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Abstract: Background: In recent decades, obesity has widely emerged as an important risk factor
for prostate cancer (PCa). Adipose tissue and PCa cells have been shown to orchestrate a complex
interaction network to support tumor growth and evolution; nonetheless, the study of this commu-
nication has only been focused on soluble factors, although increasing evidence highlights the key
role of extracellular vesicles (EVs) in the modulation of tumor progression. Methods and Results: In
the present study, we found that EVs derived from 3T3-L1 adipocytes could affect PC3 and DU145
PCa cell traits, inducing increased proliferation, migration and invasion. Furthermore, conditioning
of both PCa cell lines with adipocyte-released EVs resulted in lower sensitivity to docetaxel, with
reduced phosphatidylserine externalization and decreased caspase 3 and PARP cleavage. In particu-
lar, these alterations were paralleled by an Akt/HIF-1x axis-related Warburg effect, characterized
by enhanced glucose consumption, lactate release and ATP production. Conclusions: Collectively,
these findings demonstrate that EV-mediated crosstalk exists between adipocytes and PCa, driving
tumor aggressiveness.

Keywords: prostate cancer; obesity; adipocytes; extracellular vesicles; metastasis; chemoresistance;
Warburg effect

1. Introduction

Prostate cancer (PCa) is the most commonly diagnosed malignancy and the third
leading cause of cancer-related deaths among men in western countries [1]. This pathology
initially responds to androgen deprivation treatment; however, it often progresses into
castration-resistant prostate cancer (CRPC), a condition where tumor cells acquire the ability
to escape cell death and become resistant to current strategies, particularly to taxane-based
chemotherapy [2-4].

Interestingly, in the last two decades, a progressive increase in the incidence of PCa has
been observed, accompanied by a parallel rise in the prevalence of obesity and metabolic
syndrome [5-9]. While the association between obesity and PCa initiation is still a matter
of debate, an increasing body of evidence suggests that an obese condition correlates
with tumor recurrence and poor prognosis. Various processes have been demonstrated to
be involved in the obesity-driven PCa progression, such as hormonal and inflammatory
alterations and a deregulated lipid metabolism [5-10]. Nonetheless, until now, the study of
this dialog has been limited to adipokines and metabolites, although an emerging body of
evidence points to the key role of stromal cell-derived extracellular vesicles (EVs) in the
regulation of tumor progression.

Cells 2022, 11, 2388. https:/ /doi.org/10.3390/ cells11152388

https:/ /www.mdpi.com/journal/cells


https://doi.org/10.3390/cells11152388
https://doi.org/10.3390/cells11152388
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/cells
https://www.mdpi.com
https://orcid.org/0000-0001-5394-4011
https://orcid.org/0000-0002-4806-2337
https://orcid.org/0000-0003-4726-2115
https://orcid.org/0000-0001-7028-3008
https://doi.org/10.3390/cells11152388
https://www.mdpi.com/journal/cells
https://www.mdpi.com/article/10.3390/cells11152388?type=check_update&version=1

Cells 2022, 11, 2388

20f11

Extracellular vesicles are nano-sized particles involved in cell-to-cell communica-
tion [11]. In particular, they are responsible for the transfer of proteins, RNAs and miRNAs
from the originating cells to both neighboring and distant cells [12]. EVs have been shown
to modulate different tumorigenic processes, including cancer proliferation and invasion,
as well as tumor drug resistance [13,14]. Moreover, they are implicated in the interactions
between tumor cells and their microenvironment, including adipocytes [15,16]. For exam-
ple, it has been shown that EVs from cancer-associated adipocytes promote breast cancer
cell growth via activation of the Hippo signaling pathway and lung cancer metastasis by
increasing MMP9 activity through direct MMP3 transfer [17,18]. In addition, adipocyte-
derived EVs have been found to carry proteins implicated in fatty acid oxidation (FAO), thus
increasing melanoma lipid metabolism and aggressiveness [19,20]. Finally, they have been
found to confer chemoresistance to ovarian cancer cells, by transferring miRNA-21 [21].
As mentioned above, it is still unclear how these microvesicles can modulate the adipose
tissue-mediated PCa progression, although new findings suggest that adipocyte-associated
EVs can enhance PC3 PCa cell invasiveness in vitro [19].

Herein, we shed further light on the molecular mechanisms underlying the dialog
between adipose tissue and PCa, with particular emphasis on the role of EVs in modulating
tumor cell aggressiveness.

2. Materials and Methods
2.1. Chemicals

Docetaxel was purchased from Sigma-Aldrich (Milano, Italy).

The primary antibodies ALIX (2171), p-Akt (9271), Akt (2938) and HIF-1x (3716) were
from Cell Signaling Technology Inc. (Danvers, MA, USA). TSG101 antibody (ab30871) was
from Abcam (Cambridge, UK). Hsc70 (13D3) and calnexin (AF18) antibodies were from
Thermo Fisher Scientific (Waltham, MA, USA). Cytochrome c antibody (sc-13560) was from
Santa Cruz Biotechnology Inc. (Santa Cruz, CA, USA). x-tubulin antibody (T6199) was
from Sigma-Aldrich. All the antibodies were used at the concentration 1:1000.

Horseradish-peroxidase-conjugated secondary antibody and enhanced chemilumines-
cence reagents were from Cyanagen (Bologna, Italy).

