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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
(c)2, 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: HplS,
HplF, Hp2, and Hp3 (11, 32, 39). Hp2 and Hp3 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. HepG2 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 ,uM dexamethasone, 100 to 250 U of
human recombinant IL-6 per ml, and/or 500 U of human
recombinant IL-1 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 pI of turpentine in the lumbar region.
Control animals received 250 jil 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-jig

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
jig of total liver RNA or 10 jig 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, 5 mM MgCl2, 40 mM KCI, 200
jiM 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 jil

of 80% formamide, 5-jil 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 32P-labeled rat Hp cDNA.
K Hpl and A Hp3 (see Fig. 2) were isolated from a Charon 4A
library containing inserts of partial HaeIII- and EcoRI-
digested rat (Sprague-Dawley) genomic liver DNA, respec-

tively (a gift of J. Bonner, Phytogen, Pasadena, Calif.).
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 5
jig) was denatured and sequenced by using Sequenase (U.S.
Biochemical Corp.), [35S]dATP (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

for 1 h in 5% methanol-10% acetic acid, dried, and exposed
for 24 to 48 h.
Hp gene expression vectors. A fragment of K Hp3, spanning

from the EcoRI site at -6500 to the BglII site at +6500, and
a fragment of K Hp2, from the Sall site at -1031 to the BglII
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 k Hp3 were
isolated, blunt ended when necessary, and either modified
by Hindlll linkers and inserted into the HindlIl site of
pSVOCAT or modified by ClaI linker and inserted into the
ClaI 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 SstI 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 106 cells
per 10 cm2. After 24 h, the cells were transfected with
calcium phosphate-precipitated plasmid DNA (21). For test-
ing CAT plasmids, 3.5 jig of DNA was added to individual
wells of six-well culture plates (3); for testing Hp gene
expression vectors, 20 jig 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. 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).
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FIG. 1. Restriction digestion patterns of genomic Hp gene se-

quences. Liver DNA (10 jig) extracted from adult ACI, Buffalo, and
Sprague-Dawley (SD) rats was digested with BamHI (B), BglII (Bg),
EcoRI (E), and HindIll (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),

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 P subunit. The P subunit contains two potential
N-glycosylation sites, in contrast to the human p subunit,
which has four (10, 11). The rat Hp shows 75% amino acid
sequence homology for the a subunit and 86% for the p

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, (ii) 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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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).
cDNA 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.
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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. 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 p.M
dexamethasone (Dex), 500 U of Il-lp 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 mRNA bands are reproduced.
The amount of Hp protein secreted by each culture was determined
by rocket immunoelectrophoresis (IE) of 70 pul of medium.
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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 p.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 pug) 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, HpaII-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

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 heterologous, en-

hancerless SV40 promoter indicated that no hormone-re-
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FIG. 6. Regulation of the rat Hp gene transiently transfected into
HepG2 cells. (A) A 10:1:1.5 (wtlwt/wt) mixture of the plasmid DNAs
pHp(13 kb), pIE-MUP, and pRSVGR was transfected into HepG2
cells in eight 10-cm-diameter dishes. After an 18-h recovery period,
the cultures were treated for 24 h with 6 ml of serum-free minimal
essential medium alone or with 1 p.M dexamethasone (Dex), 500 U
of IL-13 per ml, or 250 U of IL-6 per ml. The media were replaced,
and treatments continued for 24 h. The second culture media, after
removal of 50 ,ul for analysis of human Hp, were concentrated to 100
,ul; 40 ,ul of each concentrate was analyzed by rocket immunoelec-
trophoresis for the amounts of rat Hp and MUP produced. (B)
Plasmid DNA pHp(7 kb) was transfected into HepG2 cells as

described above. After hormone treatment (1 p.M dexamethasone
[Dex]), 500 U of IL-13 per ml, or 100 U of IL-6 per ml), cell RNA
was extracted and 10-p.g samples were used to assess the relative
amounts of rat Hp mRNA by primer extension as for Fig. 4. The
autoradiograph was exposed for 18 h. Primer extension reaction
with RNA from nontransfected HepG2 cells did not yield any
detectable extension products. Positions of size markers (in bases)
are shown at the left.
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FIG. 7. Functionality of the 5'-flanking region of the HP gene in
transiently transfected HepG2 cells. A mixture of the plasmid DNAs
pHp(4100)-CAT, pIE-MUP, and pRSVGR was transfected into
HepG2 cells in six-well plates. After a 24-h recovery period, the
cells were treated for 24 h with 1 ml of serum-free minimal essential
medium alone or containing 1 p.M dexamethasone (Dex), 500 U of
IL-lp per ml, or 100 U of IL-6 per ml. CAT activity was determined
in samples of cell extracts and normalized for variations in trans-
fection efficiency (based on analysis of MUP derived from expres-
sion of vector pIE-MUP [41]). The amount of secreted human Hp
was measured by rocket immunoelectrophoresis of 50 p.l of the final
culture medium.

