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BACKGROUND: Preclinical and clinical translational research supports the role of an w-3 fatty acid diet for prostate cancer

prevention and treatment. The anti-prostate cancer effects of an w-3 diet require a functional host g-protein coupled receptor 120
(GPR120) but the underlying effects on the tumor microenvironment and host immune system are yet to be elucidated.
METHODS: Friend leukemia virus B (FVB) mice received bone marrow from green fluorescent protein (GFP) labeled GPR120 wild-
type (WT) or knockout (KO) mice followed by implanting Myc-driven mouse prostate cancer (MycCap) allografts and feeding an w-3
or w-6 diet. Tumor associated immune cells were characterized by flow cytometry, and CD206+ tumor infiltrating M2-like
macrophages were isolated for gene expression studies. MycCap prostate cancer cell conditioned medium (CM) was used to
stimulate murine macrophage cells (RAW264.7) and bone marrow-derived (BMD) macrophages to study the effects of
docosahexanoic acid (DHA, fish-derived w-3 fatty acid) on M2 macrophage function and cholesterol metabolism.

RESULTS: The bone marrow transplantation study showed that an w-3 as compared to an w-6 diet inhibited MycCaP allograft
tumor growth only in mice receiving GPR120 WT but not GPR120 KO bone marrow. In the w-3 group, GPR120 WT BMD M2-like
macrophages infiltrating the tumor were significantly reduced in number and gene expression of cholesterol transporters Abcafl,
Abca6, and Abcg1. RAW264.7 murine macrophages and BMDMs exposed to MycCaP cell CM had increased gene expression of
cholesterol transporters, depleted cholesterol levels, and were converted to the M2 phenotype. These effects were inhibited by
DHA through the GPR120 receptor.

CONCLUSION: Host bone marrow cells with functional GPR120 are essential for the anticancer effects of dietary w-3 fatty acids, and
a key target of the w-3 diet are the M2-like CD206-+ macrophages. Our preclinical findings provide rationale for clinical trials
evaluating w-3 fatty acids as a potential therapy for prostate cancer through inhibition of GPR120 functional M2-like macrophages.

Prostate Cancer and Prostatic Diseases (2024) 27:700-708; https://doi.org/10.1038/s41391-023-00745-4

INTRODUCTION

In numerous preclinical models, dietary w-3 fatty acids (FAs)
from fish oil delayed the development and progression of
androgen-sensitive and castrate resistant prostate cancer [1-8].
Epidemiologic studies, however, report varying results on the
risk of overall and aggressive prostate cancer [9-15]. In a
prospective trial in men on active surveillance, higher prostate
tissue eicosapentaenoic acid (EPA, w-3) levels correlated with
less upgrading on subsequent biopsies [16]. Likewise, a
prospective randomized pre-prostatectomy trial reported
decreased proliferation (Ki-67 index) and a decreased genetic
risk score in malignant tissue in the prostatectomy specimens in
men on a low-fat diet with fish oil supplements as compared to
a Western diet [17, 18].

In an immunocompetent mouse model for prostate cancer, the
growth inhibitory effects of an w-3 diet were dependent on the
presence of functional host g-protein coupled receptor 120
(GPR120) but not tumor cell GPR120 [6]. GPR120 is a G
protein—coupled receptor involved in modulation of metabolism
and endocrine and immune function and is a known receptor for
long-chain polyunsaturated FAs [19, 20]. The finding that the
growth inhibitory effects of an w-3 diet are dependent on host
GPR120 but not tumor cell GPR120 suggests there may be a
dietary effect on the host immune system [6]. In the present study,
we investigated this hypothesis using a bone marrow transplant
model. We implanted MycCaP allograft tumors into immune cell-
depleted (radiated) mice, infused green fluorescent protein (GFP)
labeled bone marrow from either GPR120 wild-type or knockout
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mice, and fed the mice an w-3 or w-6 diet. Herein we report that
the anticancer effects of the w-3 diet are dependent on GPR120
functional bone marrow and there was a decreased number of
bone marrow-derived M2-like macrophages in the tumor
microenvironment.

M2-like macrophages play a critically important role in prostate
cancer progression and metastases [21, 22]. At the present time
there are no therapies that target M2-like macrophages, though
this area is under intense investigation [23, 24]. Cancer cells are
known to convert macrophages to the M2 phenotype to support
cancer progression [25]. Emerging data from studies in ovarian
and lung cancer suggest a key underlying mechanism promoting
the M2 phenotype is cancer cell-induced depletion of macro-
phage cholesterol levels [26, 27]. We therefore investigated
whether prostate cancer cells exhibit similar effects by increasing
cholesterol efflux in tumor associated macrophages (TAMs) and if
this is a potential target for w-3 FAs from fish oil.

MATERIALS AND METHODS

Chemicals and reagents

Docosahexaenoic acid (DHA, w-3 FAs) was obtained from Cayman
Chemical (Ann Harbor, MI, USA). RPMI and DMEM media and fetal bovine
serum were purchased from Invitrogen (Carlsbad, CA, USA); mouse IL-4
from Sigma Chemical (St Louis, MO, USA).

Cell lines

The murine macrophage cell line RAW264.7 was purchased from American
Type Culture Collection (Manassas, VA, USA). Mouse prostate cancer cell
line MycCap was a gift from Dr. Lily Wu (UCLA, CA). All cell lines were used
within 15 passages after thawing. Mycoplasma in the cell lines are being
tested by PCR according to the manufacture’s protocol (Applied Biological
Materials Inc., Richmond, BC, Canada).

