG immune pathways were assessed for enrichment with each of the 35 differen-
tially abundant species above (see Section 2). Nominal enrichment scores (NESs) and test
statistics were calculated for each species—pathway combination. Several immune path-
ways show significant enrichment with respect to one or more of these species (Figure 4A),
including antigen processing and presentation, cytosolic DNA sensing, and leukocyte
transendothelial migration. Notably, samples with greater abundances of Pseudomonas
fluorescens and Pseudomonas putida corresponded to the positive enrichment of these path-
ways. These species were less abundant in bladder cancer samples, with lesser abundance
correlating to the downregulation of these pathways.

Spearman’s correlations were further computed to assess these differentially abundant
species for their implications in cytokine dysregulation. Correlation coefficients and test
statistics were calculated of each species—cytokine combination. Pseudomonas fluorescens
and Pseudomonas aeruginosa were significantly positively correlated to these cytokines
expressions, particularly for CCL3L1, IL1A, and IL4R (Figure 4B). Among others, numerous
significant correlations were also observed of the species Cutibacterium acnes, Cupriavidus

’
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Figure 4. Microbial-associated immune dysregulation. (A) Scatter plots showing microbial-associated
enrichment of select immune pathways. Nominal enrichment scores (NESs) and p-values are plotted.
Each point represents a microbe—pathway combination. Only differentially abundant microbes were
chosen for analysis. (B) Strip chart of microbe—cytokine correlations. p-values are plotted. Each
point represents a microbe—cytokine combination, with sizes and colors indicating their correlation
coefficients (R-value). Only differentially abundant microbes were chosen for analysis. Cytokines
show positive correlation to a vast majority of the differentially abundant species.

3.5. Microbe-Associated Adherens Junction and WNT Signaling Enrichment

Due to their implications in the transition from non-muscle-invasive to muscle-

invasive bladder cancer, EMT and the WNT signaling pathway were assessed for en-
richment with respect to each of the 35 differentially abundant species above. The adherens
junction KEGG pathway is composed of genes involved in intercellular adhesion interac-
tions. It is closely associated with the genes involved in EMT, and thus was chosen to model
this pathway [45]. Enrichment plots were created to visualize the running enrichment score
of the 10 differentially abundant species of the greatest significance (Figure 5A). These
pathways show positive enrichment with respect to a majority of these species, includ-
ing Pseudomonas fluorescens and Pseudomonas putida. These species were less abundant
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in bladder cancer samples, with lesser abundance correlating to the downregulation of
these pathways. Spearman’s correlations were computed to further assess differentially
abundant species for correlation to the expression of each of the genes in these pathways.
Correlation coefficients and test statistics were calculated for each species-gene combina-
tion. Numerous species were of significant correlation to these genes’ expression, with
a vast majority of these correlations being positive (Figure 5B). The greater abundance
of the species Cupriavidus metallidurans correlated to the increased expression of many of
these genes, including ACTN1, CSNK2A1, NECTIN1, PTPRF, and RAC3 of the adherens
junction pathway and CCND2, C2NKA1, FZD5, LRP6, RAC2, and RAC3 of the WNT

signaling pathway.
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Figure 5. Microbial-associated adherens junction and signaling pathway dysregulation. (A) Enrich-
ment plots showing the running enrichment score of select microbes to the adherens junction (top)
and WNT signaling (bottom) pathways. Lines represent microbes. Only the ten microbes of the
greatest significance in differential abundance are shown. Both pathways are positively enriched

with respect to a majority of the microbes analyzed. (B) Strip charts of microbe—gene set correlations.
Genes of the adherens junction (top) and WNT signaling (bottom) pathways are shown. p-values are
plotted. Each point represents a microbe—gene combination, with sizes and colors indicating their

correlation coefficients (R-value). Only differentially abundant microbes were chosen for analysis.

Gene sets show positive correlation to a vast majority of the differentially abundant species.

3.6. Validation of Differential Abundance

We further attempted to validate whether the differentially abundant species identified
above were of similar significance in a fourth dataset. After performing contamination
correction (see Section 2), the Kruskal-Wallis test was again used to identify species that
were of significantly altered abundance between the bladder cancer and normal urine
samples. In total, 12 species were differentially abundant between these disease states
(p < 0.05) (Figure 6A). Hypergeometric testing was used to quantify the extent of overlap
between these 12 species and the 35 identified in the original datasets. At the genus-level,
seven of these features were common to both datasets (Figure 6B). This yielded a test
statistic of 7.86 x 1077, indicating a significant amount of overlap between the datasets. We
present the following common genera for their potential as microbial urinary biomarkers of
bladder cancer: Escherichia, Acinetobacter, and Enterobacter. Species of the genera Escherichia
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Figure 6. Validation of differentially abundant species by genus. (A) Volcano plot showing differential
abundance of species between bladder cancer and normal samples. Points represent microbes.
Twelve species were determined to be differentially abundant. (B) Venn diagram showing the
number of differentially abundant species common to both the original datasets and the validation
dataset. Species of the genera Escherichia, Acinetobacter, and Enterobacter were commonly differentially
abundant. Hypergeometric testing revealed a significant amount of overlap between these datasets,
with 35 species identified in the original datasets, 12 species identified in the validation dataset, and
602 noncontaminant species present in both datasets collectively.

4. Discussion

At a global level, bacterial abundance was found to vary significantly between bladder
cancer and normal urine samples. Absolute and relative diversity values were generally
lesser in the urine samples of patients with bladder cancer. A similar decrease in microbial
diversity with bladder cancer has been reported previously, though studies lack consis-
tency [46—48]. Through PCoA, we observed a global variation in microbiome composition
between the urine samples of patients with bladder cancer and those of healthy individ-
uals. Dysbiosis of the gut microbiome is known to be implicated in numerous human
diseases [27,28], largely through differential immune modulation and metabolic interac-
tions [29,30]. However, the extent to which this is true of the urinary microbiome is unclear.
Regardless of the causal or resultant nature of this dysbiosis, the observed variations in the
urinary microbiome may be highly useful in the diagnosis of bladder cancer. The detection
of a urinary microbial profile distinct for patients with bladder cancer may provide an
accurate, non-invasive means of diagnosis.

At a species level, we observed the differential abundance of specific taxa in blad-
der cancer urine samples. In total, 35 species were found to be differentially abundant
between the samples’ urinary microbiomes. A majority of these species were of the phyla
Proteobacteria, Actinobacteria, Firmicutes, and Cyanobacteria. The differential abundance
of these phyla has been identified by other studies of the urinary microbiome in bladder
cancer [46-48]. At a genera level, we observed several consistencies in differential abun-
dance, as well. Numerous species of the genus Escherichia were of lesser abundance in the
bladder cancer samples. We also discovered a consistency in the enrichment of Cupriavidus
in bladder cancer samples [47], and a decreased abundance of the genus Acinetobacter. After
validation, we ultimately discovered that species of the following genera were consistently
differentially abundant between bladder cancer and normal samples: Escherichia, Acineto-
bacter, and Enterobacter. Through further investigation, we may determine whether these
genera and others are clinically relevant. We suspect that these genera may prove highly
useful as biomarkers for this disease. Additional research on a greater number of patients
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is needed to confirm the implications of these genera and to determine their potential for
use in a noninvasive diagnostic approach.

Alternatively, these findings might suggest the utility of microbial-based cancer thera-
pies. The gut microbiome has been shown to influence the efficacy of many cancer therapies,
including immunotherapy, chemotherapy, radiation therapy, and even surgery [49]. Studies
have demonstrated the ability of fecal transplants and dietary interventions to increase a
patient’s likelihood of responding to anti-cancer treatments [50]. These interventions are
designed to modulate the gut microbiome, and less is known regarding how they might
affect the urinary microbiome. Nonetheless, these approaches prove highly promising.
Given the relevance of the urinary microbiome as demonstrated above, additional research
into microbial-based cancer therapies may similarly be of use for bladder cancers.

We further discovered the enrichment of specific immune pathways with respect to
the differentially abundant species identified. Among others, Pseudomonas fluorescens and
Pseudomonas putida consistently correlated to the enrichment of antigen processing and
presentation pathways. These species were of decreased abundance in bladder cancer
samples, corresponding to decreased antigen processing and presentation. Cancer cells are
known to exhibit this trait as means of immune evasion, by which a reduction in antigen
presentation prevents the activation of a host’s immune response [51,52]. In this way,
the reduced abundance of these species may contribute to a cancer’s evasion of immune
recognition. Similarly, cytosolic DNA sensing pathways were enriched with these species. A
reduction in their abundance values in bladder cancer samples corresponded to a reduction
in DNA sensing. The suppression of this pathway is also a known mechanism of immune
evasion exhibited by cancer cells [53,54]. The lesser abundance of Pseudomonas fluorescens
and Pseudomonas putida, as observed in bladder cancer samples, may provide cancer cells a
greater means of evading immune recognition, ultimately promoting tumorigenesis. The
microbial-associated enrichment of these pathways may act as a mechanistic link between
the human microbiome and the pathogenesis of bladder cancer. Further investigation of
these taxa and their specific metabolic interactions may prove useful toward understanding
their implications in this disease.

As expected, these species were also found to correlate to differential cytokine ex-
pression. Among others, numerous significant correlations were observed between the
species Cutibacterium acnes, Cupriavidus metallidurans, and Stenotrophomonas maltophilia and
the cytokines CCL3L1, IL1A, IL1B, ILIRAP, and IL4R. Cytokine dysregulation is known to
alter a local immune landscape through the differential recruitment of immune cells and
the promotion of an inflammatory response [55]. The dysregulation of cytokine activity
is heavily implicated in oncogenesis [55] and may mediate the effect of the urinary micro-
biome on bladder cancer development or progression. Through the immune modulatory
relations demonstrated, the urinary microbiome may be implicated in the pathology of
bladder cancers, with dysbiosis ultimately promoting a bladder cancer’s development
and progression.

EMT has been shown to be characteristic of the transition from non-muscle-invasive to
muscle-invasive bladder cancer [17-19]. The genes involved in EMT are heavily associated
with a decrease in cell adhesion, with many of them also being integral to the adherens
junction pathway [20]. The destabilization of the adherens junction pathway is associated
with increased cellular motility and metastasis resultant of decreased intercellular adhe-
sion [56,57]. We observed the enrichment of the EMT pathway with respect to several
microbial species. The decreased abundance of Pseudomonas fluorescens and Pseudomonas
putida corresponded to decreased pathway activity, and thus decreased intercellular ad-
hesion in bladder cancer samples. The observed decrease in these species” abundances
may suggest their relation to EMT and to the pathology of bladder cancer as a whole. The
adherens junction pathway has been previously implicated in many other cancer types,
including colorectal cancer, breast cancer, and lung cancer [58-62]. Moreover, dysbiosis
of the gut microbiome has also been shown to contribute to epithelial dysregulation [63].
We propose that the urinary microbiome may play a similar role in this pathway’s regula-
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tion within the bladder. Functional metabolic analyses may further elucidate the urinary
microbiome’s implications in the adherens junction pathway and EMT.

The WNT pathway, too, has been shown to play an oncogenic role in bladder can-
cers [21,22]. It is thought to be involved in the transition from non-muscle-invasive to
muscle-invasive bladder cancer and has been used as an important diagnostic and prog-
nostic biomarker [21,22]. This pathway plays a central role in regulating cell differentiation,
providing a suitable explanation as to its implications in cancer growth and metastasis [64].
We also observed the consistent upregulation of the WNT pathway with respect to several
species’ abundances. Pseudomonas fluorescens and Pseudomonas putida were of decreased
abundance in bladder cancer samples, corresponding to the decreased activity of this path-
way. These species may contribute to this pathway’s dysregulation, ultimately yielding the
decreased regulation of cell differentiation in bladder cancer samples. Various species have
been implicated in the molecular alteration of the WNT glycoproteins, ultimately destabi-
lizing its components [65]. Bacterial virulence factors, too, have been shown to modulate
this pathway through an array of mechanisms, including the repression of WNT inhibitors,
the blocking of WNT-Fzd ligands, and the dysregulation of WNT ligands’ expressions [65].
We propose that the urinary microbiomes may dysregulate this pathway through similar
means, consequently promoting cancer development and progression. Further metabolic
analyses may confirm these hypotheses.

Moreover, the microbial-associated dysregulation of the adherens junction and WNT
signaling pathways may mutually influence one another. Many genes are common be-
tween these pathways, perhaps explaining the observed similarities in their dysregulation.
Genes of the WNT signaling pathway are known to interact with the 3-catenin protein
of the adherens junction cascades, resulting in the detachment of E-cadherin from a cell’s
cytoskeleton [66]. In this way, the microbial-associated dysregulation of these pathways
may cyclically influence one another, driving a cancer toward the muscle-invasive subtype.

5. Conclusions

Ultimately, we have observed significant dysbiosis in the urinary microbiome of pa-
tients with bladder cancer. We discovered microbial-associated enrichment of immune
pathways and cytokine activity, suggesting the potential immune modulatory relation
of these species. The dysregulation of EMT and WNT/ 3-catenin signaling was also ob-
served with these species, suggesting that the observed decreases in their abundances in
bladder cancer samples may reflect the transition from the non-muscle-invasive to the
muscle-invasive subtype. With these considerations, we may better understand the urinary
microbiome for its implications in bladder cancer and for its implications in the acquisition
of the muscle-invasive subtype. By further exploring the species that relate to this acquisi-
tion, we may be more equipped to develop urinary biomarker tests that are more capable
of detecting less-advanced bladder cancers. Ultimately, the creation of a panel of urinary
biomarker species may prove highly useful toward the non-invasive diagnosis of bladder
cancer, ideally providing precision regardless of a cancer’s stage or subtype.

In summary, our results suggest that the urinary microbiome may provide a non-
invasive diagnostic tool of significant sensitivity and specificity, allowing for the earlier
diagnosis of bladder cancer. Our results are limited due to the correlational nature of
this study. We are unable to claim a causal relationship between dysbiosis of the urinary
microbiome with bladder cancer pathogenesis. Due to the limited number of samples
investigated, these results are further limited. Additional samples are necessary to confirm
whether the differentially abundant species identified are clinically relevant, as is a greater
variation in the disease progression of patients. Moreover, we acknowledge that potentially
confounding variables might be present among these samples, including differences in
the patients’ types of bladder cancer, the patients” subtypes, the patients’ genders, and
the urine collection methods used [67]. This information was not available for each of the
chosen datasets, preventing us from further stratifying our results. The sample collection
and sequencing procedures used by these studies also inherently differed. We attempted
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to mitigate these differences through the above normalization procedures, though the
potentially confounding effects should be noted. Lastly, species-level profiling performed
with the use of a reference sequence database will only capture culturable species and may
omit species otherwise present. This is common in most microbiome studies that employ
direct sequence alignment.
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Simple Summary: Metastatic urothelial carcinoma (mUC) has traditionally been treated with
cisplatin-based chemotherapy, but nearly half of these patients cannot receive cisplatin owing to
comorbidities. Although immune checkpoint inhibitors have become crucial alternatives, optimizing
first-line therapies for mUC remains challenging. Recently, the combination of enfortumab vedotin
and pembrolizumab has shown significantly improved survival and response rates in cisplatin-
ineligible patients, marking a substantial shift in frontline treatment. This review evaluates the
evolving landscape of mUC therapies, focusing on the clinical outcomes of innovative combina-
tion regimens.

Abstract: Cisplatin-based chemotherapy has long been the standard first-line (1L) treatment for
metastatic urothelial carcinoma (mUC). However, up to 50% of patients with mUC may be ineligible
for cisplatin owing to comorbidities, necessitating alternative primary treatment options. Immune
checkpoint inhibitors (ICIs) have emerged as a vital alternative for those unable to receive cisplatin.
Nevertheless, the prognosis of advanced UC remains dire and challenges persist in optimizing 1L ther-
apy. Recent medical advancements have redirected attention towards innovative drug combinations
for the primary treatment of mUC. The combination of enfortumab vedotin (EV) and pembrolizumab
has shown significantly improved overall and progression-free survival rates compared to those
with chemotherapy alone. This combination can be used as a 1L treatment for patients with mUC
who are cisplatin-ineligible or require alternatives to standard chemotherapy. While platinum-based
chemotherapy continues to be essential for many patients, the approval of EV and pembrolizumab
as 1L treatments for cisplatin-ineligible patients signifies a major breakthrough in primary cancer
care. These therapies offer enhanced outcomes in terms of survival and response rates and highlight
the increasing relevance of ICI-containing regimens in frontline cancer care. This review provides
an exhaustive overview of the current frontline treatment landscape of mUC and explores new
therapeutic strategies, with the aim of facilitating clinical decision-making and guiding therapeutic
strategies in patients with mUC.

Keywords: antibody-drug conjugates; cisplatin-based chemotherapy; enfortumab vedotin; frontline
therapy; immune checkpoint inhibitors; metastatic urothelial carcinoma; platinum-based chemotherapy

1. Introduction

Significant advances have recently been made in the therapeutic landscape of metastatic
urothelial carcinoma (mUC) (Figure 1) [1]. Bladder cancer (BC), the tenth most common
malignancy worldwide, accounted for approximately 573,000 new cases and 213,000 deaths
in 2020. Urothelial carcinoma (UC), the most prevalent histological subtype, particularly
in the United States and Europe, presents as metastatic cancer in 5-10% of patients at
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diagnosis [2]. While approximately 75% of newly diagnosed cases are categorized as non-
muscle-invasive BC, the remaining 25% are identified as muscle-invasive BC or metastatic
disease. The prognosis of mUC is particularly dire, with >90% of those with metastatic
disease succumbing to the illness within 5 years [3].
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Figure 1. Evolution of frontline treatments for metastatic urothelial carcinoma. Since the approval
of cisplatin in 1978, treatment options for urothelial cancer remained fairly static. While there were
some modifications in chemotherapeutic regimens, such as dose-dense methotrexate, vinblastine,
doxorubicin, and cisplatin (dd-MVAC), no fundamentally new treatment types emerged for decades.
This situation changed in 2017 with the introduction of immune checkpoint inhibitors (ICIs), which
marked a turning point in the management of metastatic urothelial carcinoma. Following the approval
of the first ICIs, several new agents became available, including additional ICIs and antibody-drug
conjugates. These developments were driven by pivotal phase III trials (JAVELIN, CheckMate-
901, EV-302) that evaluated novel chemotherapies and other treatments. Atezo, atezolizumab;
avel, avelumab; dd-MVAC, dose-dense methotrexate, vinblastine, doxorubicin and cisplatin; EV,
enfortumab vedotin; GC, gemcitabine, cisplatin; G-Car, gemcitabine, carboplatin; nivo, nivolumab;
pembro, pembrolizumab; mono, monotherapy:.

Historically, the treatment of mUC has relied heavily on cisplatin-based chemotherapy
regimens such as gemcitabine—cisplatin (GC) and methotrexate, vinblastine, doxorubicin,
and cisplatin (MVAC), often supplemented with granulocyte colony-stimulating factor
(G-CSF) for primary prophylaxis. These regimens yield a median (m) overall survival (OS)
of approximately 14 months; however, up to 50% of patients are ineligible for cisplatin
owing to comorbidities, poor performance status, or renal impairment. For these patients,
alternatives include carboplatin and gemcitabine, as well as immune checkpoint inhibitors
(ICIs) [4].

There has been a transformative shift in the treatment of mUC with the introduc-
tion of ICIs, antibody—drug conjugates (ADCs), and targeted therapies [5]. ICIs, such as
pembrolizumab and atezolizumab, have gained regulatory approval for use in patients
ineligible for cisplatin-based therapy, especially those with tumors expressing programmed
death-ligand 1 (PD-L1), or those unsuitable for any form of platinum-based chemotherapy
(PBC). Notably, pembrolizumab has demonstrated a significant survival benefit compared
with second-line chemotherapy in patients who progress after PBC [6].

A significant advancement has been the molecular characterization of mUC, leading
to the approval of targeted therapies, such as erdafitinib (fibroblast growth factor receptor
(FGFR) inhibitor), for patients with FGFR-altered tumors [7]. These developments have
broadened therapeutic options, particularly for patients who have progressed after or are
ineligible for traditional chemotherapy.

Another notable milestone is the approval of avelumab as a switch maintenance
therapy following first-line (1L) chemotherapy. This strategy may extend OS in patients
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responsive to initial treatment [8]. Recently, the results of the phase III EV-302 trial, which
investigated the combination of enfortumab vedotin (EV) and pembrolizumab as the initial
treatment, have challenged the established platinum-based treatment paradigm in mUC.
The efficacy of this combination was further validated when the EV-302 trial successfully
met its co-primary endpoints of OS and progression-free survival (PFS), marking a pivotal
shift in the standard treatment of mUC [9].

Nevertheless, nUC management remains complex and challenging. Determining the
optimal therapy for each patient, identifying appropriate treatment sequences, and explor-
ing potential synergies among therapeutic agents are critical areas of ongoing research [10].
Real-world data suggest that only 30-40% of patients receiving primary therapy for mUC
proceed to second-line treatment, underscoring the need for effective 1L treatments and
improved strategies for subsequent lines of therapy [11].

In this review, we have explored the current therapeutic landscape of mUC, along with
the challenges associated with optimizing treatment strategies and establishing effective
treatment sequences, and the importance of personalized approaches in improving the
survival outcome.

2. Types and Mechanisms of Drug Classes Used in the Frontline Treatment of mUC
2.1. Platinum-Based Chemotherapy

Platinum-based chemotherapy, such as cisplatin, primarily exerts its anticancer effects
by forming DNA cross-links that disrupt the DNA double helix, thereby inhibiting critical
processes such as DNA replication and transcription. This damage activates cellular stress
responses, including DNA damage response pathways, leading to cell cycle arrest, and
ultimately, apoptosis. Apoptosis is further enhanced by the activation of the intrinsic
mitochondrial pathway and the tumor suppressor protein p53. Additionally, platinum
compounds induce the production of reactive oxygen species, which further damage cellu-
lar components and amplify apoptosis. Although highly effective, platinum compounds
also affect normal cells, leading to nephrotoxicity and neurotoxicity [12-14]. The multi-
faceted action of platinum-based drugs underscores their effectiveness in cancer treatment,
particularly in BC; however, their efficacy needs to be balanced with adverse events (AEs).

2.2. ICIs

ICIs enhance the immune system’s ability to recognize and eliminate tumor cells [15]
by blocking specific immune checkpoint pathways that normally maintain self-tolerance
and modulate immune responses [16]. Under physiological conditions, immune check-
points are crucial for preventing autoimmunity and limiting immune responses to avoid
excessive tissue damage. However, tumors often exploit these pathways to evade immune
surveillance [17].

Two of the most well-studied immune checkpoints targeted by ICIs are cytotoxic T
lymphocyte-associated protein 4 (CTLA-4) and programmed cell death protein 1 (PD-1),
along with its ligand, PD-L1. CTLA-4 is expressed on activated T cells and functions as
an inhibitory receptor by competing with the co-stimulatory receptor CD28 for binding
to B7 molecules (B7-1/CD80 and B7-2/CD86) on antigen-presenting cells. The binding of
CTLA-4 to B7 molecules transmits an inhibitory signal that reduces T cell activation and
proliferation. By blocking the interaction between CTLA-4 and B7, CTLA-4 inhibitors, such
as ipilimumab, enhance T cell activation, thereby promoting a robust immune response
against cancer cells [18-20].

The PD-1/PD-L1 pathway plays a similar role in regulating immune responses. PD-1
is expressed on T, B, and natural killer cells. When PD-1 binds to its ligands PD-L1 or PD-L2,
it delivers an inhibitory signal that dampens T cell activity, proliferation, and cytokine
production. Tumor cells often upregulate PD-L1 to suppress T cell-mediated immune
responses, effectively protecting themselves from immune attack. ICIs targeting this
pathway, such as PD-1 inhibitors (nivolumab, pembrolizumab, etc.) or PD-L1 inhibitors
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(atezolizumab, durvalumab, etc.), block the interaction between PD-1 and its ligands,
thereby maintaining T cell activity.

The therapeutic efficacy of ICIs is a consequence of their ability to “release the brakes”
on the immune system, allowing for enhanced T cell activation and sustained anti-tumor
responses. This mechanism is effective across various malignancies, including melanoma,
non-small cell lung cancer, renal cell carcinoma, and UC [21-23].

7

2.3. ADCs

ADC:s are a class of targeted cancer therapies that combine the specificity of mono-
clonal antibodies with the potent cytotoxic effects of chemotherapeutic agents [24]. They
are able to selectively target and kill cancer cells while minimizing damage to normal
tissues [24,25]. The monoclonal antibody component of the ADC recognizes and binds to a
specific antigen overexpressed on the cancer cell-surface, ensuring that the ADC prefer-
entially targets tumor cells while sparing most normal cells, which typically show low or
no expression of the antigen. Once an ADC binds to the target antigen on the cancer cell
surface, the entire complex is internalized through receptor-mediated endocytosis. After
internalization, the ADC is trafficked to the lysosome, where the antibody-linked cytotoxic
drug is released through various mechanisms, depending on the type of linker used in the
ADC design. Linkers may be cleavable, breaking down owing to the acidic environment of
the lysosome or through enzymatic action, or non-cleavable, where the drug is released
only after the entire ADC is degraded. Once the cytotoxic drug is released inside the
cancer cell, it interferes with critical cellular processes. Common payloads used in ADCs
include highly potent chemotherapeutic agents, such as microtubule inhibitors (auristatins,
maytansinoids, etc.) or DNA-damaging agents (e.g., calicheamicin). Microtubule inhibitors
disrupt the microtubule network within the cell, preventing cell division and leading to
apoptosis. DNA-damaging agents induce breaks in the DNA strand, leading to cell death
through apoptosis or mitotic catastrophe.

The high potential systemic toxicity of these drugs is mitigated by the selective delivery
mechanism of the ADC, concentrating the drug’s effects within the tumor cells, thereby
enhancing the treatment’s therapeutic index [26,27]. This targeted approach enables ADCs
to deliver highly potent drugs directly to cancer cells, improving treatment efficacy while
limiting off-target effects [28].

Figure 2 illustrates the mechanisms of action of the major drug classes used in the
frontline treatment of mUC, including PBC, ICIs, and ADCs.
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Figure 2. Drug classes and their mechanisms in the frontline treatment of metastatic urothelial carci-
noma. (a) Platinum-based chemotherapy works by disrupting cell division. Platinum compounds
bind to the DNA of cancer cells, creating cross-links that impede normal DNA replication and cell
division. This DNA damage hampers the cancer cells” growth and spread. (b) Immuno-therapy
boosts the patient’s immune system to fight against cancer cells. It works by blocking immune
checkpoint pathways, such as PD-1, PD-L1, and CTLA-4, which tumor cells use to evade immune
detection. By inhibiting these pathways, immunotherapy enables the immune system to attack
and eliminate cancer cells. (c) Antibody-drug conjugates (ADCs) consist of a cancer-specific an-
tibody linked to a cytotoxic agent. Once the ADC attaches to the cancer cells, it is absorbed, and
the toxic drug is released inside the cell, leading to cancer cell death. Enfortumab vedotin targets
nectin-4, which is commonly overexpressed in urothelial cancer cells, while sacituzumab govitecan
targets tumor cells through the anti-Trop-2 antibody. APC, antigen-presenting cell; CTLA-4, cyto-
toxic T-lymphocyte associated protein 4; MMAE, monomethyl auristatin; PD-1, programmed cell
death protein 1; PD-L1, programmed death-ligand 1; PD-L2, programmed death-ligand 2; SN-38,
7-ethyl-10-hydroxycamptothecin.

3. Patient Selection

Selecting the appropriate frontline therapy for patients with mUC is crucial for opti-
mizing treatment outcomes. This process involves a comprehensive assessment of clinical,
molecular, and patient-specific factors. Most patients with mUC are older, with the majority
aged >65 years and approximately half aged >70 years [29]. This population often presents
with comorbidities that complicate the use of standard cisplatin-based chemotherapy [30].
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Consequently, many such patients are ineligible for cisplatin-based therapy, traditionally
defined by factors such as an Eastern Cooperative Oncology Group Performance Status
(ECOG PS) of >2 [31]. Given the nephrotoxic nature of cisplatin, renal function assessment
is essential, with a creatinine clearance (CrCl) > 60 mL/min typically serving as the thresh-
old for cisplatin eligibility [32]. Patients with renal impairment, indicated by a CrCl < 60
mL/min, are often considered unsuitable for cisplatin and receive alternative treatments,
such as carboplatin-based regimens or ICIs [33].

While the cisplatin ineligibility criteria are relatively well-defined, the ineligibility
criteria for carboplatin-based chemotherapy remain unclear, leading to variability in clin-
ical practice [34]. The approval of ICIs for 1L treatment of platinum-ineligible patients
underscores the need for a consistent definition of platinum ineligibility [4]. Consensus
definitions suggest that patients with an ECOG PS > 3, CrCl < 30 mL/min, peripheral
neuropathy grade > 3, or New York Heart Association heart failure class > 3 should be
considered ineligible for PBC [35]. Additionally, patients with an ECOG PS of 2 and CrCl
< 30 mL/min may also be ineligible for PBC. However, these criteria may not capture all
relevant factors, such as advanced age, poorly controlled diabetes, or inadequate bone
marrow reserve, which could further contraindicate PBC [4].

The first formal attempts to define cisplatin eligibility in mUC were made in the 1990s.
A survey by the European Organization for Research and Treatment of Cancer identified
a CrCl > 60 mL/min and World Health Organization performance status of 0 or 1 as
key requirements for cisplatin use [36]. These criteria were refined in 2011 by Galsky
et al., whose guidelines for cisplatin ineligibility are widely used in clinical practice [37].
However, the exact renal function thresholds for cisplatin eligibility remain unclear, with
CrCl cutoffs ranging from <45 mL/min to <60 mL/min, depending on the context [38].

Furthermore, molecular biomarkers have gained importance in guiding frontline
therapy decisions, particularly regarding immunotherapy [39]. Patients with high PD-L1
expression, especially those ineligible for cisplatin, are more likely to benefit from IClIs,
such as pembrolizumab or atezolizumab. However, PD-L1 expression should not be the
sole factor guiding treatment decisions but rather part of a broader clinical assessment [40].
The histological subtype of UC also influences treatment decisions. Variants such as
micropapillary, sarcomatoid, or neuroendocrine differentiation may respond differently to
standard therapies, requiring a more personalized approach. In such cases, strategies such
as neoadjuvant chemotherapy or enrollment in clinical trials may offer better outcomes [41].
Data on ICIs and new therapies for micropapillary, sarcomatoid, and neuroendocrine UC
are limited. ICIs showed a 28% overall response rate (ORR) in 25 patients, and EV achieved
a 35% ORR in 41 patients with micropapillary components [42,43]. Advanced sarcomatoid
UC exhibits higher PD-L1 expression with 35-40% response rates to ICls [42]; however, low
nectin-4 expression may limit EV and pembrolizumab efficacy [44]. For neuroendocrine
UC, single-agent anti-PD-1/PD-L1 inhibitors, as well as lurbinectedin and sacituzumab
govitecan have demonstrated some efficacy in small studies [45-48], but the effectiveness
of dual checkpoint blockade is uncertain [49,50], and low nectin-4 expression may limit
EV’s benefits [43,44].

Patient preferences and quality of life are also critical in selecting frontline therapy.
Having a thorough discussion with patients regarding the potential benefits and risks of
each treatment option, specifically the impact on daily life and long-term prognosis, is
essential [29]. This ensures that the chosen treatment aligns with the patient’s values and
goals. Moreover, eligibility for clinical trials can provide access to novel therapies that may
not be widely available [51].

Finally, the presence of specific genomic alterations, such as FGFR3 mutations, can
guide the selection of targeted therapies, although these are currently used only in the
second-line setting. Ongoing research may expand their use in frontline therapy, further
personalizing the treatment approach for mUC [52].

Selecting frontline therapy for mUC requires a multifaceted evaluation, including
performance status, renal function, comorbidities, molecular biomarkers, histological sub-
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type, and patient preferences. A personalized
outcomes of patients with mUC.

approach is essential to optimize treatment

Table 1 provides an overview of the key factors involved in selecting the appropriate

frontline therapy for patients with mUC.

Table 1. Key factors involved in selecting the appropriate frontline therapy for patients with mUC.

Criteria Category Frontline Therapy Options
- Gemcitabine + Cisplatin (standard of care)
. . . . . - Dose-dense MVAC (Methotrexate, Vinblastine, Doxorubicin,
Cisplatin Cisplatin-Eligible

Eligibility [4,31,34] (eGFR > 60 mL/min/1.73 m2)

and Cisplatin)
Avelumab maintenance therapy after a response or stable
disease following 4-6 cycles of chemotherapy.

Cisplatin-Ineligible
(eGFR < 60 mL/min/1.73 m?)

Gemcitabine + Carboplatin (standard alternative)
Atezolizumab or Pembrolizumab (in patients with high PD-L1
expression or those who are not candidates for any

platinum therapy)

Avelumab maintenance therapy following stable disease or
response to chemotherapy.

High or intermediate (if
platinum-Ineligible,
Atezolizumab: SP142 assay,
PD-L1-stained
tumor-infiltrating immune cells
covering >5% of the tumor area,
Pembrolizumab: TPS > 1%)
[53,54]

PD-L1 Expression

Atezolizumab or Pembrolizumab.

Low or negative PD-L1
(Cisplatin-Ineligible)

Gemcitabine + Carboplatin.

Performance

These patients typically tolerate platinum-based chemotherapy
well, and cisplatin-based regimens are the standard. If

ECOG 0-1 cisplatin-ineligible, carboplatin-based regimens or
Status (ECOG) PD-L1-targeted immunotherapy can be considered, especially
in PD-L1 positive patients.
- For patients with moderate performance status (ECOG 2),
carboplatin-based chemotherapy is preferred, as cisplatin may
ECOG 2 . . . . .
be too toxic. Immunotherapy is another option, especially in
patients with high PD-L1 expression.
- Patients with poor performance status are generally not good
candidates for chemotherapy. Atezolizumab or pembrolizumab
ECOG >3 monotherapy may be considered, especially in those with high
PD-L1 expression. Supportive care or clinical trials are
also options.
- Patients with significant comorbidities that make cisplatin too
Comorbidities (e.g., toxic are typically treated with carboplatin-based chemotherapy
Other Factors . . . . .
cardiovascular disease) or immunotherapy. Atezolizumab or pembrolizumab may be
used for those who are cisplatin-ineligible and PD-L1 positive.
FGFR2/3 alterations (approved
criteria: Four-point mutations: - Patients with FGFR mutations who have progressed on
Molecular RZ48C/ 524?C, G370C, Y373C, platinum-based chemotherapy may be eligible for erdafitinib,
Profiling and Five fusions: FGFR2-BICCl, an FGFR inhibitor, but this is not used in frontline therapy.

FGFR2-CASP7, FGFR3-TACC3
(variants V1 and V3),
FGFR3-BAIAP2L1) [7,55]

However, molecular profiling can inform future treatment lines.

Abbreviation: TPS, tumor proportion score.
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4. Clinical Development
4.1. Chemotherapy

Cisplatin-based chemotherapy has long been the cornerstone of managing mUC, with
an ORR of approximately 50%, PFS of up to 7 months, and mOS of 13-15 months [56,57].
Historically, the MVAC regimen was favored due to its superior OS compared to cis-
platin monotherapy and other combinations like cisplatin, cyclophosphamide, and dox-
orubicin. However, application of MVAC has been limited by severe toxicities, including
grade > 3 leukopenia, neutropenic fever, mucositis, and gastrointestinal AEs, with a drug-
associated mortality rate of 3-4% [57,58].

