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ABSTRACT
Background: The transcription factor Signal Transducer and Activator of Transcription 3 (STAT3) plays a role in carcino-

genesis and is involved in processes, such as proliferation, differentiation, drug resistance and immunosuppression. STAT3 can

be activated by phosphorylation of tyrosine at position 705 (pSTAT3Tyr705) or serine at 727 (pSTAT3Ser727). High expression

levels of pSTAT3 are implicated in advanced stages of prostate cancer (PCa) and are known to interact with the androgen

receptor signaling pathway. However, not much is known about how androgen deprivation therapy (ADT) in advanced disease

affects pSTAT3 expression. The aim of this study was to determine the influence of ADT on pSTAT3 expression in PCa tissue.

Methods: The study cohort came from a PCa tissue microarray resource containing prostate specimens from patients before

and post‐initiation of ADT. Tissue samples from 111 patients were immunostained for pSTAT3Tyr705 and pSTAT3Ser727. H‐score
was used to evaluate the intensity and the percentage of pSTAT3 expression in malignant epithelial and stromal compartments.

Univariate and multivariable Cox regression analyses were used to assess pSTAT3Tyr705 and pSTAT3Ser727 as biomarkers of

oncological outcome in patients undergoing ADT.

This is an open access article under the terms of the Creative Commons Attribution‐NonCommercial‐NoDerivs License, which permits use and distribution in any medium, provided the original work

is properly cited, the use is non‐commercial and no modifications or adaptations are made.
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fibroblast growth factors; GAP1, Movember Global Action Plan 1; MFS, metastasis‐free survival; OS, overall survival; PCa, prostate cancer; STAT3, signal transducer and activator of transcription;
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Results: Post‐ADT PCa samples demonstrated increased nuclear and cytoplasmic levels of pSTAT3Ser727 in the stroma com-

pared to pre‐ADT samples, whereas pSTAT3Tyr705 expression was increased significantly in both stromal and malignant

epithelial compartments except for stromal cytoplasm. High cytoplasmic pSTAT3Ser727 in stromal compartments correlated with

reduced overall survival, shorter time to castration‐resistant PCa development, and decreased metastasis‐free survival. An

increase in nuclear and cytoplasmic pSTAT3Ser727 expression within the stromal compartment of post‐ADT samples corre-

sponded to a shorter time to CRPC development, which was not observed for pSTAT3Tyr705. Multivariable survival analysis

using Cox's regression identified that high cytoplasmic pSTAT3Ser727 expression in the stroma of post‐ADT samples and pT3 or

pT4‐stage were associated with worse overall survival and 5‐year metastasis‐free survival (MFS).

Conclusions: This study presents novel insights into the impact of ADT on the expression levels of pSTAT3Tyr705 and pSTAT3Ser727

in PCa. Cytoplasmic pSTAT3Ser727 status of cancer‐associated stromal cells in post‐ADT samples may serve as an independent

prognostic marker for OS and 5‐year MFS, identifying prostate cancer patients prone to developing resistance to ADT.

1 | Introduction

Prostate cancer (PCa) is the most prevalent nonskin malignancy
in Western countries. In 2020, the World Health Organization
reported approximately 1.4 million new cases worldwide, with
about 0.46 million men succumbing to the disease [1]. The risk
factors contributing to PCa development include age, ethnicity
and genetic predispositions including mutations in the BRCA1/2
and HoxB13 [2]. Despite significant advancements in early
detection and treatments, with improved overall survival (OS),
around 10%–20% of men with localized disease develop metas-
tasis [3]. New and more useful biomarkers and prediction models
are needed to better stratify patients with various aggressiveness
to select the most appropriate treatment regimens.

Treatment of patients with advanced PCa involves targeting
androgen signaling since the prostate relies on androgens for
biological functioning. Androgen deprivation therapy (ADT)
means surgical or pharmacological castration, depending on the
specific characteristics of the individual patient [4]. Unfortunately,
almost every patient on ADT will over time develop castra-
tion‑resistant prostate cancer (CRPC). Hence, there is a need to
understand the mechanisms driving treatment resistance and
identify predictive and prognostic biomarkers and novel thera-
peutic targets for CRPC, allowing for adjustments and personal-
ized treatment plans dedicated to unique patient characteristics.
Modern treatment of CRPC should aim at combination therapies
targeting multiple pathways simultaneously by combining andro-
gen receptor (AR)‐targeted therapies with poly (ADP‐ribose)
polymerase (PARP) inhibitors, immunotherapy and other novel
agents to enhance treatment efficacy [4].

