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Abstract: Carnitine-acylcarnitine translocase (CACT) is a nuclear-encoded mitochondrial carrier
that catalyzes the transfer of long-chain fatty acids across the inner mitochondrial membrane for
β-oxidation. In this study, we conducted a structural and functional characterization of the CACT
promoter to investigate the molecular mechanism underlying the transcriptional regulation of the
CACT gene by n-3 PUFA, EPA and DHA. In hepatic BRL3A cells, EPA and DHA stimulate CACT
mRNA and protein expression. Deletion promoter analysis using a luciferase reporter gene assay
identified a n-3 PUFA response region extending from −202 to −29 bp. This region did not contain a
response element for PPARα, a well-known PUFA-responsive nuclear receptor. Instead, bioinformatic
analysis revealed two highly conserved GABP responsive elements within this region. Overexpression
of GABPα and GABPβ subunits, but not PPARα, increased CACT promoter activity, more remarkably
upon treatment with EPA and DHA. ChIP assays showed that n3-PUFA enhanced the binding
of GABPα to the −202/−29 bp sequence. Furthermore, both EPA and DHA induced nuclear
accumulation of GABPα. In conclusion, our findings indicate that the upregulation of CACT by
n3-PUFA in hepatic cells is independent from PPARα and could be mediated by GABP activation.

Keywords: CACT; GABP/NRF2; n-3 PUFA; fatty acid β-oxidation

1. Introduction

Dietary macro and micronutrients have been recognized to finely regulate gene expres-
sion [1], modifying genome organization through epigenomic mechanisms or modulating
transcription factor activity. Long-term consumption of diets rich in fats and carbohydrates
can induce metabolic disorders such as dyslipidemia, steatosis [2], cardiovascular diseases,
inflammation and insulin resistance [3–5]. These metabolic diseases are often associated
with elevated levels of plasma free fatty acids and the dysregulation of fatty acid catabolism.

Long-chain fatty acids (LCFA) serve as potent regulators of cellular metabolism,
influencing the expression of genes involved in carbohydrate and lipid metabolism [1,6–8].
Among LCFA, polyunsaturated fatty acids (PUFA) play a pivotal role. In particular, it
has been well-established that n-3 PUFA has hypocholesterolemic, hypotriglyceridemic
and anti-inflammatory effects [9,10], mainly attributed to the upregulation of key enzymes
involved in fatty acid oxidation [6,11] and down-regulation of several proteins involved
in the lipogenic pathway [12–15]. Indeed, carnitine palmitoyl transferase 1 (CPT1), a key
enzyme of mitochondrial fatty acid β-oxidation, and acyl-CoA oxidase (AOX), the first
enzyme of the peroxisomal β-oxidation pathway, have been reported to be stimulated by
n-3 PUFA [9,16,17].

Mammalian fatty acid oxidation primarily occurs in the mitochondrial matrix, where
LCFA are transported via the carnitine shuttle. CPT1, located in the outer mitochon-
drial membrane, converts LCFA-CoA into corresponding carnitine esters, facilitating their
transport across the inner mitochondrial membrane by carnitine/acylcarnitine translocase
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(CACT). Carnitine palmitoyl transferase 2 (CPT2) reconverts long-chain acylcarnitine into
acyl-CoA esters for degradation inside the mitochondrial matrix [18].

CACT is a nuclear-encoded carrier protein embedded in the inner mitochondrial
membrane and is encoded by the Slc25a20 (also named Cact) gene belonging to the SLC25
gene family. CACT plays a prominent role in the mitochondrial β-oxidation of LCFA result-
ing from both dietary sources and adipose tissue lipolysis. Mutations in the human Cact
gene cause a rare but severe fatty acid oxidation disorder known as CACT deficiency [19].
Clinical manifestations of the disease, common to other β-oxidation defects, include neuro-
logical dysfunctions, cardiomyopathy, skeletal muscle damage and liver impairment [20].
Treatments for CACT deficiency involve prevention of fasting, administration of high
carbohydrate and low LCFA diets or PUFA- and medium-chain triglyceride-based supple-
ments [21].

Dietary fatty acid composition has been shown to influence the expression and activity
of CACT in rat liver mitochondria. Compared to diets enriched in saturated fatty acids,
those enriched in fish oil (FO) have been reported to increase CACT expression, while
diets enriched in olive oil (OO) have a slight inhibitory effect [22]. Eicosapentaenoic acid
(EPA; 20:5n-3) and docosahexaenoic acid (DHA; 22:6n-3) are the most relevant n-3 PUFA
components of FO involved in Cact gene regulation [23,24].

This study aims to investigate the molecular mechanism underlying the transcrip-
tional regulation of the Cact gene by EPA and DHA through the structural and functional
characterization of its promoter region.

