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Abstract : Obesity-induced excess adipokine production is associated with malignancy and mortality in prostate 
cancer. We previously showed that fatty acid binding protein 4 (FABP4), a major adipokine of mature adipocytes, 
promotes the progression of prostate cancer cell growth and invasion. In this report, we present lipolysis-stim-
ulated lipoprotein receptor (LSR) as a newly identified binding partner for FABP4. Their binding induced Akt 
phosphorylation, whereas LSR knockdown (KD) failed to phosphorylate Akt. Intraosseous injection of LSR-KD 
prostate cancer cells showed smaller areas of intraosseous tumor, lower Ki-67 labeling indices, and lower num-
bers of phospho-Akt-positive cancer cells compared with control prostate cancer cells. Moreover, the contact co-
culture of prostate cancer cells with bone marrow stromal cells (BMSCs) promoted FABP4 secretion by BMSCs. 
Our findings indicated that FABP4-mediated prostate cancer cell progression was regulated by cellular signaling 
via FABP4-LSR binding in the bone microenvironment. J. Med. Invest. 72 : 34-41, February, 2025
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INTRODUCTION
 

Obesity is associated with the tumor grade, mortality rate, and 
risk of prostate cancer (1-3). The number and size of adipocytes 
in patients with obesity are higher compared with individuals 
without obesity. Adipocytes secrete adipokines (adipocytokines), 
which exert various physiologic functions. Among them, leptin, 
interleukin-6, and tumor necrosis factor-α are overproduced in 
obese individuals and are positively associated with prostate 
cancer progression (4-7).

Fatty acid binding protein 4 (FABP4 ; A-FABP, aP2), a member 
of the FABP family, acts as a carrier of intracellular fatty acids. 
FABP4 is expressed in mature adipocytes and macrophages 
and is associated with rheumatoid arthritis, insulin resistance, 
type 2 diabetes mellitus, and atherosclerosis (8-11). Cancer 
cell-derived (endogenous) FABP4 acts as a tumor suppressor, 
whereas peripheral tissue- or blood-derived (exogenous) FABP4 
exerts oncogenic effects (12-17). We previously demonstrated 
that treatment of prostate cancer cells with exogenous FABP4 
promotes invasiveness and metastatic potential (18). These find-
ings strongly suggest that an unknown mediator (probably the 
FABP4 receptor) on the cell surface transmits tumor-promoting 
signals. Here, we share the results of our investigations of this 
unknown mediator and present lipolysis-stimulated lipoprotein 
receptor (LSR) as a newly identified binding partner for FABP4.

MATERIALS AND METHODS
Cells, animals, and reagents

DU145 human prostate cancer cells were obtained from 
RIKEN BioResource Center (Tsukuba, Japan) and maintained 
in RPMI 1640 medium supplemented with 10% FBS, 100 U / mL 
penicillin G, and 0.1 mg / mL streptomycin sulfate. Five-week-old 
male BALB / c and BALB / c nude mice (CLEA Japan, Tokyo, 
Japan) were maintained under specific pathogen-free conditions. 
All in vivo experiments were performed according to the Guide-
line for the Care and Use of Laboratory Animals of the Univer-
sity of Tokushima Graduate School and approved by the Animal 
Research Committee (approval number 11105). Recombinant 
human FABP4 (rFABP4), FITC-conjugated rFABP4, recom-
binant human LSR (rLSR) were obtained from ProSpec-Tany 
TechnoGene (Ness Ziona, Israel), Cayman Chemical (Ann 
Arbor, MI, USA), and United States Biological (Swampscott, 
MA, USA), respectively. The FABP4 inhibitor 2’-(5-Ethyl-3,4-di-
phenylpyrazol-1-yl)-biphenyl-3-yloxy was purchased from AstaT-
ech (Bristol, PA, USA). 

