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Abstract

Tumors can be therapeutically targeted with novel antifolates (e.g. AGF94) that are selectively 

transported by the human proton-coupled folate transporter (hPCFT). Studies were performed to 

determine the transcription regulation of hPCFT in tumors and identify possible mechanisms that 

contribute to the highly disparate levels of hPCFT in HepG2 versus HT1080 tumor cells. 

Transfection of hPCFT-null HT1080 cells with hPCFT restored transport and sensitivity to 

AGF94. Progressive deletions of the hPCFT promoter construct (−2005 to +96) and reporter gene 

assays in HepG2 and HT1080 cells confirmed differences in hPCFT transactivation and localized a 

minimal promoter to between positions −50 and +96. The minimal promoter included KLF15, 

GC-Box and NRF-1 cis-binding elements whose functional importance was confirmed by 

promoter deletions and mutations of core consensus sequences and reporter gene assays. In 

HepG2 cells, NRF-1, KLF15 and Sp1 transcripts were increased over HT1080 cells by ~5.1-, 

~44-, and ~2.4-fold, respectively. In Drosophila SL2 cells, transfection with KLF15 and NRF-1 

synergistically activated the hPCFT promoter; Sp1 was modestly activating or inhibitory. 

Chromatin immunoprecipitation and electrophoretic mobility shift assay (EMSA) and supershifts 

confirmed differential binding of KLF15, Sp1, and NRF-1 to the hPCFT promoter in HepG2 and 

HT1080 cells that paralleled hPCFT levels. Treatment of HT1080 nuclear extracts (NE) with 

protein kinase A increased Sp1 binding to its consensus sequence by EMSA, suggesting a role for 

Sp1 phosphorylation in regulating hPCFT transcription. A better understanding of determinants of 

hPCFT transcriptional control may identify new therapeutic strategies for cancer by modulating 

hPCFT levels in combination with hPCFT-targeted antifolates.
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Introduction

The human proton-coupled folate transporter (hPCFT) was discovered in 2006 and was 

identified as the principal folate transporter involved in the intestinal absorption of dietary 

folates [1]. Loss-of-function mutations in hPCFT resulting in mutant or absent protein 

account for the rare auto-somal inherited disorder, hereditary folate malabsorption [2].

While hPCFT is broadly expressed in human tumor cells [3] including primary specimens 

[4–6], it is undetectable in most leukemias [3,7] and even for tumor types typically 

associated with high levels of hPCFT, specimens were detected with low levels of expression 

[3–6]. Particular interest has focused on hPCFT transport of pemetrexed (PMX; Alimta), 

given its excellent substrate activity for hPCFT [8,9] and its role in treating malignancies, 

including malignant pleural mesothelioma [10] and non-small cell lung cancer (NSCLC) 

[11]. In malignant pleural mesothelioma treated with PMX, patients with low levels of 

hPCFT had lower rates of disease control and shorter overall survival [4], suggesting that 

hPCFT is an important determinant of clinical efficacy of PMX in this disease.

Studies have begun to examine the transcriptional regulation of hPCFT in order to better 

understand the basis for variations in hPCFT levels between tissues including malignant 

cells. The hPCFT promoter is GC rich and includes a large (1085 bp) CpG island which 

spans the transcriptional start site and can be hypermethylated, resulting in low levels of 

hPCFT expression. Treatment of human leukemia (i.e. CCRF-CEM, Jurkat) [7], 

methotrexate (MTX)-resistant HeLa [12], and malignant mesothelioma [4] cells with the 

DNA methyltransferase inhibitor 5-aza-2′-deoxycytidine (5-Aza) resulted in the substantial 

restoration of hPCFT mRNA expression. For malignant mesothelioma, this was 

accompanied by increased sensitivity to PMX [4]. Other studies have begun to explore roles 

for specific transcription factors and cis-elements in regulating hPCFT, including Sp1, AP2, 

NRF-1, KLF4, HNF4α and vitamin D [13–16]. The hPCFT minimal promoter was localized 

to between positions −42 and +96 (relative to the transcriptional start site at position +1) 

[12], including certain of these elements. Although modest transactivation of hPCFT by 

NRF-1 was suggested [13], mechanisms that contribute to differences in hPCFT between 

tumor cells are unclear.

In recent years, the notion of hPCFT drug targeting has been extended to a new generation 

of tumor-targeted 6-substituted pyrrolo[2,3-d]pyrimidine compounds that are structurally 

and functionally distinct from PMX, and that exhibit near exclusive transport by hPCFT 

under acidic pH conditions characterizing many tumors [17]. For AGF94, the hPCFT-

targeted prototype of this series [17,18], this manifests as high levels of selective drug 

uptake by tumors over normal tissues and potent inhibition of de novo purine nucleotide 

biosynthesis (at glycinamide ribonucleotide formyltransferase, the first folate-dependent 

step), resulting in in vitro and in vivo anti-tumor efficacy.

With the development of hPCFT-targeted therapies [17] for cancer, there is growing interest 

in critical determinants of transcriptional control for hPCFT. In this study, we explore the 

mechanistic bases for the transcription regulation of hPCFT in tumors. Our goal was to 

better understand the role of differences in hPCFT gene expression in determining 
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sensitivities of HepG2 and HT1080 human tumor cells to hPCFT-targeted antifolates. 

Insights into these regulatory processes may lead to entirely new strategies to enhance the 

therapeutic efficacies of novel hPCFT-targeted drugs.

Materials and methods

Chemicals and reagents

AGF94 [(S)-2-((5-[3-(2-amino-4-oxo-4,7-dihydro-3H-pyrrolo[2,3-d]pyrimidin-6-yl)-

propyl]-thio-phene-2-car-bonyl)-amino)-pentanedioic acid] was synthesized, as previously 

described [18]. Leucovorin [(6R,S) 5-formyl tetrahydrofolate] was obtained from the Drug 

Development Branch, National Cancer Institute, Bethesda, MD. [3′,5′,7-3H]MTX (20 Ci/

mmol) was purchased from Moravek Biochemicals (Brea, CA). 5-Aza-2′-deoxycytidine (5-

Aza) was purchased from Sigma–Aldrich (St. Louis, MO). Restriction and modifying 

enzymes were purchased from New England Biolabs (Ipswich, MA). The mammalian 

expression vector pcDNA3.1/myc-His(–)A was purchased from Invitrogen (Carlsbad, CA). 

Reporter gene vectors pGL3-Basic and pGL4.74[hRluc/TK] were purchased from Promega 

(Madison, WI). Other chemicals were obtained from commercial sources in the highest 

available purities.

Construction of expression constructs luciferase plasmids and site-directed mutagenesis

The NRF-1 cDNA was amplified from HeLa cells by RT-PCR, followed by digestion with 

XhoI and KpnI, and cloning into pcDNA3.1/myc-His(–)A (NRF-1Myc-His6/pcDNA3.1). 

KLF15Myc-His6/pcDNA3.1 was generated by digesting hKLF15/pcDNA3.1His+C (a gift 

from Dr. Otteson [19]) with BamHI and HindIII and subcloning into pcDNA3.1/myc-

His(–)A. Sp1/pcDNA3.1 was generated by digesting the pPacSp1 plasmid construct 

[provided by Dr. Robert Tijan (University of California, Berkeley, CA)] with NheI and XhoI 

and subcloning into pcDNA3.1/myc-His(–)A. All site-directed mutagenesis used the 

QuickChange II Site-Directed Mutagenesis Kit (Agilent Technologies Inc., Santa Clara, 

CA). For Drosophila SL2 transfection experiments (below), BamHI and XhoI sites were 

introduced immediately 5′ and 3′ of the NRF-1 insert in the NRF-1/pcDNA3.1 construct by 

site-directed mutagenesis, followed by digestion and subcloning into the pPacO vector 

between the BamHI and XhoI sites (pPacNRF-1). Similarly, to prepare pPacKLF15, a XhoI 

site was introduced 3′ of the KLF15 insert in KLF15/pcDNA3.1, followed by digestion and 

subcloning.

A −2005/+96 hPCFT promoter fragment was amplified from HeLa genomic DNA and 

subcloned into pGL3-Basic vector between KpnI and XhoI (hPCFT−2005/+96/pGL3). 