2.2. Cell Lines and Cell Culture

PC3 and DU145 PCa cells were from American Type Culture Collection (ATCC, Man-
assas, VA, USA), and they were grown in RPMI media containing 7.5% and 5% FBS
respectively, glutamine and antibiotics, in humidified atmosphere of 5% CO2/95% air at
37 °C. 3T3-L1 pre-adipocytes were also from ATCC and were grown in DMEM media
containing 10% FBS, glutamine and antibiotics. Following resuscitation from freezing in
liquid nitrogen, cells were cultured in the appropriate media for 10-12 weeks. Cells were
harvested by trypsin-EDTA solution and passaged once/week.

2.3. 3T3-L1 Cell Differentiation

3T3-L1 pre-adipocyte differentiation was obtained by replacing regular media with
induction media supplemented with 10% FBS and 500 uM 3-isobutyl-1-methylxanthine,
1 uM dexamethasone, 1 ug/mL insulin and 1 uM rosiglitazone. Three days later, the
induction media was replaced with DMEM supplemented with 10% FBS and 1 pg/mL
insulin, and cells were maintained in culture for additional 4 days. Then, mature adipocytes
were cultured in regular media for other 3 days.

2.4. Extracellular Vesicle Extraction

FBS was ultracentrifuged at 120,000x g for 16 h; DMEM was then supplemented
with EV-depleted bovine serum to obtain EV-depleted media (EDM). Cells in 10-cm dishes
were grown for 48 h in EDM. EVs were extracted from this conditioned media by size
exclusion chromatography (SEC). Initially, it was centrifuged at 300 x g for 5 min followed
by centrifugation at 16,500 x g for 20 min at 4 °C. The media was then filtered at 3000 g
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via a Vivaspin PES 100 kDa cutoff filter (Sigma-Aldrich), and 0.5 mL of the sample was
applied to a sepharose-based column (Bio-Rad Laboratories, Hercules, CA, USA), using
PBS as the eluent. The SEC fractions 7 to 11 (0.5 mL each) were pooled and further filtrated
at 3000x g via a Vivaspin PES 5 kDa cutoff filter (Sigma-Aldrich), until obtaining 100 uL of
sample. When not used immediately after extraction, EVs were stored at —80 °C.

2.5. Nanoparticle Tracking Analysis

Nanoparticle tracking analysis (NTA) was performed to determine the EV size and
concentration, by using a NanoSight LM10 instrument equipped with the NTA 2.0 analytical
software (Malvern Instruments Ltd., Malvern, UK). Five 30 s videos/sample were obtained
and used to measure EV mean diameter (nanometres) and concentration (103 mL~1). Each
sample was run in duplicate.

2.6. Transmission Electron Microscopy

For TEM analysis of EVs, 6 uL of vesicles (30 ng/mL) were pipetted into 300 mesh
copper grids with Formvar carbon-coated film. After 3 min, excess liquid was removed by
blotting, and the grids were stained with 2% aqueous uranyl acetate for 1 min. The grids
were then quickly washed in distilled water and drained using filter paper. Finally, they
were air dried at room temperature and observed under a Zeiss EM10 electron microscope
(Carl Zeiss, Oberkochen, Germany).

2.7. Cell Proliferation Assay

PCa cells were seeded (5 x 10* cells/well) in six-well plates. After 48 h, they were
treated with adipocyte-derived EVs (30 ng/mL) for 96 h. Cells were then harvested, stained
with Trypan blue 0.4% (1:1 v/v) and counted by Luna automated cell counter (Logos
Biosystems, Annandale, VA, USA).

In the case of docetaxel treatment, PCa cells were seeded (5 x 10* cells/dish) in six-
well plates, and after 48 h, they were exposed to adipocyte-derived EVs (30 pug/mL) for
24 h and then to docetaxel (10 nM) for 48 h. Adherent (viable) and floating (dead) cells
were harvested and counted as above.

2.8. Cell Cycle Analysis

PCa cells were seeded (5 x 10 cells/dish) in six-well plates. After 48 h, they were
treated with adipocyte-derived EVs (30 pug/mL) for 24 h. Cell cycle analysis was performed
by using the Invitrogen™ FxCycle™ PI/RNase Staining Solution (according to manufac-
turer’s instructions, Thermo Fisher Scientific) and a Novocyte3000 flow cytometer (ACEA
Biosciences, San Diego, CA, USA).

2.9. Wound Healing Assay

PCa cells were seeded (2 x 10° cells/dish) in six-well plates. After 48 h, a wound
healing assay was conducted by scratching the cell layer before EV treatment (30 pg/mL).
Wound images were acquired immediately after scratching as well as after 12 and 24 h by
using a Zeiss Axiovert 200 microscope (Carl Zeiss) with a 10 x 1.4 objective lens linked to a
Coolsnap Es CCD camera (Roper Scientific-Crisel Instruments, Roma, Italy).

2.10. Boyden Chamber Assay

PCa cells were seeded (5 x 10* cells/dish) in six-well plates. After 48 h, they were
treated with adipocyte-derived EVs (30 pg/mL) for 24 h. Cells were then harvested,
resuspended in serum-free culture media and placed in the open-bottom wells of the
upper compartment of the Boyden chamber (1 x 10° cells/well). The chemoattractant
(FBS 5%) was placed in the lower compartment of the chamber. The two compartments
were separated by a polyvinylpyrrolidone-free polycarbonate porous membrane (8 pm
pores) precoated with gelatin (0.2 mg/mL in PBS). The chamber was then placed in the
incubator for 6 h. After that, cells invading the lower surface of the membrane were
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fixed, stained with Diff-Quick kit (DADE, Dudingen, Switzerland), and counted in three
randomly selected microscope fields.

