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Abstract: Previous studies have demonstrated that adipocytes promote prostate cancer (PCa) cell progression,
which facilitates the development of PCa into castration-resistant prostate cancer (CRPC); however, the underlying
mechanisms are still not fully understood. Matrix metalloproteinases (MMPs) are a group of proteases responsible
for the degradation of extracellular matrix (ECM) and the activation of latent factors. In our study, we detected that
MMP11 expression was increased in PCa patients and that a high level of MMP11 was correlated with poor prog-
nosis. Furthermore, siRNA knockdown of MMP11 in CRPC cells not only blocked the delipidation and dedifferentia-
tion of mature adipocytes but also reduced the lipid uptake and utilization of CRPC cells in a cell co-culture model.
The number of mitophagosomes and the expression level of Parkin were increased in MMP11-silenced CRPC cells.
Moreover, we found that simultaneous downregulation of MMP14 and MMP11 expression may benefit patient sur-
vival. Indeed, MMP11/14 knockdown in CRPC cells significantly decreased lipid metabolism and cell invasion, at
least partly through the mTOR/HIF1a/MMP2 signaling pathway. Importantly, MMP11/14 knockdown dramatically
delayed tumor growth in a xenograft mouse model. Consistently, the decreased lipid metabolism, Ki67 and MMP2
expression, as well as the increased Parkin level were also confirmed in in vivo experiments, further demonstrat-
ing the mechanisms responsible for the tumor-promoting effects of MMP11/14. Collectively, our study elucidated
the role of MMP11 and MMP14 in the bidirectional crosstalk between adipocytes and CRPC cells and provided the
rationale of targeting MMP11/14 for the treatment of CRPC patients.
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Introduction

Prostate cancer (PCa) is a disease with high
prevalence and mortality, and multidrug resis-
tance and distant organ metastasis are the
leading causes of PCa-related death in men
worldwide [1]. PCa incidence and progression
are associated with obesity according to recent
epidemiological studies, and obese men under-
going radical prostatectomy are at higher risk
for PCa progression and aggressiveness, as
well as biochemical recurrence [2]. Additionally,
obesity increases the risk of PCa progression
to castration-resistant prostate cancer (CRPC),

metastasis and CRPC-specific mortality [3]. It
has been well documented that the dynamic
interactions between CRPC cells and the tumor
microenvironment (TME) are one of the driving
forces of cancer progression. The TME compris-
es not only noncellular components such as the
extracellular matrix (ECM) and soluble factors
such as extracellular vesicles, chemokines, and
cytokines, but also noncancerous host cells,
including immune cells, endothelial cells, fibro-
blasts, and adipocytes [4]. Adipocytes in the
tumor periphery exhibit significant phenotypic
changes, including a decreased lipid content
and the expression of adipocyte markers, while


http://www.ajcr.us

MMP11/14 interact with CRPC and adipocytes

a high expression of proinflammatory cytokines
and ECM-related molecules [5]. However, how
adipocytes communicate with CRPC cells and
how they contribute to cancer progression
remain elusive.

A key component of tumor invasion and metas-
tasis is matrix metalloproteinases (MMPs)
which degrade protein components in the ECM
and impair tissue barrier integrity. Based on
their substrates and structural homology,
MMPs are classified into six classes: collage-
nases, gelatinases, matrix degraders, matrily-
sins, furin-activated MMPs, and other secreted
MMPs [6]. MMP11 is a secreted protein that
regulates numerous physiological processes
and signaling pathways, as well as alters cellu-
lar behavior, thereby playing a key role in the
TME [7]. Previous studies have linked high lev-
els of MMP11 to advanced tumor stage and the
poor prognosis of PCa patients [8, 9]. It has
also been reported that MMP11 promotes
malignancy by inhibiting apoptosis and promot-
ing migration and invasion [10, 11]. Never-
theless, the functional mechanisms of MMP11
are not fully understood. In addition to MMP11,
MMP14 has also been reported to be upregu-
lated in PCa and to promote cancer cell inva-
sion and metastasis in obese patients [12].
Studies using in vivo mouse model reveal
that membrane-associated MMP14 promotes
breast cancer growth via mTOR-dependent
activation of hypoxia inducible factor 1a (HIF1x)
and regulates ATP production through its intra-
cytoplasmic tail domain via enhancing aerobic
glycolysis in macrophages [13, 14]. Further-
more, MMP14 may partially favor the limitation
of MMP11 activity in vitro [15], though in vivo
validation is required. Since MMP14 is local-
ized in the cell membrane while MMP11 is sol-
uble in the TME, we hypothesize that there may
exit an MMP-dependent molecular network
that reciprocally regulates cellular function and
the dysregulation facilitates the development
of advanced-stage CRPC.

