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Abstract
SVCT2 is the major transporter mediating vitamin C uptake in most organs. Its expression is
driven by two promoters (CpG-poor exon 1a promoter and CpG-rich exon 1b promoter). In this
work we mapped discrete elements within the proximal CpG-poor promoter responsible for the
exon 1a transcription. We identified two E boxes for USF binding and one Y box for NF-Y
binding. We further show that the formation of an NFY/USF complex on the exon 1a promoter
amplifies each other's ability to bind to the promoter in a cooperativity-dependent manner and is
absolutely required for the full activity of the exon 1a promoter. The analysis of the CpG site
located at the upstream USF binding site in the promoter showed a strong correlation between
expression and demethylation. It was also shown that the exon 1a transcription was induced in cell
culture treated with demethylating agent decitabine. The specific methylation of this CpG site
impaired both the binding of USF and the formation of the functional NF-Y/USF complex as well
as promoter activity, suggesting its importance for the cell-specific transcription. Thus CpG
methylation at the upstream USF binding site functions in establishing and maintaining cell-
specific transcription from the CpG-poor SVCT2 exon 1a promoter.
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Introduction
Since most mammalian cells and all human cells are unable to synthesize vitamin C, or
ascorbic acid, they are dependent upon uptake of the vitamin from their surroundings. This
uptake is mediated primarily by one of two sodium-and energy-dependent vitamin C
transporters, termed SVCT1(slc23a1) and SVCT2 (slc23a2) [1]. They belong to a family of
nucleobase transporters and lack structural homology with any other mammalian membrane
transporter. Although the SVCT1 and SVCT2 have a high sequence homology, they have
distinct cellular distributions. The SVCT1 is located primarily in intestinal epithelium and
renal proximal tubule cells, where it mediates ascorbate absorption and reabsorption,
respectively. The SVCT2, on the other hand, has a more generalized tissue distribution in
most major organs, with highest expression noted in brain and neuroendocrine tissues, such
as pituitary and adrenal gland.

The presence of the SVCT2 is crucial for life, since its targeted deletion in the mouse fails to
produce viable pups [2]. Although SVCT2-deficient embryos typically survive until birth,
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they die shortly thereafter, failing to take a first breath and inflate the lungs. The cause of
death seems to relate to damage in the brain due to capillary hemorrhage. This is most
evident in the cortex, but also occurs in areas of the lower brain crucial for control of body
functions, including respiration.

Despite its importance for maintaining intracellular ascorbate, little is known about
transcriptional regulation of the SVCT2. Both SVCT isoforms are predicted to cross the
plasma membrane 12 times and contain potential intracellular protein kinase A and C
phosphorylation sites [1]. In nucleated cells a variety of agents enhance SVCT2 expression
at the level of mRNA, protein, and function. In some instances this accompanies cell
differentiation, such as with zinc [3], calcium/phosphate ions [4] and phorbol ester
stimulated human monocyte differentiation [5]. In others it is not related to cell
differentiation, such as when induced by glucocorticoids [6], epidermal growth factor [7], or
hydrogen peroxide [8]. Whereas these results show transcriptional regulation of the SVCT2,
they do not define the molecular mechanism by which this occurs.

Gene regulation of the human SVCT2 is unusual in that it is driven by the interaction of two
promoters [9]. Both SVCT2 promoters (P1 and P2) are located immediately upstream of the
first two exons (named exon1a and exon1b). P1 and P2 originate two 5' untranslated region
(5' UTR) variants, since the putative translation start site is located in exon 3 [9]. By
computer analysis of the promoter sequence, only a small number of putative cis-acting
elements are located in the proximal region of P1 including XBP/USF, NFY, HIF, FAST-1,
SMAD3 and a gut-enriched Krueppel-like factor, while the proximal region of P2 appears to
have multiple putative cis-acting elements for zinc finger transcription factor sites (4 sites,
ZBT-89), Sp1 sites (3 sites), EGR-1 sites (2 sites), an AP2 site, a metal transcription factor
site (MRE) and a Myc-associated zinc finger protein (MAZ) [9].

In this report, we map the discrete elements responsible for the activity of the P1/exon 1a
promoter. The proximal binding sites for the transcription factors Upstream Stimulating
Factor (USF) and Nuclear Factor-Y (NF-Y) mediate transcriptional regulation of the SVCT2
exon 1a. We show that NF-Y protein that binds to the Y box complexes and cooperates with
USF1/2 bound to the upstream E box, activating the transcription of the exon 1a. These
results prompted us to investigate the involvement of an epigenetic mechanism in the
regulation of the cell-specific transcription of the exon 1a. Our results suggest that CpG
methylation at the upstream USF binding site in the exon 1a promoter is important for its
cell-specific expression and is the primary mechanism for the silencing of the exon 1a gene.

Materials and methods
Reagents

The antibodies against USF1 (C-20), USF2 (C-20), TFII-I (H-58), and NF-YA (C-18) were
purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Biotin end-labeled or
unlabeled oligonucleotides and other chemicals were from Sigma Chemical Co.

Cell Culture
Human cell lines HeLa (cervical cancer), U2OS (osteosarcoma), HepG2 (liver carcinoma),
SHS-Y5Y (neuroblastoma), HT1080 (fibrosarcoma), HEK293 (embryonic kidney), PMC42
(breast carcinoma), HCA-7 (colonic adenocarcinoma), HCT116 (colorectal carcinoma) and
Caco-2 (epithelial colorectal adenocarcinoma) were maintained in DMEM with 10% FBS.
Human umbilical vein endothelial cells (HUVEC) were cultured in Endothelial Cell
Medium (ScienCell, CA). EA.hy926 cells derived from fusion of HUVEC with A549 (lung
adenocarcinoma epithelial cell line) were cultured in DMEM that contained 10% FBS and
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HAT media supplement. THP-1 human myeloid leukemia cells were maintained in RPMI
medium with 10% FBS, 0.05 mM 2-mercaptoethanol.

