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Abstract

Previous work showed that FABP5 inhibitors suppressed the malignant

progression of prostate cancer cells, and this suppression might be achieved

partially by promoting apoptosis. But the mechanisms involved were not known.

Here, we investigated the effect of inhibitors on apoptosis and studied the

relevant mechanisms. WtrFABP5 significantly reduced apoptotic cells in 22Rv1

and PC3 by 18% and 42%, respectively. In contrast, the chemical inhibitor

SB‐FI‐26 produced significant increases in percentages of apoptotic cells in

22Rv1 and PC3 by 18.8% (±4.1) and 4.6% (±1.1), respectively. The bio‐ inhibitor

dmrFABP5 also did so by 23.1% (±2.4) and 15.8% (±3.0), respectively, in these

cell lines. Both FABP5 inhibitors significantly reduced the levels of the

phosphorylated nuclear fatty acid receptor PPARγ, indicating that these

inhibitors promoted apoptosis‐induction sensitivity of the cancer cells by

suppressing the biological activity of PPARγ. Thus, the phosphorylated PPARγ

levels were reduced by FABP5 inhibitors, the levels of the phosphorylated AKT

and activated nuclear factor kapper B (NFκB) were coordinately altered by

additions of the inhibitors. These changes eventually led to the increased levels

of cleaved caspase‐9 and cleaved caspase‐3; and thus, increase in the

percentage of cells undergoing apoptosis. In untreated prostate cancer cells,

increased FABP5 suppressed the apoptosis by increasing the biological activity

of PPARγ, which, in turn, led to a reduced apoptosis by interfering with the

AKT or NFκB signaling pathway. Our results suggested that the FABP5

inhibitors enhanced the apoptosis‐induction of prostate cancer cells by

reversing the biological effect of FABP5 and its related pathway.
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1 | INTRODUCTION

Prostate cancer is the most common male cancer and a serious health

threat to men in developed countries (De Angelis et al., 2014; Ferlay

et al., 2010). At an early stage, the growth and expansion of prostate

cancer depend on the stimulation of the male androgen hormone

supplied through peripheral blood. Initially, androgen‐deprivation

therapy (ADT) can effectively suppress the malignant progression of

the cancer cells. But in the majority of prostate cancer cases, the

cancer will relapse within about 2 years with a more aggressive

androgen‐independent form, named castration‐resistant prostate

cancer (CRPC) (Lee et al., 2008; Miyamoto et al., 2004). The growth

and expansion of CRPC no longer rely on androgen anymore. In

clinics, ADT is not very effective against CRPC and currently CRPC is

not a curable disease. Therefore, identification and validation of novel

therapeutic targets is an imperative task for development of an

effective treatment of CRPC.

One of the genes involved in promoting malignant progression of

prostate cancer cells is fatty acid‐binding protein 5 (FABP5) (McKillop

et al., 2019; Morgan et al., 2008). FABP5 is a member of the fatty

acid‐binding protein (FABP) family and is a 15 kDa cytosolic protein

that binds, with a high affinity, to long and middle chain fatty acids

(Cucchi et al., 2019; Liu & Godbout, 2020; Madsen et al., 1992).

Previous studies have suggested that the increased level of FABP5 in

prostate cancer cells can transport a large amount of intracellular and

extracellular fatty acids into the cytoplasm to be used as alternative

energy sources during ADT. The excessive amount of fatty acids can

then act as signaling molecules to stimulate the nuclear fatty acid

receptor PPARγ (Liu & Choi, Jain, et al., 2020). The activated PPARγ

(phosphorylated PPARγ or p‐PPARγ) can trigger a chain of molecular

events, which include an upregulation of the regulatory cancer‐

promoting genes, such as that for vascular endothelial growth

factor (VEGF) (Adamson et al., 2003; Gujrati et al., 2022), and a

downregulation of possible cancer‐suppressing genes, eventually

leading to an enhanced malignant progression of the cancer cells (Bao

et al., 2013; Biswas et al., 2022). Our previous study showed that the

FABP5‐PPARγ‐signaling transduction axis gradually replaced the

androgen receptor (AR)‐related signal pathway and eventually

became dominant in CRPC cells. Thus suppressing the FABP5‐

PPARγ‐signal pathway, rather than the AR‐related pathway alone,

may be a more relevant strategy for the treatment of CRPC (Forootan

et al., 2014, 2016; Naeem et al., 2019).

Our previous studies showed that apoptosis was reduced as the

overexpression of FABP5 in prostate cancer cells (Li et al., 1998). It

was suggested that the suppression in apoptosis, like the increase in

VEGF, may be a consequence of activated‐ or p‐PPARγ resulting

from the stimulation of fatty acids transported by the elevated

FABP5 (Bao et al., 2013, Forootan et al., 2016). Moreover, activation

of the AKT pathway may produce an antiapoptotic effect by reducing

PTEN‐mediated apoptosis (Li et al., 1998). It has been reported that

AKT can prevent cancer cells from cell death by activating several

apoptosis‐related factors (Vivanco & Sawyers, 2002). For example,

the phosphorylation of AKT inhibits caspase‐9, a prodeath protease

in human cells (Cardone et al., 1998). Although it was shown that the

AKT‐signal transduction pathway was functioning in prostate cancer

(Li et al., 1998), it is not clear whether the FABP5‐PPARγ‐signal

pathway in prostate cancer is connected to that of the AKT‐pathway.

Apart from the initial discovery that FABP5 is overexpressed in

prostate carcinomas and plays a crucial role in promoting malignant

progression (Jing et al., 2000; Jing et al., 2001), the involvement

of FABP5 in many other types of solid tumors has also been

reported. Thus, FABP5 is likely to be a general promoting factor for

carcinogenesis of most solid carcinomas (Al‐Jameel et al., 2017;

Fujii et al., 2005; Furuhashi et al., 2007; Levi et al., 2015; Sinha

et al., 1999; Vorum et al., 1998). The increased level of FBAP5 may

cause an increase in some cancer‐promoting genes, such as VEGF,

through activation of PPARγ by the stimulation of fatty acids

transported by FABP5 (Al‐Jameel et al., 2019). Although a previous

study has suggested the possibility that the increased level of

FABP5 in prostate cancer cells promotes malignant progression by

suppressing apoptosis (Bao et al., 2013), confirmation on this point

is needed and the molecular mechanism of how the increased

FABP5 can affect apoptosis is not known.

