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Synthesis of rat a,-acid glycoprotein (AGP), one of the major inflammation-induced plasma proteins, is
positively regulated by dexamethasone. To define the dexamethasone-responsive genetic element, we isolated
and tested AGP gene sequences for the ability to confer glucocorticoid induction to the bacterial chloramphen-
icol acetyltransferase (CAT) gene in L cells. A 141-base-pair region of the AGP gene, including 120 base pairs
of DNA upstream from the start site of transcription and 21 base pairs of the 5' untranslated region, was
sufficient for maximal CAT gene induction by dexamethasone. To localize more precisely the AGP glucocor-
ticoid-responsive element, parts of this 141-base-pair region were inserted 5' to either an AGP promoter-CAT
gene or a human triosephosphate isomerase promoter-CAT gene, both of which lacked a response to the
steroid. The AGP gene region between 120 and 42 base pairs upstream from the start site of transcription was
found to mediate maximal dexamethasone induction of CAT enzyme levels. This result was unexpected because
(i) this region does not contain sequence homologies to known glucocorticoid receptor-binding sites and (ii)
those AGP gene regions that lay further upstream and were homologous to other glucocorticoid receptor-
binding sites were inactive in the CAT assay. The fact that the AGP gene region mediating dexamethasone
regulation was distinct from the transcribed region indicates that glucocorticoids increase AGP gene expression
primarily at the transcriptional rather than the posttranscriptional level.

Acute systemic injury in mammals causes a profound
change in the hepatic synthesis and circulating concentration
of plasma proteins (21, 24). a,-Acid glycoprotein (AGP), a
heavily glycosylated protein with a molecular weight of
41,000 to 45,000 (39), belongs to the subset of plasma
proteins whose production is increased severalfold (3, 21,
22). AGP appears to function in modulating the activity of
the immune system during the course of an acute-phase
reaction (6, 10, 11, 15). In recent years, the regulation of rat
AGP has been extensively studied. Several laboratories have
shown that (i) rat AGP production is modulated by
glucocorticoids and by hepatocyte-stimulating factor (3, 5,
34), (ii) AGP regulation by these hormones is reproducible in
rat hepatoma (HTC) cells or in primary cultures of adult rat
hepatocytes (2, 22, 42), (iii) the action of glucocorticoids on
AGP expression is dependent upon de novo protein synthe-
sis (5, 42), (iv) glucocorticoids and hepatocyte-stimulating
factor act synergistically (4, 5), and (v) the modulation of
AGP synthesis is the consequence of a corresponding
change in the AGP mRNA concentration (34). The inflam-
mation- or hormone-mediated increase in AGP expression
has been correlated with an elevated rate of gene transcrip-
tion in both intact liver (23) and cultured hepatocytes (4). An
exception, however, has been reported for the glucocorti-
coid-stimulated AGP mRNA accumulation in HTC cells,
where the regulatory influence of the steroid was attributed
to a change in the stability of AGP nuclear transcripts (43).

Recently, the AGP gene has been isolated and sequenced
(25, 33). Comparison of AGP gene sequences with the
sequences of other glucocorticoid-regulated genes revealed
five potential glucocorticoid receptor-binding sites having a
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precise or near match with the consensus hexamer TGTTCT
(25, 33). Two of these sites are located upstream of the
transcription start site, + 1, as defined by Reinke and
Feigelson (33; see Materials and Methods) at positions -438
(25) and -271 (33). The remaining three sites are located
downstream of the transcription start site at positions +854,
+4014, and +4296 (25). These sites, and especially those 5'
to the gene, have been proposed to be instrumental in
mediating glucocorticoid stimulation of AGP gene expres-
sion (33).

In this communication, we demonstrate that the putative
glucocorticoid receptor-binding sites located at positions
-438 and -271 of the AGP gene were not required for the
dexamethasone response mediated by mouse fibroblasts.
However, a dexamethasone-responsive region was present
between positions -120 and -42. Since this region lay
outside of the transcribed portion of the gene and could
confer dexamethasone induction when placed in cis to, e.g.,
a transcriptionally competent triosephosphate isomerase
promoter-chloramphenicol acetyltransferase (CAT) gene,
we conclude that dexamethasone enhancement of AGP gene
expression is controlled primarily at the level of transcrip-
tion initiation.

