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ABSTRACT Solute carrier 40A1 (SLC40A1) encodes ferroportin, which is the only
known transmembrane protein that exports elemental iron from mammalian cells
and is essential for iron homeostasis. Mutations in SLC40A1 are associated with iron-
overload disorders. In addition to ferroportin diseases, SLC40A1 expression is down-
regulated in various cancer types. Despite the clinical significance of the SLC40A1
transporter, only a few studies have investigated genetic variants in SLC40A1. The
present study was performed to identify genetic variations in the SLC40A 1 promoter
and functionally characterize each variant using in vitro assays. We investigated four
haplotypes and five variants in the SLC40A1 promoter. We observed that haplotype
3 (H3) had significantly lower promoter activity than H1, whereas the activity of H4
was significantly higher than that of H1. Luciferase activity of H2 was comparable to
that of H1. In addition, four variants of SLC40A1, c.-1355G>C, c.-662C>T, c.-98G>C,
and c.-8C>G, showed significantly increased luciferase activity compared to the wild
type (WT), whereas c.-750G>A showed significantly decreased luciferase activity
compared to the WT. Three transcription factors, cAMP response element-binding
protein-1 (CREB-1), chicken ovalbumin upstream promoter transcription factor 1,
and hepatic leukemia factor (HLF), were predicted to bind to the promoter regions
of SLC40AT near c.-662C>T, c.-98G>C, and c.-8C>G, respectively. Among these, CREB-
1 and HLF bound more strongly to the variant sequences than to the WT and func-
tioned as activators of SLC40A1 transcription. Collectively, our findings indicate that
the two SLC40A1 promoter haplotypes affect SLC40AT transcription, which is regu-
lated by CREB-1 and HLF.

INTRODUCTION

Solute carrier 40A1 (SLC40A1) encodes ferroportin, which ex-
ports iron from cells to the plasma. It is expressed in hepatocytes,
macrophages, monocytes, and basolateral membranes of entero-
cytes. Hepcidin, produced by hepatocytes, binds to ferroportin
and plays an important role in maintaining iron homeostasis by
controlling its internalization and degradation [1]. Mutations in
SLC40A1 are associated with iron-overload disorders. Two types
of diseases are caused by loss-of-function or gain-of-function of
this transporter. Loss-of-function of the transporter results in

type A ferroportin disease, which is clinically characterized by
normal or low transferrin saturation, hyperferritinemia, and iron
accumulation. The gain-of-function of the transporter leads to
type B ferroportin disease (also known as autosomal dominant
type 4 hemochromatosis), and patients with this disease exhibit
high transferrin saturation, hyperferritinemia, and iron overload
[2,3]. For example, the missense mutant p.W158C causes defec-
tive trafficking of ferroportin to the plasma membrane, and one
patient with this mutation showed normal transferrin saturation,
hyperferritinemia, and iron overload in macrophages. In contrast,
patients with another missense mutation, p.H506R, which causes
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resistance to hepcidin, have clinical features such as increased
transferrin saturation, hyperferritinemia, and iron accumulation
in hepatocytes [4].

In addition to ferroportin diseases, SLC40A1I is associated
with several cancers. It has been reported that the expression of
SLC40A1 is downregulated in various cancers, including breast,
prostate, lung, and ovarian cancers, because iron plays an impor-
tant role in numerous processes of carcinogenesis [5-8]. For ex-
ample, Pinnix et al. [8] reported that the expression of SLC40A1
is reduced in breast cancer, and that this decreased expression
correlates with the worst prognoses.

Despite the clinical importance of the SLC40A1 transporter,
a few functional single nucleotide polymorphisms (SNPs) in SL-
C40A1 have been characterized. In this study, we investigated the
effect of common haplotypes or genetic variants in the SLC40A1
promoter on its activity and the mechanism by which these
SLC40A1 variants alter promoter activity.

METHODS
Genetic analysis of the SLC40A 1 promoter

SNP data were obtained from the database of SNP (dbSNP) of
the National Center for Biotechnology Information (NCBL https:/
www.ncbi.nlm.nih.gov/snp/) to identify the common SNPs (mi-
nor allele frequency > 5%) in the promoter region (within -1.5 kb
from the translational start site) of SLC40A1. The frequencies of
these variants were obtained using data from the 1,000 Genomes
Project (Phase 3) for four ethnic groups: 661 African, 347 Ameri-
can, 504 East Asian, and 503 European individuals. Haplotype
assembly was performed using the Haploview 4.3 software (Broad
Institute). Nucleotide location numbers were assigned from the
translational start site based on the SLC40A1 mRNA sequence
(GenBank accession number: NM_014585.5).