Several studies have highlighted the importance of the tran-
scription factor Signal Transducer and Activator of Transcription
3 (STAT3) in tumorigenesis. The STAT3 signaling pathway is
implicated in carcinogenesis and involves processes like prolif-
eration, differentiation, survival, metastatic spread, angiogenesis,
drug resistance and immunosuppression [5–7]. STAT3 function is
tightly regulated and can be activated through the phosphoryl-
ation of tyrosine 705 (pSTAT3Tyr705) or serine 727 (pSTAT3Ser727)
and it depends on binding cytokines (IL‐6, IL‐10, and IL‐11) or
growth factors (EGF, FGF, VEGF) to cell surface receptors which
activate the tyrosine phosphorylation cascade in the canonical
pathway [8]. STAT3 may also regulate the expression of
immunosuppressive markers and activate immunosuppressive

cells to create a tumor microenvironment promoting cancer cell
survival [9]. In PCa, STAT3 has shown to be involved in cancer
progression, from the early stages to the advanced metastatic
castration‐resistant state and has emerged as a therapeutic target
with ongoing research to develop STAT3 inhibitors [10]. We have
previously described a lower nuclear expression of pSTAT3Tyr705

and pSTAT3Ser727 in both epithelium and stromal tissues within
cancerous areas compared to noncancerous regions in PCa tissue
obtained from hormone‐naïve localized PCa patients undergoing
radical prostatectomy. The lower expression of both pSTAT3
forms demonstrated a correlation with a shorter period leading to
biochemical recurrence (BCR) [11]. Furthermore, it has been
suggested that differential expression of pSTAT3 could play a
role in developing metastatic lesions [12]. Increased levels
of pSTAT3Tyr705 were noted within the bone compared to
lymph nodes and visceral metastatic sites, indicating that tissue
microenvironment may influence pSTAT3Tyr705 expression [13].
There is a need to understand better the interplay between
malignant cells and the surrounding tumor stroma. In this study,
we investigated the pSTAT3 expression in malignant epithelium
and the corresponding stromal compartments in advanced PCa
patients before (pre‐ADT) and during androgen deprivation
therapy (post‐ADT).

2 | Materials and Methods

2.1 | Patient Cohort and Sample Collection

The study material consisted of a unique PCa tissue microarray
(TMA) from Movember Global Action Plan 1 (GAP1) [14]. The
collection included tissue materials from each participating
hospital's pathology department, where patients underwent
medical procedures such as biopsy, surgery, or transurethral
resection of the prostate (TURP) between 1978 and 2016.
Multiple institutes and hospitals participated in GAP1 including
the Johns Hopkins Hospital, the Helsinki University Central
Hospital, the Turku University Hospital, the Cedars‐Sinai
Medical Center and the University of Washington. All institu-
tions involved received ethical review board permission to use
patient material and conduct the study. A total of 114 patients
were enrolled in the Movember GAP1 project; however, sam-
ples from three individuals were missing in sections from the
TMA construct. In pSTAT3Ser727 staining, samples from 111
patients were available; however, in the case of pSTAT3Tyr705
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10 patients were excluded from analysis due to the
unsatisfactory quality of tissue cores (Figure 1).

In this study, PCa tissue samples from patients collected prior
(pre‐ADT) and after commencing ADT (post‐ADT) that is,
orchiectomy or gonadotropin‐releasing hormone agonists/an-
tagonists, were used. The first‐line treatment included various
approaches: ADT was administered to 75 patients, 10 patients
received a combination of ADT and radiotherapy, 13 underwent
radical prostatectomy, 7 received radiotherapy, and 6 in-
dividuals were subjected to another type of treatment. The
initial treatment had a median duration of 48.5 months, ranging
from 1.2 to 227 months, while the period from initiation of ADT
to collection of samples had a median duration of 46.2 months
(0.6–233); (Table 1). Matched tissue samples from the same
individuals collected before and after initiation of ADT were
accessible for analysis in a subset of patients.

