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Abstract
The ubiquitously expressed reduced folate carrier (RFC) or SLC19A1 is recognized to be an essential
transport system for folates in mammalian cells and tissues. In addition to its generalized role as a
folate transporter, RFC provides specialized tissue functions including absorption across intestinal/
colonic epithelia, transport across the basolateral membrane of renal proximal tubules, transplacental
transport of folates, and folate transport across the blood-brain barrier. The human RFC (hRFC) gene
is regulated by 5 major upstream non-coding regions (designated A1/A2, A, B, C, and D), each
transcribed from a unique promoter. Altogether, at least 14 distinct hRFC transcripts can be envisaged
in which different 5’ untranslated regions (UTRs) are fused to a common splice acceptor region
(positions -1 to -49) within the first coding exon with a common 1776 bp coding sequence. The 5’
non-coding regions are characterized by alternate transcription start sites, multiple splice forms, and
selective tissue distributions. Alternate 5’UTRs impact mRNA stabilities and translation efficiencies,
and result in synthesis of modified hRFC proteins translated from upstream AUGs. In this report, we
describe production and characterization of transgenic mice (TghRFC1) containing a functional
hRFC gene and of humanized mice in which the mRFC gene is inactivated and an active hRFC gene
has been introduced. The mice appear to be healthy and to breed well. Analysis of tissue specificity
of expression in both the TghRFC1 and humanized hRFC mice by real-time RT-PCR demonstrates
that the hRFC gene is expressed with a specificity closely resembling that seen in human tissues. For
the humanized hRFC mice, levels of B and A1/A2 5’UTRs predominated in all mice/tissues, thus
resembling results in normal human tissues. Lower levels of A and C 5’UTRs were also detected.
The availability of humanized mouse models for hRFC will permit investigators to address critical
unanswered questions pertinent to human health and disease. These include the ability to analyze the
hRFC gene in vivo, to control dietary and other environmental conditions that may impact levels of
gene expression, and to control the genetics of the mice in order to assess the effects of hRFC gene
alterations on tissue folate uptake and distribution, none of which can be easily achieved in human
populations.
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Introduction
Folic acid is the stable, synthetic parent form of the biologically important reduced folates.
These cofactors differ in the oxidation state of the pteridine ring, the one-carbon substituent
attached at the 5- and/or 10-positions, and the extent of conjugation with additional gamma-
linked glutamates. The nutritional requirement for folates derives from their participation in
one-carbon transfer reactions leading to biosynthesis of purine nucleotides, thymidylate, serine,
and methionine (Stokstad, 1990). Mammalian cells cannot synthesize folates de novo, so they
must accumulate these derivatives from the outside environment.

Since folates are hydrophilic molecules that are anions at physiologic pH, they cross biological
membranes only poorly by diffusion. Although folate cofactor uptake into cells and tissues can
be mediated by folate receptors (FRs), the family of organic anion transporters (OATs), and a
proton-coupled folate transporter (PCFT), by far the best characterized folate transporter is the
ubiquitously expressed reduced folate carrier (RFC; SLC19A1) (Matherly and Goldman,
2003).

Dietary folates are absorbed mostly in the duodenum and upper jejunum, primarily by PCFT
(Qiu et al., 2006). However, the expression of RFC throughout the intestine (Chiao et al.,
1997; Wang et al., 2001; Said, 2004) implies that it contributes to intestinal folate uptake as
well, particularly in the lower intestine. Renal tubular secretion and reabsorption of folates in
proximal tubules involves specific roles for folate transporters on the basolateral (e.g., OAT1,
OAT3, RFC) and apical (e.g., OATP1, FR alpha) membranes (Russel et al., 2002; Nozaki et
al., 2004). FR alpha is localized to the basal (blood) side of the choroid plexus and likely
mediates uptake of folates from blood (Spector and Johanson, 2006). RFC is localized on the
apical membrane of the bulbous microvilli of the choroid plexus epithelium adjacent to the
ventricular membrane (Wang et al., 2001), suggesting its role in transporting folates into the
cerebral spinal fluid at the apical surface. The recent finding that at least some cases of
hereditary folate malabsorption syndrome are accompanied by low levels of central nervous
system (CNS) and plasma folates and a loss of functional PCFT (Qui et al., 2006), implies a
role for PCFT in CNS folate transport along with those for FR alpha and RFC. Finally, both
FR alpha and RFC are involved in transplacental transport of folates (Sweiry and Yudlievich,
1985; Barber et al., 1999). Thus, while the RFC is the major transport system for folates in
mammalian cells and plays an integral role in in vivo folate homeostasis and tissue-specific
folate transport, this is often in concert with other folate transport systems such as PCFT and
FR alpha.