In a previous study, a chemically‐synthesized FABP5 inhibitor

SB‐FI‐26 was used to treat CRPC in a nude mouse model and this

compound produced a significant reduction in the primary tumor

mass by more than ninefold and significantly inhibited metastasis by

50% (Al‐Jameel et al., 2017, Carbonetti et al., 2020). More recently,

we have used dmrFABP5, a bio‐inhibitor for FABP5, to treat CRPC in

an experimental nude mouse model. DmrFABP5 was obtained by

changing (through creating mutations to the gene codons) 2 of the 3

key amino acids in the fatty acid‐binding motif of the wide type

FABP5. These changes almost completely deprived of the fatty acid‐

binding ability of FABP5 and thus, dmrFABP5 can competitively

reduce the fatty acid transportation by FABP5 and hence suppress

tumorigenicity of the cancer cells by reducing cellular fatty acid

uptake. Experimental treatment with dmrFABP5 produced more than

a 13‐fold reduction on average primary tumor mass and 100%

inhibition of metastasis (Al‐Jameel et al., 2019). In this study, we

investigated whether these inhibitors suppress malignant progression

of the CRPC cells, either in whole or in part, by promotion of

apoptosis in the cancer cells and the details of the relevant signaling

pathways involved.

2 | MATERIALS AND METHODS

2.1 | Cell lines and culture conditions

The following three human prostate cell lines were used in this study:

the benign prostate epithelial cell line PNT‐2 (Berthon et al., 1995;

Cussenot et al., 1991; Cussenot et al., 1994), the moderately

malignant AR+ CRPC cell line 22Rv1 (Sramkoski et al., 1999) and

the highly malignant AR− CRPC cell line PC3 (Kaighn et al., 1978).

Cells were grown and maintained in a monolayer culture in RPMI

1640 medium ((Life Technologies), supplemented with 10% (vol/vol)
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fetal calf serum (Biosera), L‐glutamine (20mM) (Invitrogen), penicillin

(100 U/ml) and streptomycin (100 μg/ml) (Biosera).

2.2 | Expression of FABPs in Escherichia coli cells

The procedures used for production of wtrFABP5 and dmrFABP5

were the same as those described previously (Al‐Jameel et al., 2019).

A single colony was picked from a selective antibiotic LB agar plate,

inoculated into 10ml LB medium containing 50 µg/ml ampicillin in a

50ml flask and incubated at 37°C overnight with a shaking (230 rpm)

incubator. The overnight bacterial culture (10 ml) was transferred to a

flask containing prewarmed medium (250ml) with ampicillin and

grown at 37°C with vigorous shaking until the OD600 reached 0.6.

Expression of the recombinant proteins was induced by adding IPTG

(Isopropylthiogalactoside) (Sigma) to a final concentration of 1mM.

The flask was incubated for an additional 4 h, the time at which the

maximum amount of protein was synthesized. Cells were harvested

by centrifugation at 4000g for 20min and pellets were stored

at −20°C until further use.

2.3 | Protein purification

Purification of Hexa‐His‐tagged proteins under native condition

was conducted with a Ni‐NTA Fast Start kit (Qiagen). Cell pellets

were suspended in 10 ml Lysis Buffer (pH 8.0), incubated at room

temperature for 60 min and then centrifuged at 14,000g for

30 min at 4°C to pellet the cellular debris. The supernatant

containing the recombinant protein was separated from the

debris, collected and loaded onto a Ni‐NTA column containing a

Hexa‐His antibody. After 2 washes with 4 ml of Washing Buffer

(pH 8.0), the recombinant protein bound to Hexa × His‐tagged

antibody was eluted with an elution buffer (pH 8.0). Each of the 2

eluted fractions was collected and the protein in the eluted

fractions was subjected to SDS‐PAGE and Western blot analysis

to confirm their authenticity, as described previously (Al‐Jameel

et al., 2019) (Data not shown).

2.4 | Measurement of apoptotic cells

Cells growing in culture medium were initially treated with

camptothecin to induce apoptosis, and then treated with SB‐FI‐

26, wtrFABP5 or dmrFABP5 to study their effect on apoptosis‐

induction sensitivity. Those cells undergoing apoptosis were

stained by an annexin V‐FITC Apoptosis Detection Kit, following

the manufacturer's instructions (Sigma‐Aldrich) (Annexin V can

conjugate to phosphatidyl serine, which translocates it from the

inner plasma membrane to the cell surface at an early stage of

apoptosis). The percentage of cells undergoing apoptosis was

identified and calculated by flow cytometry using a FACSCanto II

Flow Cytometer (BD).

2.5 | Western blot

Levels of proteins in control cells and cells treated with wtrFABP5 or

dmrFABP5 were detected by Western blot using an ECL detection

system (Millipore) (Forootan et al., 2006; Ke et al., 1997). Proteins

were separated by SDS‐PAGE in a 12.5% (w/v) acrylamide gel, and

transferred onto a nitrocellulose membrane (Hybond ECL, Amersham

Pharmacia). The primary antibody against p‐PPARγ (Ser 112) (Thermo

Fisher) was diluted at 1:200 and incubated with the blot overnight.

After incubating with horseradish peroxidase‐conjugated anti‐rabbit

IgG (Santa‐cruz) diluted at 1: 10,000, protein bands were detected

and measured by exposing the membrane in an imaging analysis

machine (ChemiDoc MP Imaging System; Bio‐Rad). The primary

antibodies against PPARγ, AKT, p‐AKT (Ser473), BAX, Bcl‐2, the

cleaved‐Capase‐9 and the cleaved‐Caspase‐3 (Cell Signaling) were

diluted at 1:200−500 and incubated with the blots for 1 h. After

incubating with horseradish peroxidase‐conjugated anti‐rabbit (AKT,

p‐AKT and cleaved‐caspase‐3)—or anti‐mouse (PPARγ, BAX, Bcl‐2,

cleaved‐caspase‐9)—IgG diluted at 1:10,000, respectively, protein

bands were detected and measured in the same way as p‐PPARγ. The

antibody against β‐actin was used to quantify the actin bands on each

blot to correct for possible loading discrepancies. Both the unpho-

sphorylated and phosphorylated forms of AKT and PPARγ were

quantitated with relating to actin in the same way.