Development of EGFP transgenic FVB and EGFP x GPR120 '~
(GPR120 KO) mice

The transgenic enhanced green fluorescent protein (EGFP) FVB mice (FVB
Cg-Tg (CAG-EGFP) B5Nagy/J) were purchased from Jackson Laboratory (Bar
Harbor, ME). FVB Cg-Tg (CAG-EGFP) B5Nagy/J have expression of EGFP
directed to widespread tissues by the CMV-IE enhancer/chicken B-actin/
rabbit 3-globin hybrid promoter and are useful as a source of fluorescently
marked cells. Male and female heterozygous EGFP mice were crossed to
derive homozygous EGFP mice. To generate EGFP labeled GPR120/~
mice, female homozygous EGFP mice were crossed with male GPR120~/~
mice to generate homozygous EGFP/homozygous GPR120™/~ mice.
GPR120~/~ mice were generated by the Jackson Laboratory as described
previously [6].

Genomic DNA extraction and genotyping PCR amplification
Genomic DNA was extracted and amplified as previously described [6]
(primer list in Supplementary Tables 1, 2).

Animal husbandry, feeding protocol, bone marrow transfer,
and MycCaP allograft tumors

Male FVB mice (5 weeks old) were obtained from Jackson Laboratory (Bar
Harbor, ME, USA). The experiments were approved by the UCLA Animal
Research Committee, and animals were cared for in accordance with
institutional guidelines. The following mice [FVB wild-type (WT-R = wild-
type recipient) (n=12 or 15 for w-6 diet; n=13 or 16 for w-3 diet) or
GPR120 knockout (KO-R = GPR120 knockout recipient) mice (n =5 or 7 for
w-6 diet; n =5 or 7 for w-3 diet)] were subjected to X-ray irradiation (9 Gray
for 6 min and 40 s) at 6 weeks of age. The following day, tail vein injection
with 200 pl of 1x 107 GFP labeled bone marrow cells (1.5x 10° cells/
mouse) isolated from EGFP wild-type or EGFP x GPR120~~ mice
respectively. Three weeks after tail vein injection, mice were acclimated
on a standard AIN- 93G diet (DYETS, Bethlehem, PA) for 7-days, followed by
subcutaneous injection of 5x 10° MycCaP cells (prostate cancer cell line
from Hi-Myc transgenic mice) into the flank of wild-type (WT) and GPR120
KO mice as previously described [6]. The diets were prepared by DYETS,
Inc. (Bethlehem, PA) as previously described [8]. Both diets provided 30%
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of energy (kcal) from fat with the fat source being either fish oil (w-3 diet)
or corn oil (w-6 diet). When Myc-Cap tumors reached a size of 30-50 mm?,
mice were assigned to either w-3 or w-6 diet based on matching tumor
size. Mice were sacrificed 6 weeks after the MycCaP cells were injected.
Tumor tissue was weighed and rinsed with cold phosphate buffered saline
(PBS). 100 mg of the tumor tissue was snap-frozen in liquid nitrogen, and
the remaining tissue used for flow cytometry and immune cell isolation.
The mouse study including four subgroups, described above, was
performed once.

Flow cytometry analysis of immune cells

To quantify immune cells, single-cell suspensions were prepared from
tumor tissue and were incubated with the following antibodies in 1:100
dilution: CD45-PE (hematopoietic cells, eBioscience, San Diego, CA), F4/80-
PE-Cy7 (macrophages, eBioscience, San Diego, CA), CD11b-FITC (mono-
cyte/macrophages, BD Biosciences San Jose, CA), CD206-APC (M2 type
macrophages, Biolegend, San Diego, CA),CD68-PerCP-Cy5.5 for macro-
phages (M1 type macrophages,Biolegend, San Diego, CA), CD45-PE, F4/80-
PE-Cy7, CD11b-FITC, Gr-1-APC (myeloid cells, BD Biosciences San Jose, CA)
for myeloid derived suppressor cells (MDSCs) and Neutrophils, CD45-PE,
CD4-FITC (CD4 T cells, BD Biosciences San Jose, CA), CD8-APC (CD8 T cells,
BD Biosciences San Jose, CA), B220 (B cells, Biolegend, San Diego, CA) for T
and B cells. Cells were washed with PBS before analysis on the BD LSR-II
flow cytometer (Beckman Coulter), GFP+ cells were gated for analysis of
immune cells as previously described [6].

Magnetic cell sorting of CD206-+ macrophages cells

CD206+ macrophages were isolated from single-cell suspensions from
tumor tissue using CD206-APC primary antibody and anti-APC magnetic
beads with miniMACS (MiltenyiBiotec, Auburn, CA, USA) according to
manufacturer’s protocol [6]. The CD206+ macrophage fraction contained
>95% macrophages, as confirmed by flow cytometry.

mRNA isolation and reverse transcription-PCR (RT-PCR), semi-
quantitative and quantitative real-time PCR
Total RNA was isolated and RT-PCR performed as previously described [6].

Generation of MycCap conditioned medium (CM)

1% 10” MycCap cells were seeded into 150 mm dish and 25 ml of medium
containing 4% FBS was added, and the supernatant was collected 72 h
later. The supernatant was filtered with 22 uM filter, collected as CM and
storage in —80 °C.

