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Abstract

Background Prostate cancer ranks as the second most frequently diagnosed cancer in men worldwide. Recent
research highlights the crucial roles IL6ST-mediated signaling pathways play in the development and progression
of various cancers, particularly through hyperactivated STAT3 signaling. However, the molecular programs mediated
by IL6ST/STAT3 in prostate cancer are poorly understood.

Methods To investigate the role of IL6ST signaling, we constitutively activated IL6ST signaling in the prostate
epithelium of a Pten-deficient prostate cancer mouse model in vivo and examined IL6ST expression in large cohorts
of prostate cancer patients. We complemented these data with in-depth transcriptomic and multiplex histopathologi-
cal analyses.

Results Genetic cell-autonomous activation of the IL6ST receptor in prostate epithelial cells triggers active STAT3
signaling and significantly reduces tumor growth in vivo. Mechanistically, genetic activation of IL6ST signaling medi-
ates senescence via the STAT3/ARF/p53 axis and recruitment of cytotoxic T-cells, ultimately impeding tumor progres-
sion. In prostate cancer patients, high IL65T mRNA expression levels correlate with better recurrence-free survival,
increased senescence signals and a transition from an immune-cold to an immune-hot tumor.
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Conclusions Our findings demonstrate a context-dependent role of IL6ST/STAT3 in carcinogenesis and a tumor-
suppressive function in prostate cancer development by inducing senescence and immune cell attraction. We chal-
lenge the prevailing concept of blocking IL6ST/STAT3 signaling as a functional prostate cancer treatment and instead
propose cell-autonomous IL6ST activation as a novel therapeutic strategy.

Keywords Prostate cancer, IL6ST/STAT3 signaling, L-gp130, Senescence, Senescence-associated secretory phenotype,
Tumor microenvironment, Immune cell infiltration, Cytotoxic T-cells

Background

Prostate cancer (PCa) is the second most common can-
cer type diagnosed in men, as reflected by 1.4 million
new cases worldwide and 375,000 related deaths in 2020
alone [1]. Corresponding to the vast PCa heterogeneity
regarding clinical and molecular features, a wide range of
therapeutic approaches is currently in use. The accuracy
of these treatments is often hampered by the lack of reli-
able biomarkers allowing to distinguish aggressive from
non-aggressive tumors [2]. In search of such biomark-
ers, aberrant activity of the Interleukin-6 cytokine fam-
ily signal transducer (IL6ST), also known as Glycoprotein
130 kDa (GP130), signaling axis has been identified as a
crucial factor in inflammation and carcinogenesis [3, 4].
A key downstream mediator of IL6ST signaling is the
transcription factor Signal transducer and activator of
transcription 3 (STAT3) [3]. STAT3 signaling is aberrant
in approximately 50% of PCa [5] and plays a tumor micro-
environment (TME)-dependent role in cell proliferation,
cell survival, angiogenesis and immune evasion [6—8].
Therefore, a further characterization of the axis connect-
ing IL6ST and STAT3 or other potential downstream
targets in PCa is important for improved treatment
approaches. Other targets activated by IL6ST include
the Src homology 2 domain-containing tyrosine phos-
phatase-2 (SHP2), Phosphatidylinositol 3-kinase (PI3K)
and the Hippo/YES-associated protein (YAP) pathway
[9], which have themselves been linked with PCa [10—
12]. Similarly, the tumor suppressor Phosphatase and
tensin homolog (PTEN) is frequently mutated or deleted
in PCa [13], thereby eliciting aberrant PI3K activation,
contributing to prostate carcinogenesis [14] and inducing
p53-dependent cellular senescence [15]. Senescence is a
state of cell cycle arrest mediated by the p19**F/p53 or
p16™K44/RB pathway and has been shown to inhibit PCa
progression [16]. Senescence is often accompanied by the
release of inflammatory cytokines, chemokines, growth
factors and proteases, referred to as the senescence-
associated secretory phenotype (SASP) [17]. The SASP
is a double-edged sword exerting tumor-suppressive and
tumor-promoting effects. The factors modulating the
balance between pro-tumorigenic and anti-tumorigenic
senescence effects are likely cell type-specific and not
fully understood [18].

To shed new light on the role of IL6ST signaling in PCa
pathogenesis and to gain further insight into the com-
plex downstream signaling network, we created a mouse
model featuring constitutive, cell-autonomous, and
prostate epithelium-specific activation of IL6ST. Utiliz-
ing this model, we aimed at identifying molecular play-
ers induced by IL6ST signaling and at determining its
importance in PCa initiation and progression. Consider-
ing recent endeavors to render immune-cold PCa ame-
nable to anti-tumor immunity [19], our study also aimed
to elucidate the role of IL6ST signaling in shaping the
TME, thereby providing valuable insights into its poten-
tial use for therapeutic and diagnostic strategies for PCa
management.

Our data show that constitutively active IL6ST sign-
aling in Pten-deficient PCa mice is associated with sig-
nificantly smaller tumors compared with Pten-deficient
mice, related with IL6ST-induced activation of the
STAT3/p19*R¥/p53 tumor suppressor axis mediating
senescence. This is accompanied by increased infiltra-
tion of cytotoxic T-cells, neutrophils, and macrophages,
indicating better anti-tumor defense. These findings
are supported by improved survival observed in PCa
patients showing high IL6ST mRNA expression, active
senescence patterns, and a T-cell mediated anti-tumor
immune defense. Together, these results highlight a con-
text-dependent, tumor-suppressive role of IL6ST/STAT3
signaling in prostate carcinogenesis and suggest that cell-
autonomous IL6ST activation may be a promising novel
therapeutic approach for the treatment of PCa.

Methods

Generation of transgenic mice

Pten™ [20], L-gp130"" [3] and PB-Cre4 [21] transgenic
mice were maintained on a C57BL/6 and Sv/129 mixed
genetic background. Pten™ mice and/or L-gp130"" mice
were crossed with male PB-Cre4 transgenic mice to gen-
erate prostate-specific deletion of Pten and/or insertion
of the L-gp130 construct. DNA isolation was performed
as previously described [22]. Mice were genotyped as
previously described [3, 20, 21, 23]. Mice were housed
on a 12-12 light cycle and provided food and water
ad libitum. For all experiments, 19-week old male mice
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were used. Genotyping primer sequences and protocols
are listed in Supplementary Table 1-2, Additional File 1.
Formalin-fixed paraffin-embedded (FFPE) prostate tissue
from PtenP**'%;Stat3P**'* and respective PtenP**’® control
mice were provided by Pencik et al. [8].

Immunohistochemistry (IHC) and hematoxylin & eosin
(H&E) stains

IHC and H&E stains were performed with FFPE prostate
tissue using standard protocols and antibodies listed in
Supplementary Table 3, Additional File 1.

Immunofluorescence (IF) staining

Frozen tissue sections were fixed with 4% Formol for
15 min at room temperature. After washing with PBS,
tissue was blocked with 2% BSA in PBS prior to overnight
primary antibody incubation at 4 °C (Supplementary
Table 3, Additional File 1). Secondary antibody incuba-
tion (Alexa Fluor 594 anti-rabbit, Invitrogen #A11037,
1:500; RRID:AB_2534095) was done in 2% BSA in PBS for
1 h at room temperature. Cells were counterstained with
DAPI (nuclear stain) in PBS and mounted with Aqua-
Poly/Mount medium (18,606-5, Polysciences).

Multiplex IHC

Multiplex IHC was performed on mouse prostate sam-
ples using the Bond RX autostainer system (Leica Bio-
systems Inc., Vienna, Austria; RRID:SCR_025548) and
were subsequently analyzed by multispectral imaging. A
panel of the following fluorescent markers plus DAPI as a
nuclear stain were used to detect the following epitopes:
CD3, CD4, CD8, CD45, pan Cytokeratin (Supplemen-
tary Table 3, Additional File 1). Scanning of multiplex
IHC stains was done as previously described [24]. Indi-
vidual cells were detected using DAPI nucleus staining
by applying thresholds for nucleus size, roundness, and
signal intensity. Positivity thresholds for the fluorescently
labeled markers were determined based on staining
intensity.