sponsive element was detectable upstream of the 145-bp
active Hp promoter region (construct 12) and that the 59-bp
segment, from -146 to -88, did not contain an element
functional on its own (constructs 13 and 14). Even when
present as a dimer, the latter 59-bp segment failed to
reconstitute a hormone-responsive element, although the
additional segment enhanced the overall promoter activity
(construct 15). However, the 59-bp segment regained hor-
mone-responsive function when it included an additional 32
bp of 3Y-flanking sequence (construct 18). The qualitative
response of that fragment was the same in the reverse
orientation (construct 19), fulfilling one criterion of an en-
hancer. Although the region from -87 to -56 appeared to be
crucial for reconstituting a function regulatory element, this
sequence alone, either as a single copy or as a triplicated
complex, responded only marginally to IL-6 and not at all to
dexamethasone (constructs 16 and 17).

Basal-level expression of the chimeric SV40 vectors was
consistently doubled when the inserted Hp gene sequences
included the region from -146 to -88 (constructs 13, 14, 18,
and 19). The elevated basal-level activity was also mani-
fested when this Hp gene region was linked to a different
promoter, the adenovirus major late promoter (construct
21). This enhancer activity seemed to appear when the Hp
gene sequence was placed upstream of the relatively strong
viral promoter but was not detectable when this sequence
was present in its normal context of the weaker Hp promoter
(compare constructs 4 and 6). To demonstrate that the
sequence from -146 to -88 can indeed act as an enhancer

VOL. 10, 1990



1580 MARINKOVIC AND BAUMANN

Construct

-41
1 L

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

Specific CAT Activit
( conversion/h x na MUP)

0o .2 CAT
I- 0.06

-1031 -2
0.10

0.11

-146 -2
0.12

-146 -88 -146 -2
L ...I 0.32

-87 -2
LI..IJ 0.11

-165 -2 o og
(G-160)L.i

-165 -56 -165 -2
(G-1 60)L 1 (G -160)1 0.44

-365 +26
I 1 0.09

-146 +26
1 0.11

pSVOCAT_ 0.09
-396 -147 V T

I 'MY 0.22

.376 -88
0.47

-146.-88
LJ 0.44

-146 -88 -146 -88
Li Li 1.01

-87 -566
u 0.22

-87 -56 -87 -6 -87 -6
U U U 0.35

-146 -56
| 0.45

-56 -146
I 0.33

pSV40-CAT 1_ 0.28
-146 -56A&dCAT

O 0.27

-165 6

(G-160))I 0.23

pCTO 0.14

Dex

0.17

0.21

0.25

0.38

0.73

0.12

0.20

0.75

0.25

0.28

0.09

0.13

0.33

0.44

0.98

0.18

0.30

0.71

0.45

0.16

0.46

0.57

0.14

IL-6 IL-6+Dex

0.29

0.69

0.71

0.53

1.34

0.12

1.83

6.30

0.60

0.65

0.08

0.16

0.58

0.50

1.17

0.30

0.51

1.37

0.97

0.22

1.13

3.47

0.10

0.25

0.60

0.50

0.73

1.43

0.10

1.56

6.53

0.60

0.51

0.09

0.40

0.25

0.53

1.38

1.00

0.17

1.11

3.04

0.13

FIG. 8. Localization of the regulatory elements of the Hp gene.
CAT plasmid constructs with various lengths of Hp gene 5'-flanking
regions (endpoints indicated relative to the major transcriptional
start sites) (constructs 1 to 10, 12 to 19, and 21 to 22) and vectors
alone (constructs 11, 20, and 23) were introduced into HepG2 cells
and tested for regulated expression after treatment with 1 ,uM
dexamethasone (Dex) and 100 U of IL-6 per ml. CAT activities were
normalized by relating them to the amount of MUP expressed by the
same cells. Values represent means of 2 to 13 separate experiments.

