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Abstract: Caveolin-1 (CAV1) is implicated in the pathophysiology of diabetes and obesity. Previously,
we demonstrated an association between the CAV1 rs1997623 C > A variant and metabolic syndrome
(MetS). Here, we decipher the functional role of rs1997623 in CAV1 gene regulation. A cohort of
38 patients participated in this study. The quantitative MetS scores (siMS) of the participants were
computed. CAV1 transcript and protein expression were tested in subcutaneous adipose tissue using
RT-PCR and immunohistochemistry. Chromatin immunoprecipitation assays were performed using
primary preadipocytes isolated from individuals with different CAV1 rs1997623 genotypes (AA, AC,
and CC). The regulatory region flanking the variant was cloned into a luciferase reporter plasmid
and expressed in human preadipocytes. Additional knockdown and overexpression assays were
carried out. We show a significant correlation between siMS and CAV1 transcript levels and protein
levels in human adipose tissue collected from an Arab cohort. We found that the CAV1 rs1997623
A allele generates a transcriptionally active locus and a new transcription factor binding site for
early B-cell factor 1 (EBF1), which enhanced CAV1 expression. Our in vivo and in vitro combined
study implicates, for the first time, EBF1 in regulating CAV1 expression in individuals harboring the
rs1997623 C > A variant.

Keywords: caveolin-1; rs1997623; metabolic syndrome; EBF1; AP-2α

1. Introduction

Caveolin-1 (CAV1) is an integral protein of caveolae. Caveolae are cholesterol-rich,
smooth invaginations of the plasma membrane that partition into raft fractions. They
are implicated in several essential cellular functions, such as endocytosis, transcytosis,
maintenance of plasma membrane integrity, lipid homeostasis, signal transduction, and
mechanoprotection [1]. The roles of caveolae and CAV1 in physiological and pathophysi-
ological homeostasis have been extensively discussed [1,2]. CAV1 expression in adipose
tissues (AT) is augmented in obese individuals with or without diabetes [3]. Moreover, ele-
vated levels of CAV1 expression are seen in individuals with high abdominal circumference
and obesity compared to healthy individuals [4].

The CAV1 gene is 36 kb long and has three exons that produce eight transcripts. The
default transcript, which is biologically relevant and highly conserved, encodes an active
178 aa protein. Multiple long noncoding RNAs are transcribed upstream or downstream
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of the CAV1 gene, but their effects on CAV1 gene regulation or expression are unknown
at this time. CAV1 is differentially regulated depending on the cell type. Boopathi et al.
found that GATA-6 might exert transcriptional repression of CAV1 gene expression in
human samples and murine models of bladder smooth muscle hypertrophy [5]. Park et al.
showed that prolactin, via a Ras-dependent mechanism, negatively regulates CAV1 gene
expression in the mammary gland during lactation [6]. TLR signaling was also shown
to be important for CAV1 gene expression in human umbilical vein endothelial cells [7].
CAV1 expression can also be regulated by a variety of microRNAs. MiR-124a has been
shown to activate CAV1 in podocytes [8], miR-375 to downregulate CAV1 gene expression,
and miR-204 to target CAV1 mRNA and decrease its expression in endothelial cells [9].
CAV1 was identified as a target gene for miR103 and miR107 by Trajkovski et al. [10]. Their
inactivation increases CAV1 expression in adipocytes, which improves IR maintenance,
insulin signaling, adipocyte size, and glucose uptake.

Little is known about CAV1 regulation in adipocytes; single nucleotide polymorphisms
(SNPs) in the CAV1 gene have been associated with metabolic syndrome (MetS), which is a
major risk factor for diabetes and coronary artery disease. Several CAV1 SNPs were found
to be associated with MetS, including rs926198 in Caucasians and Hispanics [11], rs3807989
in Han Chinese [12], rs11773845 in Latin Americans [13], rs3807992 in Persians [14], and
rs1997623 in Kuwaiti children, as shown in our previous study [15], and as found in another
adult population [16]. Although central obesity is a landmark trait for the diagnosis of
MetS, the full spectrum of traits relating to MetS includes various other metabolic factors
related to hypertension, diabetes, and dyslipidemia. Thus, evaluating the levels of CAV1
protein expression in individuals with varying MetS scores, and not just central obesity,
could be insightful.

Herein, we suggest how a single nucleotide change in the 5′ untranslated region of
CAV1 can affect lipid metabolism. The variant rs1997623 is located within transcription
factors’ binding sites in the upstream regulatory region of the CAV1 gene. According to in
silico analysis, this locus is targeted by multiple transcription factors, with the top two hits
being activating protein-2 alpha (AP-2α) and early B-cell factor 1 (EBF1). Aside from the
fact that AP-2α is expressed in preadipocytes and is suppressed during adipogenesis [17],
little is known about its role in obesity or the metabolic syndrome. Meanwhile, EBF1
is known to play an important role in lipid metabolism [18] and is highly expressed in
adipose tissue [19], but no link between EBF1 and CAV1 has ever been established prior to
this study.

None of the earlier studies have attempted to elucidate the mechanism by which CAV1
variants induce MetS; therefore, in this study, we first evaluated the expression levels of
CAV1 in AT from adult individuals with differing MetS scores. Second, we investigated the
mechanism by which the rs1997623 SNP regulates CAV1 gene expression using functional
assays for transcription factor binding, chromatin accessibility, and gene knockdown.

2. Materials and Methods
2.1. Ethics Statement

The study protocol was approved by the Ethical Review Committee of the Dasman
Diabetes Institute, ensuring compliance with the guidelines of the Declaration of Helsinki
and the US Federal Policy for the Protection of Human Subjects (project # RA CB-2021-007).
Written informed consent was obtained from the participants prior to the collection of
blood samples. The identities of the participants were protected from public exposure, and
samples and data were processed anonymously.

2.2. Collection of Subcutaneous Adipose Tissue Biopsies

A cohort of 38 individuals participated in this study. AT samples (approximately
500 mg) were collected via abdominal subcutaneous fat pad biopsy using the standard
surgical procedure, as described previously [20,21]. Briefly, the periumbilical area was de-
contaminated using alcohol gauze and was then locally anesthetized by injecting 2 mL of 2%



Cells 2022, 11, 3937 3 of 13

lidocaine. A subcutaneous AT sample was collected through a small skin incision of 0.5 cm
in length. The collected fat sample was further incised, rinsed in cold phosphate-buffered
saline (PBS), fixed with 4% paraformaldehyde (Fisher Scientific, Pittsburgh, PA, USA) for
24 h, and embedded in paraffin or processed for DNA extraction using the DNAeasy Blood
and Tissue Kit (Qiagen, Hilden, Germany). Simultaneously, freshly collected fat samples of
50–100 mg each were also preserved in RNAlater (Invitrogen, Burlington, ON, Canada)
and stored at −80 ◦C until use [22].

