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Folates are essential vitamins that play a key role as one-
carbon donors in a spectrum of biosynthetic pathways includ-
ing RNA and DNA synthesis. The proton-coupled folate
transporter (PCFT/SLC46A1) mediates obligatory intestinal
folate absorption. Loss-of-function mutations in PCFT result
in hereditary folate malabsorption, an autosomal recessive
disorder characterized by very low folate levels in the blood
and cerebrospinal fluid. Hereditary folate malabsorption
manifests within the first months after birth with anemia,
immune deficiency, and neurological deficits. Here we stud-
ied the role of inducible trans-activators of PCFT gene
expression. Bioinformatics identified three putative nuclear
respiratory factor 1 (NRF-1) binding sites in the minimal pro-
moter. The following evidence establish that PCFT is an
NREF-1-responsive gene; electrophoretic mobility shift assay
showed NRF-1 binding to native but not mutant NRF-1 sites,
whereas antibody-mediated supershift analysis and chromatin
immunoprecipitation revealed NRF-1 binding to its consensus
sites within the PCFT promoter. Moreover, mutational inactiva-
tion of individual or all NRF-1 binding sites resulted in 40 —60%
decrease in luciferase reporter activity. Consistently, overex-
pression of NRF-1 or a constitutively active NRF-1 VP-16 con-
struct resulted in increased reporter activity and PCFT mRNA
levels. Conversely, introduction of a dominant-negative NRF-1
construct markedly repressed reporter activity and PCFT
mRNA levels; likewise, introduction of NRF-1 siRNA duplexes
to cells resulted in decreased PCFT transcript levels. Moreover,
NRF-1 silencing down-regulated genes encoding for key folate
transporters and enzymes in folate metabolism. These novel
findings identify NRF-1 as a major inducible transcriptional reg-
ulator of PCFT gene expression. The implications of this linkage
between folate transport and metabolism with mitochondria
biogenesis and respiration are discussed.

Folates are essential B9 vitamins that play a critical role as
one-carbon donors in a multitude of biosynthetic pathways
including RNA synthesis and DNA replication, mitochon-
drial protein synthesis, amino acid metabolism, and methyl
group biogenesis (1, 2). Mammalians lack the enzymatic
capacity for folate biosynthesis and must therefore obtain
folates from their diet. Folates are negatively charged at physi-

1 The on-line version of this article (available at http://www jbc.org) contains
supplemental Table S1.
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ological pH and thus cannot traverse the plasma membrane by
passive diffusion. Accordingly, three transport systems are cur-
rently known to accommodate folate uptake: (a) the reduced
folate carrier (RFC)? (RFC/SLC19A1) 1 (3-6): RFC displays
high affinity for reduced folates but poor affinity for folic acid,
an oxidized folate (K, = 200-400 um) (5, 7). (b) Folate recep-
tors (FRs): FRa and FRB are high affinity (K, = 0.1-10 nm) folic
acid-binding proteins (8-14). (c) The proton-coupled folate
transporter (PCFT/SLC46A1) (PCFT) was initially described as
a low-affinity heme carrier protein-1 (HCP1) (influx K, = 125
uMm) (15). However, although the role that PCFT might play in
heme transport is less dominant, it is well established that
PCEFT is a high-affinity folate influx transporter with optimal
transport activity at acidic pH (16). PCFT functions as a folate-
proton co-transporter in the acidic microclimate of the upper
small intestine. The dominant role that PCFT plays in intestinal
folate absorption was recently established with the demonstra-
tion that patients suffering from hereditary folate malabsorp-
tion (HFM; OMIM 229050) harbor loss-of-function mutations
in the PCFT gene (16 -19). HFM is a rare autosomal recessive
disorder caused by impaired intestinal folate absorption (16,
19-22). HEM patients present with very low folate levels in
the blood and cerebrospinal fluid. HFM manifests within the
first months after birth with anemia, an immune deficiency
with hypogammaglobulinemia, thereby resulting in severe in-
fections, recurrent or chronic diarrhea, and consequent failure
to thrive. We recently identified the promoter of the human
PCFT gene and demonstrated that it harbors a 1085-bp CpG
island (nucleotides —600 through +485), which plays a key role
in modulation of PCFT gene expression (23); we showed that
this CpG island was densely methylated in human leukemia cell
lines and the PCFT gene was consequently silenced. Using a
sequential deletion analysis of the PCFT promoter we found
that a 271-bp fragment upstream to the first ATG drives the
same promoter activity obtained with the entire 3.1-kb frag-

2 The abbreviations used are: RFC, reduced folate carrier; PCFT, proton-cou-
pled folate transporter; NRF-1, nuclear respiratory factor-1; HFM, heredi-
tary folate malabsorption; DN, dominant-negative; MFT, mitochondrial
folate transporter; FR, folate receptor; SHMT, serine transhydroxymethy-
lase; AdoMet, S-adenosylmethionine; GPAT, glutamine phosphoribosylpy-
rophosphate amidotransferase; AIRC, 5-aminoimidazole ribonucleotide
carboxylase; HCP-1, heme carrier protein-1; PGC-1a, peroxisome prolifera-
tor-activated receptor vy co-activator 1a; EMSA, electrophoretic mobility
shift assay; DHFR, dihydrofolate reductase; TS, thymidylate synthase;
GARTF, glycinamide ribonucleotide transformylase; AICARTF, 5-aminoimi-
dazole-4-carboxamide ribonucleotide transformylase; MTHFR, methyl-
enetetrahydrofolate reductase; FPGS, folylpoly-y-glutamate synthetase;
GGH, y-glutmayl hydrolase.
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ment (24). We further showed that the minimal PCFT pro-
moter localizes to only 157-bp (24); we also found that the basal
promoter is rich in functional GC-box sites that play a key role
in regulation of PCFT gene expression (24).

Nuclear respiratory factor-1 (NRF-1) is a central transcrip-
tion factor that promotes the expression of nuclear-encoded
respiratory genes (25); NRF-1 was found to regulate the expres-
sion of a spectrum of genes required for mitochondrial respira-
tory function, including most of the nuclear genes that encode
subunits of the five enzymatic respiratory complexes, compo-
nents of mitochondrial DNA (mtDNA) replication and tran-
scription, mitochondrial and cytosolic enzymes of the heme
biosynthetic pathway, components of the protein import, and
the assembly apparatus (for reviews, see Refs. 26 —28). Although
NRE-1 displays a major role in regulation and coordination of
the well timed expression of both nuclear as well as mitochon-
drial genes in response to a growing need in mitochondrial bio-
synthesis (26 —28), it is currently clear that it also plays a key role
in cell growth.

Here we show for the first time that NRF-1 is a key trans-
activator of PCFT gene expression. We demonstrate that
NRF-1 binds to the PCFT promoter using electrophoretic
mobility shift assays (EMSA), antibody-mediated supershift
analysis, and chromatin immunoprecipitation. We further show
that the promoter activity of PCFT is markedly transactivated
by constitutively active NRF-1 constructs and repressed by
dominant-negative NRF-1 constructs, thereby leading to de-
creased PCFT mRNA levels. We finally show that silencing of
NRF-1 via siRNA technology results in a marked decrease in
PCFT mRNA levels, along with a decrease in key folate trans-
porters and enzymes in the folate metabolic pathway. The phys-
iological implications involving PCFT as an NRF-1-responsive
gene are discussed.

EXPERIMENTAL PROCEDURES

Cell Culture—Human cervical cancer HeLa cells were main-
tained in RPMI 1640 medium (Invitrogen) containing 10%
fetal calf serum, 2 mm glutamine, 100 wg/ml of penicillin, and
100 pg/ml of streptomycin (Biological Industries, Israel) in a
humidified atmosphere of 5% CO.,.

