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Abstract. The hypoxanthine phosphoribosyltransferase (HPRT) locus is a constitu- 
tively expressed housekeeping gene characterized by a notably higher level of ex- 
pression in the mammalian brain. The enzyme it encodes is key to purine salvage in 
humans and is the basis for the X-linked recessive disorder, Lesch-Nyhan syndrome 
(LNS). Methylation in the promoter plays a critical, if not fully understood, role in 
transcriptional silencing of the locus on the inactive chromosome, possibly by con- 
ferring structural stability. In vivo footprinting assays of the promoter region have 
shown protein interaction with multiple Spl-binding sites, a possible AP2 site, and a 
potentially novel binding site. In vitro studies of HPRT promoter deletion constructs 
have identified a minimal promoter element necessary for maximal transcription and 
a position-dependent, orientation-independent repressor element (HPRT-NE) that 
functions on heterologous promoters. Regulatory intron elements have also been 
observed. Studies on transgenic mice bearing HPRT promoter constructs have shown 
that the minimal promoter element is insufficient for in vivo expression and that HPRT- 
NE is responsible for conferring neuronal specificity. HPRT- mice possess metabolic 
defects similar to LNS patients, but fail to develop human behavioral abnormalities, 
perhaps because of species differences in purine metabolism. A neuronal-specific 
protein complex appears to be necessary for activator function of HPRT-NE, while a 
ubiquitously expressed complex may be responsible for repression. Sequence anal- 
ysis indicates that the latter complex may depend on the multifunctional transcription 
factor YY1 for binding. A fuller understanding of HPRT gene regulation will hopefully 
provide insight into the transcriptional mechanisms controlling the expression of 
housekeeping and brain-specific genes. [P.S.E.B.M. 1996, Vol 2121 

he gene encoding hypoxanthine phosphoribo- 
syltransferase (HPRT) belongs to a class of T constitutively expressed housekeeping genes 

which encode enzymes that perform basic metabolic 
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functions. Characteristic of this group, which includes 
genes coding for adenosine deaminase ( I ) ,  dihydrofo- 
late reductase (2-5), and phosphoglycerate kinase (6), 
are a ubiquitous if relatively low level of expression in 
most cells and an overall shared promoter organization 
(7, 8). In comparison to promoters of tissue-specific 
genes, relatively little is known about transcriptional 
regulation of this important class of genes. HPRT en- 
zyme activity has been measured at basal levels in 
most tissues, but, significantly, it is present at much 
higher levels in the brain, a distribution pattern ob- 
served in rodents and humans. The absence of HPRT 
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in humans has been linked to Lesch-Nyhan syndrome 
(LNS) (9), a severe neurological disorder character- 
ized by mental retardation, spasticity, and a compul- 
sive form of self-mutilation (1&13), while a partial de- 
ficiency of the enzyme has been implicated in rare 
cases of severe gouty arthritis (14-17). A complete un- 
derstanding of the molecular interactions in the HPRT 
promoter region that influence tissue-specific expres- 
sion is an essential first step towards drawing a com- 
prehensive picture of transcriptional control of this 
gene as well as other housekeeping genes, and in turn 
may point out regulatory sequences which are most 
vital to the success of gene replacement therapies. 

Biochemistry 

HPRT is an enzyme which catalyzes the conver- 
sion of the purines hypoxanthine and guanine to their 
respective 5'-mononucleotides by a reaction with 
5-phosphoribosyl- 1-pyrophosphate (18-20) (Fig. 1). In 
this capacity, HPRT is essential to the purine meta- 
bolic salvage pathway and supplements the supply of 
purine nucleotides synthesized by the de novo path- 
way (19, 21). Although there are other routes for re- 
cycling these purines in humans, HPRT bears the pri- 
mary burden for this function (18). In 1967, Seegmiller 

mpP 4 AMPRT 

5-Phosphoribosyl-1 -Amine 

r, C U P - - ,  IMP + AMP + 

t xo 
-Xanthine 

GA 

Uric'Acid 

Allantoin 
Figure 1. De novo and salvage pathways in purine metabolism. 
Phosphoribosyl pyrophosphate amidotransferase (AMPRT) cat- 
alyzes the committed step of de novo purine nucleotide synthe- 
sis. Hypoxanthine phosphoribosyltransferase (HPRT) and ade- 
nine phosphoribosyltransferase (APRT) are responsible for re- 
cycling purine bases into nucleotides. 5-phosphoribosyl-1- 
pyrophosphate (PRPP) levels regulate all of these reactions. 
Uricase (UC) prevents the buildup of uric acid in mice, but not in 
humans. Other important enzymes in the salvage pathway are 
adenosine deaminase (ADA), purine nucleoside phosphorylase 
(PNP), guanase (GA), and xanthine oxidase (XO). 

