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The rat CYP2D5 P-450 gene is activated in the liver during postnatal development. We previously showed
that liver-specific transcription of the CYP2DS5 gene is dictated by a proximal promoter element, termed 2DS5,
that is composed of a binding site for Spl or a related factor, and an adjacent cryptic C/EBP (CCAAT/
enhancer-binding protein) site. Despite the fact that both C/EBPa and C/EBPf are expressed abundantly in
liver, only C/EBP is capable of stimulating the 2D5 promoter in HepG2 hepatocarcinoma cells. In addition,
activation of the 2D5 promoter by C/EBPf is completely dependent on the presence of the Spl site. Domain
switch experiments reveal that C/EBP proteins containing either the leucine zipper or the activation domain
of C/EBPa are unable to stimulate the 2D5 promoter yet are fully capable of transactivating an artificial
promoter bearing a high-affinity C/EBP site. Thus, the leucine zipper and the activation domain of C/EBPf are
absolutely required to support transactivation of the 2D5 promoter. Using Drosophila cells that lack endoge-
nous Spl activity, we show that the serine/threonine- and glutamine-rich activation domains A and B of Sp1
are required for efficient cooperatively with C/EBP. Furthermore, analysis of c¢/ebp3-deficient mice shows that
mutant animals are defective in expression of a murine CYP2D5 homolog in hepatic cells, confirming the
selective ability of C/EBPf to activate this liver-specific P-450 gene in vivo. Our findings illustrate that two
members of a transcription factor family can achieve distinct target gene specificities through differential

interactions with a cooperating Sp1 protein.

Transcription of most eukaryotic genes is regulated by sev-
eral activator proteins that bind to cis-regulatory sites flanking
the gene. Single regulatory elements are rarely sufficient to
promote high levels of transcription or to direct proper cell-
specific or inducible expression. Usually two or more cis ele-
ments are required, and frequently these sites function syner-
gistically (superadditively) to activate gene transcription (14).
Synergism can occur at the level of transcriptional activation,
where two activators may have independent targets in the
transcription initiation complex or enhance different rate-lim-
iting steps in the initiation pathway (2, 15, 23). Alternatively,
cooperativity may be achieved through facilitated DNA-bind-
ing interactions in which binding of one protein increases the
affinity of a second activator for its binding site (9, 35, 39).
DNA-binding cooperativity involves either protein-protein in-
teractions between two factors or, less likely, a conformational
change in the DNA induced by one protein that promotes
binding of the second. Although synergism between activators
is an important aspect of gene activation in eukaryotic organ-
isms, relatively little is known of the molecular basis for such
cooperativity.

We previously reported evidence for cooperative interac-
tions between C/EBPB (also named NF-IL6, IL-6DBP, LAP,
AGP/EBP, CRP2, and NF-M [reviewed in reference 16]) and
Spl, or an Spl-like protein, in regulating transcription of the
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CYP2D5 cytochrome P-450 gene (22). CYP2D5 is a member of
the rat CYP2D subfamily of P-450 genes that are developmen-
tally regulated in the liver (10). CYP2DS5 transcripts first appear
in liver immediately after birth and attain high levels in 3-
week-old prepubertal rats. Mutagenesis experiments identified
a region in the CYP2DS5 promoter between nucleotides —80
and —120, termed 2DS, that is essential for the activity of this
promoter in transfected HepG2 hepatocarcinoma cells (22).
The 2DS5 region contains a binding site for a liver nuclear
factor that is identical or highly related to the ubiquitous ac-
tivator protein Spl. An adjacent cis-regulatory element exhib-
its weak similarity to the consensus C/EBP binding site. Nei-
ther C/EBPa nor C/EBP, two liver-enriched members of the
C/EBP protein family, is capable of binding this site with high
affinity. However, in the presence of liver extract or recombi-
nant human Sp1 protein, C/EBPB was found to bind the 2D5
element as part of a 2D5-Sp1-C/EBPB ternary complex (22).

Interestingly, C/EBPa and C/EBP differ in their capacities
to transactivate the 2D5 promoter in HepG?2 cells (22). While
C/EBPB stimulated transcription of a 2D5 promoter-chloram-
phenicol acetyltransferase (CAT) reporter construct approxi-
mately fivefold, C/EBPa had no effect on promoter activity.
Together with the data from in vitro DNA-binding experi-
ments, these findings suggested that transcriptional activation
of the CYP2D5 gene in hepatocytes involves Spl-dependent
recruitment of C/EBP to a cryptic C/EBP site located in the
proximal promoter region. In support of this model, C/EBPf
expression in rat liver increases at about 3 weeks after birth,
coincident with the elevation of CYP2DS5 transcript levels (22).

In the present study we have further investigated the mech-
anism underlying cooperative activation of the CYP2D5 pro-
moter by C/EBPB and an Spl-related factor. We show that
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functional interactions between Sp1l and C/EBPB are adversely
affected by increasing the distance between their binding sites
but not by their relative orientation. Cooperativity appears to
occur at the level of both DNA binding and transactivation,
since dependence on Spl was observed even when the cryptic
C/EBP binding site was converted to a high-affinity sequence.
In Drosophila cells, transactivation of the 2D5 promoter by
C/EBP proteins requires Spl, and two of the four Spl activa-
tion domains are necessary for synergism with C/EBPB. The
C/EBPB leucine zipper and the activation domain were found
to be absolutely required for C/EBPB-Spl cooperativity in
HepG2 cells, as hybrid proteins containing the corresponding
domains from C/EBPa did not transactivate the 2D5 pro-
moter. Furthermore, analysis of C/EBPB-deficient mice dem-
onstrates that C/EBP is essential for efficient transcriptional
activation of a murine CYP2D5 homolog in hepatocytes.

