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SUMMARY

Cellular senescence can exert dual effects in tumors, either suppressing or promoting tumor progression.
The senescence-associated secretory phenotype (SASP), released by senescent cells, plays a crucial role
in this dichotomy. Consequently, the clinical challenge lies in developing therapies that safely enhance
senescence in cancer, favoring tumor-suppressive SASP factors over tumor-promoting ones. Here, we iden-
tify the retinoic-acid-receptor (RAR) agonist adapalene as an effective pro-senescence compound in pros-
tate cancer (PCa). Reactivation of RARs triggers a robust senescence response and a tumor-suppressive
SASP. In preclinical mouse models of PCa, the combination of adapalene and docetaxel promotes a tu-
mor-suppressive SASP that enhances natural killer (NK) cell-mediated tumor clearance more effectively
than either agent alone. This approach increases the efficacy of the allogenic infusion of human NK cells in
mice injected with human PCa cells, suggesting an alternative therapeutic strategy to stimulate the anti-tu-
mor immune response in "immunologically cold" tumors.
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INTRODUCTION

Prostate cancer (PCa) is the second leading cause of cancer-
related mortality among men worldwide."? Standard chemo-
therapy can only marginally improve the overall patients’ sur-
vival, providing a palliative benefit for patients who do not
respond to androgen deprivation therapies.>* We and others
have shown that treatments that enhance senescence can
initially suppress tumor growth.® Senescent tumor cells remain
metabolically active and secrete a variety of cytokines and in-
flammatory factors in the tumor microenvironment (TME), known
as the senescence-associated-secretory phenotype (SASP).%”
Interestingly, the SASP of tumor cells acts as a double-edged
sword.>®° On the one hand, it prompts the immune system to-
ward a robust clearance of the senescent cells.®'° On the other
hand, it stimulates tumor cell growth, angiogenesis, metastasis,
and therapy resistance.'"'? Thus, if the tumor immune response
does not remove senescent tumor cells, their persistence may
cause tumor relapse and progression.''* While several pro-
senescence compounds have been discovered, their lack of ef-
ficacy and potentially harmful side effects significantly limit their
clinical use."""">" In this respect, an effective pro-senescence
therapy providing long-lasting benefits in cancer patients is still
missing. Palbociclib, a potent inducer of senescence in tumor
cells, has shown limited clinical efficacy in PCa.'” Here, we
took advantage of a broad chemogenomic screening platform
to identify small molecules capable of triggering senescence in
PCa cells.’® Among different drugs, we identified the retinoic
acid receptors (RARs) agonists as a potent class of pro-senes-
cence compounds in PCa.

RARs belong to a subfamily of nuclear receptors (RARa,
RARB, and RARY) involved in a wide range of pleiotropic effects
spanning from cell growth, differentiation, survival, and homeo-
stasis maintenance.'®? Upon dimerization with the retinoid X
receptor (RXR), RARs work as transcription factors by binding
to the retinoic acid response elements (RAREs) present in the
promoter region of different target genes.”®?'*** Nowadays,
there are several available activators of the retinoic acid (RA)
pathway, with the most effective compounds belonging to the
third-generation retinoids (e.g., adapalene and bexarotene).”*2°
Third-generation retinoids are more chemically stable, less pho-
tolabile, and more lipophilic, allowing a more efficient cell entry.'®

Therapeutically, we demonstrated that RAR agonists treat-
ment in prostate tumor cells also enhanced senescence driven
by docetaxel, a standard of therapy in PCa, switching the
SASP of docetaxel from tumor-promoting into tumor-suppres-
sive. Of note, this combination of compounds increased the in-
tratumoral recruitment of natural killer (NK) cells and promoted
NK cell-mediated tumor clearance. Conceptually, these results
lay the foundation for combining allogenic NK cell-based immu-
notherapies with pro-senescence therapy in PCa patients.

RESULTS

RAR/RXR agonists induce senescence in prostate
cancer cells

To identify pro-senescence compounds capable of enhancing
senescence in prostate tumor cells, we took advantage of a che-
mogenomic screening platform previously developed in the lab-
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oratory.'® The screening library accounted for more than 90,000
compounds. Among them, we prioritized the study of com-
pounds either at an advanced stage of preclinical development
or already used in the clinic (N = 500). The screening library
included drugs developed for cancer, metabolic, and neurode-
generative diseases, some of which were FDA-approved,
and compounds from the “library of pharmacologically active
compounds” (LOPAC) (Figure S1A). Compounds were first
screened in mouse embryonic fibroblasts (MEFs) for their effi-
cacy and selectivity (Figure S1B) and later in both mouse
(TrampC1, TrampC17*®"~'~ and RapidCaP) and human (PC3,
PC3shTIMP1, LNCaP, 22RV1, and LAPC4) prostate tumor cells
(Figures 1A-1D, S1C, and S1D). Among the screened com-
pounds, we identified three retinoids, adapalene, bexarotene,
and acitretin, as the most effective pro-senescence compounds
in both mouse and human prostate tumor cells. Treatment of
prostate tumor cells with adapalene and bexarotene significantly
reduced tumor cell growth and activated a strong senescence
response, as visualized by the increased senescence associ-
ated-B-galactosidase (SA-B Gal) positivity in vitro, without
inducing cell death (Figures 1E-1H, S1E, and S1F).?”*° |n vivo
experiments in allograft (TrampC1 cells injected in C57BL/6
mice) and in xenograft (PC3 cells injected in NRG mice) models
confirmed the induction of senescence in the tumors, as shown
by the reduction of the tumor volume and increased SA-f Gal
positivity (Figures S1G and S1H).

To gain more insights into the mechanism of senescence in-
duction by retinoids in PCa cells, we measured the mRNA
expression of canonical senescence markers in treated cells
(p16, p21, and p27), observing a preferential upregulation of
p21 in all the tested cell lines (Figures 11-1L and S1l). This result
aligns with a published observation, indicating that RAR/RXR-
activating factors might control p21 expression.* To explore
whether p21 induction by RAR agonists was directly responsible
for the senescent phenotype, we took advantage of a small
molecule capable of inhibiting p21 by decreasing its protein level
(UC2288)*"*? (Figure S1J). p21 inhibition prior to adapalene and
bexarotene treatment nullified the pro-senescence properties of
RAR/RXR activation in terms of proliferation arrest and SA-f Gal
positivity (Figures 1M-10 and S1K). These results were
confirmed at the genetic level using a shRNA against p21
(Figures STL=S1N). The loss of p21 impaired the efficacy of ada-
palene and bexarotene, suggesting its central role in RAR/RXR-
driven senescence. Taken together, these data demonstrate that
RAR-RXR activation is a potent pro-senescence therapy for
PCa. Moreover, mechanistically, the senescent phenotype
dwells on the capacity of RARs to control p21, leading to a
prompt arrest of the cell cycle and a persistent senescent state.

The retinol pathway and metabolism are impaired in PCa

To gain more insights into RA-associated signaling in PCa pro-
gression, we analyzed the modulation of different RA-associated
gene datasets in RNA-seq data from more than 1,000 human
prostate specimens. We used a published tool to stratify patients
reporting a clustering progression from normal epithelium to the
primary tumor, followed by castration-resistant prostate cancer
(CRPC) and neuroendocrine (NE) tumors®® (Figures 2A and
2B). We found that several pathways involved in RA signaling,
activation of RA downstream targets, and RA metabolism were
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Figure 1. Identification of RAR agonists as pro-senescence compounds

(A) PC3 cell proliferation fold change with specified compounds, normalized to time 0.

(B) Fold change in PC3shTIMP1 cell proliferation treated with specified compounds, normalized to time 0.

(C) Fold change in LNCaP cell proliferation treated with specified compounds, normalized to time 0.

(D) Fold change in 22RV1 cell proliferation treated with specified compounds, normalized to time 0.

(E) SA-B Gal quantification in treated PC3 cells.

(F) SA-B Gal quantification in treated PC3shTIMP1 cells.

(G) SA-B Gal quantification in treated LNCaP cells.

(H) SA-B Gal quantification in treated 22RV1 cells.

(I) RT-gPCR analysis of senescence markers in PC3 cells.

(J) RT-gPCR analysis of senescence markers in PC3shTIMP1 cells.

(K) RT-gPCR analysis of senescence markers in LNCaP cells.

(L) RT-gPCR analysis of senescence markers in 22RV1 cells.

(M) Experimental design (upper panel) and western blot quantification (lower panel) of treated PC3shTIMP1 cells, referred to Figure S1J.

(N) SA-pGal quantification of PC3shTIMP1 cells treated with p21 inhibitor (p21i) UC2288 and adapalene.

(O) Fold change in proliferation normalized to time 0 of PC3shTIMP1 cells treated with the p21 inhibitor (p21i) UC2288 and adapalene (left panel) and cristal violet
assay quantification (right panel). Data presented in (E-N) and (O, right) are shown as the mean + SD; Data presented in (A-D) and (O, left) are presented as mean +
SEM. Data represent three to five independent experiments. Data presented in (M) represents one experiment. Statistical test used in data presented in (E-H):
one-way ANOVA followed by Tukey’s test *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001. Statistical test used in data presented in (A-D) and (I-O): two-way
ANOVA *p < 0.05, **p < 0.01, ***p < 0.001, ***p < 0.0001. Also see Figure S1.
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Figure 2. The retinol metabolism and pathway are impaired during PCa progression

(A) Venn diagrams depicting the number of differentially expressed genes in each RA-associated signature.

