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Abstract
Lecithin retinol acyltransferase (LRAT) catalyzes the esterification of retinol (vitamin A). Retinyl
esters and LRAT protein levels are reduced in many types of cancer cells. We present data that both
the LRAT and retinoic acid receptor β2 (RARβ2) mRNA levels in the human prostate cancer cell line
PC-3 are lower than those in cultured normal human prostate epithelial cells (PrEC). The activity of
the human LRAT promoter (2.0 kb) driving a luciferase reporter gene in PC-3 cells is less than 40%
of that in PrEC cells. Retinoic acid (RA) treatment increased this LRAT promoter-luciferase activity
in PrEC cells, but not in PC-3 cells. Deletion of various regions of the human LRAT promoter
demonstrated that a 172-bp proximal promoter region is essential for LRAT transcription and confers
RA responsiveness in PrEC cells. This 172-bp region, contained within the 186 bp pLRAT/luciferase
construct, has five putative GATA binding sites. Co-transfection of RARβ2 or RARγ and the
transcription factor GATA-4 increased LRAT (pLRAT186) promoter activity in both PrEC and PC-3
cells. In addition, we found that both retinoic acid and retinol induced transcripts for the STRA6
gene, which encodes a membrane receptor involved in retinol (vitamin A) uptake, in PrEC cells but
not in PC-3 cells. In summary, our data show that the transcriptional regulation of the human LRAT
gene is aberrant in human prostate cancer cells and that GATA transcription factors are involved in
the transcriptional activation of LRAT in PrEC cells.
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INTRODUCTION
Retinoids, which include retinol (vitamin A) and its natural and synthetic derivatives, are
essential for many biological processes such as cell proliferation and cell differentiation (Lotan,
1981, Gudas, 1994, Mongan and Gudas, 2007). Mammals obtain vitamin A from their diet. In
the body, retinol binds to the serum retinol binding protein (RBP4) and is delivered to tissues
via the blood (Goodman, 1980). Then, RBP4 binds to appropriate cell types via the STRA6
protein (Kawaguchi et al., 2007), allowing entry of retinol. When retinol enters cells, it can be
metabolized to the more biologically active all-trans retinoic acid (RA) (Niles, 2004, Bohnsack
and Hirschi, 2004). RA exerts its biological functions by activating its nuclear receptors. These
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nuclear receptors include the retinoic acid receptors (RARs) α, β2, and γ, and the retinoid X
receptors (RXRs) α, β, and γ, which act as transcription factors (Mangelsdorf, 1994, Kastner
et al., 1994, Mongan and Gudas, 2007).

Although retinol is metabolized to all-trans retinoic acid to regulate gene expression, retinol
can also be metabolized to retinyl esters, the major storage form of retinol, in various tissues
including liver, prostate, breast, and kidney (Guo et al., 2000, Guo et al., 2001, Guo et al.,
2002). Two enzymes, lecithin:retinol acyltransferase (LRAT) and acyl CoA:retinol
acyltransferase (ARAT), catalyze retinyl ester synthesis. These two enzymes differ in substrate
preferences (Guo et al., 2000, Yost et al., 1988, Ong et al., 1988, Herr, 1991). LRAT is the
major enzyme involved in retinol esterfication in most tissues, and LRAT activity is required,
along with STRA6 and the RBP4 protein, for uptake of appropriate amounts of retinol into
cells (Kawaguchi et al., 2007, Zolfaghari and Ross, 2004, Liu and Gudas, 2005, O’Byrne et
al., 2005, Kim et al., 2007, Wongsiriroj et al., 2008, Liu et al., 2008). ARAT has not been
cloned.

Retinoids can inhibit the proliferation of normal human prostate epithelial cells and some lines
of human prostate cancer cells (Peehl et al., 1993, de Vos et al., 1997, Dahiya et al., 1994,
Campbell et al., 1998, Blutt et al., 1997). All-trans-retinoic acid and 13-cis-retinoic acid have
been used in conjunction with other therapeutic agents, such as paclitaxel and IFN-α, for the
treatment of human prostate cancer (Zheng et al., 2004, Thalasila et al., 2003, DiPaola et al.,
1999). These studies suggest that retinoids can be used as drugs in combination therapies to
treat human prostate cancer (Nanus and Gudas, 2000). However, some abnormalities in retinoid
signaling have been observed in different cancers. These include alterations in the levels of
retinoid receptors and in the expression of enzymes involved in retinoid metabolism (Soprano,
2004, Guo et al., 2000, Sun and Lotan, 2002, Boorjian et al., 2004, Mongan and Gudas,
2007, Kim et al., 2005). Such alterations in retinoid signaling in tumor cells may impact the
ability of retinoids to be used in cancer treatment.