Identification of FABP4-binding protein in the membrane fraction
We isolated the membrane fraction from 1 × 107 DU145 cells 

using a Minute Plasma Membrane Protein Isolation and Cell 
Fractionation Kit (Invent Biotechnologies, Eden Prairie, MN, 
USA) and MPEX PTS Reagents for MS (GL Sciences, Tokyo, 
Japan) according to the manufacturer’s protocol. The fraction 
was treated with or without rFABP4 (3 μg / sample) under rota-
tion for 30 min at 37°C and then probed with 3 μg mouse mono-
clonal anti-FABP4 (Abnova, Taipei, Taiwan) under rotation for 
3 h at 4°C. The resultant immunocomplexes were concentrated 
with Protein G-PLUS Agarose (Santa Cruz Biotechnology, 
Dallas, TX, USA) by rotating for 2 h at 4°C. FABP4-bound pro-
teins were isolated by gradient SDS-PAGE (4%–20%), and the 
gels were stained using a Silver Stain MS Kit (Wako, Osaka, 
Japan). Augmented bands in FABP4-treated samples were cut 
out of the gel for analysis by nano-liquid chromatography–mass 
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spectrometry (nanoLC-MS / MS), and the results were used for 
protein identification using the Mascot Server software package 
(Matrix Science, Ueno, Tokyo). This analysis was contracted to 
the Support Center for Advanced Medical Sciences, Tokushima 
University Graduate School of Biomedical Sciences.

Flow cytometry 
DU145 or LSR-knockdown (KD) DU145 cells (1 × 106) were 

probed with FITC-conjugated rFABP4 (0.3 or 1.0 μg) and incu-
bated for 1 h at 37°C. For neutralization assays using rabbit poly-
clonal anti-LSR (Sigma-Aldrich, St. Louis, MO, USA), the cells 
were pretreated with anti-LSR (0.1, 0.3, or 1.0 μg) for 1 h at 37°C 
and then probed with FITC-conjugated rFABP4 (1.0 μg) and in-
cubated for 1 h at 37°C. Flow cytometry analysis was performed 
using an EPICS XL Flow cytometer (Beckman Coulter, Brea, 
CA, USA) with an argon laser at 488 nm on samples containing 
2 × 104 cells, and the mean fluorescence intensities (MFIs) were 
calculated.

Co-immunoprecipitation (Co-IP)
rFABP4 and rLSR (500 ng each) were mixed in RIPA buffer 

[19] and incubated for 30 min at 37°C. Then, the mixtures were 
probed with mouse or rabbit isotype IgG1 (1 : 100 ; R&D Sys-
tems, Minneapolis, MN, USA), mouse monoclonal anti-FABP4 
(1 : 100), or rabbit polyclonal anti-LSR (1 : 100) and rotated for 
3 h at 4°C. The resultant immunocomplexes were concentrated 
with Protein G-PLUS Agarose (Santa Cruz) by rotating for 2 
h at 4°C, isolated by 15% or 10% SDS-PAGE, and subjected to 
immunoblotting. 

LSR-KD
DU145 cells (3 × 105 cells / well) were seeded into six-well 

plates and preincubated overnight at 37°C. The follow-
ing day, the cells were transfected with universal negative 
control siRNA #1 (Sigma-Aldrich) and LSR siRNA (SASI_
Hs01_00187941 and SASI_Hs01_00348546 ; Sigma-Aldrich) 
using Lipofectamine RNAiMAX Transfection Reagent (Ther-
mo Fisher Scientific, Carlsbad, CA, USA), according to the 
manufacturer’s protocol. For in vivo experiments, we estab-
lished stable LSR-KD cells using Non-target shRNA Control 
Transduction Particles (Sigma-Aldrich) or MISSION Lentiviral 
Transduction Particles for human LSR (TRCN0000020446, 
TRCN0000020448, TRCN0000274208, TRCN0000285149, 
and TRCN0000285151 ; Sigma-Aldrich) according to the man-
ufacturer’s protocol. The multiplicity of infection was set at 5 
for all particles. After treating the infected cells with 2 μg / mL 
puromycin (Sigma-Aldrich) for 72 h, the viable cells were used to 
establish stable LSR-KD cells, and LSR protein expression was 
assessed by immunoblotting.