(B) Principal component analysis (PCA) of pan-prostate cancer transcriptomes obtained from the indicated studies of normal prostate (green), and primary
(purple), castration-resistant (CRPC, orange), and neuroendocrine prostate cancer (NEPC, yellow).

(C) PCA showing the activation of RAR signaling pathway during PCa disease progression.

(D) PCA showing the expression of RAR downstream targets during PCa disease progression.

(E) PCA showing the expression of RA metabolism related genes during PCa disease progression.

(F) Plot representing the Pearson correlation of RA-related genes from RNA-seq data of patients. Gray dots represent genes not related to the RAR pathway, blue
dots represent genes related to RA metabolism, green dots represent genes that are RAR targets, and pink dots represent genes related to the RAR signaling.
(G) Barplot showing the NES of RAR downstream targets, RA-associated metabolism and RAR signaling from RNA-seq of PC3shTIMP1 cells upon adapalene
treatment compared to untreated cells.

(H) Plot representing the Pearson correlation of the RA-related genes from RNA-seq data of patients and PC3shTIMP1 cells treated with adapalene. Gray dots
represent genes not related to the RAR pathway, black dots represent genes downregulated upon adapalene treatment, and red dots represent genes upre-
gulated upon adapalene treatment.

(legend continued on next page)
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strongly downregulated during cancer progression compared to
normal tissues (Figures 2C-2E, S2A, and S2B). Human prostate
tumor cells, commonly used in the laboratory for in vitro experi-
ments, also presented a decreased activation of the RA down-
stream targets compared to normal prostate tissue as detected
by RNA-seq (Figure S2C). Among the genes that negatively
correlated with cancer progression in the RA signaling and
downstream target signatures, we found MAOB, ESR1, and
PTGS2, which also control cellular senescence.®**° Between
the genes related to RA metabolism, we found ALDH1A2 and
ALDH1A3 that control the conversion of retinal to RA
(Figures 2F and S2D-S2J). To assess whether adapalene treat-
ment could activate the RA pathways in prostate tumor cells,
we took advantage of PC3 cells that exhibit a decreased RA
signaling compared to normal cells (Figure S2C). Pathway anal-
ysis showed a strong upregulation of genes of the RAR down-
stream targets signature but not of the RA signaling and meta-
bolism (Figure 2G). Moreover, we found that adapalene
treatment increased a signature of cellular senescence, while
cell cycle progression was downregulated in line with our results
in vitro (Figures S2K and S2L). Of note, adapalene treatment in
PCS3 cells restored the transcription of PTGS2, FGFR1, p21,
and CXCLS8, while the levels of ALDH1A1, ALDH1A2, and
ALDH1A3 did not change (Figure 2H).

In line with the gene expression data, metabolic analysis using
2H-labelled retinol (ROH) in normal and PCa cells revealed that
PCa cells could not convert ROH into its active metabolites
(18-cis RA and all-trans RA) (Figures 21 and 2J). Moreover, the
treatment with adapalene in PCa cells did not rectify the RA
metabolic impairment (Figure S2M). In conclusion, adapalene-
dependent RAR activation in PCa cells increases the down-
stream RA signaling without affecting the upstream ROH meta-
bolism needed to convert ROH into its active forms.

RARs activation enhances the efficacy of docetaxel by
increasing senescence and reprogramming the SASP
Docetaxel is a taxane used at a late stage in metastatic PCa pa-
tients who experience hormonal therapy failure.*® In recent years,
several reports have also demonstrated that docetaxel can be
effective when administered to hormone naive metastatic PCa
patients.>”"*® Like other chemo- and radiotherapies, docetaxel
can induce a strong senescence response.’ ' '%*9 We, therefore,
assessed whether RAR/RXR agonists could enhance the efficacy
of docetaxel-induced senescence when administered in combi-
nation by using the human PCa cell line PC3shTIMP1. As previ-
ously shown, PC3shTIMP1 cells are characterized by higher
migratory capacity, invasiveness, and resistance to docetaxel
therapy compared to PC3 cells, making them a suitable model
for studying aggressive PCa. These tumor cells, when treated
with docetaxel, secrete various tumor-promoting factors,
including FGF1, IGFBP5, MMP2, and MMP9, which ultimately
contribute to therapy resistance and metastatic dissemination. '
We tested different concentrations of the drugs in a synergistic
proliferation assay (Figure S3A). We monitored the growth inhibi-
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tion of cancer cells after 48 h of treatment and calculated the
combination index (Cl) to assess the drug synergism.*>*" Briefly,
a Cl equal to 1 indicates an additive effect, a Cl greater than 1 in-
dicates antagonism, and a CI lower than 1 indicates syner-
gism.*>*! In PC3shTIMP1 cells, the combinatorial treatment of
docetaxel + adapalene and docetaxel + bexarotene (Combo) effi-
ciently reduced cell growth compared to the single treatments
(Cl=0.74 and Cl = 0.62, respectively) (Figure 3A). These results
were also confirmed in 22RV1 cells (Figure S3B). The cell-cycle
arrest induced by the Combo was also accompanied by a strong
induction of senescence in vitro as measured by SA-B-Gal assay
and RT-gPCR for different senescence markers. The combina-
tion of docetaxel + adapalene or bexarotene increased the per-
centage of senescent tumor cells from 30% to 60% and from
40% to 60%, respectively, compared to docetaxel alone in
both PC3shTIMP1 and 22RV1 cells (Figures 3B, 3C, and S3C).

We next treated PC3shTIMP1 cells with docetaxel, adapalene,
or the Combo for more than seven days to assess whether
Combo-induced senescence was more endurable than doce-
taxel-induced senescence. While docetaxel initially arrested
cell proliferation in a fraction of cells by inducing senescence, af-
ter ten days in culture, non-senescent cells started to proliferate
again due to the effect of the SASP as previously reported (Fig-
ure 3D)."**2 On the contrary, adapalene and Combo established
a permanent senescence state, thus highlighting the long-lasting
effects of the growth arrest triggered by RAR agonists in prostate
tumor cells (Figure 3D).

Next, we characterized the SASP evoked by the Combo and
the single treatments by performing RNA-seq followed by
pathway analysis and a cytokines array on PC3shTIMP1 cells
(Figures 3E, 3F, S3D, and S3E). Interestingly, and in line with pre-
vious findings,'®** we found that while docetaxel upregulated
multiple tumor-promoting secreted factors, adapalene treat-
ment reverted this phenotype. Among the most downregulated
factors in Combo-treated cells, we found FGF, IL-6, IL-23,
MMP9, and THBS1 that, as previously shown, can promote
prostate tumor outgrowth and migration (tumor-promoting
SASP)'3“3 (Figures 3F and S3E). Interestingly, the secretome
of the Combo-treated cells was also enriched with many
secreted factors linked to the activation of the anti-tumor im-
mune response, such as IL-33, IL-15, MIG, and IL-12 (immune
activating SASP) (Figures 3F and S3E).***°

We next investigated the role of the SASP at the functional
level by performing conditioned media (cm) experiments using
PC3shTIMP1 cells treated with either docetaxel, adapalene, or
Combo and untreated parental tumor cells (Figures 3G-3L).
The cm from Docetaxel-treated cells increased the invasion,
migration, and proliferation of parental untreated tumor
cells.”>*? However, these phenotypes were not observed in tu-
mor cells treated with the cm of adapalene or the Combo
(Figures 3G-3L). These results were further validated by cocul-
turing RapidCaP cells pre-treated with docetaxel, adapalene,
and the Combo in the presence of td-Tomato™ labeled parental
untreated RapidCaP cells (Figure 3M). While docetaxel-treated

(I) Experimental design of (J).

(J) Fold change in ROH conversion products (atRA and 13-cisRA) in a non-transformed prostate cell line, RWPE-1, and a cancer cell line, 22RV1 upon 2H-ROH
exposure. Data presented in (J) are shown as the mean + SD representing one experiment. Statistic test used in (J): one-way ANOVA followed by Tukey’s test

*p < 0.05, **p < 0.01, **p < 0.001, ****p < 0.0001. See also Figure S2.
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Figure 3. RARs activation enhances chemotherapy by reprogramming the SASP
(A) Heatmap showing the results of the synergistic proliferation assay performed on PC3shTIMP1 cells treated with the combination of either docetaxel and
adapalene or docetaxel and bexarotene (48 h of treatment).

(legend continued on next page)
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cells propelled the proliferation of td-Tomato™ cells, adapalene
and Combo-treated cells did not (Figures 3N and 30). These
data demonstrate that adapalene enhances senescence and re-
programs the SASP of docetaxel-treated cells, thereby stably
arresting tumor cell proliferation and mitigating the pro-tumori-
genic effects of the docetaxel-driven SASP.