Aberrant retinol metabolism may also promote the development of various cancers. The defects
in retinol esterification in cancer cells interfere with retinol storage and its metabolism to
retinoic acid, which can lead to a striking, local retinoid deficiency and tumor progression
(Guo et al., 2000, Guo et al., 2002, Chen et al., 1997, Zhan et al., 2003). Our laboratory has
demonstrated that retinol esterification is reduced in human cancer cell specimens from various
types of cancers, including kidney, prostate, breast, and bladder, as compared to normal human
epithelial cell strains from same tissues (Guo et al., 2001, Guo et al., 2002, Boorjian et al.,
2004, Zhan et al., 2003, Sheren-Manoff et al., 2006). The levels of LRAT correlate with the
ability of cells to esterify retinol. We showed that LRAT protein levels are reduced in kidney
and prostate cancer cell lines (Guo et al., 2001, Guo et al., 2002). These data suggest that the
reduction or lack of LRAT expression leads to defects in retinol esterification in cancer cells.
In this series of experiments, we explored some of the mechanisms by which LRAT gene
expression is regulated in normal human prostate epithelial cells and prostate cancer cells. We
also investigated whether aberrant expression of the STRA6 gene occurs in cultured prostate
cancer cells.

MATERIALS AND METHODS
Cell culture and drug treatments

Normal human prostate epithelial cells (PrEC) were purchased from Cambrex and cultured at
37°C, 5% CO2 in PrEGM (Cambrex). PC-3, an androgen-independent human prostate cancer
cell line, was grown in RPMI 1640 supplemented with 10% fetal calf serum at 37°C, 10%
CO2.
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All-trans retinoic acid (RA) and all-trans retinol (ROL) were purchased from Sigma (St. Louis,
MO). Stocks of RA and retinol were prepared in 100% ethanol.

Plasmid constructions
The human LRAT promoter sequence was amplified from human genomic DNA by PCR using
high-fidelity Pfx DNA polymerase (Invitrogen). The PCR fragment was produced using a sense
primer LRAT-L1 (5′-AGC TAG GTA CCA CAA GAG GCT TCG GTA TTG G-3′; the
KpnI restriction site is underlined) that starts at -2008 relative to the transcription start site (+1)
of the human LRAT gene (Zolfaghari and Ross, 2004) and an antisense primer LRAT-R1 (5′-
TGA GTA GAT CTG GCT GGG CAA GTT AAG CTC-3′; the BglII restriction site is
underlined) that starts at +272. The PCR fragment was digested with KpnI and BglII, and
inserted into the pGL 3-Basic promoterless reporter plasmid (Promega) to create an LRAT
promoter-luciferase reporter construct, pLRAT2008.

Deletions of the LRAT promoter were generated by PCR, using the pLRAT2008 plasmid as
a template; four constructs of different lengths of LRAT promoter were made. The 5′-deleted
PCR fragments were produced with the common anitsense primer LRAT-R1 and four different
sense primers that start at -833 (5′-AGC TAG GTA CCG AAA GCA TGG AGG ATT CAG
G-3′), -478 (5′-AGC TAG GTA CCT CGG TCA GGA AAG AAT CTG C-3′), -186 (5′-AGC
TAG GTA CCA CTG TGC AGA ACC CTG GAG-3′), and -14 (5′–AAA TAG GTA CCA
AGC CTG CAC CTC CGA GCA-3′). The amplified promoter fragments were subcloned into
the KpnI and BglII restriction sites in the pGL 3-Basic plasmid to generate the constructs
pLRAT833, pLRAT478, pLRAT186, pLRAT14. The DNA sequence of each construct was
confirmed by sequencing at the Cornell University Biotechnology Core.