In a crucial phase III trial, the GC regimen showed long-term OS and PFS outcomes
similar to those of MVAC but better tolerability regarding AEs and quality of life, lead-
ing many oncologists to prefer GC over MVAC [58]. Subsequently, high-dose-intensity
chemotherapy with dose-dense (dd) MVAC plus G-CSF every 2 weeks demonstrated re-
duced toxicity and improved response rates compared to the conventional 4-week MVAC
schedule [59,60]. Another phase III study reported similar outcomes between ddGC and
ddMVAC, further supporting the use of either regimen based on patient tolerance [61].

For cisplatin-ineligible patients, carboplatin-based regimens have been employed.
However, outcomes with carboplatin-based combinations are generally inferior to those
with cisplatin-based regimens, although evidence is based on underpowered trials [62].
Recently, the DANUBE, IMvigor130, and JAVELIN-100 trials confirmed the superiority of
cisplatin over carboplatin in platinum-eligible patients [63-65]. Split-dose administration
of cisplatin has been considered for patients with borderline renal function, offering a
potentially less nephrotoxic alternative while maintaining efficacy [66]. However, the
VEFORA GETUG-AFU V06 study, comparing split-dose cisplatin with standard-dose
carboplatin, was halted owing to excessive toxicities in the cisplatin arm [67].

Regarding chemotherapy cycles, consensus guidelines recommend 2-6 cycles of
PBC [53]. Post hoc analysis from the JAVELIN Bladder 100 trial suggested that survival
benefits from maintenance avelumab are consistent regardless of whether patients received
4,5, or 6 cycles of chemotherapy [68]. Advances in treatment have diminished the role of
second- and later-line chemotherapy regimens, which previously offered limited benefits
over best supportive care (BSC) [69].

4.2. Immunotherapy
4.2.1. 1L Monotherapy for Platinum-Ineligible Patients

ICIs such as atezolizumab and pembrolizumab have been extensively evaluated as
monotherapy for cisplatin-ineligible patients with mUC 4. The phase II IMvigor210 trial
evaluated atezolizumab as a 1L therapy in 119 patients with locally advanced or metastatic
(la/m) UC who were ineligible for cisplatin-based chemotherapy [70]. The trial reported
an ORR of 23%, with 9% patients achieving a complete response (CR) (mOS, 15.9 months).
The revised ORRs by PD-L1 subgroup were 28% (95% confidence interval [CI]: 14-47) in
1C2/3, 24% (95% CI: 15-35) in IC1/2/3, 21% (95% CI: 10-35) in IC1, and 21% (95% CI:
9-36) in IC0. Atezolizumab demonstrated a manageable safety profile, with grade 3 or 4
treatment-related AEs occurring in 16% patients. However, in May 2018, the Food and
Drug Administration (FDA) issued a safety alert after early data from the IMvigor130 trial,
and another study, suggested decreased survival of patients receiving atezolizumab as 1L
monotherapy compared to those receiving PBC [71]. Consequently, the FDA restricted the
use of atezolizumab as a 1L treatment to patients who were either ineligible for cisplatin-
based chemotherapy with high PD-L1 expression (>5% of immune cells) or those ineligible
for any PBC, regardless of PD-L1 status [71]. The IMvigor130 trial, a multicenter phase
II study [64], did not find a significant OS advantage for atezolizumab monotherapy
over chemotherapy alone. Consequently, the manufacturer voluntarily withdrew the 1L
indication for atezolizumab in mUC in November 2022 [11]. Nevertheless, the National
Comprehensive Cancer Network (NCCN) Panel continues to recommend atezolizumab
as a 1L option for patients ineligible for cisplatin-containing chemotherapy with tumors
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expressing PD-L1 or those ineligible for any PBC regardless of the PD-L1 status (category
2B recommendation) [53].

Subsequently, pembrolizumab was evaluated as 1L monotherapy for cisplatin-ineligible
patients in the phase II KEYNOTE-052 trial [72], where it demonstrated an ORR of 24%,
with 5% patients achieving a CR. Long-term outcomes remained consistent, with an ORR
of 28.6% and mOS of 11.3 months. In patients with a PD-L1 combined positive score
(CPS) > 10, the ORR was 47.3%, with 20.0% patients achieving CR; for those with a PD-L1
CPS < 10, the ORR was 20.3%. The mOS was 18.5 months (95% CI, 12.2-28.5 months) in the
CPS > 10 group and 9.7 months (95% CI, 7.6-11.5 months) in the CPS < 10 group. However,
similar to atezolizumab, the FDA issued a safety alert for pembrolizumab in May 2018
based on early findings from the KEYNOTE-361 trial that suggested decreased survival
of patients receiving pembrolizumab monotherapy compared to those receiving PBC [73].
Therefore, the FDA restricted the use of pembrolizumab as a 1L treatment to patients who
were ineligible for cisplatin-containing chemotherapy and had high PD-L1 expression (CPS
> 10) or those ineligible for any PBC regardless of the PD-L1 status [6]. The indication
was further limited to patients ineligible for any PBC, with the NCCN Panel continuing to
recommend pembrolizumab as a 1L treatment for cisplatin-ineligible patients regardless of
the PD-L1 status, and specifically endorsing its use for those ineligible for any PBC [53].

Overall, while both atezolizumab and pembrolizumab provide new therapeutic op-
tions for cisplatin-ineligible patients with mUC, their use as 1L monotherapies has been
restricted owing to concerns over OS, particularly in patients with low PD-L1 expression.
The NCCN’s continued endorsement of these therapies, albeit with specific limitations,
underscores the importance of careful patient selection in the management of mUC.

4.2.2. 1L Combination Therapy

Combinations of ICIs and chemotherapy have generally yielded less favorable out-
comes than anticipated [74]. For instance, the phase III trials IMvigor130 and KEYNOTE-
361 evaluated the efficacy of atezolizumab and pembrolizumab, respectively, either as
monotherapies or in combination with PBC, compared to chemotherapy alone [64,75]. The
KEYNOTE-361 trial showed negligible improvements in PFS or OS when pembrolizumab
was combined with PBC compared to chemotherapy alone in patients with mUC. Similarly,
the final survival analysis from the IMvigor130 study did not demonstrate a significant
OS advantage for the combination of atezolizumab with platinum and gemcitabine over
chemotherapy alone in patients with mUC [76]. Nevertheless, exploratory data suggest
a potential benefit of atezolizumab monotherapy in 1L cisplatin-ineligible patients with
high PD-L1 expression, although the results were not statistically significant. Interest-
ingly, a potentially greater benefit was observed when atezolizumab was combined with
cisplatin instead of carboplatin, suggesting the need to determine the optimal chemother-
apy regimen.

The phase III DANUBE trial further explored ICI combinations by evaluating dur-
valumab, an anti-PD-L1 agent, either as a monotherapy or in combination with tremeli-
mumab, an anti-CTLA-4 agent, against standard chemotherapy in patients with mUC [63].
Unfortunately, the trial failed to meet its co-primary endpoints, which included OS com-
parisons between durvalumab monotherapy and chemotherapy in patients with high
PD-L1 expression, as well as that between the durvalumab-tremelimumab combination
and chemotherapy in the overall population. However, the promising activity observed in
the PD-L1-high population led to the revision of the NILE protocol, which now focuses on
untreated patients with mUC and high PD-L1 expression. The results of this global phase
III trial are highly anticipated and may redefine treatment approaches for this subset of
patients [77].

Contrastingly, the multinational phase III CheckMate 901 study demonstrated the
efficacy of adding nivolumab to GC chemotherapy in 608 patients with previously un-
treated or unresectable mUC [78]. In this study, 251 patients who received the nivolumab
combination continued with maintenance nivolumab for up to 2 years. After a median
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follow-up of 33.6 months, the results showed that the nivolumab plus GC combination
significantly improved mOS compared to GC alone (21.7 vs. 18.9 months; hazard ratio [HR],
0.78; 95% CI, 0.63-0.96; p = 0.02). Although the median PFS (mPFS) was similar between the
two groups (7.9 vs. 7.6 months; p = 0.001), the PFS curves began to diverge over time, with
a higher percentage of patients remaining progression-free at 12 months in the nivolumab
combination group (34.2% vs. 21.8%). Furthermore, the ORR was notably higher in the
nivolumab combination group (57.6% vs. 43.1%), with a CR rate of 21.7% compared to
11.8% in the chemotherapy-alone group. Among patients with tumor PD-L1 expression
>1%, the nivolumab combination demonstrated a better HR compared to gemcitabine—
cisplatin alone. The HR for OS and PFS as assessed by a central review were 0.75 (95% CI,
0.53-1.06) and 0.60 (95% CI, 0.41-0.81), respectively. However, the combination therapy was
associated with a higher incidence of grade > 3 treatment-related AEs (TRAEs), occurring
in 61.8% of patients compared to 51.7% in the chemotherapy-alone group. These find-
ings led to the regimen being designated as a category 1 recommendation by the NCCN
Panel [53]. The results of the CheckMate-901 trial stand in contrast to those of earlier
phase III trials, such as the KEYNOTE-361 and IMvigor130, which did not show significant
improvements in either OS or PFS when ICIs such as pembrolizumab or atezolizumab were
added to PBC for 1L treatment of mUC. Differences in the immunomodulatory effects of
cisplatin and carboplatin may partially explain the discrepancies between these trials [78].
Exploratory analyses of both KEYNOTE-361 and IMvigor130 suggested that combining
ICIs with cisplatin-based therapy, but not carboplatin-based therapy, resulted in better
outcomes. Specifically, the outcomes were better when patients with pretreated tumors
with higher PD-L1 expression were treated with GC than with gemcitabine-carboplatin [79].
Furthermore, single-cell RNA sequencing of circulating immune cells in the IMvigor130
trial revealed that GC, but not gemcitabine—carboplatin, upregulated immune-related tran-
scriptional programs, including those involved in antigen presentation [80]. Therefore,
cisplatin-based chemotherapy may have particularly favorable immunogenic effects when
combined with ICIs in mUC treatment, as observed in the CheckMate-901 trial, highlight-
ing the importance of chemotherapy selection for optimizing the efficacy of combination
therapies in mUC.

4.2.3. Maintenance Therapy

Avelumab as maintenance therapy following 1L PBC is considered a significant ad-
vancement in mUC treatment [81]. This regimen is based on findings from the phase III
JAVELIN Bladder 100 trial 62, which demonstrated that avelumab significantly prolongs
OS compared to BSC alone in patients who achieved either a response or stable disease after
1L chemotherapy. Specifically, the trial showed an mOS of 21.4 months for patients treated
with avelumab, compared to 14.3 months for those who received BSC alone, corresponding
to an HR of 0.69 (95% CI, 0.56-0.86; p = 0.001). This OS benefit was consistent across all
prespecified subgroups, including patients with PD-L1-positive tumors.

In the PD-L1-positive population, the avelumab group had significantly longer OS
compared to the control group, with a 1-year survival rate of 79.1% (95% CI, 72.1-84.5)
versus 60.4% (95% CI, 52.0-67.7) in the control group (stratified HR, 0.56; 95% CI, 0.40-0.79;
p <0.001). Among patients with PD-L1-negative tumors, the mOS was 18.8 months (95%
CI, 13.3-22.5) in the avelumab group compared to 13.7 months (95% CI, 10.8-17.8) in the
control group (stratified HR, 0.85; 95% CI, 0.62-1.18). Additionally, avelumab was also
associated with a longer PFS compared to BSC alone. Importantly, preplanned subgroup
analyses demonstrated that the OS benefit of avelumab was significant regardless of
previous treatment with cisplatin or carboplatin or the response to chemotherapy. Despite
a higher incidence of subsequent treatments in the control group, including with ICIs, the
12-month OS was substantially higher in the avelumab arm (71%) compared to that in the
BSC arm (58%). The incidence of grade > 3 AEs was higher in the avelumab group (47.4%)
compared to that in the BSC group (25.2%). Yet, the long-term safety profile of avelumab
remained manageable, with the most common TRAEs being pruritus, hypothyroidism,
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fatigue, diarrhea, and asthenia. Based on the findings of the JAVELIN Bladder 100 trial,
the NCCN assigned a category 1 recommendation to avelumab maintenance therapy for
patients with mUC who do not experience disease progression after 1L PBC 65. Subsequent
extended follow-up data, with a median duration of 38 months, confirmed the durability of
the OS and PFS benefits of avelumab, with an OS of 23.8 months versus 15.0 months (HR
0.76; 95% CI, 0.631-0.915; p = 0.0036) and PFS of 5.5 months versus 2.1 months (HR 0.54;
95% CI, 0.457-0.645; p < 0.0001) [82].

Real-world studies conducted in Italy (READY study) and France (AVENANCE study)
have further validated the clinical benefits and manageable safety profile of avelumab as a
1L maintenance therapy for patients with mUC [83,84]. These studies reported 12-month
OS rates of 65.4-69.2% and mPFS of 5.7-8.1 months, consistent with the findings of the
JAVELIN Bladder 100 trial.

Following the results of the CheckMate-901 trial, nivolumab has also emerged as a vi-
able maintenance therapy option for patients with mUC who respond to nivolumab plus 1L
cisplatin-based chemotherapy. The trial demonstrated that nivolumab plus GC significantly
improved outcomes in these patients, leading the NCCN to recommend nivolumab as an
alternative maintenance therapy alongside avelumab [53]. This expanded recommendation
gives clinicians more flexibility when selecting an appropriate maintenance therapy based
on patient-specific factors.

While both avelumab and nivolumab maintenance therapies have significantly im-
proved the outcomes of patients with mUC, ongoing phase II and phase III trials are
exploring combinations of these agents with other therapies as 1L maintenance treatments.
The optimal second-line therapy for patients with disease progression during or after
maintenance therapy with either avelumab or nivolumab is still under investigation, and
enrollment in clinical trials is strongly recommended [85].

4.3. EV Combination Therapy

The combination of the ICI pembrolizumab with the ADC EV has been explored
extensively for mUC treatment 10. Initial studies were conducted within certain phase Ib/II
EV-103 cohorts, mainly focusing on cisplatin-ineligible patients with previously untreated
la/mUC [86]. In cohort A, 45 patients received the combination therapy, resulting in an
ORR of 73.3% and CR of 15.6%. However, the treatment was associated with significant AEs,
including peripheral sensory neuropathy (55.6%), fatigue (51.1%), and alopecia (48.9%),
with 64.4% of patients experiencing grade > 3 AEs, and one treatment-related death. Cohort
K of the EV-103 trial randomized cisplatin-ineligible patients to receive either EV alone or
in combination with pembrolizumab. The combination therapy achieved a confirmed ORR
of 64.5% (95% Cl, 52.7-75.1%) compared to 45.2% (95% Cl, 33.5-57.3%) for EV monotherapy.
The median duration of response was not reached for the combination, whereas it was
13.2 months for the monotherapy.

The combination was further evaluated in the phase III EV-302 trial in 886 patients
with previously untreated la/mUC [9]. Patients were randomized to receive either EV plus
pembrolizumab or standard chemotherapy with gemcitabine in combination with either
cisplatin or carboplatin. After a median follow-up of 17.2 months, the combination therapy
significantly improved PFS and OS. Specifically, the mPFS was 12.5 months with the
combination versus 6.3 months with chemotherapy (HR, 0.45; 95% CI, 0.38-0.54; p < 0.001),
and the mOS was 31.5 months versus 16.1 months (HR, 0.47; 95% CI, 0.38-0.58; p < 0.001).
Additionally, the confirmed ORR was 67.7% for the combination compared to 44.4% for
chemotherapy, with CR in 29.1% of patients in the combination group versus 12.5% in the
chemotherapy group. Notably, grade > 3 TRAEs occurred in 55.9% of patients receiving
the combination therapy, compared to 69.5% of those receiving chemotherapy.

The impressive outcomes from the EV-302 trial led to the combination of EV and
pembrolizumab being recognized as the preferred 1L systemic therapy for patients with
advanced UC or mUC, regardless of cisplatin eligibility. This regimen has received a
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category 1 designation from the NCCN panel, solidifying its status as a new standard of
care in this setting [53].

EV-302 and JAVELIN Paradigm Versus CheckMate-901

The role of GC/nivo (gemcitabine/cisplatin with nivolumab) and the JAVELIN
paradigm in the management of mUC is being reevaluated in light of the impressive
results of EV/pembro (enfortumab vedotin with pembrolizumab) [9]. The usefulness of
GC/nivo in cisplatin-eligible patients is because of several factors. Firstly, cisplatin-based
combination therapies have historically cured 5-15% of patients [58,60]. The long-term
CR observed in approximately 22% of patients receiving GC/nivo supports the possibil-
ity of achieving a cure in a subset of patients [78]. While EV/pembro may also lead to
cure, long-term follow-up is required to confirm this potential. Secondly, compared to
EV/pembro, GC/nivo offers a finite duration of chemotherapy, providing advantages
of reduced toxicity and improved quality of life during treatment [9,78]. Additionally,
GC/nivo is more cost-effective compared to EV/pembro, making it a financially viable
option for many healthcare systems and patients [87,88]. Moreover, GC/nivo may be
considered for patients with uncontrolled diabetes mellitus or liver dysfunction owing to
the specific safety and tolerability considerations associated with EV [78,89,90].

The identification of predictive biomarkers for CR is crucial for implementing precision
medicine in mUC. Disease confined to lymph nodes is a favorable prognostic factor for
both cisplatin-based chemotherapy and PD-1 inhibition, suggesting the aggressive use
of GC/nivo in this patient group [91,92]. Additionally, ERCC2 mutations, previously
validated for predicting pathological CR with neoadjuvant cisplatin-based chemotherapy,
may serve as biomarkers for predicting CR with cisplatin-based therapy [93].

Given that aggressive multi-agent combination therapies are feasible only in selected
patients in real-world settings, all 1L regimens, including EV /pembro, GC/nivo, and the
JAVELIN paradigm, have legitimate roles in clinical practice [53].

Despite the availability of maintenance immunotherapy, its implementation in real-
world practice is limited. In the EV-302 study, only 32.2% patients received a PD-1/L1
inhibitor as maintenance therapy after PBC, and only 20% patients in the GC arm of the
CheckMate-901 study received a PD-1/L1 inhibitor before progression. The suboptimal ap-
plication of the JAVELIN paradigm may be attributed to attrition from disease progression,
persistent toxicities, poor ECOG performance status (PS), frailty, comorbidities, and patient
decisions [85]. Therefore, potent 1L regimens that provide early and durable benefits, such
as EV/pembro and GC/nivo, both of which induce rapid responses within 2-3 months,
are expected to replace the JAVELIN paradigm for most patients. Nonetheless, in frail
or vulnerable cisplatin-ineligible patients (including potentially some with ECOG PS 2),
employing the JAVELIN paradigm of carboplatin/gemcitabine followed by maintenance
avelumab may be a safer option.

Table 2 summarizes the key clinical trials on frontline therapy for mUC, highlighting
the interventions, outcomes, and AEs associated with each treatment strategy.
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4.4. Real-World 1L Treatment Patterns and Survival Rates for la/mUC

Several retrospective studies have analyzed real-world 1L treatment patterns and OS
in patients with la/mUC in the United States and Germany [95-97]. These regions were
chosen owing to their high incidence of UC and availability of comprehensive healthcare
data that support real-world analysis.

A large-scale analysis of Medicare fee-for-service claims from 2015 to 2022 involving
13,104 U.S. patients with UC revealed that PBC remains the most commonly administered
1L treatment. Specifically, 19.7% patients received cisplatin and 28.4% received carboplatin.
ICI monotherapy was also prevalent, being administered to 34.8% of patients, particularly
those with comorbidities such as renal disease (39.9%), chronic obstructive pulmonary
disease (36.1%), and diabetes (32.2%). Despite cisplatin-treated patients showing the longest
median OS at 17.0 months, overall outcomes were generally poor across all treatment
groups, largely due to disease progression, limited efficacy of available treatments, and
patient comorbidities that impacted tolerability and response [97].

Following the FDA approval of avelumab maintenance therapy in June 2020, a study
utilized the U.S. Oncology Network electronic health records from December 2019 to
September 2022 and assessed 1072 patients with la/mUC (median age: 73 years, 74.9%
male). The 1L treatments included ICI monotherapy (43.8%), PBC alone (37.3%), and PBC
followed by avelumab maintenance (10.4%). Notably, ICI monotherapy was frequently
used even in patients eligible for PBC. Patients receiving PBC with subsequent avelumab
maintenance exhibited the longest median OS (20 months for cisplatin plus avelumab
and 18.4 months for carboplatin plus avelumab), supporting avelumab maintenance as a
standard option for those without disease progression on PBC. Thus, incorporating mainte-
nance therapy into clinical practice may potentially extend patient survival, especially in
those responding well to initial PBC [96].

In Germany, the CONVINCE retrospective multicenter study evaluated 188 patients
treated between 2019 and 2021 (median age: 70 years, 72.3% male). The majority (76.1%)
received PBC, predominantly combined with gemcitabine, while 19.1% received ICI
monotherapy, mainly atezolizumab or pembrolizumab. A small group received other
non-PBC treatments. The study found high adherence to treatment guidelines recom-
mending PBC as the 1L therapy. The emerging use of ICI therapies, including avelumab
maintenance, indicates potential for improved patient outcomes and necessity for further
real-world research to assess their integration into clinical practice [95].

Collectively, these studies demonstrate that while PBC remains the standard 1L treat-
ment associated with longer OS in patients with la/mUC, the OS rates are suboptimal,
primarily due to disease biology, treatment tolerability, and patient-specific factors such as
comorbidities. The increasing adoption of ICI therapies and maintenance treatments such
as avelumab may enhance outcomes. However, the substantial use of ICI monotherapy,
even among patients who could tolerate PBC, suggests opportunities to optimize treatment
strategies. These findings underscore an unmet need for more effective 1L therapies to
improve survival of patients with la/mUC.

4.5. Survival Benefits of the Different Therapeutic Protocols

Among cisplatin-eligible patients, gemcitabine plus cisplatin, the historical standard,
achieved a mOS of 13.8 months [57]. The addition of nivolumab (CheckMate 901) improved
the OS to 21.7 months [78]. EV plus pembrolizumab (EV-302) reported the longest OS at
31.5 months [9].

For cisplatin-ineligible patients, gemcitabine plus carboplatin resulted in a median
OS of 9.3 months [98], highlighting the limitations of carboplatin-based chemotherapy,
which is generally less effective owing to its lower potency and reduced ability to form
DNA cross-links compared to cisplatin. Pembrolizumab monotherapy (KEYNOTE-052),
approved for platinum-ineligible patients, demonstrated an OS of 11.3 months but remains
less effective than combination therapies [72].
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Avelumab maintenance therapy (JAVELIN 100), following disease control with PBC,
significantly prolonged survival [65]. The median OS was 25.8 months for patients receiving
carboplatin during induction and 31.5 months for those receiving cisplatin. This highlights
the specific role of avelumab in maintaining disease control and extending OS, particularly
in patients who initially respond to platinum-based induction therapy.

However, outcomes for cisplatin-ineligible patients remain suboptimal, as reflected
by the poorer OS with carboplatin-based or immunotherapy monotherapies, emphasizing
the need for further research, including the development of novel targeted therapies and
improved ADCs, and exploring combination regimens with better response rates.

5. Future Perspectives and Discussion

The evolving landscape of frontline therapy for mUC presents significant advance-
ments, with many ongoing Phase III and II clinical trials actively contributing to the
refinement of future treatment paradigms (Table 3). Recent developments have introduced
promising therapeutic agents and combination therapies for mUC, such as EV with pem-
brolizumab, which may potentially enhance patient outcomes. However, challenges persist
in determining the optimal sequencing, duration, and combination of these therapies, as
well as in identifying predictive biomarkers to guide clinical decision-making.

Table 3. Recent ongoing first-line phase III/II clinical trials in patients with advanced UC.

Cisplatin- . Enrolment . Primary End
Study Eligibility Experimental Arm Status Phase @) Patients Point
Durvalumab + SoC (CT) or
NCT03682068 . . .. durvalumab + Active, not
(NILE) cisplatin-eligible tremelimumab + SoC recruiting 1 1292 La/muC oS
vs. SoC
. NI Nivolumab + ipilimumab  Active, not
NCT03036098 cisplatin-eligible or + SoC CT vs. SoC recruiting I 1307 La/mUC OS, PFS
o La/mUC with
NCT05302284  cisplatin-eligible ~ RCio-ADC +toripalimab o e 452 HER2 0S, PFS
vs. CT alone ;
expressing
. T Cis/Car + G + tislelizumab .
NCT03967977 cisplatin-eligible vs. Cis/Car + G + placebo Recruiting I 420 La/mUC oS
NCT02567409  cisplatin-eligible Cis + G & M6620 Active, not I 91 actuals mUC PFS
recruiting
. . . . mUC patients
NCT04486781 c1sple}tm(91atmum— Pembrolizumab + Recruiting I 38 CT ineligible or ORR
ineligible sEphB4-HSA
refused
isplatin/platinum- Eribulin mesylate + Active. not
NCT03237780 PP atezolizumab vs. cave no 11 72 La/mUC AEs. ORR
ineligible . recruiting
atezolizumab alone
NCT04601857 cispla.ltin'/ Rlatinum— Futibat.inib + Activg,'not I 46 La/mUC ORR
ineligible pembrolizumab recruiting
NCT05645692 c1sple}t1n / Rlatmum— RO7247669 + 'tlragolumab Activg, not I 240 La/mUC ORR
ineligible vs. atezolizumab recruiting

5.1. Challenges in Optimizing EV Plus Pembrolizumab for Frontline mUC Treatment

The combination of EV with pembrolizumab in the frontline setting has shown promise
as a potential standard of care for all patients, regardless of their eligibility for PBC. This
raises the possibility of reserving chemotherapy and targeted agents for later lines of
treatment, adding complexity to treatment decisions [85]. However, several questions
remain, such as the optimal duration of therapy, sequencing of treatments, and potential
for EV rechallenge after discontinuation owing to toxicity. Additionally, the role of EV
plus pembrolizumab versus EV alone in patients who have previously received adjuvant
immunotherapy is worth investigating [99,100]. Clinical trials are exploring these questions,
including alternative dosing schedules and maintenance strategies, such as reducing the
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dosing frequency of EV or implementing maintenance pembrolizumab after an initial
course of EV plus pembrolizumab [101].

As the mUC treatment landscape continues to evolve, the sequencing of therapies
is becoming increasingly complex. The potential widespread adoption of EV plus pem-
brolizumab as frontline therapy may shift the use of chemotherapy and other targeted
agents to subsequent lines, necessitating a re-evaluation of the current treatment paradigms,
particularly for patients who experience disease progression after 1L therapy [9,102]. How-
ever, questions remain regarding the role of chemotherapy after progression on EV plus
pembrolizumab. Ongoing trials are examining the efficacy of various sequences, such as
gemcitabine—carboplatin following EV plus pembrolizumab, and combinations of newer
agents such as sacituzumab govitecan with pembrolizumab [103,104].

5.2. Biomarkers of Response

Identifying predictive biomarkers is crucial for frontline mUC treatment to guide
therapeutic decisions. Predicting which patients will benefit most from specific regimens,
such as EV plus pembrolizumab, GC with nivolumab followed by maintenance, or other
chemo-immunotherapy combinations, is essential for optimizing outcomes [105]. Con-
siderable progress has been made in this area, particularly with biomarkers related to
immunotherapy, such as PD-L1 expression, microsatellite instability, defective mismatch
repair phenotype, and tumor mutational burden [106]. A recent meta-analysis of 14 studies
showed that PD-L1-positive UC is associated with higher response rates and improved
survival outcomes in patients treated with ICIs. Although PD-L1 positivity suggests a
better prognosis, it is not a reliable predictive biomarker for ICI response [40].

Emerging biomarkers, including circulating tumor DNA (ctDNA) and gut microbiota,
have shown promise but require further validation [107]. The STING trial underscored the
feasibility and reliability of plasma ctDNA in identifying actionable targets and selecting
genotype-specific therapies in mUC [108].

5.3. Managing Toxicities in Frontline Therapy

The emergence of EV plus pembrolizumab as a frontline treatment is associated with
challenges in managing the associated toxicities. Peripheral neuropathy and skin reactions
are among the most-reported AEs of EV, requiring careful management, especially in
patients with comorbidities such as diabetes. Additionally, a recently reported case of lung
toxicity emphasizes the need for close pulmonary monitoring during EV treatment [109].
While these toxicities are generally manageable, they can lead to treatment interruptions
or discontinuation [9,110]. Given the increasing use of EV plus pembrolizumab, there is
a growing focus on optimizing dosing schedules to minimize toxicity while maintaining
efficacy. Ongoing clinical trials are exploring fixed-duration EV therapy followed by
pembrolizumab maintenance as a potential approach to improve the quality of life of
patients [111].

5.4. Combining Low-Risk Dietary and Metabolic Therapies with Standard Cancer Treatments to
Enhance Efficacy and Mitigate Toxicity

The therapeutic effectiveness of standard cancer therapies, such as ICIs and ADCs,
is limited by severe AEs. Therefore, there is a need for low risk combined therapies that
enhance the immune system. Plant-based dietary nutrients, such as ginger derivatives,
show anti-tumor effects and can mitigate ICI-related AEs [112]. High-dose ascorbic acid
has significant potential but is underutilized [113-115]. Metabolic interventions such as
fasting, avoiding sugar to starve tumor cells, and increasing tumor pH to inhibit growth
have been considered [116]. Combining these measures with standard treatments has the
potential to improve efficacy and reduce toxicity.
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5.5. Clinical Significance of Newer Treatments Other than EV-302

The currently recommended treatment algorithm (Figure 3) for mUC outlines strate-
gies based on cisplatin eligibility and patient-specific factors and incorporates recent evi-
dence to guide therapeutic decisions. For patients with visceral and/or bone metastasis,
upper tract UC, high-risk cardiac disease, or good performance status, regardless of cis-
platin eligibility, EV/pembro is recommended because of improved survival outcomes.
In cisplatin-eligible patients with comorbidities such as poorly controlled diabetes or
retinal /corneal abnormalities, GC/nivo followed by maintenance nivolumab or GC fol-
lowed by maintenance avelumab is advised, enabling a tailored approach based on disease
response and tolerability. For cisplatin-ineligible patients with peripheral neuropathy
(Grade > 2) or other vulnerabilities, gemcitabine—carboplatin followed by maintenance
avelumab remains the standard of care. Finally, for patients who are platinum-ineligible,
pembrolizumab monotherapy is the primary option, particularly for those who cannot
tolerate platinum-based regimens. This algorithm reflects a personalized approach, opti-
mizing the use of combination therapies such as EV/pembro and maintenance strategies
with avelumab or nivolumab, while addressing the unmet needs of patients with significant
comorbidities or platinum ineligibility.

I Assess life expectancy, quality—of—life and frailty |

|

1 l

Active treatment | Active treatment with supportive care | | Best supportive care |

L |
3

| Assess metastatic stage at diagnosis and disease burden |

Availability of clinical trial I || Yes ', I Clinical trial

. Patient/disease characteristic

D Assessment required

GC-Nit — Nit

I:I Recommended strategy?

or
EV-Pembrolizumab GC ——» Avelumab Gem-Carbo—> Avelumab | | Pembrolizumab |

Figure 3. Recommended treatment approaches for frontline patients with mUC. All treatment deci-
sions should be made only after thoroughly discussing the benefits and risks with the patient and/or
their caregiver. Abbreviations: DM, diabetes mellitus; EV, enfortumab vedotin; GC, gemcitabine—
cisplatin; gem—carbo, gemcitabine—carboplatin.

6. Conclusions

The evolving landscape of frontline mUC treatment is marked by a shift from tradi-
tional PBC to more innovative and targeted therapies, such as EV plus pembrolizumab
and GC plus nivolumab followed by nivolumab maintenance. These regimens have signifi-
cantly improved survival outcomes, offering effective 1L options for a broader range of
patients, including those previously ineligible for cisplatin-based treatments. As EV plus
pembrolizumab becomes increasingly favored owing to its substantial impact on PFS and
OS, managing its associated toxicities, such as neuropathy and other AEs, remains a critical
challenge. Similarly, the GC plus nivolumab combination, with its potential for durable
responses, particularly in node-only disease, offers new hope for curative outcomes.
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Future efforts should focus on optimizing treatment strategies, identifying biomarkers,
and further understanding the drug resistance mechanisms. As new frontline therapies are
integrated into clinical practice, their long-term impact on outcomes and quality of life of
patients will continue to shape the future of mUC treatment.
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Simple Summary: Prostate cancer is a condition with varying outcomes, and understanding its
progression is vital for treatment. Our research focused on a specific pattern observed in tumor
cells, known as cribriform pattern 4 (CP4), which can indicate how aggressive a cancer might be. By
studying patients who had undergone surgery to remove the prostate gland, we found that those
with CP4 tended to have a higher risk of cancer recurrence. Additionally, we discovered certain
genes that behaved differently in patients with CP4, suggesting unique genetic changes associated
with this pattern. Our findings suggest that patients with CP4 might need more intense treatment
after surgery and could help doctors decide on the best course of action. Importantly, our research
provides new insights that could lead to better management of prostate cancer, aiming to improve
patient outcomes.

Abstract: Purpose: Given the diverse clinical progression of prostate cancer (PC) and the evolv-
ing significance of histopathological factors in its management, this study aimed to explore the
impact of cribriform pattern 4 (CP4) on clinical outcomes in PC patients and examine its molecular
characteristics. Methods: This retrospective study analyzed data from The Cancer Genome Atlas
(TCGA) database and included PC patients who underwent radical prostatectomy (RP) and had
pathology slides available for the assessment of CP4. A multivariable competing risk regression
analysis was used to assess the association between CP4 and progression-free survival (PFS) while
adjusting for established PC prognostic factors. The frequency of genomic alterations was compared
between patients with and without CP4 using the Fisher’s exact test. Results: Among the 394 patients
analyzed, 129 (32.74%) had CP4. After a median follow-up of 40.50 months (IQR: 23.90, 65.60), the
presence of CP4 was significantly associated with lower PFS (AHR, 1.84; 95% CI, 1.08 to 3.114; p =
0.023) after adjusting for covariates. Seven hub genes—KRT13, KRT5, KRT15, COL17A1, KRT14,
KRT16, and TP63—had significantly lower mRNA expression levels in patients with CP4 compared
to those without. Conclusions: PC patients with CP4 have distinct genomic alterations and are at a
high risk of disease progression following RP. Therefore, these patients may benefit from additional
post-RP treatments and should be the subject of a prospective randomized clinical trial.

Keywords: prostate cancer; cribriform pattern; genomic alterations; radical prostatectomy;
progression-free survival
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1. Introduction

Risk stratification plays a critical role in the management of prostate cancer (PC) as
it directly impacts treatment strategies. A key element in this process is histopathology,
which has seen significant evolution over the years. The Gleason score, first introduced
in 1977, remains a cornerstone in this domain, though its definitions and criteria have
been continuously refined [1]. The most recent update to the Gleason scoring system
mandates that all cribriform glands be classified as Gleason pattern 4 [2]. Consequently,
the clinical implications of cribriform pattern 4 (CP4) in PC have gained a growing interest
in recent years, particularly due to its association with adverse clinical outcomes [3-10].
A comprehensive meta-analysis highlighted these concerns, revealing that the presence of
CP4 is associated with increased risks for biochemical recurrence (hazard ratio [HR]: 2.14;
p <0.01) and cancer-specific mortality (HR: 3.30; p < 0.01), as well as increased likelihood
of extra-prostatic extension (odds ratio [OR] 1.96; p < 0.0001), seminal vesicle invasion
(OR: 2.89; p < 0.01), and positive surgical margins (OR: 1.88; p < 0.0007) [11]. These findings
emphasize the critical role of CP4 in prognosticating the course of PC and highlight the
need for continued research in this area.

