
Regulation of Reduced Folate Carrier (RFC) by Vitamin D 
Receptor at the Blood-Brain Barrier

Camille Alam, Md.†, Tozammel Hoque†, Richard H. Finnell‡, I. David Goldman§, Reina 
Bendayan*,†

†Department of Pharmaceutical Sciences, Leslie Dan Faculty of Pharmacy, University of Toronto, 
Toronto, Ontario M5S 3M2, Canada

‡Departments of Molecular and Cellular Biology and Medicine, Baylor College of Medicine, 
Houston, Texas 77030, United States

§Department of Molecular Pharmacology, Albert Einstein College of Medicine, Bronx, New York 
10461, United States

Abstract

Folates are essential for brain development and function. Folate transport in mammalian tissues is 

mediated by three major folate transport systems, i.e., reduced folate carrier (RFC), proton-

coupled folate transporter (PCFT), and folate receptor alpha (FRα), known to be regulated by 

ligand-activated nuclear receptors, such as vitamin D receptor (VDR). Folate uptake at the choroid 

plexus, which requires the actions of both FRα and PCFT, is critical to cerebral folate delivery. 

Inactivating FRα or PCFT mutations cause severe cerebral folate deficiency resulting in early 

childhood neurodegeneration. The objective of this study was to investigate the role of RFC in 

folate uptake at the level of the blood-brain barrier (BBB) and its potential regulation by VDR. We 

detected robust expression of RFC in different in vitro BBB model systems, particularly in 

immortalized cultures of human cerebral microvascular endothelial cells (hCMEC/D3) and 

isolated mouse brain capillaries. [3H]-methotrexate uptake by hCMEC/D3 cells at pH 7.4 was 

inhibited by PT523 and pemetrexed, antifolates with high affinity for RFC. We also showed that 

activation of VDR through calcitriol (1,25-dihydroxyvitamin D3) exposure up-regulates RFC 

mRNA and protein expression as well as function in hCMEC/D3 cells and isolated mouse brain 

capillaries. We further demonstrated that RFC expression could be down-regulated by VDR-

targeting siRNA, further confirming the role of VDR in the direct regulation of this folate 

transporter. Together, these data suggest that augmenting RFC functional expression could 

constitute a novel strategy for enhancing brain folate delivery for the treatment of neurometabolic 

disorders caused by loss of FRα or PCFT function.
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INTRODUCTION

Folates (vitamin B9) are water-soluble vitamins that serve as one-carbon donors in 

nucleotide synthesis, regulation of gene expression, and production of amino acids and 

neurotransmitters.1 Folate requirements in mammals are predominantly met through dietary 

sources since they lack the enzymatic capacity for folate biosynthesis. Historically, 

nutritional folate deficiency is one of the most common vitamin deficiencies worldwide, and 

continues to be so in countries that have not mandated folic acid fortification of their food 

supply.2 Folate deficiency is associated with a variety of negative health consequences 

including megaloblastic anemia, failure of neural tube closure, and congenital malformations 

in developing embryos, as well as developmental and neurological defects in infants.3 It has 

also been proposed to be a risk factor for cancer, heart disease, and stroke.4 Maintaining 

sufficient folate levels requires adequate dietary intake as well as effective gastrointestinal 

absorption and distribution of folates to systemic tissues by specific transport systems.

Folate transport in mammalian tissues is mediated by three major transport systems: (i) the 

folate receptor alpha (FRα; FOLR1), a glycosylphosphatidylinositol-anchored receptor that 

binds folates with high affinity (Km = 1–10 nM) at pH 7.4 and facilitates transport through 

receptor-mediated endocytosis,5,6 (ii) the proton-coupled folate transporter (PCFT; 

SLC46A1), which exhibits a relatively lower affinity for folates (Km = 1 μM) compared to 

FRα and functions as a proton cotransporter with optimal activity at pH 5.5,7,8 and (iii) the 

reduced folate carrier (RFC; SLC19A1), with a comparable influx Km of 2–7 μM for 

reduced folate uptake at physiological pH by operating as an antiporter exchanging folates 

with intracellular organic phosphates.8,9 Functional expression of the three folate transport 

systems has been reported to be modulated by nuclear receptors. These receptors belong to a 

large superfamily of DNA-binding transcriptional factors that regulate tissue expression of 

target genes in response to specific ligand activators.10 The vitamin D receptor (VDR), in 

particular, was shown to regulate PCFT expression and function.11 Treatment with the 
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natural VDR activating ligand, 1,25-dihydroxyvitamin D3 (1,25(OH)2D3) or calcitriol, 

showed significant induction of SLC46A1/Slc46a1 (PCFT) mRNA in intestinal Caco-2 cells 

and rat duodenal biopsies, thereby resulting in enhanced uptake of folic acid.11 In the same 

study, the effect of VDR activation on SLC19A1/Slc19a1 (RFC) gene expression was 

variable and warranted further investigation. Several other nuclear receptors, notably the 

estrogen receptor,12 glucocorticoid receptor (GR),13 hepatocyte nuclear factor 4 alpha 

(HNF4α),14 and nuclear respiratory factor-1 (NRF-1),15 are also thought to regulate mRNA 

and/or protein expression of major folate transporters, but their physiological roles have yet 

to be determined.

