
[CANCER RESEARCH57, 495-499, February 1. 19971

ABSTRACT

The prostate-specific antigen (PSA) promoter (PSA-P) has been iden
tified, characterized, and determined to be tissue specific. Compared with
high expression of the genomic PSA gene in prostate cells, expression of
the transgene driven by the putative PSA promoter is low. This suggests
that the identified promoter may be Incomplete or may function optimally
with additional regulatory elements. To identify the presence of additional
regulatory elements, we screened sequences upstream of the PSA pro
moter and identified a DNA fragment of822 bp, which enhances PSA gene
expression. Combining the newly identified PSA gene regulatory sequence
(PSAR) with our previous1y identified PSA promoter (PCPSA-P) exhib
ited enhanced expressional activity In the PSA-producing LNCaP cell line.
With the addition of 10 to 100 nM dihydrotestosterone, a more than
1000-fold increase in expression was observed as compared to androgen
negative controls. Furthermore, although the combined regulatory ele
ment (PSAR)-PSA promoter (PCPSA-P) sequence resulted in high trans.
gene expression in LNCaP cell lines, the combined regulatory element
promoter sequence resulted in minimal expression in the non-PSA
producing prostate cell line PC-3, renal tumor cell line Ru, and cervical
adenocarcinoma cell line HeLa. The newly identified 822 bp alone could
also function as a promoter. Compared with the combined promoter,
however, the 822-bp fragment alone demonstrated lower activity and
lower responsiveness to androgen stimulation. Our results suggest that
coupling the PSA promoter with an upstream regulatory element results
in a marked increase in PSA expression, suggesting that the complete PSA
promoter contains two functional domains: a proximal promoter and a
distal promoter, which can also function as an enhancer. The enhanced
geneexpressionof the newconstruct,combinedwithits tissuespecificity
and androgen responsiveness, in turn provides a foundation for the de
velopment of tissue-specific vectors for prostate cancer gene therapy.

INTRODUCTION

PSA2 is a well-characterized prostate-specific protein (1â€”4).The 5'
640-bp flanking sequence of the PSA gene has been studied and
identified as a promoter sequence for the PSA gene (5). Previously, we
cloned a PSA promoter sequence (PCPSA) from a patient with ad
vanced prostate cancer and determined that the PSA promoter
(PCPSA) was both tissue specific and androgen responsive (6). Its
tissue specificity renders this PSA promoter an ideal regulatory dc
ment for conferring prostate-specific transgene expression. However,
compared to genomic PSA expression, the expression of transgenes
linked to this PCPSA promoter sequence is significantly lower. This
decreased expression may point to the presence of genomic positive
co-regulatory elements that may be essential for enhanced PSA cx
pression (7).

In this study, we attempted to determine whether such additional
positive regulatory elements exist. PCR was used to clone the up
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stream sequence of the PSA promoter. DNA isolated from a patient
with an extremely high serum PSA level (approximately 6000 ng/ml)
served as the PCR template. A 2.4-kb DNA fragment was obtained
and cloned into a plasmid containing our tissue-specific PCPSA
promoter and luciferase reporter gene (6). DNA transfections were
performed to test the activity of the cloned fragment. Subsequently,
deletions were made in the cloned sequence to identify the essential
regions responsible for gene regulation. A sequence of 822 bp was
identified and sequenced. Our results demonstrate that the 822-bp
fragment can dramatically increase gene expression when combined
with our previously identified PCPSA promoter while preserving
tissue specificity and androgen responsiveness.

MATERIALS AND METHODS

PCR Cloning and Construction of Plasmids. Our PSA promoterse
quence was used as the probe. We searched GenBank and found a 5.8-kb DNA
sequence of locus HSU376721 upstream of the PSA gene (8). Because most

sequences in the 3'-half region containing that PSA promoter have already
been characterized (5), we focused on the 5' region. PCR primers were
designed to amplify sequences from nucleotides 503 to 2950 of the GenBank
sequence. DNA isolated from a patient with advanced prostate cancer was used
as the template (6). The amplified PCR fragment, approximately 2.4 kb in
length, was inserted into the pUCBM2O-PCPSA-Luc plasmid upstream of the
PCPSA promoter (Fig. 1).