Immunoblotting
The Co-IP samples and untreated, treated, and LSR-KD cells 

were lysed for immunoblotting and protein level determination, 
as previously described [19]. The primary antibodies were 
rabbit monoclonal anti-FABP4 (1 : 2,000 ; Abcam, Cambridge, 
UK), rabbit polyclonal anti-LSR (1 : 1,000), rabbit polyclonal 
anti-phosphorylated Akt (1 : 500 ; Cell Signaling Technology, 
Danvers, MA, USA), rabbit polyclonal anti-Akt (1 : 1,000 ; Cell 
Signaling Technology), and rabbit polyclonal anti-actin 
(1 : 10,000 ; Sigma-Aldrich). The secondary antibodies were 
goat anti-rabbit IgG-HRP (1 : 100,000 ; Jackson ImmunoReses-
rch Laboratories, West Grove, PA, USA) and goat anti-mouse 
IgG-HRP (1 : 50,000 ; Thermo Fisher Scientific). An Immobilon 
Western Chemiluminescent HRP substrate (Millipore, Billerica, 
MA, USA) was used for signal detection.

Osteolytic bone metastasis model in nude mice
We examined the effects of control and stable LSR-KD DU145 

cells using a previously described osteolytic bone metastasis 
model in nude mice [20]. FABP4 inhibitor was suspended in H2O 
containing 4% Tween-80 and prepared at a concentration of 50 
mg / kg. The mice received vehicle or FABP4 inhibitor by daily 
gavage for 8 weeks from the day after tumor cell transplantation. 
Then, they were sacrificed, the incidence of intraosseous tumor 
was recorded, and the tumor lesions underwent histological ex-
amination and IHC analysis.

Histological analyses
After fixation in 10% phosphate-buffered formaldehyde at 

room temperature for 48 h, the mouse hind limbs were decalci-
fied in 10% EDTA (pH 7.4) for 12 days, embedded in paraffin, 
sectioned at 4–6 μm, and stained with hematoxylin and eosin 
(H&E). The area of the largest section of each tumor was mea-
sured using Nikon NIS-Elements D image analysis software 
(Nikon Instruments Inc., Melville, NY. USA). IHC was used to 
determine LSR, Ki-67, and cleaved caspase-3 expression. The 
primary antibodies were rabbit anti-LSR (1 : 100, Sigma-Al-
drich), mouse monoclonal anti-Ki-67 (1 : 50, DakoCytomation, 
Glostrup, Denmark), and rabbit polyclonal anti-phospho-Akt 
(1 : 300, Cell Signaling Technology). The Ki-67 labeling index 
was calculated as the percentage of Ki-67-positive cells in >500 
cells for each tumor. The number of phospho-Akt-positive cells 
was counted in 10 fields (0.6 mm2 / field), excluding necrot-
ic areas, using Olympus BX51 microscope (Olympus, Tokyo, 
Japan) and DS-Ri1 digital camera (Nikon).

Bone marrow stromal cells (BMSCs) isolation
Bone marrow was collected from euthanized five-week-old 

male BALB / c mice by flushing femurs and tibias with DMEM 
supplemented with 10% FBS. The cells were washed twice in 
serum-free DMEM and then cultured in a 100-mm culture dish 
at 37°C. After 3 days, nonadherent cells were removed by two 
to three washes with PBS, and adherent cells were cultured in 
DMEM supplemented with 10% FBS for 4 days before experi-
mental use.

Coculture assay
DU145 cells and BMSCs underwent contact and bilayer 

coculture. For the contact coculture, DU145 cells and BMSCs 
were mixed at a ratio of 1 : 1 (4 × 105 cells each). For the bilayer 
coculture, BMSCs were seeded into a six-well plate (4 × 105 
cells / well). Then, a cell culture insert (PET membrane, 0.4 μm 
pore size ; Falcon, Franklin Lakes, NJ, USA) was placed on the 
top of each wells, onto which equal numbers of DU145 cells were 
seeded. After incubation for 72 h at 37°C, the culture superna-
tants were withdrawn, and FABP4 levels were measured using 
an adipocyte FABP (FABP4) Human ELISA Kit (BioVendor, 
Brno, Czech Republic).