Progressively deleted constructs (hPCFT −1613/+96/pGL3, hPCFT−1209/+96/pGL3, 

hPCFT−807/+96/pGL3, hPCFT−386/+96/pGL3, and hPCFT−82/+96/pGL3) were generated 

by introducing KpnI restriction sites at the desired locations in hPCFT−2005/+96/pGL3, 

followed by KpnI digestion and religation. Other progressively deleted hPCFT promoter 

constructs were prepared by direct deletions using QuickChange mutagenesis (i.e. hPCFT

−40/+96/pGL3, hPCFT−20/+96/pGL3, and hPCFT−10/+96/pGL3 were generated from 

hPCFT−82/+96/pGL3; hPCFT−35/+96/pGL3 was generated from hPCFT−40/+96/pGL3; 

and hPCFT−15/+96/pGL3 was generated from hPCFT−20/+96/pGL3). hPCFT −50/+96/
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pGL3 was prepared from hPCFT−40/+96/pGL3 by direct insertion of additional sequence 

by QuickChange mutagenesis. The hPCFT core promoter constructs −50/+96 was used as a 

template to mutate the consensus sequence of NRF-1, KLF15, and GC-Box, resulting in 

hPCFT−50/+96/NRF-1m, hPCFT−50/+96/KLF15m, and hPCFT−50/+96/GC-Boxm, 

respectively. The hPCFT−50/+96/NRF-1m construct was used to generate double mutations 

of the NRF-1 and KLF15 consensus sequences (hPCFT−50/+96/NRF-1m/KLF15m).

All constructs were confirmed by Sanger sequencing by Genewiz (South Plainfield, NJ). 

Primers used for the mutations, deletions or insertions were purchased from Invitrogen and 

are listed in Supplementary Table S2.

Cell culture

The human HT1080 fibrosarcoma and HepG2 hepatocellular carcinoma cell lines were 

obtained from American Type Culture Collection (Manassas, VA). Wild-type (WT) and 

hPCFT-null R1–11 HeLa cells were gifts of Dr. I. David Goldman (Albert Einstein College 

of Medicine, Bronx, NY) [9]. Drosophila SL2 cells were a gift of Dr. Bonnie Sloane (Wayne 

State University, Detroit, MI). The HT1080, HepG2, and hPCFT-null R1–11 HeLa cell lines 

were cultured in complete RPMI-1640 medium containing 10% fetal bovine serum (Sigma, 

St. Louis, MO), 2 mM L-glutamine, 100 units/ml penicillin, and 100 μg/ml streptomycin in a 

humidified atmosphere at 37°C in the presence of 5% CO2 and 95% air. SL2 cells were 

maintained in Schneider’s Drosophila Medium (Life Technologies Corporation, Carlsbad, 

CA), supplemented with 10% fetal bovine serum and 2 mM L-glutamine, 100 units/ml 

penicillin, and 100 μg/ml streptomycin at 25°C.

HepG2 and HT1080 cells were transfected with expression constructs [hPCFTMyc-His6/

pcDNA3.1 [20], NRF-1Myc-His6/pcDNA3.1, KLF15Myc-His6/pcDNA3.1, Sp1/pcDNA3.1] 

using Lipofectamine 2000 reagent (Invitrogen, Carlsbad, CA) as described [21]. For stable 

transfections, cultures were treated with G418 (1000 μg/ml for HT1080; 2000 μg/ml for 

HepG2) beginning 48 h post-transfection.

HepG2 cells were also transfected with siRNA for NRF-1 [ON-TARGETplus Human 

NRF-1 (4899) siRNA #2], KLF15 [ON-TARGETplus Human KLF15 (28999) siRNA – 

SMARTpool], and Sp1 [ON-TARGETplus Human Sp1 (28999) siRNA – SMARTpool] 

using DharmaFECT4 Transfection Reagent. siRNAs and transfection reagent were 

purchased from Dharmacon (Lafayette, CO). The transfections were performed according to 

our optimized protocol based on the manufacturer’s instructions, with siRNA at a final 

concentration of 50 nM and 7.5 μl DharmaFECT4 per transfection (total 400 μl). The 

samples were assayed 24 h post-transfection.

For cell proliferation assays, HepG2, HT1080, and stable hPCFT-transfected HT1080/

hPCFT cells were plated in 96-well culture plates (4000 cells/well; 200 ml/well) with folate-

free RPMI-1640 and dialyzed fetal bovine serum (Sigma), L-glutamine, and antibiotics, 

supplemented with 2 nM leucovorin. AGF94 was added at a final concentration from 1 to 

1000 nM. Cells were incubated from 96 to 120 h (depends on the cell line) at 37°C in a CO2 

incubator. Cell viabilities were measured with a fluorescence-based viability assay 

(CellTiter-Blue, Promega) and a fluorescence plate reader (emission at 590 nm, excitation at 
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560 nm) for calculating the drug concentrations that inhibit growth by 50% (IC50). Prior to 

experiments, all cell lines were grown in folate-free RPMI-1640 (Life Technologies), 

supplemented with 10% fetal bovine serum, 100 units/ml penicillin, and 100 μg/ml 

streptomycin, and 2 mM L-glutamine for at least 2 weeks.

Real-time RT-PCR analysis

RNAs were isolated from the cell cultures using TRIzol reagent (Life Technologies, 

Carlsbad, CA). cDNAs were synthesized with random hexamers and MuLV reverse 

transcriptase (including RNase inhibitor) (Applied Biosystems, Waltham, MA) and purified 

using a QIAquick PCR Purification Kit (Qiagen, Valencia, CA). Quantitative real-time RT-

PCR was performed using a Roche LightCycler 480 (Roche Diagnostics, Indianapolis, IN) 

with gene-specific primers for hPCFT, KLF15, NRF-1, and Sp1 and appropriate probes 

(Roche Diagnostics), and a LightCycler 480 Probes Master kit (Roche Diagnostics, 

Indianapolis, IN), or with gene-specific primers and a LightCycler 480 SYBR Green I 

Master kit (Roche Diagnostics, Indianapolis, IN). Transcript levels were normalized to those 

for glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and/or β-actin. For relative 

hPCFT gene copy quantitation, genomic DNAs were isolated using TRIzol (Invitrogen) and 

analyzed by RT-PCR with RNase P as an endogenous reference gene. Primer sequences are 

summarized in Supplementary Table S1.

Western blot analysis

R1–11, HepG2, HT1080, and HT1080/hPCFT cell lines were cultured, as described above. 

Cells (~2 × 107) were disrupted by sonication and cell debris was removed by centrifugation 

(1,800 rpm, 5 min). A particulate membrane fraction was prepared by centrifugation 

(37,000×g, 30 min). The membrane pellet was solubilized with 1% SDS in 10 mM Tris–HCl 

[pH 7, containing protease inhibitors (Roche Diagnostics)]. Membrane proteins (120 μg) 

were electrophoresed on 7.5% Tris/glycine gels with SDS [22] and transferred to 

polyvinylidene difluoride membranes (Thermo Scientific, Rockford, IL) [23]. To detect 

hPCFT, the hPCFT-specific polyclonal antibody raised in rabbits to a carboxyl termini 

peptide [24] was used at a titer of 1 : 2,000. Protein loading was normalized to levels of β-

actin using anti-β-actin mouse antibody (Sigma–Aldrich). IRDye800CW-conjugated goat 

anti-rabbit IgG or IRDye800CW-conjugated goat anti-mouse IgG (LI-COR Biosciences, 

Lincoln, NE) was used as the secondary antibody. Membranes were scanned with an 

Odyssey infrared imaging system (LI-COR Biosciences, Omaha, NE).

hPCFT transport assay

hPCFT transport assays in monolayer cultures were performed as described [20,24]. R1–11, 

HepG2, HT1080, and HT1080/hPCFT stable transfectant cells were plated at 30–40% 

confluence into 60-mm dishes in complete RPMI-1640 (above). After 48 h, cellular uptakes 

of [3H]MTX (at 0.5 mmol/L) were measured over 5 min at 37°C in MES-buffered saline (20 

mmol/L MES, 140 mmol/L NaCl, 5 mmol/L KCl, 2 mmol/L MgCl2, and 5 mmol/L glucose, 

pH 5.5). The dishes were washed 3× with ice-cold phosphate-buffered saline. The cells were 

solubilized in 0.5 N NaOH and radioactive contents and protein concentrations [25] of the 

alkaline cell homogenates were determined. Intracellular radioactivity was calculated in 

units of pmol [3H]MTX per mg of cell protein.
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Transient transfections and luciferase assays

For transient transfections of HepG2 and HT1080 cells, 1 μg of hPCFT-luciferase reporter 

gene in pGL3 vector or ‘promoter-less’ pGL3-Basic plasmid was co-transfected with 200 ng 

of pGL4.74[hRluc/TK] vector using Lipofectamine 2000 reagent (Invitrogen) as described 

[21]. Forty-eight hours post-transfection, cells were harvested, and lysates were prepared 

according to the manufacturer’s instructions (Dual-Luciferase Reporter Assay System, 

Promega). Firefly luciferase activities were assayed with the Dual-Luciferase Reporter 

Assay System and a Synergy 2 Microplate Reader (BioTek), with results normalized to 

Renilla luciferase activity.