2.2 | Immunohistochemistry

Formalin‐fixed paraffin‐embedded (FFPE) tissue specimens
from PCa patients were used for TMA construction according to
standard operating procedures. Briefly, a minimum of three
cores from prostatic tissue or metastatic lesions (when acces-
sible); (0.6 or 1 mm) were transferred to a final TMA block in a
serial manner. As internal controls for staining quality, xeno-
grafts of PCa human cell lines were used. TMA slides were

deparaffinized with xylene and ethanol followed by rehydration
and antigen retrieval. The antigen retrieval step was performed
using a PT‐Link module (DAKO, Glostrup, Denmark) at
95℃–99℃ for 20 min (pH 9.0). The slides were then stained in
a DAKO Autostainer‐plus using the EnVision FLEX, including
Peroxidase‐Blocking Reagent (DAKO). Subsequently, TMAs
were immunostained for pSTAT3Ser727 (CS9134, 1:100; Cell
Signaling Technology, Danvers, MA) or pSTAT3Tyr705 (ab76315,
1:100; Abcam, Cambridge, UK). The selected commercially
available antibodies for this study were chosen based on earlier
uses [11] after conducting thorough laboratory validation using
test sample collections.

2.3 | Scoring of Tissue Microarrays

Tissue microarrays were scanned using an Aperio CS2 slide
scanner, and the images obtained were viewed on the Aperio
ImageScope Software (Leica Biosystems, Wetzlar, Germany).
The samples underwent revision by a pathologist (coauthor
F.M.) to determine the benign areas, and only cores comprising
at least 90% cancerous regions were included for analysis in the
present study. The intensity of the cytoplasmic and nuclear
staining in the malignant epithelial cells and accompanying
stroma was manually marked as a score in the range from 0 up
to 3 (no expression, low, moderate, and high; respectively) and
the percentage of nuclei and cytoplasm‐stained area was also
evaluated (< 5%= 0.5, 5%–33%= 1, 34%–66%= 2, > 66%= 3).

FIGURE 1 | Consort diagram of patients included in the study. # indicates absent cores in the case of pSTAT3Tyr705 and pSTAT3Ser727,

respectively.
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The intensity score and the fraction of positively stained cells
were multiplied to receive a final score result (h‐score on a
scale: 0–9, adapted from Detre et al. [15]) and then h‐scores
were used to represent the expression level in each given
patient. Immunostained blood vessels identified within the
tissue cores were omitted from the final score. The scoring was
assessed by two independent investigators (co‐authors: P.B.
and M.P.). A consensus between the investigators on how to
evaluate immunostainings was reached before the scoring.
The results were based on the average score of no less than
three patients' cores, but in the rare cases of missing cores, the
score of one or two cores was used instead.

2.4 | Statistical Analysis

All the statistical analyses were conducted using IBM SPSS
Statistics v. 25 (Armonk, NY, USA) and Statistica software
v. 14.0.1.25 (StatSoft, Uppsala, Sweden). The Shapiro‐Wilk test
was used to assess data normality. Mean intensity scores were
compared using both the paired t‐test and the Wilcoxon matched
pairs test for group comparisons. To evaluate correlations
between two groups, Spearman's Rank Correlation Coefficient
(Rs) was utilized [16], and moderate and strong correlation was
defined as above 0.5 or above 0.7, respectively. Kaplan‐Meier es-
timator was used to plot the survival curves. The cutoffs used in
the Kaplan‐Meier estimator that categorized the patients into low
and high expression were based on the median value. Log‐rank
test or Cox's F‐Test were used to determine the p‐value in
observations: the interval from diagnosis to the last follow‐up
(overall survival; OS), the interval from primary treatment to
CRPC development, and the interval from primary treatment to
the occurrence of metastasis (metastasis‐free survival; MFS).
Univariate and multivariable proportional hazard regression
analyses were performed to determine the predictive values of the
different markers. p values≤ 0.05 were considered as significant.

3 | Results

3.1 | pSTAT3 Expression in Tissue Microarray
Samples

Immunohistochemical analysis revealed distinct subcellular
patterns for pSTAT3Tyr705 and pSTAT3Ser727. pSTAT3Tyr705 was

TABLE 1 | Patient characteristics.