The current standard of care for patients with PC following radical prostatectomy (RP)
involves salvage radiation therapy (RT) when the prostate-specific antigen (PSA) level
reaches 0.1 ng/mL. Identifying specific growth patterns such as CP4 is becoming increas-
ingly crucial, as they hold potential to refine post-prostatectomy treatment strategies. While
the clinical relevance of CP4 in PC is evolving, the understanding of its molecular charac-
teristics remains limited. In this study, we analyze the impact of CP4 on progression-free
survival (PFS), adjusting for recognized PC prognostic factors, and explore CP4 molecular
characteristics. This research aims to identify patients who may benefit from adjuvant
therapies, thereby guiding the development of future randomized clinical trials.

2. Materials and Methods
2.1. Patient Characteristics

This retrospective study involved an analysis of patient data from The Cancer Genome
Atlas (TCGA) database. The selection criteria included patients diagnosed with PC, who
had undergone RP and had digitized hematoxylin-and-eosin (HE)-stained slides with
clearly identifiable tumor sections available for review. Demographic and clinical data, in-
cluding age at diagnosis, pathologic tumor stage, margin status, Gleason score, and pre-RP
PSA levels, were collected due to their established significance in predicting PC prognosis
and treatment outcomes. The follow-up period was defined from the date of RP to the last
available follow-up or death.

A pathological review of the RP specimens was undertaken by a team of three pathol-
ogists with experience in genitourinary pathology (MA, ET, SK). The primary objective
was to identify cases with CP4. This entailed a thorough review of the pathology slides,
with a special emphasis on identifying the presence and characteristics of cribriform ar-
chitectural structures. Distinguishing between CP4 and intraductal carcinoma in our
study was primarily based on the difference in their morphologic features, as described in
previous literature [12,13].

2.2. Statistical Methods
2.2.1. Comparison of the Distribution of Clinical Factors Stratified by Cribriform Pattern 4

This study followed a prespecified statistical analysis plan. Descriptive statistics pro-
vided an overview of the clinical and treatment characteristics of 394 patients, categorized
based on whether they exhibited CP4 or not. The comparison of these characteristics uti-
lized the Pearson’s chi-squared test for categorical variables and the Wilcoxon two-sample
test for analyzing distribution differences in continuous variables, such as age and PSA lev-
els [14]. Additionally, the distribution of the follow-up times was assessed using the reverse
Kaplan—-Meier method and evaluated for significance with a log-rank p-value [15].
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2.2.2. Covariate-Adjusted Hazard Ratios and Estimates of Progression-Free Survival

The primary endpoint of this study was PFS, defined as the time from RP to the
first evidence of disease progression or death from any cause [16-18]. Univariable and
multivariable competing risk regression analysis using the Fine-Gray mode was applied to
assess whether a significant association existed between the presence of CP4 and PFS [19].
The covariates included in the model were age at the time of diagnosis, pre-RP PSA,
pathologic tumor stage, Gleason score, and margin status. Time 0 was the date of RP. For
the purpose of illustration, covariate-adjusted estimates of PFS following RP, stratified by
the presence or absence of CP4, were calculated using the Kaplan—-Meier method [20]. The
p-values for the adjusted Kaplan—Meier plots were calculated using the log-rank test. The
threshold for statistical significance was established at p < 0.05. All statistical analyses were
performed with R (version 4.2.3).

2.2.3. Molecular Characterization and Genomic Alterations Analysis

The expression levels of mRNAs from the TCGA dataset were examined, and genes
meeting the criteria of an absolute log fold change (1logFCI) > 1 or <—1, along with a
g-value < 0.05, were identified as differentially expressed genes (DEGs) in patients with
and without CP4 [21].

Following the identification of DEGs, a protein—protein interaction (PPI) network was
constructed using the STRING tool [22], and the results were visualized using Cytoscape
software v310.1 [23]. A topological analysis was performed on each gene to identify
hub genes, which are genes highly interconnected within the PPI network. Subsequently,
Molecular Complex Detection (MCODE) plugin was applied to identify significant modules
within the PPI network, using module detection criteria that included a node score cutoff
of 0.2, a K-core value of 2, and a degree cutoff of 2 [24]. As a result, seven hub genes
(KRT13, KRT5, KRT15, COL17A1, KRT14, KRT16, TP63) were identified. Subsequently,
the frequency of genomic alterations was compared between patients with and without a
CP4 using the Fisher’s exact test.

3. Results
3.1. Comparison of the Distribution of Clinical Factors Stratified by Cribriform Pattern 4

Among the 394 patients analyzed, 129 (32.74%) had CP4. The characteristics of
these patients, stratified by the presence of CP4, are presented in Table 1. Compared to
those without CP4, the patients with CP4 had a longer median follow-up [46.37 months
(IQR: 24.13, 76.97) versus 37.27 months (IQR: 22.87, 62.90), p = 0.001], a higher pre-RP PSA
[8.10 ng/mL (IQR: 5.20, 14.40) versus 7.00 ng/mL (IQR: 5.00, 9.9), p = 0.007], and a higher
Gleason score (52% versus 27%, p = 0.001) and were more likely to have T3a or higher
stage PC (76% versus 53%, p < 0.001).

Table 1. Comparison of the distribution of clinical and treatment factors stratified by the presence of
the cribriform pattern.

CP4 (n =129) Non-CP4 (n = 265) 4
Age (years), median (IQR) 62 (57, 66) 61 (55, 66) 0.174
Pre-RP PSA, ng/mL, median (IQR) 8.10 (5.20, 14.40) 7.00 (5.00, 9.9) 0.007
Prostatectomy tumor stage, No. (%) <0.001
T2 30 (24%) 124 (47%)
T3a or higher 97 (76%) 138 (53%)
Prostatectomy Gleason score, No. (%) <0.001
7 or less 60 (48%) 188 (73%)
8-10 66 (52%) 69 (27%)
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Table 1. Cont.

CP4 (n = 129) Non-CP4 (1 = 265) p

Prostatectomy margin status, No. (%) 0.200
Negative 92 (72%) 167 (66%)
Positive 35 (28%) 87 (34%)

Prostatectomy nodal status, No. (%) 0.300
Negative (NO) 99 (81%) 181 (86%)
Positive (N1) 23 (19%) 30 (14%)

* Follow-up (month), median (IQR) 46.37 (24.13,76.97) 37.27 (22.87, 62.90) 0.001

Abbreviations: CP4, cribriform pattern 4; non-CP4, non-cribriform pattern 4; RP, radical prostatectomy;
PSA, prostate-specific antigen; IQR, interquartile range.* reverse KM method is used to estimate time of me-
dian follow-up.

3.2. Covariate-Adjusted Hazard Ratios and Estimates of Progression-Free Survival

After a median follow-up of 40.50 months (IQR: 23.90, 65.60), the outcomes included
biochemical recurrence in 79 men (20.05%), locoregional recurrence in 5 (1.26%), distant
metastasis in 2 (0.50%), new primary tumors in 2 (0.50%), and 4 deaths (1.01%). As shown
in Table 2, the presence of CP4 was associated with a significantly lower PFS (AHR, 1.84;
95% CI, 1.08 to 3.11; p = 0.023) after adjusting for known covariates. As illustrated in
Figure 1, men with CP4 had significantly lower estimates of adjusted PFS compared to those
without it (p < 0.001), with the adjusted 10-year PFS estimate being 85.72% (95% CI, 74.79%
t0 98.24%) for men with CP4 versus 93.01% (95% CI, 87.79% to 98.54%) for those without.

Table 2. Covariate-adjusted hazard ratios for progression-free survival.

Covariates Univariable Multivariable
HR 95% CI p AHR 95% CI p
Age (years) 0.993 0.967-1.019 0.601 0.977 0.950-1.005 0.109
Baseline PSA, ng/mL
<4 0.990 0.409-2.398 0.984 0.616 0.233-1.626 0.327
4-10 Reference Reference Reference Reference
>10 1.463 0.917-2.335 0.110 0.741 0.431-1.275 0.279
Prostatectomy tumor stage, No.
T2 Reference Reference Reference Reference
T3a or higher 4.949 2.450-9.999 <0.001 3.903 1.693-8.995 0.001
Prostatectomy Gleason score
7 or less Reference Reference Reference Reference
8-10 3.461 2.198-5.472 <0.001 2.279 1.342-3.870 0.002
Prostatectomy margin status
Negative Reference Reference Reference Reference
Positive 1.604 1.017-2.530 0.042 1.117 0.642-1.945 0.693
Cribriform pattern 4
Non-CP4 Reference Reference Reference Reference
CP4 2.210 1.429-3.417 <0.001 1.837 1.080-3.114 0.023

Abbreviations: HR, hazard ratio; CI, confidence interval; AHR, adjusted hazard ratio; CP4, cribriform pattern 4;
non-CP4, non-cribriform pattern 4.
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Figure 1. Covariate-adjusted estimates of progression-free survival stratified by the presence of
cribriform pattern 4. Abbreviations: CP4, cribriform pattern 4; non-CP4, non-cribriform pattern 4.

3.3. Genetic and Molecular Profiles Stratified by the Cribriform Pattern

The expression levels of two specific mRNAs were significantly elevated in patients
with CP4, while 90 other mRNAs exhibited significantly reduced expression levels in these
patients compared to those without CP4 (Figure 2a). Furthermore, seven hub genes, namely,
KRT13, KRT5, KRT15, COL17A1, KRT14, KRT16, and TP63, exhibited significantly lower
mRNA expression levels in patients with CP4 compared to those without (Figure 2b-h).

The FRG1BP gene displayed the highest mutation frequency in both groups, with
50 mutations affecting 26.1% of the patients with CP4 and 69 mutations affecting 16.6% of
the patients without CP4. Among the hub genes, only genomic alterations in COL17A1
significantly differed between patients with CP4 and those without (Figure 3).
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Figure 2. The mRNA expression level of (a) the differentially expressed genes (DEGs) and (b-h) the
seven hub genes stratified by the presence of cribriform pattern 4. Abbreviations: CP4, cribriform
pattern 4; non-CP4, non-cribriform pattern 4.
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4. Discussion

In this study, we found that the presence of CP4 in PC patients undergoing RP was
associated with reduced PFS, even when accounting for known PC prognostic factors, and
was also linked to distinct genomic alterations. The clinical significance of these findings is
that they allow for identifying a subset of patients with adverse histopathological charac-
teristics who are at a higher risk of reduced PFS and have unique genomic alterations. This
information is valuable for the selection of candidates for future prospective randomized
clinical trials designed to explore additional treatments following RP.

In recent years, specific morphologic features, such as CP4, have been increasingly
recognized as significant predictors of prognosis in PC patients, highlighting their impor-
tance in the stratification of disease aggressiveness. Oufattole et al. highlighted that the
presence of CP4 or comedo/solid components in Gleason score 9-10 PC is associated with
higher rates of lymphovascular invasion and biochemical recurrence, suggesting that the
CP4 morphology is an independent predictor of a higher risk of biochemical recurrence [25].
Similarly, Okubo et al. demonstrated that the presence of CP4 in prostate biopsy speci-
mens is an independent risk factor for lymph node metastasis, showing the prognostic
significance of this morphologic feature even when partially present [26]. Moreover, Shi-
modaira et al. revealed that in patients with Gleason score 8 PC, the area and percentage
of CP4 are independent predictors of biochemical recurrence after robot-assisted radical
prostatectomy [27]. These findings collectively demonstrate the prognostic significance
of CP4 in prostate cancer, reinforcing its role in guiding post-surgical management and
highlighting the need for a meticulous histopathological evaluation to identify CP4. Fur-
thermore, the study by Di Mauro et al. showed the critical role of pre-operative assessments,
revealing that the PIRADS scores at multiparametric MRI are significant predictors of CP4
in patients undergoing RP, thereby reinforcing the necessity of incorporating advanced
imaging findings to enhance the prognostic accuracy for PC patients with CP4 [28]. Our
analysis supports these conclusions, demonstrating the association of CP4 with reduced
PFS, thereby emphasizing the value of including this morphologic feature in the prognostic
assessment of PC patients.

The current standard of care for patients who have undergone RP involves initiating
salvage RT once the PSA level reaches 0.1 ng/mL. This approach is supported by a meta-
analysis of three prospective randomized controlled trials, focusing on PFS as the primary
endpoint [29]. However, concerns have been raised regarding the potential impact of
immortal time bias on the results of the meta-analysis, suggesting that a subgroup of
high-risk patients might benefit from adjuvant RT [30]. Supporting this, evidence from
a large multi-national and multi-institutional study indicated a significant reduction in
all-cause mortality with the use of adjuvant RT over salvage RT, particularly in patients
with a pathological Gleason score of 8-10 and stage-pT3 or -pT4 PC [31]. Furthermore,
the ongoing NRG-GUO008 randomized control trial is exploring treatment intensification
with abiraterone and apalutamide following RP in patients with pathologically node-
positive disease and detectable PSA [32]. Patients with CP4 post-RP may also benefit from
adjuvant RT or treatment intensification, highlighting the need for their inclusion in future
randomized trials.

Our findings contribute to the limited but growing body of literature on the molecular
characteristics of PC with CP4. Notably, the distinct molecular features observed in our
study, such as the differential expression and mutation frequency of genes like FRG1BP and
alterations in COL17A1, align with and extend previous research by Elfandy et al., who
reported unique genetic, transcriptional, and epigenetic features distinguishing CP4 from
non-cribriform pattern 4 (non-CP4) tumors [33]. These features include increased somatic
copy number variations, mutations in SPOP and ATM, and pathway enrichments, which
collectively suggest a distinct molecular phenotype for CP4 PC that closely resembles that of
metastatic PC and is associated with progression to lethal disease [33]. Similarly, our study
echoes the findings of Bottcher et al., who reported that CP4 is linked to increased genomic
instability, highlighting CP4 role as a pathological substrate for progressive molecular
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tumor derangement [34]. Together, these findings emphasize CP4 significance in the
molecular landscape of PC, highlighting its potential as a marker of aggressive disease and
a target for future therapeutic strategies.

Several points require further discussion. First, histologic interpretations in this study
were based on one or two virtual slides. Considering the pathology review committee’s
limited access to the entire prostatectomy specimens, it is possible that patients classified as
lacking evidence of cribriform pattern 4 could, in fact, present this pattern in unreviewed
sections of the specimens. Despite this limitation, a significant association was observed
between the presence of CP4 and reduced PFS. Second, it is important to emphasize that
although men with CP4 are more likely to present with higher pre-RP PSA levels and
Gleason scores and advanced-stage disease (T3a or higher), these variables were carefully
considered and adjusted for in the multivariable model. Third, the TCGA database lacks
detailed longitudinal PSA measurements and imaging results post-RP, necessitating our
PFS assessment to be based solely on available dates of diagnosis, treatment, and significant
clinical events. Fourth, the absence of data on adjuvant treatments in our dataset represents
a limitation, potentially impacting the interpretation of the PFS outcomes. Finally, as
this is a retrospective study, the results are hypothesis-generating and warrant further
investigation in a prospective cohort study.

5. Conclusions

The association of CP4 with reduced PFS in PC patients undergoing RP highlights the
importance of identifying patients at increased risk of disease progression. These findings
advocate for the potential benefits of adjuvant treatment in this subgroup, emphasizing the
need for further investigation through prospective randomized clinical trials. Moreover,
the distinct genetic and molecular characteristics of CP4 further solidify its role as a critical
marker of aggressive PC, reinforcing the importance of targeted treatment strategies and
comprehensive molecular profiling in future clinical trials.
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Simple Summary: The role of periprostatic adipose tissue in the pathogenesis of prostate
cancer seems to be unquestionable. Moreover, periprostatic adipose tissue is involved in
the progression of prostate cancer. Our literature review provides detailed information
on the involvement of periprostatic adipose tissue in the development of prostate cancer.
The data so far indicate that periprostatic adipose tissue may become an attractive target
for modern prostate cancer therapies, especially in patients with more aggressive and/or
advanced stages of prostate cancer. Nevertheless, further research is necessary in this field.

Abstract: Periprostatic adipose tissue (PPAT) contributes to the pathogenesis of prostate
cancer. The purpose of this study was to review and summarize the literature on the role of
PPAT in prostate cancer pathogenesis. Moreover, we evaluated the clinical implication of
PPAT in patients with prostate cancer. We performed a scoping literature review of PubMed
from January 2002 to November 2024. Search terms included “periprostatic adipose tissue”,
“adipokines”, and “prostate cancer”. Secondary search involved reference lists of eligible
articles. The key criterion was to identify studies that included PPAT, adipokines, and
their role in prostate cancer biology and clinical features. In total 225 publications were
selected for inclusion in this review. The studies contained in publications allowed us to
summarize the data on the pathogenesis of PPAT as a contributor to prostate cancer biology
and its aggressiveness. The review also presents new research directions for PPAT as a new
target for the treatment of prostate cancer. Based on the current review, it can be stated that
PPAT plays an important role in prostate cancer pathogenesis. Moreover, PPAT seems to
be a promising target point when it comes to finding new therapies in patients with more
aggressive and/or advanced stages of prostate cancer.

Keywords: periprostatic adipose tissue; prostate cancer; obesity; pathogenesis; adipokines

1. Introduction

Prostate cancer is the second most commonly diagnosed cancer in men [1]. In the
European male population, prostate cancer remains the most frequently diagnosed can-
cer (excluding skin cancer) [2]. Prostate cancer is diagnosed on the basis of a prostate
biopsy. Laboratory tests (assessment of the PSA level) and imaging tests (multiparametric
magnetic resonance imaging) are helpful in diagnosis. Urine and serum biomarkers as
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well as tissue-based biomarkers have been proposed for improving detection and risk
stratification of prostate cancer patients, potentially avoiding unnecessary biopsies. Most
patients with prostate cancer require radical treatment (radical prostatectomy). However,
taking into account the biology of prostate cancer and the clinical features of patients with
prostate cancer (age, comorbidities, stage of the disease, etc.) in selected cases, we choose
non-surgical methods (e.g., radical radiotherapy, hormonotherapy, chemotherapy, etc.).
The pathogenesis of prostate cancer is multi-factorial but still incompletely understood [3].
Several etiological factors have been discussed as being associated with the risk of devel-
oping prostate cancer or as being etiologically important for the progression from latent
to clinical prostate cancer [4]. The possible modifiable risk factors for the development of
prostate cancer include metabolic syndrome, obesity, diet, and smoking [5].

A comprehensive meta-analysis provides epidemiological evidence supporting the
association between body mass index (BMI) and cancer risk and reports an increased risk
of aggressive prostate cancer in obese patients [6]. Despite advances in prostate cancer
diagnosis and management, morbidity from prostate cancer still remains high. Despite
hormonal therapy, patient with prostate cancer progress to castration-resistant prostate
cancer (CRPC) approximately within 2-3 years of initiation of androgen deprivation ther-
apy [7]. Bone metastases will occur in about 90% of patients with CRPC [8]. Therefore,
there is a need for new therapeutic targets in patients witch prostate cancer, especially in
CRPC clinical stage. Periprostatic adipose tissue (PPAT) contributes to the pathogenesis of
prostate cancer development. Moreover, it is postulated that PPAT is involved in prostate
cancer progression into metastatic disease.

The following review aims to discuss and provide information about the role of
PPAT in prostate cancer pathogenesis and its clinical implication in patients with prostate
cancer. The studies contained in publications allowed us to summarize the data on the
pathogenesis of PPAT as a contributor to prostate cancer biology and its aggressiveness.
The review also presents new research directions for PPAT as a new target for the treatment
of prostate cancer, especially in patients with more aggressive and/or advanced stages of
prostate cancer.

2. Obesity and Cancer

Obesity is strictly related to several chronic diseases, especially cardio-vascular ill-
nesses, diabetes, sleep apnea, and osteoarthritis [9]. It is worth noting that there is growing
evidence that overweight and obesity is a potential risk factor for cancer development [10].
Obesity attributes to about 4-8% of all cancers [11]. Previous studies showed the link be-
tween obesity and gastro-intestinal cancers (e.g., esophagus, stomach, colon, and rectum),
gallbladder and pancreas cancer, genito-urinary cancers (e.g., prostate, uterus, and ovary),
and breast cancer [11-14]. Aune et al.’s [15] study revealed that overweight and obesity is
associated with increased risk of all-cause mortality. Additionally, obesity was associated
with greater risk of recurrence and mortality overall in patients with cancer [16,17].

The potential pathomechanisms of obesity causing cancer are complex and multifac-
torial. This phenomenon remains incompletely explained. Obesity results from a chronic
excessive accumulation of adipose tissue. In the literature, several potential cellular and
molecular pathomechanisms linking cancer development, as well as cancer progression
and metastasis development, to obesity were described [18]. These mechanisms include,
among others, micro-environmental disturbances and extracellular matrix remodeling,
altered fatty acid metabolism, hormonal disturbances (e.g., anabolic hormone), chronic in-
flammation, and immune instability [19]. Additionally, Renehan et al. [20] proposed several
hormonal pathomechanisms attributed to cancer development, as follow: (1) adipokine-
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related pathways, (2) altered sex hormone metabolism, and (3) elevated insulin level and
increased bioavailability of insulin-like growth factor 1 (IGF-1). Moreover, it is postulated
that interstitial microbiota dysregulation is important in obesity, obesity-related diseases,
and cancer development [21]. Roger et al. [22] draws attention to intestinal microbiome
dysregulation affect proper bacterial metabolism, which may lead to production of poten-
tial procarcinogenic metabolites. Additionally, metabolic dysfunction due to boost energy
extraction, nutrient availability, and induction of inflammation seems to contribute to
tumor cells development and/or growth.

3. Obesity and Prostate Cancer

The relationship between obesity and the risk of prostate cancer is still unclear. Previ-
ous studies confirmed that obese men are at higher risk for dying of prostate cancer [23].
Moreover, men with obesity predispose to more aggressive form of prostate cancer [24,25].
Previous meta-analyses indicate a positive association between prostate cancer and obesity.
In general, the relative risks (RRs) were from 1.01 (95% confidence interval [CI], 1.0-1.02) per
1 kg/m? increase in BMI [26] to 1.05 (95% CI, 1.01-1.08) [25] and 1.03 (95% CI, 1.0-1.07) [27]
per 5 kg/m? increment in BMI [24].

There are two types of adipose tissue: white adipose tissue (WAT) and brown adipose
tissue (BAT). Moreover, third type of adipose tissue can be distinguished: a “beige” adipose
tissue due to the “browning” of WAT phenomenon. Many studies indicate the active
participation of adipose tissue in the development and progression of prostate cancer via
endocrine and paracrine signalling [28]. Hond et al. [29] study showed that that adipose
tissue covered about 48% of the prostate gland surfaces.

Allott et al. [24] study described a close positive correlation among prostate cancer
and other comorbidities (e.g., metabolic syndrome and obesity). There are currently several
potential mechanisms explaining the relationship between obesity and the development of
prostate cancer. First, generalized and local inflammatory response stimulated by immune
system cells present in the adipose tissue, including that surrounding the prostate gland.
Second, obesity and excess adipose tissue lead to the development of hyperinsulinemia.
Third, excess adipose tissue predisposes to changes in the availability of a number of
substances with para- and endocrine effects, including the so-called adipokines [30]. White
adipose tissue surrounding the prostate gland forms the so-called PPAT and is one of the
most important components of the prostate microenvironment, taking an active part in
the physiological conditions as well as in the development of prostate cancer. Namely, the
periprostatic adipose tissue is an active endocrine tissue, influencing the activity of prostate
cells, but above all, by modulating the microenvironment, it promotes the processes of
migration, invasion, and aggressiveness of prostate cancer cells [30,31].

In people with normal body weight, a proper balance between pro- and anti-
inflammatory pathways is maintained in the adipose tissue. Thanks to the secretion of
greater amounts of anti-inflammatory substances from the extracellular matrix and the adi-
pose cells themselves [32]. As body weight increases, a predominance of pro-inflammatory
activity is observed. This is due to increased production of adipokines associated with
developing insulin resistance and increased inflammation. In addition, the cell death of
some hypertrophic adipocytes and the release of intracellular substances are observed,
which increase the already existing inflammation, intensifying the pro-inflammatory re-
sponse [33].

Early childhood and puberty are important periods for the development of normal
adipose tissue mass. After puberty, adipocyte number and size become static in lean indi-
viduals [34]. In obese subjects (in development and adulthood), the increment in adipose
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tissue mass is due to adipocyte size (hypertrophy) and increased adipocyte number (hyper-
plasia) [35]. In adults, a high-fat diet transiently induces adipocyte precursors to proliferate,
which leads to the increased formation of adipocytes in diet-induced obesity. The develop-
ment of PPAT appears to be parallel with the development of obesity, particularly of the
visceral type. The increase in PPAT mass results mainly from the enlargement of adipocytes
already present there. However, the coexistence of adipocyte proliferation cannot be ruled
out. The extent of PPAT seems to be related to the degree of visceral obesity due to their
morphological and functional similarities. Obesity is associated with changes in adipocyte
gene expression spanning many pathways. These changes alter fuel partitioning between
adipose tissue and other tissues. In addition, they alter the hormonal milieu by changing
the relative expression of adipose hormones, adipokines. Finally, many metabolites act as
signaling molecules; thus, their redistribution alters signaling pathways in adipose and
other tissues [36].

4. PPAT and Prostate Cancer Biology

Adipocytes contained in PPAT are thought to influence cancer cell activity via patho-
logical feedback loops dependent on paracrine secretion of adipokines. These adipokines
influence cancer cell growth and survival. Park et al. [30] described the close interactions
of cancer cell and adipocytes via endocrine and paracrine pathways. Several proposed
pathophysiological mechanisms of prostate cancer tumorigenesis have been described
at the cellular level, including: (1) the insulin and IGF axis, (2) deregulated adipokine
signalling, and (3) the expansion of adipose/stromal stem cells population [37-39]. It is
worth remembering, however, that the “adipocytes—prostate cancer cells” interaction is not
one-way. Several studies have confirmed the observation that prostate cancer cells demon-
strate the ability to induce genetic and phenotypic changes in neighbouring adipocytes,
leading to their transformation into so-called “cancer-associated adipocytes” [40]. During
tumour growth, epithelial cells leave the glandular niche and invade the microenvironment
becoming exposed to huge concentrations of adipokines released by PPAT that boost their
proliferation [28,41].

At the same time, remodelling of the extracellular matrix seems to be an inherent patho-
physiological mechanism influencing tumour development and progression. Moreover,
obesity predispose to infiltration of adipose tissues by inflammatory cells (e.g., macrophages
and leukocytes) and in a consequence trigger the local and systemic inflammatory response
and insulin resistance [42]. During local inflammatory process the reactive oxygen species
are generated that act as tumour promoters at a low concentration [43]. Adipocytes, stro-
mal cells, and infiltrating inflammatory cells in adipose tissue secrete several adipokines
and other cytokines, which play a crucial role in the development of obesity-related can-
cer [42,44] (Figure 1).

5. PPAT and Adipokines

Adipose tissue releases a number of substances named adipokines. The adipokines
include chemokines, cytokines (e.g., interleukin-1 (IL-1), interleukin-6 (IL-6) and tumour
necrosis factor (TNF)-«), angiogenic factors (e.g., vascular endothelial growth factor (VEGE),
and other substances (e.g., leptin, adiponectin, and insulin-like growth factor 1 (IGF1),
etc.) [28,42] (Figure 2).

68



Cancers 2025, 17,372

OBESITY ADIPOKINES

PCa tumour
microenvironmen
t disturbances

(includ
Westem dt)

Androgen and extracellular
hormone matrix
disturbances remodeling
Epithelial-
mesenchymal
Increased insulin transition

/IGF-1 signaling

Chronic
inflammation

Immune
dysregulation
(e.g. macrophage
phenotype
polarization, NK
cells paralysis, etc.)

Prostate
cancer
progression

Altered fatty
acid metabolism
Lipolysis and
free fatty acids
release

an

Figure 1. Obesity-associated pathomechanisms of prostate cancer development. PPAT—Periprostatic
adipose tissue, IGF-1—Insulin-like growth factor-1, NK—Natural Killer, PCa—prostate cancer.

. . Leptin
Angiogenic
factors (e.g. Adiponectin
VEGF)
TNF-a Insulin /IGF-1
pathway
Cytokines (IL-1
/1L-6) BMPs
Chemokines Prostate cancer
(e-g- UCPs

CCR3/CCL7) develop ment

Figure 2. Adipokines released from PPAT affect prostate cancer development. CCR3—chemokine
receptor 3, CCL7—chemokine ligand 7, IL-1—interleukin-1, IL-6—interleukin-6, TNF-ox—tumor
necrosis factor o, VEGF—vascular endothelial growth factor, IGF-1—Insulin-like growth factor-1,
BMPs—Bone Morphogenetic Proteins, UCPs—mitochondrial uncoupling protein.

5.1. Chemokines

Chemokines are small molecules that function as chemotactic factors, which regulate
the migration, infiltration, and accumulation of immune cells [45]. Laurent et al.’s [46]
study showed that PPAT, especially its adipocytes, is directly involved in prostate cancer
cell migration outside the prostate gland. Additionally, obesity promotes this migration.
There are several adipokines involved in prostate cancer cell migration. The chemokine
CCLY7 secreted by adipocytes is pivotal in extensive migration. CCL7 diffuses through the
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prostatic capsule to the peripheral zone of the prostate gland and consequently stimulates
the migration of the CCR3 = positive prostate cancer cells outside the prostate. Obesity
predisposes to higher secretion of chemokines (e.g., CCL7) by hypertrophic adipocyte cells
from PPAT and secondarily facilitates extraprostatic extension, leading to locally advanced
disease. Additionally, CCR3/CCLY7 axis blockade leads to inhibition of increased obesity-
related cancer cell migration. The expression of the CCR3 receptor is associated with the
occurrence of aggressive disease with extended local dissemination and a higher risk of
biochemical recurrence of prostate cancer.

The adipocytes release the stromal cell derived factor 12 (CXCL12) through direct
interaction with the chemokine receptor CXC type 4 (CXCR4) present in the membrane
of tumour cells activates the intracellular cascade of gene transcription involved in cell
survival, or migration and invasion, thus promoting EMT [28]. The process of epithelial—-
mesenchymal transition (EMT) plays a pivotal role in the development of metastatic
castration resistant prostate cancer (m CRPC) [47]. The epithelial-mesenchymal transition
(EMT) in important in prostate tumours growth and progression [48]. Moreover, the EMT
phenomenon is promoted by obesity [49].

5.2. Leptin

Leptin is an obesity-associated adipokine. This molecule regulates energy metabolism
and reproduction, as well as controls an appetite via the leptin receptor. Moreover, cancer
cells and the tumour microenvironment expressing leptin and leptin receptors suggest
that the potential leptin autocrine/paracrine signalling loop could affect tumour progres-
sion [50]. Gorrab et al. [51] demonstrated that high doses of leptin promote prostate cancer
cell migration and EMT transition via stimulation of the STAT3 pathway. Moreover, the
blockage of leptin receptors inhibits prostate cancer xenograft growth and progression in
a mice model [52]. Cellular invasion and migration of androgen-resistant prostate cancer
cells (PC-3 and DU-145 cell lines) are attenuated by leptin in a concentration-dependent
manner in prostate cancer cell lines. Additionally, the proliferation of androgen-dependent
and independent prostate cancer cell lines was observed in the presence of nanogram
concentrations of leptin [53]. Serum levels of leptin positively correlate with prostate
cancer development [54]. Chang et al. [55] study revealed that men with high-volume
disease exhibited higher serum leptin concentrations overall and after stratification by age,
testosterone level, height, and body mass index (BMI).

5.3. Adiponectin

Adiponectin interacts via ADIPOR1 and ADIPOR2 membrane receptors [56]. Adiponectin
has significant anti-diabetic, anti-inflammatory, anti-atherosclerotic and anti-proliferative
properties [54]. Patients with prostate cancer have lower serum adiponectin levels and
decreased expression of adiponectin receptors in tumour tissues, which suggests that
plasma adiponectin level is a risk factor for prostate cancer. Prostate cancer patients had
significantly lower plasma adiponectin concentrations as compared to men with benign
prostate hyperplasia and healthy controls. Men in the top two quartiles of adiponectin had
a 71% to 73% reduced risk of prostate cancer as compared to men in the lowest quartile [57].
Li et al. [58] study showed that adiponectin concentrations were not associated with
overall risk of prostate cancer. However, men with higher adiponectin concentrations
had lower risk of developing high-grade or lethal cancer (metastatic or fatal disease).
Endogenous adiponectin may function as a tumour suppressor gene through inhibiting the
epithelial-mesenchymal transition of prostate cancer cells but is down-regulated in prostate
cancer via promoter hypermethylation [59]. Contrarily, Tang et al.’s [60] study showed
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that adiponectin increased the migration and the expression of «531 integrin of human
prostate cancer cells. One of the mechanisms underlying directed adiponectin migration
was transcriptional up-regulation of «531 integrin and activation of AdipoR1 receptor, p38,
AMPK, and NF-«B pathways. Previous studies revealed that that adiponectin presents anti-
proliferative properties in prostate cancer cells and inhibits dihydrotestosterone-activated
cell proliferation, IL-6, and IGF-I [61-63].

5.4. Insulin-like Growth Factor 1

Insulin-like growth factor (IGF)-1 is associated with a higher risk of prostate can-
cer [64]. Similarly, Qian et al. [65] revealed that the elevated serum IGF-1 levels increase
the future risk of prostate cancer development in healthy men. Acromegaly patients with
systemically high growth hormone (GH) and IGF-1 levels also have significantly higher in-
cidence of prostate cancer and risk of prostate cancer-related mortality (HR = 1.33 and 1.44,
respectively), suggesting that IGF-1 has a positive effect on prostate cancer development
and progression [66]. IGF-1 is inhibited by IGF-binding protein (IGFBP)-1, which is defined
as a marker for insulin activity. Insulin is responsible for proper carbohydrate and energy
metabolism. It also has a strong mitogenic effect and stimulates prostate growth, which may
contribute to the development of prostate cancer [67]. On the one hand, epidemiological
studies to date clearly indicate the relationship between higher levels of circulating IGF-1
and an increased risk of prostate cancer development (especially low-grade cancer). On the
other hand, the potential pathomechanisms related to insulin and IGF pathways remain
unclear [68,69]. In patients with prostate cancer, the overexpression of IGF-1 receptor is
observed. IGF-1 accelerated the growth of prostate cancer by activating phosphoinositide
3-kinase and mitogen-activated protein kinase or increasing sex hormone sensitivity [70].
Cao et al.’s [64] results showed that higher fasting IGF-binding protein (IGFBP-1) levels
were associated with lower risk of prostate cancer, whereas higher IGF-1 levels were as-
sociated with increased prostate cancer risk. The associations were primarily driven by
lower-grade and non-advanced prostate cancer. In patients with locally advanced and
metastatic prostate cancer, androgen deprivation therapy remains very important therapeu-
tical option. Experimental data confirmed the implication of IGF-1 axis in prostate cancer
development. Moreover Ravi et al. [71] evaluate the association between IGF-1 and its
binding proteins on outcomes in men with metastatic prostate cancer treated with androgen
deprivation therapy, with or without docetaxel. The observations showed that a higher
baseline and 6-month IGF-1:IGF-BP1 ratio was associated with better overall survival.

The normal function of white adipose tissue (WAT) is to store and release lipids. In
obesity, WAT develops inflammation, fibrosis, and dysfunction and is sufficient to enhance
cancer progression irrespective of diet. Periprostatic WAT, more abundant in obese patients,
plays a particularly important role in prostate cancer [72]. Moreover, adipose tissue is
considered to be more metabolically active than other tissues and to serve a prominent role
in prostate cancer development. Visceral adipocyte tissue produces multiple molecules.
PPAT is a type of visceral adipose tissue which serves an important role in prostate cancer
biology. The ability of PPAT to secrete a number of molecules (cytokines, hormones, IGF-1,
etc.) makes this tissue extremely similar to visceral adipose tissue [73].

