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Abstract
The folate receptor α (FRα) is critical for normal embryonic and fetal development. The receptor has
a relatively narrow tissue specificity which includes the visceral endoderm and the placenta and
mediates delivery of folate, inadequacy of which results in termination of pregnancy or
developmental defects. We have previously reported that the FRα gene is negatively and directly
regulated by estrogen and positively but indirectly by progesterone and glucocorticoid. To further
investigate hormonal control of this gene and in view of the growing evidence for the importance of
the androgen receptor (AR) in endometrial and placental functions, we examined the response of the
FRα gene to androgen. Here we demonstrate that the FRα gene is directly activated by androgen.
The P4 promoter of the FRα gene is the target of hormone-dependent activation by the androgen
receptor (AR) in a manner that is co-activator-dependent. The site of functional association of AR
in the FRα gene maps to a 35bp region occurring ~1500bp upstream of the target promoter. The
functional elements within this region are an androgen response element (ARE) half-site and a non-
canonical C/EBP element that cooperate to recruit AR in a manner that is dependent on the DNA-
bound C/EBPα. Since the placenta is rich in C/EBPα, the findings underscore the multiplicity of
mechanisms by which the FRα gene is under the exquisite control of steroid hormones.
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1 INTRODUCTION
The folate receptor type α (FRα) is a glycopolypeptide that is anchored to the cell surface by
a glycosyl phosphatidylinositol (GPI) membrane anchor [1-4] and is expressed with a rather
narrow tissue specificity [5]. FRα binds with a relatively high affinity (Kd < 10-9M) to the
circulating form of folate, 5-methyl tetrahydrofolate, and mediates its transport across the
membrane by an endocytic process [6,7]. The maintenance of pregnancy as well as normal
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fetal development is critically dependent on the maintenance of an adequate folate status which
requires a regular supply of the vitamin from a dietary source [8]. Elegant genetic studies in
mice by Finnell and co-workers have established a critical role for FRα in development that is
principally related to ensuring adequate folate delivery to the developing embryo and fetus
[9,10]. It has also been demonstrated that FRα is required for transplacental transport of folate
resulting in several-fold higher folate levels in the fetal vs. the maternal circulation [11].
FRα is highly expressed in the visceral endoderm which nourishes the embryo [12] and also
in the placenta, peaking in term placental tissue of embryonic origin [13]. Mutations in FRα
have been implicated in neurodegenerative effects [14]. Physiological mechanisms that control
FRα expression may therefore be expected to be critical during development.

Previous studies from this laboratory have demonstrated that the FRα gene (FOLR1) is a non-
classical target for regulation by the steroid hormones estrogen, progesterone and
glucocorticoids. The hormone-bound estrogen receptor (ER) directly represses the FRα gene
by associating as a co-repressor complex with TAFII30 within its core promoter [15,16]. The
progesterone receptor (PR) [17] and the glucocorticoid receptor (GR) [18] activate the FRα
gene in response to hormone, but indirectly through the products of upstream target genes.

There is growing evidence for a role for the androgen receptor (AR) in endometrial tissue
proliferation and differentiation in the normal menstrual cycle which appears to involve a
complex interplay with progestogens and estrogens [19]. AR is strongly expressed in the nuclei
of decidual tissue during pregnancy [20]. It has also been recently demonstrated that AR and
PR target distinct gene networks in decidual tissue with a primary function for AR in
cytoskeletal organization and cell motility [21]. It was therefore undertaken in this study to
investigate a potential role for androgen/AR in regulating FRα expression and to elucidate the
mechanism of this regulation. Studying the endocrine mechanisms controlling FRα levels and
the various factors involved may be expected to provide a better understanding of certain
abnormalities of pregnancy and development.

2 Materials and Methods
2.1 Chemicals and reagents

Dulbecco's minimum essential medium (DMEM), and penicillin/streptomycin/L-glutamine
stock mix were purchased from Life Technologies, Inc. (Carlsbad, CA); HAM's F-12 medium
from Lonza (Walkersville, MD) Fetal bovine serum (FBS) and charcoal stripped FBS (CS-
FBS) were from from Invitrogen (Carlsbad, CA). FUGENE 6 was purchased from Roche
Diagnostics (Indianapolis, IN). Luciferase assay reagents were from Promega (Madison, WI).
Affinity purified rabbit anti-human AR (sc-816), C/EBPα(sc-61), His-probe(sc-803), mouse
anti-GAPDH (sc-47724), and normal rabbit IgG control (sc-2027) were purchased from Santa
Cruz Biotechnologies (Santa Cruz, CA). Vent DNA polymerase was purchased from New
England Biolabs (Beverly, MA). Custom oligonucleotide primers and biotinylated
oligonucleotide probes were from Integrated DNA Technologies (Coralville, IA). Protein A-
sepharose beads and streptavidin sepharose beads were purchased from Amersham (Uppsala,
Sweden). The reagents for RT-PCR and real-time PCR were purchased from Applied
Biosystems (Branchburg, NJ).

