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Simple Summary: Fatty acid β-oxidation is a dominant bioenergetic pathway in prostate cancer.
It has recently been suggested that the specific targeting of monocarboxylate transporter 2 (MCT2)
to peroxisomes contributed to an increase in β-oxidation rates and maintenance of the redox
balance in prostate cancer cells. Here we provide evidence demonstrating that prostate cancer
streamlines peroxisome metabolism by upregulating distinct pathways involved in lipid metabolism.
Importantly, we show that the localization of MCT2 at peroxisomes is required for prostate cancer cell
proliferation. Our results emphasize the importance of peroxisomes for prostate cancer development
and highlight different cellular mechanisms that may be further explored as possible targets for
prostate cancer therapy.

Abstract: Reprogramming of lipid metabolism directly contributes to malignant transformation
and progression. The increased uptake of circulating lipids, the transfer of fatty acids from stromal
adipocytes to cancer cells, the de novo fatty acid synthesis, and the fatty acid oxidation support the
central role of lipids in many cancers, including prostate cancer (PCa). Fatty acid β-oxidation is the
dominant bioenergetic pathway in PCa and recent evidence suggests that PCa takes advantage of the
peroxisome transport machinery to target monocarboxylate transporter 2 (MCT2) to peroxisomes in
order to increase β-oxidation rates and maintain the redox balance. Here we show evidence suggesting
that PCa streamlines peroxisome metabolism by upregulating distinct pathways involved in lipid
metabolism. Moreover, we show that MCT2 is required for PCa cell proliferation and, importantly,
that its specific localization at the peroxisomal membranes is essential for this role. Our results highlight
the importance of peroxisomes in PCa development and uncover different cellular mechanisms that
may be further explored as possible targets for PCa therapy.

Keywords: peroxisomes; MCT2; prostate cancer

Cancers 2020, 12, 3152; doi:10.3390/cancers12113152 www.mdpi.com/journal/cancers

http://www.mdpi.com/journal/cancers
http://www.mdpi.com
https://orcid.org/0000-0001-9769-2725
https://orcid.org/0000-0002-3163-9582
https://orcid.org/0000-0002-8631-8356
https://orcid.org/0000-0001-8881-0902
https://orcid.org/0000-0003-3397-0460
http://dx.doi.org/10.3390/cancers12113152
http://www.mdpi.com/journal/cancers
https://www.mdpi.com/2072-6694/12/11/3152?type=check_update&version=3


Cancers 2020, 12, 3152 2 of 15

1. Introduction

Malignant transformation requires multiple metabolic adaptations to respond to energy
requirements and to support high cell proliferation rates [1]. Initial studies reported an increase
of glucose uptake and glycolysis in cancer cells, even when oxygen was not limiting, leading to an
increased lactate production (Warburg effect) [2]. Despite most studies being focused on glycolysis
and glutaminolysis, recent evidence suggests that the reprogramming of cellular lipid metabolism
contributes directly to malignant transformation and progression [3,4]. Several cancers induce the
de novo lipid synthesis, increasing e.g., the production of new phospholipids to build new cell
membranes, the production of signaling molecules, the escape from oxidative stress, and the acquisition
of drug resistance [5,6]. Besides increased lipogenesis, some cancers also take advantage from fatty
acid oxidation for energy production [4,7].

Prostate cancer (PCa) has an exclusive metabolic profile: PCa cells exhibit lower glucose
consumption rates than most tumor cells and lipids become the main energy source [8]. The central
role of lipids in PCa malignancy is supported by the increased uptake of circulating lipids, transfer of
fatty acids from stromal adipocytes to PCa cells, and the de novo fatty acid synthesis and fatty acid
oxidation [9–11]. PCa is also conditioned by the response to androgens, which significantly modulate
de novo fatty acid synthesis [12].

Although most studies have been focused on de novo lipid synthesis, recent data highlights the
role of increased fatty acid β-oxidation, which appears to be the dominant bioenergetic pathway in
PCa [13,14]. It was also shown that peroxisomal branched-chain fatty acid β-oxidation is induced
in PCa [13,15,16]. In this context, alpha-methylacyl-CoA racemase (AMACR) was shown to be
overexpressed in PCa tissues compared to normal prostate tissues [15–17], leading to its recognition as
a PCa biomarker [16]. Subsequently, we and others have shown that not only AMACR, but also key
enzymes involved in peroxisomal branched-chain β-oxidation, including acyl-CoA oxidase 3 (ACOX3)
and D- bifunctional protein (DBP), were upregulated in PCa [13,18].

We have previously reported that the monocarboxylate transporter 2 (MCT2), usually associated
with glucose metabolism and overexpressed in cancer [19,20], localizes mainly to peroxisomes
in PCa cells derived from localized tumors [18]. PCa tumor cells seem to take advantage of the
peroxisomal protein transport machinery in order to target MCT2 to this organelle via peroxin
19 (PEX19), potentially ensuring higher rates of β-oxidation and contributing to the maintenance
of the redox balance [18,21]. Although MCTs are commonly associated with glucose metabolism,
MCT2 seems to have a crucial role in malignant transformation of prostate cells. Its expression is more
evident in prostatic intraepithelial neoplasia (PIN) lesions and localized prostate tumors, compared to
nontumoral tissues and metastasis [18,19]. Interestingly, a clear change in peroxisome morphology
across prostate malignant transformation was observed, which correlated with MCT2’s presence at
this organelle [18]. These results provided evidence for the involvement of peroxisomes and MCT2 in
the process of prostate tumor initiation.

In this study, we aimed to further unravel the importance of peroxisome metabolism and
morphology as well as the role of MCT2 in PCa. We observed the upregulation of several processes
involved in peroxisome lipid metabolism and furthermore demonstrate that the presence of MCT2 at
peroxisomes is required for PCa proliferation.

2. Results

2.1. Peroxisome Metabolism Is Significantly Altered in PCa Cells

It has previously been demonstrated that PCa induces peroxisomal branched-chain fatty acid
β-oxidation, increasing the expression of key proteins involved in this pathway [13,18]. In order to
further identify peroxisome-dependent pathways that may be involved in PCa malignant transformation
and progression, we analyzed the expression of a set of peroxisomal proteins in different cellular
models representing distinct stages of PCa disease progression: PNT1A cells (nontumor immortalized
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adult prostatic epithelial cells), 22Rv1 cells (derived from localized prostate tumor), and PC3 cells
(derived from prostate cancer bone metastasis) (Figure 1 and Figure S1).
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Figure 1. Peroxisome and mitochondria protein and metabolic changes in prostate cancer (PCa). (A) 
Western blot analysis showing the expression levels of the peroxisomal proteins 70-kDa peroxisomal 
membrane protein (PMP70), acyl-CoA-binding domain-containing protein 5 (ACBD5), catalase 
(CAT), peroxin 5 (PEX5), peroxin 19 (PEX19), acyl-CoA oxidase 1 (ACOX1), acyl-CoA oxidase 3 
(ACOX3), 3-ketoacyl-CoA thiolase  (ACAA1), sterol carrier protein x (SCPx), acyl-CoA synthetase 4 
(ACSL4), 3,2-trans-enoyl-CoA isomerase (PECI), and ATP binding cassette subfamily D member 1 
(ABCD1), and the mitochondrial proteins voltage-dependent anion-selective channel protein 1 
(VDAC1),  carnitine palmitoyl transferase 1 (CPT1), cytochrome c oxidase subunit 4 (COXIV), ATP 
synthase subunit alpha and beta (ATP5A, ATP5B), mitochondrial import receptor subunit (TOM20), 
and sterol carrier protein 2 (SCP2), representative of at least three independent experiments. Tubulin 
(TUB) and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) were used as loading controls. A 
densitometric quantification of the immunoblots is presented in Figure S1. (B) Cerotic acid (C26:0) 
peroxisomal β-oxidation activity in PNT1A, 22Rv1, and PC3 cells. Data represent means of three 
independent experiments and the bars represent standard error of the mean (SEM) of the mean. * p < 
0.05 ***p < 0.001 