Transient transfections, luciferase assays, and β-galactosidase assays
The plasmids were prepared using an EndoFree Plasmid Max Kit (QIAGEN Sciences,
Maryland). PrEC or PC-3 cells (4 × 105) were plated in each 60-mm culture dish. Cells were
cultured for 24 hours, and then transiently transfected with a total of 3 μg of plasmids and 9
μl of FuGENE 6 Transfection Reagent (Roche Applied Science, Indianapolis, IN) according
to the manufacturer’s instructions. The Tk-Renilla luciferase plasmid (pRL-TK) was co-
transfected for normalization of the transfection efficiency (Promega). After 24 hours of culture
with the FuGENE 6 Reagent-plasmid complex, the medium was changed, and RA, retinol, or
0.1% ethanol (vehicle control) was added. Cells were cultured for an additional 48 hours, and
then were lysed and cell extracts were analyzed for firefly luciferase activity using the Dual-
Luciferase Reporter Assay System (Promega). The luciferase activity measurements were
performed in duplicate or in triplicate according to the manufacturer’s instructions.

Plasmids pSG5-RARα, pSG5-RARβ2, pSG5-RARγ, and pMT2-GATA-4 were used to express
RARα, RARβ2, RARγ, and GATA-4 in PrEC and PC-3 cells. pSG5-RARα, pSG5-RARβ2,
and pSG5-RARγ were from Dr. Pierre Chambon. pMT2-GATA-4 was from Dr. Stuart Orkin.
Empty plasmids pSG5 and pMT2 were used as controls where appropriate.

The β-galactosidase assay was performed as previously described (Sambrook J., 1989). The
activity of β-galactosidase (lacZ, β-gal) was calculated as follows: units/μlh = (OD420) (100)/
(lysate volume in micro liters) (reaction time in hours). The plasmid pβAc-lacZ (Vasios et al.,
1989) was used to express β-galactosidase under the control of the mouse β-actin promoter in
PrEC and PC-3 cells. Normalization of data between the PrEC and PC-3 cells was by cell
number and by β-actin/lacZ activity.

Cai and Gudas Page 3

Int J Biochem Cell Biol. Author manuscript; available in PMC 2010 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



RNA isolation and real-time quantitative RT-PCR
Total RNA was extracted from PrEC and PC-3 cells using the TRIzol reagent (Invitrogen) as
instructed by the supplier. The RNA concentration was determined by measuring the
absorbance at 260nm (A260). First-strand cDNA was synthesized from 4 μg of total RNA by
reverse transcription with Superscript II Reverse Transcriptase (Invitrogen) at 42°C for 50
minutes. The synthesized cDNA was diluted and amplified by real-time quantitative PCR using
a QuantiTect SYBR Green PCR kit (Qiagen). PCR reactions were set up in triplicate for each
cDNA sample. Relative quantitation was achieved from standard curves prepared from 3-fold
serial dilutions of a cDNA sample. For each sample, the mRNA levels of the target gene and
the GAPDH gene were determined individually. After that, the target mRNA level was divided
by the GAPDH mRNA level in the same sample. The values obtained from triplicate reactions
were averaged. Three independent experiments were performed. The primers used for
amplifying the LRAT cDNA were LRAT-RTL1 (5′ GTGGAACAACTGCGAGCAC 3′) and
LRAT-RTR1 (5′ TAGACGCCAATCCCAAGACT 3′). The RARβ2 cDNA was amplified
using RARβ2-119 (5′GCTCCAGGAGAAAGCTCTCAAAG 3′) and RARβ2-085 (5′
ATTTGTCCTGGCAGACGAAGC 3′). A pair of primers, STRA6-RTL2 (5′
CACCACGGATGTCTCCTACC 3′) and STRA6-RTR2 (5′
GGAAGGTGAGTAAGCAGGACA 3′), was used to amplify STRA6. GAPDH-RTL1 (5′
ATCCTGGGCTACACTGAGCA 3′) and GAPDH-RTR1 (5′
TGCTGTAGCCAAATTCGTTG 3′) were used to amplify GAPDH. All primers were designed
around introns.

Statistical analyses
All experiments were independently performed, starting with plating of the cells, at least three
times. Graphpad Prism software was used to perform statistical calculations. Data were
analyzed using the one-tailed, paired t test. Differences were considered to be statistically
significant if P < 0.05. Data are expressed as means ± SE.