Construction of plasmid containing the SLC40A1
variants

A 1,554 bp section of the SLC40A1 gene was amplified using
primers containing Kpnl and HindIII recognition sites to con-
struct a reporter plasmid containing SLC40A1 wild type (WT).
Then, the amplified product was inserted into the pGL4.11 [[uc2P]
vector (Promega Corporation). The plasmids containing the
SLC40A1 haplotypes or variants were generated using the Qui-
kChange II site-directed mutagenesis kit (Agilent Technologies).
All the primers used are listed in Supplementary Table 1. All the
vector DNA sequences were confirmed by direct sequencing.

Measurement of SLC40A1 the promoter activity

First, HCT-116 cells (human colon carcinoma) were seeded (1.2
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x 10° cells/well) in a 24-well plate. The next day, 500 ng of reporter
plasmids containing SLC40A1 WT or variants and 10 ng of
pGL4.74 Renilla vector (Promega Corporation) were transfected
into HCT-116 cells using Lipofectamine LTX and Plus reagents
(Life Technologies). After 48 h, luciferase activity was measured
using the Dual Luciferase Reporter Assay System (Promega Cor-
poration), according to the manufacturer’s protocol. To examine
effect of cCAMP response element-binding protein-1 (CREB-1),
chicken ovalbumin upstream promoter transcription factor 1
(COUP-TF1), and hepatic leukemia factor (HLF) on the promoter
activity of SLC40A1, SLC40A1 reporter plasmids were co-trans-
fected with increasing amounts (25-500 ng) of CREB-1 (Origene
Technologies Inc.), COUP-TFI (Origene Technologies Inc.), or
HLF (Horizon Discovery) cDNA into HCT-116 cells. Relative
luciferase activity was defined as the ratio of firefly luciferase to
renilla luciferase using the pGL4.74 Renilla vector.

DNA-protein binding assay

DNA-protein binding assays were performed using to 15 or 30
ug nuclear extract from HCT-116 cells. The interaction between
nuclear extract and biotin-labeled (labeled at 5’) oligonucleotides
was determined using DNA-protein binding assay kit (Colori-
metric) (Abcam), according to the manufacturer’s protocol. An-
tibodies against CREB-1 (Abcam), COUP-TF1 (Santa Cruz Bio-
technology), and HLF (Santa Cruz Biotechnology) were used in
this assay. Absorbance was measured at 450 nm using a VERSA-
max tunable microplate reader (Molecular Devices). The binding
activity between the DNA and proteins was calculated according
to the manufacturer's protocol. All oligonucleotides used in the
DNA-protein binding assays are listed in Supplementary Table 1.

Statistical analyses

Statistical analyses were performed using GraphPad Prism 8.0
(GraphPad Software Inc.). p-values of the luciferase assays were
calculated using a one-way analysis of variance (ANOVA), fol-
lowed by Dunnett’s two-tailed test. p-values of the DNA-protein
binding assays were calculated using the Student’s t-test. Statisti-
cal significance was set at p < 0.05.

RESULTS
Frequency of the SLC40A1 genetic variants

Using SNP data from the NCBI dbSNP, we examined the com-
mon SNPs (minor allele frequency > 5%) in the promoter region
(within —1.5 kb from the translational start site) of SLC40A1 and
identified the following eight SNPs: c.-1470C>T (rs16831699),
¢.-1461T>C (rs77227487), c.-1355G>C (rs3811621), c.-1098G>A
(rs10202029), ¢.-750G>A (rs13015236), c.-662C>T (rs12693542), c.-
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98G>C (rs13008848), and c.-8C>G (rs11568351). The frequencies
of these variants in four ethnic groups (661 African, 347 Ameri-
can, 504 East Asian, and 503 European individuals) were ob-
tained from the 1000 Genomes Project (Phase 3) (Table 1). Table
2 shows the frequencies of major haplotypes SLC40A1 promoter
region. Haplotype 3 (H3) contained the SLC40A1 WT mRNA se-
quence (NM_014585.5). H1 included three variants, c.-1355G>C,
¢.-750G>A, and c.-662C>T and H2 consisted of ¢.-1355G>C and
¢.-662C>T. H4 was composed of two variants, ¢.-98G>C and c.-
8C>G. Among the haplotypes, H1 showed the highest frequencies
in the three ethnic groups, East Asians, Americans, and Euro-
peans. In Africans, H2 had the highest frequency (27.2%), and
seven other haplotypes were found at frequencies of 5.5% to 9.9%
(Supplementary Table 2).