The plasmid containing the 2.4-kb DNA fragment was further digested
using restriction endonucleases to remove an@ 1-kb DNA fragment from the

3' end to obtain a 1.4-kb DNA fragment. The 1.4-kb fragment was further
digested by restriction enzymes to remove the 5' â€œ570-bpDNA sequence to
generate a fragment @â€˜820bp. Both â€œ1.4-kb and Â°Â°820-bpDNA fragments

were also cloned into the pUCBM2O-PCPSA-Luc plasmid (Fig. 1). The
positive control plasmid contains the immediate early gene promoter of CMV
(the CMV promoter), whereas the negative control plasmid contains no
promoter.

Tumor Cell Line Culture and Maintenance. The culture of cell lines

LNCaP, PC-3, and Rh has been described previously (6). HeLa cells were

cultured according to the conditions suggested by American Type Culture
Collection. Cells subjected to androgen stimulation tests were maintained in

media with 10% CFBS 2 days before DNA transfection. The procedure to
prepare CFBS was as follows. Charcoal (0.625 g; Mallinckrodt) and 12.5 mg
of dextran sulfate were washed with 500 ml of PBS once before being mixed
(by shaking or Vortex for 30 mm) with 500 ml of FBS. The charcoal was
removed from the serum by centrifugation (1500 X g), followed by 0.2-sm
filtration.

DNA Transfections and Luciferase Assay. Electroporation was used for
DNA transfection. Cells were trypsinized from Tl75 flasks and washed twice
using electroporation medium (l.2X RPM! with 10% fetal bovine serum). The
cells were resuspended in electroporation medium at 2 X l0@ cells/ml. Cell
suspensions of 0.25 ml were mixed with 10 @.tgof DNA on ice for 10 mm
before electroporation. The cells were pulsed at 230 V with 960 pP using a

Bio-RadGene Pulser(Bio-Rad,Hercules,CA). The treatedcells were kepton
ice for another 10 mm before replating. At 16 h, the plates were washed with
serum-free medium once before adding the new culture medium. Cells were
collected approximately 48 h after transfection with 1X tissue lysis buffer
(luciferase kit; Promega Corp., Chicago, IL). Firefly luciferase activity of the

cell lysates was measured by luminometry. For each assay, 10 pi of cell lysate
was used. The protein amount of 10 p1 of cell lysate was measured using a
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Fig. 1. Construction of plasmids containing PSA gene positive regulatory sequences, PCPSA promoter, and luciferase gene. DNA sequence upstream of PSA promoter was cloned
using PCR amplification. A DNA fragment of @2.4kb was obtained using primers with sequences of C'lTFT AGTAT GCGGC CGCTC TAGAA ATC and CCfGG GTAGT CCTfT
TACAA GATCT GGTGG AG. This DNA fragment was inserted into plasmids containing the PCPSA promoter and the luciferase gene (6). Combined with restriction endonuclease
digestions, 1.4-kbfragment and 822-bp fragment were obtained and cloned into plasmids as well. Plasmids without promoters were used as the negative control. The newly constructed
plasmids PSAR 2.4k-PCPSA-P-Lux, PSAR 1.4k-PCPSA-P-Lux, and PSAR-PCPSA-P-Lux were used to transfect cell lines. CMV-Lux plasmids that contain the CMV lEl promoter
and Lax gene were used as the positive controls.

Bio-Rad kit. The luciferase activity was finally adjustedaccording to the
concentration of protein in cell lysates.

RESULTS

Tissue Specificity and Androgen Response of the Cloned PSA
Regulatory Sequences. PSA gene expression was characterizedby
its tissue specificity and androgen responsiveness (1â€”5,9, 10). To test
the tissue specificity and androgen responsiveness, the electroporation
method was used. The PSA-producing prostate cancer cell line LN
CaP, the non-PSA-producing prostate cell line PC-3, and the renal
tumor cell line Ri 1 were transfected with the newly constructed
plasmids. After transfection, varying concentrations of DHT were
added to the media. Two days after transfection, cells were collected
for luciferase assays to characterize the function of the cloned PSA
regulatory fragments.