MATERIALS AND METHODS

Isolation of the rat AGP gene. AGP gene sequences were
isolated (28) from a genomic library of Sprague-Dawley rat
DNA that was partially digested with EcoRI and cloned into
lambda Charon 4A DNA (a generous gift of J. Bonner,
Phytogen, Pasadena, Calif.). The library was screened with
an 850-base-pair (bp) PstI fragment of Buffalo rat AGP
cDNA derived from the plasmid pIRL-10 (1). This fragment
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was subcloned into M13mp8 and 32p labeled by extension of
the universal primer. DNA isolated from the phage XAGP
(Fig. 1A) contained the entire AGP gene and, based on
restriction enzyme analysis, was identical to the gene de-
scribed by Reinke and Feigelson (33). In this study, we used
the nucleotide numbering system of Reinke and Feigelson
(33) since our sequence data were identical to the data of
these authors and differed from the data of Liao et al. (25).
Reinke and Feigelson have localized the transcription start
site by Si nuclease mapping to 27 bp downstream of the
TATA box and 44 bp upstream of the primary translation
initiation codon. In contrast, Liao et al. have localized the
transcription start site by primer extension to 33 bp down-
stream of the TATA box. pAGP was constructed by
subcloning a 9-kb AvaI fragment containing the entire AGP
structural gene plus 700 bp of 5' flanking DNA and 5,000 bp
of 3' flanking DNA into the HincII site of pUC13. The AvaI
sites were filled in with Klenow fragment and dNTPs before
ligation (Fig. 1B).

Construction of the CAT gene derivatives. A 700-bp frag-
ment ofpAGP extending from positions -678 to +21 (where
+ 1 is defined as the transcription start site [33]) was excised
with HindIII and HpaII. The HpaII site was filled in with
Klenow fragment and dNTPs, modified with Hindlll linkers,
and inserted into the unique HindlIl site of pSVOCAT (17)
(Fig. 1C). The resulting construct and all subsequently
derived constructs are designated by the total length of the
AGP gene fragment present in the plasmid, in this case,
pAGP (700)-CAT. To construct deletions from the distal
region of the AGP insert, pAGP(700)-CAT was cleaved
within the AGP sequence, modified with NdeI linkers, and
ligated to the NdeI site in pSVOCAT. In this way, all deletion
endpoints were joined to the identical plasmid sequences.
Briefly, deletions in pAGP(700)-CAT were generated by
digestion with BglII, treatment with Klenow fragment and
dNTPs, addition of NdeI linkers, digestion with NdeI,
purification of the larger vector-containing fragment, and
ligation to yield pAGP(350)-CAT. The remaining deletions
were generated by linearizing pAGP(700)-CAT with KpnI at
position -262 of the AGP insert, followed by digestion with
nuclease Bal 31, addition of NdeI linkers, digestion with
NdeI, and self-ligation of the larger vector-containing frag-
ment. The approximate size of the AGP region in each of the
resulting plasmids [pAGP(240)-CAT to pAGP(10)-CAT; Fig.
1C] was initially determined by multiple restriction enzyme
analysis and served as a designation for the plasmid. This
designation is used throughout this communication. Subse-
quently, the precise size of the AGP region was established
for certain constructs by sequencing by the dideoxy chain
termination method (36) and the chemical modification
method (29). In all cases, size estimates based on restriction
enzyme analysis were within a few base pairs of the precise
size.
To obtain deletions of the proximal region of the AGP

promoter, pAGP(140)-CAT was linearized at the unique
HindIlI site and digested with nuclease Bal 31. The ends
were modified with NdeI linkers and religated. The size and
DNA sequence of the NdeI-NdeI fragment was determined

as an indication of the extent of the AGP gene deletion. Two
plasmids containing a truncated and nonfunctional AGP
promoter region of either 101 bp (corresponding to positions
-120 to -19) or 78 bp (corresponding to positions -120 to
-42) were tested for transcriptional regulation by
dexamethasone.
To determine whether the NdeI-NdeI 101- or 78-bp AGP

fragment contains a glucocorticoid-responsive element, each
fragment was inserted upstream of the housekeeping gene
promoter for human triosephosphate isomerase (TPI) which
had been placed upstream of the CAT gene in pSVOCAT
(L. E. Maquat, manuscript in preparation). To maintain
proper spacing of the AGP gene elements relative to the TPI
transcription start site (8), chimeric constructs were pre-
pared with plasmids pTPI(130)-CAT, pTPI(75)-CAT, and
pTPI(42)-CAT (L. E. Maquat, manuscript in preparation)
having different lengths of the TPI promoter region. The
distal borders of the TPI insert in each plasmid ended
precisely 130, 75, and 42 bp upstream of the TPI transcrip-
tion start site, respectively, and were joined to the NdeI site
of the CAT vector by an NdeI linker. The TPI promoter in
the former two plasmids is fully functional, while the pro-
moter in the latter is inactive (L. E. Maquat, manuscript in
preparation). AGP gene-derived sequences, i.e., the restric-
tion enzyme fragments BglII-BalI (-338 to -220, Fig. 1C),
HindIII-BalI (-678 to -220, Fig. 1C), or NdeI-NdeI (-120
to -19 and -120 to -42) were inserted at the NdeI site of the
TPI-CAT gene constructs. The orientation of the AGP insert
was established by restriction enzyme analysis.