Mitochondria are the primary energy-producing
organelles and the main source of reactive oxy-
gen species (ROS). Although mitochondrial lipid
catabolism is critical in supplying ATP to breast
cancer cells for their survival [16], emerging evi-
dence has shown that the surrounding adipo-
cytes can provide PCa cells with free fatty acids
(FFAs), while the metabolically reprogrammed
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cancer cells have greater viability [12]. Mito-
chondrial dysfunction manifests as irregular
morphology, insufficient ATP production, as well
as an increased production of ROS and oxida-
tive damage to lipids, proteins, and nucleic
acids. In response to oxidative stress, mitopha-
gy enables the elimination of excess and dam-
aged mitochondria to prevent detrimental
effects, thereby restoring cancer cell homeo-
stasis [17].

Here, we examined MMP11 and MMP14
expression in clinical specimens and explored
the relationship between MMP11/14 and PCa
patient overall survival. Furthermore, a cell co-
culture model and metabolomics analysis were
utilized to confirm the role of MMP11/14 in
CRPC cell lipid metabolism. We found that
CRPC cell mitophagy is stimulated by silencing
MMP11/14, leading to attenuated tumor
growth. The reduction in tumor lipid metabo-
lism and invasiveness is probably mediated by
the mTOR/HIF1la/MMP2 pathway. In conclu-
sion, this study demonstrated the growth-pro-
moting role of MMP11/14 and elucidated the
mechanism underlying the inhibition of lipid
metabolism and the promotion of mitophagy.
Our findings also shed light on targeting
MMP11/14 for the treatment of CRPC patients.

Materials and methods
TCGA data processing

Data from 52 normal prostate and 501 tumor
prostate tissues were downloaded from The
Cancer Genome Atlas (TCGA) database to ana-
lyze gene expression profiles and the overall
survival probabilities of the corresponding
patients based on the expression of single
genes and two-gene combinations (https://por-
tal.gdc.cancer.gov/).

Clinical tissue specimens

Tissue specimens from clinical patients were
obtained from the University-Town Hospital of
Chongqing Medical University. Pathological
examination was performed to determine the
tissue classification. All patients involved in this
study provided informed consent. This study
was conducted in strict compliance with the
1964 Declaration of Helsinki and its later
amendments or comparable ethical standards
and was approved by the Ethics Committee of
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University-Town Hospital of Chongging Medical
University.

Adipocyte differentiation, cell coculture and
siRNA transfection

Cells were incubated with 5% CO, at 37°C. Di-
fferentiation of 3T3-L1 preadipocytes (FuHeng
Bio, China) was induced by incubation for two
days in differentiation medium (DMEM high-
glucose, 10% FBS, 1% penicillin/streptomycin,
10 pg/mL insulin, 0.5 ymol/L isobutylmethylx-
anthine, 1 ymol/L rosiglitazone, 1 ymol/L dexa-
methasone), and the cells were then treated
with fresh culture medium (containing 10 ug/
mL insulin) for another two days. The medium
was changed back to fresh complete medium
every two days until fourteen days of full differ-
entiation was achieved.

Human CRPC cell lines (Du145, PC3 and C42B)
were donated by Dr. YB Zheng from Chongging
Medical University and maintained in DMEM. A
Transwell system with 0.4 um pores (Millipore,
US) was adopted to coculture adipocytes and
CRPC cells. A total of 5 x 10* CRPC cells were
seeded in the upper chamber, with mature adi-
pocytes seeded in the lower chamber; alterna-
tively, mature adipocytes were seeded in the
upper chamber, with 2 x 10° CRPC cells seeded
in the lower chamber (detailed in Figure 2). The
cocultures were then incubated for 72 hours.

Effective siRNAs (Biomics, China) were select-
ed after verification by western blotting and
transfected into cancer cells using Lipofecta-
mine 2000 (Invitrogen, US) according to the
manufacturer’s specifications. The sequences
of the siRNAs are listed in Table S1. The culture
medium was replaced with basal medium after
48 hours of transfection.

Reverse transcription (RT) and quantitative
PCR (qPCR)

Total RNA was extracted from cells and tissues
using TRIzol reagent. The concentrations
of RNA in the samples were measured at an
absorbance of 260 nm. SuperScript RT Master
Mix and SYBR GreenER qPCR SuperMix
(Invitrogen, US) were used for the RT and qPCR
steps. The primers for all tested genes are sum-
marized in Table S1, and GAPDH expression
was used as an internal reference. The experi-
ment was performed at least three times.
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Western blotting

Total protein from cells was extracted using
RIPA buffer supplemented with protease
and phosphatase inhibitors (PMSF, NaF and
Na,VO,) (Roche, Switzerland). Protein concen-
trations were measured by a BCA kit (PO010,
Beyotime, China). Proteins (40 pg samples)
were separated by electrophoresis and trans-
ferred to a PVDF membrane. The primary and
secondary antibodies used are listed in Table
S2. Finally, signals were visualized using an
extreme high-sensitivity ECL kit (POO18FM,
Beyotime, China).