Folate transport in the brain is critical for the maintenance of central nervous system (CNS) 

homeostasis. FRα constitutes a major transcytosis pathway for folates across the choroid 

plexus epithelium.16 Folate delivery into the brain occurs through the release of FRα-

containing exosomes into the cerebrospinal fluid (CSF), which then cross the ependymal 

layer of the ventricles and reach the brain parenchyma through passive diffusion. PCFT has 

been proposed to contribute to this FRα-mediated transport by facilitating folate export from 

FRα-containing exosomes into the CSF, as well as from acidified endosomes within choroid 

plexus epithelial cells.16,17 Inactivation of FRα or PCFT through loss-of-function mutations 

can impair folate uptake at the choroid plexus resulting in extremely low CSF folate levels 

causing the early childhood neurodegeneration disorders, cerebral folate deficiency (CFD),
18,19 and hereditary folate malabsorption (HFM),7,20 respectively. These disorders differ in 

their time of onset and presentation. HFM presents within a few months after birth with 

failure to thrive and anemia, followed by neurological defects characterized by 

developmental delays, abnormal brain myelination, psychomotor regression, ataxia, and 

recurrent seizures. CFD, on the other hand, presents with neurological signs, alone, several 

years after birth since intestinal absorption and blood levels of folate are normal in this 

disorder. Improvement of CSF folate levels by administration of parenteral folinic acid in 

HFM or oral dosing in CFD improves these neurological deficits.20,21

Apart from the choroid plexus, the cerebral vascular endothelium or blood-brain barrier 

(BBB) represents a major route of folate delivery into the brain. Despite limited knowledge 

of the mechanisms of folate uptake at this site, high rates of folate delivery to the brain 

parenchyma appear to be consistent with the function of the vascular BBB.22–24 Earlier 

studies conducted by Wu and Pardridge reported that transport of the major circulating form 

of folates, 5-methyltetrahydrofolate (5-methylTHF), into isolated human brain capillaries 

was saturable and sensitive to inhibition by low levels of 5-methylTHF or folic acid.23 

Similarly, Araújo et al. observed a saturable, time-dependent uptake of folic acid and 5-

methylTHF by immortalized cultures of rat brain microvessel endothelial (RBE4) cells 

representative of the BBB.24 Interestingly, there is also evidence suggesting the presence of 

RFC and PCFT at the human24 and rodent BBB,25,26 although their contribution to the 

overall brain uptake of folates has yet to be elucidated.

To date, the mechanisms of folate transport in the brain have been primarily characterized at 

the choroid plexus through the roles of FRα and PCFT. However, little is known about the 

functional expression of folate transporters, such as RFC and PCFT, and their regulation in 

brain microvessel endothelial cells which constitute the BBB. The aim of the present study 
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was to characterize RFC-mediated folate uptake using in vitro and ex vivo models of the 

BBB, as well as its potential regulation by the VDR nuclear receptor. Modulating folate 

uptake at the BBB through RFC could potentially represent a novel strategy for enhancing 

brain folate delivery for the treatment of neurometabolic disorders due to a failure of 

transport of folate across the choroid plexus into the CSF.

MATERIALS AND METHODS

Materials.

All cell culture reagents were obtained from Invitrogen (Carlsbad, CA, USA), unless 

indicated otherwise. Real-time quantitative polymerase chain reaction (qPCR) reagents, such 

as reverse transcription cDNA kits and qPCR primers, were purchased from Applied 

Biosystems (Foster City, CA, USA) and Life Technologies (Carlsbad, CA, USA), 

respectively. Primary rabbit polyclonal anti-SLC19A1 (RFC; AV44167) and anti-SLC46A1 

(PCFT; SAB2108339) antibodies were obtained from Sigma-Aldrich (Oakville, ON, 

Canada). Mouse monoclonal anti-beta actin (sc-47778) and anti-VDR (sc-13133) antibodies 

were supplied by Santa Cruz Biotechnology (Dallas, TX, USA). Antirabbit or antimouse 

horseradish peroxidase-conjugated secondary antibodies and calcitriol (1,25(OH)2D3) were 

purchased from Cedarlane Laboratories (Burlington, ON, Canada). Predesigned and 

validated small interfering RNA (siRNA) against VDR and scrambled nonsilencing control 

siRNA were purchased from Santa Cruz Biotechnology (Dallas, TX, USA). Tritium-labeled 

[3H]-methotrexate (23.4 Ci/mmol) was purchased from Moravek Biochemicals (Brea, CA, 

USA). Unlabeled methotrexate was obtained from Sigma-Aldrich (Oakville, ON, Canada). 

Pemetrexed and PT523 were generously provided by Dr. I. D. Goldman (Albert Einstein 

College of Medicine, New York, USA). All buffers and Triton X-100 were purchased from 

Sigma-Aldrich.

Cell Culture.

Whole cell pellets of primary cultures of human brain-derived microvascular endothelial 

cells (hBMEC) were kindly provided by Dr. A. Prat (University of Montreal, QC, Canada); 

immortalized human cerebral microvessel endothelial cell line (hCMEC/D3) was generously 

provided by P.O. Couraud (Institut Cochin, Departement Biologie Cellulaire and INSERM, 

Paris, France); rat brain microvessel endothelial cell line (RBE4) was provided by Dr. F. 

