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AP-2 is a retinoic acid-inducible and developmentally regulated activator of transcription. We have cloned
an alternative AP-2 transcript (AP-2B) from the human teratocarcinoma cell line PA-1, which encodes a

protein differing in the C terminus from the previously isolated AP-2 protein (AP-2A). This protein contains
the activation domain of AP-2 and part of the DNA binding domain but lacks the dimerization domain which
is necessary for DNA binding. Analysis of overlapping genomic clones spanning the entire AP-2 gene proves

that AP-2A and AP-2B transcripts are alternatively spliced from the same gene. Both transient and stable
transfection experiments show that AP-2B inhibits AP-2 transactivator function, as measured by an

AP-2-responsive chloramphenicol acetyltransferase reporter plasmid. Furthermore, constitutive AP-2B ex-

pression in PA-1 cells causes a retinoic acid-resistant phenotype, anchorage-independent growth in soft agar,

and tumorigenicity in nude mice, in a fashion similar to transformation of these cells by oncogenes. To
determine the mechanism by which AP-2B exerts its inhibitory function, we purified bacterially expressed
AP-2A and AP-2B proteins. While bacterial AP-2B does not bind an AP-2 consensus site, it strongly inhibits
binding of the endogenous AP-2 present in PA-1 cell nuclear extracts. However, DNA sequence-specific binding
of bacterially expressed AP-2A cannot be inhibited by bacterially expressed AP-2B. Therefore, inhibition of
AP-2 activity by the protein AP-2B may require an additional factor or modification supplied by nuclear
extracts.

Cellular differentiation and growth regulation require spe-
cific alterations in programs of gene expression. These
alterations require the interaction of environmental signal
molecules, transduction to the nucleus, and a cascade of
regulated gene expression. Retinoic acid (RA) is a key
morphogen in vertebrate development and a potent regulator
of cell differentiation (1, 7, 11, 46, 53). Analysis of a number
of gene control regions known to be the target of regulation
by RA revealed that the transcription factor AP-2 is an

important effector of RA-induced cell differentiation.
AP-2, a 52-kDa protein, was first purified from HeLa cells.

Partial peptide sequences led to the isolation of the cDNA
from a HeLa cell library (54), and the gene was mapped to a

region on chromosome 6 near the HLA locus (15, 32).
Functional AP-2 binding sites have been identified in the
enhancer regions of viral and cellular genes such as simian
virus 40 (SV40), human T-cell leukemia virus type I, human
metallothionein-IIA (huMTIIA), murine major histocompati-
bility complex (H-2Kb), human proenkephalin, and human
keratin K14 genes (20, 23, 26, 27, 33, 36, 54), with a

consensus palindromic core recognition element, 5'-GCC
NNNGGC-3' (54). The DNA binding domain is located
within the C-terminal half of the 52-kDa protein and consists
of two putative amphipathic alpha helices separated by a

large intervening span region. This hypothetical helix-span-
helix-motif was shown to mediate homodimer formation
(56).
AP-2 exerts its crucial function in mediating regulation of

gene expression in response to a number of different signal
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transduction pathways. Phorbol esters along with cyclic
AMP induce AP-2 activity independent of protein synthesis
(24). In contrast, RA induces AP-2 activity by increasing
AP-2 mRNA levels in human teratocarcinoma cells in vitro
(30) and is associated with programmed gene expression
during retinoid-controlled murine embryogenesis (32). Re-
stricted spatial and temporal expression pattern has been
detected in several embryonic tissues, in particular in neural
crest-derived cell lineages and in limb bud mesenchyme, at
times when they are known to be developmentally retinoid
sensitive. Furthermore, analyses of AP-2 expression in
embryonic and adult Xenopus tissues implicate a causal role
for AP-2 in regulation of keratin gene expression during skin
differentiation (45). Keratin gene expression is known to be
highly retinoid sensitive.
Teratocarcinoma cell lines provide an in vitro system with

which to study early embryonic development, including
RA-induced cell differentiation and growth regulation (1, 31,
42). We have analyzed the function of AP-2 during these
processes. Here, we demonstrate that two differentially
spliced mRNAs are transcribed from the AP-2 gene, encod-
ing two different proteins, AP-2A and AP-2B. The AP-2A
protein is identical to the 52-kDa AP-2 protein purified from
HeLa cells. The AP-2B protein has the activation domain of
AP-2 and part of the DNA binding domain but lacks the
dimerization domain which is necessary for DNA binding.
Transfection experiments indicate that AP-2B is a potent
inhibitor of transactivation by AP-2A by inhibiting the inter-
action of AP-2A with DNA. AP-2B can suppress RA-
induced growth regulation and cell differentiation. Our re-

sults point to an additional regulatory mechanism involved in
trans regulation of gene expression by AP-2 and suggest a
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crucial function of AP-2 transactivation during RA-induced
cell differentiation.

MATERIALS AND METHODS

Isolation of recombinant cDNA and genomic DNA clones.
Twice-poly(A)+-selected RNA (2.5 ,ug) from 6928 cells
treated for 24 h with 10p,M RA was reverse transcribed into
cDNA, using an oligo(dT)-primed cDNA synthesis kit (Phar-
macia LKB, Piscataway, N.J.). Then 50 ng of cDNA was
ligated into EcoRI-cut dephosphorylated lambda ZAPII and
packaged with Gigapack Gold extracts (Stratagene, La Jolla,
Calif.), resulting in 2 x 106 plaques. Genomic AP-2 clones
were isolated from a commercially available human placen-
tal DNA library (Stratagene). All hybridizations were per-
formed under stringent conditions at 65°C with final washes
in 0.2x SSC (lx SSC is 0.15 M NaCl plus 0.015 M sodium
citrate)-0.01% sodium dodecyl sulfate (SDS) according to
standard protocols (41).
Northern (RNA) and Southern blot analyses and probes.

Total cellular RNA was isolated by guanidine isothiocyanate
lysis and centrifugation through a cesium chloride gradient
(6) and selected twice by oligo(dT)-cellulose chromatogra-
phy; 2.5 ,ug of poly(A)+ RNA was loaded per lane on 1.2%
agarose-formaldehyde gels and blotted onto nylon mem-
branes (Schleicher & Schuell, Keene, N.H.). Equal loading
was verified by hybridization to glyceraldehyde-3-phosphate
dehydrogenase (GAPDH). For Southern blot analysis, 5 ,ug
of phage DNA was digested with the appropriate restriction
enzymes and transferred to nylon membranes. Random-
primed double-stranded DNA probes were labeled to spe-
cific activities of between 1 x 109 and 3 x 109 cpm/,ug (12).
Probe N is an N-terminal EcoRI-BamHI cDNA fragment