Plasmid constructs
The reporter constructs for the exon 1a promoter and the various exon 1a mutants as
indicated were prepared by PCR with −1983/+266-luc [9] as the template. Digested PCR
products were inserted into pGL3-basic vector (pCpGL-basic vector for data in Fig. 9B and
C) and verified by sequencing. The expression vectors for NF-Y subunits, dominant-
negative mutant NF-YA13m29, USF1/2, dominant-negative mutant A-USF, and c-Myc
were all previously described [10–13]. The pCpGL-basic luciferase reporter vector which
completely lacks CpG dinucleotides was kindly provided by Dr. Rehli [14].

Transient transfection and luciferase assays
Cells were seeded in 24-well plates and grown to ~70% confluence. On the following day,
the cells were co-transfected with 0.1 to 0.5 μg of reporter plasmid, 5 ng of Renilla plasmid
pRL-CMV, 0.2 to 0.4 μg of plasmids expressing the genes of interest or empty vector
plasmid to compensate for the amount of DNA. Fugene HD reagent (Roche, IN) was used
for the delivery of plasmids into cells. At 24 h after transfection, cell lysates for
measurement of firefly and Renilla luciferase activities were prepared using Passive Lysis
Buffer (Promega) according to the manufacturer's manual.

Electrophoresis mobility shift assays (EMSA)
For in vitro binding reactions, 2 μl of NE was incubated with the biotin end-labeled probes
at room temperature for 20 minutes in 10 mM Tris pH 7.5, 50 mM KCl, 50 mM NaCl, 1
mM DTT, 0.5 mM EDTA, 5% glycerol, 0.1% NP-40, 5 mM MgCl2, 1 mg/ml BSA, and 50
ng/μl poly dI-dC. For competition or super-shift experiments, the NEs were treated with
excessive amounts of unlabeled probes or 1 to 4 μg antibody for 30 minutes at room
temperature prior to the addition of the biotin end-labeled probes. The reaction products
were then loaded onto 4.5% polyacrylamide gel electrophoresis (PAGE) and run at 100 V in
0.5× TBE buffer for 1.5 hours following the detection according to the manufacturer's. The
nucleotide sequences for each of the probes are depicted in Table 1.

Chromatin immunoprecipitation assay
Chromatin immunoprecipitation assay (ChIP) assays were performed via a commercially
chromatin immunoprecipitation kit (Cell Signaling, MA), using antibodies against either
USF1, USF2, NF-YA or TFII-I. Briefly, cell contents were first cross-linked by adding
formaldehyde. Cross-linked lysates were then digested by Micrococcal nuclease. After
digestion, the samples were centrifuged and the supernatants were diluted 5-fold in ChIP
buffer. Cross-linked chromatin was incubated overnight with USF1, USF2, NF-YA antibody
or normal rabbit IgG at 4°C. Antibody-protein-DNA complexes were isolated by
immunoprecipitation with 30 μl of protein G magnetic beads. After extensive washing,
pellets were eluted and formaldehyde cross-linking was reversed by 2-h incubation at 65°C
after addition of Proteinase K and NaCl. Samples were purified and used as a template for
PCR. ChIP primers 5-GTTCCACTTTCACCCACGTGAGC-3 and 5-
GAGAAGATGAATGGCCCTGCTCCA-3 were used to amplify a 119-base pair fragment
corresponding to the core exon 1a promoter.

Bisulfite genomic sequencing to analyze methylation patterns
Genomic DNA was isolated from HeLa, HepG2, U2OS, THP-1, EA.hy926, CaCo-2, SHS-
Y5Y, HCA-7 and HCT116 via a commercially Genomic DNA purification kit (Promega,
WI). Bisulfite modification of genomic DNA was carried out using the CpGenome Fast
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DNA Modification Kit (Millipore, MA). The PCR primers for amplification of the exon 1a
promoter containing the upstream E box were: forward primer 5-
gggagctcTGGGTTAAGAGATGTTTAGATAGTTGGTAAAAT-3, and reverse primer 5-
cggctagcCCCTACCTTTTTATTCTATCTAAACCCACAATAA-3. The digested PCR
fragments were sub-cloned into the pGL3-basic vector for sequencing.

In vitro methylation of oligonucleotides and reporter plasmids
SssI methylase (NEB, MA) was used for the methylation of EMSA oligonucleotides and of
the SVCT2 exon 1a promoter-luciferase constructs. Oligonucleotides and pCpGL-basic
constructs were incubated with methylase according to the manufacturers' recommendations.
In each case, half of the DNA was treated in the same manner in the absence of methylase as
mock methylation.

RNA isolation and RT-PCR
Total RNA was isolated using TRIZOL reagent (GIBCO, Grand Island, NY), and 2 μg was
reverse-transcribed using iScript cDNA synthesis kit (Bio-Rad, Carlsbad, CA).
Amplification was performed using Advantage 2 PCR kit (Clontech, Mountain View, CA).
The PCR products were separated on 1% agarose gels. The parameters and primers for
SVCT2 were described previously [5].

