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The enzyme hypoxanthine phosphoribosyltransferase (HPRT) catalyzes the metabolic salvage of the purine
bases hypoxanthine and guanine. We previously characterized the genomic structure of the human HPRT gene
and described its promoter sequence. In this report, we identify cis-acting transcriptional control regions of the
human HPRT gene by linking various 5'-flanking sequences to the bacterial chloramphenicol acetyltransferase
gene. The sequence from positions -219 to -122 relative to the translation initiation site is required for
maximal expression of this gene, and it functions equally in both normal and reverse orientations. In addition,
a cis-acting negative element is present in the region spanning from positions -570 to -388. This negative
element can also repress promoters of heterologous genes, such as those of adenosine deaminase and
dihydrofolate reductase, which are structurally and functionally similar to the human HPRT promoter.
Furthermore, this repressor element functions independently of its orientation but appears to be distance
dependent. In vivo competition assays demonstrated that the trans-acting factor(s) that binds to this negative
element specifically inhibits human HPRT promoter activity. Taken together, these data localize cis-acting
sequences important in the regulation of human HPRT gene expression and should allow the study of
protein-DNA interactions which modulate the transcription of this gene.

Hypoxanthine phosphoribosyltransferase (HPRT; IMP:
pyrophosphate phosphoribosyltransferase; EC 2.4.2.8) cat-
alyzes the conversion of hypoxanthine and guanine to their
respective 5'-mononucleotides and plays a crucial role in the
metabolic salvage of purines in mammalian cells. A partial
deficiency of the enzyme in humans causes gouty arthritis,
whereas a virtually complete deficiency leads to a devastat-
ing neurological disorder, Lesch-Nyhan syndrome (31).
The HPRT enzyme is approximately 24.5 kDa and is

highly conserved among hamsters, mice, and humans (4).
The functional gene is constitutively expressed in a wide
variety of tissues, including cultured cells. Studies of tissue
distribution of the enzyme in mammals have indicated that
the enzyme activity is approximately sevenfold higher in the
brain than in other tissues (4, 22, 31). The mechanism for
increased HPRT expression in the brain with the mainte-
nance of a constitutive low level of HPRT expression in
other tissues is largely unknown.
The human HPRT (hHPRT) promoter is extremely GC

rich, lacks a consensus TATA or CAAT sequence, and
contains several copies of the sequence 5'-CCGCCC-3' or its
inverted complement (17, 27). Previously, we demonstrated
that sequences within 245 bp of the initiation codon were
sufficient for the transcription- of a human HPRT minigene
and suggested the presence of a negative element upstream
of this region (28). As a first step toward understanding the
regulation of the human HPRT gene, we constructed and
analyzed a number of deletion mutations within the 5'-
flanking region of the gene to define the important cis-acting
elements. Our analyses revealed that the sequence from
positions -219 to -122 directs a relatively high level of
expression and also exhibits bidirectional activity. In addi-
tion, an upstream regulatory element negatively modulates
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this expression. This negative element is able to function in
a position-dependent and orientation-independent fashion
and is capable of repressing heterologous promoters. The
tandem organization of the negative and positive elements
suggests that the interplay of these regulatory domains may
regulate the tissue-differential and/or constitutive expression
of the human HPRT gene. Further characterization of the
factor(s) that interacts with the negative element should lead
to the identification of transcriptional regulators important in
the expression of the human HPRT gene.

MATERIALS AND METHODS

Enzymes and radioisotopes. The Klenow fragment, calf
intestinal alkaline phosphatase, and T4 DNA ligase were
obtained from Boehringer Mannheim. Restriction endonu-
cleases were obtained from New England BioLabs or Be-
thesda Research Laboratories and used under the conditions
specified by the supplier. Radioisotopes, including [a-32P]
dCTP, [a-35S]dATP, and [14C]acetylchloramphenicol, were
purchased from New England Nuclear.