Immunofluorescence

Cultured cells were grown on glass coverslips
and exposed to different treatments. After 48
hours of culture, the cells were fixed with 4%
paraformaldehyde, permeabilized with 0.1%
Triton X-100, and blocked with 5% goat serum.
Then, the cells were washed with phosphate-
buffered saline (PBS) and incubated in dilution
buffer with a primary antibody (Table S2) over-
night at 4°C. Subsequently, the cells were
stained with the corresponding fluorochrome-
conjugated secondary antibody (Table S2) and
DAPI (C04002, Bioss, China). Images were
acquired using fluorescence microscopy (Zeiss,
Jena, Germany).

Cell invasion assay

A Transwell assay was employed to estimate
the invasion ability of cells. The membranes in
the upper chambers were precoated with 5%
Matrigel (BD Biosciences, US). Then, 4 x 10*
cells were added to the upper chambers with 8
um pore membranes (Millipore, US) and cul-
tured in 500 pL of serum-free medium. Well-
differentiated adipocytes were cultured in the
lower chambers containing serum. The invaded
cells were stained with crystal violet and count-
ed under a light microscope.

Metabolite profiling

The data for metabolomic analysis were
acquired with an LC-MS/MS system coupled to
a quadrupole Orbitrap mass spectrometer (Q
Exactive Orbitrap, Thermo Fisher Scientific,
US). Metabolites with significant differences in
abundance were screened and analyzed by
principal component analysis (PCA), orthogonal
partial least squares discriminant analysis

Am J Cancer Res 2023;13(12):5934-5949



MMP11/14 interact with CRPC and adipocytes

(OPLS-DA), hierarchical clustering heatmap
analysis, volcano plot analysis, metabolic path-
way classification and Kyoto Encyclopedia of
Genes and Genomes (KEGG) enrichment analy-
sis. A variable importance in projection (VIP)
value of greater than 1 and a p value of less
than 0.05 were used as the selection criteria.

Oil Red O staining

Cultured adipocytes were stained with an Oil
Red O Staining Kit (CO157M, Beyotime, China).
Working solutions were prepared according to
the manufacturer’s instructions. After 10 min-
utes of staining, the cells were washed with
PBS and photographed.

ELISA

MMP11 protein concentrations in the culture
medium of CRPC cell lines were measured by
ELISA kits (YS01645B, YaliBio, China). Then,
MMP11 protein concentrations were deter-
mined with a double antibody sandwich assay
in microplates coated with purified antibody. In
accordance with the manufacturer’s instruc-
tions, the absorbance was measured at 450
nm.

Transmission electron microscopy

The morphology of mitophagosomes and mito-
chondria was evaluated by transmission elec-
tron microscopy (Philips Medical Systems,
Eindhoven, Netherlands). Cells were first fixed
with 2.5% glutaraldehyde and 1% osmium
tetroxide and were then dehydrated in an etha-
nol and acetone gradient. Next, samples were
embedded in araldite, sliced into ultrathin sec-
tions and stained with 3% lead citrate-uranyl
acetate, and images were acquired.

BODIPY staining

Adipocytes in the cell coculture model and fro-
zen sections from tumor tissues were fixed with
4% paraformaldehyde for 30 minutes and per-
meabilized with 0.1% Triton X-100 for 30 min-
utes. After blocking with 1% BSA for 60 min-
utes, adipocytes were incubated with 1:1000
BODIPY 493/503 fluorescent dyes (ajci70160,
Amgicam, China) to label accumulated lipids.
Lipid droplets were further examined using
a fluorescence microscope (Zeiss, Jena, Ger-
many).
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Histological staining

Paraffin-embedded mouse tumors, PCa tissue
sections and adjacent normal prostate tissue
sections were deparaffinized and rehydrated,
and endogenous peroxidase activity was
quenched with 3% hydrogen peroxide. Next, the
sections were incubated with bovine serum
albumin for 30 min. Primary antibodies (Table
S2) were diluted in PBS and incubated with the
sections at 4°C overnight. An immunohisto-
chemical detection kit (PV6000, ZSGB-bio,
China) was applied to detect protein signals. As
a negative control, sections were incubated
with PBS instead of a primary antibody. The sig-
nal intensity was used to score staining as
follows: no staining =0, weak staining =1,
medium staining =2, and strong staining =3.
The percentage of positive cells was scored
as follows: staining in 0% of cells =0, < 5% of
cells =1, 5%-50% of cells =2, and > 50% of
cells =3. Positive staining was defined as a sum
of these two scores equal to or greater than 3.
In addition, histopathological changes were
detected by staining rehydrated tissue sections
with hematoxylin and eosin (HE).