Statistical analysis
A two-tailed Student’s t-test was employed for statistical anal-

yses of the data. P-values < 0.05 were considered statistically 
significant.

RESULTS
FABP4 interacts with LSR

To identify novel binding partners for FABP4, we tested the 
membrane fractions from DU145 cells with rFABP4 followed 
by immunoprecipitation with anti-FABP4. SDS-PAGE and 
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subsequent silver staining revealed an augmented band in the 
FABP4-treated group, which extracted for nanoLC-MS / MS 
analysis. The results revealed that LSR, which localizes on the 
plasma membrane and is a cell surface receptor, was a candi-
date binding partner. The Mascot search showed extracellular 
and intracellular LSR protein regions as hits for FABP4-bound 

peptide fragments (Fig. 1A). Next, we investigated whether 
FABP4 actually binds to the cell surface, and this was confirmed 
by a dose-dependent increase in FITC-conjugated rFABP4-in-
duced MFI (Fig. 1B), while pretreatment with anti-LSR showed 
dose-dependent inhibition of the same. Furthermore, Co-IP also 
revealed that rFABP4 interact with rLSR (Fig. 1C and 1D).

Figure 1.　Identification of LSR as a binding partner for FABP4.
(A) Following anti-FABP4 immunoprecipitation of the membrane fraction of DU145 cells treated with or without rFABP4, each 
immunoprecipitant underwent SDS-PAGE and silver staining (left). Augmented bands in FABP4-treated samples were cut out of the gel 
for nanoLC-MS/MS analysis, and a Mascot search was performed (right). Raw data and detailed information for LSR are shown. *, added 
rFABP4-derived band. (B) Flow cytometry analysis results of DU145 cells treated with 0.3 or 1.0 μg FITC-conjugated rFABP4. The MFI of 
each group was used as an indicator of binding between FITC-conjugated rFABP4 and the cell surface. Open histograms represent profiles of 
non-treatment group. (C) Flow cytometry analysis results of DU145 cells pretreated with 0.1, 0.3, or 1.0 μg anti-LSR antibody prior to FITC-
conjugated rFABP4 treatment (1.0 μg). The MFI of each group was used as an indicator of binding between FITC-conjugated rFABP4 and 
the cell surface. Open histograms represent profiles of non-treatment group. (D) rFABP4 and rLSR were mixed, co-immunoprecipitated with 
isotype IgG, anti-FABP4 antibody, and anti-LSR antibody and subjected to immunoblotting using anti-FABP4 and anti-LSR antibodies. IB, 
immunoblotting ; IP, immunoprecipitation.
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Interaction of FABP4 with LSR promotes Akt activation
A KD experiment to clarify whether FABP4 was a binding 

partner for LSR revealed that LSR-KD using siRNA #7941 
successfully decreased LSR expression and inhibited FITC-con-
jugated rFABP4-induced MFI increases (Fig. 2A and 2B). Fur-
thermore, LSR-KD using siRNA #7941 markedly decreased Akt 
phosphorylation by FABP4 (Fig. 2C). 

LSR regulates intraosseous prostate cancer cell growth
Because DU145 cells cause osteolytic lesions when transplant-

ed into bone, we used an osteolytic bone metastasis model (21) to 
assess the effect of LSR on intraosseous tumor growth. We estab-
lished LSR-KD DU145 cells using lentiviral particles. Of the five 
viral clones examined, the clone with TRCN0000274208-medi-
ated KD was the most effective (Fig. 3A). Therefore, we injected 
TRCN0000274208-infected DU145 cells into the tibial tuber-
osity. IHC revealed that LSR downregulation was successfully 
sustained until the end of the experiment. Additionally, admin-
istration of FABP4 inhibitor, which inhibits the binding between 
FABP4 and fatty acids, did not influence LSR expression (Fig. 
3B). Regardless of the presence of FABP4 inhibitor, the incidence 
of intraosseous tumor lesions was decreased by LSR-KD (Fig. 
3B). LSR-KD with FABP4 inhibitor also showed significantly 
decreased mean tumor areas. Additionally, LSR-KD significant-
ly decreased Ki-67 labeling indices in intraosseous tumor lesions 
and FABP4 inhibitor administration further decreased the 
Ki-67 labeling index in LSR-KD cells (Fig. 3C and 3D). IHC for 
phospho-Akt revealed that LSR-KD significantly decreased the 

number of phospho-Akt-positive cells in tumor lesions, but the 
FABP4 inhibitor did not enhance this effect (Fig. 3E).