et al. (9) demonstrated that a deficiency of HPRT was 
the biochemical basis for Lesch-Nyhan syndrome, an 
X-linked, recessive disorder (22-24) with an incidence 
of at least 1 in 200,000 males (25). The most striking 
metabolic features of LNS individuals are their abnor- 
mally high levels of uric acid excretion (10, 26), accel- 
erated rate of de novo purine synthesis (26-28), and 
below average dopamine levels (7076-90% reduction) 
in the brain, especially in portions of the basal ganglia 
(29-31). Excess uric acid formation, which also leads 
to gouty arthritis in patients with partial HPRT defi- 
ciency (14, 16), has been attributed to the cataboliza- 
tion of accumulated hypoxanthine via xanthine into 
uric acid (9, 32, 33). This buildup is further exacerbat- 
ed by the hyperactivity of the de novo pathway, which 
may be naturally upregulated by altered levels of sal- 
vage pathway regulatory products and substrates to 
assume a compensatory role in maintaining normal 
brain purine nucleotide levels (19, 21, 34-36). In a 
study by Jinnah et al. (37), lowered dopamine levels in 
HPRT knock-out mice have been found to correlate to 
reduced levels of tyrosine hydroxylase, and enzyme 
which catalyzes the rate-limiting step of dopamine 
synthesis. The caudoputamen, a dopaminergic region 
of the basal ganglia, underwent the most marked re- 
duction in dopamine production in HPRT knock-out 
mice, and this study supports the hypothesis that re- 
duced HPRT activity may indirectly reduce dopamine 
levels by altering purine metabolism in such a way as 
to lead to reduced arborization of dopamine fibers 
(29). A role for any of the above mentioned metabolic 
anomalies in the mental retardation, choreoathetosis, 
self-injurious behaviour, and other neurobehavioral 
defects commonly associated with LNS has yet to be 
defined, although biochemical changes in the basal 
ganglia could account for some of the symptoms seen 
(3840). 

Mutations 
Mutations leading to an almost complete defi- 

ciency of HPRT enzyme activity are responsible for 
LNS, while partial deficiency results in gout (9, 14, 16, 
41, 42). Point mutations, which typically produce less 
severe changes in enzyme structure, are the main 
cause of the latter disorder (42). Missense mutations 
are also the underlying basis for a large number of 
LNS cases, but, by and large, the mutations docu- 
mented show a high degree of heterogeneity in terms 
of type and location within the gene locus (4244). 
Novel missense mutations (4549), nonsense muta- 
tions (50, 51), splice site mutations (46, 48, 52), dele- 
tions ( 5  1,  53), insertions, and other genetic anomalies 
(54) are continually added to the growing HPRT mu- 
tational spectrum. Instances in which the same muta- 
tion is found in unrelated LNS patients have been 
demonstrated (4244) and may point to regions of par- 
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ticular genetic instability or of critical importance to 
enzyme function. For LNS, the incidence of new mu- 
tations is high, but for reasons unknown lower than 
would be predicted by Haldane’s hypothesis for 
X-linked disorders in which affected males do not re- 
produce (55, 56). Finally, although the overwhelming 
majority of HPRT-related disorders afflict males, an 
exceptional case of a female LNS patient carrying an 
inactivated paternal allele and a deleted maternal allele 
has been documented (57-59). 

Tissue Distribution 
Early research efforts on HPRT have provided a 

firm foundation of biochemical and molecular informa- 
tion on which to build. The 217 residue, 24.5-kDa en- 
zyme is highly conserved in rodents and humans (95% 
amino acid identity) (60-64). Conservation is also seen 
in the tissue distribution of HPRT in mammals. En- 
zyme activity assays of tissue extracts from humans 
(12, 65, 66), rhesus monkeys (67), and mice (68, 69), 
show that HPRT is constitutively expressed in most 
cells, but is especially abundant in the brain. RNase 
protection studies of lymphocyte mRNA indicate lev- 
els as low as one HPRT transcript per cell (70). 