Adapalene treatment reprograms docetaxel-induced
SASP by inhibiting AP-1

Intrigued by the capability of adapalene to revert the pro-tumor-
igenic SASP of docetaxel, we dug into the mechanisms that
regulate the composition of the SASP by comparing the SASP
of docetaxel and Combo treated cells. Between the factors up-
regulated by docetaxel but downregulated by Combo treatment
(Figures 4A and 4B), we identified the transcription factors JUN,
FOS, PRDM1, EGR1, ATF3, and TNFAIP3, all of which belong to
the AP-1 family of transcription factors (Figure 4B).“® Interest-
ingly, AP-1 has been previously identified as a pioneer transcrip-
tion factor upregulated in senescent cells.*>*” Network analysis
confirmed that JUN was the most interconnected transcription
factor between the top upregulated factors in docetaxel-driven
senescence, suggesting that it could be a possible regulator of
all the other factors (Figure S4A). Therefore, we formed the hy-
pothesis that AP-1 could control the tumor-promoting SASP
of docetaxel, and this could be reverted by adapalene co-
treatment.

First, we engineered PC3shTIMP1 cells to express a fluores-
cent reporter (mCherry) for AP-1 activity (Figure 4C).*® While do-
cetaxel treatment increased the mCherry signal, adapalene
administration blocked the activation of AP-1 induced by doce-
taxel (Figures 4D and 4E).

We also validated the role of AP-1 inhibition in docetaxel-
induced SASP by taking advantage of a known AP-1 inhibitor,
T-5224 (Figures 4D and 4E).*® Administration of T-5224 to pros-
tate tumor cells treated with docetaxel, adapalene, or Combo
did not affect senescence establishment (Figure 4F). Of note,
AP-1 inhibition reverted the detrimental effects of the doce-

¢ CellP’ress

taxel-driven SASP on untreated parental prostate tumor cells,
as assessed by tumor cell proliferation, migration, and SASP
gene expression levels, thereby phenocopying the effect of ada-
palene (Figures 4G-4K and S4B). These findings were further
validated using a selective JUN inhibitor (Juni) (Figures S4C-
S4G). Conversely, overexpression of c-JUN in PC3shTIMP1
cells treated with docetaxel further increased the levels of the tu-
mor-promoting SASP genes (Figures S4H-S4J). Taken together,
these results show that the tumor-promoting SASP of docetaxel
depends on AP-1. Inhibition of AP-1 by RAR agonists repro-
grams the SASP of docetaxel, preventing its harmful effects on
neighboring tumor cells.

Adapalene, in combination with docetaxel, enhances
senescence and activates an anti-tumor immune
response

We next validated the efficacy of adapalene and docetaxel
combinatorial treatment in vivo. We subcutaneously injected
RapidCaP cells into C57BL/6 mice. When tumors reached a
final volume of 100 mm3, treatments were administered either
in single or combination (Figure 5A). Combinatorial treatment
of adapalene and docetaxel significantly reduced tumor
growth, while single treatments showed a less pronounced ef-
fect (Figure 5B). At early time points, Combo-treated tumors
showed a strong senescence response compared to single-
treated tumors as detected by RT-gPCR, IHC, SA-p Gal,
and western blot analysis for p21 (Figures S5A-S5D). At a
late time point, combo-treated tumors also presented an up-
regulation of the cell death marker cleaved caspase 3 (CC3)
by western blot and immunoflorescence (IF) (Figures 5C, 5D
and S5E).

Given that the SASP induced by the Combo was enriched in
cytokines capable of attracting and activating immune cells
(Figures 3F and S3E), we next investigated whether such treat-
ments could influence the tumor immune response. Thus, we
performed FACS analysis to characterize the immune popula-
tions infiltrating the tumors of treated mice. We found that the

(B) Quantification of SA-p Gal assay performed in PC3shTIMP1 cells after two days of treatment with docetaxel, adapalene, and their Combo (left), and docetaxel,

bexarotene, and their Combo (right).

(C) RT-gPCR analysis for the senescence markers in PC3shTIMP1 cells treated with docetaxel, adapalene, and the Combo.
(D) Fold change in PC3shTIMP1 cells proliferation normalized on day 7 in continuum treatment with the indicated drugs for 12 days (media refreshed every

three days).

(E) Pathway analysis performed on the RNA-seq of PC3shTIMP1 cells, showing the upregulated and downregulated pathways in Combo vs. docetaxel and

docetaxel vs. vehicle. Pathway reported with FDR <0.05.

(F) Cytokine array of PC3ShTIMP1 cells treated with the indicated drugs and normalized on the vehicle-treated cells.

(G) Experimental design of (H and I).

(H) Quantification of Boyden chamber migration assay performed on PC3shTIMP1 cells exposed to the cm of docetaxel, adapalene, or the Combo, expressed as

fold change in OD590.
(I) Representative images of Boyden chambers stained with cristal violet.
(J) Experimental design of (K and L).

(K) Percentage of wound density of PC3shTIMP1 parental cells treated with conditioned media (cm) from docetaxel, adapalene, or Combo-treated

PC3shTIMP1 cells.
L) Representative pictures of K (scale bar: 400 um).
M) Experimental design of (N and O).

RCU x um?/image).

(
(
(N) Proliferation of TdTomato* RapidCaP cells cocultured with senescent non-labeled RapidCaP cells, quantified as fold change in total integrated intensity
(
(

O) Representative images of the proliferation assay in N (scale bar: 400 um, inserts 200 um). Data presented in (B), (C), and (H) are shown as the mean + SD.
Statistic test used for (H): one-way ANOVA followed by Tukey’s test “p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Data presented in (D), (K), and (N) are shown
as the mean + SEM. Statistic test used in (B-D), (K), and (N): two-way ANOVA *p < 0.05, *p < 0.01, **p < 0.001, ***p < 0.0001. Data presented in (F) are
representative of one experiment. Data shown in panels (A-D), (H), (K), and (N) are representative of three independent experiments. See also Figure S3.
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Figure 4. Adapalene reprograms the detrimental SASP triggered by docetaxel through AP-1

(A) Heatmap showing the differentially expressed transcription factors in PC3shTIMP1 cells treated with docetaxel, adapalene, and the Combo. Genes reported
with FDR <0.05 in at least one comparison to the vehicle.

(B) Focus on the heatmap showing the differentially expressed transcription factors in PC3shTIMP1 cells having an opposite expression pattern in cells treated
with docetaxel compared to vehicle and in the Combo compared to docetaxel.

(C) Schematic representation of (D and E).

(D) Representative pictures of AP-1-mediated transcriptional activition depicted as mCherry fluorescence.

(E) Quantification of mCherry positive PC3shTIMP1 cells upon docetaxel, adapalene, or Combo treatments in the presence or absence of the AP-1 inhibitor (AP-
1i) T-5224.

(legend continued on next page)
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percentage of NK, but not NKT cells, was enriched in Combo-
treated prostate tumors compared to tumors untreated or
treated with single drugs (Figures 5E-5H and S5F-S5I). In line
with our data in vitro (Figures 3F and S3E), RT-gPCR analysis
on total tumor lysates showed that tumors treated with the
Combo, but not with the single treatments, upregulated several
secreted factors that both recruit and activate NK cells such as
IL-12, IL-15 and IL-33, three critical recruiters of NK cells®®~>2
(Figures 51 and S5J). Increased tumor infiltration of NK cells
was also associated with higher Interferon-y and granzyme-B in-
tratumor levels, suggesting that these immune cells were acti-
vated®® (Figure 5l). Next, we co-treated RapidCaP-injected
mice with the Combo in the presence of the NK1.1 blocking anti-
body. Of note, intratumoral depletion of NK cells partially
rescued the anti-tumor effect of the Combo (Figure S5K). These
data were further validated using the anti-Asialo-GM1 blocking
antibody, which targets a glycolipid found on the surface of NK
but not on NKT cells (Figures 5J-5L).°* On the contrary, the
depletion of CD8* T cells in tumor-bearing mice treated with
the Combo was ineffective (Figure S5L). In sum, these data
showed that the Combo treatment is a valuable pro-senescence
therapy for cancer. On the one hand, it promotes a strong cellular
senescence in prostate tumor cells; on the other hand, it drives a
SASP that recruits NK cells, which mediate a substantial cyto-
toxic anti-tumor effect.

Adapalene, in combination with docetaxel, increases
the anti-tumor activity of human NK cells

To corroborate the results obtained in vivo in a clinically relevant
setting, we studied the interplay between senescent human tu-
mor cells and human NK (hNK) cells. hNK cells were isolated
from human PBMC and incubated with different human PCa
cell lines (PC3, LNCaP, and 22RV1) treated with vehicle, doce-
taxel, adapalene, or the Combo to trigger cellular senescence
(Figure 6A). As measured by cytotox emission, NK-mediated
cell death significantly increased only in Combo-treated senes-
cent cells. On the contrary, docetaxel or adapalene-treated cells
were less efficiently killed by NK cells (Figures 6B-6E). To further
understand whether this effect was mediated by the drug treat-
ment, the SASP, or the NK-tumor cells interaction, we performed
a co-culture experiment using PC3 cells and three different ap-
proaches (Figure 6F): (1) direct treatment of hNK cells with the
different compounds, (2) treatment of hNK cells with the SASP
of treated cells, and (3) directly co-culturing hNK cells with
PC3 cells treated with the different compounds. Remarkably,
we found a substantial killing of tumor cells only when hNK cells
were cocultured with the Combo-treated cells (Figure 6G).
Together, these data suggest that Combo-treatment can affect

¢ CellP’ress

the levels of NK-activating and/or -inhibitory ligands. To validate
this hypothesis, we performed gene expression profiling for mul-
tiple activating and inhibitory NK cell ligands in prostate tumor
cells treated with different compounds. In Combo-treated cells,
we found an upregulation of both MICA and ULBP2, two ligands
of the NK group 2 member D protein (NKG2D) receptor, and
downregulation of CEACAM1 and LECTIN, two inhibitory ligands
binding to HAVCR2 and LAG3 (Figure 6H).°> MICA, but not
ULBP2, was also upregulated at the protein level, as demon-
strated by FACS analysis on the same cells (Figures 61 and 6J).
To functionally validate the role of NKG2D-mediated NK cell
killing in our setting, we co-cultured hNK cells with tumor cells
treated with the Combo in the presence or absence of a blocking
antibody for NKG2D (anti-NKG2D) (Figure 6K). Treatment with
the anti-NKG2D impaired hNK-cell-mediated death in prostate
tumor cells treated with the Combo (Figure 6L).