Plasmids—Construction and cloning of the following
reporter plasmids harboring the PCFT promoter pGL3-3.1kb,
pGL3-271bp, and pGL3-157bp was previously described (24).
pCDNA3 was purchased from Invitrogen, whereas pCDNA3-
Flag-NRF-1 WT, which contains the full-length human NRF-1
and a dominant-negative pPCDNA3-Flag-NRF-1 DN construct,
which expresses amino acids 1-342 of NRF-1 but lacks the
transactivation domain, were a generous gift from Prof.
Kimitoshi Kohno (University of Occupational and Environ-
ment Health, Fukuoka, Japan). pPCDNA 3.1 hygro NRF-1 VP16
encodes for a constitutively active fusion protein, consisting of
the full-length human NRF-1 and the herpes simplex virus
VP16 transactivation domain, was kindly provided by Dr. T.
Gulick (Sanford-Burnham Medical Research Institute, CA).
pCDNA3-HA-hPGC-1a was a gift from Dr. A. Kralli (The
Scripps Research Institute, CA).

Site-directed Mutagenesis—To inactivate the potential
consensus binding sites of NRF-1 via site-directed mutagen-

OCTOBER 29, 2010+VOLUME 285+NUMBER 44

PCFT Is an NRF-1-responsive Gene

esis we utilized the QuikChange XL kit, according to the
instructions of the manufacturer (Stratagene Inc.). All puta-
tive NRF-1 binding sites were point mutated on both sides of
the palindromic binding site using specially designed oligonu-
cleotides detailed under supplemental Table S1. All mutations
were verified by DNA sequencing (Hy-labs services, Rehovot,
Israel).

RNA Extraction and RT-PCR—Total RNA was extracted
either using the TriReagent protocol (Sigma) or the RNeasy
kit (Qiagen, Valencia, CA) according to the manufacturer’s
instructions. Any residual genomic DNA was digested with
RQ1 RNase-Free DNase (Promega Corporation, Madison,
WI). cDNA synthesis was carried out using the High-Capac-
ity cDNA Reverse Transcription Kit (Applied Biosystems, Fos-
ter City, CA) according to the manufacturer’s instructions.

Quantification of Gene Expression by Real Time PCR Analysis—
mRNA levels of various genes were determined by SYBR Green
quantitative real time PCR using an Applied Biosystems 7300
Real-time PCR system (Applied Biosystems, Foster City, CA).
Quantitative PCR (20 ul) contained: 10 ng of cDNA, 70 nm of
the primer mixture, and 1X Power SYBR Green (Applied Bio-
systems). Primers for genes examined using real time PCR are
depicted under supplemental Table S1. All primers were vali-
dated to be suitable for relative quantification analysis. The
fold-change in expression of each target mRNA relative to
B,-microglobulin mRNA was calculated as 2729, where
ACt = Clyyrger — Ctgonm and A(ACY) = ACtiraa — ACtH 00
Results represent mean = S.D. of three independent experi-
ments, where all experiments were performed in duplicates.

Transient Transfections with pGL3-PCFT Expression Vectors
and Luciferase Reporter Gene Assay—For the luciferase
reporter assays, cells were first grown in 24-well plates (2.5 X
10* cells/well). The following day, monolayer cells were tran-
siently co-transfected with 1 pg of the various pGL3-PCFT
constructs (including the empty vector pGL3-Basic) along with
20 ng of the well established pROL control plasmid (Renilla
luciferase) using the jetPEI transfection reagent (Polyplus-
transfection Inc., New York) according to the manufacturer’s
instructions. Twenty-four hours after transfection, cells were
harvested and luciferase and Renilla activities were determined
using the Dual Luciferase Reporter Assay System (Promega
Corporation, Madison, W1I) as described in the manufacturer’s
protocol. Results presented were obtained from three inde-
pendent experiments performed in duplicate cultures.

Stable Transfections—Exponentially growing cells (2 X 107)
were transfected by electroporation (1000 wF, 234 V) with 10
png of the following expression vectors: pCDNA 3, pCDNA-
NRF-1 WT, pCDNA-NRF-1 DN, and pCDNA 3.1 hygro-
NREF-1 VP16. Twenty-four hours after transfection, cells were
selected using 0.6 mg/ml of active G-418 (Calbiochem, San
Diego, CA) or 0.2 mg/ml of hygromycin (Sigma).

Electrophoretic Mobility Shift Assay and Antibody-mediated
Supershift Analysis—Exponentially growing cells (2 X 107 cells)
were harvested and nuclear protein extract was isolated as
previously described (29). Following determination of the
protein concentration using the colorimetric assay of Brad-
ford (30), DNA-protein complexes were allowed to form as
detailed elsewhere (31) with some minor modifications: rather
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than using dI-dC, which can compete out NRF-1 binding, we
used 1 ug of dA-dT per reaction. The oligonucleotides used for
both binding and competition assays are detailed under supple-
mental Table S1. Competition EMSA experiments were per-
formed with a 250-fold molar excess of non-radiolabeled oligo-
nucleotides. For supershift analysis, an aliquot of nuclear
proteins (6 ug) was incubated for 20 min on ice either with the
unpurified polyclonal anti-NRF-1 antibody (a generous gift
from Prof. Kimitoshi Kohno, University of Occupational and
Environment Health, Fukuoka, Japan) or with 2 ug of anti-
ABCG2 BXP-21 monoclonal antibody (kindly provided by Dr.
G. L. Scheffer, VU University Medical Center, Amsterdam, The
Netherlands) before allowing for protein-DNA complexes to
form. Complexes consisting of DNA, nuclear protein(s), and a
specific antibody were resolved by electrophoresis on 6% non-
denaturing polyacrylamide gels in Tris borate-EDTA, pH 8.4, at
4. °C. Gels were then dried, and DNA-protein complexes were
visualized by phosphorimaging (FLA-5000, FUJIFILM, Tokyo,
Japan).

Chromatin Immunoprecipitation (ChIP)—Chromatin im-
munoprecipitation was performed as previously described (32)
with the following minor modifications: HeLa cells were grown
to ~80% confluence in 60-mm Petri dishes. Nuclear proteins
were then cross-linked to DNA with 1% formaldehyde follow-
ing which cross-linking was arrested by adding glycine at a final
concentration of 125 mm. Cells were scraped off using a rubber
policeman, sedimented by centrifugation, resuspended in cell
lysis buffer consisting of: 25 mm HEPES, pH 7.9, 1.5 mm MgCl,,
10 mm KCl, 1 mm DTT, and 0.1% Nonidet P-40, supplemented
with the protease inhibitor phenylmethylsulfonyl fluoride
(PMSF; 0.5 mm) and incubated on ice for 10 min. Following
centrifugation, the crude nuclear pellet was resuspended in
nuclei lysis buffer containing: 50 mm HEPES, pH 7.9, 140 mm
NaCl, 1 mm EDTA, 1% Triton X-100, 0.1% sodium deoxy-
cholate, and 0.1% SDS supplemented with 0.5 mm PMSE. Chro-
matin was sheared at 4 °C, using sonication for 15 s (at 25%
power; ULTRASONIC-Vibra Cell sonicator, Sonics & Materi-
als Inc., CT) to obtain DNA fragments of ~200 to 1000 bp, a
process that was repeated a total of 10 times. Cells were then
sedimented by centrifugation at 16,000 X g in 4 °C for 10 min.
Polyclonal anti-NRF-1 antibody (2 ul) or 1 ug of the following
antibodies (anti-mouse IgG (Upstate Biotechnology Inc., Lake
Placid, NY; 12-371B), anti-rabbit IgG (Sigma; I5006), or anti-
RNA polymerase II antibody (Upstate Biotechnology Inc.;
05-623B)) were incubated at room temperature for 90 min with
gentle rotation. Dynabeads-protein G (10 wl; Invitrogen) was
then added to the lysate and subsequently incubated at room
temperature for 90 min with gentle rotation. The antibody-
containing nucleoprotein complexes were then washed exten-
sively with the following buffers: twice with nuclear lysis buffer,
once with nuclear lysis buffer supplemented with 350 mm NaCl,
once with washing buffer containing: 10 mm Tris, pH 8.0, 250
mM LiCl,, 1 mm EDTA, 0.5% Nonidet P-40, and 0.5% sodium
deoxycholate, and finally with TE buffer containing 10 mm Tris,
pH 7.5, and 1 mMm EDTA. Dissociation of the beads from the
nucleoprotein complexes was carried out in elution buffer con-
taining: 50 mm Tris, pH 8.0, 10 mM EDTA, and 1% SDS for 1 h at
65 °C. Nucleoprotein complexes were then de-cross-linked

