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Abstract
Background: Recent studies have indicated that a high-fat diet (HFD) and/or HFD-induced obesity may
in�uence prostate cancer (PCa) progression, but the role of HFD in PCa microenvironment is unclear.

Methods: In this study, we investigated the role of HFD on PCa stromal microenvironment using the PC-
3M-luc-C6 PCa model mice fed with HFD or control diet, especially focusing on macrophage inhibitory
cytokine-1 (MIC-1) and its effect on the tumor microenvironment. In addition, the synergistic effect of
periprostatic adipocytes (PPAC), derived from primary PCa patients, on activation and cytokine secretion
of prostate stromal �broblasts were investigated. The expression pattern and role of MIC-1 signaling on
human PCa stroma activation and PCa progression were investigated.

Results: The HFD consumption stimulated PCa cell growth and invasion as a result of upregulated MIC-1
signaling and subsequent increased secretion of interleukin (IL)-8 and IL-6 from prostate stromal
�broblasts in the PC-3M-luc-C6 PCa model mice. In addition, PPAC directly stimulated MIC-1 production
from PC-3 cells and IL-8 secretion in prostate stromal �broblasts through upregulation of the adipolysis
and free fatty acid (FFA) release. The increased serum MIC-1 was signi�cantly correlated with human
PCa stroma activation, high serum IL-8, IL-6 and lipase activity, advanced PCa progression, and high body
mass index of the patients. Glial-derived neurotrophic factor receptor alpha-like (GFRAL), a speci�c
receptor of MIC-1, was highly expressed in both the cytoplasm and membrane of the PCa cells and the
surrounding stromal �broblasts, and the expression level was decreased by androgen deprivation therapy
and chemotherapy.

Conclusion: HFD-mediated activation of the PCa stromal microenvironment through metabolically
upregulated MIC-1 signaling by increased available free fatty acids may be a critical mechanism of HFD
and/or obesity induced PCa progression.

Background
Prostate cancer (PCa) is one of the most commonly diagnosed cancers and is a leading cause of cancer-
related death in United States and Japan [1, 2]. Recent epidemiological studies have indicated that a high-
fat diet (HFD) and/or HFD-induced obesity is associated with PCa incidence and progression [3, 4].
Furthermore, several studies, including our own, have shown that a HFD and dietary components may
alter gene expression, cellular activity, and induce other important changes in circulating biological
factors related to PCa aggressiveness [5–7].

The prostate stromal microenvironment is an interconnected network that consists of various types of
stromal cells, and has emerged as a key factor in the growth, and development of PCa [8]. Prostate
stromal �broblasts are a common component of the prostate stroma, and their crosstalk with adjacent
cancer cells may in�uence tumor progression by the secretion of proin�ammatory cytokines and growth
factors [9, 10]. Alpha smooth muscle actin (αSMA) is a key marker of cancer associated �broblasts and
reactive stroma, and αSMA overexpressing prostate stroma has been shown to be directly correlated with



Page 4/25

prostate stromal dysfunction, human prostate tumorigenesis and PCa progression [11, 12]. Macrophage
inhibitory cytokine-1 (MIC-1) is a divergent member of the transforming growth factor-β family of
cytokines, and is a multifunctional and secretory molecule that can exist as either dimeric or monomeric
forms [13]. In addition, MIC-1 is a protumorigenic and progressive marker of PCa [14], and recent reports
have shown that MIC-1 is expressed in PCa stroma where it can signi�cantly in�uence cancer cell growth
and invasion [15, 16]. Interestingly, the functional MIC-1 receptor GFRAL, an orphan member of the glial-
derived neurotrophic factor receptor alpha (GFRa) family, has been shown to interact with MIC-1 and
induce important metabolic signaling in mice with HFD-induced obesity [17].

Recent studies have shown that HFD-induced obesity signi�cantly promoted PCa progression through the
induction of periprostatic in�ammation and cytokine secretion [18, 19]. In addition, adipocyte in�ltration
in the ovarian cancer microenvironment has been shown to markedly stimulate cancer cell homing,
migration, and invasion through the induction of protumorigenic cytokines such as interleukin (IL)-8 and
IL-6 [20]. A HFD and/or HFD-induced obesity may bring physical and chemical changes that modify the
PCa microenvironment to promote cancer progression. However, the molecular mechanisms that exist in
the altered crosstalk between cancer cells and the surrounding stromal cells in the HFD-induced milieu
remain poorly understood.

In this study, we investigated the effect of a HFD on the PCa stromal microenvironment using PC-3M-luc-
C6 PCa model mice fed with a HFD or a control diet, and found that the MIC-1 signaling upregulated by a
HFD and stimulated PCa progression both by direct autocrine mechanisms and indirectly through
increased pro-tumorigenic cytokine production in prostate stromal �broblasts.

Methods

Cell culture and reagents
Human prostate cancer (PCa) PC-3, DU145, and LNCaP cells were purchased from American Type Culture
Collection (Manassas, VA). The luciferase-expressing PC-3M-luc-C6 cell line derived from PC-3M
metastatic PCa cells was purchased from PerkinElmer (Waltham, MA). The cells were maintained in RPMI
1640 or DMEM (Invitrogen, Carlsbad, CA) containing 10% FBS and 1% penicillin–streptomycin. The
normal PrSC and optimized culture media (Clonetics™ SCGM™ Stromal Cell Growth Medium) were
purchased from Lonza (Walkersville, MD). Three fatty acids (FAs), including PA, OA, and LA were
purchased from Sigma (St. Louis, MO, USA), and the FAs were dissolved in a water with 2% of Bovine
Serum Albumin Fraction V (BSAFV, Sigma) and �ltered through a 0.22-µm �lter (SLGV004SL; Millipore,
Billerica, MA, USA) before use. To assess gene expression in the cultured PCa cells after FA induction, a
total of 4 × 105 cells were seeded in a 35-mm dish and treated a day later with various fatty acids
(0.125 mmol/l of PA, 0.25 mmol/l of OA, or 0.15 mmol/l of LA) in serum-free DMEM (Invitrogen) for 24 h.
MAPK inhibitor (U0126) and recombinant human MIC-1 (rMIC-1) were purchased from Cell Signaling
Technology (Boston, MA) and R&D Systems (Minneapolis, MN, USA), respectively.