Our data shows an increase in the expression of most of the tested peroxisomal proteins in 22Rv1 
cells, when compared to PNT1A, suggesting important peroxisome-related metabolic alterations 
between these two cell types. In general, peroxisomal fatty acid degradation pathways seem to be 
upregulated in 22Rv1 cells, relatively to nontumor cells. This is reflected by a higher potential in fatty 
acid uptake, suggested by the augmented expression of the 70-kDa peroxisomal membrane protein 
(PMP70, also known as ABCD3, ATP binding cassette subfamily D member 3) and the ATP binding 
cassette subfamily D member 1 (ABCD1). While PMP70 preferentially imports hydrophilic branched-
chain, polyunsaturated fatty acids and dicarboxylic acids [22,23], but also straight long-chain fatty 
acids [24], ABCD1 is mainly responsible for the import of very long-chain fatty acids [23]. The higher 
expression of acyl-CoA-binding domain-containing protein 5 (ACBD5) may not only reflect an 
increase in very long-chain fatty acid import [25] but may also reveal alterations in contact sites 
between peroxisomes and the endoplasmic reticulum (ER) [26,27] in PCa cells. Elevated levels of acyl-
CoA oxidase 1 (ACOX1), ACOX3, and peroxisomal 3,2-trans-enoyl-CoA isomerase (PECI) further 
suggest an increased peroxisomal β-oxidation of straight-chain fatty acids (via ACOX1), branched-
chain fatty acids (via ACOX3), and unsaturated fatty acids (via PECI). In line with an increase of 
peroxisomal H2O2 produced by the ACOXs, catalase (CAT) was found to be also upregulated. The 
import of matrix and membrane peroxisomal proteins (via PEX5 and PEX19, respectively) appears to 
be also increased in these cells (Figure 1A). 

Remarkably, the expression levels of PMP70, ACBD5, CAT, PEX5, ABCD1, and PEX19 decrease 
in PC3 cells when compared with 22Rv1 cells (Figure 1A). In contrast, the expression of ACOX1 and 
PECI increases in PC3 cells. Moreover, the expression of 3-ketoacyl-CoA thiolase (ACAA1), 
responsible for the final thiolytic cleavage in peroxisomal b-oxidation, and acyl-CoA synthetase 4 
(ACSL4) involved in the activation of polyunsaturated long-chain fatty acids to their correspondent 

Figure 1. Peroxisome and mitochondria protein and metabolic changes in prostate cancer (PCa).
(A) Western blot analysis showing the expression levels of the peroxisomal proteins 70-kDa peroxisomal
membrane protein (PMP70), acyl-CoA-binding domain-containing protein 5 (ACBD5), catalase (CAT),
peroxin 5 (PEX5), peroxin 19 (PEX19), acyl-CoA oxidase 1 (ACOX1), acyl-CoA oxidase 3 (ACOX3),
3-ketoacyl-CoA thiolase (ACAA1), sterol carrier protein x (SCPx), acyl-CoA synthetase 4 (ACSL4),
3,2-trans-enoyl-CoA isomerase (PECI), and ATP binding cassette subfamily D member 1 (ABCD1),
and the mitochondrial proteins voltage-dependent anion-selective channel protein 1 (VDAC1),
carnitine palmitoyl transferase 1 (CPT1), cytochrome c oxidase subunit 4 (COXIV), ATP synthase
subunit alpha and beta (ATP5A, ATP5B), mitochondrial import receptor subunit (TOM20), and sterol
carrier protein 2 (SCP2), representative of at least three independent experiments. Tubulin (TUB) and
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) were used as loading controls. A densitometric
quantification of the immunoblots is presented in Figure S1. (B) Cerotic acid (C26:0) peroxisomal
β-oxidation activity in PNT1A, 22Rv1, and PC3 cells. Data represent means of three independent
experiments and the bars represent standard error of the mean (SEM) of the mean. * p < 0.05 *** p < 0.001.

Our data shows an increase in the expression of most of the tested peroxisomal proteins in 22Rv1
cells, when compared to PNT1A, suggesting important peroxisome-related metabolic alterations
between these two cell types. In general, peroxisomal fatty acid degradation pathways seem to be
upregulated in 22Rv1 cells, relatively to nontumor cells. This is reflected by a higher potential in
fatty acid uptake, suggested by the augmented expression of the 70-kDa peroxisomal membrane
protein (PMP70, also known as ABCD3, ATP binding cassette subfamily D member 3) and the ATP
binding cassette subfamily D member 1 (ABCD1). While PMP70 preferentially imports hydrophilic
branched-chain, polyunsaturated fatty acids and dicarboxylic acids [22,23], but also straight long-chain
fatty acids [24], ABCD1 is mainly responsible for the import of very long-chain fatty acids [23].
The higher expression of acyl-CoA-binding domain-containing protein 5 (ACBD5) may not only reflect
an increase in very long-chain fatty acid import [25] but may also reveal alterations in contact sites
between peroxisomes and the endoplasmic reticulum (ER) [26,27] in PCa cells. Elevated levels of
acyl-CoA oxidase 1 (ACOX1), ACOX3, and peroxisomal 3,2-trans-enoyl-CoA isomerase (PECI) further
suggest an increased peroxisomalβ-oxidation of straight-chain fatty acids (via ACOX1), branched-chain
fatty acids (via ACOX3), and unsaturated fatty acids (via PECI). In line with an increase of peroxisomal
H2O2 produced by the ACOXs, catalase (CAT) was found to be also upregulated. The import of matrix
and membrane peroxisomal proteins (via PEX5 and PEX19, respectively) appears to be also increased
in these cells (Figure 1A).
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Remarkably, the expression levels of PMP70, ACBD5, CAT, PEX5, ABCD1, and PEX19 decrease in
PC3 cells when compared with 22Rv1 cells (Figure 1A). In contrast, the expression of ACOX1 and PECI
increases in PC3 cells. Moreover, the expression of 3-ketoacyl-CoA thiolase (ACAA1), responsible for
the final thiolytic cleavage in peroxisomal β-oxidation, and acyl-CoA synthetase 4 (ACSL4) involved
in the activation of polyunsaturated long-chain fatty acids to their correspondent acyl-CoA [28] are
significantly decreased in 22Rv1 cells, but recovered in PC3 cells. The expression of sterol carrier
protein X (SCPx), which is obligatory for the peroxisomal thiolytic breakdown of branched-chain fatty
acids and bile acid intermediates [29], is clearly increased in both tumor cells, suggesting, along with
the increases in ACOX3 and AMACR [18], that branched-chain fatty acids metabolism may play an
important role in PCa cells.

These immunoblot results indicate that peroxisomal β-oxidation is increased in PCa cells. In order
to confirm this assumption, we measured the β-oxidation rates of cerotic acid (C26:0) in the three cells
lines. Indeed, both 22Rv1 and PC3 cells exhibit significantly higher peroxisomal β-oxidation activities
than the nontumor PNT1A cells (Figure 1B). Interestingly, cerotic acid β-oxidation activities are highest
in PC3 cells, in line with the higher protein abundance of enzymes representing straight-chain fatty
acid catabolism (ACOX1 and ACAA1) [30], and somewhat lower in 22Rv1 cells, which exhibit a
more prominent induction of proteins involved in branched-chain fatty acid catabolism (ACOX3,
SCPx, PMP70).

As peroxisomes and mitochondria cooperate in many metabolic pathways, we additionally
analyzed the expression of several mitochondrial proteins in the same cell models. Our results showed
that the expression of carnitine palmitoyl transferase 1 (CPT1), cytochrome c oxidase subunit 4 (COXIV),
ATP synthase subunit alpha and beta (ATP5A and B), and mitochondrial import receptor subunit
(TOM20) is increased in 22Rv1 cells, suggesting that PCa increases the import of mitochondrial proteins
(via TOM20), mitochondrial acyl-CoA transport (via CPT1), and ATP production (via COXIV, ATP5A,
and ATP5B) (Figure 1A). The expression of these proteins (with the exception of TOM20) is decreased in
PC3 cells, where an increase in the expression of the voltage-dependent anion-selective channel protein 1
(VDAC1) is observed. Of note, it was recently published that PC3 cells rely predominantly on glycolytic
energy production, whereas the mitochondrial electron transport was largely nonfunctional [31].
Interestingly, there are no differences in the expression levels of sterol carrier protein 2 (SCP2) which
represents, in addition to the peroxisomal, also the nonperoxisomal proportion of SCP2 localizing in
the cytosol, ER, and potentially mitochondria [32]. Since peroxisomes, and therefore peroxisomal SCP2,
constitute only a minor proportion of the total cellular protein [33], these differences in SCPx/SCP2
expression underline the distinct metabolic changes occurring at peroxisomes of PCa cells.