L-cell transformation. Ltk- mouse fibroblasts generously
provided by R. Hughes, Roswell Park Memorial Institute)
were used in all transformation experiments. To obtain
stable transformants, a mixture of 0.5 ,ug of pSV2gpt (41), 5
,ug ofpAGP, and 15 ,ug of carrier L-cell DNA was introduced
into L cells by the calcium phosphate precipitate method (18,
44). Cotransformation with a gpt gene rather than a thymi-
dine kinase gene was chosen to preserve the tk- feature of
the resulting transformants for future manipulations. Trans-
formants were selected in medium containing mycophenolic
acid (6 ,ug/ml) and 1.4 mM xanthine (41). Individual clones
were isolated and expanded. The number of rat AGP gene
copies per transformant was determined by Southern blot
analysis of genomic DNA (40). The regulated expression of
the genes was assessed by Northern blot analysis of cellular
RNA (5) and by quantitation of synthesized and secreted
AGP by using both two dimensional polyacrylamide gel
electrophoresis (31) and rocket immunoelectrophoresis with
monospecific antiserum against rat AGP (21).

Assay for CAT activity. L-cell transformation with CAT
gene-containing plasmid DNAs was carried out essentially
as described by Lopata et al. (26). This technique has proven
to be the most efficient and reproducible means of transform-
ing L cells. To assay CAT enzyme levels, plasmid DNA (20
,Ig each in duplicate dishes) was combined with 1.5 mg of
DEAE-dextran (Mr, 500,000) in 3 ml of Tris-buffered saline.
From this mixture, 1.5 ml was added to a subconfluent
monolayer of L cells (3 x 106 cells per 10-cm culture dish
prepared 20 h before transformation). The cells were incu-

polylinker of pUC13) and Hpall and inserted with HindlIl linkers into the HindlIl site of pSVOCAT to generate pAGP(700)-CAT. Deletions
were introduced into the AGP region of pAGP(700)-CAT as described in Materials and Methods. All AGP deletion endpoints were modified
with an NdeI linker and ligated to the unique Ndel site in pSVOCAT. Deletion endpoints were localized by restriction enzyme analysis and,
in several cases, by DNA sequencing (see Fig. 7). Solid blocks in all but pAGP(10)-CAT indicate 21 bp of the 5' untranslated region within
the first exon, hatched blocks indicate the CAT gene, open blocks specify vector DNA, and brackets specify sequences having homology to
known glucocorticoid receptor-binding sites (25, 33).
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FIG. 2. Expression of rat AGP in L cells. Confluent monolayers of nontransformed L cells and a clonal cell line of pAGP-transformed L

cells containing 10 integrated AGP genes per genome were cultured for 24 h in the absence or presence of 1 ,uM dexamethasone. The medium
was aspirated and replaced with fresh medium containing [35S]methionine (100 ,uCiIml per 10-cm2 monolayer). After 6 h, 50-,ul aliquots of
culture medium containing 180,000 to 270,000 acid-insoluble cpm were subjected to two-dimensional polyacrylamide gel electrophoresis (31).
The fluorographic image (7) of the gel after 24 h of exposure is reproduced. Arrows indicate those secretory glycoproteins of the L cells that
are increased by dexamethasone. The spot marked with AGP represents rat AGP as identified by immunoprecipitation.

bated with occasional shaking for 40 min at 37°C. A 3-ml
portion of serum-free Dulbecco modified Eagle medium
(DMEM) containing 0.1 mM chloroquine (27) was added,
and the incubation was continued for 80 min. The cells were
treated with 10% dimethyl sulfoxide in serum-free DMEM
for 2 min at room temperature. After an overnight incubation
(18 to 20 h) in DMEM supplemented with 10% fetal calf
serum, one of each pair of duplicate plates received 1 ,uM
dexamethasone. After an additional 24 h in culture, the
monolayers were washed, scraped off the dishes, and ho-
mogenized by ultrasonication. Enzyme assays, including
thin-layer chromatography of substrate and products, were
performed as described previously (17). The enzyme activity
was expressed as the percent conversion of [14C]chlor-
amphenicol into the acetylated forms per hour per milligram
of cell protein. In all cases in which the effect of
dexamethasone on CAT expression was quantitated, the
reaction conditions were selected such that the measured
activity fell within the linear range of the assay. In each
experimental series, pSV2CAT and pSVOCAT were in-
cluded as references for the upper and lower limits of CAT
enzyme activity in the particular transformation.