Cell line-derived xenografts

Dul45 cells (2 x 10°) were suspended in 100
uL of PBS and were then subcutaneously inject-
ed into male nude mice at the region of the
inguinal canal containing adipose tissue. Six-
week-old male mice were divided into the indi-
cated groups (n=9 mice/group). The tumor vol-
umes were calculated at four time points with
the formula 3.14/6 x length x width x height,
and tumor weights were evaluated at the termi-
nation of the experiment. After all mice were
sacrificed, transplanted tumor tissues were uti-
lized to perform HE, immunohistochemical
and BODIPY staining. The procedures for the in
vivo animal experiment were approved by the
Ethics Committee of University-Town Hospital
of Chongqing Medical University.

Data and statistical analysis

Image) software was used to analyze image
data. SPSS 24.0 and GraphPad Prism 9 soft-
ware were employed for statistical analyses.
Unpaired Student’s t test was adopted for com-
parisons between two groups, while one-way
ANOVA followed by Tukey’s multiple comparison
test was used for comparisons among multiple
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groups. Analysis of gene expression in TCGA
was performed using the Wilcoxon rank-sum
test, and survival analysis was conducted using
the Kaplan-Meier method and the log-rank test.
Three independent experiments were perform-
ed for each assay, with P < 0.05 indicating a
significant difference.

Results

High MMP11 expression level was correlated
with the poor prognosis of PCa patients

By using data from the TCGA database, we ana-
lyzed the expression level of MMP11 in 52 nor-
mal prostate and 501 tumor samples and
found a higher MMP11 level in tumors than in
normal tissues (Figure 1A). In addition, PCa
patients with high MMP11 expression had a
lower survival rate (Figure 1B). To further con-
firm MMP211 protein expression, we examined
PCa and adjacent normal prostate sections
by immunohistochemistry (IHC). As shown in
Figure 1C, we observed a distinctly higher
expression of MMP11 in cancerous tissues
than in control normal tissues.

Knockdown of MMP11 in CRPC cells inhibited
lipid metabolism and prevented mature adipo-
cyte lipolysis in a cell co-culture model

It has been reported that tumor cells can inter-
act with adipocytes in the TME, possibly in a
paracrine manner. To study the bidirectional
crosstalk between CRPC cells and adipocytes,
we chose Dul45 and PC3 cell lines, as they
had higher endogenous MMP11 level than adi-
pocytes did (Figures S1 and S2), to establish a
cell co-culture model in vitro (Figure 2A and
2E). Specifically, Du145 and PC3 cells were co-
cultured with fully differentiated 3T3L1 preadi-
pocytes. The expression level of MMP11 in
Dul145 and PC3 cells was manipulated by
siRNA transfection, and the knockdown of
MMP11 was verified by western blotting and
ELISA of the cell lysate and supernatant medi-
um, respectively (Figure S3A and S3B). We
found silencing MMP11 in CRPC cells sup-
pressed the delipidation in mature adipocytes
leading to a higher percentage of adipocyte
area (Figure 2B). Similarly, BODIPY lipid stain-
ing showed that the average size of lipid drop-
lets in MMP11 knockdown group was greater
than that in the control group, while the cells in
the control group displayed a fusiform shape
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(Figure 2C). Furthermore, RT-gPCR revealed
that co-culture with MMP11 knockdown CRPC
cells led to a strong elevation in the mRNA lev-
els of three terminal differentiation markers:
fatty acids (FAs) binding protein 4 (FABP4), per-
oxisome proliferator-activated receptor gamma
(PPARy), and CCAAT/enhancer-binding protein
alpha (C/EBP«), in adipocytes (Figure 2D).
Moreover, we observed a dramatic decrease in
lipid uptake, utilization, and anabolism mark-
ers, such as the FAs transporter CD36, rate-
limiting enzyme carnitine palmitoyltransferase
1 (CPT1) for FAs oxidation and FAs synthase
(FASN), in MMP11-silenced CRPC cells com-
pared to control cells (Figure 2F). These results
suggest that MMP11 is required for the active
interaction between CRPC cells and adi-
pocytes.