Animal study
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The Institutional Review Board of the Akita University School of Medicine approved all animal
experiments. Male 8-week-old BALB/c-nu/nu mice were obtained from Japan SLC (Shizuoka, Japan). A
total of 2 × 106 PC-3M-luc-C6 cells were resuspended in 0.1 ml of ice-cold PBS (Invitrogen) and inoculated
by intraperitoneal injection into the mice. Two weeks after inoculation, the mice were randomly assigned
to two groups (5 per group): control diet (CD) and HFD. The mice in the HFD group were fed with a HFD
consisting of 59.9% calories from fats, 21.4% from carbohydrates, and 18.6% from proteins (Purina Mills
Test Diets, Richmond, IN), whereas the mice in the CD group were fed with a CE-2 diet (Japan SLC,
Shizuoka, Japan). In vivo bioluminescence was used to follow the PC-3M-luc-C6 cell inoculation and
invasiveness by the intraperitoneal injection of luciferin (200 µl at 15 mg/ml in PBS), and the re�ective
luciferase activity (60-s exposure) was measured by the Xenogen IVIS™ imaging system 4 weeks after
injection of the cells. The mice were then sacri�ced and the tumor burdens in the peritoneal organs were
macroscopically evaluated. The tumors were excised and subjected for histopathology, quantitative RT-
PCR, and intratumoral lipid activity analyses. The blood samples were collected from the orbital sinus,
and sera were separated, �ltered, and stored at − 80 °C until use.

Small-interfering RNA (siRNA)‐mediated gene knockdown
MIC-1 siRNA (SI03098480) and GFRAL siRNA (GS389400) were purchased from Qiagen (Valencia, CA),
and luciferase siRNA (SI03650353, Qiagen) was used as a control. The siRNAs was transfected using
Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions. The cells were treated with
50 nM siRNAs in a reducing serum RPMI for 12 h and 24 h. MIC-1 and GFRAL knockdown was veri�ed by
quantitative RT-PCR (qRT-PCR).

Human periprostatic adipocyte (PPAC) preparation and co-
culture assay
Human periprostatic adipose tissues were collected from the radical prostatectomies of patients with
PCa (n = 13) in accordance with the ethics committee of the Akita University School of Medicine. All
experiments were performed after obtaining individual written informed consent. Approximately 1 g of
adipose tissues surrounding the prostate were collected during the medical prostatectomy, and �brosis,
clots, and small vessels were macroscopically removed. The adipose tissue was washed twice with cold
PBS, before being minced and incubated with 0.075% Collagenase (Type 1, Funakoshi Co., Ltd, Japan) at
37 °C for 30 min. Then, the mixtures were centrifuged at 500 g for 1 min after dilution with DMEM
containing 2% FBS, and the above fractions were removed and cultured with adipocyte culture medium
(Zen-Bio Inc, Durham, NC) as described previously [21]. To investigate the role of periprostatic adipocytes
(PPAC) on lipid activities and cytokine production in co-culture with various prostate cells, the isolated
adipocytes were directly incubated in 6-well plates that were previously seeded with 2 × 105 PC-3 cells
and/or 4 × 104 PrSC cells in 2 ml of DMEM containing 2% FBS without antibiotics for 48 h. To evaluate
the effect of MIC-1 knockdown on the co-culture cells, the PC-3 cells were pretreated with 50 nM MIC-1
siRNAs for 12 h. The CM from the monoculture or co-culture plates was then collected and stored at -80
°C until use.
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Adipolysis assay
The impact of PPAC adipolysis of the co-cultured cells was quanti�ed by the amount glycerol released
into the CM, which is proportional to the level of triglyceride storage and the degree of adipolysis using
the Adipolyis assay kit (Abcam, Cambridge, UK) according to the manufacturer's instructions. Brie�y, 25 µl
of the CM from the co-culture plates was incubated with 100 µl of Free Glycerol Assay Reagent for 15 min
at room temperature. Then, the absorbance was measured at 540 nm, and the concentration was
calculated using the standard curve method.

Lipase activity assay
Lipase activity in the sera of PCa patients was quanti�ed using the Lipase assay kit (Abcam, Cambridge,
UK) to quantify the hydrolyzation of a triglyceride substrate enzymatically. The Institutional Review Board
of the Akita University School of Medicine approved all experiments, and samples were used after
obtaining individual written informed consent. Brie�y, the standards and diluted serum samples were
incubated with 100 µl reaction mix and the absorbance was measured at 570 nm every 3 min for 30 min.
The concentration of glycerol was determined by the standard curve, and the lipase activity was
calculated by the linked change of the glycerol. The lipase activity in the sera and tumor extracts of the
xenograft mice was measured using the kit.

Free fatty acid (FFA) quanti�cation
The FFA levels in the extracts of the xenograft and sera of the xenograft mice were quanti�ed in triplicate
using the FFA quanti�cation kit (Biovision, Mountain View, CA, USA), according to the manufacturer's
instructions. Brie�y, 10 mg of the xenografts were homogenized with 200 µl chloroform-triton X-100 (1%
triton X-100 in pure chloroform), and the extracts were centrifuged. The puri�ed lipids in the lower phase
were collected, air dried, and dissolved in 200 µl FA assay buffer. Fatty acids were converted to their CoA
derivatives, and the subsequent oxidized reaction and concomitant generated color were measured at
570 nm. The concentration was calculated using a palmitic acid standard curve, and the secreted FFA
level in the CM of the co-culture plates of the cells was measured.

Quantitative RT-PCR
Total RNAs were extracted from the cultured cells using the TRIzol® reagent (Invitrogen). The following
RT-PCR primers were used: IL-8, forward 5′-ATGACTTCCAAGCTGGCCGTGG-3′, reverse 5′-
CATAATTTCTGTTTGGCGCAGTGTGG-3′; IL-6, forward 5′-GCTTTAAGGAGTTCCTGC-3′, reverse 5′-
GGTAAGCCTACACTTTCCA-3′; MIC-1, forward 5′-CGCGCAACGGGGACCACT-3′, reverse 5′-
TGAGCACCATGGGATTGTAGC-3′; GFRAL, forward 5′-GGAGAGTAATGGAAGATGCCTGC-3′, reverse 5′-
GAAGTCATCAGTGCAAAGACACTC-3′; TGF-beta, forward 5′-GACATCAACGGGTTCAC-3′, reverse 5′-
GAAGTTGGCATGGTAGC-3′; beta-actin, forward 5′-ATCTGGCACCACACCTTCTA-3′, reverse 5′-
CGTCATACTCCTGCTTGCTGATCC-3′. The experiments were performed in triplicate.