MATERIALS AND METHODS

Promoter-CAT reporter constructs. The 2D5 promoter mutant-CAT reporters
carrying point mutations at the Spl or C/EBP site were constructed by PCR
amplification of the promoter (nucleotides —120 to +73) using 5’ oligonucleo-
tide primers incorporating the desired base changes. The mutagenic oligonucle-
otide primers were 2D5, 5'-ACTGAACCTCACTGGCCCCTCCCTACACTTG
ACCAAACAAAC; 2D5-M1, 5'-ACTGAACCTCACTGGCCCCTCgCTACAC
TTGACCAAACAAAC; 2D5-M2, 5'-ACTGAACCTCACTGGCCCCTCCCTA
CACccGACCAAACAAAC; 2D5-M4, 5'-ACTGAACCTCACTGGCCCCTCC
CTACACTTGcgCAAACAAAGC; and 2D5-M5, 5'-ACTGAACCTCACTGGCC
CCTCgCTACACTTGcgCAAACAAAC. The mutated bases are lowercased,
and their effects on the binding of Spl or C/EBP to the promoter are dia-
grammed in the corresponding figures. The 3’ primer was a 20-mer spanning
nucleotides +54 to +73. After amplification, the PCR fragments were treated
with Klenow polymerase and ligated to the promoterless CAT vector (22).

2D5 promoter hybrids containing the albumin core promoter were constructed
by a two-step PCR approach. The 2D5 mutant oligonucleotides (oligos) de-
scribed above were paired with oligo 1 (see below), and oligo 2 (below) was
paired with the 3’ 20-mer; the 2D5 promoter was used as the template. The two
amplified fragments were combined and joined by a second round of PCR using
the 2D5 mutant oligos and the 3’ 20-mer as primers. The final products were gel
purified, blunt ended with Klenow, and ligated to the promoterless CAT vector.
The orientation and sequence were confirmed by DNA sequencing. oligo 1 is
nucleotides —55 to —36 of 2D5 fused to nucleotides —35 to +3 of the mouse
albumin promoter; oligo 2 is nucleotides —17 to +22 of albumin joined to
nucleotides +23 to +73 of 2D5.

Drosophila cell expression plasmids. pPacSpl and a series of human Spl
expression plasmids containing various deletions were kindly provided by Robert
Tjian (4). To construct C/EBPa and C/EBPB expression plasmids driven by an
insect actin gene promoter for use in the transfection studies with Drosophila
cells, a promoter fragment (—340 to +88) of the Drosophila actin 5C gene (3)
was PCR amplified from pPacSp1 and inserted into pGEM-3Z (Promega) as an
EcoRI fragment. This shorter actin 5C region reportedly has promoter strength
similar to that of pPacSp1, which contains 2.3 kb of actin 5C 5’-flanking DNA
(including upstream enhancers and a negative regulatory element) (3, 4). A
1.1-kb Sall fragment containing the Drosophila actin 5C gene polyadenylation
signal (pol-A) was then excised from pPacSpl and inserted into the Sall site of
the vector. The resulting expression vector containing the actin 5C gene pro-
moter and pol-A was named pGac. The C/EBPa and C/EBP coding sequences
were isolated from pMEX-C/EBP and pMEX-CRP2 (37), respectively, as
BamHI fragments and inserted into the BamHI site of the polylinker between
the actin 5C promoter and pol-A to generate pGac. C/EBPa and pGac.C/EBPB.
The sequence of the PCR-amplified 5C promoter and the insert orientation for
each construct were confirmed.

C/EBPa and C/EBPg expression plasmids. Vectors capable of expressing the
wild-type C/EBP proteins have been described previously (36); pMEX-C/EBP is
now designated pMEX-C/EBP«, and pMEX-CRP2 is renamed pMEX-C/EBPB.
pMEX is an expression vector containing the murine sarcoma virus long terminal
repeat (37). PCR was used to introduce restriction sites into the coding se-
quences of C/EBPa, C/EBPB, VP16, and GCN4; the construction of deletions
and chimeric genes has been described previously (36). In general, segments
located at the N terminus of a gene carry either a naturally occurring or a
PCR-derived Ncol site at the 5’ end and a BamHI site at the 3" end. Internal
segments were constructed as Bgl/lI-BamHI fragments, and the DNA-binding
domain (DBD) fragments were generated as BamHI-HindIII fragments. Restric-
tion fragments were combined to generate chimeric and deleted genes which are
named according to the amino acid residues that they contain. DBD fragments
encode amino acids 272 to 358 of C/EBPa and 192 to 276 of C/EBP, and the
VP16 activation domain consists of amino acids 429 to 456 from the herpes
simplex virus (HSV) VP16 protein. Leucine zipper chimeras were constructed by
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introducing X#ol sites into the coding sequences of C/EBPa at codons 314 and
315, C/EBPB at codons 235 and 236, and GCN4 at codons 250 and 251. The
leucine zipper modules were then exchanged as Xhol-HindIII fragments.

Transient transfection and CAT assay. HepG2 cells were transfected essen-
tially as described elsewhere (22), except that the cell density was reduced to 30%
confluency and the internal standard, the luciferase reporter pSV232AL.A_5’
(6), was reduced to 0.5 pg per flask. Drosophila melanogaster Schneider SL-2 cells
were transfected by the calcium phosphate method (12). Briefly, cells were
seeded at 2 X 10° per flask (25 cm?) in 5 ml of M3 medium (Quality Biological,
Inc.) containing 10% fetal bovine serum (HyClone) 24 h before transfection. Six
micrograms of the DNA was mixed with 200 pl of 0.5 M CaCl,, and 200 pl of 2X
HN (50 mM HEPES, 280 mM NaCl, 1.75 mM NaH,PO, [pH 7.09]) was added
dropwise. The mixture was added to the cells after 15 min of incubation. The
cells were left undisturbed at room temperature for 40 to 48 h before harvesting.
Cells were lysed by five rounds of freezing and thawing, and the cell lysates were
then used directly for luciferase activity measurements and CAT assays (11).
Unless otherwise indicated, CAT assays were performed at 37°C for 1 h.

Each HepG?2 cell lysate (10 pl) was analyzed by Western blotting to verify
expression of the C/EBP proteins. The extracts were electrophoresed on sodium
dodecyl sulfate (SDS)-12% polyacrylamide gels, transferred to nitrocellulose
membranes (Schleicher & Schuell), and probed with an antibody (panCRP) that
recognizes an epitope in the C/EBP basic region (36). Antigen-antibody com-
plexes were visualized with an Amersham Enhanced Chemiluminescence Kkit.

Gel mobility shift assay. All probes were end labeled with [y-*>P]ATP. The
2D5 gel shift probe has been described previously (22), and the sequence of the
2D11 gel shift probe is 5'-ACTGAACCTCACTGGGTCCTCCCTATCCCGG
GCCAAAAAAAAC-3'. Gel mobility shift experiments using recombinant hu-
man Spl (Promega) and C/EBPB were performed as described elsewhere (22).