Miscellaneous expression vectors. pSVOCAT is a promot-
erless expression vector containing the gene encoding bac-
terial chloramphenicol acetyltransferase (CAT) (12). All
CAT expression plasmids were derived from pSVOCAT.
pSV2CAT expresses the CAT gene under the control of the
enhancer and promoter of simian virus 40 (12). pXN.8CAT
and pEN.24CAT (14) contain 800-bp XbaI-NcoI and 240-bp
EcoRI-NcoI fragments, respectively, from the murine aden-
osine deaminase (ADA) promoter driving CAT gene expres-
sion in pSVOCAT. pD35CAT (20) has a 297-bp NaeI-TaqI
(-291 to +6) fragment containing the mouse dihydrofolate
reductase (DHFR) major promoter inserted into the HindIII
site of pSVOCAT. pAVElhGH (29) contains the promoter-
less human growth hormone (hGH) gene downstream of the
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FIG. 1. Deletion constructs of the hHPRT promoter. The structural organization of the hHPRT promoter and the deletions generated by
restriction enzymes and BaIl3 exonuclease are depicted. The numbers on the left show the lengths of the fragments relative to the translation
initiation site (+ 1). The open box corresponds to the GC-rich region, and the arrows indicate the orientations of the fragments within the
constructs. Black bars correspond to human HPRT gene-related sequences, and thin lines indicate deleted areas. The backbone of the various
constructs is pSVOCAT.

enhancer-promoter unit of the immediate-early gene of hu-
man cytomegalovirus.

Expression plasmids derived from the human HPRT gene
5'-flanking sequences. The 5'-flanking sequence of the human
HPRT gene was obtained from a genomic clone, pX4X8-
RB1.8 (27). To construct 5'-flanking deletion mutations of
the human HPRT gene, we used restriction enzyme sites in
the 5'-flanking region of the gene together with an MstII site
located at position -122 relative to the translation initiation
site to isolate the desired fragments. The EcoRI, SmaI, and
Sau3AI restriction enzyme sites were used to generate the
- 1681 to - 122, -885 to - 122, and -570 to - 122 deletions.
After filling in of recessed ends with Klenow polymerase,
HindIll linkers were added to each of these fragments, and
the fragments were subcloned into the HindIll site of
pSVOCAT to generate plasmids pPP11CAT, pPP14CAT, and
pPP15CAT, respectively.
pPP16CAT and pPP17CAT were also derived from pX4X8-

RB1.8 by digestion with BssHII and XmaIII to obtain
fragments containing sequences spanning from -219 to - 19
and -388 to -13, respectively. The Klenow polymerase was
used to fill in the ends, and the fragments were ligated into
the similarly treated HindlIl site of pSVOCAT.

Plasmids pPP12CAT and pPP1OCAT were obtained by
cleavage of pX4X8-RB1.8 at a unique SmaI site and digestion
with BaI31 exonuclease and MstII. HindIII linkers were
ligated to the newly generated ends of the fragments, and the
fragments were subcloned into the HindIII site of
pSVOCAT. These constructs contained the sequences span-
ning from -353 to -122 and -233 to -122, respectively.

Exact deletion endpoints were determined by nucleotide
sequencing (30).
For each expression vector, a construct containing the

hHPRT promoter in the normal or reverse orientation with
respect to the wild-type gene was identified and is described
by the letter A or B following the name of the plasmid,
respectively (Fig. 1).
pPP11ANE, which has an internal deletion of the region

from -570 to -388, was constructed as follows.
pPP11CATA was digested with SmaI (-885) and XmaIII
(-388), and 497- and 5,603-bp fragments were isolated. The
497-bp fragment was partially digested with Sau3AI to
isolate a 315-bp fragment. After generation of blunt ends
with the Klenow polymerase, the 315-bp SmaI-Sau3AI
fragment spanning from -885 to -570 was religated with the
5,603-bp SmaI-XmaIII fragment isolated from pPP11CATA.
For the in vivo competition experiments, the Sau3AI-

XmaIII DNA fragment containing the 5'-flanking region
between -570 to -388 was subcloned into the SmaI site of
pTZ19R by blunt-end ligation to generate plasmid pTZNE.
Similarly, the same sequence was inserted in either orienta-
tion into the unique NdeI site of the following plasmids:
pPP1OCATA to generate pPPlONEA and pPPlONEB;
pXN.8CAT to generate pXN.8NEA and pXN.8NEB;
pEN.24CAT to generate pEN.24NEA and pEN.24NEB; and
pD35RCAT to generate pD35NEA and pD35NEB. Clones
were screened by restriction analysis to identify constructs
containing single inserts in either orientation. All plasmid
DNAs were prepared by banding twice to equilibrium in
cesium chloride gradients (21).
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FIG. 2. Functional assay of the 5'-flanking sequences of the human HPRT gene. RJK88 cells were transfected with 10 ,ug of each
expression plasmid, and CAT activity was assayed as described in Materials and Methods. The extent of the 5'-flanking sequences of the
human HPRT gene included in each construct is indicated below the name of the corresponding construct. CAT activities relative to that of
pSV2CAT are shown at the top as percentages. The values represent averages of four separate transfections, at least one of which contained
a cotransfected hGH expression plasmid to normalize for differences in transfection efficiencies. Plasmid pSVOCAT served as a negative
control. The positions of the substrate chloramphenicol (C) and its acetylated products (lAc and 3Ac) are indicated.