Cytokine analysis
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4 × 104 PrSC cells were seeded in a 35-mm dish containing the optimal growth medium, and cultured with
or without 50 ng/ml rMIC-1 for 24 h. The PrSC cells were co-cultured with 2 × 105 PC-3 cells that were
previously treated with 50 nM Ctrl siRNA or MIC-1 siRNA for 24 h. Cytokine levels in the CM described
above and in the serum of mice and humans were measured using a cytometric bead array (CBA™, BD
Biosciences, San Jose, USA), which can simultaneously measure six proin�ammatory cytokines including
IL-8, IL-1β, IL-6, IL-10, TNFα, and IL-12p70. The procedure was carried out according to the manufacturer's
instructions. Brie�y, 50 µl of chemokine capture bead mixture was incubated with 50 µl of each
recombinant standard or sample and 50 µl PE-conjugated detection antibody for 2 h at room
temperature. The mixture was then washed to remove unbound PE detection reagent, and the data were
acquired using a FACSCalibur �ow cytometer (BD Biosciences, Bedford, MA). The levels of cytokines were
quanti�ed using CellQuest software (BD Biosciences).

Cell proliferation assay
1 × 104 cells were seeded in a 96-well plate and cultured in DMEM containing 2% FBS without antibiotics.
Then, the cells were treated with 50 ng/ml rMIC-1 for 24 h. The cells were pretreated with 50 nM GFRAL
siRNA (siGFRAL) for 12 h before induction of rMIC-1. Cell proliferation was assessed using a
nonradioactive 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)-based cell proliferation
assay kit (Roche, Basel, Switzerland).

Matrigel invasion assay
The in vitro invasion assay was performed in triplicate using Growth Factor Reduced BD BioCoat Matrigel
Invasion Chambers (BD Biosciences) according to the manufacturer's instructions. Brie�y, 5 × 104 PCa
cells were seeded in the upper chamber and treated with or without 50 ng/ml rMIC-1. The cells were
pretreated with 50 nM siGFRAL for 12 h before induction of rMIC-1. DMEM containing 20% FBS was then
placed in the lower chamber and incubated for 24 h. Following incubation, the non-invading cells in the
upper chamber were removed and the membranes were stained with a Diff–Quik cell-staining kit
(Sysmex, Kobe, Japan) to count the invading cells.

Western blotting
Proteins were extracted from the cultured cells using Complete Lysis-M buffer (Roche, Switzerland). Equal
amounts (10 µg) of protein were separated by sodium dodecyl sulfate–polyacrylamide gel
electrophoresis, transferred to a polyvinylidene di�uoride �lter (ATTO), and hybridized with corresponding
antibodies. The following antibodies were used: Anti-MIC-1 (Cell Signaling), anti-α smooth muscle actin
(αSMA, Abcam), anti-ERK1/2, anti-phospho-ERK1/2 (P-ERK1/2, Thr202/Tyr204, Cell Signaling), and anti-
beta-actin (Cell Signaling) antibody.

Determination of serum level of MIC-1
Human serum samples were obtained from 67 patients with PCa. The Institutional Review Board of the
Akita University School of Medicine approved all experiments, and the samples were obtained after
written informed consent. The serum MIC-1 level was measured using an MIC-1 ELISA Kit (Oxford
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Biomedical Research, Inc., Oxford, MI, USA) according to the manufacturer's instructions. The mouse
serum level of MIC-1 was measured using the MIC-1 ELISA kit according to the manufacturer's
instructions.

Histopathological analysis
Slides containing tissue samples from radical prostatectomy specimens were obtained from Akita
University Hospital. The immunohistochemical expression of GFRAL, MIC-1, and αSMA in human PCa
tissues were evaluated using a GFRAL rabbit polyclonal antibody (1:200, Abcam), rabbit anti-human MIC-
1 polyclonal antibody (1:100, Cell Signaling), and rabbit anti-αSMA (1:200, Abcam). The methods of
immunohistochemical staining were previously described [22]. The expression levels were scored by
investigators (MH and HN) who were blinded to the patients’ background and clinicopathological
information. The GFRAL and MIC-1 staining intensities in the cancer cells and stromal cells were scored
on a semiquantitative scale as follows: 1, negative and/or low; 2, moderate; and 3, strong. The percentage
of stromal αSMA-positive cells in the stroma was evaluated and divided into low (⩽ 5%), moderate (5–
20%), and high (> 20%) groups based on the proportion of positive cells. Hematoxylin and eosin staining
was performed in the in vivo xenograft tumors, and the degree of invasiveness of the inoculated tumor
cells into the intraperitoneal organs was microscopically evaluated. The percentage of Ki67 positive cells
in 400–500 tumor cells in the area containing the highest density of the xenograft tumor was evaluated
using an anti-Ki67 antibody (1:800; Cell Signaling Technology).

Statistical analyses
All statistical analyses were performed using SPSS ver12 software. All the values are presented as mean 
± SD. Statistical signi�cance was evaluated by an unpaired Student’s t-test or analysis of variance
repeated measurement for comparison between two or three means in each experiment. Differences were
considered statistically signi�cant at P < 0.05.