Silencing MMP11 increased mitophagy in
CRPC cells

In mitochondria, FAs undergo complete oxida-
tion to produce ATP. Under nutrient deprivation,
mitophagy is induced to eliminate defective or
excess mitochondria via lysosomal degrada-
tion [17]. We then used electron microscopy to
examine the effect of MMP11 knockdown on
mitochondria and observed increased de-
formed mitochondria and morphological chang-
es, the characterization of mitophagy (Figure
3A). Parkin-dependent mitophagy is a major
mechanism for eliminating dysfunctional mito-
chondria [18]. Interestingly, immunofluores-
cence staining revealed an increase in Parkin
accumulation in MMP11-silenced Dul45 and
PC3 cells (Figure 3B), suggesting that MMP11
is important in maintaining metabolic integrity
and homeostasis in CRPC cells through the
Parkin-dependent mitophagy pathway.

The mTOR/HIF1a/MMP2 pathway was in-
volved in the inhibition of lipid metabolism and
invasion of CRPC cells induced by MMP11 and
MMP14 silencing

Since a previous study has suggested that
MMP14 may protect cells from abnormal
MMP11 activity [15], we first collected MMP14
expression data from the TCGA and found a
lower MMP14 expression in prostate tumors
thanin normal tissues (Figure 4A). Consistently,
lower MMP14 staining scores was detected in
PCa than in normal tissues by IHC (Figure 4D).
Furthermore, the low MMP14 expression was
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Figure 1. MMP11 expression is increased in clinical PCa specimens vs. normal controls. A. Transcript levels of MMP11 in the TCGA dataset. B. Impact of MMP11
expression on overall survival in PCa patients in the TCGA cohort. C. Protein expression of MMP11 was evaluated by immunohistochemistry in clinicopathological
specimens of both PCa and adjacent normal prostate. HE staining showed the tissue morphology (magnification 200 x). Right: Quantification of MMP11 staining
(32 normal samples vs. 42 PCa samples). Data are presented as the means + SDs. Statistical tests: MMP11 expression analysis, Wilcoxon rank-sum test; survival

analysis, log-rank test; MMP11 staining, unpaired Student’s t test. ***P < 0.001.
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Figure 2. Loss of MMP11 in CRPC cells decreased lipid metabolism and maintained adipocyte maturation in a cell coculture system. A. Schematic diagram showing
the coculture model for analyzing adipocytes. The black arrowhead indicates mature adipocytes. B. Cocultured mature adipocytes stained with Oil Red O (magnifica-
tion 200 x). Right: Quantification of adipocytes. C. Lipid droplets were labeled with BODIPY in mature adipocytes (scale bar =10 um). Right: Quantification of lipid
droplets. D. The relative mRNA levels of adipocyte differentiation and maturation markers were measured by qPCR. E. Schematic diagram showing the coculture
model for analyzing cancer cells. F. The relative mRNA levels of lipid metabolism markers in Du145 and PC3 cells were measured by gPCR. siNT (nontargeting). Data
are presented as the means + SDs. One-way ANOVA followed by Tukey’s test; *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 3. MMP11 deficiency increased mitophagy in CRPC cells. A. Representative electron micrographs of Du145 and PC3 cells are shown. The yellow arrowheads
indicate mitophagosomes, the red arrowheads indicate autophagolysosomes, and the blue arrows indicate mitochondrial morphological changes with abnormal
cristae or loss of cristae. Right: Quantification of mitophagosomes. B. The mitophagy marker Parkin was detected by immunofluorescence staining (scale bar =10
um). Right: Quantification of fluorescence intensity. Data are presented as the means + SDs. One-way ANOVA followed by Tukey’s test; *P < 0.05, **P < 0.01, ***P
< 0.001.
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also correlated with a reduced overall survival
(P=0.052) (Figure 4B). Intriguingly, combined
analysis showed that patients with low expres-
sion of both MMP11 and MMP14 had the best
overall survival (Figure 4C).

To understand the impact of MMP11 and
MMP14 on CRPC cell metabolism, we also
knocked down MMP14 expression with a
MMP14-specific siRNA and used an LC-MS/
MS platform to assess the metabolomic pro-
file of control Dul45 cells (Dul45-C) and
Dul145 cells with both MMP11 and MMP14
knockdown (Dul45-T) (Figures 5A-D, S4). The
sample qualities were validated (Figure S5).
Our results showed that simultaneous deletion
of MMP11 and MMP14 in Dul145 cells signifi-
cantly altered the levels of several metabolites
(Figure 5A). Notably, the levels of metabolites
of lipids and lipid-like molecules were signifi-
cantly decreased in the Dul45-T cells com-
pared to the Dul45-C cells (Figure 5B), sug-
gesting the downregulation of lipid metabolism
in MMP11/14 knockdown cells. Furthermore,
KEGG analysis was performed to analyze the
metabolic pathways in which differential
metabolites were enriched and to determine
the degree of enrichment (Figure 5C and 5D).
Considering that MMP11 is involved in the pro-
cess of mitophagy, we assessed the mTOR sig-
naling pathway by western blotting, as mTOR is
a key regulatory molecule of mitophagy [19]. It
was revealed that the mTOR/HIFla signaling
pathway was considerably suppressed by
MMP11/14 knockdown (Figure 5E). Addition-
ally, CRPC cells also displayed decreased inva-
sion ability based on the decreased MMP2
expression (Figure 5E and 5F).