The structure of the human RFC (hRFC) gene was first described in 1998 (Zhang et al.,
1998; Tolner et al., 1998). Five coding exons with conserved boundaries and high homology
between humans and rodents were identified (Zhang et al., 1998; Tolner et al., 1998). hRFC
is regulated by tissue-specific utilization of up to 5 major alternately spliced upstream non-
coding regions (A1/A2, A, B, C, D) and multiple promoters spanning over 35 kb (Whetstine
and Matherly, 2001; Whetstine et al., 2002a,b; Liu et al., 2004; Payton et al., 2005a,b). Thus,
hRFC expression is regulated by combinatorial effects of multiple diverse families of
transcription factors (i.e., Sp, bZip, basic Helix-loop-helix leucine zipper, Ikaros, Ap2, and C/
EBP) (Whetstine and Matherly, 2001; Whetstine et al., 2002b; Liu et al., 2004; Payton et al.
2005a,b), coupled with posttranscriptional effects on translational efficiency, transcript
stability, and the synthesis of modified hRFC proteins initiated from upstream AUGs (Flatley
et al., 2004; Payton et al., 2007). For mouse RFC (mRFC), 4 unique 5’ non-coding regions
were identified (mRFC-a, -b, -c, and -d), flanking unique promoters (Liu et al., 2005). There
appears to be at least some conservation of putative cis elements in the mRFC promoters
compared to those identified in the hRFC-A1/A2, -B, and -C minimal promoters. The mRFC

Patterson et al. Page 2

Mol Genet Metab. Author manuscript; available in PMC 2009 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



gene was localized to chromosome 10 (Roy et al., 1998) and the hRFC gene to 21q22.3 (Yang-
Feng et al., 1995; Moscow et al., 1995) by fluorescence in situ hybridization (FISH).

Given its important role to tissue folate homeostasis, transport defects involving hRFC can
easily be envisaged to contribute to pathophysiologic conditions associated with folate
deficiency including cardiovascular disease, fetal abnormalities, neurologic disorders, and
cancer (Matherly, 2004). These may be compounded by changes in catalytic activities of folate-
dependent interconverting and biosynthetic enzymes (e.g., 5, 10-methylenetetrahydrofolate
reductase) that impact cellular distributions of individual tetrahydrofolate forms [e.g., 5, 10-
methylenetetrahydrofolate and 5-methyltetrahydrofolate] (Lucock, 2000; Matherly, 2004) and
by functionally important (G/A80) polymorphisms in the hRFC locus (Chango et al., 2000;
Whetstine et al., 2002b; O’Leary et al., 2006). The cumulative effects of these alterations might
be cellular or tissue folate deficiencies that result in impaired nucleotide biosynthesis and repair
of DNA damage, and/or DNA hypomethylation due to decreased S-adenosyl methionine.

Given the challenges of studying these conditions in humans, we reasoned that mice in which
the mRFC gene has been replaced with the hRFC gene would provide significant benefits in
understanding the critical role played by RFC in folate homeostasis in health and disease. These
include the ability to analyze the hRFC gene in vivo and to control dietary and other
environmental conditions that may impact levels of gene expression, and to control the genetics
of the mice, in order to assess the effects of hRFC gene alterations on tissue folate uptake and
distribution, none of which can be easily achieved in human populations. We describe herein
the production and initial characterization of such “humanized” hRFC mice.