Liver RNA extraction and Northern blot analysis. Mouse liver tissue was
homogenized in the RNA STAT-60 reagent (TEL-TEST “B,” Inc., Friendswood,
Tex.), and total RNA was extracted according to the manufacturer’s protocol.
Twenty micrograms of RNA was heated at 65°C in an RNA sample buffer
containing 50% formamide and 6% formaldehyde and loaded onto a 1% agarose
gel. Electrophoresis was carried out at 100 V with buffer recirculation. The RNA
was transferred to a nylon membrane (Dupont) with 10 mM NaOH. After
transfer, the membrane was neutralized with Tris-HCI (pH 7.0) and prehybrid-
ized at 50°C in 6X SSPE (1Xx SSPE is 0.18 M NaCl, 10 mM NaH,PO,, and 1 mM
EDTA [pH 7.7])-10% dextran sulfate-1% SDS-0.5% BLOTTO for 2 h. A
32P_labeled 2D11 oligonucleotide probe was added at a specific activity of 5 X
107 cpm/ml, and hybridization was continued for 16 h. The membrane was then
washed three times with 4X SSPE-1% SDS for 10 min at 50°C. The membrane
was scanned with a Phosphorlmager detector, and the signals were quantitated.
The 2D11 probe is 5'-GCTAAAAATGCTGAAAGAATGTTTCACA; the al-
bumin probe is 5'-CACTACAGCACTTGGTAACATGCTCACTC. The albu-
min probe was hybridized in 4X SSPE-1% SDS-0.5% BLOTTO at 55°C. The
actin cDNA probe was hybridized in 4X SSPE-1% SDS-0.5% BLOTTO at 65°C.

RESULTS

Ternary 2DS complex formation by Spl and C/EBPP is
dependent on spacing but not relative positions of binding
sites. In many cases of DNA-binding cooperativity between
two activator proteins, spacing and orientation of the binding
sites are critical parameters (39). Therefore, we examined the
effects of altering the spacing and relative positions of the Sp1
and C/EBPS sites in the 2D5 region. Poly(dA) spacers of 5, 10,
20, 30, or 40 bp were inserted between the Spl and C/EBP
binding sites, and the mutant templates were tested for Spl-
C/EBPB-2D5 ternary complex formation in vitro by using pu-
rified recombinant proteins. As shown in Fig. 1A, The effi-
ciency of ternary complex formation decreased as the distance
between the binding sites was lengthened. Increasing spacing
did not affect Sp1 binding appreciably, whereas cooperative
binding of C/EBPB to templates containing 30-bp or larger
spacers was severely diminished. Switching the positions of the
Spl and C/EBP binding sites within the 2D5 oligonucleotide
did not reduce and, indeed, slightly increased the efficiency of
ternary-complex formation.

To examine whether ternary complexes can form when the
Spl and C/EBP sites are on separate DNA fragments, a la-
beled oligonucleotide containing the 2D5 Sp1 binding site was
mixed with a second oligonucleotide containing either the 2D5
C/EBP site or a high-affinity C/EBP site. The various pairs of
oligonucleotides were tested for ternary complex formation
with purified C/EBPB and Spl proteins in gel shift assays.
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FIG. 1. Effects of altering spacing and orientation of Sp1 and C/EBP binding sites in the 2D5 promoter. (A) 2D5-Sp1-C/EBP ternary complex formation is reduced
by increasing Sp1-C/EBP spacing. Human Sp1 protein (4 ng) and recombinant C/EBPB were incubated with 0.1 ng of 3?P-labeled oligonucleotide probes containing
various lengths of poly(dA) spacer between the 2D5 Sp1 and C/EBP sites and analyzed by gel mobility shift. In lanes 9 and 10 the order of the two sites was reversed.
Oligonucleotides with spacer were ACTGAACCTCACTGGCCCTCCCT-(A),-ACACTTGACCAAACAAAAC; the oligonucleotide with reversed Sp1-C/EBP sites
was CCCTACACTTGACCAACCAAACCTCACTGGCCCTCCCTACAC. The Spl and C/EBP binding sites are underlined. + and —, presence and absence of
C/EBPg in the binding reactions, respectively. (B) Effects of spacing changes on C/EBPP transactivation of the 2D5 promoter. The indicated spacing mutations were
introduced into the 2D5 proximal promoter (—120 to +73) and inserted upstream of CAT. These reporter genes (5 pg) were transfected into HepG2 cells in the
presence and absence of 15 g of the C/EBP expression vector pMEX-C/EBP. The control transfections included 15 ug of the pMEX expression vector, and all
transfections included a luciferase vector (pSV232AL.A_5") as an internal standard. Cells were harvested 40 h after transfection, and the CAT and luciferase activities
were measured. The CAT activity for each sample was normalized to luciferase to control for transfection efficiency. The data are averages of three independent

experiments.

Ternary complex formation was not observed with the sepa-
rated binding sites (data not shown), indicating that cooperat-
ivity requires binding of both proteins to a single DNA mole-
cule. In addition, we could detect no association between Spl
and C/EBP in coimmunoprecipitation experiments (data not
shown). These results suggest that interactions between the
two proteins occur only upon binding to adjacent sites on
DNA.

We also tested the effects of the spacing changes on trans-
activation by C/EBPB in HepG?2 cells. Figure 1B shows that
increasing the distance between the Spl and C/EBP sites
caused a modest (twofold at most) increase in the basal level
of expression from transfected 2D5-CAT reporter genes.
However, when the same reporters were cotransfected with a
C/EBPB expression vector, the increase in transcription elic-
ited by C/EBPP diminished as a function of increasing spacer
length. Thus, while wild-type 2D5-CAT was activated fourfold
by C/EBPB, CAT expression from 2D5(+40)-CAT was essen-
tially unaffected by cotransfecting the activator. Taken to-
gether, the results in Fig. 1 demonstrate that synergistic inter-
actions between Spl and C/EBPB occur only when their
binding sites are closely juxtaposed.