Histopathological analysis

For histopathological analysis of H&E, IHC or IF stained
samples, slides were scanned using a PANNORAMIC
Scan II from 3DHISTECH and quantitatively analyzed
as previously described [24]. The murine prostate con-
sists of four different lobes: the anterior, ventral, lateral,
and dorsal prostate, each exhibiting distinct morpholog-
ical characteristics. Due to the loss of these characteris-
tics during tumor progression, differentiating between
the lobes in tumor tissue is only feasible for the spatially
separated anterior prostate. Therefore, we classified the
tissue into two regions: the “anterior lobe (AL)” and the
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“caudal lobe (CL)’, which comprises the ventral, lateral,
and dorsal prostate. These stratified data are presented
in Additional File 2 and Additional File 3. In the main
and supplementary figures, we show analyses cover-
ing the entire prostate except for F4/80 and NimpR14
analyses. For these, only the CL was used, as the lumen
of the AL contains more cellular debris, which leads to
nonspecific staining and challenges analysis. Cell detec-
tion was carried out using the StarDist [25] extension
for NimpR14 staining, while the built-in watershed cell
detection plugin was employed for the other stainings.
Parameters were tailored for each specific staining. Sub-
sequently, smoothed features were calculated using a full
width at half maximum (FWHM) radius of 25 pm. The
tissue was then classified into epithelium and stroma
through an object classifier, trained individually for each
staining. A threshold was set for the mean DAB opti-
cal density value to categorize cells as either positive
or negative. If automated quantification was not pos-
sible for IHC stainings, semi-quantitative analysis was
performed by a trained pathologist, who classified the
level of expression as none, mild, moderate or marked
for each tissue section. A similar approach was taken for
the grading of immune cell infiltration, which was clas-
sified as low or high in H&E-stained sections. Analyses
were performed blinded to genotype by a single inves-
tigator and evaluated by two independent pathologists
with specific expertise in mouse models of PCa. A whole
slide scan of stained prostate tissue per mouse was ana-
lyzed. Representative pictures of the CL for the main and
supplementary figures, as well as representative pictures
of the AL (and CL) for Additional File 2 and Additional
File 3 were exported from whole slide scan using the
snapshot function of CaseViewer (Build 2.4.0.119028;
RRID:SCR_017654).

Protein isolation and immunoblotting

Whole prostate protein lysates were extracted from snap
frozen prostate samples as described [26] and 20-40 pg
of protein lysate was used for Western blotting as pre-
viously described [8]. Chemiluminescent visualization
was performed with a ChemiDoc™ Imaging System
(Bio-Rad; RRID:SCR_019037) after incubation of the
membranes with Clarity Western ECL reagent (Bio-Rad,
170-5061). Near-infrared visualization was performed
using an Odyssey Classic Imaging System (LI-COR;
RRID:SCR_023765) and IRDye fluorescent second-
ary antibodies. Quantifications were performed with
Image Lab software (Bio-Rad; RRID:SCR_014210). Sam-
ples were normalized to the indicated loading controls.
Applied antibodies are listed in Supplementary Table 3,
Additional File 1.
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RNA sequencing (RNA-Seq) and data analysis

RNA-Seq sample and library preparation was performed
as described in [22]. Briefly, single cell suspension of
mouse prostate tissue was done as previously described
[27] and magnetic cell separation (MagniSort technol-
ogy, Thermo Fisher) was performed for EpCAM posi-
tive fraction using anti-mouse CD326 (EpCAM) Biotin
antibody (13-5791-82, eBioscience; RRID:AB_1659713).
For higher RNA output, three wild type and three
L-gp130°*XVKI mouse prostates, respectively, were pooled
to generate one sample. High-quality RNA was used for
library preparation. Libraries were amplified with 11
PCR cycles and the library size was analyzed by Agilent
Tape Station (G2938-90,014, Agilent Technologies). RNA
sequencing and bioinformatic analysis of mouse prostate
samples up to the differential expression was performed
by Core Facility Bioinformatics of CEITEC Masaryk Uni-
versity as previously described [22].

The Cancer Genome Atlas (TCGA) data analysis

Clinical data for the TCGA-Prostate Adenocarcinoma
(PRAD) cohort (https://portal.gdc.cancer.gov/projects/
TCGA-PRAD) [28], including disease-free survival, were
downloaded from the cBioPortal [29, 30] database. Raw
expression counts were downloaded from TCGA with
the TCGAbiolinks R package (version 2.25.3). Patients
with mutation in TP53 gene (Supplementary Table 4,
Additional File 1) were removed from subsequent anal-
ysis for Fig. 6b-c. Raw counts were transformed with
the variance stabilizing transformation (VST). Survival
analysis of TCGA-PRAD cohort was performed with the
survminer R package [31] (version 0.4.9). Patients were

(See figure on next page.)
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divided into IL6ST"8"1°V expression groups based on the
maximally selected rank statistics which provides a single
value cutpoint that corresponds to the most significant
relation with disease-free survival. Differential expres-
sion analysis between IL6ST"" and IL6ST*®" group was
performed with DESeq2 (version 1.36.0). Alteration data
including frequency of specific mutations and correla-
tion analysis were obtained from the cBioPortal [29, 30]
database. Immune scores for TCGA-PRAD cohort from
the ESTIMATE method [32] were downloaded from
https://bioinformatics.mdanderson.org/estimate/. Using
the Mann—Whitney test, we assessed whether there was
a statistically significant difference in the immune scores
between IL6ST"®" and IL6ST"".

Statistical analysis
Significant differences between two groups were deter-
mined using a two-tailed, unpaired t-test (parametric) or
Mann-Whitney test (non-parametric). Significant differ-
ences between more than two groups were determined
using One-way ANOVA with Tukey’s multiple compari-
son test (parametric). Significant outliers were identified
by Grubbs ‘ test. p values of<0.05 were assigned signifi-
cance. All values are given as means * standard deviation
(SD) and were analyzed and plotted by GraphPad Prism®
(version 9.5.0, GraphPad Software, San Diego, CA).
Numbers of biological replicates are stated in the respec-
tive figure legends. The associations between genes/gene
sets and their respective statistical significances were
assessed using Spearman-correlation.

Additional methods can be found in Supplementary
Methods, Additional File 4.

Fig. 1 Prostate epithelium-specific, cell-autonomous insertion of [-gp130 reduces progressive prostate tumorigenesis. a lllustration of wild type
IL6ST receptor, which can be activated by binding of the IL-6 ligand and IL-6R receptor (left panel), and Leucine-gp130 (L-gp130) construct (right
panel). Wild type IL6ST consists of an extracellular domain comprising an Ig-like domain, a cytokine binding domain, three fibronectin type

lll-like domains, a transmembrane domain, and a cytoplasmic domain. For generating L-gp130, wild type IL6ST was truncated 15 amino acids
above the transmembrane domain and replaced by the leucine zipper region of the human c-JUN gene and a FLAG-Tag. L-gp130 expression

can activate downstream signaling cascades identical to stimulated wild type IL6ST. P: phosphorylation. b lllustration of the genetic approach

for conditional deletion of Pten (exon 4+ 5) or/and insertion of [-gp130-ZSGreen in prostate epithelial cells under the control of Probasin (PB)
promoter after Cre-mediated recombination resulting in PB—CreAr,'/i’ter)ﬂ/ﬂ;L-gp730*/+ (hereafter PtenPeb), PB-Cre4;Pten”*;L—gp730ﬂ/ﬂ (hereafter
L-gp130P°KX) and PB-Cre4;Pten™:1-gp 130" mice (hereafter PtenP®2,1-gp130P*/X). pe: prostate epithelium; fl: floxed site; ex: exon; 2A: 2A
peptide; CAG: CAG promoter; KI: knock in; A: knock out. ¢ Representative immunohistochemistry (IHC) pictures of phospho-AKT (p-AKT)

and immunofluorescence (IF) pictures of co-stainings of ZSGreen (red) and DAPI (blue) in mouse prostates. DAPI is used as a nuclear stain.