Materials and Methods
Isolation and characterization of a P1 clone containing the hRFC gene

A human genomic P1 BAC library (Shepherd et al., 1994) was screened as previously described
(Brodsky et al., 1997; Kraus et al., 1998) using standard PCR conditions with a pair of
oligonucleotide primers which amplify hRFC. The forward primer was 5’-
CTCCTTCTCCACGCTCAAC and the reverse primer was 5’-
GAAGCCGAGGTTTCGCACC. These primers produce an amplicon of 135 nt from positions
350-484 of the second coding exon of the hRFC gene. A P1 clone designated P33A12 (77.4
kb insert in 16 kb vector pAd10SacBII), containing 33.2 kb of the hRFC gene and including
coding exons 1-5 and non-coding regions/promoters A1/A2, A, B, and C (Whetstine et al.,
2002a), was isolated. The locations of the insert ends were determined by end sequencing by
the University of Colorado Cancer Center DNA Sequencing and Analysis Core and BLAST
analysis of the human genome (Altschul et al., 1990).

To test for hRFC gene expression, we used Lipofectamine 2000 (Invitrogen) to transfect
P33A12 DNA into R5 HeLa cells (courtesy of I. David Goldman, Albert Einstein School of
Medicine), which are null for the hRFC gene (Zhao et al., 2004). R5 hRFC transfectants were
selected for a functional hRFC gene by growing the cells in folate-free RPMI 1640 media with
L-glutamine (Gibco) at pH 7.4 containing 10% charcoal-stripped fetal calf serum (Valley
Biomedical), 20 μM 2-mercaptoethanol, antibiotics, 25 nM (6R,S)5-formyltetrahydrofolate
(leucovorin) (5-CHO-THF) (Sigma), and 75 nM of the lipid-soluble antifolate, trimetrexate
(Drug Development Branch, National Cancer Institute, Bethesda, MD) (Zhao et al., 2004).
Clones were isolated and tested for growth in medium containing 25 nM 5-CHO-THF and 200
nM trimetrexate.
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Mouse husbandry
All animal experimentation was approved by the University of Denver Institutional Animal
Care and Use Committee. Mice were fed LabDiet autoclavable diet 5K52 (PMI Nutrition
International, LLC) ad libitum which was autoclaved prior to use. This diet has 2 mg/kg folic
acid added but also probably contains significant amounts of methylfolates, which are the forms
typically found in cereals and in other dietary components.

Isolation of transgenic mice carrying the hRFC gene
P1 P33A12 DNA was digested with Sal I and the 64,979 nt linear DNA fragment (48,968 nt
human insert plus 16011 nt vector) containing hRFC was purified by electrophoresis.
Transgenic mice carrying the hRFC gene were produced from FVB mice using this fragment
as described previously (Butler et al., 2006). Transgenic mice were genotyped by PCR. The
forward primer was 5’AGGCAGCTGAATTCCTGAGC and the reverse primer was
5’TTCTGAACACCGTCGCTTGG. These primers generate an amplicon of 169 nt from
positions 301 to 469 of hRFC and do not amplify mRFC. PCR conditions were 94°C for 30
sec, 55°C for 30 sec, and 72°C for 30 sec, for 30 cycles. Amplicons were analyzed on a 1%
agarose gel stained with ethidium bromide.

To determine the number of integration sites of the transgene and to verify that the hRFC
transgene had not integrated into mouse chromosome 10 (the location of the mRFC gene),
metaphase spreads were prepared from transgenic mouse spleens and analyzed by FISH as
described previously (Butler et al., 2006).

A Nick Translation Kit (Vysis) was used to directly label P33A12 (hRFC) DNA and DNA
from a BAC (RP23-56K17) containing mRFC, with Spectrum Orange (Vysis) and Spectrum
Green (Vysis), respectively, to use as FISH probes. Metaphase spreads were analyzed as
described previously (Butler et al., 2006). A minimum of 10 metaphase spreads per slide were
analyzed, and representative metaphase spreads were captured with a Cytovision imaging
system (Applied Imaging Corp.).