spanning nucleotides -45 to +363; probe C contains an
N-terminal PvuII cDNA fragment from nucleotides +90 to
+351; probe cA/B is an EcoRI-SpeI fragment spanning the
entire cDNA region common to AP-2A and AP-2B from
nucleotides -45 to +874. Probe A is the C-terminal NcoI-
EcoRI cDNA fragment specific for AP-2A (nucleotides 1223
to 1780), and probe B is the C-terminal SpeI-EcoRI cDNA
fragment specific for AP-2B (nucleotides 874 to 1560 in
AP-2B). Probes A and B do not cross-hybridize. Probe R is
a 1,250-bp PstI-XbaI fragment from the 3' end of the
genomic phage 8 (see Fig. 3A) containing the first exon from
-45 to +45 within the cDNA and most of the first intron.
RT-PCRs for RNA detection. Total RNA was isolated as

described by Chomczynski and Sacchi (7). Reverse tran-
scription (RT)-polymerase chain reactions (PCRs) were car-
ried out in a total volume of 100 ,ul. Fifty nanograms of RNA
was mixed with 35 U of RNase inhibitor (Pharmacia), and
then 50 mM KCl, 10 mM Tris-HCl (pH 8.8 at 25°C), 1.5 mM
MgCl2, 0.1% Triton X-100, and 0.1 mM deoxynucleoside
triphosphates were added. Two AP-2B cDNA-specific prim-
ers (5'-GCGAATCCACTTGCTAACTAGAAGG-3' and 5'-
ATAACCCTGAGClTTCAGGATGGTC-3') and two p53
cDNA-specific primers (5'-CGTCCCAAGCAATGGATG
AT-3' and 5'-TGGGAAGGGACAGAAGAT-3') (50 pmol of
each) were added, and the mixture was heated at 95°C for 2
min. Then 100 U of Moloney murine leukemia virus reverse
transcriptase (Promega, Madison, Wis.) was added, and the
mixture was incubated at 42°C for 60 min. After the comple-
tion of first-strand cDNA synthesis, 5 U of Taq DNA
polymerase (Promega) was added, and the mixture was
subjected to 35 rounds of temperature cycling (94°C for 1
min, 60°C for 2 min, and 72°C for 3 min per cycle). AP-2B
cDNA-specific primers are expected to yield a 430-bp frag-

ment, and p53 primers are expected to yield a 193-bp
fragment. p53 cDNA-specific primers were used in these
assays to monitor the presence of RNA because our earlier
experiments showed that the expression of p53 was equal in
various PA-1 sublines and not significantly altered after
treatment with RA (5).

Transfections and CAT assays. To measure AP-2 transac-
tivator activity, a reporter plasmid was constructed by
trimerization of the AP-2 binding site from the distal basal-
level enhancer element of the human huMTIIA gene, 5'-
AGGAACT GACCG CCCGC GGCCC GTGTG CAGAG-3',
and ligation into the SalI- and BamHI-cut plasmid pBLCAT2
(29). Plasmid 5xTRECOTK-CAT (2) was used as a reporter
for AP-1 activity. For transient expression of AP-2 in
Schneider cells, expression vectors were constructed by
cloning the full-length AP-2A and AP-2B cDNAs down-
stream of the Drosophila actin SC promoter (37a). Transient
transfections were performed by using standard calcium
phosphate precipitation (18). Chloramphenicol acetyltrans-
ferase (CAT) activity was measured by the conversion of
[14C]chloramphenicol into acetyl- and diacetylchlorampheni-
col (17). Equal amounts of protein extracts were used for
CAT assays, and reproducibility was ensured by transfec-
tion in triplicate. For transient expression of AP-2B, the
full-length cDNA was cloned into the vector pSG5 (19).
Titrations of the AP-2B expression vector were performed
by using a constant total amount of empty vector plus AP-2B
expression vector. To obtain stably transfected cell clones,
the whole expression cassette containing the SV40 pro-
moter, the AP-2B insert, and the SV40 polyadenylation site
was excised as a Sail fragment and ligated into the EcoRI
site of plasmid pSV2neo. Stable transfections were per-
formed by electroporation at 280 V and 500 ,uF (apparatus
from Bio-Rad, Richmond, Calif.), and selection was started
48 h after electroporation with 200 p,g of G418 (GIBCO,
Grand Island, N.Y.) per ml.

In vitro translation and purification of recombinant AP-2
proteins. AP-2 mRNAs were transcribed by T7 RNA poly-
merase from Sal-linearized pSG5-AP-2A and pSG5-AP-2B
expression vectors. After DNase I digestion, 1 ,ug of mRNA
was translated for 1 h at 30°C, using nuclease-treated reticu-
locyte lysates (Promega).
For ion metal affinity chromatography (IMAC), we intro-

duced an N-terminal cassette of six histidines 3' of the first
coding methionine by PCR into both AP-2A and AP-2B. The
primers were modified byXbaI or HindIII restriction sites at
their respective 5' ends. The N-terminal oligonucleotide
used to modify both AP-2A and AP-2B was a 77-mer
(5'-AGGGGCATA TCTAGATAA CGAGGGCAA AAAAT
GCAC CATCACCAT CACCATATG CTITGGAAA TTGA
CGGAT AATAT-3' (the first methionine and the six his-
tidines are underlined). Amplification products were cut with
XbaI and HindIII, ligated into the bacterial expression
vector pSK40 (43), and fully sequenced to verify correct
constructs. Eschenichia coli cultures were induced at an
optical density at 600 nm of 0.8 with 0.2 mM isopropyl-
thiogalactopyranoside (IPTG) and grown overnight. Soluble
extracts were passed over zinc-chelate Sepharose (Pharma-
cia) essentially as described previously (52). Pooled elution
fractions were concentrated and changed to the appropriate
buffer for gel shifts by centrifugation in ultrafiltration units
(Amicon, Witten, Germany).

Gel mobility shift assays. Purified AP-2 proteins or nuclear
extracts prepared by a standard protocol (10) were incubated
with 2.5 x 104 cpm of labeled double-stranded oligonucleo-
tides in 1x GSA buffer (10 mM N-2-hydroxyethylpiperazine-
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N'-2-ethanesulfonic acid [HEPES; pH 7.9], 2.5 mM dithio-
threitol, 50 mM KCl, 6 mM MgCl2, 100 ,g of bovine serum
albumin [BSA] per ml, 0.01% Nonidet P-40, 10% glycerol)
supplemented with 1 ,ug of BSA and 1 ,ug of poly(dI-dC) at
30°C for 30 min. The wild-type sequence 5'-AG GAACT
GACCG CCCGC GGCCC GTGTG CAGAG-3' or the mu-
tated sequence 5'-AG GAACT GACCG ACCGC TGCCC
GTGTG CAGAG-3', as a control, was used. Native gel
electrophoresis was performed on 4% polyacrylamide gels
(29:1) at 10 V/cm.

In vitro protein binding assay. For expression and purifi-
cation of AP-2 fused to glutathione S-transferase (GST) in E.
coli (44), glutathione-Sepharose beads were loaded with 20
jig of GST or the GST/AP-2A fusion protein and then
incubated with 10 ,ul of [35S]methionine-labeled, in vitro-
translated AP-2A or AP-2B protein for 2.5 h at 4°C. The
beads were washed five times with a buffer containing 25
mM HEPES (pH 7.9), 25 mM NaCl, 5 mM MgCl2, 0.5 mM
dithiothreitol, and 0.5% Nonidet P-40. Bound proteins were
released from the beads by boiling in SDS loading buffer and
electrophoresed on a 10% polyacrylamide gel.