Results
HFD enhances PCa progression, adipocyte in�ltration, and adipolysis in the tumor microenvironment in
vivo

The PCa model were generated by intraperitoneally inoculating PC-3M-luc-C6 cells with stable luciferase
expression, and randomly divided the mice into HFD and control diet (CD) groups fed with a HFD or CE-2
diet, respectively. Tumor progression was evaluated using an IVIS imaging system four weeks after
inoculation of the cells. The extent of tumor burden, as evaluated by luciferase activity, was signi�cantly
higher in the HFD group than in the CD group (Fig. 1a). The Ki67 positivity was signi�cantly higher in the
HFD group than in the CD group by immunohistochemistry (28.3 ± 5.3% vs 13.9 ± 2.1%, *P < 0.05; Fig. 1b).
In addition, the hematoxylin and eosin staining of the mouse peritoneum tumor demonstrated a higher
transmigration of PC-3M-luc-C6 PCa cells into the peritoneum stroma in the HFD group than in the CD
group (arrow in the middle panel, Fig. 1c). Interestingly, a HFD markedly stimulated adipocyte in�ltration
to the xenograft tumor microenvironment (Fig. 1c, right). A recent report has shown that the adipocytes
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surrounding tumor cells may provide many types of nutrients, such as fatty acids (FAs), for growing
tumor cells by increasing adipolysis [23]. In line with this observation, we investigated the role of
adipocytes in the tumor microenvironment by measuring lipase activity in both the xenograft tumor
extract and the serum with a lipase activity assay kit. The lipase activity was markedly higher in the HFD
group than the CD group (P < 0.05 and P < 0.05, respectively; Fig. 1d and 1e). In addition, we measured the
level of acid FFAs in the xenograft extracts and serum using a FFA quanti�cation kit. We demonstrated
that the FFA level was signi�cantly higher in the HFD group than in the CD group (*P < 0.05 and **P < 0.01,
respectively; Fig. 1f and 1 g). These �ndings suggest that a HFD in�uences PCa progression and
enhances adipocyte in�ltration and lipolysis in the PCa microenvironment.

HFD and exogenous FFAs enhance the expression and secretion of MIC-1 in vivo and in vitro.

MIC-1 is a divergent member of the transforming growth factor-β family [24], and has been shown to be
expressed in both PCa cells and in prostate stromal �broblasts [15, 16]. Therefore, we investigated the
expression of MIC-1 and glial-derived neurotrophic factor receptor alpha-like (GFRAL), the cognate
receptor of MIC-1, semi-quantitatively by immunohistochemistry using the mouse xenograft tumor
sample. We demonstrated that although the expression level of MIC-1 was signi�cantly higher in the HFD
group than in the CD group (P < 0.05, Fig. 2a), there was no statistical difference in the expression of
GFRAL between the two groups (Fig. 2a). In addition, the mean serum level of MIC-1 was signi�cantly
higher in the HFD group than in the CD group (3506.0 ± 1888.4 and 2618.8 ± 710.4 pg/ml, P < 0.05;
Fig. 2b). Considering the accumulating evidence suggesting that palmitic acid (PA) stimulates MIC-1
expression in many types of cancer cells [7, 25], we examined the role of increased FFAs on MIC-1
expression under a HFD condition. The mRNA expression level of MIC-1, but not GFRAL and TGF-beta,
was signi�cantly higher in PCa LNCaP, PC3, and DU145 cells after treatment with 0.125 mmol/l of PA,
0.25 mmol/l of oleic acid (OA), or 0.15 mmol/l of linoleic acid (LA) (Figure S1 and Fig. 2c). In addition, the
expression of monomeric and dimeric MIC-1 (molecular weight, ∼14 kDa and ∼28 kDa, respectively) was
markedly increased in the conditioned medium (CM) of PC-3 cells treated with FFAs compared with that
of the PC-3 cells cultured with 2% BSA as control (Fig. 2d). The proliferation rate was signi�cantly higher
in the PC-3 and PC-3M-luc-C6 cells following treatment with 50 ng/ml rMIC-1, and the effect was
attenuated by pretreatment with 50 nM GFRAL siRNA for 12 h (Figure S2a). Similarly, the invasive
capacity of PC-3 and PC-3M-luc-C6 cells was signi�cantly increased by treatment with rMIC-1, and the
effect was abrogated by pretreatment with GFRAL siRNA (Figure S2b). These �ndings suggest that
enhanced FFA release in the tumor microenvironment through upregulated adipolysis stimulated the
expression and secretion of MIC-1 in tumor cells under the HFD condition, and that the MIC-1-GFRAL
signaling stimulated PCa progression.

Activation and cytokine secretion in PCa stromal �broblasts by upregulated MIC-1 in the HFD condition

The expression level of αSMA, a activation marker of stromal �broblasts was signi�cantly higher in the
xenograft tumor of HFD group than in the CD group (P < 0.05; Fig. 3a), We measured the mouse serum
cytokine levels using a human cytokine cytometric bead array for IL-8, IL-1β, IL-6, IL-10, TNFα, and IL-
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12p70, and the mean IL-8 level was signi�cantly higher in the HFD group than in the CD group (1358.9 ± 
528.5 and 773.2 ± 210.7 pg/ml, respectively, P < 0.05; Fig. 3b). Next, we evaluated the relationship
between the increased cytokine secretion in prostate stromal cells (PrSC) and the upregulated MIC-1 in
PCa cells. The IL-8 and IL-6 levels were signi�cantly increased by 3.4- and 3.2-fold, respectively in the CM
of PrSC cells treated with 50 ng/ml rMIC-1 compared to untreated PrSC, and were increased by 4.7- and
5.4-fold in the CM of PrSC cells co-cultured with PC-3 cells. However, the effect was markedly abrogated
by pretreatment of the PC-3 cells with 50 nM MIC-1 siRNA (siMIC-1) for 12 h (Fig. 3c). Similarly, the IL-8
and IL-6 levels were signi�cantly higher in the CM of the PrSC cells co-cultured with DU145 cells
compared to those cultured alone or co-cultured with DU145 cells pretreated with siMIC-1 for 12 h (Figure
S3). In addition, the expression of αSMA was signi�cantly upregulated in PrSC cells by treatment with
50 ng/ml rMIC-1, and the phospho-ERK1/2 (pERK1/2) expression was also upregulated in PrSC cells in
response to treatment with rMIC-1 (Fig. 3d). The mRNA expression levels of IL-8 and IL-6 were markedly
increased in PrSC cells by treatment with 50 ng/ml rMIC-1, and the effect was attenuated by pretreatment
with 1 µM U0126, an ERK kinase inhibitor (Fig. 3e). These �ndings suggest that upregulated MIC-1 in PCa
cells stimulates the surrounding stromal �broblasts, resulting in increased secretion of protumorigenic
cytokines such as IL-8 and IL-6 through activation of the ERK signaling pathway in the PCa
microenvironment under a HFD condition.