Intrigued by these findings, we assessed whether senescence
triggered by the combination of adapalene and docetaxel could
enhance the efficacy of allogenic hNK cell therapy in mice in-
jected with human prostate tumor cells. NRG mice, that do
not possess functional NK cells, were challenged with
PC3shTIMP1 cells and treated with vehicle, docetaxel, or the
Combo. Two weeks after the treatment, mice were injected IP
with 2.5 x10% hNK cells (Figure 6M). While in untreated or doce-
taxel-treated mice, infusion of hNK cells did not promote tumor
regression, mice treated with the senescence-inducing combi-
nation of drugs showed a dramatic reduction in tumors volume,
along with an increased percentage of tumor-infiltrating hNK
cells (Figures 6N and 60).

A migration assay performed by co-culturing prostate tumor
cells treated with the different compounds and hNK cells
showed an increased migration of hNK cells only in Combo-
treated cells. This effect was partially abrogated by the knock-
down of IL-833 and IL-12 in Combo-treated PC3 cells
(Figures S6A-S6C).

Collectively, these results demonstrate that the SASP of
Combo-treated tumor cells increases the intratumoral recruit-
ment of NK cells while the upregulation of MICA on senescent tu-
mor cells mediates the activation of NK cells. These data pave
the way to the clinical implementation of allogenic NK cell-based
immunotherapies in PCa patients treated with immune-acti-
vating pro-senescence regimens.

DISCUSSION
Cellular senescence is a complex biological process character-

ized by tumor-suppressive features, which can be exploited as
therapeutic target for cancer treatment.>®°° During the last

(F) Quantification of SA-B Gal staining of PC3shTIMP1 cells treated with docetaxel, adapalene, or the Combo in the presence or absence of the AP-1i.

(G) Representation of the experimental design (upper panel) and fold change in proliferation of PC3shTIMP1 cells treated with the cm of prostate tumor cells
treated with docetaxel or the Combo in the presence or absence of the AP-1i, normalized on t0 (lower panel).

H) Experimental design (upper panel) and wound confluence (%) of PC3shTIMP1 cells treated with the cm of cells treated with docetaxel and the Combo

lower panel).

J) Fold change in mRNA levels of the indicated tumor-promoting secreted factors.

K) Fold change in mRNA levels of different activators of the anti-tumor immune response. Data presented in (G) and (H) are shown as mean + SEM. Statistic test
used: two-way ANOVA, ***p < 0.0001. Data are representative of three independent experiments. Data presented in (E), (F), (J), and (K) are shown as mean + SD.
Statistic test used in (E): one-way ANOVA followed by Tukey’s test “p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001. Data presented in (F-H), (J), and (K): two-way
ANOVA *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001. Data represent two independent experiments. See also Figure S4.

(
(
(I) Representative pictures of the wound healing assay of (H) (scale bar: 400 um).
(
(
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Figure 5. Adapalene, in combination with docetaxel, enhances senescence and activates an anti-tumor immune response
(A) Experimental design.
(B) Tumor volume in mm? of mice treated with the indicated drugs (n = 5 for each group) (left), and area under the curve calculated on tumor volume (right).
(C) Immunofluorescence staining for NK cells (by using anti NK1.1 antibody, in red) and cleaved caspase 3 (CC3, in green) in tumor sections (scale bar: 21 um).
(D) Quantification of CC3 positive cells for field in tumors sections from (C).
(E) FACS plot for NK1.1 and CD45" cells gated in live cells in tumors treated with the indicated drugs.
(F) Percentage of NK1.1* cells in tumors treated with the indicated drugs.
(G) Immunofluorescence staining for NK cells (by using anti NKp46 antibody, in green) in tumor sections (scale bar: 33.1 um).
(H) Quantification of NK cells for field in tumors sections from (G).
(I) Fold change in mRNA levels of recruiting factors for NK cells and granzyme B and IFNy in tumors treated with the indicated drugs.
(J) Schematic representation of the experimental design of (K and L).
(K) Percentage of tumor-infiltrating NK cells (NK1.1*, CD3"~, NKp46*) gated in CD45* cells in tumors of mice untreated or treated with Combo and the Anti-GM1
Asialo.
(legend continued on next page)
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decade, evidence has been provided regarding the ability of
chemotherapies and targeted therapies to induce cellular
senescence in cancer.”'%3940:42:57.58 Although stably arrested,
senescent cells are metabolically active and can support tumor
progression by releasing a pro-inflammatory and pro-tumori-
genic SASP.57105°¢1 e and others have demonstrated that
the persistence of senescent tumor cells in the TME results in
an increased inflammatory state, which drives tumor cell prolif-
eration, migration, and even metastasis formation.”'%394
Thus, while the induction of senescence in cancer can be
initially beneficial for tumor suppression, it results in tumor pro-
gression and treatment relapse at later stages of the
disease.®?°%:52

In this work, we identified a class of clinically available com-
pounds that can potentially trigger a senescence response
devoid of the detrimental effects of senescence cells. The
chemogenomic screening we performed identified three
potent senescence inducers, namely adapalene, acitretin,
and bexarotene, all of which belong to the RAR/RXR agonists
superfamily.?®?"*° We focused on adapalene and bexarotene,
two compounds of the third-generation retinoids/rexinoids,
showing fewer off-target and side effects compared to the
previous generations of drugs.”®*” Adapalene and bexarotene
are currently used in the clinic to treat mild-to-severe acne
(acne vulgaris) and as an antineoplastic agent for T cell lym-
phoma, respectively.”*?® They have different molecular
target: adapalene preferentially binds to RAR-beta and RAR-
gamma receptors (RARB and RARY), while bexarotene has a
high selectivity for RXRs.?**"**® Upon homo- or hetero-dimer-
ization, RARs/RXRs receptors bind to the DNA and modulate
the transcriptional activity of target genes.’® > In this respect,
the complex can recruit either co-activator or co-repressor
proteins depending on the presence or absence of the ligand
RA. Previous studies have highlighted a possible connection
between RAR/RXR activation and p21 expression.° In agree-
ment with these findings, we identified a significant upregula-
tion of p21 in different cancer cell lines treated with the RAR
agonists. This upregulation also correlated with a strong
senescence response in the tested cell lines, thus suggesting
a pivotal role of p21 in RAR agonist-mediated senescence. To
further validate this hypothesis, we used a commercially avail-
able p21 inhibitor and a p21 sh-RNA.*? Treatment with these
compounds resulted in the impairment of senescence in ada-
palene-treated PCa cells.

To gain more insights into RA-associated signaling in PCa, we
analyzed available RNA-seq data of PCa on more than 1,000 pa-
tients at different stages of the disease.®® Interestingly, we
observed that all the RA-associated signatures markedly
decreased along with cancer progression. Adapalene treatment
in PC3 cells restored the levels of several RAR downstream
target genes, including genes involved in cellular senescence
and cell cycle inhibition. However, it did not affect the expression
of genes involved in the RA metabolism.

¢ CellP’ress

In vitro analysis showed that human PCa cell lines were less
efficient than normal prostate cells in converting ROH into its
mature form and that adapalene treatment did not rectify this
metabolic defect. This aligns with a previous observation
showing that PCa cells have lower RA levels than normal pros-
tate tissues.®®

To further analyze the therapeutic potential of RAR agonists,
we tested them in combination with docetaxel, a gold standard
for chemotherapy in PCa. Docetaxel has shown an effective
improvement in the survival of PCa patients without granting
long-lasting effects, as demonstrated by the high incidence of
treatment resistance and tumor relapse.®” In this respect, we
recently showed that the accumulation of senescent tumor
cells driven by docetaxel administration can favor metastasis
formation in a mouse model of PCa characterized by combined
loss of Pten and Timp?."**> We demonstrated that, in this
model, metastasis formation is mediated by the accumulation
of senescent cells and that senolytic treatment significantly re-
duces the metastatic burden.’®**> We also proved evidence
that docetaxel-induced senescence is associated with the
release of factors that promote the migration, invasion, and
metastasis formation of neighboring non-senescent tumor
cells.”1%:42

In this work, we reported that combining RAR agonists with
docetaxel was more effective than the single treatments in
reducing cell proliferation and inducing cellular senescence
also in this model. By comparing the secretome induced by do-
cetaxel alone or by the Combo, we also unexpectedly observed
a different SASP composition. In Combo-treated cells, we re-
ported a marked downregulation of factors involved in tumor
cell proliferation and migration (FGF, IL-6, IL-23, MMPs, and
FGF)'® and a strong upregulation of factors activating the innate
immune response (IL-12, MIG, IL-33, and IL-15).*%4°

The analysis of RNA-seq data of PCa cells treated with the
single drugs or the Combo also revealed profound changes in
the expression of transcription factors involved in the regulation
of the SASP. In particular, we observed that docetaxel treat-
ment increased the expression levels of AP-1 transcription fac-
tors.”” We also demonstrated that the detrimental effects of the
docetaxel-driven SASP in PCa cells were abolished upon AP-1
inhibition or exacerbated upon AP-1 overexpression, pointing
at AP-1 as a regulator of the detrimental SASP of docetaxel.
On the contrary, in Combo-treated cells, we found a significant
down-regulation of AP-1. This explains why the SASP of
Combo-treated cells did not promote the proliferation and
migration of non-senescent tumor cells in a co-culture
experiment.