Cell lines and tissue cultures. PA-1 human teratocarcinoma
cells were derived from a female ovarian germ cell tumor
(59) and are available from the American Type Culture
Collection (CRL 1572). Origins and properties of all sub-
clones used in this study have been described previously (4,
48). Briefly, clone 1 and 9117 cells are highly sensitive to
RA-induced cell differentiation, whereas clone 6928 is a
highly RA-resistant N-ras-transformed derivative of clone 1.
In contrast to 9117 and 6928 tumor cell lines, clone 1 cells
were derived from early-passage PA-1 cells and are nontu-
morigenic in nude mice. Clone 1 cells are easily transformed
by activated oncogenes, such as ras and myc, to a tumori-
genic and highly RA-resistant phenotype. Therefore, PA-1
cells provide a human cell system with which to test the
effect of gene expression on cell differentiation and tumori-
genicity.

All cells were cultured in modified Eagle's medium sup-
plemented with 7.5% fetal bovine serum. To obtain growth
curves, 105 cells were seeded into 60-mm-diameter dishes
and treated for 10 days with 10 ,uM RA (all-trans; Sigma, St.
Louis, Mo.), and cell numbers of duplicate experiments
were compared with those of untreated replicas. Anchorage-
independent growth was measured by mixing 104 cells with
0.35% agarose. The suspension was placed over a layer of
0.7% agarose, and colonies greater than 45 ,um in diameter
were counted after incubation for 10 days.

Nucleotide sequence accession number. The GenBank ac-
cession number of the AP-2B cDNA sequence reported in
this paper is M61156.

RESULTS

A differentially spliced AP-2 mRNA is expressed in PA-1
human teratocarcinoma cells. Northern blot analysis of PA-1
human teratocarcinoma cells reveals several distinct
mRNAs that hybridize with N-terminal AP-2 cDNA probes.
Because many transcription factors have been shown to
belong to gene families with members differing in important
effector domains (for a recent review, see reference 14), we
investigated the possibility that these mRNAs code for
multiple AP-2 proteins differing in the ability to activate
transcription. To do so, we constructed a cDNA library from
an N-ras oncogene-transformed cell clone (clone 6928) that
was derived from the human teratocarcinoma cell line PA-1
(4, 47, 48, 50). We chose this subclone because N-ras-

transformed PA-1 cells express approximately sixfold-higher
levels of AP-2 mRNA than do PA-1 cells that are not
transformed by N-ras (data not shown).
A 261-bp PvuII fragment located within the N-terminal

cDNA (referred to as probe C) was used to screen 106
recombinant cDNA phage. Among eight positive plaques,
two independent positive phage were found to contain
full-length cDNAs, as judged from N-terminal sequences.
One encodes for a 437-amino-acid protein, which we refer to
as AP-2A, that perfectly matches the sequence previously
determined by Williams et al. (54). The second cDNA,
coding for a 365-amino-acid protein, AP-2B, is identical in its
first 295 amino acids and respective nucleotides and differs
from AP-2A only in the remaining 70 C-terminal amino acids
(Fig. 1). Northern blot analyses (Fig. 2A) revealed that both
AP-2A and AP-2B mRNAs are transcribed in PA-1 cells. The
same common N-terminal cDNA fragment that we had used
to screen the cDNA library (probe C) hybridized to five
different mRNAs: two that were recognized by a C-terminal
fragment specific to AP-2A (probe A) and three that were
recognized by a C-terminal fragment specific to AP-2B
(probe B). Interestingly, a sixth, approximately 1-kb mRNA
was observed only after hybridization with probe A.
Because transcriptional regulation of AP-2 mRNA expres-

sion has been described in human teratocarcinoma cells
during induction of cell differentiation with RA (30), we
analyzed the expression of AP-2A and AP-2B mRNAs in
clone 1 and 9117 cells, two PA-1 cell subclones that are
sensitive to the effect of RA. Morphological, biochemical,
and growth- and gene-regulatory parameters that are regu-
lated by RA have been described previously for these and
other PA-1 cell subclones (4, 28, 47, 48, 50). As observed in
other cell lines, AP-2 mRNAs were expressed in PA-1 cells
at low levels. AP-2A mRNAs were detected by Northern
blot hybridization of twice-poly(A)+-selected RNA after
longer exposures. We used quantitative RT-PCR to measure
AP-2B mRNAs. As shown in Fig. 2B and C, both AP-2A and
AP-2B mRNAs were transiently upregulated during RA-
induced cell differentiation, with maximum expression oc-
curring between 8 and 24 h, and downregulated approxi-
mately to basal levels at 120 h. Results from PCRs of AP-2A
mRNA expression were in good agreement (data not shown)
with the Northern blot data of Fig. 2B. Therefore, we
concluded that there was no significant difference in the
temporal pattern of induction by RA between AP-2A and
AP-2B mRNA.
AP-2B mRNA is not only found in PA-1 cells. We have

also detected AP-2B by RT-PCR in RNA from HeLa cells
and at low levels in the human prostate carcinoma cell line
LnCAP (Fig. 2D). In developing mouse embryos AP-2B
mRNA was detected at 15 to 16 days of gestation by
Northern blot analysis using probe B (Fig. 2E).
Because Southern blot analysis of human genomic DNA

had indicated the presence of a single AP-2 gene (data not
shown) and AP-2A and AP-2B cDNA sequences diverge
downstream of the AGG at positions 881 to 883 in AP-2A,
compatible with spliced exon borders (Fig. 1), we hypothe-
sized that AP-2A and AP-2B represent differentially spliced
transcripts from the same gene. To test this hypothesis, we
isolated and analyzed genomic clones spanning the AP-2
gene locus. We screened S x 1i0 recombinant phage of a
genomic library from human placenta DNA (Stratagene)
with an N-terminal cDNA fragment that contains the first
363 coding nucleotides of both AP-2A and AP-2B cDNAs
(probe N; see Fig. 3A for a graphic summary of all probes).
Four independent overlapping phage were isolated, and
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AP-2A ATGCTTTGG AAATTGACG GATAATATC AAGTACGAG GACTGCGAG
N L W K L T D N I K Y E D C E

