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ABSTRACT

HOX A genes are induced in a temporal fashion after
retinoic acid (RA) treatment in non-N-  ras-transformed
PA-1 human teratcarcinoma cells. However, in N-  ras-
transformed PA-1 cells, RA-induced expression of
HOX A genes is delayed. The mRNA for the transcrip-
tional activator AP-2 is overexpressed in these ras-
transformed cells, but AP-2 transcriptional activity is
inhibited relative to non  ras-transformed PA-1 cells.
Constitutive expression of AP-2 mimics the effect of

ras by transforming cells and inhibiting differentiation

in culture. We analyzed 4 kb of the human  HOX A4 gene
promoter and identified seven putative AP-2-binding
sites in the DNA sequence. Transcription assays with
variably sized HOX A4 promoter reporter constructs
revealed that a 365 bp region of the promoter, —2950 to
—3315 relative to the mRNA start, controls RA respon-
siveness and ras-mediated inhibition of HOX A4
activity. This region contains an AP-2 binding site and

a RARE. Elimination of the AP-2 site by site-directed
mutagenesis demonstrated that the AP-2 site is involved

in RA-mediated transcriptional activation of the human
HOX A4 promoter in combination with the RA receptor
response element (RARE). In N- ras-transformed cells,
low HOX A4 promoter activity results from  ras inhibition
of AP-2 transactivation.

INTRODUCTION

GenBank accession no. U41755

class |Antennapedichomeodomain. In vertebrates, there are 38
genes organized into four different chromosomal clustersA,

B, C andD. The Hox genes are expressed with regional and
temporal specificity during embryonic development, particularly
in the central nervous system, the axial skeleton, and the limbs
(6-8). Each cluster i§1120 kb in length, and the genes in each
cluster are oriented in the sami@db3 direction of transcription

with respect to other genes in the clustef ().

TheAP-2gene is regulated in tissue culture by the developmental
morphogen, retinoic acid (RA)JLY). The AP-2 protein is a
sequence-specific transcriptional activaicdt) which is important
in the regulation of keratin gene expression during epidermal
development(3) and whose expression pattern is regulated both
spatially and temporally in neural crest-derived cell lineages
(14,15). AP-2-binding sites exist in the SV40 transcriptional
control region and the regulatory regions of the human metallo-
thionine Il A gene, the murine major histocompatibility complex
gene, the collagenase gene, the human growth hormone gene, the
human proenkephalin gene, the human keratin K14 gene, and the
c-erbB-2/HERZand eerbB-3/HER3yenes [6-24). AP-2 is a
52 kDa protein Z5) containing a glutamine- and proline-rich
activation domain, a DNA-binding domain, and a dimerization
domain that is necessary for DNA binding.

One mechanism used by oncogenic formsasfto effect
cellular transformation is the targeting of the activation of
transcription factors. For example, wherras oncogene is
expressed, c-Jun is activated by increased phosphorylation of the
c-Jun activation domair2$,26). Also, Tandem Ets binding sites
were shown to be necessary for the rat stromelysin promoter to
maximally respond teas (27). AP-2 expression is increased in

Cellular differentiation and pattern formation during embryonatells transformed bsas (28).

development are effected via a complex system of regulated genBA is a key morphogen in vertebrate developmg31) and
expression. Homeobox genes and the mechanisms by which tlaegotent regulator of both adult and embryonic cell differentiation
are regulated are important contributors to the system. Homeob@?,33). Retinoids induce body axis formation in different animal
genes contain a 180 bp DNA sequence (homeobox) that encodgstems, while specifically regulating tHex genes4). The level

the homeodomainl(2), a fourea-helix protein structure that and timing of RA induction dfloxgenes is colinear in cell lines and
binds DNA with sequence specificity as part of a transcriptioembryos with the position of each gene withitH@X cluster
factor ). Homeobox genes are present in the genome of eukaryof85-38). During RA-induced differentiation, specific activation of

ranging fromArabidopsisand snapdragong)(to humans ).

homeobox genes has been reported in a variety of human and mous:

Vertebrate homeobox genes, tHex genes, encode proteins teratocarcinoma cell line8441). For example, the expression of