The negative control plasmid showed extremely low activity and
did not respond to DHT stimulation in any of the tested cell lines. The
CMV promoter showed high activity (Fig. 2) in all tested cell lines. In
LNCaP cells, the CMV promoter activity increased by 3â€”4-foldwith
the addition of DHT (Fig. 2a). In cell lines PC-3 and Rl 1, the CMV
promoter did not show any increase with the addition of androgen
(Fig. 2, b and c). In the same transfection conditions, plasmids
containing 2.4-kb, L4-kb, and 822-bp DNA fragments showed the
following expression profile in LNCaP cells. The promoter activity
was extremely low when no androgen was added. With the addition of
DHT, the expressional activity rapidly increased more than 1000-fold.
In other cell lines, the activity of PSAR 2.4-kb, 1.4-kb, and 822-bp
DNA fragments did not show any difference compared with the
negative control, and the addition of androgen showed no effect.

This lack of response to added DHT may have been due to the lack
of androgen receptors in the PC-3 and Ru cells. To determine
whether the increase in transgene expression in the LNCaP cells and
the lack of expression in the PC-3 and Rll cells was due primarily to

the presence of functional androgen receptors, we also transfected
HeLa cells, which in our previous experiments were determined to
possess functional androgen receptors (data not shown) with the
2.4-kb, 1.4-kb, and 822-bp DNA fragments. DHT was similarly added
to the transfected HeLa cells. With the addition of DHT, the CMV
promoter showed a 3â€”4-foldincreased activity, similar to the LNCaP
cell line. However, the 2.4-kb, 1.4-kb, and 822-bp regulatory se
quences did not show any function in HeLa cells, suggesting that
tissue-specific factors other than androgen receptors are required for
activating the regulatory sequences (Fig. 2d).

In non-PSA-producing cell lines Ril and PC-3, the CMV promoter
did not show any response to androgen stimulation (Fig. 2). This
suggests that the 3â€”4-foldstimulation by androgen may result from
the presence of androgen receptors in both LNCaP and HeLa cell
lines. In cell lines RI 1 and PC-3, the luciferase gene driven by our

PSA regulatory fragments and the PSA promoter does not exhibit
significant reporter-gene expression compared with the negative con
trol plasmid. The PSAR2.4-kb fragment showed a slight androgen
response in PC-3 cells; however, this may be due to limitations of the
luciferase assay. The sensitivity of luciferase assays is around 300
light units. Any results around 300 light units or lower are not
accurate. Because the PSAR1.4-kb and the PSAR822-bp fragments
did not show any response to androgen stimulation, it is more likely
that the expression increase of the PSAR2.4-kb fragment stimulated
with androgen was because of the limited sensitivity of luciferase
assays.

Localization of the Essential Sequence. The 2.4-kb DNA frag
ment was digested using restriction endonucleases. The 3' â€”1-kb
fragment was cleaved, resulting in a 1.4-kb DNA fragment. The
1.4-kb fragment was further digested. Its 5' â€œ@570bp were cleaved,
resulting in an 822-bp fragment. Comparison of the 2.4-, 1.4-, and
822-bp fragments reveals that the 822-bp fragment confers a similar
or higher activity of gene expression as compared to the 2.4- and
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Fig. 2. Tissue specificity and androgen responsiveness of PSA gene positive regulatory sequences. Cells were transfected with plasmids containing different lengths of the PSA
regulatory sequence and grown in varying concentrations of DHT. Cells were transferred from regular medium to medium containing 10% CFBS for 2 days prior to electroporation.
The cells were trypsinized and resuspended in electroporation medium (6) at 2 X lO@cells/mi. Cell suspensions of 0.25 ml were mixed with 10 @.sgof DNA on ice for 10 mm before
electroporation. The cells were pulsed at 230 V with 960 @.&Fusing a Bio-Rad Gene Pulser (Bio-Rad). The treated cells were kept on ice for another 10mm before replating into six-well
plates. RPMI 164.0 containing 10% CFBS and varying concentrations of DHT (0â€”100nM) was added to each well. At 48 h, cells were lysed and assayed for luciferase activity. a,
LNCaP; b. PC-3; c, Rh; d@HeLa. Luciferase activity was measured as light units (LU) per microgram of cellular protein isolated from cells transfected by plasmids containing the
CMV promc*er(â€¢),plasmids containing no promoter (U), plasmids containing the PSAR2.4kb-PCPSA-P sequence (A), plasmids containing the PSAR1.4kb-PCPSA-P sequence (Y),
and plasmid containing the 822-bp PSAR-PCPSA-P sequence (â€¢).For each assay, 10 @.dof cell lysate was used. The protein amount of 10 @slof cell lysate was measured using the
Bio-Rad kit. The luciferase activity was finally calculated by the concentration of protein in cell lysates.