Our results suggest key changes in peroxisome metabolism in PCa and highlight the role of this
organelle in the PCa metabolic transformation.

2.2. The Presence of MCT2 at the Peroxisomal Membranes Affects the Organelle’s Morphology

We have previously shown that peroxisome morphology significantly changes across
prostate malignant transformation: when compared to nontumor prostate cells (such as PNT1A),
22Rv1’s peroxisomes show an unusual morphology, appearing slightly elongated and in clusters [18].
Here we used electron microscopy to further analyze peroxisome morphology in 22Rv1 cells and our
results indicate that the peroxisomal aggregates previously observed by confocal microscopy constitute
local assemblies of elongated peroxisomes (Figure 2A).

The peroxisomal metabolic and morphological changes between nontumor and localized tumor
cells have been found to be correlated with the presence of MCT2 at this organelle’s membranes [18].
In order to further analyze the influence of MCT2 on peroxisome morphology and metabolism we
assessed the effect of its overexpression and silencing in 22Rv1 cells.
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peroxisomes form clusters in 22Rv1 cells, as shown by (a) immunofluorescence analysis of PEX14 by 
confocal microscopy and (b) DAB-staining based transmission electron microscopy; (P) peroxisomes, 
(M) mitochondria, and (N) nucleus. Nuclei are shown in blue (stained with Hoechst 33258) in (a). 
White bar represents 5 µm and black bar represents 0.5 µm. (B–E) Analysis of modifications in 
peroxisome morphology and number in 22Rv1 cells transfected with Myc-MCT2, when compared 
with nontransfected cells. (B) Immunofluorescence analysis of (a) Myc and (b) PMP70 by confocal 
microscopy in Myc-MCT2-transfected 22Rv1 cells; (c) merge image of a and b, presenting nuclei in 
blue. (C) Quantification analysis of alterations in peroxisomes’ area (pixel2), presented as the mean of 
peroxisome area per total cell area. (D) An example of a representative single-cell analysis is presented 
as the mean of peroxisome area in a cell. (E) Quantification analysis of changes in peroxisomes’ 
number, presented as the mean of peroxisome number per cell area (pixel2). Data represent means of 
three independent experiments and the bars represent SEM of the mean. * p < 0.05 **** p < 0.0001. (F) 
Western blot analysis showing the expression levels of MCT2, CAT, ACOX3, PMP70, and TUB in 
control and Myc-MCT2-transfected 22Rv1 cells. A densitometric quantification of the immunoblots is 
presented in Figure S1. 

Figure 2. MCT2 overexpression increases peroxisome surface, decreases peroxisome number,
and does not affect the expression of key proteins involved in β-oxidation in 22Rv1 PCa cells:
(A) peroxisomes form clusters in 22Rv1 cells, as shown by (a) immunofluorescence analysis of PEX14 by
confocal microscopy and (b) DAB-staining based transmission electron microscopy; (P) peroxisomes,
(M) mitochondria, and (N) nucleus. Nuclei are shown in blue (stained with Hoechst 33258) in (a).
White bar represents 5 µm and black bar represents 0.5 µm. (B–E) Analysis of modifications in
peroxisome morphology and number in 22Rv1 cells transfected with Myc-MCT2, when compared
with nontransfected cells. (B) Immunofluorescence analysis of (a) Myc and (b) PMP70 by confocal
microscopy in Myc-MCT2-transfected 22Rv1 cells; (c) merge image of a and b, presenting nuclei in blue.
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(C) Quantification analysis of alterations in peroxisomes’ area (pixel2), presented as the mean of
peroxisome area per total cell area. (D) An example of a representative single-cell analysis is presented
as the mean of peroxisome area in a cell. (E) Quantification analysis of changes in peroxisomes’ number,
presented as the mean of peroxisome number per cell area (pixel2). Data represent means of three
independent experiments and the bars represent SEM of the mean. * p < 0.05 **** p < 0.0001. (F) Western
blot analysis showing the expression levels of MCT2, CAT, ACOX3, PMP70, and TUB in control and
Myc-MCT2-transfected 22Rv1 cells. A densitometric quantification of the immunoblots is presented in
Figure S1.

To analyze the effect of MCT2’s overexpression, 22Rv1 cells were transfected with a Myc-MCT2
construct, which, such as the endogenous protein, was preferentially targeted to peroxisomes, as shown
by its colocalization with the peroxisomal protein PMP70 (Pearson correlation coefficient of r = 0.61)
(Figure 2B). Interestingly, the presence of this overexpressed protein at peroxisomes led to an increase of
the peroxisomes’ cellular area compared to nontransfected cells (Figure 2C). Figure 2D shows data from
one representative transfected single cell, where an increase in the number of bigger peroxisomes can
be observed when compared to a control cell. Furthermore, we also observed a decrease in peroxisome
number in transfected cells in response to Myc-MCT2 overexpression (Figure 2E). Although 22Rv1 cells
already present an unusual peroxisome morphology, the increased amount of MCT2 at the organelle’s
membranes seemed to induce further morphological changes. These results hence suggest a correlation
between MCT2’s presence at the peroxisomal membranes and the organelle’s unusual morphology in
PCa localized tumor cells. We repeated the analysis in PC3 cells (Figure S2) and observed that, such
as the endogenous protein, Myc-MCT2 presented a lower colocalization level with PMP70 (Pearson
correlation coefficient of r = 0.40) when compared to 22Rv1 cells. Our results in PC3 cells revealed no
relevant differences in the peroxisomal cellular area and only a slight decrease in peroxisome number
upon Myc-MCT2 overexpression. We also overexpressed Myc-MCT2 in PNT1A cells and observed no
colocalization with the peroxisomal marker, highlighting the specificity of this organelle targeting in
prostate tumor cells.

We have previously suggested a putative role for peroxisomes in malignant transformation,
associated with the presence of MCT2 at its membranes and proposed that this might be correlated
with an increase in peroxisomal β-oxidation levels [18].We aimed to assess whether a further increase
in the amount of MCT2 at peroxisomes in 22Rv1 cells (induced by overexpression, as before) would
have any effect on the expression of key proteins involved in peroxisomal β-oxidation. Our results
have, however, shown that MCT2 overexpression did not further affect the expression of CAT, ACOX3,
or PMP70 in these cells (Figure 2F).

As previously mentioned, we also analyzed peroxisome number and morphology upon MCT2
knockdown by RNAi in 22Rv1 cells. Our results show no significant alterations on peroxisome
morphology or number (Figure 3A–C), nor on the levels of the peroxisomal membrane protein PMP70
(Figure 3D). These results indicate that the unusual peroxisome morphology, typical for 22Rv1 cells,
was not reversed by a transient decrease of MCT2. We also analyzed the effect of MCT2 knockdown in the
expression of CAT and ACOX3, which resulted in no considerable changes (Figure 3D). These analyses
were also performed in PC3 cells (Figure S3) and, similarly, no significant changes in peroxisome
morphology were observed.