2.3. Derivation of MetS Status and siMS Score

We adopted the adult diagnosis criteria defined by the International Diabetes Federa-
tion [23] to derive the MetS status of every study participant. To be diagnosed with MetS,
the patients were required to have central obesity along with two or more of the following
criteria: high triglycerides (TG), low high-density lipoprotein (HDL), hypertension, or a
raised fasting blood glucose (FBG) level. An individual was considered to have (i) central
obesity if the waist circumference (WC) was ≥94 cm in men or ≥80 cm in women; (ii) high
TG if the serum TG level was ≥1.7 mmol/L (151 mg/dL), or if the patient was taking medi-
cation to lower TG; (iii) low HDL if the serum HDL cholesterol level was <1.03 mmol/L
(40 mg/dL) in men or <1.29 mmol/L (50 mg/dL) in women, or if the patient was taking
medication to restore HDL levels; (iv) hypertension if systolic blood pressure (SBP) was
≥130 mm Hg, diastolic blood pressure was ≥85 mm Hg, or if the patient was undergoing
treatment for hypertension; and (v) diabetes if FBG was ≥5.6 mmol/L (100 mg/dL), or if
the patient had been previously diagnosed with type 2 diabetes. Furthermore, we calcu-
lated the siMS score, which is a simple and accurate method for quantifying MetS in adults,
using the formula described by Soldatovic [24]: siMS score = 2 ×WC/Height + FBG/5.6 +
TG/1.7 + SBP/130-HDL/1.02 for men, or HDL/1.28 for women.

2.4. Immunohistochemistry

Paraffin-embedded sections (4 µm thick) of subcutaneous AT were deparaffinized
in xylene and rehydrated through descending grades of ethanol (100%, 95%, and 75%)
to water. Antigen retrieval was performed by placing slides in a target retrieval solution
(pH 6.0; Dako, Glostrup, Denmark) in a pressure cooker, boiling for 8 min, and cooling
for 15 min. After washing in PBS, endogenous peroxidase activity was blocked with 3%
H2O2 for 30 min, and nonspecific antibody binding was blocked with 5% fat-free milk for
1 h, followed by 1% bovine serum albumin solution for 1 h. The slides were incubated at
room temperature overnight with primary antibody (1:100 dilution of rabbit polyclonal
anti-Caveolin-1 antibody; Cell Signaling Technology #3238s). After washing with PBS
(0.5% Tween), slides were incubated for 1 h with a secondary antibody, namely, goat anti-
rabbit conjugated with horseradish peroxidase (HRP) polymer chain Dako EnVision Kit
from (Dako, Glostrup, Denmark) and color was developed using 3,3′-diaminobenzidine
(DAB) chromogen substrate. Specimens were washed, counterstained, dehydrated, cleared,
and mounted, as described elsewhere [25]. For analysis, digital photomicrographs of the
entire AT sections (20X; PannoramicScan, 3DHistech, Hungary) were used to quantify the
immunohistochemical staining using ImageJ software (NIH, Bethesda, MD, USA).

2.5. RNA Extraction, cDNA Synthesis, and Reverse Transcription-Quantitative Polymerase Chain
Reaction (RT-qPCR)

Total RNA was extracted from AT using the RNeasy kit (Qiagen, Valencia, CA, USA),
as per the manufacturer’s instructions. cDNA was synthesized from 0.5 µg of RNA us-
ing the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Waltham,
MA, USA). Real-time RT-qPCR was performed as previously described [26–28]. cDNA
samples (50 ng) were amplified using TaqMan Gene Expression Master Mix (Applied
Biosystems, Foster City, CA, USA) and gene-specific 20× TaqMan gene expression assays
(Cav1, Hs00971716_m1; EBF1, Hs01092694_m1; GAPDH, Hs03929097_g1; Applied Biosys-
tems, Foster City, CA, USA) on a 7500 Fast Real-Time PCR System (Applied Biosystems).
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Relative gene expression was calculated using the comparative cycle threshold (CT) method,
as previously described [20,29]. Results were normalized to glyceraldehyde 3-phosphate
dehydrogenase (GAPDH). Mean ± standard error of the mean (SEM) values are shown
expressed as fold changes in expression relative to controls, as indicated [30].

2.6. DNA Constructs and Mutagenesis

Human DNA fragments of the CAV1 regulatory fragment locus (250 bp) were ampli-
fied using PCR with the Advantage–GC cDNA PCR kit (Clontech, TakaraBio, Mountain
View, CA, USA). They were sub-cloned into the appropriate restriction sites of the eukary-
otic expression plasmids pRMT-Luc reporter vector (Origene, Rockville, MD, USA) and
were verified by Sanger sequencing. The mutant relative to the CAV1 rs1997623 variant was
generated by site-directed mutagenesis (Stratagene, La Jolla, CA, USA) following protocols
previously described [31,32].

2.7. Cell Culture, DNA Transfections, and Reporter Assays

Preadipocytes, isolated from individuals with AA, CC, or AC genotypes, were pur-
chased from (ZenBio, New York, NC, USA). Cells were plated at a density of 2000 cells/well
in 96-well plates and were transiently transfected using lipofectamine LTX (ThermoFisher,
Waltham, MA, USA) with pRMT-Luc-CAV1-C, pRMT-Luc-CAV1-A, or pRMT-Luc control
vector with or without an EBF1 mammalian expression vector (Origene, Rockville, MD,
USA). Transfection efficiency was monitored by analyzing Renilla luciferase activity, as
described previously [33]. After 24 h, the cells were washed twice with ice-cold PBS,
lysed, and assayed as per the Dual-Luciferase Kit protocol (Promega, Madison, WI, USA).
Luciferase activity was detected using the GloMax Navigator Microplate Luminometer
(Promega, Madison, WI, USA) assay. The value denoting the activity of the luciferase
reporter vector in the presence of EBF1 was normalized by subtracting the value denoting
the activity of the luciferase reporter alone, in the absence of EBF1. Relative luciferase units
(RLUs) represent luciferase activity normalized to Renilla activity [34].