 
The tumor microenvironment regulates intraosseous FABP4 level

A coculture assay was performed to determine whether cells 
adjacent to cancer cells in the bone microenvironment were a 
source of exogenous FABP4. An experimental schema was illus-
trated in Fig. 4A. A single culture of BMSCs secreted FABP4, 
whereas that of DU145 did not. Bilayer coculture of BMSCs with 
DU145 slightly increased FABP4 secretion in BMSCs, while 
mixed coculture, which mimics cell–cell contact conditions, sig-
nificantly increased FABP4 secretion in BMSCs (Fig. 4B).

DISCUSSION

LSR is involved in forming tight junctions of epithelial cells 
together with components such as tricellulin, apoptosis-stimu-
lating protein of p53-2, claudins, occludins, and Hippo / YAP (22). 
LSR-KD increases the malignancy of bladder, colon, and pan-
creatic cancer cells (23-25), whereas LSR promotes malignancy 
in breast and ovarian cancer cells (26, 27), suggesting the bidi-
rectional function of LSR in cancer cell progression. The effect of 
LSR on prostate cancer cell progression has yet to be reported, 
although its expression has been confirmed in hormone-resistant 
cell line PC-3 (28). However, we found that LSR-KD in DU145 
cells inhibited exogenous FABP4-induced Akt activation (18), 
indicating that LSR positively regulates prostate cancer cell 
progression. Additionally, both extracellular and intracellular 

Figure 2.　Interaction of FABP4 with LSR promotes Akt activation.
(A) DU145 cells were transfected with two types of LSR siRNA (#7941 and #8546), and the LSR protein levels were determined using 
immunoblotting. Actin was used as an internal control. NC, universal negative control siRNA #1. (B) Flow cytometry results of control 
and LSR-KD DU145 cells treated with 1.0 μg FITC-conjugated rFABP4. Increased levels of MFI were used as indicators of the effect 
of LSR-KD. Open histograms represent profiles of non-treatment group. (C) Immunoblot results of control and LSR-KD DU145 cells 
treated with 1.0 μg rFABP4 for 24 h to determine the effect on phosphorylated Akt (pAkt). 
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Figure 3.　Effect of LSR-KD and FABP4 inhibitor on prostate cancer bone metastasis and prostate cancer growth in bone.
(A) DU145 cells were infected with five types of shRNA lentiviral particles for LSR, and then the LSR protein levels were 
determined using immunoblotting. Actin was used as an internal control. NC, Non-target shRNA Control Transduction Particles. (B) 
Representative images of IHC for LSR in the intraosseous tumor lesions (left). Mice were injected with FABP4 inhibitor-treated or 
-untreated control and LSR-KD DU145 cells. The tumor incidence was calculated for each treatment group (n = 9-10/group) (right). 
Scale bar, 50 μm. (C) H&E results for tumor sizes in the intraosseous tumor lesions (left) and mean tumor areas (n = 9-10/group) for 
each group (right). Error bars represent the SD. P-values < 0.05 were considered statistically significant. Scale bar, 500 μm. (D) IHC 
results for Ki-67 in the intraosseous tumor lesions (left) and Ki-67 labeling indices (n = 9-10/group) for each group (right). Error bars 
represent the SD. P-values < 0.05 were considered statistically significant. Scale bar, 50 μm. (E) IHC results for phospho-Akt in the 
intraosseous tumor lesions (left) and the number of phospho-Akt-positive cells per field (n = 9–10) for each group (right). Error bars 
represent the SD. P-values < 0.05 were considered statistically significant. Scale bar, 50 μm.
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peptide fragments of LSR were identified as binding partners 
for FABP4, suggesting two distinct binding patterns : (1) typical 
binding at an extracellular region, as with a ligand and recep-
tor, and (2) a unique process of intracellular binding following 
FABP4 internalization into the cytosol. Various growth factor 
receptors, including epidermal growth factor receptor and insu-
lin receptor, have been reported to be internalized after binding 
with their ligand (29, 30). It has also been reported that the 
Clostridium perfringens iota-toxins binds to LSR and mediates 
the entry of LSR into the cytoplasm (31). At the very least, we 
showed that exogenous FABP4 binds to extracellular LSR (Fig. 
1B and 1C). Further investigation to confirm the interaction 
of FABP4 with the intracellular region of LSR and the inter-
nalization of LSR by FABP4 treatment is necessary. LSR-KD 
decreased exogenous FABP4-induced Akt activation, strongly 
suggesting that FABP4-LSR binding activates the PI3K / Akt 
pathway, which is inhibited by neutralizing antibodies against 
LSR (32), and that FABP4 is the main activation component of 
LSR-mediated PI3K / Akt signaling.