RESULTS
LRAT mRNA levels are reduced in cultured human prostate cancer cells

We first wanted to ascertain the levels of LRAT mRNA in cultured normal prostate epithelial
cells vs. tumor cells. Normal human prostate epithelial cells (PrEC) and the androgen-
independent human prostate cancer cell line PC-3 were cultured in medium containing 1μM
all-trans retinoic acid (RA), 1μM all-trans retinol, or 0.1% ethanol (control) for 24 or 48 h,
and harvested. Total RNA was isolated and used for real-time, quantitative RT-PCR analysis.
Under control conditions, the relative abundance of LRAT mRNA in PC-3 cells was < 50%
of that in PrEC cells (P < 0.05) (Fig. 1A). These results indicate that LRAT mRNA levels are
reduced in the PC-3 prostate cancer cell line.

It has been reported that retinol and retinoic acid can regulate LRAT mRNA levels in specific
rat tissues (Zolfaghari and Ross, 2002, Zolfaghari and Ross, 2000, Randolph and Ross,
1991). In PrEC and PC-3 cells, 1μM RA or 1μM retinol treatment for 24 and 48 h did not cause
any statistically significant increases in LRAT mRNA levels, as assessed by quantitative real-
time RT-PCR (Fig. 1A).

The RARβ2 mRNA level was also measured as a positive control. Both 1μM RA and 1μM
retinol treatments caused a 2 to 4 fold increase in the RARβ2 mRNA level in PrEC cells (P <
0.05 and P < 0.01, respectively) (Fig. 1B), which indicates that RA and retinol can signal in
the normal prostate epithelial cells. Under control conditions, the RARβ2 mRNA levels in PC-3
cells were < 2% of those in PrEC cells. Moreover, neither RA nor retinol treatment altered the
RARβ2 mRNA level in the PC-3 prostate cancer cell line (Fig. 1B).
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Human LRAT promoter analysis
To study the transcriptional regulation of the human LRAT gene, we constructed a human
LRAT promoter-luciferase reporter plasmid. A 5′-flanking DNA region extending from −2008
through the transcriptional start site (+1) to +272 was amplified from human genomic DNA
by PCR and inserted into the pGL 3-Basic promoterless reporter plasmid to create an LRAT
promoter-luciferase reporter construct, pLRAT2008 (Fig. 3A). PrEC and PC-3 cells were
transiently transfected and then treated with 1μM RA, 1μM retinol, or 0.1% ethanol (vehicle
control) for 48 h. Luciferase activity was then fluorometrically measured. In the normal prostate
PrEC cells, 1μM RA treatment for 48 h caused a 2.1-fold increase in the luciferase activity
(P < 0.01), whereas 1μM retinol treatment for 48 h did not alter the luciferase activity (P >
0.05) (Fig. 2). These results suggest that this 2280-bp 5′-flanking region harbors at least one
cis element required for RA responsiveness. Under control conditions (treatment with 0.1%
ethanol for 48 h), the luciferase activity in PC-3 cells was < 40% of that in PrEC cells (P <
0.01) (Fig. 2).

PrEC and PC-3 cells were also transiently transfected with the pGL 3-Basic plasmid as a
negative control and the pCYP26A1-Luc plasmid as a positive control (Lane et al., 2008).
When the cells were transiently transfected with the pGL 3-Basic plasmid, the luciferase
activity was at background level (Fig. 2), which indicates that the original pGL 3-Basic plasmid
contains no promoter. The 2.5kb CYP26A1 promoter fragment in the pCYP26A1-Luc plasmid
contains two identified retinoic acid response elements (RAREs) (Loudig et al., 2005, Loudig
et al., 2000). In PrEC cells transiently transfected with pCYP26A1-Luc, 1μM RA treatment
for 48 hours caused a 3.7-fold increase in luciferase activity (P < 0.005), while 1μM retinol
treatment for 48 hours caused a 2.3-fold increase in the luciferase activity (P < 0.01) (Fig. 2).
In PC-3 cells transiently transfected with pCYP26-Luc, 1μM RA and 1μM retinol treatment
for 48 hours did not cause a statistically significant increase in the luciferase activity (Fig. 2).
Thus, the PC-3 tumor cells are not retinoid responsive in this assay.