2.3. MCT2 Localization at the Peroxisomal Membranes Is Associated with PCa Proliferation

In order to analyze the impact of MCT2’s localization at peroxisomes on prostate cancer
proliferation, we performed proliferation analyses using BrdU incorporation assays. Interestingly,
the silencing of MCT2 resulted in a strong decrease in 22Rv1 cells proliferation (about 45%) compared
to nonsilenced control cells (Figure 4A,B), indicating that MCT2 plays a critical role in PCa proliferation.
To substantiate these results, we analyzed cell proliferation in 22Rv1 cells overexpressing Myc-MCT2.
Our results demonstrate that MCT2 overexpression increases on cell proliferation (approximately 50%),
compared to nontransfected cells (Figure 4C,D).
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Figure 3. MCT2 knockdown does not interfere with peroxisome dynamics or the expression of key
proteins involved in β-oxidation in 22Rv1 PCa cells: (A–C) analysis of modifications in peroxisome
morphology and number in 22Rv1 cells upon silencing of MCT2, when compared with nonsilenced
cells. (A) Immunofluorescence analysis of (a,d) MCT2 and (b,e) PMP70 by confocal microscopy in
22Rv1 cells; (c,f) merge image of (a,b) and (d,e), respectively, presenting nuclei in blue. Bars represent
5 µm. (B) Quantification analysis of alterations in peroxisomes’ area (pixel2), presented as the mean of
peroxisome area per total cell area. (C) Quantification analysis of changes in peroxisomes’ number,
presented as the mean of peroxisome number per cell area (pixel2). Data represent means of three
independent experiments and the bars represent SEM of the mean. (D) Western blot analysis showing
the expression levels of MCT2, CAT, ACOX3, PMP70, and TUB in control and MCT2-silenced 22Rv1
cells. A densitometric quantification of the immunoblots is presented in Figure S1.
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showing the expression levels of MCT2, PEX19, and TUB in control and MCT2-overexpressed and/or 
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From malignant transformation to progression, PCa cells display a dynamic metabolism, which 
is remodeled according to the specific requirements of each tumor stage. We have previously 
suggested that malignant transformation is related to alterations in peroxisome morphology and to 

Figure 4. MCT2 localization at the peroxisomal membranes is associated with PCa proliferation.
(A) Effect of the silencing of MCT2 on 22Rv1 cell proliferation, measured by BrdU incorporation
assay. Values are presented in fold change compared to control cells. Data represent means of three
independent experiments and the bars represent SEM of the mean. * p < 0.05 ** p < 0.01 (B) Western blot
analysis showing the expression levels of MCT2 and TUB in control and MCT2-silenced 22Rv1 cells.
(C) Effect of Myc-MCT2 overexpression, silencing of Pex19, and MCT2 overexpression in the absence of
PEX19 on 22Rv1 cell proliferation, measured by BrdU incorporation assay. Values are presented in fold
change compared to control cells. Data represent means of three independent experiments and the bars
represent SEM of the mean. * p < 0.05 ** p < 0.01 (D) Western blot analysis showing the expression
levels of MCT2, PEX19, and TUB in control and MCT2-overexpressed and/or PEX19-silenced 22Rv1
cells. A densitometric quantification of the immunoblots is presented in Figure S1, since whole western
blots are presented at Figure S5.

As most of the overexpressed Myc-MCT2 was targeted to peroxisomes in 22Rv1 cells (Figure 2B),
we wondered whether the specific localization of MCT2 at this organelle would be important for its
role on PCa cell proliferation. We hence assessed cell proliferation of 22Rv1 cells after the knockdown
of the chaperone PEX19, inhibiting MCT2 trafficking to the peroxisomal membranes. Importantly,
the overexpression of Myc-MCT2 in the absence of PEX19 did not induce the increase on cell proliferation
observed in the presence of this chaperone (Figure 4C,D). These results clearly indicate that the specific
localization of MCT2 at the peroxisomal membranes is essential for its role on 22Rv1 cells proliferation.

We performed the same experiments in PC3 cells (in which some of the MCT2 is also localized at
peroxisomes) and obtained similar results (Figure S4). Altogether, these results suggest that the MCT2
shift to peroxisomes plays an important role in PCa cells proliferation.

3. Discussion

From malignant transformation to progression, PCa cells display a dynamic metabolism, which is
remodeled according to the specific requirements of each tumor stage. We have previously suggested
that malignant transformation is related to alterations in peroxisome morphology and to the presence of
MCT2 at the organelle’s membranes, contributing to a redox shuttle system which supports β-oxidation
and maintains redox balance [18]. In this study we further demonstrate that the metabolic switch along



Cancers 2020, 12, 3152 9 of 15

PCa initiation and progression is accompanied by the increase in the expression levels of key proteins
involved in lipid metabolism. The increased expression of PMP70, ACBD5, CAT, PEX5, PEX19, PECI,
ACOX1, ACOX3, SCPx, and ABCD1 in 22Rv1 cells, compared to nontumor cells, suggests that PCa
take advantage of the peroxisomal lipid metabolism, upregulating the import of fatty acids (via PMP70,
ABCD1, and ACBD5), and the classical peroxisome proliferator-inducible and noninducible pathways
(via ACOX1 and ACOX3, respectively). These conclusions are substantiated by a significant increase
of the peroxisomal β-oxidation, monitored by C26:0 oxidation, in 22RV1 cells when compared to
nontumor cells. Our results furthermore indicate an increase in CAT expression, which may be directly
related to an increased production of peroxisome-derived H2O2. Further analyses should be performed
in order to determine whether reactive oxygen specieslevels are altered in these cells, as well as in the
import of matrix and membrane peroxisomal proteins (via PEX5 and PEX19, respectively), to ensure
higher peroxisomal metabolic capacity.

In later tumor stages, here represented by PC3 cells, the expression levels of peroxisomal PMP70,
ACBD5, CAT, PEX5, and PEX19 decrease if compared to 22Rv1 cells, suggesting that their respective
pathways may become less relevant with disease progression, in accordance with the switch to the
Warburg effect that is observed at this stage [34]. Intriguingly, peroxisomal β-oxidation activities
as well as the expression levels of ACOX1 and PECI are increased in PC3 cells when compared to
22Rv1 cells, suggesting that, although late stages rely on the Warburg effect for energy production,
distinct peroxisomal lipid metabolic pathways are still relevant at these stages. In line with these
findings, an antiproliferative effect was recently published after knockdown of PECI in LNCaP cells
(another metastatic PCa cell line) [35]. Our results suggest that PCa remodels peroxisome metabolism
according to the specific needs mainly at the initial but also later tumor stages. The very specific
peroxisomal metabolism, which is not primarily associated with energy production, is indeed different
between nontumor and tumor cells. This may point to a possibly more specific function of peroxisomes,
e.g., in membrane lipid homeostasis changes during disease progression. These results may have
uncovered a new aspect in disease pathology, which should certainly be followed-up in the future.

As the androgen response plays a crucial role in PCa [12,36], it would certainly be important to
explore a possible relation between peroxisome metabolism and androgen signaling in these cells and
during cancer progression in in vivo studies.

Although we did not assess the expression levels of mitochondrial β-oxidation enzymes,
the increased expression of CPT1 in 22Rv1 cells suggests stimulation of the transport of acyl-CoAs to
mitochondria. Furthermore, mitochondrial CPT1, COXIV, and ATP5A/B expression levels decrease in
PC3 cells, suggesting a lesser relevance of the respective pathways for disease progression, in line with
the observed changes in peroxisome metabolism. In accordance to these observations, a decrease in
mitochondrial TCA cycle enzymes and a change in mitochondrial morphology were recently reported,
when androgen-sensitive and androgen-insensitive tumor cell lines were compared by proteomic
profiling [37]. Further corroborating our results, the authors could not detect changes in general
mitochondrial mass and many not metabolism-associated mitochondrial proteins. The deregulation of
apoptosis and metabolism in many cancers have been associated with upregulation of VDAC1 [38].
Our results showed an increase of VDAC1 expression in PC3 cells. In fact, the association of VDAC1
with the glycolytic enzymes hexokinases is associated with the rapid growth of malignant cells,
increased glucose metabolism, and inhibition of apoptosis [39,40].

Peroxisome morphology in 22Rv1 cells is quite unique per se, as peroxisomes appear elongated and
organized in clusters, when compared with most cells, including nontumor prostate cells, where these
organelles assume a more spherical/rod morphology and individual organization [18]. Here we showed
that this unusual morphology is exacerbated upon MCT2 overexpression, which induces an increase
of peroxisomal surface and a decrease in peroxisome number. It is tempting to suggest that MCT2’s
endogenous presence at this organelle might induce the elongated and clustered morphologies that are
characteristic of 22Rv1 cells’ peroxisomes. It is, however, possible that this uncommon morphology is a
result of the seemingly intensified peroxisome metabolism present in these cells. This would likely
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account for the fact that MCT2 knockdown did not reverse the organelle’s morphology in 22Rv1
cells. The peroxisome morphology in these cells may furthermore be a consequence of an imbalance
in the membrane lipid/protein ratio. Our results also show that MCT2 overexpression in 22Rv1 cells
did not affect the expression of key proteins involved in peroxisomal β-oxidation, which are already
altered in comparison to nontumor cells.