Cell cultures and DNA transfections. RJK88, a hamster
fibroblast cell line with a deletion of the entire HPRT gene
(10), was used as the recipient for DNA transfections. This
cell line was selected for most transfections because of its
relatively short doubling time of 12 h when compared with
that of a human cell line such as HeLa. Cells were grown in
Dulbecco's modified Eagle medium (GIBCO) containing
10% (vol/vol) fetal calf serum, along with 100 ,ug of strepto-
mycin and 100 U of penicillin per ml, under an atmosphere of
5% C02-95% 02. Approximately 24 h before transfection,
RJK88 cells were plated at a density of 5 x 105 cells per
100-mm plate. Transfection of plasmid DNA into the cells
was carried out by the calcium phosphate precipitation
technique (13). After 5 h of incubation, the DNA-calcium
phosphate mixture was removed, the cells were shocked for
2 min by treatment with 15% glycerol (26), and fresh medium
was added. RJK88 cells were transfected with 10 ,ug of the
test plasmids and, in some cases, 1 ,ug of pAVElhGH (29)
was also cotransfected to normalize transfection efficiencies.
The amount of DNA used for the competition assays varied
as indicated in the figure legends. Each transfection experi-
ment was repeated three to four times with at least two
different plasmid preparations.
CAT assays. CAT assays were performed essentially as

described by Gorman et al. (12). Forty eight hours after
transfection, cells were harvested and lysed by three cycles
of freezing and thawing and cellular debris was removed by
centrifugation. Equal amounts of protein, as determined by
the Bio-Rad Bradford assay, were used for each CAT assay,
which was done in a total reaction volume of 190 ,ul
containing 200 ,ug of protein extract, 0.05 ,uCi of [14C]chlor-
amphenicol (60 mCi/mmol), and 0.05 mM acetyl coenzyme
A. Incubation was done at 37°C for 1 h. The percentage of
[14C]chloramphenicol converted to acetylated product (per-
cent conversion) was determined by quantitating the radio-
activity on thin-layer chromatography plates with a liquid
scintillation counter. All assays were performed within the
range of linear relation of activities with respect to incuba-
tion time and sample concentration. The percent conversion

of chloramphenicol to acetylated product for each construct
was determined by averaging the results of at least four
separate transfections.
Northern (RNA) analysis. Northern analysis (21) to deter-

mine the transcription level of the 5'-deletion constructs was
performed with 25 ,ug of total RNA preparations from cells
cotransfected with the test plasmids and pAVElhGH (29).
Total RNA was isolated by the thiocyanate-phenol-chloro-
form technique (5). Cytoplasmic RNA was size fractionated
in a 1.2% denaturing phosphate-agarose gel and transferred
to a nylon membrane. The probes were either a 1,632-bp
HindIII-BamHI fragment from pSVOCAT or a 640-bp AatII-
SmaI fragment from hGH cDNA (29). The probes were
labeled with [k-32P]dCTP by random priming (Pharmacia) to
a specific activity of about 109 cpm/,ug. The filter was
hybridized and washed by standard procedures (21). After
hybridization with the CAT probe, the filter was stripped and
rehybridized with the radiolabeled hGH cDNA probe.

RESULTS

Functional analysis of the 5'-flanking sequences of the
human HPRT gene. To determine the extent of 5'-flanking
sequence required for transcription of the human HPRT
gene, we subcloned various lengths of 5'-flanking sequences
of this gene in either orientation into a CAT reporter vector
(12). Each of the plasmids depicted in Fig. 1 was introduced
by the calcium phosphate procedure (13) into RJK88 cells
(10), and the production of CAT was examined 48 h post-
transfection. For each transfection, CAT activity was ex-

pressed relative to the activity obtained with the pSV2CAT
vector transfected into duplicate plates of RJK88 cells.
The results of the transfection experiments are shown in

Fig. 2. When plasmid pPP11CATA, which bears the se-
quence from -1681 to -122, was transfected into RJK88
cells and the cell extracts were assayed for CAT activity, a
low level of activity was observed. Deletion of the sequences
from -1681 to -885 and -1681 to -570 led to no remarkable
change in CAT activity over that seen with pPP11CATA.
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FIG. 3. Northern analysis of total RNA from RJK88 cells trans-
fected with various hHPRT 5'-deletion constructs. Twenty five
micrograms of cytoplasmic RNA was size fractionated, transferred
to a nylon membrane, and probed for CAT- and then for hGH-
specific transcripts as described in Materials and Methods. The
membrane was exposed to Kodak XAR5 film for 60 h with intensi-
fying screens. Only the relevant parts of the autoradiogram are
shown.