Generation of L929 conditioned media and bone marrow-
derived macrophages (BMDMs)

L929 conditioned media (CM) was generated and BMDMs derived as
previously described [28].

Cholesterol measurement

Total cell cholesterol content was measured in Raw264.7 and BMDMs using
the Amplex Red Cholesterol Assay kit (ThermoFisher Scientific), according
to the manufacturer's instructions. Briefly, 10° cells were harvested and
washed 3 times with cold PBS prior to lysis. 200uL of chloroform:
isopropanol: NP-40 (7:11:0.1) mixture was then added and centrifuged
10 min at 15,000 x g. The liquid (organic phase) was transferred to a new
tube and air dry at 50°C to remove the chloroform. Samples were put
under vacuum for 30 min to remove the trace amounts of organic solvent
and the dried lipids were dissolved in 200 uL of 1X Assay Diluent with
vortexing until the solution is homogenous. 1-50 pL of extracted sample
were diluted and used for assay.

Statistical analysis

Mouse group size was determined based on previous studies using the
MycCap allograft tumor model [5, 6, 8, 28]. Quantitative measures (caloric
intake, mean body weights, final tumor volume and weight, M1, M2-like
macrophages, mRNA levels, etc.) were summarized by group as mean *
standard error of the mean (SEM), unless otherwise noted and formally
compared between groups using the Student's t test using the
GraphPad Prism6.0 software (GraphPad Software, La Jolla CA). Investigators
were not blinded to the diet composition. Tumor growth curves for Fig. 1
were compared between groups (w-3/w-6) using linear mixed effects
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models with terms for time, group, and the group*time interaction with a
random mouse effect (to properly account for the repeated measures
design of the study). In vitro experiments were performed in triplicate. P
values < 0.05 was considered statistically significant.

RESULTS

The anti-cancer effect of an w-3 diet is dependent on bone
marrow cells with functional GPR120

The anti-cancer effect of an w-3 diet was previously found to be
dependent on functional GPR120 in the host [6], but the host
mechanism is yet to be defined. We hypothesized that w-3 FAs in
fish oil act through GPR120 functional immune cells from the bone
marrow that migrate to the tumor microenvironment. To test this
hypothesis we performed a bone marrow transplant experiment
with FVB GPR120 WT or GPR120 KO mice and tail vein injection of
GFP labeled bone marrow from GPR120 WT or GPR120 KO mice.
After 3 weeks we implanted MycCap cells subcutaneously. Once the
MycCap tumors reached 30-50 mm? the mice were fed an
isocaloric w-3 or w-6 diet (Fig. 1A). When irradiated GPR120 WT mice
were injected with GPR120 WT bone marrow, the w-3 diet
compared with the w-6 diet significantly inhibited tumor growth
and final tumor volume (514.8+88.6 mm3 in w-6 diet versus
168.4 + 26.5 mm3 in w-3 diet, p = 0.0007) and decreased final tumor
weight (0.77+0.13g in w-6 diet versus 0.31+0.05g in w-3 diet,
p =0.002) (Fig. 1B, F). However, when GPR120 KO bone marrow
cells were injected into irradiated GPR120 WT mice, feeding the w-3
diet compared to the w-6 diet did not reduce tumor growth and
final tumor volume (337.2+80.9mm3 in w-6 diet versus
3285+748mm3 in w-3 diet) and final tumor weight
(0.73+£0.14 g in w-6 diet versus 0.63+0.12g in w-3 diet) (Fig. 1C,
F). Previously, an w-3 diet was found not to inhibit tumor growth in
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MycCaP tumors grown in global GPR120 KO mice [6]. However, in
the present experiment, after injecting GPR120 WT bone marrow
into irradiated GRP120 KO mice, the w-3 compared to the w-6 diet
inhibited allograft tumor growth and tumor volume
(829.3+190.6 mm3 in w-6 diet versus 291.3+94.1 mm3 in w-3
diet, p =0.035) and tumor weight (1.70 £ 0.40 g in w-6 diet versus
0.61+0.21g in w-3 diet, p =0.04), (Fig. 1D, F). When GPR120 KO
bone marrow cells were injected into GPR120 KO recipient mice,
feeding the w-3 diet compared to the w-6 diet did not reduce tumor
growth and final tumor volume (220.6 + 66.7 mm? in w-6 diet versus
2593 + 79.7 mm? in w-3 diet) and tumor weight (043 +£0.15gin w-6
diet versus 048 +0.12g in w-3 diet) (Fig. 1E, F). Throughout the
experiments there was no difference in mouse body weight or food
intake between the groups (Supplementary Fig. 1).