Results
The exon 1a promoter activity is dependent on the −92/−87-bp E box

Most of the activity of the human exon 1a promoter in both HeLa and EA.hy926 cells is
present in the 106 base pair region upstream from the transcription start site (Fig. 1A). This
region of the promoter contains two highly conserved E box elements that are near-
consensus matches for the optimal USF binding site. To determine whether one or both of
these are important for the exon 1a promoter activity, reporter constructs with deleted or
mutated E boxes were constructed. Deletion of the upstream E box beyond −83 bp
completely eliminated the activity of the exon 1a promoter in both HeLa and EA.hy926 cells
(Fig. 1B). That this decrease in activity was due to deletion of the E box was evident with
mutations of the upstream E box (Fig. 1C and D), which also showed nearly complete loss
of promoter activity in both cell types when elements of the E box were mutated (mt1, mt2
and mt4) [15–17], but not when a preceding cytosine was changed to a thymidine (mt3)
[18]. Changing the E box sequence to that of the TFE3 binding site (CACATG), an
alternative binding site for Myc/Max [19–21] but not for USF [16], dramatically impaired
the exon 1a promoter activity (mt1). Furthermore, the T/A flanking residue modification
preferred by USF [18] did not affect the exon 1a promoter activity, strongly suggesting the
upstream E box is a USF-type (mt3). In contrast to the upstream E box, mutation of the
downstream USF-type E box (−106/+266mE2) [22]did not significantly affect the basal
transcriptional activity of the exon 1a promoter (Fig. 1E and F). These results illustrate the
crucial importance of the upstream USF-type E box for the exon 1a promoter activity. As
the control, the +7/+266 fragment showed no significant promoter activity compared with
the pGL3-basic vector (data not shown).

USF specifically recognizes both upstream and downstream E boxes within the exon 1a
promoter and differentially regulates the exon 1a promoter activity

To show that the putative E boxes in the exon 1a promoter actually bind USF, EMSA
experiments were performed. The results shown in Fig. 2A demonstrate that a shifted
complex was observed when the DNA fragment containing upstream E box was incubated
with HeLa, EA.hy926 or THP-1 nuclear extracts (lanes 2, 12 and 22). The band appears to
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be a doublet and this finding is consistent with published observations of alternative splicing
of USF2 [23]. Unlabeled E box 1 (upstream) or E box 2 (downstream) oligonucleotide
abolished the binding (lanes 3, 4, 13 and 14), whereas mutated E box 1 (mE box 1), mutated
E box 2 (mE box 2) or a 33-bp nonspecific competitor oligonucleotide containing the
sequence of the xanthine dehydrogenase/xanthine oxidase promoter (XDH/XO) did not
affect binding (lanes 5, 6, 7, 15, 16 and 17). Antibodies against USF1 and USF2 were both
capable of super-shifting the putative binding complex (lanes 8, 9, 18, 19, 23 and 24). As a
control, TFII-I antibody did not cause any super-shift band or affect the binding intensity
(lanes 10, 20 and 25). Similar results were also observed in HeLa, EA.hy926 and THP-1
nuclear extracts with the DNA fragment containing downstream E box (Fig. 2B). These
results suggest that USF1 and USF2 were the major transcription factors binding to the
upstream and downstream E boxes of the exon 1a promoter.

Involvement of specific transcription factors in the E box-dependent expression of the exon
1a promoter was also examined using co-transfection. First, responsiveness of the promoter
to exogenous USF1, USF2, or c-Myc was assessed (Fig. 2C). This analysis revealed
selectivity in the response of the promoter to different E box-binding factors. Reporter gene
activity was increased by about 3-fold in USF1-overexpressing cells, by about 9-fold in
USF2-overexpressing cells and by about 16-fold in USF1/2-overexpressing cells. In striking
contrast, c-Myc had essentially no effect on the exon 1a promoter activity, consistent with
the above results. Additionally, the mutation of the upstream E box abrogated USF1/2-
mediated transcriptional activation, suggesting this E box and its bound USF play a critical
role in the USF-induced response. Intriguingly, the construct with mutation of the
downstream E box, which exhibited full promoter activity under basal conditions (Fig. 1F),
had 2–3-fold more robust promoter activity in response to increased cellular USF than when
both E boxes were present (Fig. 2C). Finding that USF-dependent promoter activity
increases when the downstream E box is absent suggests that it suppresses the exon 1a gene
transcription.

To further confirm the involvement of USF family members in the exon 1a promoter
regulation, a specific dominant-negative mutant, A-USF [12], was employed to interfere
with binding of the endogenous USF to the exon 1a reporter gene. A nearly fivefold
decrease in the exon 1a promoter activity was observed in the presence of A-USF, indicating
an essential role of endogenous USF in activating transcription from the exon 1a E box (Fig.
2D). Taken together, these results indicated a prominent role of USF1/2 in the regulation of
the exon 1a promoter activity.