2.8. Chromatin Immunoprecipitation (ChIP) Assays

ChIP assays were performed as described previously [32], with the following mi-
nor modifications: Preadipocytes were seeded on three 175 mm tissue culture flasks at
0.5 × 106 cells per flask. After 48 h, 50 mg of chromatin from each cell line was immunopre-
cipitated using 0.5 ug of anti-AP-2α antibodies (C83E10, 3215, Cell Signaling, Danvers, MA,
USA), anti-EBF1 specific antibodies (ab221033, Abcam, Branford, CT, USA), anti-Histone-3
acetyl K14 antibodies (H3K14ac, ab176799, Abcam, Branford, CT, USA), or nonspecific
Rabbit IgG control antibodies (ab172730, Abcam, Branford, CT, USA). Briefly, cells were
cross-linked with 4% formaldehyde and sonicated using a sonic dismembrator for a total
of 30 times with 15-s pulses (1-min rest between the pulses), and lysates were cleared
by centrifugation at 13,000 rpm for 30 min at 4 ◦C. The sheared chromatins were incu-
bated with the described antibodies, and the immune complexes were captured using
protein G-sepharose Dynabeads (Invitrogen, Oslo, Norway), as described previously [31].
AP-2α, EBF1, H3K14ac, or IgG-bound chromatins were quantified as a percent of chro-
matin input. Quantitative PCR (qPCR) analyses were performed using the forward 5′-
GAGGTGAAGAGAAGCCAGGAAT-3′ and reverse 5′- CCCAATCTCAGGACCCCAAT-3′

primers. To be considered a true association, each ChIP sample was examined for the en-
richment of a chromatin locus immunoprecipitated with a specific antibody and compared
with the same chromatin locus immunoprecipitated with a nonspecific IgG (p-value < 0.05).
Data are presented as mean ± SEM from three independent biological experiments.

2.9. Small Interfering RNA (siRNA) Transfection and Western Blotting

Before siRNA transfection, the pre-adipose cells were seeded on 6-well cell culture
plates to achieve 70–80% confluency. After 24 h, combination EBF1 or scramble siRNAs
(Santa Cruz, Dallas, TX, USA) were transfected with the lipofectamine LTX transfection



Cells 2022, 11, 3937 5 of 13

reagent (1.5 µL/well). In each well, siRNAs were mixed to produce a final concentra-
tion of 100 pmol/well. Appropriate controls for treatment and nontreatment were also
included, followed by 24 h of incubation. Total RNA was isolated and real-time qPCR
was performed, as previously described, using the following primers: EBF1 Primers 5′-
GTTTGTGGGGTTCGTGGAGA-3′, and 5′-CTGGGTTCTTGTCTTGGCCT-3′; CAV1 primers
5′-CGACCCTAAACACCTCAACGATG-3′ and 5′-GCAGACAGCAAGCGGTAAAACC-3′;
and GAPDH1 primers 5′-CACTGGCGTCTTCACCACCATG-3′ and 5′-GCTTCACCACCT
TCTTGATGTCA-3′.

Western blot analysis was performed, as described previously [30]. Briefly, cells were
harvested and lysed in RIPA buffer. Cell lysates were quantified using the Quickstart
Bradford assay (Bio-Rad Laboratories, Hercules, CA, USA), and equal amounts of protein
were resolved on 8–12% polyacrylamide gels and transferred to nitrocellulose membranes
(Bio-Rad Laboratories, Hercules, CA, USA). After blocking, the membranes were blotted
with the following primary antibodies: EBF1 (ab108369, Abcam, Branford, CT, USA), CAV1
(3238s, Cell Signaling, Danvers, MA, USA), and b-actin (4970L, Cell Signaling, Danvers,
MA, USA), and the corresponding HRP-linked secondary antibody (7074P2, Cell Signaling,
Danvers, MA, USA). Proteins were visualized using the SuperSignal West Femto ECL kit
(Thermo Scientific, Rockford, IL, USA). Images were captured using the ChemiDoc MP
imaging system (Bio-Rad Laboratories, Hercules, CA, USA).

2.10. Pyrosequencing and Sanger Sequencing

Bisulfite conversion of genomic DNA (≥30 ng/µL) was performed using the EpiTect
Fast Bisulfite Conversion Kit (Qiagen, Hilden, Germany), following the manufacturer’s pro-
tocol. Site-specific amplification of converted DNA was carried out using custom-designed
CAV1 primers (F1: AGGTGAACAGAAGTTAGGAATGTTT; R1: CCAATCTCAAAACCC-
CAATCC; sequencing primer: AAGTTAGGAATGTTTTATGT), and a Pyromark PCR kit on
a thermal cycler programmed for an initial denaturation of 15 min at 95 ◦C, 45 cycles of
(94 ◦C for 30 s, 56 ◦C for 30 s, and 72 ◦C for 30 s), followed by a final extension of 10 min
at 72 ◦C. The resulting biotinylated PCR product (10 µL) and magnetic beads (3 µL) were
pipetted into Q48 discs, and pyrosequencing was performed using the PyroMark Q48
Autoprep (Qiagen, Hilden, Germany), as per the manufacturer’s instructions. The same
converted DNA was amplified and sequenced using conventional Sanger sequencing (ABI
Prism 3730XL Genetic Analyzer, Applied Biosystems, Foster City, CA, USA), as previously
described [35].

3. Results
3.1. MetS Score Correlates with CAV1 Transcript and Protein Levels in Human AT

We aimed to examine whether in vivo CAV1 expression is associated with MetS; there-
fore, we evaluated the mRNA and protein levels of CAV1 in subcutaneous ATs isolated
from 38 individuals with differing MetS scores (siMS). As observed in Figure 1A, a moder-
ately positive and statistically significant correlation was observed between CAV1 mRNA
expression levels in AT and the MetS score status of the individuals studied. Using im-
munohistochemistry, we demonstrated that CAV1 proteins are in parallel with their mRNA
expression in subcutaneous ATs isolated from individuals with a high siMS score [2–4]
and a BMI > 30 (obese), as compared to individuals with a low siMS score [1,2] and a
BMI < 25 (lean) (Figure 1B,C). Unfortunately, we did not have enough material from these
individuals to perform SNP genotyping. Therefore, we directly proceeded to functionally
assess the role of SNPs in CAV1 expression.
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Figure 1. CAV1 transcripts and protein levels in adipose tissues. (A) Significant correlation between
MetS score and CAV1 transcript levels in the AT of 38 Kuwaiti individuals with varying siMS scores
(r2 = 0.414, p-value < 0.011). (B) Integrated optical density (IOD) divided by the adipocyte area
was used to quantify CAV1 protein expression in immunohistochemistry (IHC) sections of the
adipose tissue samples from lean and obese individuals. The data (mean ± SEM) show significantly
elevated levels of CAV1 proteins in subcutaneous ATs from obese versus lean individuals (p < 0.0001).
Five individuals were considered for each of the obese (BMI: >30 Kg/m2) and lean (BMI: <25 Kg/m2)
categories. (C) Representative immunohistochemistry images (100×magnification; scale bar 50 µm).
The IHC analysis was performed to determine CAV1 protein expression using five AT sections
isolated from five participants per group, each with similar results showing the comparative adipose
CAV1 protein expression in lean and obese individuals.