containing a homeodomain highly homologous t@®tlesophila

humanHOX genes was specifically induced by RA in NT2/D1 and
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PA-1 teratocarcinoma cells with temporal specificih2,43).  expression vector, pSAP2, were cotransfected intoamimans-
RA-induced differentiation activates the expression of many genésrmed PA-1 cells witlHOX Adpromoter constructs. The control
some of which contain the consensus DNA-binding sites for AP-2ector, pSG5, was used to maintain a total DNA concentration of
In NT2 (11) and PA-1 human teratocarcinoma celi§)( AP-2 2.5 ug in the cotransfections. In addition, each plate was
MRNA levels are transiently elevated after RA treatmeft énd  cotransfected with fig of a constitutiv@-galactosidase expression
this induction is regulated at the level of transcription. plasmid (pCH110) driven by an SV40 promoter to control for
The PA-1 cell line was derived from a female ovarian germ cetitansfection efficiency. Precipitates were then allowed to incubate
tumor @5). The PA-1 subclones provide a cell culture model fofor 30 min at room temperature before being distributed evenly
the study of developmental gene regulation in which the tempoi@hto the cells. After an incubation period of 16 h &C3ih 5%
induction of homeobox genes is induced by RA treatment i80,, the medium was removed. Duplicate transfected plates of
nonfastransformed PA-1 subclones. However, irralstrans-  cells were then fed with 8 ml of MEM supplemented wit? M
formed subclones, RA-induced expression of these homeobBXA (Sigma Chemical Co., St. Louis, MO) or with non-RA-
genes is delayed ). RA induction of AP-2 mRNA is transient supplemented MEM. The cells were cultured for an additional 24 h
and peaks between 24-48 h of RA treatment inrastrans-  to allow the cells to respond to the RA and induce homeobox gene
formed PA-1 cells, with a concomitant increase in AP-Zromoter activity. The transfected cells were then harvested while
transactivation activity28). Paradoxically, Nas-transformed on ice. The cell pellets were resuspended infl0Gis buffer
PA-1 cells have a high basal level of AP-2 mRNA but a low levéD.25 M, pH 7.8) and subjected to three cycles of freeze-thawing
of AP-2 transactivation activity, and RA treatment does ndtLO min for each freeze (-7Q) and thaw (37C)] to lyse the
significantly alter AP-2 mRNA levels or the activity of AP-2. cells. The cell extracts were then cleared by centrifugaticiCat 4
There is a direct link betweennds-induced transformation and for 5 min.[3-galactosidase3gal) activity in the transfected cells
AP-2-mediated transcriptional activity in PA-1 cells. AP-2 inhibitsvas used as an internal control for transfection efficiency.
gene expression by an auto-interference mechanismras-N-  The volume of cell extract containing 0.Bkgjal activity was
transformed PA-1 cell&8). Interestingly, constitutive expression of used in each chloramphenicol-acetyl transferase (CAT) assay.
HOX A4 cDNA under the control of an SV40 promoter in CAT assays were performed using standard procedures. Each silica
N-rastransformed cells resulted in differentiation of the PA-1 cellgel plate was then analyzed using the Betascope Blot Analyzer
(43). However, overexpression of AP-2 inhibited differentiation in(Betagen, Framingham, MA) to determine the percamiersion
PA-1 cells £8). It is possible that AP-2 may be part of a feedbackf acetylated forms of chloramphenicol.
loop to regulate thelOX Adpromoter. In addition, these results
indicated that AP-2 might play a role in downstream signajie_girected mutagenesis and polymerase chain reaction
transduction of Nas-induced cellular transformation.
As HOX Adis a key regulator of RA-induced differentiation in A 39 bp oligonucleotide primer,-6CGC(AAGCTT)GTTTACA-
PA-1 cells ¢3), identifying regulatory mechanisms of the expressTTTCCTTTGGC TTTTCCCCTTG-3, identical to the sequence
ion of HOX Adis essential to understanding the process of cellulaurrounding and containing the AP-2 response element (indicated
differentiation. Computer analysis of a 4 kb section oH®X A4  in bold) starting at —3250 in tHéOX A4 promoter; a 39 bp
promoter DNA sequence indicated seven potential AP-2-bindirgigonucleotide primer,'SCGC(AAGCTT)GTTTACATTTttT-
sites, implicating AP-2 as a possible regulator oHB Adgene. TTGGCTTTTCCCCTTG-3, containing two mutated nucleotides
In differentiation-resistantas-transformed PA-1 cells, the failure of (as lower case); and a 24 bp reverse prirt@A&GCCGACATT-
AP-2 to transactivatelOX Adgene expression may be a factor inTTCATATTTGTTA-3', were synthesized. The bases enclosed in
the disregulation of thdOX Adgene. Alternatively, the disregula- parentheses akindlll sites, and the AP-2 sites are in bold-face
tion of theHOX Adgene may be a general effectasfon a subset type. The terminal GCGC bases are intended to stabilize the
of transcription factors in the cell. Here we show that at least onealigonucleotide. Polymerase chain reaction (PCR) with the
the AP-2 sites contained in tHOX Adgene promoter is involved primers described was used to create a 167 bp fragment spanning
in the mechanism of RA induction of thEOX A4gene promoter the region from —-3267 to —3101 containing a wild-type

and in theas-mediated inhibition of the promoter. AP-2-reponse element and another 167 bp fragment containing
a mutant AP-2-response element. The PCR reactions included

MATERIALS AND METHODS 1x PCR buffer, 2.5 mM MgG] 80 ng of each primer, 0.4 mM
dNTP mix, 100 ng of template DNA and 2.5 Taq DNA

Cell culture polymerase. The PCR program follows?@5for 3 min while

. o , : addingTag DNA polymerase to reactions, therf @for 1 min,
PA-1 cells were grown In modified Eagle’s medium (MEM.) 8°C?or gmin ar?d ¥2C for 3 min. (35 cycles). The TA Cloning
(GIBCO Lab_oratorles, Gaithersburg, MD).suppIemented wit ystem (Invitrogen Corp., San Diego, CA) was employed to
5% fetal bovine serum (HyClone Laboratories, Inc., Logan, U lone the PCR fragmentél containing t’he RARE and either the
and antibiotics at 3T in a 5% CQ incubator. .
wild-type AP-2 response element or the mutant AP-2 response