45
AP-2B ---------------------------------------------

AP-2A GACCGTCAC GACGGCACC AGCAACGGG ACGGCACGG TTGCCCCAG
D R H D G T S N G T A R L P Q

90
AP-2B --------------------------________

AP-2A CTGGGCACT GTAGGTCAA TCTCCCTAC ACGAGCGCC CCGCCGCTG
L G T V G Q S P Y T S A P P L

135
AP-2B --------- --------- --------- --------- -

AP-2A TCCCACACC CCCAATGCC GACTTCCAG CCCCCATAC TTCCCCCCA
S H T P N A D F Q P P Y F P P

180
AP-2B --------- ----------. --- ---- ---------

AP-2A CCCTACCAG CCTATCTAC CCCCAGTCG CAAGATCCT TACTCCCAC
P Y Q P I Y P Q S Q D P Y S H

225
AP-2B --------- --------- --------- --------- ---------

AP-2A GTCAACGAC CCCTACAGC CTGAACCCC CTGCACGCC CAGCCGCAG
V N D P Y S L N P L H A Q P Q

270
AP-2B --------- --------- -- ------ --- ---------

AP-2A CCGCAGCAC CCAGGCTGG CCCGGCCAG AGGCAGAGC CAGGAGTCT
P Q H P G W P G Q R Q S Q E S

315
AP-2B --------- --------- --------- --------- ---______

AP-2A GGGCTCCTG
G L L

AP-2B ---------

AP-2A CTGGATCCT
L D P

AP-2B ---------

CACACGCAC CGGGGGCTG CCTCACCAG CTGTCGGGC
H T H R G L P H Q L S G

360
_________ --------- --------- ---------

CGCAGGGAC TACAGGCGG CACGAGGAC CTCCTGCAC
R R D Y RR H E D L L H

405
_________ _________ -_ _ _ _

---- ______--

AP-2A GGCCCACAC GCGCTCAGC
G P H A L S

AP-2B -------------. --

AP-2A TCCTTACCT CACGCCATC
S L P H A I

AP-2B --------- ------

TCAGGACTC GGAGACCTC TCGATCCAC
S G L G D L S I H

450
_________

--------- ---------

GAGGAGGTC CCGCATGTA GAAGACCCG
E E V P H V E D P

495
_________ _________

---------

AP-2A AAGTACAAG GTCACGGTG GCGGAAGTG CAGCGGCGG CTCTCACCA
K Y K V T V A E V Q R R L S P

720
AP-2B --------- --------- --------- ---------

AP-2A CCCGAGTGT CTCAACGCG TCGCTGCTG GGCGGAGTG CTCCGGAGG
P E C L N A S L L G G V L R R

765
AP-2B --------- -------- -

AP-2A GCGAAGTCT AAAAATGGA GGAAGATCT TTAAGAGAA AAACTGGAC
A K S K N G G R S L R E K L D

810
AP-2B --------- --------- ------ --------- ---------

AP-2A AAAATAGGA TTAAATCTG CCTGCAGGG AGACGTAAA GCTGCCAAC
K I G L N L P A G R R K A A N

855
AP-2B --------- --------- --------------._-. --------

AP-2A GTTACCCTG CTCACATCA CTAGTAGAG GGAGAAGCT GTCCACCTA
V T L L T S L V E G E A A H L

900
AP-2B ------------------ ------A GOTCA ATCCACTTG

E G K R I H L

AP-2A GCCAGGGAC TTTGGGTAC GTGTGCGAA ACCGAATTT CCTGCCAAA
A R D F G Y V C E T E F P A K

945
AP-2B CTAACTAGA AGGAACTTC CTTCTTGGA AAATGGATA ATATTTAGT

L T R R N F L L G K W I I F S

AP-2A GCAGTAGCT GAATTTCTC AACCGACAA CATTCCGAT CCCAATGAG
A V A E F L N R Q H S D P N E

990
AP-2B GGCCAGATG TTTGGTCGT ATTTTATGT CAGTTGGGC AGTTTGATC

G Q M F G R I L C Q L G S L I

AP-2A CAAGTGACA AGAAAAAAC ATGCTCCTG GCTACAAAA CAGATATGC
Q V T R K N M L L A T K Q I C

1035
AP-2B TTTGCAGAG AATATAGCC AGATGTGAA TGGAATTAT TTCATGGCA

F A E N I A R C E W N Y F M A

AP-2A AAAGAGTTC ACCGACCTG CTGGCTCAG GACCGATCT CCCCTGGGG
K E F T D L L A Q D R S P L G

1080
AP-2B AAAAGAAAC ATTTGCATG TACTCCTAT ACCTCCATC CTTCTTCCT

K R N I C M Y S Y T S I L L P

AP-2A AACTCACGG CCCAACCCC ATCCTGGAG CCCGGCATC CAGAGCTGC
N S R P N P I L E P G I Q S C

1125
AP-2B TCTTTTCCT CTACCATAA AGTTACACC TCCCCAGCC TAATTCTGA

S F P L P STOP

AP-2A GGTATTAAC ATCCCAGAT CAAACTGTA ATTAAGAAA GGCCCCGTG
G I N I P D Q T V I K K G P V

540
AP-2B --------- --------- --------- --------- ---------

AP-2A TCCCTGTCC AAGTCCAAC AGCAATGCC GTCTCCGCC ATCCCTATT
S L S K S N S N A V S A I P I

585
AP-2B ------------------ --------- --------- ---------

AP-2A AACAAGGAC AACCTCTTC GGCGGCGTG GTGAACCCC AACGAAGTC
N K D N L F G G V V N P N E V

630
AP-2B --------- --------- --------- --------- --------

AP-2A TTCTGTTCA GTTCCGGGT CGCCTCTCG CTCCTCAGC TCCACCTCG
F C S V P G R L S L L S S T S

675
AP-2B --------- --------- --------- --------- ---------

AP-2A TTGACCCAC TTCAACCTC ATCTCCCAC GGCTTCGGC AGCCCCGCG
L T H F N L I S H G F G S P A

1170

AP-2A GTGTGTGCC GCGGTCACG GCCCTGCAG AACTATCTC ACCGAGGCC
V C A A V T A L Q N Y L T E A

1215

AP-2A CTCAAGGCC ATGGACAAA ATGTACCTC AGCAACAAC CCCAACAGC
L K A M D K M Y L S N N P N S

1260

AP-2A CACACGGAC AACAACGCC AAAAGCAGT GACAAAGAG GAGAAGCAC
H T D N N A K S S D K E E K H

1305

AP-2A AGAAAGTGA GGCTCTCCT CCCGCCCCG CCCCTCCCA CGCCTCACC
R K STOP 1340

FIG. 1. Nucleotide and amino acid sequences of AP-2A and AP-2B. Dashes in AP-2B indicate identical N-terminal residues. Boldface
nucleotides 881 to 888 mark a 5' splice donor site.
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restriction mapping was performed with probes A, B, N,
cA/B, which spans the common cDNA sequences, and R,
which hybridizes to the first exon as well as to the first
intron. As demonstrated in Fig. 3, an exon coding for the C
terminus of AP-2B is located next to the last N-terminal exon
in common to both AP-2A and AP-2B on the same XbaI
fragment. The C terminus of AP-2A is encoded by two exons
located approximately 5 kb downstream from exon B on two
different XbaI fragments. Sequencing of the two genomic
XbaI fragments which contain the C-terminal exons A and
B, respectively, revealed that AP-2B is an unspliced tran-
script, whereas AP-2A mRNA is generated by a splicing
event between nucleotides 882 and 883 of the coding se-
quence. Nucleotides 881 to 888 in the AP-2B cDNA repre-
sent a consensus splice site in the genomic sequence (printed
in boldface in Fig. 1). RT-PCR of PA-1 cell RNA with a
primer common to the AP-2A and AP-2B sequences begin-
ning at nucleotide 746 yielded a product consistent with the
predicted AP-2B sequence, thus showing the presence of the
AP-2B mRNA by an alternate method (Fig. 2D). The lanes
marked A in Fig. 2D show a PCR product formed over a
splice junction removing an intron of 1.9 kb. This finding
would indicate that the mRNA that codes for the AP-2B
protein is not due simply to a failure to splice at the junction
at which AP-2A and AP-2B begin to differ but rather that this
is a mature, alternative mRNA with substantial processing.
Thus, we show by DNA sequence analysis of cDNA clones
and genomic DNA clones and by PCR analysis that AP-2B
results from an alternative RNA splicing event.
AP-2B is a negative modulator of AP-2 transcription acti-