3.2. CAV1 rs1997623 Alters the Transcription Factor Binding Site Motif and Mediates EBF1 Binding

Given the potential significance of these findings, we studied the association between
the CAV1 variant rs1997623 and CAV1 transcriptional regulation in adipocytes in greater
detail. It is worth noting that the transcriptional regulation of CAV1 is complex. Lo-
cus mapping analysis revealed that the CAV1 rs1997623 C > A variant spans the CAV1
proximal regulatory region (Supplementary Figure S1). Therefore, we hypothesized that
the rs1997623 variant modifies CAV1 gene regulation by altering the transcription factor
binding site.

To identify the transcriptional regulation factor(s), we examined the immediate 21 bp
flanking the variant locus using the bioinformatic database for transcription factor finder
(TFBIND INPUT) [36]. The software predicted that the transcription factor AP-2α was a
likely candidate that binds to the cis-element spanning the rs1997623-C wild-type variant
(Supplementary Figure S1). Next, we evaluated the binding of AP-2α to the wild-type
rs1997623-C or the variant rs1997623-A using ChIP performed on preadipocytes isolated
from individuals with either homozygous AA, homozygous wild-type CC, or heterozygous
AC genotypes at the rs1997623 locus. Antibodies directed against AP-2α showed 8-fold
chromatin enrichments in cells with the CC genotype relative to nonspecific IgG (Figure 2A).
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In contrast, no precipitation was observed using chromatins from cells with AA and AC
genotypes, indicating the absence of AP-2α protein binding. We then wondered if any other
transcription factor favored the binding of the cis-element spanning rs1997623-A. Similar
bioinformatics analyses suggested EBF1 as a possible candidate (Supplementary Figure S1).
We tested this premise via ChIP analysis using a specific antibody directed against EBF1.
The data showed significant enrichment in chromatin from cells with AA or AC genotypes
but not the wild-type CC (Figure 2B). Collectively, these results suggest that EBF1 replaced
AP-2α in the presence of the rs1997623-A variant.
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Figure 2. Binding of AP-2α and EBF1 to CC and AA genotypes, respectively, mediated allele-specific
active transcription. (A) ChIP analysis of AP-2α at the CAV1 rs1997623 locus in preadipocytes isolated
from three human individuals revealed that AP-2α specific antibodies are bound and enriched
chromatins in cells with genotype CC but not AA or AC. The binding at CC was significantly higher
compared to AA; however, the binding at AC was not significantly higher compared to AA. (B) ChIP
analysis of EBF1 binding at the CAV1 rs1997623 locus revealed significant binding enrichments at
both AA and AC genotypes. The binding at AC was significantly higher compared to AA, however,
the binding at CC was significantly lower compared to AA. (C) ChIP analysis of H3K14ac-specific
antibodies at the CAV1 rs1997623 locus indicated active transcription in all cells independent of
their genotype, albeit at different rates. Significant enrichments were found in the CC and AC
genotypes when compared to the AA genotype. White bars designate genomic regions precipitated
with IgG-nonspecific antibodies. Percentage chromatin input was calculated using real-time qPCR
analysis and the locus-specific primers. Relative enrichment was calculated as the percent chromatin
input normalized to IgG from three biological replicas (n = 3). Two-tailed unpaired Student’s t-test
was used to determine statistical significance. * p < 0.01, ** p < 0.001.

The binding of either of the transcription factors to the corresponding DNA cis-
element indicates a transcriptionally active site. Therefore, we next determined if histone
acetylation levels were changed at the rs1997623 locus. ChIP assays were performed
with antibodies against acetylated lysine 14 at histone 3 (H3K14ac), indicative of actively
transcribed chromatin. Notably, the binding of AP-2α to the rs1997623-C locus or EBF1 to
the rs1997623-A locus correlated with elevated H3K14 acetylation, suggesting a putative
active transcription in this region (Figure 2C). We then tested CAV1 promoter methylation
by pyrosequencing; the analysis showed nonsignificant (2–5%) methylation independent
of the genotype. This indicates that the rs1997623-C locus is unmethylated and excludes
this cytosine as a methylation-based regulated nucleotide (Supplementary Figure S2).



Cells 2022, 11, 3937 8 of 13

3.3. CAV1 rs1997623 Causes Induced Promoter Activity at its Locus

Next, we studied the effect of this SNP on promotor activation by cloning 250 bp
of the CAV1 regulatory region flanking the rs1997623 variant into a luciferase reporter
construct (named wild-type, CAV1-C-Luc) and generating a single mutation C > A (named
CAV1-A-Luc) equivalent to the CAV1 rs1997623-A variant, as described in the Materials
and Methods section (Figure 3A). Preadipocytes were transfected with CAV1-C-Luc or
CAV1-A-Luc constructs separately. As shown in Figure 3B, luciferase reporter activity
was detected in both constructs (dashed bars); however, the expression was significantly
higher in CAV1-A-Luc (1.6-fold relative to CAV1-C-Luc, p = 0.003). To demonstrate the
influence of EBF1 on driving the expression further, we co-transfected CAV1-C-Luc or
CAV1-A-Luc with constructs that overexpressed EBF1. Our data showed a 2.5-fold increase
in the reporter activity of construct CAV1-A-Luc compared to CAV1-C-Luc alone (p = 0.001;
Figure 3B, black bars).
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Figure 3. Promoter activity analysis using wild-type versus the rs1997623 variant luciferase reporter
assays. (A) A schematic representation of the CAV1 gene mapping the rs1997623 variant to intron
1; the cloned 250 bp DNA fragment spanning the CAV1 indel rs1997623 into Luciferase-pRMT-Luc
reporter vector as well as the generated C > A mutant are shown. (B) Luciferase reporter assay
of rs1997623. Pre-adipose cells transfected with CAV1-C-Luc or CAV1-A-Luc constructs and co-
transfected with control plasmid (shaded bars), EBF1 (black bars), or AP-2α (gray bars) constructs.
Luciferase activities are presented as folds change relative to the pRMT-Luc reporter. Transfection
efficiency was monitored by assaying the activity of co-transfected Renilla luciferase. p-values are
given when comparing CAV1-C-Luc to CAV1-A-Luc transfections with or without EBF1 and AP-2α.
* Indicates nonsignificance relative to the reciprocal CMV plasmid transfection. Data are presented as
mean ± standard error of the mean (SEM) and the p-value of a two-tailed unpaired t-test.