Mice from two matings of the transgenic line (one-copy transgenic x one-copy transgenic;
therefore carrying the same transgene integration site) were analyzed by FISH to establish
whether mice with two hRFC integration sites could be generated. This provides evidence that
the integration of the hRFC transgene did not interrupt an essential mouse gene. Blood smears
were prepared from each of the transgenic pups on pre-cleaned Superfrost/Plus microscope
slides (Fisher). The smears were fixed for 2 minutes in methanol:glacial acetic acid (1:1 vol:vol)
and 2 minutes in methanol:glacial acetic acid (3:1 vol:vol). Probe was prepared by
incorporating Spectrum Orange (Vysis) direct-labeled dUTP into P33A12 DNA using a Nick
Translation Kit (Vysis). Fixed cells were co-denatured with 1 μl probe in 4 μl LSI/WCP
Hybridization Buffer (Vysis) for 5 minutes at 80°C. This was followed by a 16-hour
hybridization period at 37°C in a humidified chamber. Slides were post-washed in 0.4X SSC
at 72±1°C for 1 minute, then in 2X SSC/0.1% NP-40 at room temperature for 1 minute. Slides
were allowed to dry, then counterstained with DAPI (4’,6-diamidino-2-phenylindole)/Antifade
(Vysis) and stored at 4°C. Hybridized nuclei were visualized using a Zeiss Axiovert 200M
Microscope with DAPI and Cy3 filters (to detect DAPI counterstain and Spectrum Orange-
labeled P33A12 probe, respectively). Representative nuclei were analyzed with a Zeiss
Axiovert 200 inverted epifluorescence microscope with Zeiss Axiovision image analysis
software.

Generation of mice containing hRFC but no functional mRFC (humanized mice)
To produce humanized hRFC mice, mice transgenic for hRFC (designated TghRFC1) were
mated with C57BL/6 mice with one active and one inactive mRFC allele that were graciously
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supplied by Dr. I. David Goldman (Zhao et al., 2001). Detection of the inactivated mRFC allele
was as previously described (Zhao et al., 2001). Mice carrying the human transgene and one
inactivated and one normal mRFC allele were then crossed. These crosses generated some
mice with two inactivated mRFC alleles (double knockouts) and one or two copies of the hRFC
transgene. The double knockout mRFC genotype is lethal in mice without the hRFC transgene
(Zhao et al., 2001), but mice with two inactivated mRFC alleles that are transgenic for hRFC
appear healthy and breed well. Double knockouts with both one and two copies of the hRFC
transgene were crossed. All offspring from these crosses were double knockouts. Those with
two copies of the hRFC transgene (identified by FISH as described above,) were bred to
generate a line of humanized mice.

Real-time RT-PCR analysis of mRFC and hRFC transcript levels
mRNAs from normal human tissues were purchased from Clontech (Mountain View, CA).
RNAs from TghRFC1 mice and humanized hRFC mice were isolated from selected tissues
using Trizol (Invitrogen). Total levels of hRFC and mRFC transcripts, as well as levels of
hRFC transcripts with the individual 5’ UTRs (A1/A2, A, B, C), were measured by real-time
RT-PCR (qPCR). hRFC and mRFC transcript levels were normalized to levels of mouse 18S
RNA or glyceraldehyde-3-phosphate dehydrogenase (GAPDH) transcripts. Conditions and
primers are identical to those previously described (Liu et al., 2005, 2006). For mouse GAPDH,
the primers were 5’TGCACCACCAACTGCTTAG and 5’GGATGCAGGGATGATGTT. All
qPCR measurements were repeated 2-3 times.

Results
Isolation and characterization of a P1 clone containing a functional hRFC gene

The P1 clone P33A12 was isolated as described in Materials and Methods. The insert of
P33A12 spans from nucleotide (nt) 45,714,910 to 45,792,261 of chromosome 21, and is 77,351
nt long. P33A12 contains 9960 nt of DNA 5’ (telomeric) of the translation start codon of hRFC
and 44,157 nt 3’ of the hRFC 3’ UTR, and does not contain any other functional genes or
hypothetical genes.