The −74/−70-bp Y box within the exon 1a promoter confers activity and binds the NF-Y
protein

Sequence analysis of the proximal promoter (−106/+266) also revealed a canonical CCAAT
box located in the −74/−70 region, 12 base pairs downstream to the upstream USF binding
site (−92/−87) (Fig. 1A). To investigate the potential role of this cis-element in the
regulation of the exon 1a promoter, the CCAAT sequence in the −106/+266-luc reporter
construct was destroyed to generate the “−106/+266YD” construct (Fig. 3A). This construct
eliminated most of basal promoter activity (Fig. 3A), suggesting an important role for the
CCAAT box in maintaining the exon 1a promoter activity. Although a number of
transcription factors are reported to recognize the CCAAT box [24–27], subsequent analyses
reveal that there is divergence in the recognition sequence of CCAAT and that only NF-Y
exclusively requires the bona fide CCAAT sequence [26;28;29]. To test whether NF-Y was
capable of binding to this CCAAT motif, we performed EMSA using HeLa, EA.hy926 and
THP-1 cell nuclear extracts with a probe bearing the CCAAT motif. As shown in Fig. 3B,
DNA-protein complexes were formed (lanes 2, 8, 11 and 18), and were abolished by the
addition of excessive unlabeled probe (lanes 3 and 12). An excess of unlabeled probe
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bearing a mutation that impairs the binding of NF-Y failed to compete (lanes 4 and 13). An
antibody specific to NF-YA super-shifted a substantial amount of the formed DNA-protein
complex (lane 5) and this was increased with the use of additional amounts of antibody
(lanes 9, 14 and 19). On the other hand, normal rabbit serum and anti-YY1 antibody failed
to super-shift the complex (lanes 6, 7, 15, 16, 20 and 21). These data demonstrated that the
NF-Y trimer was present in the specific DNA-protein complex.

To investigate the function of NF-Y in regulating the exon 1a promoter activity, NFY
constructs were co-transfected with the −106/+266 reporter construct into HeLa cells. As
shown in Figure 3C and D, a doubling of transcription was observed. In contrast, the
mutation of the Y box (−106/+266YD) abrogated any response to NF-Y. On the other hand,
a dominant-negative mutant form of NF-YA, termed NF-YA13m29 [10], halved promoter
activity stimulated by the −106/+266 construct. These observations demonstrated that the
exon 1a promoter activity is activated by cellular NF-Y.

NF-Y and USF form an activating complex on the exon 1a promoter
We next used EMSA to address the question of whether binding of NF-Y protein to the Y
box complexes with USF bound to the adjacent E box. Using a 59-bp exon 1a probe
containing both boxes (E/Y), we detected a band that migrated slower than when the probes
of either box alone were used (Figure 4A, lanes 1–3 and 8–10). Formation of this band was
blocked by inclusion of excessive amounts of either unlabeled E box 1, Y box, or XDH/XO
probe (lanes 4, 5, 11, 12 and 13). The formation of the slowly migrating band was dependent
on the integrity of both the Y box and the adjacent E box. An E/Y probe containing either a
Y box mutation (E/YmY) or an E box mutation (E/YmE) failed to produce this specific band
(lanes 6, 7, 14 and 15). Likewise, inclusion of antibodies against USF1, USF2, or NF-YA
into the promoter/NE reaction caused a super-shift band, whereas an antibody to TFII-I did
not (Figure 4B). Therefore, the DNA-binding protein complex responsible for this retarded
mobility band contains not only NF-Y but also USF1/2, and these proteins bind specifically
to E box 1 and Y box, respectively.

To further examine the relationship between NF-Y/USF complex formation and the exon 1a
activation, we performed both EMSA and transient transfections by using a promoter
construct in which an additional 16-bp sequence was inserted between the E box and Y box
in the exon 1a promoter (Fig. 4C. ii). Increasing the distance between the NF-Y- and USF
binding sites without disturbing their surrounding sequences resulted in 62% reduction in
reporter activity (Fig. 4C. i). In contrast, the introduction of a non-canonical USF binding
site (CACGAG) at the normal distance from the Y box restored most of the exon 1a
promoter activity (Fig. 4C. i). Addition of this same 16-bp sequence to the exon 1a promoter
oligonucleotide probe also greatly inhibited the formation of the retarded mobility band
representing most of promoter-bound NF-Y and USF signals (Fig. 4D). Taken together,
these results suggest that full functioning of the exon 1a promoter requires the formation of
the protein complex including both NF-Y and USF1/2 on the promoter.

The findings that the formation of NF-Y/USF complex is prerequisite for the exon 1a
promoter activity suggest that their association could be important in some aspect of their
binding to the exon 1a promoter. To test if the binding of USF1/2 to the E box were
stabilized by the binding of NF-Y to the Y box, or vice versa, we incubated serial dilutions
of unlabeled E box 1 or Y box oligonucleotide together with the labeled exon 1a probe
containing both boxes (E/Y), and measured the strength of USF/NF-Y binding in EMSA. As
shown in Figure 5A, USF1/2 or NF-Y in NF-Y/USF complex clearly had higher binding
affinity for their respective target sequence because USF1/2 or NF-Y binding in the absence
of adjacent NF-Y or USF1/2 binding was fully competed at a lower concentration than was
required for USF1/2 or NF-Y binding in NF-Y/USF complex. Similarly, the unlabeled E/Y
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oligonucleotide competed more efficiently for the formation of the NF-Y/USF complex on
the promoter than the oligonucleotides mutated at either the Y box (E/YmY) or the E box
(E/YmE) (Figure 5B). These data clearly demonstrate NF-Y and USF1/2 amplify each
other's ability to bind to the exon 1a promoter in a cooperativity-dependent manner.

Binding of USF and NF-Y to the proximal exon 1a promoter in cells
Chromatin immunoprecipitation (ChIP) of cell extracts was used to directly assess the
presence or absence of USF and NF-Y bound to the proximal promoter of the endogenous
exon 1a gene. As shown in Fig. 6A, a 119-bp fragment spanning the exon 1a proximal
promoter was detected by PCR in 2% Input, but no specific band was detected when ChIP
was performed with normal rabbit IgG. When DNA from HeLa, EA.hy926 and THP-1 cells
was immunoprecipitated with antibodies to USF1/2 and NF-YA, the 119-bp region was
detected. As a control for non-specific protein-DNA interactions, we also amplified a
genomic fragment containing a TFII-I site where no sites for USF and NF-Y are detectable
by sequence analysis. The resulting 113 bp fragment from HeLa cells was
immunoprecipitated by an antibody to TFII-I, but not significantly by antibodies to USF or
NF-Y (Fig. 6B). These results show that all of these transcription factors are bound to their
cognate sites on the endogenous SVCT2 exon 1a promoter in intact cells.