2. Results
2.1. Fatty Acids Differently Affect CACT Expression

In a previous study, it has been reported that saturated and unsaturated fatty acid-
enriched diets differently modulated the expression and the activity of CACT in rat liver
mitochondria [22]. In order to investigate the mechanism underlying the transcriptional
regulation of the Cact gene, the effect of exogenous fatty acids on CACT expression was
investigated in hepatic BRL3A cells. Hepatic cells were treated with arachidonic acid
(C20:4,n-6, AA), EPA, DHA and oleic acid (C18:1, OA) at concentrations ranging from 10
to 100 µM (Figure 1A). MTT testing showed that the treatments did not affect the cell
viability (Figure 1B). We observed that treatments with PUFA increased the CACT mRNA
abundance, although the dose-dependent profile of the mRNA changes was different
depending on the type of PUFA. Treatment with AA caused a dose-dependent increase
in CACT mRNA levels, with a maximum of about 45% in cells incubated with 50 µM of
fatty acids with respect to control cells. Treatment with 30 µM EPA or DHA resulted in
a maximum increase in CACT mRNA of about 76% and 96%, respectively, compared to
untreated cells. Conversely, the increase in CACT mRNA abundance was attenuated or
reversed at 50–100 µM of PUFA (Figure 1A).

Our findings suggested that alterations in CACT mRNA levels were particularly
induced by n-3 PUFA, reaching the maximum stimulation at the concentration of 30 µM.
No significant increment was observed after OA treatment as compared to both stearic acid
(C18:0, SA) and the control (Figure 1C).

2.2. Structural Organization of CACT Promoter and 5′-UTR

The increase in CACT mRNA abundance observed in PUFA-treated hepatocytes could
be associated with the transcriptional regulation of the gene. For this purpose, the CACT
promoter has been characterized through the identification of the transcription start site.

To define the transcription start site, 5′ RACE was carried out, and only one amplimer
was obtained, which was subjected to sequence analysis. The alignment of the obtained
sequence with the Cact gene present in the database (accession number NW_047802)
was used to identify the transcription start site represented by a cytidine located 100 bp
upstream of the ATG codon (Figure 2A). Once the transcription start site was defined,
a luciferase reporter construct was obtained by cloning a proximal promoter region of
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1098 bp extending from −1035 to +63 into pGL3-basic, obtaining the pCACT_1035. Upon
transfection with the pCACT_1035, cells were treated with 30 µM of saturated (SA) or
unsaturated (OA, AA, EPA, DHA) fatty acids for 24 h. Transfection with the empty pGL3-
basic was performed as a negative control. Results showed that EPA and DHA increased
CATC promoter activity by about 47% and 107%, respectively, compared to the untreated
cells (Figure 2B).

Int. J. Mol. Sci. 2024, 25, x FOR PEER REVIEW 3 of 16 
 

 

 

Figure 1. Unsaturated fatty acids increased CACT mRNA levels. (A) Hepatic cells were incubated 

with BSA (control cells, CTR) or indicated concentration of AA, EPA, DHA and OA for 24 h and 

then RNA was extracted. CACT mRNA was quantified by Real-time PCR, and Gapdh was used as a 

housekeeping gene for normalization. (B) Proliferation and viability analysis of BRL3A treated with 
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LCFA or BSA (CTR) for 24 h and then RNA was extracted. CACT mRNA was quantified by Real-
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the mean ± SD of triplicate measurements from three independent experiments. * p < 0.05, ** p < 0.01 

versus control. 

Our findings suggested that alterations in CACT mRNA levels were particularly in-

duced by n-3 PUFA, reaching the maximum stimulation at the concentration of 30 µM. 

No significant increment was observed after OA treatment as compared to both stearic 

acid (C18:0, SA) and the control (Figure 1C).  

2.2. Structural Organization of CACT Promoter and 5′-UTR  

The increase in CACT mRNA abundance observed in PUFA-treated hepatocytes 

could be associated with the transcriptional regulation of the gene. For this purpose, the 

CACT promoter has been characterized through the identification of the transcription 

start site. 

To define the transcription start site, 5′ RACE was carried out, and only one amplimer 

was obtained, which was subjected to sequence analysis. The alignment of the obtained 

sequence with the Cact gene present in the database (accession number NW_047802) was 

used to identify the transcription start site represented by a cytidine located 100 bp up-

stream of the ATG codon (Figure 2A). Once the transcription start site was defined, a lu-

ciferase reporter construct was obtained by cloning a proximal promoter region of 1098 

bp extending from −1035 to +63 into pGL3-basic, obtaining the pCACT_1035. Upon trans-

fection with the pCACT_1035, cells were treated with 30 µM of saturated (SA) or unsatu-

rated (OA, AA, EPA, DHA) fatty acids for 24 h. Transfection with the empty pGL3-basic 

was performed as a negative control. Results showed that EPA and DHA increased CATC 

promoter activity by about 47% and 107%, respectively, compared to the untreated cells 

(Figure 2B). 

Figure 1. Unsaturated fatty acids increased CACT mRNA levels. (A) Hepatic cells were incubated
with BSA (control cells, CTR) or indicated concentration of AA, EPA, DHA and OA for 24 h and
then RNA was extracted. CACT mRNA was quantified by Real-time PCR, and Gapdh was used as
a housekeeping gene for normalization. (B) Proliferation and viability analysis of BRL3A treated
with 30 µM LCFA or BSA (CTR) for 24 h by MTT assay. (C) Hepatic cells were incubated with 30 µM
LCFA or BSA (CTR) for 24 h and then RNA was extracted. CACT mRNA was quantified by Real-time
PCR, and Gapdh was used as a housekeeping gene for normalization. Results are expressed as the
mean ± SD of triplicate measurements from three independent experiments. * p < 0.05, ** p < 0.01
versus control.