Deletion of the sequence from -1681 to -353 caused a
13-fold increase in activity, although further deletion from
-1681 to -233 did not significantly alter this increase. In
addition, comparable levels of CAT activity were observed
with sequences spanning from -219 to -19 and -388 to
-13, thus allowing delineation of promoter function to the
sequence between -219 and -122. Since CAT activity was
similar when the sequences were tested in both normal and
reverse orientations, these results suggest that the hHPRT
promoter has bidirectional activity. These results also sug-
gest that there is at least one cis-acting negative regulatory
element located within the region from -570 to -388.
Similar results were observed when HeLa cells were used as
the recipient for transfections (data not shown).
To confirm that the observed results were due to an effect

on the transcription of the reporter gene and not to an effect
on translation, we examined the steady-state levels of CAT
mRNA produced by each chimeric plasmid. Each deletion
construct was transfected into RJK88 cells (10), total RNA
was isolated (5), and Northern analysis was done (21). To

x
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ensure that different transfection efficiencies were not the
cause of differences in mRNA levels, we cotransfected
plasmid pAVElhGH (29) with each of the test plasmids.
Figure 3 shows the results of Northern analysis with both the
CAT and hGH probes. These results illustrate that transcrip-
tion levels of CAT mRNA for most of the reporter plasmids
are in agreement with those deduced from the enzyme
assays and that the transfection efficiencies are similar
among the constructs. There appear to be notable differ-
ences in the levels of mRNA expressed from pPP11CATA
versus pPP11CATB, pPP14CATA versus pPP14CATB, and
pPP1SCATA versus pPP15CATB; these may be due to
mRNA stability variations or differences in the rate of
transcription initiation.
The region between -570 and -388 contains a negative

regulatory element. The results shown in Fig. 2 suggest that
a negative element is located between nucleotides -570 and
-388. To further confirm this suggestion, we sought to (i)
specifically remove sequences contributing to the repressor
function in plasmid pPP11CATA and (ii) introduce such
sequences into plasmid pPP10CATA, which expresses CAT
activity at a 13-fold-higher level than pPPIICATA. To
accomplish the first objective, we constructed plasmid
pPP11zANE by making an internal deletion in plasmid
pPP11CATA. To address the second objective, we intro-
duced the putative repressor region in both normal and
reverse orientations into the unique NdeI site of
pPP1OCATA, in which CAT expression is driven by the
sequence between -233 and -122, to create plasmids
pPPlONEA and pPPlONEB, respectively.
When the 5'-flanking sequence between -570 and -388

was deleted from pPPlICATA, CAT expression increased
11-fold, indicating that a negative element lies within this
sequence (Fig. 4). Furthermore, the insertion of the se-
quence corresponding to -570 to -388 upstream of the
hHPRT core promoter (-233 to -122) in either orientation
repressed the activity of the promoter ninefold. These re-
sults clearly demonstrate that the region spanning from -570
to -388 contains a bona fide negative element that can
function regardless of its orientation.
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FIG. 4. Effect of the negative element (NE) on the transcriptional activity of the hHPRT promoter. The region from -570 to -388 was
deleted from plasmid pPP11CATA and cloned into pPP10CATA in both orientations. The resulting plasmids were assayed for CAT expression
after transfection of RJK88 cells as described in Materials and Methods. The plasmids are depicted on the left, and the results of the CAT
assay are shown on the right. Percent acetylation represents the extent of conversion of chloramphenicol (C) to 1-acetyl (lAc) and 3-acetyl
(3Ac) derivatives of chloramphenicol. The data are representative of four independent experiments.
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FIG. 5. Effect of the hHPRT negative element (NE) on heterologous promoters. The hHPRT negative element was inserted in both
orientations into the NdeI site of plasmids pXN.8CAT and pEN.24CAT, which contain 800 and 240 bp of the murine ADA promoter,
respectively, and pD35RCAT, which contains 297 bp of the murine DHFR promoter. These constructs were assayed for CAT expression as
described in Materials and Methods. CAT activity is expressed as a percentage of the activity in the respective parental clone (Rel., relative).
Values represent averages of at least three separate experiments. The positions of the substrate chloramphenicol (C) and its acetylated
products (lAc and 3Ac) are indicated.