An w-3 diet reduced the number of GPR120 wild-type bone
marrow-derived M2 macrophages in MycCaP allografts
Previously, we reported that feeding an w-3 diet decreased M2-
like macrophage tumor infiltration [6]. For the bone marrow
transplantation experiments described above, we sought to
determine the effect of the w-3 vs. w-6 diet on bone marrow-
derived immune cells infiltrating the MycCap allograft tumors and
the dependence on GPR120. By flow cytometry, 70-80% of the
hematopoietic, CD45+ cells in the MycCaP tumors were green
fluorescent protein positive (GPF+) cells and thus derived from
the infused bone marrow (data not shown). Flow cytometry was
performed on the tumor GFP+/CD45+ cells to determine the
populations of bone marrow-derived immune cells in the tumor
tissue. In the recipient GPR120 WT mice that received GPR120 WT
bone marrow, the number of F4/80+ CD206 + M2 polarized
macrophages was significantly decreased from 55.8+2.3% (w-6
diet) to 452£2.1% (w-3 diet) (p=0.0036) (Fig. 2A). However,
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Fig.2 The w-3 as compared to the w-6 diet decreased M2 macrophages in tumor tissue in mice that received GPR120 WT bone marrow.
A-D Percentage of macrophage subtypes from CD45+ cells in tumor tissue as determined by flow cytometry. Cells displayed in Fig. 2 are GFP+-.
Total macrophages = F4/80 + CD11b+, M1 macrophages = F4/80 + CD68+, and M2 macrophages = F4/80 + CD206 +. WT-R = wild-type
recipient, KO-R = GPR120 knockout recipient, WT-D = wild-type donor, KO-D = GPR120 knockout donor. WT-R: n = 12 or 15 for w-6 diet; n = 13 or
16 for -3 diet; KO-R: n =5 or 7 for w-6 diet; n =5 or 7 for o-3 diet. Significance determined by Student’s t test (* <0.05 and ** <0.01).
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there was no significant difference between the w-3 and w-6
groups in the number of F4/80 4+ CD206 + M2 polarized macro-
phages in the tumors of the recipient GPR120 WT mice that
received GPR120 KO bone marrow (Fig. 2B). In the GPR120 KO
mice that received GPR120 WT bone marrow, the number of F4/
80 + CD206 + M2 polarized macrophages was significantly
decreased from 52.2+1.1% (w-6 diet) to 43.2+3.3% (w-3 diet)
(p = 0.035) (Fig. 2C). However, there was no significant difference
between the w-3 and w-6 groups in the number of F4/
80 + CD206 + M2 polarized macrophages in the tumors in the
GPR120 KO mice that received GPR120 KO bone marrow (Fig. 2D).
There was no significant difference between the w-3 or w-6 diet
groups in the other immune cells infiltrating the allografts such as
F4/80 + CD11b+ total macrophages, F4/80 + CD68 + M1 macro-
phages (Fig. 3A-D), CD11b + Gr14+ MDSCs, F4/80-CD11b + Gr1+
neutrophils, CD8" or CD4 + T cells and B220 + B cells (Supple-
mentary Fig. 2).

We isolated CD206+ (M2) macrophages from the MycCaP
tumors using magnetic beads to study the effect of the w-3 diet
on gene expression of M2-like macrophage markers, Gene
expression of CD206, Arg1, MMP-9, CCL2, IL-10 and TNF-a were
significantly decreased in isolated CD206-+ cells from allograft
tissue in the w-3 group compared to the w-6 group from recipient
GPR120 WT or KO mice that received GPR120 WT bone marrow
(Fig. 3A, Q), but not from recipient GPR120 WT or KO mice that
received GPR120 KO bone marrow (Fig. 3B, D). Thus, the w-3 diet
only reduced the CD206+ (M2) macrophages infiltrating the
MycCaP allografts when the donor bone marrow was GPR120
wild-type.

An w-3 diet decreased expression of cholesterol transporter
genes in GPR120 wild-type M2 macrophages isolated from
MycCaP allografts

Based on recent studies reporting that cholesterol efflux from
TAMs leads to cancer progression, we sought to determine if the
w-3 diet inhibits cholesterol efflux from tumor infiltrating M2-like
macrophages [26, 27, 29]. We found that the w-3 diet as compared
to the w-6 diet significantly reduced gene expression of
cholesterol transporters Abcal, Abca6é and Abcgl in M2
(CD206+) macrophages isolated from MycCaP allograft tumors
in irradiated GPR120 WT and KO mice given GPR120 WT bone
marrow (Fig. 3E, G). However, there was no significant effect on
cholesterol transporters in M2 (CD206+) macrophages isolated
from MycCaP tumors in GPR120 WT or KO mice given GPR120 KO
bone marrow (Fig. 3F, H).

Docosahexaenoic acid (DHA) decreased MycCaP conditioned
media-induced cholesterol efflux from M2 macrophages

Recent studies in ovarian and lung cancer reported that cancer
cells are able to induce transition of TAMs to the M-2 phenotype
by altering macrophage lipid metabolism [26, 27]. In the study by
Goossens P. et al., co-culture of the ovarian cancer cell line ID-8
with bone marrow-derived macrophages (BMDMs) increased
cholesterol efflux in lipid rafts of BMDMs and increased IL-4-
mediated BMDM reprogramming [26]. To examine the role of w-3
FAs affecting prostate cancer-induced alterations in macrophage
cholesterol metabolism we utilized an in-vitro model in which Raw
264.7 macrophages were cultured with MycCaP cell CM. MycCaP
CM significantly upregulated gene expression of cholesterol
transporters Abcal, Abca6 and Abcg1 and cholesterol synthesis-
related genes Acat1 and Acat2 and reduced membrane choles-
terol levels in Raw 264.7 macrophages, and these effects
(excluding Acat2 expression) were inhibited by the w-3 fatty acid
DHA (Fig. 4A-D). MycCaP CM also induced Raw 264.7 macro-
phages to have characteristics of M2 macrophages (increased
expression of Arg 1, CD206, and MMP9) (Fig. 4E). DHA inhibited
expression of M2 markers (CD206, Arg 1, MMP9, IL10, and CCL2) in
Raw 264.7 macrophages exposed to MycCaP CM and IL-4 (Fig. 4F).