To identify DNA cis-regulatory elements responsible for transcriptional regulation
of CACT by PUFA, bioinformatics analysis of the Cact gene promoter was performed.
Promoter analysis showed four SP1 binding sites at −93 bp, −54 bp, −35 bp and −4 bp,
five putative PPAR response element (PPRE) sites at positions −966 bp, −546 bp, −341 bp,
−322 bp and +15 bp and also GABP/NRF2 consensus sequences at −70 bp and −53 bp
(Figure 2C). The sequence of the binding sites for each transcription factor showed a core
identity greater than 90% with respect to the corresponding consensus sequence.

2.3. n-3 PUFA Increased CACT Promoter Activity

To identify the DNA sequence responsible for the n-3 PUFA effect on CACT mRNA ex-
pression, a series of truncated regions of the CACT promoter were cloned into a pGL3_basic
luciferase reporter vector. These constructs, reported in Figure 3A, were used to transiently
transfect BRL3A cells. To rule out the non-specific effect of PUFA on the expression of the
reporter gene, transfection with the empty plasmid pGL3-basic was carried out as a control.
After 24 h treatment with EPA and DHA, cells were lysed and assayed for luciferase activ-
ity. When compared to the full-length promoter (pCACT_1035), serial deletion constructs
showed similar responsiveness to n-3 PUFA treatments (Figure 3B). The luciferase activity
in cells transfected with pCACT_482, pCACT_288 and pCACT_202 increased by about
55% and 90% after treatment with EPA and DHA, respectively, compared to untreated
cells. The deletion construct pCACT_249 showed a reduced basal activity by about 80% as
compared to pCACT_1035 basal activity, while n-3 PUFA effect on transcriptional activity
was abolished. However, the uninduced basal activity of the shorter construct, pCACT_202,
increased by 4.1-fold as compared to CACT_1035 basal activity, and the induction of lu-
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ciferase activity by EPA and DHA treatment was restored. These data suggested that
PUFA-responsive elements may be located between −202 and +63 of the Cact gene in
hepatic cells.
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Figure 2. Analysis of proximal promoter region and 5′UTR of rat Cact gene. (A) The sequence
of the 291 nucleotides upstream of the translation start codon of the rat Cact gene is shown; the
transcription start site and putative responsive elements Sp1 (underlined), ETF (red) and PPRE
(green) are indicated. (B) Effect of 30 mM LCFA or BSA (CTR) on the pCACT_1035 promoter activity
in BRL3A cells. Results are expressed as the mean ± SD of triplicate measurements from three
independent experiments. * p < 0.05 (C) Schematic diagram of pCACT_1035 showing transcription
factor binding sites for SP1, GABP and PPARα.

It is known that n-3 PUFA can activate PPAR nuclear receptors [6]. The pCACT_202
construct has a putative PPRE site in the 5′-UTR at +15 position, which shows high similarity
to the PPRE consensus motif [25].

To assess whether the PPRE element +15 was responsible for PUFA responsiveness of
the Cact gene, promoter deletion fragments were obtained by PCR without the sequence
from −29 bp to +63 bp. The resulting amplimers were cloned into pGL3_promoter lu-
ciferase reporter vector (Figure 4A) and BRL3A cells were transiently transfected with the
five deletion promoter constructs lacking the +15 PPRE: pCACT_1035∆, pCACT_482∆,
pCACT_288∆, pCACT_249∆ and pCACT_202∆. After treatment with EPA and DHA, cells
were lysed and assayed for luciferase activity. Treatment with EPA and DHA induced
luciferase activity of the promoter-reported constructs by about 56% and 94%, respectively,
compared to the control (Figure 4B). These data suggest that PPARα may not be involved
in the regulation of CACT expression mediated by n-3 PUFA. Moreover, PUFA-responsive
elements were located between −202 and −29 bp of the CACT promoter.
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Figure 3. EPA and DHA increased CACT promoter activity. (A) Constructs with 5′ deletion end point
used for transient transfection to identify transcription factor binding site. (B) Effect of n-3 PUFA on
the promoter activity of CACT in BRL3A cells. Deletion fragments of the promoter were cloned into
pGL3-basic vector upstream of the LUC gene coding sequence. Relative luciferase activity is shown
as the ratio of Firefly/Renilla luciferase and bars represent means ± SD of at least three independent
experiments. * p < 0.05, ** p < 0.01 versus control.
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Figure 4. The effect of EPA and DHA on CACT promoter activity deleted of 5′UTR elements.
(A) CACT promoter region with 5′ deletion endpoint and deletion of 28 nucleotides upstream +1
nucleotide. (B) Effect of n-3 PUFA on the promoter activity of CACT in BRL3A cells. Deletion
fragments of the promoter were cloned into the pGL3_promoter vector upstream of the LUC gene
coding sequence. Relative luciferase activity is shown as the ratio of Firefly/Renilla luciferase
and bars represent means ± SD of at least three independent experiments. * p < 0.05, ** p < 0.01
versus control.
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2.4. Effect of the PPARα Agonist WY-14,643 on CACT Expression and Promoter Activity