) . element. After obtaining clones that contained the correct insert

Calcium phosphate transfection by restriction enzyme analysis, the sequence of the clones was

Non-as(9117) andas-transformed (9113) PA-1 subclones werecOnfirmed by DNA sequence analysis. The PCR fragments were
seeded at a density ok8L(P cells/100 mm plate/8 ml of MEM. then subcloned into the pBLCAT2 vector and resequenced.
Twenty-four hours later, the cells were fed with 6 ml of MEM-EIectrophoretic mobility shift assays

Equal moles of reporter plasmid DNA were used in transfections

based on the sizes of the constructs used in the transfectionPurified AP-2 proteins or nuclear extracts from HelLa cells or
cotransfection experiments, increasing amounts of the APFA-1 9117 cells were prepared as previously descritigcd
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incubated with 2.5x 10* cpm of labeled double-stranded A

oligonucleotides in4 GSA buffer (10 mM HEPES pH 7.9, 2.5 mM

DTT, 50 mM KCI, 6 mM MgQJ, 100ug/ml BSA, 0.01% NP-40, e =
10% glycerol) supplemented withugy BSA and Jug dlI-dC at 0 Hmdll] | Mowd M| Hind |

30°C for 30 min. The wild-type human metallothionine AP-2
binding sequence’ AGGAACTGACCGCCCGCGGCCCG-
TGTGCAGAG-3 or the mutated sequence®>GAACTGAC-
CGaCCGCtGCCCGTGTGCAGAG-3 containing two mutated
nucleotides (as lower case) were used as a control. The AP-2
DNA binding site 5SACATTTCCTTTGGC TTTT-3 from the
HOX Adpromoter at position —3150 was also used to show AP-2
binding and competition of binding. A mutadOX A4 DNA
binding site was also used,-ACATTTUTTTGGCTTTT-3,
containing two mutated nucleotides (as lower case). The AP-2
sites are indicated in bold type. Native gel electrophoresis was
performed on 4% polyacrylamide gels (29:1) at 10 V/cm.

DNA sequence analysis

Sequencing of the mutant and wild-type AP-2 clones was
accomplished by using the Sequenase Kit from USB (United
States Biochemical, Cleveland, OH) following the recommended
protocol from the manufacturer. The upstream DNA sequence of
the humaHOX Adgene is in the GenBank accession file U41755.

o
[ry
=
by

RESULTS Fald lnduciion

N-ras inhibits activity of human HOX A4 gene promoter C ™ r—
e

By searching the Transcription Factor Sites Version 7.3 database,
we identified within 4 kb of DNA sequence upstream oHEX

A4 mRNA start site many potential transcription factor binding
sites. In particular, the sequence showed seven putative AP-2
binding siteg16), a RARE(46), rasresponse element$7) and LT 5 !
HOX-binding siteg48) (Fig. 1A). To determine the role of any of B
these AP-2 sites in the effectraf transformation on the activity

of variably sizedHOX A4 promoter CAT constructs in the
pBLCAT3 vector (Fig.1A), we transfected the constructs into
subclones of the PA-1 cell line. The PA-1 cell line provided us with )
a model foras-mediated inhibition of differentiation through an Fold Indsatisn
N-ras-transformed subclone of the PA-1 cell line containing a

: i Figure 1. N-ras and AP-2 overexpression inhibit the activity of H@X A4
spontaneously activated s that causes an inhibition —of gene promoterA) Schematic representation of tHOX A4gene promoter.

differentiation in response to RA3). Another tumorigenic PA-1  [nes extending down from the horizontal line represent AP-2 binding sites, a
subclone that is not kastransformed and is differentiation RARE and 10X binding site, as labeled. The d-lines labeled ‘AP-2 site’ have
competent in response to RA was used to compare the effectstsf consensus sequence GCCNNNGGC. The straight IinQS labeled ‘AP-2 site’
ras. Transcription assays showed that the transcriptional activity djave the sequence CCNNNGGC, which binds DNA but with less affinity. The
the 4.0 kb promoter was induced ~10-fold in the msreells but .0,_2.8 and 0.6 kHOX Adpromoter constructs are shown in relation to their