In human brains, HPRT activity seems to be par- 
ticularly high in the basal ganglia (12, 16, 65, 66), but 
other species may not have the same expression pat- 
tern. The apparent lack of basal ganglia activity for 
phosphoribosyl-pyrophosphate amidotransferase 
(AMPRT) (12), an enzyme responsible for the rate- 
limiting step of de novo purine synthesis (34), could 
account for elevated HPRT levels, since there is evi- 
dence for an inverse relationship between the activity 
of the de novo and salvage purine metabolic pathways 
in some tissues (12, 71-76). Separate in situ hybridiza- 
tion studies of mouse brain have been able to localize 
high HPRT mRNA levels to neurons, excluding glial 
cells as enzyme sources, but gave conflicting results 
for relative expression levels in the basal ganglia. One 
study by Rincon-Limas et al. (77) indicates that, as is 
the case with humans, this region has higher levels of 
expression, a finding supported by reverse tran- 
scriptase-polymerase chain reaction (RT-PCR) data. 
The other study (78), while acknowledging higher than 
background levels of HPRT mRNA, showed by RNA 
in situ hybridization that expression in the basal gan- 
glia was well below that of other regions of the brain. 
Studies of HPRT activity in rat brains would seem to 
confirm this result (76, 79). These differences may be 
due to technical variations in the studies or the use of 
different strains of wild-type mice. Certainly, given the 
fact that LNS patients and HPRT null mice show re- 
duced dopamine levels in the basal ganglia as a major 
metabolic defect (37, 80-82), the results of the first 
study fit temptingly well with a simple model in which 
dopamine levels in a particular area of the brain are 

dependent on local HPRT activity. On the other hand, 
models in which HPRT and/or its metabolites are 
transported away from synthesizing cells (78), thereby 
exerting effects in distant areas, are equally plausible 
at this point. Moreover, species differences in basal 
ganglia expression may help explain the smaller reduc- 
tion in dopamine levels seen in HPRT knock-out mice 
(48744%) (37) compared with LNS patients (7070- 
90%) (29, but additional research will be required to 
resolve this discrepancy. 

In  situ studies also show that the distribution of 
HPRT expression in the mouse brain does not match 
that for other housekeeping genes involved in purine 
metabolism (37), such as adenosine deaminase. Since 
many purines have been shown to act as neurotrans- 
mitters, this finding suggests an intricate and varied 
array of purine functions and distributions in the brain 
which is probably maintained by an equally complex 
system of biochemical regulation. 

Genetic Mapping and Structure 
Analysis of the HPRT gene by molecular genetic 

techniques has helped to delineate the gene structure 
and has defined putative regulatory elements to ex- 
plain the distribution of HPRT in humans (Fig. 2). The 
expressed gene has been mapped to the X chromo- 
some in rodents and human, specifically to band 
Xq26-q27 outside of the human pseudoautosomal re- 
gion (83-88). Four pseudogenes are present in humans 
on chromosomes 1 1 ,  3, and 5 (89), while a single 
pseudogene has so far been identified in the rodent 
genome (90). The gene spans 39.8,36, and 33 kb in the 
human (91), Chinese hamster (92), and mouse (93) ge- 
nomes, respectively. The overall organization of 
HPRT is similar between species, each having nine 
exons with introns of varying sizes inserted at identical 
points within the coding sequence (92-95). Sequence 
homology approaches 89% among the coding regions 
for mouse, hamster, rat, and human (42). Comparison 
of two sequences of either mouse, human, or hamster 
shows 6970-76% homology in the 5’ untranslated re- 
gion and 807‘&88% homology in the 3’ untranslated 
region (42). This unusually high level of conservation 
in the downstream end of the transcript hints at an 
important regulatory function for this region which has 
yet to be studied fully. 

The upstream promoter sequences have been sub- 
ject to greater scrutiny, since accurately dissecting 
their functions is critical for successful HPRT gene 
replacement therapy. The human (94, 95) and mouse 
(93) HPRT gene have several elements in common 
with the promoter regions of other housekeeping genes 
as well as certain viral promoters, such as those for the 
SV40 early and late genes (96, 97). First, it lacks the 
consensus TATA and CAAT sequences found within 
80 bp upstream of the ATG start codon in many eu- 
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karyotic genes transcribed by RNA polymerase I1 (13, 
98). Second, the region is abnormally GC-rich and 
contains several closely spaced copies of a GGGCGG 
repeat which matches the consensus binding sequence 
(G/TGGGCGGG/AG/AC/T) (99) of members of the Sp 
family of transcriptional activators. Lastly, RNase 
protection and primer extension experiments have 
demonstrated that multiple transcriptional initiation 
sites are active in the human (94, 95) and mouse (100) 
promoters. 

&Acting Sequences 

Several cis-acting regulatory sequences have been 
delineated in the 5‘ HPRT region by sequence com- 
parison and creation of recombinant promoter con- 
structs for in vitro and in vivo analysis. 