2.2 DNA constructs and expression plasmids
Construct design used either natural restriction sites or restriction sites created by PCR using
Vent DNA polymerase (New England Biolabs) and custom oligonucleotides (Integrated DNA
Technologies). The PCR products were first digested with the appropriate restriction enzymes
and cloned into the pGL3-basic plasmid (Promega).The 5’ deletion constructs of the FRα
promoter, i.e., FRα (-3394nt to +33nt), FRα ΔP1 (-3113nt to +33nt), FRα ΔP4 (-3394nt to
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+33nt with the deletion from -146 nt to -34nt), FRα P4 (-176nt to +33 nt), -1565nt to +33nt,
and -1555nt to +33nt and the 3’ mutation constructs, i.e., mut(-1549nt to -1546nt), mut (-1545nt
to -1542nt), mut (-1541nt to -1538nt), mut (-1537nt to – 1534nt), mut (-1533nt to -1530nt)
were all constructed by PCR using the appropriate primers and subcloned at MluI (upstream)
and XhoI (downstream) sites in the pGL3 basic plamid. For the 3’ mutation constructs, the
sequential 4-base mutations were obtained by changing A-T pairs to G-C pairs and vice versa.
GAL4-TATA-Luc plasmid (pG5luc) was purchased from Promega. ARE-TATA-Luc, FRα
(-1565nt to -1536nt), (-1565nt to -1533nt), (-1549nt to -1536nt), or (-1565nt to -1548nt)-
TATA-Luc, (C/EBP)3-TATA-luc, (C/EBP)3-ARE-TATA-luc were made by cloning
appropriate annealed oligos with the addition of KpnI(5’) and NheI(3’) terminal restriction
sites into the large segment of GAL4-TATA-Luc digested by KpnI and NheI. To generate
ARE-TATA-luc, a high affinity ARE, AGTACGTGATGTTCT, [22] was inserted upstream
of the TATA box. The Renilla luciferase transfection control was the pRL-null plasmid from
Promega (Madison, WI). The recombinant plasmids were amplified in E. coli strain XL1 Blue
and purified using the Qiagen plasmid kit (Qiagen, Chatsworth, CA). The entire cloned DNA
sequence in each construct was verified by automated DNA sequence analysis. The co-
regulator expression plasmids were provided by Dr. Brian Rowan at Tulane University.

2.3 Cell culture and transfection
HeLa (American Type Culture Collection) cells were cultured in Dulbecco's minimum
essential medium (DMEM) supplemented with FBS (10%), penicillin (100 units/ml),
streptomycin (100 μg/ml), and L-glutamine (2 mM). ACH-3P immortalized human placental
trophoblast cells [23] (kindly provided by Dr. Ursula Hiden at Medical University Graz,
Austria) were cultured in HAM's F-12 medium supplemented with FBS (10%), penicillin (100
units/ml), streptomycin (100 μg/ml), and L-glutamine (2 mM). To obtain hormone depletion,
HeLa cells were grown in phenol red-free media supplemented with charcoal-stripped FBS
(5% v/v), L-glutamine (2 mM), insulin (2 μg/ml), and transferrin (40 μg/ml) for 72h. Hormone
depletion in ACH-3P cells was achieved by growing them in HAM's F-12 medium
supplemented with charcoal stripped FBS (5%). HeLa cells were transfected with DNA
constructs in 6-well plates (Corning, New York, NY) using FuGENE 6 (Roche Diagnostics),
according to manufacturer's protocol. Normally, 500 ng reporter and 25-100 ng of each
expression plasmid were used where not specially indicated. Transfection efficiency and
promoter specificity were controlled using the pRL-null plasmid expressing Renilla luciferase
and measurement of Renilla luciferase activity in the cell lysates.