The effect of variants on the SLC40A 1 promoter activity

To examine the effects of variants on SLC40A1 promoter activ-
ity, we constructed reporter plasmids containing SLC40A1 haplo-
types or variants and performed luciferase assays to measure the
luciferase activities of SLC40A1 promoter haplotypes, which were
compared to that of HI, the most common haplotype in the East
Asian, American, and European groups. H3 showed significantly
decreased luciferase activity (26.7%), whereas H4 showed signifi-
cantly increased promoter activity (40.2%) compared to H1. The
promoter activity of H2 was comparable to that of the H1 (Fig.
1A). Next, we measured the luciferase activity of five SNPs: c.-
1355G>C, ¢.-750G>A, ¢.-662C>T, ¢.-98G>C, and ¢.-8C>G in those

four haplotypes. Their activities were then compared with those
of the WT. The activities of four variants, c.-1355G>C, c.-662C>T,
¢.-98G>C, and c.-8C>G, were significantly increased compared
to those of the WT. The activity of c.-750G>A was significantly
decreased by 14.6% compared with that of the WT (Fig. 1B).

Transcription factors that regulate the SLC40A1
promoter activity

First, the transcription factors that affect the regulation of
promoter activity for each SLC40A1 variant were predicted using
Consite (http://consite.genereg.net). As a result, three transcrip-
tion factors, CREB-1, COUP-TF1, and HLF, that can bind to the
promoter region of SLC40AI near c.-662C>T, c.-98G>C, and c.-
8C>G and there was quite difference in the binding affinity of
each transfection factor between the WT and variant sequences.
To validate this prediction, we conducted a DNA-protein bind-
ing assay. As a result, CREB-1 more strongly bound to the c.-
662T variant sequences by 15.1% than c.-662C WT sequences
(Fig. 2A). In addition, we observed that COUP-TF1 bound 19.2%
more strongly to the c.-98C variant sequences than to the c.-98G
WT sequences (Fig. 2B). Finally, we found that HLF bound more
strongly to the c.-8G variant sequences by 36.9% than c.-8C WT
sequences (Fig. 2C).

Table 1. Frequencies of SLC40A 1 genetic variations in the promoter region

Minor allele frequency

rs number Variant Minor allele
East Asian African American European

rs16831699 c.-1470C>T T 0.021 0.058 0.006 -
177227487 c.-1461T>C C 0.021 0.195 0.029 0.001
rs3811621 c.-1355G>C G 0.159 0.449 0.231 0.265
rs10202029 c.-1098G>A A 0.022 0.243 0.048 0.047
rs13015236 c.-750G>A G 0.319 0.834 0.350 0.399
rs12693542 C.-662C>T C 0.150 0.515 0.259 0.287
rs13008848 c.-98G>C C 0.044 0.014 0.110 0.227
rs11568351 c.-8C>G G 0.034 0.014 0.110 0.227

Data was obtained from the 1000 Genomes Project (Phase 3). Data was obtained from 504 East Asian, 661 African, 347 American, and

503 European individuals. SLC40A1, solute carrier 40A1.

Table 2. Frequencies of SLC40A 1 major haplotypes in the promoter region

D 1470 c-1461 c-1355 1098 c-750 c-662  c-98 c.-8 Frequency

=g >C G>C G>A C>A T G>C C>CG  FastAsian  African  American European
H1 C T C G A T G C 0.642 0.061 0.629 0.571
H2 C T C G G T G C 0.163 0.272 0.081 0.109
H3 C T G G G C G C 0.063 0.091 0.091 0.013
H4 C T G G G C C G 0.033 0.011 0.106 0.218

Single nucleotide polymorphisms are indicated in bold letters. SLC40A1, solute carrier 40A1.
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Fig. 1. The effect of SLC40A1 promoter haplotypes or variants on its promoter activity. Luciferase activities were measured 48 h after transfec-
tion of reporter plasmids containing SLC40AT haplotypes (A), or its variants (B) into HCT-116 cells. Relative luciferase activity of each haplotype or vari-
ant was compared to that of H1 or WT, respectively. Data shown represent mean + SD from triplicate wells in a representative experiment. SLC40AT,