FIG. 2. Expression of AP-2A and AP-2B mRNAs in PA-1 cells.
(A) Northern blots of 6928 cell RNA hybridized to probe C (common
to AP-2A and AP-2B cDNAs), probe A (specific for AP-2A cDNA),
and probe B (specific for AP-2B cDNA). Each lane contained 2.5 ,ug
of twice-poly(A)+-selected RNA. Blots were exposed for 24 h (short
exposure [exp]) and 1 week (long exposure). (B) Northern blots of
RNA from clone 1 and 9117 cells treated for 0, 8, 24, and 120 h with
10 F.M RA. Twice-poly(A)'-selected RNA (2.5 p,g per lane) was

hybridized to probe C (common to AP-2A and AP-2B cDNAs) or to
GAPDH. (C) Agarose-gel electrophoresis pattern of RT-PCR from
9117 cells. RNA was extracted from cells treated for 0, 4, 8, 24, 48,
72, 96, 120, and 240 h with 10 ,uM RA, and PCR amplification of
AP-2B and p53 cDNA fragments was performed in the same tubes.
A smaller 193-bp fragment of p53 and a larger 430-bp fragment of the
specific AP-2B C terminus were amplified. (D) Agarose gel electro-
phoresis pattern of RT-PCR from PA-i 9117 cells treated for 24 h
with RA (lanes P), HeLa cells (lanes H), and LnCAP human
prostate carcinoma cells (lanes L). The expression by RT-PCR of
AP-2B with use of three sets of oligonucleotide primers is shown. In
lanes marked A, the 5' nucleotides of the primer set are at bp 746
and 1318, yielding a 573-bp product. This DNA product spans a

1.9-kb intron from the common region of AP-2A and AP-2B into
AP-2B-specific sequences. In lanes marked B, the 5' nucleotides of
the primer set are at bp 766 and 1072, yielding a 307-bp product from
region common to AP-2A and AP-2B into AP-2B-specific se-

quences. In lanes marked C, the 5' nucleotides of the primer set are

at bp 888 and 1072, yielding a 185-bp product. This DNA product is
entirely in AP-2B-specific sequences. In lanes marked D is the
RT-PCR product of the GAPDH gene; the 5' nucleotides of the
primer set are at bp 29 and 372, yielding a 344-bp product. (E)
Northern blots of RNA extracted from total mouse embryos at days
14, 15, 16, 18, and 20. Each lane contained 10 p,g of poly(A)+-
selected RNA. Top, blot hybridized with AP-2 probe C; middle, blot
hybridized with an AP-2B-specific probe, probe B; bottom, ethidium
bromide (EtBr) staining of the gel. The blots were exposed for 1
week.
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FIG. 3. Genomic organization of the AP-2 gene. (A) Graphic

summary of three overlapping genomic DNA phage (AP-2 #8, AP-2

#7, and AP-2 #9) spanning the entire exon sequences of AP-2A and

AP-2B cDNAs indicated below. Vertical dashes within the phage
inserts indicate XbaI sites; the relative distances are indicated above

phage AP-2 #9 in kilobase pairs. Dark boxes represent exons

specific for AP-2A or in common with AP-2B; the hatched box

represents an AP-2B.-specific exon. The diagram at the bottom

illustrates the locations of all probes relative to the cDNA sequences

of AP-2A and AP-2B. (B) Southern blots of XbaI-cut DNA from

genomic phage AP-2 #8 and AP-2 #9 with various cDNA probes as

indicated above the lanes. A C-terminal probe specific to the AP-2B

cDNA (probe B) hybridizes to the same Xbal fragment as does a

probe from the common N-terminal cDNA region (probe d/AB).

vator function. To study the biochemical activity of AP-2B,

we constructed a CAT reporter plasmid consisting of three

oligomerized AP-2 binding sites upstream of the minimal

thymidine kinase gene promoter in pBLCAT2 (29). We

transfected this reporter together with a constant amount of

4L

CATunitsio0 3 12 6 0.1 23 17 14 7 4 4 2

rnh. 4. itlect ot AP-2B on transactivation by AP-2. (A) Thin-

layer chromatography analyses from CAT assays of Schneider cells

transiently transfected with AP-2A and AP-2B expression vectors.

An AP-2-sensitive CAT reporter plasmid (see Materials and Meth-

ods) was cotransfected to measure the effect on AP-2 transactiva-

tion. Micrograms of transfected AP-2A and AP-2B3 expression
vectors are shown at the bottom. (B) Regulation of the endogenous
AP-2 activity in 9117 cells by treatment with 10 p.M RA. Two

micrograms of the AP-2-sensitive CAT reporter was transiently
transfected into 9117 cells treated for 0, 24, and 120 h. (C) Inhibition

of endogenous AP-2 activity in 9117 cells by transient transfections

of an AP-2B3 expression vector. Amounts of cotransfected AP-2B3
expression plasmid ranging from 0 to 15 p.g are indicated above the

lanes.

AP-2A and increasing amounts of AP-2B expression plas-
mids transiently into Schneider cells, an embryonic Dros-

ophila cell line that lacks endogenous AP-2 activity (37). As

shown in Fig. 4A, AP-2 binding site-dependent activation of

CAT expression by AP-2A was inhibited by AP-2B in a

dose-dependent fashion. Expression of AP-2B alone had no

effect on the CAT reporter.

The inhibitory activity of AP-2B observed in Drosophila
cells was also observed upon transient transfection into PA-i

human cells. During RA-induced cell differentiation of 9117

cells, regulation of endogenous AP-2 transactivator function

as measured by the CAT reporter (Fig. 4B) corresponded to

AP-2A mRNA levels (shown in Fig. 2B). The endogenous
AP-2 activity of 9117 cells was suppressed by increasing
amounts of an AP-2B expression plasmid (Fig. 4C). Inhibi-

tion of CAT expression from the AP-2-CAT vector was not

observed when a truncated AP-2 protein coffesponding to

the region common to AP-2A and AP-2B was transfected

(data not shown). From these transfections, we concluded

that AP-2B encodes a protein functionally antagonistic to

AP-2A.