Taken together, the above results indicate that the promoter located in the 250 bp of
the CAV1 regulatory region is transcriptionally active in preadipocytes and that its activity
is further enhanced in the presence of the CAV1 rs1997623-A construct that attracted
endogenous or overexpressed exogenous EBF1.
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3.4. EBF1 siRNA Reduces the Expression of CAV1 in PreAdipocytes

Having shown that EBF1 binds the rs1997632-A allele and induces a more rigorous
expression, we next sought to determine whether silencing EBF1 could reduce CAV1 gene
expression in the preadipocyte model. To investigate this, we studied the expression of
CAV1 before and after lowering EBF1 levels using siRNA technology (Figure 4). Transfec-
tion with EBF1 siRNA reduced both EBF1 and subsequently the CAV1 gene transcripts by
50–60% compared to the control cells (Figure 4A). These data were further confirmed using
Western blot analysis. EBF1 siRNA specifically reduced CAV1 expression in preadipocytes
with AA and AC genotypes at the CAV1 rs1997623 variant locus, as shown in Figure 4B,C,
implying a direct association between EBF1 and CAV1 expression levels in these cells.
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Figure 4. EBF1 siRNA reduces CAV1 expression levels in preadipocytes. (A) EBF1 knockdown
using siRNA resulted in a significant reduction in CAV1 expression levels. RT-qPCR results were
normalized to GAPDH and expressed relative to scramble siRNA controls. Data are presented as
mean ± SD; unpaired two-tailed t-test (n = 3). (B,C) Preadipocytes were transiently transfected with
scramble siRNA or with EBF1 siRNA. The Western blots were developed with antibodies against
EBF1, CAV1, and β-actin, as indicated. EBF1 expression was significantly reduced in all genotypes.
CAV1 expression was reduced in the preadipocytes harboring AA and AC genotypes compared to
the scrambled control for each genotype. Data are presented as mean ± SD; unpaired two-tailed
t-test (n = 3). CAV1: caveolin-1; EBF1: early B-cell factor 1; AA: CAV1 rs1997623 variant A alleles; CC:
CAV1 rs1997623 variant C alleles; AC: CAV1 rs1997623 variant with A and C alleles. * p < 0.01.
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4. Discussion

CAV1 is known to regulate hepatic lipid accumulation, lipid and glucose metabolism,
mitochondrial energy homeostasis, and hepatocyte proliferation by modulating several
molecular pathways [37]. Thus, the dysregulated expression of CAV1 has several avenues
that could lead to MetS. Our study examines, for the first time, the promoter regulatory
feature of the rs1997623 variant of CAV1 through functional assays. Our results demonstrate
that the CAV1 SNP, located in the gene regulatory region, alters the transcription consensus
site to favor EBF1 binding. Moreover, our functional study indicated an increase in promoter
activity through the generation of an active binding site for the transcription factor EBF1
and sustained active transcription by maintaining open chromatin for the recruitment of
EBF1 to the CAV1 upstream regulatory region in human adipocytes. Our findings are
summarized in Figure 5.

Cells 2022, 11, x FOR PEER REVIEW 10 of 13 
 

 

scrambled control for each genotype. Data are presented as mean ± SD; unpaired two-tailed t-test 

(n = 3). CAV1: caveolin-1; EBF1: early B-cell factor 1; AA: CAV1 rs1997623 variant A alleles; CC: 

CAV1 rs1997623 variant C alleles; AC: CAV1 rs1997623 variant with A and C alleles. 

4. Discussion 

CAV1 is known to regulate hepatic lipid accumulation, lipid and glucose metabo-

lism, mitochondrial energy homeostasis, and hepatocyte proliferation by modulating sev-

eral molecular pathways [37]. Thus, the dysregulated expression of CAV1 has several av-

enues that could lead to MetS. Our study examines, for the first time, the promoter regu-

latory feature of the rs1997623 variant of CAV1 through functional assays. Our results 

demonstrate that the CAV1 SNP, located in the gene regulatory region, alters the tran-

scription consensus site to favor EBF1 binding. Moreover, our functional study indicated 

an increase in promoter activity through the generation of an active binding site for the 

transcription factor EBF1 and sustained active transcription by maintaining open chroma-

tin for the recruitment of EBF1 to the CAV1 upstream regulatory region in human adipo-

cytes. Our findings are summarized in Figure 5. 

 

Figure 5. Mechanism of gene expression regulation by the CAV1 rs1997623 variant. The CAV1 

rs1997623 allele-specific transcription factor binding increases histone acetylation and introduces 

differential transcription factor binding, leading to enhanced CAV1 gene expression. AP-2α: acti-

vating protein-2 alpha; EBF1: early B-cell factor 1. Created with BioRender.com (accessed on 1 Sep-

tember 2020). 

As per the Ensembl genome annotation system [38], the studied variant overlaps nine 

transcript isoforms of CAV1 (Supplementary Tables S1 and S2). CAV1 has five protein 

isoforms of different lengths, ranging from 86 to 178 amino acids (Supplementary Table 

S1). Depending on the transcript and protein isoform, rs1997623 is treated as a missense 

(leading to amino acid change), synonymous (leading to no change in amino acid) muta-

tion, or an intronic or an upstream gene variation. Further, the Ensembl genome annota-

tion system annotates the studied variant as a regulatory region variant within the pro-

moter (Supplementary Table S2). 

Previously, EBF1 has been implicated in promoting adipogenesis and controlling 

genes involved in terminal adipocyte differentiation [39]. These functional insights into 

the involvement of CAV1 genetic variant rs1997623 further strengthen the concept that 

CAV1 contributes to MetS susceptibility and represents an attractive molecular target for 

Figure 5. Mechanism of gene expression regulation by the CAV1 rs1997623 variant. The CAV1 rs1997623
allele-specific transcription factor binding increases histone acetylation and introduces differential
transcription factor binding, leading to enhanced CAV1 gene expression. AP-2α: activating protein-2
alpha; EBF1: early B-cell factor 1. Created with BioRender.com (accessed on 1 September 2020).

As per the Ensembl genome annotation system [38], the studied variant overlaps nine
transcript isoforms of CAV1 (Supplementary Tables S1 and S2). CAV1 has five protein
isoforms of different lengths, ranging from 86 to 178 amino acids (Supplementary Table S1).
Depending on the transcript and protein isoform, rs1997623 is treated as a missense (leading
to amino acid change), synonymous (leading to no change in amino acid) mutation, or
an intronic or an upstream gene variation. Further, the Ensembl genome annotation
system annotates the studied variant as a regulatory region variant within the promoter
(Supplementary Table S2).

Previously, EBF1 has been implicated in promoting adipogenesis and controlling
genes involved in terminal adipocyte differentiation [39]. These functional insights into the
involvement of CAV1 genetic variant rs1997623 further strengthen the concept that CAV1
contributes to MetS susceptibility and represents an attractive molecular target for the pre-
vention and treatment of MetS. The mechanisms behind the contribution of CAV1 protein to
MetS are poorly understood. An attractive model that we have previously shown suggests
a link between CAV1 protein overexpression and the promotion of cellular senescence [40].
This model, along with others, is currently under investigation in our laboratory.
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The following caveats should be considered when interpreting our results: First, we
focused on the Kuwaiti population alone, and the results may not apply to other ethnic
groups. Second, as shown in Figure 2, homozygous cells (rs1997623 AA) appear to bind less
EBF1 than heterozygotes, which needs to be explained further. However, this phenotypic
heterogeneity may stem from using preadipocytes from different individuals.