Roux (Hôpital Fernand Widal, Paris, France). hCMEC/D3 cells (passage 27–39) were 

cultured in Endothelial Cell Basal Medium-2 (Lonza, Walkersville, MD, USA), 

supplemented with vascular endothelial growth factor, insulin-like growth factor 1, 

epidermal growth factor, fibroblast growth factors, hydrocortisone, ascorbate, GA-1000, 

heparin, and 2.5% fetal bovine serum (FBS), and grown on rat tail collagen type I-coated 

flasks and plates. RBE4 cells (passage 40–55) were cultured in a 50:50 mixture of minimal 

essential medium-alpha and HAM-F10 media supplemented with 1% penicillin/

streptomycin and 10% FBS (US origin), and grown on rat tail collagen type I-coated flasks. 

All cell lines were maintained in a humidified incubator at 37 °C, 5% CO2, and 95% air 

atmosphere with fresh medium replaced every 2 to 3 days. Cells were subcultured with 

0.25% trypsin-EDTA upon reaching 95% confluence. For functional studies, cells were 

seeded into rat tail collagen-coated 24-well plates at a density of 6.3 × 104 cells/cm2 and 
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subsequently used for experiments upon reaching 100% confluence (5 days). Cells used for 

calcitriol treatment were seeded into rat tail collagen-coated 6-well plates at an initial 

density of 3.3 × 104 cells/cm2 and grown to confluence for 5 days. For siRNA transfection 

studies, cells were plated in rat tail collagen-coated 6-well plates at an initial density of 7.8 × 

104 cells/cm2 and grown to 80% confluence for 1 day before being subjected to transfection. 

The culture medium of plated cells was replaced every 2 days, and 24 h before the 

experiment.

Rodent Brain Capillary Isolation.

Brain capillaries were isolated from adult male Wistar rats (250–300 g) and male or female 

C57BL/129/LM/Bc (10–12 weeks old) mice kindly provided by Dr. R. Finnell, as described 

previously.27 Briefly, animals were anesthetized through isoflurane inhalation and 

decapitated once a deep anesthetic surgical plane was achieved. Brains were removed 

immediately and cortical gray matter was isolated and homogenized in ice-cold isolation 

buffer (phosphate-buffered saline or PBS containing calcium, magnesium, and supplemented 

with 5 mM glucose and 1 mM sodium pyruvate). Ficoll solution (30% final concentration) 

was added to the brain homogenates and the mixture was centrifuged at 5800 g for 20 min at 

4 °C. The resulting pellet of capillaries was resuspended in isolation buffer supplemented 

with 1% bovine serum albumin (BSA) and filtered through a 300 μm nylon mesh. The 

filtrate containing the capillaries was passed through a 30 μm pluriStrainer and washed with 

50 mL isolation buffer containing 1% BSA. Capillaries were harvested with 50 mL ice-cold 

isolation buffer and centrifuged at 1600 g for 5 min. The resulting pellet containing the 

capillaries was snap frozen in liquid nitrogen until further analysis.

Gene Expression Analysis.

mRNA expression of specific genes of interest was quantified using qPCR. Total RNA was 

isolated from cell samples (hBMEC, hCMEC/D3, RBE4) and isolated rodent brain 

capillaries using TRIzol reagent (Invitrogen) and treated with DNase I to remove 

contaminating genomic DNA. RNA concentration (absorbance at 260 nm) and purity 

(absorbance ratio 260/280) was assessed using a Beckman Coulter DU Series 700 Scanning 

UV/vis Spectrophotometer. The RNA (2 μg) was then reverse transcribed to cDNA using a 

high-capacity reverse transcription cDNA kit (Applied Biosystems) according to the 

manufacturer’s instructions. Specific human/rat/mouse primer pairs for SLC19A1/Slc19a1 
(RFC; Hs00953344_m1, Rn00446220_m1, Mm00446220_m1), SLC46A1/Slc46a1 (PCFT; 

Hs00560565_m1, Rn01471182_m1, Mm00546630_m1), FOLR1/Folr1 (FRα; 

Hs01124179_91, Rn00591759_m1, Mm00433355_m1), and NRI1I/Nri1i (VDR; 

Hs01045843_m1, Mm00437297_m1) were designed and validated by Life Technologies for 

use with TaqMan qPCR chemistry. All assays were done in triplicates with the housekeeping 

gene for human/rat/mouse cyclophilin B (Hs00168719_m1, Rn03302274_m1, 

Mm00478295_m1) as internal control. For each gene of interest, the critical threshold cycle 

(CT) was normalized to cyclophilin B using the comparative CT method. The difference in 

CT values (ΔCT) between the target gene and cyclophilin B was then normalized to the 

corresponding ΔCT of the vehicle control (ΔΔCT) and expressed as fold expression (2
−ΔΔCT) 

to assess the relative difference in mRNA expression for each gene.
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Protein Expression Analysis.

Western blotting was performed according to our published protocol with minor 

modifications.28 Briefly, whole cell or brain capillary lysates were obtained after lysing cells 

and rodent brain capillaries with a modified RIPA buffer [50 mM Tris pH 7.5, 150 mM 

NaCl, 1 mM EGTA, 1 mM sodium o-vanadate, 0.25% (v/v) sodium deoxycholic acid, 0.1% 

(v/v) sodium dodecyl sulfate (SDS), 1% (v/v) NP-40, 200 μM PMSF, 0.1% (v/v) protease 

inhibitor]. Protein concentration of the lysates was quantified using Bradford’s protein assay 

(Bio-Rad Laboratories) with BSA as the standard. For each sample, total protein (50 μg) was 

mixed in Laemmli buffer and 10% β-mercaptoethanol, separated on 10% SDS-

polyacrylamide gel, and electrotransferred onto a polyvinylidene fluoride membrane 

overnight. The blots were blocked for 2 h at room temperature in 5% skim milk Tris-

buffered saline solution containing 0.1% Tween 20 and incubated overnight at 4 °C with 

primary rabbit polyclonal anti-SLC19A1 (RFC) antibody (1:250), rabbit polyclonal anti-

SLC46A1 (PCFT) antibody (1:250), murine monoclonal anti-VDR antibody (1:250), and 

murine monoclonal anti-beta actin antibody (1:1000). The blots were incubated for 1.5 h 

with corresponding horseradish peroxidase-conjugated antirabbit (1:5000) or antimouse 

(1:5000) secondary antibody. Protein bands were detected using enhanced 

chemiluminescence Super-Signal West Pico System (Thermo Fisher Scientific) and 

autoradiographed onto X-ray film.