2.11. Annexin V/PI Apoptosis Assay

PCa cells were seeded (5 x 10* cells/well) in six-well plates, and after 48 h, they were
exposed to adipocyte-derived EVs (30 pg/mL) for 24 h and then to docetaxel (100 nM)
for 48 h. Annexin V/PI apoptosis assay was performed by using the eBioscience™ An-
nexin V-FITC Apoptosis Detection Kit (Thermo Fisher Scientific) and a Novocyte3000 flow
cytometer, as described in [22].

2.12. Measurement of Glucose Consumption

PCa cells were seeded (5 x 10* cells/well) in six-well plates. After 48 h, they were
treated with adipocyte-derived EVs (30 ug/mL) for 24 h. Glucose consumption was mea-
sured by using 2-(N-(7-Nitrobenz-2-oxa-1,3-diazol-4-yl) Amino)-2-Deoxyglucose (100 pM
for 30 min, Thermo Fisher Scientific) and a Novocyte3000 flow cytometer, as described
in [22].

2.13. Measurement of Lactate Synthesis

Lactate synthesis was quantified by using a lactate assay kit (Sigma-Aldrich) and an
EnSpire Multimode Plate reader (PerkinElmer, Milano, Italy), as described in [22].

2.14. Measurement of ATP Synthesis

ATP synthesis was quantified by using an ATP assay kit (GeneTex, Alton Pkwy Irvine,
CA, USA) and an EnSpire Multimode Plate reader, as described in [22].

2.15. Western Blot Analysis

Cells were seeded at 5 x 10* cells/well in six-well plates. After each treatment, they
were lysed in RIPA buffer. Protein extracts (20 pg) were resolved on SDS-PAGE and
transferred to nitrocellulose membranes, which were incubated with the specific primary
and horseradish peroxidase-conjugated secondary antibodies. For detection, enhanced
chemiluminescence (Westar Etac Ultra 2.0, XLS075,0100, Cyanagen) was used.

2.16. Statistical Analysis

Statistical analysis was conducted by using a statistic package (GraphPad Prism5,
GraphPad Software San Diego, CA, USA). Data are reported as the mean + SEM of three
independent experiments. T-test or one-way analysis of variance (ANOVA) followed by
Bonferroni’s test were used to assess the differences between groups. A p value < 0.05 was
considered statistically significant.

3. Results
3.1. Characterization of Adipocyte-Derived Extracellular Vesicles

As a first step in assessing the role of EVs in PCa microenvironment, we analyzed the
characteristics of adipocyte-derived particles. Vesicles were purified from fully-differentia-
ted 3T3-L1 conditioned media by SEC, and they were found to display the expected size
(30-160 nm) and morphology (Figure 1A,B). In addition, they contained various EV hall-
marks, namely TSG101, Alix and Hsc70, with no cellular contamination, as indicated by
the absence of calnexin and cytochrome c (Figure 1C). Overall, these data show that our
isolated fractions are enriched in EVs.
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Figure 1. Characterization of adipocyte-derived extracellular vesicles. (A) EV size measured by
nanoparticle tracking analysis. (B) EV morphology visualized by transmission electron microscopy.
Scale bar is 100 nm. (C) Western blot analysis was performed to investigate the expression levels
of TSG101, Alix, Hsc70, calnexin and cytochrome c in 3T3-L1 adipocytes and in their EVs. One
representative of three experiments performed is shown.

3.2. Adipocyte-Released Extracellular Vesicles Promote Prostate Cancer Cell Proliferation

We next hypothesized that adipocyte-released EVs could affect PCa growth. To test
this hypothesis, PC3 and DU145 cell lines were treated with vesicles from mature 3T3-L1
cells. Remarkably, this resulted in an increased tumor cell proliferation (Figure 2A). In
particular, the number of cells within the S/G2 phase was significantly enhanced after
conditioning with stromal particles (Figure 2B). On the other hand, the exposure of PC3
and DU145 cells to EVs from non-differentiated 3T3-L1 pre-adipocytes did not lead to a
significant increase in tumor aggressiveness (Figure S1A), indicating that the above effects
are selectively induced by adipocyte-derived vesicles. Collectively, these findings highlight
that EVs obtained from adipocytes are able to promote PCa cell growth.

3.3. Adipocyte-Associated EVs Stimulate Prostate Cancer Cell Migration and Invasion

We then analyzed the pro-metastatic activity of the EVs from adipocytes. Notably,
stromal vesicles were found to drive both PC3 and DU145 cell migration and invasion
(Figure 3A,B). It should be noted that incubation of tumor cells with pre-adipocyte-
associated vesicles was not followed by any change in PCa cell metastatic potential
(Figure S1B), further supporting the specificity of the EV-mediated cross-talk between
adipocytes and PCa. Taken together, these results evidence the pro-invasive function of
adipocyte-derived EVs in PCa microenvironment.

3.4. Adipocyte-Secreted Extracellular Vesicles Enhance Prostate Cancer Cell Chemoresistance

EVs have recently emerged as crucial modulators of cancer drug resistance [23]. Herein,
we demonstrated that adipocyte-secreted particles can promote PC3 and DU145 cell sur-
vival to docetaxel treatment (Figure 4A), by decreasing phosphatidylserine externalization
and reducing caspase 3 and PARP activation (Figure 4B,C). Once again, vesicles from pre-
adipocytes were not able to exert a significant pro-survival activity (Figure S1C), confirming
that adipocyte-released EVs are specifically responsible for PCa progression, including
development of chemoresistance.