| . position on thédOX Adgene promoterB)) Effects of RA andas on theHOX
was only induced 2-fold in theastransformed cells, a 5-fold a4 promoter constructs in transient transcription assays. Each of the promoter
inhibition in theras cells (Fig.1B). The 2.8 and 0.6 kb promoter constructs were transfected into masransformed 9117 cells (black) and
constructs, however, were not highly inducible by RA treatment irﬁAaljtzfag\jgfeerfe 2;%)?] °§ﬂ%§?hiie‘f3)§§feyi‘fn"§r'ﬁ 32%2%2“3&?{'52;?
either cell line and had aCtI\./Itles Slm."ar o the basal !evel aCtl.VIt¥ormed PA-l?:eIIs. Nomas-transforr)med PA-1 cells were transiently cotrans-
of the pBLCAT2 vector, which contains the herpes simplex Virugected with 0 (black), 1.0 (shaded), and 2.5 (operf the AP-2 expression
thymidine kinase minimal promoter. The transcription assayglasmid pSAP2 and one of tHOX Adpromoter constructs (see Materials and
revealed, therefore, that the RA induction of the 4.BI&X A4  Methods). The pSG5 vector was added to the control (0) or each AP-2
promoter activity is reduced, similar to mRNA expression, in theFotransfection to make the total amount of pSG§:g.5
ras-transformed cells relative to its activity in the mastrans-
formed cells. However, the effectraftransformation on both the from the mRNA start site. AP-2 sites between —2810 and the
2.8 and 0.6 kb promoters is minimal. This is consistent with the factRNA start do not appear to significantly enhance transcription
that these promoters do not contain the RARE at —3148 to —3182%n though AP-2 activity is activated by RA-treatment.
from the mRNA start site and are therefore only minimally affected AP-2 has been shown to inhibit gene expression by an
by RA. These results indicate that the region of HIBX A4  auto-interference mechanism inrd&transformed PA-1 cells
promoter regulated by RA amds is between —4052 and —2810 (28). Therefore, we attempted to determine whether AP-2 plays
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a role in the mechanism of inhibition 6fOX A4promoter A
activity in these cells. AP&CAT, a reporter plasmid, contains
three AP-2-response elements from the distal basal level element
of the human metallothionine gene Il1A. The level of endogenous
AP-2 activity is measured by this reporter plasmid. In our
transcription assays, which were optimized for RA induction of
the HOX A4 promoter, a 2-fold decrease of the ARZAT
reporter activity was observed iias cells compared with the
activity of the reporter in noras cells (data not shown).

AP-2 overexpression inhibits the activity of the human
HOX A4 gene promoter

N-ras transformation results in the overexpression of the ; 'f' —
transcription factor AP-2, and AP-2 inhibits transcriptional

activation by an auto-interference mechanism in PA-1 &)s ( '::_
We wanted to test whether overexpression of AP-2 inhibits M —
differentiation-specific gene expression, as measured by the 3

activity of theHOX A4dreporter plasmid. It is possible that the
down-regulation of thelOX Adgene promoter by AP-2 is part
of an overall mechanism of differentiation inhibition.

To determine whether overexpression of AP-2 inhibits the
transcriptional activity of the 4.0, 2.8 and 0.6 HOX A4
promoters, theséHOX A4 promoter constructs and varying
amounts of an SV40-driven AP-2 expression plasmid (pSAP2)
were cotransfected into nonslis-transformed cells (Fid.C). All
AP-2 cotransfections contained a constant amounpi}.6f the
pSG5 vector. The 4.0 kb promoter was induced 22-fold with no
pPSAP2 cotransfected, and its induction was maximally inhibited
5-fold with 2.5ug of pSAP2. The 2.8 kb promoter, however, was 4 1 » as &0
not significantly affected by AP-2 overexpression. The activity of Fold lnducsan
the 0.6 kb promoter seemed to be stimulated rather than inhibited
by the overexpression of AP-2. The reason for this stimulation is
likely to be due to the three AP-2 sites contained in this promoter
construct. Overexpression of AP-2 inhibited the APRAT
reporter by 25% (data not shown). These results demonstrate that
the 4.0 kb promoter but not the 2.8 and 0.6 kb promoters contains
the region of DNA where AP-2 inhibit#OX Adpromoter activity.

N-ras inhibits activity of HOX A4 constructs with
enhancer activity

The results of the 4.0, 2.8 and 0.6 kb promoter construct transcription
assays indicated that the region oft#@X Adpromoter regulated

by AP-2 andasis —4052 to —2810 from the mRNA start site (Fig.
1A). Therefore, constructs in this 1.25 kb region of Hi@X A4 Fold Indwction

promoter were analyzed for enhancer activity in the presence and

absence of RA imastransformed PA-1 cells. The constructs

included a 1.25 kb fragment of th#®DX A4 promoter, —2810 to

—4052, containing the remainder of HIBX Adpromoter Sof the . . Figure 2. N-ras and AP-2 overexpression inhibit the activity of H@X A4

2.8 kb fragment, a 0.691 kb fragment, ~2809 to ~3500, containinghegricts with enhancer activitpxg)(Schematic representatio)rlw of theX A4

the AP-2 site at —3253 and the RARE (at —3148 to —3132), a 0.54éne promoter. The 4.0, 2.8 and 0.6{X Adpromoter constructs are shown

kb fragment, —3500 to —4044, containing the AP-2 site at —3590, a|%}tﬁrgféIéitli(ck;r'l_| tc0) )t(heAiLrl position <t3n t=h®>é A4tprorgtztt(9:r-A_Trlee 1'25f10'691" 0-5;4:_1 an;i

a 0.365 kb fragment, —2950 to —3315, that eliminates additiontleir osition on trﬁgg)zu:f rco(r)r?gtermogffec-ts of RaArZ:d:sV\(l)nnII:(gi(axgn °
Sequefnce'@f the_AI_D—Z site at —3150 andBthe RARE (F'QZA) . const?ucts with enhancer gctivity in Fr;nsient transcription assays. The 1.25,
Transient transcription assays showed that the transcriptional activilyso1, 0.544 and 0.365 kb constructs were transiently transfected into
of the 1.25, 0.691 and 0.365 HOX A4constructs was inducible nonrastransformed 9117 cells (black) amdstransformed 9113 cells