All (n= 111)

Pre‐and
post‐ADT

only (n= 45)

Age at diagnosis
(years)

67 (median)
range: 49–85

67 (median)
range: 49–85

< 50 1 (1%) 1 (2.2%)

50–59 26 (23.4%) 11 (24.4%)

60–69 37 (33.3%) 15 (33.4%)

> 70 47 (42.3%) 18 (40.0%)

Diagnosis method

Biopsy 75 (67.6%) 29 (64.4%)

TURP 18 (16.2%) 8 (17.8%)

Unknown 18 (16.2%) 8 (17.8%)

Type of post‐ADT specimen

Biopsy 1 (0.9%) 1 (2.2%)

TURP 92 (82.9%) 28 (62.3%)

Prostatectomy 2 (1.8%) 2 (4.4%)

Metastasis 16 (14.4%) 14 (31.1%)

Clinical stage

T1 16 (14.4%) 4 (8.9%)

T2 25 (22.5%) 5 (11.1%)

T3 10 (9.0%) 4 (8.9%)

T4 10 (9.0%) 2 (4.4%)

Unknown 50 (45.1%) 30 (66.7%)

Surgical margins

Positive 5 (4.5%) 5 (13.3%)

Negative 6 (5.4%) 6 (11.1%)

Unknown 100 (90.1%) 34 (75.6%)

PSA at the time of diagnosis (ng/ml)

Median 28.7 24.0

Mean 68.2 64.4

Range 2.2‐540 3.9‐540
Pre‐ADT specimen gleason sum

≤ 6 11 (10%) 2 (4.4%)

7 27 (24.3%) 11(24.4%)

8 16 (14.4%) 5 (11%)

9 18 (16%) 10 (22.2%)

10 2 (2%) 1 (2%)

Missing 37 (33.3%) 16 (36%)

Extraprostatic extension

Positive 9 (8.1%) 9 (20%)

Negative 2 (1.8%) 2 (4.4%)

Unknown 100 (90.1%) 34 (75.6%)

Seminal vesicle invasion

Positive 5 (4.5%) 5 (11%)

TABLE 1 | (Continued)

All (n= 111)

Pre‐and
post‐ADT

only (n= 45)

Negative 6 (5.4%) 5 (11%)

Unknown 100 (90.1%) 35 (78%)

Lymph node involvement

Positive 2 (1.8%) 2 (4%)

Negative 9 (8.1%) 8 (18%)

Unknown 100 (90.1%) 35 (78%)
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predominantly located in the nucleus, while pSTAT3Ser727

demonstrated a more heterogeneous distribution, being
detected in both the nuclear and cytoplasmic compartments.
Figure 2 shows examples of nuclear and cytoplasmic expression
of pSTAT3Tyr705 and pSTAT3Ser727 in malignant epithelial or
stromal tissue of pre‐ and post‐ADT paired cases that came from
needle biopsy (pre‐ADT) and TURP (post‐ADT) obtained from
the same patient.

The expression levels of pSTAT3Tyr705 and pSTAT3Ser727 in the
malignant epithelial tissue and stromal compartments in pre‐
and post‐ADT tissue samples were quantified using the h‐score
methodology (Figure 3,Supporting Information S1: Figure S1).
In malignant epithelial cells, pSTAT3Tyr705 expression was sig-
nificantly increased in both nuclei and cytoplasm in patients
following ADT compared to matched samples taken at pre‐ADT
(Figure 3A). pSTAT3Ser727 was increased in the epithelial tissue
post‐ADT, but not statistically significant (Figure 3C). In the
stroma, pSTAT3Ser727 expression was significantly increased in
both nuclei and cytoplasm in post‐ADT samples compared to
pre‐ADT (Figure 3D). pSTAT3Tyr705 was significantly higher in
stromal nuclei but not in the cytoplasm of post‐ADT samples
compared to pre‐ADT (Figure 3B). Waterfall charts were used
to visualize the observed alterations in the h‐scores of
pSTAT3Tyr705 and pSTAT3Ser727, comparing post‐ADT to pre‐
ADT samples (Supporting Information S1: Figure S2).

The Spearman's rank correlation tests were implemented to
assess potential correlations among the h‐scores within studied
subcellular compartments in pre‐ and post‐ADT samples
(Supporting Information S1: Table S1). The analysis demon-
strated a weak positive correlation between the h‐scores of
pSTAT3Tyr705 in the malignant epithelial nuclear expression
before and after ADT (rs = 0.425, p< 0.01). Conversely, the