3.5. Extracellular Vesicles from Adipocytes Reprogram Prostate Cancer Cell Glucose Metabolism

To further elucidate the features of the peculiar phenotype elicited by adipocyte-
derived EVs, changes in tumor cell metabolism after vesicular conditioning were investi-
gated. Interestingly, exposure of both PC3 and DU145 cell lines to the particles isolated from
3T3-L1 cell media led to a metabolic switch towards a fast-glycolytic state, characterized
by increased glucose consumption, lactate production and ATP synthesis (Figure 5A-C).
Importantly, this was accompanied by Akt phosphorylation and subsequent HIF-1« stabi-
lization (Figure 5D), a molecular cascade that is commonly associated with the well-known
Warburg effect [24]. As expected, these metabolic alterations were not observed in PCa cells
treated with particles from pre-adipocytes (Figure S1D,E). Based on these observations, we
can conclude that EVs from adipose cells can effectively rewire PCa glucose metabolism.
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Figure 2. Adipocyte-released EVs promote prostate cancer cell proliferation. (A) PC3 and DU145
cells were incubated with adipocyte-released EVs (30 pg/mL) for 96 h. Cell proliferation was then
evaluated by Trypan Blue exclusion assay. Each experiment was repeated three times. Data represent
mean values = SEM and were analyzed using a t-test. * p < 0.05 vs. PC3 or DU145 (control). (B) Cells
were incubated with adipocyte-released EVs (30 pg/mL) for 24 h. Cell cycle distribution was then
evaluated by cytofluorimetric analysis after staining with Invitrogen™ FxCycle™ PI/RNase Staining
Solution (according to the manufacturer’s protocol). Each experiment was repeated three times. Data
represent mean values + SEM and were analyzed using a t-test. * p < 0.05 vs. PC3 or DU145 (control),
** p < 0.01 vs. PC3 or DU145 (control), *** p < 0.001 vs. PC3 or DU145 (control).
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Figure 3. Adipocyte-associated EVs stimulate prostate cancer cell migration and invasion. (A) PC3
and DU145 cells were incubated with adipocyte-associated EVs (30 ug/mL) for 24 h. Cell migration
was then evaluated by wound healing assay. Each experiment was repeated three times. Scale bar is
200 um. (B) Cells were incubated with adipocyte-associated EVs (30 ug/mL) for 24 h. Cell invasion
was then evaluated by Boyden chamber assay. Each experiment was repeated three times. Scale bar
is 100 um. Data represent mean values £ SEM and were analyzed using a ¢-test. *** p < 0.001 vs. PC3
or DU145 (control).
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Figure 4. Adipocyte-secreted EVs enhance prostate cancer cell chemoresistance. (A) PC3 and DU145
cells were pre-treated with adipocyte-secreted EVs (30 pg/mL) for 24 h and then treated with doc-
etaxel (100 nM) for 48 h. Cell proliferation was then evaluated by Trypan Blue exclusion assay. Each
experiment was repeated three times. Data represent mean values + SEM and were analyzed using a
t-test. * p < 0.05 vs. PC3 DOC or DU145 DOC (control). (B) Cells were pre-treated with adipocyte-
secreted EVs (30 pg/mL) for 24 h and then treated with docetaxel (100 nM) for 48 h. Apoptotic rate
was then evaluated by cytofluorimetric analysis after staining with eBioscience™ Annexin V-FITC
Apoptosis Detection Kit (according to the manufacturer’s protocol). One representative of three
experiments performed is shown. Data represent mean values = SEM and were analyzed using a
Bonferroni’s test after one-way analysis of variance. ** p < 0.01 vs. PC3 or DU145, *** p < 0.001 vs.
PC3 or DU145, # p < 0.05 vs. PC3 DOC or DU145 DOC, # p < 0.01 vs. PC3 DOC or DU145 DOC.
(C) After adipocyte-secreted EV pre-treatment (30 ug/mL, 24 h) and docetaxel treatment (100 nM,
48 h), Western blot analysis was performed to investigate the expression levels of cleaved caspase
3 and PARP. Tubulin expression was evaluated as a loading control. One representative of three

experiments performed is shown.
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Figure 5. Extracellular vesicles from adipocytes reprogram prostate cancer cell metabolism. (A) PC3
and DU145 cells were incubated with adipocyte-derived EVs (30 pg/mL) for 24 h. Glucose con-
sumption was then evaluated by cytofluorimetric analysis after staining with 2-(N-(7-Nitrobenz-
2-oxa-1,3-diazol-4-yl)amino)-2-Deoxyglucose (100 uM) for 30 min. Each experiment was repeated
three times. Data represent mean values + SEM and were analyzed using a f-test. *** p < 0.001 vs.
PC3 or DU145 (control). (B) Cells were incubated with adipocyte-derived EVs (30 ug/mL) for 24 h.
Lactate production was then evaluated by using a lactate assay kit (according to the manufacturer’s
protocol). Each experiment was repeated three times. Data represent mean values & SEM and were
analyzed using a t-test. *** p < 0.001 vs. PC3 or DU145 (control). (C) Cells were incubated with
adipocyte-derived EVs (30 pg/mL) for 24 h. ATP synthesis was then evaluated by using an ATP
assay kit (according to the manufacturer’s protocol). Each experiment was repeated three times. Data
represent mean values = SEM and were analyzed using a t-test. *** p < 0.001 vs. PC3 or DU145
(control). (D) After adipocyte-derived EV treatment (30 pg/mL, 24 h), Western blot analysis was
performed to investigate the expression levels of p-Akt and HIF-1a in PC3 and DU145 cells. Tubulin
expression was evaluated as a loading control. One representative of three experiments performed
is shown.