2.6 | NFκB transcription factor assay

The DNA binding activity of nuclear factor kapper B (NFκB) in the cell

nucleus was detected by an NFκB p65 transcription factor assay kit

(Abcam). Nuclear extracts of control cells (treated with PBS) and cells

treated with wtrFABP5 or dmrFABP5 were collected using a nuclear

extraction kit (Abcam), following the manufacturer's instructions.

Nonspecific binding wells, positive control wells, specific competitor

double‐stranded DNA (dsDNA) wells and test wells were set up in

duplicates in a transcription factor NFκB 96‐well strip plate. In test

groups, each well was first coated with a consensus double‐stranded

DNA (dsDNA), the transcription factor was bound specifically to the

dsDNA; the plate was then washed, treated with NFκB primary

antibody (1: 100). The wells were then washed and incubated with a

goat anti‐rabbit HRP antibody (1:100). After the transcription factor‐

developing solution was added to each well for 30min in the dark,

the stop solution was added and absorbance at 450 nm measured

within 5min.

2.7 | Statistical analysis

Student's t‐test was carried out using GraphPad Prism software

to compare the differences of the means between control and

experimental groups and the data is presented as mean ± SE. The P‐

value less than 0.05 was regarded as statistical significance

*p < .01; **p < .001(***).
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3 | RESULTS

3.1 | Wild type recombinant (wtr) FABP5
suppresses apoptosis‐induction sensitivity of the
CRPC cells

The AR+ CRPC cell line 22Rv1 and the AR− CRPC cell line PC3 were

treated with wtrFABP5 to study its effect on apoptosis‐induction

sensitivity (Figure 1). As shown in Figure 1 (the inserts a−d),

wtrFABP5 treatment reduced apoptosis induced by camptothecin

in both cell lines. Quantitative analysis of flow cytometry results

before the wtrFABP5 treatment showed that the apoptotic rate

induced by camptothecin in the moderately malignant 22Rv1 cells

was significantly higher than that of the highly malignant PC3 cells by

2.54% (Student's t‐test, p < .01) (Figure 1). When treated with

wtrFABP5, all doses produced reductions in apoptosis‐induction

and the highest reduction was achieved in both cell lines with 0.5 µM

wtrFABP5. Further increase in dose produced little further noticeable

reduction in apoptosis‐induction (Figure 1). When treated with this

optimal dose of wtrFABP5 in 22Rv1 cells, 15.9% of cells underwent

apoptosis, a significant reduction from 19.4% in the control treated

with camptothecin only (Student's t‐test, p < .05), the wtrFABP5

treatment reduced the apoptotic fraction of the cells by 3.5% in

22Rv1 cultures. Thus, in wtrFABP5‐treated 22Rv1 cells, the number

of cells undergoing apoptosis was reduced by 18%. In PC3 cells, the

optimal dose of wtrFABP5 reduced by 7.1% of the fraction of cells

undergoing apoptosis (Student's t‐test, p < .05) when compared to

that of the control (16.9%). Thus, in wtrFABP5‐treated PC3, the

number of apoptotic cells induced by comptothecin was reduced

by 42%.

3.2 | FABP5 inhibitors promote
apoptosis‐induction of the CRPC cells

The effect of FABP5 inhibitors SB‐FI‐26 and dmrFABP5 on

apoptosis‐induction sensitivities of 22Rv1 and PC3 cells was studied

(Figure 2). As shown in the inserts a−d in A and the inserts a–d in B

respectively, both inhibitors promoted apoptosis‐induction sensitivity

of both cell lines used. Quantitative analysis showed that all doses of

SB‐FI‐26 produced increases in apoptosis‐induction and the increase

was positively correlated to the increase in dose (Figure 2A). When

22Rv1 cells were treated with the maximum dose (150 μM) of SB‐FI‐

26, 47.9% of cells underwent apoptosis, a significant increase of

26.4% over that (21.5%) in the control treated by camptothecin alone

(Student's t‐test, p < .001). Thus, SB‐FI‐26 produced 123% more

apoptotic cells in the 22Rv1 culture (A). In PC3 cells, the maximum

dose (150 μM) of SB‐FI‐26 significantly increased by 14.3% in the

percentage of cells undergoing apoptosis (Student's t‐test, p < .05)

when compared to that of the control (16.9%). Thus, there were 78%

more cells undergoing apoptosis in SB‐FI‐26‐treated PC3 cells in

comparison to the control treated by comptothecin alone (A).

Quantitative analysis of flow cytometry results showed that when

treated with different doses of dmrFABP5, all doses increased

apoptosis‐induction sensitivity and the highest increase was achieved

in both cell lines with 0.5 µM dmrFABP5. Further increase in

dmrFABP5 produced no further significant increase in apoptosis.

