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Hepatic expression of the haptoglobin (Hp) gene in mammalian species is stimulated severalfold during an
acute-phase reaction. To identify the molecular mechanism responsible for this regulation, the single-copy rat
Hp gene has been isolated. The genomic sequences showed a high degree of homology with the primate Hp'
gene. Activity of the rat Hp gene was increased in cultured liver cells by interleukin-1 (IL-1), IL-6, and
glucocorticoids. The genomic Hp gene sequence spanning from —-6500 to +6500, when transiently introduced
into human hepatoma (HepG2) cells, directed IL-6- and dexamethasone-stimulated expression of rat Hp mRNA
and protein. No response to IL-1 was detected, suggesting that the corresponding regulatory element(s) might
lie outside of the tested gene sequences. An IL-6- and dexamethasone-responsive element has been localized to
the promoter proximal region —146 to —55. Although the nucleotide sequences of this rat Hp gene region
showed substantial divergence from that of the human gene, analysis of sequential 5’ and 3’ deletion constructs
indicated an arrangement of functional IL-6 response elements in the rat Hp promoter sequence comparable
to that of the human homolog. The magnitude of IL-6 regulation through the rat Hp gene promoter was
severalfold lower than that of the human Hp gene. The reduced activity could be ascribed to a single-base
difference in an otherwise conserved sequence corresponding to an active element in the human gene. The IL-6
response of the rat Hp element was improved severalfold by substituting that base with the human nucleotide.

Haptoglobin (Hp), a tetrameric protein of the structure
(aB),, is the major hemoglobin-binding protein in the plasma
of vertebrates (11, 43). In addition to its role in clearance of
free hemoglobin, the Hp-hemoglobin complex is also impli-
cated in functioning as an inhibitor of cathepsins B and L
(16). Hp is synthesized in adult but not fetal liver (10, 40).
The pro-Hp form is proteolytically processed into an a and a
B chain (22, 23). In humans and Old World monkeys, two
closely linked Hp genes exist, of which only the upstream
one is active in hepatic cells (10, 11, 40). The adjacent gene,
termed haptoglobin related (Hpr), arose by gene duplication
and has subsequently been modified by a 7-kilobase (kb)
retroviruslike insertion into the first intron (30-32). New
World primates possess only a single Hp gene (34). In
humans, four structural alleles have been identified: Hp!S,
Hp'F, Hp?, and Hp® (11, 32, 39). Hp®? and Hp® differ from
Hp! by having seven rather than five exons (10, 32, 39). The
difference is due to an internal duplication of exons 3 and 4,
resulting in an increase of the a subunit from 83 to 142 amino
acids (30, 48). Molecular and genetic information on nonpri-
mate Hp is limited (11), although the cloning of a partial rat
Hp cDNA whose sequence shows a high degree of similarity
to the human Hp gene has been reported (19).

In different mammalian species, Hp belongs to the group
of major acute-phase plasma proteins (28). After acute
systemic tissue injury, transcription of the Hp gene, mRNA
concentration, Hp protein synthesis, and plasma concentra-
tion are increased three- to sixfold (1, 33, 47). The principal
acute-phase mediators for hepatic Hp regulation in human
cell systems have been identified as interleukin-6 (IL-6) and
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glucocorticoids (7, 12, 18, 37). However, in rat cells, the
combination of IL-1, IL-6, and glucocorticoids is required
for maximal expression (6, 8). The hormone specificity of rat
Hp gene regulation was found to be similar to that of other
rat acute-phase protein genes, including those encoding
a,-acid glycoprotein (AGP), complement C3, serum amyloid
A, and hemopexin, comprising the group of type I acute-
phase proteins (8).

The principal cis-acting sequence through which IL-6
controls activity of the human Hp gene had been localized
previously to the region from —180 to —50 relative to the
transcription start site (40). Optimal regulation by IL-6
depends on three cooperating elements within that region
(38). No information is available regarding a glucocorticoid-
responsive element (GRE) in the human Hp gene.

We characterized the structural and functional properties
of the rat Hp gene in order to (i) delineate the molecular basis
for coordinate regulation of type I acute-phase proteins, (ii)
determine the genetic base for the difference in cytokine
responsiveness between human and rat genes, and (iii)
assess the evolutionary conservation of regulatory elements
of an acute-phase protein gene common to probably all
mammals. In this paper, we report the primary structure of
the cloned, single-copy rat Hp gene and demonstrate its
regulation by acute-phase hormones. The lower IL-6 respon-
siveness of the rat Hp gene compared with that of the human
gene could be ascribed to an inactive homolog of the furthest
upstream human regulatory sequence.