In initial experiments (see Fig. 4), one dish of L cells was
transformed with each of the CAT plasmids. After 20 h in
culture, the treated cells were trypsinized and divided
equally between two dishes. One dish was maintained with-
out dexamethasone and one dish was maintained with
dexamethasone for 24 h. This regimen was designed to
ensure that identical cell cultures were compared. However,
we found that the CAT activities from duplicate cell cul-
tures, when transformed in parallel with identical DNA-
DEAE solutions, did not differ significantly from each other.
Therefore, the simpler protocol of establishing duplicate
cultures of transformed cells was adopted for assaying the
activities of CAT constructs (see Fig. 5 and 6).

RESULTS

The cloned rat AGP gene contains the element for glucocor-
ticoid-dependent expression. The rat AGP gene present in
XAGP DNA is indistinguishable from the AGP gene de-
scribed by Reinke and Feigelson, as determined by restric-
tion enzyme analysis and partial DNA sequencing (33). To
ensure that XAGP also contained the element responsible for
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glucocorticoid-dependent expression, L cells were cotrans-
formed with pSV2gpt and XAGP DNA. Twelve clones that
were able to grow in the presence of mycophenolic acid and
xanthine were tested for AGP expression. All clones showed
dexamethasone-stimulated AGP synthesis (data not shown).
Although the elevated levels of AGP production were,
without exception, below that of rat hepatoma (2) or liver
cells (4, 5), the hormone specificity and kinetics of induction
were identical to those described for hepatic cells (2, 33, 34,
42). We conclude from these experiments that the fully
functional AGP gene was isolated.
As an initial step towards identifying the steroid-sensitive

DNA regulatory elements, sequences 5' to the transcribed
portion of the AGP gene were assayed for the ability to
confer a dexamethasone response. The 9-kb AvaI fragment
of XAGP DNA, containing the entire AGP gene-coding
region plus 700 bp of 5' flanking DNA and 5,000 bp of 3'
flanking DNA, was subcloned into pUC13 (Fig. 1B). The
resulting plasmid, pAGP, was tested for proper AGP gene
regulation in L cells as described above. For each of the
cloned transformants, dexamethasone caused a massive
stimulation of rat AGP synthesis and secretion (Fig. 2).
Induction of rat AGP gene expression did not impair the
glucocorticoid stimulation of the endogenous L-cell secre-
tory glycoproteins. The rate of AGP synthesis, determined
by quantitative rocket immunoelectrophoresis, surpassed by
severalfold that of dexamethasone-treated rat liver or pri-
mary rat hepatocytes. The relative change in AGP produc-
tion was reflected by equally elevated AGP mRNA levels
(Fig. 3). Furthermore, the amount of AGP mRNA per
transformed L cell after dexamethasone treatment was di-
rectly correlated to the number of AGP genes per cell (data
not shown). For instance, Southern blot analysis revealed
the presence of 10 AGP gene copies per cell for the cell line
used in the experiments described in the legends to Fig. 2
and 3. Other cell lines contained fewer genes (i.e., 5) and
more genes (i.e., 15 to 25) and also produced proportionally
lower or higher quantities of AGP mRNA and protein. This
close correlation between the gene number, the amount of
mRNA, and the rate of protein synthesis suggests that each
integrated AGP gene is functional and regulated by dexa-
methasone in the transformed cells.