4. Discussion

It is now widely accepted that a correlation exists between obesity and PCa progression.
In fact, increased tumor recurrence and lower overall survival have been observed in obese
patients with respect to normal-weight men [5-7]. Likewise, periprostatic adipose tissue
has been reported to directly influence PCa development by sustaining its growth and
metastasis [10,25]. In particular, the dysfunctional adipose mass in overweight patients is
primarily responsible for the production of adipokines, growth factors and hormones that are
often deregulated and can potentially contribute to tumorigenesis [5-7,10,23]. Conversely,
little is known about the involvement of adipocyte-secreted EVs in PCa evolution.
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Here, we examined the effects of 3T3-L1-derived vesicles on PC3 and DU145 cell
aggressiveness, in order to clarify the role of these particles in the modulation of the
interactions between the two cell types. Of course, the present study has certain limitations
that should be mentioned. For instance, despite being extensively used as a convenient
adipocyte model, 3T3-L1 cell line cannot fully recapitulate the characteristics of human
primary adipose cells. Additionally, our experiments have only been conducted in vitro;
thereby, in vivo studies are a logical next step. Taking these premises into consideration,
our results might offer a basis for further research into the role of adipocyte-derived EVs in
PCa progression.

First, we found that EVs released from adipocytes mediated a significant pro-tumor activity
on PCa cells by stimulating their proliferation. Furthermore, they were shown to significantly
enhance cancer cell migration and invasion. This is in agreement with recent reports highlighting
the ability of adipocyte-associated EVs to promote cell growth and metastasis in different
malignancies, such as breast, hepatocellular and lung carcinoma [17,18,26-28]. On the other
hand, the above evidence suggests that the complex communication network occurring
between PCa and its adipose stroma cannot only be orchestrated by the exchange of specific
molecules (such as leptin and TGF-f [25,29]) but also by the vesicular transfer of aggressive
tumor traits.

Then, we demonstrated that conditioning with vesicles from 3T3-L1 cells resulted in a
significant reduction in PCa sensitivity to chemotherapy; as expected, this was paralleled
by a delayed phosphatidylserine externalization on tumor cell membrane as well as by
decreased caspase 3 and PARP cleavage. These results are consistent with previous findings
demonstrating the fundamental role of adipose-tissue-related particles in determining the
emergence of drug resistance in various tumors, such as liver and ovarian cancer [21,27].
Regarding PCa, IGF-1 secreted by periprostatic adipose mass was recently shown to reduce
malignant cell susceptibility to docetaxel [30]; our findings not only confirm the ability of
adipocytes to modulate cancer chemoresistance but also open the possibility that other
adipocyte-released insoluble factors are crucially involved in the development of treatment-
unresponsive carcinomas.

In recent years, the characterization of the metabolic interplay between adipocytes and
tumor cells has gained wide attention in the study of cancer progression, with a growing
body of research indicating that adipocyte-derived fatty acids can directly affect tumor
cell metabolic plasticity [31]. Intriguingly, EVs produced by adipose tissue have also been
reported to transfer lipids to cancer cells, fueling both tumor proliferation and spread
through rapid fatty acid oxidation and energy production [20]. Nonetheless, the role of
adipocytes in the emergence of the so-called Warburg effect remains to be elucidated,
with a limited number of studies, thus far, investigating the ability of an adipose tissue-
enriched environment to sustain cancer glucose metabolism [32,33]. Here, we reported
that adipocytes could secrete EVs able to trigger a fast glycolytic flux, characterized by
increased glucose uptake, lactate release and ATP synthesis, in PCa cells. In particular, Akt
activation and the consequent HIF-1« stabilization, key mechanisms regulating aerobic
glycolysis [24], were observed. Notably, this molecular signature is commonly associated
with hyperproliferation, metastasis and chemoresistance in PCa [34-37], suggesting a deep
correlation between these metabolic features and the above EV-mediated pro-tumor effects.
It should also be underlined that, unlike PTEN-wild type DU145 cell line, PTEN-null PC3
cells heavily rely on glucose consumption for their energetic needs [22,38], presumably
explaining their higher susceptibility to EV treatment, particularly in terms of tumor
growth. Taken together, these data corroborate the fundamental function of adipocytes
in reprogramming tumor metabolism, highlighting for the first time the ability of stromal
vesicles to induce a switch towards a glucose-dependent phenotype in PCa. Whether fatty
acids contained in the EVs from adipose cells can complement this pathway remains to
be addressed; however, given the inability of 3T3-L1 pre-adipocyte-released particles to
affect cancer cell behavior, it can be reasonably hypothesized that vesicular lipids may be
involved in tumor metabolic rewiring.
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In summary, these results further clarify the mechanisms underlying the crosstalk
between adipose tissue and PCa, indicating that adipocyte-released EVs exert a potent
tumor-promoting activity by boosting cancer growth, invasion, drug resistance and glu-
cose metabolism.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/cells11152388 /51, Figure S1: Extracellular vesicles from pre-adipocytes do
not have any effect on prostate cancer cells.