2.4 Assay of cell surface FRα
In the fluorimetric assay, cells were washed with ice-cold acid buffer (10mM sodium acetate,
pH 3.5, 150 mM NaCl) to remove FRbound endogenous folate. The cells were then washed
with ice-cold PBS [10mM sodium phosphate (pH 7.5), 150 mM NaCl] and incubated with 5
nM fluorescein-conjugated folate [24] at 4°C for 30 min. The cells were washed twice with
PBS and the bound folate was measured by flow cytometry as described [24]. Non-specific
background fluorescence was measured by blocking with a 100-fold excess of unlabeled folic
acid and the values were subtracted. In the radiolabeling assay, cells were incubated with 27nM
of [3H] folic acid in serum free FFRPMI for 1h at 37°C. At the end of the incubation the cells
were washed with ice cold PBS to remove unbound radioactivity. The cells were washed with
1ml of acid buffer (10mM sodium acetate, pH 3.5/150mM NaCl) for 1 min on ice. The acid
wash eluate was counted by liquid scintillation and represents the amount of [3H] folic acid
bound. The cells were also incubated with a 20-fold excess of unlabeled folic acid, relative to
the amount of [3H]folic acid added, to ensure the specificity of binding via FR. All samples
were measured in triplicate.
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2.5 Luciferase assay
After incubation as indicated, transfected cells were washed with PBS and harvested in 500
μl of renilla luciferase assay lysis buffer provided with the renilla luciferase assay system
(Promega).The culture plates were placed on an orbital shaker with gentle shaking at room
temperature for 15 min. The cell lysates were centrifuged at top speed for 30 seconds in a
refrigerated microcentrifuge and the supernatant was measured for firefly or renilla luciferase
activity using the appropriate luciferase substrate from Promega in a luminometer (Lumat LB
9501; Berthold; Wildbad, Germany). All luciferase assays were performed at least in triplicate.

2.6 Biotin-DNA pull-down assay
HeLa cells were transfected with AR expression plasmid or plasmid vector. 48h after
transfection, cells were treated with vehicle or testosterone (10 nM) for 60 min, and then washed
twice with PBS and harvested in PBS. Cell pellets were lysed with lysis buffer (400 mM NaCl;
10 mM Tris, pH 8.0; 1 mM EDTA; 1 mM EGTA; 0.1% Triton X-100; 1 mM PMSF; and 5
μg/mL each of aprotinin, leupeptin, and pepstatin A) supplemented with vehicle or testosterone
(10nM). The lysates were centrifuged at 16, 000g for 10 min and the resultant supernatants
were diluted 1: 4 with dilution buffer (10 mM Tris-HCl, pH 8.0; 1 mM EDTA; 0.5 mM EGTA;
10% glycerol; 0.25% nonidet P-40) in the presence of ligand as indicated. Then 300 μg of
lysate was incubated with 1 μg of the appropriate biotinylated DNA probe and 10 μg poly (dI-
dC) with or without 200 μg of proper unlabeled probe at 4°C on a rotary shaker for 1 h, and
then incubated with 30 μl of 50% streptavidin-sepharose A beads overnight. The samples were
centrifuged at 600g for 5 minutes, and the pellets were washed four times with washing buffer
(10 mM Tris-HCl, pH 8.0; 1 mM EDTA; 0.5 mM EGTA; 100 mM NaCl; 10% glycerol; 0.25%
nonidet P-40) in the presence of ligand for 5 minutes with rotation. The proteins were released
by boiling in 100 μl SDS loading buffer (62.5 mM Tris-HCl, pH 6.8; 10% glycerol; 2% SDS;
5% 2-mercaptoethanol; and 0.05% bromophenol blue) and analyzed by western blots to probe
for AR and C/EBPα. The 5’ biotin-labeled probes were: FRα (5’-biotin-
AGGGTTTGTTCCCGCAGGAACTGAACCCAAAGGA TCAC), (C/EBP)3 [5’-biotin-
(TGCAGATTGCGCCAATCTGCA)3]. The unlabeled probess were: wt (wild type unlabeled
probe for FRα; the sequence was the same as the biotin labled FRα probe), mA (FRα element
with mutated ARE, AGGGTTTTCTCGCGCAGGAACTG AACCCAAAGGATCAC), dm
(FRα element with double mutations in both ARE and CCAAT element,
AGGGTTTTCTCGCGCAGGAACGTCTCTTCGAGGATCAC).