The sequence between -570 and -388 inhibits the activity
of heterologous promoters. The data from the preceding
experiments indicate the presence of a negative regulatory
element in the hHPRT promoter. We next determined
whether the region from -570 to -388 could also repress the
transcriptional activity of heterologous promoters such as
those of the ADA and DHFR genes, which are structurally
and functionally similar to the HPRT gene. To study the
promoter specificity, we inserted the repressor region up-
stream of the NdeI site of both plasmids pXN.8CAT and
pEN.24CAT (14), which contain 800 and 240 bp of the
murine ADA promoter, respectively. Similarly, we intro-
duced the negative element into the NdeI site of pD35RCAT
(20), which contains 297 bp of the murine DHFR major
promoter. The repressor region was inserted in both orien-
tations, and the constructs were assayed for CAT activity in
RJK88 cells (Fig. 5). The insertion of this sequence into
pXN.8CAT in either orientation did not affect the CAT
expression level. However, when the same sequence was
inserted into pEN.24CAT, enzyme activity was reduced
eightfold. Furthermore, the negative element also repressed
the activity of the murine DHFR major promoter 10-fold
when inserted into pD35RCAT in either orientation. These
results indicate that the hHPRT negative element can re-

press heterologous promoters and suggest that it functions in
a position-dependent and orientation-independent fashion.

In vivo competition assay for a trans-acting repressor fac-
tor(s). We sought to determine whether the repressed activ-
ity of pPP11CATA could be alleviated by an in vivo compe-
tition assay designed to neutralize the negative effect of the
repressor sequence. RJK88 cells were transfected with a
mixture of an indicator plasmid, pPP11CATA (-1681 to

-122), and increasing amounts of a competitor plasmid,
pTZNE, containing the putative negative element spanning
from -570 to -388. Various amounts of pTZ19R plasmid
DNA were added to ensure that the total amount of DNA
transfected was the same. This experiment could predict the
presence of a repressor factor if the competitor DNA en-
hanced CAT expression levels. Cotransfection studies
showed that an augmentation in the concentration of com-
petitor DNA from 0 to 10 p.g caused a sixfold increase in
hHPRT promoter activity (Fig. 6). This increase in CAT
activity was specific for the pPP11CATA construct, since no
increase in CAT activity driven by the ADA promoter was
seen when pXN.8CAT was the indicator plasmid (Fig. 7).
Similarly, when plasmid pPP10CATA, which contains the
hHPRT core promoter element (-233 to -122), was used as
the indicator plasmid in the competition experiment, no
significant change in CAT expression levels was seen. Thus,
these experiments suggest that a trans-acting repressor
factor(s) binds specifically to a negative element located
between -570 to -388 in the hHPRT promoter.

DISCUSSION

A functional characterization of the 5'-regulatory region of
the human HPRT gene was conducted. Our previous work
on human HPRT gene regulation suggested that a negative
element was located upstream of position -245 relative to
the translation initiation site (28). These preliminary data
were largely obtained by gene transfer experiments aimed at
measuring the frequency of stable HPRT+ transformants.

In this study, using a transient expression assay, we
identified two regulatory regions in the 5'-upstream se-
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Methods. The results for each datum point are the
independent experiments.

quences (5'-GGGGCGGGGC-3', -204 to -195) is homolo-
-H gous to the decanucleotide consensus sequence for a high-

3A affinity binding site of transcription factor Spl (16). A second
* region, located between -570 and -388, was found to

Az repress the activities of the hHPRT promoter and the pro-
moters of the ADA and DHFR genes. This region appeared
to function in an orientation-independent but position-de-
pendent fashion. Deletion analysis of the murine HPRT

* * C promoter has suggested that the sequence spanning from
-570 to -424 relative to the translation initiation site could
function as a repressor element (23). We believe that this
sequence in mice contains a similar negative element, but
comparable functional analyses have not been conducted.
So far, no specific sequence elements reported to be in-
volved in the regulation of mammalian gene expression have
been found in the HPRT negative element. Additional stud-
ies, including linker-scanning mutagenesis, are required to