MATERIALS AND METHODS

Cells. Reuber H-35 rat hepatoma cells (clone T-7-18) (8)
were cultured in Dulbecco modified Eagle medium contain-
ing 10% heat-inactivated fetal calf serum. HepG?2 cells (a gift
of B. Knowles, Wistar Institute, Philadelphia, Pa.) and
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Hep3B-2 cells (a gift of G. Darlington, Texas Children’s
Hospital, Houston) were cultured in minimal essential me-
dium with 10% fetal calf serum. Hormonal treatment of these
cells was carried out for 18 to 24 h with serum-free medium
alone or containing 1 puM dexamethasone, 100 to 250 U of
human recombinant IL-6 per ml, and/or 500 U of human
recombinant IL-18 per ml.

Animals. A total acute-phase reaction was induced in
3-month-old male Buffalo rats (300 g) by two subcutaneous
injections of 125 pl of turpentine in the lumbar region.
Control animals received 250 ul of pyrogen-free phosphate-
buffered saline.

Isolation of RNA and DNA. Total liver RNA from control
or acute-phase rats was extracted 24 h after treatment by the
guanidine hydrochloride method as described by Labarca
and Paigen (29). RNA from tissue culture cells was prepared
as described by Chirgwin et al. (14). Genomic DNA from
Buffalo, ACI, and Sprague-Dawley rats was isolated from
nuclei essentially as described by Chapman et al. (13).

RNA analysis. For Northern (RNA) blot analysis, 15-pg
samples of RNA were separated on 1.5% agarose gels
containing formaldehyde, transferred to nitrocellulose, and
hybridized with 32P-labeled cDNA encoding rat Hp (2). After
autoradiography, hybridization was quantitated by densito-
metric scanning and normalized to the ethidium bromide-
stained rRNA bands. For primer extension, a single-
stranded 20-mer (antisense sequence from bases 1757 to
1776; see Fig. 3) was synthesized at the Roswell Park
Memorial Institute Biopolymer Facility by using an auto-
mated DNA synthesizer (Applied Biosystems, Inc.), purified
by using oligonucleotide purification columns (Applied Bio-
systems, Inc.), and precipitated with ethanol. Samples of 5
pg of total liver RNA or 10 pg of tissue culture cell RNA
were hybridized overnight at 45°C to 10 ng of an end-labeled
primer in 0.1 M piperazine-N,N’-bis(2-ethanesulfonic acid)
(PIPES)-0.1 M NaCl-5 mM EDTA. After ethanol precipita-
tion, the samples were dissolved in a buffer containing 50
mM Tris, 2 mM dithiothreitol, S mM MgCl,, 40 mM KCl, 200
pM deoxynucleoside triphosphates, 20 U of RNasin, and 25
to 30 U of avian myeloblastosis virus reverse transcriptase
and incubated at 42°C for 90 min. The samples were treated
with 0.2 M NaOH for 2 h at 42°C, neutralized with 0.33 M
Tris, and precipitated with ethanol. After dissolving in 10 pl
of 80% formamide, 5-pl samples were separated on a 20%
acrylamide-8 M urea sequencing gel.

Identification and isolation of the Hp gene. The entire rat
Hp gene was isolated in three overlapping lambda clones
from three separate rat liver genomic DNA libraries by
plaque DNA filter hybridization to *?P-labeled rat Hp cDNA.
X\ Hpl and A Hp3 (see Fig. 2) were isolated from a Charon 4A
library containing inserts of partial Haelll- and EcoRI-
digested rat (Sprague-Dawley) genomic liver DNA, respec-
tively (a gift of J. Bonner, Phytogen, Pasadena, Calif.). A
Hp2 was isolated from an EMBL3A library containing
inserts of partial Sau3A-digested rat (Wistar) genomic liver
DNA (generously provided by Mirjana Fogel, State Univer-
sity at Buffalo, Buffalo, N.Y.). The lambda inserts were
subcloned into pUC13 and analyzed by restriction enzyme
digestion and DNA sequencing.

Sequence analysis. Double-stranded plasmid DNA (3 to §
1.g) was denatured and sequenced by using Sequenase (U.S.
Biochemical Corp.), [**SJdATP (Amersham Corp.), and the
dideoxy-chain termination method (45). The samples were
separated on 5.5% acrylamide-8 M urea wedge gels (Be-
thesda Research Laboratories, Inc.). The gels were washed
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for 1 h in 5% methanol-10% acetic acid, dried, and exposed
for 24 to 48 h.

Hp gene expression vectors. A fragment of A Hp3, spanning
from the EcoRI site at —6500 to the Bg/II site at +6500, and
a fragment of A Hp2, from the Sall site at —1031 to the Bgl/II
site at +6500, were subcloned into the polylinker site of
pUC13, yielding plasmids pHp(13 kb) and pHp(7 kb), re-
spectively.