To elucidate the role of PPARα in the regulation of CACT expression by EPA and DHA,
hepatic BRL3A cells were treated with the synthetic PPARα agonist WY-14,643. The cells
were treated with increasing concentrations (from 10 µM up to 100 µM) of the synthetic
PPARα agonist, for 24 h. CACT mRNA was increased by about 79%, 207% and 63% in the
presence of 30 µM, 50 µM and 100 µM WY-14,643, respectively (Figure 5A). To demonstrate
that the CACT promoter is activated by the PPARα agonist, BRL3A cells were transfected
with the promoter-reporter constructs described above, in the presence or absence of the
PPRE +15 element, and then incubated with 30 µM WY-14,643 for 24 h. The transcriptional
activity of pCACT_1035, pCACT_482 and pCACT_202 was induced by about 60% after
WY-14,643 treatment (Figure 5B). Otherwise, the constructs pCACT_1035∆, pCACT_482∆
and pCACT_202∆ showed no induction of promoter activity after WY-14,643 treatment
(Figure 5B), indicating that the PPRE at position +15 is a PPARα binding and activation site.
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Figure 5. PPARα induced CACT expression through PPRE element at +15. (A) CACT mRNA levels
were quantified in BRL3A cells treated with increasing concentrations of PPARα agonist. (B) Effect of
PPARα agonist on the promoter activity of CACT in BRL3A cells. Deletion fragments of promoter
were cloned into pGL3-basic or pGL3-promoter vector upstream of the LUC gene coding sequence.
Relative luciferase activity is shown as the ratio of Firefly/Renilla luciferase and bars represent
means ± SD of at least three independent experiments. * p < 0.05, ** p < 0.01 versus control.

2.5. n-3 PUFA Enhanced CACT Expression via GABP/NRF2

Bioinformatic promoter analysis identified two GABP/NRF2 responsive elements at
−54 bp and at −71 bp, both located in the shorter promoter-reporter construct, whose
activity was induced by n-3 PUFA. First, we investigated the effect of n-3 PUFA treatment on
GABP protein levels. Western blot analysis showed that EPA and DHA caused an increase
in GABP protein levels by about 73% and 119%, respectively, compared to the control. EPA
and DHA treatments upregulated CACT protein levels, with respect to the control, by
about 48% and 63%, respectively. As expected, we found a marked reduction of SREBP-1
and FASN protein levels by EPA and DHA (Figure 6A). Moreover, subcellular fractionation
analyses revealed that n-3 PUFA induced nuclear GABP translocation, with decreased
cytoplasmic GABP protein levels compared to the control. Conversely, an increase of GABP
protein levels in nuclear fraction by 201.7% and 336.4% of BRL3A treated with EPA and
DHA, respectively, was observed (Figure 6B).

To investigate the ability of GABP to mediate the CACT promoter response to n-3
PUFA, co-transfection of rat GABPα and GABPβ expression plasmid [26] together with
the promoter-reporter construct pCACT_202∆ was performed. Compared to the control,
overexpression of GABPα and GABPβ increased the luciferase activity by about 3.5- and
2.5-fold in cells treated with DHA and EPA, respectively; this increase was significantly
higher than the luciferase activity recorded in the absence of exogenous expression of the
transcriptional factor (Figure 6C).
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Figure 6. n-3 PUFA induced CACT expression through GABP binding to the CACT promoter.
(A) Expression protein levels in total protein extracts of BRL3A cells incubated with 30 µM EPA,
DHA or BSA(CTR) for 24 h. Western blots were probed with specific primary antibodies against
SREBP-1, FAS, GABPα and CACT. (B) GABPα protein levels in cytosolic and nuclear protein extracts
of BRL3A cells treated with 30 µM EPA, DHA or BSA (CTR). Blots of cytosolic and total extracts were
normalized vs. b-actin and blots of nuclear extracts vs. lamin A/C. The results were expressed as the
mean ± SD of triplicate measurements from three independent experiments. * p < 0.05 versus control.
(C) BRL3A cells were transiently co-transfected with pCACT_202∆ and GABP expression plasmid.
Subsequently, cells were treated with 30 µM EPA, DHA or BSA (CTR) for 24 h. Afterward, cells were
lysed, and luciferase activities were determined. Relative luciferase activity is shown as the ratio of
Firefly/Renilla luciferase and bars represent means ± SD of at least three independent experiments.
* p < 0.05 versus control (D) ChIP analysis of the CACT promoter was conducted using BRL3A cells
treated with 30 µM EPA, DHA or BSA (CTR). Chromatin fragments immunoprecipitated (IP) with
anti-GABP antibodies were amplified by Real-time PCR with primers spanning the two ETF motifs of
the CACT promoter. Samples incubated with non-specific preimmunize IgG were used as negative
controls, whereas chromatin fragments non-immunoprecipitated were used as positive controls
(input). The results shown are representative of four individual experiments. Histogram showing the
quantification of Real-time PCR obtained on GABPα immunoprecipitated DNA, relative to input
signal; the relative enrichment of CACT DNA of CTR was fixed as 1. The results were expressed
as the mean ± SD of measurements from four independent experiments. * p < 0.05 versus control.
(E) Alignments of rat, mouse and human CACT promoter regions containing the two putative GABP
binding sites are shown. Matching nucleotides are shown by asterisks. (F) MEME logo of the GABP
motif of the human consensus sequence was obtained using open-access database Jaspar.
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Furthermore, to determine the binding of GABP to the proximal promoter of the en-
dogenous Cact gene and its involvement in n-3 PUFA-induced CACT regulation, Chip assay
was performed. Chromatin from BRL3A cells incubated for 24 h in DMEM supplemented
with BSA (control), DHA or EPA was isolated. After immunoprecipitation with antibodies
against GABPα or with non-specific IgGs, Real-time PCR was performed using specific
primers to amplify the proximal CACT promoter region at −202 to −29. The presence
of the 197 bp amplicon revealed that the transcription factor GABP bind to the CACT
promoter in vivo. Treatment of the BRL3A cells with EPA and DHA increased the binding
of GABP to the proximal promoter (Figure 6D).