A 172-bp sequence contains essential regulatory elements required for LRAT expression
and RA inducibility

The various 5′ deletion mutants of the human LRAT promoter (Fig. 3A) constructs were created
by PCR. PrEC and PC-3 cells were transiently transfected with LRAT promoter-luciferase
constructs (pLRAT2008, pLRAT833, pLRAT478, pLRAT186, and pLRAT14) and then
treated with 1μM RA, or 0.1% ethanol (control) for 48 h. Sequential removal of promoter
regions from −2008 to −186 caused no change in reporter gene expression (Fig. 3B). However,
deletion of the promoter region from −186 to −14 caused a 96% loss of luciferase expression
under control conditions in PrEC cells. These data indicate that the 172-bp sequence from −186
to −14 contains essential regulatory elements required for LRAT transcription.

The RA-induced level of the pLRAT186 luciferase construct in PrEC cells was double that in
the non-RA-treated cells (P < 0.01). However, the RA-induced expression level of pLRAT14
in PrEC cells was similar to the control level of the pLRAT14 (P > 0.05). These results indicate
that the 172-bp sequence contains a RA responsive element. However, deletion of the sequence
within 50–60 bases of the transcription start site in the pLRAT14 construct most likely
interfered with the basal transcription.

The activity of the construct pLRAT186 in PC-3 tumor cells under control conditions
(treatment with vehicle for 48 h) was 63% of the activity in the normal PrEC cells (P < 0.05),
whereas the luciferase activity of the pLRAT14 in PC-3 cells was similar to the activity in
PrEC cells (P > 0.05). These results suggest that there are differences in the transcription factors
on the LRAT promoter region from −186 to −14 in PC-3 vs. PrEC cells, and that these
differences account for the greater transcription in the PrEC cells.
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Retinoic acid receptors and GATA transcription factors cooperate to increase LRAT
transcription

As mentioned above, RA exerts its functions by activating its nuclear receptors, including
RARs and RXRs. RARs and RXRs form heterodimers which bind to retinoic acid response
elements (RAREs) in the promoters of primary target genes. RAREs generally consist of two
direct repeats of the consensus sequence AGGTCA with a space between them, most
commonly five nucleotides (DR5) (Umesono et al., 1991, Mader et al., 1993, Langston et al.,
1997, Huang et al., 1998). To pursue the possibility of a direct activation of the LRAT promoter
by RARs and RXRs, we searched for RAREs in the 172-bp human LRAT promoter region
(from −186 to −14) using the MatInspector computer program (www.genomatix.de; matrix
library 6.1; core similarity = 0.75; matrix similarity = 0.75) (Quandt et al., 1995). However,
we did not find any consensus RAR-RXR binding sites. It has been reported that RARα is able
to bind GATA-2 and thus, the transcriptional activity of GATA-2 becomes RA responsive
(Tsuzuki et al., 2004). Using the MatInspector computer program (www.genomatix.de; matrix
library 6.1; core similarity = 0.75; matrix similarity = 0.75) (Quandt et al., 1995), we identified
five putative GATA binding sites in this 172-bp promoter region (Fig. 4A).

To assess the direct activation of the LRAT promoter by GATA transcription factors, we used
the pLRAT186 human LRAT promoter-reporter construct in luciferase assays and
cotransfected cells with RARs and GATA-4, a retinoic acid-inducible GATA transcription
factor (Arceci et al., 1993). PrEC and PC-3 cells were cotransfected with the pLRAT186
plasmid, the pMT2-GATA-4 plasmid, and each of the three different isoforms of RAR (α,
β2, and γ). The PrEC cells exhibited a statistically significant increase in luciferase activity
after RA, even without cotransfection of RARs or GATA-4, whereas the PC-3 cells did not
(Fig. 4B). Compared to the controls, in which the cells were transfected with the pLRAT186
plasmid and appropriate “empty” vectors, cotransfection of pLRAT186 with RARα and
GATA-4 did not lead to a statistically significant increase in luciferase activity in PrEC and
PC-3 cells (Fig. 4B). However, cotransfection of either RARβ2 or RARγ and pMT2-GATA-4
with pLRAT186 increased the luciferase activity in both PrEC and PC-3 cells treated with 1
μM RA, compared to their control levels (P < 0.05). Notably, cotransfection of RARγ with
GATA-4 resulted in the highest promoter transcriptional activity after RA treatment. RA
treatment did not alter the luciferase activity in PC-3 cells cotransfected with empty vectors,
but increased the luciferase activity when PC-3 cells were cotransfected with GATA-4 and
RARβ2 or RARγ. In addition, transfection of RARγ or GATA-4 alone did not increase the
promoter activity relative to the controls in PrEC or PC-3 cells (Fig. 4B). These data suggest
that retinoic acid receptors and GATA transcription factors are able to cooperate in response
to RA and upregulate LRAT transcription in both PrEC and PC-3 cells.

