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FIG. 4. Primer extension analysis of RNA transcripts from CHO cells transfected with a human reductase promoter-CAT chimeric gene.
The human reductase promoter from -270 to +77 was fused to the coding region of CAT in the plasmid pHRedCAT-3. This plasmid was

cotransfected with pFD11, a plasmid that can confer DHFR activity, into DHFR-deficient CHO cells. Cells were selected that expressed
DHFR, and a population of pooled transformants was analyzed for expression of the 5' end of the human reductase mRNA. Total RNA (20
,g) from cells was hybridized with a 5'-32P-end-labeled oligonucleotide complementary to positions +77 to +56. Before RNA isolation, these
cells had been grown in lipoprotein-deficient serum with either compactin (lanes B and E) or sterols (lanes C and F). Control hybridizations
were done with total RNA from nontransfected CHO DHFR-deficient cells (lane D) or RNA isolated from SV40-transformed human
fibroblasts grown in lipoprotein-deficient serum in the presence (lane A) or absence (lane G) of 1 ,uM compactin. Primer-extended products
were synthesized with reverse transcriptase and analyzed by electrophoresis and autoradiography. The gel was exposed for 48 h at -70°C.
The length of the primer-extended products is indicated. On the right, the schematic diagram shows the relation of the observed primer-
extended products to the human reductase promoter-CAT chimeric gene. The arrows indicate the observed sites of transcription initiation
from the transfected gene, as well as the normal reductase gene in human cells. nt, Nucleotides.

overlaps the reading frame of the HMG-CoA reductase
protein, was terminated after only 27-amino-acid residues in
Syrian hamsters. These potential peptides are unlikely to be
involved in regulating the expression of HMG-CoA
reductase since their structure has not been conserved.

DISCUSSION

The current studies reveal important differences as well as
similarities between the 5' end of the human HMG-CoA
reductase gene and the previously described HMG-CoA
reductase gene for Chinese hamsters. The most striking
difference lies in the observation that the human gene uses

only a single splice donor site for the intron in the 5'
untranslated region and therefore produces only a single
class of mRNAs with short 5' untranslated regions. The
earlier studies of the Chinese hamster gene were performed
with UT-1 cells, which were selected for overexpression and
amplification of the reductase gene. To ensure that the
findings in the UT-1 cells reflected true species differences,
in the current studies I analyzed the promoter region and

mRNA transcripts of HMG-CoA reductase in Syrian ham-
ster liver. In this normal organ I found two classes of
reductase mRNA transcripts containing either short or long
5' untranslated regions. Thus the complex pattern of splicing
of the first intron at the 5' donor site is not a consequence of
gene amplification, but rather represents species-specific
differences in the expression of HMG-CoA reductase.
The heterogeneity of reductase RNA transcripts in UT-1

cells results from the use of multiple sites of transcription
initiation as well as multiple sites for splicing of the first
intron (39, 40). In the current studies, I observed heteroge-
neous transcription initiation in human fibroblasts and in
Syrian hamster liver. In human cells, at least nine sites
between positions +1 and +33 were used. In the liver of
Syrian hamsters, most of the transcripts initiated at multiple
sites between +19 and +27. These positions for transcrip-
tion initiation are similar to the sites used for class 1
transcripts in UT-1 cells (between +4 and +29). In Chinese
hamster and Syrian hamster, but not in human cells, a

minority of transcripts initiated downstream between +40
and + 100 (class 2 transcripts).
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-290 GGATCCCCTA TCGCCCGCGA GGGTGGCGTC CTTGCTGGCG CCCCGCACGG CTCAGGGAC CMTAAGAAGG CCGCGATGCT GGACCTCGAC -201

-200 CAGCTATTGG TTGGCTCGGC CGTGGTGAGA GATGGTGCGG TGCCCGTTCT [C C|GGG TGCGAGCAG T19TTGT TAAGGCGACC GTTCGTGACG -101

-100 TAGGCCGTCA GGCCGAGCAG 9CC GCG ATTGGCTAGG CGATCGGACG ATCCTTTCTG ATTGGCGGC CGCTGGCGGCC GGAGCGTGCG TAAGCGCAGT -1
0
I0 00 0 0o