Glucocorticoid-dependent regulation of AGP gene expres-
sion is mediated by elements in the 5' flanking region. Having
demonstrated that pAGP contains all of the information
necessary for glucocorticoid regulation in L cells, it was
important to map more precisely the glucocorticoid-
responsive element. Sequence analysis has indicated that the
gene contains several potential glucocorticoid receptor-
binding sites both inside and outside of the translated region
(25, 33). Two sites have been localized upstream of the gene
at positions -438 and -271. The latter coincides with the
KpnI site at position -262. To determine whether either of
these sites functions in regulating the AGP gene, a HindlIl-
HpaII fragment that contains the entire 5' flanking region,
including the TATA box (located at positions -27 to -21),
the transcription initiation site, and 21 bp of the 5' untrans-
lated region, was excised from pAGP and inserted into
pSVOCAT upstream of the CAT gene, yielding pAGP(700)-
CAT (Fig. 1C). As shown by others (26), a test of promoter
activity with a hybrid promoter-CAT gene can be conve-
niently performed in L cells (Fig. 4A). This promoter assay
is highly sensitive, as demonstrated by the difference in
enzyme activity measured for cells transformed with
pSV2CAT DNA and the enhancerless and promoterless
pSVOCAT DNA. When pAGP(700)-CAT DNA was intro-
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FIG. 3. Effect of dexamethasone on AGP mRNA levels. Total
cellular RNA was extracted (16) from normal L cells and pAGP-
transformed L cells (the same clonal cell line as described in Fig. 2)
that had been cultured for 24 h with or without 1 ,uM
dexamethasone. For comparison, RNA of control liver and of liver
24 h after dexamethasone treatment or turpentine-induced inflam-
mation (2) was also analyzed. RNA (15 ,ug, or 1/3 and 1/9 dilutions
of 15 ,ug where noted) was electrophoresed in a 1.5% agarose gel in
the presence of formaldehyde, transferred to nitrocellulose, and
hybridized to nick translated pIRL-10 DNA containing 850 bp of rat
AGP cDNA. The nitrocellulose was exposured for 3 h to X-ray film.

duced into L cells, a 30- to 100-fold increase in CAT activity
was measured in the presence of dexamethasone relative to
that measured in the absence of dexamethasone, suggesting
that the 700-bp 5' flanking region conferred glucocorticoid-
dependent regulation to the indicator gene (Fig. 4B). The
basal level of CAT enzyme activity derived from pAGP(700)-
CAT in L cells not treated with dexamethasone was substan-
tially lower than the level of CAT enzyme activity in L cells
transformed with pSVOCAT. L cells transformed with
pAGP(700-CAT reverse did not express any detectable CAT
activity either with or without dexamethasone treatment
(Fig. 4B), indicating that the glucocorticoid inducibility of
CAT activity was dependent upon the orientation of the
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AGP insert. From these results, we conclude that the 700-bp
AGP gene fragment contained a functional promoter as well
as sequences that determine glucocorticoid-induced levels of
AGP gene expression. The extent to which the promoter and
glucocorticoid-responsive element overlapped could not be
deduced from these experiments (see below).

Basal level and glucocorticoid-stimulated transcription are
controlled by 140 bp immediately upstream of the AGP gene
transcription start site. To assess the distal boundary of the
element that is essential for glucocorticoid regulation, CAT
plasmid DNAs harboring progressive deletions from the
distal end of the 700-bp AGP insert were introduced into L
cells (Fig. 1C). For each deletion, the CAT activity in
transformed cells grown in the absence or presence of
dexamethasone was quantitated to determine the levels of
basal and stimulated CAT gene expression (see Fig. 4B, 5,
and 6A). Stepwise elimination of the two sequences sharing
homology with known glucocorticoid receptor-binding sites
did not significantly affect dexamethasone stimulation of
CAT expression [compare pAGP(350)-CAT and pAGP(240)-
CAT with pAGP(700)-CAT in Fig. 4B]. Of all the deletions
tested, pAGP(160)-CAT consistently showed the highest
inducibility (Fig. 5). With the removal of 30 bp from
pAGP(140)-CAT, yielding pAGP(110)-CAT, a drastic reduc-
tion of glucocorticoid regulation occurred. Although CAT
expression was consistently elevated by dexamethasone, the
magnitude of stimulation did not exceed onefold above basal
level. More extensive deletions (concomitant with the loss of
the PstI site at position -64) to generate pAGP(90)-CAT
resulted in a level of CAT gene expression that was com-
pletely refractory to dexamethasone (Fig. 5 and 6A). Simi-
larly, no glucocorticoid regulation was detected with the
more truncated pAGP-CAT DNAs. Only when the AGP
insert was reduced to 40 bp was the basal level of CAT gene
expression restored to levels approximating those of
pSVOCAT (Fig. 5 and 6A). Possibly, sequences within the
140 bp immediately upstream of the AGP transcription start
site are not only responsible for glucocorticoid regulation but
also for maintaining a low level of expression in the absence
of the steroid.
To confirm the results obtained with the deletions indicat-

ing that the region upstream of the PstI site at -64, and
especially the predicted glucocorticoid receptor-binding
sites at positions -438 and -271, are not involved in
hormone regulation, AGP gene sequences extending from
positions -678 to -220 (HindIII to BalI) or from -338 to
-220 (BglII to Ball) (Fig. 1B) were placed in both orienta-
tions upstream of a human triosephosphate isomerase pro-
moter. Previous studies of this housekeeping gene promoter
have shown that pTPI(130)-CAT contains all of the se-
quences required for maximal CAT enzyme production
(L. E. Maquat, manuscript in preparation; see Fig. 7B for
the sequence). None of these AGP-TPI-CAT constructs
showed any glucocorticoid regulation of CAT gene expres-
sion (data not shown). Moreover, the level of CAT gene
expression directed by the TPI promoter, normally between
4- and 10-fold above that of pSVOCAT, was not affected by
the AGP gene insertions. Therefore, the putative regulatory
sequences at positions -438 and -271 were not active in the
glucocorticoid response mediated by L cells.
Of all the deletions tested, a single construct, pAGP(210)-