Methylation. X chromosome inactivation accom- 
panied by methylation of cytosine residues in CpG 
clusters appears to have a similar role in maintaining 
dosage balances of HPRT in females as has been dem- 
onstrated for other mammalian X-linked genes. The 
human (94,95) and mouse (93) HPRT genes contain 46 
and 35 CpG sites, respectively, within 400 bp of the 
translation initiation site (95). The importance of meth- 
ylation to the inactive state is demonstrated by the fact 
that inactive HPRT alleles in somatic cell lines can be 
reactivated by treatment with the demethylating agent 
5-azacytidine ( 10 1- 106). Sequencing of mouse geno- 
mic DNA treated with bisulfite, which preferentially 
deaminates cytosine to the exclusion of methylcy- 
tosine, revealed no methylation of promoter CpG sites 
in HPRT genes from males or the active X chromo- 
some of females (107). By contrast, an average of 70% 
of CpG sites were methylated in DNA from inactive X 
chromosomes. Although there was heterogeneity in 

1 - 1  

3‘ Figure 2. The human HPRT gene and 
its critical promoter region. The gene 
consists of nine exons, and tissue- 
specific expression is regulated by up- 
stream sequences up to -1681 bp 
away from the translation start site 
(+  1). The GC-rich proximal portion of 
the promoter contains several Sp tran- 
scription factor binding sites (boxed). 
Multiple transcriptional start sites are 
downstream of this region (heavy 
line). In vivo footprinting assays dem- 
onstrate protein interaction with the 
Sp sites, a possible AP2 site (indi- 
cated), and an unknown binding site 
(arrow). The region from -233 to 
-164 is hypomethylated on the inac- 
tive X chromosome. 

the degree and location of methylation, CpG sites ad- 
jacent to the transcription start site showed the highest 
frequency of methylation in cell lines. This variability 
suggests that the broad pattern of methylation may be 
more significant than methylation of any specific site 
in transcriptional silencing (106, 107). 

Similar overall patterns of methylation in active 
and inactive alleles of HPRT have been observed in 
humans with one important difference: a region of hy- 
pomethylation centered around the cluster of Sp- 
binding sites (106). Spl sites have been shown to con- 
fer methylation resistance in the APRT promoter (108, 
109) and it is possible that they have a similar effect on 
the inactive X chromosome. A functional consequence 
of this hypomethylation might be reduced binding of 
the transcription factor. Spl shows unaltered (1 10, 
111) or increased binding affinity for some sites, such 
as the stage selector element of the human y-globin 
promoter (112), when they are methylated. In vivo 
footprinting studies, though, have failed to reveal 
binding of any factors to the human HPRT promoter 
on the inactive chromosome, while showing that the 
unmethylated Sp sites of the active allele are bound 
(113, 114). 

Other regions in the mouse and human genes ex- 
hibit differential methylation in the active and inactive 
alleles (105, 115, 116). A region in intron 1 is com- 
pletely unmethylated on the active X chromosome, 
but hypermethylated on the inactive chromosome. 
Conversely, several sites in the 3’ region of the gene 
methylated on the active X chromosome and unmod- 
ified on the inactive chromosome. 

Whether methylation is the proximal cause of in- 
activation or plays a more secondary role in the main- 
tenance of the condition is open to debate. The latter 
possibility is suggested by the fact that methylation of 
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the intron 1 region of the mouse HPRT gene occurs 
several days after general X inactivation in the embryo 
(1 17). Studies of the X-linked phosphoglycerate kinase 
gene, though, indicate that methylation of the pro- 
moter region occurs at approximately the same time as 
inactivation (118, 119). One reason for the different 
developmental timetables may be that the phospho- 
glycerate kinase gene lies closer to the X-inactivation 
center than the HPRT locus (119). Developmental 
studies focusing on the relationship between inactiva- 
tion and methylation have been too few to draw any 
firm conclusions either way, and it may be that meth- 
ylation serves both to initiate and maintain inactiva- 
tion, depending on the site involved (120). Methylation 
patterns in the promoter region of the human HPRT 
gene during development remain a mystery. 

The mechanism by which methylation induces 
transcriptional silencing is unknown as well. Acker- 
man et al. (121) have suggested that a stem-loop struc- 
ture around the major transcription start site in CG- 
rich promoters may be a necessary prerequisite for 
increasing chromatin accessibility and inducing basal 
promoter function. Based on sequence analysis, the 
possibility of such structures has been deduced for 
regions flanking the major transcription initiation sites 
in humans (94) and mice (107). The fact that this region 
is also a consistent site for high degrees of methylation 
supports a model where methylation inhibits intra- 
strand base pairing, thereby stabilizing DNA and pre- 
venting the formation of transcriptional activation 
structures (106, 107). 