Our results further demonstrate that MCT2 overexpression leads to an increase of 22Rv1 and
PC3 cell proliferation, while MCT2 knockdown decreased the capability of the cells to proliferate.
These results indicate that MCT2 is associated with PCa proliferation and, more specifically, that the
peroxisomal localization of MCT2 seems to be required for PCa proliferation as, upon inhibition
peroxisome membrane protein by PEX19 knockdown, MCT2 overexpression was not able to elevate the
cells’ proliferative capacity. It would be important to, in future studies, manipulate the expression of
different enzymes involved in the peroxisomal fatty acid oxidation, in order to unravel the importance
of this metabolic pathway for PCa cells proliferation.

Although additional functional and in vivo analyses should be performed to further substantiate
our results, altogether our data suggests a metabolically important role of peroxisomes in the initial,
and to a lesser extend also later, PCa stages. It furthermore demonstrates the importance of peroxisomal
MCT2 for localized tumor cells proliferation. Taken together, our results hence highlight the importance
of peroxisomes for PCa development and expose a range of possible targets for PCa therapy.

4. Materials and Methods

4.1. Plasmids and Antibodies

In these experiments, the following antibodies were used: MCT2 (sc-50322; Santa Cruz
Biotechnology, Santa Cruz, Dallas, TX, USA), PEX14 (a gift from Dr. Dennis Crane, Griffith University,
Brisbane, Australia), CAT (ab88650; Abcam, Cambridge, UK), PMP70 (SAB4200181; Sigma-Aldrich,
St. Louis, MO, USA), ACOX1 (a gift from A. Völkl, University of Heidelberg, Heidelberg, Germany),
ACOX3 (HPA035840, Sigma-Aldrich, St. Louis, MO, USA), PEX19 (SAB1401323, Sigma-Aldrich,
St. Louis, MO, USA), α-TUB (T9026, Sigma-Aldrich, St. Louis, MO, USA), α/β-TUB (2148, Cell signalling
Technology, Beverly, MA, USA), PEX5 (a gift from Dr. Jorge Azevedo, University of Porto,
Porto, Portugal), CPT1 (sc-514555, Santa Cruz Biotechnology, Santa Cruz, Dallas, TX, USA),
BrdU (M0744, Dako, Glostrup, Denmark), TOM20 (612278, (BD Bioscience, San Jose, CA, USA), COXIV
(ab33985, Abcam, Cambridge, UK), VDAC1 (ab15895, Abcam, Cambridge, UK), ACBD5 (HPA012145,
Sigma-Aldrich, St. Louis, MO, USA), ACSL4 (sc-365478, Santa Cruz Biotechnology, Santa Cruz,
Dallas, TX, USA), PECI (611822, BD Bioscience, San Jose, CA, USA), ACAA1 (a gift from A.
Völkl, University of Heidelberg, Heidelberg, Germany), ATP5A (612516, BD Bioscience, San Jose,
CA, USA), ATP5B (ab5432, Abcam, Cambridge, UK), TRITC (Jackson ImmunoResearch, West Grove,
PA, USA), Alexa 488 (Invitrogen, Life Technologies, Carlsbad, CA, USA), HRP (BioRad, Hercules,
CA, USA), ABCD1 (11159-1-AP, Proteintech, Manchester, UK), SCP2 (MBS1495100, San Diego,
CA, USA), GAPDH abcam (ab8245, Abcam, Cambridge, UK), Myc (2278, Cell signalling Technology,
Beverly, MA, USA), IRDye 800CW and IRDye 680RD (LI-COR Biotechonology, Cambridge, UK).
The following primer sequences, including sites for BamHI and XhoI, were used to amplify the
coding sequences MCT2, from human 22Rv1 cells: 5’ CGGGATCCAATGCCACCAATGCCAAGTG 3’
(forward) and 5’ CCGCTCGAGTTAAATGTTAGTTTCTCTTTCTG 3’ (reverse). To obtain an N-terminal
Myc-tagged MCT2 construct, BamHI and XhoI were used to clone the cDNA in pCMV-Tag 3a vector
(Agilent Technologies, La Jolla, CA, USA). The clone was verified by DNA sequencing.

4.2. Cell Culture and Transfection

PNT1A (nontumor SV40-immortalized prostate epithelial cells, no androgen expression),
22Rv1 (derived from localized prostate tumor, androgen-sensitive) and PC3 cell lines (derived
from bone metastasis of prostate cancer, androgen-insensitive) (provided by Dr. Fátima Baltazar,
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University of Minho, Portugal) were seeded in RPMI-1640 (Gibco, Invitrogen, Carlsbad, CA, USA)
supplemented with 10% of fetal bovine serum (Gibco, Invitrogen, Carlsbad, CA, USA), 1% of
antibiotic (penicillin/streptomycin) (Gibco, Invitrogen, Carlsbad, CA, USA), and incubated at 37◦C
in an atmosphere containing 5% CO2. All cell lines were cultivated under the same experimental
conditions and observations were made at about 70% cell confluence.

For overexpression analyses, 22Rv1 and PC3 cells were transfected with Myc-MCT2 using
Lipofectamine 3000 (Invitrogen, Waltham, MA, USA) and collected after 24 h. MCT2 and PEX19
knockdown in 22Rv1 and PC3 cells was performed using Lipofectamine RNAiMAX (Invitrogen,
Waltham, MA, USA). Two different siRNA, S17574 and S17572 (Ambion, Inc, Austin, TX, USA) were
incorporated at final concentration of 50 nM to MCT2 knockdown. For PEX19 knockdown, S11612 at
final concentration of 10 nM was used (Ambion, Inc, Austin, TX, USA). The transfections were
performed according to the manufacturer’s instructions and cells were collected after 48 h.

4.3. Immunofluorescence and Microscopy Analyses

Immunofluorescence analyses were performed by seeding cells on glass coverslips that were fixed
with 4% paraformaldehyde in PBS, pH 7.4 for 20 min. Afterwards, cells were permeabilized with 0.2%
Triton X-100 for 10 min, blocked with 1% BSA solution for 10 min, and incubated with primary and
secondary antibodies for 1h each. Between each step, cells were washed three times with PBS, pH 7.4.
Lastly, cells were stained with Hoechst 33258 (PolySciences, Warrington, FL, USA) for nuclei staining
and mounted in slides using Mowiol 4-88 containing n-propylgallate. Images were obtained using a
Zeiss LSM 510 Meta Confocal setup (Carl Zeiss, Jena, Germany) equipped with a plan-Apochromat
100×/1.4 oil objective. Image analyses for peroxisome number and surface quantifications were obtained
through Spot detector plugin from Icy software [41]. Peroxisome morphology quantifications were
performed in at least 50 cells from three independent experiments. Quantification of colocalization
was performed by determining the Pearson’s correlation coefficient using the JACoP software
(version 2.0.0.0) [42].

For electron microscopy analyses cells were seeded on glass cover slips and fixed in 4%
formaldehyde, 0.05% glutaraldehyde, 2% sucrose in PBS, pH 7.4 for 1h, at room temperature.
Following a PBS pH 7.4 rinse, cells were further fixed with 1.5% glutaraldehyde in PBS pH 7.4 for
30 min, at room temperature. After it was performed the DAB staining, following Bonekamp et al. [43]
and cells were post-fixed in 1% osmium in PBS for 1h on ice and in the dark and then en-bloc stained
with 2% uranyl acetate in distilled water for 30 min on ice and in the dark. Cells were finally taken
through a graded ethanol dehydration, embedded in EPON resin and polymerized at 60 ◦C, overnight.
Sections of 70 nm were cut on a UC7 Ultramicrotome (Leica, Wetzlar, Germany), picked up on formvar
coated slot grids and post-stained with uranyl acetate for 5 min and lead citrate for 5 min. Sections were
imaged in a H7650 transmission electron microscope (Hitachi, Tokyo, Japan) operated at 100keV and
images were recorded on XR41M mid mount AMT digital camera.