To further validate our findings, we moved to in vivo models.
We demonstrated that the combination of docetaxel and adapa-
lene effectively reduced the tumor burden while inducing the
recruitment of anti-tumor NK cells. NK cells were partially
responsible for the in vivo anti-tumor effect of the drug combina-
tion, as its efficacy was reduced upon the selective depletion of

(L) Tumor volume in mm?® of mice treated with the indicated drugs in the presence or absence of the depleting antibody for NK cells (Vehicle, Iso n = 4, Vehicle,
Asialo n = 4, Combo, Iso n = 3, Combo, Asialo n = 4). Data presented in (B) and (L) are shown as mean + SEM. Statistic test used: two way ANOVA *p < 0.05,
**p <0.01, **p < 0.001, ***p < 0.0001. Data in (B) are representative of two independent experiments. Data presented in (L) are representative of one experiment.
Data presented in (D), (F), (H), (I), and (K) are shown as mean + SD. Statistic test used: one-way ANOVA followed by Tukey’s test *p < 0.05, “*p < 0.01, **p < 0.001,

****p < 0.0001. Data represent one experiment. See also Figure S5.
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NK cells. Moreover, NK cells isolated from human buffy coats
co-cultured with Combo-treated PCa cells were highly activated
and characterized by a more substantial cytotoxic potential
in vitro and in vivo than tumor cells treated with docetaxel and
adapalene alone. We also demonstrated that this effect was
mediated by the upregulation of MICA in prostate tumor cells
treated with the Combo. MICA is an activatory NK ligand that
specifically binds to the NKG2D receptor.® Inhibition of
NKG2D in NK cells resulted in an impaired clearance of tumor
cells in Combo-treated cells. Of note, the levels of many NK
inhibitory receptors was also downregulated in cells treated
with the Combo.

Finally, we found that the SASP of Combo-treated cells
enhanced the recruitment of hNK cells in a co-culture exper-
iment via IL-33 and IL-12. Taken together, these data
demonstrate that the combination of adapalene and docetaxel-
promotes both cell-autonomous and non-cell-autonomous
anti-cancer effects.

Many efforts are emerging to develop and engineer NK cell-
based cancer immunotherapy. Some clinical trials have
demonstrated the overall safety of allogeneic NK cells in
different cancer patients.>”® The feasibility of utilizing alloge-
neic NK cells and the established safety profiles have led to
the development of “off-the-shelf” NK cell-based cancer
immunotherapy. However, there are many challenges linked
to the clinical use of these cell-based immunotherapies, such
as a limited capability of NK cells ex vivo expansion, reduced
in vivo persistence and infiltration, and poor NK cells activation.
Various strategies are being employed to overcome these chal-
lenges, such as ex vivo pre-conditioning with cytokines, treat-
ment with small molecules, NK cells engineering, or iPSC differ-
entiation in NK cells.*”:5*5° In this respect, we envision that the
combination of adapalene and docetaxel may be used as an
alternative strategy to enhance the efficacy of allogenic infusion

¢ CellP’ress

of NK cells or CAR-NK cell treatment in metastatic PCa pa-
tients. This combination of compounds could promote an
increased migration of NK cells in the tumors, ultimately
enhancing their antitumor activity in this cold tumor model.
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BD Biosciences
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Promega
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Cell Signaling Technology
Cell Signaling Technology
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Novus Biologicals

Cell Signaling Technology
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Cat# 127624; RRID: AB_10640819
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Cat# 130-113-805; RRID: AB_2726325
Cat# 130-113-808; RRID: AB_2751173
Cat# 130-116-525; RRID: AB_2733417
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Cat# 560755; RRID: AB_1727464
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Cat# 108720; RRID:
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Cat# 109520; RRID: AB_10860537
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Andrea
Alimonti (andrea.alimonti@ior.usi.ch).

Materials availability
All reagents generated in Alimonti’s laboratory used in this study are available from the lead contact with a completed Materials
Transfer Agreement.

Data and code availability
This paper analyzes existing, publicly available data. We analyzed existing publicly available PCa patient cohorts through the PCa
Profiler tool (https://www.pcaprofiler.com/).

The gene expression datasets generated for this study have been deposited in Gene Expression Omnibus (GEO) under the acces-
sion number GSE253331. These data are publicly available as of the date of publication. The accession number is listed in the key
resources table.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mouse models

All mice were kept under specific pathogen-free conditions in the animal facility of the IRB institute. Experiments were performed
according to the state guidelines and approved by the local ethical committee ("Dipartimento della Sanita e Socialita, Esperimenti
su animali" Canton Ticino), authorization number TI-51/2018 (Maximum tumor volume authorized = 1500 mm?, not exceeded).
NRG male mice, at 12 weeks of age, were used for subcutaneous cell injection of 2.5x10% PC3 or PC3shTIMP1 cells. C57BL/6
male mice, at 12 weeks of age, were subcutaneously injected with 2.5x10° TrampC1 cells. Mice were randomized into treatment
groups when the tumor reached 100 mm?® and kept under treatment for 50 days (NRG mice) or 30 days (C57BL/6) after injection.
For human NK cell infusion experiments, NRG male mice, at 12 weeks of age, were reconstituted by injecting IP 2.5x10° hNK cells
for each mouse. Experiments performed on C57BL/6 male mice, at 12 weeks of age, subcutaneously injected with 2.5x10° RapidCap
cells were also performed in the animal facility of the Pharmacology Department of the University of Padova, under Italian national and
EU directives (2010/63/EU) for animal research with protocols approved by the institute Ethical Committee and the Italian Ministry of
Health (344/2020-PR approved on10/4/2020).

Prostate cancer cell culture

PC3, LNCaP, 22RV1, and LAPC4 human male prostate cancer cells were purchased from ATCC (Cat. N CRL-1435™, CRL-1740™,
CRL-2505™, and CVCL-4744™, respectively: the respective RRID are listed in the key resources table) and were cultured according
to the manufacturer’s instructions. Cells were cultured in RPMI 1640 supplemented with 10% FBS and 1% Penicillin/Streptomycin
(P/S). RWPE-1 human normal prostate epithelial cells were purchased from ATCC (CRL-11609™) and were cultured according to
the manufacturer’s instructions in Keratinocyte Serum-Free Medium Medium (K-SFM) (17005-042, GIBCO) supplemented with
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0.05 mg/ml Bovine Pituitary Extract (BPE), 5 ng/ml human recombinant Epidermal Growth Factor (EGF), and 1% P/S. HEK-293T (hu-
man embryonic kidneys, Cat. N CRL-3216™), TrampC1 (Cat. N CRL-2730™), and RWPE-1 (CRL-11609D) cells were obtained from
ATCC. RapidCaP cells were provided by Trotman’s laboratory.®® Cells were cultured in DMEM supplemented with 10% FBS and 1%
P/S. All cell lines were kept at 37°C in a humidified thermostat with 5% CO,. Cells were periodically tested negative for Mycoplasma
(MycoAlertTM mycoplasma detection kit, LT07-418, LONZA) and were used at early passages in the experiments.

METHOD DETAILS

In vivo treatments

Adapalene (MedChemExpress, HY-B0091) and Bexarotene (MedChemExpress, HY-14171) were administered by oral gavage three
days/week at the dose of 20 mg/kg and daily at the dose of 20 mg/kg, respectively. Adapalene was resuspended in DMSO 10%,
PEG-400 40%, Tween-80 10%. Docetaxel (TEVA, RDCXVR100800) was administered weekly at the dose of 10 mg/kg by intraper-
itoneal injection.'®*°*? For the in vivo depletion of NK cells, mice were treated with either 50 pg of anti-NK1.1 (clone BE0036,
BioXCell), 100 pg Asialo GM1 Polyclonal Antibody (Invitrogen # 16-6507-39), or the isotype control (C1.18.4, BioXCell) on Mondays,
Wednesdays, and Fridays. For the in vivo depletion of CD8 T cells, mice were treated with 200 ug of anti-CD8a (clone 53-6.7, Bio X
Cell BEO004-1, RRID AB_1125541) or the isotype control (LTF-2, Bio X Cell BEO090, RRID AB_1107780) on Mondays and Thursdays.
The respective RRID of each compound is listed in the key resources table. Mice were monitored for suffering, distress, or weight loss
by measuring the total body weight weekly and assessing the behavioral changes every day for the entire duration of the experiment.