1.4-kb fragments. These findings suggest that the 822-bp fragment
possesses the essential co-regulatory sequence.

Promoter Function of the Cloned PSAR 822-bp Fragment. To
assess whether this cloned sequence is an enhancer or potentially a
distal promoter as well, we reversed the orientation of our 1.4-kb
fragment and noted that the transcriptional activity of the reversed
orientation was almost identical to the activity of the plasmids con
taming the 1.4-kb sequence in the original orientation (data not
shown). The orientation-independent property of the 1.4-kb fragment
suggested that the 5â€ũpstream sequence is an enhancer.

Sequence analysis revealed that there is a potential TATA box in our
822-bp fragment (Fig. 4). This finding suggests that the 822-bp fragment

Fig. 3. Promoter activity and androgen respon
siveness of the PSAR 822-bp fragment. LNCaP
cells and HeLa cells were prepared and transfected
using the same method as described in Fig. 2.
Compared with the negative control, the expres
sionof the luciferasegenetransfectedbytheplas
mid containing the PSAR sequence alone was

100-fold higher in LNCaP cells. In HeLa cells,
the 822-bp PSAR fragment showed neither pro
moter activity nor androgen responsiveness. How
ever, compared with the parental P5AR822-
PCPSA-P-Lux plasmids, both promoter activity
and androgen responsiveness were decreased in
LNCaP prostate cells (a).

may also serve as a distal promoter. To detect promoter activity of our

822-bp fragment, we deleted the PCPSA promoter from our plasmid
PSAR 822-PCPSA-P-Luc, as shown in Fig. I. The PSA promoter
deleted plasmid. the parental plasmid P5AR822-PCPSA-P-Luc, and the
negative control plasmid were transfected into the LNCaP cell line and
control HeLa cell line. Our results demonstrate that the sequence alone
can significantly activate the expression of the transgene. Compared with
the negative control, the expression level in is approximately 100-fold
higher in the LNCaP cell line (Fig. 3). In the HeLa control cell line, the
expression of the luciferase gene driven by the 822-bp fragment did not
show a significant difference compared with the negative control plas
mid. Although the androgen receptor is present in HeLa cells, the pro

4@ P1.g.

.@. PSAR-PCPSA

.4 PSAR@PCPSA

a)LNCaP

5
C 10
S

2
Q. 10

C

@Iio2

101

b)HeLa

10@

io2

101

0 10 100

DHT(nM)

0 10 100

DHT(nM)

497

a)LNCaP

0 10
DHT

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/57/3/495/2465495/cr0570030495.pdf by guest on 19 M

ay 2023



POSITIVE REGULATORY ELEMENT FOR PSA GENE EXPRESSION

1 CTGCAGAGAA ATTAATTGTG GCCTGATGTC CCTGTCCTGG AGAGGGTGGA GGTGGACCTT
1067 CTGCAGAGAA ATTAATTGTG GCCTGATGTC CCTGTCCTGG AGAGGGTGGA GGTGGACCTT

61 CACTAACCTC CTACCTTGAC CCTCTCTTTT AGGGCTCTTT CTGACCTCCA
1127 CACTAACCTC CTACCTTGAC CCTCTCTTTT AGGGCTCTTT CTGACCTCCA CCATGGTACT