Author Contributions: Conceptualization, FE; Data collection: EE, M.A., E.C., P.S. and P.P.;; Data
analysis: EF, M.A,, E.C., PS. and PP; Manuscript preparation: EF,, M.A., E.C,, PS,, PP, D.C. and PL.;
Funding acquisition: P.L. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by PRIN 2015 (grant number 2015B7M39T_004) and by MIUR
Progetto di Eccellenza (Department of Pharmacological and Biomolecular Sciences, Universita degli
Studi di Milano). F.F. was supported by an AIRC fellowship for Italy.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

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

References

1.  Siegel, R.L,; Miller, K.D.; Fuchs, H.E.; Jemal, A. Cancer statistics, 2022. CA. Cancer ]. Clin. 2022, 72, 7-33. [CrossRef]

2. Litwin, M.S,; Tan, H.-J. The Diagnosis and Treatment of Prostate Cancer. JAMA 2017, 317, 2532. [CrossRef] [PubMed]

3.  Fontana, F; Marzagalli, M.; Montagnani Marelli, M.; Raimondi, M.; Moretti, R.; Limonta, P. Gonadotropin-Releasing Hormone
Receptors in Prostate Cancer: Molecular Aspects and Biological Functions. Int. . Mol. Sci. 2020, 21, 9511. [CrossRef]

4. Fontana, F; Limonta, P. Dissecting the Hormonal Signaling Landscape in Castration-Resistant Prostate Cancer. Cells 2021, 10, 1133.
[CrossRef] [PubMed]

5. Freedland, S.J.; Aronson, W.]. Examining the relationship between obesity and prostate cancer. Rev. Urol. 2004, 6, 73-81.

6. Cao, Y,; Giovannucci, E. Obesity and Prostate Cancer. In Obesity and Cancer; Springer: Berlin/Heidelberg, Germany, 2016;
pp- 137-153.

7. Ferro, M.; Terracciano, D.; Buonerba, C.; Lucarelli, G.; Bottero, D.; Perdona, S.; Autorino, R.; Serino, A.; Cantiello, E,;
Damiano, R.; et al. The emerging role of obesity, diet and lipid metabolism in prostate cancer. Futur. Oncol. 2017, 13, 285-293.
[CrossRef] [PubMed]

8. Nassar, Z.D.; Aref, A.T.; Miladinovic, D.; Mah, C.Y;; Raj, G.V.; Hoy, A.].; Butler, L.M. Peri-prostatic adipose tissue: The metabolic
microenvironment of prostate cancer. BJU Int. 2018, 121, 9-21. [CrossRef] [PubMed]

9. Esteve, D.; Roumiguié, M.; Manceau, C.; Milhas, D.; Muller, C. Periprostatic adipose tissue: A heavy player in prostate cancer
progression. Curr. Opin. Endocr. Metab. Res. 2020, 10, 29-35. [CrossRef]

10. Gazi, E.; Gardner, P; Lockyer, N.P,; Hart, C.A.; Brown, M.D.; Clarke, N.W. Direct evidence of lipid translocation between
adipocytes and prostate cancer cells with imaging FTIR microspectroscopy. J. Lipid Res. 2007, 48, 1846-1856. [CrossRef] [PubMed]

11.  Couch, Y.; Buzas, E.I; Di Vizio, D.; Gho, Y.S.; Harrison, P.; Hill, A.F; Lotvall, J.; Raposo, G.; Stahl, P.D.; Théry, C.; et al.
A brief history of nearly EV-erything—The rise and rise of extracellular vesicles. J. Extracell. Vesicles 2021, 10, e12144. [CrossRef]
[PubMed]

12.  Doyle, L.; Wang, M. Overview of Extracellular Vesicles, Their Origin, Composition, Purpose, and Methods for Exosome Isolation
and Analysis. Cells 2019, 8, 727. [CrossRef]

13.  Zhang, X,; Liu, D.; Gao, Y.; Lin, C.; An, Q.; Feng, Y.; Liu, Y,; Liu, D.; Luo, H.; Wang, D. The Biology and Function of Extracellular
Vesicles in Cancer Development. Front. Cell Dev. Biol. 2021, 9, 3192. [CrossRef]

14. Chang, W.-H.; Cerione, R.A.; Antonyak, M.A. Extracellular Vesicles and Their Roles in Cancer Progression. In Cancer Cell Signaling;
Humana: New York, NY, USA, 2021; pp. 143-170.

15. Han, L.; Lam, E.W.-F;; Sun, Y. Extracellular vesicles in the tumor microenvironment: Old stories, but new tales. Mol. Cancer 2019,
18, 59. [CrossRef] [PubMed]

16. Moraes, J.A.; Encarnacao, C.; Franco, V.A.; Xavier Botelho, L.G.; Rodrigues, G.P.; Ramos-Andrade, I.; Barja-Fidalgo, C.;
Renovato-Martins, M. Adipose Tissue-Derived Extracellular Vesicles and the Tumor Microenvironment: Revisiting the Hallmarks
of Cancer. Cancers 2021, 13, 3328. [CrossRef] [PubMed]

17.  Wang, S.; Su, X.; Xu, M.; Xiao, X; Li, X.; Li, H.; Keating, A.; Zhao, R.C. Exosomes secreted by mesenchymal stromal/stem
cell-derived adipocytes promote breast cancer cell growth via activation of Hippo signaling pathway. Stem Cell Res. Ther. 2019,
10, 117. [CrossRef] [PubMed]

18. Wang, J.; Wu, Y.; Guo, ].; Fei, X.; Yu, L.; Ma, S. Adipocyte-derived exosomes promote lung cancer metastasis by increasing MMP9

activity via transferring MMP3 to lung cancer cells. Oncotarget 2017, 8, 81880-81891. [CrossRef] [PubMed]