Transport Assays.

Functional assays with tritium-labeled [3H]-methotrexate were performed following 

standard procedures from our laboratory with minor modifications.29 All experiments were 

performed using transport buffer consisting of Hanks’ balanced salt solution (HBSS) 

supplemented with0.01% BSA and 25 mM HEPES (pH 7.4). Confluent hCMEC/D3 cell 

monolayers grown on 24-well plates were washed twice with transport buffer (pH 7.4) and 

then preincubated in the same buffer at 37 °C for 20 min. Transport was initiated by adding 

0.5 mL of transport buffer (pH 7.4) containing 50 nM [3H]-methotrexate at 37 °C. To 

examine the inhibitory effects of folate analogs with high affinity for RFC, these agents were 

added to both preincubation and radioactive transport buffers. At the desired interval, the 

radioactive medium was aspirated and cells were washed twice with ice-cold PBS and 

solubilized in 1 mL of 1% Triton X-100 at 37 °C for 40 min. The content of each well was 

collected and mixed with 3 mL of PicoFluor 40 scintillation fluid (PerkinElmer Life and 

Analytical Sciences), and total radioactivity was measured with a Beckman Coulter LS6500 

Scintillation counter. For each experiment, correction for nonspecific binding and variable 

quench time was conducted by estimating the retention of radiolabeled compound in the 

cells after a minimum (zero) time of exposure. The “zero time” uptake (background) was 

determined by removing the radiolabeled solution immediately after its introduction into the 

well, followed by two washes of ice-cold PBS and collection of cells for liquid scintillation 

counting. Cellular uptake of the radiolabeled methotrexate was normalized to total protein 

content per well, which was measured by using the Bio-Rad DC Protein Assay kit with BSA 

as the standard.
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Calcitriol Treatment.

Confluent hCMEC/D3 cell monolayers grown on 6-well plates were treated with either 

ethanol (vehicle control) or calcitriol (50–500 nM) for a period of 6 or 24 h at 37 °C. Freshly 

isolated mouse brain capillaries resuspended in 200 μL isolation buffer were also exposed to 

ethanol (vehicle control) or 100 nM calcitriol for 4 h at room temperature. At the desired 

time interval, treated cells or brain capillaries were harvested using TRIzol or RIPA lysis 

buffer and subsequently processed for gene and protein analyses, respectively. The effect of 

calcitriol on methotrexate uptake was further examined by treating hCMEC/D3 cell 

monolayers with 500 nM calcitriol for 24 h before conducting transport assays with [3H]-

methotrexate at pH 7.4 and 37 °C. To ensure that cells remained viable during treatment, all 

concentrations of calcitriol used in this study were tested with tetrazolium salts (MTT) 

assay. We confirmed that there was no significant reduction in cell viability in the calcitriol-

treated groups compared to vehicle-treated or untreated controls (data not shown). The dose-

dependent effect of calcitriol on SLC19A1 (RFC) mRNA expression was also assessed by 

exposing hCMEC/D3 cells to a wide range of calcitriol concentrations (0.1–500 nM) for 24 

h. In all of the tested concentrations, RFC mRNA was induced by 40–50% relative to 

vehicle (data not shown).

siRNA Treatment.

hCMEC/D3 cells plated in 6-well plates were subjected to siRNA transfection upon reaching 

80% confluence (24 h). The transfection mix was prepared in Opti-MEM (Invitrogen) 

medium containing control or VDR siRNA and Lipofectamine RNAi MAX (Invitrogen) 

according to the manufacturer’s protocol. The final concentration of siRNA and 

Lipofectamine added to the cells were 100 nM and 2 μL/ml, respectively. Cells were 

cultured in the presence of transfection mixture for 24 h before replacing with fresh 

hCMEC/D3 cell medium the following day. Cells were grown for an additional 48 h before 

being harvested and used for Western blotting analysis to determine VDR and RFC protein 

expression.

Data Analysis.

All experiments were repeated at least three times using cells from different passages or 

different rodent brain capillary preparations. Each data point from a single experiment 

represents triplicate measurements. Results are presented as mean ± SEM. All statistical 

analyses were performed using Prism 6 software (GraphPad Software Inc., San Diego, CA, 

USA). Statistical significance between two groups was assessed by two-tailed Student’s t 
test for unpaired experimental values. Multiple group comparisons were performed using 

one-way analysis of variance (ANOVA) with Bonferroni’s posthoc test. p < 0.05 was 

considered statistically significant.

RESULTS

Expression of Folate Receptor/Transporters at the BBB.