In obesity pathogenesis, growth hormone (GH)/insulin-like growth factor (IGF)-
dependent pathways remain crucial. Both GH and IGF-I have direct effects on adipocyte
proliferation and differentiation. Insulin resistance, which is commonly associated with
obesity, has been shown to promote prostate cancer by increasing circulating levels of
bioactive IGF-1, a growth factor implicated in numerous types of cancer [74,75]. Yang
et al.’s [76] study showed that metformin intake significantly increased IGF-1 level. On
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the other hand, Tosca et al.’s [77] study revealed that metformin reduces cell growth,
protein synthesis, MAPK3/1, and P90RSK phosphorylation in response to IGF1 through an
AMPK-dependent mechanism in cultured bovine granulosa cells. However, the influence
of metformin on prostate cancer biology remains inconclusive [78]. Kim et al. [79] did not
identify a significant positive correlation between metformin and prostate cancer. However,
preoperational PSA and PSA velocity tended to be lower in the metformin cohort.

5.5. Interleukins

In obese patient the elevated level of IL-1 is observed [28]. It is postulated that IL-1
is a risk factor of cancer (e.g., colorectal and lung cancer) [80]. IL-1 is released by the
activated macrophages present in the tumour microenvironment, but it is also produced
by adipose tissue [81]. Proinflammatory cytokines can influence neuroendocrine differ-
entiation in prostate cancer and be involved in disease progression [82]. Inflammation is
known to promote tumour formation and progression. Fan et al. [83] found a natural anti-
inflammatory factor, interleukin (IL)-1 receptor antagonist (ILIRN), in a mouse transgenic
adenocarcinoma of the mouse prostate (TRAMP)-C1-derived tumour microenvironment.

Interleukin 6 (IL-6). IL-6 is also released by adipocytes in case of obesity. Interestingly,
it has been found that although IL-6 is primarily considered a pro-inflammatory cytokine, it
also has many regenerative or anti-inflammatory activities. Due to its modulatory effect on
inflammation, IL-6 is associated with cancer development [28]. In patients with untreated
metastatic or castration-resistant prostate cancer (CRPC), the serum level of IL-6 is in-
creased and also correlates negatively with tumour survival and response to chemotherapy.
In vitro and in vivo studies showed that IL-6 promote prostate cancer cell proliferation
and inhibit apoptosis through several cellular pathways, such as (1) the Janus tyrosine
family kinase (JAK-signal transducer and activator of transcription (STAT) pathway, (2) the
extracellular signal-regulated kinase 1 and 2 (ERK1/2)-mitogen activated protein kinase
(MAPK) pathway, (and 3) the phosphoinositide 3-kinase (PI3-K) pathway [84]. Addition-
ally, IL-6 is associated with aggressive prostate cancer phenotype and may be involved
in the metastatic process through regulation of the epithelial-mesenchymal transition
(EMT) and homing of cancer cells to the bone [84]. Similarly, Okamoto et al.’s [85] in vitro
experiments pointed that IL-6 acts as a paracrine growth factor for androgen-sensitive and
slow-growing prostate cancer cell lines (LNCaP) and as an autocrine growth factor for
androgen-insensitive and fast-growing prostate cancer cell lines (DU145 and PC3).

5.6. Tumor Necrosis Factor « (TNF-x)

TNF-« is an adipokine of multidirectional action [86]. Previous studies showed that
TNF-« presents of different actions in prostate cancer (pro- and anti-carcinogenic) [87].
TNF-« expression levels correlate with disease progression. The highest expression of
TNF-« was observed in prostate cancer as compared to benign prostate hyperplasia [88].
Maolake et al. [89] results showed that TNF-o acts as a regulator of increased tumour cell
migration through the upregulation of C-C chemokine receptor 7 (CCR7). Moreover, TNF-«
in involved in the initiation of castrate-resistant prostate cancer by inducing hypersensi-
tivity to androgen (in vitro LNCaP cells). Contrarily, anti-cancer activities include, among
other activities, the inhibition of angiogenesis at high doses of TNF-a in in vitro and in vivo
studies [90]. TNF-« is chronically produced at low levels within the tumour microenvi-
ronment [91]. Additionally, stimulates antitumour immunity by enhancing the generation
and proliferation of cytotoxic T cells [91]. Additionally, Lee et al.’s [92] results showed
that TNF-« induces apoptosis of androgen-sensitive, non-metastatic prostate cancer cell
lines (LNCaP).
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5.7. Vascular Endothelial Growth Factor (VEGF)

The physiological activity of VEGF consists of angiogenesis, development, wound
healing, and haematopoiesis. VEGF presents pro-tumour properties. The angiogenesis
and expansive vascularization are a critical process which determine the growth and
progression of tumour. The most potent pro-angiogenic factor is VEGF-A. Previous studies
showed that the inhibition of VEGF-dependent pathways may lead to regression of vascular
network and inhibition of a tumour growth [93]. Duque et al. [94] study indicates that
patients with metastatic prostate cancer have higher plasma VEGEF levels than patients with
localized disease or healthy controls. Wang et al.’s [95] results showed that the Neuropilin-
2 (NRP2), which functions as a VEGF receptor on tumour cells, is an attractive target to
activate antitumor immunity in prostate cancer because VEGF-NRP2 signalling sustains
PD-L1 expression. Moreover, the blockade of the binding of VEGF to NRP2 using a mouse-
specific anti-NRP2 monoclonal antibody led to necrosis and tumour regression in mouse
prostate cancer models. Adipose-derived mesenchymal stem cells (ADSCs) play a critical
role in vascularization. ADSCs secrete a wide range of cytokines and growth, angiogenic,
and antiapoptotic factors. The angiogenic and antiapoptotic properties are exacerbated
under hypoxemic conditions [96,97]. Systemic insulin, IGF-1 and other biomolecules (e.g.,
HIF-1, VEGEF, etc.) may modify ADSCs homeostasis within PPAT, with further effects on
prostate cancer biology.

5.8. Bone Morphogenetic Proteins (BMPs)

BMPs belongs to multifunctional molecules which acts as a modulators of cell differen-
tiation, proliferation, survival, and motility. BMPs play important roles in the development
and progression of prostate cancer, breast cancer and lung cancer. Additionally, BMPs
are involved in cancer-related angiogenesis. It is believed that BMP can either directly
regulate the functions of vascular endothelial cells or indirectly influence the angiogenesis
via regulation of angiogenic factors, such as VEGF [98]. The higher expression of BMP-6
is closely related to higher-grade primary tumours and metastatic prostate cancer. More-
over, BMP-6 plays a role in the progression of castration-resistant prostate cancer [99,100].
Contrarily, Kobayashi et al.’s [101] results showed that BMP-7 plays a critical role in tu-
mour dormancy and recurrence. The elevated level of extracellular BMP-7 suppresses the
migration and invasion of tumour cells. BMP-7 counteracts physiological epithelial-to-
mesenchymal transition. The expression of BMP-7 in prostate cancer tissue was strongly
down-regulated compared with normal prostate tissue [102]. Additionally, the BMP7
administration inhibited the growth of cancer cells in bone in mouse model [100].

BMPs are secretory proteins which are involved in morphogenetic activities and
cell differentiation throughout the body, including the development of adipose tissue
and adipogenic differentiation. BMP-4 and BMP-7 are related to white adipogenesis
and brown adipogenesis, respectively, but other BMPs (e.g., BMP-2, BMP-6, and BMP-
8b) have been shown to also affect adipogenesis [103]. BMPs induce various effects by
regulating multiple types of cells and orchestrating them to remodel adipose tissue for
adaptation [104]. Adipocyte turnover is relevant to the morphology and function of adipose
tissue as well as the physiological and pathological states of adipose tissues [105]. The
low adipocyte generation rates are associated with adipose tissue overgrowth without
an increased number of cells (hypertrophy), whereas high generation rates are associated
with adipose hyperplasia. Hypertrophic adipocytes resulting from lipid overload induce
a series of adverse effects, such as hypoxia, lipotoxicity, inflammation, and metabolic
impairment [104,105]. Differentiation generates new adipocytes, and cell death clears old
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or abnormal adipocytes. The undoubtable impact of BMPs on adipocytes may also have an
impact on the activity of PPAT, in consequence leading to secretome profile changes.

5.9. Mitochondrial Uncoupling Protein (UCP)

Uncoupling proteins (UCPs) 1-3 are mitochondrial anion carrier proteins, which play
a crucial function in diminishing reactive oxygen species production [106]. Mitochondrial
uncoupling protein 2 (UCP2) uncouples electron transport from ATP production. UCP-2
play an important role in obesity and diabetes. In prostate cancer tissue the levels of UCP-2
were significantly higher than that in the adjacent normal tissues [107]. Sadehgi et al. [108]
results showed that the increased UCP-2 expression was correlated with decreased survival
in prostate cancer. UCP-2 reprograms the immune state of the tumour microenvironment
by altering its cytokine milieu in an interferon-regulatory-factor-5-dependent manner [109].
Tumour-associated macrophages (TAMs), due to modulation of tumour microenvironmen-
tal features, promote tumour progression and metastasis development [110]. Macrophages
present an expression of UPC-2 [111]. Macrophages have a very interesting property that
allows them to adapt to hypoxemic conditions in conjunction with tumour growth and local
ischemia. Despite hypoxia, macrophages can adapt to these conditions, reprogramming
their metabolism and being still activated and promoting further tumour growth [112]
(Figure 3).
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Figure 3. The multidirectional action of adipokines released by periprostatic adipose tissue (e.g.,
chemokines, cytokines, angiogenic factors, and other substances (e.g., leptin, adiponectin, IGF1,
HIF-1«, etc.) in prostate cancer pathogenesis.

6. MicroRNAs

MicroRNAs (miRNAs) are single-stranded non-coding RNA molecules that play a
regulatory role in gene expression and cancer cell signalling. The miR-628-5p (miR-628)
was identified as a potential biomarker in serum samples from men with prostate can-
cer [113]. Srivastava et al.’s [114] results showed exposure to leptin, downregulated the
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expression of miR-628, and increased cell proliferation/migration in prostate cancer cells.
miR-21 contributes to androgen-dependent and androgen-independent prostate cancer
growth [115,116]. Dybos et al. [117] study showed that miR-148a-3p is upregulated in men
with prostate cancer, and the miRNA is differentially expressed in patients with prostate
cancer compared to healthy controls. miR-148a is an androgen-responsive microRNA
that promotes LNCaP prostate cell (androgen-sensitive cells) [118]. He et al. [119] clinical
study showed that serum miR-148a-3p level positively correlates while miR-485-5p level
negatively correlates with prostate cancer’s progressing and postoperative recurrence. Con-
sidering the impact of diet and dairy on the risk of developing prostate cancer, it is worth
mentioning that cow milk contains large amounts of microRNAs (miRNAs) [120]. miR-17-
5p, miR-25, miR-27b, and miR-9-5p were significantly reduced in ultra-high-temperature-
treatment milk (p < 0.05) but not significantly affected in pasteurized milk (except miR-
27b) [121]. Zhang et al. [121] described that the bioactive miRNA in raw milk was lost
after ultra-high-temperature treatment but not in pasteurized treatment. miR-17-5p has
been reported to increase cell proliferation and the risk of metastasis in prostate cancer.
Additionally, a high cancer cell expression of miR-17-5p was an independent negative
prognostic factor in prostate cancer [122].

7. PPAT and Extracellular Matrix Remodelling

The two-way interaction between PPAT and prostate cancer is predisposed to the
modification of the cancer microenvironment in favour of cancer development. Each
component of PPAT, which consists of adipocytes, an extracellular matrix (ECM) and
immune cells plays a role in this process. ECM due to specific architecture plays role in cell
adhesion, as well as tissue regeneration and repair. Moreover, ECM acts in cell proliferation,
migration, and apoptosis. Obesity leads to adipocytes hypertrophy as a consequence of
excessive lipid accumulation. It provokes further changes, such as (1) local infiltration by
immune cells, (2) an increased accumulation of collagens, elastin, and fibronectin in ECM
(fibrosis), and (3) inflammation response. These processes seem to be strictly related to local
hypoxia and insulin resistance [123]. Cancer development is predisposed to dysregulation
of the ECM architecture and its function. The most common component of ECM is collagen,
which provides the basic mechanical and functional properties of ECM. Developing cancer
cells release several molecules such as collagenases and metalloproteinases leading to
significant changes in the deposition or degradation of collagen and in a consequence the
loss of ECM homeostasis. Previously, it was believed that collagen, a component of ECM,
was only a passive barrier protecting cancer cells from developing cancer. However, it is
now known that it plays an active role in its development and progression [124,125]. A
dynamic interplay between the microenvironment and cancer cells is observed, leading
to structural changes of the surrounding ECM during cancer cell proliferation. Increased
secretion of fibronectin and different types of collagens (I, III, and IV) indicates that tumour
progression demand a continuous interaction between the ECM and tumour cells [126].
Additionally, Paszek et al. [127] revealed that increased deposition of matrix proteins
promotes tumour progression by interfering with cell-to-cell adhesion, cell polarity, and
ultimately amplifying growth factor signalling.

The tumour scaffold is based on collagen. ECM remodelling by collagen degradation
and re-deposition affects tumour microenvironment, as well as promotes tumour infil-
tration, angiogenesis, invasion and migration [124]. Collagen changes in ECM release
biomechanical signals, which are sensed by both tumour cells and stromal cells, trigger a
cascade of biological events [124]. It is worth noting that a slight disturbance in tumour
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microenvironment homeostasis can have significant effects on the proliferation of cancer
cells [93].

8. PPAT and Prostate Cancer Aggressiveness and Progression

In obesity, the normal balance of adipose tissue (including PPAT) secretory proteins is
perturbed. This condition is associated with a greater risk of aggressive prostate cancer
with increased local dissemination [24,128]. Su et al.’s [129] study establishes adipose
stromal cells derived from white adipose tissue as the main source of CXCL12 driving
prostate cancer aggressiveness by increasing the survival and proliferation of cancer cells.
Through CXCR4-mediated signalling, the epithelial-mesenchymal transition (EMT) is
also promoted, which intensifies the aggressiveness of prostate cancer. Another patho-
physiological mechanism that enables the expansion of the prostate cancer tumour is the
change in the structure of the extracellular matrix with the participation of PPAT. The
adipocytes in PPAT through collagenases (CLG) and metalloproteinases (MMPs) leads to
extracellular matrix remodelling, which, in conjunction with EMT, favours cancer cells
migration out of the primary niche and their further dissemination [28]. Previous clinical
studies showed that in comparison with normal weight patient, the obese individuals are at
higher risk of prostate cancer progression after radical prostatectomy. Moreover, this cohort
more likely develop metastatic prostate cancer and/or the cause of death will be prostate
cancer [130]. These observations undoubtedly indicate that obesity is closely related to a
more aggressive form of prostate cancer with a greater potential for clinical progression.
Ribeiro et al.’s [130] study showed that the PPAT modulates extra-prostatic tumour cells’
microenvironment through increased MMPs activity and to promote prostate cancer cell
survival and migration. Matrix metalloproteinases are associated with cancer-cell invasion
and metastasis due to its proteolytic features [131]. MMP9 elicit epithelial-to-mesenchymal
transition in tumour cells, leading to more aggressive phenotype of cancer [132]. The
extra-capsular extension of cancer cells into the periprostatic area is a factor of early disease
recurrence and worse prognosis in patient with prostate cancer [133]. Sacca et al. [134]
study showed that PPAT releases pro-MMP-9 which induces the invasive capacity of an-
drogen dependent prostate cancer cell lines (LNCaP cells). Therefore, it is postulated that
PPAT via MMP-dependent pathways may modulate prostate cancer progression even from
the early stages of the disease. Previous studies showed that obesity is more related to
the aggressiveness of the tumours and not directly related to the risk of development of
prostate cancer. Moreover, prostate cancer progression depends on tumour activity as well
as the active function of the microenvironment [135,136]. In obese patients with prostate
cancer, the risk of cancer progression is more potent due to chronic inflammation, which is
strictly related to increased secretion of pro-inflammatory adipokines and overproduction
of reactive oxygen species. PPAT, which is a part of surrounding microenvironment for
prostate cancer, participate in the bi-directional interplay with cancer cells via paracrine
route. Moreover, the molecules excreted by cancer cells, stromal cells, adipocyte, and
adipose stem cells into the tumour microenvironment play a critical function in cancer
progression. Sacca et al.’s [137] study provides that in prostate cancer the metabolic dys-
function of PPAT occur. The prostate cancer microenvironment is altered by adipokines
and fatty acids (FAs) secreted by PPAT. In locally advanced prostate cancer (T3 stage) the
secretome of PPAT is enriched in several pathways related to energy production, indicat-
ing a greater energy requirement by the tumour, when compared to the organ-confined
prostate cancer (T2 stage) [137]. Moreover, T3 stage prostate cancer presents enrichment
in pathways related to hormone response, polyamine synthesis, and control of protein
synthesis through amino acid, RNA, and nucleotide metabolism [137]. Balaban et al. [138]
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results revealed interesting feature of prostate cancer cells. These cells use extracellular
FAs as both fuel for oxidation and the primary substrates for complex lipid synthesis such
as triacylglycerols, and that high extracellular lipid availability further enhances FA flux
in these cells. Iordanescu et al. [139] clinical study showed the linear association between
periprostatic adipose tissue fatty acid composition and extracapsular extension of prostate
cancer and is marked by elevated monounsaturated and reduced saturated fatty acids
in the PPAT relative to subcutaneous adipose tissue. The pathological stage of prostate
cancer determines the different FA compositions of PPAT, leading to alteration in proper
lipid metabolism [137]. It is postulated that PPAT remains an important reservoir of FAs
for prostate cancer cells. In accordance with Yue at al.’s [140] observations, the expres-
sion of several genes related to lipid metabolism (e.g., CD36) was decreased when PPAT
explants from patients with prostate cancer who underwent radical prostatectomy were
co-cultured with prostate cancer cell lines. This strictly indicates a progressive decline in
PPAT lipid production and utilization. Additionally, it is worth noting that increased lipid
absorption and more potent lipid accumulation in prostate cancer cells, which secondarily
leads to an increased number of intracellular lipid droplets (esterified cholesterol), was
associated with more aggressive potential of prostate cancer (high-grade prostate cancer
and metastases) [140]. In vitro study in prostate cancer cell lines showed that the loss of
tumour suppressor PTEN and subsequent activation of the phosphatidylinositol 3-kinase
(PI3K)/AKT pathway led to extensive cholesteryl ester accumulation. Contrarily, in a
mouse animal model, the inhibition of cholesteryl ester storage significantly reduced cancer
proliferation, impaired cancer invasion capability, and suppressed tumour growth [140].
FA uptake was increased in human prostate cancer via the CD36 fatty acid transporter.
The modulation of fatty acid transporter CD36 activity ameliorates free FA uptake and
consequently diminishes the prostate cancer progression [141,142].

Several pathomechanisms of prostate cancer progression (described as tumour growth,
local invasion, and bone metastasis development) were defined as follows: (1) neovasculari-
sation, (2) immunosuppression and macrophage phenotype modification, (3) dissemination
growth, and (4) osteoclastogensis. PPAT secretes many molecules, which regulate all of the
above mentioned processes. The neovascularisation is mediated via several adipokines,
e.g., VEGE, basic-FGF and IL-8). Immunosuppression is regulated by IL-10 and TGF-f.
Yunna et al. [143] described that macrophages may change their phenotypes (M1 and M2
populations) due to variety of factors. M1-typed macrophages are mostly involved in the
pro-inflammatory response, contrary to the M2 type, which presents anti-inflammatory
features. The polarisation of the tumour-associated macrophage (TAM) population is af-
fected by IL-4 and IL-13. In cases of more advanced stages of prostate cancer, dissemination
growth, and osteoclastogenesis in critical in-bone metastasis development. The former
process is regulated by IL-6, IL-8, TNF-« and TGF-f3. On the other hand, the latter process is
influenced by parathyroid hormone-related protein (PTHrP), IL-1, IL-6, TNF-& and TGF-f3.

It is worth nothing that a large group of patients diagnosed with prostate cancer
were previously treated with 5a-reductase inhibitors, which may also affect the biology
of prostate cancer. This appears to be consistent with Taussky et al.’s [144] results, which
showed that 5x-reductase inhibitor treatment for at least 12 months reduces PPAT volume.
Moreover, it points that 5x-reductase inhibitors may affect the prostate cancer biology
through modulation of PPAT activity.

Prostate-specific antigen (PSA) expression level in prostate cancer cells is one of the
strongest prognostic features in this tumour entity [145]. PSA is an insulin-like growth
factor binding protein-3 protease. Thus, PSA may modulate IGF-dependent pathways
function by altering IGF-IGFBP-3 [146]. There are no clear data on the occurrence of
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PSA expression on the adipocytes that form PPAT. However, prostate cancer cells present
a positive expression of PSA [145]. Additionally, such expression may lead to crosstalk
between prostate cancer cells and PPAT by modulatory function on PPAT secretome through
the IGE-1 dependent pathway.

The PPAT contributes through paracrine mechanisms to prostate cancer progression
and affects its aggressiveness [147]. Detection of PPAT thickness above 3 mm was observed
to be an independent risk factor for upstage in prostate cancer patients [148]. Jiang et al.
study [149] showed that the PPAT thickness (PPATT)/subcutaneous adipose tissue (SAT)
thickness (SATT) ratio is an independent risk factor for biochemical recurrence after radical
prostatectomy. This indicates that patients with thicker PPATT and thinner SATT have
a higher probability of biochemical recurrence. This clinical study strictly highlights the
role of PPATT and overall fat distribution in predicting biochemical recurrence and overall
survival in patients with prostate cancer. Moreover, patients with higher PPATT/SATT ratio
had relatively higher Gleason scores (total score > 9, 81.6% vs. 68.3%). The PPATT /SATT
ratio > 0.22 is an independent risk factor for biochemical recurrence after radical prostatec-
tomy. Additionally, van Roermund et al. [150] showed a significant association between
periprostatic fat density and risk of having a high-risk disease in T1-3NOMO prostate cancer
patient qualified to radiotherapy. Similarly, Shao et al. [73] study showed that PPAT was
significantly associated with extracapsular prostate cancer extension. Furthermore, in vitro
experiments revealed that PPAT could inhibit prostate cancer cell proliferation by secreting
factors that activated immune responses and could thereby promote cancer cell apoptosis.
This mechanism may act as a first line of defence in the early stages of prostate cancer [73].

9. Thrombotic Cascade Activation via PPAT and Prostate Cancer
Progression

In obesity, the insulin resistance and excessive caloric intake lead to adipose tis-
sue expansion and adipocytes hypertrophy, and in consequence reduce adipose tissue
oxygenation. Localised hypoxia increases the adipocyte cell death and stimulate the
local adipocyte tissue inflammation which is corelated with extensive inflammatory cy-
tokines and adipokines release. Previous studies showed that in obesity-related disorders
(e.g., cardio-vascular diseases, diabetes, and cancer), a hypercoagulable state seems to be
a contributor in their pathogenesis. In obesity, the inflammation within adipocyte tissue
provides increased expression and activation of factor X (FXa) and thrombin as well as
different isoforms of the protease-activated receptors (PARs), leading to a hypercoagulable
state [151]. It is postulated that exacerbated inflammation process in PPAT predispose to
prostate cancer phenotype progression including through thrombotic cascade activation.
Ebrahimi et al. [152] described that inflammation induced via thrombin-dependent pathway
facilitate tumour cells proliferation, angiogenesis, invasion, and metastasis. These processes
are caused through increased expression of cytokines, adhesion molecules, angiogenic
factors, and matrix-degrading proteases. The activation of coagulation cascade is boosted
via tissue factor (TF) and factor VII. Moreover, adipocyte tissue is a major source of TE. The
level of TF is increased in chronic inflammation [153]. Prostate (prostate epithelium and
the stroma) is a rich reservoir of thrombin. Thrombin procoagulant activity is associated
with more advanced disease and a worse prognosis in patients with prostate cancer [154].
It is worth noting that cellular effects of thrombin are mediated by PARs [155]. Addition-
ally, improper expression of PARs provides increased angiogenesis, tumour growth, and
metastasis of various cancers. Kaushal et al. [156] resulted revealed that PAR-1 expression
is increased in advanced-stage of prostate cancer and is localized to endothelial cells in
the vascular network of prostate tumour areas. Moreover, Black et al. [157] showed that
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PAR mRNA expression in prostate specimens after radical prostatectomy was higher in
cancer, and protein expression was increased in PAR-1 (45%), PAR-2 (42%), and PAR-4
(68%) compared to normal prostate glands. Moreover, increased expression of PAR-1
in periglandular stroma of the prostate was associated with higher rates of biochemical
recurrence in prostate cancer.

Additionally, the thrombin-dependent pathway affects the macrophage population.
Thrombin promoted the differentiation of macrophages into an M1-like phenotype polar-
ization with an increased production of proinflammatory cytokines. The cellular actions of
thrombin on macrophages were mediated in part by PAR-1 [158].

Additionally, the increased lipolysis in PPAT, evoked by thrombin, release free FAs,
which participate in the development of oxidative stress in the prostatic tissue and exac-
erbation of inflammatory process [151]. Prostate cancer cells accumulate the released free
FAs, which enhance the invasive potency of cancer cells. This triggers a further cascade
consisting of the induction of an isoform of NADPH oxidase (NOX5) and intracellular
ROS production. In the next stage, the HIF-1a/MMP-14 signalling pathway is launched
via intracellular ROS [151,159]. In obesity, the tumour-surrounding adipocytes are more
prone to activating the HIF-1ac/MMP-14 signalling pathway. Additionally, the expression
of NOX5 and MMP-14 is upregulated in areas of the tumour that are in the proximity of
the PPAT [159].

10. Other PPAT Molecules and Prostate Cancer Pathogenesis

In addition to the previously discussed molecules that have an established role in the
development of prostate cancer and obesity, there are many molecules in the literature
that may influence the pathogenesis of prostate cancer and obesity (e.g., visfatin, omentin,
resistin, LCN2, FABP4, osteopontin, etc.) [151]. The importance of these molecules in
prostate cancer is outlined below.

10.1. Visfatin

Macrophages which infiltrate adipocyte tissue are characterized by increases level of
visfatin. Previous studies showed that upregulation of visfatin in malignancies (e.g., in
prostate cancer). Marked visfatin expression was detected in human locally advanced
prostate cancer tissues (with extraprostatic extension) compared to minimal expression
of organ-confined diseases. Visfatin plasma concentration was elevated in patients with
prostate cancer. Additionally, the greater level of visfatin was observed in cases of prostate
cancer with extraprostatic extension compared to organ-confined disease [160]. Moreover,
the results of in vitro cell culture and in vivo preclinical mouse model studies performed
by Sun et al. [160] confirmed visfatin-mediated enhancement of prostate cancer invasive-
ness into muscle tissues. The blockade of visfatin by polyclonal antibodies leads to the
suppression of prostate cancer invasiveness.

10.2. Omentin

Omentin (intelectin-1) was identified at higher plasma concentration in patients with
different malignancies, as well as is collated with insulin resistance. The visceral adipose
tissue synthetizes intelectin-1. Uyeturk et al. [161] study showed elevated level of circulat-
ing omentin in patients with prostate cancer compared to patients with benign prostate
hyperplasia. The role of omentin in prostate cancer still remains unclear.
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10.3. Resistin

Resistin (ADSF-adipose-tissue-specific secretory factor) peptide hormone derived
from adipose tissue which characterize proinflammatory properties. This adipokine links
obesity and diabetes by prompting insulin resistance. Moreover, ADSF plays a role in
inflammation, proliferation, angiogenesis, and metastasis and also affects the cancer cells’
metabolism [151,162]. Kim et al. [163] revealed that human prostate cancer cell lines
PC-3 and DU-145 express human resistin mRNA. Additionally, in comparison to benign
prostate hyperplasia, the increased level of resistin was observed in high-grade prostate
cancer tissue. Several potential ADSF-dependent mechanisms affecting cancer biology (by
promotion of cancer progression and/or increasing its aggressiveness) have been proposed,
as follow: (1) invasion and metastasis, (2) epithelial-to-mesenchymal transition (EMT) and
stemness, (3) angiogenesis, and (4) chemoresistance [164].

10.4. Lipocalin-2 (LCN2)

LCN2 is characterized by multidirectional action. LCN2 participates in cell membrane
transport, modulates immune responses, and promotes epithelial cell differentiation. Al-
though LNC2 is expressed at low levels in most human tissues, it is abundant in aggressive
subtypes of several cancer (e.g., breast, colon, pancreas, thyroid, etc.). LCN2 has been asso-
ciated with increased cell proliferation, angiogenesis, cell invasion, and metastasis [165].
Moreover, LCN2 is elevated in obesity [151]. Ulusoy et al.’s [166] results indicate that
high LCN2 expression was strictly correlated with higher prostate cancer grade (Gleason
score). LCN2 knockdown in PC3 and DU145 prostate cancer cells decreased cell prolif-
eration, colony formation, cell cycle arrest, migration, and invasion [167]. Additionally,
Ding et al.’s [168] results showed that LCN2 could facilitate cell proliferation of castration-
resistant prostate cancer (CRPC) via androgen receptor transcriptional activity. Moreover,
LCN2 promotes cell migration and invasion of prostate cancer by inducing epithelial-to-
mesenchymal transition via the extracellular signal-regulated kinase (ERK)/SLUG pathway:.
The positive correlation between higher concentration of LCN2 and prostate cancer inva-
siveness in in vivo and in vitro studies [169]. SLUG is a zinc-finger transcription factor that
plays a role in migration and invasion of tumour cells. SLUG promotes prostate cancer cell
migration and invasion via CXCR4/CXCL12 axis [170].

10.5. Fatty Acid Binding Protein 4 (FABP4)

FABP4, a member of the cytoplasmic fatty acid binding protein multigene family is
secreted by adipocytes. The expression of FABP4 is increased in metabolic syndrome and in
obesity [171]. Adipocytes release FABP4. Uehara et al. [171] showed that FABP4 treatment
promoted serum-induced prostate cancer cell invasion in in vitro model. Moreover, in
prostate cancer animal model the blockade of FABP4 diminished the tumour growth
and metastasis, partly by inducing prostatic epithelial cell DNA damage and apoptosis.
Elevated expression of FABP4 and secretion of FABP4 by prostate cancer cells trigger the
invasiveness of the prostate cancer by stimulation of matrix metalloproteinases (MMPs)
via phosphatidylinositol 3-kinase (PI3K) and mitogen-activated protein kinase (MAPK)
signalling pathways [172]. Additionally, FABP4 facilitates prostate cancer aggressiveness
through increased secretion of IL-6 and IL-8 [173].

10.6. Osteopontin (OPN)

OPN is an inflammatory cytokine, the expression of which is strongly upregulated
in adipose tissue and liver upon obesity [173]. Prostate-cancer-afflicted individuals had
higher plasma levels of OPN compared to patients with benign prostate hyperplasia [174].
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Moreover, poor prognosis in prostate cancer was strictly associated with higher concentra-
tion of OPN [175]. OPN presents pro-tumorigenic effect through the activation of several
signalling pathways after binding to integrin «v[33. Moreover, OPN upregulates CD44 and
MMP-9 expression, providing a more potent ability for cancer cell invasion and metastasis
development [176,177]. Khodavirdi et al.’s [178] results strictly indicated that OPN con-
tributes to several steps in the process of prostate carcinogenesis and metastasis. Prostate
cancer tumours with OPN overexpression seem to present an increased proliferative and
invasive feature. It is postulated that prostate cancer progression is also mediated through
OPNCc, which activates androgen receptor signalling [179]. Prostate cancer cell culture
(PC-3) with OPNc overexpression presents significantly induced endothelial cell adhesion,
proliferation and migration [180]. As expected, decreased expression of OPN in PC-3 cell
culture induced apoptosis of cell culture, leading to suppression of malignant potency of
the cell colony [181].

11. PPAT, Chronic Hypoxemic State and Prostate Cancer

In obesity, the expression of HIF-1c in adipose tissue is increased. The HIF-1«x activity
is stimulated by several factors as follows: (1) adipogenesis, (2) insulin, and (3) hypoxia.
Moreover, HIF-1w is a major transcriptional activator for the VEGF gene, but it is not suffi-
cient for activation of VEGF gene expression in adipose tissue [182]. Additionally, Garcia-
Fuentes et al. [183] showed that morbidly obese subjects have a higher level of visceral
adipose tissue HIF-1. In comparison to other adipose tissue, PPAT has a sparse vascular
network responsible for a chronic hypoxic state, leading to inflammation as well as fibrosis
independent of obesity. Roumiguié et al. [184] study revealed an increase in expression of
the oxygen-labile HIF-2«, but not of HIF-1«, in PPAT, indicating an adaptive response of
this tissue to hypoxia. The higher level of VEGF secretion by PPAT when compared with
adomino-pelvic adipose tissue may promote angiogenesis. Additionally, due to chronic
hypoxia the PPAT exhibits hallmarks of chronic inflammation. Hypoxia-inducible factors
(HIFs) play a pivotal role in cancer cell adaptation to hypoxic environments, contributing
to treatment resistance. Peng et al.’s [185] in vitro studies showed that the marine-derived
HIF-1w inhibitor reduces prostate cancer cell proliferation by targeting HIF-1 target genes.

12. PPAT, Diet and Prostate Cancer

PPAT is believed to be a so-called driving force for prostate cancer progression [186].
PPAT releases a wide range of molecules, which promotes tumour growth and the migration
of cancer cells. However, some molecules released from PPAT, such as adiponectin and the
n-6 or n-3 polyunsaturated fatty acids, have been shown to have anti-tumour properties.
This fact points that the interplay between PPAT and prostate cancer biology depend on
the balance between the pro- and anti-tumour components of PPAT [187]. Additionally,
obesity and dietary factors seem to be involved in the risk and aggressiveness of prostate
cancer through the modulatory impact on the interactions between PPAT and cancer cells
and their consequences on the growth and the metastatic potential of prostate cancer.

The anti-inflammatory properties of vitamin D seem to be important in cancer preven-
tion [188]. However, the results are conflicting and inconsistent [189]. Current data show an
active role of vitamin D and its metabolites in physiological adipocyte and adipose tissue
processes in adulthood. Vitamin D seems to affect the adipogenesis, energy metabolism,
and inflammation process [190]. Insulin-like growth factor (IGF)-1 and its binding proteins
are important in cancer growth, especially in prostate cancer [191]. The meta-analysis
performed by Kord-Varkaneh et al. [192] indicates a non-significant increase in IGF-1 fol-
lowing vitamin D supplementation. Additionally, vitamin D dosages of <1000 IU/day and
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intervention durations of <12 weeks significantly raised IGF-1 levels. Additionally, Guzey
et al. [193], in an animal model study, showed that vitamin D receptor deficiency in mice
with prostate induces fat necrosis and individual cell apoptosis in PPAT, which regulates
prostate cancer signalling pathways and affects prostate cancer progression.