solute carrier 40A1; WT, wild type. *p < 0.05, **p < 0.01, ***p < 0.001.
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Fig. 2. DNA-protein binding assays to examine the interaction between SLC40A1 promoter variants and transcription factors. Nuclear
extracts from HCT-116 cells interacted with biotinylated oligonucleotide of CREB-1 consensus, c.-662C WT, or c.-662T variant (A) and biotinylated
oligonucleotide COUP-TF1 consensus, ¢.-98G WT, or c.-98C variant (B) and biotinylated oligonucleotide of HLF consensus, c.-8C WT, or c.-8G variant
(C). DNA-protein binding assay was performed using antibodies against CREB-1, COUP-TF1, or HLF. Data shown represent mean + SD from three inde-
pendent experiments. SLC40A1, solute carrier 40A1; WT, wild type; CREB-1, cAMP response element-binding protein-1; COUP-TF1, chicken ovalbumin
upstream promoter transcription factor 1; HLF, hepatic leukemia factor; OD, optical density. *p < 0.05, **p < 0.01 vs. WT.

The effect of CREB-1, COUP-TF1, or HLF on the
SLC40A1 promoter activity

Luciferase assays were performed after the co-transfection

of SLC40A1 WT or variants and each transcription factor into
HCT-116 cells to examine the effects of CREB-1, COUP-TF1, and

Korean J Physiol Pharmacol 2024;28(2):113-120

HLF on SLC40A1 promoter activity (Fig. 3). CREB-1 and HLF
significantly increased the luciferase activity (Fig. 3A, C), whereas
COUP-TF1 decreased the luciferase activity in a dose-dependent
manner (Fig. 3B). To determine whether overexpression of tran-
scription factors affects cell viability, we performed cell viability
assays using cell counting kit-8 assay kit (Dojindo Laboratories

https://doi.org/10.4196/kipp.2024.28.2.113
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Co.) after co-transfecting HCT-116 cells with reporter plasmids
containing SLC40A1 WT or variants and transcription factors—
CREB-1, COUP-TF1, and HLE. The amount of each transcrip-
tion factor was selected based on the largest amount used in the
luciferase assay. We compared whether cell viability differed
when the transcription factors were overexpressed compared to
when they were not overexpressed. We found that none of the
transcription factors had any significant effect on the cell viability
(Supplementary Fig. 1). In addition, using a luciferase assay after
co-transfection of a SLC40A1 W'T reporter plasmid and five tran-
scription factors—GATA binding protein 2 (GATA-2), nuclear
factor erythroid 2 (NF-E2), nuclear transcription factor Y (NF-Y),
NK2 transcription factor related, locus 5 (NKX-2.5), and sex-de-
termining region Y gene (SRY)—that were predicted not to bind
to the SLC40A1 promoter, we confirmed that these transcription
factors had no significant effect on the SLC40A1 promoter activ-
ity (Supplementary Fig. 2).

DISCUSSION

In the present study, we investigated the effects of SLC40A1
promoter variants on its promoter activity. First, we measured
the luciferase activity of the four major promoter haplotypes and
observed that two changed the activity significantly compared to
that of H1. H3 showed significantly decreased luciferase activity,

www.kjpp.net

response element-binding protein-1; COUP-TF1, chicken ovalbumin
upstream promoter transcription factor 1; HLF, hepatic leukemia factor.
**p < 0.01, ***p < 0.001 vs. naive promoter activity.

whereas H4 showed significantly increased luciferase activity. We
then measured the luciferase activity of five variants and observed
that four promoter variants, c.-1355G>C, ¢.-662C>T, ¢.-98G>C,
and c.-8C>G, significantly increased luciferase activity, whereas
one variant, ¢.-750G>A, showed significantly decreased luciferase
activity.

Three transcription factors, CREB-1, COUP-TF1, and HLF,
were predicted to bind near the variants c.-662C>T, ¢.-98G>C,
and ¢.-8C>G, respectively, and there was a large difference in the
binding affinity of each transcription factor between the WT and
variant sequences. The results of the DNA-protein binding assay
were consistent with this prediction. We found that all three tran-
scription factors bound to the variant sequences were stronger
than those bound to the WT sequences.

CREB-1 is expressed in various cell types and regulates pro-
moter activity by binding to cAMP-responsive elements [9].
Previous studies have shown various role for CREB-1 in the body,
such as in B cell development, memory performance, and promo-
tion of hepatic fibrosis [10-12]. In addition, CREB-1 is related with
poor prognosis in breast cancer and increased susceptibility to
major psychiatric disorders [13,14]. Nabokina et al. [15] reported
that CREB-1 binds to the promoter of SLC44A4, a human thia-
mine pyrophosphate transporter, and activates its promoter.