When treated with this optimal dose of dmrFABP5 in 22Rv1 cells,

38.8% of cells underwent apoptosis, a significant increase by 19.4%

over that (19.4%) in the control (Student's t‐test, p < .001). Thus,
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F IGURE 1 The effect of wtrFABP5 on induction of apoptosis of
prostate cancer cells. The surface of cells undergoing apoptosis was
stained with antibodies to annexin‐V (bound to phosphatidylserine,
which translocates from the inner plasma membrane to the cell
surface at an early stage of apoptosis) and was measured by flow
cytometry of intact cells. The AR+ CRPC cell line 22RV1 and the AR‐

CRPC cell line PC3 were cultured to 90% confluence and harvested.
Equal numbers (1 × 105) of cells were then sub‐cultured in triplicates
with camptothecin (5 ng/ml). Each different dose of wtrFABP5 was
added to each of the triplicate cultures and the cells were allowed to
grow for a further 48 h. The percentages of the apoptotic cells in
22RV1 and PC3 cell lines were measured after the treatment with 4
different doses of wtrFABP5 respectively. The results were obtained
from 3 (mean ± SD) separate experiments. Inserts: Representative dot
graphs of percentages of apoptotic cells from the control and the
cells treated with the optimal dose (0.5 µM) of wtrFABP5. For each
dot graph, dots in the first quadrant (upper right) represent the late
stage apoptotic cells. Dots in the second quadrant (upper left)
represent dead cells and cell debris. Dots in the third quadrant (lower
left) represent normal living cells, which do not undergo apoptosis.
Dots in the fourth quadrant (lower right) represent cells undergoing
apoptosis. (a), dot graph record of control 22RV1 cells (treated with
PBS). (b), dot graph record of control PC3 cells (treated with PBS). (c),
dot graph record of 22RV1 cells treated with 0.5 µM wtrFABP5. (d),
dot graph record of control PC3 cells treated with 0.5 µM wtrFABP5.
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dmrFABP5 treatment produced 100% more apoptotic cells in

the 22Rv1 cultures. In PC3 cells, the optimal dose of dmrFABP5

produced 34.1% of cells undergoing apoptosis; an increase in the

percentage of cells undergoing apoptosis by 17.2% (Student's t‐test,

p < .001) when compared to that of the control treated with

comptothecin alone (16.9%) (B). Thus dmrFABP5 produced 102%

more cells undergoing apoptosis.

3.3 | Levels of PPARγ and AKT in benign and
malignant prostate epithelial cells

Levels of PPARγ, AKT, and their phosphorylated forms (presumably

bioactive) p‐PPARγ and p‐AKT were measured by Western blot and

the levels relative to actin were shown in Figure 3a,c,e,g. Levels of

both PPARγ and AKT in the benign PNT2 cells were much higher

than those in the malignant 22Rv1 and PC3 cells (Figure 3b,f).

However, the proportions of their phosphorylated forms were greatly

increased in the malignant cells compared to those in benign PNT2

cells. When the level of p‐PPARγ was set at 1 in PNT2 cells, its

relative level was greatly increased by 18.74 ± 2.46 and 16.47 ± 1.45

ford in 22Rv1 and PC3 cells, respectively (D). When the level of

p‐AKT was set at 1 in PNT2 cells, its relative level was increased by

1.27 ± 0.09 and 2.57 ± 0.3 in 22Rv1 and PC3 cells, respectively (H).

3.4 | Levels of apoptosis‐pathway‐related factors
in benign and malignant prostate epithelial cells

Levels of several factors related to apoptosis signal transduction in

benign and malignant prostate epithelial cells were measured by

Western blot (Figure 4). Bands for BAX, Bcl‐2 cleaved‐caspase‐9 and

cleaved‐caspase‐3 were detected in all three cell lines (a,c,e,g).

Quantitative analysis showed that the levels of BAX in PNT2, 22Rv1,

and PC3 were very different. When the level in the benign PNT2

cells was set at 1, its relative levels in 22Rv1 and PC3 cells were

0.49 ± 0.08 and 0.31 ± 0.02, respectively (b); significant reductions by

51% and 61%, respectively (Student's t‐test, p < .005). The levels of

Bcl‐2 in these 3 cell lines were very similar (d). For cleaved‐caspase‐9,

the expression pattern in these 3 cell lines was different from that of

Bcl‐2. When the level of cleaved‐caspase‐9 in PNT2 was set at 1, its

relative levels in 22Rv1 and PC3 were 0.97 ± 0.06 and 0.69 ± 0.03,

respectively (f). While the levels between PNT2 and 22Rv1 cells were

very similar, the cleaved‐caspase‐9 level in the highly malignant PC3

(A) (B)

F IGURE 2 The effect of SB‐FI‐26 and dmrFABP5 on induction of apoptosis of prostate cancer cells. The surface of cells undergoing
apoptosis was stained with antibodies to annexin‐V and was measured by flow cytometry of intact cells. Cell lines 22Rv1 and PC3 were cultured
to 90% confluence and harvested. Equal numbers (1 × 105) of cells were then sub‐cultured in triplicate with camptothecin (5 ng/ml). Each
different dose of SB‐FI‐26 and dmrFABP5 was added to each of the triplicate cultures and the cells were allowed to grow for 48 h. (A)
Percentages of the apoptotic cells in 22RV1 and PC3 cell lines treated with 4 different doses of SB‐FI‐26. Inserts: Representative dot graph
records of percentages of apoptotic cells from the control and the cells treated with SB‐FI‐26 (100 µM). (a), dot graph record of control 22RV1
cells (treated with PBS). (b), dot graph record of control PC3 cells (treated with PBS). (c), dot graph records of 22RV1 cells treated with 100 µM
SB‐FI‐26. (d), dot graph record of control PC3 cells treated with 100 µM SB‐FI‐26. (B) Percentages of apoptotic cells in 22RV1 and PC3 cell
lines treated with four different doses of dmrFABP5. The results were obtained from 3 (mean ± SD) separate experiments. The levels in the
negative control wells were set at 1 and the remaining were calculated in relation to the negative control. Inserts: Representative dot graph
records of percentages of apoptotic cells from the control and the cells treated with the optimal dmrFABP5 dose (0.5 µM). (a), dot graph record
of control 22RV1 cells (treated with PBS). (b), dot graph record of control PC3 cells (treated with PBS). (c), dot graph record of 22RV1 cells
treated with 0.5 µM dmrFABP5. (d), dot graph record of control PC3 cells treated with 0.5 µM dmrFABP5.
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cells was significantly (Student's t‐test, p < .01) reduced by 31% when

compared to that in the benign PNT2 cells. For cleaved‐caspase‐3,

when the level in PNT2 was set at 1, its relative levels in 22Rv1

and PC3 were 0.54 ± 0.09 and 0.42 ± 0.03, respectively (f), a

significant reduction by 46% and 58%, respectively (Student's t‐test

p < .01; p < .05).