CAT, did not conform with the findings presented above.
The particular construct consistently produced a basal level
of CAT expression that was as high as the dexamethasone-
induced level (Fig. 6B). At the present time, we have no
explanation for this result. It is possible thatjuxtapositioning
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FIG. 5. Determination of the distal end of the glucocorticoid
regulatory element. In three to four separate experiments, duplicate
cultures of L cells were transformed with the indicated plasmid
DNA (see Fig. 1C for representative structures) and assayed for
CAT activity after treatment with (Ol) or without (L) dexamethasone
as described in Materials and Methods and in the legend to Fig. 6.
CAT activities were calculated as the percent conversion of sub-
strate per hour per milligram of cell protein. Except for
homogenates of cells transformed with pSV2CAT DNA, the CAT
enzyme activity increased in a linear fashion with increasing reac-
tion times (from 30 min to 4 h) and increasing concentrations of cell
homogenates (from 100 to 750 ,ug of protein). The data are averaged
from the different experiments.

pSVOCAT sequences and sequences at the 210-bp AGP
insert creates a structural change that either interferes with a
hypothetical suppression of transcription in the absence of
dexamethasone or generates a site that is responsive to a
transcriptional activator.
The glucocorticoid regulatory element lies between positions

-120 and -42. The results from the transformation experi-
ments have localized the glucocorticoid regulatory element
to a region between positions -140 and +21. The ability of
sequences upstream of the AGP gene to regulate CAT gene
expression suggests that the glucocorticoid response is at the
transcriptional level, in agreement with measurements of
AGP gene transcription rates in rat liver nuclei (23) and
primary cultures of rat hepatocytes (4). However, based on
nuclear runoff data, Vannice et al. (43) have proposed that
glucocorticoid regulation ofAGP expression in rat hepatoma
(HTC) cells is managed solely by changes in the posttran-
scriptional stability of newly synthesized RNA. Since the
pAGP-CAT constructs contain 21 bp of the AGP gene 5'
untranslated region, it is conceivable that this segment by
itself can confer glucocorticoid-dependent stability to the
AGP-CAT transcripts. The data presented above do not
differentiate between this hypothesis and a model envoking a
transcriptional response to the steroid.
To determine the proximal boundary of the AGP gluco-

corticoid-responsive element and, in particular, whether the
5' untranslated region of the AGP gene is essential for
glucocorticoid regulation, progressive deletions were intro-
duced into the proximal portion of the AGP insert in
pAGP(140)-CAT. This plasmid DNA was cleaved at the
AGP-CAT gene junction by HindIII and then incubated with
nuclease Bal 31. Two fragments that had 39 and 62 bp
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removed from the AGP gene insert (and contained se-
quences -120 to -19 and -120 to -42, respectively) were
chosen for further study (Fig. 7). Since the larger (101-bp)
fragment still included the AGP gene TATA box, it was
recombined with pAGP(40)-CAT and pAGP(10)-CAT, which
lack this box. The first construct was used to assess the
extent to which restoration of both steroid regulation and
promotion takes place. The latter construct was used to
determine whether the 101-bp fragment still contains a fully
functional promoter. Insertion of the 101-bp fragment in the
correct orientation upstream of the AGP sequence in
pAGP(40)-CAT regenerated a level of glucocorticoid-
regulated CAT gene expression that was comparable to the
level found for the parental pAGP(140)-CAT construct (Fig.
6B). In the absence of dexamethasone, the basal level of the
101-bp insertion construct was 10-fold higher than that of
pAGP(140)-CAT (Fig. 6A). The cause of this increase in
basal level is unknown but must reflect the difference in the
promoter region which includes one NdeI linker sequence. A
reverse orientation of the 101-bp fragment in pAGP(40)-CAT
failed to exert any effect on the indicator gene, and CAT
gene expression was identical to the expression of
unmodified pAGP(40)-CAT DNA (see Fig. 6A). Addition of
the 101-bp fragment in the correct orientation upstream of
the AGP sequence in pAGP(10)-CAT showed a very reduced
but still detectable glucocorticoid-mediated induction of
CAT activity (Fig. 6B). It is likely that the internal sequence
spanning positions -20 to +10, which is missing from the
latter construct, is needed to form a fully functional pro-
moter.
The functionality of the 101-bp fragment was next assayed