pSTAT3Ser727 expression within the same tissue types con-
sistently presented a strong positive correlation between
nuclear and cytoplasmic compartments, both in the pre‐ADT
group (malignant epithelium, rs = 0.697, p> 0.01; stroma,
rs = 0.696, p> 0.01) and the post‐ADT groups (malignant
epithelium, rs = 0.708, p> 0.01; stroma, 0.636, p> 0.01);
(Supporting Information S1: Table S1). A correlation in h‐scores
for pSTAT3Tyr705 between subcellular expressions was observed
in malignant epithelium in post‐ADT samples (rs = 0.533,
p> 0.01); (Supporting Information S1: Table S1). Additionally, a
positive correlation was found between malignant epithelial
and stromal cytoplasmic pSTAT3Tyr705 in post‐ADT samples
(rs = 0.583, p< 0.01); (Supporting Information S1: Table S1).
Further analyses unveiled a positive correlation between
changes in the delta h‐score of pSTAT3Tyr727 due to ADT in the
nuclei and cytoplasm, both in the malignant epithelium
(rs = 0.628, p> 0.01) and stroma (rs = 0.728, p> 0.01);
(Supporting Information S1: Table S2).

3.2 | Outcome Analysis

Patient stratification based on high or low expression levels of
pSTAT3Ser727 and pSTAT3Tyr705 in post‐ADT samples was
illustrated using Kaplan–Meier survival analyses for outcomes
in terms of patient OS, time to develop CRPC and metastases‐
free survival (MFS); (Figure 4, Supporting Information S1:
Figure S3). With regard to the stromal compartment, survival
analyses demonstrated that patients with high cytoplasmic
pSTAT3Ser727 expression among those who underwent ADT had
decreased OS (p= 0.013; Figure 4B), decreased MFS (p= 0.034;
Figure 4D) and shorter time to develop CRPC (p= 0.042;
Figure 4H). Moreover, we noticed a significantly shorter time to
CRPC among the patients that presented high nuclear

FIGURE 2 | Representative images of pSTAT3Tyr705 (A, B) and pSTAT3Ser727 (C, D) immunostainings. Pre‐ADT and post‐ADT examples for

each staining are from the same patient. Scale bar = 50 µm. The arrowhead indicates examples of the epithelium (red) and stroma (black). [Color

figure can be viewed at wileyonlinelibrary.com]
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expression of pSTAT3Ser727 in stromal cells (p= 0.015;
Figure 4F). We did not observe any significant differences when
analyzing the corresponding cellular compartments for
pSTAT3Tyr705 expression in stromal cells (Figure 4A,C,E,G).
With regard to the epithelial compartment, high cytoplasmic
pSTAT3Tyr705 expression in carcinoma cells in post‐ADT tissue
samples was associated with a longer time to CRPC (p= 0.01,
Supporting Information S1: Figure S3B). However, we did
not observe a similar association in the case of nuclear
pSTAT3Tyr705 expression (p= 0.41, Supporting Information S1:
Figure S3A). Neither cytoplasmic nor nuclear pSTAT3Ser727

expression of carcinoma cells was associated with time to CRPC
(Supporting Information S1: Figure S3C,D).

We also categorized patients into two subgroups according to
the changes in pSTAT3 expression before and during ADT in
matched samples: one group presented an increase in pSTAT3
expression levels, and the other group demonstrated a decrease

or no change in pSTAT3 expression (Figure 5). Our analysis
revealed differences between analyzed subgroups associated
with time to CRPC development. Patients with an increased
expression of pSTAT3Ser727 in both the nuclear and cytoplasmic
compartments of stromal cells demonstrated a significantly
shorter time to CRPC (p= 0.043 and p= 0.018, respectively)
(Figure 5B,D). No difference in time to CRPC was observed for
pSTAT3Tyr705 expression changes (Figure 5A,C). Furthermore,
our analysis revealed no significant differences in the time to
CRCP development based on the change of either nuclear or
cytoplasmic pSTAT3Tyr705 expression of carcinoma cells
(Figure 5E,F).

Using univariate COX proportional hazard regression analysis,
we examined associations between distinct factors and clinical
outcomes (Table 2). In the post‐ADT patient group cytoplasmic
expression of pSTAT3Ser727 within stromal compartments and
the pT‐stage were significantly associated with OS (HR= 1.79,

FIGURE 3 | Nuclear and cytoplasmatic expression of pSTAT3Tyr705 (A, B) and pSTAT3Ser727 (C, D) in the stroma or epithelium of pre‐ADT and

post‐ADT paired tissue samples. Expression presented as average h‐score. Wilcoxon signed‐rank and paired t‐test statistic test were used to calculate

p value. p≤ 0.05 was considered significant. *p≤ 0.05, **p≤ 0.01, ***p≤ 0.001. Data presented as mean ± SEM. [Color figure can be viewed at

wileyonlinelibrary.com]
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FIGURE 4 | Kaplan‐Meier curves of OS (A, B), time to metastasis (C, D), and time to CRPC (E–H) for expression of pSTAT3Tyr705 and

pSTAT3Ser727 in post‐ADT tissue samples. Cox's F‐test and Log‐rank statistic tests were used to calculate p value. p≤ 0.05 was considered significant.

[Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 5 | Kaplan‐Meier curves of time to CRPC development in expression changes from pre‐ADT to post‐ADT of (A) pSTAT3Tyr705 and

(B) pSTAT3Ser727 in stromal nuclei, expression of (C) pSTAT3Tyr705 and (D) pSTAT3Ser727 in stromal cytoplasm, (E) pSTAT3Tyr705 in malignant

epithelial nuclei and (F) pSTAT3Tyr705 in malignant epithelial cytoplasm. Cox's F‐test was used to calculate the p‐value. p≤ 0.05 was considered

significant. [Color figure can be viewed at wileyonlinelibrary.com]
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TABLE 2 | Cox univariable and multivariable regression analysis for pSTAT3Ser727 expression: in stroma cytoplasm post‐ADT in the interval

from diagnosis to last follow‐up (A), in the interval from primary treatment to 5 years of survival without metastasis (B), in the interval from primary

treatment to 3‐years of survival without castrate‐resistant prostate cancer (CRPC); (C). p≤ 0.05 was considered significant.

Univariable Multivariable

HR 95% CI p HR 95% CI p

A. Observation: time from diagnosis to last follow up

pSTAT3Ser727 expression in stroma cytoplasm post‐ADT (low = ref.)
high

1.79 1.15–2.8 0.01 1.94 1.23–3.07 0.004

PSA (< 10 ng/mL= ref.)
> 10 ng/ml

1.06 0.49–2.25 0.89 0.85 0.4–1.81 0.67

Gleason score (< 7 = ref.)
≥ 7

1.51 0.87–2.61 0.14 1.52 0.88–2.62 0.13

T stage (T1–T2 = ref.)
T3‐T4

2.08 1.13–3.83 0.02 2.19 1.14–4.20 0.02

B. Observation: time from primary treatment to 5‐years of survival without metastasis

pSTAT3Ser727 expression in stroma cytoplasm post‐ADT (low = ref.)
high

1.76 0.95–3.27 0.07 2.11 1.10–4.02 0.02

PSA (< 10 ng/mL= ref.)
> 10 ng/ml

0.73 0.29–1.83 0.5 0.52 0.18–1.49 0.23

Gleason score (< 7 = ref.)
≥ 7

2.15 1.00–4.59 0.05 1.94 0.88–4.28 0.10

T stage (T1–T2 = ref.)
T3–T4

2.27 1.08–4.76 0.03 2.40 1.09–5.25 0.03

C. Observation: time from primary treatment to 3‐years of survival without castrate‐resistant prostate cancer

pSTAT3Ser727 expression in stroma cytoplasm post‐ADT (low = ref.)
high

1.26 0.63–2.53 0.51 1.26 0.63–2.51 0.52

PSA (< 10 ng/ml = ref.)
> 10 ng/ml

0.82 0.18–3.72 0.79 0.54 0.12–2.52 0.43

Gleason score (< 7 = ref.)
≥ 7

1.96 0.8–4.84 0.14 2.25 0.91–5.57 0.08

T stage (T1–T2 = ref.)
T3–T4

1.93 0.58–6.48 0.29 2.6 0.70–9.67 0.16

pSTAT3Ser727 expression in stroma nuclei post‐ADT (low = ref.)
high

1.95 0.97–3.92 0.06 1.90 0.94–3.84 0.07

PSA (< 10 ng/mL= ref.)
> 10 ng/ml

0.82 0.18–3.72 0.79 0.61 0.13–2.89 0.53

Gleason score (< 7 = ref.)
≥ 7

1.96 0.8–4.84 0.14 2.08 0.86–5.04 0.10

T stage (T1–T2 = ref.)
T3–T4

1.93 0.58–6.48 0.29 2.69 0.74–9.77 0.13

pSTAT3Tyr705 expression in epithelial cytoplasm post‐ADT
(low = ref.)
high

0.87 0.56–1.34 0.52 0.96 0.58–1.59 0.88

PSA (< 10 ng/mL= ref.)
> 10 ng/ml

0.82 0.18–3.72 0.79 0.56 0.11–2.71 0.47

Gleason score (< 7 = ref.)
≥ 7

1.96 0.8–4.84 0.14 2.24 0.88–5.69 0.09

T stage (T1–T2 = ref.)
T3–T4

1.93 0.58–6.48 0.29 2.51 0.64–9.84 0.19
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CI: 1.15–2.8; p= 0.01, and HR= 2.08, CI: 1.13–3.83; p= 0.02,
respectively). Moreover, Gleason score and pT‐stage were also
significantly associated with 5‐year MFS (HR= 2.15, CI:
1.00–4.59; p= 0.05, and HR= 2.27, CI: 1.08–4.76; p= 0.03,
respectively). Multivariable COX proportional hazard regres-
sion analysis demonstrated that pSTAT3Ser727 cytoplasmic ex-