on the Hp promoter, we took advantage of the observation
that a dimer of it caused a further increased activity of the
SV40 promoter (construct 15). Insertion of a second copy of
that sequence 5' to the minimal, hormone-responsive Hp
promoter region resulted in a threefold-elevated basal-level
activity without altering the magnitude of the hormone
response (construct 5). We concluded from these data that
the sequence from -146 to -88 might be the target for a

hormone-independent transcriptional factor(s) (therefore
yielding improved expression of a transfected vector with a
viral promoter), whereas the sequence from -87 to -56
together with the adjacent upstream sequence is required for
a dexamethasone and IL-6 response.
The functional screening thus far included only the 5'-

flanking Hp gene region ending at -2. Having realized that
this region could not quantitatively account for all of the
regulatory properties of the HP gene expression vector (i.e.,
lack of strong additive action of IL-6 and dexamethasone),
we incorporated subfragments of the transcribed region as
well as of the immediately 3'-flanking part of the Hp gene
into the SV40 CAT vector and probed for hormone-sensitive
expression. In no instance could we identify a fragment with
significant dexamethasone- or IL-6-dependent regulatory
activity (data not presented). Although this preliminary
survey failed to locate a separate regulatory element, we
cannot rule out the possibility that additional sequences
were present which would act in concert with the promoter-
proximal sequences. Future detailed analysis should yield
more conclusive information.
Sequence analysis of the gene (Fig. 3) indicated the

presence of a presumed IL-6-response-like element (CTG
GRAA) (17, 26) in the first exon between positions +8 to
+ 14. In particular, the more extended sequence (+ 5 to + 14),
CTTCTGGAAA, was most similar to the sequence CTTC
TGGGAAA, which had been found within the IL-6/IL-
1-responsive distal regulatory element of the rat AGP gene
(41). To assess the potential contribution of this sequence to
an elevated IL-6 response, the region from -365 to +26 or
from -146 to +26 was incorporated into pSVOCAT and
tested in transiently transfected HepG2 cells (constructs 9
and 10; Fig. 8). Neither construct yielded significantly
greater IL-6 regulation than did those lacking the exon 1
region (constructs 3 and 4), arguing against an enhancer or
regulatory function of that sequence when probed in the
context of our Hp gene promoter constructs.
Comparison of rat and human Hp gene elements. The

maximal response of the rat Hp gene promoter-enhancer
elements (e.g., construct 3; Fig. 8) to IL-6 was sevenfold.
However, similar constructs containing the first 200 bp of the
human Hp gene yielded a 20- to 30-fold stimulation (40).
Comparison of the 5'-flanking regions of the two Hp genes
revealed substantial sequence differences both in the first
exon and in the adjacent promoter segment and no signifi-
cant similarities upstream of -200 (Fig. 9). Nevertheless, a
few regions of conserved sequences were discernible, i.e., at
the ATAAA sequence around -30 and at the three regula-
tory elements A, B, and C, as defined for the human gene
(38). However, none of the last three regions had an identical
match in the rat sequence, suggesting a potential reason for
the difference in IL-6 regulation. On the basis of the data
shown in Fig. 8, we concluded that despite the sequence
differences apparent in Fig. 9, the rat equivalents of elements
B and C seem to function as those of the human gene (see
similar activities of Hp 5'A-153 [40] and M-157 [38]).
The rat equivalent of element A, however, was found to be

inactive (compare constructs 3 and 4 in Fig. 8 and analogous
human constructs Hp 5'z -186 and Hp 5'A-153 in reference
40). A single-base difference at -160 (A in rat, G in human)
might cause its inactivity. To prove this point, we inserted
into pSVOCAT the rat Hp sequence from -165 to -2 in
which the nucleotide at -160 had been changed to a G
(construct 7; Fig. 8) and tested its activity. The responsive-
ness of the mutant rat construct to IL-6 was greatly im-
proved, and the magnitude of stimulation was now compa-
rable to that reported for human Hp. An equivalently
increased IL-6 stimulation was achieved when the regulatory
region -165 to -56, containing the point mutation, was
inserted upstream of the adenovirus promoter (construct 22).
A duplication of the regulatory region, however, failed to
yield an amplified hormone response (construct 8). Basal
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Rat -233 GsI1GGTGGGGGCSG AGTTGCIAGA TTTCTTCATG ATTTGTAAA -184
Hhman T.. . CA.TTT Nr....A.AG.... CG.. GG-.... T.

Rat -183 TAACACCACG AGGAGAGOCA AGIAIGC AAGAGCIT CACIrlrAAA -134
HUman G.....T...- .AA.AT.....G...............A. A.C-.

A

Rat -133 GGGGI-'I'C ---'TTTG TACTG AALAGTCACT GACCITAGCA -91
Hhman ...A... T .- .. .A.G.A. .AT.G. C..