2.7 RNA isolation, RT-PCR and real-time PCR
Total RNA from HeLa cells, T47D and ACH-3P cells was prepared using the RNeasy Mini
kit (Qiagen). Reverse transcription PCR (RT-PCR) followed by real-time PCR was used to
measure mRNAs for luciferase, FRα and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH). For the reverse transcription reaction, 200 ng of total RNA was reverse transcribed
with random primers by using the High-Capacity cDNA Archive kit (Applied Biosystems,
Foster City, CA) The resulting cDNA was measured by quantitative real-time PCR using the
Real-time PCR master mix (Applied Biosystems) in the 7500 StepOne Plus Real Time PCR
System (Applied Biosystems, Foster). The primers and TaqMan probe for FRα, Luciferase and
GAPDH were obtained from Integrated DNA Technologies, Inc. (Coralville, IA). All samples
were assayed in triplicate and normalized to GAPDH values in the same samples.

2.8 Chromatin immunoprecipitation (ChIP) assay
HeLa cells were transfected with His- tagged AR expression plasmid or vector. 48h after
transfection, cells were treated with vehicle or testosterone (10 nM) for 1h, washed with cold
PBS and subjected to ChIP analysis using anti-His antibody (sc-803) and negative control IgG
(sc-2027) following the procedure described previously [16]. The recruitment of His-AR to
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the FRα gene was measured by real time PCR. Real-Time PCR analysis of chromatin-
immunoprecipitated products was performed using the following FRα promoter primers and
TaqMan probe: FRα promoter probe (-1913nt to -1935nt), 5'-6 FAM-
TCGGGACAGGTTGAACGGGAACC-3'; sense primer (-1876nt to – 1893nt), 5'-
CCCCAAGGCCAAGGAGAA-3'; and antisense primer (-1966nt to -1945nt), 5'-
CGGGAACAAACCCTAACTGTTT -3'. The samples were tested in triplicate. To perform
the ChIP assay in ACH-3P cells, the cells were first grown in stripped serum media for 48
hours and treated with 10nM R1881 or testosterone for 2 hours. The cells were washed with
cold PBS and subjected to ChIP analysis with or without anti-AR antibody (sc-816X from
Santa Cruz) following the procedure described. The recruitment of AR to the FRα gene was
measured by real time PCR as described above.

2.9 Co-Immunoprecipitation Assay
Total protein from ACH-3P cells were prepared using RIPA buffer. Co-Immunoprecipitation
assay was performed by using AR antibody (sc-816) or C/EBPα antibody (sc-61) and the
proteins detected by Western blot analysis as described [30].

3.0 Statistical analyses
All experimental values are presented as mean ± SE. The statistical significance of differences
(P value) between values being compared was determined using ANOVA. In all cases,
differences noted in the text are reflected by a P value < 0.001.

3 RESULTS
3.1 The folate receptor type α gene is directly regulated by androgen through activation of
its basal P4 promoter

When AR was ectopically expressed in HeLa cells which are folate receptor (FR) type α-
positive and AR-negative, treatment with androgen increased the cell surface expression of FR
in the transfected population of cells (Fig 1A). In the AR and FRα-positive T47D cells, a similar
treatment also increased FRα mRNA and FRα protein expression (Fig. 1B). Similarly in the
AR and FR positive ACH-3P immortalized placental trophoblasts, androgen treatment
increased cell surface FR at both the mRNA and protein levels (Fig. 1B). In T47D and ACH-3P
cells, the fold increase in FRα protein was higher than that of the mRNA; this difference could
reflect the possibility that the turnover of the de novo synthesized protein was slower than that
of the mRNA or that additional mechanisms are involved at the translational level. Further
mechanistic experiments in this study focused on transcription and were conducted in HeLa
cells because these cells are amenable to transfection and AR expression in these cells may be
controlled by ectopic expression. As described below, the results were then extended to
ACH-3P cells.