Periprostatic adipocytes directly stimulated MIC-1 secretion in PCa cells and subsequently increased IL-8
secretion in PrSC through upregulated adipolysis and FFA release in a direct co-culture system

To address the functional role of periprostatic adipocytes on MIC-1 and cytokine expression in the PCa
stromal microenvironment, a co-culture assay was performed by direct incubation of periprostatic
adipocytes (PPACs) with PC-3 cells and/or PrSC cells. The isolated PPACs from the radical
prostatectomies of PCa patients (n = 13) were directly incubated in 6-well plates previously seeded 2 × 105

PC-3 cells pretreated with or without 50 nM siMIC-1, and further in the presence or absence of 4 × 104

PrSC cells in DMEM containing for 48 h. The levels of adipolysis and FFA release were signi�cantly
higher in the CM harvested from the co-culture of PPAC with PC-3 cells in the CM from the PPAC culture
alone, regardless of in the presence or absence of PrSC cells (*P < 0.05 and **P < 0.01; Fig. 4a and 4b).
Interestingly, the levels of adipolysis and FFA release were also increased in the co-culture of PPAC and
PC-3 cells pretreated with siMIC-1 (Fig. 4a and 4b). In addition, the MIC-1 level was signi�cantly higher in
the CM of the co-culture of PC-3 cells and PPAC, regardless of the presence, or absence of PrSC cells
(5178.0 ± 801.8 vs 1883.6 ± 143.1 pg/ml, and 4597.7 ± 723.0 vs 1883.6 ± 143.1, respectively). On the
contrary, the MIC-1 level was signi�cantly decreased by pretreatment of PC-3 with siMIC-1 in co-culture
with PPAC (**P < 0.01 and **P < 0.01, Fig. 4c). The IL-8 level was signi�cantly higher in the CM of the co-
culture of PrSC cells and PPAC, and further signi�cantly increased in the co-presence of PC-3 cells than
that of in the CM of PrSC cells, PC-3 cells or PPAC single culture, or PrSC cells and PPAC co-culture,
respectively (6697.7 ± 1673.5 vs 1266.7 ± 147.9 pg/ml, and 6697.7 ± 1673.5 vs 2688.4 ± 401.6,
respectively). Furthermore, IL-8 was markedly decreased in the CM of the co-culture of PrSC cells and PC-
3 cells when the PC-3 cells were pretreated with siMIC-1 compared to the co-culture of native PC-3 cells,
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PPAC, and PrSC cells (*P < 0.05, Fig. 4d). These �ndings strongly suggest that the periprostatic
adipocytes in the tumor microenvironment have bidirectional crosstalk with PCa cells and the
surrounding stromal cells, and enhance PCa progression through the upregulation of MIC-1 in PCa cells.
This in turn, is thought to enhance IL-8 production from PrSC cells, especially under conditions of a HFD
and/or HFD-mediated obesity.

Overexpression and secretion of MIC-1 was correlated with cancer stroma activation, high serum level of
proin�ammatory cytokines, high body mass index and serum lipase activity, and advanced human PCa
progression

To further determine the role of MIC-1 in human PCa progression, we performed MIC-1 and αSMA
immunohistochemistry in specimens of 67 PCa patients treated by radical prostatectomy. MIC-1 was
highly expressed in PCa cells and was also expressed in the surrounding tumor stromal cells (Figure S4).
αSMA was predominantly expressed in the PCa stroma, and the staining level of αSMA in PCa specimens
was calculated according to the proportion of αSMA-positive cells (Fig. 5a). In addition, we measured the
serum MIC-1 in the PCa patient and divided the samples into two groups (high and low) according to the
median serum level of MIC-1 (MIC-1-low group, 735.0 ± 67.1 pg/ml, n = 33; and MIC-1-high group, 1206.9 
± 274.3 pg/ml, n = 34). The αSMA staining levels and serum levels of IL-8 and IL-6 were compared
between the two groups. In subjects, with the low serum MIC-1-level (MIC-1-low group), 51.5%, 36.4%, and
12.1% were classi�ed as low, moderate, and high αSMA staining, respectively, while 29.4%, 38.2%, and
32.4% of subjects with high MIC-1 levels (MIC-1-high group) were classi�ed as low, moderate, and high
αSMA staining (P = 0.011, Fig. 5b). In addition, the mean serum level of IL-8 and IL-6 was signi�cantly
higher in the MIC-1-high group than the MIC-1-low group (IL-8: 230.1 ± 395.0 and 61.4 ± 145.9 pg/ml, P = 
0.035; and IL-6: 10.0 ± 17.5 and 3.0 ± 3.5 pg/ml P = 0.044, respectively, Fig. 5c and 5d). In addition, the
serum MIC-1 levels were compared between the patients with a low PSA (< 10 ng/dl, n = 45) level and
those with a high PSA (≥ 10 ng/dl, n = 22) level, and patients with a low Gleason score (GS, < 7, n = 43)
and those with a high GS (≥ 7, n = 24). The serum MIC-1 levels were signi�cantly higher in the high PSA
group than in the low PSA group (1080.1 ± 297.9 and 897.7 ± 238.8 pg/ml, respectively, P = 0.009, Fig. 5e),
and also higher in the high GS group than in the low GS group (996.1 ± 241.7 and 887.8 ± 200.6 pg/ml,
respectively, P = 0.074, Fig. 5f). In addition, when the patients were divided into two groups according to
median body mass index (BMI), the mean serum MIC-1 level was signi�cantly higher in the high BMI
group than in the low BMI group (984.2 ± 254.1, n = 33, and 863.3 ± 179.2 pg/ml, n = 34, respectively, P = 
0.037, Fig. 5g). When the patients were divided into two groups according to median serum lipase activity,
the serum MIC-1 levels were signi�cantly higher in the high lipase activity group than in the low lipase
activity group (1064.8 ± 329.1, n = 27, and 845.2 ± 207.7 pg/ml, n = 40, respectively; P = 0.001; Fig. 5h).
These �ndings strongly suggest that the overexpression and secretion of MIC-1 may play an important
role in PCa progression by enhanced secretion of proin�ammatory cytokines through the activation of
stromal �broblasts.