+1 TCCTT CCGCC3AGGCTCCG TTGACTGGAG ACGGCGGCTG GGCCGGCTTG GGGACCTCCA TTGAGATCCG GA5TGAGCG GGCAGACTCT GGGGACCGGC +100

+101 CGGGCAGTGG CCGCGGGGCT GGCGGGCGGC GGAGCCCGCG CTCCGCCAGG GCTCACGAGG TGGCTGGGGA CCGAGGGGAC CGCGAGACGT CCTTGAGGCC +200

+201 CGGCGGCAGG GCGGGGGCCT GGGGATCCGG GGGCCGTCTA GGCCGCTGAG CCAGTGCAGC ATCGGGACGT CCGTGGGTCC AGTTCAGAGG GCTGTGTGCC +300

+301 GACCGGGCGG TCACGTCCTT ACCGGTAGGA CGAGTGTCAG GCAGGGGGGA CCGCGGGAGC GGATATTCGT GGAGCCCTGG GGGACAAGTG TTCACGCCCA +400

+401 GGCGTTGCCT TGAAGCAGGA CCTCTTTATA GTGATAGAGA AGGTCCCGGT GTAGGCTGCA GATTGACCCA AAGCCAGAAT CCGCGT6GAA ACGGCAGGTT +500

+501 ATGCCTCTCC TAGTGGGCCG GGAGGATGCG AGGTCAGTGC AGGCAAAGCC AGCCCTCAAA AGTCTGTCTC GCTGCCTGTA TGTCTTGTCT TTCTCCGAAG +600

+601 GGGCGTAGGC TCATTGATAC TCATGTCCTT ACTTTGCACT CCTTTTGGM TTACTTGGTT TGAGTGAGGA AGACCGGACC TTGGAGGTTC GCAAGTTAAA +700

+701 CAATAGACTT CTGAGgtagg aggaggttaa tgtatcccat cttaagtagt catatggaat attaacttac ttgaggatgt gccttttcgg gctaggttct +800

+801 gtaaagccat aggaaacctt tgcttctggt ctttactgct aagtcttcgt gtacattaga +860

FIG. 5. Restriction map and DNA sequence of the Syrian hamster HMG-CoA reductase promoter. On the top, the restriction map of a
2.2-kb EcoRI fragment that spans the 5' end of the Syrian hamster HMG-CoA reductase gene is shown. The arrows indicate the direction and
extent of DNA sequencing by the dideoxy chain termination method (0) or by the chemical and degradation method of Maxam and Gilbert
(0) (33). Abbreviations for restriction enzymes are the following: B, BamHI; E, EcoRI. On the bottom, the DNA sequence of this region of
the Syrian hamster HMG-CoA reductase gene is shown. The sites of transcription initiation, as determined by Si nuclease analysis as
described in the text, are indicated by circles. The 5' ends of class 1 (0) and class 2 (0) transcripts are shown. The site at which class 1
transcripts are spliced is indicated (A). The GC boxes within the promoter are enclosed in boxes. The sequence is numbered such that the
nucleotide homologous to +1 of the human reductase gene is numbered +1.

The heterogeneous pattern of transcription initiation is not
peculiar to HMG-CoA reductase as several other mRNA
species have been shown to initiate at multiple sites. These
include hypoxanthine phosphoribosyltransferase (34, 37),
phosphoglycerate kinase (43), PrP (the prion gene) (1), and
the late promoter of SV40 (18). All of these promoters lack a
TATA box, the sequence 20 to 30 nucleotides upstream of
transcription initiation that is thought to position the start of
transcription. The HMG-CoA reductase gene also seems to
lack a functional TATA box. Although the sequence 5'-
TTATT-3' is located upstream of the transcription initiation
sites in the human and Chinese hamster gene, this sequence
does not position the transcription start site. In the Chinese
hamster gene, this sequence is 28 nucleotides upstream of
the most 5' RNA start site, whereas in the human gene this
sequence is 43 nucleotides upstream of the most 5' start site.
Thus, there is no fixed distance after the 5'-TTATT-3' at
which RNA synthesis starts. Moreover, this sequence is not
conserved in the Syrian hamster gene, in which it is 5'-
TGATT-3' and located 54 nucleotides upstream of the most
5' start site. Immediately upstream of the RNA start sites, a
13-nucleotide identical match is found among the human,
Syrian hamster, and Chinese hamster sequences (residues
-21 to -9 in the human sequence). Upstream of this
sequence there is a 13-nucleotide insertion in the human

gene and a 9-nucleotide insertion in the Syrian hamster gene
compared with the Chinese hamster gene. If a sequence that
positioned transcription initiation were on the 5' side of this
insertion, one would expect to see different initiation sites in
the three species. Since the initiation sites are similar, it is
likely that the signals responsible for positioning the begin-
ning of RNA synthesis are located downstream of the
insertion, most probably in the totally conserved 13-
nucleotide sequence.
The single 5' donor splice site for the first intron in human

reductase is located at position +82, which is analogous to
the donor site at +73 in the class 1 transcripts produced by
the Chinese hamster gene. Because of the heterogeneity of
initiation, the human reductase RNAs vary somewhat in
length at their 5' end. However, all of the transcripts have
relatively short 5' untranslated regions, and none of them
contain an ATG codon upstream of the initiation codon for
HMG-CoA reductase.