Cooperativity between Sp1 and C/EBPf involves DNA bind-
ing and transcriptional activation. We next examined the re-
quirements for cooperativity between the Spl and C/EBPB
binding sites in transfected HepG2 cells. As shown in Fig. 2A,
C/EBPB transactivated the proximal 2D5 promoter (residues
—120 to +73) fused to the CAT reporter gene nearly fourfold,
whereas C/EBPa had no effect on CAT expression. Mutat-
ing the Spl site (2D5-M1) reduced basal transcription from

the 2D5-CAT construct and eliminated transactivation by
C/EBPB, while altering the cryptic C/EBP site (2D5-M2) did
not affect basal transcription but abolished stimulation by
C/EBPB. These data confirm our previously reported results
(22).

The observations that human Sp1 recruits C/EBPB to the
cryptic C/EBP site on the 2D5 promoter in vitro and that
C/EBPg fails to transactivate the 2D5 promoter in vivo when
the Sp1 site is mutated imply that C/EBPB-mediated activation
of the 2D5 gene requires an Sp1 factor bound to the promoter.
These results raise the question of whether the role of Spl is
simply to recruit C/EBP to the DNA template or whether Sp1
and C/EBPR also cooperate in transcriptional activation. To
address this issue, the cryptic 2D5 C/EBP binding site was
converted to a high-affinity C/EBP site by site-directed mu-
tagenesis. As shown in Fig. 2A, a 2D5 promoter bearing the
high-affinity C/EBP site in combination with a mutated Sp1
site (2D5-MS) was not significantly transactivated by either
C/EBPB or C/EBPa in HepG2 cells. However, when placed
immediately upstream of the mouse albumin core promoter
(2D5/M5-alb-CAT), the high-affinity C/EBP site was transac-
tivated by both C/EBP proteins but more efficiently by C/EBPa
(Fig. 2A, right panel). The level of transactivation was similar
to that observed for the C/EBP site from the albumin proximal
promoter (DEI-alb-CAT) (36). These results indicate that the
sequence context of a C/EBP site, even if it is a high-affinity
site, is critical for its ability to mediate transactivation by
C/EBP proteins. Moreover, the fact that binding of C/EBP to
the 2D5/M5 promoter fails to activate transcription suggests
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that, in addition to its ability to facilitate binding of C/EBPS,
Sp1 synergizes with C/EBP at the transcriptional level.
C/EBPg activated transcription equivalently from 2D5-CAT
and 2D5/M4-CAT, which contains the high-affinity C/EBP site
and the wild-type Spl1 site (Fig. 2A). C/EBPa also stimulated
transcription from 2D5/M4-CAT, whereas it failed to activate
the wild-type 2D5 promoter. C/EBPB was less active than
C/EBPa on the DEI-alb-CAT and 2D5/M5-alb-CAT report-
ers, in which the Sp1 binding site is either absent or mutated,
respectively. However, C/EBPB and C/EBPa were equally ef-
fective in transactivating 2D5/M4-CAT and 2D5/M4-alb-CAT.
We conclude from these data that C/EBPa is able to synergize
with Spl to elicit transcriptional activation provided that a
high-affinity C/EBP site is present. However, C/EBP cooper-
ates with Sp1 to enhance 2D5 expression even when the pro-
moter contains the normal cryptic C/EBP site, suggesting that
an Sp1 factor can recruit C/EBPB, but not C/EBPaq, to this site.
It has been reported that the TATA box and other core
promoter elements can contribute to the specificity and effi-
ciency of transcriptional activation (13, 31). We therefore
sought to determine whether cooperativity between Spl and

C/EBPB. (A) Transactivation by C/EBP requires cooperative interactions be-
tween the Spl site and the cryptic C/EBP site. Various 2D5 promoter-CAT
reporter mutants (5 pg) were cotransfected with 15 pg pCMV-4 (an empty
expression vector), pMEX-C/EBPa, or pMEX-C/EBPB and 1 pg of the lucif-
erase vector pSV232AL.A_5" into HepG2 cells, and the CAT and luciferase
values were determined (left panel). CAT activity was normalized to luciferase
activity to control for transfection efficiency. Transactivation of artificial promot-
ers containing C/EBP binding sites from the albumin promoter (the DEI ele-
ment) or the 2D5 promoter (nucleotides —98 to —80) fused to the albumin basal
promoter (—35 to +22) is plotted on the right. The data are averages of three
independent transfections; standard deviations are indicated by the error bars.
+, wild-type element; —, mutated (null) element; cons, consensus high-affinity
C/EBP site. (B) Cooperativity between Spl and C/EBPB is independent of
TATA element structure. The basal promoter regions (—35 to +22) of wild-type
2D5, M4, and M5 (—120 to +73 promoter sequences) were replaced by the
albumin gene core promoter (—35 to +22). The resultant reporters were tested
for transactivation by C/EBPB and C/EBPa as described for panel A. The
2D5-albumin hybrids were compared to the corresponding parental 2D5 pro-
moter constructs.

C/EBPB is affected by the basal promoter sequence. To this
end, we replaced the 2D5 core promoter region (—35 to +22)
of the wild-type, M4 and M5 promoter-CAT constructs with
the basal promoter of the tissue-specific albumin gene (—35 to
+22) or the ubiquitously active HSV thymidine kinase (tk)
gene (—36 to +51) (Fig. 2B). Although the overall levels of
transactivation were reduced for these constructs, neither the
albumin nor the tk (data not shown) core promoter altered the
cooperativity between C/EBPB and Spl, demonstrating that
the basal promoter sequence is not critical for C/EBPBR-Sp1
synergism.

Cooperativity between Sp1 and C/EBPf in Drosophila cells.
To further investigate cooperativity between Spl and C/EBPB,
we employed a transfection assay using Drosophila SL-2 tissue
culture cells. Drosophila cells lack endogenous Spl activity (4)
and therefore can be used to test the requirement for Spl in
activating 2D5 transcription and to examine the effects of mu-
tations in the Spl protein. Human Sp1 was expressed in Dro-
sophila cells from the vector pPacSpl (4), in which Spl tran-
scription is driven by the Drosophila actin 5C promoter/
enhancer. C/EBPB and C/EBPa were expressed from the
related vector pGac.