Scale bar: 40 um. Scale bar of inset: 10 um. d Gross anatomy of representative mouse prostates. Scale bar: 0.5 cm. e Prostate weight of wild type
(n=10), L-gp130°"M (n=14), Pten®*® (n=14), and Pten”**%,1-gp130P*/X (n = 14) mice. Individual biological replicates are shown. Data are
plotted as the means+SD and p-values were determined by ordinary one-way ANOVA with Tukey’s multiple comparisons test. f Representative
pictures of hematoxylin & eosin (H&E) stains of mouse prostates at low (top) and high (bottom) magnification. Scale bar upper panel: 60 um, scale
bar lower panel: 10 um. g Quantification of histopathological analysis of prostate tissue from wild type (n=9), -gp130°*X (n=9), PtenP*2 (n=11),
and Pten®%:1-gp130P*KX! (n = 9) mice in regards of histomorphological criteria for aggressive growth patterns: without pathological findings
(white); PIN: prostate intraepithelial neoplasia (grey); PCa: prostate cancer (red)
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Results

Constitutive activation of IL6ST signaling in prostate
epithelial cells

To investigate constitutively activated IL6ST signaling,
we used the so-called Leucine-gp130 (L-gp130) con-
struct introduced by Stuhlman-Laeisz et al. [33] (Fig. 1a,
right panel), where the entire extracellular part of the
wild type IL6ST receptor (Fig. 1a, left panel) is replaced
by a leucine zipper, causing forced receptor dimeriza-
tion and ligand-independent constitutive activation of
downstream signaling. The wild type IL6ST receptor
requires stimulation by the cytokine Interleukin-6 (IL-6)
and Interleukin-6 receptor (IL-6R) for downstream sign-
aling [9]. The downstream signaling cascades of L-gp130
include JAK/STAT, PI3K/AKT, MEK/ERK, and Hippo/
YAP (Fig. 1a, right panel), which are identical to those
of wild type IL6ST signaling following binding of IL-6
ligand and IL-6R. To study the role of constitutively acti-
vated IL6ST signaling in vivo and to decipher the respec-
tive downstream signaling axis involved in PCa, the
L-gp130 transgene composed of a synthetic CMV-Actin-
Globin composite (CAG) promotor mediating expression
of L-gp130 and Zoanthus sp. green fluorescent protein
(ZSGreen) was integrated into the ROSA26 locus, which
can be transcriptionally activated by Cre-mediated
removal of the Westphal stop sequence [3]. We intro-
duced this construct into a conditional mouse model
with prostate epithelium-specific Cre expression with
sexual maturity using Probasin (PB)-Cre4 mice [21, 23].
This approach generated mice with prostate epithelium-
specific constitutively active L-gp130 alleles (L-gp130P"
KL pe: prostate epithelium; KI: knock in). These
L-gp130P**VX! mice were then crossed with mice in which
Pten deletion occurs in the prostate epithelium upon
PB-Cre4 expression, leading to the development of PCa
(PtenP*®'®; A: knock out) [20]. The crossbreed resulted
in PCa mice with additional prostate epithelium-specific
constitutively activated IL6ST signaling (PtenP®;L-
gp130PXVXY) (Fig, 1b).

Deletion of Pten and insertion of L-gp130 were con-
firmed after the onset of puberty by Polymerase Chain
Reaction (PCR) (Supplementary Fig. 1a, Additional File
5). In addition, prostate epithelium-specific deletion
of Pten was assessed by IHC analysis of phospho-AKT
(p-AKT) levels, as loss of PTEN leads to phosphoryla-
tion of AKT [14]. PtenP*** and PtenP*'*;L-gp130PKV
Kl showed elevated p-AKT expression compared to wild
type and L-gp130°*V/X! prostate samples (Fig. 1c, upper
panel). Further confirmation of prostate-specific dele-
tion of Pten was obtained by Western blot analysis and
quantification of p-AKT levels. Pten”**® and PtenP®®
AL-gp130P VKD showed significantly increased p-AKT
expression compared to wild type and L-gp130P<UK!
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prostate samples, whereas total-AKT (t-AKT) expres-
sion was not affected between the different genotypes
(Supplementary Fig. 1b-c, Additional File 5). To confirm
the functional expression of the L-gp130 construct, we
examined ZSGreen expression via IF. We found ZSGreen
expression in L-gp130PXVXl and PtenPe®'%;L-gp130PeKV
Kl but not in wild type and PtenP**® prostates (Fig. 1c,
lower panel). Of note, endogenous wild type I/6st mRNA
levels were not changed by L-gp130 expression in the
prostate (Supplementary Fig. 1d, Additional File 5). This
is in line with previous findings revealing no impact on
endogenous IL6ST expression by the introduction of the
L-gp130 construct [3]. Overall, we generated a mouse
model allowing us to examine the consequences of cell-
autonomous, prostate epithelial cell-specific IL6ST
signaling.

Constitutively active IL6ST signaling reduces Pten-deficient
tumor growth in vivo

We next examined the impact of constitutively active
IL6ST signaling in 19-week old mice and found that pros-
tates of wild type and L-gp130P**"X! mice were macro-
scopically indistinguishable. As expected, Pten®**’* mice
developed grossly visible PCa (Fig. 1d). Intriguingly, mice
with concomitant activation of IL6ST signaling (Pten®**
8L-gp130P*KVKY) developed smaller prostate tumors com-
pared to Pten-deficient mice, resulting in a significantly
reduced prostate weight of PtenP®*'%;L-gp130PK/X! com-
pared to Pten”**'® mice (Fig. 1d-e).

Assessment of H&E-stained murine prostates (Fig. 1f)
revealed no pathological features in wild type and
L-gp130°°XVKl mice, except for one L-gp130P*<VK! ani-
mal (accounting for 11.1% of analyzed mice) (Fig. 1g).
This animal exhibited prostatic intraepithelial neoplasia
(PIN), a precursor for PCa. The vast majority (72.7%) of
the Pten”*®’* mice showed PCa [34], whereas only 22.2%
of Pten”®®'%;L-gp130P**VX! mice developed PCa. Instead,
77.8% exhibited only PIN, displaying a less aggressive
morphology compared to Pten”®’* mice. These findings
support a tumor-suppressive role of IL6ST signaling in
PCa in vivo.

L-gp130 expression in prostate epithelial cells enriches
STAT3 target gene expression

To unravel molecular gene expression patterns associated
with the observed phenotypes and to elucidate which of
the possible downstream signaling axes is activated upon
L-gp130 insertion, we performed RNA-Seq analysis of
prostate tissue from wild type, L-gp130P*<VKL ptepped/a
and Pten®*'*;L-gp130°P* /! mice. As our mouse model
allows prostate epithelium-specific modulation and
to specifically isolate these prostate epithelial cells, we
sorted cells obtained from prostate tissue by magnetic
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bead-based cell sorting for EpCAM, a marker for epi-
thelial cells that is expressed uniformly across all four
genotypes (Fig. 2a). This prostate epithelial fraction was
then subjected to RNA-Seq as previously described [22]
(Fig. 2b). Clustering of the samples by 3D-principal com-
ponent analysis based on gene expression revealed that
individual replicates clustered within the genotypes and
confirmed different transcription profiles (Supplemen-
tary Fig. 2a, Additional File 5). Differential gene expres-
sion analysis of PtenP*’® and PtenP**'*;L-gp130P</X!
prostate epithelial cells showed significant upregulation
of 807 and downregulation of 475 genes in PtenP®*'*;-
gp130P KUKl prostates (Fig. 2c). Notably, we detected
nearly twice as many upregulated genes as downregulated
genes, which supports the idea that constitutively active
IL6ST serves as a central receptor of signal transduction
and activator of transcription. There was also a consider-
able, albeit smaller number of 470 genes that were signifi-
cantly upregulated when comparing L-gp130PXVX!l and
wild type prostate epithelial cells, as well as 335 down-
regulated genes (Supplementary Fig. 2b, Additional File
5). Fast pre-ranked gene set enrichment analysis (fGSEA)
of the “Prostate cancer” gene set from the Kyoto Ency-
clopedia of Genes and Genomes (KEGG) collection from
the Molecular signature database (MSigDB) [35, 36]
showed a significant downregulation of analyzed genes
in PtenP**'%;L-gp130PXVK! compared to Pten”®* sam-
ples (Fig. 2d), which supports our mouse data showing
smaller tumors in Pten?®*'*;L-gp130°* /! mice.