Silencing MMP11 and MMP14 could attenuate
tumor growth by inhibiting lipid metabolism
and promoting mitophagy in vivo

We further validated the role of MMP11 and
MMP14 in tumor growth by using Dul145 cell-
derived mouse xenograft tumor model. In con-
sistent with the findings from in vitro study,
both the tumor weight and tumor volume were
reduced when both MMP11 and/or MMP14
expression was suppressed (Figure 6A-C). HE
staining revealed the different morphological
characteristics of adipocytes between those
located near or far from the tumor margin and
those in the normal adipose tissue. Specifically,
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adipocytes near the tumor were smaller and
more elongated than distant and normal adipo-
cytes (Figure 6D). We further examined the
lipid droplets around the tumor by BODIPY
staining of the tumor tissue slices and discov-
ered that the lipid accumulation was markedly
suppressed in MMP11/14 knockdown cell-
derived tumors compared to control cell-
derived tumors (Figure 6E), suggesting the
function of MMP11/14 in lipid uptake. In line
with this result, the mRNA levels of FASN and
CD36 were also decreased in tumors from
MMP11/14 knockdown cells (Figure 6F). On
the other hand, IHC demonstrated an increas-
ed expression of Parkin whereas a decreased
expression of Ki67 and MMP2 in tumors from
MMP11/14 knockdown cells (Figure 6G), sup-
porting the notion that MMP11/14 promotes
tumor cell proliferation and invasion by inhibit-
ing mitophagy.

Discussion

Various types of chemokines/cytokines are
present in the TME and play different roles dur-
ing tumor progression. For example, MMP11 is
found to suppress tumor apoptosis and alter
the mitochondrial unfolded protein response in
a mouse breast tumor model [10], while inter-
leukin-22 is reported to increase the metastat-
ic potential of CRPC cells by activating STAT3
[20]. MMP14 is involved in the invasion and
metastasis of a wide range of tumors by direct-
ly degrading the ECM or indirectly activating
MMP2 [21], and the activity of MMP11 may be
regulated by MMP14 [15], indicating the com-
plicated network of MMP regulation in the TME.
In our TCGA transcriptome analysis, we discov-
ered the opposite expression profiles of MMP11
and MMP14 in PCa tumors compared with nor-
mal tissues. Although MMP14 has been report-
ed to be upregulated in cancers [21, 22], we
found the transcript level of MMP14 was
reduced in PCa tissues in this study. A recent
paper demonstrates that adipocytes tend to
activate MMP14 expression in human PCa at
the invasive front [12]. Interestingly, our two-
gene survival analysis based on MMP11 and
MMP14 expression indicated that patients in
the low MMP11/low MMP14 group had a bet-
ter prognosis. Indeed, our experimental data
revealed that loss of MMP14 augments the
tumor-suppressive effect of silencing MMP11
alone via a crosstalk with adipocytes.
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Figure 6. Deletion of MMP11/14 delayed Du145 tumor growth in nude mouse models. A. Representative gross ap-
pearance of Dul45 tumors 21 days after subcutaneous injection of cancer cells. B. Tumor and body weights were
measured at the experimental endpoint (21 days). C. Tumor volumes were measured at 12, 15, 18, and 21 days. D.
HE staining images of paraffin sections show the size and shape of adipocytes near and far from the tumor, as well
as normal adipocytes (magnification 400 x). T: tumor, A: adipocytes. E. In frozen tissue sections, BODIPY was used
to label the lipid droplets around the tumor, and nuclei were labeled with DAPI (scale bar =20 ym). Right: Quantifi-
cation of lipid droplets. F. The relative mRNA levels of lipid metabolism markers in Du145 tumors were measured
by gPCR. G. The protein expression of Parkin, Ki67 and MMP2 was evaluated by immunohistochemical staining of
paraffin sections. The HE staining image shows the tumor morphology (magnification 200 x). Right: Quantification
of Parkin, Ki67 and MMP2 staining. Data are presented as the means + SDs. One-way ANOVA followed by Tukey’s
test; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns = not significant.