Potential cooperativity between C/EBP and Sp1 was exam-
ined in SL-2 cells by cotransfecting the expression vectors for
C/EBPB and Spl along with various 2D5 promoter-CAT re-
porters. As shown in Fig. 3, Sp1 and C/EBP transactivated the
2D5-CAT reporter in a synergistic manner. C/EBP alone did
not transactivate, while Spl stimulated 2D5-CAT expression
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FIG. 3. Synergism between Spl and C/EBP in Drosophila cells. Two micro-
grams of the indicated 2D5 promoter-CAT reporters was cotransfected into SL-2
cells with pPacSp1 (100 ng), pGac.C/EBP (2 pg), or both, and the total amount
of DNA was adjusted to 6 wg with pGac. Forty to forty-eight hours after trans-
fection, lysates were prepared and assayed for CAT activity. Relative CAT
activity was calculated as percent conversion of ['“C]chloramphenicol per milli-
gram of cell lysate protein. The data are averages of three independent trans-
fections. The M2 and M5 mutants are described in the legend to Fig. 2. Expres-
sion of the C/EBP protein in Drosophila cells was confirmed by immunoblotting
analysis (data not shown).
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approximately 25-fold. However, when cotransfected with the
Sp1 vector, C/EBPR caused a greater than threefold increase in
wild-type 2D5-CAT expression compared to Sp1 alone. In cells
transfected with 2D5/M2-CAT (mutant C/EBP binding site)
and pPacSpl, no significant increase in promoter activity re-
sulted from coexpressing C/EBP. The ability of Spl to acti-
vate 2D5/MS5-CAT (mutant Spl binding site) was noticeably
reduced compared to the wild-type promoter but not com-
pletely abolished. This low level of activity was again enhanced
nearly fivefold by cotransfecting pGac.C/EBPB. These results
demonstrate that cooperative interactions occur between the
two activators in Drosophila cells.

Glutamine- and serine/threonine-rich activation domains of
Spl are required for cooperativity with C/EBPB. We next
tested various Spl mutants for their abilities to activate the
2D5 promoter cooperatively with C/EBPB. As depicted in Fig.
4, Spl contains a zinc finger DNA-binding domain and four
activation domains, designated A, B, C, and D (4). Sp1 expres-
sion plasmids bearing deletions of one or two of these domains
(kindly provided by R. Tjian) were cotransfected with 2D5-
CAT into SL-2 cells, with or without pGac.C/EBPB (Fig. 4A).
By themselves, all of the activation domain deletion mutants
were poorer activators of 2D5 than wild-type Spl. However,
when tested for synergism with C/EBPB, some of the mutants
exhibited equivalent or greater activity than wild-type Sp1. For
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FIG. 4. Two serine/threonine and glutamine-rich activation domains of Spl are required for cooperativity with C/EBPB. Expression plasmids containing Spl
deletion mutants (300 ng) (4) and the 2D5 promoter-CAT reporters (2 pg) were cotransfected into Drosophila SL-2 cells, with or without the C/EBP expression vector.
The transcriptional activity of the 2D5-CAT reporter alone was assigned a value of 1, and the CAT activities after cotransfection with the Sp1 vectors were normalized
accordingly (fold activation). The data are averages of at least four independent transfections * standard errors. Fold enhancement is the increase in CAT activity

resulting from cotransfection of C/EBP.
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FIG. 5. The C/EBP leucine zipper is specifically required for transactivation of the 2D5 promoter. Expression plasmids for C/EBPB, C/EBPq, or leucine zipper
swap mutants (15 pg) were cotransfected with 2D5-CAT or DEI-alb-CAT reporters (5 pg) and 1 pg of pSV232AL.A_5’" into HepG2 cells, and the CAT-luciferase
values were determined (A). The activity of wild-type C/EBPP was assigned a value of 100%, and the activities of the mutants were normalized accordingly. The data
are averages of four independent transfections *+ standard errors. AD, activation domain; BR, basic region; LZ, leucine zipper; o, , C/EBPa LZ; G, ,, GCN4 LZ;
Brz C/EBPB LZ. (B) Equivalent amounts of the transfected cell extracts (approximately 10 pg of protein) were analyzed by immunoblotting using the panCRP
antibody (36), which recognizes an epitope in the basic region common to all C/EBP proteins.

example, the activity of a D-domain deletion mutant (N636)
was more strongly enhanced (9.2-fold) by coexpression of
C/EBPB than wild-type Spl, which was stimulated 4.7-fold.
Mutants lacking the C (Aint162) or B plus C (Aint349) do-
mains showed normal levels of cooperativity with C/EBP (5.7-
and 5.2-fold, respectively). Removal of the A domain (516C)
decreased cooperativity to 50% of that of intact Sp1, suggest-
ing that the A activation domain is involved in transcriptional
synergy with C/EBPB. As expected, removing the zinc finger
DNA-binding domain (N539) completely abolished transacti-
vation of the 2D5 promoter as well as any cooperativity with
C/EBPB.

We also tested Spl proteins consisting of the zinc finger
region fused to single activation domains (or combinations of
domains) for cooperativity with C/EBPB (Fig. 4B). The exper-
iments with Sp1 deletion mutants (Fig. 4A) suggested that the
C and D activation domains are not involved in cooperativity
with C/EBPR. In accordance with this result, the D (168C) and
C plus D (327C) domains did not mediate synergistic transac-
tivation with C/EBPB. However, the A domain (Aint349) re-
tained full cooperativity with C/EBPB, and the B domain
(516CAint112) showed moderate synergism (2.3-fold). The lat-
ter protein exhibited activity similar to that of the deletion
mutant 516C (Fig. 4A), which includes the B, C, and D do-
mains. Collectively, the data of Fig. 4 indicate that the serine/
threonine- and glutamine-rich activation domains A and B (4),
and especially domain A, mediate functional synergism with
C/EBPB in Drosophila cells.

Identification of C/EBPP domains required for transacti-
vation of the 2D5 promoter in HepG2 cells. The ability of
C/EBPB but not C/EBPa to transactivate the 2D5 promoter in
HepG2 cells presumably arises from differences in specific
domains that mediate direct or indirect interactions with an
Spl factor. To identify the domain(s) of C/EBPP that confers
this capability, we tested several mutant C/EBP@ proteins for
their abilities to transactivate 2D5-CAT in HepG2 cells. The
mutants included various deletions as well as chimeras con-
taining domains from C/EBPa and other activator proteins. To
assess the effects of the mutations on intrinsic (i.e., Spl-inde-
pendent) transcriptional activity, we also tested each protein
for its ability to transactivate DEI-alb-CAT.