To determine which downstream signaling cascade
is activated by L-gp130 in PCa, we performed fGSEA
of PtenP*®*;L-gp130°P° VX! compared to PtenP*** sam-
ples using the REACTOME gene set collection derived
from MSigDB. We detected no apparent change in the

(See figure on next page.)
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regulation of PI3K/AKT, RAS/RAF/ERK/MAPK or
Hippo/YAP signaling cascades (Supplementary Fig. 2c,
Additional File 5). Interestingly, we found significantly
upregulated STAT3 target genes by analyzing three
independent, previously described sets of STAT3 target
genes [37-39]. These results imply that L-gp130 expres-
sion correlated with STAT3 activity, which in turn acts
as a transcription factor in PCa (Fig. 2e). In accordance,
Western blot analysis also showed activation of STATS3,
reflected in increased phosphoY705-STAT3 (pY-
STAT3) levels and unaltered total-STAT3 (t-STAT3)
levels in PtenP*®'*;L-gp130°* VX! compared to PtenP®*/”
prostates (Fig. 2f-g). This finding was further confirmed
using IHC, which showed a nearly 50% increase in pY-
Stat3 positive cells in PtenP**'*;L-gp130P**/X! compared
to Pten”®®® samples, while t-STAT3 levels assessed
semi-quantitatively were constant in both genotypes
(Fig. 2h-j). This increase in pY-STAT3" epithelial cells is
on top of the already nearly 60% pY-STAT3* epithelial
cells seen in PtenP®*’® samples. In addition to the clas-
sical activation of STAT3 via phosphorylation of Y705
[40], transcriptional activation can be regulated by
phosphorylation at Ser727 [41]. PhosphoS727-STAT3
(pS727-STAT3) levels were significantly upregulated
in PtenP*®'%;L-gp130P VKl compared to PtenP®*'® pros-
tates (Supplementary Fig. 2d-f, Additional File 5). In
line, we observed an upregulation of STAT3 target
genes (Supplementary Fig. 2g, Additional File 5) and of
pY-STAT3 abundance (Supplementary Fig. 2h-1, Addi-
tional File 5) when comparing L-gp130P**/X! and wild
type prostate epithelial cells. Of note, in the stromal
cells of mice with L-gp130 insertion in the prostate
epithelium (L-gp130P/Kl and Pten’**’*;L-gp130°°<V
KT mice), we detected no increase in pY-STAT3 and

Fig. 2 L-gp130 leads to activation of the STAT3 transcription factor and STAT3 target gene expression. a Representative immunohistochemistry

(IHC) pictures of mouse prostates stained for the epithelial marker EpCAM. Scale bar: 40 um b RNA-Seq workflow showing processing and magnetic
bead-based enrichment of EpCAM-positive (EpCAM*) mouse prostate tissue. Prostates were dissected and enzymatically and mechanically
dissociated to generate single cell suspensions. Cells were labeled with biotinylated anti-EpCAM antibody and enriched from the bulk population
using streptavidin-coated magnetic beads. EpCAM* cells were subjected to RNA-Seq analysis. ¢ Heatmap and number of differentially expressed
genes (log2norm) based on adj. p-value <0.05 and fold change > 2 cut-off values comparing Pten®®2 and Pten®®2:1-gp130°KX prostate epithelial
cells (n>5). blue: downregulated, red: upregulated. d Fast pre-ranked gene set enrichment analysis (fGSEA) of the KEGG gene set “Prostate cancer”
with genes requlated in Pten®®®/2,1-gp130PK/X compared to PtenP®* prostate epithelial cells. Genes sorted based on their Wald statistics are
represented as vertical lines on the x-axis. NES: normalized enrichment score. e fGSEA of three previously published STAT3 target signatures ("STAT3
targets (Swoboda)’, “STAT3 targets (Azare)", "STAT3 targets (Carpenter)”) with genes regulated in Pten®®®/*;1-gp 130" compared to Ptene?/®
prostate epithelial cells. Genes sorted based on their Wald statistics are represented as vertical lines on the x-axis. NES: normalized enrichment

score. f Western Blot analysis of prostate protein lysates for phosphoTyrosine705-STAT3 (pY-STAT3) and total-STAT3 (t-STAT3) expression in PtenPeA/A
and Pten®%:1-gp130°KK mice (n=5). B-ACTIN (B-ACT) served as loading control. g Quantification of pY-STAT3 protein levels relative to t-STAT3
protein levels shown in f). h Representative pictures of IHC staining of pY-STAT3 and t-STAT3 expression in prostate sections of Pten®** and PtenP*"
&1-gp130P* K mice. Scale bar: 40 um. i-j Quantitative analysis of pY-STAT3 (i) and semi-quantitative analysis of t-STAT3 (j) IHC stainings shown in h)
(n=7). g,i-j Individual biological replicates are shown (g,i). Data are plotted as the means+SD and p-values were determined by unpaired two-tailed
Student’s t-tests (g,i) or Mann-Whitney test (j)
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pS727-STAT3 levels compared to wild type and
PtenP®® mice, respectively (Supplementary Fig. 2m-n,
Additional File 5). This underscores the prostate-epi-
thelium specificity of our mouse model. Taken together,
L-gp130 expression in prostate epithelial cells activates
STATS3 signaling, as evidenced by significantly upregu-
lated STAT?3 target genes and increased pY-STAT3 and
pS727-STAT3 levels.

IL6ST expression correlates with prolonged survival

and STAT3 expression in PCa patients

Based on our mouse data, we hypothesized that high
IL6ST expression in PCa patients would correlate with
favorable clinical outcomes. To investigate the relation-
ship between IL6ST mRNA expression levels and PCa,
we examined the TCGA-PRAD cohort [28] comprising
primary PCa patients and found a significant decrease in
IL6ST mRNA expression in prostate tumor tissue com-
pared to adjacent healthy tissue (Fig. 3a). We divided
patients into IL6ST high and low expression groups using
the maximally selected rank statistics method, which
identifies the cutpoint with the most significant relation
with disease-free survival. Stratifying patients based on
their IL6ST mRNA demonstrated that high IL6ST expres-
sion is linked to a greater probability of disease-free sur-
vival compared to low IL6ST expression (Fig. 3b). In the
TCGA-PRAD cohort, 7.2% of patients with prostate
adenocarcinoma have alterations in the IL6ST gene, with
6.3% accounting for deep deletions and 0.9% for missense
mutations of unknown significance (Fig. 3c). We there-
fore hypothesized that mutations leading to altered IL6ST
expression could impact the initiation and/or progression
of PCa. To test the validity of our findings, we analyzed
four additional data sets from the Oncomine platform
[42]. The results support a significant decrease in IL6ST
mRNA expression in PCa compared to normal prostate
glands, highlighting the potential impact of IL6ST altera-
tions on PCa (Fig. 3d). We also observed a significant
reduction in IL6ST expression relative to the primary PCa
site during PCa progression in recurrent and advanced
PCa and metastasis (Supplementary Fig. 3a, Additional
File 5). Using the SurvExpress Analysis webtool [43], we
next examined the MSKCC Prostate GSE21032 data set
by Taylor et al. [44] in terms of survival, as it provides
not only data on primary but also metastatic PCa. We
assessed risk groups by a median split of samples based
on their prognostic index and observed high expression
of IL6ST in low-risk PCa patients and vice versa (Sup-
plementary Fig. 3b, Additional File 5). In support of our
previous findings from the TCGA-PRAD cohort, cor-
relating biochemical recurrence-free survival time with
IL6ST mRNA expression levels, we detected a signifi-
cantly higher probability of biochemical recurrence-free
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survival associated with high as compared to low IL6ST
levels (Supplementary Fig. 3c, Additional File 5). To fur-
ther validate our findings in an independent dataset, we
analyzed the SMD GSE40727 [45] cohort using the Sur-
vExpress Analysis web tool. Survival analysis of patients
expressing high and low levels of IL6ST, grouped accord-
ing to the optimal risk split, showed a tendency for better
biochemical recurrence-free survival probability in the
IL6ST"8" group compared to the IL6ST" group (Sup-
plementary Fig. 3d-e, Additional File 5). These findings
corroborate a tumor suppressive role of IL6ST expression
in PCa. Interestingly, IL65T mRNA expression positively
correlated with STAT3 expression in PCa patients in both
the TCGA-PRAD cohort and Taylor data set (MSKCC
Prostate GSE21032), providing further evidence of the
interconnected signaling between IL6ST and STAT3 in
PCa (Fig. 3e and Supplementary Fig. 3f, Additional File
5). To examine the IL6ST/STAT3 signaling activation in
the TCGA-PRAD data set, we correlated IL6ST (Sup-
plementary Fig. 3g, Additional File 5) and STAT3 (Sup-
plementary Fig. 3h, Additional File 5) mRNA expression
levels with three STAT3 target signatures assessed by
single sample gene set variation analysis (ssGSVA). All
three STAT3 target gene sets were positively correlated
to IL6ST and STAT3 mRNA expression levels indicat-
ing a tight association of high IL6ST and STAT3 expres-
sion and active STAT3 signaling. Together, these human
patient data suggest that IL6ST expression could serve as
a useful read-out to stratify PCa cases into low- and high-
risk groups.