Previous studies show that high-fat dairy, particularly whole milk, in healthy men
may increase risk of aggressive prostate cancer. The potential impacts of a dairy diet on
the risk of prostate cancer development are as follow: (1) high calcium intake decreasing
vitamin D levels, (2) increased level of IGF-1 levels, (3) fluctuating phosphorus levels
modifying vitamin D3 concentrations, and (4) elevated saturated fat intake modulating
the immune response and inflammation [194]. Moreover, whole milk consumption after
prostate cancer diagnosis was associated with increased risk of recurrence, particularly
among very overweight or obese men [194]. Daily milk consumption in adolescence, but not
in midlife or currently, was associated with a 3.2-fold risk of advanced prostate cancer [195].
Additionally, Song et al.’s study [196] showed that higher intake of skim/low-fat milk was
associated with a greater risk of nonaggressive prostate cancer. Most importantly, only
whole milk was consistently associated with higher incidence of fatal prostate cancer in the
entire cohort and higher prostate cancer-specific mortality among cases. Similarly, men with
higher intake of dairy foods, but not nondairy calcium, had a higher risk of prostate cancer
compared with men having lower intakes [197]. Zhao et al.’s [197] meta-analysis showed
an increased risk of prostate cancer with high intakes of total dairy products, milk, cheese,
and butter. Dietary factors, especially cow milk consumption and dairy products, which
raise systemic IGF-1 levels and donate abundant amounts of essential branched-chain
amino acids of the leucine prototype may affect prostate cancer development. Increased
insulin/IGF-1 signalling may promote tumour growth directly through insulin receptors
or regulation of IGF and their binding proteins (IGFBP), which are involved in cell survival
and proliferation [198]. Prostate cancer is dependent on androgen receptor signalling
and aberrations of the PI3K-Akt-mTORC1 pathway mediating excessive and sustained
growth signalling. The nutrient-sensitive kinase mTORC1 is upregulated in nearly 100%
of advanced human prostate cancers, and this kinase is activated by leucine, insulin,
IGF-1, and glucose. Oncogenic mTORC1 signalling activates key subsets of mRNAs that
cooperate in distinct steps of prostate cancer initiation, cell growth, and progression [199].
Only milk proteins in comparison to meat and fish have the unique ability to preferentially
increase both the insulin/IGF-1 and the leucine signalling pathways necessary for maximal
mTORC1 activation [199]. mTORCT1 activation is critically dependent on the availability of
sufficient amounts of amino acids, especially of the branched-chain essential amino acid
(BCAA) leucine [200]. Castration-resistant prostate cancer cells are addicted to leucine
availability [201,202]. L-type amino acid transporters (LATs) uptake neutral amino acids,
including L-leucine, into cells, stimulating mTORC1. LAT1 and LAT3 are overexpressed at
different stages of prostate cancer, and they are responsible for increasing nutrients and
stimulating cell growth. LAT inhibition suppressed M-phase cell cycle genes regulated
by E2F family transcription factors including critical castration-resistant prostate cancer
regulatory genes [203].

13. PPAT and Prostate Cancer Treatment (Radiotherapy, Androgen
Deprivation Therapy, Chemotherapy)

Adipose tissue in the tumour microenvironment impacts the efficacy of chemother-
apeutic agents and androgen deprivation treatments [204,205]. Androgen deprivation
treatment (ADT) induces oxidative stress and inflammation in adipose tissue. This causes
an increase in adipose tissue, cholesterol, oxidative stress, and inflammation, leading to tu-
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mour progression. Obesity-related proteins—thioesterase superfamily member 6 (THEMS6)
and yes-associated protein 1 (YAP1)—are associated with ADT resistance in prostate cancer
by increasing cellular lipid content and activating the UPR [206,207]. THEMS6, which is
highly expressed in adipose tissue where it regulates intracellular fatty acid homeostasis, is
upregulated in ADT-resistant prostate cancers, and activates the unfolded protein response
(UPR) [208]. ADT affect the homeostasis of adipocyte tissue. Previous studies showed
that ADT is a risk factor of insulin resistance and affect the adiponectin level [200,201].
Lam et al. [209] revealed that, in patients receiving ADT for 6 months, the PPAT presents
a significant trend of pro-inflammatory, obesity-like adipose tissue. Obesity is a well-
established risk factor for prostate cancer. Thus, ADT could potentially cause adverse
effects on adipose tissue, linking it to tumour progression [206]. In case of radiotherapy,
the irradiation to adipose tissue decreases lipogenic gene expression and increases reactive
oxygen species and lipolysis. Both reactive oxygen species and lipolysis lead to the release
of unsaturated fatty acids from the adipocytes, which cancer cells use to activate pro-cancer
pathways. Additionally, radiation activates fat mass and obesity-associated (FTO) protein,
which demethylates mRNA to promote radio-resistance [206]. Chemotherapy is often
lipophilic and, therefore, easily sequestered and metabolized by adipocytes containing
the aldo-keto reductase (AKR) protein, reducing the availability of the drug for prostate
tumours [206,207]. Chemotherapy induces dysregulated cytokine secretion from adipose
tissue, such as an increased release of IGF-1, causing the upregulation of TUBB2B, which
is associated with chemo-resistance. PPAT secretes insulin-like growth factor-1 (IGF-1)
leading to increased prostate cancer cell expression of TUBB2B, 3-tubulin isoform 2B.
TUBB2B is upregulated in metastatic prostate cancer and promotes docetaxel resistance by
preventing drug-induced microtubule stabilization [206,210-212].

14. Exosome- and mTORC-Dependent Pathways and Prostate Cancer

Exosomes are extracellular vehicles (EVs) of endocytic and secretory exocytic origin
that play a crucial role in cell-to-cell communication. Exosomes transport a wide range
of cellular components (e.g., miRs, mRNAs, etc.) and are involved in different cancer
development (e.g., breast, prostate, ovarian etc.) [213]. Primary human adipocytes shed
EVs, specifically exosomes, that induced the expression of genes associated with epithelial-
to-mesenchymal transition (EMT) and cancer-stem-like cell (CSC) traits in cocultured breast
cancer cell lines [214,215]. Wang et al.’s [215] results showed that a mechanism of exosome-
mediated cross-talk between metabolically abnormal adipocytes and breast cancer cells
may promote tumour aggressiveness in patients with diabetes type 2. Exosomes regulate
angiogenesis, immune suppression, metastasis, and drug and therapeutic resistance in
prostate cancer [216]. Additionally, exosome release is stimulated by pH changes in prostate
cancer microenvironment [216]. PPAT interplays with the tumour microenvironment via
exosomes EVs. Sanchez-Martin et al.’s [217] study showed that the retinoic-acid-receptor-
related orphan receptor alpha (RORA) gene was regulated by PPAT-EVs-derived miRNAs.
The RORA gene has a role in prostate cancer cells proliferation and inflammation.

The mammalian target of rapamycin (mTOR) kinase is a master regulator of pro-
tein synthesis that couples nutrient sensing to cell growth and cancer. Several genes
responsible for cancer cell metabolism, proliferation, and invasion regulated by mTOR
signalling have been described [218]. Moreover, the complete mTOR inhibition by ATP
site blockade reprograms this gene expression prevents prostate cancer invasion and
metastasis [218]. Additionally, mTORC1 regulates polyamine dynamics, which are also
important in carcinogenesis. In prostate cancer, alterations in the production of decar-
boxylated S-adenosylmethionine (dcSAM) and polyamine synthesis were observed. S-
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adenosylmethionine decarboxylase 1 (AMD1) was upregulated in prostate cancer spec-
imens with activated mTORC1 [219]. Everolimus (the mTORC1 inhibitor) exhibited a
predominant decrease in AMD1 immunoreactivity that was associated to a decrease in
proliferation, in line with the requirement of dcSAM production for oncogenicity [220]. It
is worth noting that in cases of prostate cancer, the activation of the phosphatidylinositol-3-
kinase (PI3K), protein kinase B (PKB/AKT), and mTOR-dependent pathways facilitates
tumour formation, disease progression, and therapeutic resistance. The complex crosstalk
between the PI3K-AKT-mTOR pathway and multiple interacting cell signalling cascades
can further promote prostate cancer progression and influence the sensitivity of prostate
cancer cells to PI3K-AKT-mTOR-targeted therapies [221]. Regulation of the mTORC1 sig-
nalling pathway is performed by growth factors (through the insulin/IGF-1 pathway),
energy (glucose level, AMP to ATP ratio changes, etc.) and oxygen levels [222]. In mouse
models of prostate cancer, the signalling adaptor p62/Sqstm1 is selectively inactivated in
adipocytes. p62 loss in adipocytes results in increased osteopontin secretion, which medi-
ates tumour fatty acid oxidation and invasion, leading to aggressive metastatic prostate
cancer in vivo. Furthermore, p62 deficiency triggers in adipocytes a general shutdown of
energy-utilizing pathways through mTORC1 inhibition, which supports nutrient availabil-
ity for cancer cells [223].

15. Tumour Microenvironment and Prostate Cancer

Several types of stromal cell support a tumorigenic primary niche. The immune
system makes an attempt to eliminate tumour cells. Specific antigens of tumour cells
play a role in this process and are recognized by cytotoxic immune cells, leading to their
destruction. In the tumour microenvironment, macrophages and fibroblasts contribute
to a growth-suppressive state; however, these cells may later become educated by the
tumour to acquire pro-tumorigenic functions. On the other hand, tumour-associated
macrophages (TAMs) support the primary tumour including growth, angiogenesis and
invasion by secreting a wide range of pro-tumorigenic agents (e.g., proteases, cytokines and
growth factors, etc.). Due to cytokine release during tumorigenesis the immune-suppressor
cells are mobilized. Additionally, tumour cells release chemokines, which activate cancer-
associated fibroblasts (CAFs). CAFs secrete extracellular matrix proteins and basement
membrane components, as well as regulate differentiation, modulate immune responses,
and contribute to deregulated homeostasis. Moreover, during the tumour growth the
neo-angiogenesis is stimulated by VEGF released from CAFs. It is worth mentioning
that parallelly to cellular alterations, the extracellular properties change (e.g., hypoxia,
extracellular matrix components change) [224].

16. Conclusions

Current data strictly highlight the fundamental role of periprostatic adipose tissue
(PPAT) and its active function in prostate cancer development and progression. The
complexity of PPAT-related adipokines in prostate cancer pathogenesis points PPAT as a
potential therapeutic target to modulate the interaction between the prostate cancer cells
and microenvironment surrounding prostate gland. Considering the multipotential activity
of PPAT and impact of prostate cancer biology, PPAT seems to become an interesting and
promising avenue with potential therapeutic benefits in patients with prostate cancer.

17. Future Research Questions

The current epidemiological prognosis for the degree of obesity in the human popu-
lation until 2050 is not optimistic [225]. This may have a huge impact on the incidence of
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prostate cancer. BMI > 25 kg/m? is associated with an increased risk of prostate cancer and
mortality [226]. Recently, there has been an intensive increase in the use of novel drugs in
the treatment of obesity, such a liraglutide (glucagon-like peptide-1 (GLP-1) agonist) and
tirzepatide (a glucose-dependent insulinotropic polypeptide (GIP) and GLP-1 receptors
agonist). Taking into account the fact that there is a close relationship between obesity,
PPAT, and prostate cancer, a new field is opened for research aimed at explaining GIP as
well as GLP-1 agonist and what effect the novel agents used in the treatment of obesity
have on the biology of prostate cancer.
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BCAA branched-chain essential amino acid
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BMPs bone morphogenetic proteins

CAFs cancer-associated fibroblasts

CLG colagenase

CRPC castration-resistant prostate cancer
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CXCR4 chemokine receptor CXC type 4
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EMT epithelial-mesenchymal transition
ERK1/2 extracellular signal-regulated kinase 1 and 2
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FABP fatty acid binding protein

GIP glucose-dependent insulinotropic polypeptide
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HIF hypoxia-inducible factor

IFG-1 insulin-like growth factor 1

IGFBP-1 IGF-binding protein 1

IL-1 interleukin-1

IL-6 interleukin-6

JAK the Janus tyrosine family kinase
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LATs L-type amino acid transporters

LCN lipocalin

MAPK mitogen activated protein kinase

MMPs metalloproteinases

mTOR mammalian target of rapamycin

NK natural killer

OPN osteopontin

PPAT periprostatic adipose tissue

PPATT periprostatic adipose tissue thickness

PAR protease-activated receptors

PI3K phosphatidylinositol-3-kinase

PSA prostate-specific antigen

PTEN tumour suppressor phosphatase and tensin homologue
PTHrP parathyroid hormone-related protein

P9ORSK 90 kDa ribosomal S6 kinases

RORA retinoic acid-receptor-related orphan receptor alpha
ROS reactive oxygen species

SATT subcutaneous adipose tissue thickness

STAT signal transducer and activator of transcription
TAMs tumour-associated macrophages

TF tissue factor

THEM6 thioesterase superfamily member 6

TNF-x tumour necrosis factor

TUBB2B tubulin beta 2B class IIb

ucp mitochondrial uncoupling protein

WAT white adipose tissue

VEGF vascular endothelial growth factor
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Simple Summary: Lutetium-177-PSMA—a radiopharmaceutical composed of a radionuclide lutetium-177
and a PSMA-binding ligand—is a theranostic medicine for prostate cancer. In this review, a summary
of the impact of this drug on castration-resistant prostate cancer, hormone-sensitive prostate cancer,
and localized prostate cancer is provided. Available data demonstrate that 177Lu-PSMA could be a
successful therapy in those types of prostate cancers, but it is not without adverse effects. Conclusions
revealed the need for further well-designed high-quality controlled trials to evaluate long-term

outcomes and effectiveness.

Abstract: Theranostics utilize ligands that chelate radionuclides and selectively bind with cancer-
specific membrane antigens. In the case of prostate cancer (PCa), the state-of-the-art lutetium-177-PSMA
combines the radioactive B-emitter 17”Lu with Vipivotide Tetraxetan, a prostate-specific membrane
antigen (PSMA)-binding ligand. Several studies have been conducted, and the therapy is not without
adverse effects (e.g., xerostomia, nausea, and fatigue); however, few events are reported as severe. The
available evidence supports the use of 1”’Lu-PSMA in selected metastatic castration-resistant prostate
cancer patients, and the treatment is considered a standard of care in several clinical scenarios.
Emerging research shows promising results in the setting of hormone-sensitive prostate cancer;
however, evidence from high-quality controlled trials is still missing. In this review, we discuss the
available evidence for the application of ””Lu-PSMA in the management of PCa patients.

Keywords: prostate cancer; Lutetium-177-PSMA; radioactive isotopes; radiation therapy

1. Introduction

The treatment of prostate cancer (PC) has evolved significantly over the years—
surgical techniques, chemotherapy, abundant forms of radiotherapy, androgen receptor
signaling inhibitors (ARSIs), agonists and antagonists of luteinizing hormone-releasing
hormone (LHRH), and poly (ADP-ribose) polymerase inhibitors (PARPi) represent the
treatment landscape of PC. However, there are many effects associated with these treat-
ments [1-3]. Despite a favorable prognosis in the localized and regional stages, patients
with distant cancer still have a poor prognosis [4,5]. Therefore, novel agents are being
investigated to elevate both the life expectancy and quality of life (QoL) of patients with
advanced PC. One promising group of anti-cancer agents is based on theranostics, which
describes a technique that, depending on the radionuclide and ligand, can be used for both
therapeutic and diagnostic purposes. Molecularly-targeted radioligand therapies include
the alpha and beta-emitters actinium-225 and lutetium-177.
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Lutetium-177-PSMA is a radiopharmaceutical composed of a radionuclide lutetium-177
attached to a transmembrane glycoprotein known as prostate-specific membrane antigen
(PSMA), also referred to as glutamate carboxypeptidase II or folate hydrolase. Conceptually,
this should lead to highly selective delivery of radiation to the metastatic lesions, similar to
radiotherapy-based metastasis-directed therapy (MDT) [6-8]. Lutetium-177 is an unstable
isotope (17, = 6.65 days) produced in a particle accelerator called a cyclotron through the
irradiation of 7°Lu or 17°Yb. The use of °Lu is considered the direct route, as its primary
product is 7Lu. Conversely, the utilization of 17°Yb is termed the indirect route due to the
short-lived intermediate 177 Yb. Vipivotide tetraxetan chelates the radionuclide ’”Lu and
binds to human prostate-specific membrane antigens. Once administered intravenously,
77Lu-PSMA is distributed to targeted tissues within 2.5 h. There are no identified enzymes
or transporters that interact with vipivotide tetraxetan ”’Lu. Approximately 60~70% of
77Lu vipivotide tetraxetan binds to human plasma proteins and is primarily eliminated
through the kidneys in its unchanged form. A decrease in creatinine clearance may extend
exposure time, though the drug itself does not appear to be nephrotoxic. However, in the
VISION trial, several cases of renal disorders were observed [9]. A portion of the drug can
bind to the salivary glands, leading to a dry mouth. Higher tumor burden correlates with
lower doses observed in other organs [10-12]. Post-administration, 1”’Lu decays to stable
hafnium-177, emitting beta particles with a maximum energy of 0.497 MeV and maximal
tissue penetration of 2 mm. This helps minimize damage to non-tumor tissues [13-15].
Moreover, gamma particles are emitted too, which is used in prostate cancer imaging [16].

The most studied theranostic PSMA ligands (PSMA-617 and PSMA Imaging and
Therapy) are appropriate for therapeutic usage and have similar in vivo behavior, toxi-
city profiles, and efficacy in metastatic castration-resistant prostate cancer (mCRPC) pa-
tients [17]. Unlike normal tissues, prostate cancer cells express PSMA at levels substantially
higher than those found in the kidney, gut, and salivary gland tissues. Therefore, these
agents accumulate specifically in prostate cancer cells, causing DNA damage and signaling
cell death while sparing healthy tissue [17,18]. Emerging prospective data suggests these
agents’ efficacy is similar to that of cabazitaxel and beneficial for heavily pretreated patients
with mCRPC [9,19]. In numerous early-phase investigations, radioligand therapy exhibits
encouraging biochemical and radiographic response rates, reduced pain, and tolerable
toxicity [9]. These studies are summarized in Tables 1 and 2. The objective of this narrative
review is to evaluate the existing evidence on the use of 1””Lu-PSMA radioligand therapy
in managing PC.
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2. mCRPC

The mCRPC represents an advanced stage of PC with a notably poor prognosis
due to resistance to androgen deprivation therapy (ADT). In this terminal disease phase,
the treatment often comprises docetaxel, abiraterone/prednisolone (AAP), enzalutamide,
cabazitaxel, olaparib, niraparib/AAP, and talazoparib/enzalutamide [30]. However, these
therapeutic strategies often come with numerous adverse effects and limited efficacy. Pa-
tients with mCRPC are first-choice candidates for enrollment in clinical trials that evaluate
novel, promising molecules for PC treatment. Notable studies conducted on a large patient
cohort include the Phase 3 VISION trial by Sartor et al. [9]. However, despite the high num-
ber of patients included, the study provides a limited understanding of the role of '/"Lu
due to sub-standard treatment methods in the control arm and highly unbalanced dropout
rates between arms [31]. It is possible that a considerable number of patients discontinue
participation due to the availability of more efficient standard-of-care (SoC) therapeutic
options than those allowed in the control arm, such as taxane-based chemotherapy.

Noteworthy is that 17”Lu-PSMA efficacy was evaluated in heavily pretreated mCRPC pa-
tients and compared against a few SoC therapies [9,19]. Several moderators of 17 Lu-PSMA-617
efficacy were identified, including the clinical stage at 7’ Lu-PSMA-617 treatment initiation,
prior taxane-based chemotherapy, or prostate-specific antigen (PSA) decline following
drug administration. In two studies, ”’Lu-PSMA was compared to chemotherapy in
chemotherapy-naive patients [20,21], and two studies compared ”/Lu-PSMA against
chemotherapy, suggesting non-inferiority of the treatment [19,20]. However, both studies
used intermediate clinical endpoints, such as progression-free survival (PFS) and PSA re-
sponse, that were recently shown to be insufficient for overall survival (OS) surrogacy, and
survival outcomes need to be analyzed to verify the non-inferiority of the treatment [32,33].

In the TheraP study, there was no statistically significant difference in PFS between
patients treated with 77Lu-PSMA and cabazitaxel [19]. Sartor et al. demonstrated an
improvement in both OS (HR 0.62) (95% CI; 0.52 to 0.74; p < 0,001) and PFS (HR 0.4)
(99.2% CI; 0.29 to 0.57; p < 0.001) in the study group. However, it is important to note that
the trial included restrictive criteria for SoC therapy in the control group, which led to
many patients being offered possibly sub-standard therapy, and unbalanced dropout rates
between arms [9]. For example, the median PFS duration varied depending on whether
the patient had prior taxane treatment (6 vs. 8.8 months; pre-treated vs. taxane-naive) [21].
In a retrospective analysis by Barber et al., the median overall survival was higher in
taxane-naive patients, lasting up to 27.1 months [21]. Sartor et al. prove that patients who
underwent SoC and chemotherapy experienced a median overall survival between 11.3
and 15.3 months [9].

Although the objective responses achieved in this single-center prospective clinical
trial showed promising results with minimal toxicity, it is important to note that the study
had certain limitations. There were no specific initial criteria for selecting patients, and
the patients were a diverse group. The individuals seeking medical treatment varied
widely. PSMA RLT was considered a logical therapeutic choice, and the decision to pursue
this treatment was made by oncologists and urologists after exploring all other available
options [22]. It is recommended to implement lutetium treatment and include it in clinical
trials at earlier disease stages, using the same criteria for inclusion and exclusion as in other
studies, to facilitate comparison [9,19-25].

2.1. Long-Term Response

Several authors reported that reaching a given PSA reduction threshold is an indicator
of a long-term response. An association between longer median PFS and PSA declines
of over 50% was found by Hoffman et al. [23]. While 77Lu-PSMA appeared to induce a
greater PSA decline than Cabazitaxel and Ra-223 [19,23], Violet et al. found that patients
with a PSA decline of over 50% exhibited significantly longer median overall survival
compared to those with less than 50% (18.4 months vs. 8.7 months) [24]. Rahbar et al.
suggested that a PSA decline of approximately 20% is the most significant prognostic
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predictor for longer survival (HR 0.28) [25]. While these findings show that the concept of
biochemical response is a promising predictor of survival in patients treated with 17/Lu, it
must also be noted that a posteriori analyses introduce a significant immortal-time bias and
that biochemical endpoints were shown to be insufficient surrogates of survival in both
metastatic hormone-sensitive prostate cancer (nHSPC) and mCRPC patients [32,33].

Furthermore, attention should be drawn to PSMA-based radioligand treatment in ho-
mologous recombination repair (HRR)-deficient PC patients. HRR deficiency is a phenotype
defined by a cell’s incapacity to use the HRR pathway to efficiently repair double-strand
DNA breaks. Privé et al. reported that DNA damage repair defects are not significantly
associated with exceptional responsiveness to PSMA therapy [33,34]. However, further
studies in larger prospective cohorts are necessary to verify the association between DNA
damage repair gene defects and differential responses to PSMA-RLT.

2.2. Quality of Life

When assessing treatment options, the impact on a patient’s QoL should be carefully
considered, with special emphasis on pain relief, as it can significantly enhance a patient’s
life quality. For individuals with mCRPC, it is crucial to focus on improving their QoL and
minimizing harmful treatment side effects, considering that many are already burdened
with disease symptoms. 7/Lu-PSMA seems especially adept at relieving pain, with a
considerable number of patients reporting rapid relief following the initial treatment cycle.
Among 27 patients who had initial pain, 37% noted improvement after their first treatment
round. This amount of pain reduction is promising and is comparable to that obtained with
other medications, such as cabazitaxel. However, particular attention should be paid to
the level of pain that patients enroll in the trial with, as this may affect the test results and
interpretation of the efficacy of lutetium [23]. The therapy also showed greater improve-
ments in fatigue, social functioning, and insomnia compared to cabazitaxel. Therefore,
177L,u-PSMA-617 may be appropriate for individuals who are ineligible for other forms of
therapy owing to age or comorbidities [19]. Another study indicated that 7’ Lu-PSMA-617
had improved health-related QoL compared to docetaxel. More extensive studies should
be conducted with larger groups of participants to assess how ”’Lu-PSMA-617 performs
against other interventions in the initial treatment of mCRPC [20]. According to all the
studies conducted, the treatment has exhibited minimal toxicity and high tolerability, with
rare occurrences of dose reduction or discontinuation of the medication [9,19-25].

2.3. Take Home Message

Further research is required to investigate correlations between the effectiveness of
177Lu-PSMA at different dosages, as well as to evaluate long-term outcomes in a larger
patient cohort, building upon studies such as Satapathy et al. Currently, the available
evidence suggests that 17/ Lu-PSMA is a successful therapy with tolerable toxicity rates for
heavily pretreated mCRPC patients expressing PSMA who have progressed after other
lines of therapy. The results of mCRPC research serve as a foundation for further studies in
other patient groups, such as localized PCa and mHSPC [20,21,24,25].

3. Localized

The unequivocal role of neoadjuvant therapies, such as chemohormonal or androgen
deprivation therapy, for unfavorable localized prostate cancer is yet to be determined.
Despite the absence of concrete evidence demonstrating improvement in oncological
outcomes from neoadjuvant therapy preceding radical prostatectomy [35,36], nearly 65% of
patients require supplemental therapy post-surgery, and a third will ultimately experience
progression [37,38]. In such cases, ”/Lu-PSMA emerges as a promising agent due to
its direct targeting of cancer cells, inclusive of micrometastases, potentially preventing
disease progression.

Golan et al. conducted a clinical trial with 14 patients with high-risk localized prostate
cancer [26]. Before robot-assisted radical prostatectomy (RARP), patients were treated with
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2-3 doses of 177Lu-PSMA administered at two-week intervals. The median PSA reduction
registered was 3.45 ng/mL (IQR 0.4-5.2) after two, and 4.3 ng/mL (IQR 0.92-6.8) after three
177Lu-PSMA doses. The salivary gland damage was reduced by applying ice packs 10 min
before and 30 min post-administration. All prostatic specimens showed adenocarcinoma
upon histological examination, with a positive surgical margin observed in seven patients
(53%). Radiation-induced changes, such as clear vacuolated cytoplasm and pyknotic nuclei,
were evident. The authors did not observe anatomical alterations in the prostate area, and
no significant intraoperative complications were recorded. Most patients required one or
fewer pads three months post-surgery, and 50% retained erections. Overall, the treatment
was well-tolerated [26]. In the LuTectomy clinical trial, 20 patients received 77Lu-PSMA
intravenously before a planned radical prostatectomy and pelvic lymph node dissection.
Almost half of the patients achieved a 50% PSA reduction at 6 weeks after administrating
1771,u-PSMA, and the treatment was well tolerated. In conclusion, 1””Lu-PSMA shows
initial efficacy as a neoadjuvant treatment before radical prostatectomy, and the treatment
appears to be safe and feasible. Certain estimates suggest that ””Lu-PSMA could not only
augment surgery but even possibly replace it as the first line setting in selected patients in
the future [27,39].

Take Home Message

177Lu-PSMA appears to hold promise as a therapeutic option in the context of localized
disease, in particular as a neo-adjuvant treatment. However, the preliminary results should
be verified in prospective, controlled studies.

4. mHSPC

Currently, there is a wide range of approved agents for the treatment of mHSPC. Still,
the backbone of the therapy involves combining ADT with ARSIs (abiraterone, apalutamide,
or enzalutamide) and the option to add docetaxel. The treatment protocol also encompasses
the combination of ADT, darolutamide, and docetaxel. Additionally, patients with low
metastatic burden may benefit from prostate radiotherapy, cytoreductive prostatectomy,
or MDT [8,40-42]. The selection of therapy should be individualized, taking into account
various factors such as expected therapy results, the patient’s condition, disease burden,
patient preferences, and treatment toxicity. Prive et al. conducted a prospective pilot
study assessing the efficacy of 17”Lu-PSMA in 10 patients with low-volume mHSPC [28].
Half of the patients experienced a PSA reduction of >50%, with one patient achieving an
undetectable PSA. At 24 weeks after the second cycle, five patients displayed at least a
partial response, with one patient revealing a complete response, and the disease progressed
in four patients. The most common symptoms reported were fatigue that subsided after
2—4 weeks. Other complaints included nausea, xerostomia, rash, and pain. In laboratory
tests, no signs of kidney, liver, or bone marrow damage were observed. Moderate side
effects may result from using a low dose and low cycle number; hence, there is a need
for further research to evaluate the safety of higher dose and cycle numbers. Currently, a
third-phase clinical trial of PSMAddition is ongoing to assess the effectiveness and safety
of ADT and ARSI in combination with '7”Lu-PSMA-617 therapy compared to androgen
deprivation therapy and ARSI alone. In this study, about 1126 patients will be randomized
in a 1:1 ratio and receive up to 6 cycles of 17”Lu-PSMA-617 (7.4 GBq) every 6 weeks [43].
BULLSEYE is an ongoing prospective randomized multicenter Il phase study that compares
177Lu-PSMA-617 to the current standard of care in oligometastatic HSPC. It is also being
investigated whether 1”’Lu-PSMA-617 can delay ADT [29].

Tnke Home Message

Preliminary results suggest that ””Lu-PSMA is a promising therapy for mHSPC, but
further investigation is necessary to confirm these conjectures.
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5. Adverse Effects of Lutetium Therapy

Among the adverse effects of 177Lu-PSMA, mild and moderate ones were predominant,
with only a few incidents reported as severe or life-threatening. A significant retrospective
analysis at various centers showed that xerostomia, nausea, and fatigue were experienced
by 8%, 6%, and 13% of patients, respectively. Grade 3—4 hematologic adverse events were
recorded in just 12% of patients, where anemia was found to occur in 10% of instances [44].
As this research was retrospective, underreporting of adverse events is a common issue and
might be the case here. Prospective trials are therefore more dependable for monitoring
adverse events [45]. An international phase III open-label prospective study found that the
most common complications were fatigue (43.1%), dry mouth (38.8%), and nausea (35.3%),
most of which were Grade 1 or 2 according to the CTCAE (Common Terminology Criteria
for Adverse Events) [9]. Concerns have been raised regarding disorders of the blood and
lymphatic system, with anemia being the most common. Symptoms classified as Grade 3
or higher occurred in 12.9% of patients, and overall, 31.8% of patients had anemia. Careful
consideration should also be given to other conditions such as thrombocytopenia (17.2%),
lymphopenia (14.2%), and leukopenia (12.5%). These hematological complications are more
likely to present as grade 3 or above than non-hematological complications [9]. However,
information on potential long-term adverse effects, which may be of great importance, is
missing from the present study. Despite the documented side effects, just a small percentage
of patients (11.9%) withdrew from treatment or needed to lower their dosage (5.7%). These
findings highlight the overall safety of this therapy [9]. While previous studies have mainly
focused on the immediate post-treatment period, future research should investigate the
long-term effects associated with the use of 177Lu-PSMA [46].

6. The Future of Lutetium Therapy

Beta emitters such as ”/Lu have demonstrated therapeutic efficacy in treating large
tumor masses due to their long radiation range and ability to induce a cross-fire effect [47,48].
Targeted alpha-radiation therapy (TAT) using 22 Ac may be even more effective in treating
patients with disseminated metastatic disease due to the shorter radiation range coupled
with high-linear-energy transfer that induces targeted tumor cell killing by causing a higher
number of double-strand DNA breaks in tumor cells, resulting in their destruction, while
minimizing damage to surrounding tissues for instance red bone marrow. This treatment
shows promise and requires further research with larger cohort studies. These studies
should include 77Lu and ?*°Ac, as well as immunohistochemical analysis and genomic
profiling of patients with mCRPC [49].

7. Conclusions

The treatment of prostate cancer is still evolving. Collected evidence supports
lutetium-177-PSMA as a standard-of-care treatment for castration-resistant prostate cancer.
Other research shows promising results in the management of hormone-sensitive prostate
cancer and localized prostate cancer. However, therapy has its drawbacks, such as nausea,
xerostomia, and fatigue. Despite optimistic results, further research is required with a
larger cohort to assess long-term outcomes and efficiency with various patient groups.
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Simple Summary: The RAGE signaling pathway is associated with many chronic disorders. One of
them may be endometrial cancer (EC). EC is one of the most common gynecologic cancers among
women. The aim of our considerations was to decipher the role of RAGE and its ligands in the
progression of EC. We confirmed that disruptions in the RAGE signaling pathways may be a reason
for EC progression. The cross-talk between RAGE and Diaphl plays a crucial role in downstream
signaling pathways during EC progression. However, we assume that DNA methylation may
regulate the activity of the RAGE signaling pathways in the endometrium. Thus, DNA methylation
may create an epigenetic memory that may trigger perturbations in the endometrium.

Abstract: Endometrial cancer (EC) is the most common gynecological malignancy. EC is associated
with metabolic disorders that may promote non-enzymatic glycation and activate the receptor for
advanced glycation end-products (RAGE) signaling pathways. Thus, we assumed that RAGE and its
ligands may contribute to EC. Of particular interest is the interaction between diaphanous-related
formin 1 (Diaph1) and RAGE during the progression of human cancers. Diaphl is engaged in the
proper organization of actin cytoskeletal dynamics, which is crucial in cancer invasion, metastasis,
angiogenesis, and axonogenesis. However, the detailed molecular role of RAGE in EC remains
uncertain. In this review, we discuss epigenetic factors that may play a key role in the RAGE-
dependent endometrial pathology. We propose that DNA methylation may regulate the activity of the
RAGE pathway in the uterus. The accumulation of negative external factors, such as hyperglycemia,
inflammation, and oxidative stress, may interfere with the DNA methylation process. Therefore,
further research should take into account the role of epigenetic mechanisms in EC progression.

Keywords: endometrial cancer; glycation; RAGE; Diaphl; DNA methylation

1. Introduction

Endometrium is an important tissue in pregnancy development, essential for repro-
ductive success [1,2]. Yet, endometrium is also a site of the most common malignancy of
the female reproductive system, endometrial cancer (EC) [3-5]. Many novel aspects of the
physiology and pathology of the endometrium are currently under study [6,7].

The inspiration to write a review were the results of NGS studies, which revealed
the association of metabolic changes with the development of EC in women [4]. In this
review, we aimed to summarize the current knowledge on the role of the receptor for
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advanced glycation end-products (RAGE) in EC. Our previous studies have indicated
that RAGE and its ligands are involved in diabetic/metabolic complications, as well as in
neurodegenerative diseases [8-14]. We demonstrated that the RAGE signaling pathway
may be activated in uterine tissues during the estrous cycle [6]. Zheng et al. [5] showed
a stimulative effect of RAGE on the formation of microvessels in EC. This can be seen as
an analogy to diabetic disorders, like retinopathy [15]. Previous studies have indicated
that RAGE signaling may be associated with renal cell carcinoma, as well as prostate,
lung, breast, and colorectal cancers [5,16-18]. Therefore, we analyzed the role of RAGE
as a potential prognostic protein of uterine carcinogenesis. We assumed that the RAGE
signaling pathway may be involved in EC development.

The insights on the role of RAGE signaling in EC provided in this review have been
based on the literature as well as on the results of our previous studies. We describe
recent advances and current theories on the etiology of EC, highlighting the function of
the RAGE signaling system in endometrial pathology. As EC is a broad topic with new
information coming out almost every week, we, therefore, focused our review on aberrant
RAGE-mediated signaling in EC to formulate a new hypothesis. We believe that limiting
the scope has allowed us to focus on how the interaction between RAGE and its ligand
may play a pivotal role in endometrial complications in animal models and human patients
and if understanding this pathway can uncover targets for safe and effective therapeutic
intervention for EC.

2. Molecular Dialogue between the RAGE Signaling Pathway and Endometrial
Pathology

RAGE is a multi-ligand receptor widely expressed in good health and in embryogen-
esis, as well as in health disorders [8-14,19,20]. The consequential discovery that RAGE
was a multi-ligand receptor set the stage for a better understanding of the biology of RAGE
in homeostasis and in disease. We observed that the expression of RAGE was elevated
during neurodegenerative diseases and in diabetes [8-14,20,21]. We noted that the RAGE
signaling pathway is activated in the uterus during the estrous cycle [6]. It has, therefore,
been difficult to separate the physiological role of RAGE from its pathological influence on
the development of EC. Nowadays, EC is the most common cancer of female reproductive
organs, and new insights into the RAGE signaling pathway may find novel indications for
the early detection and treatment of EC.

Approximately 40% of EC cases are associated with acquired metabolic disorders, such
as obesity and diabetes [4,22,23]. Nevertheless, Sidorkiewicz and co-workers [4] identified
genes associated with metabolic status in EC. Transcriptomic studies showed that solute
carrier family 7 member 11 (SLC7A11), solute carrier family 7 member 5 (SLC7AD5), Runt-related
transcription factor 1 (RUNX1), laminin subunit alpha 4 (LAMA4), collagen type VI alpha 3 chain
(COL6A3), phosphoinositide-dependent kinase-1 (PDK1), cyclin A1 (CCNA1), enolase 1 (ENO1),
pyruvate kinase muscle isozyme (PKM), nuclear receptor subfamily 2 group F member 1 (NR2F1),
and N-acetylated alpha-linked acidic dipeptidase 2 (NAALAD?) are directly associated with the
KEGG signaling pathway, the central carbon metabolism in cancer (hsa05230) [4].