5. Conclusions

The current study was based on our previous discovery of a significant association
between rs1997623-A and MetS in children [15]. We found that increasing MetS scores
correlated with higher in vivo CAV1 expression levels in human AT. The regulation of
the CAV1 rs1997623-A locus in preadipocytes could be influenced, at least partly, by the
recruitment and allele-specific binding of the EBF1 transcription factor.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cells11233937/s1, Figure S1: A schematic diagram for the human
CAV1 gene as described by the UCSC Genome Browser (GRCh37/hg19); Figure S2: DNA methylation
analysis by pyrosequencing; Table S1: List of all human caveolin-1 transcripts; Table S2: List of human
caveolin-1 (ENSG00000105974 HGNC: CAV1) transcripts that are affected by rs1997623.

Author Contributions: A.A.M., D.H., R.N., M.S.B. and F.A.-M. conceived the study design, performed
the data acquisition, analysis and interpretation, and wrote the manuscript. A.A.M., D.H. and L.M.
performed functional analysis studies. R.T. performed immunohistochemistry work, and S.K. and
R.A. performed adipose tissue collections and RNA work. T.A.T. performed the MetS score anal-
ysis. F.A.-M. acquired funding. All authors contributed to the drafting and critical review of the
manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Kuwait Foundation for the Advancement of Sciences
(KFAS), grant number: RA CB-2021-007.

Institutional Review Board Statement: The study protocol was approved by the Ethical Review
Committee of the Dasman Diabetes Institute, ensuring compliance with the guidelines of the Dec-
laration of Helsinki and the US Federal Policy for the Protection of Human Subjects (project # RA
CB-2021-007). Written informed consent was obtained from the participants before the collection of
blood samples. The identities of the participants were protected from public scrutiny. Samples and
data were processed anonymously.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: Not applicable.

Acknowledgments: We thank Fawaz Alzaid and Lubaina Koti for their critical manuscript review.
The authors acknowledge Kuwait University Research Core Facility (RCF) General Facility Grant
SRUL 02/13 and GM01/15.

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

References
1. Shvets, E.; Ludwig, A.; Nichols, B.J. News from the caves: Update on the structure and function of caveolae. Curr. Opin. Cell Biol.

2014, 29, 99–106. [CrossRef]
2. Haddad, D.; al Madhoun, A.; Nizam, R.; Al-Mulla, F. Role of caveolin-1 in diabetes and its complications. Oxid. Med. Cell. Longev.

2020, 2020, 9761539. [CrossRef]
3. Catalán, V.; Gómez-Ambrosi, J.; Rodríguez, A.; Silva, C.; Rotellar, F.; Gil, M.J.; Cienfuegos, J.A.; Salvador, J.; Frühbeck, G.

Expression of caveolin-1 in human adipose tissue is upregulated in obesity and obesity-associated type 2 diabetes mellitus and
related to inflammation. Clin. Endocrinol. 2008, 68, 213–219. [CrossRef]

4. De Souza, G.M.; Borborema, M.E.d.; de Lucena, T.M.C.; Santos, A.F.d.; de Lima, B.R.; de Oliveira, D.C.; Silva, J.d. Caveolin-1
(CAV-1) up regulation in metabolic syndrome: All roads leading to the same end. Mol. Biol. Rep. 2020, 47, 9245–9250. [CrossRef]

5. Boopathi, E.; Gomes, C.M.; Goldfarb, R.; John, M.; Srinivasan, V.G.; Alanzi, J.; Malkowicz, S.B.; Kathuria, H.; Zderic, S.A.;
Wein, A.J.; et al. Transcriptional repression of Caveolin-1 (CAV1) gene expression by GATA-6 in bladder smooth muscle hypertro-
phy in mice and human beings. Am. J. Pathol. 2011, 178, 2236–2251. [CrossRef]

https://www.mdpi.com/article/10.3390/cells11233937/s1
https://www.mdpi.com/article/10.3390/cells11233937/s1
http://doi.org/10.1016/j.ceb.2014.04.011
http://doi.org/10.1155/2020/9761539
http://doi.org/10.1111/j.1365-2265.2007.03021.x
http://doi.org/10.1007/s11033-020-05945-y
http://doi.org/10.1016/j.ajpath.2011.01.038


Cells 2022, 11, 3937 12 of 13

6. Park, D.S.; Lee, H.; Riedel, C.; Hulit, J.; Scherer, P.E.; Pestell, R.G.; Lisanti, M.P. Prolactin negatively regulates caveolin-1 gene
expression in the mammary gland during lactation, via a Ras-dependent mechanism. J. Biol. Chem. 2001, 276, 48389–48397.
[CrossRef]

7. Zhao, X.; Tian, J.; Liu, Y.; Ye, Z.; Xu, M.; Huang, R.; Song, X. TLR4-Myd88 pathway upregulated caveolin-1 expression contributes
to coronary artery spasm. Vasc. Pharmacol. 2022, 142, 106947. [CrossRef]

8. Poy, M.N.; Hausser, J.; Trajkovski, M.; Braun, M.; Collins, S.; Rorsman, P.; Zavolan, M.; Stoffel, M. miR-375 maintains normal
pancreatic alpha- and beta-cell mass. Proc. Natl. Acad. Sci. USA 2009, 106, 5813–5818. [CrossRef]

9. Kassan, M.; Vikram, A.; Kim, Y.R.; Li, Q.; Kassan, A.; Patel, H.H.; Kumar, S.; Gabani, M.; Liu, J.; Jacobs, J.S.; et al. Sirtuin1 protects
endothelial Caveolin-1 expression and preserves endothelial function via suppressing miR-204 and endoplasmic reticulum stress.
Sci. Rep. 2017, 7, 42265. [CrossRef]

10. Trajkovski, M.; Hausser, J.; Soutschek, J.; Bhat, B.; Akin, A.; Zavolan, M.; Heim, M.H.; Stoffel, M. MicroRNAs 103 and 107 regulate
insulin sensitivity. Nature 2011, 474, 649–653. [CrossRef]

11. Baudrand, R.; Goodarzi, M.O.; Vaidya, A.; Underwood, P.C.; Williams, J.S.; Jeunemaitre, X.; Hopkins, P.N.; Brown, N.; Raby, B.A.;
Lasky-Su, J.; et al. A prevalent caveolin-1 gene variant is associated with the metabolic syndrome in Caucasians and Hispanics.
Metab. Clin. Exp. 2015, 64, 1674–1681. [CrossRef]

12. Chen, S.; Wang, X.; Wang, J.; Zhao, Y.; Wang, D.; Tan, C.; Fa, J.; Zhang, R.; Wang, F.; Xu, C.; et al. Genomic variant in CAV1
increases susceptibility to coronary artery disease and myocardial infarction. Atherosclerosis 2016, 246, 148–156. [CrossRef]