To further analyze the activity of AP-2B in a mammalian

cell system that expresses and regulates endogenous AP-2
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FIG. 5. Effect of constitutive AP-2B expression in RA-sensitive PA-1 teratocarcinoma cells. (A) An abundant 430-bp PCR product,
specific for AP-2B mRNA, is amplified in two G418-resistant cell clones stably transfected with an AP-2B expression vector (clones
1-AP-2B-b and 1-AP-2B-h). (B) Transient transfections of AP-1 and AP-2 CAT reporter plasmids demonstrate that AP-2 transactivator activity
is severely suppressed in the stably AP-2B-transfected cell clones, 1-AP-2B-b and 1-AP-2B-h, in comparison with untransfected and
pSV2neo-transfected clone 1 cells. (C) Effect of treatment with 10 p.M RA for 10 days was measured in RA-sensitive PA-1 cells (clones 1 and
1 neo) in comparison with cells stably expressing AP-2B (clones 1-AP-2B-b and 1-AP-2B-h) and N-ras-transformed, RA-resistant cells (6928
and 9113).

during treatment with RA, we generated stable transfectants
of clone 1 PA-i teratocarcinoma cells by using a neo-
selectable AP-2B expression vector. We chose to transfect
clone 1 cells because they are highly responsive to RA-
induced cell differentiation and nontumorigenic upon injec-
tion into nude mice. In addition, clone 1 cells do not form
colonies in soft agar yet are easily transformed by oncogenes
into an RA-resistant and anchorage-independent, tumori-
genic phenotype (4, 46-49). RT-PCR analysis identified two
neomycin-resistant transfectants that stably expressed

TABLE 1. Effects of constitutive AP-2B expression in clone
1-AP-2B-b and clone 1-AP-2B-h cells on anchorage-

independent growth and tumorigenicity

Colony
Cell line formation in Tumorigenicity Latent penod

softagar'(k
Clone 1 0 0/3
Clone 1 neo 0.015 0/3
6928 4.5 3/3 6
9113 7.5 3/3 6
Clone 1 AP-2B-b 4 1/5 11
Clone 1 AP-2B-h 5 4/5 18, 18, 18, 23

a Measured as the percentage of celis forming colonies per 10,000 input
cells.

b Determined by subcutaneous injection of 3 x 106 cells.

AP-2B mRNA, clone 1 AP-2B-b, and clone 1 AP-2B-h (Fig.
5 and Table 1). With use of AP-2B-specific primers, AP-2B
mRNA was easily detectable in total RNA from the overex-
pressor cells in the absence of RA, whereas no AP-2 mRNA
was detected in pSV2neo control transfectants or the paren-
tal clone 1 cells (Fig. SA). Using the CAT reporter plasmid,
we found approximately 25- and 16-fold suppression of AP-2
transactivation in the AP-2B expressor clones in comparison
with untransfected clone 1 PA-1 cells and pSV2neo-trans-
fected controls (Fig. SB).

This observation prompted us to determine whether the
suppression of endogenous AP-2 activity would affect RA
responsiveness of PA-1 teratocarcinoma cells. To address
this question, we examined the effect of treatment with 10
,uM RA for 10 days on the growth of the two cell clones
stably expressing AP-2B. In comparison with untreated
controls, 80 and 70% reduction in cell growth was observed
in parental clone 1 cells and pSV2neo transfectants, respec-
tively, equivalent to results for other RA-sensitive PA-1
subclones (4). However, the AP-2B transfectants grew to
almost the same cell density with or without RA treatment,
similar to N-ras-transformed, RA-resistant PA-1 cell sub-
clones 6928 and 9113. The results obtained from growth
curves (summarized in Fig. SC) demonstrate that suppres-
sion of endogenous AP-2 transactivator function is associ-
ated with cell growth highly resistant to RA.
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220-
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FIG. 6. Gel shift mobilities of recombinant AP-2A and AP-2B
proteins. Gel shifts were performed with a wild-type huMTIIA AP-2
binding site (lanes 1 to 4 and 7 to 18) or with a mutated AP-2 site
(lanes 5 and 6). Lanes: 1, free oligonucleotide; 2, 10 p.g of BSA; 3
and 5, 1 pg of AP-2A; 4 and 6, 1 jig of AP-2B; 7 to 16, mixtures of
AP-2A plus AP-2B (in micrograms of protein, 1 plus 0, 1 plus 1, 1
plus 2, 1 plus 3, 1 plus 10, 1 plus 0, 1 plus 1, 1 plus 2, 1 plus 3, and
1 plus 10, respectively); 17, 1 jig of AP-2A plus a 100-fold excess of
unlabeled oligonucleotide; 18, 1 ,ug of AP-2B plus a 100-fold excess
of unlabeled oligonucleotide. The asterisk indicates a nonspecific
shift of AP-2B that was not competed for by an excess of unlabeled
oligonucleotide. K indicates the specific shift of the AP-2-DNA
complex.

Because all RA-insensitive PA-1 subclones, in particular
those that were derived by transformation with oncogenes,
exhibit anchorage-independent growth (47, 49), we exam-
ined whether the expression ofAP-2B in clone 1 cells caused
colony formation in soft agar. Table 1 summarizes the results
from duplicate experiments and shows that clone 1 cells,
consistent with previous results (5), did not exhibit anchor-
age-independent growth in soft agar. In contrast, the two
AP-2B transfectants formed colonies with an efficiency
comparable to that of RA-resistant PA-1 subclones that are
transformed by an N-ras oncogene. In addition, AP-2B
expression was able to induce tumorigenicity in clone 1 cells
(Table 1). The latent periods for tumor formation, while
longer than those of the established N-ras-transformed cell
lines 6928 and 9113, are similar to that observed when the
N-ras oncogene was initially transfected in clone 1 cells to
derive 6928 cells (48). These results indicate that the failure
to respond to differentiation-inducing signals such as RA
may be an important factor in the acquisition of tumorige-
nicity.
AP-2B inhibits AP-2 transactivator function by blocking of

sequence-specific DNA binding. To determine the mechanism
by which AP-2B negatively modulates AP-2 transactivation,
we purified bacterially expressed AP-2A and AP-2B proteins
(referred to as bacAP-2A and bacAP-2B) and studied their
ability to interact with an AP-2 consensus binding site.
AP-2A and AP-2B were modified by an insertion of six
histidines after the first methionine to allow purification by
IMAC (52) and obtained at approximately 95% purity.
We performed gel shift analysis with bacAP-2A, using

oligonucleotides spanning the distal AP-2 binding site in the
huMTIIA promoter. We observed a specific shifted complex
that could be competed for by an excess of unlabeled
oligonucleotides (Fig. 6, lanes 5, 6, 17, and 18), while no shift
was observed when the C and G residues at positions 13 and
18 were changed to A and T (lanes 5 and 6). These residues
have been shown to be critical for sequence-specific DNA
binding by AP-2 (55). A similar mobility shift was obtained
with in vitro-translated AP-2A (see Fig. 8B and C) and an

FIG. 7. Effects of recombinant AP-2A and AP-2B proteins on
gel-shifted complexes in PA-1 cells. (A) Comparison of gel shift
mobilities of recombinant AP-2A (lanes 1 and 2), PA-1 9117 terato-
carcinoma cells (lanes 3 and 4), HeLa cells (lanes 5 and 6), and F9
teratocarcinoma cells (lane 7). A 100-fold excess of cold oligonucle-
otide was added in lanes 2, 4, and 6. (B) Gel shifts resulting from
coincubation of PA-1 9117 nuclear extracts with recombinant pro-
teins purified by IMAC. Lanes: 1 to 4, 0, 2, 5, or 10 jig of bacAP-2A
added to 9117 nuclear extract; 5 to 8, 0, 0.1, 0.5, or 5 ,ug of bacAP-2B
added to 9117 nuclear extract.