Relative mRNA and protein expression of RFC, PCFT, and FRα were documented in 

various in vitro and ex vivo models representative of the BBB (i.e., immortalized human 
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(hCMEC/D3) and rat (RBE4) brain microvessel endothelial cell lines, primary cultures of 

human brain-derived microvascular endothelial cells (hBMEC), and isolated rat and mouse 

brain capillaries) by qPCR and Western blot analysis, respectively. Robust mRNA 

expression of SLC19A1/Slc19a1 (RFC) and SLC46A1/Slc46a1 (PCFT) was detected in all 

BBB model systems, particularly in the isolated rodent brain capillaries (Figure 1). 

Interestingly, FOLR1/Folr1 (FRα) was not detected in human brain microvessel endothelial 

cells but was present in rodent brain capillaries. Corresponding Western blots also revealed 

multiple protein bands for RFC (58–75 kDa) and PCFT (50–63 kDa) (Figure 1B). The 

multiple migratory protein bands could be attributed to post-translational modifications, 

such as differential glycosylation of N-linked glycosylation sites of these transmembrane 

proteins, as previously demonstrated by various groups30,31 and our own laboratory through 

deglycosylation reactions (data not shown).

Methotrexate Uptake by hCMEC/D3 Cells.

The functional activity of folate transporters at the BBB was examined by performing 

transport assays with tritium-labeled [3H]-methotrexate using the well-characterized 

hCMEC/D3 cell line as an in vitro model of the human BBB. Transport assays were 

performed at extracellular pH 7.4, reflecting optimal activity for RFC and the presumed 

neutral pH of the BBB interface due to the high arterial blood flow at this site.8 

Methotrexate is an established RFC substrate (Km ~ 1–7 μM) and has been used in 

numerous studies to assess RFC-mediated transport.8,9 In hCMEC/D3 cells, uptake of [3H]-

methotrexate was inhibited by PT523 (~50%) or pemetrexed (~70%), high-affinity 

substrates for this transporter, (i.e., Ki of 0.2 and 1 μM, respectively).32 Influx was also 

inhibited by excess nonlabeled MTX (~70%) (Figure 2).

Effect of Calcitriol Treatment on RFC Expression in hCMEC/D3 Cells.

The regulation of RFC by VDR nuclear receptor was further assessed using the hCMEC/D3 

cell line. Initially, qPCR analysis was used to confirm the presence of VDR in two different 

systems representative of the human (hCMEC/D3 cells) and rodent (isolated mouse brain 

capillaries) BBB (Figure 3A). To examine the effect of VDR activation on RFC expression, 

hCMEC/D3 cells were exposed to increasing concentrations of the VDR ligand, 

1,25(OH)2D3 or calcitriol, for 6 or 24 h. NRI1I (VDR) mRNA expression was unchanged 

following calcitriol treatment (Figure 3B). SLC19A1 (RFC) mRNA expression was induced 

by approximately 1.5-fold after exposure to 50–500 nM calcitriol for 6 and 24 h (Figure 3B). 

Similarly, RFC protein was increased by nearly 50% following 24 h treatment with 500 nM 

calcitriol, and this induction was consistent for the different glycosylated forms of RFC 

detected at 65 and 75 kDa (Figure 3C). Significant increases in PCFT mRNA and protein 

expression was also observed following exposure to calcitriol, which is in agreement with 

what was previously observed in the intestine (data not shown).11 However, it should be 

noted that PCFT might be a less relevant folate transporter at this site due to the presumed 

neutral pH at the BBB and the low pH optimum of PCFT.

Effect of Calcitriol Treatment on RFC Function in hCMEC/D3 Cells.

To verify whether the RFC induction following calcitriol exposure would also lead to an 

enhancement in its functional activity, transport assays were subsequently conducted in 

Alam et al. Page 8

Mol Pharm. Author manuscript; available in PMC 2020 January 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



hCMEC/D3 cells treated with calcitriol (500 nM) or ethanol (vehicle control) for 24 h. 

Uptake of [3H]-methotrexate between 5 s to 1 min was increased by 30–40% in calcitriol-

treated cells compared to vehicle control (Figure 4A). [3H]-methotrexate uptake by induced 

hCMEC/D3 cells, measured after 1 min, was also effectively blocked by pemetrexed 

suggesting that the transport was specifically mediated by RFC (Figure 4B).

Down-Regulation of RFC Expression by VDR siRNA in hCMEC/D3 Cells.

VDR targeting siRNA was used to further confirm the direct involvement of VDR in the 

regulation of RFC in hCMEC/D3 cells. Transfection of cells with VDR siRNA resulted in 

more than 50% down-regulation of VDR protein expression (Figure 5). A corresponding 

decrease in RFC expression by 30–40% was also observed in VDR siRNA-treated cells 

compared to scrambled siRNA-transfected controls, as depicted by protein bands between 

63 and 75 kDa. Similar reduction in PCFT protein levels were also observed in hCMEC/D3 

cells transfected with VDR siRNA relative to control (data not shown).

Effect of Calcitriol Treatment on RFC Expression in Isolated Mouse Brain Capillaries.

The effect of calcitriol-mediated activation of VDR on RFC expression was additionally 

investigated in isolated mouse brain capillaries, which are considered to be a robust ex vivo 
model of the BBB. Treatment of mouse brain capillaries with 100 nM calcitriol for 4 h 

showed over 50% increase in Slc19a1 mRNA and a corresponding 50% induction in RFC 

protein, supporting our in vitro findings and further demonstrating the role of VDR in 

regulating RFC expression (Figure 6).