by RA and inhibited in theas cells. However, the activity of the (Shaded) (see Materials and Methods). Effect of AP-2 overexpression on

o OX A4 constructs with enhancer activity in norré-transformed PA-1
0.544 kb construct was very similar to that of the parent vect cells. The constructs were transiently cotransfected with 0 (black), 1.0 (shaded),

pBLCAT2, which Comains. no AP-2 sites (F@) The activity of and 2.5 (open)g of the AP-2 expression plasmid pSAP2 (see Materials and
the 1.25 kb construct was increasedde-fold in the nomastrans-  Methods). The pSG5 vector was added to the control (0) or each AP-2

formed cell line. In theastransformed cell line its activity was cotransfection to make the total amount of pSG$18.5

L] ri] L) 13 -] Friy L
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decreased 9-fold. Similarly, the 0.691 and 0.365 kb constructs wafethe HOX A4 gene promoter regulated bgs The 0.365 kb

7- and 5-fold less active, respectively, in hetransformed cells. construct contains one AP-2 site and a RARIg. (2A). To

That the overall magnitude of transcriptional activation is decreasidgtermine whethens affects the promoter through that AP-2 site,
as sequences are removed from the 1.25 kb construct indicates wehext targeted, by site-directed mutagenesis, the AP-2 site starting
additional regulatory elements are contained in these regioms.position —3250 to —3258 in the promoter found in the 0.365 kb
However, the 0.544 kb construct showed very little RA-mediatecbnstruct for inactivation. Two 167 bp fragments, —3267 to —3101,
induction in either cell line. Much like the 2.8 and 0.6 kb promotergontaining the AP-2 and RARE within théOX A4 upstream

the 0.544 kb construct which does not contain a RARE is minimalnhancer region were constructed by PE& 3A); one contained
regulated by RA. Furthermore, the 1.25, 0.691 and 0.365 kbwild-type AP-2 site and the other contained a mutant AP-2 site,
constructs include the same AP-2 site and RARE. This indicates tR@CTTTGGC- TTTTTTGGC. The clones were analyzed by
the AP-2 site and RARE are the important sites of regulation for tlBNA sequence analysis to verify the corid€X Adsequence.
humanHOX A4gene promoter. If ras were inhibiting theHOX A4promoter through the AP-2
site in the 167-wt promoter region, one would expect that
elimination of the AP-2 site would increase the activity of the
0.167-mt promoter in theastransformed cells relative to the
normal 167-wt promoter in the same cells. Alternatively, if