33604 JOURNAL OF BIOLOGICAL CHEMISTRY

overnight at 65 °C and DNA was purified using the QIAquick
PCR purification kit (Qiagen). Immunoprecipitated DNA as
well as input DNA served as templates for promoter-specific
PCR. Primers used to amplify the proximal promoter region of
the PCFT gene and the intergenic region of chromosome 12 are
described under supplemental Table S1. PCR was performed in
a total volume of 25 ul with 0.4 um primers and 1X ReddyMix
PCR Master Mix (Thermo Fisher Scientific Inc., Waltham,
MA). PCR was conducted as follows: initial denaturation at
95 °C for 2 min, 35 cycles each of 30 s of denaturation at 95 °C,
30 s of annealing at 60 °C, and 1 min elongation at 72 °C, fol-
lowed by a final extension period of 5 min at 72 °C. PCR prod-
ucts were resolved by electrophoresis on 2% agarose gels in Tris
borate EDTA, pH 8.4.

RNA Interference—siRNA transfections were performed
using HiPerFect (Qiagen) according to the supplier’s instruc-
tions. HeLa cells were transfected 48 h prior to the isolation of
RNA. 75 ng of dsSRNA/well (12-well plates) were used in trans-
fections. All double-stranded siRNAs contained 19 bp corre-
sponding to the targeted mRNA as well as two dT extensions
on each strand. Human sense siRNA sequences were: GAPDH,
5'-GUCAACGGAUUUGGUCGUAATAT-3'; NRFI-1, 5 -GAA-
ACGGCCUCAUGUAUUUATAT-3'; NRF1-2, 5'-UAGUAU-
AGCUCAUCUUGUAATAT-3'; NRFI-3, 5'-CACAUUGGC-
UGAUGCUUCAATAT-3'. A fluorescent siRNA (5'-AAACA-
UGCAGAAAAUGCUGATAT-3’) that fails to recognize any
human target was used as a negative control and also to opti-
mize transfection conditions.

Western Blot Analysis—Nuclear extracts were prepared from
exponentially growing cells (2 X 107 cells) as previously de-
scribed (29). Nuclear proteins (=30 ug) were resolved by elec-
trophoresis on 10% polyacrylamide gels containing SDS, elec-
troblotted onto Protran BAS83 cellulose nitrate membranes
(Schleicher & Schuell), and reacted with rabbit anti-NRF-1
(1:2,500) (a generous gift from Prof. K. Kohno, University of
Occupational and Environment Health, Fukuoka, Japan) and
rabbit anti-hnRNP A1l (1:500) (Aviva Systems Biology, CA)
antibodies for 1 h at room temperature. Following three 10-min
washes in Tris-buffered saline supplemented with 0.5% Tween
20 (TBST) at room temperature, blots were reacted with a goat
anti-rabbit secondary antibody (Jackson ImmunoResearch),
rewashed, and enhanced chemiluminescence (ECL) detection
was performed according to the manufacturer’s instructions
(Biological Industries). ECL was recorded using the LAS-3000
imaging system (Fujifilm Global, Tokyo, Japan). Protein band
intensity was quantified using the EZQuant-Gel software
(EZQuant LTD, Tel Aviv, Israel).

Statistical Analysis—Statistical analysis was performed using
Student’s ¢ test. Two-tailed p values =0.05 were considered to
be statistically significant.

RESULTS

Identification and Functional Characterization of NRF-1
Binding Sites in the Minimal Promoter of the Human PCFT
Gene—Recently we identified the minimal promoter of the
human PCFT gene and showed that constitutive elements
including GC-box sites play a key role in PCFT gene expression
(24). Specifically, a 1085-bp (nucleotides —600 through +485)
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Species Organism
Homo sapiens human
Macaca mulata monkey

Bos taurus cow
Mus musculus mouse

Rattus norvegicus rat
E I S *x

Homo sapiens human
Macaca mulata monkey
Bos taurus cow

Mus musculus mouse GAGGACACACCA----- CAGGGATTGT----—————-—
Rattus norvegicus rat GACGTCACACCA----- CAGGGATTCTAA--—-—————
* ok xx ox Kxx x

GTGTGTCTGGGCCGGGAGGGAGGGCTGCAG---GGCGGTGTCTACGCACACTTTACAGGT 57
GTGTGTCTGGGCCGGGAGGGAGGGCTGCAG---GGCGCTGTCTATGCACACTTCACAGGT 57
GAGTTTTCGGGGCCTG-GGAAGGAGTGCCA---GGCGATATCTTGGCACAGTTTGCAGGC 56
TGTTCCGACGCCCAGGAAGGAGGGCTGCAGCACGGTAGTATCTTTGCGTTGCCTG-AAGT 59
*************** GAGGGAGGGCTGCAGCAAGGTGGTATCTTTGCGGTGCCTG-AAGT 44

* kkk Kk * *

GAGGTCATCCCGCGGGCTGGGGETGCCGGGCCCC-——-
GAGGTCATCCCGCGGGCTGGGGGTGCCGGGCCCC-——-
GATATCACTCTGTAAGTCAGGGGTTCCGGGCCCCACCCGCCTCCCCCGCCGCCTGCCCTT 116
———————————— TTGGACGACA 91
———————————— CTCAACTACA 78

—————————— TCGCTGGCCCAC 103
********** TCGCCGGCCCAC 103
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containing the three authentic
NRF-1 binding sites from the
PCFT promoter (detailed under
“Experimental Procedures”). With
all three oligonucleotides, these
EMSA experiments exhibited a dis-
tinct nuclear protein-oligonucleo-
tide complex, termed complex a,
which was absent upon competition
with 250-fold molar excess of the

*

Homo sapiens human GCCCAGCCAGGTGCACCCGCGGCGAGAGTCCGGTGG--~CCTCAGGTCACAGGCCCCTCC 160 . . . .
Macaca Zulata monkey  GCCCAGCCAGGTGCACCCCCG-CGAGAGTCCGGTGG---CCTCAGGTCCCAGGCCCCTCC 159 corresponding nonradioactive oli-
Bos taurus cow CCCAGCCCAGAGAGGGAGGGGCTGAGAGGAAGGAGGGGCTCACTAGTCCTGGCTCCGTCC 176 gonucleotide (Fig, 2A, compare
Mus musculus mouse CCCAGCCCAGAGTTCAGCGGACCARAGCTTTTGAGACTGTCTCACGCTCCG--CCCCTCT 149y o 7 17 o4 97 16 2 12 and 22
Rattus norvegicus  rat CCCATCCCAGAGAGCAGCGGACCAAAGCTTTAGAGACTGTCTCACGCTCCG--CCCCTCC 136 » 4 » 44 )
e * " RFLoa 5'UTR jmpiop r‘eﬁpectlvely). Furthermore, compe-
Homo sapiens human CCGOCG--—-— GACATTTAAGGAGGGACGCC GGCGCAGGCGCASI;:AGCGCAAGCC——— 212  tition was also performed with two
Macaca mulata monkey ~ CCGCCG----- GACATTTAAGGAGGGACGCCYGGCGCAGGCGCABAGAGGG---— -~ 205 established NRE-1 consensus oligo-
Bos taurus cow CGTCCACTTGAAAAAAAAAAAAAACAACGCTYAGCGCAGGCGCAFA{AACATGAACC--- 232 . N
Mus musculus mouse AGACTTTT- - -aacAGAAGCACCCaanGecd-ceaeasacaeabadaceacacactaar 204 Nucleotides (33, 34), both of which
Rattus norvegicus  rat AGACTTT----- AACAGAAGGAGTCGAAGCCY GCGCAGGCGCARAGAGCGEAGRCTGET 190 efficiently eliminated the specific
* * * * ok k EEEEEEEEEEEE S S
nuclear  protein-oligonucleotide
Homo sapiens human CCRCGCCACGCETCGCTOGTCCCABGCAGCEAGTCACTCACEEECCECACERECCEECTE 272 complexes (Fig. 24, compare lanes
Macaca mulata monkey = —oTTT oo T T T
Bos taurus cow TTETGCCTTGCGCCAACTCTGCARGARACCCGARAGC — =~ === == == === == == === === 269 1,11,and 21to4, 6,and 14 as well as
Mus musculus mouse CCRAGGCCTCCCGCAGCTGGTTCCGAGGTGCTAGCCCCTCCGTGTTTGCGC-————=—=—= 254 :
Rattus norvegicus  rat CCl-GCCTCTCGCAGCTGETTCCGAGGTGTCAGCCCCTCGGTGTTCGCGC == == —= == oy t0 16,23, and 25, respectively). In
contrast, an attempt to achieve
NRF1-C . . .
Homo sapiens human GCGACAGCTCCGACGCGCACGCAC| 296 competition with either one of the
Macaca mulata monkey  ------o-moooomoooooooooo two NRF-1 mutant consensus oligo-
oo e N nucleotides (33, 34) (Fig. 24, com-
Rattus norvegicus — rat —  —-----os--ooqpoooooooo—- pare lanes 1, 11, and 21 to 5, 7, and