GFRAL is expressed in PCa cells and surrounding stromal �broblasts, and expression is affected by
androgen deprivation therapy and chemotherapy
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To determine the role of GFRAL, a MIC-1 functional receptor, on PCa progression, we performed GFRAL
immunohistochemistry in specimens from PCa patients who underwent radical prostatectomy. GFRAL
was predominantly expressed in the cytoplasm and membrane of PCa cells, and also in the surrounding
stromal �broblasts (Fig. 6a). The staining level of GFRAL tended to be lower in the specimens from
patients who received neoadjuvant therapy, but the difference was not signi�cant (None, n = 10 and NEO,
n = 9, P = 0.208, Fig. 6b). Furthermore, the GFRAL staining level was signi�cantly lower in the stromal
�broblasts of patients who received neoadjuvant chemohormonal therapy than in those who did not
(None, n = 10 and NEO, n = 9, P = 0.017, Fig. 6b). In addition, as shown in Figure S5, the mRNA level of IL-8
and IL-6 in PrSC cells that was upregulated by rMIC-1 was signi�cantly abrogated by pretreatment of
50 nM siGFRAL. Thus, GFRAL expression may be essential for stimulation of cytokine expression in
stromal �broblasts, as well as for the secretion of MIC-1 from PCa cells. These �ndings also suggest that
MIC-1-GFRAL signaling in the tumor microenvironment plays a critical role in PCa progression by
affecting the interaction between PCa cells and stromal �broblasts.

Discussion
Although several reports have shown that HFD consumption enhanced PCa progression through cytokine
signaling, such as MIC-1, MCP-1, IL-8, and IL-6, the underling mechanism of increased cytokine secretion
has not been fully delineated [6, 7, 26]. Prostate stromal �broblasts represent a major component of
prostate stroma, and may play an important role in PCa tumorigenesis and cancer progression via the
secretion of proin�ammatory cytokines [9]. A recent report has shown that many type of cytokines, such
as CXCL-1, CXCL-2 CXCL-3, and IL-8, are produced by prostate stromal cells by the stimulation of IL-1
secreted by prostate epithelial cells [10]. In addition, periprostatic adipocytes may facilitate metastatic
extension of PCa cells by enhanced CCR3/CCL7 signaling in HFD-induced obesity [18]. In this study, IL-8
and IL-6 were secreted in activated prostate stromal �broblasts as a consequence of elevated MIC-1
signaling in PCa cells affected by HFD-mediated adipocyte in�ltration and FFA release in the tumor
microenvironment of the PCa xenograft model mice. In addition, IL-8 secretion was signi�cantly
increased in PrSC cells by upregulated MIC-1 in PC-3 cells stimulated by periprostatic adipocytes in a
direct co-culture system of the cells, These �ndings suggest that a HFD enhances MIC-1 expression and
secretion in PCa cells, and the enhanced MIC-1 stimulates the prostate stromal cells to increase the
expression and secretion of protumorigenic cytokines such as IL-8 and Il-6 (Fig. 7). According to the
accumulation evidence of the involvement of IL-6 and IL-8 in the progression of PCa [27–30], our results
indicate that the tumor promoting crosstalk between PCa cells and the stroma of tumor
microenvironment is caused by HFD-induced PCa phenotype alteration (Fig. 7).

MIC-1 is a transforming growth factor-β family molecule, and the overexpression and enhanced secretion
of MIC-1 has been shown to stimulate PCa cell proliferation, invasion, and also involved in anti-cancer
therapy resistance [14, 31, 32]. In addition, MIC-1 is a known stress-responsible molecule, and its
expression and secretion has been shown to be affected by multiple factors or conditions such as tumor
suppressor molecular p53, drugs, dietary palmitic acid, and hypoxia [7, 31, 32]. In the present study, HFD
consumption was associated with prominent adipocyte in�ltration to the xenograft stroma and
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signi�cantly higher lipase activity and FFA release in both the tumor tissue and serum of the PCa
xenograft mouse. In addition, the expression and secretion of MIC-1 was directly stimulated by several
exogenous FFAs such as PA, OA, and LA in PCa cells. Furthermore, the enhanced FFA release in PPAC
signi�cantly stimulated the expression and secretion of MIC-1 in PCa cells following direct co-culture with
PPAC. Although the underling mechanism of upregulated adipocyte in�ltration and adipolysis in the
xenograft tumor microenvironment is unclear, a recent report also showed that dietary enhanced
expression of lipoprotein lipase and the subsequent increase of FFA secretion were required for the
growth of PCa cells, and the alteration of adipocytes may be in�uenced by PCa cells [23]. These �ndings,
including those of the current study, may suggest that the increase in FFAs in the tumor
microenvironment by enhanced periprostatic adipocytes lipolysis is one of mechanisms that promotes
MIC-1 expression in PCa cells. Moreover, metabolically activated MIC-1 signaling may play an important
role in HFD-induced PCa progression.

The MIC-1 functional receptor GFRAL has been shown to be highly expressed in the hindbrain and at a
low-level in adipose tissue, and may play a critical role in resistance to obesity in HFD-fed mice [33, 34]. In
addition, the binding MIC-1 with GFRAL can activate many intracellular signaling cascades, such as AKT
and ERK1/2, through the tyrosine kinase co-factor RET [34]. In this study, we found that GFRAL was
expressed in PCa cells and the surrounding stromal �broblasts, and the expression of GFRAL was linked
with the effect of cancer neoadjuvant chemotherapy. Interestingly, while there was no signi�cant
difference in GFRAL expression in the xenograft PCa tumor tissue of the two diet groups, the MIC-1-
mediated PCa cell proliferation, invasiveness, and cytokine secretion of PrSC were signi�cantly abrogated
by treatment of GFRAL speci�c siRNA. These �ndings strongly suggest that MIC-1/GFRAL signaling may
stimulate PCa progression indirectly by promoting the expression and secretion of protumorigenic
cytokines from cancer stromal cells in the tumor microenvironment, resulting in direct and indirect the
enhanced proliferating signaling cascade in PCa cells.