To test whether the hRFC gene in P33A12 is functional, we transfected HeLa R5 cells, which
are null for the hRFC gene (Zhao et al., 2004) with P33A12 DNA and isolated clones that grew
in 25 nM 5-CHO-THF and 75 nM trimetrexate. Several of these clones were screened by PCR
for the presence of the hRFC gene and then tested against growth in 25 nM 5-CHO-THF and
200 nM trimetrexate. Figure 1 presents typical results for one of these clones and shows obvious
and significant growth for wild type HeLa and P33A12-transfected cells, and no growth for
untransfected R5 cells. This demonstrates that the hRFC gene in P33A12 is functional.

Production of transgenic mice containing hRFC using P33A12
P33A12 DNA was digested with Sal I to generate a 64,979 nt linear DNA fragment (48,968
nt human insert plus 16,011 nt vector) containing the hRFC gene. The 5’ Sal I site resides in
the P1 vector, while the 3’ site lies at nt 45,743,298 of chromosome 21. Thus, the Sal I fragment
containing the hRFC gene also contains 9960 nt 5’ of the hRFC coding region, along with
hRFC 5’ non-coding regions/promoters A1/A2 through C and 15,259 nt 3’ of the hRFC 3’
UTR. This fragment was gel purified and used to produce transgenic hRFC mice. Three
independent lines of hRFC-containing transgenic mice were generated and one, designated
TghRFC1, was selected for further analysis.

To determine the number and chromosomal location(s) of P33A12 integrations sites, we
performed dual color FISH. Figure 2 shows that there is a single integration site of P33A12
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DNA in TghRFC1 mice (indicated in red in Figure 2) and that this is not located on mouse
chromosome 10 (indicated by the green hybridization signal in Figure 2).

To assess whether integration of hRFC into the TghRFC1 mouse genome might have
inactivated an important mouse gene, we mated TghRFC1 mice and examined offspring for
mice containing two copies of the hRFC integration site by FISH. Since the parental mice are
from the same transgenic line, they have the same chromosomal integration site. Thus, if the
integration of the transgene does not inactivate an essential mouse gene, roughly one-fourth
of the offspring would be expected to inherit both chromosome homologues containing the
integrated transgene. Analysis of 12 mice from two independent TghRFC1 x TghRFC1 crosses
revealed that 3 of the mice had 2 copies of the hRFC transgene integration site. These mice
had no visible deleterious phenotype and appeared healthy. A representative interphase FISH
result using fluorescently tagged P33A12 DNA for two mice, each with two integration sites,
is shown in Figure 3.

We measured transcript levels for hRFC and mRFC in various tissues of TghRFC1 mice using
qPCR methods (Liu et al., 2005, 2006). Total RNAs were prepared from several tissues, and
species-specific PCR primers were used to measure expression of hRFC and mRFC in the same
tissue RNAs. In TghRFC1 mice, we found that hRFC exhibits a tissue-specific expression
pattern that resembles that observed in humans (e.g. liver≫kidney) (Whetstine et al., 2002a),
while the mRFC expression pattern in these same samples is typical of mRFC patterns (e.g.
kidney≫liver) in normal mice (Liu et al., 2005) (Figure 4). For the TghRFC1 mice, the absolute
expression levels for hRFC were approximately 10-20% of those for mRFC in the individual
tissues. Most importantly, it appears that in the TghRFC1 mouse, the human cis-regulatory
regions of hRFC function as if they were in a human background, while the cis-regulatory
regions for the endogenous mouse gene function as expected in the mouse.

Production of a humanized mouse expressing hRFC but not mRFC
We accomplished our goal of producing a humanized hRFC mouse by breeding TghRFC1
mice with C57BL/6 mice heterozygous for an active and an inactive mRFC. Then, mice
carrying the human transgene and one copy of the inactive mRFC gene and one normal mRFC
gene were crossed. Of each 16 offspring, we would theoretically predict 2 mice carrying no
active mRFC gene and one hRFC transgene, and one mouse carrying no active mRFC gene
and two copies of the hRFC transgene. We obtained 3 mice with no active mRFC and one copy
of the hRFC transgene, and one mouse with no active mRFC gene and two copies of the hRFC
transgene from the first 26 offspring. Figure 5 (left panel) shows PCR amplification from
genomic DNAs demonstrating disruption of the endogenous mRFC gene. Figure 5 (right panel)
shows PCR analysis with hRFC-specific primers of the same samples in the left panel. Figure
6 shows an interphase FISH experiment of two of these mice using fluorescently labeled hRFC-
containing P1 clone P33A12 DNA.