CpG methylation at the upstream USF binding site contributes to cell-specific expression
of the exon 1a

To assess whether the SVCT2 exon 1a is widely expressed, we measured its mRNA
expression in 13 cell lines, with results shown in Fig. 7. In contrast to the ubiquitously
expressed SVCT2 exon 1b (bottom panel), the exon 1a mRNA transcript was specifically
expressed in only four of thirteen cell lines (top panel; THP-1 monocytes, HepG2 liver cells,
EA.hy926 endothelial cells, and faintly in Caco-2 colonic intestinal cells). This is the first
evidence that the expression of the SVCT2 exon 1a exhibits cell-specificity. Since USF and
NF-Y are ubiquitously expressed transcription factors, they are not likely to account for the
cell-specific expression of the exon 1a.

Since some mammalian genes exhibit an inverse correlation between the extent of DNA
methylation and gene activity [30–32], we examined CpG methylation and its correlation
with cell-specific expression of the exon 1a. To accomplish this, two of the non-expressing
cell lines were treated with the demethylating agent decitabine (5-aza-2'-deoxycytidine;
DAC) for 96 h. Expression of the exon 1a was significantly induced in both HeLa and
HT1080 cells (Fig. 8A), suggesting that methylation of CpG sites in the exon 1a promoter
region silences the exon 1a gene expression. The upstream USF binding site in the exon 1a
promoter has a CpG site, a potential target for DNA methylation in mammals. Thus, we
prepared chromosomal DNA and analyzed the methylation status of the CpG site by
bisulfite genomic sequencing. As shown in Fig. 8B and Fig. S1, bisulfite genomic
sequencing revealed that the CpG at the upstream USF binding site was methylated in HeLa,
U2OS, SHS-Y5Y, HCA-7 and HCT116 cells (no exon 1a expression), but not in HepG2,
THP-1, EA.hy926 and CaCo-2 cells (exon 1a expression with various levels). This indicates
that the methylation status of the CpG dinucleotide at the upstream USF binding site
reflected the cell-specificity of the exon 1a expression.

To further investigate whether CpG methylation at the upstream USF binding site affected
USF binding, EMSA was carried out. CpG methylation at the upstream USF binding site
abolished USF binding (Fig. 9A), whereas NF-Y binding to the Y box was not affected in
the absence of the CpG site. Furthermore, CpG methylation at the upstream USF binding
site apparently impaired the formation of functional NF-Y/USF complex, although USF was
still able to form NF-Y/USF complex on the exon 1a promoter in the presence NF-Y binding
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(lanes 5, 6, 11, 12, 17 and 18). This observation also further confirmed that NF-Y can
stabilize USF1/2 binding to the exon 1a promoter.

We also evaluated the effect of CpG methylation on the exon 1a promoter activity. Since
traditional pGL3 reporter vector contains a large number of backbone CpG residues and
significantly represses a CpG-free promoter when methylated, we employed a novel
luciferase reporter vector, pCpGL, which completely lacks CpG dinucleotides and can be
used to study the effect of promoter DNA methylation in transfection assays [14]. As shown
in Fig. 9B, CpG methylation of the proximal promoter (−106/+266) significantly inhibited
the exon 1a promoter activity, and CpG methylation at the USF binding site (a second CpG
site in −106/+100G is mutated) also impaired the promoter activity. NF-Y over-expression
failed to restore the methylated promoter activity (Fig. 9C).

Together, these results demonstrate that: (i) NF-Y can indeed stabilize the ability of USF1/2
to bind to the exon 1a promoter; (ii) CpG methylation at the upstream USF binding site is
associated with cell-specific expression of the exon 1a by disrupting the cooperation of NF-
Y with USF1/2.

Discussion
In this report, we mapped the discrete cis-acting elements responsible for the transcriptional
activity of the SVCT2 exon 1a promoter. Specific protein binding sites were identified by
the introduction of mutations within these elements. The transcription factors USF1/2 and
NF-Y were shown to bind to active elements of the promoter. This represents the first
characterization of the upstream elements important to SVCT2 gene expression related to
this promoter, while site-specific DNA methylation appears to be associated with cell-
specific expression of the gene.