The direct role of MIC-1/GFRAL signaling in adipocyte lipolysis was unclear from the present study. A
recent report has shown that the administration of recombinant MIC-1 signi�cantly inhibited adiposity,
metabolic dysfunction, and cytokine secretion through reduced food intake and body weight in mice fed
with a HFD [33]. However, in this study, there was no signi�cant difference in the level of adipolysis and
FFA release in isolated periprostatic adipocytes following direct co-culture with PCa PC-3 cells compared
to that of the PC-3 cells pretreated with MIC-1 siRNA (Fig. 4a and 4b). A previous study suggested that the
direct interaction of MIC-1 with the cognate receptor GFRAL in the brain is required for metabolic effects
[17]. Therefore, while MIC-1 may have a role as an endocrine signaling molecule for systemic metabolic
effects by the engagement of GFRAL in brain, it may also promote cancer progression by directly
stimulating cancer cells in an autocrine manner, and by activating the cancer-promoting interaction
between cancer cells and stromal cells in tumor microenvironment.

Conclusions
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In summary, we found that HFD facilitated adipocyte in�ltration and FFA secretion in the tumor
microenvironment, and enhanced MIC-1 expression in PCa cells. The high level of MIC-1 can
subsequently activate PCa stromal �broblasts to secrete protumorigenic cytokines, including IL6 and IL-
8[27–30], in the PCa microenvironment, and augment PCa progression. In addition, it has been suggested
that the higher activity in the MIC-1/GFRAL signaling was clinically associated with PCa progression
through the activation and cytokine production in prostate stromal �broblasts in human PCa specimens.
Therefore, MIC-1 signaling in the PCa microenvironment may be an important target for chemoprevention
and therapy in PCa.
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Figures

Figure 1

High-fat diet in�uenced PCa progression and enhanced adipocyte in�ltration and adipolysis in the PCa
microenvironment PC-3M-luc-C6 cells were intraperitoneally injected into mice that were randomly
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assigned to either the control diet (CD) group or the high-fat diet (HFD) group (5 per group). a Tumor
progression and luciferase activity were measured by the Xenogen IVIS™ imaging system with
intraperitoneal injection of luciferin 4 weeks after injection of the cells. The tumor progression as
measured by luciferase activity was signi�cantly higher in the HFD group than the CD group (*P < 0.05). b
Xenograft tumor sections from mice in the HFD and CD groups were subjected to immunohistological
staining with an anti-Ki67 antibody (bar, 100 μm). The Ki67 positivity was signi�cantly higher in the HFD
group than the CD group (28.3 ± 5.3% vs 13.9 ± 2.1%, *P < 0.05). c The slides of mouse xenograft tumor
tissue were stained with hematoxylin and eosin. The mouse peritoneal tumors showed a higher
transmigration of PCa cells into the peritoneal stroma in the HFD group (middle panel, arrow), and
stimulated adipocyte in�ltration in the tumor microenvironment (right panel, arrow). d and e Lipase
activity in the xenograft tumors and the sera of mice was measured using a Lipase activity assay kit. The
lipase activity in the tumor and sera were signi�cantly higher in the HFD group than in the CD group (*P <
0.05 and *P < 0.05, respectively). g and f FFA concentration in the tumor extract and sera of the xenograft
mice was measured with a FFA quanti�cation kit. The FFA levels in the tumor and sera were signi�cantly
higher in the HFD group than in the CD group ( *P < 0.05 and **P < 0.01, respectively).

Figure 2

HFD and exogenous FFAs stimulated the expression and secretion of MIC-1 a The xenograft tumors were
stained with antibodies to MIC-1 and GFRAL, and the staining intensity was semi-quantitatively
evaluated. The staining level of MIC-1 was signi�cantly higher in the HFD group than the CD group (*P <
0.05), but there was no signi�cant difference in the staining level of GFRAL in the xenograft tumor of the
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two groups. ns: Not signi�cant. b The serum MIC-1 levels were measured by an MIC-1 ELISA kit. The
mean serum level of MIC-1 was signi�cantly higher in the HFD group than in the CD group (3506.0 ±
1888.4 and 2618.8 ± 710.4 pg/ml, *P < 0.05). c and d PC-3 cells were cultured with 0.125 mmol/l of PA,
0.25 mmol/l of OA, 0.15 mmol/l of LA, or 2% BSA (as the control) for 24 h. Cells were harvested, total
RNA extracted, and quantitative RT-PCR was performed to detect MIC-1, TGF-beta, GFRAL, and beta-actin
c. Proteins from equal volumes of the conditioned medium (CM) in the c were subjected to Western blot
analysis using an anti-human MIC-1 antibody d.

Figure 3

Activation and cytokine secretion in PCa stromal �broblasts by the upregulation of MIC-1 under a HFD
condition a The xenograft tumors were stained with an αSMA antibody, and the staining level was semi-
quantitatively evaluated (*P < 0.05). b The serum cytokine level of mice was measured by a cytometric
bead array kit (IL-8; 1358.9 ± 528.5 vs 773.2 ± 210.7 pg/ml, *P < 0.05). c Cytokine secretion in PrSC cells
stimulated by MIC-1. 4 × 104 PrSC cells were treated with 50 ng/ml rMIC-1 or co-cultured with 2 × 105 PC-
3 cells for 24 h. Some of the PC-3 cells were pretreated with 50 nM MIC-1 siRNA (siMIC-1) or control
siRNA (Ctrl siRNA) for 12 h. The IL-8 and IL-6 levels were signi�cantly higher in the CM of the PrSC cells
treated with rMIC-1, or in the CM of the PrSC cells co-cultured with PC-3 cells (IL-8: 1696.8 ± 82.6 vs
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6314.1 ± 437.0 vs 8157.9 ± 1206.8 pg/104 cells; P = 0.007 and P = 0.005, respectively; and IL-6: 504.2 ±
32.7 vs 3395.1 ± 68.1 vs 2743.9 ± 645.1 pg/104 cells; P = 0.004 and P = 0.002, respectively). In addition,
IL-8 and IL-6 levels were signi�cantly lower in the CM of the PrSC cells co-cultured with PC-3 cells
pretreated with siMIC-1 compared to those co-cultured with untreated PC-3 cells or those treated with Ctrl
siRNA (mean ± SD; *P < 0.05 and **P < 0.01, respectively). d and e PrSC cells were cultured in the
presence or absence of 1 μM U0126 for 1 h before treatment with 50 ng/ml rMIC-1 for 3 h. d Equal
amounts of proteins (10 μg) from the cells were subjected to anti- pERK1/2, anti- ERK1/2, anti-αSMA, and
anti-beta-actin antibody. e IL-8 and IL-6 mRNA levels were measured by quantitative RT-PCR, normalized
to the mRNA levels of beta-actin *P < 0.05, and **P < 0.01.