Drosophila SL2 cells were co-transfected with 2 μg of the hPCFT-luciferase reporter gene 

constructs and 200 ng of the pPacO (empty vector), Sp1 (pPacSp1), Sp3 [pPacUSp3 (Sp3 

longer form), pPacSp3 (Sp3 shorter form) [26,27]], NRF-1 (pPacNRF-1), or KLF15 

(pPacKLF15) cDNA constructs, using FuGENE 6 transfection reagent (Promega, Madison, 

WI), according to the manufacturer’s recommendations. The pPacSp1 and pPacO plasmid 

constructs were provided by Dr. Robert Tijan (University of California, Berkeley, CA), and 

the pPacSp3 and pPacUSp3 constructs were provided by Dr. Guntram Suske (Philipps-

University, Marburg, Germany). For experiments in which results for transfections with two 

transcription factor constructs were directly compared with results for cells transfected with 

a single transcription factor construct, total DNA amounts were maintained constant by 

adding empty pPacO to the single transfections. Cells were harvested after 48 h for 

luciferase assays using a single-luciferase assay system (Promega) with a microplate reader 

(BioTek). Luciferase activities were normalized to cellular proteins and measured by the 

Bio-Rad protein assay system.

CpG methylation analysis by bisulfite sequencing

R1–11 HeLa, HT1080 and HepG2 cells were plated in 60-mm dishes (0.5 × 106 cells/dish) 

in complete RPMI-1640 medium (above), two dishes for each cell line. Each cell line was 

treated with 2 μM 5-Aza or DMSO for 72 h; the 5-Aza was replaced with fresh drug every 

24 h. After 5-Aza treatments, the cells were passed into 100-mm dishes and after 48 h, cells 

were harvested for isolation of genomic DNAs (below), and for RNA extraction and gene 

expression analysis by real-time RT-PCR.

Genomic DNAs were isolated using TRIzol (Invitrogen). The EpiTect Bisulfite Kit (Qiagen) 

was used for bisulfite conversion and cleanup of DNAs for methylation analysis. 

Amplification of CpG sequence (−74 to +229) used primer 1 (5′-

GAGAGTTYGGTGGTTTTAGGTTATAGG-3′; Y = A/T) and primer 2 (5′-TAATAAA 

CRAACCCTACAAAACCAAAACAAAATTAAC-3′; R = G/C), as described [7,12]. PCR 

conditions were 94°C for 5 min, 35 cycles of 94°C for 30 sec, 58°C for 30 sec, and 72°C for 

1 min, followed by 1 cycle of 72°C for 10 min. TaKaRa EpiTaq™ HS (Takara Bio Inc.) was 

used to amplify bisulfite converted DNA. The 302 bp amplicons were resolved on a 1% 

agarose gel, gel purified (QIAEX II Gel Extraction Kit, Qiagen), and cloned into pCRII-

TOPO vector (Invitrogen). Plasmid DNAs from 10–16 bacterial clones were prepared for 

Sanger DNA sequencing by Genewiz. Sequencing results were compared with hPCFT 

genomic sequence with the QUantification tool for Methylation Analysis or QUMA (http://

Hou et al. Page 6

Biochem J. Author manuscript; available in PMC 2019 October 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://quma.cdb.riken.jp/


quma.cdb.riken.jp/) for calculation of the extent of CpG methylation for the −74/+229 

hPCFT promoter region.

Chromatin immunoprecipitation (ChIP) assays

ChIP assays were carried out with the ChIP-IT High Sensitivity kit in combination with the 

ChIP-IT qPCR Analysis kit, both obtained from Active Motif (Carlsbad, CA). ChIP assays 

were performed in HepG2 and HT1080 cells, according to the manufacturer’s instructions, 

with antibodies to NRF-1 (Abcam, Cat# ab34682), KLF15 (Sigma–Aldrich, Cat# 

SAB5300174), and Sp1 (Active Motif, Cat# 39058). The Mouse IgG2a [MOPC-3] Isotype 

(Abcam, Cat# ab18413) was used as a negative control in the pull-down steps. Briefly, 

HepG2 and HT1080 cells (~1.5 × 107) were fixed with a specially formulated formaldehyde 

buffer at room temperature for 15 min. Fixed cells were collected and homogenized. DNA 

was sheared into small fragments by sonication, then incubated with anti-NRF-1, KLF15 or 

Sp1 antibody. The antibody-bound protein/DNA complexes were immunoprecipitated with 

Protein G agarose beads and washed via gravity filtration. Following immunoprecipitation, 

DNA cross-links were reversed, proteins were removed by Proteinase K digestion, and the 

DNA was recovered and purified. The ChIP DNA and input DNA obtained were then used 

for qPCR analyses with the ‘DNA Standards, design and analysis template’ provided by 

ChIP-IT qPCR Analysis kit. The qPCRs were performed using a Roche LightCycler 480 and 

LightCycler 480 SYBR Green I Master Kit Mix (Roche Diagnostics), with primers located 

in the hPCFT core promoter region that includes putative binding sites for NRF-1, KLF15 or 

Sp1. Primer sequences are summarized in Supplementary Table S2.

Electrophoretic mobility shift assay (EMSA)

Nuclear extracts (NE) from HT1080 and HepG2 cells were prepared with a Nuclear 

Extraction Kit from Active Motif, according to the manufacturer’s instructions. Final NE 

protein concentrations were determined by the Bio-Rad protein assay. NE proteins (5 μg) 

from HT1080 and HepG2 cells were used for each reaction. Complementary single-stranded 

oligonucleotides were purchased from Invitrogen, and were annealed by heating the mixed 

oligonucleotides in Duplex Buffer (100 mM potassium acetate; 30 mM HEPES, pH 7.5) to 

94°C for 5 min, followed by gradual cooling. IRDye700-labeled double-stranded 

oligonucleotides were purchased from Integrated DNA Technologies, Inc. (Coralville, IA). 

Oligonucleotide sequences are provided in Supplementary Table S3. The Odyssey Infrared 

EMSA Kit was purchased from LI-COR (Lincoln, NE). For detection of the DNA-Sp1 and -

KLF15 protein complexes, NE proteins were pre-incubated at room temperature in a 

reaction solution containing 10 mM Tris–HCl (pH 7.5), 50 mM KCl, 3.5 mM DTT, 5 mM 

MgCl2, 0.25% Tween, and 1 μg of poly(dI-dC). To study the binding of NRF-1 to the 

hPCFT core promoter element, the same binding buffer components (above) were used, but 

with 1 μg of poly(dA-dT) (InvivoGen) rather than poly(dI-dC). Competitor oligonucleotides 

(50~500 nM) were added, as appropriate. After incubating for 10 min at room temperature, 

the IRDye700-labeled duplex oligonucleotide was added, and the reaction was incubated for 

another 30 min at room temperature. For supershift experiments, 1~2 μg of antibody to 

NRF-1 (Abcam, Cat# ab34682), KLF15 (Sigma–Aldrich, Cat# SAB5300174) or Sp1 

(Active Motif, Cat# 39058) was added to the reaction mixtures and incubated for 20 min at 

4°C (for NRF-1 and KLF15) or 40 min at 25°C (for Sp1). DNA–protein complexes were 
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supplemented with Orange Loading Dye (LI-COR) and separated on 5% TGE native 

acrylamide gel (containing 50 mM Tris, pH 7.5; 0.38 M glycine; and 2 mM EDTA) in 0.5× 

TGE buffer at 4°C and 80 V. The complexes were visualized by an Odyssey infrared 

imaging system (LI-COR Biosciences).