FIGURE 1. ldentification of three putative NRF-1 binding sites in the human PCFT promoter. Alignment of
the 5’ region of the human PCFT promoter containing 296 bp upstream to the ATG (23, 24) with that of the
following mammals: monkey, cow, mouse, and rat. Putative NRF-1 binding sites termed NRF-1 A, B, and C are
denoted by open squares (the dark box in NRF-1A represents the highest bioinformatic score). The beginning of
the 5’-UTR is marked by the arrow. Nucleotide conservation is indicated by the asterisks in all mammalian

organisms studied.

CpG island was identified that harbors the minimal promoter;
dense methylation of this CpG island resulted in complete
silencing of the PCFT gene in tumor cells (23). PCFT displays a
restricted tissue and cell line expression pattern (16, 23). We
therefore hypothesized here that PCFT gene expression may
also be regulated by inducible transacting factors, apart from
the regulation by constitutive transactivators like Sp1 that bind
to GC-box sites in the minimal PCFT promoter (24). Toward
this end, we first undertook a bioinformatic analysis on the
3.1-kb PCFT promoter region for the presence of putative
NREF-1 binding sites. This analysis identified three putative
NRF-1 binding sites termed NRF-1A (—108/—97), NRF-1B
(—93/—82), and NRF-1C (—10/+1), all of which reside within
the 157-bp minimal promoter region of PCFT, with NRF-1A
displaying the highest bioinformatic score (Fig. 1). Hence, we
first explored the degree of evolutionary conservation of
these putative NRF-1 binding sites in mammalians using the
putative promoter regions of the human, monkey, cow,
mouse, and rat PCFT genes (Fig. 1); this analysis revealed
that the putative NRF-1A binding site, which displayed the
highest bioinformatic score, was extremely conserved in the
PCFT promoter region of these mammals. To assess the func-
tional role of these putative NRF-1 binding sites, we first per-
formed EMSA using nuclear extracts isolated from HeLa
cells (Fig. 2A). EMSA was carried out using oligonucleotides
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15 as well as to 17, 24, and 26,
respectively) or with the authentic
oligonucleotides from the PCFT
promoter in which the core NRF-1
binding site was mutated, failed to
eliminate complex a (Fig. 24, com-
pare lanes 1 and 11 to 3 and 13, respectively). To provide direct
evidence that complex a contained NRF-1, antibody-mediated
supershift analysis was performed; an NRF-1-specific antibody
recognized complex a, hence resulting in a major supershift to a
higher molecular weight termed complex b (Fig. 24, compare
lanes 1, 11, and 21 to 8, 18, and 27, respectively). In contrast, a
control antibody to the multidrug resistance efflux transporter
ABCG?2 failed to yield any supershift of complex a (Fig. 24,
comparelanes 1,11,and 21to 9, 19, and 28, respectively). These
data demonstrate that NRF-1 binds to the minimal PCFT pro-
moter region at three different NRF-1 consensus binding sites.

To provide further corroboration of the physical association
of NRF-1 to its binding sites in the PCFT promoter region, we
performed a ChIP assay in HeLa cells (Fig. 2B). The anti-NRF-1
antibody specifically co-precipitated the PCFT promoter frag-
ment, although failing to do so with the unrelated intergenic
region from chromosome 12 (Fig. 2B). Collectively, results
obtained with EMSA and the ChIP assays establish that NRF-1
binds to the minimal PCFT promoter region.

All Three NRF-1 Binding Sites Are Essential for the Activity of
the PCFT Promoter—After corroborating the actual binding of
NRE-1 to its binding sites in the minimal PCFT promoter, we
next determined whether or not this NRF-1 binding can func-
tionally transactivate PCFT gene expression. To this end, we
used the luciferase reporter assay in HeLa cells by first intro-
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FIGURE 2. NRF-1 binds and activates the human PCFT promoter. A, EMSA was performed using nuclear extract from Hela cells and oligonucleotides
containing the authentic sequence of NRF-1 sites from the minimal PCFT promoter region. DNA-protein complex a and the high molecular weight complex
formed using antibody-dependent supershift analysis (complex b) were resolved by electrophoresis on non-denaturing polyacrylamide gels and examined by
a phosphorimager as detailed under “Experimental Procedures.” Molar excess competitions (250-fold) were performed with nonradioactive oligonucleotides.
The sequence of the consensus and mutant NRF-1 oligonucleotides is indicated in the lower left side of the panel. The core NRF-1 binding site is underlined, and

inactivating mutations in the core consensus are depicted in bold. B, chromati
polymerase Il (Polll) and NRF-1-specific antibodies. Immunoprecipitation (Ip) in

n immunoprecipitation was performed using mouse IgG, rabbit IgG as well as
the upper panel corresponds to PCR targeting the PCFT promoter region —130

to +90 (220 bp). Ip in the lower panel corresponds to PCR targeting a 174-bp region of an intergenic genomic DNA sequence from chromosome 12 (negative
control). G, luciferase reporter gene assay in Hela cells following transient co-transfection with pRL-O Renilla plasmid and the various pGL3-271 bp PCFT
promoter constructs harboring point mutations (indicated by X) of the designated NRF-1 sites (black rectangles). Results are presented as a luciferase/
Renilla ratio (%), normalized to the pGL3-271-bp vector assigned 100% activity. Results are the mean = S.D of three independent experiments performed in

duplicates.

ducing inactivating mutations in individual or all three NRF-1
binding sites; this was undertaken using a construct harboring a
271-bp fragment of the PCFT promoter (24) cloned upstream
to a luciferase reporter gene (Fig. 2C). When compared with the
luciferase activity of the control 271-bp construct, which was
assigned a 100% reporter activity, a mutation introduced in
NRF-1A site resulted in a ~56% decrease in promoter activity
(Fig. 2C, 271-A). Likewise, an inactivating mutation in NRF-1B
also resulted in a similar decrease of ~63% in luciferase reporter
activity (Fig. 2C, 271-B), whereas inactivation of the NRF-1C
site revealed a lesser decrease of 33% (Fig. 2C, 271-C). Based on
the functionality of each of the three NRF-1 binding sites, we
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now generated constructs harboring inactivating mutations in
two or all three NRF-1 binding sites and examined their lucif-
erase reporter activity. Both the double NRF-1 A+B mutant as
well as the triple NRF-1 A+B+C mutant displayed essentially
the same residual luciferase activities of ~40% (Fig. 2C, 271
A+B) and 38% (Fig. 2C, 271 A+B+C), respectively. This site-
directed inactivation of single or multiple NRF-1 binding sites
illustrates that all three NRF-1 binding sites are essential for
PCFT promoter activity.