4.4. Immunoblotting

Cells were lysed with specific lysis buffer (25 mM Tris-HCl, pH 8.0, 50 mM sodium chloride,
0.5% sodium deoxycholate, 0.5% Triton X-100 and a protease-inhibitor mix). To improve protein
extraction, samples were passed 20 times through a 26-gauge syringe needle and incubated on a rotary
mixer at for 30 min at 4 ◦C. After cleared by centrifugation (17,000× g, 15 min), protein concentrations
were determined by Bradford assay (Bio-Rad, Hercules, CA, USA). Blots were incubated with the specific
primary and secondary antibodies and detected by HRP using an enhanced chemiluminescence system
(GE Healthcare, Waukesha, WI, USA) or by Odyssey CLx (LI-COR Biotechonology, Cambridge, UK).

4.5. β-Oxidation Measurements

The β-oxidation rates of cerotic acid (C26:0) were measured in cultured cells using radioactive
labeled C26:0 as previously described [44].
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4.6. Cell Proliferation Assay

To evaluate the role of MCT2 in the proliferation of PCa, 22Rv1 and PC3 cells were seeded
on glass cover slips for 24 h prior to MCT2 transfection or knockdown, and cell proliferation was
assessed by BrdU incorporation assay. Upon 24 h of transfection, cells were incubated with 10µM BrdU
(10280879001, Sigma-Aldrich, St. Louis, CA, USA) for 1 h at 37 ◦C, 5% CO2. After incubation, cells were
fixed with 4% paraformaldehyde for 30 min and incubated in 2M HCl for 20 min at room temperature,
for DNA denaturation. Cells were then incubated with primary and secondary antibodies for 30 min,
stained with Hoechst 33258 and mounted in slides using Mowiol 4-88 containing n-propylgallate.
Between each step before denaturation, cells were washed three times with PBS and after denaturation
cells were washed with PBS-T-B (PBS, supplemented with 0.5% Tween 20 and 0.05% bovine serum
albumin), pH 7.4. The BrdU-positive cells were counted under the confocal microscope.

4.7. Statistical Analyses

Statistical analysis was performed in Graph Pad Prism 5 (GraphPad Software, Inc., La Jolla,
CA, USA), using Student’s t-test for comparison between two groups and one-way ANOVA, followed by
Bonferroni’s for multiple comparison; data are presented as mean ± standard error mean (SEM).
p-values of ≤0.05 were considered as significant.

5. Conclusions

With this work, we provided evidence that peroxisome metabolism plays an important role in
PCa. Our results suggest that PCa takes advantage of the peroxisomal lipid metabolism, upregulating
e.g., the peroxisomal transport of fatty acids, the classical peroxisome proliferator-inducible and
noninducible pathways, ROS metabolism, and the import of matrix and membrane peroxisomal
proteins, to ensure higher peroxisome metabolic capacity.

Importantly, we demonstrated that the localization of MCT2 at peroxisomes, which we suggest to
induce alterations in the organelle’s morphology, is required for PCa proliferation.

Our results underline the role of peroxisomes in PCa development and uncover different cellular
mechanisms that may be further explored as bases for novel PCa therapies.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/12/11/3152/s1,
Figure S1: Western blot quantification of the expression levels of the different proteins highlighted in Figure 1,
Figure 2, Figure 3, Figure 4, Figures S2, S3 and S4; Figure S2: Analysis of modifications in peroxisome morphology
and number in PC3 cells transfected with Myc-MCT2, when compared with nontransfected cells; Figure S3:
Analysis of modifications in peroxisome morphology and number in PC3 cells upon silencing of MCT2, when
compared with nonsilenced cells. Figure S4: MCT2 localization at the peroxisomal membranes is associated with
PCa proliferation in PC3 cells; Figure S5. Complete western blots used in (A) Figure 1, (B) Figure 2, (C) Figure 3,
(D) Figure 4, Supplementary Figure S2, (F) Supplementary Figure S3 and (G) Supplementary Figure S4.

Author Contributions: Conceptualization, I.V., V.M., H.R.W., M.I. and D.R.; Funding acquisition, D.R.;
Investigation, I.V., A.R.F., M.C., S.K., C.v.R. and M.I.; Methodology, I.V., M.C. and D.R.; Project administration,
D.R.; Supervision, M.I. and D.R.; Writing—original draft, I.V. and D.R.; Writing—review and editing, I.V., M.C.,
V.M., M.I. and D.R. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Portuguese Foundation for Science and Technology
(FCT): PTDC/IMI-MIC/0828/2012, PTDC/BIA-CEL/31378/2017, CEECIND/03747/2017, SFRH/BPD/77619/2011,
SFRH/BD/101942/2014, UIDB/04501/2020, under the scope of the Operational Program “Competitiveness and
internationalization”, in its FEDER/FNR component. It was also funded by the Comissão da Região Centro
CCDRC and FEDER through the integrated project pAGE-CENTRO-01-0145-FEDER-000003. This work was also
supported by national funds (OE), through FCT, I.P., in the scope of the framework contract foreseen in the
numbers 4, 5, and 6 of the article 23, of the Decree-Law 57/2016, of August 29, changed by Law 57/2017, of July 19.

Acknowledgments: We thank Jorge Azevedo and Dennis Crane for kindly providing the anti-PEX5 and anti-PEX14
antibodies, respectively. We also thank A. Völkl for kindly providing the anti-ACAA1 antibody. The authors
also thank Fátima Baltazar for the PNT1A, 22Rv1, and PC3 cells as well as for the initial collaboration that led to
this project. Ronald Wanders is also thanked for the valuable advice concerning the β-oxidation experiments.
Carmen Jerónimo is thanked for kindly providing PNT1A cells. We acknowledge the Light Microscopy facility of
iBiMED, a node of PPBI (POCI-01-0145-FEDER-022122). We also acknowledge the Electron Microscopy Facility at
the Instituto Gulbenkian de Ciência for sample processing and imaging. We furthermore thank all the members of
the Virus Host-Cell Interactions Laboratory and the iBiMED for the assistance and the valuable discussions.

http://www.mdpi.com/2072-6694/12/11/3152/s1


Cancers 2020, 12, 3152 13 of 15

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Hanahan, D.; Weinberg, R.A. Hallmarks of Cancer: The Next Generation. Cell 2011, 144, 646–674. [CrossRef]
[PubMed]

2. Warburg, O. On the origin of cancer cells. Science 1956, 123, 309–314. [CrossRef] [PubMed]
3. Beloribi-Djefaflia, S.; Vasseur, S.; Guillaumond, F. Lipid metabolic reprogramming in cancer cells. Oncogenesis

2016, 5, e189. [CrossRef] [PubMed]
4. Carracedo, A.; Cantley, L.C.; Pandolfi, P.P. Cancer metabolism: Fatty acid oxidation in the limelight.

Nat. Rev. Cancer 2013, 13, 227–232. [CrossRef]
5. Rysman, E.; Brusselmans, K.; Scheys, K.; Timmermans, L.; Derua, R.; Munck, S.; Van Veldhoven, P.P.;

Waltregny, D.; Daniëls, V.W.; Machiels, J.; et al. De novo lipogenesis protects cancer cells from free radicals
and chemotherapeutics by promoting membrane lipid saturation. Cancer Res. 2010, 70, 8117–8126. [CrossRef]

6. Swinnen, J.V.; Van Veldhoven, P.P.; Timmermans, L.; De Schrijver, E.; Brusselmans, K.; Vanderhoydonc, F.;
Van de Sande, T.; Heemers, H.; Heyns, W.; Verhoeven, G. Fatty acid synthase drives the synthesis of
phospholipids partitioning into detergent-resistant membrane microdomains. Biochem. Biophys. Res. Commun.
2003, 302, 898–903. [CrossRef]

7. Deep, G.; Schlaepfer, I. Aberrant Lipid Metabolism Promotes Prostate Cancer: Role in Cell Survival under
Hypoxia and Extracellular Vesicles Biogenesis. Int. J. Mol. Sci. 2016, 17, 1061. [CrossRef]

8. Liu, Y.; Zuckier, L.S.; Ghesani, N.V. Dominant uptake of fatty acid over glucose by prostate cells: A potential
new diagnostic and therapeutic approach. Anticancer Res. 2010, 30, 369–374.