CAT plasmid constructs. Plasmids pSVOCAT and en-
hancerless pSV40CAT (which contains the simian virus 40
[SV40] promoter from positions 5171 to 128) (20) were used
as recipients for different regions of the rat Hp gene 5'-
flanking DNA (see Fig. 9). Restriction fragments comprising
the region from —4100 to +26 of the Hp gene in A Hp3 were
isolated, blunt ended when necessary, and either modified
by HindIIl linkers and inserted into the HindIII site of
pSVOCAT or modified by Clal linker and inserted into the
Clal site of the enhancerless pSV40CAT. Promoter-prox-
imal segments containing the IL-6-responsive element were
also inserted into the polylinker site of plasmid pCT, which
contains the adenovirus major late promoter attached to the
chloramphenicol acetyltransferase (CAT) gene in pUC18 (a
gift of D. Grayson, Georgetown Medical School, Washing-
ton, D.C.)

To create a rat Hp promoter with a human regulatory
element A equivalent (38), a synthetic double-stranded oli-
gonucleotide corresponding to the sequence —147 to —165 of
the rat Hp gene (see Fig. 9), but with a guanine instead of an
adenine at position —160, was added in the correct orienta-
tion 5’ to the Sstl site at —146 of plasmid construct 4 (see
Fig. 8). The appropriate orientation, endpoints, and muta-
tion of the HP gene inserts were verified by DNA sequenc-
ing.

Cell culture transfection and analysis. HepG2 cells were
plated into collagen (Vitrogen 100; Collagen Corp.)-coated
culture plates at a density of approximately 0.4 x 10° cells
per 10 cm?. After 24 h, the cells were transfected with
calcium phosphate-precipitated plasmid DNA (21). For test-
ing CAT plasmids, 3.5 pg of DNA was added to individual
wells of six-well culture plates (3); for testing Hp gene
expression vectors, 20 ng of DNA was added to 10-cm-
diameter petri dishes. In each experiment, the DNA precip-
itates contained 10% (wt/wt) plasmid pIE-MUP as a marker
for transfection efficiency (41) and 15% (wt/wt) pRSVGR to
compensate for the glucocorticoid receptor deficiency of
HepG2 cells (36). The cells were allowed to recover for 24 to
36 h before treatment with the various hormones. After 24 h,
either cells were extracted and CAT activity was determined
(20) or cell RNA was isolated and analyzed for rat Hp
mRNA by primer extension reaction. The culture medium of
the treated cells was subjected to rocket immunoelectro-
phoresis to quantitate the amounts of secreted human Hp
(internal marker for cell responsiveness) and rat Hp and
major urinary protein (MUP) (products derived from trans-
fected genes) (3, 41). All CAT activities were normalized to
the amount of MUP produced by the same cell cultures and
expressed as percent conversion of substrate to product per
hour per nanogram of MUP (41).

RESULTS

The rat genome has a single Hp gene. Analysis of rat liver
DNA restriction enzyme digests and Southern blot hybrid-
ization, using the full-length rat Hp cDNA (2) as a probe,
revealed only single hybridizing fragments (Fig. 1). The
presence of additional fragments, such as in the BamHI
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FIG. 1. Restriction digestion patterns of genomic Hp gene se-
quences. Liver DNA (10 pg) extracted from adult ACI, Buffalo, and
Sprague-Dawley (SD) rats was digested with BamHI (B), BgllI (Bg),
EcoRI (E), and HindIIl (H) and processed for Southern blot
analysis. The filters were probed with a 32P-labeled rat Hp cDNA
insert. The autoradiogram was exposed for 48 h. Positions of
coelectrophoresed size markers are indicated at the left.

digest, could be explained by a restriction enzyme cleavage
site within the gene region. Comparison of DNA from
different rat strains did not reveal any restriction fragment
length polymorphisms or a change in pattern complexity.
Each of the observed fragments detected in Fig. 1 could be
subsequently accounted for in the cloned genomic segment
(see below). Taken together, these findings suggest that only
one Hp gene copy exists in the haploid rat genome. Rats,
therefore, differ from most primates, which carry two to
three tightly clustered Hp genes, including the most 3'-
located Hpr gene, which is not expressed in liver (10, 34, 40).

Isolation and characterization of the rat Hp gene. Three
overlapping clones containing Hp gene sequences were
isolated from lambda libraries of rat liver genomic DNA. The
total length of the cloned DNA segments spans 18.5 kb,
including 6.5-kb 5'-flanking, 4.6-kb transcribed, and 7.3-kb
3’-flanking regions (Fig. 2). The locations of exon sequences
were initially established by hybridization of subcloned
genomic restriction fragments with segments of the Hp
cDNA. The precise structure of the Wistar rat Hp gene was
then determined by sequence analysis (Fig. 3). Exon-intron
boundaries were derived by comparison of the genomic and
cDNA sequences. The rat Hp gene consists of five exons,
and its overall organization is very similar to that of the
human Hp! alleles (Fig. 2). No Hpr gene sequences were
evident in the 7-kb 3’-flanking region.