For some experiments, HT1080 NE proteins (70 μg) were incubated with or without 28 units 

of protein kinase A catalytic subunit (Sigma) in 50 mM Tris (pH 7.5), 10 mM MgCl2, and 

10 μM ATP at 30°C for 1 h in a total volume of 70 μl. Five micrograms of the treated NE 

proteins were used for EMSA, as described above.

Statistical analysis

Statistical analyses were performed using GraphPad Prism version 6.07 for Windows 

(GraphPad Software, La Jolla, CA, U.S.A.). Differences between two groups were 

statistically assessed using the Mann–Whitney U test. Univariate associations of NRF-1, 

KLF15, and Sp1 with hPCFT were examined using log-transformed transcript levels by 

Pearson’s correlation and plotted with linear regression by Prism. Since univariate 

association analyses do not distinguish between direct and indirect associations, multivariate 

regulatory association analyses were further performed between hPCFT and three 

transcription factor genes using the maximum relevance minimum redundancy backward 

(MRNETB) method with Pearson’s correlations [28,29]. MRNETB is a regulatory network 

inference approach based on the mutual information matrix with a backward elimination and 

a sequential replacement. As a reference, univariate and multivariate associations were 

further assessed using Spearman’s correlations and the results were consistent with those of 

Pearson’s correlations. The R/Bioconductor packages minet and igraph were used to 

generate the inferred regulatory network [28,29].

Results

hPCFT gene expression in HT1080 is significantly down-regulated compared with HepG2 
cells and is independent of hPCFT gene copy or promoter sequence alterations

Although hPCFT is broadly expressed among many solid tumor cell lines of different 

lineages, there were significant variations in hPCFT levels [3]. We selected HepG2 (high 

hPCFT) and HT1080 (negligible hPCFT) [3] as cell line prototypes to begin to explore the 

possible molecular determinants of disparate hPCFT gene expression among solid tumors. 

The nearly complete loss of hPCFT transcripts in HT1080 cells (comparable to hPCFT 

levels in hPCFT-null R1–11 HeLa cells [9]) (Figure 1A) was accompanied by a lack of 

detectable hPCFT protein on Western blots (Figure 1B) and very low levels of uptake of 

[3H]MTX (a surrogate transport substrate for hPCFT) at pH 5.5 (the hPCFT optimum [8]) 

(Figure 1C). No differences in hPCFT gene copy were detected between HepG2 and 

HT1080 cells by quantitative PCR (Supplementary Figure S1). Furthermore, no sequence 

differences in ~ 2000 bp upstream of the hPCFT transcriptional start site were identified 

between HepG2 and HT1080 cells (data not shown).

As expected, HT1080 cells were less sensitive to the anti-proliferative effects of the hPCFT-

targeted antifolate inhibitor AGF94 [18] than were HepG2 cells (Figure 1D). Stable 
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transfection of HT1080 cells with hPCFT cDNA restored substantial expression of the 

hPCFT protein (Figure 1B) and hPCFT transport activity (Figure 1C), resulting in increased 

AGF94 sensitivity (Figure 1D).

Role of CpG methylation in the loss of hPCFT gene expression in HT1080 cells

Based on reports that losses of hPCFT in malignant cells are frequently associated with 

hypermethylation of the hPCFT promoter [4,7,12], we initially tested whether the very low 

level of hPCFT gene expression in HT1080 cells could also be attributed to promoter 

hypermethylation. For these experiments, we treated H1080 cells, along with R1–11 HeLa 

and HepG2 cells, with the CpG demethylating agent 5-Aza.

To confirm hPCFT promoter methylation status (including any changes in promoter 

methylation with 5-Aza treatment), genomic DNAs were isolated and converted by bisulfite 

treatment and purified. Bisulfite-treated genomic DNAs were PCR-amplified with 

degenerate primers flanking positions −74 and +229 spanning the transcriptional start site 

(position +1), a region previously reported to be heavily methylated accompanying loss of 

hPCFT expression [4,7,12]. The amplicons (302 bp) were gel-purified, subcloned (PCRII-

TOPO) and the plasmids were isolated from 10–16 bacterial clones for Sanger sequencing to 

calculate the percentage of methylated CpGs between positions −74 and +229 (Figure 1E).

For untreated cells, the 37 CpGs in the −74 to +229 segment were heavily methylated in R1–

11 cells (69.2%), less so in HT1080 cells (49.1%), and minimally methylated in HepG2 cells 

(1.62%). 5-Aza treatment decreased methylation from 69.2% to 29.0% for R1–11 cells, 

accompanying 8.4-fold increased levels of hPCFT transcripts (Figure 1A), as previously 

reported [12]. Changes in CpG methylation with 5-Aza treatment were from 49.1% to 

31.3% for HT1080 cells, and from 1.62% to 0.74% for HepG2 cells. These were not 

accompanied by statistically significant changes in hPCFT transcript levels (Figure 1A).

Thus, while our results do suggest that there are substantial differences in CpG methylation 

between HepG2 and HT1080 cells, these are incompletely reversed by 5-Aza and the losses 

in CpG methylation in HT1080 cells were not accompanied by increased hPCFT. The very 

low level of hPCFT gene expression in HT1080 cells appears to be only modestly attributed 

to CpG hypermethylation. Involvement of histone deacetylation in hPCFT gene expression 

in HT1080 cells was also ruled out as causal since treatment with valproic acid (VPA; 1 mM 

for 72 h; with our without 5-Aza) did not alter the hPCFT transcript levels in HT1080 cells 

(data not shown).

Mapping of hPCFT core promoter region and identification of critical transcription cis-
elements

A 2.1 kb hPCFT (−2005/+96) promoter reporter construct (positions −2005 to +96; 

transcription starts at +1) was PCR-amplified from HeLa cells and subcloned in pGL3-Basic 

plasmid. A series of progressive deletions was introduced in the −2005/+96 construct 

(−1613/+96, −1209/+96, −807/+96, −386/+96, −82/+96, −50/+96, −35/+96, −20/+96, 

−15/+96, and −10/+96) (Figure 2A). The full-length and promoter deletion constructs were 

transiently transfected into HepG2 and HT1080 cells for luciferase reporter assays. Firefly 

luciferase activities were normalized to those for Renilla luciferase.
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The −2005/+96 pGL3 promoter construct showed a high level of activity in HepG2 cells that 

was relatively constant upon deleting >1900 bp of upstream sequence to position −50 

(−50/+96 construct) (Figure 2A). Additional deletion from position −35 (−35/+96) to −15 

(−15/+96) decreased activity by ~58%, whereas activity further decreased (~86%) with 

deletion to position −10 (−10/+96). This implies that the −50/+96 promoter construct 

approximates a minimal core promoter, in agreement with published findings of Goldman 

and colleagues who localized a minimal hPCFT promoter sequence to between positions 

−42 and +96 [12].

hPCFT promoter activity measured in HT1080 cells paralleled the low levels of hPCFT 

transcripts in these cells and was ~25–50% of that measured for HepG2 cells for the 

−2005/+96 to −50/+96 constructs but fell to ~15% of HepG2 activity levels for −35/+96 

construct. These results strongly suggest that losses of hPCFT transcripts and protein in 

HT1080 cells were primarily due to a transcriptional defect.

The profound losses of hPCFT promoter activity in both HepG2 and HT1080 cells upon 

deletions from positions −50 (−50/+96) to −35 (−35/+96) and from positions −15 (−15/+96) 

to −10 (−10/+96) (Figure 2A) likely reflect the presence of essential cis-elements in these 

regions. Bioinformatics analysis (MatInspector [30]) at high stringency revealed three 

putative transcription factor binding sites from positions −50 to +1 within the hPCFT core 

promoter (−50/+96) region, including KLF15 (−48 to −29), GC-Box (−30 to −14), and 

NRF-1 (−15 to +1) elements (Figure 2B). From the patterns of luciferase activity recorded, 

the dramatic losses of promoter activity upon deletion from positions −50 to −35, and from 

positions −15 to −10, may reflect the removal of KLF15 and NRF-1-binding sites, 

respectively. Although a putative GC-Box was also identified, as noted above, deletion 

across this region had a minimal deleterious effect on luciferase activity. Of these three 

elements, only the NRF-1 site was previously reported [13].

