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ABSTRACT

Cdx2 is a caudal-related homeodomain transcription
factor that is expressed in complex patterns during
mouse development and at high levels in the intestinal
epithelium of adult mice. Cdx2 activates transcription
of intestinal gene promoters containing specific binding
sites. Moreover, Cdx2 has been shown to induce
intestinal differentiation in cell lines. In this study, we
show that Cdx2 is able to bind to two well defined
enhancer elements in the HoxC8 gene. We then
demonstrate that Cdx2 is able to activate transcription
of heterologous promoters when its DNA binding
element is placed in an enhancer context. Furthermore,
the ability to activate enhancer elements is cell-line
dependent. When the Cdx2 activation domain was
linked to the Gal4 DNA binding domain, the chimeric
protein was able to activate Gal4 enhancer constructs
in an intestinal cell line, but was unable to activate
transcription in NIH3T3 cells. These data suggest that
there are cell-specific factors that allow the Cdx2
activation domain to function in the activation of
enhancer elements. We hypothesize that either a
co-activator protein or differential phosphorylation of
the activation domain may be the mechanism for
intestinal cell line-specific function of Cdx2 and
possibly in other tissues in early development.

INTRODUCTION

first expressed at preimplantation stages and at the time of
implantation in trophoectodermal cells and extraembryonic
ectoderm, and is then expressed in the placenta at later 8jages (
Embryonic expression is first seen at day 8.5 p.c. (post coital) in
ectoderm, mesoderm and endoderm of the tail bud, and in caudal
regions of the neural plate, neural tube and notocBprBy day

12.5 p.c. expression is limited to the gut endoderm except for
expression in the extreme caudal tip of the neural 8)b€@x2
expression appears to increase in the endoderm just before the
time of the endoderm-intestinal epithelial transition (approximately
day 15 p.c.) and continues to be expressed in intestinal epithelial
cells of adult mice along the entire crypt-villus axis of the small
intestine and in crypts of the colds).(Consistent with the early
developmental expression, preliminary data on mice null for
Cdx2 indicates that the homozygous state is associated with
preimplantation lethalityl(?). Cdx1is first expressed in mouse
embryos at day 7.5 in the region of the primitive streak,
predominantly in nuclei of ectoderm and mesoderm and some in
visceral endoderm, but not in the definitive endodegin (
Between embryonic day 8.25 and 12 there is variable expression
of Cdx1 in a number of tissues including the neural tube, somites,
the mesoderm and limb buds. By day 12 there is marked reduction
in expression which lasts until day 14 p.c. when there is a marked
induction in endoderm4j. Mice null for Cdx1 have skeletal
abnormalities, but the effects on the intestinal epithelium have not
yet been published §). Cdx4 is expressed in posterior structures
early in embryogenesis, but is not expressed in the intestinal
epithelium {). In summary, the expression patterns of Cdx genes
suggest functional roles in multiple tissue types at different stages
of development.

Homeobox genes are important for developmental patternSeveral lines of evidence suggest that Cdx genes are important
formation and organogenesis in multiple species [reviewed in intestinal gene transcription and epithelial cell differentiation.

(1,2)], and in the development of neoplasia [reviewed)jn The

Our laboratory has shown that Cdx2 mediates transcriptional

homeobox encodes for a protein domain that interacts witkctivation of the intestine-specific gene, sucrase-isomaltase (Sl),
specific DNA sequences, allowing members of this gene familyia an evolutionarily conserved DNA promoter elemér.(

to regulate transcriptional initiation as either an activator dBubsequently, there has been evidence that other intestinal gene:
repressor. The caudal-related homeobox genes are a non-clustaredegulated by Cdx24,15). Additionally, we have shown that

family, including three members in mouse, Cd®1Cdx2 £,6)

forced expression of Cdx2 in an undifferentiated intestinal

and Cdx4 7). Each of these genes has a complex pattern epithelial cell line induces morphologic and molecular differenti-
expression in the developing mouse embry8), but Cdx1 and ation (L6). Thus, Cdx2 is the first identified transcription factor,
Cdx2 are highly expressed in the adult mouse only in thmost likely acting in conjunction with a network of other factors,

epithelium of the small intestine and coldg,{1).