The amino acid sequence derived from the nucleotide
sequence includes the 187 carboxy-terminal amino acid
sequence published previously by Goldstein and Heath (19),
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FIG. 2. Structure of the rat Hp gene. Positions of the Hp gene
inserts in lambda clones (A Hpl to Hp3) are shown relative to the
entire Hp gene segment. Restriction enzyme cleavage sites (abbre-
viated as for Fig. 1) and exon positions are indicated and compared
with those in human Hp! and Hpr sequences (10, 32).

whose partial cDNA started at position 2881 (Fig. 3) and
proved to be in complete agreement with ours. The predicted
Hp protein is composed of an 18-residue leader peptide,
84-residue a subunit (which includes the normally removed
arginine residue at the carboxy terminus [11, 27]), and
245-residue B subunit. The B subunit contains two potential
N-glycosylation sites, in contrast to the human B subunit,
which has four (10, 11). The rat Hp shows 75% amino acid
sequence homology for the a subunit and 86% for the B
subunit when compared with the human Hp' gene product
(10).

The transcription start site was determined by primer
extension analysis (Fig. 4). A single major start site 33 bases
5' to the translation initiation codon was detected. Longer
exposure of the autoradiograms revealed a minor start site 30
bases upstream of the major site. No primer extension
products were detected when kidney RNA was used, dem-
onstrating the specificity of the analysis.

Regulation of rat Hp. A 24-h acute-phase reaction resulted
in a threefold increase in the concentration of Hp mRNA in
rat liver (Fig. 4; 33). Moreover, the primer extension analy-
sis indicated that no significant change in promoter utiliza-
tion occurred. To assess the hormonal conditions contribut-
ing to Hp regulation, we used H-35 cells as a tissue culture
test system. These cells are capable of responding to known
inflammatory mediators by changing the expression of most
positive rat acute-phase proteins, as is found in vivo (8). The
responsiveness of the H-35 cells appeared to be more
pronounced than that of hepatocytes, mainly because basal-
level expression of the acute-phase proteins was extremely
low. By measuring the concentration of Hp mRNA by
Northern blot hybridization and the amounts of secreted Hp
by immunoelectrophoresis after 24 h of treatment with
optimal concentrations of hormones, we observed (Fig. 5)
that in H-35 cells (i) dexamethasone had a low but detectable
stimulatory effect, (i) both IL-1 and IL-6 were strong
inducers, (iii) the combination of IL-1 and IL-6 acted addi-
tively, and (iv) there was no significant synergistic effect of
dexamethasone with the peptide cytokines. However, an
enhanced response of H-35 cells was noted when dexa-
methasone was added to submaximal concentrations of IL-1,
IL-6, or a combination of both (Fig. 4). In addition, primer
extension analysis with H-35 cell RNA showed that the same
transcription start site of the Hp gene had been used as in
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C TAATTTAAAA ACGTTTTTTA AAACGAGTGA
ACGOCATTTAG GTTGAGOGGC TACKTTAGOG TGAACAGCAT TOCAGAACAG GITGTOGGGCT GAAACATTGG TITTCIOCIG GGCTGOGAAC ACAGOGAGTC
TGOCATTGAG GACTCTGICT CTACACTAGC ATGTGGIGIG GCTTTOOGCT AACAACANTC AGAGGAGACA CAGCAGGCTC ATTTCACTGA TTTCAAANTOG
GAAGACTTTT AGCAACAGGA AGATGTOCTC ATGGGTOGGG AAGCAACTGT GAAAMOGGAAC COGATTTCTIT TTACIGTICT GTGGGOGAGA CTGCAGGAAT
TICTACACIG GATTTAAGTG ATTOOGAGAT AAGTCOCAGAG AAGGGAGOCA GTACAAGGGT COCATGICAG TCTACCTIATA GAGCTTTAGT CACTCIGAGA
TTGAAGAGCA GTGGACCAAG ACOCAATAAC TCAGTCIGCT GOCIGCAAAT TCOCAGAGCTC TOCACACOCA GGAGATGGTC ATGCTTGGGC AGGAGAGTIG
AAMMAMGAAA AGACTTCTIT TATAGICIGA GITAAGGGCT GGGTCACAAG GGIGTTTAAA AAAAAAAAAA AAGAGGGCTG GGGATTTAGC TCAGTGGTAG
AGOGCTTAOCC TAGGAAGCAC AAGGOCTGGG TTOGGTOOCA GCTOGAAAAA AAGACCAAAA AAAAAAAAAA AAAAAAAAAA AAAAGAGAGG TCIOGTOOCT
CTOOCAGTTA AGTATCAGAT TAACAGOOCC TATTOOCOGT COCACTCICT GGGGTTATCA CACTGOGGTG GGTGGGAGGG GTOGTGAAGT TGCTAGATTT
CTTCATGATT TGTAAAATAA CACCACGAGG AGAGOCAAGT ATGAAGCAAG AGCTCAGCTC TTGAAAAGGG GITIGCITIG TGGTTACIGG AACAGTCACT
GACCTTAGCA AGGOCGACAT TGTGCAAACA CAGAAATGGA AGAAAACGAG GTGGGGIGAA ACOGAAGCAT AAAAAGGGTG AGCAGGAGTC AGCACAGOGC