We first asked whether the C/EBP leucine zipper domain is
involved in synergism with Spl by replacing it with either the
C/EBPa zipper or the zipper from the yeast bZIP protein
GCN4. A C/EBPB chimera bearing the C/EBPa leucine zipper

(C/EBPB|a; ) was a strong activator of DEI-alb-CAT (6%
greater than wild-type C/EBPB) but exhibited only 26% of
wild-type C/EBPB activity on 2D5-CAT (Fig. 5). Similarly,
replacement of the C/EBPB zipper with the GCN4 zipper
(C/EBPB|G; ) decreased its ability to activate 2D5-CAT (7%
of the wild-type level), while transactivation of DEI-alb-CAT
was largely unaffected (66% of the wild-type level). These
results show that the leucine zipper of C/EBP is essential for
its ability to function cooperatively with Spl. However, a re-
ciprocal chimera consisting of C/EBPa and the C/EBP leu-
cine zipper (C/EBPq|B; ) was unable to stimulate expression
of 2D5-CAT. This protein was otherwise fully functional since,
like wild-type C/EBPa, it transactivated DEI-alb-CAT effi-
ciently (fourfold greater activity than C/EBPB). We conclude
that the C/EBPB zipper is necessary but not sufficient for
synergism with Spl.

To identify additional C/EBPB sequences that are necessary
for cooperativity with Sp1, we analyzed a set of deletion mu-
tations in C/EBP (Fig. 6A), as well as C/EBPB|C/EBPa chi-
meras in which sequences external to the bZIP domain were
exchanged (Fig. 6C). Figure 6A shows that the tripartite acti-
vation domain (AD) located at the C/EBPB N terminus (19,
36) is essential for transactivation of the 2D5 promoter. An
N-terminal deletion removing the AD (83 to 276) eliminated
transactivation of both 2D5-CAT and DEI-alb-CAT. Con-
structs containing portions of the AD region [B(43-276) and
B(1-47)|DBD] yielded 40% of wild-type activity, while proteins
retaining the full AD [B(1-83)[DBD] or AD modules 2 and
3 [B(31-83)|DBD] were nearly fully active, even though the
latter protein transactivated DEI-alb-CAT poorly. A chimera
in which residues 48 to 83 were replaced by the VP16 AD
(B|VP16) exhibited only 27% of wild-type activity on 2D5-
CAT. Thus, the AD region, particularly the segment between
amino acids 31 and 83 (modules 2 and 3) (36), is necessary for
transactivation of the 2D5 promoter.

This conclusion was confirmed and extended by the experi-
ments of Fig. 6C, which demonstrate that the N-terminal AD
of C/EBPa (AD-I) is unable to substitute for the C/EBPR AD
in the 2D5 transactivation assay. Although the C/EBPa and
C/EBPB AD regions show significant sequence conservation
(19, 26, 36), none of the chimeras containing AD-I from C/
EBPa caused appreciable stimulation of the 2D5 reporter.
However, most of these hybrid proteins activated DEI-alb-
CAT as well as or better than C/EBPB, showing that they are
not generally defective in transactivation. For example, the
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FIG. 6. Analysis of C/EBPB deletion mutants and C/EBP«a-C/EBPB chimeras. Deletion mutants of C/EBPB (A) and hybrid proteins composed of C/EBPa and
C/EBPB domains (C) were tested for transactivation of the 2D5-CAT or DEI-alb-CAT reporter genes as described for Fig. 5. B[VP16 is a hybrid protein in which the core
activation domain of C/EBPPB (residues 48 to 83) was replaced with the acidic activation domain of HSV VP16. The data are averages of three independent
experiments * standard errors. Expression of the C/EBP proteins was analyzed by Western blotting (B and D) as described for Fig. 5.

chimera «(1-89)|3(81-276) displayed only 31% of C/EBPB ac-
tivity on 2D5-CAT yet was 24% more active than C/EBPB on
DEI-alb-CAT. Proteins retaining both AD-I and AD-II of
C/EBPa were four- to fivefold more active than C/EBPB on
the DEI-alb-CAT reporter yet failed to stimulate 2D5. Thus,
while the presence of AD-II increases the overall transcrip-
tional activity of C/EBPa severalfold, it does not confer the
ability to transactivate 2D5. We conclude that the C/EBPB
AD, in addition to the leucine zipper, is absolutely required for
enhancement of the 2D5 promoter.

Liver-specific expression of a murine CYP2D5 homolog is
diminished in C/EBPf-deficient mice. The experiments pre-
sented thus far show that the rat CYP2D5 promoter is selec-
tively activated by C/EBPB but not C/EBPa in transfected
hepatoma cells. To demonstrate that C/EBPR is required for
CYP2D5 expression in vivo, we analyzed liver-specific tran-
scription of a murine CYP2D5-related gene, CYP2DI11 (38),
in mice bearing a homozygous null mutation at the c/ebpf
locus. Construction of c/ebpB-deficient mice will be described
elsewhere (33a); c/ebpB knockout mice have also been re-
ported previously by Tanaka et al. (34) and Screpanti et al.
(32).

Figure 7A shows a sequence alignment of the rat CYP2D5
and murine 2D1] promoters. Although the sequences of the
cryptic C/EBP sites in the 2D11 and CYP2D5 promoters differ
somewhat, the overall features of this region, including the
presence of an adjacent Sp1 site and the nucleotide sequence
extending to the transcription start site, are well conserved. To

test whether Sp1l and C/EBP bind cooperatively to the 2D11
promoter, we performed an electrophoretic mobility shift assay
using recombinant DNA-binding proteins and an oligonucle-
otide probe encompassing the putative Spl and C/EBP sites.
Figure 7B shows that Sp1 binds to the 2D11 promoter and that
recruitment of C/EBPP to the promoter is dependent on Spl.
Indeed, binding of C/EBP to the 2D11 probe was more de-
pendent on Sp1 than for the 2D5 probe; C/EBP alone did not
bind to 2D11, whereas weak binding to 2D5 was detected
(compare lanes 1 and 5). However, in the presence of Spl,
comparable amounts of the C/EBPB-Sp1-DNA complex were
formed with the two probes (compare lanes 4 and 8). These
data demonstrate that Spl facilitates C/EBP binding to the
2D11 probe, indicating that the proximal promoter regions of
the CYP2D5 and CYP2D11 genes contain functionally analo-
gous Spl and C/EBP sites.