L-gp130 promotes STAT3/p19**/p53-induced senescence
upon Pten-loss

To further understand the molecular mechanisms
underlying the observed reduction in tumor size in
mice expressing constitutively active /6st in the pros-
tate epithelium, we investigated changes in gene expres-
sion. Performing fGSEA using the HALLMARK gene
set collection from MSigDB, we identified significantly
deregulated gene sets that rely on L-gpl30 expres-
sion in prostate tumorigenesis. Upon L-gp130 inser-
tion, the “IL-6/JAK/STAT3 signaling” gene set was
upregulated in L-gp130°*VK! and PtenPe®'%;L-gp130PKV
Kl mice, compared to wild type and Pten”** mice,
respectively (Fig. 4a and Supplementary Fig. 4a, Addi-
tional File 5). This is noteworthy as IL-6 activates the
Janus kinase (JAK) and subsequently STAT3 by bind-
ing to the IL6ST receptor [9], and therefore upregulated
“IL-6/JAK/STAT3 signaling” aligns with our previous
results on the induction of the STAT3 signaling cascade.
From all HALLMARK gene sets, we found 32 being
significantly deregulated when comparing PtenP®*'%;-
gp130PVXl and PtenP* samples. Among these gene
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Fig. 3 High IL6ST expression is significantly associated with low-risk groups and better recurrence-free survival in human PCa. a IL65T gene
expression in adjacent (1=>52) and PCa (n=497) tissue in TCGA-PRAD data set. Statistical analysis of the two risk groups was determined

by using the Mann-Whitney test. b Kaplan-Meier plot showing time of disease-free survival in months for IL6STY and IL6STM9M risk groups

of the TCGA-PRAD data set. Groups were assessed based on the maximally selected rank statistics. blue: high IL65T expressing group, red: low

IL6ST expressing group. The blue and red numbers above horizontal axis represent the number of patients. ¢ Proportion of IL65T alterations

in the TCGA-PRAD data set. Mutation types: deep deletion (n=21; red), truncating mutations (n=2; black) and multiple alterations (n=1; grey). One
patient has simultaneous mutations. The data originate from cBioPortal. d IL6ST mRNA expression levels of four different data sets of PCa patient
samples compared to healthy prostate sample control. Normalized data and statistical analyses were extracted from the Oncomine Platform.

The respective prostate data set and n-numbers are indicated. Representation: boxes as interquartile range, horizontal line as the mean, whiskers
as lower and upper limits. e Spearman-correlation analysis of IL6ST and STAT3 expression in TCGA-PRAD data set using cBioPortal analysis tool
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sets, the downregulated HALLMARK gene set “Andro-
gen response” (Fig. 4a) points to less androgen recep-
tor signaling in PtenP®®'*;L-gp130P**VX! mice, which is
in line with its crucial role in PCa development [46] and
the observed reduction in cancer aggressiveness in our
Pten®* % L-gp130P /X! mice. The two HALLMARK gene
sets showing the most pronounced downregulation were
“Oxidative phosphorylation” and “Fatty acid metabolism”.
This observation is noteworthy as we have previously
demonstrated an inverse association between the regu-
lation of oxidative phosphorylation and the TCA cycle
with STAT3 expression [47, 48]. This downregulation
is also seen in the corresponding KEGG and Biological
Processes from Gene Ontology pathways (GO-BP) gene
sets (Supplementary Fig. 4b, Additional File 5). Given
that the downregulation of these pathways has previ-
ously been shown to rely on STAT3 signaling, it under-
scores the importance of active STAT3 signaling in the
context of this study. Surprisingly, the two most promi-
nent upregulated gene sets are the proliferation-associ-
ated “MYC targets V1” and “MYC targets V2” (Fig. 4a).
We also observed an upregulation of MYC target genes
in the comparison of L-gp130°*/K! and wild type (Sup-
plementary Fig. 4a, Additional File 5). As MYC gene
expression is regulated by IL6ST/STAT3 [49], this might
contribute to the observed upregulation of MYC tar-
get genes in both comparisons (PtenP®*'%;L-gp130PKV
Kl versus PtenP*®’® and L-gp130P*“VX! versus wild type).
Additionally, the cell cycle-related gene sets “E2F targets”
and “G2M checkpoint” were significantly upregulated.
Considering the reported potential of the IL-6/STAT3
axis to drive rather than inhibit tumor cell proliferation
[50], we investigated proliferation. We did not observe
a significant difference in Ki67 assessed by IHC stain-
ing (Fig. 4b-c). Another gene set that was observed to
be significantly upregulated is the “P53 pathway’, which
is known to mediate oncogene-induced senescence in

(See figure on next page.)

Fig. 4 Expression of L-gp130 induces p19*%
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prostate tumorigenesis [51, 52] and in the Pten-defi-
cient PCa context [8]. Therefore we hypothesized that
the induction of senescence in PtenP®**;L-gp130PeK/K!
compared to PtenP**’® mice causes the smaller tumors
observed in PtenP**%;L-gp130P*XVKl mice. Senescence
is often accompanied by the upregulation of promyelo-
cytic leukemia protein (PML) [53]. Indeed, we observed
increased numbers of PML nuclear bodies in our PtenP®®/
8L-gp130P VX! mice (Fig. 4d-e). An additional defining
characteristic of senescent cells is the release of inflam-
matory cytokines and signaling molecules referred to as
SASP [17]. To investigate the alteration of SASP-related
genes in Pten?®®'*;L-gp130P*KVX! prostate epithelial cells,
we performed fGSEA using the “Core SASP of Pten-loss
induced cellular senescence (PICS)” [54] gene set, previ-
ously described to be induced upon PICS, and found it
to be significantly upregulated in PtenP*'*;L-gp130P</K!
mice compared to PtenP**’2 mice (Supplementary Fig. 4c,
Additional File 5).

Upon closer examination of the molecular play-
ers involved in senescence induction, we found that
the p19*R¥/p53-dependent pathway was activated. We
observed significantly enhanced expression of Cdkn2a
mRNA, which encodes both p16™%* and p194*F (Fig. 4f)
[55]. Using p19**F specific primers revealed a significant
upregulation of this previously described STAT3 target
gene [8] (Fig. 4g). We observed a significant increase in
p53 protein abundance (Fig. 4h-i). In line with this, we
also noted that gene sets representing transcriptional p53
activity were significantly upregulated in our fGSEA of
GO-BP gene sets derived from MSigDB (Supplementary
Fig. 4d, Additional File 5). Based on our data, we thus
propose a model of IL6ST signaling-induced senescence
in PCa, in which STAT3, activated by L-gp130, upregu-
lates p19**F mRNA expression, followed by increased
p53 expression and induction of senescence as seen by
elevated PML expression (Fig. 4j).