The trimeric transcription factor NF-Y was identified as an activator of the expression of the
SVCT2 exon 1a through its binding to the CCAAT Y box motif on the exon 1a promoter in
cooperation with USF1/2 binding to the upstream E box. The NF-Y complex consists of 3
subunits encoded by 3 different genes. Current models suggest that NF-YB and NF-YC first
form heterodimers, which then serve as a platform to recruit NF-YA proteins. Once
recruited to this trimeric complex, the DNA-binding domain of NF-YA can specifically bind
to the consensus sequence. Consistent with this, our in vitro EMSA studies showed the
presence of the key NF-YA subunit on the exon 1a promoter. Furthermore, NF-YA-linked
chromatin immunoprecipitation confirmed NF-Y binding to the endogenous exon 1a
promoter, along with USF1/2. EMSA experiments demonstrated that NF-Y and USF1/2 can
significantly increase each other's DNA binding ability to the promoter in a cooperativity-
dependent manner when NF-Y and USF1/2 bind to the Y box and E box, respectively.
Although this cooperation may occur due to either altered DNA structure following NF-Y/
USF protein binding or a direct protein interaction between the NF-Y/USF proteins at the
promoter, the detailed mechanism still remains to be determined. Our co-transfection studies
also showed that the NF-Y trimer and USF heterodimer activated the exon 1a promoter
constructs in HeLa cells. Most importantly, the exon 1a promoter activity depends on the
presence of the USF and NF-Y binding sites in the exon 1a promoter as well as on the
formation of a functional transcriptional regulatory complex including NF-Y and USF1/2.
Correct spacing between the two binding sites is also a crucial aspect in the exon 1a
promoter proficiency. Disruption of either the USF or NF-Y site severely impaired the
activity of the exon 1a promoter. These results support and extend previous transcriptional
assays of NF-Y, which suggested that the regulatory roles of NF-Y may depend on the
transcriptional regulatory partners to which it binds in a given genomic and cellular context
[15;33–35]. Note that in these reporter assays, three expression constructs, NF-YA, NF-YB,
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and NF-YC were simultaneously co-transfected along with a reporter construct. The fact that
only cells that have taken up all three plasmids can produce a complete form of NF-Y that
can activate the promoter suggests that the increase of the exon 1a promoter activity
obtained in our co-transfection assay system may represent only a fraction of naturally
occurring NF-Y regulated the exon 1a expression.

In contrast to the ubiquitously expressed SVCT2 exon 1b, our current study showed that the
expression of the exon 1a mRNA transcript was cell-specific. The cell-specificity of gene
expression is generally thought to be regulated by the interaction of basal and cell-specific
transcription factors with cis-acting elements on promoters [36]. However, NF-Y/USF
transcription factors are present in cells whether or not they express the exon 1a, and our
results seem unlikely to account for their involvement in cell-specific expression. This
prompted us to investigate whether DNA methylation was involved in the mechanisms
underlying the silencing of the exon 1a in non-expressing cells. In the present study, we
showed that (i) the exon 1a transcription was induced in cell culture treated with
demethylating agent decitabine; (ii) the CpG at the upstream USF binding site is
demethylated in exon 1a-expressing cells and the methylation status is inversely correlated
with the exon 1a expression among cells; (iii) site-specific in vitro methylation at the USF
binding site suffices to repress the exon 1a promoter activity in cells containing the
transcription factors required for expression. These results clearly indicate that the SVCT2
exon 1a transcription is mediated by the ubiquitously expressed transcription factors USF
and NF-Y in exon 1a-expressing cells, and that, in other non-expressing cells, CpG
methylation at the USF binding site located in the exon 1a promoter shows a strong
correlation between expression and demethylation.

In our current studies, the SVCT2 exon 1a promoter activity was assessed in both exon 1a-
expressing cells (EA.hy926 and THP-1) and non-expressing cells (HeLa). The exon 1a
promoter clearly exhibited transcriptional activity in the cell lines that do not express the
exon 1a gene, indicating that these cells contain transcription factors capable of inducing the
exon 1a promoter activity. In this regard, it should be mentioned that the functional complex
formation in the exon 1a-expressing cells was also observed when the probes were incubated
with nuclear extracts from cells not expressing the exon 1a. Previous studies indicated that
tumor cell lines, whether or not they express MAGE-A1, contain transcription factors
capable of interacting with the unmethylated MAGE-A1 promoter to induce significant
transcriptional activity[37–39]. This implied that the total lack of MAGE-A1 transcription
requires a local repression mechanism to prevent activation by these ubiquitous transcription
factors. The studies indicated that in these cells there is a process that inhibits de novo
methylation within the 5' region of MAGE-A1, since unmethylated MAGE-A1 transgenes
undergo remethylation at all CpGs except those located within the 5' region. Conversely, the
impaired MAGE-A1 promoter activity led to remethylation of the 5' region, suggesting that
this local inhibition of methylation appears to depend on MAGE-A1 promoter activity[40].
The protection of the 5' region of MAGE-A1 against remethylation is probably related to the
transcriptional activity of the promoter. The ability of transcription factors to inhibit
methylation has also been described previously [41–43]. Transcription factors may inhibit
methylation either directly by preventing access of the DNA methyltransfrase or indirectly
by inducing histone modifications that exclude these methylation enzymes [44–46]. In keep
with this, our recent observations confirmed that the transcriptional co-activator p300, but
not its closely related family member CBP, is involved in the transcriptional regulation of
the exon 1a. This protein is capable of interacting withNF-Y/USF functional complex and
synergistically increased the exon 1a promoter activity via the interaction with NFY/USF (H
Qiao and J May, submitted for publication). The p300 protein can function by relaxing the
chromatin structure at the gene promoter through their intrinsic histone acetyltransferase
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(HAT) activity. Thus, the exon 1a 5' region could be protected against remethylation in
transient transfection studies due to the presence of these transcription factors.