3.5 | The effect of dmrFABP5 on levels of PPARγ,
AKT, and other apoptosis‐related factors in PC3 cells

The effect of dmrFABP5 on levels of PPARγ and AKT in PC3 cells was

measured by Western blot (Figure 5). As shown in A‐a and A‐e,

wtrFABP5 and dmrFABP5 separately produced no noticeable changes in

the sizes of the bands and the quantitative assessments showed that

neither wtrFABP5 nor dmrFABP5 treatment produced significant

changes in the levels of both PPARγ (Student's t‐test, p> .05) and AKT

(p> .1) (B‐a and B‐e). Treatment with wtrFABP5 increased the expression

of p‐AKT and p‐PPARγ in relative to actin (A‐b and A‐c). Quantitative

analysis showed that wtrFABP5 produced a significant increase (Student's

t‐test, p< .001) in the level of p‐AKT (B‐b) by 69%, and a significant

increase (Student's t‐test, p< .001) in p‐PPARγ (B‐c) level by 39%. When

PC3 cells were treated with dmrFABP5 (A‐b and A‐c), significant

reductions (Student's t‐test, p< .05, p< .001) were produced in levels of

p‐AKT by 21% and in p‐PPARγ by 48% (B‐b and B‐c), respectively. When

the PC3 cells were treated with wtrFABP5 and dmrFABP5, the intensities
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F IGURE 3 The levels of PPARγ, p‐PPARγ, AKT, and p‐AKT in benign and malignant prostate epithelial cells by Western blot. The benign cell
line PNT2, the prostate cancer cell lines 22RV1 and PC3 were cultured to 90% confluence, harvested and disrupted with cell lysis buffer. The cell
extracts were first subjected to SDS‐Page and then Western blot analysis. An antibody against nonmuscle β‐actin was incubated with each
blot to correct possible loading discrepancies and for standardization purposes. (a, c, e, and g) Western blot analyses of PPARγ, p‐ PPARγ, AKT,
p‐AKT expression in the benign PNT2 cells and in the malignant 22RV1 and PC3 cells. (b, d, f, and h) Quantitative assessments of the relative
levels of PPARγ, p‐PPARγ, AKT, p‐AKT by densitometric scanning of the intensities of the bands on each blot relative to those of actin. The
results were obtained from 3 (mean ± SD) separate experiments. The level of each of the 4 proteins in the benign PNT2 cells were set at 1;
the levels of the other cell lines on the same blot were calculated by relating to that of PNT2.
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of the bands representing cleaved‐caspase‐9 and cleaved‐caspase‐3

respectively changed (A‐d and A‐f). When the level of cleaved‐caspase‐9

in the control (treated with PBS) was set at 1 (B‐d); its relative level in cells

treated with wtrFABP5 was reduced to 0.39± 0.05; a significant

(Student's t‐test, p< .001) reduction by 61%. In contrast, the relative

level in cells treated with dmrFABP5 was significantly (Student's t‐test,

p< .001) increased by 31% to 1.31 ± 0.11. Treatment with both

wtrFABP5 and dmrFABP5 produced a reduction in levels of cleaved‐

caspase‐9 by 31%, which was a significant reversal of the effect of

wtrFABP5 alone. Further quantitative analysis showed that the

dmrFABP5‐treated PC3 cells produced a remarkable change in cleaved‐

caspase‐3 level (B‐f). When the level of the cleaved‐caspase‐3 was set at

1; its relative level in cells treated with wtrFABP5 was 0.36 ±0.06, a

significant reduction by 64% (Student's t‐test, p< .001). The relative level

of the cleaved‐caspase‐3 in PC3 cells treated with dmrFABP5 was

increased to 1.23 ±0.14, a significant increase of 23% (Student's t‐test,

p< .001). Treatment with both wtrFABP5 and dmrFABP5 produced no

significant difference compared to untreated control PC3 cells.

3.6 | The effect of wtrFABP5 and dmrFABP5 on
levels of BAX and Bcl‐2 and on NF‐κB activity in
PC3 cells

The effect of wtrFABP5 and dmrFABP5 on levels of BAX and Bcl‐2

was detected by Western blot and quantitative assessments were
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F IGURE 4 The levels of BAX, Bcl‐2, cleaved‐caspase‐9 and cleaved‐caspase‐3 in benign and malignant prostate epithelial cells determined
by Western blot. An antibody against non‐muscle β‐actin was incubated with each blot to correct loading discrepancies and for standardization
purposes. (a, c, e, and g) Western blots of BAX, Bcl‐2, cleaved‐caspase‐9, and cleaved‐caspase‐3 in benign PNT2 cells and in malignant
22RV1 and PC3 cells. (b, d, f, and h) Quantitative assessments of the relative levels of BAX, Bcl‐2, cleaved‐caspase‐9 and cleaved‐caspase‐3 by
densitometric scanning of the intensities of the bands on each blot relative to those of actin (b, d, f, and h). The results were obtained
from 3 (mean ± SD) separate experiments. For each of the 4 proteins, the levels in the benign PNT2 cells were set at 1; the levels in the other cell
lines on the same blot were calculated by relating to those in PNT2.
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shown in Figures 6 (a,b,c, and d). When BAX level in the control cells

was set at 1; its relative level in cells treated with wtrFABP5 was

reduced significantly (Student's t‐test, p < .001) by 34% to 0.66 ± 0.17

(c), whereas the relative level of BAX in the cells treated with

dmrFABP5 was significantly (Student's t‐test, p < .001) increased

by 45% to 1.45 ± 0.22 (c). Treatment with both wtrFABP5 and

dmrFABP5 produced no significant difference compared to the

untreated control cells. When the level of Bcl‐2 in the control cells
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F IGURE 5 (See caption on next page)
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was set at 1; its relative level in cells treated wtrFABP5 was

significantly (Student t‐test, p < .0001) increased by 4.16 ± 0.32‐fold,

whereas its level in cells treated with dmrFABP5 was significantly

(Student's t‐test, p < .005) reduced by 44% to 0.56 ± 0.19‐fold.