that is responsible for directing development and differentiation

Developmental patterns of Cdx gene expression in mic# intestinal epithelial cells. There is also some evidence that
suggest important roles in early embryonic development. Cdx2@ix2 is important for regulation of pancreatic islet cell promoters
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(17,18), although the level of Cdx2 expressioninislet aelldso  insert from pTK-SIF1 promoter(+4) was inserted in both

is poorly defined. orientations. The resultant plasmids were named pTK-SIF1
In addition to tissue-specific promoter elements, there are tvemhancer(+4) and pTK-SIF1 enhancer(-4).
putative Cdx binding sites in the Hoxc-8 gene enhané&t(). The sucrase-isomaltase promoter reporter construct was made

In this study, we show that Cdx2 protein interacts specificallipy amplifying bases —66 to +54 of the human sucrase-isomaltase
with two well-defined functional enhancer elements in thgene using the polymerase chain reaction, followed by insertion
Hoxc-8 gene. Because of the existence of binding sites in batiio theBanH| and Xbd site in the pGL2 luciferase reporter
promoter and enhancer positions and the wide tissue distributiplasmid (Promega Co.) (phSI(—66)GL2). The four copy SIF1
of Cdx2 during development, we examined the ability of Cdx2 toassette in pTK-LUC promoter(+4) was excised ®ahH| and
activate transcription from both proximal (promoter) and remotBglll and inserted by blunt-end ligation into thawN1
(enhancer) positions and the dependence of these activities on astriction endonuclease site located immediately downstream of
type. Using an intestinal cell line that expresses Cdx2 as a motte luciferase reporter gene. Plasmids were sequenced to identify
system, we showed that Cdx2 was able to activate transcriptione construct with the SIF1 cassette inserted in each orientation
in an enhancer context from the S| promoter as well dphSI(—66)SIFlenhancer(+4) and phSI(-66)SIF1 enhancer(—4)].
heterologous promoters. However, this activity was dependent oiThe S| promoter (—183 to +54) luciferase reporter has been
the cell line used since NIH3T3 cells were unable to activajgreviously described?,24). The CAT reporter containing five
enhancer constructs when co-transfected with Cdx2 expressimpies of the Gal4 binding site linked to the EIB TATA box has
vectors, although we have previously shown that Cdx2 is ablelbeen previously described5). The Gal4 promoter reporter was
activate transcription from a promoter element in NIH3T3 cellsreated by inserting double stranded oligonucleotides containing
Differences between the ability of these cell lines to activatine E1B TATA box (GATCTAGGGTATATAATGGCGA) with
through enhancer elements was dependent on the activat®gill and Hindlll linkers into theBglll and Hindlll sites of the
domain of Cdx2, and not on the DNA binding element. InpGL Basic plasmid (Promega Biotech, Madison, WI). A cassette
addition, the differential effect on promoter and enhancerontaining five copies of the Gal4 17mer binding site (CGGAGT-
activation was much greater for the Cdx2 activation domain whe&xCTGTCCTCCG) was excised from 5xGal4TK CA%B) using
compared with VP16, a powerful transcriptional activator. TakeBanH| andHindlIl restriction enzymes. The Gal4 cassette was
together, these results suggest that there are cell-specific mechanisres inserted into tHghd site immediately upstream of the E1B
that determine the ability of Cdx2 to activate transcription fronTATA in the pGL plasmid by blunt-ended ligation. Plasmids
an enhancer context. Cell specificity of function may be mediatembntaining 10 copies of the Gal4 binding site were selected by
by a co-activator protein or via cell specific protein phosphorylatiorestriction analysis and confirmed by sequencing [pE1B-LUC
of the activation domain. Further elucidation of this mechanismromoter(Gal4x10)].

may be important for understanding cell-specific function of Cdx The Gal4 enhancer reporter was created by inserting the above
proteins during development. described Gal4 cassette into Med site located downstream of

the luciferase gene in pTK-LUC by blunt-ended ligation. Plasmid
containing 10 copies of the Gal4 binding site were selected by

MATERIALS AND METHODS restriction analysis and confirmed by sequencing.