DISCUSSION

Folates play a crucial role in the development and function of the CNS. Folate uptake at the 

choroid plexus, which requires the actions of FRα and PCFT, is critical to cerebral folate 

delivery.16,17,20 As previously indicated, folate uptake at the choroid plexus begins with 

FRα-mediated transcytosis, followed by the export of folates from FRα-containing 

exosomes directly into the CSF, presumably via PCFT.16,17 PCFT-mediated folate export 

from acidified endosomes into the cytoplasm may also occur within choroid plexus 

epithelial cells. Since RFC is expressed at the apical membrane of these cells, it could also 

serve as a route for folate efflux into the CSF.25 Inactivating FRα or PCFT mutations can 

cause severe CSF folate deficiency, affecting progenitor-rich CNS tissues situated in 

proximity to the cerebral ventricles, and resulting in early childhood neurological disorders, 

such as CFD18,19 and HFM,7,20 respectively. Although there is an overlap in the 

neurological defects associated with these two disorders, there are differences in their 

clinical presentation. HFM is associated with impaired intestinal folate absorption resulting 

in systemic folate deficiency, as well as impaired folate transport into the CSF causing 

neural folate deficiency. Signs and symptoms related to HFM such as anemia and immune 

deficiency occur within a few months of birth, while the neurological consequences usually 

come later.20 On the other hand, patients with CFD are normal at birth and throughout 

infancy and only exhibit neurological deficits at 2–3 years of age.21
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Apart from the choroid plexus, the vascular BBB represents an arterial route that provides 

folate to a substantial portion of the brain.22–24 There are several reports that 5-methylTHF 

is transported into the brain via the BBB.23,24 There is also evidence confirming the 

presence of folate transport systems, RFC and PCFT, at the human24 and rodent BBB.25,26 

Substantial folate delivery at the vascular BBB is further exemplified by the fact that despite 

the absence of CSF folate in HFM or CFD, some patients with HFM exhibit minimal 

neurological defects, and the onset of CFD-related complications only occur a few years 

after birth. One explanation for why HFM has an earlier onset than CFD is that the 

extremely low blood folate levels limits the protective effect of folate delivery across the 

BBB.20 In contrast, despite normal blood folate levels in patients with CFD and presumed 

normal folate uptake at the BBB, the loss of FRα function and consequent low CSF folate 

levels ultimately lead to neurological deficits, indicating that there may be insufficient folate 

transport across the BBB to adequately supply neural cells in proximity to the ventricles 

with folates that are normally supplied via the CSF.33,34 Therefore, investigating the 

functional role of folate transport systems (i.e, RFC) at the level of the BBB and modulating 

folate uptake though interactions with specific nuclear receptors (i.e., VDR) could 

potentially increase folate uptake into the CNS, especially when the contribution of folate 

delivery to the CSF from the choroid plexus is impaired.

In this study, we detected mRNA expression of SLC19A1/Slc19a1 (RFC) and SLC46A1/

Slc46a1 (PCFT) in various human and rodent BBB model systems (Figure 1A). FOLR1/

Folr1 (FRα) mRNA was not detected in human brain microvessel endothelial cells 

(hCMEC/D3 and hBMEC) but was present in isolated rodent brain capillaries, suggesting 

species-specific differences in the expression of this receptor. Our gene expression data 

corroborates previous findings by others in that RFC and PCFT are expressed in both 

human24 and rodent BBB.25,26 Several studies have also confirmed the absence of FRα in an 

in vitro model of the human BBB24 and in different regions of human brain tissues except 

for the choroid plexus.18 Corresponding Western blots confirmed our qPCR results and 

showed multiple protein bands for RFC (58–75 kDa) and PCFT (50–63 kDa) (Figure 1B). 

Previously, both transporters have been detected at different molecular sizes in various cell 

lines and species,35,36 most of which are within the range of molecular weights reported 

here. This variability in folate transporter migration could be attributed to the differential 

glycosylation of these transmembrane proteins at their respective N-linked glycosylation 

sites.30,31 Wong et al. have shown that although human RFC only possess a single 

glycosylation site (Asn 58), it undergoes heavy glycosylation that could result in up to 20 

kDa increase in its molecular weight.30 Similarly, Unal et al. detected multiple protein bands 

(~35–55 kDa) for human PCFT in HeLa cells, which they confirmed to be due to variability 

in the glycosylation of this transporter.31

Although PCFT was detected in all of the BBB model systems, it might be a less relevant 

transporter at this site due to the neutral pH at the BBB interface and the low pH required for 

optimal PCFT uptake. Therefore, functional assays focused on the characterization of folate 

uptake at pH 7.4 that is most likely mediated by RFC. To investigate the contribution of RFC 

to folate uptake at the BBB, [3H]-methotrexate uptake was investigated using an in vitro 
model of the human BBB (hCMEC/D3 cells). The hCMEC/D3 cell line was specifically 

chosen for this work as it retains many of the in vivo morphological and biochemical 
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properties of the human brain microvascular endothelium, including functional expression of 

tight junction proteins, endothelial cell markers, and drug efflux/influx transporters.37 In 

hCMEC/D3 cells, the specificity of [3H]-methotrexate uptake at pH 7.4 was assessed in the 

presence 10 μM PT523 or pemetrexed, which are potent inhibitors of RFC with Ki’s of 0.2 

and 1 μM, respectively.32 These compounds exhibited an inhibitory effect of 50–70% 

(Figure 2), corroborating previous studies demonstrating potent inhibition by PT523 or 

pemetrexed of methotrexate uptake in HepG2 cells.32 Taken together, these findings 

demonstrate functional expression of RFC in an in vitro model of the human BBB, 

suggesting a potential role for this transporter in mediating folate uptake at this site.