AOGCOCTICTG GAAAGAGGTG AGAGAGGOOC ACGATGAGGT GAGTOCACAG TOCACACTIT TGGGCACACA ATGCAGAIGT CICIGGGAGA GIGAGAAAAT
MetAr

GGGATGCAGG AACAGOGONG ATGGGCACCG TTCIGTGGGA GTTAAGOOOG CAGOCTGCAG GOGCATATGG OGAGGGATAG AGCTGTGGAT GCATTGCAAC
ACACTGTAAA CTTACCIGAA GOGTTGTGAG ACTITTITIT TITTITITGG TCTTTTITIT OGGAGCIGGG GAOUGAAOCC AGGOCTTGCT GOCTTCOCTAG
GCAAAGTOOG CTCTACCACT GAGCTAAAXTT COOCAACCOC GOGTTGIGAG ACTITIGTIT TATAACTIGA CTATGCAGTIT TGAGTGIGAA TTTTGTTGGG
TGAAGACCTC AGGCTGAAAT GTCAAAGGCA GGAAGTGAAG GGACCAGTGA CAAAGOOCCT TOCTOOCTGT GTOCATGAGA GATGGGCAGG ACAGACACGG
CITICTATCT CTAAGGAGGA TCTTTOOCAG TGAGATGAAA GGTTTTGTIT TTTAOCAGGC ATGCAGCAGC TTOCTGGGAT GCTGGCTGIG CIGTTAACAG
ACTTCCIGCT TTTAAAGGAA CAAAGACAAT AGTCACACAG TCTAGTGGCA OCATCAAGGC ATOOOCCTTC CTTTTTAAAA TCAAAATATA AAGACTTTGA
AGGTTACAAA AAGACTAGAA GCATAGTGTC CAAAAGGAAT TOCTAACTGG OCAGAATCTA CAGGGAATTG GTTAOOGTIT AAGTGTGGIC TGIGTACCAA
TGGTGGOCAC AAGTCATGCT GAGAGGAAGC CAGTTTICIC CAGGTAACIT CIGGTTTGAT ACACAATOOC TITTTITTAAA ATTATTTAIT TATTTATTTG
TTTGITIGIT TCIGIGAGT ACACIGTOGC TGICITTAGA CACACCAGAA GAGGGCATOG GATCTCATTA CAGAGGTTGT GAGOCACCAT GIGTITGCTGG
GAATTGAACT CAGGACCICT GGAAGAGCAG TCAGTOGICT TAACOGCTGG GAATTGAACT CAGGACCICT GGAAGAGCAG TCAGIGCICT TAACOGCTGA
GOOCICICIC CAGOOCTGAT ATATAACCTT AAGACCAAAT ACTTATGAAG TAATAGGAGC AAGCACATGT GAGTTATATA CATATGTATA TATTTGGGTC
ATAGTGCACA OOCAGGGATT CTAGAGCTGA GGCAGGGTGA AGTCIGGGAG TTCAGGAGTT GIGACAGCTA GAAAGATGGA CTGTGICT (20 bp) TAAC
CITTTCATIT TGGAATTOCA AAAAGAGAAG AGOCAAATAA ATTAGAGOCA TCATCITTAA GITAGCTACG ATGIOCTAAC AATGICTTCA TAGCTGGAAC
TTARTGATGC GTGCAGAGGC TTOOOCTTGC TGAOGTTGIG GICACCACCA GAGGCAGAGG CAGAGGCAGA GGCTCACTTIT GCTCIGIGCC TOCTOOOCAG
TTGGTICTTG TTOCACCTOC CACTCTOGGG OGGGAGACAG GCACTTGITA TGTAGCACTA OGTAAAGOCC OGATOCTOCT GOCTCAGAGT GGAGAGCTGG
GGTAGCACAT ATGCTITOCAC ACTGGTGCIG CITTOCTTOG GGICATGGTG CTOOCITICT AAGCTTCTAC AAAATTOOCC AGTGACACCT TGCTTGOGRIG

TAATGCACAA ATGCAAGAAG ACCAACTCTA CTOCTICTTG CCACTTCICT ACAGAGOCCIG GGAGCIGIC GICACICIC CTGCICTGG GRICAGCTT
gAlaleu GlyAlaVal ValThrieu IeuleuTrp GlyGlnleu