Treatment with both wtrFABP5 and dmrFABP5 produced no

significant difference compared with the untreated control cells. To

assess the ratio of BAX/Bcl‐2 (Figure 6e), the ratio in control cells was

set at 1. While the BAX/Bcl‐2 ratio in cells treated with wtrFABP5

was significantly (Student's t‐test, p < .0001) reduced by 89% to

0.11 ± 0.02, this ratio in cells treated with dmrFABP5 was signifi-

cantly (Student's t‐test, p < .0001) increased by 60% to 1.6 ± 0.28.

Treatment with both wtrFABP5 and dmrFABP5 produced no

significant change in their ratio compare with the untreated control

cells. The effect of wtrFABP5 and dmrFABP5 on NF‐κB transcription

factor activity in PC3 cells was assessed with a transcription factor‐

binding assay. As shown in f, when the level of NF‐κB transcription

factor activity in the benign PNT2 cells was set at 1; the level in the

PC3 cells was significantly (Student's t‐test, p < .05) increased to

1.09 ± 0.02. The treatment of the PC3 cells with wtrFABP5

significantly (Student's t‐test, p < .0001) increased the NF‐κB

transcription factor activity by 24.77% to 1.36 ± 0.01. The treatment

with dmrFABP5 significantly (Student's t‐test, p < .0005) reduced NF‐

κB transcription factor activity in PC3 cells by 27.61% to 0.80 ± 0.05.

4 | DISCUSSION

To study the relationship between FABP5 and cell apoptosis, the

moderately malignant, AR+ 22Rv1 CRPC cells and the highly

malignant, AR−PC3 CRPC cells were first treated with the

apoptosis‐inducer camptothecin and then with wtrFABP5 or with

two FABP5 inhibitors separately: either SB‐FI‐26 or dmrFABP5.

DmrFABP5 is a recombinant protein obtained by mutating 2 of the 3

codons (in the FABP5 cDNA) for the 3 key amino acids (Arg109,

Arg129, Tyr131) of the fatty acid‐binding motif. Thus, dmrFABP5 has a

very similar structure to that of wtrFABP5, but is incapable of binding

to fatty acids (Al‐Jameel et al., 2019). Our previous studies showed

that either inhibitor significantly suppressed the tumorigenicity

and metastasis of experimental prostate cancer (Al‐Jameel

et al., 2017, 2019). In this work, treatment with wtrFABP5

suppressed apoptosis significantly in both 22Rv1 and PC3 cells.

The SB‐FI‐26 treatment caused 123% and 78% more cells to undergo

apoptosis in 22Rv1 and PC3 cells, respectively. Treatments with

dmrFABP5 triggered 100% and 102% more cells to undergo

apoptosis in 22Rv1 and PC3 cells, respectively. These results showed

that the increased level of FABP5 suppressed apoptosis‐induction

sensitivity of the prostate cancer cells. In contrast, the opposite

effect was observed by treatment with either inhibitor SB‐FI‐26 or

dmrFABP5, suggesting that both FABP5 inhibitors suppressed

prostate cancer by promoting the ability of cancer cells to undergo

apoptosis.

SB‐FI‐26, as an inhibitor of FABP5, exhibited an ability to

suppress both tumorigenicity and metastasis of prostate cancer

(Al‐Jameel et al., 2017). It can competitively bind to FABP5 to

prevent intracellular and extracellular fatty acids from being

transported into the cytoplasm and hence to reduce the cellular

fatty acid uptake (Al‐Jameel et al., 2017). When treated with SB‐FI‐

26, FABP5 can no longer transport and deliver fatty acids to the

nuclear receptor PPARγ and thus it prevents the fatty acids from

stimulating and activating PPARγ. Therefore, SB‐FI‐26 suppresses

malignant progression of prostate cancer cells by reducing the level

of p‐PPARγ. Since SB‐FI‐26 has been identified as a weak agonist of

PPARγ (Berger et al., 2012), it can also produce some weak

stimulation of PPARγ. Thus, on the one hand, SB‐FI‐26 can interfere

with fatty acid stimulation of PPARγ; on the other hand, it can also

replace fatty acids, which in turn stimulates PPARγ in a much weaker

manner. This may explain why SB‐FI‐26 cannot completely inhibit

tumorigenicity and metastasis of CRPC cells (Al‐Jameel et al., 2017).

Like SB‐FI‐26, dmrFABP5 also produces a reduction in the level

of p‐PPARγ. However, the reduction caused by dmrFABP5 is not

through competitively binding to FABP5 (Al‐Jameel et al., 2019,

Forootan et al., 2016) to block the uptake of the cellular fatty acids.

The true mechanism of how dmrFABP5 reduces the biological

activity of PPARγ is not fully understood. Previous work showed that

F IGURE 5 The effect of wtrFABP5 and dmrFABP5 on levels of PPARγ, p‐PPARγ, AKT, p‐AKT, cleaved‐Caspase‐9 and cleaved‐Caspase‐3 in
PC3 cells. The highly malignant PC3 cells were cultured to 90% confluence and harvested; equal numbers (1 × 105) of cells were then
subcultured in triplicate. The optimal dose of wtrFABP5 (0.5 µM) or dmrFABP5 (0.5 µM) was added to each of triplicate cultures and the cells
were allowed to grow for 48 h before being harvested and disrupted with cell lysis buffer. Cell extracts were first subjected to SDS‐PAGE and
then Western blot. An antibody against non‐muscle β‐actin was incubated with each blot to correct for possible loading discrepancies and for
standardization purposes. (A) Western blot of the effects of treatments with PBS (Control), 0.5 µM wtrFABP5 and 0.5 µM dmrFABP5,
respectively, on cellular levels of PPARγ (a), p‐PPARγ (b), AKT (c), p‐AKT (d); Western blot analyses of the effects of treatments with PBS
(Control), 0.5 µM wtrFABP5, 0.5 µM dmrFABP5 and combination of 0.5 µM wtrFABP5 and 0.5 µM dmrFABP5, respectively, on cellular levels of
cleaved‐caspase‐9 (e), and cleaved‐caspase‐3 (f). (B) Quantitative assessments by densitometry scanning of the intensities of the bands
representing relative levels of PPARγ (a), p‐PPARγ (b), AKT (c), p‐AKT (d). The level of the control band (treated with PBS) in each panel was set
at 1. The levels in cells treated with 0.5 µM wtrFABP5 and dmrFABP5 were calculated, respectively, by relating to that in control. Quantitative
assessments by densitometry scanning of the intensities of the bands representing relative levels of cleaved‐Caspase‐9 (e) and cleaved‐Caspase‐
3 (f). The results were obtained from 3 (mean ± SD) separate experiments. The level of the control band (treated with PBS) in each panel was set
at 1. The levels in cells treated with 0.5 µM wtrFABP5, 0.5 µM dmrFABP5 and combination of 0.5 µM wtrFABP5 and 0.5 µM dmrFABP5 were
calculated, respectively, by relating to that in control.
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it was necessary for the FABPs to contact PPARs physically for an