Figure 4

Periprostatic adipocytes stimulate MIC-1 secretion in PC-3 cells and IL-8 secretion in PrSC cells by
upregulating adipolysis and FFA release. The isolated PPAC (n = 13) from the radical prostatectomy
patients were directly incubated in 6-well plates previously seeded with 2 × 105 of PC-3 cells pretreated
with 50 nM siMIC-1, and cultured in the presence or 4 × 104 of PrSC for 48 h. a and b The levels of
adipolysis and FFAs in the conditioned medium (CM) of the PPAC were signi�cantly higher following the
co-culture of PPAC and PC-3 cells than those in PPAC culture alone. However, there were no statistical
differences in the levels of adipolysis and FFAs in the CM of PPAC co-cultured with PC-3 cells than in
those co-cultured with PC-3 cells pretreated with siMIC-1 (*P < 0.05 and **P < 0.01). ns: No statistical
difference. c The MIC-1 level was measured by an MIC-1 ELISA kit, and the mean MIC-1 level was
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signi�cantly higher in the CM of the co-culture of PC-3 cells and PPAC (5178.0 ± 801.8 and 1883.6 ±
143.1 pg/ml, **P < 0.01, and 4597.7 ± 723.0 and 1883.6 ± 143.1, **P < 0.01, respectively). The MIC-1 level
was signi�cantly decreased in the CM of the PC-3 cells treated with siMIC-1 in the above co-culture
experiments (**P < 0.01). d The IL-8 levels were measured by an IL-8 ELISA kit. The IL-8 levels were
signi�cantly higher in the CM of PrSC cells co-cultured with PPAC, and further in the presence of PC-3
cells compared to those cultured alone or co-cultured with PPAC only (6697.7 ± 1673.5 and 1266.7 ±
147.9 pg/ml, **P < 0.01., and 6697.7 ± 1673.5 and 2688.4 ± 401.6, **P < 0.01, respectively). The IL-8 level
was signi�cantly decreased in the CM of PrSC cells by co-culture with PPAC and PC-3 cells pretreated
with siMIC-1 in the above experiments (*P < 0.05).

Figure 5

Overexpression and secretion of MIC-1 was signi�cantly correlated with cancer stroma activation and
advanced PCa progression The serum MIC-1 levels in 67 patients with localized PCa were measured
using an MIC-1 speci�c ELISA kit, and the patients were divided into two groups according to the median
level of serum MIC-1 (MIC-1-low, n = 33 and MIC-1-high, n = 34). a The αSMA expression was semi-
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quantitatively evaluated by the proportion of αSMA positive cells in the stroma of the tumor section. b
The patients in the MIC-1-low group, 51.5%, 36.4%, and 12.1% while 29.4%, 38.2%, and 32.4% in the MIC-1-
high group were classi�ed as having low, moderate, and high αSMA staining, respectively (P = 0.011). c
and d The serum cytokine concentration was measured by a cytometric bead array kit (IL-8: 230.1 ± 395.0
and 61.4 ± 145.9 pg/ml; P = 0.035; and IL-6: 10.0 ± 17.5 and 3.0 ± 3.5 pg/ml; P = 0.044, respectively). e
The PCa patients were divided into two groups according to the serum level of PSA (PSA < 10 ng/dl, n =
45, and PSA ≥ 10 ng/dl, n = 22). (MIC-1: 897.7 ± 238.8 and 1080.1 ± 297.9 pg/ml, respectively; P =
0.009). f The patients were divided into two groups according to Gleason score (GS, GS < 7, n = 24, and
GS ≥ 7; n=43). (MIC-1: 887.8 ± 200.6 and 996.1 ± 241.7 pg/ml, respectively; P = 0.074). g The PCa
patients were divided into two groups (BMI-low and BMI-high) according to their median BMI, (MIC-1:
863.3 ± 179.2, n = 34, and 984.2 ± 254.1, n = 33 pg/ml, respectively; P = 0.037). h The patients were
divided into two groups (Lipase activity-low and Lipase activity-high) according to the median serum
lipase activity (MIC-1: 845.2 ± 207.7, n = 40, and 1064.8 ± 329.1, n = 27 pg/ml, respectively; P = 0.001).

Figure 6

GFRAL is expressed in prostate cancer cells and the surrounding stromal �broblasts a Representative
images of GFRAL expression. Immunohistological staining of tissue samples from PCa radical
prostatectomies with an anti-GFRAL antibody showed that GFRAL was predominantly expressed in the
cytoplasm and membrane of cancer cells and stromal �broblasts (arrow). b The difference in GFRAL
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expression in cancer tissues with or without neoadjuvant treatment was assessed
immunohistochemically. The patients were divided into two groups including those with no preoperative
therapy (None, n=10), neoadjuvant androgen deprivation therapy (ADT), and/or chemotherapy (NEO,
n=9). The GFRAL staining level in PCa, especially in the stromal �broblasts, was lower in the NEO group
compared to the None group (P = 0.208 and P = 0.017, respectively).

Figure 7

Schematic role of MIC-1 signaling in the prostate cancer microenvironment under a HFD milieu MIC-1
production was increased in PCa cells, which was affected by adipocyte in�ltration and adipolysis. MIC-1
directly stimulated the surrounding PrSC cells to secrete protumorigenic cytokines such as IL-8 and IL-6 in
the PCa stromal microenvironment, especially under a HFD condition. These upregulated functional
cytokines directly and/or indirectly stimulated PCa cell proliferation, invasion, and metastasis.
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