9. Kuemmerle, N.B.; Rysman, E.; Lombardo, P.S.; Flanagan, A.J.; Lipe, B.C.; Wells, W.A.; Pettus, J.R.;
Froehlich, H.M.; Memoli, V.A.; Morganelli, P.M.; et al. Lipoprotein lipase links dietary fat to solid tumor cell
proliferation. Mol. Cancer Ther. 2011, 10, 427–436. [CrossRef]

10. Gazi, E.; Gardner, P.; Lockyer, N.P.; Hart, C.A.; Brown, M.D.; Clarke, N.W. Direct evidence of lipid translocation
between adipocytes and prostate cancer cells with imaging FTIR microspectroscopy. J. Lipid Res. 2007, 48,
1846–1856. [CrossRef]

11. Menendez, J.A.; Lupu, R. Fatty acid synthase and the lipogenic phenotype in cancer pathogenesis.
Nat. Rev. Cancer 2007, 7, 763–777. [CrossRef] [PubMed]

12. Stoykova, G.E.; Schlaepfer, I.R. Lipid Metabolism and Endocrine Resistance in Prostate Cancer, and New
Opportunities for Therapy. Int. J. Mol. Sci. 2019, 20, 2626. [CrossRef]

13. Zha, S.; Ferdinandusse, S.; Hicks, J.L.; Denis, S.; Dunn, T.A.; Wanders, R.J.; Luo, J.; De Marzo, A.M.; Isaacs, W.B.
Peroxisomal branched chain fatty acid beta-oxidation pathway is upregulated in prostate cancer. Prostate
2005, 63, 316–323. [CrossRef] [PubMed]

14. Liu, Y. Fatty acid oxidation is a dominant bioenergetic pathway in prostate cancer. Prostate Cancer Prostatic Dis.
2006, 9, 230–234. [CrossRef]

15. Kumar-Sinha, C.; Shah, R.B.; Laxman, B.; Tomlins, S.A.; Harwood, J.; Schmitz, W.; Conzelmann, E.;
Sanda, M.G.; Wei, J.T.; Rubin, M.A.; et al. Elevated alpha-methylacyl-CoA racemase enzymatic activity in
prostate cancer. Am. J. Pathol. 2004, 164, 787–793. [CrossRef]

16. Luo, J.; Zha, S.; Gage, W.R.; Dunn, T.A.; Hicks, J.L.; Bennett, C.J.; Ewing, C.M.; Platz, E.A.; Ferdinandusse, S.;
Wanders, R.J.; et al. Alpha-methylacyl-CoA racemase: A new molecular marker for prostate cancer.
Cancer Res. 2002, 62, 2220–2226.

17. Lloyd, M.D.; Darley, D.J.; Wierzbicki, A.S.; Threadgill, M.D. Alpha-methylacyl-CoA racemase–an “obscure”
metabolic enzyme takes centre stage. FEBS J. 2008, 275, 1089–1102. [CrossRef] [PubMed]

18. Valença, I.; Pértega-Gomes, N.; Vizcaino, J.R.; Henrique, R.M.; Lopes, C.; Baltazar, F.; Ribeiro, D. Localization
of MCT2 at peroxisomes is associated with malignant transformation in prostate cancer. J. Cell. Mol. Med.
2015, 19, 723–733. [CrossRef]

19. Pértega-Gomes, N.; Vizcaíno, J.R.; Gouveia, C.; Jerónimo, C.; Henrique, R.M.; Lopes, C.; Baltazar, F.
Monocarboxylate transporter 2 (MCT2) as putative biomarker in prostate cancer. Prostate 2013, 73, 763–769.
[CrossRef]

20. Pérez-Escuredo, J.; Van Hée, V.F.; Sboarina, M.; Falces, J.; Payen, V.L.; Pellerin, L.; Sonveaux, P.
Monocarboxylate transporters in the brain and in cancer. Biochim. Biophys. Acta 2016, 1863, 2481–2497.
[CrossRef]

http://dx.doi.org/10.1016/j.cell.2011.02.013
http://www.ncbi.nlm.nih.gov/pubmed/21376230
http://dx.doi.org/10.1126/science.123.3191.309
http://www.ncbi.nlm.nih.gov/pubmed/13298683
http://dx.doi.org/10.1038/oncsis.2015.49
http://www.ncbi.nlm.nih.gov/pubmed/26807644
http://dx.doi.org/10.1038/nrc3483
http://dx.doi.org/10.1158/0008-5472.CAN-09-3871
http://dx.doi.org/10.1016/S0006-291X(03)00265-1
http://dx.doi.org/10.3390/ijms17071061
http://dx.doi.org/10.1158/1535-7163.MCT-10-0802
http://dx.doi.org/10.1194/jlr.M700131-JLR200
http://dx.doi.org/10.1038/nrc2222
http://www.ncbi.nlm.nih.gov/pubmed/17882277
http://dx.doi.org/10.3390/ijms20112626
http://dx.doi.org/10.1002/pros.20177
http://www.ncbi.nlm.nih.gov/pubmed/15599942
http://dx.doi.org/10.1038/sj.pcan.4500879
http://dx.doi.org/10.1016/S0002-9440(10)63167-7
http://dx.doi.org/10.1111/j.1742-4658.2008.06290.x
http://www.ncbi.nlm.nih.gov/pubmed/18279392
http://dx.doi.org/10.1111/jcmm.12481
http://dx.doi.org/10.1002/pros.22620
http://dx.doi.org/10.1016/j.bbamcr.2016.03.013


Cancers 2020, 12, 3152 14 of 15

21. McClelland, G.B.; Khanna, S.; González, G.F.; Butz, C.E.; Brooks, G.A. Peroxisomal membrane
monocarboxylate transporters: Evidence for a redox shuttle system? Biochem. Biophys. Res. Commun. 2003,
304, 130–135. [CrossRef]

22. van Roermund, C.W.T.; IJlst, L.; Wagemans, T.; Wanders, R.J.A.; Waterham, H.R. A role for the human
peroxisomal half-transporter ABCD3 in the oxidation of dicarboxylic acids. Biochim. Biophys. Acta-Mol. Cell
Biol. Lipids 2014, 1841, 563–568. [CrossRef] [PubMed]

23. van Roermund, C.W.T.; Visser, W.F.; IJlst, L.; Waterham, H.R.; Wanders, R.J.A. Differential substrate
specificities of human ABCD1 and ABCD2 in peroxisomal fatty acid β-oxidation. Biochim. Biophys. Acta-Mol.
Cell Biol. Lipids 2011, 1811, 148–152. [CrossRef] [PubMed]

24. Violante, S.; Achetib, N.; van Roermund, C.W.T.; Hagen, J.; Dodatko, T.; Vaz, F.M.; Waterham, H.R.; Chen, H.;
Baes, M.; Yu, C.; et al. Peroxisomes can oxidize medium- and long-chain fatty acids through a pathway
involving ABCD3 and HSD17B4. FASEB J. 2019, 33, 4355–4364. [CrossRef]

25. Yagita, Y.; Shinohara, K.; Abe, Y.; Nakagawa, K.; Al-Owain, M.; Alkuraya, F.S.; Fujiki, Y. Deficiency of a Retinal
Dystrophy Protein, Acyl-CoA Binding Domain-containing 5 (ACBD5), Impairs Peroxisomal β-Oxidation of
Very-long-chain Fatty Acids. J. Biol. Chem. 2017, 292, 691–705. [CrossRef]

26. Ferdinandusse, S.; Falkenberg, K.D.; Koster, J.; Mooyer, P.A.; Jones, R.; van Roermund, C.W.T.; Pizzino, A.;
Schrader, M.; Wanders, R.J.A.; Vanderver, A.; et al. ACBD5 deficiency causes a defect in peroxisomal very
long-chain fatty acid metabolism. J. Med. Genet. 2017, 54, 330–337. [CrossRef]