13. Mora-García, G.; Gómez-Camargo, D.; Alario, Á.; Gómez-Alegría, C. A common variation in the caveolin 1 gene is associated
with high serum triglycerides and metabolic syndrome in an admixed Latin American population. Metab. Syndr. Relat. Dis.
2018, 16, 453–463. [CrossRef]

14. Abaj, F.; Saeedy, S.A.G.; Mirzaei, K. Mediation role of body fat distribution (FD) on the relationship between CAV1 rs3807992
polymorphism and metabolic syndrome in overweight and obese women. BMC Med. Genom. 2021, 14, 202. [CrossRef]

15. Nizam, R.; Al-Ozairi, E.; Goodson, J.M.; Melhem, M.; Davidsson, L.; Alkhandari, H.; al Madhoun, A.; Shamsah, S.; Qaddoumi, M.;
Alghanim, G.; et al. Caveolin-1 variant is associated with the metabolic syndrome in Kuwaiti children. Front. Genet. 2018, 9, 689.
[CrossRef] [PubMed]

16. Al Madhoun, A.; Hebbar, P.; Nizam, R.; Haddad, D.; Melhem, M.; Abu-Farha, M.; Thanaraj, T.A.; Al-Mulla, F. Caveolin-1
rs1997623 variant and adult metabolic syndrome-Assessing the association in three ethnic cohorts of Arabs, South Asians and
South East Asians. Front. Genet. 2022, 13, 1034892. [CrossRef]

17. Holt, E.H.; Lane, M.D. Downregulation of repressive CUP/AP-2 isoforms during adipocyte differentiation. Biochem. Biophys. Res.
Commun. 2001, 288, 752–756. [CrossRef]

18. Gao, H.; Mejhert, N.; Fretz, J.A.; Arner, E.; Lorente-Cebrián, S.; Ehrlund, A.; Dahlman-Wright, K.; Gong, X.; Strömblad, S.;
Douagi, I.; et al. Early B cell factor 1 regulates adipocyte morphology and lipolysis in white adipose tissue. Cell Metab.
2014, 19, 981–992. [CrossRef]

19. Sjöstedt, E.; Zhong, W.; Fagerberg, L.; Karlsson, M.; Mitsios, N.; Adori, C.; Oksvold, P.; Edfors, F.; Limiszewska, A.; Hikmet, F.; et al.
An atlas of the protein-coding genes in the human, pig, and mouse brain. Science 2020, 367, eaay5947. [CrossRef]

20. Kochumon, S.; Al-Rashed, F.; Abu-Farha, M.; Devarajan, S.; Tuomilehto, J.; Ahmad, R. Adipose tissue expression of CCL19
chemokine is positively associated with insulin resistance. Diabetes Metab. Res. Rev. 2019, 35, e3087. [CrossRef]

21. Al-Roub, A.; al Madhoun, A.; Akhter, N.; Thomas, R.; Miranda, L.; Jacob, T.; Al-Ozairi, E.; Al-Mulla, F.; Sindhu, S.; Ahmad, R. IL-
1beta and TNFalpha cooperativity in regulating IL-6 expression in adipocytes depends on CREB binding and H3K14 acetylation.
Cells 2021, 10, 3228. [CrossRef] [PubMed]

22. Sindhu, S.; Kochumon, S.; Thomas, R.; Bennakhi, A.; Al-Mulla, F.; Ahmad, R. Enhanced adipose expression of interferon
regulatory factor (IRF)-5 associates with the signatures of metabolic inflammation in diabetic obese patients. Cells 2020, 9, 730.
[CrossRef] [PubMed]

23. Alberti, K.G.; Zimmet, P.; Shaw, J. Metabolic syndrome—A new world-wide definition. A Consensus Statement from the
International Diabetes Federation. Diabet. Med. J. Br. Diabet. Assoc. 2006, 23, 469–480. [CrossRef] [PubMed]

24. Soldatovic, I.; Vukovic, R.; Culafic, D.; Gajic, M.; Dimitrijevic-Sreckovic, V. siMS score: Simple method for quantifying metabolic
syndrome. PLoS ONE 2016, 11, e0146143. [CrossRef]

25. Ahmad, R.; Al-Mass, A.; Atizado, V.; Al-Hubail, A.; Al-Ghimlas, F.; Al-Arouj, M.; Bennakhi, A.; Dermime, S.; Behbehani, K.
Elevated expression of the toll like receptors 2 and 4 in obese individuals: Its significance for obesity-induced inflammation.
J. Inflamm. 2012, 9, 48. [CrossRef]

26. Gil-Recio, C.; Montori, S.; al Demour, S.; Ababneh, M.A.; Ferrés-Padró, E.; Marti, C.; Ferrés-Amat, E.; Barajas, M.; al Madhoun, A.;
Atari, M. Chemically defined conditions mediate an efficient induction of dental pulp pluripotent-like stem cells into hepatocyte-
like cells. Stem Cells Int. 2021, 2021, 5212852. [CrossRef]

27. Al Madhoun, A.; Haddad, D.; al Tarrah, M.; Jacob, S.; Al-Ali, W.; Nizam, R.; Miranda, L.; Al-Rashed, F.; Sindhu, S.; Ahmad, R.; et al.
Microarray analysis reveals ONC201 mediated differential mechanisms of CHOP gene regulation in metastatic and nonmetastatic
colorectal cancer cells. Sci. Rep. 2021, 11, 11893. [CrossRef]

28. Ali, H.; Al-Yatama, M.K.; Abu-Farha, M.; Behbehani, K.; al Madhoun, A. Multi-lineage differentiation of human umbilical
cord Wharton’s jelly mesenchymal stromal cells mediates changes in the expression profile of stemness markers. PLoS ONE
2015, 10, e0122465. [CrossRef]

http://doi.org/10.1074/jbc.M108210200
http://doi.org/10.1016/j.vph.2021.106947
http://doi.org/10.1073/pnas.0810550106
http://doi.org/10.1038/srep42265
http://doi.org/10.1038/nature10112
http://doi.org/10.1016/j.metabol.2015.09.005
http://doi.org/10.1016/j.atherosclerosis.2016.01.008
http://doi.org/10.1089/met.2018.0004
http://doi.org/10.1186/s12920-021-01050-6
http://doi.org/10.3389/fgene.2018.00689
http://www.ncbi.nlm.nih.gov/pubmed/30622557
http://doi.org/10.3389/fgene.2022.1034892
http://doi.org/10.1006/bbrc.2001.5846
http://doi.org/10.1016/j.cmet.2014.03.032
http://doi.org/10.1126/science.aay5947
http://doi.org/10.1002/dmrr.3087
http://doi.org/10.3390/cells10113228
http://www.ncbi.nlm.nih.gov/pubmed/34831450
http://doi.org/10.3390/cells9030730
http://www.ncbi.nlm.nih.gov/pubmed/32188105
http://doi.org/10.1111/j.1464-5491.2006.01858.x
http://www.ncbi.nlm.nih.gov/pubmed/16681555
http://doi.org/10.1371/journal.pone.0146143
http://doi.org/10.1186/1476-9255-9-48
http://doi.org/10.1155/2021/5212852
http://doi.org/10.1038/s41598-021-91092-8
http://doi.org/10.1371/journal.pone.0122465