121 AGGACCCCAT TGTATTCTGT ACACTCTTGA CTCTATGACC CCCACTGCCC
1187 AGGACCCCAT TGTATTCTGT ACCCTCTTGA CTCTATGACC CCCACTGCCC ACTGCATCCA

181 GCTGGGTCCC CTCCTATCTC TATTCCCAGC TGGCCAGTGC AGTCTCAGTG CCCACCTGTT

1247 GCTGGGTCCC CTCCTATCTC TATTCCCAGC TGGCCAGTGC AGTCTCAGTG CCCACCTGTT

241 TGTCAGTTAC TCTGAAGGGG CTGACATTTT ACTGACTTGC AAACAAATAA GCTAACTTTC
1307 TGTCAGTAAC TCTGAAGGGG CTGACATTTT ACTGACTTGC AAACAAATAA GCTAACTTTC

301 CAGAGTTTTG TGAATGTI'GG CAGAGTCCAT GAGACTCCTG AGTCAGAGGC AAAGGCTTTT
1367 CAGAGTTTTG TGAATGCTGG CAGAGTCCAT GAGACTCCTG AGTCAGAGGC AAAGGCTTTT

361 ACTGCTCACA GCTTAGCAGA CAGCATGAGG TTCATGTTCA CATTAGTACA
1427 ACTGCTCACA GCTTAGCAGA CAGCATGAGG TTCATGTTCA CATTAGTACA CCTTGCCCCC

421 CCCAAATCTT GTAGGGTGAC CAGAGCAGTC TAGGTGGATG CTGTGCA@C GGGGTTTGTG
1487 CCCAAATCTT GTAGGGTGAC CAGAGCAGTC TAGGTGGATG CTGTGCAGAA GGGGTTTGTG

481 CCACTGGTGA GAAACCTGAG ATTAGGAATC CTCAATCTTA TACTGGGACA
1547 CCACTGGTGA GAAACCTGAG ATTAGGAATC CTCAATCTTA TACTGGGACA ACTTGCAAAC

541 CTGCTCAGCC TTTGTCTCTG ATGAAGATAT TATCTTCATG ATCTTGGATT GAAAACAGAC
1607 CTGCTCAGCC TTTGTCTCTG ATGAAGATAT TATCTTCATG ATCTTGGATT GAAAACAGAC

601 CTACTCTGGA GGAACATATT GTAT2@ATTG TCCTTGACAG TAAACAAATC TGTTGTAAGA
1667 CTACTCTGGA GGAACATATT GTATCGATTG TCCTTGACAG TAAACAAATC TGTTGTAAGA

661 GACATTATCT TTATTATCTA GGACAGTAAG CAAGCCTGGA TCTGAGAGAG
1727 GACATTATCT TTATTATCTA GGACAGTAAG CAAGCCTGGA TCTGAGAGAG ATATCATCTT

721 GCA@GGATGC CTGCTTTACA AACATCCTTG AAACAACAAT CCAGAAA.A7@@AAâ€”-GGTGTTG
1787 GCAAGGATGC CTGCTTTACA AACATCCTTG AAACAACAAT CCAGAAAAAA AAAGGTGTTG

779 CTGTCTTTGC TCAGAAGACA CACAGATACG TGACAGAACC ATGG 822
1847 CTGTCTTTGC TCAGAAGACA CACAGATACG TGACAGAACC ATGG 1990

Fig. 4. The sequence from PstI site to NcoI site of the PSAR 822-bp DNA fragment was identified using a USB Sequenase kit (purchased from United States Biochemical Corp.).
Nine nucleotide differences were detected compared with the sequence present in GenBank. These nucleotides are underlined and in italic typeface. The sequence that may serve as
a TATA box for RNA transcription starts at position 672 and the putative androgen-responsive element sequence at position 611 to 625 are underlined. The sequence at the top lines
is our clone derived from a prostate cancer patient. and the sequence at the bottom line is as published by Shuur et al. (8. 16).

moter activity of the 822 bp did not respond to the addition of DHT. This
significant increase of transgene expression indicates that the positive
regulatory sequence possesses promoter function, and the promoter ac
tivity is tissue specific and androgen dependent.