To further explore the potential importance of the KLF15, GC-Box, and NRF-1-binding sites 

on hPCFT promoter activity, we mutated these elements within the hPCFT core promoter 

(−50/+96) construct (Figure 2B). Mutant reporter constructs were transiently transfected into 

HepG2 and HT1080 cells, followed by luciferase reporter assays, with results compared 

with the WT promoter. Interestingly, mutations caused somewhat different impacts between 

the cell lines such that mutation of the KLF15-binding site resulted in 42% (in HT1080) and 

80% (in HepG2) losses of luciferase activity, whereas the NRF-1 mutation caused 68% (in 

HT1080) and 89% (in HepG2) decreases in luciferase activity (Figure 2A). When both 

KLF15 and NRF-1 cis-elements were mutated, losses of luciferase activity were augmented, 

decreasing to ~10% and ~5% of WT promoter levels in HT1080 and HepG2 cells, 

respectively. For the GC-Box, mutation of the core binding sequence resulted in a modest 

activation (~26%) of promoter activity in HepG2 cells but not in HT1080 cells (see below). 

All mutations affected the loss of transcription factor binding to their binding sites, as 

reflected in results of EMSA (Figure 5B).
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Levels of endogenous KLF15, NRF-1, and Sp1 expression in HepG2 and HT1080 cells and 
the impact of NRF-1, KLF15, and Sp1 overexpression and knock-down on hPCFT gene 
expression

The aforementioned results (Figure 2A) suggested potentially important regulatory roles for 

KLF15 and NRF-1, and possibly Sp1, in regulating hPCFT gene transcription. Although a 

regulatory role for NRF-1 in hPCFT transcription was previously suggested for HeLa cells 

[13], regulation of hPCFT by KLF15 has not been previously described.

When NRF-1, KLF15 and Sp1 transcript levels were measured in HepG2 and HT1080 cells, 

striking differences were detected (~5.1-, ~44- and ~2.4-fold, respectively; 

HepG2>>HT1080) (Figure 3A). Combined with the results of the reporter gene assays in 

Figure 2A, these findings imply that NRF-1 and KLF15 play critical roles in regulating 

hPCFT gene expression from the minimal promoter. The substantial differences in levels of 

these transcription factors likely contribute to the disparate hPCFT amounts in HepG2 

versus HT1080 cells, although any role of Sp1 appears to be more subtle.

To further study the roles of NRF-1, KLF15 and Sp1 on hPCFT promoter activity, we stably 

overexpressed NRF-1, KLF15 or Sp1 (in pcDNA3.1 vector; with Myc-His6 tag for KLF15 

and NRF-1) in both HepG2 and HT1080 cells. Transfection was monitored by real-time RT-

PCR and was reflected in increased NRF-1, KLF15, and Sp1 transcript levels over 

background levels. Increased levels of KLF15 (~5-fold) and NRF-1 (~1.5-fold) transcripts 

were accompanied by statistically significant increases in hPCFT transcript levels (~40–

50%) in HepG2 cells; however, increased levels of Sp1 (~1.4-fold) resulted in decreased 

hPCFT transcript levels (~40%) (Figure 3B). This is consistent with the observations of 

increased luciferase activity in HepG2 cells transfected with the mutant −50/+96/GC-Boxm 

construct (Figure 2A). However, for HT1080 cells there was no impact on hPCFT gene 

expression, although increased levels of KLF15 (~14-fold), NRF-1 (~3.5-fold) and Sp1 

(~1.5-fold) were measured (Figure 3C). We also knocked-down expression of NRF-1, 

KLF15, and Sp1 in HepG2 cells to study the impact on hPCFT gene expression with 

siRNAs. We knocked-down gene expression of NRF-1, KLF15 and Sp1 in HepG2 by ~50%, 

~80%, and ~65%, respectively, with siRNA. Only for NRF-1, was the knock-down 

associated with decreased (~25%) hPCFT transcript levels (Supplementary Figure S2).

To test if there was coordinate multi-factorial regulation of hPCFT gene expression by these 

transcription factors in HT1080 cells, we transiently transfected NRF-1, KLF15 or Sp1 

singly or in combination (i.e. NRF-1 + KLF15, NRF-1 + Sp1, KLF15 + Sp1, and NRF-1 + 

KLF15 + Sp1). As shown in Figure 3D, no significant impact on hPCFT gene expression 

was measured in HT1080 cells with overexpression of NRF-1, KLF15, or Sp1 singly or in 

combination.

Collectively, these results strongly suggest a multi-factorial regulation of hPCFT gene 

expression including NRF-1, KLF15, and Sp1, along the potential effects of other factors not 

considered in this report. Another critical determinant could involve potential 

posttranslational modifications of critical factors (see below).
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Functional analysis of hPCFT core promoter elements and transcription factors in 
Drosophila SL2 cells

The hPCFT minimal promoter includes a GC-Box (positions −30 to −14; Figure 2B) that 

resides between the KLF15 (−48 to −29) and NRF-1 (−15 to +1) binding sites implicated as 

functionally important in regulating hPCFT promoter activity (Figure 2B). Whereas deletion 

of the GC-Box (−20/+96 and −15/+96; Figure 2A) does not impact promoter activity in 

HepG2 cells, its mutation resulted in an activation (26%) of promoter activity (Figure 2A). 

KLF15 and Sp1 are reported to synergistically activate gene expression of the LRP5 and 

AceCS2 genes [31,32] and for AceCS2, synergistic transactivation correlates with an ability 

of KLF15 to stably interact with Sp1 [32]. Furthermore, NRF-1 binding to the common 

promoter of the GPAT and AIRC genes requires binding of Sp1 [33].

To directly characterize the functional interplay between KLF15, NRF-1 and Sp proteins in 

regulating hPCFT transcription, we used Drosophila SL2 cells which do not express Sp 

factors [34]. A particular goal was to directly assess whether Sp proteins regulate hPCFT 

promoter activity when all three cis-elements (KLF15, GC-Box, and NRF-1) are present, 

and to determine potential transactivating (or repressive) effects of the broader family of Sp 

proteins (Sp1, and the short Sp3 and long USp3 isoforms [26,27]) on the hPCFT minimal 

promoter.

Initially, SL2 cells were transiently transfected with the hPCFT −50/+96 core promoter 

construct (in pGL3-Basic) and Sp factors (in pPac vector) or empty vector (pPacO). 

Luciferase assays were performed, with results normalized to the protein levels of each 

sample. Luciferase activity measured for SL2 cells transfected with the −50/+96 promoter 

construct and empty vector pPacO was nominal (Figure 4A). Sp1 activated the hPCFT 

minimal promoter by ~9.4-fold, implicating an important transactivating role for the GC-

Box element and Sp1 protein in the absence of other transcription factors (Figure 4A). 

Compared with Sp1, the USp3 long form transactivated the hPCFT promoter to a lesser 

extent (~3.4-fold), whereas the shorter Sp3 form [26,27] was even less effective (~1.6-fold) 

in stimulating reporter gene activity. When combined with Sp1, both USp3 and Sp3 

decreased the extent of Sp1 transactivation. Likewise, the Sp3 short form negatively 

impacted promoter transactivation by its longer Sp3 form (Figure 4A).

Additional experiments further explored the regulation of hPCFT transcription by KLF15 

and NRF-1 and the functional relationships between Sp1, KLF15, and NRF-1 in SL2 cells. 

NRF-1 alone activated the hPCFT core promoter activity by ~43-fold; co-transfection of 

NRF-1 with Sp factors (Sp1 and Sp3) resulted in modestly decreased (13–42%) promoter 

activity compared with NRF-1 alone (Figure 4A). Interestingly, KLF15 alone was nominally 

(~2.3-fold) activating (Figure 4A), but when KLF15 was combined with Sp1 and USp3, 

promoter activity was stimulated ~16- and 6.2-fold, respectively. Combined NRF-1 and 

KLF15 transactivated the hPCFT core promoter ~83-fold (Figure 4A), establishing 

synergistic transactivation by these factors. Promoter activation by combined NRF-1 and 

KLF15 was decreased by the addition of Sp1 (~20%), USp3 (~27%) or Sp3 (~13%).