PCFT Promoter Activity Is Modulated by Alterations in
Cellular NRF-1 Levels—It was previously shown that over-
expression of NRF-1 does not significantly elevate the
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FIGURE 3. Luciferase reporter assay reveals that PCFT promoter activity is modulated by NRF-1 levels. A-C, HeLa cells were transiently co-transfected with
plasmids: 1) pRL-O Renilla; 2) pGL3-271 bp PCFT promoter construct; and 3) various amounts (ng) of NRF-1 WT (A), NRF-1 VP16 (B), or NRF-1 DN (C). Luciferase
activity was then determined as detailed under “Experimental Procedures.” Results are presented as a luciferase/Renilla ratio (%), normalized to the pGL3-
271-bp construct along with the corresponding amount of pPCDNA empty vector assigned 100% activity. D, luciferase reporter assay in HeLa cells following
co-transfection with plasmids: 1) pRL-O Renilla plasmid; 2) 2.5 ng of NRF-1 WT or NRF-1 DN; 3) PCFT promoter constructs pGL3-3.1 kb, -271 bp, or -157 bp.
Results are presented as a luciferase/Renilla ratio (%), normalized to the corresponding PCFT promoter construct along with the 2.5 ng of pPCDNA empty vector
assigned 100% activity. Results shown are the mean = S.D of three independent experiments performed in duplicates.

expression of target genes both in vivo (35) and in vitro with
cultured mammalian cells (27). To explore the impact of cellu-
lar NRE-1 levels on PCFT promoter activity, we transiently
transfected into HeLa cells various NRF-1 constructs including
wild type (WT) NREF-1, constitutively active NRF-1 VP16 fusion
protein as well as a dominant negative NRF-1 DN. Then, PCFT
promoter activity was determined using the 271-bp construct
upon a luciferase reporter assay (Fig. 3). Transient overexpres-
sion of NRF-1 WT vector harboring the full-length human
NREF-1, resulted in a relatively low, yet significant increase in
PCFT promoter activity, when compared with empty vector,
with the highest increase of ~30% at 2.5 ng of DNA of NRF-1
WT construct (p = 0.0001) (Fig. 3A4); increasing the amount of
NRF-1 WT resulted in an inhibitory effect, which was also pre-
viously reported in other studies (36). To overcome this obsta-
cle we employed the NRF-1 VP16 vector in which NRF-1 is
constitutively active due to its fusion to the potent viral trans-
activation domain VP16, and examined its ability to transacti-
vate luciferase gene expression. As evident from Fig. 3B, tran-
sient introduction of NRF-1 VP16 markedly enhanced PCFT
promoter activity in a dose-dependent manner with as much as
6-fold induction of luciferase reporter activity at 25 ng of DNA
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of the NRF-1 VP-16 construct (p < 0.0001) (Fig. 3B). In con-
trast, introduction of the NRF-1 DN, which contains amino
acids 1-342 but is devoid of the transactivation domain,
showed a remarkable dose-dependent decrease in PCFT pro-
moter activity with ~70% repression observed at 25 ng of DNA
(p <0.0001) (Fig. 3C). Consistent with our findings above, these
results suggest that alterations in the functional status of cellu-
lar NRF-1 modulate the transcriptional activity of the PCFT
promoter.

NRF-1 Activity within the Minimal PCFT Promoter Is Not
Required for Upstream Elements—Our previous study demon-
strated that the GC-box sites within the minimal PCFT pro-
moter have a dual role in regulation of PCFT gene expression
(24). Mutational inactivation of these GC-box sites in the con-
text of the minimal PCFT promoter resulted in ~60% decrease
in promoter activity (24). In contrast, mutational inactivation of
the same GC-box sites within the context of the larger 3.1-kb
construct nearly abolished PCFT promoter activity, hence
resulting in only 6% residual activity. Hence, one possibility was
that members of the Spl family that bind to their proximal
GC-box binding sites may potentially be essential for the trans-
activation of factors that may bind to remote upstream en-
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FIGURE 4. NRF-1 regulates PCFT mRNA levels. A, Hela cells were stably
transfected with one of the following expression vectors: pPCDNA3, NRF-1 DN,
NRF-1 WT, or NRF-1 VP16 and a stable population was established by drug
selection using G418 or hygromycin. PCFT and cytochrome ¢ (CytC) mRNA
levels were determined using real time PCR. Gene expression was normalized
to B,-microglobulin mRNA levels. Results are presented as relative expression
levels of PCFT or cytochrome ¢ mRNA when compared with cells transfected
with the empty pCDNA3 vector, which was assigned a value of 1. B, NRF-1 RNA
interference leads to down-regulation of PCFT mRNA; Hela cells were trans-
fected with each of three different siRNA duplexes that targeted NRF-1 or a
combination of all three. For a negative control, Hela cells were transfected
with scrambled siRNA that was not directed to any gene. The mRNA expres-
sion level of PCFT, cytochrome ¢, NRF-1, and hypoxanthine-guanine phospho-
ribosyltransferase (HPRT) were determined using real time PCR. Gene expres-
sion was normalized to B,-microglobulin mRNA. Results are presented
relative to the expression of the above genes in a mock transfection, assigned
avalue of 1. Results are the means of three independent experiments = S.D.
C, Western blot analysis of NRF-1 protein levels following NRF-1 silencing via
siRNA. Hela cells were transfected with NRF-1 C siRNA duplex and nuclear
proteins were isolated. Different amounts of nuclear proteins from Hela cells
(5,10, 20, and 30 pg) as well as 30 g of nuclear proteins from NRF-1-silenced
cells were resolved by electrophoresis on 10% polyacrylamide gels under
denaturing conditions. NRF-1 protein levels were determined using an anti-
NRF-1 antibody. The protein level of the nuclear splicing factor heterogene-
ous nuclear ribonucleoprotein (hnRNP) A1 was used for estimation of equal
loading.
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hancer elements. To test the viability of this possibility in the
context of NRF-1, we transiently co-transfected various NRF-1
constructs including NRF-1 WT and NRF-1 DN along with
different PCFT reporter constructs including the full-length
3.1-kb plasmid as well as the 271- and 157-bp constructs con-
taining only the minimal PCFT promoter region (Fig. 3D). The
results obtained suggest that NRF-1 displays the same stimula-
tory effect on both 3.1-kb and 271- and 157-bp PCFT con-
structs when using NRF-1 WT. Conversely, transient introduc-
tion of the NRF-1 DN vector equally repressed PCFT reporter
activity in all three constructs by ~40%. These data suggest that
NREF-1 activity in the minimal PCFT promoter is not essential
for the transactivation capacity of upstream enhancer elements
in the PCFT promoter.

Stable Transfection with Various NRF-1 Constructs Alters
PCFT mRNA Levels—To examine the impact of NRF-1 on
PCFT mRNA levels, we stably transfected HeLa cells with
various NRF-1 constructs and determined their impact on
the transcript levels of PCFT and cytochrome ¢, an established
NREF-1-responsive gene, using quantitative real time PCR anal-
ysis. Prior to real time analysis, we verified that all stable trans-
fectant populations overexpressed the transfected gene by per-
forming RT-PCR (data not shown). Stable introduction of the
NRF-1 DN construct resulted in a consistent 30% decrease in
both PCFT and cytochrome ¢ mRNA, when compared with
mock transfection (Fig. 4A). Furthermore, overexpression of
the NRF-1 WT construct resulted in 60 and 25% increases in
PCFT and cytochrome ¢ mRNA levels, respectively (Fig. 4A4).
Finally, introduction of the constitutively active NRF-1 VP16
construct showed a 2.3-fold increase in cytochrome ¢ tran-
script levels; whereas PCFT mRNA levels increased by 50%
(Fig. 4A). Taken in toto, consistent with the above findings with
transient transfections, the present results with stable transfec-
tions demonstrate that alterations in the functional levels of
NRF-1 induce marked changes in PCFT mRNA levels. These
data strongly support the conclusion that PCFT is a target gene
of NRF-1.