RA and retinol-induced STRA6 expression is defective in PC-3 cells
STRA6 is a membrane receptor for RBP4 which mediates cellular retinol uptake and is
involved in retinyl ester accumulation. The expression of STRA6 mRNA in various types of
cancer cells has not been carefully analyzed. To determine if STRA6 mRNA levels are altered
in PC-3 cells, PrEC and PC-3 cells were treated with 1μM RA, 1μM retinol, or ethanol (control)
for 24 or 48 h. STRA6 mRNA levels were analyzed using real-time quantitative RT-PCR.
Under control conditions, STRA6 mRNA basal levels in PrEC and PC-3 cells were the same
(Fig. 5). In PrEC cells, 1μM RA or retinol treatment for 24 hours caused a 9 to 10 fold increase
of STRA6 mRNA, and treatment for 48 hours resulted in a 15 – 20 fold increase, compared to
control conditions (P < 0.05). However, 1μM RA and 1μM retinol treatments for 24 and 48 h
did not result in a statistically significant increase in STRA6 mRNA levels in PC-3 cells. These
data indicate that RA and retinol-induced STRA6 mRNA expression is defective in PC-3 cells.
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DISCUSSION
Whereas retinoids have been used in conjunction with other therapeutic agents for the treatment
of prostate cancer, retinoid metabolism often can become abnormal and retinoid responsiveness
is frequently lost during the process of tumorigenesis (Guo et al., 2002, Lotan et al., 2000,
Peehl et al., 1999, Mongan and Gudas, 2007). Previous studies in our laboratory showed that
retinol esterification and LRAT protein levels are reduced in human prostate cancer cells (Guo
et al., 2002). In this study we demonstrated that LRAT mRNA levels in PC-3 cells are lower
than those in PrEC cells (Fig. 1A). Furthermore, we analyzed how LRAT mRNA is regulated
in PrEC and PC-3 cells.

It has been shown that RARβ2 expression is low or lost in different cancers (Hu et al., 1991,
Wu et al., 1998, Swisshelm et al., 1994). The mechanisms by which RARβ2 transcription is
reduced in tumor cells include hypermethylation of the RARβ2 promoter (Zochbauer-Muller
et al., 2001, Nakayama et al., 2001, Hayashi et al., 2001, Arapshian et al., 2000), loss of histone
H3 acetylation (Suh et al., 2002), and different transcription factors regulating the expression
of RARβ2 in tumor cells vs. normal cells (Wu et al., 1997). In our experiments the luciferase
activity of the LRAT promoter in PC-3 cells was lower than that in PrEC cells (Fig. 2). Since
in transient transfection experiments exogenous promoter DNA is introduced into the cells,
methylation of the transfected LRAT promoter or histone H3 hypoacetylation is less likely to
be the explanation for the observed differences between the normal and tumor cells (Fig. 2 and
Fig. 3B). Our results suggest that various transcription factors are present at different levels on
this LRAT promoter in the normal prostate vs. the prostate cancer cells.

Retinol and retinoic acid regulate LRAT mRNA expression in specific organs of rat (Zolfaghari
and Ross, 2002, Zolfaghari and Ross, 2000, Randolph and Ross, 1991). Using promoter
deletion assays, we demonstrated that a 172-bp proximal LRAT promoter region confers at
least some of the RA responsiveness (Fig. 3B). However, we did not find a consensus RARE
in this region, suggesting that the LRAT gene may not be a direct target of the retinoic acid
receptors. Instead, we identified putative GATA binding sites (Fig. 4A). The GATA family of
transcription factors is subdivided into two subfamilies based on their expression patterns and
amino acid conservation. GATA-1, -2, and -3 are expressed primarily in hematopoietic cells
(Martin et al., 1990, Zon et al., 1991, Mouthon et al., 1993, Leonard et al., 1993). GATA-4,
-5, and -6 are expressed in a diverse array of tissues and could be critical in regulating cell-
specific gene expression through interactions with other transcription factors (Sumi et al.,
2007, Liu et al., 2002, van Wering et al., 2002). Furthermore, GATA-4 is a retinoic acid-
inducible transcription factor (Arceci et al., 1993, Su and Gudas, 2008b, Su and Gudas,
2008a). RARα is able to associate with GATA-2, and thus RA can bind and activate RARα
and then activate transcription through GATA binding sites (Tsuzuki et al., 2004). Therefore,
we reasoned that co-transfection of RARs and GATA transcription factors might activate
LRAT transcription. We showed that cotransfection of either RARβ2 or RARγ with GATA-4
increased the LRAT promoter activity after RA treatment (Fig. 4B). This result suggests that
GATA-4 is able to recruit RARβ2 or RARγ, which allows RA to activate transcription through
GATA binding sites. Interestingly, cotransfection of RARα with GATA-4 did not activate
LRAT transcription (Fig. 4B). One explanation for this could be that GATA-4 is unable to bind
RARα. It is possible that different GATA transcription factors (GATA-1, -2, -3, -4, -5, and -6)
bind to different RAR receptors (RARα, β, and γ). We know that different RARs can recruit
different coregulators to RAREs (Gillespie and Gudas, 2007).