The methylation of genomic DNA is a major epigenetic modification of the mammalian
genome and has been linked inevitably with transcriptional repression [47;48]. It is believed
to ensure gene silencing in non-expressing cells [32]. So far, most investigations of the role
of DNA methylation have focused on CpG islands. In these cases, CpG methylation is
generally involved in transcriptional suppression, either by inhibiting association between
DNA-binding factors and their cognate DNA recognition sequences, resulting in direct
inhibition of transcriptional activation [32] or by recruiting proteins that recognize methyl-
CpG such as methyl-CpG-binding proteins, which elicit repressive potential of methylated
DNA by recruiting co-repressor molecules to silence gene transcription and to modify
surrounding chromatin such as histone modification [49]. In the case of the SVCT2 exon 1a,
the first mechanism most likely plays a critical role in silencing expression of the gene. To
date, it is still not clear whether the mechanisms whereby DNA methylation operates on
genes with CpG-rich promoters are similar to those preventing the transcription of genes
with CpG-poor promoters. The current study provides an example in which CpG
methylation at the USF binding sites is associated with its cell-specific transcription.

In fact, cell-specific gene expression may be accomplished by the activation of transcription
by ubiquitous transcription factors such as c-Myb [50], c-Myc/Myn [51], E2F [52], CREB
[53], AP2 [54] and NF-κB [55], which are incapable of binding to methylated forms of their
recognition sequences. For some CpG island promoters, CpG methylation contributes to
cell-specific gene expression by blocking the binding of transcription factors [56;57]. Such a
mechanism also works to regulate the cell-specificity of the exon 1a expression. This is
established by CpG methylation that prevents the ubiquitous transcriptional factor USF from
binding to the exon 1a promoter and inhibits the formation of crucial NF-Y/USF complex in
non-expressing cells. However, we could not exclude the possibility that other CpG
methylation also contributes to transcriptional suppression.

Since the over-expression of MeCP2 is able to suppress CpG-poor promoter activity [58;59],
it is of interest to investigate whether the regulation of higher-order chromatin structures by
DNA methylation contribute to the exon 1a silencing in non-expressing tissues. Such
information would also give further insight into the role of CpG methylation in the cell-
specific expression of genes with a CpG-poor promoter.
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Figure 1.
Reporter analysis of the human SVCT2 exon 1a gene. (A) Human SVCT2 exon 1a promoter
sequence of −155 bp to +266 bp relative to the transcription start site. The potential
transcription factor binding sites are underlined. (B) Transient transfection of 500 ng of
serial deletion luciferase reporter constructs into HeLa and EA.hy926 cells. 5 ng of pRL-
CMV was added as an internal control, and luciferase activities were measured 24 hours
after transfection and normalized by Renilla reporter activities. (D) Effect of an E box 1
mutation on the exon 1a transcriptional activity. The cells were transfected with 500 ng of
the mutants described in (C). (E) Schematic representation of the reporter constructs, with
wild type and mutated E boxes depicted as white and shaded rectangles, respectively. In the
mutated E boxes, the central CACGTG sequence was changed to AGATCT. Reporter gene
activity was determined and is shown in (F). Relative luciferase activity is shown as the data
means and the error bars on each column show range of values of duplicate measurements
from 1 of 3 similar experiments, based on the activity of +7/+266.
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Figure 2.
USF1/2 binds to the exon 1a E boxes. (A) and (B) Nuclear extracts (NE) from HeLa,
EA.hy926 or THP-1 cells were incubated with a labeled probe containing the exon 1a E box
and surrounding nucleotides and the reaction mixture was then electrophoresed on a 4.5%
non-denaturing gel to detect the specific retarded migrating band. The indicated excess
unlabeled probes or antibodies were added in reactions shown for competition or super-shift
analysis before the addition of a labeled probe. USF1 and USF2 super-shifts in (A, B) are
indicated by an *. (C) and (D) HeLa cells were cotransfected with 100 ng of the exon 1a
reporter plasmid and 400 ng of expression vectors encoding either c-Myc, USF1, USF2,
USF1/2 (equimolar mixtures) or dominant-negative mutant A-USF, as indicated. The data
presented are means of duplicate measurements from 1 of 3 similar experiments, and the
error bars show range of values of duplicate measurements, based on the activity of
+7/+266.
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Figure 3.
NF-Y binding to the Y box within the exon 1a promoter is essential for the exon 1a
promoter activity. (A) Reporter gene activity was evaluated by transient transfection assays
in HeLa and EA.hy926 cells. In the mutated Y box, the central CCAAT sequence was
changed to CCT. (B) HeLa, EA.hy926 or THP-1 nuclear extract (NE) was incubated with a
labeled probe containing the Y box, and the indicated unlabeled probes or antibodies were
added for competition or super-shift analysis. The super-shifted complex is indicated by an
*. (C) and (D) HeLa cells were transfected with 100 ng of the exon 1a promoter reporter
plasmid along with 400 ng of NF-YA/B/C plasmids (equimolar mixtures) or 300 ng of the
exon 1a promoter construct with 200 ng of dominant-negative NF-YA13m29. Luciferase
activities were measured 24 hours after transfection and normalized by Renilla reporter
activities. The data are shown as means and range error bars of duplicate measurements,
based on the activity of +7/+266. The experiment was repeated three times with similar
results.
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Figure 4.
Correlation of NF-Y/USF in binding to the exon 1a promoter with the exon 1a promoter
activity. (A) Note a slowly migrating band (arrow head) detected behind USF1/2 and NF-Y
bands when the intact E/Y probe (59 bp) containing both E box 1 and Y box was used as the
probe with HeLa or EA.hy926 cell nuclear extracts (lanes 3 and 10). In lanes 1, 2, 8 and 9, E
box 1 or Y box probe was used in the absence of competing probe. In lanes 4, 5, 11, 12 and
13, a 200× molar excess of unlabeled wild-type probe of E box 1, Y box or XDH/XO was
pre-incubated with HeLa or EA.hy926 cell NEs. In lanes 6, 7, 14 and 15, an E/Y probe
containing either a mutated E box 1 (E/YmE) or a mutated Y box (E/YmY) was used as the
probe, in the absence of competing probe. (B) EMSA, in which HeLa, EA.hy926 or THP-1
NEs were pretreated with specific antibodies prior to being incubated with the exon 1a
promoter probe. (C) Proper spacing between E box 1 and Y box is required for the full exon
1a promoter activity. HeLa cells were transfected with 500 ng of indicated reporter
plasmids, and luciferase activities were measured 24 hours later (i). (ii) INS1 and INS2 were
constructed by inserting a 16-bp sequence (underlined) within the interval between E box 1
and Y box, without altering the flanking sequences. Data represent means of duplicate
measurements from 1 of 3 similar experiments and the range error bars are shown, based on
the activity of +7/+266. (D) The insertion mutation between E box 1 and the Y box disrupts
the cooperative in vitro binding of USF1/2 and NF-Y to the exon 1a promoter, as detected
by EMSA.
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Figure 5.
Cooperation of NF-Y and USF1/2 in binding to the exon 1a promoter in vitro. (A) EMSAs
were performed using a constant amount of HeLa nuclear extract, a constant amount of
biotin end-labeled E box 1, Y box or E/Y probe, and increasing quantities of unlabeled E
box 1 (left panel) or Y box (right panel) oligonucleotide. (B) HeLa nuclear extract was
incubated with labeled E/Y probe, and the indicated increasing quantities of unlabeled
probes (E/Y, E/YmY or E/YmE) were added for competition. For each reaction, 10 fmol of
fixed labeled probe was used and concentrations of the variable unlabeled oligonucleotide
included 20 fmol (2×), 50 fmol (5×), 100 fmol (10×), and 200 fmol (20×), increasing from
left to right.
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Figure 6.
ChIP analysis of transcription factor bindings to the exon 1a promoter. (A) ChIP assay was
performed using HeLa, EA.hy926 and THP-1 cells. Antibodies for USF1/2 and NF-Y or
normal rabbit IgG were used. Immunoprecipitated DNA fragments and 2% of total sample
DNA were amplified by PCR using primers specific for the human exon 1a promoter (−106
to +13). PCR products were separated on a 2% agarose gel and stained by ethidium bromide.
(B) Amplification of an unrelated region does not show a detectable signal from HeLa cell-
derived genomic DNA.