27. Costello, J.L.; Castro, I.G.; Hacker, C.; Schrader, T.A.; Metz, J.; Zeuschner, D.; Azadi, A.S.; Godinho, L.F.;
Costina, V.; Findeisen, P.; et al. ACBD5 and VAPB mediate membrane associations between peroxisomes and
the ER. J. Cell Biol. 2017, 216, 331–342. [CrossRef]

28. Kang, M.J.; Fujino, T.; Sasano, H.; Minekura, H.; Yabuki, N.; Nagura, H.; Iijima, H.; Yamamoto, T.T. A novel
arachidonate-preferring acyl-CoA synthetase is present in steroidogenic cells of the rat adrenal, ovary, and
testis. Proc. Natl. Acad. Sci. USA 1997, 94, 2880–2884. [CrossRef]

29. Antonenkov, V.D.; Van Veldhoven, P.P.; Waelkens, E.; Mannaerts, G.P. Substrate Specificities of 3-Oxoacyl-CoA
Thiolase A and Sterol Carrier Protein 2/3-Oxoacyl-CoA Thiolase Purified from Normal Rat Liver Peroxisomes.
J. Biol. Chem. 1997, 272, 26023–26031. [CrossRef]

30. Van Veldhoven, P.P. Biochemistry and genetics of inherited disorders of peroxisomal fatty acid metabolism.
J. Lipid Res. 2010, 51, 2863–2895. [CrossRef]

31. Pertega-Gomes, N.; Felisbino, S.; Massie, C.E.; Vizcaino, J.R.; Coelho, R.; Sandi, C.; Simoes-Sousa, S.;
Jurmeister, S.; Ramos-Montoya, A.; Asim, M.; et al. A glycolytic phenotype is associated with prostate cancer
progression and aggressiveness: A role for monocarboxylate transporters as metabolic targets for therapy.
J. Pathol. 2015, 236, 517–530. [CrossRef]

32. Keller, G.A.; Scallen, T.J.; Clarke, D.; Maher, P.A.; Krisans, S.K.; Singer, S.J. Subcellular localization of sterol
carrier protein-2 in rat hepatocytes: Its primary localization to peroxisomes. J. Cell Biol. 1989, 108, 1353–1361.
[CrossRef] [PubMed]

33. Seedorf, U.; Brysch, P.; Engel, T.; Schrage, K.; Assmann, G. Sterol carrier protein X is peroxisomal 3-oxoacyl
coenzyme A thiolase with intrinsic sterol carrier and lipid transfer activity. J. Biol. Chem. 1994, 269,
21277–21283.

34. Cutruzzolà, F.; Giardina, G.; Marani, M.; Macone, A.; Paiardini, A.; Rinaldo, S.; Paone, A. Glucose Metabolism
in the Progression of Prostate Cancer. Front. Physiol. 2017, 8, 97. [CrossRef]

35. Itkonen, H.M.; Brown, M.; Urbanucci, A.; Tredwell, G.; Lau, C.H.; Barfeld, S.; Hart, C.; Guldvik, I.J.;
Takhar, M.; Heemers, H.V.; et al. Lipid degradation promotes prostate cancer cell survival. Oncotarget 2017,
8, 38264–38275. [CrossRef] [PubMed]

36. Olokpa, E.; Bolden, A.; Stewart, L.V. The Androgen Receptor Regulates PPARγ Expression and Activity in
Human Prostate Cancer Cells. J. Cell. Physiol. 2016, 231, 2664–2672. [CrossRef]

37. Shu, Q.; Cai, T.; Chen, X.; Zhu, H.H.; Xue, P.; Zhu, N.; Xie, Z.; Wei, S.; Zhang, Q.; Niu, L.; et al. Proteomic
Comparison and MRM-Based Comparative Analysis of Metabolites Reveal Metabolic Shift in Human
Prostate Cancer Cell Lines. J. Proteome Res. 2015, 14, 3390–3402. [CrossRef]

38. Mazure, N.M. VDAC in cancer. Biochim. Biophys. Acta-Bioenerg. 2017, 1858, 665–673. [CrossRef]
39. Mathupala, S.P.; Ko, Y.H.; Pedersen, P.L. Hexokinase II: Cancer’s double-edged sword acting as both facilitator

and gatekeeper of malignancy when bound to mitochondria. Oncogene 2006, 25, 4777–4786. [CrossRef]
[PubMed]

http://dx.doi.org/10.1016/S0006-291X(03)00550-3
http://dx.doi.org/10.1016/j.bbalip.2013.12.001
http://www.ncbi.nlm.nih.gov/pubmed/24333844
http://dx.doi.org/10.1016/j.bbalip.2010.11.010
http://www.ncbi.nlm.nih.gov/pubmed/21145416
http://dx.doi.org/10.1096/fj.201801498R
http://dx.doi.org/10.1074/jbc.M116.760090
http://dx.doi.org/10.1136/jmedgenet-2016-104132
http://dx.doi.org/10.1083/jcb.201607055
http://dx.doi.org/10.1073/pnas.94.7.2880
http://dx.doi.org/10.1074/jbc.272.41.26023
http://dx.doi.org/10.1194/jlr.R005959
http://dx.doi.org/10.1002/path.4547
http://dx.doi.org/10.1083/jcb.108.4.1353
http://www.ncbi.nlm.nih.gov/pubmed/2925789
http://dx.doi.org/10.3389/fphys.2017.00097
http://dx.doi.org/10.18632/oncotarget.16123
http://www.ncbi.nlm.nih.gov/pubmed/28415728
http://dx.doi.org/10.1002/jcp.25368
http://dx.doi.org/10.1021/acs.jproteome.5b00464
http://dx.doi.org/10.1016/j.bbabio.2017.03.002
http://dx.doi.org/10.1038/sj.onc.1209603
http://www.ncbi.nlm.nih.gov/pubmed/16892090


Cancers 2020, 12, 3152 15 of 15

40. Pedersen, P.L. Voltage dependent anion channels (VDACs): A brief introduction with a focus on the
outer mitochondrial compartment’s roles together with hexokinase-2 in the “Warburg effect” in cancer.
J. Bioenerg. Biomembr. 2008, 40, 123–126. [CrossRef]

41. Olivo-Marin, J.-C. Extraction of spots in biological images using multiscale products. Pattern Recognit. 2002,
35, 1989–1996. [CrossRef]

42. Bolte, S.; Cordelières, F.P. A guided tour into subcellular colocalization analysis in light microscopy. J. Microsc.
2006, 224, 213–232. [CrossRef] [PubMed]

43. Bonekamp, N.A.; Islinger, M.; Lázaro, M.G.; Schrader, M. Cytochemical Detection of Peroxisomes and
Mitochondria. In Methods in Molecular Biology (Clifton, N.J.); Springer: Totowa, NJ, USA, 2012; Volume 931,
pp. 467–482.

44. Wanders, R.J.A.; Denis, S.; Ruiter, J.P.N.; Schutgens, R.B.H.; van Roermund, C.W.T.; Jacobs, B.S. Measurement
of peroxisomal fatty acid β-oxidation in cultured human skin fibroblasts. J. Inherit. Metab. Dis. 1995, 18,
113–124. [CrossRef] [PubMed]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1007/s10863-008-9165-7
http://dx.doi.org/10.1016/S0031-3203(01)00127-3
http://dx.doi.org/10.1111/j.1365-2818.2006.01706.x
http://www.ncbi.nlm.nih.gov/pubmed/17210054
http://dx.doi.org/10.1007/BF00711434
http://www.ncbi.nlm.nih.gov/pubmed/9053546
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Peroxisome Metabolism Is Significantly Altered in PCa Cells 
	The Presence of MCT2 at the Peroxisomal Membranes Affects the Organelle’s Morphology 
	MCT2 Localization at the Peroxisomal Membranes Is Associated with PCa Proliferation 

	Discussion 
	Materials and Methods 
	Plasmids and Antibodies 
	Cell Culture and Transfection 
	Immunofluorescence and Microscopy Analyses 
	Immunoblotting 
	-Oxidation Measurements 
	Cell Proliferation Assay 
	Statistical Analyses 

	Conclusions 
	References