https://www.mdpi.com/article/10.3390/cells11152388/s1
https://www.mdpi.com/article/10.3390/cells11152388/s1
http://doi.org/10.3322/caac.21708
http://doi.org/10.1001/jama.2017.7248
http://www.ncbi.nlm.nih.gov/pubmed/28655021
http://doi.org/10.3390/ijms21249511
http://doi.org/10.3390/cells10051133
http://www.ncbi.nlm.nih.gov/pubmed/34067217
http://doi.org/10.2217/fon-2016-0217
http://www.ncbi.nlm.nih.gov/pubmed/27624840
http://doi.org/10.1111/bju.14173
http://www.ncbi.nlm.nih.gov/pubmed/29460324
http://doi.org/10.1016/j.coemr.2020.02.007
http://doi.org/10.1194/jlr.M700131-JLR200
http://www.ncbi.nlm.nih.gov/pubmed/17496269
http://doi.org/10.1002/jev2.12144
http://www.ncbi.nlm.nih.gov/pubmed/34919343
http://doi.org/10.3390/cells8070727
http://doi.org/10.3389/fcell.2021.777441
http://doi.org/10.1186/s12943-019-0980-8
http://www.ncbi.nlm.nih.gov/pubmed/30925927
http://doi.org/10.3390/cancers13133328
http://www.ncbi.nlm.nih.gov/pubmed/34283044
http://doi.org/10.1186/s13287-019-1220-2
http://www.ncbi.nlm.nih.gov/pubmed/30971292
http://doi.org/10.18632/oncotarget.18737
http://www.ncbi.nlm.nih.gov/pubmed/29137230

Cells 2022, 11, 2388 11 of 11

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Lazar, I.; Clement, E.; Dauvillier, S.; Milhas, D.; Ducoux-Petit, M.; LeGonidec, S.; Moro, C.; Soldan, V.; Dalle, S.; Balor, S.; et al.
Adipocyte Exosomes Promote Melanoma Aggressiveness through Fatty Acid Oxidation: A Novel Mechanism Linking Obesity
and Cancer. Cancer Res. 2016, 76, 4051-4057. [CrossRef]

Clement, E.; Lazar, 1.; Attané, C.; Carrié, L.; Dauvillier, S.; Ducoux-Petit, M.; Esteve, D.; Menneteau, T.; Moutahir, M.;
Le Gonidec, S.; et al. Adipocyte extracellular vesicles carry enzymes and fatty acids that stimulate mitochondrial metabolism and
remodeling in tumor cells. EMBO J. 2020, 39, e102525. [CrossRef] [PubMed]

Yeung, C.L.A,; Co, N.-N,; Tsuruga, T.; Yeung, T.-L.; Kwan, S.-Y.; Leung, C.S.; Li, Y.; Lu, E.S.; Kwan, K.; Wong, K.-K_; et al. Exosomal
transfer of stroma-derived miR21 confers paclitaxel resistance in ovarian cancer cells through targeting APAF1. Nat. Commun.
2016, 7, 11150. [CrossRef] [PubMed]

Fontana, F.; Anselmi, M.; Limonta, P. Exploiting the Metabolic Consequences of PTEN Loss and Akt/Hexokinase 2 Hyperactiva-
tion in Prostate Cancer: A New Role for d-Tocotrienol. Int. . Mol. Sci. 2022, 23, 5269. [CrossRef]

Fontana, F.; Carollo, E.; Melling, G.E.; Carter, D.R.F. Extracellular Vesicles: Emerging Modulators of Cancer Drug Resistance.
Cancers 2021, 13, 749. [CrossRef]

Nagao, A.; Kobayashi, M.; Koyasu, S.; Chow, C.C.T.; Harada, H. HIF-1-Dependent Reprogramming of Glucose Metabolic Pathway
of Cancer Cells and Its Therapeutic Significance. Int. J. Mol. Sci. 2019, 20, 238. [CrossRef] [PubMed]

Onuma, M.; Bub, ].D.; Rummel, T.L.; Iwamoto, Y. Prostate Cancer Cell-Adipocyte Interaction. J. Biol. Chem. 2003, 278, 42660-42667.
[CrossRef] [PubMed]

Ramos-Andrade, I.; Moraes, J.; Brandao-Costa, R.M.; Vargas da Silva, S.; de Souza, A.; da Silva, C.; Renovato-Martins, M.;
Barja-Fidalgo, C. Obese adipose tissue extracellular vesicles raise breast cancer cell malignancy. Endocr. Relat. Cancer 2020, 27,
571-582. [CrossRef] [PubMed]

Zhang, H.; Deng, T; Ge, S.; Liu, Y,; Bai, M.; Zhu, K; Fan, Q.; Li, J.; Ning, T.; Tian, E; et al. Exosome circRNA secreted from
adipocytes promotes the growth of hepatocellular carcinoma by targeting deubiquitination-related USP7. Oncogene 2019, 38,
2844-2859. [CrossRef] [PubMed]

La Camera, G.; Gelsomino, L.; Malivindi, R.; Barone, I.; Panza, S.; De Rose, D.; Giordano, F; D’Esposito, V.; Formisano, P;
Bonofiglio, D.; et al. Adipocyte-derived extracellular vesicles promote breast cancer cell malignancy through HIF-1« activity.
Cancer Lett. 2021, 521, 155-168. [CrossRef]

La Civita, E.; Liotti, A.; Cennamo, M.; Crocetto, F.; Ferro, M.; Liguoro, P; Cimmino, A.; Imbimbo, C.; Beguinot, F,;
Formisano, P; et al. Peri-Prostatic Adipocyte-Released TGFf Enhances Prostate Cancer Cell Motility by Upregulation of
Connective Tissue Growth Factor. Biomedicines 2021, 9, 1692. [CrossRef]

Liotti, A.; La Civita, E.; Cennamo, M.; Crocetto, F; Ferro, M.; Guadagno, E.; Insabato, L.; Imbimbo, C.; Palmieri, A,;
Mirone, V,; et al. Periprostatic adipose tissue promotes prostate cancer resistance to docetaxel by paracrine IGF-1 upregulation of
TUBB2B beta-tubulin isoform. Prostate 2021, 81, 407-417. [CrossRef]