Figure 7 shows qPCR analysis of total hRFC transcripts in the humanized hRFC mice. All
mice were 2.5 to 3 months old. Mice A2812, A2858, and A2834 were males and mice A2975
and A2835 were female. The results clearly show robust expression of hRFC with the highest
level in liver, consistent with published results (Whetstine et al., 2002a).

Since the hRFC gene in the P33A12 construct includes 4 of the major hRFC non-coding regions
and promoters (A1/A2, A, B, and C) (Figure 8, upper panel), we used qPCR to also measure
levels of the individual transcript forms and by inference, promoter usage for comparison with
normal human tissues. Figure 8 (lower panel) shows qPCR analysis of the hRFC 5’untranslated
regions (5’UTRs) from commercial mRNAs obtained from normal human tissues that
establishes hRFC-B and −A1/A2 as the major transcript forms, although lower levels of other
5’UTRs were detectable and were preferentially expressed in certain tissues. In Figure 9,
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qPCR results in the humanized mice are shown. Again, the A1/A2 and B 5’UTRs
predominated. The finding that the hRFC A 5’UTR was detected in some samples is
particularly interesting given that there is no apparent mouse homolog (Liu et al., 2005). As
there were only 2 female mice, it was not possible to broadly study 5’UTRs in placental hRFC
transcripts. However, when tested, transcripts including the C 5’UTR were detected in placenta
(not shown). Thus, with minor caveats, the results obtained with the humanized hRFC mouse
closely resemble those obtained with human tissues.

Discussion
In this manuscript, we describe production and characterization of transgenic mice containing
a functional hRFC gene and of humanized mice in which the mRFC gene is inactivated and
an active hRFC gene has been introduced. The mice appear to be healthy and to breed well.
Analysis of tissue specificity of expression in the TghRFC1 mice by qPCR demonstrates that
the hRFC gene is expressed with a specificity closely resembling that seen in human tissues
whereas, as expected, the tissue specificity of mRFC is that typical of mRFC in normal mice.

Although the hRFC gene construct used for generation of the mice includes 5’ non-coding
regions and promoters A1/A2 through C, such that exons D and E and promoters are missing,
these latter transcript forms are comparatively rare. Indeed, no overt deleterious effects
appeared to result from the loss of the D and E hRFC transcripts, and the tissue hRFC levels
and patterns of hRFC usage closely resemble those seen in normal human tissues despite the
absence of the upstream D and E regions. For instance, levels of B and A1/A2 5’UTRs
predominated in all mice/tissues, thus resembling results in normal human tissues. Lower levels
of A and C 5’UTRs were also detected in some mice/tissues. In our experiments with a small
number of humanized hRFC mice, there was some variability in hRFC levels and transcript
forms from mouse to mouse. While the basis for this is not entirely clear, a likely explanation
is that the humanized hRFC mice have a mixed genetic background (FVB X C57BL/6). This
will likely be resolved with additional crosses in future studies.