To evaluate the role of various AP-2-binding sites in the mechanigrf\-inducible AP-2 activity acts in cooperation with the RARE, we
of rasmediated inhibition of thelOX Adpromoter, the 1.25, 0.691 Would expect the activity of the 167-mt promoter to be reduced in
and 0.365 kiHOX Adconstructs were used in transcription assay$ionfascells and to be equally lowrias-transformed cells relative
Specifically, the constructs were cotransfected with 1.0 angy2.5 to the activity of the 167-wt normal promoter. Transcription assays
of pSAP2 to determine the effect of AP-2 overexpression on eaghthe 167-wt and 167-mt constructs demonstrated that, like the
construct (Fig.2C). The 0.544 kHHOX A4 construct was not 0.365kb promoter, the RA-induced activity o_f the 167-wt construct
included in the cotransfection experiments as there was no detectdi#¢ lower in theas-transformed cells than in the nias cells.
ras inhibition of the promoter activity within this construct in theRA-inducible activity of the 167-wHOX A4 construct was
N-rastransformed cells. The 1.25 kb construct was |nduce@h|b|ted 6.5-fold in therastransformed cells. However, the
[D0-fold by RA treatment with no pSAP2. As the amount of pSAPRA-inducible activity of the 167-mMHOX Adconstruct was only
was increased, the RA induction of the 1.25 kb construct w&s>-fold more active in the naascells. The activity of the 167-mt
reduced to 10-fold with 2%y of pSAP2, an inhibition of 9-fold. RA construct was lower in the naas cells than the normal 167-wt
induction of the 0.691 kb construct waii 0-fold with no pSAP2.  construct in theas cells (Fig.3B). Interestingly, the RA-inducible
With the addition of 2.5ig of pSAP2, the 0.691 kb construct's activity of both constructs was almost identical irrétsetransfor-
activity was decreased 11-fold. The 0.365 kb construct was indud@@d cells. Thus the loss of the AP-2 site in the 167-mt construct
[(105-fold when no pSAP2 was transfected, but when AP-2 W@j@monstra_ted the need for AP-2 binding _for_RA-inducibIg activity
overexpressed the induction level of the 0.365 kb construct waEHOX Adin the norras-cells. The results indicated that this AP-2
inhibited 21-fold. These results demonstrate that overexpressionS#g is a positive regulator in the mechanism of RA inducibility in
AP-2 inhibits the 1.25, 0.691 and 0.365 kb constructs through sifé nonras cells. In addition, imas cells there is a lower capacity
contained within a 365 bp region. The results obtained to this pofAtinduce this promoter at the RARE, and mutation of the AP-2 site
indicated that AP-2 is involved in the regulation of @X A4  does not affect promoter activity in thees cells. Therefore, the
promoter. RARE seems to act as the qualitative regulatoHOX A4
AP-2 could regulate the transcriptional activation of4fix ~ promoter activity, and AP-2 acts as a quantitative regulator to
A4 promoter directly or indirectly. Possibly, AP-2 could regulaténodify the effect of the RARE.
the promoter directly by binding the DNA at the AP-2-binding
site in the 0.365 kb construct. Alternatively, AP-2 could regulatg
the HOX A4promoter indirectly by interacting with the general
transcription machinery through its activation domain or throug
interaction with another cofactor, independent of the AP-2 site ithe 167-wt and 167-nOX A4constructs were cotransfected
the 0.365 kb construct. _ _ with varying amounts of pSAP2 to determine whether AP-2
To determine a possible mechanism of regulation dfi®¥  overexpression inhibits the RA-inducible activity of hurH&X
Adpromoter by AP-2, we studied the effect of plasmid expressigu through this AP-2 site. Both the 167-wt and 167-mt constructs
vectors of AP-2 with dgletlon of either the activation d_omaln Ofvere inhibited4-fold when AP-2 was overexpressed in nas-
the DNA binding domain (data not shown). Our analysis showes|ls (Fig3C). However, the initial RA-mediated induction of the
that the overall effect of each domain is far less than that of thg7-wt construct was 2-fold higher than that of the 167-mt construct.
total AP-2 protein, indicating that AP-2 inhibitory function mayTherefore, the elimination of this AP-2-binding site inhibits RA
be dependent on the whole protein. Because the results from fgucibility of the 167-mHOX A4construct but has no effect on
AP-2 domain deletion constructs were inconclusive, we employge mechanism of inhibition of the 167-mt construct activity by
site-directed mutagenesis as our next approach. AP-2 overexpression, indicating that AP-2 overexpression inhibits
theHOX Adpromoter in this region by a mechanism independent
AP-2-binding site is necessary for RA-mediated induction ~ ©f DNA binding at the AP-2 site. _
of the HOX A4 gene promoter As this AP-2 site differed from the consensus AP-2 site by one
base, we verified that it is functional and can bind to AP-2 in human
The results from transfections of th#OX A4 promoter and cells. To show this we used electrophoretic maobility shift analysis of
enhancer constructs implicated the 0.365 kb construct as the regidabeledHOX A4AP-2-binding site and HelLa cell nuclear extract,

AP-2 overexpression inhibits activity oHOX A4
constructs with enhancer activity

P-2 overexpression inhibits activity of both wild-type
%nd mutant 167 bp humanHOX A4 constructs
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Figure 4. Electrophoretic mobility shift assay of the AP-2 sites fronH@e
A4 and human metallothionine genes. In lanes 2—4, nuclear extract from HelLa
cells was incubated wif#P-labeled AP-2 binding site from tHEOX Adgene
ACATTTCCTTTGGCT TTT (see Materials and Methods). Lane 1 contained
the32P-labeledHOX Adgene AP-2 binding site double-strand oligonucleotide
without any nuclear extract. Lane 2 contained a reaction&RHabeledHOX
2 & i iis A4 gene AP-2 binding site oligonucleotide with HelLa cell nuclear extract
showing a single shifted DNA-protein complex. The reaction in lane 3
Fiedd Induction contained a 100-fold excess of the unlabeled oligonucleotide. The reaction in
lane 4 contained a 100-fold excess of a muH&X Adgene AP-2 binding site
oligonucleotide in which two C residues in the AP-2 were altered to two T
residues, ACATTHTTTGGCT TTT. In lanes 6-9, nuclear extract from 9117
non+as PA-1 cells was incubated witAP-labeled oligonucleotide containing the
AP-2 binding site (indicated in bold) from the human metallothionine gene
5'-AGGAACTGACCGCCCGCGGCCCGTGTGCAGAG-3 Lane 5 con-
tained the32P-labeled oligonucleotide but no nuclear extract. The reaction in
lane 6 contained th&P-labeled oligonucleotide and nuclear extract from 9117
cells. The reaction in lane 7 contained the same as lane 6 but with the addition
of a 100-fold excess of an unlabeled double stranded oligonucleotide AP-2 site
from theHOX A4gene. The reaction in lane 8 contained the same as lane 6 but

PRELCATY

| [ with the addition of a 100-fold excess of an unlabeled double stranded
SHLCATE ;} oligonucleotide with a mutant AP-2 site from t©X A4gene in which two
C residues in the AP-2 were altered to two T residues, ATWITTGGCT-
| TTT. The reaction in lane 9 contained the same as lane 6 but with the addition
a 1 1o 11 i of a 100-fold excess of human metallothionine gene mutant AP-2 site

Fuld Industios (5-AGGAACTGACCGaCCGCtGCCCGTGTGCAGAG-3.