To further assess the role of the GC-Box on hPCFT core promoter activity, transactivation by 

single (Sp1, KLF15 or NRF-1) or combined (KLF15 + Sp1 or NRF-1 + Sp1) transcription 
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factors was compared for the −50/+96 WT and −50/+96 GC mutant (GC-Boxm) constructs 

by transient transfections of SL2 cells (Figure 4B). In all cases, compared with the WT 

promoter construct, promoter activity was lower (~19–43%) for the GC-Box mutant 

construct, further supporting the notion that transactivation of the hPCFT promoter by these 

transcription factors is coordinated, as suggested by the results in Figure 4A.

Collectively, these results establish that the hPCFT minimal promoter is regulated in a 

coordinated fashion by NRF-1, KLF15 and Sp proteins, resulting in both activation and 

antagonistic responses. Substantial transactivation of hPCFT core promoter activity was 

achieved by NRF-1 combined with KLF15, in direct support of the notion that these factors 

are essential to the transcriptional regulation of hPCFT.

Binding of NRF-1, KLF15, and Sp1 transcriptional factors to the hPCFT minimal promoter 
region

To assess binding of NRF-1, KLF15 and Sp1 proteins to the hPCFT minimal promoter, ChIP 

assays were performed. Chromatins from HepG2 and HT1080 cells were incubated with IgG 

(negative control) or ChIP grade NRF-1, KLF15, or Sp1 antibodies. Immunoprecipitated 

chromatins were amplified by real-time PCR with primers spanning the putative NRF-1 

(positions −15 to +1), or the KLF15 (−48 to −29) and GC-Box (−30 to −14) cis-elements, to 

quantitatively assess in vivo transcription factor binding.

Whereas NRF-1, KLF15, and Sp1 proteins all significantly bound to the HepG2 chromatin 

in excess of the negative (IgG) controls, for HT1080 cells divergent results were obtained. 

Thus, binding of both NRF-1 and Sp1 was detected in HT1080 cells, albeit at ~3-fold and 

~2.4-fold lower levels than were recorded for HepG2 cells (Figure 5A). No significant 

binding of KLF15 in HT1080 cells could be detected over that measured with IgG.

In vitro binding of NRF-1, Sp1 and KLF15 factors to their specific binding sites in the 

hPCFT promoter was assessed by EMSA. For these experiments, HepG2 and HT1080 NE 

were incubated with IRDye700-labeled double-strand oligonucleotides, including specific 

transcription factor binding sequences in the hPCFT promoter. Binding specificities were 

established by incubations in the presence of excess (200-fold) unlabeled WT or mutant 

oligonucleotides (see Supplementary Table S3 for the oligonucleotide sequences). DNA–

protein complexes were separated on 5% PAGE gels and detected by infrared imaging.

For NRF-1, two specific complexes (a and b) were formed with HepG2 and HT1080 NE 

which showed modest (~40%) decreases in HT1080 cells (Figure 5B; upper panels). These 

DNA–protein complexes completely disappeared in the presence of excess untagged NRF-1 

oligonucleotide, although the competition was abolished when the NRF-1 core binding 

sequence was mutated. For DNA/protein complexes formed with HepG2 NE, NRF-1 

antibody resulted in a decreased DNA/protein (complex b) signal and two supershifted 

complexes (labeled 1 and 2). This establishes the specificity of complex formation and 

identifies the protein complexes as involving NRF-1.

At least five specific DNA–protein complexes (labeled c, d, e, f, and g) were formed upon 

incubation of IRDye700-labeled KLF15 oligonucleotide with HepG2 NE; these complexes 
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could be competed away by excess KLF15 WT oligonucleotide but not by KLF15 mutant 

oligonucleotide (Figure 5B, middle left panel). In HT1080 cells, complexes c, e, f, and g 

were likewise detected (albeit all at low levels), whereas complex d was undetectable (Figure 

5B, middle right panel). DNA/protein complexes formed with HepG2 cells (d, e, f, and g) 

were supershifted with antibody to KLF15 (labeled 3), establishing specificity.

For Sp1, two major specific DNA–protein complexes (h and i) were detected with 

significantly higher binding in HepG2 than HT1080 cells (Figure 5B, lower panels). In 

HepG2 cells, one of two bands comprising complex h (but not complex i) was substantially 

decreased upon Sp1 antibody treatment (labeled 4 in Figure 5B), confirming Sp1 specificity. 

However, the identities of the other complex h band or complex i could not be determined on 

supershifts; these may represent Sp3 protein complexes.

Thus, binding of NRF-1, KLF15, and Sp1 to the hPCFT promoter both in vivo (Figure 5A) 

and in vitro (Figure 5B) paralleled levels of gene expression for these factors (Figure 3A).

As our previous study of Sp1/Sp3 binding to the cystathionine-β-synthetase promoter 

identified an important role for changes in Sp1/Sp3 phosphorylation in transcription factor 

binding and gene transactivation in HT1080 cells [35], we hypothesized that a similar 

mechanism may occur for Sp protein binding to the hPCFT promoter. To assess this 

possibility, we treated the HT1080 NE with protein kinase A, followed by EMSA (Figure 

5C). Binding of Sp factors to the GC-Box sequence was substantially enhanced upon 

pretreatment with protein kinase A and protein binding was competed by unlabeled WT GC-

Box oligonucleotide (Figure 5C). These results strongly suggest that phosphorylation of Sp 

factors plays an additional important role in their binding to the minimal hPCFT promoter 

and that decreased Sp protein phosphorylation may further contribute to the modest hPCFT 

promoter activity and low levels of hPCFT measured in HT1080 cells.

Expression and regulatory associations between hPCFT and NRF-1, Sp1, or KLF15 in 
human solid tumor cell lines

Interestingly, when NRF-1 or Sp1 and hPCFT transcripts were measured in a cohort of 53 

human solid tumor cell lines previously reported with wide-ranging hPCFT levels [3] 

(Supplementary Table S4), close associations were detected between NRF-1 and hPCFT (r = 

0.4016 and p = 0.0029 by Pearson’s correlation; Figure 6A) and between Sp1 and hPCFT (r 
= 0.4165 and p = 0.0019; Figure 6B). However, this association was less exact between 

KLF15 and hPCFT (r = 0.1288 and p = 0.3579; Figure 6C). To assess whether these 

associations could be direct or indirect, the MRNETB method with Pearson’s correlations 

was used [28,29]. This multivariate regulatory inference analysis showed direct associations 

between the hPCFT and each factor (NRF-1, Sp1, or KLF15). In the schematic (Figure 6D), 

the degree of association was different for different transcription factors, with stronger 

associations between hPCFT and NRF-1 or Sp1 than with KLF15.

Discussion

We discovered novel 6-substituted pyrrolo[2,3-d]pyrimidine antifolates typified by AGF94 

with substantial selectivity for hPCFT over the reduced folate carrier (the major tissue folate 
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transporter), resulting in potent anti-tumor efficacy in vitro and in vivo [6,17,18,36,37]. 

While the development of hPCFT-targeted therapies is based on the notion that hPCFT is 

highly expressed in human tumors, the reality among assorted human tumor cell lines and 

primary tumors (including NSCLC, malignant pleural mesothelioma, and epithelial ovarian 

cancer) is that both high- and low-expressing cases are detected [3–6]. Given the importance 

of understanding the regulation of hPCFT to the effective implementation of hPCFT-targeted 

therapies for cancer, characterization of the underlying mechanisms that contribute to these 

variations in hPCFT gene expression is essential.

In this report, we investigated the basis for differences in sensitivities for HepG2 and 

HT1080 tumor cells to AGF94, a prototypical hPCFT-selective antifolate [18]. Loss of 

AGF94 sensitivity in HT1080 cells was associated with negligible levels of hPCFT 

transcripts and protein, whereas HepG2 cells expressed elevated hPCFT. The lack of 

detectable hPCFT in HT1080 cells was not due to the loss of hPCFT alleles or to alterations 

in the hPCFT promoter sequence. Furthermore, treatment with 5-Aza and bisulfite DNA 

sequencing suggested that loss of hPCFT gene expression in HT1080 cells did not result 

from CpG hypermethylation in the hPCFT promoter. Rather, reporter assays with hPCFT 

promoter constructs (−2005/+96 to −35/+96) suggested that, most likely, the disparate levels 

of hPCFT levels in HepG2 and HT1080 cells reflected differences in critical transcriptional 

controls.