Understanding the genetic determinants that contribute to in vivo folate homeostasis is an
increasingly pressing public health issue. Clearly, supplementation of the food supply with
folate beginning in the U.S. in 1998 has resulted in a pronounced decrease in the incidence of
neural tube defects in newborns. However, the potential long term adverse effects of chronic
folate supplementation with respect to other health issues, including cancer, heart disease, and
cognitive function are not yet known (Lucock and Yates, 2005; Kim, 2006). (i) Evidence exists
that folate supplementation can, under some circumstances, accelerate development of pre-
existing malignancies, including colorectal cancer and breast cancer (Ulrich and Potter,
2006; Kotsopoulos et al., 2005), two of the most common cancers in humans. One study
suggested that folate supplementation in pregnancy could increase the risk of breast cancer
later in life (Charles et al., 2004). A recent study demonstrated a temporal association between
the introduction of folic acid supplementation in the U.S. and Canada and an increase in
colorectal cancer rates of about 4 to 6 per 100,000 people (Mason et al., 2007). These authors
hypothesized that folate supplementation may have been responsible at least in part for the
increase in colorectal cancer. (ii) Additional evidence suggests that high folate levels can have
deleterious effects on cognitive ability in older people (Ulrich and Potter, 2006; Morris et al.,
2005). (iii) Even in the case of neural tube defects and other birth defects, there is some
controversial evidence linking folate supplementation (or folate containing multivitamin
supplementation) to increased risk of abortions, twinning, and chromosomal anomalies like
Down syndrome (Canfield et al., 2005; Czeizel et al., 1994; Hook, 2001; Czeizel, 2001; Muggli
and Halliday, 2006). (iv) Elevated homocysteine levels have been associated with increased
risk of cardiovascular disease. It is also accepted that supplementation with B vitamins
including folate is effective in reducing homocysteine levels and may reduce the risk of
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cardiovascular disease. However, two major studies have now been published showing that,
while these supplements do decrease homocysteine levels, they do not necessarily decrease
risk of cardiovascular disease and may even increase the risk of certain types of cardiovascular
events (Bonaa et al., 2006; Lonn et al., 2006). Manipulation of dietary folates in the mice
described here presents an alternative, complementary approach to examining these issues in
an easily controlled animal model.

Given the central role of hRFC in in vivo folate homeostasis, it is not surprising that this gene
is under complex and exquisite control. A key feature of this regulation involves the use of at
least five major 5’ non-coding regions and associated promoters (Whetstine and Matherly,
2001; Whetstine et al., 2002a,b; Liu et al., 2004; Payton et al., 2005a,b). hRFC promoter/5’
non-coding region utilization is highly tissue-specific and is controlled by both ubiquitous and
tissue-specific transcription factors. Moreover, hRFC protein levels are subject to additional
posttranscriptional controls including alternate splicing, translation efficiencies, transcript
stabilities, and synthesis of N-terminally modified hRFCs (Flatley et al., 2004; Payton et al.,
2007). Collectively, these mechanisms can significantly impact tissue and plasma levels of
folate cofactors. An important unexplored premise concerns the possible contributions of
modifications in hRFC gene structure, expression, or function, involving promoter, 5’ non-
coding region, or coding sequence alterations (including naturally occurring polymorphisms)
on normal folate homeostasis and pathophysiologies associated with folate deficiency. For
instance, polymorphisms involving hRFC promoter A (Whetstine et al., 2002b; O’Leary et
al., 2006) or the hRFC coding (G/A80) region (Chango et al., 2000) have been implicated in
an assortment of human conditions (Matherly et al., 2004).

We posit that the availability of humanized mouse models for hRFC will permit investigators
to address critical unanswered questions pertinent to human health and disease. For instance,
dietary studies with our humanized mouse models could provide important insights into the
extent and mechanism by which folate supplementation may under some circumstances be
harmful, as noted above. It should be possible to prepare additional humanized hRFC mice
using transgenes including polymorphisms or mutations in the hRFC coding and non-coding
regions to identify their roles in folate homeostasis in response to dietary manipulations. Other
questions relate to the role of ontogeny in determining patterns and levels of hRFC expression
and promoter usage, and the possibility that loss of hRFC or defects in transcriptional/
posttranscriptional controls may contribute to human pathophysiologies typically associated
with folate deficiencies. If hRFC levels or function are compromised, these conditions could
occur independent of the intake of dietary folates. Clearly, future studies with humanized
mouse models for hRFC will complement those with cultured cells or with mRFC homo- and
hemizygous knockout mouse models and, likewise, published correlative epidemiologic
investigations in humans.
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Figure 1. Stable expression of the hRFC gene contained in P1 clone P33A12
hRFC-null HeLa R5 cells were transfected with P33A12 DNA, stable clones picked as
described in the text, and cells plated in folate-free media (pH 7.4) containing 25 nM leucovorin
with (bottom row) and without (top row) 200nM trimetrexate (TMQ). Left panel, wild type
HeLa cells; center panel, R5 cells; right panel, R5 cells stably transfected with P33A12 DNA.