efficient delivery of fatty acids to the PPARs (Hostetler et al., 2009).

Since dmrFABP5 has a very similar structure to that of wild type

FABP5, it is possible that dmrFABP5 may bind to PPARγ to occupy

the physical space for wild type FABP5, thereby preventing the

efficient delivery of fatty acids to PPARγ and thus suppress malignant

progression (Al‐Jameel et al., 2019).

PPARγ is located on the nuclear membrane, it is highly expressed

in adipose tissue and plays an important role to regulate adipose

tissue formation and insulin sensitivity (Subbarayan et al., 2004).

Studies in recent years have confirmed that PPARγ plays a very

important role in promoting malignant progression of prostate cancer

(Ahmad et al., 2016; Elix et al., 2018). Our previous study suggested

that the FABP5‐PPARγ‐VEGF signaling pathway played a dominant

role for transduction of malignant signals in CRPC cells (Forootan

et al., 2016). While wtrFABP5 increased p‐PPARγ and dmrFABP5

reduced it, the promoting effect of wtrFABP5 on p‐PPARγ in

prostate cancer cells was completely reversed by dmrFABP5 when
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F IGURE 6 The effect of wtrFABP5 and dmrFABP5 on levels of BAX and Bcl‐2 and the effect of dmrFABP5 on NF‐κB activity in PC3 cells.
Western blot analysis of levels of (a) BAX and (b) Bcl‐2 in control (treated with PBS), wtrFABP5 (0.5 µM), dmrFABP5 (0.5 µM)‐treated cells and
combination of 0.5 µM wtrFABP5 and 0.5 µM dmrFABP5 (c, d). Quantitative analysis of the relative levels of BAX and Bcl‐2 by densitometric
scanning of the intensities of the bands on the blot relative to those of actin. The level of the band for each internal control was set at 1. (e) Ratio
of BAX/Bcl‐2. The ratio of BAX/Bcl‐2 in the untreated control cells was set at 1. (f) The effect of dmrFABP5 on NF‐κB activity in PC3 cells.
NF‐κB transcription factor assay was conducted to test the effect of dmrFABP5 on NF‐κB activity. The highly malignant cell line PC3 and benign
cell line PNT2 were cultured to 90% confluence and harvested; equal numbers (1 × 105) of cells were then sub‐cultured in triplicate. DmrFABP5
(0.5 µM) was added to each of the triplicate PC3 cultures and the cells were allowed to grow for 48 h. Cells were then harvested, and the cellular
pellets were subjected to nuclear protein extraction with a nuclear extraction kit (Abcam). The complete transcription factor binding assay buffer
(CTFB) was prepared as described by the manufacturer. Ten μl (50 μg) of PNT2, PC3 and dmrFABP5‐treated PC3 nuclear extracts were added to
the sample wells with 90 μl CTFB on Transcription Factor NF‐kB coated strips. Positive control, nonspecific binding and specific competitor
dsDNA were added to appropriate wells. The loaded transcription factor NF‐kB 96‐well strip plate was read by a spectrophotometer (SPECTRA
max Plus, Molecular Devices). The results were obtained from 3 (mean ± SD) separate experiments. Quantitative analysis of the relative OD each
group was made and the OD level of the PNT2 group was set at 1. SD, standard deviation.
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both were addedtogether. Thus it was concluded that dmrFABP5

suppressed the tumorigenicity and metastasis by reversing the

promoting effect of wtrFABP5 on p‐PPARγ (Al‐Jameel et al.,2019).

In the current study, although the total PPARγ levels in 22Rv1 and

PC3 cells were not higher than in the benign PNT2 cells, the activated

p‐PPARγ levels were significantly higher when measure relative to a

housekeeping actin (Figure 3a,c,e,g). The level of p‐PPARγ was

significantly reduced when PC3 cells were treated with dmrFABP5,

but it was significantly increased when they were treated with

wtrFABP5. This result suggested dmrFABP5 played an opposite role

to wtrFABP5 and suppressed the activation of PPARγ (Figures 5A[c],

5B[c]). Thus, it is possible that the increased apoptosis is caused by

the reduction in the levels of p‐PPARγ.