Figure 3. The AP-2 site is necessary for full RA indu¢¢@X Adpromoter

‘?}Cti"ig- () Effect °frasﬁ” 127 bp(e”han_cer COF}Z"“CIS 1672’"? a;‘d 1§7;3mt of used a32P-labeled oligonucleotide containing the consensus AP-2
theHOX Adpromoter. The 167-wt (contains a wild-type AP-2 site) and 167-mt " P -

(contains a mutant AP-2 site) constructs were transiently transfected intp NA binding site (indicated in bold type) AGGAACTGAGK_:' .
nonsastransformed 9117 cells (black) andstransformed 9113 cels ~CCGCGGCCCGTGTGCAGAG from the human metallothionine
(shaded) (see Materials and MethodB).Effect of AP-2 overexpression on  gene, we found that two mobility shifted bands were observed after

}’V”d't)sze and "Ifl‘Utam 167 b!d0>|< A4 DVOTOtedeOF‘;tBUgIS- E‘)ﬂﬁf(ft;]a”;'d) coincubation with nuclear extract from 9117 nasPA-1 cells that
ormed PA-1 cells were transiently cotransfected wit! ack), 1 (shaded), an, ; :
2.5 (openg of the AP-2 expression plasmid pSAP2 and the 167-wt or 167—mt%ere not present in the absence of nuclear eXtraCt4(lagmpare

HOX Adenhancer constructs (see Materials and Methods). The pSG5 vectd@N€S 5 and 6). Both bands could be competed away by a 100-fold
was added to the control (0) or each AP-2 cotransfection to make the totfXcess of unlabeled wild-typ¢OX A4AP-2-binding site (Fig4,
amount of pSG5 2 fig. lane 7) but not by either a mutsf®X A4AP-2 binding site (Figd,
lane 8) or a mutant human metallothionine gene AP-2 site
AGGAACTGACCGaCCGCIGCCCGTGTGCAGAG (Fig. 4,
a cell known to be rich in AP-2 protein. TH&P-labeled lane 9). The changes in the AP-2 site from the human metallothio-
oligonucleotide containing thdOX A4 AP-2-binding site (bold nine gene were generated in a different pattern of the essential
type), ACATTTCCTTTGGC TTTT, produced a single band on palindromic sequences than those chosen for HOX A4
non-denaturing polyacrylamide gels which was not seen in th&é-2-binding site, yet both failed to compete. Based on the DNA
absence of HeLa cell nuclear extract érigompare lanes 1 and 2). sequence specificity of these gel shift competitions, these data
This band was specifically competed away by a 100-fold excessinflicate that the AP-2 site in tHdOX A4 promoter could be
unlabeled wild-typ#lOX A4AP-2-binding site (Figd, lane 3) but  specifically bound by cellular proteins that bind a consensus AP-2
not by a mutant binding site in which two C residues on one side sife.
the palindromic AP-2 site were changed to T residues, In summary, AP-2 is involved in th@s-mediated inhibition of
ACATTTHTTTGGCT TTT (Fig. 4, lane 3). In addition, when we theHOX A4gene promoter. Lower AP-2 transcriptional activity
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and the failure of RA to induce AP-2 activity results in g 423 gtetisgte guioitaais wiecticans tosaceaton gingiiiias astctoeca

pgr=c=a=ey aEaregroke Eegoee-c-g --Lggie-ial CLg-—§ IR GURGaaTT-T

decreased transcriptional activation of H@X Adpromoter in = 1 =t gEtgas-sak chg-ac-com cegee-bi-l
ras-transformed cells. However, the AP-2 site in the 16X 51 thooachghi SAOtoomgm gACAEJoAbc apabagagas cagtchgpy gestotogot
. . . JUL-CT§E— ~TOTO—Ta0d atguastig- TOigy-t-5% R-Rotgt—os --—sg—ksts
A4 ConstrUCt doeS nOt seem tO be |nVO|Ved In the mechan|sm chgmoe=tpgs "ccigrrcic cklcoiigp- -pegbfd—gt Ab-igg-——& E-ararsn
inhibition by overexpression of AP-2. This AP-2 site iS iNVOIVEC 411 cesasgeans sapgeosant  scagroasts castecatas cgbtsacsts socstsgges

in the mechanism of RA-mediated induction of H@X A4 ARty e CtEit Hrrtgtay ~E—mcd SeCMARA A CRTERUED
promoter at the RARE in the process of RA-induced differentiatiol .5 piroocares srrerrocey sossqosees soctsqsess sgeacectas bebosanans
g B~ GI0-g- CLg-—0d-08 §ITQRATAET TASOg-L-TT gE-—-atg-—k
mapag=g==L ——d-gqgeie LRg—i-)e @lgeatall Taad§-C-CL §L-—ald-—r
D|SCUSS|ON il peact@tats QEocTEhEng SARJCICAEND CoCARIDOR] BQPtENRCTL CEpotoNgtn
icktc==kgp ckitgeacci= bobgass = L Bt T B - L
-Act---bgy ctTtguccts totgaec FepcRAtE nag ik
Interaction of HOX genes and AP-2 B