pression in stromal compartments and pT‐stage in the group of
patients following ADT were independent prognostic factors
and were significantly associated with OS (HR= 1.94,
CI: 1.23–3.07; p= 0.004, and HR= 2.19, CI: 1.14–4.20; p= 0.02,
respectively) and 5‐year MFS (HR= 2.11, p= 0.02, and
HR= 2.4, p= 0.03, respectively). On the other hand, univariate
and multivariable proportional hazard regression analysis did
not present any significant association in pSTAT3 expression
with time to 3‐year CRPC free survival (Table 2).

4 | Discussion

Expression of active STAT3 in the phosphorylated forms
pSTAT3Ser727 and pSTAT3Tyr705 has previously been demon-
strated in PCa tissue [11, 13, 17, 18] and the STAT3 signaling
pathway has shown to play a role in the development and
progression of PCa [19, 20]. Moreover, studies have described
that there is an interplay between STAT3 and AR [21–24],
which is considered a fundamental factor in PCa biology.

In this study, we analyzed the nuclear and cytoplasmic ex-
pression of pSTAT3Ser727 and pSTAT3Tyr705 in both the malig-
nant epithelium and the stromal compartment of PCa samples
to investigate the potential impact of ADT on their expression
levels and determine whether there is an association with
outcomes. We observed an increased expression of nuclear and
cytoplasmic pSTAT3Tyr705 and pSTAT3Ser727 in PCa tissues in
patients undergoing ADT compared to samples taken before
treatment initiation. The primary goal of ADT is to reduce the
transmission of AR signaling pathways [25]. PCa cells can
independently of androgens develop alternative mechanisms to
proliferate, migrate, and survive [26]. Modulation of the activity
and expression of the AR via the IL‐6/JAK/STAT3 pathway has
been documented in metastatic CRPC patients with a decreased
response to the second‐generation AR inhibitor enzalutamide
[27]. The levels of circulating IL‐6 are observed to be increased
in CRPC and are implicated in resistance to ADT [28–30]. IL‐6
may enhance the transcriptional activity of AR both in an
androgen dependent and independent manner mediated via
JAK/STAT3 and MAPK signaling pathways [23, 31]. There is a
direct interaction between STAT3 and the N‐terminal domain
of AR induced by IL‐6 leading to regulation of the transcrip-
tional activity of AR [23]. Thus, STAT3 may play an important
role via AR even under ADT. Inhibition of AR signaling with
enzalutamide is shown to increase pSTAT3Ser727 but not in
pSTAT3Tyr705 in LNCaP cells and STAT3 inhibition enhanced
the sensitivity of PCa cells to enzalutamide [32, 33]. Conversely,
the overexpression of constitutively active STAT3 led to the
development of resistance against enzalutamide treatment [34].
Our current findings provided additional clinical evidence that
high stromal expression of pSTAT3Ser727 in post‐ADT is an
independent prognostic marker for 5‐y MFS, suggesting a role
of STAT3 activation in stromal cells under ADT for treatment
resistance and metastasis progression. Further analysis of

STAT3 activation related to AR expression or their targeted
gene expression analysis in stromal cells will be needed to
understand the role of STAT3 in stromal cells for tumor pro-
gression. Hence, the crosstalk between the AR and IL6/JAK/
STAT3 needs to be explored in the framework of developing
novel therapies in advanced PCa.