To study the molecular mechanism of how p‐PPARγ could affect

apoptosis, we investigated the effect of p‐PPARγ on the PI3K‐AKT‐

signaling pathway, which controls cell survival and apoptosis. In this

pathway, AKT has been reported to be activated through the

activated PI3K (Franke et al., 1995; Okano et al., 2000; Vivanco &

F IGURE 7 Schematic illustration of the possible FABP5‐related signaling pathway leading to apoptosis‐inhibition and the apoptosis‐
promoting effect of dmrFABP5 in prostate cancer cells. In untreated prostatic cancer, high level of FABP5 transporting a large amount of
fatty acids into cells and binds to PPARγ to deliver the fatty acids and to activate their nuclear receptor PPARγ by phosphorylation. The
p‐PPARγ may then activate its downstream regulatory target AKT. The p‐AKT can suppress apoptosis either by inhibiting the cleavage of
caspase‐9 or by promoting the activity of NF‐κB, which can influence the balance of mitochondrial BAX/Bcl‐2 in favors inhibition of apoptosis.
DmrFABP5 is incapable of binding to fatty acids, but it has a very similar structure to wtrFABP5. DmrFABP5 may bind to PPARγ in the same way
and prevent wtrFABP5 from binding to PPARγ and delivering its fatty acids. This disruption of fatty acid stimulation to PPARγ may lead to a
cessation of PPARγ activation. The reduced level of p‐PPARγ can lead to an increased p‐AKT by losing its suppression. An increased p‐AKT may
lead to an increase of the apoptosis of cancer cells either by upregulating levels of the cleaved caspase‐9 and the cleaved caspase‐3 or by
suppressing the biological activity of NF‐κB, which in turn influences the balance of BAX/Bcl2 in the direction favoring apoptosis‐promotion.
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Sawyers, 2002), which triggers the phosphorylation of AKT at Thr308

or Ser473 (Alessi et al., 1996). Biologically activated p‐AKT activates

or inactivates the individual members of the downstream Bcl‐family

of proteins to disrupt their balance. This leads to a reduced level of

caspase‐9 and hence suppression of apoptosis (Cardone et al., 1998,

Datta et al., 1997; Peso et al., 1997). Although our results show that

the total AKT levels are decreased in both the AR+ CRPC cell line

22Rv1 and AR− CRPC cell line PC3 compared to that in the benign

PNT2 cells relative to actin (Figures 3e,f), the levels of p‐AKT are

increased (Figures 3g,h). This result suggests that the increased

proportion of p‐AKT is likely to be obtained by phosphorylation of

the reduced proportion of the total or inactivated AKT, rather than

gained by producing more total AKT in cells. When PC3 cells are

treated with wtrFABP5, the level of p‐AKT is significantly increased

by 69%, whereas when treated with dmrFABP5, the overall level of

p‐AKT is significantly reduced by 21% (Figure 5B,b). This result

suggests that the reduction in the level of p‐PPARγ produced by

dmrFABP5 has led to a significant suppression of p‐AKT, which

eventually may lead to the cleavage of caspase‐9 (Figure 5B,d) and

promotion of apoptosis. Thus dmrFABP5 promotes apoptosis by

reversing the suppressive effect of wtrFABP5.

Some kinases, including AKT, can influence the upstream factors

of the NFκB pathway. AKT phosphorylated at Thr308 or Ser473

upregulates the p65 size subunit of NFκB (Madrid et al., 2001; Suh

et al., 2002). Some external stimulations can cause the phosphoryl-

ation, ubiquitination and subsequent degradation of IκB proteins,

which bind and inhibit the p65 subunit, thereby enabling trans-

location of NFκB into the nucleus. NFκB transcription factors bind to

DNA sequences as dimers to regulate the expression of downstream

genes involved in cell growth and apoptosis (Amiri & Richmond, 2005;

Pomerantz & Baltimore, 2002; Viatour et al., 2005). In this study

(Figure 6f), we have found that the activity of NFκB in the malignant

PC3 cancer cells is 9% higher than that in the benign PNT2 cells,

suggesting that the apoptosis level is lower and thus the survival

pathway is more active in the cancer cells. The wtrFABP5 treatment

in PC3 cells increased NFκB activity by 25%, but dmrFABP5 reduced

NFκB activity by 27% when compared to the PC3 control (treated

with PBS). This result suggests that wtrFABP5 or dmrFABP5 in

prostate cancer cells can promote or suppress apoptosis by up‐ or

down‐regulation, respectively, of the biological activity of NFκB.

Previous studies have shown that the effect of NFκB activity on

apoptosis was achieved by influencing the balance of BAX/Bcl‐2 and

its subsequent effect on the caspase family, particular caspase‐3. Bcl‐

2 is a crucial suppressor of apoptosis (Hockenbery et al., 1993;

Revelos et al., 2005). Bcl‐2 and BAX form a heterodimer, which

inhibits the function of BAX in promoting apoptosis. Thus, an

increased BAX/Bcl‐2 ratio indicates an increased percentage of cells

undergoing apoptosis. In this study (Figure 6), we observe that the

treatment of PC3 cells with wtrFABP5 greatly reduces the level of

BAX but increases the level of Bcl‐2. In contrast, the treatment with

dmrFABP5 significantly increases the level of BAX, but slightly

reduces the level of Bcl‐2. The wtrFABP5 and dmrFABP5 therefore,

when added alone, changed the BAX/Bcl‐2 ratio in opposite

directions. Whereas wtrFABP5 reduced this ratio to produce a

suppressive effect on apoptosis and promote malignant progression;

its inhibitors, such as dmrFABP5, increases this ratio to promote

apoptosis, which inhibits the malignant progression of the cancer

cells.

5 | CONCLUSIONS

By transporting excessive amount of fatty acids to stimulate PPARγ,

the increased level of FABP5 upregulates the level of p‐PPARγ,

which then increases both the level of p‐AKT and the biological

activity of NFκB in prostate cancer cells. The upregulation of p‐AKT

and NFκB leads to the reduction of BAX and the subsequent change

of the BAX/Bcl‐2 ratio; suppresses the cleavages of caspase‐9 and

caspase‐3 and thus inhibits apoptosis and promotes malignant

progression. In exact opposite to FABP5, inhibitors SB‐FI‐26 and

dmrFABP5 separately inhibited the level of p‐PPARγ by causing the

cessation of fatty acid stimulation in one of the two ways: either

through competitively binding to fatty acids (SB‐FI‐26) or a possible

obstruction of fatty acid delivery (dmrFABP5). As shown by the

schematic illustration in Figure 7, the reduced level of p‐PPARγ leads

to the suppression of p‐AKT and activity of NFκB and an increase in

the ratio of BAX/Bcl‐2, which in turn increases the levels of cleaved‐

caspase‐9 and cleaved caspase‐3 and hence can promote apoptosis

and inhibited the malignant progression of the cancer cells.
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