¥ DITOTEACER ATATQAANE §Eoq

Homeobox genes and the mechanisms by which they are reguleucu

are important contributors to the complex system of CEIIU|a|L-igure 5.HOX A4, HOX D4andHox d-4homology. Dashes indicate identical

differentiation and pattern formation during embryonal developases. AP-2 sites are underlined and in bold-face type, the conserved RARE is
ment. Homeoproteins of the Dfd subfamilbrosophila(which in bold-face type, and the other highly conserved region is underlined.

is the paralogous gene to the hurH&X A4 have a proline-rich

region in the N-terminal half of the molecule. AP-2 expression i o< heen demonstrated that the activation domain of AP-2
overlaps with that of martox genes both spatially and temporally

. . ; < Y causes auto-interference). We therefore used AP-2 deletion
In deve_lopment. O‘.’e”?‘Pp'”g expression and similar pro"ne'r'.‘:ﬁlnutants to determine the mechanism by which AP-2 inhibits the
transcriptional activation domains may suggest cooperati

; . : : Yltivation of theHOX A4 promoter, but the results of these
between Hox proteins and AP-2 in embryonic patteming. oy neriments did not conclusively demonstrate any effect consist-
ent with squelching offlOX A4activity through the activation
Transcriptional mechanisms inras signal transduction domain of AP-2 or through the AP-2-binding site. These results

may reflect the requirement for the whole AP-2 protein to be
Activation of transcription factors bys has been documented. functional as a repressor.
For example, c-Jun is activated by increased phosphorylation ofrranscription assays using sevel®OX A4 constructs in
the c-Jun activation domain when oncogemais is expressed N-ras-transformed PA-1 cells revealed that the region contained
(27,28). Tandem Ets binding sites were shown to be necessary farthe 0.365 kiHOX A4construct was highly RA-inducible in
the rat stromelysin promoter to maximally respondat(29).  non+astransformed cells, and its activity was 5- to 8-fold lower in
Furthermore, tandem binding sites for AP-1, ®=and SP-1 rastransformed cells. In addition, transcription assays determining
families of transcription factors were found to be sufficient t@he effect of AP-2 overexpression on H®X Adconstructs in
function as oncogene-responsive elements and to mediate transRfrras-transformed cells showed that the transcriptional activity
tivation by ras (49-51). As transcription factors represent keyof the 0.365 kb construct was also inhibited with AP-2
targets of oncogenias, several lines of evidence from our work overexpression, mimicking the effect seen previously ras\-
have led us to believe that AP-2 may be involved in the meChani$ansformed cells. Therefore, we focused on the AP-2 site

of ras-induced inhibition of thelOX Adgene promoter. We found contained in the 0.365 KBOX A4construct as an important site

a direct link between Kas-induced transformation and AP-2-me- jn the regulation of thelOX A4promoter.

diated transcriptional activity?§). We also found that AP-2 is  The disregulation of tHdOX A4gene may result from a general
overexpressed but less transcriptionally active irasNrans-  effect ofrason a subset of transcription factors in the cell, including
formed PA-1 cells. In addition, there is a delay in the induction g{p_2. AP-2 may be involved in the disregulation of H@X A4

HOX A4mRNA expression in Mas-transformed PA-1 cellglf).  promoter directly by binding to the promoter at the AP-2 site and
Using computer analysis of the upstream 4 kb sequencétd¥ie interacting with the general transcription machinery through its
Adgene promoter, we identified seven potential AP-2-binding sitegtivation domain to produce activated transcription. Alternatively,
in our promoter sequence data. Transactivation oHDX A4 AP-2 may be involved indirectly by interacting with a coactivator
promoter is inhibited in Nas-transformed PA-1 cells as is the that in turn interacts with the basal transcription machinery. Because
MRNA expression d¢lOX Adin northern blot analysis. Consistent the results from the AP-2 deletion mutant experiments were
with AP-2 regulationby ras, transient overexpression of AP-2 jnconclusive, we employed site-directed mutagenesis to investigate
inhibited the transactivation of théOX A4promoter. Therefore, the mechanism by which AP-2 regulatesHi@X A4promoter.

AP-2 appeared to be involved in the mechanismasinduced  \\e eliminated the only AP-2-binding site in the 0.3651KIX

inhibition of the promoter. A4 construct and made two plasmids, 167-wt and 167-mt. The
data from the wild-type and mutant AP-2 constructs revealed that
Role of AP-2 inHOX A4 gene promoter activity the AP-2-binding site contained in the 167-wt construct is

involved in the mechanism by which RA inducesit@X A4
In this study, we have analyzed the role of AP-2 in the inhibitiopromoter during differentiation in noas-transformed cells.
of differentiation-specific gene expression using H@X A4  Lower AP-2 transcriptional activity and the failure of RA to
gene promoter as a model. Constructs were made that contaimetlice AP-2 activity inrastransformed cells results in a
different regions of the 4 KBOX Adgene promoter with a subset decreased transcriptional activation of H@®X A4 promoter.
of AP-2-binding sites. Transient transcription assays were carriédirthermore, elimination of the AP-2 site did not affect the
out to identify a region of the promoter from —2950 to —3315 thaictivity of theHOX Adgene promoter inas-transformed PA-1
responded to RA and was inhibitedrag. cells. This AP-2 site affects the magnitude of the induction, which
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