TITGCIGIG GAATTGGGC AXTGATGOC ACAGACKNTT GAAGGTGAGT CTCAGGGGIT TOOCAGGAGC TGIGCACOCC AGCAGGCTGT GGOOCTGICT
FhellaVal GluleuGly AsnAspAla ThrispIle GluA

GACCACATCA GTOOUGCACT GTATTAAGGA AGACOCAGAC CTOCTCTOGC CTRGACCCTIC GRGGOCTOOC GGOCTCAGCT TOCACTOGGT GCAAGGGAGT

CTGGIGTTCA GAGCAGCTCC GICTCTTCTG GCTTTGCACG GGGAGCKTCT GATCACCACA GOOCTTTOCT CGCTTCTTIC TCTTGGCAGAT GACAGCIGC
sp AspSerCys

CCAAAGOCC CCAGAGATT GCAAACGGC TATGTGGAA CACTTGGIT OGTTATOGC TGOOGACAG TTCTACAAA CTACAGAOC GAAGGAGAT GGTAAGGCTG
ProlysPro ProGlulle AlaAsnGly TyrvalGlu HisleuVal ArgTyrArg CysArgGln PheTyriys LeuGlnThr GluGlyAsp G

TTTGAGOGGG TAGGGCTAGG CIGTCACACC AGAACTTAAG TGCIGCT (300 bp) TTA ACOOGTGAGC OGTCTOCAGT OCAGGGAGTG TAGTCTATCT

ACGACTTIGT ACAGOCTACA TTOCTGACAA TTICTAAGAG CTTCATIGIG TCITTAAAGC TOOOGTGGIT GICATAGOCT CCTTTTGGGA GAGACACICT

FIG. 3. Nucleotide sequence of the rat Hp gene. The primary structure of the Hp gene of Wistar rats was determined by standard
techniques and included in all instances sequencing of both strands and overlapping fragments. The sequences of three small regions in introns
1,2, and 3 could not unambiguously be determined and are therefore indicated by the estimated number of base pairs (shown in parentheses).
The protein-coding regions were established by comparison with the sequence of the Hp cDNA, pIRL-9, encoding Hp from Buffalo rats (2).
c¢DNA and genomic exon sequences are in complete agreement. Sequence of the antisense strand used for primer extension analysis (Fig. 4)
is overlined; potential N-glycosylation sites are underlined.

1576



VoL. 10, 1990 RAT HAPTOGLOBIN GENE 1577

2695 TTAATTOCAT TTTTTCAATG AGGAAACTGA GGAOGGAGAT GOCAAGGTAG CTTGTGAGGG GAAGAGTCIT GATCTGAACT CTGACCICIT CCTGTCCAAC
2795 TCITTCATCA GGOCACATTC ATTTTCICIG AGCICACCIC CTTTIGTTIC AGGAATCTAC ACCTTAAAC AGTGAGAAG CAATGGGIG AACCCAGCT
lyTleTyr ThrieuAsn SerGlulys GlnTrpVal AsnProAla
2891 GCIGGOGAT AAACTOOCC AAGTGIGAG GCAGGIGGGIG TTGAGGTCIT AAAGCATGGG GCTAAAATGG GGOCATGTIT CTCTTGIGIG CCTGAGIGAG
AlaGlyAsp LysleuPro LysCysGlu AlaVv
2989 TAAGACAGGG TCAGAGAGAC AOGCTGCAAA GGAGGACAAT GACTA (290 bp) CIGCAG AGGCTCIGGA AGAATCAGOC ACCACTGCIT GOGAAACCAA
3370 CAGTACAGGA ACACTGOCCT TGOCACCIGC TOOGIGIGIG TGIGIGIGIG TGIGIGIGIG TGIGIGIGIG TGIGIGIGIG TGIGIGIGTA OGIGIGTATA
3470 AKTATATATA TGTATATACC TACATACATA TGCTAATOGIC ATCACACATA CACATTOCAC AATCCICTTG AAAGTCAATG ACAGACCTIGA AAGCTGIGTA
3570 CATTICATIC TTAGACAAAG TTGOOCTGCA GGGGOCTGGT GTGAACTGCT GCTCACATOG GTCICIOCIC CTOOCTOOGCA GIGIGTGGG AAGOOCAAG
alCysGly LysProlys
3669 CATCCIGIG GACCAGGTA CAGOGCATC ATOGGTGGT TOCATGGAC GOCAAAGGC AGCTTTOCT TGGCAGGOC AAGATGATC TOCAGACAT GGACTCACC
HisProval AspGlnVal GlnArgTle IleGlyGly SerMetAsp AlalysGly SerfhePro TrpGlnAla LysMetTle SerArgHis GlyleuThr
3768 ACTGGGGOC ACACTGATC AGTGACCAG TGGCTGCIG ACCACIGOC CAAAACCTC TTOCTGAAT CACAGTIGAG AATGOGACA GOCAAGGAC ATTGOOOCT
ThrGlyAla Thrieulle SerAspGln Trpleulen ThrThrAla GlnAsnleu PheleuAsn HisSerGlu AsnAlaThr AlalysAsp IleAlaPro