Cells 2022, 11, 3937 13 of 13

29. Kochumon, S.; al Madhoun, A.; Al-Rashed, F.; Thomas, R.; Sindhu, S.; Al-Ozairi, E.; Al-Mulla, F.; Ahmad, R. Elevated adipose
tissue associated IL-2 expression in obesity correlates with metabolic inflammation and insulin resistance. Sci. Rep. 2020, 10, 16364.
[CrossRef]

30. Al Madhoun, A.; Marafie, S.K.; Haddad, D.; Melhem, M.; Abu-Farha, M.; Ali, H.; Sindhu, S.; Atari, M.; Al-Mulla, F. Comparative
proteomic analysis identifies EphA2 as a specific cell surface marker for Wharton’s jelly-derived mesenchymal stem cells. Int. J.
Mol. Sci. 2020, 21, 6437. [CrossRef]

31. Al Madhoun, A.S.; Mehta, V.; Li, G.; Figeys, D.; Wiper-Bergeron, N.; Skerjanc, I.S. Skeletal myosin light chain kinase regulates
skeletal myogenesis by phosphorylation of MEF2C. EMBO J. 2011, 30, 2477–2489. [CrossRef]

32. Al Madhoun, A.S.; Voronova, A.; Ryan, T.; Zakariyah, A.; McIntire, C.; Gibson, L.; Shelton, M.; Ruel, M.; Skerjanc, I.S. Testosterone
enhances cardiomyogenesis in stem cells and recruits the androgen receptor to the MEF2C and HCN4 genes. J. Mol. Cell. Cardiol.
2013, 60, 164–171. [CrossRef] [PubMed]

33. Voronova, A.; Fischer, A.; Ryan, T.; al Madhoun, A.; Skerjanc, I.S. Ascl1/Mash1 is a novel target of Gli2 during Gli2-induced
neurogenesis in P19 EC cells. PLoS ONE 2011, 6, e19174. [CrossRef] [PubMed]

34. Voronova, A.; Coyne, E.; al Madhoun, A.; Fair, J.V.; Bosiljcic, N.; St-Louis, C.; Li, G.; Thurig, S.; Wallace, V.A.; Wiper-Bergeron, N.; et al.
Hedgehog signaling regulates MyoD expression and activity. J. Biol. Chem. 2013, 288, 4389–4404. [CrossRef] [PubMed]

35. Eaaswarkhanth, M.; Melhem, M.; Sharma, P.; Nizam, R.; al Madhoun, A.; Chaubey, G.; Alsmadi, O.; AlOzairi, E.; Al-Mulla, F.
Mitochondrial DNA D-loop sequencing reveals obesity variants in an Arab population. Appl. Clin. Genet. 2019, 12, 63–70.
[CrossRef]

36. Tsunoda, T.; Takagi, T. Estimating transcription factor bindability on DNA. Bioinformatics 1999, 15, 622–630. [CrossRef]
37. Fernandez-Rojo, M.A.; Ramm, G.A. Caveolin-1 function in liver physiology and disease. Trends Mol. Med. 2016, 22, 889–904.

[CrossRef] [PubMed]
38. Cunningham, F.; Allen, J.E.; Allen, J.; Alvarez-Jarreta, J.; Amode, M.R.; Armean, I.M.; Austine-Orimoloye, O.; Azov, A.G.;

Barnes, I.; Bennett, R.; et al. Ensembl 2022. Nucleic Acids Res. 2022, 50, D988–D995. [CrossRef]
39. Akerblad, P.; Lind, U.; Liberg, D.; Bamberg, K.; Sigvardsson, M. Early B-cell factor (O/E-1) is a promoter of adipogenesis and

involved in control of genes important for terminal adipocyte differentiation. Mol. Cell Biol. 2002, 22, 8015–8025. [CrossRef]
40. Bitar, M.S.; Abdel-Halim, S.M.; Al-Mulla, F. Caveolin-1/PTRF upregulation constitutes a mechanism for mediating p53-induced

cellular senescence: Implications for evidence-based therapy of delayed wound healing in diabetes. Am. J. Physiol. Endocrinol.
Metab. 2013, 305, E951–E963. [CrossRef] [PubMed]

http://doi.org/10.1038/s41598-020-73347-y
http://doi.org/10.3390/ijms21176437
http://doi.org/10.1038/emboj.2011.153
http://doi.org/10.1016/j.yjmcc.2013.04.003
http://www.ncbi.nlm.nih.gov/pubmed/23598283
http://doi.org/10.1371/journal.pone.0019174
http://www.ncbi.nlm.nih.gov/pubmed/21559470
http://doi.org/10.1074/jbc.M112.400184
http://www.ncbi.nlm.nih.gov/pubmed/23266826
http://doi.org/10.2147/TACG.S198593
http://doi.org/10.1093/bioinformatics/15.7.622
http://doi.org/10.1016/j.molmed.2016.08.007
http://www.ncbi.nlm.nih.gov/pubmed/27633517
http://doi.org/10.1093/nar/gkab1049
http://doi.org/10.1128/MCB.22.22.8015-8025.2002
http://doi.org/10.1152/ajpendo.00189.2013
http://www.ncbi.nlm.nih.gov/pubmed/23941874

	Introduction 
	Materials and Methods 
	Ethics Statement 
	Collection of Subcutaneous Adipose Tissue Biopsies 
	Derivation of MetS Status and siMS Score 
	Immunohistochemistry 
	RNA Extraction, cDNA Synthesis, and Reverse Transcription-Quantitative Polymerase Chain Reaction (RT-qPCR) 
	DNA Constructs and Mutagenesis 
	Cell Culture, DNA Transfections, and Reporter Assays 
	Chromatin Immunoprecipitation (ChIP) Assays 
	Small Interfering RNA (siRNA) Transfection and Western Blotting 
	Pyrosequencing and Sanger Sequencing 

	Results 
	MetS Score Correlates with CAV1 Transcript and Protein Levels in Human AT 
	CAV1 rs1997623 Alters the Transcription Factor Binding Site Motif and Mediates EBF1 Binding 
	CAV1 rs1997623 Causes Induced Promoter Activity at its Locus 
	EBF1 siRNA Reduces the Expression of CAV1 in PreAdipocytes 

	Discussion 
	Conclusions 
	References