In the Chinese hamster reductase gene, the class 2 tran-
scripts are spliced at sites 3' of position +73. I did not find
class 2 transcripts in human cells, but they were found in the
Syrian hamster liver. I do not know the functional signifi-
cance of the class 2 transcripts. The multiple ATG codons
upstream of the ATG for the reductase protein might prevent
translation of this mRNA (26). Although there are open
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FIG. 6. Si nuclease analysis of the 5' end of the Syrian hamster HMG-CoA reductase gene. Total RNA (100 F.g) from the livers of Syrian

hamsters in which HMG-CoA reductase activity had been induced by feeding the hamsters a diet containing cholestyramine and mevinolin
(32) was hybridized to single-stranded DNA probes from the 5' end of the Syrian hamster reductase gene. The hybridizations were performed
at 55°C for 16 h. The RNA-DNA hybrids were digested with 800 U of Si nuclease at 37°C for 1 h. The protected fragments were analyzed
by electrophoresis and autoradiography for 16 h at -70°C. Probe 1 consisted of a 5'-end-labeled fragment (5 x 103 cpm) complementary to
nucleotides +68 to -58 of the 5' end of the Syrian hamster reductase gene (Fig. 5). S1 nuclease-protected fragments detected with this probe
are shown in the left lane and are labeled A. Probe 2 consisted of a 5'-end-labeled DNA fragment (5 x 103 cpm) complementary to nucleotides
+227 to -58. Protected fragments detected with this probe are shown in the center lane and labeled B. Probe 3 consisted of a uniformly
labeled single-stranded DNA fragment (3 x 104 cpm) complementary to nucleotides +476 to -58. Protected fragments observed with this
probe are shown in the right-hand lane. A group of small fragments just 5 nucleotides longer than the fragments detected with probe 1 is
observed. This group is labeled A and corresponds to class 1 transcripts. A group of larger fragments from 240 to 450 nucleotides in length
is observed (group B) that would correspond to the class 2 transcripts detected with probe 2. An additional fragment of 135 nucleotides
(labeled C) was also found. On the right, a diagram is shown which schematically outlines the fragments detected with each of the radiolabeled
probes. Fragments corresponding to the class 1 transcripts are indicated by the solid blocks. Fragments corresponding to class 2 transcripts
are indicated by the striped blocks. The splicing pattern for class 1 and class 2 transcripts in the Syrian hamster reductase gene is illustrated
at the top of the diagram with initiation sites (arrows) and the splice sites (A) indicated. The most 3' splice sites for class 2 transcripts were
not determined and are indicated by a question mark.
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reading frames after the ATG codons in the untranslated
region of the Chinese hamster and Syrian hamster mRNAs,

31 the proteins predicted from these reading frames are not
conserved. Therefore, it is unlikely that the 5' region en-
codes a functionally important peptide.
The 5' end of the human HMG-CoA reductase gene, like

that of the hamster gene, promotes transcription and confers
regulation by sterols. A reductase-CAT fusion gene that
contains 347 nucleotides from the human reductase, includ-
ing 270 nucleotides upstream of the sites of transcription
initiation and 77 nucleotides from the 5' untranslated region,
produces RNA transcripts initiated at sites identical to those
observed for the endogenous gene in normal human cells.
Moreover, sterols suppress the synthesis of reductase-CAT
RNA from this promoter. This expression is similar to that