SPRINGER NATURE

To determine if the inhibitory effects of DHA on cholesterol
efflux from M2-like macrophages is mediated through GPR120, we
utilized an ex-vivo assay using BMDMs from GPR120 WT and KO
mice. MycCap CM increased expression of the cholesterol
transporters Abcal and Abca6 and lowered membrane cholesterol
levels in GPR120 WT and KO BMDMs (Fig. 5A, B, E). Addition of
DHA inhibited these effects in the GPR120 WT BMDMs but had no
significant effect in the GPR120KO BMDM: s (Fig. 5C, D, F). MycCap
CM increased IL-4 induced Arg 1 and CD206 expression in GPR120
WT and KO BMDMs and this effect was inhibited by DHA in the
GPR120 WT BMDMs but not the GPR120 KO BMDMs (Fig. 5G-L).
Thus, the inhibitory effects of DHA on cholesterol efflux and
reduction in cholesterol levels in M2-like macrophages are
dependent on a functional GPR120 receptor.

DISCUSSION

The anti-prostate cancer effects of dietary w-3 FAs were previously
found to be dependent on functional GPR120 in the host,
however, the underlying host mechanisms were not defined. We
hypothesized that dietary w-3 FAs inhibit prostate cancer
progression through effects on immune cells derived from bone
marrow with functional GPR120 that migrate to the tumor
microenvironment. To test this hypothesis, we grew MycCaP
allografts in a bone marrow transplant model using GFP-labeled
bone marrow from either GPR120 wild-type or knockout mice and
fed the mice w-3 or w-6 FA diets. We found that the w-3 diet only
inhibited MycCap allograft growth when the recipient mice were
injected with bone marrow from GPR120 WT donor mice. Among
the GFP-labeled immune cells infiltrating the MycCaP allografts,
only the M2-like macrophages (CD206 +) were reduced in
number in the w-3 vs the w-6 diet groups. Likewise, gene
expression of M2 markers in the GFP+ tumor infiltrating CD206+
macrophages, known to be associated with prostate cancer
progression, were only reduced when the M2-like macrophages
had functional GPR120. In summary, host bone marrow cells with
functional GPR120 are essential for the anticancer effects of
dietary w-3 FAs, and a key target of the w-3 diet is the M2-like
CD206+ macrophages.

The mechanism whereby prostate cancer cells convert
macrophages to the M2 phenotype to support progression
and metastasis is yet to be elucidated. ABCA1, ABCA6 and
ABCGT1 are cholesterol transporters and suppress the accumula-
tion of cholesterol in macrophages [30, 31]. Emerging data
suggests that cancer cells secrete factors that activate choles-
terol transporters in macrophages such as ABCA1 ABCA6 and
ABCG1 to increase cholesterol efflux [26, 27]. Depletion of
cholesterol from TAMs increases sensitivity to IL4 and promotes
polarization to M2-like macrophages to support cancer progres-
sion [26]. Based on these emerging data, we sought to
determine if dietary w-3 FAs inhibit prostate cancer induced
cholesterol efflux from macrophages and conversion to the M2
phenotype, and if these effects are dependent on GPR120. We
found that MycCaP CM significantly upregulated gene expres-
sion of cholesterol transporters and reduced cholesterol levels in
Raw 264.7 macrophages and bone marrow-derived M2 macro-
phages. The MycCaP CM also increased M2 phenotypic
characteristics in response to IL-4. These MycCaP CM effects
were inhibited by DHA treatment, but only in the presence of a
functional GPR120. Thus, in pre-clinical models, it appears that
dietary w-3 FAs inhibit prostate cancer-induced TAM cholesterol
efflux and M2 macrophage polarization and function through
GPR120. Of interest, El-Kenawi et al. reported that macrophage
depletion of cholesterol reduced androgen levels within
prostate tumors and restricted AR nuclear localization [29].
Thus, dietary w-3 FAs may have the potential to reduce intra-
tumoral androgen levels in prostate cancer through inhibition of
M2 macrophage cholesterol efflux.
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Fig. 3 The w-3 diet regulated cholesterol efflux and polarization and function of macrophages in tumor tissue in mice that received
GPR120 WT bone marrow. For Figures (A-H), macrophages were isolated from the MycCaP tumors as described in the methods section.
A-D Gene expression of M2 markers in macrophages isolated from MycCaP allografts. E-H Gene expression of cholesterol metabolism
enzymes in macrophages isolated from MycCaP allografts. WT-R = wild-type recipient, KO-R = GPR120 knockout recipient, WT-D = wild-type
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Yet to be determined is if the anticarcinogenic effects of an w-
3 diet in pre-clinical and early phase clinical studies will translate
to efficacy in patients, either for prevention or treatment of
prostate cancer. A search on Clinicaltrials.gov of omega-3, fish
oil, and prostate cancer references four ongoing trials in men
with prostate cancer in varying stages of their disease. The
group at CHU de Quebec-Université Laval is evaluating a fish oil
supplement enriched with a marine-derived w-3 FA (EPA) for
men undergoing radical prostatectomy (NCT02333435) and men
with biochemical recurrence (NCT03753334). The group at Cedar
Sinai Medical Center is evaluating walnuts (high in plant-based
w-3 FAs) in the pre-prostatectomy setting (NCT03824652). Our
group is evaluating a low w-6 diet combined with a fish oil