Adipocytes function as an energy source for
cancer cells, and human omental adipocytes
provide FFAs as fuel for rapid tumor growth and
invasion in ovarian cancer [23]. In addition, PCa
cells have been found to develop stemness
properties by the treatment with adipocyte-
conditioned medium, and an increased chemo-
resistance is observed in these cancer cells
[24]. Consistent with the notion that these
cancer-associated adipocytes (CAAs) exhibit a
variety of effects on tumor cells [25], here, we
found that downregulation of MMP11 expres-
sion in PCa cells significantly reduced delipida-
tion and dedifferentiation in the co-cultured
adipocytes. Although the adipocyte morpholo-
gy did not change noticeably, we observed
massive lipid accumulation and increased
mMRNA levels of the adipocyte maturation mark-
ers FABP4 (a carrier protein for FAs) and
PPARyY/C/EBPa (adipogenic transcription fac-
tors). Moreover, lipid metabolism was signifi-
cantly decreased in cancer cells, as we ob-
served decreased mRNA levels of CD36, a sur-
face receptor involved in lipid uptake and trans-
locase activity, CPT1, a transporter of long-
chain FAs into mitochondria for [B-oxidation,
and FASN, a lipogenic enzyme for de novo FA
synthesis. As expected, the levels of metabo-
lites of lipids and lipid-like molecules were
decreased in MMP11/14-silenced CRPC cells.
Furthermore, our KEGG pathway enrichment
analysis indicated that the mTOR signaling
pathway was most likely involved, and this
pathway has been reported to promote lipid
deposition but suppress mitophagy in macro-
phages in the context of atherosclerosis [26,
27]. Moreover, deficiency of FFAs and oxygen in
the TME regulates the PI3BK/AKT/mTOR/HIF-1a
pathway and promotes lipogenesis and glycoly-
sis via inhibition of FA [B-oxidation in cancer
cells [28]. Therefore, we explored the impact of
these molecules on PCa cell invasion in our in
vitro studies and observed a suppressed

5946

mTOR/HIF1a/MMP2 pathway and a decreased
cell mobility in MMP11/14 knockdown cells.

Because mitochondria are important organ-
elles that provide energy through FA oxidation
via the tricarboxylic acid (TCA) cycle and acetyl-
CoA for FA synthesis in the cytosol, it is con-
ceivable that enhancing FA oxidation in mito-
chondria could regulate Parkin-mediated mi-
tophagy in the context of cardiac dysfunction
[29, 30]. Our electron microscopy and immuno-
fluorescence assays showed increased Parkin-
mediated mitophagy by MMP11 downregula-
tion. We also observed profound damage to
mitochondrial cristae, which is recognized as
mitophagy precursor [31, 32], in MMP11 knock-
down PC3 cells. In addition to the PINK1-Parkin
pathway, other mediators, such as BCL2-
interacting protein 3 (BNIP3) and NIP3-like pro-
tein X (NIX), can mediate the clearance of dam-
aged mitochondria, but further investigations
are needed to clarify the involvement of these
factors. Collectively, our results indicate that
CRPC cells might undergo metabolic repro-
gramming and degrade malformed mitochon-
dria into essential substrates for cell survival,
probably because the FA supply from neighbor-
ing adipocytes is reduced.

Notably, simultaneous silencing MMP14 and
MMP11 induced a synergistic inhibitory effect
on tumor growth in mice, however, we did not
find a significantly less lipid accumulation in the
peritumoral space in these mice compared to
single knockdown samples. Since previous
studies have reported that interactions with
adipocytes could activate lipid metabolism in
other types of cancer [23], we further verified
the expression of the metabolic genes CD36
and FASN and revealed a decreased lipid
uptake and synthesis in MMP11 and/or MMP14
knockdown cell-derived tumors. These lipids
are essential in providing energy for tumor

Am J Cancer Res 2023;13(12):5934-5949
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Figure 7. Overview of the proposed role of MMP11 and MMP14 in CRPC cell-adipocyte crosstalk. Adipocyte lipolysis
was reduced in the microenvironment by knocking down the expression of the secreted form of MMP11 in CRPC
cells, thus decreasing the expression levels of lipid uptake- and metabolism-related genes. Loss of MMP14 aug-
mented the effect of MMP11 absence not only in terms of the reduction in lipid metabolism mediated by the mTOR/
HIF1a signaling pathway but also in terms of mitophagy activation induced by Parkin. Thus, these CRPC cells exhibit

decreased advantages in proliferation and invasion.

growth and are most likely derived from the
CAAs at the tumor front, as these adipocytes
display a delipidation phenotype and an elon-
gated fibroblast-like shape. Furthermore, it has
been demonstrated that the induction of
mitophagy could selectively promote PTEN-
negative CRPC cell growth and survival on lam-
inin [33]. In support with this finding, our re-
sults showed that knockdown of MMP11 and/
or MMP14 not only facilitated mitophagy but
also inhibited the proliferation and invasion of
PCa cells. Therefore, the synergistic effect of
MMP11 and MMP14 downregulation in the
TME could lead to a certain extent of benign
bilateral crosstalk between adipocytes and
CRPC cells.