We next analyzed the liver expression of 2D11 mRNA in
homozygous wild-type, heterozygous, and c/ebpf ™'~ mice.
2D11 mRNA was analyzed by Northern blotting using an oli-
gonucleotide probe specific for the 2D11 coding region. 2D11
expression levels differed considerably between c/ebpp~/~ and
wild-type or heterozygous animals at 7 weeks after birth (Fig.
7C). The c/ebpB-deficient mouse showed nearly undetectable
levels of 2D11 mRNA in the liver (lane 2), whereas its normal
littermate expressed the gene efficiently (lane 1). Quantitation
of the hybridization signals showed a 7.2-fold reduction in
2D11 mRNA in the ¢/ebpB '~ animal. A similar difference was
observed at 2 months (9.7-fold; lanes 3 and 4); at three months
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there was also a significant distinction between normal and
mutant animals, although the magnitude of the effect was re-
duced (4.3-fold; lanes 5 and 6).

For comparison, we also examined the effect of the c/ebpB
mutation on expression of the liver-specific albumin gene. The
albumin promoter and enhancer regions contain C/EBP bind-
ing sites (reviewed in reference 16), and the promoter can be
transactivated by both C/EBPa and C/EBPB (5, 8, 37). Figure
7C shows that albumin mRNA levels are unchanged in
¢/ebpB~'~ mice compared to their normal littermates. C/EBPS
is therefore dispensable for expression of the albumin gene.
We conclude from Fig. 7 that efficient liver-specific transcrip-
tion of the CYP2D11 P-450 gene requires C/EBPB. Further-
more, the effect on CYP2D11 transcription is specific, since the
absence of C/EBPB does not lead to a general decrease in
expression of hepatic mRNAs.

DISCUSSION

An important question in the study of transcriptional acti-
vators is how members of a family that display similar or
identical DNA-binding specificities are able to regulate distinct
sets of target genes. Our studies show that C/EBP can trans-
activate the CYP2D5 gene promoter in HepG2 cells whereas
the closely related C/EBPa protein cannot. This target speci-
ficity results from the different abilities of these two proteins to
cooperate with an Spl-related protein bound to an adjacent
site in the promoter. Our data suggest that the mechanism of
cooperativity involves both DNA binding and transcriptional
activation. Moreover, both the activating region and the leu-
cine zipper of C/EBPp are necessary for transactivation of the
2D5 promoter in HepG2 cells. The different abilities of the two
C/EBP proteins to activate this class of liver-specific P-450
genes in vivo were confirmed by the observation that CYP2D11
mRNA levels are greatly diminished in c¢/ebpB-null mice. These
results demonstrate that C/EBPa is unable to substitute for
C/EBPg in regulating a specific target gene.

Sp1-C/EBPp synergism may involve both DNA-binding and
transcriptional cooperativities. The idea that Spl facilitates
C/EBPp binding to the cryptic C/EBP site is suggested by three
observations. First, C/EBPB binding to the 2D5 oligonucleo-
tide in vitro is greatly enhanced by addition of Spl (22) (Fig.
7B). Second, physical and functional cooperativities between
C/EBPB and Spl are adversely affected by increasing the dis-
tance between the two binding sites (Fig. 1). Third, changing
the weak C/EBP site to a consensus C/EBP motif (mutant M4)
increases the ability of C/EBPa to transactivate the 2D5 pro-
moter but has no effect on transactivation by C/EBPB. This
result is consistent with the notion that an Spl-related protein
in HepG2 cells promotes C/EBPB binding to the cryptic
C/EBP site but does not facilitate C/EBPa binding.

A mutant 2D5 promoter containing a high-affinity C/EBP
site and a defective Sp1 site (M5) is not transactivated by either
C/EBP protein (Fig. 2A). Thus, dependence on Spl is ob-
served even when C/EBPa and C/EBP presumably are able to
bind to the 2D5 template autonomously. This result indicates
that transcriptional synergy also occurs between Spl and
C/EBP or C/EBPa. It should be noted that C/EBP« is a more
potent transcriptional activator than C/EBP due to the pres-
ence of a second activation domain (AD-II) that is absent in
C/EBPB (Fig. 6). If one takes this intrinsic four- to fivefold
difference in activity into account, the fact that C/EBPa and
C/EBPB transactivate the M4 mutant equally (Fig. 2A) may be
misleading, and C/EBPB may indeed be more efficient than
C/EBPu in synergizing with Sp1 at the transcriptional level.

Although the properties of wild-type 2D5 and the M4 mu-
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tant in transactivation assays suggest that an Spl factor facili-
tates C/EBP binding to the promoter but does not promote
C/EBPa binding, we have not observed differences between
the two C/EBP proteins in forming ternary complexes with
recombinant Sp1 in vitro (data not shown), in contrast to our
previous observation (22). There are several possible reasons
for the apparent inconsistency between the transfection and
DNA-binding experiments. First, Spl itself may not be the
factor that interacts with C/EBPB in vivo. A family of Sp1-like
proteins has been described (18), one of which could be re-
sponsible for C/EBPB-specific transactivation of the 2D5 pro-
moter in HepG?2 cells. The possibility that Sp1 per se is not the
relevant factor in mammalian cells is supported by the obser-
vation that human Spl synergizes with both C/EBPa and
C/EBPB in Drosophila cells and that an Spl antibody super-
shifts only a portion of 2D5-Spl complexes formed by using
HepG2 nuclear extracts (22). Second, the specificity of inter-
actions with Sp1 in vivo could be influenced by the assembly of
2D5 DNA into chromatin or by the presence of accessory
factors that are absent from reactions using purified compo-
nents. Third, productive 2D5-Sp1-C/EBPB complexes might
occur only with a heterodimeric C/EBP species, and C/EBPa
may be unable to associate with this heterodimeric partner.
This hypothesis is attractive because it would explain the in-
ability of the C/EBPa or GCN4 leucine zipper to substitute for
the C/EBPB zipper in 2D5 transactivation assays. At present
we cannot distinguish among the three models proposed here,
nor are the possibilities mutually exclusive.