SPRINGER NATURE

supplement for men on active surveillance (NCT02176902).
Hopefully, these early phase trials will yield positive findings that
will ultimately benefit our patients. Based on a prior pre-
prostatectomy trial suggesting increased GPR120 expression in
the prostate positively correlates with the antiproliferative
effects of dietary w-3 FAs, possibly a patient’s GPR120 status
will be predictive of response to dietary w-3 FAs, thus allowing a
precision approach to dietary therapy [6]. It is of great
interest that the anticancer effects of w-3 FAs are dependent
on the tumor microenvironment as opposed to direct effects on
the tumor. Thus, combining a dietary therapy that targets
GPR120 in the microenvironment with tumor-targeting therapies
may also be beneficial.

Prostate Cancer and Prostatic Diseases (2024) 27:700 - 708



P. Liang et al.

707
A B BMDMs (GPR120 KO)
BMDMs (GPR120 WT) . 30 4 ** *%
O = 25 .
40 w2 M Control medium
&3 20 2*  mControl medium a ‘%’ 20
@ o
] %o B MycCap CM g5 15 = MycCap CM
S5 20 by '_g 10
23 10 8= ¢
C -«
ST o
o T T - B Y
> & NP
© P F L
,ods\’ ,°o°<} « (?x')' ,Oo& P
Ll S S
C
S D S
BMDMs (GPR120 WT BMDMs (GPR120 KO
c i 2
O —~ c
2 & 215
@ £ H CM+ DHA O uM g 2 & B CM+ DHA O uM
g 5 BCM+DHA25yM S5 1 1 _ ECM+DHA 25 pM
- Q
g S = CM+ DHA 50 pM @ E 0 B CM+ DHA 50 pM
© CM+DHA75pM & CM+ DHA 75 uM
0
Abcal Abcab Abcal Abcab
E BMDMs F BMDMs
100 % * — 100
E 80 £ g
> o ® CM+0uM DHA
2 60 . = 60
S W Control medium 2 B CM+25uM DHA
= [
2 40 mCcM @ 40 B CM+50uM DHA
5 2 s 2 CM+75uM DHA
S 0 © 0
GPR120 WT  GPR120 KO GPR120 WT GPR120 KO
G . H .
- Arg 1in BMDMs (GPR120 WT) Arg 1in BMDMs (GPR120 kO)
o — *% <
) Qo —~
1Py | ) R ]
= Q
£ S 10000 . g g lgggg
o
@3 5008 ®g 0
e T T T T c 8 1 T T T
© Control control CM CM+ IL-4 8 - Control control CM CM+ IL-4
medium medium+ medium medium+
IL-4 IL-4
1
CD206 in BMDMs (GPR120 WT) CD206 in BMDMs (GPR120 KO) «
c *
S 40 C— S _ 20 —*—
o 2 30 * e % ,—,*
s 8 [ — 9 £ 15
55 2 S £ 10
T ZS
@3 10 9T s
67 o g<
Cont.rol con.trol M CM -4 Control control CM  CM+ IL-4
medium medium-+ medium medium+
IL-4 IL-4
L, MbMs (GPR:ZO WT) L BMDMs (GPR120 KO)
c e ok * WCM+IL-4+DHAORM 15 B CM+ IL-4+ DHA O uM
23 . BCM+ IL-4+ DHASO WM § G, . B CMi+ IL-4+ DHA 50 uM
c
g £ m CM+ IL-4+ DHA 100 uM g _r;-; I B CM+ IL-4+ DHA 100 uM
v ]
@ 50.5 o E 0.5
[T U —
[0 (G}
0 0

CD206

Argl

Argl

CD206

Fig. 5 MycCaP conditioned medium induced cholesterol efflux and conditioned medium induced gene expression of M2 markers was
inhibited by DHA in bone marrow derived macrophages (BMDMs) with a functional GPR120 receptor. Bone marrow derived macrophages
were generated as described in the methods section. A, B MycCaP conditioned media induced expression of cholesterol transporters in
GPR120 WT and KO BMDMs. €, D DHA inhibition of cholesterol efflux enzymes induced by MycCaP conditioned media in GPR120 WT and KO
BMDM:s. E Effect of MycCaP conditioned media on cholesterol levels in GPR120 WT and KO BMDM:s. F Effect of DHA on cholesterol levels in
MycCaP conditioned media treated GRP120 WT and KO BMDMs. G-J Effect of MycCaP conditioned media on M2 markers in IL-4 treated
GPR120 WT and KO BMDM:s. K, L Effect of DHA on expression of M2 markers in MycCaP conditioned media and IL-4 treated GPR120 WT and
KO BMDM:’s. Significance determined by Student’s t test (* <0.05 and ** <0.01).

Prostate Cancer and Prostatic Diseases (2024) 27:700 - 708

SPRINGER NATURE



P. Liang et al.

708

DATA AVAILABILITY
The data sets generated during the present study are available from the
corresponding author upon reasonable request.