COUP-TF1 plays important roles in normal brain development,
regulation of hepatitis B virus transcription, and differentiation
of oligodendrocytes [16-18]. COUP-TFI is associated with several

Korean J Physiol Pharmacol 2024;28(2):113-120
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cancers. For example, COUP-TF1 acts as a barrier to the dis-
semination of early-stage breast cancer cells [19]. Another study
reported that the expression of COUP-TFI is inversely correlated
with androgen levels, which play an important role in prostate
cancer [20].

HLF (originally known as E2A-HLF) is a member of the PAR
subfamily of basic leucine-zipper proteins [21]. HLF regulates
hematopoietic cell development, and ectopic expression of HLF
promotes cell death [22,23]. In addition, HLF is involved in the
development of hepatocellular carcinoma and liver fibrosis [24,25].
In childhood acute lymphocytic leukemia, E2A-HLF generated
by the translocation [17,19] is associated with a high mortality rate
[26]. Interestingly, in the case of gliomas, HLF is downregulated
compared to that in the normal brain and is related to a higher
survival rate [27]. Recently, we reported that HLF binds to the
ATP-binding cassette subfamily 4 (ABCA4) promoter and func-
tions as an activator of ABCA4 transcription [28].

In the present study, we observed that CREB-1 and HLF
activated the transcription of SLC40A1, whereas COUP-TFI
functioned as a repressor. These data suggest that the increased
luciferase activities of the variants c.-662T and c.-8G are related
to stronger binding affinities of CREB-1 and HLF, respectively, to
variant sequences than to WT sequences. In the case of c.-98G>C,
the variant c.-98C showed significantly increased luciferase ac-
tivity, although the binding affinity of COUP-TFI was stronger
for this variant than for the WT. This finding indicated that
transcription factors other than COUP-TFI are involved in the
increased transcriptional activity of c.-98G>C.

In most cases, genetic testing for personalized drug treatment
is performed when the drug target is a gene [29]. However, re-
searchers continue to report genetic research results and present
clinical guidelines to provide personalized treatment to patients
based on their genetic information. For example, the guideline
based on solute carrier organic anion transporter family member
1B1 (SLCOIBI), ATP-binding cassette G2 (ABCG2), and cyto-
chrome P450 2C9 (CYP2C9) genotype information was recently
reported to improve the safety and efficacy of statins [30]. This
study revealed that two SLC40A1 promoter haplotypes signifi-
cantly change promoter activity in vitro. In addition to missense
mutants that cause gain- or loss-of-function of the transporter,
genetic variants within the promoter, such as those in this study,
can have a significant impact on disease susceptibility or course.
For example, haplotypes consisting of the promoter variant of
organic cation/carnitine transporter 2 (OCTN2), ¢.-207G>C, and
the p.L503F variant of OCTNI are significantly correlated with
susceptibility to Crohn's disease [31-34]. We previously reported
that OCTNI or OCTN2 promoter haplotypes that significantly
reduce the activity of their promoters have a significant impact
on the progression of Crohn's disease in Koreans [35,36]. Further
studies will be needed to determine whether SLC40A1 pro-
moter haplotypes have clinical utility for diseases related to the
SLC40A1 transporter.

Korean J Physiol Pharmacol 2024;28(2):113-120

SLC40A1 transporter functions as an exporter of iron outside
the cells. The loss-of-function or gain-of-function of this trans-
porter caused by missense mutants results in iron-overload disor-
ders [2,3]. The expression of SLC40A1 is associated with various
cancers. For example, the accumulation of iron ions in the body
due to decreased expression of SLC40A1 is significantly corre-
lated with an increased risk and progression of colon cancer [37].
Recently, it was found that inhibiting the expression of SLC40A1
promotes the proliferation of prostate cancer [38]. In addition, the
expression of SLC40A1 is known to affect the response to anti-
cancer treatment in patients with cancer. Previously it has been
reported that inhibition of SLC40A1 expression induces cisplatin
resistance in ovarian cancer [39]. Another study found that re-
duced SLC40A1 expression increases sensitivity to chemotherapy
in patients with acute myeloid leukemia [40].

In the present study, we found that two SLC40A1 haplotypes
changed their promoter activity, and that CREB-1 and HLF were
involved in transcriptional regulation. To the best of our knowl-
edge, this is the first study to examine the effect of genetic vari-
ants in the SLC40A1 on its promoter. Further studies are needed
to determine whether these haplotypes affect iron transport in
the body or whether they affect the susceptibility and prognosis
of other disorders such as cancer.
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