IPRT negative define the minimal structure of the hHPRT negative element.
IPssrT nactives). A variety of negative elements have been characterized.
liecatorfplatsr(s) Some of these appear to function to repress the activity of
Its of a compet- only the homologous promoter, such as the repressor ele-
ayed for CAT ment of the chicken B-1 crystallin gene (3). Several others
total amount of have been reported to repress heterologous promoters.
pTZ19R carrier These include sequences found in the 5'-flanking regions of
sequence from chicken lysozyme (2), chicken vimentin (8), rat insulin (18),
d into pTZ19R. rat growth hormone (19), and human gastrin (32) genes. The
)radiogram is a hHPRT negative element does not appear to be strictly
ts performed in promoter specific, since both the ADA and the DHFR
iicol (C) and its promoters were also repressed by the sequence from -570

to -388. Furthermore, this element is orientation indepen-
dent, since it could function in either orientation, and is

revealed that likely position dependent, since it was not able to suppressisreveaieo are activity when it was located 600 bp upstream of the core
criptio219ar promoter of the ADA gene, regardless of its orientation
rom -219 to (pXN.8NEA and pXN.8NEB).

hf hsequen DNA competition studies strongly suggest that the activity
of these se- of the hHPRT promoter in RJK88 cells depends on a

trans-acting repressor(s) which binds to its negative element.
Transfection with an excess of a competitor plasmid,
pTZNE, containing the hHPRT negative element stimulated
the activity of indicator plasmid pPP11CATA, relative to
cotransfection with the same amount of pTZ19R. However,
cotransfection of the same competitor DNA with
pXN.8CAT or with pPP1OCATA containing an hHPRT
truncated promoter did not affect the activity of the corre-
sponding promoters. These results indicate that the negative
element is unlikely to inhibit the hHPRT promoter by
depleting a positively acting transcription factor. Further-
more, since the negative element does not function when it is

_0 located at a distance from the core promoter of the ADA
gene, we propose that the repression by the negative element
is dependent on its proximity to the promoter sequences and
may involve interference with the binding or function of an
activator protein(s). The in vivo role of the negative element

10 will be investigated by generating transgenic mice harboring
appropriate reporter plasmids. Analysis of reporter gene

cting repressor expression in various tissues in these mice will enable us to
,e element. Ten understand the in vivo role of this sequence.
-1681 to -122), Bidirectional activity of promoters has been previously
promoter) was reported for viral, procaryotic, and eucaryotic genes. The
pTZNE DNA, simian virus 40 promoter drives the expression of divergent
inof 10cg by flanking genes, and this bidirectional function is conserved
DNA. Cell ex- when the promoter is located outside of its native context
n Materials and (11, 24). The hamster 3-hydroxy-3-methylglutaryl coenzyme
means of three A reductase promoter has bidirectional activity, but it is

regulated by steroids only when it is located in the normal

.I-o

MOL. CELL. BIOL.

.I - -, -:.p - . -c' Ca"I -1., - -- t.

OJ



hHPRT NEGATIVE ELEMENT 4163

orientation (1). Divergent transcripts originating from the
DHFR promoters have also been described (6, 7, 9, 25).
Linton et al. cloned and sequenced cDNAs whose mRNAs
were transcribed from the divergent DHFR major and minor
promoters (20). At present, relatively little information is
available to determine the biological significance of the
activity of the hHPRT promoter in the reverse orientation.
RNase protection studies with HeLa cell mRNA designed to
determine whether a transcript is expressed from the oppo-
site strand in these cells have failed to detect such a
transcript (data not shown; 15). In this study, the bidirec-
tionality of the hHPRT promoter was demonstrated by its
ability to direct high levels of transcription of the CAT gene,
regardless of the orientation. This finding is opposed to the
finding that the hHPRT promoter is fivefold more active in
the normal orientation than in the reverse orientation (15).
The reason for this discrepancy is not clear; the only
apparent difference between these studies is the backbone of
the vector. Our CAT reporter vectors were derived from
pBR322, while those of Johnson and Friedmann (15) were
derived from pBluescript (Stratagene).

In summary, our findings demonstrate that the expression
of the hHPRT promoter is controlled by a combination of
both positive and negative regulatory elements located
within its 5'-flanking region. The presence of a negative
element immediately upstream of the core promoter suggests
that this array may act to regulate the expression pattern of
this gene. We are now attempting to identify the trans-acting
factors that interact with the negative element. We are
conducting detailed mutational analyses and DNase I foot-
printing assays to further define the sequences necessary for
the negative activity, which can be used to isolate the gene(s)
coding for the repressor protein.