Generation of a shTIMP1 human prostate cancer cell line

PC3 cells were infected with the human TIMP1-directed shRNA RHS4430-200284918-V3LHS_317110."*? Briefly, to produce the
lentiviral particles, HEK-293T cells were transfected using JetPRIME transfection reagents (JetPRIME, Polyplus transfection, 114-
07/712-60) according to the manufacturer’s instructions. The respective RRID of each reagent is listed in the key resources table.
PC3 cells were infected with the filtered lentiviral supernatant suspension obtained from transfected HEK-293T cells. Infected human
prostate cancer cells were subsequently selected using Puromycin (3 pg/ml).

Generation of a shp21 cell line

22RV1 and LNCaP cells were infected with the human p21-directed shRNA (Merk TRCN0000040123, TRCN0000040126). Shortly,
HEK-293T cells were transfected using JetPRIME transfection reagents (JetPRIME, Polyplus transfection, 114-07/712-60) following
the manufacturer’s instructions. 22RV1 and LNCaP cells were infected with the filtered lentiviral supernatant suspension obtained
from transfected HEK-293T cells. Infected human prostate cancer cells were subsequently selected using Puromycin (3 pg/ml
and 2 pg/ml, respectively).

Generation of a shiL-12 and IL-33 human prostate cancer cell Line

PC3 cells were infected with the human IL12-directed shRNA (Merck, TRCN0000058758) and the human IL-33-directed shRNA
(Merck, TRCN0000134092). Briefly, to produce the lentiviral particles, HEK-293T cells were transfected using JetPRIME transfection
reagents (JetPRIME, Polyplus transfection, 114-07/712-60) according to the manufacturer’s instructions. The respective RRID of
each reagent is listed in the key resources table. PC3 cells were infected with the filtered lentiviral supernatant from the transfected
HEK-293T cells. PC3 cells were subsequently selected using Puromycin (3 png/ml).

Generation of a cJUN overexpressing human prostate cancer cell line

PC3 cells were infected with the human c-JUN (Addgene #187902). Briefly, to produce the lentiviral particles, HEK-293T cells were
transfected using JetPRIME transfection reagents (JetPRIME, Polyplus transfection, 114-07/712-60) according to the manufac-
turer’s instructions. The respective RRID of each reagent is listed in the key resources table. PC3 cells were infected with the filtered
lentiviral supernatant suspension and subsequently selected using Puromycin (3 ng/ml).

Generation of PC3 shTIMP1 with mCherry reporter for AP-1

pSIRV-AP-1-mCherry plasmid (Addgene plasmid 118095) was transfected into HEK-293T cells by using JetPRIME transfection re-
agents. PC3 shTIMP1 cells were infected with the filtered supernatant suspension. The respective RRID of each reagent is listed in
the key resources table. Lentiviral supernatant was collected from the transfected HEK-293T cells. mCherry-positive cells indicate
AP-1 binding to the promoter.

Generation of Pten™” TrampC1 murine prostate cancer cell lines

TrampC1 cells were purchased from ATCC and cultured following the manufacturer’s instructions (DMEM, 10% heat-inactivated
FBS, 1% P/S). The transfection of the PTEN CRISPR/Cas9 KO plasmid (Santa Cruz Biotechnology, sc-422475) was performed using
jetPRIME® transfection reagent according to the manufactory protocol at the ratio of 1:2 DNA / jetPRIME®. The respective RRID of
each reagent is listed in the key resources table. 24h after transfection, the GFP-transduced cells were sorted in order to obtain 2 99%
purity and plated as single-cell on 96-well plates. Seven days after cell sorting, the cell colonies were moved into 24-well plates for
further expansions.®”
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Generation of mouse embryonic fibroblasts primary cell culture
Primary MEFs were generated from single embryos of the Pten'”/*F genotype from a pregnant mouse at 13.5 days post-coitum.
Embryos were collected and cultured in DMEM with 10% FBS and 1% P/S.

Generation of Pten”” MEFs

HEK-293T cells were transfected using JetPRIME® transfection reagents (JetPRIME®, Polyplus transfection, 114-07/712-60) ac-
cording to the manufacturer’s instructions in order to prepare lentiviral particles. Primary MEFs were infected with retroviruses ex-
pressing either pMSCV-CRE-PURO-IRES-GFP or pMSCV-PURO-IRES-GFP for 48 h and selected with Puromycin at a concentration
of 3ug/ml'®,

In vitro treatments

Docetaxel (TEVA, RDCXVR100800) was used at a concentration of 10nM in PC3, RapidCaP, TrampC1, TrampCH1 Pten/- cell lines; Do-
cetaxel was used at the dose of 5nM in 22RV1, at 10nM in PC3, and 1 nM in PC3 shTIMP1 cells; Adapalene (MedChemExpress HY-
B0091) and Bexarotene (MedChemExpress, HY-14171) were used at a concentration of 10uM or 5uM; Acitretin was used at the dose
of 10uM. The p21 inhibor UC2288 (MedChemExpress HY-112780) was used at a concentration of 10uM or 5uM based on the cell
lines. The AP-1 inhibitor T-5224 (MedChemExpress, HY-12270) was used at a concentration of 10uM or 5uM based on the cell lines.
The cJUN inhibitor (c-JUN peptide, Biotechne, Cat #: 1989) was used at a concentration of 10uM or 5uM based on the cell lines. The
respective RRID of each reagent is listed in the key resources table.

Drug combination assay

The drug combination assay was performed by testing five different concentrations of the two drugs (Adapalene or Bexarotene with
Docetaxel). Cell proliferation was assessed after 48h of treatment by Cristal Violet, and the Combination Index (Cl) was calculated to
determine the extent of drug interaction by using the following formula:

D1 . D2
" Dx1 Dx2
Where D1 and D2 are the concentrations of drug 1 and drug 2 that, used in combination, produce a certain drug effect, while D x 1

and D x 2 are the concentrations of the single agents alone required to achieve the same effect. Cl equal to 1 indicates an additive
effect, Cl greater than 1 indicates antagonism, and Cl lower than 1 indicates synergism.*%*'

Combination Index (ClI)

Immunofluorescence (IF) assay

Tumor tissue samples were fixed overnight in 10% neutral-buffered formalin (Thermo Scientific, Cat No. 5701). Tissues were washed
with tap water, processed using ethanol, and embedded in paraffin according to standard protocols. 5um sections were prepared for
antibody detection. IF tissue slides were deparaffinized with a three-step approach. In the first and second steps, the sections were
soaked in OTTIX plus solution (Diapath, X0076), for 5 minutes each. In the last step, the slides were immersed in OTTIX shaper so-
lution (Diapath, X0096), for 5 minutes. The solution in excess was drained off, and the slides were washed with ionized water for 5 mi-
nutes. For the antigen retrieval, the slides were soaked in a pH 6 Citrate solution in a water bath at 98°C for 20 minutes. The slides
were allowed to acclimate at room temperature for 20 minutes, washed twice with 1xPBST for 5 minutes each, and then exposed to
the Protein-Block solution (DAKO Agilent technologies, X0909) for 20 minutes at room temperature. Then the sections were incu-
bated for 1h at room temperature, or overnight at 4°C, with suitable primary antibodies prepared in the antibody diluent buffer
(Thermo Fisher Scientific, 003118), covered from light to not impair fluorophore-labelled primary antibodies. After incubation, the
slides were washed three times with 1xPBST for 10 minutes each and further incubated with the respective anti-rabbit secondary
antibody (Invitrogen, A21206 AlexaFluor 488, 1:400) for 30 minutes at room temperature, protected from light. In the meantime,
the quenching solution was prepared (Invitrogen, R37630) by mixing Solution A, Solution B, and Solution C in equal parts. After sec-
ondary antibody staining, the slides were washed twice with 1xPBST for 10 minutes and exposed to the quenching solution for 7 mi-
nutes at room temperature in the dark to reduce the fixative-induced autofluorescence. Lastly, the slides were washed with 1XPBST
for 10 minutes in the dark and, after draining out the PBST, incubated with a mounting medium with DAPI (Invitrogen, P36931).
Following drying at room temperature, the slides were visualized and captured using Leica Thunder fluorescent microscope and
the LAS X software. The respective RRID of each reagent is listed in the key resources table.

Senescence Associated p-Galactosidase (SA-B Gal) assay
For tissue-specific SA-B Gal assay, tumor samples, immediately after harvesting, were stored in OCT and snap frozen at -80°C. The
samples were then cut at the cryostat by preparing 4um sections. Senescence-associated SA-B Gal staining was performed using
the Senescence B-Galactosidase Staining Kit (Cell Signaling, Cat. No 9860) according to the manufacturer’s instructions. The coun-
terstaining was performed using Eosin (Alcohol-based Diapath, C0352).