Sequence alignment of the human, rat and mouse CACT promoters revealed that the
two GABP responsive elements shared high sequence homology (Figure 6E) and the GABP
responsive element at −71 bp was similar, although slightly shorter (two nucleotides) than
the canonical consensus sequence found in the Jaspar open-access database (Figure 6F).

3. Discussion

In this study, the proximal CACT promoter region was structurally and functionally
characterized for its responsiveness to n-3 PUFA. For the first time, two GABP/NRF2
responsive elements located in the 5′ flanking regulatory region of the Cact gene were
identified and their involvement in the upregulation of CACT expression induced by n-3
PUFA was demonstrated.

n-3 PUFA, such as EPA and DHA, play an important role in the regulation of lipid
metabolism. Dietary n-3 PUFA supplementation reduces triglyceridemia, white adipose tis-
sue and hepatic steatosis [27,28]. These effects are due to the activation of anti-inflammatory
pathways [29] and the regulation of the expression of genes involved in fatty acid ab-
sorption, transport, oxidation and synthesis [6,28]. n-3 PUFA play an important role in
upregulating fatty acid oxidation, and their administration increases the expression of CPT1
and AOX [30,31] as well as transcription factors like PPARα that modulate the expression
of genes involved in fatty acid oxidation [6].

In this work, we observed that treatment with PUFA, and in particular n-3 PUFA,
increased the mRNA levels of CACT in BRL3A hepatic cells compared to control cells
and those treated with SA and OA. These data fit perfectly with the increase in CACT
expression and activity observed after a FO- and krill oil-supplemented diet administration
to rodents [22,28]. The main fatty acid components contained in these oils are EPA and
DHA. Furthermore, our data is consistent with the increase of CPT1 gene expression
induced by EPA and DHA treatment [32,33].

CACT promoter analysis showed the absence of TATA box sequence; however, we
identified Sp1 binding sites, near the transcriptional start site, that are required to initi-
ate transcription [34], as occurs in other metabolic genes [13]. CACT is predominantly
expressed in tissues where β-oxidation is active, such as the kidney, muscle, heart, brain
and notably the liver [35]. Mutations in the gene cause disorders in mitochondrial long-
chain fatty acid β-oxidation, with variable clinical symptoms: cardiac arrhythmia, lethargy,
hypoglycemia, hypotonia, liver dysfunction and brain injury. Therapies used to limit side
effects of diseases cause a deficiency of PUFA in the plasma, which is compensated for by
dietary DHA supplementation [36].

The CACT promoter has been well characterized [25,37–40]; however, the effect of
n-3 PUFA on the CACT promoter has not been studied to date. The Cact gene promoter
exhibits a functional conserved PPRE [25,37,38]. It is well known that n-3 PUFA are
important positive regulators of PPARα. Bioinformatic analysis of the proximal CACT
promoter region identified five putative PPRE. n-3 PUFA induced a significant increase
in CACT promoter activity, consistent with up-regulation of CACT mRNA and protein
levels in n-3 PUFA-treated BRL3A cells, as previously observed in the liver of rats fed on a
FO-supplemented diet [22].