Reporter plasmids

. L . ] Expression vectors
SIF1 is the DNA binding element in the sucrase-isomaltase gene

that has been shown to interact specifically with Cdx3. ( Construction of the pRC/CMV Cdx2 expression vector was
Plasmid constructs containing one or more copies of the Slpteviously described.(). The pRc/CMV Cdx2 deletion constructs
element were sequentially inserted into several reporter construstsre generated by PCR. The sequences of the cDNA corresponding
containing various promoters using a previously describeid amino acids 1-248 and 164—311 were amplified by PCR with
method 21). The oligonucleotides used for the SIF1 elementligonucleotides incorporating arindlll site with a Kozak and
incorporated 8anH| recognition site on the ‘®end and 89l methionine sequence and @Bmer containing a stop codon and
recognition site on the-gnd: anXbd site.
sense strand: gatccGTGCAATAAAACTTTATGAGTAa  Cdx2A249-311 primers:
antisense strand: gatctTACTCATAAAGTTTTATTGCACg 5-GGGAAGCTTACCATGTACGTGAGCTACCTTCTG

The plasmid pTK-LUC, which contains the herpes simple8'-GGGCTGTCTAGATTACTGCTGCTGCTTCTTCTTGAT
thymidine kinase (TK) promoter linked to the luciferase reporte€dx2A1-164 primers:
gene £2), was used to insert various numbers of copies of th&-GGGAAGCTTACCATGATCGGGAAGCCCGCGCAG
SIF1 element, either upstream of the TK promoter (pTK-SIF3-CCCTCTAGAGGGGTCACTGGGTGACAGTGGA
promoter) or downstream of the luciferase gene (pTK-SIFThe amplified products were subcloned intcdHhellll andXbd
enhancer). For promoter constructs, pTK-LUC was digested witlites of pRc/CMV.
Bglll and SIF1 oligonucleotides were inserted by ligation, as Expression constructs for Gal4-Cdx2 fusion proteins were
described41). Four separate plasmids with one to four copies ahade in the pSG424 vectdt7]. The sequences of the cDNA
SIF1 were confirmed by sequencing [pTK-SIF1 promoter(+1);orresponding to amino acids 1-180 and 15-180, 247-311 of
pTK-SIF1 promoter(+2), pTK-SIF1 promoter (+3) and pTK-Cdx2 were amplified by PCR with oligonucleotides incorporating
SIF1(+4); the (+) indicates the direction of the SIF1 element w&al andXbd sites on the '5and 3-ends, respectively.
in the same direction as transcription from the Sl promoter]. F@dx2 (1-180)
enhancer constructs, pTK-LUC was digested WiH, the ends 5-GGGCGTCGACGGATGTACGTGAGCTACCTTCTG
filled in with Klenow enzyme, and a blunt-ended SIF1 casset®-GGGTCTAGATTACACTTGGCTCCTAGGGACTG
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Cdx2 (15-180) Huoxe-8 Site A Huxc-8 Site D
5-GGGCGTCGACGGCCTAGCTCCGTGCGCCAC | 1

3-GGGTCTAGATTACACTTGGCTCCTAGGGACTG Serum - - - Pl aCdx2 - - - Pl aCdx2
The amplified products were subcloned in frame with the Gal ¢yupeitar - A SIFI - n SIFl - -

DNA binding domain into th8al andXba restriction sites of the 2
pSG424 vector. All constructs generated by PCR were sequent ; “
for fidelity. =

— -

glucose Dulbecco’s modified Eagle Medium (DMEM) containing l ‘

10% fetal calf serum. One hundred mm dishes were transfect

by the calcium phosphate precipitation mett&a). Briefly, the

medium was changed 2 h before transfection. The calciu

phosphate and DNA precipitate formed 15 min after mixing

500ul of 2x HEPES-buffered saline solutidegjj, 32ul of 2.0 M

calcium chloride and 15-2@ DNA. The precipitate was added

dropwise to the cells and 24 h later the me_dmm Was Changeﬁgure 1.EMSA of Hoxc-8 enhancer elements. Nuclear extracts from NIH3T3
Cells were harvested 48 h later. For transfections using luciferasgis transfected with 38y pRc/CMV Cdx2 were analyzed for their ability to
reporters, the cells were lysed in Triton X-100 buffer andbind to Hoxc-8 site A and site D. The specific binding complexes formed are
B-galactosidase and luciferase assays were carried out @grked by the arrow. Competitions were performed with a 100-fold molar