-p53-driven senescence in Pten-deficient PCa. a Fast pre-ranked gene set enrichment analysis (fGSEA)

of significantly enriched HALLMARK gene sets with genes regulated in PtenP**%:1-gp130P*X compared to Pten®®*’® prostate epithelial cells.
Dotted line: adj. p-value (-log10(0.05)), blue: downregulated, red: upregulated; b Representative pictures of immunohistochemistry (IHC) staining
of mouse prostates from the indicated genotypes stained for the proliferation marker Ki67. Scale bar: 40 um. ¢ Semi-quantitative analysis of Ki67*
prostate epithelial cells in the indicated genotypes (n=7) shown in b). d Representative pictures of IHC staining of PML of Pten®®* and PtenP®®/
&1-gp130PM prostates. Scale bar: 40 um. e Quantification of PML nuclear bodies per high power field (HPF) shown in d) (n> 5). f Cdkn2a mRNA
expression levels based on normalized counts from RNA-Seq analysis of Pten®®/® and Ptene®/21-gp130°K/X prostates (n > 5). g qRT-PCR mRNA
expression analysis of p19** in mouse prostate tissue of Pten*”'> and PtenP*%:1-gp130°*X mice (n > 5). Signals are relative to the geometric mean
of housekeeping genes. h Western Blot analysis of prostate protein lysates of Pten®*®/® and Pten”®®/%:1-gp 130X mice (n=5) for p53 expression.
B-ACTIN (3-ACT) served as loading control. i Quantification of p53 protein levels shown in h) normalized to loading control. j Proposed model

of IL6ST signaling induced senescence. L-gp130 activated STAT3 binds to its binding sites in Cdkn2a promoter, followed by upregulation of p19"%*
and p53 expression promoting senescence in PCa. ¢,e—g,i Individual biological replicates are shown (e—gi). Data are plotted as the means +SD
and p-values were determined by Mann-Whitney test (c,f), unpaired two-tailed Student’s t-tests (e,g,i)
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IL6ST signaling recruits anti-tumor infiltrating immune
cells

Senescence is closely connected to the TME, known to be
immune-cold in PCa [19]. Consequently, we focused our
examination on the impact of constitutively active IL6ST
on the TME. Indeed, upon analysis of H&E stained pros-
tate sections we detected high-grade immune cell infiltra-
tion in 66.7% of Pten?**'%;L-gp130P**VX! mice compared
to 36.4% of Pten®** mice (Fig. 5a). Only few immune
cells were seen in wild type and L-gp130PXVX! prostates
(Supplementary Fig. 5a, Additional File 5). IF analysis
allowed us to examine the infiltrating immune cell sub-
types and their distribution and revealed a significantly
higher number of CD45" cells in Pten?®*'%;L-gp130P°KV
Kl mice compared to PtenP®*’® mice and the occurrence
of minimal CD45" cells in wild type and L-gp130Pe</KI
mice (Fig. 5b-c and Supplementary Fig. 5b-c, Additional
File 5).

A more detailed characterization showed that L-gp130
expression did not affect B-cell (CD79b) involvement
in immune cell infiltration (Supplementary Fig. 5d-e,
Additional File 5). Importantly, CD3" cells were signifi-
cantly increased in the prostate epithelium of PtenP*/%;L-
gp130° Xl mice (Supplementary Fig. 5f-g, Additional
File 5), whereas, in the adjacent stroma, the CD3* cell
levels did not exhibit a significant difference compared
to Pten”®®'® mice (Supplementary Fig. 5h, Additional File
5). Notably, a substantial proportion of these cells were
CD3*,CD8" positive (Fig. 5d and Supplementary Fig. 5i-j,
Additional File 5), which are considered major drivers of
anti-tumor immunity [56]. We also noted a significant
difference in the ability of CD3*;CD8" cells to migrate
into the epithelium between Pten®®®® and PtenP®®'%;L-
gp130PXVXl mice (Fig. 5e), whereas their proportion in
the stroma was unaffected by L-gp130 expression (Sup-
plementary Fig. 5k, Additional File 5). Concurrently, our

(See figure on next page.)

Fig.5 Expression of L-gp130 in Pten®*%
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findings indicated that CD3%;CD4" T-cells did not play
a significant role in anti-tumor infiltration in our mouse
model (Supplementary Fig. 51-n, Additional File 5).

Next, we examined neutrophils and macrophages to
understand their potential contributions to the immune
response within the prostate epithelium and the TME.
IHC stainings for the neutrophil marker NimpR14 and
macrophage marker F4/80 revealed a significant increase
in the epithelial fraction of PtenP®*'%;L-gp130PeKV
Kl compared to PtenP®*’® prostates (Fig. 5f-h), but no
change in stroma or in the comparison of wild type and
L-gp130°°XVK! mice (Supplementary Fig. 50-t, Additional
File 5), reflecting innate immune cell tumor infiltration
upon constitutive IL6ST signaling activation in PtenP®”’
8L-gp130°KVKl mice. To characterize and distinguish
M1 and M2 macrophages, we performed flow cytom-
etry using CD86 and MHC class II for M1, and CD206
for M2. Results indicated a proinflammatory and tumor-
suppressive M1-like phenotype in PtenP**'%;L-gp130PKV
K prostates, evidenced by significantly downregulated
CD206 expression and a tendency towards upregulated
CD86 and MHC class II compared to PtenP**’® pros-
tates (Fig. 5i-j). Interestingly, selected adaptive and innate
immune system-related gene sets associated with chemo-
taxis, migration, regulation, and activation of immune
cells were significantly upregulated when comparing
PtenP®®8,L-gp130P VKL with PtenP®® samples (Supple-
mentary Fig. 5u, Additional File 5), further substantiating
the importance of infiltrating immune cells, specifically
T-cells, neutrophils and macrophages, in our mouse
model of PCa.

Given the importance of inflammatory cytokines in
regulating the recruitment and activation of T-cells,
neutrophils, and macrophages, we screened the signifi-
cantly deregulated HALLMARK gene sets for related
genes sets. Indeed, the gene set “Inflammatory response”

mice increases infiltration of immune cells mediating anti-tumor defense. a Representative pictures

of hematoxylin & eosin (H&E) stains (upper panel) showing immune infiltrate and quantification of histopathological analysis (lower panel)

of prostate tissue from Pten®®™® (n=11) and Pten®***L-gp130P*""X! (n=9) mice in regards of infiltration (low-grade (grey) and high-grade (red)).
Scale bar: 60 um. b Representative pictures of immunofluorescence (IF) staining of CD45 (red) and DAPI (blue) of mouse prostates with indicated
genotypes. DAPI is used as a nuclear stain. Scale bar: 20 um. ¢ Quantification of CD45™ cells of IF stainings shown in b) (n=5). The percentage

of positive cells relative to Pten®e/4

was calculated. d Representative pictures of immunofluorescence (IF) staining of CD3 (yellow), CD8 (green)

and DAPI (blue) of mouse prostates with indicated genotypes. DAPI is used as a nuclear stain. Scale bar: 20 um. e Quantification of CD3*,CD8" cells
in the epithelium of IF stainings shown in d) (n=5). The percentage of positive cells in the prostate epithelium relative to Pten®*’® was calculated.
f Representative pictures of immunohistochemistry (IHC) staining of NimpR14 (higher panel) and F4/80 (lower panel) of mouse prostates

with indicated genotypes. Scale bar: 40 um. g-h) Quantification of NimpR14" (g) and F4/80" (h) cells in the prostate epithelium of IHC stainings
shown in f) (n>6). The percentage of positive cells in the prostate epithelium relative to Pten®®*2 was calculated. i) Flow cytometry data showing
mean fluorescence intensity (MFI) of F4/80%,Cd11b* macrophages in Pten”®’® and Pten”**'%1-gp130P*/X prostate tissue (n > 3) for CD86, MHC
class I, and CD206. j Representative flow cytomentry blots of data shown in i. k Representative pictures of IHC staining of CD3, NimpR14 and F4/80
(in presented order) of Pten®®®® and PtenP®2:Stat3Pe2 prostates. Scale bar: 40 pm. | Semi-quantitative analysis of CD3, NimpR14 and F4/80 IHC
stainings shown in k) (n>3). ¢, e, g-i, | Individual biological replicates are shown (c,e,g-i). Data are plotted as the means+SD and p-values were
determined by unpaired two-tailed Student’s t-tests (c,e,g-i) or Mann-Whitney test (1)
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and signaling of the effector molecules IFNy and TNFq,
which are secreted by cytotoxic T-cells and affect tumor
cells [57, 58], were significantly upregulated in our RNA-
Seq data set (Fig. 4a). In order to delineate the cytokine
profile more comprehensively, we analyzed serum sam-
ples obtained from the PCa mouse model. We specifi-
cally assessed the expression levels of various cytokines,
chemokines, and receptors, including VEGF, CCLS5,
TNFa, IL-1a, IL-2R, IL-12p70, CXCL1, CXCL5, CXCL10,
CD27, G-CSE. The multiplex immunobead assay analy-
sis revealed a significant alteration in the cytokine pro-
file, characterized by a significant upregulation of the
expression of inflammatory cytokines in the serum of
PtenP*'%;L-gp130PXVX! mice compared to the PtenP®*/®
group (Supplementary Fig. 5v, Additional File 5). Taken
together, these findings provide evidence that constitu-
tively active IL6ST signaling in prostate epithelial cells,
possibly through modifying the chemokine/cytokine pro-
file, promotes the recruitment of T-cells, neutrophils, and
macrophages and reshapes the TME towards higher infil-
tration susceptibility.