The GeneMANIA [24] analysis of selected genes, including SLC7A11, SLC7A5, RUNX1,
LAMA4, COL6A3, PDK1, CCNA1, ENO1, PKM, NR2F1, NAALAD? [4], and AGER (the
gene encoding RAGE), revealed that only NAALAD2 was not connected to one network
(Figure 1). The GeneMANIA network comprises 32 genes (20 related genes) and consists
of genes related to multiple biological functions (Table S1). The analysis revealed that
the selected genes were mainly involved in metabolic functions (Table 1). Moreover, we
observed that AGER directly interacts with PKM and SLC7AS8 (a co-expression interaction)
and RUNX1 (a co-localization interaction, Figure 1).

113



Cancers 2024, 16, 3192

Networks Functions
Physical Interactions N/A
Jel nter ons

Figure 1. Interaction network constructed for genes involved in central carbon metabolism in cancer
(hsa05230) [4] limited to Homo sapiens (https:/ /genemania.org/) [24]. The GeneMANIA is a prediction
server used for biological network integration for gene prioritization and predicting gene function.
The server additionally adds genes based on known interactions. Additional genes are represented
by gray, unstriped circles. Selected genes are represented by circles with stripes. The colors of
the line suggest the type of interaction, that is, red—physical interactions; purple—co-expression;
orange—predicted; blue—co-localization; light blue—pathway; green—genetic interactions; olive—
shared protein domains. Interactors are shown with the official gene symbol. NAALAD? is the
only gene found outside the network. Most studies indicate that NAALAD? is involved in prostate
cancer. Sidorkiewicz et al. [4] may be the first to have correlated this gene with endometrial cancer
(EC). However, the expression of NAALAD?2 was decreased in the endometrium during cancer [4].
Abbreviations: AGER—the gene encoding receptor advanced glycation end-products; ENO2—enolase 2;
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ENOIl1—enolase 1; PKM—pyruvate kinase isozymes M1/M2; PGAM2—phosphoglycerate mutase
2; ENO3—enolase 3; CCNAI—cyclin A1l; ENO4—enolase 4, ENOSF1—enolase superfamily mem-
ber 1; CLYBL—citramalyl-CoA lyase; NAALAD2—N-acetylated alpha-linked acidic dipeptidase 2;
LAMA4—laminin subunit alpha 4; COL6A3—collagen type VI alpha 3 chain; NR2FI—nuclear recep-
tor subfamily 2 group F member 1; PDP2—pyruvate dehydrogenase phosphatase catalytic subunit 2;

PDPR—pyruvate dehydrogenase phosphatase regulatory subunit; PDP1—pyruvate dehydrogenase

phosphatase catalytic subunit 1, PDKI—pyruvate dehydrogenase kinase 1; RUNX1—RUNX family
transcription factor 1; RUNX2—RUNX family transcription factor 2; RUNX3—RUNX family transcrip-
tion factor 3; CCNAI—cyclin A1l; LDHA—lactate dehydrogenase A; LDHB—Iactate dehydrogenase B;
BSG—basigin; PKLR—pyruvate kinase L/R; PGAMI1—phosphoglycerate mutase 1; SLC25A1—solute
carrier family 25 member 1; SLC7A5—solute carrier family 7 member 5; SLC7A8—solute carrier

family 7 member 8; SLC7A11—solute carrier family 7 member 11. N/ A—not applicable. See File S1.

Table 1. In silico analysis revealed that the gene network is involved in multiple metabolic functions.

Function

Official Symbol

Number of Genes

PDK1, PDP1, PDP2, PDPR, LDHA, PKLR,

pyruvate metabolic process PGAM1, ENO2, ENO1, ENO3 13
I taboli ; £ PKLR, PGAM1, ENO2, PKM, ENO1, ENO3, 7
glucose catabolic process to pyruvate PCAM?2
glycolytic process through fructose-6-phosphate PKLR, PGAMI, ENO2, PKM, ENOL, ENO3, 7
PGAM?2
glycolytic process through glucose-6-phosphate PKLR, PGAMI, ENO2, PKM, ENO1, ENO3, 7
PGAM?2
lucose catabolic process PKLR, PGAM1, ENO2, PKM, ENO1, ENO3, -
8 P PGAM?
. PKLR, PGAM1, ENO2, PKM, ENO1, ENO3,
NADH metabolic process PGAM? 7
ADP metaboli PKLR, PGAM1, ENO2, PKM, ENO1, ENO3, 9
fretabotic process PGAM2, LDHA, ENO4
. PKLR, PGAM1, ENO2, PKM, ENO1, ENO3,
ATP generation from ADP PGAM?2, LDHA, ENOA4 9
. PKLR, PGAM1, ENO2, PKM, ENO1, ENO3,
NAD metabolic process PGAM? 7
purine ribonucleoside diphosphate metabolic PKLR, PGAM1, ENO2, PKM, ENO1, ENO3, 9
process PGAM?2, LDHA, ENO4
carbohydrate catabolic process PKLR, PGAMI, ENO2, PKM, ENO1, ENO3, 10
Y P PGAM2, LDHA, ENO4, ENOSF1
in cleoside diphosphate metabolic process PKLR, PGAMT, ENO2, PKM, ENO1, ENO3, 9
purine micieoside diphosp. P PGAM2, LDHA, ENO4
b leoside divhosphat taboli PKLR, PGAM1, ENO2, PKM, ENO1, ENO3, 9
ribonucleoside diphosphate metabolic process PGAM2, LDHA, ENO4
nucleoside divhosphate metabolic proces PKLR, PGAM1, ENO2, PKM, ENO1, ENO3, 9
cleoside diphosphate metabolic process PGAM2, LDHA, ENO4
lucose metabolic process PKLR, PGAM1, ENO2, PKM, ENO1, ENO3, 9
8 P PGAM2, PDK1, SLC25A1
hexose catabolic process PKLR, PGAM1, ENO2, PKM, ENO1, ENO3, 7
P PGAM?2
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Table 1. Cont.

Function Official Symbol Number of Genes
monosaccharide catabolic process PKLR, PGAMLI, EggjﬁgM , ENOL, ENO3, 7
hexose metabolic process PKLR, P%é]\//‘[}v’[f ﬁgﬁé;gﬁ%;ﬁ?l' ENOS, 9

. PKLR, PGAM1, ENO2, PKM, ENO1, ENO3,

glycolytic process PGAM? 7
ATP metabolic poces PKLR, PGAM1, ENO, PR, ENOL, ENOS, :
monosaccharide metabolic process PKLR, P%?;A:}V’If ﬁgif%;ﬁ?l’ ENO3, 9
hexose biosynthetic process SLC25A1, PGAM1, ENO2, ENO1, ENO3, PGAM2 6
requlation of sulfur metabolic process PDP2, PDPR, PDP1, PDK1 4
monosaccharide biosynthetic process SLC25A1, PGAM1, ENO2, ENO1, ENO3, PGAM?2 6
regulation of purine nucleotide metabolic process PGAM1, PDP2, PDPR, PDP1, PDK1, ENO1 6
requlation of nucleotide metabolic process PGAM1, PDP2, PDPR, PDP1, PDK1, ENO1 6
thioester biosynthetic process PDP2, PDPR, PDP1, PDK1, SLC25A1 5
acyl-CoA biosynthetic process PDP2, PDPR, PDP1, PDK1, SLC25A1 5
acetyl-CoA metabolic process PDP2, PDPR, PDP1, PDK1 4
acyl-CoA metabolic process PDP2, PDPR, PDP1, PDK1, SLC25A1 5
carbohydrate biosynthetic process SLC25A1, PGAM1, ENO2, ENO1, ENO3, PGAM?2 6
requlation of fatty acid metabolic process PDP2, PDPR, PDP1, PDK1 4
cellular ketone metabolic process PDP2, PDPR, PDP1, PDK1 4

According to The Cancer Genome Atlas, 20,000 primary cancers have been identified

in this novel look at the etiology of cancer. A new classification of EC by The Cancer
Genome Atlas revealed that metabolic reprogramming may be one of the causes of cancer
progression in women [4,25]. Studies have indicated malfunctions in cell metabolism driven
by oncogenes [25]. Therefore, malfunctions in metabolic pathways may be a characteristic
feature of cancer [26,27]. However, so far only the Warburg effect has been focused on as a
metabolic cause of EC [28-30]. In this review, we would like to demonstrate that RAGE
signaling pathways may play a crucial role in the progression of metabolic cancer in the
female reproductive tract.

Previous studies have shown that mTOR and PI3K/AKT metabolic signaling path-
ways are associated with EC progression [4,25,31]. Nevertheless, Ramasubbu and Devi
Rajeswari [32] indicated that RAGE may inhibit the mammalian target of rapamycin
(mTOR) and phosphatidyl inositol 3-kinase-AKT (PI3K/AKT) signaling pathways during
diabetes. Thus, RAGE signaling pathways may play a role in cancer treatments.

Nevertheless, mTOR and PI3K/AKT signaling pathways are involved in cell prolifera-
tion and microvessel formation in EC [5]. Moreover, RAGE during metabolic disorders is
associated with new microvessel formation [33].

Zheng and co-workers [5] revealed that RAGE may be associated as a potential
regulatory factor of microvessel formation in EC. Studies have indicated that a similar
phenomenon has been observed in other cancer types [34,35]. Thus, RAGE signaling
pathways, as well as mTOR and PI3K/AKT signaling pathways, may be involved in
microvessel formation during EC growth [16,34,35]. Studies have indicated that RAGE
ligands may also play a key role in the progression of microvessel formation during
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EC [17,29]. Overall, RAGE and its ligands are involved in metabolic complications as well
as microvessel formation during numerous pathological conditions [8,9,12-15,33-35].

The amount of RAGE protein is elevated in the endometrium during type 1 diabetes,
as well as with a high-fat diet [6]. Studies have shown that the amount of RAGE is the
highest in EC, particularly in less differentiated tumors [5,36]. Consequently, we may
observe the elevated level of advanced glycation end-products (AGEs) in EC [5,36]. Thus,
RAGE and its ligands may be associated with progression of EC (https://www.proteinatlas.
org/ENSG00000204305- AGER/pathology, accessed on 1 August 2024).

AGEs are formed during the Maillard reaction. The Maillard reaction is a non-
enzymatic process in which glucose reacts with protein, i.e., glycation. AGEs are ac-
cumulated in our body through high glucose levels or ingestion [37]. The main precursor
of AGEs is methylglyoxal (MGO). However, under physiological conditions, glyoxalase 1
(GLO1) is responsible for the detoxification of MGO [8,9,12,38]. Studies have indicated that
the amount of AGEs is elevated during pathophysiological conditions such as diabetes, neu-
rological diseases, and cancer [8-15,39,40]. Moreover, reports have shown that AGEs trigger
disorders by several mechanisms: (1) AGE intracellular accumulation; (2) disturbances
in the proper structure and function of proteins binding to proteins; and (3) activation
of the RAGE signaling pathway [8,9,12-15,39]. Previous studies have indicated that the
pathological process in the cell is preceded by an increased amount of RAGE-AGEs [41].
Next, the studies revealed the various forms of stress in the cell during disorders [41]. Our
studies revealed the pathological process of RAGE-AGEs in the endometrium during the
estrous cycle [6]. Therefore, we may speculate that RAGE-AGEs may be involved in the
pathophysiological processes of EC [42,43].

3. RAGE and Its Ligands in Endometrial Cancer (EC)

Studies have indicated that patients with diabetes are at high risk of cancer progres-
sion [4,5,36]. Our data revealed that the expression of RAGE and its ligands is elevated in
diabetic patients [8,9,12-15,40,44]. It can therefore be inferred that endometrial carcinogen-
esis may be related to increased expression of RAGE and its ligands. RAGE binds with a
variety of ligands, especially proinflammatory ones, and is engaged with cytoskeletal dy-
namics [8,9,13,14]. Studies have shown that the amounts of proinflammatory high-mobility
group box 1 (HMGB1) and S 100 calcium-binding protein B (5100B) ligands increase in
cancer [42,43,45,46]. GeneMANIA analysis indicated that HMGB1 and S100B interact
with AGER (the gene encoding RAGE) through physical-, predicted-, and co-localized
interactions (Figure 2). These analyses revealed another important interaction between
AGER/RAGE and diaphanous-related formin 1 (Diaphl; Figure 2), but an exact role of these
molecules is unclear in EC (https://www.proteinatlas.org/ENSG00000204305- AGER/
pathology, accessed on 1 August 2024; https:/ /www.proteinatlas.org/ENSG00000131504
-DIAPH1/pathology, accessed on 1 August 2024).

3.1. HMGB1

Our studies have indicated that the expression of HMGBI is elevated in the diabetic
sciatic nerve as well as in the spinal cord harvested from SOD1 G93A mice [8-15]. Moreover,
further studies revealed that increased expression of HMGBI is present in Parkinson’s,
Alzheimer’s, cardiovascular diseases, stroke, retinopathy, neuropathy, as well as amy-
otrophic lateral sclerosis [12,47-50]. Previous studies revealed that the amount of HMGB1
is elevated in the endometrium harvested from type 1 diabetic mice and mice with a
high-fat diet [6]. Our studies have shown that HMGBI is associated with the inflammation
process in the uterus [6]. We may suppose that HMGBI is related to a chronic pathological
process that takes place in the endometrium (https://www.proteinatlas.org/ENSG0000018
9403-HMGB1/pathology, accessed on 1 August 2024). HMGB1 in hormone-related cancer
may be a potential therapeutic target [45]. This phenomenon has not been observed in
healthy cells [51].
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Figure 2. Graph representing the interaction network of AGER (the gene encoding RAGE) with genes
encoding RAGE ligands. HMGB1, S100B, and Diaphl are the most well-known RAGE ligands. The
interaction of AGER/RAGE with HMGB1, S100B, and Diaphl may be crucial for EC progression. The
interaction network includes the cancer-related factors NFKB1, NFKB2, and EGFR. The colors of
the line suggest the type of interaction, that is, red—physical interactions; purple—co-expression;
orange—predicted; blue—co-localization; light blue—pathway; green—genetic interactions; olive—
shared protein domains. Limited to Homo sapiens. Abbreviations: HMGB1—high-mobility group
box 1; S100B—S100 calcium-binding protein B; Diaphl—diaphanous-related formin 1; MAPKAPK5—
MAPK-activated protein kinase 5; CAPZA1—capping actin protein of muscle z-line subunit alpha
1; CAPZA2—capping actin protein of muscle z-line subunit alpha 2; IRAK4—interleukin 1 receptor-
associated kinase 4; NFKB2—nuclear factor kappa B subunit 2; NFKBI—nuclear factor kappa B
subunit 1; RELA—RELA proto-oncogene, NFKB subunit; EGFR—epidermal growth factor receptor;
S100A4—S100 calcium-binding protein A4; ITGB2—integrin subunit beta 2; SFTPB—surfactant
protein B; CYP4B1—cytochrome P450 family 4 subfamily B member 1; S100A1—S100 calcium-binding
protein Al; SLC6A4—solute carrier family 6 member 4; ITGAM—integrin alpha M; S100A8—S100
calcium-binding protein A8; S100A12—S100 calcium-binding protein A12. See File S2. N/ A—not
applicable. The interaction network using GeneMANIA was also created in the publication Zglejc-
Waszak et al. [8]. These are not the same interaction networks as in the previous publication [8]. The
similarity may result from the databases used by the GeneMANIA server.

Histologically, EC may be classified into three grades: grade I—well differentiated,
with a better prognosis; grade II—moderately differentiated; and grade Ill—poorly dif-
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ferentiated, with a worse prognosis. Luan et al. [52] revealed that HMGBI is negatively
correlated with the development of endometrial carcinoma and prevents cancer cell inva-
sion and metastasis by inhibiting the process of epithelial-to-mesenchymal transition. Thus,
we may suppose that the role of HMGBI is not significant in EC type II, as type II ECs
are poorly differentiated [52]. It should be stressed that HMGB1 is a RAGE ligand, as the
RAGE-HMGB]I interaction may have a strong impact on the progression of endometrial
carcinoma [42,52]. Studies have indicated that HMGBI1 interacts with RAGE in tumor
cells [51].

Extracellular HMGBI is a proinflammatory ligand that binds to the V domain of
RAGE and thereby activates Janus kinase-signal transduction, the transcription activa-
tion (JAK/STAT) signaling pathway, and nuclear factor KB-dependent (NFKB) cytokine
production (Figure 3) [12,53]. Studies have shown that cancer cells release HMGB1 [54].
Increasing amounts of HMGB1 activate the RAGE signaling pathway. Feedback loops
between HMGB1 and RAGE have been observed during the progression of cancer [8,54].
We hypothesize that blocking the cross-talk between RAGE and HMGB1 may inhibit can-
cer progression. Researchers should consider the RAGE-HMGBI1-dependent signaling
pathway when searching for therapeutic targets to prevent EC progression.
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Figure 3. Schematic of the RAGE signaling pathway in EC and potential therapeutic targets. High
glucose levels, oxidative stress, and local inflammation activate the RAGE signaling pathway. The V
domain (extracellular domain) of RAGE interacts with HMGB1, S100B, and AGEs. HMGB1, S100B,
and AGEs are proinflammatory RAGE ligands. Diaphl interacts with the cytoplasmatic domain.
Studies have indicated that Diaphl may be a crucial player in the downstream RAGE signaling
pathway. The signal cascade activates transcription factors (NFKB, STAT) that increase the amount
of proinflammatory cytokines. Moreover, inhibiting the RAGE-Diaphl interaction may contribute
to reducing the production of proinflammatory cytokines. However, DNA methylation may have
a key impact on RAGE-dependent cell signaling. Local environmental factors, hyperglycemia,
oxidative stress, and inflammation may induce malfunctions in DNA methylation and, thus, disturb
the epigenetic pattern of RAGE signaling pathways. Abbreviations: AGEs—advanced glycation
end-products; RAGE—receptor for advanced glycation end-products; SI00B—S100 calcium-binding
protein B; HMGB1—high-mobility group box 1; Diaphl—diaphanous related formin 1; NFKB—
nuclear factor kappa-light-chain enhancer of activated B cells; STAT—signal transducer and activator
of transcription; JAK—Janus-activated kinases.
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3.2. 5100B

The S100B is part of the family of small molecular weight calcium-binding pro-
teins [8,42,55]. Our studies have shown that the amount of S100B is increased in the
diabetic endometrium [6]. Most studies implicated S100B in inflammation and cancer
progression. That is why this molecule is called a proinflammatory RAGE ligand and a
marker of neurodegenerative diseases [12,42,56-58]. Studies confirmed that S100B may be
considered a tumor marker [46]. Elevated serum S100B levels have already been proposed
as a biomarker for lung cancer and melanoma [59-61]. S100B interacts with cellular tumor
antigen p53 [62]. Studies have indicated that S100B may modulate p53 functions in tumor
suppression and, thus, stimulate cancer progression [62,63]. Protein p53 prevents genome
mutation as well as tumor formation [64]. p53 plays a prominent role in DNA repair,
apoptosis control, and the cell cycle [46,64]. The data suggest that S100B may be involved
in EC progression (https://www.proteinatlas.org/ENSG00000160307-S100B /pathology,
accessed on 1 August 2024). However, high-throughput studies revealed that S100B does
not correlate with the estrogen-negative group of cancer [46]. Yen et al. [46] have shown
that in breast cancer the amount of S100B was decreased when compared to healthy tissue.
This mode of S100B activity may be specific to breast cancer [46]. The interaction of S100B
with RAGE deserves attention in the next steps of EC research.

3.3. Diaphl

Diaphl is an intracellular ligand of RAGE. The cytoplasmatic domain of RAGE in-
teracts with the FH1 domain of Diaphl. Diaphl activity is strictly autoregulated by the
DID domain and the terminal DAD domain. However, the FH2 domain is involved in
actin polymerization and binds to profilin 1 (PFN1) [8]. The RAGE-Diaphl signaling
pathway was first identified in disorders such as diabetes, inflammation, and neurode-
generative diseases [8,12,14,65,66]. Over the last decade, Diaphl has gained attention
as a significant contributor to the pathogenesis of a few neurodegenerative disorders,
such as Alzheimer’s, Parkinson’s, Huntington’s, and Creutzfeldt-Jakob’s disease, and
various neurodegenerative conditions, such as diabetic neuropathy, amyotrophic lateral
sclerosis, amyloid polyneuropathy, Charcot neuropathy, vasculitis neuropathy, and can-
cer [8,12,14,67]; however, the detailed mechanisms of the Diaph1 contribution to disorders
remain unclear (https:/ /www.proteinatlas.org/ENSG00000131504-DIAPH1/pathology,
accessed on 1 August 2024).

Recent studies have shown that in animal models of neurodegenerative diseases,
the pharmacological or genetic blocking of Diaphl attenuates inflammation and Diaphl-
associated perturbations [8,9,14,68-72]. Studies revealed that Diaph1 deletion may improve
sciatic nerve regeneration in diabetic mice [8,14,68-70].

RAGE-Diaphl signaling pathways trigger the NFKB-dependent signaling cascade
and, thus, proinflammatory cytokine production [8]. Nevertheless, Diaphl, as a member
of the formin family, is involved in the dynamics of the actin cytoskeleton [67]. Formin,
Diaphl, is involved in actin elongation as well as depolymerization through interaction
with PEN1 or cofilin 1 (CFL1, Figure 4) [73]. PEN1 and CFL1 are important proteins for
proper actin polymerization and elongation [73]. However, studies have indicated that high
levels of PFN1 may inhibit actin elongation [74,75]. PEN1 may trigger actin elongation and
the RhoA-dependent signaling cascade, and in it is the RAGE signaling pathway [76-79].

These cytoskeletal proteins also play a role in human cancer cells [80-82]. Recent re-
search shows that cytoskeletal proteins play an important role in the development of human
diseases [9,14,80-82]. Therefore, they may be a new therapeutic target in cancer treatment.

Cancer cells have a potential for growth, migration, and invasion. The proper func-
tioning of the cytoskeleton is important in these processes [80-82]. Diaphl and cytoskeletal
proteins may regulate cancer cell growth and invasion by the remodeling of the actin
cytoskeleton [14,80-82]. We observed that global deletion or silencing of Diaphl may
have an impact on actin cytoskeletal dynamics during human diseases. Data suggest that
attenuation of Diaph1 can reduce F-actin polymerization in cells [39]. However, to date,
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we do not know the effect of Diaph1 deletion on the dynamics of the actin cytoskeleton in
EC cells.
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Figure 4. Graph representing the interaction network of Diaphl with proteins involved in cytoskeletal
dynamics. Formin, Diaphl, is responsible for the polymerization and depolymerization of actin. It
interacts with PFN1 and CFL1. Interactions between these molecules engage RhoA to interact with
RAGE. Moreover, the cross-talk between RAGE and Diaphl may play a crucial role in the remodeling
of the actin cytoskeleton during the progression of EC. AGER (the gene encoding RAGE), Diaphl,
PFN1, CFL1, and RhoA are connected in one network. The network consists of 25 genes (official
symbol). STAT6 belongs to the STAT family. The STAT pathway may be dependent on the proper
function of the actin cytoskeleton. The server additionally adds genes based on known interactions.
Additional genes are represented by gray, unstriped circles (https://genemania.org/) [24]. The
colors of the line suggest the type of interaction, that is, red—physical interactions; purple—co-
expression; orange—predicted; blue—co-localization; light blue—pathway; green—genetic inter-
actions; olive—shared protein domains. Limited to Homo sapiens. Abbreviations: S100A12—S100
calcium-binding protein A12; AGER—the gene encoding RAGE; S100B—S100 calcium-binding pro-
tein B; Diaphl—diaphanous-related formin 1; Diaph2—diaphanous-related formin 2; PFN1—profilin
1; PEN3—profilin 3; PEN2—profilin 2; HMGB1—high-mobility group box 1; ERBB4—Erb-b2 receptor
tyrosine kinase 4; RELA—RELA proto-oncogene, NFKB subunit; STAT6—signal transducer and acti-
vator of transcription 6; RTKN—rhotekin; RHOA—ras homolog family member A; PKD2—polycystin
2; SSH2—slingshot
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protein phosphatase 2; CFL1—cofilin 1, ACTB—actin beta; SSH1—slingshot protein phosphatase 1;
RHOC—ras homolog family member C; SSH3—slingshot protein phosphatase 3; VASP—vasodilator
stimulated phosphoprotein; LIMKI—LIM domain kinase 1; ACTAl—actin alpha 1, DAAMI1—
dishevelled associated activator of morphogenesis 1. N/A—not applicable. See File S3. The interac-
tion network using GeneMANIA was created in the publication by Zglejc-Waszak et al. [8]. These
are not the same interaction networks as in the previous publication [8]. The similarity may result
from the databases used by the GeneMANIA server.

Previous studies have shown that RAGE and its proinflammatory ligands are involved
in actin polymerization in breast cancer cells [83]. Moreover, the molecular complex of
RAGE and its ligands may promote the migration and invasion of human breast cancer cells
through actin cytoskeleton modifications [83]. We can suppose that signal transduction
in the RAGE pathway occurs as a result of the proper polymerization of actin [39,84,85].
Overall, the RAGE-Diaphl interaction and, thus, cytoskeletal dynamics may be involved
in EC progression. However, further studies are necessary to clarify this mechanism.

4. Cancer and Diabetes

Diabetes mellitus is a set of metabolic diseases accompanied by high glucose and the
development of various disorders [8,12,86]. In recent years, many investigations revealed
an association between diabetes and cancer progression [86,87]. However, in this review,
we do not describe all the similarities between diabetes and cancer; rather, we will focus on
the role of RAGE-dependent mechanisms in diabetes and cancer.

RAGE is a protein that increases with chronic inflammation, oxidative stress, and
high glucose levels. These pathological conditions are characteristic not only for diabetic
complications but also for cancer. Therefore, RAGE may be involved in the process of
carcinogenesis in the endometrium [42,86,87]. Contrary to appearances, cancer is a disease
with a metabolic disorder. High-throughput studies have demonstrated altered expression
of metabolism-related genes in EC [4]. Moreover, a disturbed metabolic mechanism is a
common feature of most cancers, regardless of where they occur [88]. Neoplasm consumes
very large amounts of glucose compared to healthy tissue; this phenomenon is known as
the Warburg effect [4,88,89]. The hyperglycemia milieu causes an increased influx of AGEs,
the activation of RAGE and its proinflammatory ligands, as well as formins involved in
the dynamics of the actin cytoskeleton [8,9,14]. We observe this pathological mechanism in
both diabetes complications and cancer.

Studies have shown that diabetes doubles the risk of developing liver, pancreas, and
EC. However, no relationship was found between diabetes and lung cancer, but it was
shown that uncontrolled hyperglycemia reduces the likelihood of prostate cancer [86,87].
The reasons for the relationship between cancer and diabetes have been the subject of
debate for several decades. We are currently investigating a common signaling pathway,
the RAGE-dependent pathway.

Our studies have indicated that diabetes has an impact on female reproductive sys-
tems [6]. Diabetes contributes to increased inflammation in the uterus during the estrous
cycle [6]. Inflammation is a key to creating an environment for cancer progression [42,86,87].
Chronic local inflammation causes an increase in the amount of S100B and HMGB1 and,
consequently, activation of the RAGE-dependent signaling pathway [6,8,90,91]. We assume
that RAGE-HMGB1-5100B interactions may contribute to the pathogenesis related to dia-
betes and cancer [42,52,59-61]. Studies have indicated that silencing S100B and HMGB1
delays diabetic complications and cancer progression [42,92].

Reports have indicated that increasing oxidative stress is characteristic of cancer.
Oxidative stress induces RAGE signaling pathways in cancer cells [21]. Activation of the
RAGE signaling pathway increases the amount of proinflammatory cytokines [42,52,59-61].
During the development of cancer, there is an accumulation of negative factors: high
glucose levels, inflammation, and oxidative stress. Intracorporeal homeostasis is disturbed.
A high concentration of AGEs causes mutagenesis, protein misfolding, and, thus, loss of
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protein functions [8,9,12-15]. All these factors stimulate the proliferation and migration
of cancer cells. Moreover, the RAGE pathway leads to the activation of the PI3K/Akt and
NFKB-dependent signaling cascades in cancer cells. A large amount of evidence suggests
that RAGE signaling pathways are related to cancer as well as diabetic perturbations [31,32].

Evidence indicates that blocking RAGE transduction may slow down cancer progres-
sion. One of the molecules that can inhibit the activity of the RAGE pathway is its variant
circulating in the plasma [93,94]. It is soluble RAGE (sRAGE). sRAGE can sequester proin-
flammatory RAGE ligands and, thus, reduce inflammation and oxidative stress during
cancer. SRAGE may be a hope for stopping cancer development [95]. Moreover, studies re-
port that sSRAGE may be used as a biomarker because low levels of circulating SRAGE may
indicate the risk of cancer progression and metastasis [96]. However, further studies are
necessary to clarify the role of SRAGE as a therapeutic target against cancer development.

Mangigrasso et al. [69] found a small molecule, RAGE229, that may have the ability to
block the RAGE signaling pathway. RAGE229 interacts with the cytoplasmatic domain of
the AGE receptor and, thus, inhibits the cross-talk between RAGE and Diaph1 [68]. The
cytoplasmic domain is the site of Diaphl binding to RAGE. Studies in a mouse model
showed that the abolition of the RAGE-Diaphl interaction may diminish inflammation
and oxidative stress during perturbations [69]. To date, there is very limited knowledge
on the role of Diaphl in the progression of cancer. However, the most recent evidence
indicates that Diaphl may play a crucial role in cancer with accompanied inflammation
and oxidative stress [70].

Moreover, the cross-talk between RAGE-Diaphl is crucial during micovessel forma-
tion [15,20]. Tumor vessels are a non-physiological structure and may complicate cancer
treatment [97]. Blood vessels supply cancer cells with nutrients and oxygen. These ingre-
dients are necessary for further progression/invasion of cancer. Hence, RAGE-Diaphl
interaction may be a key factor in cancer treatment. It is well known that cancer cells
promote vascularization as well as innervation. Hence, we cannot exclude the role of
axonogenesis in the progression of carcinogenesis [98]. Studies have indicated that RAGE
and its ligands are present in nervous cells as well as tissue [8-11,44,99]. The role of RAGE
signaling during neurodegenerative diseases is well established [8,12]. The cross-talk be-
tween RAGE and Diaphl in the neurological complications of diabetes and cancer should
be the subject of further research. In this review, we have assumed that the RAGE cascade
is crucial during the progression of cancer. Therefore, in the process of cancer treatment,
we should look at the problem holistically. The therapy should cover many aspects key to
the development of the cancer, such as inflammation, high glucose levels, oxidative stress,
axonogenesis, and vasculogenesis [8,12,97,98].

Therefore, blocking the RAGE signaling pathway may be a milestone in the treatment
of many pathological conditions caused by high glucose levels, oxidative stress, and
inflammation. However, the switch that determines whether it will be a diabetes- or
cancer-related disorder may depend on epigenetic modifications.

5. DNA Methylation in Endometrial Cancer (EC)

DNA methylation is one of the epigenetic modifications. Numerous studies have indi-
cated that epigenetic modifications may be linked to gynecological malignancies [100,101].
Malfunctions in DNA methylation may play a role in the onset and progression of EC, as ab-
normal epigenetic patterns may be acquired throughout life. Thus, epigenetic modifications
may contribute to an increased risk of gynecological malignancies [100,101].

Methylation remodeling is dependent on DNA methyltransferases, i.e., DNMT1,
DNMT3a, and DNMT3b [102]. Our studies indicated that DNA methylation is maintained
by the methylation complex in the uterus tissues [102,103]. The main elements of the
methylation complex include DNA methyltransferases, the tripartite motif containing 28
(TRIM28), and zinc finger protein 57 (ZFP57) [103].

Briefly, studies have revealed that zinc finger protein 57 (ZFP57) recognizes methyla-
tion sites within a DNA sequence. Next, ZFP57 interacts with TRIM28, which triggers and
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attracts DNA methyltransferases [103]. Therefore, DNA methylation is maintained and
determined by methylation complex elements, such as ZFP57, TRIM28, DNMT1, DNMT3a,
and DNMT3b [100-103].

Uterine tissues are extremely sensitive to environmental factors [104]. Our studies
indicated that periconceptional undernutrition affects in utero methyltransferase expression
and steroid hormone concentrations in uterine flushings and blood plasma during the
peri-implantation period in domestic pigs. Studies have shown that nutrition may alter the
DNA methylation levels in the uterus [104]. DNA methylation regulates gene expression
and, thus, the activity of proteins, as well as signaling pathways in cells/tissues. We
documented that under-nutrition alters the transcriptomic profile in the endometrium
as well as in the myometrium [105,106]. In this review, we would like to demonstrate
alterations in DNA methylation that influence the RAGE signaling pathway.

Many serious complications have been found to be the result of RAGE-dependent
epigenetic modifications [8,9,12-15]. Kan and co-workers [107] revealed that RAGE gene
promoter methylation influences diabetic retinitis. They observed that DNA methylation
inhibits the activity of RAGE signaling pathways [107]. Studies showed that if the RAGE
pathway is not activated, it results in a reduction in proinflammatory cytokines and, thus,
the elimination of inflammation [8,91,107-109]. Moreover, Wu et al. [108] revealed that
RAGE is regulated epigenetically by an altered microenvironment.

AGESs may alter the microenvironment in a cell and influence the RAGE signaling
pathways [8,19,108]. They interact with RAGE and trigger downstream signaling path-
ways. Studies have indicated that the molecular interaction between AGEs and RAGE
increases the production of proinflammatory cytokines. Cytokines induce inflammation
and, thus, change the microenvironment in the cell. Chronic inflammation triggers the
RAGE signaling pathways and increases AGE levels. Therefore, we observed feedback
loops between inflammation, proinflammatory cytokines, AGEs, and RAGE signaling
pathways (Figure 3) [8,19,108]. Overall, if we reduce the inflammatory environment, we
inhibit the RAGE signaling pathways. Therefore, we observe epigenetic regulation of the
RAGE signaling pathway.

Epigenetic modifications are sensitive to microenvironment alternations [109,110]. We
may observe an altered microenvironment during cancer. In the neoplasm, we may observe
metabolic alterations, high glucose levels, oxidation stress, and inflammation. All these
factors can change the cell microenvironment and influence the epigenetic modifications,
especially DNA methylation, which is important in the activity of the RAGE signaling
pathway [107-109].