: : .+ excess of the indicated probe. The sequences of the oligonucleotides used (site A,
preV'OUSIy descnbEdl@' Results are eXpressed as activity site D, SIF1) are given in the Materials and Methods. For supershift experiments,

rela_\ti_ve to light units normalized B_agalactosidase activity. Fold  preimmune (PI) or anti-Cdx2 antibodw@dx2) was used. Supershifted
activity was calculated as the activity of the Gal4 Cdx2 (15—-180jomplexes are indicated by asterisks.

construct divided by the activity of the GAL4 vector expressing

the Gal4 DNA binding domain alone. Transfection experiments

were performed in triplicate and each experiment was repeated

3-6 times. RESULTS
For transfections using CAT reporters, the cells were harvest,

as previously described). Thep-galactosidase activity of each

sample was used to normalize the amount of cell extract usediife examined functionally-defined enhancer elements in genes

each CAT assay. The percent acetylation was calculated that are expressed in tissues that also express Cdx2 for evidence

analysis using a Phosphorimager (STORM 840, Moleculaf Cdx2 binding elements. Only one well-defined intestinal gene

Dynamics). enhancer has been identified. An enhancer element in an intron

of the apolipoprotein C-lll gene regulates intestine-specific

transcription of the apolipoprotein A-I gene in transgenic mice

(32). Within the 264 nucleotide region of this enhancer there was

one sequence in a footprinted region that had weak similarity to

. . _ a Cdx binding site (element §4). However, EMSA using Cdx2

Electrophoretic mobility shift assays (EMSA) were performed agrotein failed to show a specific interaction between Cdx2 and

previously described¢). Nuclear extracts from transfected cellsihis element (data not shown).

were prepared by a mc_Jdlflcatlon of the methOd_ of Digetat We next turned our attention to genes expressed in other tissues

(31). Reactions contained 18y nuclear protein. The Cdx2 that also express Cdx2 during mouse development. An enhancer

antibody used in the supershift experiments has been previouglys heen defined in the Hoxc-8 gene that is critical for early

Cell culture and transfection . . g
. . . . *
Caco2 and NIH3T3 cells were maintained and transfected in hir
v

e‘ész binding sites in enhancer elements

Mobility shift assays

described 11). Oligonucleotides used include: developmental expression in posterior neural tube and mesoderm
Hoxc-8 Site A: (20). Two potential Cdx binding sites in this enhancer (A and D)
top strand: GATCCATGCCACTTTTATGGCCCTGA were mutated and shown to be essential for expression of
bottom strand: GATCTCAGGGCCATAAAAGTGGCATG transgenes in the posterior neural tube and somifpsEdx2
Hoxc-8 Site D: protein binds specifically with both site A and D of the Hoxc-8
top strand: GATCCTAATTGTTTTATGGTTTAA A promoter (Fig.1). These data suggest that Cdx2, which is
bottom strand: GATCTT AAACCATAAAACAATTAG expressed in the same cells that express Hoxc-8 during posterior
SIFL: neuroectodermal and mesodermal development, may be involved
top strand: GATCCGTGCAATAAAACTTTATGAGTAA in regulation of the Hoxc-8 enhancer.