The expression profile of the PSA promoter-deleted plasmid is
significantly different from its parental plasmid. With no androgen
added, the expression level was significantly higher. However, when
DHT of 10â€”100nM was added, the expression of the luciferase gene
increased by only 4â€”5-fold. In comparison, the parental plasmid
showed an@ 1000-fold increase. These results suggest that in vivo, the

PSA promoter may be important to maintain both high expressional
activity and high androgen responsiveness for the expression of the
PSA gene.

Sequencing the 822-bp PSAR Regulatory Element. The PSAR
822 bp was sequenced using the USB sequencing kit (United States

Biochemical Corp., Cleveland, OH). Compared with the GenBank
sequence HSU37672, nine nucleotide changes were noted (Fig. 4). A
sequence GGAACAtatTGTATF was found at position 611 to 625 of
the 822-bp fragment. This sequence is very similar to the androgen
responsive element found in the PCPSA promoter (AGAACAgcaAG
TACT, position 440â€”454; Ref. 6). In the GenBank sequence, the
element is GGAACAtatTGTATC.

498

DISCUSSION

The use of a tissue-specific promoter to drive therapeutic gene
expression in target cells is a novel approach for target-specific gene
therapy (11â€”15).Our newly identified PSA regulatory DNA fragment
possesses tissue specificity and androgen sensitivity, thus rendering
this particular regulatory fragment promising for use in gene therapy
of prostate cancer.

The DNA sequence upstream of the PSA gene promoter was
recently characterized as an enhancer by Schuur el a!. (16). In our
study, we found that this DNA fragment performs not only enhancer
functions but also promoter functions. We, therefore, named our
sequence PSAR (PSA gene positive regulatory sequence). In our
study, the PSAR alone demonstrated a 100-fold increase in transgenic
expression. The PSAR sequence alone also responded to androgen
stimulation; however, compared with the PSAR-PCPSA-P combined

promoter, both the promoter activity and the androgen responsiveness
of PSAR are much lower.

Fundamental differences were observed between our results and
those published recently by Schuur et a!. (16). Their results docu
mented that the 5' region from XbaI to PstI sites is essential to

maintain the positive regulatory activity. In contrast, our data dem
onstrate that the deletion of this region does not decrease the expres
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sion of the transgene (Fig. 2). We also noticed a different responsive
ness to androgen stimulation in LNCaP cells. With the addition of
androgen, an activity increase of more than 1000-fold was observed.
This increasein activityis significantlyhigherthan that observedby
Schuur's group. These differences in results may be attributed to
several points: (a) our promoter sequence was derived from fresh
prostatic tumor of a patient with advanced prostate cancer that cx
pressed high PSA levels; Schuur et aL (16), on the other hand, derived
their promoter sequence from peripheral blood cells of an unidentified
patient; and (b) there are nine nucleotide differences between our
sequence and Schuur's sequence, and the one at position 625 T is
crucial for enhancer activity (9). We speculate that our sequence has
a higher binding affinity for the androgenreceptorbecausethe sim
ilarity to the identified androgen-responsive element of our element is
higher. The roles of other sequence changes are under investigation.

We hypothesize that the 5' 570-bp sequence that is essential in
Schuur's clone contains a functional domain. This functional domain is
normally required to maintain the positive regulatory function. In our
isolated fragment@the mutations in the 822-bp region gmatly increase the
positive regulatory activity, and the 5' 570 bp is no longer needed. A
similar finding was also demonstrated for the PSA promoter. Schuur's
PSA promoter alone did not show any transcriptional increase, but our
PSA promoter showed significant transcriptionalincrease (6, 16).

Our combined PSAR-PCPSA-P promoter resulted in a significanfly
higher expression. The high potency of the PSAR-PCPSA-P promot
er-enhancer sequence suggests that generating an androgen-respon
sive, tissue-specific vector system with high efficacy is feasible.
Furthermore, the combined promoter with a 1.4-kb size can be
easily cloned into adenoviral, retroviral, or adeno-associated viral
vectors without associated packaging difficulties. Further studies are
needed to explore its potential use for prostate cancer specific gene
delivery.
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