The FRα gene organization includes seven exons and six introns and its transcription is driven
by two TATA-less promoters, P1 and P4. The proximal P4 promoter (genomic coordinate for
+1nt: 71,903,499 hg19 on chr 11), which generates a single transcript is generally predominant
in malignant cell lines including HeLa cells [25]. In transfected HeLa cells, testosterone
activated an FRα promoter-reporter construct spanning both the P1 and P4 regions (-3394nt to
+33nt) in an AR-dependent manner but did not activate the SV40 promoter, indicating the
specificity of its action on the FRα promoter (Fig. 1C). The testosterone dose response (Fig.
1D) as well as the time course of activation by testosterone (Fig. 1E) of the FRα promoter
paralleled those of a prostate-specific antigen (PSA) promoter (-642nt to +12nt)-reporter
construct, which is activated through its proximal androgen response elements (AREs). Those
observations suggested that the FRα promoter could be a direct target of AR action.
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Further evidence for the absence of an intermediate gene target in androgen stimulation of the
FRα promoter, i.e., the absence of a need for new protein synthesis, was provided by the
observation that treatment with cycloheximide did not alter the promoter activation by
testosterone/AR as measured by luciferase mRNA expression under conditions in which it
abrogated the reporter enzyme activity (Fig. 2A).

The testosterone/AR response of FRα promoter-luc did not diminish upon deletion of the P1
promoter but was abrogated when the P4 promoter was silenced by deleting its essential Sp1
binding elements (Fig. 2B), indicating that the P4 promoter is the target of AR. Further, the
species of endogenous FRα mRNA that is up-regulated by testosterone/AR in HeLa cells was
identified by RNase protection assays as the P4 promoter driven transcript (results not shown).
However, the minimal P4 promoter alone could not respond to androgen and required the
inclusion of an upstream region (Fig. 2B).

Based on the effect of progressive 5′ deletions on the testosterone/AR response, the target site
of AR action was mapped downstream of -1565nt in the FRα promoter (Fig. 2B). To bracket
the 3′ boundary of the target site, sequential 4-base mutations were introduced beginning at
-1549nt and their effects on the promoter activity tested (Fig. 2B). In this manner, the site of
AR action was mapped to -1565nt to -1534nt (genomic coordinates: 71,901,933 - 71,901,964
hg19 on chromosome 11).

3.2 A composite ARE half-site and non-canonical C/EBP element is the functional target site
of AR action in the FRα gene

When the FRα gene sequence element -1565nt to -1536nt was transposed to the 5′ end of a
heterologous minimal promoter, the promoter became responsive to testosterone/AR to an
extent comparable to transposing a canonical ARE (Fig.3A). A 3′ extension of the transposed
FRα promoter sequence to -1533nt did not increase the androgen response and further, within
the transposed element, both the 5′ and 3′ regions were required similar to the observations in
the FRα promoter (Fig.3A) indicating that the sequence -1565nt to -1536nt in the FRα promoter
was necessary and sufficient to mediate the androgen response.

The ability of AR to directly associate with the endogenous FRα gene in the region spanning
-1565nt to -1536nt was demonstrated by a quantitative chromatin immunoprecipitation (ChIP)
assay using His-tagged AR; the association required a brief treatment with testosterone (Fig.
3B).

All of the known cis-elements for the binding of transcription factors within the FRα -1565nt
to -1536nt sequence identified using the TRANSFAC database and the MATCH program
[26,27] are listed in Fig. 3C. Using the minimal promoter construct containing this sequence,
the effects of a series of systematic mutations in this region were tested on promoter activation
by testosterone/AR. Key functional nucleotides within each putative cis-element (underlined
in Fig. 3C) were mutated by changing A-T pairs to G-C pairs and vice versa. In Fig. 3C, in
order to mutate the RFX1 element without disrupting the overlapping ARE ½ site, RFX1
binding was disrupted by mutating the downstream ½ site which does not overlap with the
ARE ½ site. Additional experiments including the use of promoters with a strong consensus
RFX1 element demonstrated the inability of RFX1 to recruit AR (results not shown).In this
manner it was determined that all of the putative cis-elements could be eliminated without loss
of testosterone/AR responsiveness except a 5′ ARE half-site and a 3″ non-canonical C/EBPα/
β binding element (Fig. 3C). Mutation of either of these two elements also abrogated the
testosterone response of the full length FRα promoter (data not shown).

Taken together, the preceding results indicate that the site of functional association of AR in
the FRα gene is spanned by the sequence -1565nt to -1536nt and identify the putative functional
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elements within this sequence as an upstream ARE half-site and a downstream non-canonical
C/EBPα/β element.