Unexpectedly, an assessment of CACT promoter activity showed that the removal of all
PPRE elements did not reduce luciferase expression after n-3 PUFA treatment. Otherwise



Int. J. Mol. Sci. 2024, 25, 9095 9 of 15

stated, the smaller promoter fragment extending from +202 to +29 contains cis-acting
elements responsible for PUFA-induced CACT activity. These data suggest that PUFA can
activate CACT transcription via a pathway independent of PPARα. A similar regulatory
mechanism has been reported for LCFA-induced CPT1 gene transcription in rat hepatocytes
whereas the muscle isoform is upregulated by LCFA through PPARα binding to PPRE
consensus sequences [41]. In the deletion promoter analysis, we observed that pCACT_249
had low promoter activity and was unresponsive to PUFA. Conversely, all the other
constructs, including the shorter pCACT_202, exhibited responsiveness to PUFA. This
discrepancy can be explained by the presence of binding sites for negative regulators in the
fragment extending from +249 to +202, whose activity could be modulated depending on
the promoter context. Further experiments are required to elucidate the regulation of the
CACT promoter by putative negative regulators.

To confirm that the increase in CACT promoter activity in the absence of PPRE-
responsive elements was specific to fatty acids, CACT expression and its promoter activity
were assayed in the presence of the PPARα agonist. WY-14,643 was able to induce an
increment of CACT mRNA and of CACT promoter activity; notably, in the absence of
PPRE at position +15, WY-14,643 failed to induce luciferase activity. The PPARα responsive
element located at position +15 relative to the transcription start site is conserved in humans
and it is responsible for inducing CACT expression in response to statins, fibrates and
PPARα and PPARδ agonists [25,37].

Here, we have identified, in the smaller promoter region of CACT, two adjacent
binding sites for the transcription factor GABP. Many nuclear-encoded mitochondrial
proteins have GABP-responsive elements in their promoters. Specifically, two proteins
involved in the termination and initiation steps of transcription, mTERF (mitochondrial
termination factor) and POLRMT (mitochondrial termination factor), show two tandem
GABP responsive elements in the proximal promoters of their genes [42]. GABP, along
with other transcription factors such as NRF1, Sp1, PGC1α and ERRα, is involved in the
regulation of mitochondrial biogenesis and oxidative phosphorylation [43,44]. GABP, also
named NRF2, belongs to the ETS (E26 transformation-specific) transcription factor family.
It is an obligate tetramer consisting of two GABPα and two GABPβ subunits that form the
transcriptionally active complex; GABPα contains the ETS DNA binding domain and can
recruit GABPβ [44].

To demonstrate GABP activation by n-3 PUFA, we investigated the GABPα protein
levels in total lysate, cytosolic and nuclear fractions. Treatment with EPA, and especially
with DHA, strongly increased the expression of GABPα. Conversely, a significant decrease
in the expression of SREBP1 and FAS, two key regulators of lipogenesis, was observed.
Interestingly, treatment with n-3 PUFA increased GABPα protein levels in the nuclear
fraction compared to the control. This suggests that n-3 PUFA not only increased the
expression of GABPα but also induced nuclear translocation of the transcription factor.

The magnitude of GABP upregulation exceeded the increase in CACT, which could
correlate with other functions played by GABP that may be linked to PUFA treatment. Re-
cently, the involvement of GABP in reducing lipotoxicity and inflammation in myosteatosis
has been demonstrated [45]; a similar effect was observed after n-3 PUFA treatment [46,47].
Conversely, an increase in reactive oxygen species in muscle cells (C2C12) mediated the
dissociation of the active GABP tetramer complex [48]. Nevertheless, GABP, regulated by
RORa, is involved in enhancing fatty acid oxidation in a myosteatosis model [45]. These
data are consistent with ours, albeit in a different experimental model. However, to date,
there is no evidence correlating the action of n-3 PUFA with the GABP transcription factor.

Our data indicate that overexpression of GABPα and GABPβ in BRL3A cells resulted
in a significant increase in CACT promoter transcriptional activity both in the presence or
absence of EPA and DHA. Furthermore, ChIP analysis revealed that the CACT promoter
fragment of 172 bp containing ETS-responsive elements co-precipitated with anti-GABPα
antibodies. The specific amplicon disappeared in chromatin immunoprecipitates obtained
with nonspecific IgG, indicating that the transcription factor was associated with the CACT
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proximal promoter in vivo. The amount of amplimer detected in immunoprecipitates from
cells treated with EPA or DHA was greater than in the control, supporting that the GABP
transcription factor is activated by n-3 PUFA.

Notably, the alignment of the CACT proximal promoter of human, rat and mouse
genes showed that the two consensus sequences for GABP are extremely conserved across
species. In particular, the cis-element at position −72 bp aligns with GABP/NRF-2 binding
sites located in the promoters of mitochondrial biogenesis genes [42] and with the ETS-
related factors motif reported in the Jaspar database. The presence of a GABP-responsive
functional element in the CACT promoter is confirmed by ChIP-seq analysis in the INS-1
cell. In this model, it has been demonstrated that GABP siRNA knockout reduced CACT
mRNA levels [49]. Further experiments are needed to explain how n-3 PUFA influences
the action of the GABP transcription factor.

In conclusion, our findings indicate that: (i) the upregulation of CACT by n-3 PUFA
treatment in the hepatic cells is independent of PPARα and (ii) CACT is regulated by GABP
at the transcriptional level through the binding to GABP responsive elements located at
−54 and −71 in the CACT proximal promoter.