Knockdown of NRF-1 Decreases Cellular PCFT mRNA Levels—
To date, there is little published information regarding the suc-
cessful down-regulation of NRF-1 via siRNA. Moreover, most
successful studies in NRF-1 silencing employed mouse cell lines
(37-39). Using human cell lines, Asangani et al. (33) reported
on the silencing of NRF-1, however, the latter brought about
only 30% reduction in the studied NRF-1 target gene, calpain
small subunit 1 (CAPNS1). To provide further confirmation to
our findings that NRF-1 is capable of up-regulating PCFT gene
expression by regulating PCFT mRNA levels, we employed
siRNA constructs targeted to NRF-1 mRNA in HelLa cells.
Using real time PCR analysis, mRNA levels of NRF-1, PCFT,
cytochrome ¢, and a control gene hypoxanthine-guanine phos-
phoribosyltransferase (HPRT) were determined (Fig. 4B). HeLa
cells were transfected either with one of three siRNA duplexes
targeted to NRF-1 (i.e. NRF1 A, NRF1 B, or NRF1 C) or with a
combination of all three siRNA duplexes. Control cells
received siRNA that targets GAPDH or a scrambled siRNA
that fails to bind any known mRNA. Additional control was
obtained through a mock transfection where cells received
no dsRNA. Validated primers against NRF-1, PCFT, GAPDH,
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TABLE 1
The extent of decrease in NRF-1 target genes following NRF-1 knockdown
Gene Gene function mRNA decrease”  Transfected cellline  Ref.

CAPNS1 Ca®"-dependent intracellular cysteine protease 30% HeLa 33
Cyctochrome ¢ Oxidative phosphorylation 75% C2C12 39
COX5b Oxidative phosphorylation 70% C2C12 39
MEF2A Transcription factor 67% C2C12 39
COX mRNASs: 4il, 5a, 5b, 6al, 6b, 6¢, 7a2, 7b 7c, 8a  Oxidative phosphorylation 40-75% N2a 38
TFAM, TFBIM, TFB2M Transcription of mitochondrial genes 35-70% N2a 38
SURFI Surfeitl- involved in the COX complex 35-70% N2a 38
VDACI Voltage-dependent anion channel 35-70% N2a 38
TOM20 Mitochondrial protein transporter 35-70% N2a 38

“ Decrease in mRNA levels following NRF-1 knockdown.

TABLE 2

Changes in mRNA levels of genes involved in folate transport and
metabolism following NRF-1 silencing

Gene expression is presented relative to mock transfection assigned as 1. Results are
depicted as the mean * S.D. of 3—4 independent experiments.

NRFI CsiRNA Scrambled siRNA
Gene expression  pvalue  Gene expression p value
NRF-1 0.37 = 0.07 0.001 0.96 = 0.06 0.06
PCFT 0.45 + 0.07 0.002 0.98 +0.11 0.70
RFC 0.75 = 0.07 0.003 0.94 = 0.12 0.22
FRa 0.77 = 0.11 0.012 091 = 0.1 0.09
MFT 1.04 £0.18 0.348 1.05 = 0.12 0.26
DHFR 0.73 = 0.07 0.003 1.01 = 0.18 0.46
TS 0.83 = 0.18 0.078 0.89 = 0.16 0.14
GARTF 1.06 £ 0.09 0.169 0.97 = 0.18 0.40
AICARTF 1.12 = 0.09 0.049 1.24 = 0.03 0.07
MTHFR 0.86 * 0.04 0.002 0.99 * 0.09 0.45
FPGS 0.99 = 0.08 0.419 1.06 = 0.06 0.10
GGH 0.85 £ 0.03 0.001 0.98 = 0.04 0.29
¢SHMT 0.79 £0.13 0.022 1.09 = 0.12 0.41
mSHMT 0.80 = 0.07 0.004 0.96 + 0.25 0.12
AT
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FIGURE 5. Bioinformatic analysis of consensus NRF-1 binding sites in the
promoters of genes encoding for folate transporters and enzymes in the
folate metabolic pathway. The bioinformatic program Genomatics was
used to predict the presence of potential NRF-1 binding sites in the 2-kb
promoter region as well as the 5’ UTRs of the above genes, the expression of
which was decreased following NRF-1 knockdown. The putative NRF-1 bind-
ing sites are denoted by solid rectangles. The position of the 5’-most nucleo-
tide of each putative NRF-1 binding site is shown above the solid rectangle.

== Putative NRF-1 binding site

cytochrome ¢, and hypoxanthine-guanine phosphoribosyl-
transferase were used in real time PCR and expression levels
were normalized to 8,-microglobulin, a well established con-
trol housekeeping gene. As evident from Fig. 4B, each of the
siRNA duplexes brought about a 35—-66% decrease in NRF-1
mRNA levels, a decrease that was accompanied by a parallel
decrease of 32—60% in PCFT mRNA levels (p < 0.0001) (Fig.
4B), whereas cytochrome ¢ mRNA was decreased by up to
25% (p < 0.01) (Fig. 4B). In contrast, the mRNA levels of
the control hypoxanthine-guanine phosphoribosyltrans-
ferase gene remained unchanged (Fig. 4B). To determine the
extent of the decrease in NRF-1 protein levels following siRNA-

OCTOBER 29, 2010+VOLUME 285+NUMBER 44

600
M 2 5ng of vector

500 7 E25ng of vector
400
300
200

100

Luciferase/Renilla ratio (%)
>

PGClo +
NRF1 WT NRF1 VP16

pCDNA3.1 NRF1WT NRF1VP16 PGCla PGClo +

FIGURE 6. PGC-1« does not collaborate with NRF-1 in the regulation of
PCFT gene expression. Hela cells were co-transfected with plasmids: 1)
pRL-O Renilla; 2) pGL3-271 bp PCFT promoter construct; 3) 2.5 or 25 ng of one
of the following plasmids: NRF-1 WT, NRF-1 VP16, PGC-1¢, or a combination
of them, as indicated in the figure. Luciferase reporter activity was then deter-
mined. Results are presented as a luciferase/Renilla ratio (%), normalized to
the pGL3-271 bp construct along with the appropriate amount of pCDNA
empty vector assigned 100% activity. Results are the mean = S.D of three
independent experiments performed in duplicates.

dependent NRF-1 knockdown, Western blot analysis was per-
formed with nuclear proteins isolated from HeLa cells after
transient transfection with the NRF-1 C siRNA duplex. NRF-1
protein levels were decreased by 80% upon NRF-1 knockdown,
when compared with untreated control HeLa cells (Fig. 4C). It
is noteworthy that the extent of the decrease (~60%) in PCFT
gene expression upon NREF-1 silencing is consistent with the
extent of decrease in established NRF-1 target genes including
respiratory genes (Table 1). Although the extent of decrease in
these NRF-1-responsive genes is 30-75% (Table 1), the major
physiological impact of NRF-1 regulation on these genes is well
established.