The mechanisms by which LRAT gene expression is reduced in PC-3 cells are still not fully
elucidated. We showed that RARβ2 mRNA levels in PC-3 cells are much lower than those in
PrEC cells (Fig. 1B). It has been reported that CAPE (normal canine prostate epithelium) and
PC-3 cells express RARα and RARγ (Jones et al., 1997). However, the expression of RARα,
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RARγ, and GATA transcription factors in PC-3 vs. PrEC cells is not known. We hypothesize
that the reduction in LRAT mRNA levels in PC-3 cells is caused by the low expression of
endogenous RARs and GATA transcription factors.

The expression of STRA6 in cancer is far from clear. The only report to date about STRA6
expression in cancer cells is that STRA6 mRNA levels are increased in human tumors that
harbor defects in Wnt-1 signaling (Szeto et al., 2001). We showed that the RA and retinol-
induction of STRA6 transcripts is defective in PC-3 cells (Fig. 5). This decrease in STRA6
mRNA levels might contribute to the lack of retinyl esters seen in PC-3 cells (Guo et al.,
2002). Further experiments are needed to determine if STRA6 levels are reduced in various
tumors. STRA6 is probably a direct target of the retinoid receptors (Bouillet et al., 1997, Chiba
et al., 1997, Taneja et al., 1995). It has been reported that the RA induction of STRA6 is
preferentially mediated by RARγ/RXRα heterodimers (Chiba et al., 1997). Further studies are
necessary to clarify the mechanisms by which RA-induced STRA6 mRNA expression is
defective in PC-3 cells.