The functional role of STAT3 within the stromal compartment
may be distinct from its role within the malignant epithelial
tissue. Specifically, within the stromal compartment, STAT3 as-
sumes a role in the induction and function of cancer‐associated
fibroblasts (CAF) and immune cells, thereby contributing to the
establishment of an immunosuppressive and tumor‐supportive
microenvironment [35]. STAT3 is involved in signaling pathways
regulating the activity of cytokines and growth factors [36]. CAFs
may promote tumor growth by secreting IL‐6 and VEGF, both
subject to STAT3‐mediated regulation [37]. The action of STAT3
within the stromal context extends beyond PCa, as evidenced by
the presence of analogous observations in diverse malignancies,
including breast cancer oral squamous cell carcinoma [38, 39]. In
contrast to our earlier findings, where low stromal STAT3ser727

expression in hormone‐naïve prostate cancer patients' tissue
samples was associated with worse clinical outcomes [17], the
current study showed higher stromal STAT3Ser727 expression after
ADT was associated with poor clinical outcome. These findings
suggest the different roles of STAT3ser727 in modulating immune
activities in TME before and after ADT. CAF is one of the major
components of stromal cell types in TME that can also mediate
STAT3 activities to impact on the TME [40–42]. Reprogramming
of stromal cells and CRPC promotion by ADT and CAF have also
been reported [43]. Since this process involves ERK and TGFβ
signaling, it will be intriguing to investigate in the future whether
pSTAT3Ser727 activation also has a role in such TME reprogram-
ming and influence on CRPC progression under ADT. Further-
more, the evaluation of the pSTAT3 expression in stromal cells
associated with immune cell infiltration and immune suppression
needs to be explored in future studies.

In addition, the involvement of pSTAT3Ser727 in mitochondrial
respiration has been established through its regulatory influence
on electron transfer chain complex activities and transcriptional
processes, thereby modulating mitochondrial metabolism [44]. In
the present study, high expression of STAT3Ser727 in stromal
cytoplasm was associated with shorter OS, 5‐year MFS, and time
to CRPC development within a cohort of patients subjected to
ADT. Furthermore, our study pointed out that the expression of
STAT3Ser727 within the stromal cytoplasmic compartment may
serve as an independent prognostic biomarker for OS and MFS in
patients undergoing ADT.

The prognostic role of pSTAT3Ser727 has been demonstrated in
other malignancies. In a study of clear cell renal cell carcinoma,
pSTAT3Ser727 was described as an independent prognostic factor
for OS [45]. Detailed analyses indicated that patients diagnosed
with advanced stage of clear cell renal cell carcinoma which
demonstrated high pSTAT3Ser727 expression in either the nucleus
or cytosol were associated with a poor prognosis regarding OS.

We observed that high levels of cytoplasmic pSTAT3Ser727 ex-
pression in the stromal compartment post‐ADT were associated
with worse clinical outcomes. Comparable observations were
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published by Morrow et al. where the study demonstrated that a
reduction in the 5‐year survival rate among patients diagnosed
with triple‐negative breast cancer was closely linked to ex-
pression levels of total STAT3 in the stromal compartment [46].
However, this study did not differentiate between the phos-
phorylated forms of STAT3.

There are certain limitations to our study. First, our cohort
consisted of a limited number of samples, particularly in the
context of stratifying patients into distinct groups based on
increased and decreased/no changes in expression for cumu-
lative proportion survival analyses. This limitation arose from
the absence of full clinical data for the studied patients and
missing cores, especially within the group before the adminis-
tration of ADT. Consequently, we were unable to perform a
comprehensive pre‐post analysis for the entire cohort. Secondly,
the heterogeneity of pre‐ADT treatments should also be con-
sidered as a limitation. Additionally, some patients received
multiple rounds of ADT, while the duration of drug treatment
varied from mere months to several years. Intra‐tumoral het-
erogeneity is another concern in TMA studies. It is worth noting
that, despite these limitations, our observations appear to be
valuable and need to be repeated within a larger patient cohort.

5 | Conclusions

This study documented novel insights on the impact of ADT on
the expression levels of pSTAT3Tyr705 and pSTAT3Ser727 in PCa
tissue. The study highlights that the presence of pSTAT3Ser727 in
the stromal cytoplasm may serve as a biomarker for predicting
the OS and MFS in individuals subjected to ADT. Furthermore,
high pSTAT3Ser727 expression in the stromal cytoplasm of PCa
lesions is linked to unfavorable clinical outcome, like reduced
OS and shorter time to development of metastasis.
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