Patterson et al. Page 12

Mol Genet Metab. Author manuscript; available in PMC 2009 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2. Dual label FISH of a metaphase spread of P33A12 hRFC transgenic mouse spleen cells
P33A12 DNA was labeled with Spectrum Orange and mouse BAC DNA containing the mRFC
gene was labeled with Spectrum Green by direct labeling (Vysis). Chromosomes were stained
with DAPI. Hybrid metaphase spreads were visualized using an Olympus epifluorescence
microscope. Images were captured with a Cytovision imaging system (Applied Imaging Corp).
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Figure 3. Interphase FISH demonstrating TghRFC1 mice with two hRFC integration sites
Interphase FISH was carried out as described in Materials and Methods.
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Figure 4. Comparison of hRFC and mRFC expression in Tg mouse tissues
Human-specific (left) and mouse-specific (right) PCR primers were used for qPCR to detect
relative levels of hRFC and mRFC transcripts in RNAs prepared from tissues from the same
hRFC Tg mouse. Normalization was with 18S rRNA. I A through D designate different regions
of small intestine (proximal to distal). Only relative transcript levels are reported for hRFC and
mRFC. Absolute transcript levels differed by approx. 5- to 10-fold. Results are presented as
mean values plus/minus standard error form 3 measurements.
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Figure 5. Isolation of mice containing hRFC but no mRFC
A: PCR amplification from genomic DNAs with primers specific for mRFC and for the
knocked out (KO) mRFC. mRFC+/- = mouse with one normal mRFC allele and one mRFC
KO allele; mRFC+/+ = mouse with two normal mRFC alleles; mRFC-/- hRFC+ 1-4 = different
mice with two KO mRFC alleles and one or two hRFC alleles. B: PCR analysis of DNAs with
primers specific for hRFC. No DNA = a no DNA control; P1 DNA = DNA isolated from P1
clone P33A12 used to make hRFC transgenic mice; the other lanes are the same DNA samples
indicated by the labels in A. The 4 humanized (mRFC-/- hRFC+) mice are from three different
litters. There are two male and two female humanized mice.
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Figure 6. Interphase FISH demonstration of humanized hRFC mice containing one (left) or two
(right) integration sites for the P33A12 hRFC containing P1 clone
Interphase FISH was carried out as described in Materials and Methods.
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Figure 7. qPCR analysis of hRFC expression in humanized mice
Results for total hRFC transcripts for five different humanized mice are shown. RNAs were
prepared from tissues isolated from the humanized mice including brain, heart, kidney, liver,
intestine, and placenta. RNAs were reverse transcribed and analyzed for total hRFC transcripts
by qPCR. hRFC transcript levels were normalized to mouse GAPDH transcripts. Intestinal
RNAs were not analyzed for mice A2975 and A2835. Results are presented as average values
plus/minus ranges from duplicate measurements.
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Figure 8. Schematic representation of the hRFC upstream region and qPCR analyses of assorted
tissue hRFC 5’UTR usage
Upper panel: the upstream region of the hRFC gene is shown including five major non-coding
regions (A1/A2 and A-D) and the first coding exon (Exon 1) including the ATG translation
start site at position +1. The approximate distances between each of the exons were determined
from those in chromosome 21 contig HS21C102 (accession no.AL163302). Lower panel:
relative transcript levels of the various hRFC 5’ UTRs (A1/A2 and A-D) for assorted human
tissues were measured by qPCR analysis. Levels of hRFC transcripts were normalized to
GAPDH transcript levels. Results are presented as the average values plus/minus ranges from
duplicate measurements.
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Figure 9. Tissue specific 5’ UTR usage in humanized hRFC mice
RNAs were prepared from select tissues isolated from the humanized mice including brain,
kidney, liver, and duodenum. RNAs were reverse transcribed and analyzed for hRFC 5’UTRs
by qPCR. hRFC transcript levels were normalized to mGAPDH transcripts. The results show
that the A1/A2 and B are consistently the major 5’UTRs used with lower levels of A and C.
Thus, our results in the humanized mice resemble those in human tissues. In one female mouse
(A2835) a significant level of transcripts including the C 5’UTR was detected (not shown).
Results are presented as average values plus/minus ranges from duplicate measurements.
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