3.3 AR and C/EBPα physically interact at the composite FRα element
Interaction of AR and C/EBPα at the androgen target site in the FRα gene was tested by an in
vitro biotinylated DNA pull down assay using the probe sequence FRα -1565nt to -1536nt in
the presence of total HeLa cell lysates with absent or ectopic AR expression and with
endogenous C/EBPα (Fig. 4). The FRα probe pulled down both AR and C/EBPα in a manner
that was favored by treatment of the cells with testosterone (Fig. 4). However, in the absence
of AR, the pull down of C/EBPα was greatly diminished (Fig.4). An excess amount of the
unlabeled wild-type probe effectively competed for the binding of both AR and C/EBPα with
the biotinylated probe; an unlabeled probe with mutations in the ARE half-site was less
effective as a competitor and the competition further decreased when the C/EBP element was
also mutated (Fig.4). These results demonstrate cooperative association of C/EBPα and AR
with the composite element in the FRα gene sequence -1565nt to -1536nt.

The ability of endogenous AR and endogenous C/EBPα to physically associate with each other
in ACH-3P cells was demonstrated by their co-immunoprecipitation using an antibody specific
for AR (Fig. 4B). Further, recruitment of endogenous AR in ACH-3P cells to the composite
element in the FRα gene in situ was demonstrated by ChIP assay using the antibody to AR
(Fig. 4C). These results extend the above mechanistic findings in HeLa cells to the
physiologically relevant conditions in ACH-3P cells.

3.4 Trans-activation of the FRα promoter by AR is supported by AR co-activators
The effect of representative AR co-activators on the C/EBPα-dependent trans-activation of the
FRα promoter by AR was examined (Fig. 5). The PSA promoter (control) and the FRα(-1565nt
to +33nt) promoter were tested; in both cases, CBP and TIF2 acted as activators of the
testosterone/AR response, indicating co-activator dependence of the transcriptional activity of
AR mediated through recruitment by C/EBPα.

3.5 Trans-activation per se of the FRα promoter by AR-C/EBPα is partially androgen-
independent

This laboratory [28] and others [29] have reported that in HeLa cells a substantial amount of
ectopic AR can enter the nucleus independent of ligand and that the hormone-independent
localization of AR in the nucleus increases with the dose of ectopic AR. The forced localization
of apo-AR in the nuclear compartment of HeLa cells by over-expression of ectopic AR has
been used to test hormone-dependence of trans-activation by AR, i.e., independent of its
hormone-dependence for nuclear import [28]; in this manner, it has been established that for
a purely tethered association of AR at a C/EBP element in its target promoter, trans-activation
per se by AR is entirely hormone-independent. Therefore, it was of interest to use this approach
to test the hormone-dependence of transactivation of the FRα promoter by AR since in this
promoter, AR is only partially tethered by C/EBPα. The PSA promoter whose activation by
AR is entirely androgen-dependent was used as the control.

As expected, in HeLa cells, despite increasing expression levels of ectopic AR, the AR
activation of the PSA promoter was entirely androgen-dependent (Fig.6). Activation of the
FRα promoter by AR on the other hand, did occur without the need for hormone, although
androgen was required for optimal activation (Fig. 6). The results demonstrate that gene
activation through partial tethering of AR at the composite ARE-C/EBP element of the FRα
promoter is partially androgen-independent.
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4 DISCUSSION
The results demonstrate the mechanism of a profound regulation of the FRα gene by androgen
in different cell lines including human placental trophoblasts that is distinct from the modes
of action of other steroid hormone receptors on this gene. AR transcriptionally activates the
FRα gene by acting on its proximal P4 promoter from a site of physical association with the
gene that is ~1500bp upstream of the promoter. This site comprises a composite element that
recruits AR through the cooperative function of an ARE half-site and C/EBPα bound to DNA
at a non-canonical site. FRα gene activation by AR is partially ligand-independent and is
supported by steroid receptor co-activators.

C/EBPα has recently been shown to act as a tether that enables AR to associate with and regulate
many of its target genes [28]. C/EBPα acts as a co-repressor of the classical androgen response
element (ARE)-mediated gene activation by AR [28,30] but also redirects the transcriptional
activity of AR to C/EBP elements [28]. The association of AR with DNA bound C/EBPα and
gene activation by this mechanism are independent of hormone and insensitive to the classical
androgen antagonist, flutamide [28]. Further, C/EBPα-tethered gene activation by AR is
insensitive to disruption of AR dimerization [28]. The foregoing studies of the regulation by
androgen of the folate receptor type α (FRα) gene which exemplify a variant mechanism of
AR tethering in which the tethering protein (C/EBPα) functions in concert with an ARE half-
site. It is noteworthy that in the context of this partial tethering by C/EBPα, transcriptional
activation by AR is largely hormone-dependent, suggesting that the C/EBP element essentially
substitutes for the second ARE half-site to largely recruit the ligand-induced AR dimer.