3867 ACCTTAACA CICTATGIG GGGAAAAAC CAGCIGGIG GAGATTGAG AAGGTAGIT CTOCACOCC GAGOGCICT GIGGIGGAT ATOGGGCIG ATCAAGCIC
ThrieThr LeuTyrval GlylysAsn GlnLewVal GluIleGlu LysValVal LeuHisPro GluArgSer ValValAsp IleGlyleu Telysleu

AAACAGAAA GTGCTIGTC ACTGAGAAA GTCATGOCT ATCTGOCTG CCTTOCAAA GACTACGTA GOGOCAGGC OGCATGCTA TGTGTOOGG TTGGGGGOG
LysGlnlys ValleuVal ThrGlulys ValMetPro IleCysleu ProSeriys AspIyrVal AlaProGly ArgMetGly TyrValSer GlyTrpGly

CGGAARTGTC AACTITTAGA TTTACTGAA OGICICAAG TATGTCATG CIGOCIGTG GCIGACCAG GAGAAGIGT GAGCIGCAC TATGAGAAA AGCACAGTG
ArgAsriVal AsnFheArg PhefhrGlu Argleulys TyrvValMet LeuProVal AlaAspGln GlulysCys GluleuHis TyrGlulys SerThrVal

4164 OCTGAGAAG AAAGGOGCT GTAACTOCT GTTGGGGTA CAGOOCATC TTGAATAAG CATACCTIC TGTGCTGGC CTIACCAAG TATGACGAA GACACTTGC
ProGlulys LysGlyAla ValThrPro ValGlyVal GlnProlle LeuAsnlys HisThrPhe CysAlaGly LeuThriys TyrGluGlu AspThrCys
4263 TATGGIGAC GCTGGCAGT GOCTTTGOC GIOCATGAC ACGGAGGAG GACACCTIGG TATGCAGCT GGGATOCTG AGCITIGAC AAGAGTTGT GOOGTAGCT

TyrGlyAsp AlaGlySer AlaFheAla ValHisAsp ThrGluGlu AspThrTrp TyrAlaAla GlyIleleu SerFheAsp LysSerCys AlaValAla

GAGTATOCT GIGTAIGIG AAGGCAACT GATCTGAAG GACTGOGTC CAGGAAACA ATGGOCAAG AACTAGTTC AGGGCTGACT AGAGGGCTGC ACACAGTGGG
GluTyrGly ValTyrVal LysAlaThr Aspleulys AspTrpVal GInGluThr MetAlalys Asmes

GCAGGGCAAT TCAOCCTGGA AGAGGAAGTA GAAGGGTTGG GGACATAATC TGAGGGCTGC TAGOOCTGCA TTGCICAGTC AATAATAAAA AACGAGCTTT

4362

4564 GGACC

FIG. 3—Continued.

normal liver cells and that this was not influenced by the
hormonal treatment. The effect of hormone treatment on Hp
mRNA accumulation was detectable after 30 min and
reached a maximal level after 12 h which persisted for an
additional 12 h (data not shown; 8). The relative change in
mRNA concentration paralleled the changes in the amounts
of the secreted Hp (Fig. 5), indicating no significant influence
of the hormone treatment on translational processes.

The isolated rat Hp gene is hormonally regulated. To
establish whether the isolated rat Hp gene was functional
and contained appropriate hormone regulatory elements, the
entire gene, including 6.5-kb 5’- and 2-kb 3'-flanking regions,
was subcloned into plasmid pHp(13 kb) and transiently
introduced into HepG2 cells. The production and hormone
sensitivity of rat Hp were assessed by immunoelectro-
phoretic analysis of the culture media for the transfected
cells (Fig. 6A). Prominent stimulation of rat Hp production
was achieved by treatment with dexamethasone and with
IL-6. An additive response was observed when the two
hormones were combined. IL-1, either alone or in combina-
tion with dexamethasone or IL-6, failed to exert any stimu-
latory effect. Regulation of the exogenous rat gene was
qualitatively similar to that of the endogenous human Hp
gene, as judged from the immunoelectrophoretic analysis of
the culture media (Fig. 6A). As has been shown (7), produc-

tion of human Hp, unlike that of rat Hp (Fig. 5), was not
significantly influenced by IL-1.