Conclusions

Knockdown of MMP11 and MMP14 not only
inhibited delipidation in neighboring adipo-
cytes, resulting in a lower lipid uptake and
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metabolism in CRPC cells partially via the
mTOR/HIF1a axis, but also increased the level
of mitophagy mediated by Parkin, leading to a
suppressed growth of CRPC tumors (Figure 7).
These findings might shed light on developing
therapeutic strategies for the intervention of
CRPC.
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Table S1. Sequences of Primers and siRNAs

Names Sense (5’-3) Antisense (5'-3’) Species
Sequences of Primers
GAPDH AGGTCGGTGTGAACGGATTTG TGTAGACCATGTAGTTGAGGTCA Mu/Hu
FABP4 AAGGTGAAGAGCATCATAACCCT TCACGCCTTTCATAACACATTCC Mu
PPARy TCGCTGATGCACTGCCTATG GAGAGGTCCACAGAGCTGATT Mu
C/EBPx CAAGAACAGCAACGAGTACCG GTCACTGGTCAACTCCAGCAC Mu
CD36 AAGCCAGGTATTGCAGTTCTTT GCATTTGCTGATGTCTAGCACA Hu
CPT1 TTTGCCTCGTGTTTGTGGG CAGCCGTGGTAGGACAGAA Hu
FASN ACAGCGGGGAATGGGTACT GACTGGTACAACGAGCGGAT Hu
Sequences of siRNAs
SiNT UUCUCCGAACGUGUCACGU ACGUGACACGUUCGGAGAA Hu
siMMP11 GUCCAUGCUGCCUUGGUCU AGACCAAGGCAGCAUGGAC Hu
siMMP14 GCAAAUUCGUCUUCUUCAA UUGAAGAAGACGAAUUUGC Hu
Table S2. Primary and secondary antibodies
Names Applications Sources Distributors
Primary antibodies
p-mTOR WB, 1:1000 Rabbit #5536, CST
mTOR WB, 1:1000 Rabbit #2983, CST
HIF1x WB, 1:1000 Mouse AG2135, Beyotime
Kie7 IHC, 1:500 Rabbit 60738R, Bioss
Parkin IHC, 1:100; IF, 1:200 Rabbit ET1702-60, Huabio
MMP11 WB, 1:500; IHC, 1:50 Rabbit ET1611-33, Huabio
MMP14 WB, 1:1000; IHC, 1:100 Rabbit ET1606-48, Huabio
MMP2 WB, 1:1000; IHC, 1:500 Rabbit YT2798, Immunoway
B-actin WB, 1:2000 Mouse YM3028, Immunoway
Secondary antibodies
Anti-rabbit 1gG WB, 1:1000; IHC, 1:200 Goat A0208, Beyotime
Anti-mouse 1gG WB, 1:1000; IHC, 1:200 Goat A0216, Beyotime
Anti-rabbit AlexaFluor 488 IF, 1:2000 Goat 0295P, Bioss
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Figure S1. Du145 and PC3 cells express higher levels of MMP11 protein than C42B cells.
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Figure S2. Du145 and PC3 cells express significantly higher levels of endogenous MMP11 mRNA than adipocytes.
One-way ANOVA followed by Tukey’s test; *P < 0.05.
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Figure S3. The MMP11 protein levels in CRPC cells and the culture medium were reduced by a targeted siRNA. A.
MMP11 protein expression was inhibited by a targeted siRNA in Du145 and PC3 cells. B. The absence of MMP11 in

Dul145 and PC3 cells led to a significant decrease in the protein content in the cell culture medium. One-way ANOVA
followed by Tukey’s test; ****P < 0.0001.
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Figure S4. MMP14 protein expression was reduced by a targeted siRNA in CRPC cells. A. MMP14 protein expression
in C42B, PC3 and Du145 cells. B. MMP14 expression was inhibited by the targeted siRNA in Du145 and PC3 cells.
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Figure S5. Metabolomic samples were evaluated for overall quality (Du145-T vs. Du145-C). A. Scatter plot of OPLS-
DA scores. B. Permutation plot for the OPLS-DA model. C. Permutation histogram for the OPLS-DA model. D. Scatter
plot of PCA scores. E. 3D PCA score plot.