To provide mechanistic evidence that these alterations
depend on STAT3 signaling, we utilized a previously
established PCa mouse model featuring PtenP**'* with an
additional prostate epithelium-specific deletion of Stat3
(PtenP*®'8;Stat3P¢A/%), These mice exhibit rapid tumor
proliferation, metastasis, and an early death, in contrast
to the slow, localized tumor progression seen in PtenP*/
mice [8]. Interestingly, several immune response-related
pathways are downregulated in PtenP®*'*;Stat3P*** com-
pared to PtenP*’® prostates [47]. Consistent with these
findings and our data in PtenP**%;L-gp130P<VKl mice,
PtenP®®2,Stat3P*A'2 prostates showed no increase in the
infiltration of CD3" T-cells and F4/80% macrophages,
and a significant decrease in NimpR14% neutrophils
compared to Pten”*’* mice (Fig. 5k-1) highlighting the
importance of STAT3 in immune cell infiltration in
Pten-deficient PCa mice with concomitant active IL6ST
signaling.

(See figure on next page.)
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IL6ST signaling in PCa patients promotes STAT3 activation,
senescence upregulation, elevated immune scores,

and T-cell mediated cytotoxicity

To address the human relevance of our findings concern-
ing the involvement of senescence and anti-tumor immu-
nity in the proposed tumor-suppressive role of IL6ST/
STATS3 signaling, we refined our analysis of the TCGA-
PRAD patient data set by distinguishing IL6ST"" and
IL6ST" groups based on IL6ST mRNA expression levels
(Fig. 3b). The fGSEA of HALLMARK gene sets revealed
that “IL-6/JAK/STAT3 signaling” was upregulated in
IL6ST¢" compared with IL6ST™" patients (Fig. 6a), as
evidenced by increased STAT3 target genes expression
(Supplementary Fig. 6a, Additional File 5). The observed
downregulation of “Oxidative phosphorylation” is in
accordance with the inverse association with STAT3 [47]
and the corresponding KEGG gene set (Supplementary
Fig. 6b, Additional File 5).

As we depicted alterations in senescence and cell cycle
regulators in our in vivo mouse model, we performed
fGSEA excluding any patients with 7P53 mutations
(Supplementary Table 4, Additional File 1). Analysis of
senescence-related gene sets (previously published “Core
SASP of PICS (Guccini)” [54] and “Fridman senescence
up” taken from curated gene sets, class chemical and
genetic perturbations (CGP)) revealed their significant
upregulation in IL6ST"8" PCa patients (Fig. 6b), provid-
ing a possible explanation for their improved survival
(Fig. 3b). These patients also exhibited downregulation
of cell cycle gene sets (“REACTOME: Cell cycle” and
“REACTOME: G1/S transition”) and upregulation of p53
signaling (“WikiPathways (WP): p53 transcriptional gene
network”) (Fig. 6¢).

Using ESTIMATE (Estimation of STromal and Immune
cells in MAlignant Tumor tissues using Expression data),
a tool for predicting tumor purity, and the presence of
infiltrating stromal/immune cells in tumor tissues based
on gene expression data [32], we confirmed that the
majority of PCa patients can be considered immune-cold

Fig. 6 IL6ST signaling in PCa patients actives STAT3 signaling and upregulates senescence, immune score and cytotoxicity. a Fast pre-ranked gene
set enrichment analysis (fGSEA) of significantly enriched HALLMARK gene sets with genes regulated in IL6ST"9" compared to IL65T" expressing
patients from the TCGA-PRAD data set. Dotted line: ad]. p-value (-log10(0.05)), blue: downregulated, red: upregulated; b fGSEA of the previously
described core SASP gene signature upon PICS “Core SASP of PICS (Guccini)” (upper panel) and the curated gene set, class chemical and genetic
perturbations (CGP) “CGP: Fridman senescence up” (lower panel) with genes regulated in IL65T"9" compared to IL6STY expressing patients

from the TCGA-PRAD data set. Genes sorted based on their Wald statistics are represented as vertical lines on the x-axis. NES: normalized enrichment
score. ¢ fGSEA of WikiPathways (WP) gene sets "REACTOME: Cell cycle’,"REACTOME: G1/S transition”and "WP: p53 transcriptional gene network”
with genes regulated in IL65T"9" compared to IL6ST®Y expressing patients from the TCGA-PRAD data set. Genes sorted based on their Wald
statistics are represented as vertical lines on the x-axis. NES: normalized enrichment score. d Immune score from the ESTIMATE method for /L6ST
(red, n=208) and IL6ST"I" (blue, n=283) patients from the TCGA-PRAD data set, compared with Mann-Whitney test. e fGSEA of the top 20 T-cell-,
neutrophil-, and macrophage-associated Biological Processes from Gene Ontology pathways (GO-BP) gene sets with genes significantly regulated
in IL6ST"9M compared to IL6STY expressing patients from the TCGA-PRAD data set. Dotted line: adj. p-value (-log10(0.05)), red: upregulated;
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due to their low immune scores (Supplementary Fig. 6c¢,
Additional File 5). Notably, higher immune scores have
been associated with longer survival rates in PCa patients

[59]. In our patient cohort, IL6ST 8" patients showed
significantly higher immune scores compared to IL6ST-
low patients (Fig. 6d), correlating with the upregulation
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of immune response-related gene sets (Fig. 6a). Fur-
thermore, the top 20 GO-BP gene sets associated with
T-cell activation and cytotoxicity, neutrophils and mac-
rophages were upregulated in IL6STM&" compared to
IL6ST expressing patients from the TCGA-PRAD data
set, emphasizing the relevance of T-cell, neutrophil and
macrophage mediated tumor-defense in PCa patients
with high IL6ST expression (Fig. 6e). In summary, our
data reveal that PCa patients with high IL6ST expression
exhibit increased senescence, reduced cell cycle activity,
and enhanced immune cell infiltration, which likely con-
tribute to their improved survival outcomes.

Discussion

In this study, we show that in a Pten-deficient PCa mouse
model engineered to constitutively activate IL6ST signal-
ing, STAT3 activation was increased, STAT3 target gene
signature was amplified and PCa tumor growth was sig-
nificantly reduced compared to mice only deficient in
Pten. The proposed roles of active IL6ST signaling in

PCa observed in this study are summarized in Fig. 7. We
found that enhanced STAT3 signaling was associated
with more pronounced p19**¥/p53 mediated cellular
senescence in the tumor tissue. These findings comple-
ment previous data showing that inducing a Stat3 knock
out (KO) in PCa mice resulted in larger tumor sizes
mediated by loss of senescence [7, 8]. The STAT3 signal-
ing axis thus appears to regulate tumor growth in PCa by
primarily inhibiting tumor progression rather than ini-
tiation. This is evidenced by the majority of PtenP®*/4;L-
gp130° VKl mice displaying PINs and not PCa, as was
predominantly found in Pten?**’* mice.

The data presented here provide substantial validation
and significantly broaden the scope of our previously
posited hypotheses [8], that 1) the STAT3/p19*RF axis
acts as a safeguard mechanism against malignant pro-
gression in PCa, 2) expression levels of constituents of
the IL6ST/STATS3 signaling axis could act as key markers
to stratify PCa cases into low- and high-risk groups, and
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3) strategies aimed at manipulating this signaling path-
way could serve as a novel therapeutic approach for PCa
treatment.