Although most tissues do not require FRα for cellular folate uptake[31], hormonal control of
the FRα gene is particularly significant in specific tissues during pregnancy since the receptor
is critical for normal development. The placenta, which is one of the few tissues in which the
physiological role of FRα has been established with clarity, co-expresses FRα, ER, PR, GR
and AR as well as C/EBPα [12,13,19,20,32]. The negative and direct regulation of the FRα
gene by estrogen is opposed by the indirect actions of progesterone as well as glucocorticoids.
In this context, the C/EBPα-dependent activation of the FRα gene by androgen, elucidated in
the current study, may offer an additional and important mechanism to ensure adequate
expression of FRα in the appropriate tissues. The relative levels of steroid hormones, including
androgen, as well as the molecular mediators of their actions may be critical factors that
determine whether an adequate supply of folate is available for the developing embryo.
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Figure 1. Specific regulation of FRα by androgen
(A) HeLa cells transfected with AR expression plasmid were treated with 10 nM testosterone
(Test) or vehicle for 3 days. FRα cell surface expression was quantified. (B) T47D cells or
ACH-3P cells were treated with 10 nM R1881 or vehicle for 72h. FRα cell surface expression
and the FRα mRNA were measured. (C) Hormone deplete HeLa cells were transfected with
one of the following constructs: the FRα promoter Luc, SV40 promoter Luc or PGL3 Basic
Luc (empty vector control plasmid). The cells were co-transfected with either the expression
plasmid for AR or the vector control as well as the Renilla luciferase plasmid (transfection
control) and either untreated or treated for 48h with testosterone (10 nM). The cells were then
harvested to measure luciferase activity (D) Hormone deplete HeLa cells were transfected with
the FRα promoter Luc or the PSA promoter Luc. The cells were co-transfected with either the
expression plasmid for AR as well as the Renilla luciferase plasmid (transfection control) and
either untreated or treated for 48h with different doses of testosterone. The cells were then
harvested to measure luciferase activity. (E) Hormone deplete HeLa cells were transfected with
the FRα promoter Luc or the PSA promoter Luc. The cells were co-transfected with either the
expression plasmid for AR as well as the Renilla luciferase plasmid (transfection control). 48h
post-transfection, the cells were either untreated or treated for different periods with
testosterone (10 nM). The cells were then harvested to measure luciferase activity. P values
for the differences noted in the text were < 0.001.
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Figure 2. Direct regulation of FRα by androgen and mapping of the regulatory elements
(A) HeLa cells were transfected with FRα (-1565 to +33) promoter-luciferase reporter and co-
transfected with AR; 24h later, the cells were then treated with either 10 μM cycloheximide
(CHX) or vehicle for 2 h followed by the introduction of testosterone (10 nM) or vehicle for
further 12h. Total RNA was extracted for quantitation of luciferase mRNA by real-time reverse
transcription-PCR. In a parallel experiment, the cells were harvested to measure the luciferase
protein expression by measuring luciferase activity. (B) HeLa cells were transfected with the
following promoter-luciferase reporter constructs: the full FRα promoter [FRα(-3394nt to
+33nt)-luc]; the full FRα promoter with deletion of either the P1 promoter (ΔP1) [FRα(-3113nt
to +33nt)-luc] or the P4 promoter (ΔP4) [FRα(-3394nt to +33nt, Δ-146 nt to -34nt)-luc]; the
P4 promoter [FRα (-176 nt to +33nt)-luc]; the FRα promoter with 5’ deletions (-1565nt to
+33nt and -1555nt to +33nt); the FRα promoter constructs with sequential 4 base pair mutations
from -1549nt through -1530nt. The positions of the mutated nucleotides are indicated by the
vertical black bars (not to scale). The cells were co-tranfected with AR followed by treatment
with either testosterone (10 nM) or vehicle and harvested for luciferase assay 48h post-
transfection. P values for the differences noted in the text were < 0.001.
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Figure 3. Identification of the site of AR recruitment in the FRα promoter
(A) HeLa cells were transfected with the following constructs: a TATA-box dependent minimal
promoter-luciferase construct containing an upstream GAL4 element (GAL4-TATA)