In Vifro Studies. In vitro experiments with vari- 
ous portions of the HPRT gene and its flanking se- 
quences have contributed significantly to an under- 
standing of its regulatory elements. Transfection ex- 
periments in mouse embryonic stem cells have 
revealed regulatory sequences outside of the tradi- 
tional upstream promoter region (122). An element in 
intron 2 is necessary for HPRT expression in these 
cells, while a second element in intron 1 serves as a 
general enhancer of HPRT expression. Deletion anal- 
ysis in which portions of the mouse HPRT promoter 
were used to drive expression of a HPRT minigene and 
the neo gene localized a 49-bp minimal promoter re- 
gion which contains two Sp-binding sites (100). 

In our laboratory, early minigene constructs bear- 
ing human 5’-flanking sequence up to 1.6 kb from the 
HPRT translational start site attached to human HPRT 
cDNA proved capable of expressing HPRT when 
transfected into HPRT- Chinese hamster cells (95). 
When subsequent deletion constructs of this 1.6-kb 
region were used to regulate expression of the chlor- 
amphenicol acetyltransferase (CAT) reporter gene, 
two distinct elements were revealed (123) (Fig. 3). The 
first (positions -219 to - 122 relative to the transla- 
tional start point) encompasses the clustered Sp- 

binding sites and functions as a putative minimal pro- 
moter required for gene expression. This minimal pro- 
moter, like many GC-rich promoters, displays limited 
bidirectional activity, possibly because of the func- 
tional symmetry resulting from the absence of TATA 
and CAAT elements. Work done in our laboratory 
suggests full orient at ion-inde pende nt functionality 
(123), while another study shows that promoter activ- 
ity in the reverse orientation varies with the type and 
number of flanking reporter genes present (124). The 
second element ( - 570 to - 388) is a repressor, dubbed 
the negative element (HPRT-NE), which is capable of 
reducing expression by at least an order of magnitude 
compared with constructs bearing the minimal pro- 
moter alone. Unlike other repressor elements such as 
that of the chicken yl-crystallin gene (125), HPRT-NE 
continues to exhibit suppressing activity when com- 
bined with heterologous promoters for the ADA and 
DHFR genes. HPRT-NE behaves in a position- 
dependent and orientation-independent manner. In or- 
der to rule out the possibility that HPRT-NE functions 
by competing for a transcriptional activation factor 
that would normally bind to the minimal promoter, 
DNA competition studies were conducted in which 
constructs with and without HPRT-NE fused to the 
minimal promoter were separately cotransfected with 
recombinant DNA bearing the negative element. Re- 
porter gene expression in cells with HPRT-NE in the 
regulatory region was increased by the presence of the 
competing HPRT-NE on another plasmid, while cells 
with constructs in which HPRT-NE was missing were 
unaffected. Therefore, the negative effect of HPRT- 
NE results from binding of a unique trans-acting factor 
and not from diversion of factors binding to the pro- 
moter. 

In Vivo Studies. Cultured cells can successfully 
model many aspects of the metabolic and chemical 
environment within a living organism, but in vivo stud- 
ies ultimately confirm or refute a theoretical biological 
interaction. In the case of HPRT, subsequent studies 
done here (1  14) have shown that transgenic mice bear- 
ing the 1.6 kb human promoter fragment previously 
studied in vitro fused to the lac2 reporter gene exhibit 
a lac2 expression pattern similar to that normally seen 
for HPRT in mice. While X-gal staining of tissues from 
these mice revealed minimal lac2 expression in the 
heart, lung, liver, spleen, stomach, muscle, skin, pan- 
creas, testis, kidney, or intestine, brain tissue showed 
high levels of expression, especially in the cerebral 
cortex, inferior colliculus, olfactory bulb, and basal 
ganglia. RT-PCR studies for the endogenous mouse 
HPRT gene revealed a similar pattern of expression in 
the brain. Analysis of deletion constructs of this pro- 
moter fragment in transgenic mice have both con- 
firmed and countered conclusions drawn from in vitro 
data. Surprisingly, the minimal promoter identified by 
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in vitro studies was unable to produce high expression 
levels in any tissues from multiple transgenic lines, 
although removal of HPRT-NE from the 1.6-kb pro- 
moter led to high levels of expression in non-neuronal 
tissue. This situation is reversed in those areas of the 
brain which show high expression with the 1.6-kb pro- 
moter: removal of HPRT-NE produces a dramatic re- 
duction in the level of expression, strongly suggesting 
that HPRT-NE confers neuronal specificity to HPRT 
expression. A construct in which the downstream half 
( - 8 5 5  to - 122) of the 1.6-kb promoter fragment, a 
segment which includes HPRT-NE, serves as the reg- 
ulatory sequences also leads to basal expression of 
reporter gene expression in brain tissue. It would 
seem, therefore, that expression in non-neuronal tis- 
sues depends on the presence of sequences upstream 
of HPRT-NE and probably the minimal promoter as 
well, while neuronal expression requires a combina- 
tion of HPRT-NE, sequences upstream of HPRT-NE, 
though not necessarily the same as those required for 
non-neuronal expression, and possibly the minimal 
promoter. A study by Bonnerot et al. (126) suggests 
that spatiotemporal regulation of HPRT expression is 
strongly influenced by outside elements of the mouse 
genome. These conflicting results may be attributable 
to differences in the reporter constructs used, espe- 
cially considering the fact that different HPRT pro- 
moter fragments were involved. Current work in our 
lab is focused on detailed analysis of the region up- 
stream of HPRT-NE to isolate these additional cis- 
acting promoter sequences. 