Our analysis localized a core hPCFT promoter to between positions −50 and +96, including 

KLF15, GC-Box, and NRF-1 cis-elements. The functional importance of these elements was 

verified by mutation of core consensus sequences, transient transfections with expression 

constructs for the transcription factors, and reporter gene assays in HepG2, HT1080, and 

Drosophila SL2 cells. Substantial and synergistic transactivation of hPCFT core promoter 

activity was achieved by NRF-1 combined with KLF15. While KLF15 and Sp1 were 

cooperative in activating hPCFT, Sp3 proteins were distinctly antagonistic. NRF-1 and Sp1 

were also antagonistic, a pattern that continued with both the short and long Sp3 protein 

forms [27]. Binding of NRF-1, Sp1, and KLF15 to the endogenous hPCFT promoter in 

HepG2 and HT1080 cells was confirmed by ChIP analysis and was further validated in vitro 
by EMSA and supershifts. The results of both these assays were highly concordant, and the 

stoichiometries of NRF-1, KLF15 and Sp1 binding to the hPCFT promoter in HepG2 and 

HT1080 cells paralleled the expression levels of these transcription factors. Collectively, 

these results establish the transcriptional potentials of NRF-1, KLF15 and Sp proteins in 

regulating hPCFT transcription. While NRF-1 was previously reported to regulate hPCFT 

via binding to the hPCFT core promoter [13], our results are the first to identify an important 

role for KLF15 in regulating hPCFT gene expression. To the best of our knowledge, 

functional cooperativity between NRF-1 and KLF15 in gene transactivation has not been 

previously reported.

KLF15 is involved in assorted biological processes, including cell proliferation, 

differentiation, and death. KLF15 regulates its transcriptional targets in cardiac metabolism 

via interaction with p300 and recruitment of this critical co-activator to promoters [38]. 

KLF15 is a regulator of adipogenesis [39] and is a central component of the transcriptional 

circuitry that regulates physiologic fluxes of all three major nutrient classes (i.e. glucose, 
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lipids, and amino acids) [40,41]. Our present results now extend the metabolic scope of 

KLF15 to include one-carbon homeostasis, via its transcriptional regulation of hPCFT, a 

critical route for intestinal uptake of folates [1,42]. Both KLF15 and hPCFT are highly 

expressed in kidney, liver, placenta and small intestine [1,36,39,42,43]. KLF15 has been 

implicated in the development of human malignancies, including breast cancer for which it 

plays a role as a novel tumor suppressor [44]. The EWSR1–KLF15 fusion transcript is 

associated with primary renal myoepithelial carcinoma in children [45]. Our finding of a 

critical role of KLF15 in hPCFT gene expression is intriguing given the demonstrated 

cooperativity of KLF15 with the glucocorticoid receptor in regulating genes involved in 

amino acid metabolism [46]. By analogy, the previously observed regulation of hPCFT by 

the glucocorticoid receptor [47] may also be mediated via KLF15.

The NRF-1-binding motif is frequently found in a large number of TATA-less promoters 

near the transcriptional start site, and it has been suggested that NRF-1 plays a major role as 

a proximal promoter-binding factor [48]. NRF-1 has been identified as a transcriptional 

regulator of genes involved in mitochondrial biogenesis [49] and also plays a role in 

regulating and coordinating assorted genes involved in embryonic development [50], cell 

proliferation, and DNA synthesis and repair [51,52]. NRF-1 expression is selectively up-

regulated in human breast cancer cells relative to adjacent stromal tissue, which correlates 

with metastasis and poor prognosis [53]. Finally, the up-regulation of NRF-1 is observed in 

type I endometrial cancer [54] and thyroid oncocytoma [55].

Sp proteins regulate a vast array of genes involved in essential cellular functions, including 

proliferation, differentiation, DNA damage response, apoptosis, senescence and 

angiogenesis [26,27]. Whereas Sp1 is typically an activator of transcription, Sp3 exerts both 

agonistic and antagonistic effects on gene expression [26,27]. Consistent with our findings 

for hPCFT, KLF15 and Sp1 cooperate in regulating gene expression [31,32] via stable 

interaction between these factors [32]. NRF-1 binding to the GPAT and AIRC shared 

promoter also requires Sp1 [33].

hPCFT is expressed in human tumor cell lines from a variety of lineages [3–6] and the 

results described herein are best interpreted in terms of a highly coordinate regulation of 

hPCFT gene expression by KLF15, NRF-1, and Sp1. Although overexpression of NRF-1, 

KLF15, and Sp1 significantly impacted hPCFT expression in HepG2 cells, there was no 

impact in HT1080 cells. While excellent associations were established between the 

expression of NRF-1 or Sp1 and hPCFT among a cohort of 53 human tumor cell lines, this 

was slightly reduced for KLF15 and hPCFT. Thus, levels of NRF-1 and Sp1, and to a lesser 

extent KLF15, appear to be critical determinants of hPCFT gene expression in a broad range 

of human tumor cells. Of course, the functions of these factors in regulating hPCFT 

transcription are also regulated by their posttranslational modifications [56,57] or via 

associations with other transcription factors [58] not considered herein. Consistent with the 

former, protein kinase A treatment of HT1080 NE significantly increased Sp1 binding to the 

hPCFT promoter by EMSA, suggesting an additional potential role of Sp1 phosphorylation 

in regulating hPCFT transcription.
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In conclusion, we have identified critical transcription factors including KLF15, NRF-1, and 

Sp1/Sp3 that regulate the hPCFT minimal promoter. Our results suggest that alterations in 

the levels of KLF15 and NRF-1 are likely causal in the low levels of hPCFT in HT1080 cells 

and possibly other low hPCFT-expressing tumors and that levels and function of these 

critical factors may be important determinants of hPCFT expression and anti-tumor efficacy 

of hPCFT-targeted agents such as AGF94. Additional roles of posttranslational 

modifications of critical factors, as suggested for Sp1, may manifest. Compelling preclinical 

evidence suggests the extraordinary therapeutic potential of hPCFT-targeted cytotoxic drugs 

for cancer [17] which would be further enhanced if strategies can be developed for 

selectively increasing hPCFT expression and/or transport activity.
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Abbreviations

5-Aza 5-aza-2′deoxycytidine

ChIP chromatin immunoprecipitation

EMSA electrophoretic mobility shift assay

GAPDH glyceraldehyde-3-phosphate dehydrogenase

hPCFT human PCFT

KLF15 Krüppel-like factor 15

MRNETB maximum relevance minimum redundancy backward

MTX methotrexate

NE nuclear extract

NRF-1 nuclear respiratory factor-1

NSCLC non-small cell lung cancer

PCFT proton-coupled folate transporter

PMX pemetrexed

Sp stimulatory protein

WT wild-type
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Figure 1. Transcriptional regulation of hPCFT gene expression.
(A) R1–11 HeLa, HT1080 and HepG2 cells were plated and treated with 2 μM 5-Aza or 

DMSO (vehicle) for 72 h. The cells were harvested for RNA extraction for hPCFT gene 

expression analysis by real-time RT-PCR with a LightCycler 480 Probes Master kit. Results 

are shown as mean values ± standard errors (n = 3). *p < 0.05; ns, non-significant. (B) 

hPCFT protein levels were measured in crude plasma membranes by SDS–PAGE and 

Western blotting with hPCFT polyclonal antibody. (C) hPCFT uptake was measured with 

[3H]MTX at pH 5.5 at 37°C for 5 min. Results were calculated as pmol [3H]MTX/mg 

protein and are shown as mean values ± standard errors (n = 3). (D) Cells were plated with a 

range of concentrations of AGF94. Cell proliferation was assayed with CellTiter-Blue and a 

fluorescent plate reader. Results for drug treatments were normalized to relative growth in 

the absence of drug additions. Results are shown as mean IC50 values (in units of nM) with 

standard errors (n = 3). (E) Genomic DNAs (2 μg) from R1–11, HT1080 and HepG2 cells 
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treated with or without 5-Aza were used for bisulfite conversion. The converted DNAs were 

used as templates for PCR amplification of a region of the hPCFT promoter (positions −74 

to +229) that was reported as heavily methylated [4,7,12]. The amplicons (302 bp) were 

resolved, gel purified and cloned into pCRII-TOPO vector. Bacteria were transformed and 

plasmid DNAs from 10 to 16 bacterial clones were prepared for Sanger DNA sequencing. 