For the in vitro experiments, SA-B Gal staining was performed using the Senescence B-Galactosidase Staining Kit (Cell Signaling
Technology, Cat. No 9860) according to the manufacturer’s instructions. The respective RRID of each reagent is listed in the key re-
sources table.
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Proliferation and cell death assay

The proliferation assay was performed on PC3, TrampC1, TrampC1F*®""" RapidCaP, 22RV1, PC3shTIMP1, LAPC4, and LNCaP cell
lines by plating 1x10* cells per well of a 96-well plate in at least a sextuplicate. Proliferation was monitored and analyzed using the
Incucyte S3in vitro system (Essenbioscience). Cytotoxicity assays were performed in identical settings by monitoring and quantifying
the green fluorescent signals of Cytotox or Caspase 3/7 dyes (Sartorius, 4633 and 4440, respectively).

Cristal Violet assay

Cell proliferation was evaluated by performing Cristal Violet assay. The cells were washed with 1xPBS, fixed with 10% Formalin
(Thermo Fisher Scientific, 5701) for 10 minutes, and then stained with Crystal Violet solution (Sigma, V5265) for 15 minutes. The cells
were then washed with MilliQ water to remove Cristal Violet excesses, and then allowed to dry overnight. Representative pictures
were generated with an image scanner, and cell-bound crystal violet was then extracted using 10% acetic acid solution on the shaker
at room temperature for 20 minutes. Sample absorbance was then measured using a spectrophotometer at 590 nm.

Migration assay

The migration assays were performed in PC3shTIMP1 and RapidCaP cell lines. 20x10* cells were plated in each well of a 96-well
plate in at least a sextuplicate. The wound was performed using the Incucyte Wound Maker tool (Essenbioscience), and cell migration
was monitored and analyzed using the Incucyte S3 in vitro system (Essenbioscience).

Invasion assay (Boyden chamber)

To assess cell invasion, 5x10* PC3shTIMP1 cells were plated in 8.0pm Boyden chambers (Falcon, 353097) that were then placed in a
24-well plate previously filled with conditioned media from senescent or proliferating cells. The experiment was carried on for 8-16h of
incubation and then stopped for Cristal Violet staining. The exact number of cells was seeded in the chambers to normalize the migra-
tion assay to cell proliferation.

Conditioned media assay

Cell supernatants were harvested and spun down at 453g for 10 mins. The supernatant was then collected and filtered using 0.22 um
filters. The conditioned media were administered to parental cells 48 hours before performing the proliferation and migration assay. In
all the experiments, the conditioned media were normalized based on the number of cells in the well at the moment of harvesting.

Cytokine array

Senescent cells-derived conditioned media was harvested and used for the Cytokine Array. The Protein Profiler Array (R&D systems,
ARY028) was used according to the manufacturer’s instructions to identify SASP factors released in the media. Analysis was per-
formed using the protein array analyzer (ImageJd).

Co-culture experiments

2’000 RapidCaP cells were plated in 24-well plates. Upon attachment, the cells were treated with either Vehicle, Docetaxel, Adapa-
lene, or the combination of the two drugs (Combo) for 48h. Afterward, the cells were washed twice with 1xPBS, and Td-Tomato-
labelled RapidCaP cells (TdTomato* RapidCaP) were added at 2’000 seeding density. Td-Tomato™ RapidCaP cell proliferation
was monitored by analyzing the red fluorescent signal of Td-Tomato with the Incucyte S3 in vitro system.

Characterization of the tumor immune microenvironment

Tumors were disaggregated and digested in collagenase D and DNase for 30 min at 37°C to obtain a single-cell suspension. After
neutralizing unspecific binding with a CD16/CD32 antibody (clone 93), single-cell suspensions were stained with fixable Live/Dead
staining (Life Technologies), followed by incubation with specific monoclonal antibodies diluted 1:100 (primary antibodies directly
conjugated) to assess the phenotype. The antibodies used were: CD45 (REA737, Miltenyi Biotec); Ly-6G (1A8, Biolegend); Ly6C
(REA796, Miltenyi Biotec), CD11b (REA592, Miltenyi Biotec); F4/80 (REA126, Miltenyi Biotec), CD19 (REA749, Miltenyi Biotec),
CD206 (C068C2, Biolegend), CD11c (REA754, Miltenyi Biotec), B220 (RA3-6B2, Biolegend), CD3 (REA641, Miltenyi Biotec), CD8
(REAB01, Miltenyi Biotec), CD4 (REA604, Miltenyi Biotec), NK1.1 (REA1162, Miltenyi Biotec), NKp44 (P44-8 BioLegend), NKp46
(29A1.4, BD). For flow gating, we used isotype controls of fluorescence minus one control. All the antibodies were purchased
from Miltenyi Biotec or Biolegend. Samples were acquired on a BD Canto-Il flow cytometer (BD Biosciences). Data were analyzed
using FlowdJo software (TreeStar, Ashland, OR). The respective RRID of each reagent is listed in the key resources table.

NK cells isolation and coculture

PBMCs were isolated using Ficoll-Paque PLUS (Cytiva 17-1440-03) density gradient from human buffy coat of healthy donors. Pure
and fully functional CD3-CD56" NK cells were isolated from PBMCs using the EasySep Human NK Cell Isolation Kit (STEMCELL
Technologies 17955). Expansion of NK cells in vitro was performed using RPMI medium supplemented with 3-mercaptoethanol,
10% FBS, P/S, Sodium Pyruvate 1mM, and 10ng/ml human recombinant IL-15 (PeproTech 200-15). Activated NK cells were added
in coculture with human prostate cancer cells treated or not with either Adapelene, Docetaxel, or their combination in a 5:1
Effector:Target ratio. After 6h of coculture, NK cells were collected for RT-qgPCR to assess NK cells activation. The NK-killing potential
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was assessed by monitoring and quantifying the green fluorescent signals of Cytotox or Caspase 3/7 dyes (Sartorius, 4633 and 4440,
respectively) with the Incucyte S3 in vitro system.

Isotope labeling and targeted Lipidomics

Normal (RWPE-1) and prostate cancer (22Rv1) cell lines were plated to 80% confluence on 10cm dishes and allowed to attach over-
night. Next, cells were supplemented with fresh medium containing 10uM D6-labeled Retinol (Cambridge Isotope Labs, DLM-8113-
0.001). After 24h of incubation with the labeled compound, lipid extraction was performed with ice-cold methanol in water (Supelco,
106035-1000 and 115333-1000, 80:20 v/v). In detail, after medium aspiration, cells were washed twice with PBS on ice and detached
by scraping gently in 1.6ml 80% ice-cold methanol (2x 800ul). Afterwards, cells were transferred to a 5ml Potter-Elvehjem homog-
enizer on ice and homogenized twice (10 to 20 times each) with a 1-minute break. The homogenate was then transferred to an Ep-
pendorf vial, the pestle was washed with 400ul extraction solvent, and the resulting wash was transferred to the Eppendorf vial as
well. The homogeneous suspension (2ml) was left for 15 minutes on ice before centrifuging at 13’000g for 3 minutes at 4°C. Lastly,
1.8 ml of supernatant was collected, transferred to a fresh Eppendorf vial, and stored at -80°C until analyzed. The pellet was kept for
protein content measurement. The metabolites Retinol, all-transRA, and 73-cisRA were quantified by Selected Reaction Monitoring
(SRM) based reversed phase capLC-nanoESI-MSMS analysis on a triple-quadrupole type mass spectrometer (TSQ Quantiva,
Thermo Fisher Scientific Inc., CA, USA). Acquired SRM data were analyzed using the QuanBrowser module of the Xcalibur software
(Thermo Fisher Scientific Inc., CA, USA). For each sample, absolute quantities (concentrations in the extracts as pmol/ ml) of the un-
labeled and labeled retinol and retinol metabolites were reported based on the co-analysis of the dilution series of the respective
analytes. The determined concentrations of the metabolites were normalized to the protein content of the corresponding sample
(protein pellet recovered from the lipid extraction).

Sample preparations and LC-MS methods

ACN protein crash/extraction: cells were treated with the indicated compounds, and the pellets were frozen at -80°C until extraction.
Before extracting, the samples were thawed on ice, briefly vortexed, and added 200ul H,O. Then, the samples were vortexed for 5s,
3x freeze/thaw cycle with liquid N2. The samples were successfully homogenized by vortexing and splitimmediately into two halves,
and one half was stored at -80°C. The remaining 100ul of each cell homogenate was supplemented with 400l of MeOH, vortexed
briefly, and incubated on ice for 30 min. The samples were then centrifuged at +4°C/10min/13.2krpm. Then, from each supernatant,
450ul were transferred to new 1.5ml PP tubes. Supernatants were evaporated under a gentle stream of N2/+30°C. Then, the samples
were resolubilized by adding 150ul 25% H>0/75% MeOH/0.1% FA, following 5s vortex and shaken for 10min/1400rpm/+10°C, and
again vortex 5s. After this, the samples were centrifuged for 10min/13.2krpm/+4°C and transferred 145l of each supernatant to LC-
MS vials, cap, and submitted to LC-MS.

LC-HRMS, fullMS1

LC method

LC System: Thermo Vanquish Horizon Binary Pump; Eluents: Solvent A: H20, formic acid (0.1%). Solvent B: Methanol, formic acid
(0.1%); Gradient: Linear, from 75% B to 98% B; LC runtime: 5 minutes; LC column: Waters Premier BEH C18 column (50mmx2.1mm);
Flow rate: 1ml/min; Column Tem: 50°C; Autosampler Temp: 10°C; Injection Volume: 2pl.