Other in vivo HPRT work has focused on creating 
an animal model for Lesch-Nyhan syndrome. HPRT 
knockout mice have been successfully created using 
various forms of the embryonic stem cell system (127, 
128), but have shown a disappointing lack of neurobe- 
havioral defects associated with HPRT deficiency in 
humans (80, 129). These animals do display many of 
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WA 

Figure 3. Relative expression levels of 
HPRT promoter deletion constructs 
used for in vivo and in vitro assays. A 
minimal promoter (-233 to -122) 
was able to drive expression in vitro 
but not in vivo. A negative element 
(NE) inhibited expression in cell cul- 
tures and non-neuronal mouse tissue, 
but was required for elevated expres- 
sion in neuronal mouse tissue. The re- 
pressor function of NE is orientation 
independent. In vivo assays were per- 
formed with transgenic mice express- 
ing the p-galactosidase reporter gene. 
In vitro assays were performed on a 
Chinese hamster fibroblast cell line 
(RJK88) expressing the chloramphen- 
icol acetyltransferase reporter gene. 
Positions are given relative to the 
translation start codon (+  1). Arrows 
(+ +) indicate orientation of pro- 
moter fragments within the construct. 

the same metabolic anomalies as LNS patients, 
namely increased de novo purine synthesis and low- 
ered levels of dopamine in the brain (36, 80-82). 
HPRT- mice fail to show the high levels of uric acid 
seen in LNS patients because of the presence of 
uricase, an enzyme responsible for conversion of uric 
acid to allantoin, in mice and not in humans (130). The 
reduction of this potential toxin may also explain the 
absence of obvious neurobehavioral defects in these 
mice. Another alternate possibility is that mice rely 
less heavily on HPRT for normal purine metabolism, 
and may effectively utilize APRT and other purine sal- 
vage enzymes to compensate for the loss of HPRT 
activity (13 1). The failure to replicate completely a hu- 
man disease in a mouse model is not new (e.g., the 
absence of muscular impairment in mdx mice that 
share the dystrophin mutation of their human counter- 
parts [132, 1331) and is not at all surprising given the 
substantial differences between the species. 

Trans-Acting Factors 
cis-acting sequences are only half the story of tran- 

scriptional regulation. Without an understanding of the 
protein factors associated with these sequences it is 
impossible to elucidate fully their function(s), if any. 
HPRT cis-acting sequences have been analyzed for 
protein binding capabilities to determine which of 
them may require trans-acting factors for regulatory 
activity. 

In Viwo Footprinting. In  vivo footprint analysis 
shows that four of the Sp-binding sites in the HPRT 
promoter are subject to DNaseI protection consistent 
with protein binding (1 13). This proves that multiple 
Sp factors, or other factors recognizing the same se- 
quence, interact with the region in some manner. Pro- 
tection was also observed for a region ( - 265 to - 267) 
spanning a possible AP2-binding site, as well as for a 
potentially novel DNA-binding site ( - 91). 
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HPRT-NE Binding Factors. Our lab has shown 
(114) that the HPRT-NE region appears to interact 
with two distinct sets of proteins in neuronal and non- 
neuronal cells (Fig. 4), which may explain the oppos- 
ing functions it serves in these tissues. Incubation of 
the hHPRT-NE fragment with extracts from mouse 
brain or rat PC 12 (adrenal pheochromocytoma- 
derived) cells revealed two different gel mobility shift 
products. The slower moving, larger product (complex 
11) is formed with extracts from neuronal and nonneu- 
ronal sources, including brain, liver, kidney, and 
HeLa cells. The smaller product (complex I) is formed 
exclusively with extracts from brain tissue. Neuronal 
specificity of complex I was confirmed by the finding 
that extracts from human NT2/DI cells do not form 
complex I until treatment with retinoic acid induces 
their differentiation into neuronal cells. Furthermore, 
RT-PCR and RNase protection assays show that dif- 
ferentiation leads to a substantial increase in HPRT 
mRNA levels in these cells as well. Complex I would 
therefore appear to be involved in increasing expres- 
sion of the HPRT locus, although direct evidence is 
lacking. 