independently of an AGP promoter. First, the fragment was
inserted upstream of the TPI region of pTPI(42)-CAT, a
plasmid that contains a nonfunctional TPI gene promoter.
Assay of this construct in L cells showed no regulation and
no promotion of CAT gene transcription above the
pSVOCAT level with or without dexamethasone (data not
shown). By using pTPI(75)-CAT, a plasmid with a functional
TPI promoter, as a recipient for the 101-bp fragment, gluco-
corticoid-regulated CAT expression was reconstructed (Fig.
6C). The only functional difference between this chimeric
construct and the parental pAGP(140)-CAT construct was
the absence of a reduction in the basal level of CAT gene
expression. The basal level was essentially the same as that
observed for pTPI(75)-CAT. The glucocorticoid regulation
mediated by the 101-bp fragment in pTPI(75)-CAT was
partly dependent on fragment orientation. In reverse orien-
tation, the 101-bp fragment still conferred regulation to the
CAT gene; however, the magnitude of stimulation was found
in three independent measurements to be only 2-fold as
compared with 5- to 10-fold in constructs with the correct
orientation (Fig. 6C).
To assess whether the TATA box that is still present in the

101-bp fragment is necessary for glucocorticoid regulation,
the more truncated 78-bp fragment containing the sequence
-120 to -42 (Fig. 7) was inserted in both orientations

upstream of the TPI region of pTPI(75)-CAT. Assay of these
constructs yielded essentially the same qualitative and quan-
titative results as were obtained with the 101-bp fragment
(Fig. 6C).

In summary, results from the distal and proximal AGP
gene deletion studies (Fig. 5 and 6) localized the sequence
through which glucocorticoid enhances expression of the
AGP gene to the region between positions -120 to -42.

DISCUSSION

A rat genomic sequence encoding the entire AGP gene has
been isolated and tested for glucocorticoid-responsive ele-
ments in L cells. L cells were chosen because of their high
transformation efficiency and because of their glucocorticoid
responsiveness. Indeed, L cells and hepatic cells produced
the same kinetics and specificity of dexamethasone-induced
rat AGP gene expression (33). The dexamethasone-sensitive
rat hepatoma cells (HTC or H-35 cells) were highly ineffi-
cient in incorporating DNA by either the DEAE-dextran
method (26) or the calcium phosphate method (18) and were,
therefore, not suitable for testing regulatory gene elements.
A single glucocorticoid-regulating sequence was found to

lie between positions -120 and -42 of the AGP gene (Fig.
7). This sequence may represent a new type of glucocorti-
coid-responsive element because it does not share homology
with the bona fide dexamethasone receptor-binding sites of
other genes (9, 13, 19, 30, 32, 37, 38). Surprisingly, se-
quences at positions -431 and -272 that contain homologies
to known steroid receptor-binding sites were inactive in L
cells. We have to stress, however, that in the absence of
corresponding studies in hepatic cells, we cannot rule out the
possibility that these sites are operative in hepatocytes but
nonfunctional in L cells. The putative steroid receptor-
binding sites lying downstream of the transcription start site
at positions +854, +4014, and +4296 (25) may also contrib-
ute to hepatic AGP gene regulation. These sequences have
yet to be tested for function in either L cells or in hepatic
cells.
The regulatory element of the AGP gene is similar to the

element of other steroid-sensitive genes (9, 19, 37) in that it
enhanced transcription and acted independently of orienta-
tion (Fig. 6C). However, the AGP element differed from all
other characterized dexamethasone receptor-binding sites
not only in sequence but also in its very close proximity to
the promoter region. It is premature to speculate about the
mechanistic involvement of the -120 to -42 region in
steroid regulation without first determining whether the
dexamethasone receptor interacts with this AGP gene ele-
ment and if AGP gene regulation involves the same cellular
factors as other glucocorticoid-sensitive genes. Conse-
quently, we will make a major effort to establish (i) what
nuclear factors, including a glucocorticoid receptor, interact
with this regulatory sequence of the AGP gene, (ii) how
these factors assemble to ensure enhanced transcription of
the AGP gene, and (iii) how glucocorticoid-mediated AGP