Sidorkiewicz et al. [4] revealed that metabolic status may be involved in EC progres-
sion. The GeneMANIA [24] analysis revealed that SLC7A11, SLC7A5, RUNX1, LAMA4,
COL6A3, PDK1, CCNA1, ENO1, PKM, NR2F1, NAALAD? [4], DNMT1, DNMT3a, DNMT3b,
TRIM28, and ZFP57 (methylation complex genes) are involved in two networks (Figure 5).
We observed the direct interaction between methylation complex genes and molecules
involved in metabolism during the progression of EC (Figure 5). The in silico analysis
revealed that DNMT1 directly interacts with RUNX1, ENO1, SLC7A5, and the cross-talk
TRIM28 with RUNX1, ENO1, PKM, and CCNA1 (Figure 5). We suppose that methylation
complex molecules may be involved in the regulation of the central carbon metabolism
pathway (hsa05230) in EC [4]. Analysis revealed that DNMTT1 is involved in DNA methyla-
tion or demethylation, DNA modification, DNA methylation-dependent heterochromatin
assembly, regulation of histone H3-K9 methylation, methylation, and the regulation of the
DNA methylation-dependent heterochromatin assembly function (Figure 5). Nevertheless,
TRIM28 is engaged in the regulation of DNA methylation-dependent heterochromatin as-
sembly and the DNA methylation-dependent heterochromatin assembly function (Figure 5).
Our in silico analysis showed the methylation complex, and, thus, DNA methylation may
be involved in EC (Figure 5).
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Figure 5. Graph representing the interaction networks of selected genes. The GeneMANIA network
indicates the direct interaction between the methylation complex genes and molecules involved in
metabolism during the progression of EC [4]. The in silico analysis revealed that TRIM28 (blue circles)
and DNMT1 (orange, dashed circles) interacted with genes engaged in central carbon metabolism
in cancer (hsa05230) [4], limited to Homo sapiens (https://genemania.org/) [24]. The colors of
the line suggest the type of interaction, that is, red—physical interactions; purple—co-expression;
orange—predicted; blue—co-localization; light blue—pathway; green—genetic interactions; olive—
shared protein domains. Selected genes are represented by circles with stripes. Abbreviations:
MCAM—melanoma cell adhesion molecule; RNF44—ring finger protein 44; CBFB—core-binding
factor subunit beta; HELLS—helicase, lymphoid specific; KLHDC9—kelch domain-containing 9;
MPPEDI1—metallophosphoesterase domain-containing 1; PKLR—pyruvate kinase L/R; PAPLN—
papilin, proteoglycan-like sulfated glycoprotein, RBM4—RNA-binding motif protein 4; PDK2—
pyruvate dehydrogenase kinase 2; PDK4—pyruvate dehydrogenase kinase 4; FSA1—coagulation
factor VIII associated 1; SALL3—spalt-like transcription factor 3; SLC3A2—solute carrier family 3
member 2; NAALADL2—N-acetylated alpha-linked acidic dipeptidase-like 2; PROCA1—protein in-
teracting with cyclin Al; ENO2—enolase 2; ENO3—enolase 3; DNMT3L—DNA methyltransferase
3-like; MTOR—mechanistic target of rapamycin kinase; TRIM28—tripartite motif-containing 28;
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CCNAl1—<cyclin A1; PDK1—pyruvate dehydrogenase kinase 1, PKM—pyruvate kinase M1/2; ENO1—
enolase 1; RUNXI—RUNX family transcription factor 1, DNMT1—DNA methyltransferase 1,
LAMA4—Ilaminin subunit alpha 4, DNMT3A—DNA methyltransferase 3 alpha, NR2FI—nuclear
receptor subfamily 2 group F member 1; DNMT3B—DNA methyltransferase 3 beta; SLC7A5—solute
carrier family 7 member 5; COL6A3—collagen type VI alpha 3 chain; SLC7A11—solute carrier family
7 member 11; ZFP57—zinc finger protein 57. N/ A—not applicable. See File S4.

Future studies on the role of DNA methylation in the activity of RAGE signaling path-
ways will likely accelerate our understanding of the complex signaling events in EC [111]. In
the review, we emphasize the role of a holistic view of the cause of gynecological malignan-
cies (https:/ /www.proteinatlas.org/ENSG00000130816-DNMT1/pathology, accessed on
1 August 2024; https:/ /www.proteinatlas.org/ENSG00000119772-DNMT3A /pathology,
accessed on 1 August 2024; https:/ /www.proteinatlas.org/ENSG00000130726-TRIM28 /
pathology, accessed on 1 August 2024; https:/ /www.proteinatlas.org/ENSG00000204644
-ZFP57 /pathology, accessed on 1 August 2024; https:/ /www.proteinatlas.org/ENSG00000
088305-DNMT3B/pathology, accessed on 1 August 2024).

Promoter methylation cooperates with single nucleotide polymorphisms (SNPs) to
modulate RAGE transcription and may alter the perturbation risks. Studies have indicated
that alle-374T is associated with non-proliferative retinopathy. Moreover, studies have
shown that the rs1800624 and rs1800625 alleles are correlated with ulcerative colitis. Studies
have shown that the mentioned polymorphisms in the promoter activate transcription of
the RAGE/AGER gene. We also propose that the methylation status and RAGE promoter
genotype could jointly serve as clinical biomarkers to assist in perturbation risk assessments.
However, further studies are necessary to decipher the SNPs in EC.

6. Conclusions

The data on the potential role of RAGE signaling pathways in EC are growing. Envi-
ronmental factors such as hyperglycemia, inflammation, and oxidative stress may have an
impact on the progression of EC. It is possible that RAGE signaling pathways are epigenet-
ically controlled, particularly through DNA methylation. DNA methylation may play a
crucial role in the progression of EC. These data justify further studies to fully elucidate the
role of DNA methylation and RAGE signaling pathways in gynecological malignancies.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/cancers16183192/s1, Table S1: In silico analysis revealed that the
gene network is involved in multiple biological functions; File S1: Gene functions in the network.
Supplementary data for Figure 1; File S2: Gene functions in the network. Supplementary data for
Figure 2; File S3: Gene functions in the network. Supplementary data for Figure 4; File S4: Gene
functions in the network. Supplementary data for Figure 5.

Author Contributions: Conceptualization, K.Z.-W.; methodology, K.Z.-W. and M.].; software, K.Z.-
W.; validation, K.Z.-W. and M.].; formal analysis, K.Z.-W.; investigation, K.Z.-W.; resources, K.Z.-W.;
data curation, K.Z.-W., ML]. and ].W.; writing—original draft preparation, K.Z.-W.; writing—review
and editing, K.Z.-W., M.T. and M.].; visualization, K.Z.-W. and M.T.; supervision, M.]. and J.W.;
project administration, K.Z.-W. and J.W.; funding acquisition, J.W. All authors have read and agreed
to the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Fazeli, A.; Holt, W.V. Cross talk during the periconception period. Theriogenology 2016, 86, 438-442. [CrossRef] [PubMed]

2. Lee,].Y;;Lee, M,; Lee, S.K. Role of endometrial immune cells in implantation. Clin. Exp. Reprod. Med. 2011, 38, 119-125. [CrossRef]
[PubMed]

3.  Byrne, FEL,; Martin, A.R; Kosasih, M.; Caruana, B.T; Farrell, R. The Role of Hyperglycemia in Endometrial Cancer Pathogenesis.
Cancers 2020, 12, 1191. [CrossRef]

126



Cancers 2024, 16, 3192

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.
23.
24.
25.
26.
27.

28.
29.

Sidorkiewicz, I.; Jozwik, M.; Buczyniska, A.; Erol, A.; J6zwik, M.; Moniuszko, M.; Jarzabek, K.; Niemira, M.; Kretowski, A.
Identification and subsequent validation of transcriptomic signature associated with metabolic status in endometrial cancer. Sci.
Rep. 2023, 13, 13763. [CrossRef] [PubMed]

Zheng, L.; Li, D.; Zhou, YM.; Yang, H.; Cheng, D.; Ma, X.X. Effects of receptor for advanced glycation endproducts on microvessel
formation in endometrial cancer. BMC Cancer 2016, 16, 93. [CrossRef]

Zglejc-Waszak, K.; Korytko, A.; Pomianowski, A.; Wojtkiewicz, J.; Wasowicz, K.; Juranek, ].LK. A mouse model of uterine exposure
to long-term hyperglycemia and a high-fat diet. Anim. Sci. Pap. Rep. 2024, 42, 203-216. [CrossRef]

Pintican, R.; Bura, V.; Zerunian, M.; Smith, J.; Addley, H.; Freeman, S.; Caruso, D.; Laghi, A.; Sala, E.; Jimenez-Linan, M. MRI of
the endometrium—From normal appearances to rare pathology. Br. |. Radiol. 2021, 94, 20201347. [CrossRef]

Zgleje-Waszak, K.; Mukherjee, K.; Juranek, ].K. The cross-talk between RAGE and DIAPHI1 in neurological complications of
diabetes: A review. Eur. . Neurosci. 2021, 54, 5982-5999. [CrossRef]

Zglejc-Waszak, K.; Mukherjee, K.; Korytko, A.; Lewczuk, B.; Pomianowski, A.; Wojtkiewicz, J.; Banach, M.; Zatecki, M.; Nowicka,
N.; Jarostawska, J.; et al. Novel insights into the nervous system affected by prolonged hyperglycemia. J. Mol. Med. 2023, 101,
1015-1028. [CrossRef]

Nowicka, N.; Zgleje-Waszak, K.; Juranek, J.; Korytko, A.; Wasowicz, K.; Chmielewska-Krzesiriska, M.; Wojtkiewicz, J. Novel
insights into RAGE signaling pathways during the progression of amyotrophic lateral sclerosis in RAGE-deficient SOD1 G93A
mice. PLoS ONE 2024, 19, e0299567. [CrossRef]

Nowicka, N.; Szymariska, K.; Juranek, J.; Zgleje-Waszak, K.; Korytko, A.; Zatecki, M.; Chmielewska-Krzesiriska, M.; Wasowicz, K.;
Wojtkiewicz, J. The Involvement of RAGE and Its Ligands during Progression of ALS in SOD1 G93A Transgenic Mice. Int. ]. Mol.
Sci. 2022, 23, 2184. [CrossRef] [PubMed]

Juranek, J.; Mukherjee, K.; Kordas, B.; Zalecki, M.; Korytko, A.; Zglejc-Waszak, K.; Szuszkiewicz, J.; Banach, M. Role of RAGE in
the Pathogenesis of Neurological Disorders. Neurosci. Bull. 2022, 38, 1248-1262. [CrossRef] [PubMed]

Zglejc-Waszak, K.; Schmidt, A.M.; Juranek, J.K. The receptor for advanced glycation end products and its ligands” expression in
OVE26 diabetic sciatic nerve during the development of length-dependent neuropathy. Neuropathology 2023, 43, 84-94. [CrossRef]
Zglejc-Waszak, K.; Pomianowski, A.; Wojtkiewicz, J.; Banach, M.; Juranek, ].K. New insights into RAGE/Diaph1 interaction as a
modulator of actin cytoskeleton dynamics in peripheral nervous system in long-term hyperglycaemia. Eur. J. Neurosci. 2023, 57,
1642-1656. [CrossRef] [PubMed]

Jaroslawska, J.; Korytko, A.; Zglejc-Waszak, K.; Antonowski, T.; Pomianowski, A.S.; Wasowicz, K.; Wojtkiewicz, J.; Juranek, ].K.
Peripheral Neuropathy Presents Similar Symptoms and Pathological Changes in Both High-Fat Diet and Pharmacologically
Induced Pre- and Diabetic Mouse Models. Life 2021, 11, 126. [CrossRef]

Bao, ] M.; He, M.Y,; Liu, YW.,; Lu, Y.J.; Hong, Y.Q.; Luo, H.H.; Ren, Z.L.; Zhao, S.C.; Jiang, Y. AGE/RAGE/Akt pathway
contributes to prostate cancer cell proliferation by promoting Rb phosphorylation and degradation. Am. J. Cancer Res. 2015, 5,
1741-1750. [CrossRef]

Xu, X,; Zhu, H.; Wang, T,; Sun, Y.; Ni, P; Liu, Y; Tian, S.; Amoah Barnie, P.; Shen, H.; Xu, W.; et al. Exogenous high-mobility
group box 1 inhibits apoptosis and promotes the proliferation of lewis cells via RAGE/TLR4-dependent signal pathways. Scand.
J. Immunol. 2014, 79, 386-394. [CrossRef]

Ishibashi, Y.; Matsui, T.; Takeuchi, M.; Yamagishi, S. Metformin inhibits advanced glycation end products (AGEs)-induced growth
and VEGF expression in MCF-7 breast cancer cells by suppressing AGEs receptor expression via AMP-activated protein kinase.
Horm. Metab. Res. 2013, 45, 387-390. [CrossRef]

Nowicka, N.; Juranek, J.; Juranek, ].K.; Wojtkiewicz, J. Risk Factors and Emerging Therapies in Amyotrophic Lateral Sclerosis. Int.
J. Mol. Sci. 2019, 20, 2616. [CrossRef]

Manigrasso, M.B.; Juranek, J.; Ramasamy, R.; Schmidt, A.M. Unlocking the biology of RAGE in diabetic microvascular complica-
tions. Trends Endocrinol. Metab. 2014, 25, 15-22. [CrossRef]

Daffu, G.; del Pozo, C.H.; O’Shea, K.M.; Ananthakrishnan, R.; Ramasamy, R.; Schmidt, A.M. Radical roles for RAGE in the
pathogenesis of oxidative stress in cardiovascular diseases and beyond. Int. J. Mol. Sci. 2013, 14, 19891-19910. [CrossRef]
[PubMed]

International Agency for Research on Cancer. World Cancer Report 2014; World Health Organization: Geneva, Switzerland, 2014;
Chapter 5.12; ISBN 978-92-832-0429-9.

International Agency for Research on Cancer. World Cancer Report: Cancer Research for Cancer Prevention 2020; World Cancer
Reports; International Agency for Research on Cancer: Lyon, France, 2020; ISBN 24978-92-832-0447-3.

Franz, M.; Rodriguez, H.; Lopes, C.; Zuberi, K.; Montojo, J.; Bader, G.D.; Morris, Q. GeneMANIA update 2018. Nucleic Acids Res.
2018, W1, W60-W64. [CrossRef] [PubMed]

Nagarajan, A.; Malvi, P.; Wajapeyee, N. Oncogene-directed alterations in cancer cell metabolism. Trends Cancer 2016, 2, 365-377.
[CrossRef] [PubMed]

Hanahan, D.; Weinberg, R.A. Hallmarks of cancer: The next generation. Cell 2011, 144, 646—-674. [CrossRef]

Hanahan, D.; Weinberg, R.A. The hallmarks of cancer. Cell 2000, 100, 57-70. [CrossRef] [PubMed]

Liberti, M.V.; Locasale, ]. W. The Warburg efect: How does it beneft cancer cells? Trends Biochem. Sci. 2016, 41, 211-218. [CrossRef]
Li, W.; Wang, J. Uncovering the underlying mechanisms of cancer metabolism through the landscapes and probability fux
quantifcations. IScience 2020, 23, 101002. [CrossRef]

127



Cancers 2024, 16, 3192

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Byrne, F.L.; Poon, I.K.; Modesitt, S.C.; Tomsig, J.L.; Chow, ].D.; Healy, M.E.; Baker, W.D.; Atkins, K.A.; Lancaster, ].M.; Marchion,
D.C.; et al. Metabolic vulnerabilities in endometrial cancer. Cancer Res. 2014, 74, 5832-5845. [CrossRef]

Roncolato, F.; Lindemann, K.; Willson, M.L.; Martyn, J.; Mileshkin, L. PI3K/AKT/mTOR inhibitors for advanced or recurrent
endometrial cancer. Cochrane Database Syst. Rev. 2019, 10, CD012160. [CrossRef]

Ramasubbu, K.; Devi Rajeswari, V. Impairment of insulin signaling pathway PI3K/Akt/mTOR and insulin resistance induced
AGEs on diabetes mellitus and neurodegenerative diseases: A perspective review. Mol. Cell Biochem. 2023, 478, 1307-1324.
[CrossRef]

Jarostawska, J.; Kordas, B.; Mitowski, T.; Juranek, ] K. Mammalian Diaphanous] signalling in neurovascular complications of
diabetes. Eur. ]. Neurosci. 2024, 59, 2628-2645. [CrossRef] [PubMed]

Guo, Y; Xia, P; Zheng, J.J.; Sun, X.B.; Pan, X.D.; Zhang, X.; Wu, C.Z. Receptors for advanced glycation end products (RAGE) is
associated with microvessel density and is a prognostic biomarker for clear cell renal cell carcinoma. Biomed. Pharmacother. 2015,
73,147-153. [CrossRef] [PubMed]

Liang, H.; Zhong, Y.; Zhou, S.; Peng, L. Knockdown of RAGE expression inhibits colorectal cancer cell invasion and suppresses
angiogenesis in vitro and in vivo. Cancer Lett. 2011, 313, 91-98. [CrossRef] [PubMed]

Healey, G.D.; Pan-Castillo, B.; Garcia-Parra, J.; Davies, J.; Roberts, S.; Jones, E.; Dhar, K.; Nandanan, S.; Tofazzal, N.; Piggott, L.;
et al. Antibody drug conjugates against the receptor for advanced glycation end products (RAGE), a novel therapeutic target in
endometrial cancer. |. Immunother. Cancer 2019, 7, 280. [CrossRef]

Goldin, A.; Beckman, J.A.; Schmidt, A.M.; Creager, M.A. Advanced glycation end products: Sparking the development of diabetic
vascular injury. Circulation 2006, 114, 597-605. [CrossRef]

Cerami, C.; Founds, H.; Nicholl, I.; Mitsuhashi, T.; Giordano, D.; Vanpatten, S.; Lee, A.; Al-Abed, Y.; Vlassara, H.; Bucala, R.; et al.
Tobacco smoke is a source of toxic reactive glycation products. Proc. Natl. Acad. Sci. USA 1997, 94, 13915-13920. [CrossRef]
Senatus, L.; Egana-Gorrofio, L.; Lopez-Diez, R.; Bergaya, S.; Aranda, ].E; Amengual, J.; Arivazhagan, L.; Manigrasso, M.B.; Yepuri,
G.; Nimma, R.; et al. DIAPH1 mediates progression of atherosclerosis and regulates hepatic lipid metabolism in mice. Commun.
Biol. 2023, 6, 280. [CrossRef] [PubMed]

Wendt, T.; Tanji, N.; Guo, J.; Hudson, B.I; Bierhaus, A.; Ramasamy, R.; Arnold, B.; Nawroth, P.P; Yan, S.F,; D"Agati, V.; et al.
Glucose, glycation, and RAGE: Implications for amplification of cellular dysfunction in diabetic nephropathy. . Am. Soc. Nephrol.
2003, 14, 1383-1395. [CrossRef]

Schmidt, A.M.; Yan, S.D.; Yan, S.E; Stern, D.M. The multiligand receptor RAGE as a progression factor amplifying immune and
inflammatory responses. J. Clin. Investig. 2001, 108, 949-955. [CrossRef]

Palanissami, G.; Paul, S.ED. RAGE and Its Ligands: Molecular Interplay between Glycation, Inflammation, and Hallmarks of
Cancer-a Review. Horm. Cancer 2018, 9, 295-325. [CrossRef]

Dong, H.; Zhang, Y.; Huang, Y.; Deng, H. Pathophysiology of RAGE in inflammatory diseases. Front. Immunol. 2022, 13, 931473.
[CrossRef] [PubMed]

Juranek, ].K; Aleshin, A.; Rattigan, E.M.; Johnson, L.; Qu, W.; Song, F.; Ananthakrishnan, R.; Quadri, N.; Yan, S.D.; Ramasamy,
R.; et al. Morphological Changes and Immunohistochemical Expression of RAGE and its Ligands in the Sciatic Nerve of
Hyperglycemic Pig (Sus Scrofa). Biochem. Insights 2010, 2010, 47-59. [CrossRef] [PubMed]

Srinivasan, M.; Banerjee, S.; Palmer, A.; Zheng, G.; Chen, A.; Bosland, M.C.; Kajdacsy-Balla, A.; Kalyanasundaram, R.; Mu-
nirathinam, G. HMGB1 in hormone-related cancer: A potential therapeutic target. Horm. Cancer 2014, 5, 127-139. [CrossRef]
[PubMed]

Yen, M.C.; Huang, Y.C.; Kan, ].Y.; Kuo, P.L.; Hou, M.E; Hsu, Y.L. S100B expression in breast cancer as a predictive marker for
cancer metastasis. Int. J. Oncol. 2018, 52, 433-440. [CrossRef]

Angelopoulou, E.; Piperi, C.; Papavassiliou, A.G. High-mobility group box 1 in Parkinson’s disease: From pathogenesis to
therapeutic approaches. |. Neurochem. 2018, 146, 211-218. [CrossRef]

Angelopoulou, E.; Paudel, Y.N.; Piperi, C. Emerging role of S100B protein implication in Parkinson’s disease pathogenesis. Cell
Mol. Life Sci. 2021, 78, 1445-1453. [CrossRef]

Paudel, Y.N.; Angelopoulou, E.; Piperi, C.; Othman, I.; Aamir, K.; Shaikh, M.F. Impact of HMGB1, RAGE, and TLR4 in Alzheimer’s
Disease (AD): From Risk Factors to Therapeutic Targeting. Cells 2020, 9, 383. [CrossRef]

Scaffidi, P; Misteli, T.; Bianchi, M.E. Release of chromatin protein HMGB1 by necrotic cells triggers inflammation. Nature 2002,
418, 191-195, Erratum in Nature 2010, 467, 622. [CrossRef] [PubMed]

Todorova, J.; Pasheva, E. High mobility group B1 protein interacts with its receptor RAGE in tumor cells but not in normal tissues.
Oncol. Lett. 2012, 3, 214-218. [CrossRef]

Luan, X.; Ma, C.; Wang, P,; Lou, E. HMGBI is negatively correlated with the development of endometrial carcinoma and prevents
cancer cell invasion and metastasis by inhibiting the process of epithelial-to-mesenchymal transition. Onco Targets Ther. 2017, 10,
1389-1402. [CrossRef]

Hori, O.; Brett, ].; Slattery, T.; Cao, R.; Zhang, J.; Chen, J.X.; Nagashima, M.; Lundh, E.R.; Vijay, S.; Nitecki, D. The receptor
for advanced glycation end products (RAGE) is a cellular binding site for amphoterin. Mediation of neurite outgrowth and
co-expression of rage and amphoterin in the developing nervous system. J. Biol. Chem. 1995, 270, 25752-25761. [CrossRef]
[PubMed]

128



Cancers 2024, 16, 3192

54.

55.

56.

57.

58.

59.

60.

61.
62.

63.

64.

65.

66.

67.
68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Kang, R.; Tang, D.; Schapiro, N.E.; Livesey, K.M.; Farkas, A.; Loughran, P.; Bierhaus, A.; Lotze, M.T.; Zeh, H.J. The receptor for
advanced glycation end products (RAGE) sustains autophagy and limits apoptosis, promoting pancreatic tumor cell survival.
Cell Death Differ. 2010, 17, 666—676. [CrossRef] [PubMed]

Gonzalez, L.L.; Garrie, K.; Turner, M.D. Role of S100 proteins in health and disease. Biochim. Biophys. Acta Mol. Cell Res. 2020,
1867,118677. [CrossRef] [PubMed]

Leclerc, E.; Vetter, S.W. The role of S100 proteins and their receptor RAGE in pancreatic cancer. BBA-Mol. Basis Dis. 2015, 852,
2706-2711. [CrossRef]

Bresnick, A.R.; Weber, D.J.; Zimmer, D.B. S100 proteins in cancer. Nat. Rev. Cancer. 2015, 15, 96-109. [CrossRef]

Yin, C.; Li, H,; Zhang, B.; Liu, Y,; Lu, G,; Lu, S.; Sun, L,; Qi, Y;; Li, X.; Chen, W. RAGE-binding S100A8/A9 promotes the migration
and invasion of human breast cancer cells through actin polymerization and epithelial-mesenchymal transition. Breast Cancer Res.
Treat. 2013, 142, 297-309. [CrossRef]

Bonfrer, ].M.; Korse, C.M.; Nieweg, O.E.; Rankin, E.M. The luminescence immunoassay S-100: A sensitive test to measure
circulating S-100B: Its prognostic value in malignant melanoma. Br. ]. Cancer 1998, 77, 2210-2214. [CrossRef]

Choi, H.; Puvenna, V.; Brennan, C.; Mahmoud, S.; Wang, X.F,; Phillips, M.; Janigro, D.; Mazzone, P. 5100B and S100B auto-antibody
as biomarkers for early detection of brain metastases in lung cancer. Transl. Lung Cancer Res. 2016, 5, 413-419. [CrossRef]
Heizmann, C.W. S100B protein in clinical diagnostics: Assay specificity. Clin. Chem. 2004, 50, 249-251. [CrossRef]

Lin, J.; Yang, Q.; Wilder, P.T.; Carrier, F.; Weber, D.J. The calcium-binding protein S100B down-regulates p53 and apoptosis in
malignant melanoma. J. Biol. Chem. 2010, 285, 27487-27498. [CrossRef]

Yoshimura, C.; Miyafusa, T.; Tsumoto, K. Identification of small-molecule inhibitors of the human S100B-p53 interaction and
evaluation of their activity in human melanoma cells. Bioorg Med. Chem. 2013, 21, 1109-1115. [CrossRef] [PubMed]

Surget, S.; Khoury, M.P.; Bourdon, J.C. Uncovering the role of p53 splice variants in human malignancy: A clinical perspective.
Onco Targets Ther. 2013, 7, 57-68. [CrossRef] [PubMed]

Shekhtman, A.; Ramasamy, R.; Schmidt, A.M. Glycation & the RAGE axis: Targeting signal trans-duction through DIAPH1.
Expert. Rev. Proteom. 2017, 14, 147-156. [CrossRef]

Arivazhagan, L.; Popp, C.J.; Ruiz, H.H.; Wilson, R.A.; Manigrasso, M.B.; Shekhtman, A.; Ramasamy, R.; Sevick, M.A.; Schmidt,
AM. The RAGE/DIAPH]1 axis: Mediator of obesity and proposed biomarker of human cardiometabolic disease. Cardiovasc. Res.
2024, 119, 2813-2824. [CrossRef]

Labat-de-Hoz, L.; Alonso, M.A. Formins in Human Disease. Cells 2021, 10, 2554. [CrossRef]

Manigrasso, M.B.; Pan, J.; Rai, V.; Zhang, ]J.; Reverdatto, S.; Quadri, N.; DeVita, R.J.; Ramasamy, R.; Shekhtman, A.; Schmidt,
A.M. Small Molecule Inhibition of Ligand-Stimulated RAGE-DIAPH1 Signal Transduction. Sci. Rep. 2016, 6, 22450. [CrossRef]
[PubMed]

Manigrasso, M.B.; Friedman, R.A.; Ramasamy, R.; D"Agati, V.; Schmidt, A.M. Deletion of the formin Diaphl protects from
structural and functional abnormalities in the murine diabetic kidney. Am. |. Physiol. Renal Physiol. 2018, 315, F1601-F1612.
[CrossRef]

Manigrasso, M.B.; Rabbani, P.; Egafia-Gorrofio, L.; Quadri, N.; Frye, L.; Zhou, B.; Reverdatto, S.; Ramirez, L.S.; Dansereau, S.;
Pan, J.; et al. Small-molecule antagonism of the interaction of the RAGE cytoplasmic domain with DIAPH1 reduces diabetic
complications in mice. Sci. Transl. Med. 2021, 13, eabf7084. [CrossRef]

Reis, A.H.O,; Figalo, L.B.; Orsini, M.; Lemos, B. The implications of DNA methylation for amyotrophic lateral sclerosis. An. Acad.
Bras. Cienc. 2023, 95 (Suppl. S2), €20230277. [CrossRef]

Flat, W.; Borowski, S.; Paraschiakos, T.; Blechner, C.; Windhorst, S. DIAPH1 facilitates paclitaxel-mediated cytotoxicity of ovarian
cancer cells. Biochem Pharmacol. 2022, 197, 114898. [CrossRef]

Wu, C.H,; Fallini, C.; Ticozzi, N.; Keagle, P.; Sapp, P.C.; Piotrowska, K.; Lowe, P.; Koppers, M.; McKenna-Yasek, D.; Baron, D.M.;
et al. Mutations in the profilin 1 gene cause familial amyotrophic lateral sclerosis. Nature 2012, 488, 499-503. [CrossRef] [PubMed]
Lu, Q.; Lu, L.; Chen, W.; Chen, H.; Xu, X.; Zheng, Z. RhoA /mDia-1/profilin-1 signaling targets microvascular endothelial
dysfunction in diabetic retinopathy. Graefes Arch. Clin. Exp. Ophthalmol. 2015, 253, 669-680. [CrossRef] [PubMed]

Carlsson, L.; Nystrom, L.E.; Sundkvist, I.; Markey, F; Lindberg, U. Actin polymerizability is influenced by profilin, a low
molecular weight protein in non-muscle cells. . Mol. Biol. 1977, 115, 465-483. [CrossRef]

Da Silva, J.S.; Medina, M.; Zuliani, C.; Di Nardo, A.; Witke, W.; Dotti, C.G. RhoA /ROCK regulation of neuritogenesis via profilin
ITa-mediated control of actin stability. J. Cell Biol. 2003, 162, 1267-1279. [CrossRef]

Hirose, A.; Tanikawa, T.; Mori, H.; Okada, Y.; Tanaka, Y. Advanced glycation end products increase endothelial permeability
through the RAGE/Rho signaling pathway. FEBS Lett. 2010, 584, 61-66. [CrossRef]

Bros, M.; Haas, K.; Moll, L.; Grabbe, S. RhoA as a Key Regulator of Innate and Adaptive Immunity. Cells 2019, 8, 733. [CrossRef]
[PubMed]

Singh, R.; Wang, B.; Shirvaikar, A.; Khan, S.; Kamat, S.; Schelling, ].R.; Konieczkowski, M.; Sedor, J.R. The IL-1 receptor and Rho
directly associate to drive cell activation in inflammation. J. Clin. Investig. 1999, 103, 1561-1570. [CrossRef]

Xu, J.; Huang, Y,; Zhao, J.; Wu, L.; Qi, Q.; Liu, Y.; Li, G,; Li, J.; Liu, H.; Wu, H. Cofilin: A Promising Protein Implicated in Cancer
Metastasis and Apoptosis. Front. Cell Dev. Biol. 2021, 9, 599065. [CrossRef]

129



Cancers 2024, 16, 3192

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.
98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

Wang, Y.; Lu, Y.; Wan, R.; Wang, Y.; Zhang, C.; Li, M.; Deng, P.; Cao, L.; Hu, C. Profilin 1 Induces Tumor Metastasis by Promoting
Microvesicle Secretion Through the ROCK 1/p-MLC Pathway in Non-Small Cell Lung Cancer. Front. Pharmacol. 2022, 13, 890891.
[CrossRef]

Santos, ].C.; Profités-Peleja, N.; Sanchez-Vinces, S.; Roué, G. RHOA Therapeutic Targeting in Hema-tological Cancers. Cells 2023,
12, 433. [CrossRef]

Ghavami, S.; Rashedi, I; Dattilo, B.M.; Eshraghi, M.; Chazin, W.J.; Hashemi, M.; Wesselborg, S.; Kerkhoff, C.; Los, M. SI00A8/A9
at low concentration promotes tumor cell growth via RAGE ligation and MAP kinase-dependent pathway. J. Leucoc. Biol. 2008,
83, 1484-1492. [CrossRef] [PubMed]

Young, K.G.; Copeland, J.W. Formins in cell signaling. Biochim. Biophys. Acta 2010, 1803, 183-190. [CrossRef] [PubMed]

Arber, S.; Barbayannis, F.A.; Hanser, H.; Schneider, C.; Stanyon, C.A.; Bernard, O.; Caroni, P. Regulation of actin dynamics
through phosphorylation of cofilin by LIM-kinase. Nature 1998, 393, 805-809. [CrossRef] [PubMed]

Giri, B.; Dey, S.; Das, T.; Sarkar, M.; Banerjee, J.; Dash, S.K. Chronic hyperglycemia mediated physiological alteration and
metabolic distortion leads to organ dysfunction, infection, cancer progression and other pathophysiological consequences: An
update on glucose toxicity. Biomed. Pharmacother. 2018, 107, 306-328. [CrossRef] [PubMed]

Zhu, B.; Qu, S. The Relationship between Diabetes Mellitus and Cancers and Its Underlying Mechanisms. Front. Endocrinol. 2022,
13, 800995. [CrossRef]

Sullivan, L.B.; Gui, D.Y. Vander Heiden MG. Altered metabolite levels in cancer: Implications for tumour biology and cancer
therapy. Nat. Rev. Cancer 2016, 16, 680-693. [CrossRef]

Kellenberger, L.D.; Bruin, ].E.; Greenaway, J.; Campbell, N.E.; Moorehead, R.A.; Holloway, A.C.; Petrik, J. The role of dysregulated
glucose metabolism in epithelial ovarian cancer. J. Oncol. 2010, 2010, 514310. [CrossRef]

Naka, Y.; Bucciarelli, L.G.; Wendt, T.; Lee, L.K,; Rong, L.L.; Ramasamy, R.; Yan, S.F; Schmidt, A.M. RAGE axis: Animal models
and novel insights into the vascular complications of diabetes. Arterioscler. Thromb. Vasc. Biol. 2004, 24, 1342-1349. [CrossRef]
Juranek, J.; Ray, R.; Banach, M.; Rai, V. Receptor for advanced glycation end-products in neuro-degenerative diseases. Rev.
Neurosci. 2015, 26, 691-698. [CrossRef]

Jiang, S.; Chen, X. HMGB1 siRNA can reduce damage to retinal cells induced by high glucose in vitro and in vivo. Drug Des.
Devel Ther. 2017, 11, 783-795. [CrossRef]

Juranek, ].K,; Daffu, G.K.; Geddis, M.S.; Li, H.; Rosario, R.; Kaplan, B.J.; Kelly, L.; Schmidt, A.M. Soluble RAGE Treatment Delays
Progression of Amyotrophic Lateral Sclerosis in SOD1 Mice. Front. Cell Neurosci. 2016, 10, 117. [CrossRef] [PubMed]

Juranek, J.; Osowski, A.; Wojtkiewicz, J.; Banach, M. Plasma levels of soluble RAGE, AGEs and AOPPs at the early stage of
amyotrophic lateral sclerosis: A preliminary study. Polim. Med. 2023, 53, 105-110. [CrossRef] [PubMed]

Aglago, E.K; Rinaldi, S.; Freisling, H.; Jiao, L.; Hughes, D.J.; Fedirko, V.; Schalkwijk, C.G.; Weiderpass, E.; Dahm, C.C.; Overvad,
K.; et al. Soluble Receptor for Advanced Glycation End-products (SRAGE) and Colorectal Cancer Risk: A Case-Control Study
Nested within a European Prospective Cohort. Cancer Epidemiol. Biomark. Prev. 2021, 30, 182-192. [CrossRef] [PubMed]
Erusalimsky, J.D. The use of the soluble receptor for advanced glycation-end products (SRAGE) as a potential biomarker of
disease risk and adverse outcomes. Redox Biol. 2021, 42, 101958. [CrossRef]

Ganss, R. Tumour vessel remodelling: New opportunities in cancer treatment. Vasc. Biol. 2020, 2, R35-R43. [CrossRef]

Roda, N.; Blandano, G.; Pelicci, P.G. Blood Vessels and Peripheral Nerves as Key Players in Cancer Progression and Therapy
Resistance. Cancers 2021, 13, 4471. [CrossRef] [PubMed]

Juranek, ] K.; Geddis, M.S.; Song, F.; Zhang, J.; Garcia, J.; Rosario, R.; Yan, S.F,; Brannagan, T.H.; Schmidt, A.M. RAGE deficiency
improves postinjury sciatic nerve regeneration in type 1 diabetic mice. Diabetes 2013, 62, 931-943. [CrossRef]

Inoue, E; Sone, K.; Toyohara, Y.; Takahashi, Y.; Kukita, A.; Hara, A.; Taguchi, A.; Tanikawa, M.; Tsuruga, T.; Osuga, Y. Targeting
Epigenetic Regulators for Endometrial Cancer Therapy: Its Molecular Biology and Potential Clinical Applications. Int. J. Mol. Sci.
2021, 22, 2305. [CrossRef]

Qian, Y.; Shi, L.; Luo, Z. Long Non-coding RNAs in Cancer: Implications for Diagnosis, Prognosis, and Therapy. Front. Med. 2020,
7,612393. [CrossRef]

Franczak, A.; Zglejc, K.; Waszkiewicz, E.; Wojciechowicz, B.; Martyniak, M.; Sobotka, W.; Okrasa, S.; Kotwica, G. Periconceptional
undernutrition affects in utero methyltransferase expression and steroid hormone concentrations in uterine flushings and blood
plasma during the peri-implantation period in domestic pigs. Reprod. Fertil. Dev. 2017, 29, 1499-1508. [CrossRef]

Zglejc, K; Franczak, A. Peri-conceptional under-nutrition alters the expression of TRIM28 and ZFP57 in the endometrium and
embryos during peri-implantation period in domestic pigs. Reprod. Domest. Anim. 2017, 52, 542-550. [CrossRef] [PubMed]
Zglejc-Waszak, K.; Waszkiewicz, E.M.; Franczak, A. Periconceptional undernutrition affects the levels of DNA methylation in the
peri-implantation pig endometrium and in embryos. Theriogenology 2019, 123, 185-193. [CrossRef] [PubMed]

Drzewiecka, E.M.; Kozlowska, W.; Zmijewska, A.; Franczak, A. Nutritional restriction during the peri-conceptional period alters
the myometrial transcriptome during the peri-implantation period. Sci. Rep. 2021, 11, 21187. [CrossRef] [PubMed]

Zglejc, K.; Martyniak, M.; Waszkiewicz, E.; Kotwica, G.; Franczak, A. Peri-conceptional under-nutrition alters transcriptomic
profile in the endometrium during the peri-implantation period-The study in domestic pigs. Reprod. Domest. Anim. 2018, 53,
74-84. [CrossRef]

Kan, S.; Wu, J.; Sun, C.; Hao, J.; Wu, Z. Correlation between RAGE gene promoter methylation and diabetic retinal inflammation.
Exp. Ther. Med. 2018, 15, 242-246. [CrossRef]

130



Cancers 2024, 16, 3192

108.