In order to localize the binding sites for complexes 
I and I1 more precisely, gel retardation assays were 
performed using overlapping subfragment s of HPRT- 
NE and mouse brain and liver extracts. A 60-bp frag- 
ment (Ff) necessary for binding complexes I and I1 
was identified and found to possess the same orienta- 

1 - 5 1 0  Ff - 4 5 1  1 

I 
-462 w1 TCFl  - i 

-496 
WT G A G T C A G G A M ~ ~ ~ T G C A A G G  - 

I n  
- -  Complex II Complex I 

M l  GAGTCAGGAAWTGGAAGCCAC 
M2 GTCAGGAAAGTGGAAGCCAC 
M3 G T C A W - G C C A C A G  
M4 G T C A W - G C C A C A G  
M5 CAWrnTAAGCCACAGG 
M6 W " G G @ i G C C A C A G G T A G  
M7 W T G G A W C A C A G G T A G  
M8 W X G A A A C C A C A G G T A G  
M9 GAAAATGGAAG-TCACAGGTAG 
M10 GAAAATGGAAGCTACAGGTAGTG 
M 1 1  AATGGAAGCCCCAGGTAGT 
M12 ATGGAAGCCAAAGGTAGTGC 
M1 3 GGAAGCCACGCGTAGTGC 

+ +  
+ -  
+ -  
+ -  
+ -  
+ -  
- +  
~- + 
- +  
+ +  
- +  
- +  
- +  

Figure 4. In vitro analysis of HPRT negative element point mu- 
tants. Thirteen point mutations (underlined) were introduced in 
a portion of the negative element (Ff) which has protein binding 
function. Protein extracts from non-neuronal cells formed com- 
plex II with Ff. Extracts from neuronal cells formed complex II 
and a faster moving complex I .  + , strong complex formation; - ,  
very weak or undetectable complex formation. M7-M9 and 
M11-Ml3 had reduced ability to form the neuronal-specific 
complex I. These mutants span a region (boxed) that matches 
the consensus binding sequence for transcription factor TCFl . 
M2-M6 showed reduced ability to bind complex II. The critical 
binding region for this complex overlaps the binding sequence 
of transcription factor YY1 (boxed). 

tion-independent repression activity in homologous 
and heterologous promoters as the full negative ele- 
ment in non-neuronal cells. This makes complex I1 the 
most likely candidate as the HPRT repressor. The pro- 
duction of complex I1 from neuronal extracts may be 
due to the presence in the source tissue of brain cells, 
such as glia, that maintain a basal level of HPRT tran- 
scription. 

Methylation interference studies further pin- 
pointed the minimal site of interaction for both com- 
plexes to the heptamer 5'-GGAAGCC-3' (-483 to 
- 477). Gel shift analysis using clones with single point 
mutations in this region revealed that the binding site 
for complex I1 was a 5'-ATGGA-3' (-485 to -481) 
sequence, while complex I could only be formed in the 
presence of nucleotides 5'-AGC-3' ( - 480 to - 478) 
and 5'-ACA-3' (-476 to -474). In vivo footprinting 
confirmed binding of factors to position - 485, - 491, 
and -493 in non-neuronal cells. 

Ultraviolet (UV) cross-linking studies show that 
both complexes are multiprotein structures. In this as- 
say, each complex is separated from the bound DNA 
by UV cross-linking and then its component proteins 
are disassociated on a denaturing polyacrylamide gel. 
Complex I was found to have components of 51, 63, 
and possibly 110 kDa in size, while complex I1 is com- 
posed of 51-, 97-, and 200-kDa proteins. An obvious 
conclusion one can draw from this data is that the 
same 51-kDa protein is responsible for DNA interac- 
tion of both complexes and that the auxiliary proteins 
serve to modify binding specificity and function. It is 
equally possible, though, that each complex has a 
unique protein responsible for DNA-binding activity. 
Positions adjacent to the minimal binding area may 
produce conformational effects that are necessary for 
the complex to function properly. 