unmodified, commercially available AP-2A protein purified
from E. coli (Promega) (data not shown). Only a nonspecific,
shifted complex was observed with bacAP-2B (Fig. 6, lane
4). Incubation of the synthetic AP-2 binding site with ba-
cAP-2A and a 10-fold excess of bacAP-2B did not alter the
intensity of the shifted complex compared with incubation
with bacAP-2A alone (lanes 7 to 11). These results indicate
that AP-2B does not inhibit AP-2 transactivation by occupy-
ing the huMTIIA AP-2 site or by a direct protein-protein
interaction with the AP-2A protein.
Next we examined a potential interaction of AP-2B with

endogenous AP-2 from PA-1 cells. A significant difference in
the gel shift pattern enabled us to distinguish between the
AP-2 present in nuclear extracts and bacAP-2A (Fig. 7A).
Three specific bands with different electrophoretic mobilities
were shifted from PA-1 nuclear extracts. A very similar
pattern was observed in HeLa cell nuclear extracts (Fig. 7A)
except for the absence of the slowest-migrating band. All
three bands found in PA-1 cells were specifically competed
for by an excess of unlabeled oligonucleotides, as was the
band shift from bacAP-2A.

Coincubation of purified bacAP-2A and nuclear extracts
from PA-1 cells resulted in competition for binding to the
synthetic oligonucleotides. Increasing concentrations of
bacAP-2A resulted in increasing amounts of the recombi-
nant-specific band (Fig. 7B, lanes 1 to 4). In contrast,
addition of bacAP-2B to nuclear extracts increasingly inhib-
ited DNA binding of the endogenous AP-2 in PA-1 cells,
even though AP-2B is incapable by itself of binding the
huMTIIA AP-2 site (lanes 5 to 8). To exclude the possibility
that this inhibition of DNA binding was an nonspecific effect
due to minor protein contamination present in the bacAP-
2B, we used IMAC-purified protein fractions from bacteria
transformed with an empty pASK40 vector. These fractions,
devoid of any AP-2A or AP-2B protein, did not alter the gel
shift pattern of PA-1 nuclear extracts (data not shown).
Similar experiments were performed to examine the binding
of proteins in PA-1 cell extracts to an SP-1 site, and no
inhibition of SP-1 sequence-specific binding was observed
(data not shown). Therefore, the inhibition activity of AP-2B
is specific for AP-2.

.1. lku.w
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FIG. 8. Evidence that sequence-specific DNA binding by AP-2A
is inhibited by AP-2B, using in vitro-translated proteins. (A) In vitro
translation. A 52-kDa protein for AP-2A and a 42-kDa protein for
AP-2B were translated. Both cDNAs were cloned into the expres-
sion vector pSG5 (Stratagene), and 0.5 or 1 p,g of T7 transcripts was
translated with nuclease-treated rabbit reticulocyte cell lysate
(Promega) in the presence of [35S]methionine (A) or unlabeled
methionine (B and C). In lane Lys, no RNA was added; in lane
BMV, 0.5 p.g of RNA from brome mosaic virus was added. Size
markers are indicated on the left. (B) Gel shift analysis of in
vitro-translated AP-2A and AP-2B and of cotranslated AP-2A and
AP-2B (AcotrB). Specific DNA binding was verified by incubation
with extract alone and by competition with increasing amounts of
unlabeled specific oligonucleotides as indicated above the lanes and
absence of competition with nonspecific oligonucleotides (data not
shown). (C) Gel retardation analysis of individually translated
AP-2A and AP-2B coincubated with specific oligonucleotides. The
following amounts of in vitro translation lysate were used: 2 p,l of
lysate with added RNA, 2 pl of AP-2B, 2 p,l of cotranslated AP-2A
and -B, 2 pl AP-2A, 2 p.1 AP-2A plus 2 p.l of AP-2B, 2 p.l of AP-2A
plus 4 p.l of AP-2B, and 2 pl of AP-2A plus 10 pl1 of AP2-B. (D)
Specific interaction of in vitro-translated AP-2A and AP-2B with a

GST/AP-2A fusion protein. Lanes 1 and 3 were loaded with the
GST/AP-2A fusion protein; lanes 2 and 4 were loaded with the
unmodified GST protein. Lanes 1 and 2 shows the bound and eluted
material after loading of in vitro-translated AP-2A; lanes 3 and 4
shows the bound and eluted material after loading of in vitro-
translated AP-2B.

That the mechanism of inhibition of AP-2A by AP-2B
occurs by interfering with DNA binding was confirmed with
in vitro translation experiments. Figure 8A shows that in
vitro translation of AP-2A and AP-2B by in vitro-transcribed
RNA produces [35S]methionine-labeled proteins of the cor-
rect size by polyacrylamide gel electrophoresis analysis. The
32P-labeled synthetic AP-2 site spanning the distal basal-

level enhancer element in the huMTIIA gene was incubated
with various combinations of unlabeled in vitro-translated
AP-2A and AP-2B. In gel retardation assays, we observe a
shifted complex with in vitro-translated AP-2A, whereas
AP-2B does not bind this oligonucleotide sequence (Fig. 8B).
Cotranslation of AP-2A and AP-2B reduces the amount of
shifted oligonucleotide by approximately fourfold, an effect
that is not due to a reduced translation efficiency ofAP-2A in
the presence of AP-2B (data not shown). Slightly less
inhibition ofDNA binding was observed by gel shift analysis
when AP-2A and AP-2B were translated separately and then
incubated with the oligonucleotide (ca. twofold inhibition)
(Fig. 8C). The DNA complex formed with in vitro-synthe-
sized AP-2 can be effectively competed for with an unlabeled
binding-site oligonucleotide. In addition, AP-2A expressed
as a bacterial fusion protein with GST and bound to gluta-
thione-Sepharose beads is able to bind to in vitro-synthe-
sized, [35S]methionine-labeled AP-2A and AP-2B (Fig. 8D).
The interaction with AP-2A is similar to the homodimeriza-
tion previously described (56), and the interaction with
AP-2B is heterodimerization which we presume leads to
inhibition of DNA binding. This heterodimerization proba-
bly occurs through a different mechanism than does the
AP-2A homodimerization because the dimerization domain
identified by Williams and Tjian (56) is not present in AP-2B.
Consistent with these experiments, we have noted a de-
crease in one of the DNA-protein complexes formed with a
labeled AP-2 site in gel shifts of clone 1 cells stably overex-
pressing AP-2B (data not shown).

In summary, these data demonstrate that AP-2B inhibits
AP-2 transactivation via inhibition of sequence-specific
DNA binding, even though no direct interaction between
bacAP-2A and bacAP-2B was observed in vitro. It appears
that inhibition of AP-2 by AP-2B requires an additional
factor or modification that can be provided by nuclear
extracts and rabbit reticulocyte extracts.