The activation and leucine zipper domains of C/EBPf are
essential for 2D5 transactivation. Perhaps our most unex-
pected finding is that C/EBPB chimeras bearing either the
leucine zipper or activation domain I from C/EBPa are com-
pletely unable to activate 2D5-CAT expression. These results
are especially surprising because these regions exhibit strong
sequence similarity between C/EBPa and C/EBP (16). None-
theless, our studies reveal clear functional differences between
the C/EBPa and C/EBPB dimerization and activation do-
mains. As discussed above, the leucine zipper effect could
result from the different abilities of the o and B zippers to
dimerize with an unknown bZIP partner. C/EBPa-C/EBPB
chimeras fused at different positions in the zipper exhibited
intermediate phenotypes (22a), suggesting that there is not a
specific segment in the C/EBP zipper that mediates the ability
of this protein to transactivate 2D5. This result tends to sup-
port the heterodimer model. Irrespective of the mechanism,
the 2D5 promoter specificity conferred by the C/EBP leucine
zipper is, to our knowledge, the first example in which a zipper
region has been shown to determine differences in target gene
selectivity among members of an activator protein family.

How does the C/EBP activation domain contribute to 2D5
specificity? It is conceivable that C/EBPa AD-I is unable to
substitute for the C/EBPB AD because these two sequences
differ slightly in their targets within the transcriptional initia-
tion complex or associate with different coactivators (40). The
nature of these protein-protein contacts would then determine
whether transcriptional synergism with Spl occurs. It is also
possible that the AD region of C/EBP physically contacts the
Sp1 factor and that this interaction stimulates the ability of one
or both proteins to activate transcription. Although we were
unable to detect stable interactions between C/EBP and Spl
from rat liver in the absence of DNA (data not shown), this
result does not rule out the possibility that C/EBPB is associ-
ated with a different Spl-related factor in hepatic cells or that
binding to DNA is a prerequisite for this interaction.

Synergism between C/EBPf and Sp1. Transactivation exper-
iments in mammalian and Drosophila cells demonstrate that
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Spl is capable of synergizing with C/EBPB to activate 2D5
transcription. Previous studies indicate that C/EBP proteins
can function synergistically with other transcription factors as
well, including NF-«kB proteins. C/EBP proteins physically in-
teract with the pS0 subunit of NF-kB (21, 33), and in the case
of C/EBPB, this association requires the integrity of the leucine
zipper domain (21). C/EBP and NF-«B binding sites occur in
close proximity within several promoters, particularly those of
proinflammatory cytokine genes (1). Efficient induction of the
interleukin-6 (IL-6) promoter by lipopolysaccharide requires
binding sites for both C/EBP and NF-kB (41), and C/EBP
(NF-IL6) and NF-kB have been shown to transactivate the
IL-6 promoter in a synergistic fashion (24). Thus, certain sim-
ilarities exist between C/EBPB-NF-kB interactions and those
we have observed for C/EBPB and Spl.

Spl is also capable of interacting with multiple activator
proteins. For example, the erythroid-specific factor GATA-1
synergizes with Spl and with the related Kriippel family pro-
tein EKLF to activate transcription of target promoters (7, 25).
GATA-1 also physically interacts with these proteins in vitro.
Furthermore, in Drosophila cells Spl is capable of recruiting
GATA-1 to a promoter lacking GATA binding sites. Perkins et
al. (28) observed that efficient activation of transcription from
the human immunodeficiency virus type 1 long terminal repeat
requires both NF-kB and Spl binding sites, which occur in
close proximity on the promoter. Synergism between NF-«B
p65 and Spl involves cooperative DNA binding, and physical
association between the two proteins occurs via their respec-
tive DNA-binding domains (27, 28). These and other examples
illustrate that ubiquitous Spl factors can serve as essential
coregulators of inducible or developmentally controlled genes
by collaborating with cell-specific transcription factors.

C/EBPa and C/EBPg are not functionally redundant. The
different abilities of C/EBPa and C/EBPB to activate the
CYP2D5 promoter demonstrate that members of a family pos-
sessing similar DNA-binding specificities can regulate distinct,
or at least partially overlapping, sets of target genes. Although
one reason for the existence of multiple c/ebp genes could be to
increase the complexity of expression of C/EBP proteins, our
results demonstrate that the proteins also exhibit functional
diversity. In theory, these functional differences serve to ex-
pand the potential repertoire of genes activated by C/EBP
proteins because differential cooperative interactions with
other factors increase the combinatorial possibilities for tran-
scriptional regulation (17, 20).

One principle illuminated by our studies of CYP2D5 gene
regulation is the importance of weak protein-DNA interac-
tions in establishing cooperative relationships between activa-
tor proteins. The existence of a cryptic C/EBP site in the 2D5
region appears to be critical for differential transactivation of
the promoter by C/EBPa and C/EBPR, since the differences
between the two proteins are much less apparent when the site
is converted to a consensus C/EBP motif. Interestingly, most
naturally occurring C/EBP sites are not perfect matches to the
consensus recognition sequence (reviewed in reference 16).
Lower-affinity sites may predominate in promoters because
they increase the dependence on adjacent transcription factors
and thereby enhance cooperative interactions between activa-
tor proteins.

CYP2D11 gene expression is diminished in C/EBP-defi-
cient mice. It has been proposed that one function of C/EBPB
in liver is to mediate the induction of genes encoding acute-
phase plasma proteins such as C-reactive protein and serum
amyloid A, which are expressed in response to infection or
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trauma (reviewed in reference 29). The finding that targeted
disruption of the c/ebpB gene greatly reduces expression of the
murine CYP2D5 homolog, CYP2DI11 (Fig. 7), demonstrates
that C/EBP also controls the transcription of developmentally
regulated genes in hepatic cells. It is now of interest to deter-
mine whether other cytochrome P-450 genes require C/EBPR
for their expression in hepatocytes. Our data also show that the
serum albumin gene is not a C/EBPB target gene, as its ex-
pression was unaffected in c/ebpB-null mice. Surprisingly, both
C/EBPB and HNF1, each of which can bind to and transacti-
vate the albumin promoter, have now been found to be dis-
pensable for albumin expression in vivo (30). These results
emphasize the importance of confirming information obtained
in mammalian cell culture experiments by analyzing the effects
of targeted gene disruptions in animal models.
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