To expand the scope of the impact of NRF-1 on the gene
expression status of folate transport and folate-dependent
enzymes in the folate metabolic pathway, we further studied a
large panel of folate transporters and folate-dependent en-
zymes. To this end, NRF-1 was silenced using the NRF-1 C
siRNA duplex and followed by real time PCR quantification of
the expression status of various folate transporters and key
enzymes in folate metabolism (Table 2). We first studied all
known folate transporters including PCFT, the reduced
folate carrier (RFC/SLCI9A1), folate receptor « (FRa), as
well as the mitochondrial folate transporter (MFT/
SLC25A32). NRF-1 silencing brought about a similar and sig-
nificant decrease of 25% in both RFC and FRa mRNA levels
(Table 2). Interestingly, NRF-1 silencing had no effect on MFT
gene expression, although MFT is a nuclear encoded gene
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required for folate transport from the cytoplasm to the mito-
chondria (Table 2). We next examined the impact of NRF-1
knockdown on the expression status of genes encoding for key
folate-dependent enzymes that are central to, and crucial for
the folate metabolism including: dihydrofolate reductase
(DHEFR), thymidylate synthase (TS), glycinamide ribonucleotide
transformylase (GARTF), 5-aminoimidazole-4-carboxamide
ribonucleotide transformylase (AICARTF), 5,10-methylenetetra-
hydrofolate reductase (MTHFR), folylpoly-y-glutamate syn-
thetase (FPGS), and vy-glutmayl hydrolase (GGH). NRF-1
silencing resulted in significant decreases in dihydrofolate
reductase (27%), 5,10-methylenetetrahydrofolate reductase
(14%), and y-glutmayl hydrolase (15%), whereas no significant
effect was observed with other folate-dependent genes (Table
2). Finally, the impact of NRF-1 silencing on two folate-depen-
dent enzymes involved in glycine biosynthesis, cytosolic and
mitochondrial serine transhydroxymethylase (cSHMT and
mSHMT, respectively) was also examined. Knockdown of
NRF-1 resulted in a 20% decrease in transcript levels of both
c¢SHMT and mSHMT (Table 2). In summary, these results sug-
gest that some of the folate-dependent enzymes in the folate
metabolic pathway appear to be regulated to some extent, by
cellular levels of NRF-1. It is likely that the lower impact of
NREF-1 silencing observed with these folate-dependent genes
when compared with PCFT may presumably occur via second-
ary regulatory mechanisms and mediators that are downstream
to NRF-1, thus relying on cellular folate pool sensing. This pre-
sumption is further substantiated by the fact that the promoters
of some of these genes encoding for folate transporters and
folate-dependent enzymes lacked consensus NRF-1 binding
sites (Fig. 5); specifically, upon bioinformatic examination of
the presence of putative NRF-1 binding sites in the promoters
of all studied genes encoding for folate transporters and folate-
dependent enzymes that were down-regulated by NRF-I
knockdown, only RFC, dihydrofolate reductase, y-glutmayl
hydrolase, cSHMT, and mSHMT had one or more consensus
NREF-1 binding site(s), whereas FRa and 5,10-methylenetetra-
hydrofolate reductase were devoid of NRF-1 binding sites in
their 2-kb promoter region (Fig. 5).

PGC-1a Does Not Collaborate with NRF-1 in Regulation of
PCFT Gene Expression—The peroxisome proliferator-acti-
vated receptor vy co-activator 1a (PGC-1«) was first discovered
as a coactivator protein that although lacking a DNA-binding
domain, possesses the ability to induce gene expression by
directly interacting with NRF-1 (40). There is ample evidence
demonstrating that NRF-1 collaborates with PGC-1«, thereby
up-regulating expression of various genes, in particular those
that encode for proteins involved in mitochondrial respiration
(26). After corroborating the role that NRF-1 plays in up-regu-
lation of PCFT gene expression, we aimed at exploring whether
or not PGC-1a also participates in transactivation of the PCFT
promoter. We hence used the pGL3-271bp reporter construct
upon co-transfection either with PGC-1« alone or PGC-1« in
combination with NRF-1 WT or NRF-1 VP16. As shown in Fig.
6, not only did PGC-1a fail to induce PCFT promoter activity, it
in fact displayed a slight repression of PCFT promoter activity,
achieved upon individual transfection of NRF-1 WT or NRF-1
VP16 (Fig. 6). These results suggest that PGC-1« does not col-
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laborate with NRF-1 in the up-regulation of the PCFT gene
expression.

DISCUSSION

In the present study we discovered that NRF-1, the dominant
transcription factor regulating mitochondrial biogenesis
and respiration, binds to, and transactivates the human
PCFT promoter; this conclusion is supported by several lines
of evidence. First, bioinformatic analysis identified three
adjacent putative NRF-1 binding sites residing within the
minimal promoter region of PCFT, the characterization of
which we have recently described (23, 24). Moreover, evolu-
tionary conservation analysis of the putative NRF-1 binding
sites in the PCFT promoter region of various mammalian
organisms revealed that the NRF-1A was the most conserved
site. Second, the actual binding of NRF-1 to these individual
sites was established using several approaches; (¢) EMSA per-
formed with the authentic oligonucleotides representing the
putative NRF-1 binding sites in the PCFT promoter, confirmed
the formation of nuclear factor (i.e. NRF-1)-DNA complexes.
(b) Competition EMSA experiments with established consen-
sus NRF-1 oligonucleotides but not with known mutant con-
sensus NRF-1 oligonucleotides, abolished the formation of
nuclear factor-DNA complexes. (¢) NRF-1 antibody-mediated
supershift EMSA experiments demonstrated that NRF-1 was
present in the nuclear factor-DNA complexes. (d) ChIP exper-
iments confirmed the specific binding of NRF-1 to its binding
sites in the PCFT promoter, but not to an unrelated intergenic
region from chromosome 12. Third, the functional contribu-
tion of NRF-1 to transcriptional transactivation of the PCFT
promoter was achieved using various approaches. Luciferase
reporter constructs harboring the minimal as well as the full
PCFT promoter regions revealed transactivation, whereas
mutational inactivation of individual or all three NRF-1 binding
sites resulted in a marked loss (~60%) of luciferase reporter
activity. Consistently, transient introduction of WT NREF-1 or
the constitutively active fusion protein NRF-1 VP16 into HeLa
cells resulted in a prominent increase in luciferase reporter
activity (30% and 6-fold, respectively) using the above PCFT
promoter constructs. Moreover, transient introduction of
NRE-1 DN, a dominant-negative form of NRF-1, resulted in a
significant decrease of 70% in luciferase reporter activity; a
value that was similar to the decrease in promoter activity
observed when disrupting all three NRF-1 binding sites in the
PCFT promoter. Fourth, the ultimate impact of alterations in
cellular NRF-1 levels, as well as changes in its functional status,
on PCFT mRNA levels were also explored. Stable transfection
of an NRF-1 DN construct resulted in a 30% decrease in the
mRNA levels of both PCFT and cytochrome c, the latter of
which is a well established NRF-1-resposnive respiratory gene.
Likewise, stable overexpression of the WT NRF-1 construct
brought about 60% and 25% increases in PCFT and cytochrome
¢ mRNA levels, respectively. Moreover, introduction of the
constitutively active NRF-1 VP16 construct also resulted in a
2.3-fold increase in cytochrome ¢ mRNA levels, whereas PCFT
mRNA levels were increased by 50%. One possible mecha-
nism to account for the fact that overexpression of WT
NRE-1 did not result in a major increase in PCFT promoter
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activity as well as mRNA levels may be associated with the
phosphorylation state of NRF-1 (41). In this respect, because
phosphorylation enhances the transcriptional activity of
NRF-1 (41), it is possible that the rate-limiting step for NRF-1
activity in transfectant cells is its phosphorylation status.
Finally, silencing NRF-1 using siRNA technology with several
different siRNA duplexes resulted in ~60% diminished PCFT
mRNA levels. Table 2 presents the extent of decrease in gene
expression of well established NRF-1 targets following NRF-1
knockdown. Upon NRF-1 silencing, the expression levels of
these NRF-1-responsive genes, most of which are respiratory
genes, was decreased by 30 —75%. The ~60% reduction in PCFT
mRNA levels is highly consistent with the extent of decrease in
expression levels of NRF-1-responsive genes. Although the
extent of decrease in these established NRF-1-responsive genes
after NRF-1 silencing may seem modest, the major impact that
NREF-1 has on mitochondrial biogenesis and respiratory physi-
ology is very well documented (26 —28). Analysis of the mRNA
levels of all known folate transporters revealed that NRF-1
highly regulates PCFT and to a lesser extent the RFC and FR«a
genes. We hence propose that NRF-1 may play an important
role in maintaining sufficient levels of PCFT in the upper small
intestine where PCFT functions as the obligatory proton gradi-
ent-dependent influx transporter responsible for folate uptake
into the blood. NRF-1 may also contribute to the regulation of
folate transport from the blood to various organs and tissues via
up-regulation of the folate transport systems including RFC
and FRa (3, 7, 42). Moreover, as opposed to PCFT, which was
shown here to be a bona fide NRF-1 responsive gene via direct
binding of NRF-1 to the PCFT promoter, the somewhat lower
impact of NRF-1 silencing on the decrease in the expression of
various folate-dependent genes than that observed with PCFT
may presumably occur via indirect secondary regulatory mech-
anisms and mediators that are downstream to NRF-1, thus rely-
ing on molecular sensing of cellular folate pools. In addition,
one should bear in mind that although NRF-1 is a major regu-
lator of mitochondria biogenesis, it is not the sole transcrip-
tional regulator. Thus, alternative transcription factors includ-
ing NRF-2, ERRe, as well as peroxisome proliferator-activated
receptor «a also play important roles as regulators of mitochon-
dria biogenesis (28) and may therefore possibly contribute to
the regulation of expression of genes in folate transport and the
folate metabolic pathway. Consistently, analysis of the promot-
ers of the folate-dependent genes studied here that were down-
regulated by NRF-1 silencing revealed that some promoters
contained a single or multiple NRF-1-binding sites; others were
completely devoid of NRF-1-binding sites. This supports the
possibility that the impact of NRF-1 on these genes may not be
a direct effect via NRF-1 binding to their promoters but rather
through an intermediary NRF-1-regulated gene, the product of
which may promote the expression of some folate-dependent
genes. It is noteworthy that the bioinformatic analysis of the
2-kb promoter region of the various folate-dependent genes
revealed that all consensus NRF-1 binding sites mapped to the
transcriptionally active core promoter region, thus supporting
the likelihood of the functionality of these putative NRF-1 bind-
ing sites.
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There is ample evidence establishing that NRF-1 physically
associates with PGC-1a, thereby achieving transcriptional
transactivation of various NRF-1-responsive genes, in particu-
lar those that encode for proteins involved in mitochondria
biogenesis and the respiratory chain (26). However, in the cur-
rent study we found that PGC-1a does not collaborate with
NRF-1 in the up-regulation of PCFT gene expression. Yet, one
should bear in mind that the PGC-1 family of transcriptional
coactivators is comprised of PGC-1a, PGC-1p, and PGC-1-
related coactivator. All three coactivators are known to physi-
cally interact with NRF-1 and collaborate in multiple nucleo-
mitochondrial interactions at the transcriptional level (28).
Hence, it is possible that other members of the PGC-1 family
including PGC-1 and PGC-1-related coactivator as well as yet
unknown nuclear factors may participate in regulation of
expression of genes including PCFT, other folate transporters,
as well as folate-dependent enzymes; however, this hypothesis
must await experimental corroboration.