DISCUSSION

Differential splicing within the AP-2 gene results in proteins
that differ in transactivational properties. Transcriptional
regulation of gene expression by AP-2 plays an important
role in a variety of embryonic and adult cell differentiation
processes, such as neural tube formation, limb bud forma-
tion (32), and skin differentiation (26, 45). Thus, AP-2 is the
target of regulation through a number of diverse signal
transduction pathways. Activation of AP-2 on transcrip-
tional and posttranslational levels can be elicited by signal
molecules such as RA, cyclic AMP, and phorbol esters (30).
However, little is known about factors that downregulate
AP-2 function. Here, we describe for the first time a negative
modulator of AP-2 transactivator function. This protein,
AP-2B, is generated by differential splicing from the same
gene as is the transcription activator AP-2A. AP-2B contains
the activation domain of AP-2 and part of the DNA binding
domain but lacks the dimerization domain necessary for
DNA binding.

Several lines of evidence establish the repressor function
of AP-2B. In Schneider cells, which are devoid of endoge-
nous AP-2, expression of AP-2B directly antagonizes the
activation of transcription by AP-2A (Fig. 4A). In addition,
both transient and stable expression of AP-2B in PA-1
human teratocarcinoma cells suppress the endogenous AP-2
activity (Fig. 4B and SB).
To prove that AP-2A and AP-2B are derived by differential

splicing, we have cloned the entire genomic AP-2 locus (Fig.
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3). Five exons code for the N-terminal protein domains
common to AP-2A and AP-2B. One exon codes for the end
of the region common to AP-2A and AP-2B and the C
terminus of AP-2B, whereas the C terminus of AP-2A is
located on two exons at least 5 kbp further downstream.
Thus, AP-2A and AP-2B are generated by alternative usage
of a splice donor site. Differential splicing of transcription
factors resulting in proteins with antagonistic functions has
been found as a gene-regulatory mechanism in other systems
as well (3, 13, 21, 34, 35, 39, 40, 51, 57, 58).
AP-2 activity is a necessary effector of RA-induced cell

differentiation and growth control. Several lines of evidence,
such as the analysis of enhancer elements and tissue-specific
expression during development, point to a key regulatory
role for AP-2 in RA-induced cell differentiation. Our results
from the analysis of AP-2 expression during differentiation of
PA-1 cells further strengthen this evidence. We observed a
transient induction of AP-2 mRNAs and transcriptional
activity during treatment with RA, which agrees with exper-
iments using N-TERA-2 cells (30).
Because the endogenous AP-2 activity was significantly

suppressed in two independent cell clones stably expressing
AP-2B mRNA, we were able to study the consequences of
repression of AP-2 transactivator function within an RA-
sensitive cell line. As demonstrated in Fig. 5 and Table 1,
suppression of AP-2 activity in these cell clones was asso-
ciated with an RA-resistant phenotype and conferred an-
chorage-independent growth in soft agar and tumorigenicity.
This effect is not due to unspecific squelching of the tran-
scriptional machinery because transactivation of an AP-1
CAT reporter used as an internal control remained un-
changed (Fig. SB).
During the past few years, considerable progress has been

made in understanding tumorigenesis as a multistep process.
The malignant phenotype of cancer cells is associated with
changes in many biological properties. Among the features
commonly lost in cancer cells is the ability to differentiate
and regulate growth appropriately in response to environ-
mental signals. Since we show that the constitutive suppres-
sion of endogenous AP-2 transactivator function may abolish
the ability of cells to respond to a growth- and differentia-
tion-regulatory signal, it will be interesting to analyze human
tumors with activated ras oncogenes and investigate the
possibility that a loss of AP-2 regulation has a function in
tumorigenesis.

In vitro, such a connection between malignant transfor-
mation and AP-2 has been established by the observation
that the SV40 large T oncoprotein physically interacts with
and prevents DNA binding of AP-2 (33). Inhibition of AP-2A
binding to DNA by enhanced activity of AP-2B in human
tumors might have the same effect as does inhibition by
SV40 T antigen. In addition, we have found that N-ras
transformation of PA-1 cells also results in an inhibition of
AP-2 activity, albeit by a different mechanism (24a).
The mechanism of inhibition by AP-2B. The generation of

alternative, antagonistic transcription regulators from the
same gene seems to be a characteristic of a number of genes.
Alternatively spliced erbA proteins differ in their ligand
binding domains (25), and alternatively spliced fosB and
CREM proteins differ in their transactivation domains (13,
34, 35). Modification of sequence-specific DNA binding by
alternatively spliced DNA recognition domains has been
recently identified for different wtl (Wilms' tumor gene)
transcripts (3). Variation in the number of zinc fingers due to
developmentally regulated alternative splicing alters the
binding site specificity of the Drosophila transcription factor

CF2 (16, 22). An alternative mechanism to vary the primary
structure of a transcription factor occurs in an intronless
gene, the liver-specific transcription factor LAP (9), whose
structure varies as a result of alternative usage of translation
initiation sites.

In the case of AP-2B, alternative usage of a splice donor
site eliminates the C terminus of AP-2A, an effector domain
responsible for sequence-specific DNA binding and ho-
modimerization (55, 56). As expected, both bacAP-2B and in
vitro-translated AP-2B proteins which lack this dimerization
domain do not bind to a synthetic AP-2 binding site and
cannot be cross-linked with AP-2A by glutaraldehyde (data
not shown). In addition, IMAC-purified bacAP-2A and ba-
cAP-2B do not interact directly, as assessed by gel mobility
shift assays (Fig. 6). The purified bacAP-2B protein, how-
ever, inhibited DNA binding of the endogenous AP-2 present
in PA-1 cells. In vitro-translated AP-2B can inhibit the DNA
binding of in vitro-translated AP-2A, and these in vitro-
synthesized proteins interact, as demonstrated by binding of
AP-2B to the GST/AP-2A fusion protein (Fig. 8). Thus, we
clearly demonstrate that AP-2B functions by inhibiting the
endogenous AP-2A from DNA binding and that the interac-
tion of the two proteins occurs via a mechanism conserved in
Drosophila cells, rabbit reticulocyte extracts, human cells,
and human cell extracts.

Currently, we can only speculate on the reason for this
difference in interaction with AP-2B between the recombi-
nant AP-2A and the endogenous AP-2 found in cells. The
significant difference in the gel shift pattern points to a
difference in their physical DNA binding properties. This
difference could be the result of a posttranslational modifi-
cation of the endogenous AP-2 proteins or the formation of a
complex with other proteins that may also be required for
the interaction with AP-2B. Whatever mechanism mediates
their interaction, it appears to be conserved from Drosophila
to human species. The interaction between AP-2A and
AP-2B may involve a protein analogous to the transcrip-
tional activation intermediary proteins known to mediate
squelching of transcription (38) or some conserved protein
that interacts with the general transcriptional machinery. It
will be necessary to characterize thoroughly the endogenous
AP-2 transactivator function and its protein-protein interac-
tions to understand fully the mechanism by which multiple
signal transduction pathways modulate the transcriptional
activity of AP-2.
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