B

Rat -90 AGGOC-GACA ITGTGCAAAC ACAGAAAT[G AAGAAGGA GG-TGGGGIG -43
Human G....AA.GT .... ..G.. ....G...T- .C....T... .AAG.....A.

C

Rat -42 AA AmCACAT AAAAkfGGGIG AGCAGC A
iuan ..G7GAGCIA GIG.C.- .... .C. .AT GC.C ....

-1

Rat +1 AC-GC-CITC GAAG G OCACGAGA +38
Hmn ..T.T... C~... CA...CA- . ..A...

FIG. 9. Sequence comparison of the 5'-flanking and promoter regions and first exons of the rat and human Hp genes. The region from -233
to +38 of the rat Hp gene was aligned with that of the human Hp' gene (10. 40) according to best sequence similarity. Position of the regulatory
sequences A, B. and C of the human Hp gene (38) are bracketed.

expression of the latter construct was almost fivefold ele-
vated, probably in part because of the duplication of the
potential enhancer within the region from -146 to -88.

Since all of our functional analyses of rat Hp gene ele-
ments were performed in HepG2 cells and those of the
human gene were performed in Hep3B cells, we verified the
compatibility of the two human cell systems by transfecting
constructs 4 and 7 into Hep3B cells. CAT activities in
untreated cells were 0.04 and 0.02% conversion per h per ng
of MUP, whereas the activities in cells treated with 100 U
IL-6 per ml for 24 h were 0.20 and 0.49% conversion per h
per ng of MUP. Therefore, the magnitude of the IL-6
response of the wild-type and point-mutated Hp gene pro-
moter in Hep3B cells was in complete agreement with the
values obtained with HepG2 cells (Fig. 8). These results not
only provide evidence for the crucial role of that single base
for the functionality of regulatory element A (evolutionary
mutant) but also suggest a likely cause for the reduced IL-6
stimulation of rat Hp gene expression. The substantially
lower IL-6 response of the rat Hp gene appears to have been
compensated for by responsiveness to IL-1. However, the
molecular and genetic elements involved in that regulation
remain to be discovered.

DISCUSSION

On the basis of exon-intron structure (Fig. 2) and encoded
protein (Fig. 3). the rat Hp gene is most similar to the human
Hp1 gene (10, 32). This evolutionary evidence supports the
notion that an Hp gene with Hp'-like structure may repre-
sent the prototype for mammalian Hp genes (11, 34). The
observation that rats (Fig. 1) and New World monkeys (34)
have only a single-copy Hp gene, whereas Old World
monkeys and humans have at least two, indicates that
duplication and mutation to the Hp2 and Hpr genes are a
product of recent primate evolution. However, evolution-
arily recent duplication of Hp genes is not unique to pri-

mates. A survey of several rat strains, inbred Miis domesti-
cits strains, and Mits caroli by Southern blot analysis (as in
Fig. 1) has revealed the presence of a single Hp gene in all of
these rodents except for strain C57BL/6J of M. domnesticils,
which contains two genes (S. Marinkovic, unpublished
data). Comparison of the molecular features of this murine
Hp gene duplication with that of primates must await struc-
tural characterization of the mouse Hp genes.
Although in many mammalian species Hp production is

stimulated after systemic injury (28), the combination of
hormones that appear to be responsible for this regulation
differs among species. In liver cells of rats (Fig. 5; 8) and
mice (4, 42). maximal Hp expression is dependent on the
combination of IL-1, IL-6, and glucocorticoid, whereas in
human liver cells, the combination of IL-6 and glucocorti-
coids is sufficient (7. 12, 37). Because the rat and human
structural genes show a high degree of sequence homology,
we also expected to find a conserved arrangement and
structure of the cis-acting regulatory elements as established
for the human gene.
The cloned genomic Hp sequence. when transiently intro-