The current finding that PCFT is an NRF-1-responsive gene,
although it is not a bona fide mitochondrial respiration or
biogenesis gene, raises the question as to the possible link
between folate transport via PCFT, folate metabolism, and
mitochondrial biogenesis-respiration. A close examination
of this important question uncovers multiple functional
metabolic linkages between PCFT-dependent folate trans-
port, folate metabolism, and mitochondrial biogenesis-res-
piration functions. First, PCFT was initially described as
HCP1, a low-affinity heme carrier protein (15). Recent stud-
ies suggest that some heme transport may possibly occur via
HCP1/PCFT (SLC46A1) (43, 44). Interestingly, heme biosyn-
thesis involves interlinked reactions occurring both in the
mitochondria and cytosol (45, 46), primarily of erythrocytes
that by themselves are extremely dependent on folate cofactors
for erythropoiesis (47). In this respect, the first and dedicated
step in heme biosynthesis occurs in mitochondria and involves
the conversion of glycine and succinyl-CoA to 8-aminolevu-
linic acid (45, 46). Remarkably, the major source of cellular
glycine is entirely dependent on tetrahydrofolate cofactors,
as loss of function mutations in the MFT result in cellular
glycine auxotrophy (48, 49). Moreover, recent studies have
established that mitochondria are the predominant source
of cellular glycine through the mitochondrial enzyme serine
transhydroxymethylase (mSHMT), which converts serine to
glycine via a tetrahydrofolate-dependent transmethylation
reaction (50). Interestingly, targeted disruption of mSHMT,
despite the presence of cytosolic SHMT (cSHMT), results in
cellular glycine auxotrophy (51, 52). Moreover, mice lacking
¢SHMT are viable and fertile, hence demonstrating that
c¢SHMT is not an essential source of tetrahydrofolate-activated
one-carbon units (51). Therefore, mSHMT-derived one-car-
bon units are essential for folate-mediated one-carbon metab-
olism in the cytoplasm. The above findings therefore provide a
strong metabolic link between mitochondrial heme biosynthe-
sis and folate-dependent mitochondrial provision of glycine.
Consistently, it appears that NRF-1 contributes to the tran-
scriptional regulation of both ¢SHMT and mSHMT as both
decreased upon siRNA-dependent NRF-1 knockdown. Second,
it has been recently shown that a 4-week folate deprivation of
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Wistar rats induces liver mitochondrial oxidative decay includ-
ing large mitochondrial DNA deletions, cytochrome c dysfunc-
tion, membrane depolarization, and superoxide overproduc-
tion (53). Hence, absorption of folates from the upper intestine
to the blood via PCFT and further from the circulation to tis-
sues and then from the cytosol into mitochondria through MFT
is crucial for mitochondrial biogenesis and respiratory func-
tion. NRF-1 may therefore be crucial for regulation of intestinal
folate transport, particularly under states of folate deprivation
(47). Third, ATP, the principal bioenergy currency of the cell,
fuels most biosynthetic reactions in the cytoplasm through its
hydrolysis into ADP and inorganic phosphate. Because re-syn-
thesis of ATP occurs in the mitochondrial matrix, ATP is
exported into the cytoplasm, whereas ADP is imported into the
matrix; this exchange is accomplished by a single exchanger,
the ADP/ATP carrier (54). The generation of this key bioener-
getic molecule, ATP, through mitochondrial oxidative phos-
phorylation, completely relies on the import of the purine ADP
from the cytosol. Importantly, de novo purine biosynthesis
including ADP is absolutely dependent on the availability of the
reduced folate 5,10-formyltetrahydrofolate, a requirement that
must be met by intestinal absorption of folates via PCFT (3, 42,
47). Fourth, one key metabolite that links intestinal folate
absorption, folate metabolism in the cytosol and mitochondria
is S-adenosylmethionine (AdoMet). AdoMet is the methyl
group donor for a multitude of biological methylation reac-
tions. In mitochondria, AdoMet is required for the methylation
of DNA, RNA, and proteins, as an intermediate in the biosyn-
thesis of lipoic acid and ubiquinone (55). AdoMet is synthesized
from ATP and methionine, the latter of which is synthesized in
the cytosol from homocysteine and 5-methylterahydrofolate in
a B, vitamin-dependent reaction catalyzed by methionine syn-
thase. Hence, lack of folates will result in impaired AdoMet
biosynthesis and hence mitochondrial deprivation of AdoMet
with severe consequences on a multitude of transmethylation
reactions of DNA, RNA proteins, lipoic acid, and ubiquinone.
Another important support for the apparent linkage between
NREF-1, folate transport, and folate metabolism as well as mito-
chondria biogenesis-respiration relates to the finding that
NRE-1 has been previously shown to transactivate gene expres-
sion of folate-dependent enzymes in de novo purine nucleotide
biosynthesis (56). Specifically, NRF-1 was shown to up-regulate
the bidirectional transcription of two adjacent genes glutamine
phosphoribosylpyrophosphate amidotransferase (GPAT) and
5-aminoimidazole ribonucleotide carboxylase (AIRC). The for-
mer gene encodes for GPAT, the key regulatory enzyme of the
entire purine biosynthetic pathway that catalyzes the first step
in this biosynthesis, was found to be closely linked to the AIRC
gene on human chromosome 4 (57). The AIRC gene encodes
the enzyme AIRC, which is, like GPAT, a 10-formyltetrahydro-
folate-dependent enzyme that catalyzes steps six and seven in
this purine biosynthetic pathway. Hence, NRF-1 binding to the
common promoter of the GPAT and AIRC genes was found to
be required for stable binding of Sp1. Deletion of a 54-bp pro-
moter region resulted in decreased expression of GPAT and
AIRC in transfected HepG2 cells; this decreased expression was
accounted for by point mutations in an NRF-1-binding site and
either of two flanking Sp1 sites. Thus, NRF-1 markedly contrib-
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utes to the coordinated expression of both human GPAT and
AIRC.
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