4. Materials and Methods
4.1. Cell Culture and Treatments

BRL3A cells were maintained in William’s medium (Sigma-Aldrich, MI, Italy) sup-
plemented with 10% (v/v) fetal bovine serum (FBS), penicillin G (100 units/mL) and
streptomycin (100 µg/mL) at 37 ◦C under 5% CO2 atmosphere. Incubation with fatty acids
was performed by treating BRL3A cells with 10% (v/v) delipidated FBS and containing
either fatty acid-free BSA (Control, CTR) or one of the following albumin-bound fatty acids:
SA, OA, AA, EPA or DHA for 24 h. The molar ratio of fatty acids and albumin was 4:1.
Dose-dependent experiments were carried out incubating BRL3A cells with increasing
fatty acid concentrations (10–100 µM) for 24 h. BSA and fatty acids were purchased from
Sigma-Aldrich, MI.

4.2. Isolation of RNA and Real-Time PCR Analysis

Total RNA was extracted from BRL3A seeded in 6-well cultured plates at a density
of 2 × 105 for 24 h. Only RNA without DNA contamination was used for subsequent
preparation of cDNA synthesis. The RT reaction (20 µL) was carried out using 1 µg of
total RNA, 25 ng of random hexamers and 50 units of SuperScriptTM III RNase H-RT
(Invitrogen, Monza, Italy). Quantitative gene expression analysis was performed in a
CFX Connect Real-time System (BioRad, Segrate, Italy) using SYBR Green technology
(FluoCycle, Euroclone, Pero, Italy). Glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
was used as an internal control for normalization [22] The sequences of primers used in
Real-time PCR are reported in Table 1.

Table 1. Primers used for Real-time PCR analysis and for cloning of the promoter regions.

Gene Accession Number Sequences 5′-3′

Slc25a20
NW_047802

promFOR1: GAATTCGGTACCAAATTCCTCCACGGTACCTC
promFOR2: GAATTCGGTACCCCCAAAGAGGCCAAAAGAGG

promFOR3: GAATTCGGTACCTTCACCTCTTTACCATGCCC
promFOR4: GAATTCGGTACCCTATGCATCTTTTCACTTTGTC
promFOR5: AATTCGGTACCCCACAGAGGACCAGAGAAAG

promREV: CTCGAGAAGCTTGTCTTGATCTTGCTCCGCT
promREV1: GGTACCCTCGAGAGGCGGACTAGCCTGACTTC

NM_053965 FOR: GTGTGCTTCTTTGGGTTTGG
REV: TTCTCCAGGGGTCATGATTC

Gapdh NM_017008 REV: GCCGCCTGCTTCACCACCTTCT
FOR: GCATGGCCTTCCGTGTTCCTACC
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4.3. 5′ Rapid Amplification of cDNA Ends (RACE)

5′ RACE was performed using RNA isolated from rat liver. The specific cDNA was ob-
tained with reverse primer CRT1 AGAGTCTTCCGGAAACAGTC. cDNA was ligated to the
kit adaptor and amplified by PCR experiments using sets of primers complementary to the
adaptor sequence and to the 5′ end of the CACT cDNA. The primers for nested PCR were
CR1 TGGTGGTTGTGTCTGCAGTC and CR2 AGATCGAATTCGGGAGGTTCTTAAGCG-
GAC complementary to sequence within the first exon. RACE products were subcloned
into pBluescript II K/S (Invitrogen, Monza) and sequenced with primers specified by
the manufacturer.

4.4. Bioinformatics Analysis

The identification of the transcription start site was obtained through sequence
alignment carried out using the BLAST program available on the site http://blast.ncbi.
nlm.nih.gov/Blast.cgi (accessed on 19 June 2019). Transcription factor binding sites in
the CACT promoter region were predicted using the Match and p-match programs at
http://www.gene-regulation.com based on the TRANSFAC database. Multiple sequence
alignment of the CACT promoter of different species was performed with ClustalW
(http://www.ebi.ac.uk/clustalw (accessed on 25 July 2024)) Determination of GABP com-
mon motifs and graphical logo was obtained using the Jaspar database on matrix MA0062.1
(https://jaspar.elixir.no).

4.5. Plasmid Vector Constructs and Transient Transfection Assay

Five DNA fragments of the rat CACT promoter, namely, pCACT_1035, pCACT_482,
pCACT_288, pCACT_249 and pCACT_202, were obtained by PCR. The amplicons were
digested by KpnI and HindIII and then cloned into corresponding sites of the pGL3_basic
vector upstream of the LUC gene coding sequence. The primer sequences are reported in
Table 1.

To study the responsiveness to fatty acids of the CACT promoter without conserved
PPRE in 5′UTR, amplimers with the same forward primers and the inner −29 nt promREV1
reverse primer were obtained by PCR and cloned into the KpnI and XhoI sites of the
pGL3_promoter downstream of the SV40 promoter. All the constructs were sequenced to
confirm the accuracy.