The tumor-suppressive role of STAT3 signaling in PCa
contrasts with the oncogenic function in numerous can-
cers, where it is often hyperactivated [4, 60]. However,
accumulating evidence suggests that it may also function
as tumor suppressor depending on signaling context and
tumor type [61, 62]. For example, Stat3 deletion resulted
in increased astrocyte tumor formation in SCID mice in
the absence but not in the presence of PTEN [63]. Addi-
tionally, in a mouse model of colorectal cancer crossed
with Stat3 conditional KO mice, Stat3 KO in intestinal
cells revealed an oncogenic role, whereas a KO during
tumor progression enhanced tumor invasiveness, reflect-
ing a tumor suppressive role [64]. In a more specific
example, a mouse model of drug-induced cancer dem-
onstrated that STAT3 expression appeared to suppress
tumor formation in the presence of a toxicant causing
chronic liver injury, inflammation, and fibrosis, whereas
it enhanced tumor formation induced by a DNA damag-
ing agent [65]. Further examples have been reported for
lung cancer, thyroid cancer and head and neck squamous
cell cancers [62], additionally supporting the notion that
STATS3 signaling has a dual role, rather than a strictly
oncogenic one.

As a possible molecular mechanism underlying this
ambiguous behavior, activity of the STAT3f isoform has
been suggested. This isoform lacks the C-terminal trans-
activation domain and was shown to inhibit proliferation
and stimulate cell death, possibly through heterodimer-
izing with STAT3aq, thereby preventing it from activating
its target genes [61]. In contrast, our data suggest that a
different mechanism mediates the tumor suppressive
activity of STAT3 signaling in prostate cells with consti-
tutively activated IL6ST. This assumption is based on the
observed clear upregulation of transcription in both the
absence and presence of PTEN (PtenP®/%;L-gp130PKV
Kl and L-gp130°*VK! mice), as determined from differ-
ential gene expression analyses. Another aspect where
context dependency seems to be decisive is senescence
and its associated SASP. Both have nuanced roles in
PCa, with outcomes potentially shaped by context and
genetic backgrounds [66]. Examining the transcriptome
upon constitutively active IL6ST signaling in greater
detail, we identified a significant upregulation of the
senescence-associated p19“*F/p53 pathway and PICS.
Targeting senescence in this context has been suggested
to potentially hold significant promise in cancer therapy
[52, 67, 68]. However, a tumor-promoting effect linked
to increased SASP in a PCa mouse model with additional
KO of Stat3 has been reported [69]. One possible factor
contributing to this divergence in outcomes might be

Page 18 of 22

influenced by the specific Stat3 KO approach that tar-
gets only the tyrosine phosphorylation site of Stat3 and
not the DNA-binding domain [70]. Variations in STAT3
expression, such as dominant-negative STAT3, can have
profound implications on disease outcomes [71]. Our
studies, spanning four independent mouse model sys-
tems addressing the IL-6/IL6ST/JAK2/STAT3 signal-
ing axis, consistently indicate a tumor-suppressive effect
of STAT3 activation [7, 8]. Specifically, our genetic PCa
mouse model with KO of Stat3, in which the DNA-bind-
ing domain of Stat3 is targeted [72], leads to aggressive
PCa growth [8]. Additionally, we have previously shown
that the KO of 1l6, the activator of the IL6ST/STAT3
signaling, enhances PCa development [8]. By using an
independent mouse model, our current study addition-
ally emphasizes a tumor-suppressive role for constitu-
tively active IL6ST/STAT3 signaling and its associated
elevated SASP. This divergence in findings highlights the
need to consider context- and patient-specific factors,
further challenging the current discussion on the thera-
peutic advantages or hazards of IL-6/STAT3 inhibition.

To assess the potential clinical relevance of our murine
findings, we analyzed several PCa patient cohorts. We
discovered that in the overall patient population IL6ST
expression was significantly reduced in the prostate
tumor tissue compared to surrounding non-cancerous
tissue. However, when we separated these patients into a
high and a low IL6ST expressing group, we detected that
higher IL6ST expression correlated with higher STAT3
expression and, more importantly, with prolonged sur-
vival of these patients. Therefore, based on the hypoth-
esis that enhanced IL6ST signaling, as observed in our
mouse model, helps restrain cancer progression, we pro-
pose that IL6ST expression levels, possibly along with
STAT3 and ARF levels, could serve as indicators for low-
and high-risk PCa groups. However, it must be consid-
ered that the chosen RNA analysis methods can impact
the outcome [73]. Therefore, further analyses are needed
to validate IL6ST expression as a prognostic marker in
PCa, including protein-level analysis, robust biomarker
models, and functional studies. This could help prevent
overtreatment and unnecessary reductions in quality of
life for PCa patients [74].

A further important potential lead for future treatment
of PCa patients derived from our study is the observa-
tion that enhanced IL6ST signaling was associated with
high-grade immune cell infiltration at the tumor site.
This infiltration included CD3*;CD8" T-cells, neutro-
phils, and M1-like macrophages that are considered
major drivers of anti-tumor immunity [56, 75], and was
accompanied by an upregulation of adaptive and innate
immune system-related gene sets. In general, PCa cells
and those comprising its microenvironment are known
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to express and secrete molecules mediating immunosup-
pression, rendering PCa immune-cold [19] and thus not a
good target for otherwise highly efficient immune-based
therapies [76]. PCa is also associated with low mutational
burden and low immunogenicity [77], and thus little
responsiveness to therapies based on immune checkpoint
inhibitors [78]. Consequently, the potential to enhance
immunogenicity by manipulating IL6ST signaling could
present a novel therapeutic approach in PCa therapy.

Our analysis of human patient data sets supports this
idea, confirming that, while most PCa patients examined
must be regarded as immune-cold (as determined by
the ESTIMATE tool [32]) those with high IL6ST expres-
sion exhibited a better immune score. These patients
also showed upregulated gene sets associated with
T-cells, neutrophils, and macrophages and, noteworthy,
increased senescence-related gene sets. As to the latter,
it remains to be shown whether immune cell infiltration
is the direct consequence of enhanced IL6ST signaling
and the associated senescence induction or its cause [66,
79]. In either case, there is evidence suggesting that a
higher number of tumor infiltrating lymphocytes in PCa
is associated with better patient outcomes [80]. Consid-
ering the immense potential of novel approaches, such
as the induction of synthetic cytokine signaling circuits
allowing immune cells to overcome immunosuppres-
sive microenvironments and infiltrate immune-excluded
solid tumors [81], it appears conceivable that strategies
mediating prostate-specific, active IL6ST signaling have
potential to effectively attack tumor cells.

Altogether, the present study reveals that increased
IL6ST signaling is linked with suppressed tumor growth
and amplified STAT3 target gene signatures. Contrary to
its oncogenic role in many cancers, IL6ST/STAT3 signal-
ing demonstrated tumor-suppressive activity in the con-
text of PCa, potentially through the upregulation of the
senescence-associated p19*RF/p53 pathway. Addition-
ally, elevated IL6ST signaling in tumors was linked to
increased immune cell infiltration, implying that enhanc-
ing IL6ST signaling might be a promising therapeutic
strategy for boosting anti-tumor immunity in PCa. Clini-
cal analysis of PCa patients showed a positive correlation
between high IL6ST expression and longer recurrence-
free survival, suggesting that IL6ST expression levels
could aid in risk stratification.

Conclusions

In conclusion, our study redefines the role of IL6ST/
STAT3 signaling in PCa, uncovering its tumor-suppres-
sive effects through senescence and immune cell recruit-
ment. This challenges the traditional view of STAT3 as
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an oncogene and questions the strategy of inhibiting this
pathway for PCa treatment. Advocating for IL6ST activa-
tion as a novel therapeutic strategy, we pave the way for
innovative cancer therapies that leverage immune system
engagement to combat tumors. Our findings position
active IL6ST signaling as a crucial element in developing
more effective treatments for PCa, highlighting its poten-
tial to transform PCa therapy.
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