REFERENCES

1. Kobayashi N, Barnard RJ, Henning SM, Elashoff D, Reddy ST, Cohen P, et al. Effect
of altering dietary omega-6/omega-3 fatty acid ratios on prostate cancer mem-
brane composition, cyclooxygenase-2, and prostaglandin E2. Clin Cancer Res.
2006;12:4662-70.

2. Berquin IM, Min Y, Wu R, Wu J, Perry D, Cline JM, et al. Modulation of prostate cancer
genetic risk by omega-3 and omega-6 fatty acids. J Clin Investig. 2007;117:1866-75.

3. Saw CL, Wu TY, Paredes-Gonzalez X, Khor TO, Pung D, Kong AN. Pharmacody-
namics of fish oil: protective effects against prostate cancer in TRAMP mice fed
with a high fat western diet. Asian Pac J Cancer Prev. 2011;12:3331-4.

4. Lloyd JC, Masko EM, Wu C, Keenan MM, Pilla DM, Aronson WJ, et al. Fish oil slows
prostate cancer xenograft growth relative to other dietary fats and is associated
with decreased mitochondrial and insulin pathway gene expression. Prostate
Cancer Prostatic Dis. 2013;16:285-91.

5. Liang P, Henning SM, Guan J, Grogan T, Elashoff D, Cohen P, et al. Effect of dietary
omega-3 fatty acids on castrate-resistant prostate cancer and tumor-associated
macrophages. Prostate Cancer Prostatic Dis. 2020;23:127-35.

6. Liang P, Henning SM, Guan J, Grogan T, Elashoff D, Olefsky JM, et al. Role of Host
GPR120 in Mediating Dietary Omega-3 Fatty Acid Inhibition of Prostate Cancer. J
Natl Cancer Inst. 2019;111:52-59.

7. Gevariya N, Besancon M, Robitaille K, Picard V, Diabate L, Alesawi A, et al. Omega-
3 fatty acids decrease prostate cancer progression associated with an anti-tumor
immune response in eugonadal and castrated mice. Prostate. 2019;79:9-20.

8. Liang P, Henning SM, Schokrpur S, Wu L, Doan N, Said J, et al. Effect of dietary
Omega-3 fatty acids on tumor-associated macrophages and prostate cancer
progression. Prostate. 2016;76:1293-302.

9. Lovegrove C, Ahmed K, Challacombe B, Khan MS, Popert R, Dasgupta P. Sys-
tematic review of prostate cancer risk and association with consumption of fish
and fish-oils: analysis of 495,321 participants. Int J Clin Pract. 2015;69:87-105.

10. Pelser C, Mondul AM, Hollenbeck AR, Park Y. Dietary fat, fatty acids, and risk of
prostate cancer in the NIH-AARP diet and health study. Cancer Epidemiol, Bio-
mark Prev. 2013;22:697-707.

11. Norrish AE, Skeaff CM, Arribas GL, Sharpe SJ, Jackson RT. Prostate cancer risk and
consumption of fish oils: a dietary biomarker-based case-control study. Br J
cancer. 1999;81:1238-42.

12. Brasky TM, Darke AK, Song X, Tangen CM, Goodman PJ, Thompson IM, et al.
Plasma phospholipid fatty acids and prostate cancer risk in the SELECT trial. J Natl
Cancer Inst. 2013;105:1132-41.

13. Brasky TM, Till C, White E, Neuhouser ML, Song X, Goodman P, et al. Serum
phospholipid fatty acids and prostate cancer risk: results from the prostate cancer
prevention trial. Am J Epidemiol. 2011;173:1429-39.

14. MacLean CH, Newberry SJ, Mojica WA, Khanna P, Issa AM, Suttorp MJ, et al. Effects
of omega-3 fatty acids on cancer risk: a systematic review. JAMA. 2006;295:403-15.

15. Park SY, Wilkens LR, Henning SM, Le Marchand L, Gao K, Goodman MT, et al.
Circulating fatty acids and prostate cancer risk in a nested case-control study: the
Multiethnic Cohort. Cancer Causes Control. 2009;20:211-23.

16. Moussa H, Nguile-Makao M, Robitaille K, Guertin MH, Allaire J, Pelletier JF, et al.
Omega-3 fatty acids survey in men under active surveillance for prostate cancer:
from intake to prostate tissue level. Nutrients. 2019;11:1616.

17. Aronson WJ, Kobayashi N, Barnard RJ, Henning S, Huang M, Jardack PM, et al. Phase
Il prospective randomized trial of a low-fat diet with fish oil supplementation in
men undergoing radical prostatectomy. Cancer Prev Res. 2011;4:2062-71.

18. Galet C, Gollapudi K, Stepanian S, Byrd JB, Henning SM, Grogan T, et al. Effect of a
low-fat fish oil diet on proinflammatory eicosanoids and cell-cycle progression
score in men undergoing radical prostatectomy. Cancer Prev Res. 2014;7:97-104.

19. Duah M, Zhang K, Liang Y, Ayarick VA, Xu K, Pan B. Immune regulation of poly
unsaturated fatty acids and free fatty acid receptor 4. J Nutr Biochem.
2023;112:109222.

20. Oh DY, Talukdar S, Bae EJ, Imamura T, Morinaga H, Fan W, et al. GPR120 is an
omega-3 fatty acid receptor mediating potent anti-inflammatory and insulin-
sensitizing effects. Cell. 2010;142:687-98.