The sequencing results were compared with hPCFT genomic sequence to reveal 37 putative 

CpGs between positions −74 and +229. The schematic shows the total bacterial clones that 

were sequenced and the number of methylated CpGs (dark circles) from the 37 CpGs. The 

percentages of methylated CpGs were calculated and are noted in parentheses.
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Figure 2. Functional analysis of hPCFT promoter–reporter constructs in HepG2 and HT1080 
cells.
(A) HT1080 and HepG2 cells were transfected with the full-length (−2005/+96) and 

progressive deletion (−1613/+96, −1209/+96, −807/+96, −386/+96, −82/+96, −50/+96, 

−35/+96, −20/+96, −15/+96, −10/+96) constructs, as well as NRF-1, KLF15, or GC-Box 

consensus mutant constructs in −50/+96 (−50/+96/NRF-1m, −50/+96/KLF15m, −50/+96/

NRF-1m/KLF15m, −50/+96/GC-Boxm, respectively). Luciferase activities for the reporter 

constructs were normalized to Renilla luciferase activities and compared with that of the 

−50/+96 hPCFT core promoter construct. Data are presented as the mean values ± standard 

errors from three to seven independent experiments. Statistical analyses for comparisons of 

luciferase activities for the −50/+96 construct and its deletion and mutation constructs were 
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performed and are noted. **** or ΔΔΔΔ, p < 0.0001; *** or ΔΔΔ, p < 0.001; ** or ΔΔ, p < 

0.05; ns, not significant. (B) Bioinformatics analysis was performed using MatInspector [30] 

and revealed three transcription binding sites from positions −50 to +1 within the hPCFT 

core promoter (−50/+96) region, including one KLF15, one GC-Box, and one NRF-1 cis-

element. The core consensus sequences for each element are in bold and are italicized. 

Below particular bases are shown ‘t’, indicating specific mutations introduced in reporter 

gene constructs and oligonucleotides used in EMSA to disrupt the cis-elements.
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Figure 3. NRF-1, KLF15, and Sp1 expression in HepG2 and HT1080 cells and the impact of 
NRF-1, KLF15 and Sp1 on hPCFT gene expression.
(A) Transcript levels for KLF15, NRF-1 and Sp1 were measured in HepG2 and HT1080 cell 

lines. (B) Impact of hPCFT gene expression in HepG2 cells stably transfected with KLF15, 

NRF-1 or Sp1. (C) Impact of hPCFT gene expression in HT1080 cells stably transfected 

with KLF15, NRF-1 or Sp1. (D) Impact of hPCFT gene expression in HT1080 cells 

transiently transfected with KLF15, NRF-1 or Sp1 singly or in combination. Transcript 

levels of NRF-1, KLF15, Sp1 and hPCFT were monitored by real-time RT-PCR with a 

LightCycler 480 Probes Master kit, or with a LightCycler 480 SYBR Green I Master kit. 

The transcript levels were normalized to that for GAPDH and/or β-actin. Results are 

presented as mean values ± standard errors from three to four different experiments. For 

statistics: ***p < 0.001; **p < 0.01; *p < 0.05.
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Figure 4. Functional analysis of hPCFT core promoter elements and transcription factors in 
Drosophila SL2 cells.
Drosophila SL2 cells were co-transfected with hPCFT core promoter-luciferase reporter 

gene constructs −50/+96 and pPacO, or Sp1, USp3 (Sp3 longer form), Sp3 (Sp3 shorter 

form), NRF-1, or KLF15 cDNA constructs in pPacO using FuGENE 6 transfection reagent. 

Cells were harvested after 48 h for luciferase assays using a single-luciferase assay system 

with a microplate reader. Luciferase activities were normalized to cell proteins. (A) Effects 

of assorted transcription factors (Sp1, Sp3, USp3, NRF-1, and KLF15; added singly or in 

combination) on hPCFT core promoter activity. Statistics were performed within each 

transactivation group by Sp1, NRF-1, KLF15, or NRF-1 + KLF15, upon addition of various 

Sp factors. (B) Transactivation of WT hPCFT core promoter (−50/+96) and hPCFT core 

promoter with the GC-Box consensus sequence mutation (−50/+96/GC-Boxm), upon 

transfecting with Sp1, NRF-1, or KLF15 singly or in combination. For both panels A and B, 
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results are presented as mean values ± standard errors from 3 to 11 different experiments. 

For both panels: ****p < 0.0001; **p < 0.01; *p < 0.05.
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Figure 5. Binding determinations of NRF-1, KLF15 and Sp1 transcription factors to the hPCFT 
minimal promoter region by ChIP and EMSA assays.
(A) ChIP assays were performed in HepG2 and HT1080 cells according to the 

manufacturer’s instructions, with antibodies against NRF-1, KLF15, and Sp1. Mouse IgG2a 

was used as a negative control in the pull-down step. The ChIP DNA and input DNA were 

prepared with the ChIP-IT High Sensitivity Kit according to the manufacturer’s instructions 

and were then used for real-time PCR analyses with the ‘DNA Standards, Design and 

Analysis Template’ provided with the ChIP-IT qPCR Analysis kit (Active Motif). Real-time 

PCR was performed using a Roche LightCycler 480 and LightCycler 480 SYBR Green I 

Master kit, with primers located in the hPCFT core promoter region spanning putative 

binding sites for NRF-1, KLF15 or Sp1. Statistical analyses were performed using Prism 

6.07. Results are presented as mean values ± standard errors from at least three independent 

experiments of triplicate measurements. ****p < 0.0001; **p < 0.01; *p < 0.05; ns, non-

significant. (B) NE proteins from HT1080 and HepG2 cells were pre-incubated at room 

temperature in a reaction solution containing poly(dI-dC) (for binding assay of KLF15 and 

Sp1) or poly (dA-dT) (for binding assay of NRF-1). WT or mutant competitor 

oligonucleotides (500 nM for NRF-1 and KLF15 and 50 nM for Sp1) were then added as 
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appropriate, followed by the addition of IRDye700-labeled duplex oligonucleotide. For 

supershift experiments, 1~2 μg of antibody to NRF-1, KLF15 or Sp1 was added to the 

reaction mixtures and incubated for 20 min at 4°C (for NRF-1 and KLF15) or 40 min at 

25°C (for Sp1). DNA–protein complexes supplemented with Orange Loading Dye were then 

separated on 5% TGE native acrylamide gel at 4°C and 80 V. DNA–protein complexes were 

visualized by an Odyssey infrared imaging system. (C) HT1080 NE proteins were incubated 

with or without protein kinase A catalytic subunit and 10 μM ATP at 30°C for 1 h. Five 

micrograms of the treated NE proteins were used for EMSA in the presence or absence of 

WT competitor oligonucleotide.
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Figure 6. Expression and regulatory associations between hPCFT and NRF-1, Sp1, or KLF15 in 
solid tumor cell lines.
Transcript levels for hPCFT, NRF-1, Sp1, and KLF15 were measured with 53 solid tumor 

cell lines studied previously [3] (Supplementary Table S4) by real-time RT-PCR with 

LightCycler 480 SYBR Green I Master kit. The hPCFT, NRF-1, Sp1, and KLF15 transcript 

levels were normalized to transcript levels for GAPDH. The scatter plots show univariate 

associations between hPCFT and NRF-1 (A), hPCFT and Sp1 (B), and hPCFT and KLF15 

(C) by Pearson’s correlation coefficients (r). The x-axis and y-axis scales are logarithmic 

and the solid gray lines represent the fitted regression lines. N indicates the sample size (53). 

(D) depicts the multivariate regulatory association network between hPCFT and the major 

transcription factors (NRF-1, Sp1, or KLF15) described in this report, which was inferred by 

the MRNETB method with Pearson’s correlations [28,29]. For the schematic shown, the 

thickness of the edge and the corresponding numbers (which range from 0 to 1) represent the 

relative strength of the association. The R/Bioconductor packages minet and igraph were 

used to generate the inferred regulatory network [28,29].
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