After 24 h of plating, cells were co-transfected with one of the CACT promoter con-
structs in pGL3-basic or in in pGL3-promoter (1.5 µg/well) and the pGL4.73 Renilla
luciferase reference plasmid (0.02 µg/well), a control for transfection efficiency. Transfec-
tions were carried out using FuGENE 6 transfection reagent (Roche Diagnostics, Monza,
Italy), following the instructions. After a seven-hour transfection period, the medium was
changed with fresh DMEM supplemented with 10% (v/v) of delipidated FBS [13] and
containing either fatty acids/BSA complexes or fatty acid-free BSA as a control. Cells were
incubated for 24 h, then lysed, and Firefly and Renilla luciferase activities were measured
using Dual-Luciferase Reporter Assay System (Promega, Milan, Italy).

Mammalian vectors for the overexpression of GABPα and GABPβ have been previ-
ously described [26].

4.6. Preparation of Nuclear and Cytosolic Protein Extracts

BRL3A cells from 100 mm plates treated with n-3 PUFA or BSA only (CTR) were pooled
and centrifuged at 900× g for 5 min at 4 ◦C. The resulting cell pellet was resuspended and
homogenized with a Dounce homogenizer in Buffer 1 (20 mM Tris–HCl [pH 8.0], 420 mM
NaCl, 2 mM EDTA, 2 mM Na3VO4, 0.2% [v/v] Nonidet P-40, 10% [v/v] glycerol). To
prevent proteolysis, a mixture of protease inhibitors from Sigma Chemical Co. (Milan, Italy)
was included in all the buffers. The homogenate was centrifuged at 1100× g for 10 min,
and the supernatant was collected as the cytosolic fraction. The nuclear pellet was washed
once in Buffer 1 and then resuspended in high-salt Buffer 2 (20 mM Tris–HCl [pH 7.9],
420 mM NaCl, 10 mM KCl, 0.1 mM Na3VO4, 1 mM EDTA, 1 mM EGTA, 20% [v/v] glycerol).

http://blast.ncbi.nlm.nih.gov/Blast.cgi
http://blast.ncbi.nlm.nih.gov/Blast.cgi
http://www.gene-regulation.com
http://www.ebi.ac.uk/clustalw
https://jaspar.elixir.no
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This suspension was incubated on ice for 30 min and then centrifuged at 15,000× g for
15 min. The resulting supernatant is designated as the nuclear extract fraction. The purity
of the fraction was tested by immunoblotting with an anti-Lamin A/C polyclonal antibody.
Protein concentration was determined using the Bio-Rad protein assay kit (Milan, Italy).
Lyophilized bovine serum albumin (BSA) was used as a standard.

4.7. Western Blotting Analysis

An equal amount of proteins from BRL3A treated with BSA alone or fatty acids/BSA
was loaded onto a 15% polyacrylamide gel and Western blot was carried out as reported
in [22]. Separated proteins were then transferred electrophoretically onto a nitrocellulose
membrane (Pall, East Hills, NY, USA). Equal protein loading was confirmed by Ponceau
S staining. The filter was blocked with 5% (w/v) non-fat dried milk in buffered saline.
Blots were incubated with primary antibodies directed against CACT (rabbit polyclonal
anti-SLC25A20 from Sigma-Aldrich, MI, Italy), GABPα, SREBP1, FASN or b-actin (Santa
Cruz, CA, USA), with the latter used as a control, all diluted in 20 mM Tris/HCl, pH 7.6,
0.14 M NaCl, 0.5% Tween 20 (TBS-T). After washing with TBS-T, the membranes were
incubated with HRP-conjugated secondary antibodies (Amersham International, Corston
Bath, UK), which were revealed using the chemiluminescence kit (Amersham International,
Corston Bath, UK). Densitometric analysis was carried out on the Western blots using the
ChemiDoc MP Image System (BioRad, Segrate, MI, Italy).

4.8. Chromatin Immunoprecipitation (ChIP) Assay

ChIP assays were performed as described in [13]. Briefly, BRL3A (100 mm dishes)
were cross-linked, scraped and lysed. The chromatin was sheared using sonication yielding
fragments about 500 bp in size. Specific protein-DNA complexes were immunoprecipitated
for 12–18 h at 4 ◦C with 10 µg of GABPα antibody or non-specific IgG on a rotating
wheel. After immunoprecipitation, cross-linking was reversed, the proteins were removed
by treatment with proteinase K and the DNA was extracted and used as a template in
Real-time PCR. The primers used for the amplification of the CACT promoter were the
following: 5′-TATGCATCTTTTCACTTTGTC-3′ and 5′-AGGCGGACTAGCCTGACTTC-3′.
PCR products, corresponding to a 177 bp fragment, were separated on a 1.5% (w/v) agarose
gel and analysed by ethidium bromide staining. The stained gel was visualized, and the
PCR products from three individual experiments were quantified using the ChemiDoc MP
Image System (BioRad).

4.9. Statistical Analysis

Data are the means ± SD of the indicated number of experiments. Comparison was
made using one-way ANOVA followed by an unpaired Student’s t-test to determine any
significant differences between two groups. All statistical analyses were performed using an
SPSS/PC program 23.0.0 (SPSS, Chicago, IL, USA). Differences were considered statistically
significant at p < 0.05.
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