Although transport properties of RFC have been extensively examined in several 

mammalian cells and tissues, relatively little is known about its regulatory mechanisms. A 

few reports in the literature suggest that RFC can be modulated by ligand-activated 

transcriptional factors or nuclear receptors.15,38 In HeLa cells, Gonen and Assaraf have 

shown that NRF-1 could act as an inducible transcriptional regulator of RFC since siRNA 

silencing of this nuclear receptor resulted in a moderate but significant reduction in 

SLC19A1 mRNA expression.15 In contrast, RFC functional expression in rat liver was 

reported to be down-regulated by the aryl hydrocarbon receptor following exposure to its 

activating ligand, dioxin.38 Previous work by Eloranta et al. also indicated that VDR could 

up-regulate the expression and functional activity of folate transporters, such as PCFT and 

potentially RFC, in the intestine.11 At the BBB, VDR expression has been detected in 

human (hCMEC/D3) and rat (RBE4) brain microvessel endothelial cells as well as in 

isolated rat brain capillaries.39 Activation of VDR by calcitriol (Km in the pM range) has 

also been shown to regulate the functional expression of a wide range of membrane-

associated drug transporters (i.e., P-gp, MRP2, MRP4, OATP1A2) in the brain39,40 and 

other tissues.41 In this study, the potential role of VDR in the context of RFC regulation at 

the BBB was examined. We confirmed that NRI1I (VDR) mRNA is expressed in our BBB 

model systems (hCMEC/D3 cells and isolated mouse brain capillaries) (Figure 3A). 

Exposure of hCMEC/D3 cells to 50–500 nM of calcitriol resulted in nearly 50% induction 

of RFC mRNA and protein expression (Figure 3B,C). Transport assays with methotrexate 

also showed a corresponding increase in RFC functional activity (up to 40%) in hCMEC/D3 

cells treated with calcitriol compared to control (Figure 4). To further verify the involvement 

of VDR, mRNA and protein up-regulation of PCFT, a known VDR target, was also 

documented (data not shown).11 These results are most exciting as they demonstrate for the 

first time that ligand-dependent activation of VDR through calcitriol treatment can up-

regulate RFC functional expression in an in vitro human BBB model. Moreover, transfection 

of hCMEC/D3 cells with VDR-targeting siRNA reduced RFC protein by approximately 

40% relative to control, further demonstrating the role of VDR in modulating RFC 

expression (Figure 5). To confirm our in vitro findings, the effect of VDR activation on RFC 

expression was also investigated in isolated mouse brain capillaries, where treatment with 

calcitriol resulted in an up-regulation of RFC mRNA and protein levels (40–50%) that are 

comparable to what was observed in the hCMEC/D3 cell line (Figure 6). Taken together, 

these findings strongly suggest for the first time that VDR is directly involved in the 

regulation of RFC expression and function in human brain microvessel endothelial cells or 

mouse brain capillaries that are representative of the BBB.
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Modulation of folate uptake at the BBB through RFC may have clinical importance due to 

the lack of established optimal therapy for childhood neurodegenerative disorders caused by 

mutations in FRα or PCFT. The standard approach to the treatment of CFD and HFM is to 

increase folate levels in the CSF through administration of oral folinic acid for the former 

and parenteral folinic acid for the latter.20,21 Folinic acid (leucovorin or 5-

formyltetrahydrofolate) is a stable form of folate, a good RFC substrate (Km = 2–7 μM), and 

the preferred treatment for these disorders. Despite significant increases in systemic folate 

concentrations in response to folinic acid intervention, it is a challenge to achieve even near 

normal CSF folate levels in infants and children sufficient to correct these neurological 

complications.20,42,43 Folate concentration in the CSF varies with age and is at its highest 

during infancy and early childhood at ~100–150 nM, then decreasing to ~50–90 nM by the 

age of six, and >60 nM during puberty.44,45 Thus, our present findings could lead to the 

development of promising approaches to enhance the delivery of folate to the brain via RFC 

at the BBB. However, it should also be noted that since VDR is a key regulator of numerous 

drug transporters (i.e., P-gp, MRP2, MRP4, OATP1A2) and drug-metabolizing enzymes 

(i.e., cytochrome P450s, SULT2A1),39,41,46 its activation could also interfere with normal 

body functions including folate homeostasis. In particular, P-gp and MRPs have been 

documented to be low affinity (Km = 0.2–2 mM) efflux transporters of folates and their 

functional activity could oppose folate uptake mediated by RFC.47 Additionally, calcitriol-

mediated activation of VDR may further affect calcium homeostasis through transactivation 

of calcium ion channels in the kidney and intestine (i.e., TRPV5 and TRPV6) that could lead 

to increased plasma calcium levels.48 Taken together, calcitriol supplementation may require 

strict monitoring to establish a fine balance between the risks and benefits of VDR 

activation.