(pG5luc); pG5luc in which the GAL4 element was replaced by an ARE element (ARE-TATA)
or by FRα 5’ upstream sequences (-1565nt to -1536nt, -1565nt to -1533nt, -1549nt to -1536nt
or -1565nt to -1548nt). The cells were co-transfected with AR expression plasmid and treated
with testosterone (10 nM) or vehicle for the duration of the transfection (48 h); the cells were
then harvested to measure luciferase activity. (B) Hela cells were transiently transfected with
His-tag AR. 48h later, cells were treated with either testosterone (10 nM) or vehicle for 1h and
subjected to ChIP assay using either an His-tag specific rabbit antibody or negative control
rabbit IgG. The target sequence mapped in Fig. 2B and 3A was quantified in the
immunoprecipitate by real-time PCR. (C) The FRα sequence -1565nt to -1536nt was inserted
in place of the GAL4 element in GAL4-TATA-luc. Putative cis elements identified using the
TRANSFAC database and the MATCH program were individually mutated within this
construct. HeLa cells were transfected with each construct and co-transfected with either AR
expression plasmid or a vector control. Testosteone (10 nM) treatment and measurement of
luciferase assay were carried out as described for Fig. 2B and 3A. The results are summarized
in terms of either a positive response of the promoter to testosterone (activation, +) or the
absence of promoter activation by testosterone (-). P values for the differences noted in the
text were < 0.001.
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Figure 4. Physical interaction between AR and C/EBPα and recruitment of endogenous AR to the
FRα gene
(A) DNA pull down assays for biotinylated forms of a synthetic FRα promoter element (-1570nt
to-1533nt) or 3-tandem repeat C/EBP elements [(C/EBP)3]: Hela cells were tranfected with
AR plasmid for 48h and treated with testosterone (10 nM) or vehicle for 1h before being
harvested to prepare total cell lysates. The lysates were incubated with each biotinylated probe
in the continued presence of either testosterone or vehicle. Control assays included incubation
with a 200-fold excess of unlabeled synthetic DNA corresponding to FRα, -1570nt to-1533nt
(wild type probe, wt); the wt probe in which the ARE half-site was mutated (mA); the wt probe
in which both the ARE half-site and the C/EBP element were mutated (dM). The biotinylated
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DNA probe and associated proteins were pulled down using streptavidin sepharose beads. The
proteins were eluted from the beads and probed by western blot analysis using antibody to AR
or C/EBPα. (B) Co-immunoprecipitation of AR and C/EBPα in ACH-3P cells: Endogenous
AR in the cell lysates was immonoprecipitated and probed by western blot using antibodies to
either AR or C/EBPα. Bands were detected using either antibody probe in the
immunoprecipitate obtained using anti-AR antibody but not in the negative control. (C)
Chromatin immunoprecipitation of AR in R1881 treated ACH-3P cells. The control target
sequence (irrelevant target) corresponds to the estrogen receptor gene. The FRα target sequence
corresponds to the -1565nt to -1534nt region.
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Figure 5. Effect of AR co-activators on the activation of the FRα promoter by androgen
HeLa cells were separately transfected with two different promoter-luciferase constructs (PSA
Promoter-Luc or FRα Promoter-Luc) as well as the Renilla luciferase control plasmid and were
co-transfected with an expression plasmid for AR together with the co-activator CBP or TIF2
or with the vector control. The cells were treated with testosterone(10 nM) for the duration of
the transfection (48 h) and harvested for luciferase assays. The luciferase values were
normalized by the corresponding basal values in the absence of transfection with co-activators.
The control experiment (PSA promoter Luc) has been previously reported [28]. P values for
the differences noted in the text were < 0.001.
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Figure 6. Partial ligand-independence of FRα promoter activation upon overexpression of AR
HeLa cells were transfected with either the FRα promoter (top) or the PSA-promoter (bottom)
luciferase reporter construct together with different amounts of AR expression plasmid (5-200
ng per 3 × 105 cells). The cells were treated with testosterone (10 nM) or vehicle for the duration
of the transfection (48 h) and harvested for luciferase assays. P values for the differences noted
in the text were < 0.001.
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