One objective of our research is to devise new methods to increase retinol uptake and
esterification in cells. We previously reported that RA, in combination with histone deacetylase
inhibitors and/or DNA methyltransferase inhibitors, can restore RARβ2 expression in several
types of cancer cells (Mongan and Gudas, 2005, Touma et al., 2005). How to increase the
expression of GATA transcription factors in cancer cells is not clear at the present time. Our
data suggest that combination therapies which increase the expression of both RARs and
GATA transcription factors could increase LRAT expression and potentially reduce prostate
tumor progression.
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Figure 1. LRAT mRNA levels in normal human prostate epithelial cells (PrEC) are higher than
that in human prostate cancer cells (PC-3)
Normal human prostate epithelial cells (PrEC) and human prostate cancer cells (PC-3) were
cultured in the medium with 1μM RA, 1μM retinol (ROL), or 0.1% ethanol (control) for 24 h
and 48 h. Total RNA was extracted using the TRIzol reagent (Invitrogen). (A) LRAT mRNA
levels in PrEC and PC-3 cells. LRAT transcripts were quantified by real-time RT-PCR. The
mRNA levels are normalized to GAPDH mRNA and are expressed relative to the value derived
from PrEC cells treated with ethanol (control) for 24 h. (B) RARβ2 mRNA levels in PrEC and
PC-3 cells (24 hr). RARβ2 transcripts were quantified by real-time RT-PCR. The mRNA levels
are normalized to GAPDH mRNA and are expressed relative to the values derived from PrEC
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cells treated with 0.1% ethanol (control) for 24 h. The values were obtained from three
independent experiments. *, p <0.05; * *, p <0.01 (compared to control)
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Figure 2. The luciferase activity of the human LRAT promoter in human PrEC and PC-3 cells
treated with RA or retinol
PrEC and PC-3 cells were transiently transfected with the pLRAT2008 (2.2 μg), pGL 3-basic
plasmid (negative control; 2.2 μg), or pCYP26-Luc (positive control; 2.2 μg), together with
pRL-TK (0.8 μg) for normalization of transfection efficiency. Then cells were cultured in the
medium supplemented with 0.1% ethanol (control), 1 μM RA, or 1 μM retinol (ROL) for 48
h. Luciferase activites were measured by a dual luciferase reporter assay system (Promega),
and expressed relative to the value derived from PrEC cells transiently transfected with the
pLRATP2008 and treated with ethanol for 48 h. The values are from three independent
experiments. * *, p <0.01 (compared to control)
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Figure 3. Mapping of the regulatory elements in the LRAT promoter
(A) Reporter constructs resulting from deletions of the LRAT promoter 5′-flanking region were
prepared as described in Materials and Methods. (B) PrEC and PC-3 cells were transiently
transfected with pLRAT2008 (3.1 μg), pLRAT833 (2.5 μg), pLRAT478 (2.4 μg), pLRAT186
(2.3 μg), pLRAT14 (2.2 μg), pGL 3-basic plasmid (negative control; 2.2 μg), or pCYP26-Luc
(positive control; 2.2 μg), together with pRL-TK (0.8 μg) for normalization of transfection
efficiency. Then cells were cultured in the medium with 0.1% ethanol (control), or 1 μM RA
for 48 h. Luciferase activities were measured by a dual luciferase reporter assay system
(Promega), and expressed relative to the value derived from PrEC cells transiently transfected
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with the pLRAT2008 and treated with 0.1% ethanol (control) for 48 h. The values were
obtained from three independent experiments. *, p <0.05; * *, p <0.01 (compared to control).
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Figure 4. GATA4 and RARβ2 or RARγ increase LRAT promoter-luciferase activity
(A) Putative GATA sites in the 172-bp LRAT promoter region. The sequence of the human
LRAT promoter (−186 to −15) and the consensus GATA binding site are shown. Five putative
GATA binding sites were identified using MatInspector (matrix library 6.1; Core similarity =
0.75; matrix similarity = 0.75). The orientations are indicated by arrows. The positions are
indicated by distance upstream from the major transcription start site of LRAT gene (Zolfaghari
and Ross, 2004). (B) PrEC and PC-3 cells were transiently transfected with luciferase reporter
plasmids pLRAT186 (0.9 μg), pGL 3-basic plasmid (negative control; 0.9 μg), or pCYP26-
Luc (positive control; 0.9 μg), together with expression plasmids for GATA4 (0.9 μg) (or an
empty vector; 0.9 μg) and RARα (0.9 μg), RARβ2 (0.9 μg), RARγ(0.9 μg), or an empty vector
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(0.9 μg). pRL-TK (0.3 μg) was used to normalize the transfection efficiencies. Cells were
cultured in media with 0.1% ethanol (control), or 1 μM RA for 48 h. Luciferase activities were
measured by a dual luciferase reporter assay system (Promega), and expressed relative to the
value derived from PrEC cells transiently transfected with the pLRAT186 and empty vectors
and treated with 0.1% ethanol (control) for 48 h. PrEC and PC-3 cells were also transiently
transfected with pβAc-lacZ (0.9 μg), pSG5 (empty vector; 0.9 μg), pMT2 (empty vector; 0.9
μg), and pRL-TK (0.3 μg). The β-galactosidase activities were measured and used to normalize
for any differences in transfection efficiency between PrEC and PC-3 cells (not shown). The
values were from three independent experiments. Note the difference in the y-axis scale
between PrEC and PC-3. *, p <0.05; * *, p <0.01 (RA treatment compared to control).
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Figure 5. The levels of STRA6 mRNA do not increase in PC-3 cells after RA or retinol treatment
PrEC and PC-3 cells were cultured in media with 1μM RA, 1μM retinol (ROL), or 0.1% ethanol
(control) for 24 h or 48 h. Total RNA was extracted using the TRIzol reagent (Invitrogen).
STRA6 transcripts were quantified by real-time RT-PCR. The mRNA levels are normalized
to GAPDH mRNA and are expressed relative to the value derived from PrEC cells treated with
ethanol (control) for 24 h. The values were obtained from three independent experiments. *,
p <0.05 (RA or ROL treatment compared to control).
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