duced into HepG2 cells, indeed responded to IL-6 and
dexamethasone by increasing expression as found for the
endogenous human gene (Fig. 6). However, since IL-1 did
not influence the activity of the Hp expression vectors, we
speculate that the IL-1 regulatory element(s) is located
outside the largest sequence tested, that is, upstream of
position -6500 or downstream of +6500. The fact that IL-1
and IL-6 response elements do not colocalize indicates that
the Hp gene is controlled by regulatory sequences or ar-
rangements of these sequences that are distinct from those of
the AGP gene (another type 1 rat acute-phase protein gene)
(8). The response of the rat AGP gene to the peptide
cytokines is mediated by a single region (distal response
element) located 5 kb upstream of the transcription start site
(41).
The qualitative pattern of regulation by IL-6 and dexa-
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methasone could be recovered in the 5'-flanking region (Fig.
8). Regulation through the 5'-flanking region differed from
that of the entire Hp gene in that the two hormones did not
yield a prominent additive action. A possibility is that one or
more additional GREs are present in the Hp expression
vector constructs and were removed during subcloning of
the 5'-flanking region. However, we failed to identify a
separate GRE activity by inserting subfragments of the
transcribed and 3'-flanking regions in SV40 CAT vectors and
testing in transiently transfected HepG2 cells. Without the
support of experimental evidence, we can only speculate
that such GREs, if they exist, function in the context of the
promoter-proximal elements.
The overall 2- to 3-fold stimulation of all the Hp promoter-

containing vectors by dexamethasone (Fig. 6 to 8) was
relatively modest compared with the 15- to 50-fold stimula-
tion achieved with the rat AGP gene element (5, 25, 44). The
apparently weak activity of the Hp element might be related
to the fact that the active region from -56 to -146 did not
contain any sequence that was in agreement with the con-
sensus sequence for a functional GRE (9). The precise Hp
gene sequence recognized by the active glucocorticoid re-
ceptor (if there is any) has yet to be determined by appro-
priate protection assays.

Since the GRE function colocalized with the IL-6 re-
sponse element (Fig. 8), it is possible that dexamethasone
and IL-6 regulation are dependent on common transcrip-
tional regulatory elements, such as the apparent enhancer
sequence located between -146 to -88. Indeed, a strong
synergistic interaction of several different transcription fac-
tors with glucocorticoid receptor function has been demon-
strated (24, 35, 46). Determination of the extent to which this
type of interaction applies to the glucocorticoid-dependent
regulation of the Hp gene requires a detailed characteriza-
tion of the IL-6 regulatory elements.

Structural and functional comparisons of the rat and
human Hp gene regions involved in the IL-6 response (Fig.
8 and 9) show substantial sequence differences but neverthe-
less reveal an essentially identical modular arrangement of
enhancer elements (enhansons [15]). The regulatory region
of the human Hp gene has been found to be composed of
three elements, A (-157 to -171), B (around -111), and C
(-57 to -70), which, in combination with the homologous
promoter, mediate an up to 30-fold-stimulated expression by
IL-6 in Hep3B cells (38). By deletion and linker mutation
analysis, it has been established that these elements contrib-
ute roughly equivalent activities to the overall enhancer
function (38, 40). Just transferring the entire enhancer region
(-186 to -38) 5' to a heterologous viral promoter caused a
threefold reduction of the IL-6-specific enhancer function
(ninefold stimulation by IL-6) (40). Although the individual
elements (either subcloned region or synthetic oligonucleo-
tides) were inactive when tested as single copies, a dimer of
element C or a trimer of element A produced a 3.5- to 5-fold,
IL-6-specific enhancement. However, a trimer of element B
did not show any IL-6 response activity (38).

In contrast to the human gene, the rat Hp gene appears to
contain only two functional elements equivalent to human
elements B and C. As found for the human gene, 5'-flanking
regions, containing the rat analog for elements A (-396 to
-147), B (-146 to -88), and C (-87 to -56), failed to
function as IL-6-responsive elements when tested alone
(Fig. 8). Likewise, a dimer of B was inactive. Unlike the
human element, an oligomerized rat element C gave only
marginal IL-6 responsiveness. This discrepancy might be
explained either by sequence differences within the potential

protein-binding site(s) or, more trivially, by an unfavorable
conformation of our oligomer construct. Regardless of this
unresolved problem, the combination of the rat elements B
and C reconstitutes an IL-6-responsive element that is as
active as the combination of the human elements B and C.
This functional similarity is surprising in view of the sub-
stantial sequence divergences between the two species (Fig.
9). However, the minimal functional sequences operative in
either Hp gene must be defined before we can make conclu-
sive statements regarding the evolutionary conservation of
the functional regulatory elements B and C.
A more specific answer could be inferred from our study

with respect to element A. The inactivity of the rat equiva-
lent could be ascribed to a single-base substitution (Fig. 8).
Without the synergistic action of that region, the rat hapto-
globin promoter is substantially less responsive to IL-6. This
might explain why the rat Hp gene is only minimally regu-
lated by IL-6 (33). Once Hp genes of other rodents and other
mammalian species are characterized, it will be possible to
determine whether an active element A is a primate acqui-
sition or whether an active element A is more general and an
inactivating point mutation arose during the evolution of
certain species.
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