In summary, we detected RFC expression and function in different in vitro systems 

representative of the BBB, particularly in the hCMEC/D3 cell line. We also provided 

evidence that activation of VDR through calcitriol exposure up-regulates RFC mRNA and 

protein expression as well as function in hCMEC/D3 cells or isolated mouse brain 

capillaries. We further demonstrated that RFC expression could be down-regulated by VDR-

targeting siRNA, further confirming the role of VDR in the direct regulation of this folate 

transporter. Together, these data suggest that augmenting RFC functional expression through 

activation of VDR could constitute a novel strategy for enhancing brain folate delivery for 

the treatment of neurometabolic disorders caused by loss of FRα or PCFT function at the 

level of the choroid plexus.
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ABBREVIATIONS

1,25(OH)2D3 1,25-dihydroxyvitamin D3

BBB blood-brain barrier

CFD cerebral folate deficiency

CNS central nervous system

CSF cerebrospinal fluid

FRα folate receptor alpha

hBMEC primary cultures of human brain-derived microvascular 

endothelial cells

hCMEC/D3 immortalized cultures of human cerebral microvessel 

endothelial cells

HFM hereditary folate malabsorption

PCFT proton-coupled folate transporter

qPCR quantitative polymerase chain reaction

RBE4 immortalized cultures of rat brain microvessel endothelial 

cells

RFC reduced folate carrier

siRNA small interfering RNA

VDR vitamin D receptor
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Figure 1. 
Relative expression of major folate transport systems in various in vitro and ex vivo models 

of the BBB. (A) mRNA expression of human, rat, or mouse SLC19A1/Slc19a1 (RFC), 

SLC46A1/Slc46a1 (PCFT), and FOLR1/Folr1 (FRα) genes were determined in 

immortalized (hCMEC/D3) and primary (hBMEC) cultures of human brain microvessel 

endothelial cells, immortalized cultures of rat brain microvessel endothelial cells (RBE4), 

and rodent brain capillaries using TaqMan gene expression assay. Results are presented as 

mean relative mRNA expression ± SEM normalized to the housekeeping human/rat/mouse 

cyclophilin B gene from n = 3 independent experiments. (B) Immunoblot analysis of RFC 

and PCFT protein expression was performed in the same BBB model systems. HEK293 and 

HeLa cells served as positive controls, while actin was used as a loading control. Multiple 

protein bands for RFC and PCFT are indicative of differential glycosylation of these 
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transmembrane proteins. A representative blot is shown from n = 3 independent 

experiments.
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Figure 2. 
Methotrexate uptake by hCMEC/D3 cells. The inhibitory effects of PT523 (10 μM) or 

pemetrexed (10 μM), high-affinity substrates for RFC, or excess unlabeled methotrexate (10 

μM) on [3H]-methotrexate uptake (50 nM) was measured over 5 s at pH 7.4 and 37 °C. 

Results are presented as mean ± SEM of n = 3–4 independent experiments. **, p < 0.01.
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Figure 3. 
Effect of calcitriol treatment on RFC expression in hCMEC/D3 cells. (A) mRNA expression 

of human NRI1I/rodent Nri1i gene was determined in immortalized cultures of human brain 

microvessel endothelial (hCMEC/D3) cells and isolated mouse brain capillaries using 

TaqMan gene expression assay. Results are presented as mean relative mRNA expression ± 

SEM normalized to the housekeeping human cyclophilin B gene from n = 3 independent 

experiments. Significant increases in SLC19A1 mRNA (B) and RFC protein (C) expression 

were observed in hCMEC/D3 cells treated with calcitriol (50–500 nM) for 6 or 24 h 

compared to vehicle (ethanol) control. Multiple protein bands for RFC (63–75 kDa) are 

indicative of differential glycosylation of the transmembrane protein. Rat kidney lysates 

served as positive control, while actin was used as a loading control. Results are presented as 

mean ± SEM for n = 3–4 independent experiments. *, p < 0.05; **, p < 0.01.
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Figure 4. 
Effect of calcitriol (500 nM) or ethanol (vehicle control) treatment for 24 h on methotrexate 

uptake. (A) Cellular uptake of [3H]-methotrexate (50 nM) was measured over 1 min at pH 

7.4 and 37 °C. (B) Uptake of [3H]-methotrexate (50 nM) by calcitriol-treated hCMEC/D3 

cells, measured after 1 min, was inhibited by pemetrexed (10 μM). Results are presented as 

mean ± SEM for n = 4 independent experiments. *, p < 0.05; **, p < 0.01; ; ***, p < 0.001; 

****, p < 0.0001.
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Figure 5. 
Effect of VDR down-regulation on RFC expression in hCMEC/D3 cells. (A) Significant 

decreases in VDR and RFC protein expression were observed in cells transfected with VDR 

siRNA compared to scrambled siRNA-treated control. Multiple protein bands for RFC (63–

75 kDa) are indicative of differential glycosylation of the transmembrane protein. The 

HEK293 cell line served as positive control, while actin was used as a loading control. (B) 

Relative levels of VDR and RFC expression were determined by densitometric analyses. 

Results are expressed as percentage change normalized to control siRNA and reported as 

mean ± SEM for n = 3 independent experiments. *, p < 0.05; **, p < 0.01.

Alam et al. Page 22

Mol Pharm. Author manuscript; available in PMC 2020 January 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. 
Effect of calcitriol treatment on RFC expression in isolated mouse brain capillaries. 

Significant increases in SLC19A1 mRNA (A) and RFC protein (B) expression were 

observed in mouse brain capillaries treated with 100 nM calcitriol for 4 h compared to 

vehicle (ethanol) control. Results are presented as mean ± SEM for n = 3 independent 

experiments, where each experiment contained pooled brain tissues from 3 to 4 animals per 

group. *, p < 0.05.
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