glucocorticoid regulation of CAT gene expression is lost, and the basal level typical of pSVOCAT is restored. (B) The expression of CAT
activity in L cells transformed with pAGP(210)CAT is as high in the absence as in the presence of dexamethasone. When the 101-bp AGP
gene fragment (-120 to -19) was placed upstream and in the same transcriptional orientation as the transcriptionally inactive pAGP(40)-CAT
construct, promoter activity and glucocorticoid regulation are fully restored. The same fragment when placed upstream of pAGP(10)-CAT is
unable to regenerate promoter activity although glucocorticoid stimulation of CAT expression is detectable. (C) The 101- and 78-bp AGP gene
fragments, when placed upstream of and in the same transcriptional orientation as the TPI promoter in pTPI(75)-CAT, confer full
glucocorticoid inducibility to the CAT gene. The fragments in reverse orientation (lanes pAGP-101 bp R-TPI(75)-CAT and pAGP-78 bp
R-TPI(75)-CAT) confer glucocorticoid inducibility, but to a lower extent.
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A. AGP

AOCCCAAAMTSOCTT AGOWCA AAGACATTCCCAACTGGTGAGAT1GfGCCACAGCTCTGCAGCC
-i4O -130 -l2O -11o -100 -90 -80

C-CTB¢ -C0CCCA -4CC-TCCCACAC -0CACTC1CA0+CCACCA0AC
-60 -SO -40 -30 -20 -io +i +10 +io

B. TPI

GCGGCGGCGGAGGAGGGCGGCGGGGGGCAGGGCTCCGG GGACTGGGGGGCCATGGCGGAGGA
-1o -120 -11o -100 -90 -80 -70

CGGCowBG&GGCAU1tVCAClTUiCUCUCICTATATIUqIAGr1fCGAL1UCG
-60 -SO -40 -30 -20 -10

Distal/Proximal Endpoints
of AGP Gene Inserts

Distal/Proximal Endpoints
of TPI Gone Inserts

pASP(160)-CAT
pAGP(140)-CAT
pAGP(90)-ChI

-140/+21
-120/+21
-64/+21

pAGP-101 bp TPI (75)-CAT -120/-19 -75/+3
pAGP-78 bp TPI(75)-CAT -120/-42 -75/+3

FIG. 7. (A) Nucleotide sequence of the 5' flanking region of the AGP gene containing the glucocorticoid regulatory element. The TATA
box is enframed, the diagnostic PstI site at position -64 is underlined, and the minimal sequence required for glucocorticoid regulation
represented by the 78-bp AGP insert is overlined. Nucleotides are numbered relative to the transcription start site, + 1, as defined by Reinke
and Feigelson (33). Our sequence data are identical to the data of those authors; however, ambiguities observed with both the dideoxy chain
termination and chemical modification methods prevented conclusive assessment of positions -57 to -55. (B) Nucleotide sequence of the 5'
flanking region of the TPI gene present in the AGP-TPI-CAT constructs. The TATA box is enframed. Nucleotides are numbered relative to
the transcription start site, + 1 (8). (C) Distal and proximal endpoints of the AGP gene inserts in the indicated constructs are listed. End points
are numbered as in panels A and B and were determined by sequencing each construct directly.

gene regulation compares with the regulation of other gluco-
corticoid-responsive genes, e.g., the mouse mammary tumor
virus (9, 32, 37, 38), metallothionein (19), and rat fibrinogen
genes (14).
Our results with AGP-CAT constructs tested in L cells

suggest that the first 50 bp upstream of the AGP gene were
responsible for maintaining a level of transcription that is
well below that of the promoterless pSVOCAT element in the
absence of dexamethasone. Since the glucocorticoid regula-
tory element and the promoter of the AGP gene are insepa-
rable in our assay, it may be that glucocorticoid regulation of
the AGP gene is achieved not only by enhancing transcrip-
tion initiation but also by relieving an inhibition of transcrip-
tion. If the low level of transcription is lost, e.g., through
mutation, a phenotype of AGP gene expression would be
obtained as described for HTC cells (15). Whether HTC cells
are able to increase the characteristically high level of AGP
gene transcription upon exposure to dexamethasone is not
certain due to the semiquantitative nature of the transcrip-
tion assay used by Vannice et al. (15).
AGP gene regulation in the liver during the acute-phase

response is influenced not only by corticosteroids but also by
other inflammatory factors (2), such as the hepatocyte-
stimulating factor (35). The experiments reported here shed
some light on the regulatory mechanisms controlled by
steroids. Future studies will provide information on the
mechanism of AGP induction by hepatocyte stimulating
factor and how AGP gene expression is coordinated with the
expression of genes that encode other acute-phase plasma
proteins (12, 14).
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