Yin Yang-1. Determining the composition of 
complexes I and I1 is critical to understanding how 
HPRT-NE functions. Competition studies using oligo- 
nucleotides with binding sites for transcription factors 

and CTF/NFl failed to interfere with production of 
either complex, indicating that none of these factors is 
a component (1 14). Interestingly, the putative minimal 
binding site for complex I1 matches the consensus rec- 
ognition sequence (ANATGG) of mouse transcription 
factor CF-1 or 6 (134-136). This factor has many fea- 
tures which make it a likely participant in HPRT tran- 
scription. The highly conserved human homologue of 
CF-1, Yin Yang-1 (YY1) (137), has been shown to act 
as a repressor or activator for several genes, including 
some ubiquitously expressed housekeeping genes, 
such as dihydrofolate reductase (138). YYl also may 
play some role in targeting expression, since it func- 
tions as a repressor of tissue-specific genes and an 
activator of genes with widespread expression (138). 

Spl, APl, AP2, AP3, GRE, NF-kB, Oct-1, CREB, 
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The close proximity of the binding sites for the two 
HPRT-NE complexes is a motif also seen in many 
regulatory regions containing YY 1 repressor-binding 
sites. For example, the YY 1 site in the c-fos and a-ac- 
tin promoters overlaps the binding site for the serum 
response factor (139, 140). In both cases, elevated ex- 
pression of the serum response activator in vivo allows 
it to outcompete YY 1 for binding to the site and in turn 
obviates transcriptional repression mediated by YY 1 
(139, 140). A similar mechanism may account for the 
brain-specific expression of HPRT. Incomplete com- 
petition would explain the formation of both com- 
plexes from brain extracts. In fact, sequence analysis 
shows that the suggested binding site for complex I 
matches the consensus binding site of factor TCF- 1 
(C/AAC/AAG) (136, 141), a transcriptional activator 
expressed primarily in lymphocytes (142-144). Unfor- 
tunately, TCF-1 does not appear to be neuronally ex- 
pressed, and results in our laboratory show that a non- 
consensus base substitution in this sequence was still 
able to bind complex I factors (1 14). 

Despite this, current work in this laboratory fo- 
cuses on providing direct evidence for the involvement 
of YY 1 in HPRT transcription. Concurrent with these 
studies is an effort to isolate DNA-binding factors of 
both complexes through one-hybrid screening of neu- 
ronal and non-neuronal cDN A libraries. This approach 
and the related two-hybrid approach have proven to be 
powerful techniques for identifying DNA-protein and 
protein-protein interactions. The two-hybrid system 
will have to be employed at some point in the future, 
since both complexes are multiprotein units. 

Conclusions 
Our understanding of how HPRT expression is 

regulated in mammals has progressed significantly in 
terms of the gross mechanisms involved. Regulatory 
elements involved in X inactivation, basal promoter 
activity, transcriptional suppression, and neuronal- 
specific expression have been mapped out. Along the 
way, we have been reminded of the limitations of in 
vitro analysis in correctly modeling animals systems. 
The apparent behavioral normality of the HPRT 
knock-out mice also admonishes us to always be 
aware of the major metabolic and genetic differences 
that exist in the animals models we utilize. Despite our 
advances, many aspects of HPRT regulation merit fur- 
ther study. At the top of this list should be increasing 
the resolution of our current map of HPRT regulatory 
sequences, isolating the particular factors that interact 
with these elements from the large assortment of mam- 
malian transcription factors, and correlating these el- 
ements with the spatiotemporal regulation of the 
HPRT locus. Understanding the DNA-protein and 
protein-protein interactions of these factors at the mo- 
lecular and functional level should go hand in hand 

with this work. Although finding this information in- 
volves a great deal of effort, the results should in- 
crease our understanding-an understanding which 
lags severely behind that of the TATA and CAAT 
class of promoters-of transcriptional regulation in the 
broad class of housekeeping genes that share parts of 
the HPRT promoter structure, as well as provide us 
with valuable information on the mechanisms involved 
in brain-specific expression. The role of methylation in 
initiating/maintaining X inactivation for HPRT and 
other X-linked genes and the regulatory role of se- 
quences outside the upstream promoter region, such 
as in the conserved portion of the 3' UTR, are other 
areas that require study. In light of recent advances, 
we will hopefully be able to gain a thorough under- 
standing of the HPRT regulatory system by the time 
viable gene replacement therapies for treating genetic 
disorders become available. 
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