ACKNOWLEDGMENTS

We thank Juan Botas and Steve Elledge for critically reviewing
the manuscript.
We are grateful to Rod Kellems for providing the ADA and DHFR

plasmids. We acknowledge Joe Albert for technical assistance in the
early stages of this study and Odila Saucedo-Cardenas for assistance
with DNA sequencing.

This work was supported by NIH grants RR05425 and
R29HD22974 to P.I.P. D.A.K. was supported by the Summer
Medical and Research Training (SMART) Program at Baylor Col-
lege of Medicine.

REFERENCES
1. Abrams, J. M., and R. T. Schimke. 1989. Chimeric 3-hydroxy-

3-methylglutaryl coenzyme A reductase-dihydrofolate reduc-
tase genes display bidirectional expression and unidirectional
regulation in stably transfected cells. Mol. Cell. Biol. 9:620-628.

2. Baniahmad, A., M. Muller, C. Steiner, and R. Renkawitz. 1987.
Activity of two different silencer elements of the chicken
lysozyme gene can be compensated by enhancer elements.
EMBO J. 6:2297-2303.

3. Borras, T., C. A. Peterson, and J. Piatigorsky. 1988. Evidence
for positive and negative regulation in the promoter of the
chicken 61-crystallin gene. Dev. Biol. 127:209-219.

4. Chinault, A. C., and C. T. Caskey. 1984. The hypoxanthine
phosphoribosyltransferase gene: a model for the study of muta-
tion in mammalian cells. Prog. Nucleic Acid Res. Mol. Biol.
31:295-313.

5. Chomczynski, P., and N. Sacchi. 1987. Single-step method of
RNA isolation by acid guanidinium thiocyanate-phenol-chloro-
form extraction. Anal. Biochem. 162:156-159.

6. Crouse, G. F., E. J. Leys, R. N. McEwan, E. G. Frayne, and
R. E. Kellems. 1985. Analysis of the mouse dhlfr promoter
region: existence of a divergently transcribed gene. Mol. Cell.

Biol. 5:1847-1858.
7. Farnham, P. J., and R. T. Schimke. 1986. Murine dihydrofolate

reductase transcripts through the cell cycle. Mol. Cell. Biol.
6:365-371.

8. Farrell, F. X., C. M. Sax, and Z. E. Zehner. 1990. A negative
element involved in vimentin gene expression. Mol. Cell. Biol.
10:2349-2358.

9. Fujii, H., and T. Shimada. 1989. Isolation and characterization
of cDNA clones derived from the divergently transcribed gene
in the region upstream from the human dihydrofolate reductase
gene. J. Biol. Chem. 264:10057-10064.

10. Fuscoe, J. C., R. G. Fenwick, Jr., D. H. Ledbetter, and C. T.
Caskey. 1983. Deletion and amplification of the HGPRT locus in
Chinese hamster cells. Mol. Cell. Biol. 3:1086-1096.

11. Gidoni, D., J. T. Kadonaga, H. Barrera-Saldana, K. Takahashi,
P. Chambon, and R. Tjian. 1985. Bidirectional SV40 transcrip-
tion mediated by tandem Spl binding interactions. Science
230:511-517.

12. Gorman, C. M., L. F. Moffat, and B. H. Howard. 1982.
Recombinant genomes which express chloramphenicol acetyl-
transferase in mammalian cells. Mol. Cell. Biol. 2:1044-1051.

13. Graham, F. L., and A. J. van der Eb. 1973. A new technique for
the assay of infectivity of human adenovirus 5 DNA. Virology
52:456-467.

14. Ingolia, D. E., M. R. Al-Ubaidi, C. Y. Yeung, H. A. Bigo, D. A.
Wright, and R. E. Kellems. 1986. Molecular cloning of the
murine adenosine deaminase gene from a genetically enriched
source: identification and characterization of the promoter re-
gion. Mol. Cell. Biol. 6:4458 4466.

15. Johnson, P., and T. Friedmann. 1990. Limited bidirectional
activity of two housekeeping gene promoters: human HPRT and
PGK. Gene 88:207-213.

16. Kadonaga, J. T., K. A. Jones, and R. Tjian. 1986. Promoter-
specific activation of RNA polymerase II transcription by Spl.
Trends Biochem. Sci. 11:20-23.

17. Kim, S. H., J. C. Moores, D. David, J. G. Respess, D. J. Jolly,
and T. Friedmann. 1986. The organization of the human HPRT
gene. Nucleic Acids Res. 14:3103-3118.