Dumas, ].-F.; Brisson, L. Interaction between adipose tissue and cancer cells: Role for cancer progression. Cancer Metastasis Rev.
2021, 40, 31-46. [CrossRef] [PubMed]

Luis, C.; Duarte, E; Faria, L; Jarak, I.; Oliveira, P.F,; Alves, M.G.; Soares, R.; Fernandes, R. Warburg Effect Inversion: Adiposity
shifts central primary metabolism in MCF-7 breast cancer cells. Life Sci. 2019, 223, 38-46. [CrossRef]

Diedrich, ].D.; Rajagurubandara, E.; Herroon, M.K.; Mahapatra, G.; Hiittemann, M.; Podgorski, I. Bone marrow adipocytes
promote the Warburg phenotype in metastatic prostate tumors via HIF-1« activation. Oncotarget 2016, 7, 64854—64877. [CrossRef]
[PubMed]

Bitting, R.L.; Armstrong, A.J. Targeting the PI3K/Akt/mTOR pathway in castration-resistant prostate cancer. Endocr. Relat. Cancer
2013, 20, R83-R99. [CrossRef] [PubMed]

Ranasinghe, W.K.B.; Baldwin, G.S.; Shulkes, A.; Bolton, D.; Patel, O. Normoxic regulation of HIF-1« in prostate cancer. Nat. Rev.
Urol. 2014, 11, 419. [CrossRef] [PubMed]

Marhold, M.; Tomasich, E.; El-Gazzar, A.; Heller, G.; Spittler, A.; Horvat, R.; Krainer, M.; Horak, P. HIF1a Regulates mTOR
Signaling and Viability of Prostate Cancer Stem Cells. Mol. Cancer Res. 2015, 13, 556-564. [CrossRef] [PubMed]

Fontana, F; Anselmi, M.; Limonta, P. Molecular mechanisms and genetic alterations in prostate cancer: From diagnosis to targeted
therapy. Cancer Lett. 2022, 534, 215619. [CrossRef]

Wang, L.; Xiong, H.; Wu, E; Zhang, Y.; Wang, |.; Zhao, L.; Guo, X.; Chang, L.].; Zhang, Y.; You, M.].; et al. Hexokinase 2-Mediated
Warburg Effect Is Required for PTEN- and p53-Deficiency-Driven Prostate Cancer Growth. Cell Rep. 2014, 8, 1461-1474. [CrossRef]
[PubMed]


http://doi.org/10.1158/0008-5472.CAN-16-0651
http://doi.org/10.15252/embj.2019102525
http://www.ncbi.nlm.nih.gov/pubmed/31919869
http://doi.org/10.1038/ncomms11150
http://www.ncbi.nlm.nih.gov/pubmed/27021436
http://doi.org/10.3390/ijms23095269
http://doi.org/10.3390/cancers13040749
http://doi.org/10.3390/ijms20020238
http://www.ncbi.nlm.nih.gov/pubmed/30634433
http://doi.org/10.1074/jbc.M304984200
http://www.ncbi.nlm.nih.gov/pubmed/12902351
http://doi.org/10.1530/ERC-19-0507
http://www.ncbi.nlm.nih.gov/pubmed/32738129
http://doi.org/10.1038/s41388-018-0619-z
http://www.ncbi.nlm.nih.gov/pubmed/30546088
http://doi.org/10.1016/j.canlet.2021.08.021
http://doi.org/10.3390/biomedicines9111692
http://doi.org/10.1002/pros.24117
http://doi.org/10.1007/s10555-020-09934-2
http://www.ncbi.nlm.nih.gov/pubmed/33009650
http://doi.org/10.1016/j.lfs.2019.03.016
http://doi.org/10.18632/oncotarget.11712
http://www.ncbi.nlm.nih.gov/pubmed/27588494
http://doi.org/10.1530/ERC-12-0394
http://www.ncbi.nlm.nih.gov/pubmed/23456430
http://doi.org/10.1038/nrurol.2013.110-c2
http://www.ncbi.nlm.nih.gov/pubmed/24980197
http://doi.org/10.1158/1541-7786.MCR-14-0153-T
http://www.ncbi.nlm.nih.gov/pubmed/25349289
http://doi.org/10.1016/j.canlet.2022.215619
http://doi.org/10.1016/j.celrep.2014.07.053
http://www.ncbi.nlm.nih.gov/pubmed/25176644

	Introduction 
	Materials and Methods 
	Chemicals 
	Cell Lines and Cell Culture 
	3T3-L1 Cell Differentiation 
	Extracellular Vesicle Extraction 
	Nanoparticle Tracking Analysis 
	Transmission Electron Microscopy 
	Cell Proliferation Assay 
	Cell Cycle Analysis 
	Wound Healing Assay 
	Boyden Chamber Assay 
	Annexin V/PI Apoptosis Assay 
	Measurement of Glucose Consumption 
	Measurement of Lactate Synthesis 
	Measurement of ATP Synthesis 
	Western Blot Analysis 
	Statistical Analysis 

	Results 
	Characterization of Adipocyte-Derived Extracellular Vesicles 
	Adipocyte-Released Extracellular Vesicles Promote Prostate Cancer Cell Proliferation 
	Adipocyte-Associated EVs Stimulate Prostate Cancer Cell Migration and Invasion 
	Adipocyte-Secreted Extracellular Vesicles Enhance Prostate Cancer Cell Chemoresistance 
	Extracellular Vesicles from Adipocytes Reprogram Prostate Cancer Cell Glucose Metabolism 

	Discussion 
	References