Identical regulation by IL-6 and dexamethasone was ob-
served when the 5'-flanking region of the Hp gene was
reduced to 1,031 base pairs (bp), as found in plasmid pHp(7
kb) (data not shown). Primer extension analysis with RNA
from cells transfected with either Hp expression vector
indicated that the same major transcription start site was
used as that found in rat liver [representative data for pHp(7
kb) are shown in Fig. 6B]. However, two additional tran-
scription start sites appeared to exist at +4 and +6, which
were not detected by using RNA from rat liver (Fig. 4). The
transcription start sites were not influenced by the hormonal
treatments. The relative change in the amounts of rat Hp
mRNA, as measured by the extension analysis, was similar
to that seen for Hp protein by using immunoelectrophoresis
(Fig. 6).

When either pHp(13 kb) or pHp(7 kb) was transfected into
mouse L cells, a basal level of expression of rat Hp was
measured which was at least 10-fold higher than in HepG2
cells. Moreover, the transient production of Hp was stimu-
lated two- to threefold by dexamethasone but was not
affected by IL-1 (data not shown). From the combined data,
we concluded that the cloned gene was indeed functional and
that the information to respond to two of the three principal
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FIG. 4. Transcription start site determined by primer extension.
Total cellular RNA was extracted from control rat liver and liver
after 24 h of turpentine treatment and from H-35 cells treated for 18
h with medium alone, with 1 .M dexamethasone (Dex), or with 100
U of IL-6 or IL-6 plus dexamethasone. Samples of rat liver (5 ug)
and H-35 cell (10 pg) RNA were used for primer extension reac-
tions, using the primer sequence shown in Fig. 3. Autoradiograms of
the electrophoretically separated products were exposed for 30 min.
Positions of size markers (end-labeled, Hpall-digested pBR322
fragments) are indicated in bases at the left.

rat Hp gene-regulating hormones was contained within the
sequence from —1031 to +6500. The finding that the rat Hp
was also active in mouse fibroblasts suggested that the
functionality of the cloned gene segment in tissue culture
cells was not strictly dependent on hepatocyte-specific fac-
tors.

The hormone-responsive regulatory elements are confined
to a 150-bp proximal promoter region. To assess the contri-
bution of the 5’'-flanking region to the regulation of the Hp
gene, the sequence from —4100 to —2 was inserted into
pSVOCAT, and the resulting plasmid DNA was transfected

MotL. CELL. BioL.
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Haptoglobin

Northern

- +
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FIG. 5. Hormone-specific regulation of Hp expression in H-35
cells. Confluent monolayers of H-35 cells were treated for 24 h with
serum-free minimal essential medium alone or containing 1 pM
dexamethasone (Dex), 500 U of II-18 per ml, or 250 U of IL-6 per
ml. Total cellular RNA was extracted, and 15-ug samples were
analyzed by Northern blotting for the amount of Hp mRNA.
Ethidium bromide (EtBr) staining of the 28S rRNA and 18- and 48-h
autoradiographic exposures of the Hp mRN A bands are reproduced.
The amount of Hp protein secreted by each culture was determined
by rocket immunoelectrophoresis (IE) of 70 pl of medium.

into HepG2 cells (Fig. 7). Dexamethasone and IL-6 alone
stimulated the expression of the CAT vector, but surpris-
ingly, the combination of the two failed to produce a
significant additive action, unlike that seen for the endoge-
nous human Hp gene or for the rat Hp expression vector
(Fig. 6). As observed for the intact Hp gene (Fig. 6), IL-1,
alone or in conjunction with IL-6 or dexamethasone, had no
stimulatory effect. In some instances, even a slight reduction
of both basal and hormone-stimulated expression was noted.
The chimeric Hp-CAT construct used for Fig. 7 but without
pRSVGR was transfected into H-35 and Fao cells, both of
which are far less efficient in uptake and expression of
exogenously supplied DNA than are HepG2 cells. However,
these rat cells still yielded a qualitative regulation pattern
similar to that found with human hepatoma cells, i.e.,
stimulation by dexamethasone and IL-6 and no stimulation
by IL-1 alone or in conjunction with the other two hormones
(data not shown).

Progressive 5' deletion constructs were prepared and
tested in HepG2 cells for their responses to dexamethasone
and IL-6 (Fig. 8). The qualitative and quantitative regulation
observed for the 4,100-bp region (construct 1) could be fully
accounted for by the activity of the 145-bp proximal pro-
moter region (construct 4). Dexamethasone stimulated the
expression of the plasmids containing that sequence (con-
structs 1 to 4) on average two- to threefold, whereas IL-6
stimulated them four- to sevenfold. None of the constructs
responded to the combination of the two hormones by a
significant increase above the level for IL-6 alone.

All hormone responsiveness was lost when the 145-bp
promoter fragment was reduced by an additional 59 bp
(construct 6). Tests of the deleted 5’ sequences for regula-
tory function in combination with the hete