FIG. 7. Dot matrix comparison of the 5' end of the HMG-CoA
reductase gene between Chinese hamsters and humans. The Chi-
nese hamster sequence is displayed along the x axis. A schematic
diagram indicates the locations of the multiple 5' ends of the mRNA
and the multiple splice sites above the numerical sequence. The
human HMG-CoA reductase sequence is displayed along the y axis.
The diagram along the y axis shows the location of the multiple 5'
ends of the mRNA and the single splice site used in the human
reductase mRNA. The analysis required a 12 of 16 match to be
shown on the comparison.
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FIG. 8. Alignment of the 5' end of the Chinese hamster and human HMG-CoA reductase genes. The region of maximal homology between
the Chinese hamster and human reductase promoters was aligned, and the results of this analysis are indicated schematically in this diagram.
Landmarks in the Chinese hamster gene are indicated along the top. The GC boxes, the multiple 5' ends of class 1 transcripts, and the splice
site of class 1 transcripts of the Chinese hamster gene are shown. Similar landmarks in the human reductase gene are shown at the bottom.
The bar between these two sequences illustrates the observed differences. Substitutions are indicated by solid lines, and deletions in the
human sequence relative to the Chinese hamster sequence are indicated by broken lines. The thickness of the lines corresponds to the number
of nucleotides that differ. An insertion in the human sequence relative to the Chinese hamster sequence is indicated by an arrow with the
number of inserted nucleotides listed. nt, Nucleotides.
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FIG. 9. Alignment of the 5' ends of the Chinese hamster and Syrian hamster HMG-CoA reductase genes. (A) Sequence from -280 to
+240. (B) Sequence from +241 to +800. Landmarks including the GC boxes, the 5' ends of the mRNA, and the splice sites are indicated.
The transcription initiation sites for class 1 (0) and class 2 (0) transcripts are indicated. ATG codons in the 5' untranslated region of class
2 transcripts are shown (O). The lines extending from the ATG codons indicate potential open reading frames predicted from the DNA
sequence. The line with the arrow below the Chinese hamster sequence indicates an open reading frame of 318 nucleotides that extends into
the second exon (10). Substitutions, deletions, and insertions are indicated in the middle and are as described in the legend to Fig. 8. nt,
Nucleotides.
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observed by Osborne et al. for a chimeric gene that included
nucleotides -280 to +229 of the Chinese hamster reductase
gene (36). Since the human promoter-CAT construct con-
tains only 77 nucleotides from the 5' untranslated region,
sequences downstream of +77 and beyond the 5' donor
splice site are not required for expression or regulation by
sterols.
The highly conserved sequence upstream of transcription

initiation is the most likely area that is responsible for
regulating the expression of this gene. It is likely that
regulation is mediated by proteins that bind to these con-
served sequences. The presence of several long stretches of
identity over a region greater than 150 nucleotides in length
suggests that these interactions may involve several proteins
that interact with different parts of the promoter. Despite
this complexity, the high degree of conservation suggests
that the mechanism for regulation is highly conserved be-
tween humans and hamsters. Indeed, the human reductase
promoter is both expressed and regulated when introduced
into hamster cells. Such a high degree of conservation is not
seen in promoters for other "housekeeping" genes. For
example, within the promoter of the hypoxanthine
phosphoribosyltransferase gene, the longest perfect nucleo-
tide match is only eight nucleotides between humans and
mice (25, 34, 37). Within the promoter of the DHFR gene,
the longest match is only 12 nucleotides between humans
and Chinese hamsters (8, 35).
Somewhat surprisingly, the sequence of the reductase

promoter shows little resemblance to promoters of other
cholesterol-regulated genes. There are no identical matches
of >10 nucleotides between the reductase promoter and the
5' flanking sequences of either the Chinese hamster HMG-
CoA synthase (19) or the human low-density lipoprotein
receptor (45) genes. If the same cholesterol-dependent pro-
teins interact with each of these promoters to suppress
transcription, they must not recognize extended regions of
sequence. Alternatively, the lack of conservation may indi-
cate that different cholesterol-regulated promoters are regu-
lated by different proteins.
The hexanucleotide 5'-GGGCGG-3' or its complement is

found five times in the promoter region of the Chinese
hamster reductase gene but only once in the human pro-
moter. This sequence is present, often in multiple copies, in
the SV40 promoter and the promoters of several housekeep-
ing genes (25). Tjian and his co-workers have purified a
transcription factor, Spl, that binds to many of these GC-
rich sequences and promotes transcription (4, 13, 24). The
consensus sequence for Spl binding is cTGGGCGGAAT. In
the GC box that is conserved between humans and hamsters
in the reductase promoter, only 7 of 10 nucleotides match the
Spl binding sequence; however, these 10 nucleotides are
identical in the human and hamster reductase genes. Thus, if
Spl promotes transcription of the HMG-CoA reductase
gene, it may do so primarily by binding to the one GC box
that is conserved.
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