21. Han C, Deng Y, Xu W, Liu Z, Wang T, Wang S, et al. The roles of tumor-associated
macrophages in prostate cancer. J Oncol. 2022;2022:8580043.

22. Boibessot C, Molina O, Lachance G, Tav C, Champagne A, Neveu B, et al. Sub-
version of infiltrating prostate macrophages to a mixed immunosuppressive
tumor-associated macrophage phenotype. Clin Transl Med. 2022;12:e581.

23. de Groot AE, Myers KV, Krueger TEG, Brennen WN, Amend SR, Pienta KJ. Tar-
geting interleukin 4 receptor alpha on tumor-associated macrophages reduces
the pro-tumor macrophage phenotype. Neoplasia. 2022;32:100830.

SPRINGER NATURE

24. Alvarez-Arzola R, Bancaro N, Lai P, Attanasio G, Pellegrini L, Troiani M, et al. VSSP-
activated macrophages mediate senescence and tumor inhibition in a preclinical
model of advanced prostate cancer. Cell Commun Signal. 2023;21:76.

25. Duan Z, Luo Y. Targeting macrophages in cancer immunotherapy. Signal Trans-
duct Target Ther. 2021;6:127.

26. Goossens P, Rodriguez-Vita J, Etzerodt A, Masse M, Rastoin O, Gouirand V, et al.
Membrane cholesterol efflux drives tumor-associated macrophage reprogram-
ming and tumor progression. Cell Metab. 2019;29:1376-89.e1374.

27. Hoppstadter J, Dembek A, Horing M, Schymik HS, Dahlem C, Sultan A, et al.
Dysregulation of cholesterol homeostasis in human lung cancer tissue and
tumour-associated macrophages. EBioMedicine. 2021;72:103578.

28. Liang P, Henning SM, Grogan T, Elashoff D, Ye H, Cohen P, et al. Effects of dietary
omega-3 fatty acids on orthotopic prostate cancer progression, tumor associated
macrophages, angiogenesis and T-cell activation-dependence on GPR120. Pros-
tate Cancer Prostatic Dis. 2022;25:539-46.

29. El-Kenawi A, Dominguez-Viqueira W, Liu M, Awasthi S, Abraham-Miranda J, Keske
A, et al. Macrophage-derived cholesterol contributes to therapeutic resistance in
prostate cancer. Cancer Res. 2021;81:5477-90.

30. Matsuo M. ABCAT and ABCG!1 as potential therapeutic targets for the prevention
of atherosclerosis. J Pharmacol Sci. 2022;148:197-203.

31. Kaminski WE, Wenzel JJ, Piehler A, Langmann T, Schmitz G. ABCA6, a novel a
subclass ABC transporter. Biochem Biophys Res Commun. 2001;285:1295-301.

ACKNOWLEDGEMENTS

This work is supported by grants from National Cancer Institute at the National
Institute of Health (P50CA92131 and RO1CA231219 to WJA, RO1AG069698,
P30AG068345 and ROTHL158691 to PC). We thank Howard B. Klein and the Seafood
Industry Research Fund (SIRF) for their generous support, and we thank the Hutton
Foundation for their generous support for animal welfare.

AUTHOR CONTRIBUTIONS

PL: Conceptualization, investigation, formal analysis, visualization, writing-original
draft, SMH: conceptualization, supervision, investigation, editing, TG: investigation,
editing, DE: investigation, editing, JS: investigation, editing, PC: conceptualization,
editing, WJA: conceptualization, supervision, writing—review, editing.

COMPETING INTERESTS

The authors declare no competing interests.

ADDITIONAL INFORMATION

Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/541391-023-00745-4.

Correspondence and requests for materials should be addressed to William J.
Aronson.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/.

This is a U.S. Government work and not under copyright protection in the US; foreign
copyright protection may apply 2023

Prostate Cancer and Prostatic Diseases (2024) 27:700 - 708


https://doi.org/10.1038/s41391-023-00745-4
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Effect of omega-3 fatty acid diet on prostate cancer progression and cholesterol efflux in tumor-associated macrophages—dependence on GPR120
	Introduction
	Materials and methods
	Chemicals and reagents
	Cell lines
	Development of EGFP transgenic FVB and EGFP x GPR120−/− (GPR120 KO) mice
	Genomic DNA extraction and genotyping PCR amplification
	Animal husbandry, feeding protocol, bone marrow transfer, and MycCaP allograft tumors
	Flow cytometry analysis of immune cells
	Magnetic cell sorting of CD206+ macrophages cells
	mRNA isolation and reverse transcription-PCR (RT-PCR), semi-quantitative and quantitative real-time PCR
	Generation of MycCap conditioned medium (CM)
	Generation of L929 conditioned media and bone marrow-derived macrophages (BMDMs)
	Cholesterol measurement
	Statistical analysis

	Results
	The anti-cancer effect of an ω-3 diet is dependent on bone marrow cells with functional GPR120
	An ω-3 diet reduced the number of GPR120 wild-type bone marrow-derived M2 macrophages in MycCaP allografts
	An ω-3 diet decreased expression of cholesterol transporter genes in GPR120 wild-type M2 macrophages isolated from MycCaP allografts
	Docosahexaenoic acid (DHA) decreased MycCaP conditioned media-induced cholesterol efflux from M2 macrophages

	Discussion
	References
	Acknowledgements
	Author contributions
	Competing interests
	ADDITIONAL INFORMATION