109.

110.

111.

Wu, X.; Shi, X.; Chen, X.; Yin, Z. Advanced glycation end products regulate the receptor of AGEs epigenetically. Front. Cell Dev.
Biol. 2023, 11, 1062229. [CrossRef]

Li, P; Wang, T.; Chen, M.; Chen, J.; Shen, Y.; Chen, L. RAGE-mediated functional DNA methylat-ed modification contributes to
cigarette smoke-induced airway inflammation in mice. Biosci. Rep. 2021, 41, BSR20210308. [CrossRef]

Wang, J.; Zhen, Y.; Zhou, Y,; Yan, S.; Jiang, L.; Zhang, L. Promoter methylation cooperates with SNPs to modulate RAGE
transcription and alter UC risk. Biochem. Biophys. Rep. 2018, 17, 17-22. [CrossRef]

Peng, Y.; Wang, Y.; Zhou, C.; Mei, W.; Zeng, C. PI3K/Akt/mTOR Pathway and Its Role in Cancer Therapeutics: Are We Making
Headway? Front. Oncol. 2022, 12, 819128. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

131



M cancers MoPY

Review

Dermatofibrosarcoma Protuberans: An Updated Review of
the Literature

Marcin Jozwik 1*, Katarzyna Bednarczuk 2 and Zofia Osierda 2

Department of Gynecology and Obstetrics, Collegium Medicum, University of Warmia and Mazury in
Olsztyn, 10-045 Olsztyn, Poland

Scientific Circle of the Department of Gynecology and Obstetrics, University of Warmia and Mazury in
Olsztyn, 10-045 Olsztyn, Poland; katarzyna.bednarczuk@student.uwm.edu.pl (K.B.);
zofia.osierda@student.uwm.edu.pl (Z.0.)

*  Correspondence: marcin.jozwik@uwm.edu.pl; Tel.: +48-89-5398742

Simple Summary: Dermatofibrosarcoma protuberans (DFSP) is a rare proliferative condition rep-
resenting skin sarcomas which is known to locally recur yet very rarely metastasizes. Its genetic
background is a reciprocal translocation t(17;22)(q22;q13) that produces COL1A1-PDGFB gene fu-
sion. Complete resection is the primary treatment. The aim of this reappraisal is to review various
correlates of the condition. Our review underlines that cases of low-to-moderate grade DFSP with
excellent prognosis must be distinguished from high grade fibrosarcomatous DFSP with a much
worse prognosis.

Abstract: Dermatofibrosarcoma protuberans (DFSP) is a rare proliferative condition representing
skin sarcomas which is known to locally recur yet very rarely metastasizes. Its genetic background is
a reciprocal translocation t(17;22)(q22;q13) that produces COL1A1-PDGFB gene fusion. Complete
resection is the primary treatment. The aim of this review is to outline the pathogenesis, diagnosis, and
management of DFSP. A clear-cut distinction between low-to-moderate-grade DFSP with excellent
prognosis and high-grade fibrosarcomatous DFSP with a much worse prognosis is underlined.
Malignant transformation within DFSP (or high histologic grade), older age, being female, large
primary tumor size (>10 cm), narrow surgical margins of excision (<3 cm), surgical margin positivity
for tumor cells, short time to recurrence, numerous recurrences, tumor that was recently rapidly
enlarging, and presence of pain in the tumor have all been proposed as clinicopathological risk
factors for recurrence and metastasis. A tendency for local growth and local relapses of well- and
moderately differentiated DFSPs is an argument for their surgical excision, possibly combined with
reconstructive surgery, even in patients of advanced age. Another main point of this review is that
cases of DFSP with fibrosarcomatous transformation are a challenge and require careful medical
attention. Both anatomopathological evaluation of the presence of lymphovascular space invasion
and sentinel lymph node biopsy at DFSP surgery merit further study.

Keywords: dermatofibrosarcoma protuberans; soft-tissue tumor; dermal sarcoma

1. Introduction

Dermatofibrosarcoma protuberans (DFSP) is an uncommon skin and/or soft-tissue
malignancy. When borne in the skin, it usually stems from the dermis and subcutaneous
tissue, but not from the epidermis. As a soft-tissue tumor, it may involve subcutaneous
fat or connective tissue [1,2]. Eisen and Tallini state that DFSP originates in the reticular
dermis [3]. Fibroblasts or histiocytes are believed to be the cells of its origin, yet the
neoplasm has frequently been referred to as a fibrohistiocytic tumor without defining
its precise histogenesis [3-9]. Other likely precursors are perineural cells [10,11]. It was
first recognized as a separate entity independently by Sherwell and Taylor in 1890 and
later described in much detail by Darier and Ferrand in 1924; nonetheless, the full term
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‘dermatofibrosarcoma protuberans’ was proposed by Hoffmann in 1925 [12-15]. The 2012
guideline by the National Comprehensive Cancer Network (NCCN) states that ‘typical’
DFSP is an uncommon, low- to intermediate-grade sarcoma of fibroblast origin [16].

Information on the incidence patterns of DFSP is still somewhat limited. In a series
of 240 patients from the Memorial Sloan-Kettering Cancer Center, New York, NY, there
was equal distribution between men and women [17]. Population-based data from the
Surveillance, Epidemiology, and End Results (SEER) Program for 1973 to 2002 showed
that DFSP’s overall annual incidence in the United States was 4.2 per million inhabitants.
Women had slightly higher rates of incidence than men (4.4 vs. 4.2 per million per year),
the difference being of borderline statistical significance. Interestingly, an ethnic disparity
was detected, with annual incidence among African Americans (6.5 per million) being
almost double the incidence among Caucasians (3.9 per million) [18]. Data from other SEER
Program registries reviewed for the period from 1992 to 2004 demonstrated an overall
DFSP incidence of 4.5 per million inhabitants per year and confirmed a higher incidence in
women than in men (4.7 vs. 4.4 per million per year, respectively) and in African Americans
than in other races [19]. The tumor can occur at any age, yet its incidence peak was observed
in patients in their 40s [19]. The largest population-based study of DFSP so far, derived
from a cohort of almost 7000 patients observed in the years 2000 to 2010, confirmed its
higher incidence among women and African Americans [20]. Somewhat similar trends
were shown by data from the Alberta Cancer Registry, Alberta, Canada, where the overall
incidence was roughly twice as high as previously reported, 9.3 per million per year. Over
the study period (1988 to 2007), this incidence was found to increase by 3.2% per year in
women and decrease by 2.7% per year in men [21]. The available European data are as
follows: over 3 cases per million inhabitants per year in Eastern France, with men affected
1.2 times more often than women [22], and a more frequent incidence in men than in
women (4.4 vs. 4.0 per million per year, respectively) in Sweden [23]. The annual incidence
in Denmark for the years 2000-2012 was 5.3 cases per million inhabitants [24]. This relative
rarity of DFSP is reflected in the lack of prospective scientific evidence.

Yet, even if infrequent, DFSP represents the most common dermal sarcoma (about 1%
of all soft-tissue sarcomas), more than 1% of all head and neck malignant tumors, and 7%
of all head and neck sarcomas [25,26].

2. Review of the Literature
2.1. Clinical Presentation

The clinical picture of DFSP varies from plaquelike or small nodular lesions to large
uneven masses [27]. Usually, it is a slow-growing, firm, multinodular lesion. The descrip-
tion ‘protuberans’ in the name of the entity refers to lumps of tissue that form under the
surface of the skin [28]. Yet, it has been observed that some cases of DFSP do not protrude
above the skin. Consequently, the French Group for Cutaneous Oncology described several
variants of the preprotuberant stage of the lesion. These were varied nonprotuberant
plaques lasting for a mean of 7 years before the neoplasm became apparently bulging and
nodular [29]. We view these preprotuberant variants as precancers.

Typical or low-to-moderate-grade DFSP is generally characterized by slow growth
with a tendency to infiltrate surrounding tissues and to persistently recur locally over time,
whereas regional and distant metastases are rare. The tumor cells invade subcutaneous
tissue in the form of tentacle-like, or villous, projections through the skin septa and fat
lobules and surround the skin appendages. These tumor extensions contain few cells
and initially look similar to normal fibrous tracts, which makes difficult to determine the
true extent of the lesion [3,30]. This infiltration in subcutaneous fat often resembles a
honeycomb pattern [31-33]. The longest preoperative duration of DFSP reported in the
literature was 60 years [34]; the longest interval from primary excision to local recurrence
was 16 years [35]. The pattern of tumor site location is presented in Table 1.
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Table 1. Pattern of DFSP tumor site locations in the body.

Number of Upper Lower Trunk Head Other
Patients Extremity Extremity or Neck Location

n=240[17] 29% 23% 31% 14% 2%

n =368 [26] 34% 29% 37% - -

n =115 [36] 25% 26% 41% 15% -

A definitive diagnosis is first made by incisional (true-cut) or, less frequently, exci-
sional biopsy in combination with anatomopathological examination, including histologic
morphology and immunohistochemistry staining. Fine-needle aspiration biopsies are less
frequently performed nowadays, possibly due to the relative inaccuracy of cytologic smears
to render the DFSP diagnosis out of a plethora of other spindle cell lesions occurring in
the skin and soft tissue [37]. Histologically, DFSP is similar to benign fibrous histiocytoma
and deeply infiltrating dermatofibroma. Giant-cell fibroblastoma, occurring predominantly
in the first decade of life, is considered a juvenile form of DFSP by some, yet not all, au-
thors [38,39]. Llombart et al. believe that many cases diagnosed in adults actually begin in
childhood [30].

2.2. Pathological Findings

Under a microscope, DFSP tumor cells present as uniform spindle cells arranged in a
characteristic well-defined storiform or cartwheel-like pattern; they have minimal cytologic
atypia, uniform nuclei, absent-to-low mitotic activity, and characteristically stain intensely
for CD34 [1,3,36,40—-43]. CD34 is a monomeric 115 kDa glycoprotein primarily expressed
on normal hematopoietic progenitor cells. A further immunohistochemical profile of DFSP
cells includes positive staining for apolipoprotein D and nestin and negative staining for
factor Xllla, stromelysin III, HMGA1, HMGAZ2, tenascin, D2-40, and CD163 [30]. Possible
histologic variants of the neoplasm include pigmented (or Bednaf tumor), myxoid, myoid,
granular = cell, sclerotic, and atrophic DFSP, giant-cell fibroblastoma, and DFSP with
fibrosarcomatous transformation [30,44,45]. However, some authors argue that sclerosis
in DFSP may represent an expression of spontaneous tumor regression and discredit the
existence of the sclerotic variant of the neoplasm [46]. Composite tumors have also been
described [8,47].

Importantly, the above microscopic picture differs in case of fibrosarcomatous trans-
formation. Then, fibrosarcomatous foci look as follows: the cells are mostly fusiform with
enlarged atypical nuclei and are often CD34 negative, and cytologic atypia and a high
mitotic count are present. In contrast to the storiform pattern in classical DFSP, fibrosarcoma
cells grow in a herring-bone arrangement [6,7,34,48]. After Enzinger and Weiss, an impor-
tant criterion of the diagnosis is that the fibrosarcomatous component must be present in
at least 5% of the tumor’s volume, whether primary or recurrent [16,34,49,50]. Reports by
pathologists indicate that such lesions can be with partial fibrosarcomatous transformation
or purely fibrosarcomatous DFSPs encompassing the whole tumor mass [34,45,50]. In the
Abbott study of 41 cases, fibrosarcomas arose in 38 (93%) de novo tumors and in 3 (7%)
recurrent tumors [50]. In the fibrosarcomatous component of 18 DFSPs from the Goldblum
study, 17 resembled fibrosarcoma and 1 malignant fibrous histiocytoma. All these tumors
expressed CD34 in the DFSP component but only nine (50%) in the fibrosarcomatous com-
ponent [42]. In an earlier smaller series, mere focal CD34 immunoreactivity was present in
the fibrosarcomatous portion in only one (14%) of seven tumors [41]. In the Mentzel study,
only 15 (45%) of 33 fibrosarcomatous lesions demonstrated CD34 positivity [34]. This loss
of CD34 expression of varied degree is in line with dedifferentiation in high-grade tumors.
Of note, fibrosarcomatous transformation has been linked with the overexpression of p53
protein [6,45,50]. One study suggested the loss of the honeycomb pattern in subcutaneous
fat infiltration during fibrosarcomatous change [31]. In another study, necrosis, a high
mitotic rate (>10 mitoses per 10 high-power fields), and the presence of pleomorphic areas
in fibrosarcomatous DFSPs tended to be related to poor clinical outcomes [34]. Therefore,
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whether necrosis is a distinctive feature of high-grade DFSP requires confirmation. Table 2
outlines the principal differences between typical DFSPs and cases with fibrosarcomatous
transformation. Clearly, fibrosarcomatous transformation heralds a potential for a more
aggressive course.

Table 2. Principal clinicopathologic differences between typical dermatofibrosarcoma protuber-
ans (DFSP) and DFSP with fibrosarcomatous change. Gl—well differentiated, G2—moderately
differentiated, G3—poorly differentiated.

Feature Typical DFSP DFSP with Fibrosarcomatous Change
Histologic grade Low to moderate (G1-G2) High (G3 present in at least 5% of the mass)
Mitotic activity Absent to low High
CD34 positivity Always present Often absent
P53 expression Low-level Increased
Cellular arrangement Storiform pattern Herring-bone pattern
Tumor behavior Indolent growth of a small mass Often quick growth of a larger mass
Presence of pain Rarely present Often present
Interval to recurrence Longer Shorter
Distant metastases Never or very rarely present Can be present

Angouridakis et al. stated that approximately 85-90% of all DFSPs are low-grade
tumors, whereas the remaining 10-15% contain a high-grade tumor component. This
transformation, when presenting in more than 5% of the tumor’s volume, leads to a
higher incidence of local relapse and distant metastasis [25]. Consequently, the unusual
clinical behavior of transformed DFSPs has received special attention from researchers.
The most frequent seems to be the above-mentioned fibrosarcomatous change, yet it is
not the only one possible. For example, in a Hungarian study of eight lesions with de
novo sarcomatous change present, there were five fibrosarcomatous and three malignant
fibrous histiocytomatous transformations [51]. Another report described a typical DFSP
with several slowly growing recurrences progressing to malignant fibrous histiocytoma
over a period of 13 years [4]. Nowadays, malignant fibrous histiocytoma is frequently
referred to as pleomorphic dermal sarcoma.

The clinical behavior of the transformed tumor is difficult to predict. Rare studies
where histologic comparisons of primary lesions with their consecutive local recurrencies
were conducted strongly suggest a gradual replacement of the typical storiform pattern by
the fibrosarcomatous herring-bone pattern [52]. Dedifferentiation (that is, the loss of initial
differentiation) and increased nuclear atypia and mitoses have been observed in recurrent
and metastatic tumors [52].

2.3. Genetic Studies

Of interest, genetic background can be detected in the vast majority of DFSP cases.
Early research established that more than 90% of all DFSPs arise from unique unbalanced
reciprocal translocations of chromosomes 17 and 22: £(17;22)(q22;q13) and usually demon-
strate a supernumerary ring chromosome or chromosomes derived from t(17;22). This
genetic alteration can be detected by karyotype, fluorescence in situ hybridization (FISH),
or reverse-transcription polymerase chain reaction. The FISH technique is superior and
recommended as a routine diagnostic tool, especially in cases with unusual histopatho-
logical subtypes and/or immunohistochemical features [53]. The above chromosomal
rearrangement results in the chimeric fusion between the collagen type Ix1 gene (COL1A1I)
and the platelet-derived growth factor 3-chain gene (PDGFB) (specifically, in the fusion
of exon 2 of PDGFB to various exons of COL1AT) [54-56]. The gene product, a COL1A1-
PDGE fusion protein, binds to the constitutively expressed PDGF receptor and causes a
constant activation of PDGF receptor 3 protein tyrosine kinase, which in turn promotes cell
growth in DFSP via autocrine growth stimulation [57-59]. Paracrine growth stimulation is
also taken into account [30,60]. Further, in an interesting investigation from Sweden, gene
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expression profiling of tumors with COL1A1-PDGFB fusions identified an array of tran-
scriptionally up-regulated genes in the amplified regions of chromosomes 17 and 22 [61].
Studies using a combination of RNA sequencing and FISH indicated that, apart from the
canonical COL1A1-PDGFB fusion, a collagen type VI «-3 (COL6A3)-platelet-derived growth
factor D (PDGFD) gene fusion is possible and seems to predispose to DFSP localization
in the breast [62]. Moreover, a large-scale Taiwanese study on 188 cases identified addi-
tional examples of cryptic PDGFB-rearranged and alternative PDGFD-rearranged DFSPs,
including COL6A3-PDGFD-positive cases (again, showing a preference for the female trunk,
including the breast) and Elastin Microfibril Interfacer 2 (EMILIN2)-PDGFD-positive cases
(which are male-predominant and mostly fibrosarcomatous) [63]. A recent Chinese work
detected a heterozygous germline mutation of ERCC2 in a 19-year-old man with DFSP [64];
ERCC2 is a protein involved in transcription-coupled nucleotide excision repair.

2.4. Metastatic Potential and Recurrence

Metastatic DFSP is rare, believed by some to occur in no more than 6% of all cases [65,66].
The rarity of metastatic disease has been linked to DFSP’s superficial location, low-to-
intermediate histologic grade in the vast majority of cases, and generally small size [65].
Metastasis primarily occurs via the hematogenous route. It typically spreads to the
lungs [66,67], yet bones, including the rib cage, the brain, and the heart are other known
sites of spread [66]. The detailed postmortem studies published are the most saddening
because they testify that such a systemic spread can be virtually to all organs and tis-
sues [3,52,68]. From one study, unusual sites of metastasis were the peritoneum, axillary
lymph node, and thoracic vertebrae [49]. The course of the generalized disease can be
fulminant [52].

Rare instances of lymphatic spread have been reported as singular case reports. For
example, in 1974, Bonnabeau et al. presented a DFSP patient who developed multiple
pulmonary and pleural metastases [69]. In a 1975 review of the world literature, Brenner
et al. found 17 patients with hematogenous spread and six patients with spread to the
lymph nodes, and these authors reported a seventh patient with regional node metastases
at that time [70]. Three years later, Kahn et al. published an update of the account, stating
as follows: ‘More than 400 patients with dermatofibrosarcoma protuberans have been
reported in the literature, including the present case, five of these patients had lymph
node metastases, 17 patients had hematogenous spread, and three had both lymphatic and
blood-borne metastases’ [71]. Although infrequent, both hematogenous and lymphatic
metastases emphasize the need for a long-term follow-up of the DFSP patient after surgical
excision. Unfortunately, distant metastases can arise after adequate surgery and without
prior local recurrence of the primary tumor [3,71].

A systematic review comparing oncologic outcomes for DFSP with and without fi-
brosarcomatous transformation confirmed that the risk of local recurrence, metastasis, and
death is significantly elevated in fibrosarcomatous DFSP as compared with DFSP. These are
the actual patients who may die from the disease. Therefore, the fibrosarcomatous change
in DFSP warrants aggressive treatment and close observation for recurrence and metasta-
sis [48]. Sentinel lymph node biopsy has been advocated in cases with fibrosarcomatous
transformation [25]. Unfortunately, this transformation is often not recognized until the
final histologic diagnosis [26].

A large retrospective cohort study on 188 patients established that recurrence-free
survival is highly significantly shorter in tumors with fibrosarcomatous transformation than
in typical tumors. Metastatic disease was seen in no patients with typical lesions, whereas
it was confirmed in 17.6% (3 of 17) of patients with fibrosarcomatous transformation
(p < 0.001) [72]. Other exceptions with a high metastatic rate were the McPeak study, where
5 (5.8%) of 86 patients developed metastases and all of them died of the disease [27], and
the Abbott study, where 4 (9.8%) of 41 patients developed metastases and 2 patients died
of the disease [50]; however, these were selected populations. A retrospective study on
368 patients from two tertiary sarcoma centers found that, in comparison with patients with
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typical DFSP, patients with fibrosarcomatous transformation were older by approximately
8 years, female, and with larger, painful tumors that were recently rapidly enlarging [26].

A large analysis of 5249 DFSP cases from the National Cancer Database, USA, for the
years 2003-2012 looked not only at clinicopathologic but also socioeconomic corelates. In
brief, 3.1% of patients died during an average of 51 months of follow-up, yet this figure
did not represent cancer-specific mortality only. Mortality from DFSP was significantly
associated with lack of insurance, Medicaid and Medicare insurance, high-grade tumor
histology, and positive postoperative margins. Interestingly, specialist treatment at an
Integrated Network Cancer Program predicted survival. Higher odds of postoperative
radiation therapy were associated with large tumor size, high-grade histology, and positive
postoperative margins and inversely associated with treatment at high-volume facilities
and non-head and neck tumors. Higher second surgery rates were associated with Hispanic
ethnicity, and lower rates were associated with the female sex [73].

In a report combining patient data from three sarcoma treatment centers—the Royal
Marsden Hospital, London, UK; The Netherlands Cancer Institute Antoni van Leeuwen-
hoek, Amsterdam, The Netherlands; and the Erasmus Medical Center-Cancer Institute,
Rotterdam, the Netherlands—357 DFSP patients were identified, of whom 41 (11.4%) had a
histopathologically confirmed fibrosarcomatous transformation, 4 (1.1%) developed distant
metastases at a median time of 68 months, and 2 (0.6%) died of the disease. Patients with
transformed lesions had significantly larger tumors and more often received radiotherapy
as a treatment modality [67].

In the study by Hayakawa et al., a large size of the primary tumor was found to
be a statistically significant risk factor for metastases in DFSP. Moreover, these authors
reported on a 37-year-old patient who developed lung metastases from a 5 cm tumor with a
histology of typical DFSP without fibrosarcomatous transformation and eventually died of
the disease. Consequently, in their series of 67 patients, the metastasis rate was calculated
to be 1.7% for typical DFSPs and as high as 57% for fibrosarcomatous cases [49]. We are
cautious to accept that typical DFSPs can metastasize. We believe that fibrosarcomatous
transformation into the least differentiated high histologic grade (G3) is necessary for the
generalized spread of malignant cells. Therefore, we speculate that the sole patient from
the Hayakawa study who developed metastases from a typical DFSP could have had a
tumor which contained the fibrosarcomatous component at slightly less than 5% of the
tumor’s volume. Then, anatomopathologic diagnosis with the current criteria would still
be typical DFSP, even with some fibrosarcomatous foci present.

Systemic dissemination is strongly associated with previous tumor recurrence and
fibrosarcomatous transformation within DFSP [57]. In their review of 115 cases, Taylor and
Helwig noted that lymphovascular space invasion is rare in DFSP [36]. Let us underline
that lymphovascular space invasion can be focal or substantial and will occur in cases of
metastatic potential only, that is, in DFSPs with fibrosarcomatous transformation. Therefore,
material from cases with fibrosarcomatous transformation should be examined for the
presence of substantial lymphovascular space invasion as a risk factor for and in the early
event of generalized disease.

2.5. Differential Diagnosis

Initial errant diagnoses of DFSP may include a wide spectrum of entities: cellular
dermatofibroma, cellular leiomyoma, cellular neurofibroma, neurofibroma, fibrosarcoma,
low-grade sarcoma, low-grade leiomyosarcoma, low-grade malignant schwannoma, low-
grade malignant peripheral nerve tumor, desmoplastic melanoma, spindle cell tumor,
and dedifferentiated liposarcoma [1,45]. Llombart et al. added protruding scar, morphea,
morpheaform basal cell carcinoma, atrophoderma, and vascular malformations to this
list [30]. The cytologic differential diagnosis of DFSP was presented by Domanski and
Gustafson [37]. Initial misdiagnosis, prolonged time to accurate diagnosis, and large tumor
size at diagnosis are common [16].
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2.6. Staging and Grading

To date, there is no definitive staging system for DFSP. Some authors apply the
American Joint Committee on Cancer (AJCC) Staging Protocol for Sarcoma of Soft Tissue
classification [49]. Others studies use a straightforward distinction: primary tumor vs.
local recurrence [17]. The NCCN classification is as follows: stage I is local disease, stage
I is regional disease, and stage III is distant disease [16]. Somewhat similarly, the 2018
German dermatologic-oncologic practice guidelines provide the following simplified
classification: stage I—primary tumor (localized disease); stage II—lymph node metastasis;
stage Ill—distant metastasis [74].

There is a role for imaging techniques in DFSP. Both ultrasound (7.5-10 MHz) and
magnetic resonance imaging can be useful in assessing the extent of the tumor prior to
surgery. With suspected local recurrent and/or distant disease, lymph node ultrasound and
cross-sectional imaging by computed tomography or magnetic resonance are of value [74].

2.7. Treatment

Complete resection is the primary treatment. The modern options include wide
local excision (WLE), Mohs micrographic surgery (MMS), and surgery followed by three-
dimensional complete circumferential and peripheral deep margin assessment (or
CCPDMA) [66,75,76]. All these techniques rely on the microscopic evaluation of the ex-
cised surgical margins, which are possibly narrowest for CCPDMA, medium for MMS,
and widest for WLE. After CCPDMA, a Tubingen torte technique on slices from paraffin-
embedded tissue taken from the entire circumferential and deep surgical margins with a
special staining offers a refinement of final histopathologic assessment. Another variant
of Mohs surgery, a slow Mohs surgery (SMS), involves excision of the tumor tissue layer
by layer until all the tumor cells are removed, and it has proven to be effective in skin
cancer. Some studies note that in some patients with vulvar DFSP, a radical vulvectomy
was performed [1,65,77]. A systematic review gave a weak recommendation in favor of
MMS over WLE for DFSP excision [76]. In MMS, the excised fresh specimen is frozen and
sliced into serial sections for microscopic evaluation of complete margins. There is accumu-
lating evidence that modified MMS with horizontal en face sectioning of formalin-fixed
paraffin-embedded blocks, known as slow Mohs surgery, provides better results in terms
of complete resection and tissue-sparing capabilities [78-80]. Yet the use of MMS is not
indicated for patients with fibrosarcomatous transformation [26,72]. In the Ratner study, as
many as 80% of patients required several staged Mohs excisions to achieve complete tumor
clearance [81].

An important piece of information came from a recent systematic review with a meta-
analysis of eight eligible cohort and case—control studies: the performance of >3 cm margins
in decreasing the local relapse rate was found to be highly significantly better (p < 0.00001)
than that of <3 cm margins [58]. This is in keeping with a detailed microscopic study
with three-dimensional modeling. The likelihood that a given width of excision around
the macroscopic DFSP tumor would clear its entire microscopic extent was determined
to be as follows: a width of 1 cm around the primary tumor would have left microscopic
residual mass in 70.7% of cases; a width of 2 cm in 39.7%; 3 cm, 15.5%; and 5 cm, 5.2% [81].
Goldblum et al. put forth an interesting hypothesis that tumors in which clear margins are
achieved may represent a less aggressive subset of DFSPs [42].

Accordingly, there is little doubt that local spread and recurrence are due to inadequate
excision, namely, failure to perform complete excision [25,82-84]. Three-dimensional
reconstruction of DFSPs has demonstrated tricky tumors with highly irregular shapes and
frequent finger-like, or tentacle-like, extensions [81]. These characteristic villous patterns of
extension into the subcutaneous fat, fascia, and muscles, and, at the same time, the intention
of the surgeon to preserve healthy tissue from resection, represent a surgical challenge [25].
Pathologists indicate that, because of the protuberant, infiltrative growth and low-grade
cytologic features of typical DFSP, accurate microscopic assessment of margins can be
challenging [45].
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The understanding of the role of PDGF receptor 3 protein tyrosine kinase in DFSP has
opened up new possibilities for tailored neoadjuvant therapies. Accordingly, since 2006,
imatinib mesylate (Gleevec) has been approved by the Food and Drug Administration in
the United States and later by European authorities as a single agent for the treatment of
inoperable, primary, locally inoperable, recurrent, and metastatic DFSP [57,66,74]. Imatinib
is a tyrosine kinase-inhibitor specifically directed at receptors for Colony Stimulating Factor
1 and PDGFR « and {3 [60]. The initial results of a pooled analysis of two phase II clinical
trials were that the agent induced an objective response rate in approximately 50% of the
cases [85]. A later retrospective analysis from a leading Polish oncologic institution on the
vicissitudes of 15 patients with advanced DFSP treated with imatinib demonstrated the
following results: ten (67%) partial responses, two (13%) stable diseases, and three (20%)
progressive diseases [60]. In some patients with advanced disease, imatinib was effective
in decreasing the tumor size and making the lesion operable. Seven (47%) out of these
fifteen patients underwent resection of residual disease and remained free of disease [60].
In another series, thirteen (47%) patients underwent resection of residual disease following
imatinib treatment and nine of them remained free of disease, even though the medication
was discontinued [86]. A systematic review on imatinib for locally advanced or metastatic
DFSP found that of 152 patients, complete response was observed in 8 (5.2%), partial
response in 84 (55.2%), stable disease in 42 (27.6%), and progression in 14 (9.2%). A daily
dose of 400 mg imatinib seems more appropriate than that of 800 mg; this is in relation to
the adverse and severe adverse effects present in the vast majority of patients [87]. One
conclusion of the review was that the medication is useful in inoperable DFSP patients [87].
In a French study from 2021, 27 patients with locally advanced DFSP received the tyrosine
kinase inhibitors imatinib or pazopanib for a median duration of 7 months; 24 (89%) of
them then underwent surgical excision, and during an over 5-year median follow-up,
23 (85%) patients were disease-free [88].

Because DFSP is relatively sensitive to radiation, radiation therapy may be an impor-
tant treatment option for inoperable tumors or when postoperative margins are microscop-
ically or macroscopically positive, or for tumors with multiple recurrences. Such a therapy
may also be considered a primary treatment option for patients in whom wide excision
would result in significant cosmetic or functional impairment. The target volume includes
the tumor itself plus any scar(s) from previous surgery plus safety margins of 3-5 cm. With
curative intent, a single dose of 2 Gy is usually administered five times a week for a total
dose of 60-66 Gy (when microscopic evidence of tumor cells exists) or 6670 Gy (when
there is macroscopic evidence of residual tumor). In a palliative setting, and depending on
tumor site and surrounding vital structures, a total dose of 50 Gy may be sufficient [74].
Adjuvant radiation of the tumor bed following the excision of DFSP is not recommended.
A systematic review of 12 retrospective clinical trials showed only a weak trend towards
lower local recurrence rates after adjuvant postoperative radiotherapy compared to surgery
alone [89].

2.8. Prognosis

Let us underline that the existing hard data for the overall prognosis in DFSP are
reassuring. Many reported DFSP cohorts noted no presence of metastases nor demise from
disease. In an Italian report on 218 patients, the crude cumulative incidence of sarcoma-
specific mortality at 5 and 10 years was 1.5% and 2.8%, respectively [83]. The relative 5-year
survival in American population-based studies was excellent, at 99.2% (95% confidence
intervals: 98.3-100%) [18]. In the Kreicher study, the 10-year relative survival of DFSP
patients was 99.1% (95% confidence intervals: 97.6-99.7%) [20]. This generally favorable
survival prognosis was confirmed in a recent retrospective analysis where information
from the SEER Program for the years 2000-2018 was used. In a cohort of 7567 patients,
89 (1.18%) died of the disease. Significantly higher DFSP-specific mortality was associated
with >10 cm tumor size and high histologic grade (7.07% and 10.08%, respectively) [2].
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European guidelines recommend follow-up examinations every 6 months for the
first 5 years and at yearly intervals thereafter for up to 10 years. In addition, imaging is
reserved for recurrent DFSP or DFSP with fibrosarcomatous transformation, yet without
clarification on the interval or type of imaging [57]. The NCCN Guidelines recommend
follow-up visits every 6 to 12 months, with regular imaging for patients with high-risk
features. Unfortunately, these guidelines do not specify what these high-risk features are,
nor do they describe the length of follow-up [12]. In a Dutch study, routine chest X-ray
during follow-up did not seem to be useful in patients with typical DFSP, except for those
who had fibrosarcomatous changes and thus a relatively high risk for lung metastases [67].
Any suspicious region requires rebiopsy [16]. Patient education about regular self-exams is
advised [16].

3. Conclusions

In summary, DFSP is a proliferative condition representing skin sarcomas which are
known to locally recur yet very rarely metastasize. It is observed with an incidence of
several cases per million inhabitants per year. The vast majority of DFSPs (~90%) harbor
unbalanced reciprocal translocations of chromosomes 17 and 22: t(17;22)(q22;q13). Usually,
it is a slow-growing, firm, multinodular lesion. Unfortunately, a typical low-or-moderate
histologic grade DFSP can undergo sarcomatous transformation to fibrosarcoma or malig-
nant fibrous histiocytoma and such a variant differs both in its histologic composition and
clinical behavior. Then, its metastatic spread to all possible organs can be hematogenous
and lymphatic and can be the cause of death. Malignant transformation within DFSP (or
high histologic grade), older age, being female, large primary tumor size (>10 cm), narrow
surgical margins of excision (<3 cm), surgical margin positivity for tumor cells, short time
to recurrence, numerous recurrencies, a tumor that was recently rapidly enlarging, and
presence of pain in the tumor have all been proposed as clinicopathologic risk factors
for recurrence and metastasis. Wide radial surgical excision with at least 3 cm margins
is the gold-standard curative treatment for localized DFSP but may result in functional
impairment or cosmetic disfigurement. When needed, skin flap transplantations should be
considered, regardless of the patient’s age.

4. Future Directions

A repeated surgical excision of low-to-moderate-grade DFSP may offer good local
control but may require skin reconstruction with flaps to cover a defect. Such a transplan-
tation should be considered regardless of the patient’s age. Cases of typical DFSP with
excellent prognosis must be distinguished from fibrosarcomatous DFSP with a much worse
prognosis. Adequate staging and grading may be enhanced with modern approaches:
anatomopathological evaluation of the presence of lymphovascular space invasion and
sentinel lymph node biopsy at DFSP surgery. Both techniques merit further study in fi-
brosarcomatous DFSP. Possibly, tyrosine kinase inhibitors other than imatinib will offer
better disease control in advanced DFSP.
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