Qiao and May Page 19

Biochem J. Author manuscript; available in PMC 2013 July 12.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 7.
Expression pattern of SVCT2 mRNA in 13 cell lines. Gel electrophoresis of RT-PCR
products shows the exon 1a transcripts in HepG2, THP-1, EA.hy926 and Caco-2 cells, while
exon 1b transcript is ubiquitously expressed in all cell lines.
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Figure 8.
CpG methylation analysis at the upstream USF binding site. (A) Effects of the
demethylating reagent DAC on the exon 1a transcription. Cells were treated with 5 μM
DAC for 4 days, and the RNA was isolated and amplified using exon 1a-specific primers.
(B) Correlation between the upstream E box methylation and the exon 1a transcript
expression in various cells.
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Figure 9.
(A) CpG methylation at the upstream USF binding site impedes USF binding and inhibits
the formation of NF-Y/USF complex. HeLa, EA.hy926 or THP-1 cell nuclear extract was
incubated with methylated or mock-methylated E box 1, Y box, and a probe containing both
the E and Y boxes (E/Y) for 20 min. Binding of added DNA and endogenous proteins in
nuclear extracts was then assessed by EMSAs. (B) The methylated or mock-methylated
promoter region was cloned into a pCpGL-basic vector and 500 ng of each was transiently
transfected into HeLa cells. (C) Cells were transfected with 100 ng of methylated or mock-
methylated exon 1a promoter reporter plasmid along with 400 ng of NF-YA/B/C plasmids
(equimolar mixtures). Luciferase activity was measured 24 h after transfection. pRL-CMV
was added as an internal control and relative luciferase activity is shown as the means of
duplicate measurements from 1 of 3 similar experiments and the error bars show range of
values, based on the activity of +7/+266. U, unmethylation; M, methylation.

Qiao and May Page 22

Biochem J. Author manuscript; available in PMC 2013 July 12.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Qiao and May Page 23

Table 1

Probes used in the current study

Name Sequence

E box 1 5-TCCACTTTCACCCACGTGAGCAGGCATCAT-3

mE box 1 5-TCCACTTTCACCAGATCTAGCAGGCATCAT-3

E box 2 5-GGCCTTTAGAATCACGTGAGCTAATTCCTG-3

mE box 2 5-GGCCTTTAGAATAGATCTAGCTAATTCCTG-3

XDH/XO 5-CCGGGAGGCGTATCTTTCAAGTTGCAGGGCAGT-3

Y box 5-AGCAGGCATCATCCAATCCACTGTGGGTC-3

mY box 5-AGCAGGCATCATCCAGGCCACTGTGGGTC-3

E/Y 5-AAAAGTTCCACTTTCACCCACGTGAGCAG
GCATCATCCAATCCACTGTGGGTCCAGACA-3

E/YmE 5-AAAAGTTCCACTTTCACCCATATGAGCAG
GCATCATCCAATCCACTGTGGGTCCAGACA-3

E/YmY 5-AAAAGTTCCACTTTCACCCACGTGAGCAG
GCATCATCCGTTCCACTGTGGGTCCAGACA-3

INS1 5-ACTTTCACCCACGTGAGCAGGCATCATC
CTGAGCAGGCATCATCCAATCCACTGTGG-3
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