The bone microenvironment also affects the progression 
of bone metastasis in prostate cancer. Osteoclast, osteoblast, 

BMSCs, and immune cells participate in cancer cell-mediated 
bone recycling disorder and tumor progression (33-35). The 
association between LSR expression and the behavior of prostate 
tumors in bone remains unknown. The injection of control or 
LSR-KD DU145 cells into mouse bone revealed that LSR-KD 
reduced tumor growth, decreased the Ki-67 labeling index, and 
decreased Akt activation, indicating the association of LSR with 
prostate cancer cell progression in bone. Coculture experiments 
using DU145 cells and BMSCs showed significant increases 
in FABP4 secretion in BMSCs in a mixed coculture, strongly 
suggesting that physical contact between prostate cancer cells 
and BMSCs triggers exogenous FABP4 supplementation in bone 
metastatic lesions. Exogenous FABP4 binds to LSR and induces 
Akt activation, and we previously reported that physical contact 
between prostate cancer cells and osteoblasts enhanced FABP4 
expression (36). Therefore, the BMSC- and osteoblast-associated 
FABP4-LSR-PI3K / Akt axis may accelerate for prostate cancer 
progression in bone (Fig. 5). FABP4 inhibitor enhanced the effect 
of LSR-KD on intraosseous tumor growth and the Ki-67 labeling 
index, suggesting that the fatty acid-binding status of FABP4 
alters the effect of exogenous FABP4 on LSR-mediated cellular 

Figure 4.　Contact coculture of DU145 cells with BMSCs augments FABP4 secretion from BMSCs. (A) An experimental 
schema of coculture. Mixed and bilayer coculture of DU145 cells with BMSCs and monocultures of DU145 and BMSCs, 
respectively, were performed. (B) The mean levels of secreted FABP4 in the culture supernatants (n = 3 / group) were determined 
by ELISA (right). Error bars represent the SD. ND, not detected. P-values < 0.05 were considered statistically significant.

Figure 5.　Schematic representation of the mechanism of the BMSC- and osteoblast-associated FABP4-LSR-PI3K / Akt axis in 
prostate cancer cells. This illustration is based on the results of this study and our previous report (36).
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signaling in prostate cancer cells.
Monoclonal antibodies for LSR exert therapeutic activity 

against endometrial and ovarian cancer (37, 38), and our find-
ings indicate that this could also be effective for prostate cancer 
bone metastasis. Although the effectiveness of interference with 
cell-cell interactions (prostate cancer cells with BMSCs or os-
teoblasts) and the antagonistic effect of anti-FABP4 for prostate 
cancer bone metastasis have yet to be assessed, these methodolo-
gies may have therapeutic potential for prostate cancer bone me-
tastasis. Thus, additional investigations of their antimetastatic 
potential are warranted.
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