18. Laimins, L., M. Holmgren-Konig, and G. Khoury. 1986. Tran-
scriptional silencer element in rat repetitive sequences associ-
ated with the rat insulin 1 gene locus. Proc. Natl. Acad. Sci.
USA 83:3151-3155.

19. Larsen, P. R., J. W. Harney, and D. D. Moore. 1986. Repression
mediates cell-type-specific expression of the rat growth hor-
mone gene. Proc. Natl. Acad. Sci. USA 83:8283-8287.

20. Linton, J. P., J. Yen, E. Selby, Z. Chen, J. M. Chinsky, K. Liu,
R. E. Kellems, and G. F. Crouse. 1989. Dual bidirectional
promoters at the mouse dhfr locus: cloning and characterization
of two mRNA classes of the divergently transcribed Rep-1 gene.
Mol. Cell. Biol. 9:3058-3072.

21. Maniatis, T., E. F. Fritsch, and J. Sambrook. 1982. Molecular
cloning: a laboratory manual. Cold Spring Harbor Laboratory,
Cold Spring Harbor, N.Y.

22. Melton, D. W., D. S. Konecki, D. H. Ledbetter, J. F. Hejtman-
cik, and C. T. Caskey. 1981. In vitro translation of hypoxan-
thine/guanine phosphoribosyltransferase mRNA: characteriza-
tion of a mouse neuroblastoma cell line that has elevated levels
of hypoxanthine/guanine phosphoribosyltransferase protein.
Proc. Natl. Acad. Sci. USA 78:6977-6980.

23. Melton, D. W., C. McEwan, A. B. McKie, and A. M. Reid. 1986.
Expression of the mouse HPRT gene: deletional analysis of the
promoter region of an X-chromosome linked housekeeping
gene. Cell 44:319-328.

24. Mishoe, H., J. N. Brady, M. Radonovich, and N. P. Salzman.
1984. Simian virus 40 guanine-cytosine-rich sequences function
as independent transcriptional control elements in vitro. Mol.
Cell. Biol. 4:2911-2920.

25. Mitchell, P. J., A. M. Carothers, J. H. Han, J. D. Hardin, E.
Kas, L. Venolia, and L. A. Chasin. 1986. Multiple transcription
start sites, DNase I-hypersensitive sites, and an opposite-strand
exon in the 5' region of the CHO dhfr gene. Mol. Cell. Biol.
6:425-440.

26. Parker, B. A., and G. R. Stark. 1979. Regulation of simian virus

VOL . 1 l, 1991



4164 RINCON-LIMAS ET AL.

40 transcription: sensitive analysis of the RNA species present
early in infections by virus or viral DNA. J. Virol. 31:360-369.

27. Patel, P. I., P. E. Framson, C. T. Caskey, and A. C. Chinault.
1986. Fine structure of the human hypoxanthine phosphoribo-
syltransferase gene. Mol. Cell. Biol. 6:393-403.

28. Patel, P. I., T. Y. Tsao, C. T. Caskey, and A. C. Chinault. 1987.
5'-Regulatory elements of the human HPRT gene, p. 45-55. In
D. Granner, M. G. Rosenfeld, and S. Chang (ed.), Transcrip-
tional control mechanisms. Alan R. Liss, New York.

29. Ramirez-Solis, R., D. Resendez-Perez, L. E. Alvidrez-Quihui,
D. E. Rinc6n-Limas, R. Varela-Martinez, H. G. Martinez-Ro-
driguez, and H. A. Barrera-Saldana. 1990. New vectors for the
efficient expression of mammalian genes in cultured cells. Gene

MOL. CELL. BIOL.

87:291-294.
30. Sanger, F., S. Nicklen, and A. R. Coulson. 1977. DNA sequenc-

ing with chain-terminating inhibitors. Proc. Natl. Acad. Sci.
USA 74:5463-5467.

31. Stout, J. T., and C. T. Caskey. 1989. Hypoxanthine phospho-
ribosyltransferase deficiency: the Lesch-Nyhan syndrome and
gouty arthritis, p. 1007-1028. In C. R. Scriver, A. L. Beaudet,
W. S. Sly, and D. Valle (ed.), The metabolic basis of inherited
disease, 6th ed. McGraw-Hill Book Co., New York.

32. Wang, T. C., and S. J. Brand. 1990. Islet cell-specific regulatory
domain in the gastrin promoter contains adjacent positive and
negative DNA elements. J. Biol. Chem. 265:8908-8914.