MS method
Mass Spectrometer: Thermo Q Exactive; Acquisition Mode: full MS; MS1 Resolution: 70°000; Scan range: 200 to 600 m/z; AGC
target: 1e6;

LC-HRMS, parallel reaction monitoring (PRM)

LC method

LC System: Thermo Vanquish Horizon Binary Pump; Eluents: Solvent A: H20, formic acid (0.1%);Solvent B: Methanol, formic acid
(0.1%); Gradient: Linear, from 75% B to 98% B; LC runtime: 5 minutes; LC column: Waters Premier BEH C18 column (50mmx2.1mm);
Flow rate: 1ml/min; Column Temp: 50°C; Autosampler Temp: 10°C; Injection Volume: 2pl.

MS method

Mass Spectrometer: Thermo Q Exactive; Acquisition Mode: PRM; MS2 Resolution: 17°500; Fragmentation: HCD Fragmentation with
normalized stepped collision energy 30 and 40.

Liquid-liquid extraction
Samples were extracted and measured as described in the previous section (100ul of each is left, in 75% MeOH/0.1% FA), thawed on
ice, and vortexed. The pellet from previous extraction were added (see 1. ACN protein crash/extraction, above), then added the sec-
ond half of the lysed cells (see 1. ACN protein crash/extraction, above). Samples were vortexed, short spun 10s/13.2krpm peak, and
evaporated under a gentle stream of N2/30°C. 20ul 100mM HCI were added to each evaporation residue and vortexed. Successfully,
150ul MeOH were added, and vortexed 10s, then 500ul MTBE, was added and mixed by vortexing.

The samples were incubated and protected from light for 1h/+25°C/1100rpm after which125ul H,O was added, then vortexed, and
centrifuged for 10min/13.2krp/+4°C. The upper organic phase (about 450 pl) was collected and evaporated under a gentle stream of
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N2/30°C, while keeping lower aqueous phases and pellets stored at -80°C. 150ul 75% MeOH/0.1% FA was added, vortexed, shaked
at 1400rpm/15min/+15°C, followed by vortexing and centrifuged for 10min/13.2krpm/+4°C. Then, supernatants were transferred
(approx. 145ul) to LC-MS vials, cap and submit to LC-MS.

LC-HRMS, fullMS1
Performed as described under 1.1, with the only difference being that the injection volume was increased from 2 to 10pl.

LC-HRMS, parallel reaction monitoring (PRM)
Performed as described under 1.2, with the only difference being that the injection volume was increased from 2 to 10pl.

LC-MS on a triple-quadrupole, selected reaction monitoring (SRM)

LC method: LC System: Thermo Vanquish Horizon Binary Pump; Eluents: Solvent A: H,O, formic acid (0.1%), Solvent B: Methanol,
formic acid (0.1%); Gradient: Linear, from 75% B to 98% B; LC runtime: 5 minutes; LC column: Waters Premier BEH C18 column
(50mmx2.1mm); Flow rate: 1ml/min; Column Temp: 50C; Autosampler Temp: 10°C; Injection Volume: 10ul

MS method
Mass Spectrometer: Thermo TSQ Quantiva; Acquisition Mode: selected reaction monitoring (SRM); Q1 Resolution: 0.7; Q3 Resolu-
tion: 0.7; Fragmentation: CID fragmentation with argon (1.5mTorr).

Western blot

Prostate tissues, tumour samples, or cells were lysed using 1x RIPA buffer (Cell signaling, 9806) supplemented with Phenylmethane-
sulfonyl fluoride (PMSF; Millipore Sigma, catalogue 329-98-6) and incubated on ice for 30 mins. Samples were centrifuged at 46357g
for 15 mins. Protein concentration was determined with the BCA kit (Thermo Fisher, 23227) according to the manufacturer’s instruc-
tions. Samples were then subjected to SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto a 0.45um nitrocel-
lulose membrane (Thermo Scientific, 88018). Upon blotting, the membranes were blocked with a 5% BSA solution and further incu-
bated overnight at 4°C with the indicated antibodies. The membranes were then incubated with horseradish peroxidase-conjugated
(HRP-linked) anti-rabbit IgG (Promega, Cat#W4011, 1:5000) or anti-mouse IgG (Cell Signaling, W4021, 1:5000) secondary antibodies
and developed using enhanced chemiluminescence (ECL) substrates (Thermo Scientific, 32106) with Fusion Solo S imaging system
(Vilber). Blots were semi-quantitatively analyzed by densitometry using Imaged 1.52v (National Institutes of Health).

Antibodies

NK-1.1 AlexaFluor 647 BioLegend 108720 1:50 (IF); Cleaved Caspase-3 Cell Signaling Technology 9661 1:1000 (IF); Cleaved
Caspase-3 Cell Signaling Technology 9664 1:1000 (WB); p21 Abcam 109520 1:1000 (WB); ALDH1A3 Novus Biologicals NBP1-
91657 1:1000 (WB) HSP9O0 Cell Signaling Technology 4877S 1:1000 (WB). The respective RRID of each reagent is listed in the key
resources table.

RNA extraction and RNA sequencing (RNA-seq)

For RT-gPCR, RNA was extracted from cells or tissues using Trizol (Ambion, Life technologies, 15596026) according to the manu-
facturer’s instructions. cDNA was produced using ImProm-Il kit (Promega, A3800) according to the manufacturer’s instructions. For
RNA-seq, RNAs were prepared using RNeasy Mini Kit (Qiagen, 74106), and DNA contaminations were removed with RNase-Free
DNase (Qiagen, 79254). NEBNext Ultra Directional RNA Library Prep Kit for lllumina (New England BioLabs Inc.) was used with
the NEBNext Multiplex Oligos for lllumina (New England BiolLabs Inc.) and NEBNext® Poly(A) mRNA Magnetic Isolation Module
for cDNA synthesis; barcode sequences were also included. The sequencing of the prepools was carried out by exploiting the
NextSeq2000 (lllumina, San Diego, CA, USA) with the P2 reagents kit V3 (100 cycles; lllumina). Samples were processed starting
from stranded, single-ended 120bp-long sequencing reads with the P2 reagents kit V3 (100 cycles; lllumina). Samples were pro-
cessed starting from stranded, single-ended 120bp-long sequencing reads.

Quantitative real-time PCR (RT-qPCR)

RNA extraction from cells or tissues samples was performed using Trizol (Ambion, Life technologies, 15596026) according to the
manufacturer’s instructions. cDNA was obtained using ImMPROM Il kit (Promega, A3800) as reported in the manufacturer’s instruc-
tions. RT-gPCR was performed using Gotag® qPCR Master Mix, Promega® (A6002) on Step One Real-Time PCR systems (Applied
Biosystems). The respective RRID of each reagent is listed in the key resources table. Primers used for RT-qPCR are listed in
Table S1. Expression levels were calculated using the ddCT method.%®

Bioinformatic analysis
Bulk RNA sequencing was performed on PC3shTIMP1 cells undergoing different treatments: Vehicle, Docetaxel (1nM), Adapalene
(51uM), and the combination of Docetaxel and Adapalene.

The tool FastQC (https://www.bioinformatics.babraham.ac.uk/projects/fastqc/) was run to assess the global quality of sequencing
reads. Sequences were aligned to the human genome (GRCh38) by exploiting STAR (v.2.7.10a).°® Transcript quantification was
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performed at the gene level by taking advantage of the comprehensive annotations from Gencode.”® More precisely, we exploited
the v39 release of the Gene Transfer File (GTF). We processed the raw counts with R software to perform differential expression anal-
ysis by running the DESeq2 package. Genes characterized by zero expression were removed and features with low mean normalized
counts were sorted out by Independent Filtering strategy present in DESeq2 (alpha = 0.05).”" Pathway enrichment analysis of gene
lists from RNA-seq was carried out using Camera function’? on Reactome collection’ and Hallmark. To perform pathway analysis on
custom gene sets, fgsea was also used. The database for secreted factors is derived from the protein atlas secretome (https://www.
proteinatlas.org). For the data visualization, all graphs were produced using the ggplot2 package (https://ggplot2.tidyverse.org) and
the pheatmap package. Network analysis was performed using Cytoscape (v 3.9.1) with STRING database’“ on transcription factors
upregulated in Docetaxel treatment compared to vehicle (FDR<0.05) and downregulated in Combo treatment compared to Doce-
taxel (FDR<0.05). The human RNA-seq datasets used were obtained from a recent paper by Bolis et al.>* Pathway analysis of the
available gene sets related to the retinoic acid pathway was performed using ss-GSVA scores function (method = ”ssgsea”, ssgsea.-
norm = TRUE, kcdf = “Gaussian”). The list of RAR downstream targets was obtained using the tftargets package, particularly com-
bined the targets for RARs from ITFP,”® TRED,’® and TTRUST.””

QUANTIFICATION AND STATISTICAL ANALYSIS

All experiments were performed in biological replicates, as mentioned in the respective figure legends. All data points are presented
for quantitative data, with an overlay of the mean with either SD or SEM. Statistically significant differences between control and
experimental groups were determined using simple student’s t-tests (two-tailed, unpaired), one-way ANOVA, and two-way
ANOVA tests, as indicated in the appropriate figure legends. All statistical analyses were performed using GraphPad Prism 8, or
R-Studio.
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