bottom strand: GCACGTTATTTTGAAATACTCATTCTAG

For competition experiments, the binding reaction was incubat
with 100-fold molar excess of unlabelled probe for 10 min a”ﬁ?;moter

then radiolabeled probe was added. For supershift experiments,

1 ul antibody was added to the binding reaction following th&he SI promoter contains a DNA element, SIF1, that has two
addition of radiolabeled probe. closely apposed sequences that interact with Cdx2 pra@in (

hancer activity of the Cdx2 binding site on the SI
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Figure 2.(a) Effect of SIF1-enhancer cassette on expression of a sucrase-isomaltase promoter construct in Caco2 cells. Caco2 cells were transfected with the inc
reporter constructs and analyzed for luciferasefagalactosidase activity as described in Materials and Methods. The amount of plasmids transfeqted was 8
reporter plasmid andi®y CMV-BGal plasmid. This experiment was repeated three times with identical resudtéof each experimentp)(Effect of SIF1 element

on expression of a thymidine kinase promoter construct in Caco2 cells. Caco?2 cells were transfected with the indicated reporter constructs and analyzed for luci
andB-galactosidase activity as described in Materials and Methods. The amount of plasmids transfegigdepag& plasmid and.@) CMV-BGal plasmid. This
experiment was repeated three times with identical reau#t8 for each experiment).

To evaluate whether the SIF1 element can act as an enhancer on

the SI promoter, reporter constructs were made with four copies

of the SIF1 element located distant from the Sl promoter [see

Materials and Methods; phSI(-66)SIF1 enhancer]. A minimal S| e + cax:
promoter that contained only the SIF1 site and the TATA box was

used in these constructs. Caco?2 cells were used as the cell line in ST + Cdx2

these experiments because in some respects they model an

enterocyte phenotyp&3), express the Sl gengdj and express OO(TEm- * €0 NS el
Cdx2 which is functional on the SI promoteB4). Transfection 4 Caxz S s
of Caco2 cells showed that the minimal promoter supported low ! . s

level transcription when compared with the promoterless luciferase 0 b 2 , 3 4
vector, as previously shown (FRp) (23,24). Transfection of a Light units/Bgal units (x107)

construct that included four copies of the SIF1 element inserted

downstream of the luciferase reporter gene resulted in a 20-fold

increase in luciferase activity (Fign). Moreover, the ability of Figure 3. Effect of SIF1 element on expression of a thymidine kinase promoter
the SIF1 cassette to induce transcription was independent §nsmé%llgl\,\/lllngJx32C§:1$d N'H'gﬁ\f_el'sﬁigzgz‘;ecwd witg &porter,
orientation (Fig.2a). As a control for the effect of the SIF1 9p - and Bg pCMVE-g '

element cassette on non-promoter dependent transcription, no

activation of transcription was seen in the absence of the SI

promoter (Fig2a). Cdx2 is not sufficient for activation of a SIF1

containing enhancer

We examined whether enhancer constructs were able to activate
Enhancer activity of Cdx2 binding sites on a heterologous  franscription over that of the promoter alone when transfected
promoter into NIH3T3 cells. We have previously shown that NIH3T3 cells

support transcription of the S| gene via the binding of Cdx2

protein to the SIF1 element in the promotel).(However, the
Experiments were conducted to determine whether the Sligtesence of the enhancer cassette did not affect transcriptional
element was capable of activating a heterologous promoter. Taetivation of the TK promoter construct in NIH3T3 cells (B)g.
herpes simplex virus thymidine kinase (TK) promoter was chosen

because it has activity in multiple cell types. The SIF1 binding Si?gunctional localization of the Cdx2 transcriptional
increased transcription when placed upstream of the TK promotggiyation domain

showing greater induction with increasing copy number of the

SIF1 element (Fig2b). Similar to the results for the SI promoter, To examine the mechanisms of transcriptional activation of both
the SIF1 cassette when placed in an enhancer context indupedmoters and enhancers by Cdx2 we first identified the

expression of luciferase from the TK promoter (Elg. transcriptional activation domain of Cdx2. Deletion of amino
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D u n Figure 5. Functional characterization of the transcriptional activation domain
D of Cdx2 using Gal4 fusion constructs. NIH3T3 cells were transfected with

M- \ L g -’ ” - plasmids expressing the Gal4 DNA binding domain alone (Gal4), or the Gal4
- M DNA binding domain fused to the indicated portions of the Cdx2 protein along
with a CAT reporter containing five Gal4 binding sites linked to the E1b TATA
box. Twopg of pCMV{3-galactosidase was co-transfected to normalize for

transfection efficiency. Percent acetylation was calculated by phosphoimage

) . L L o _analysis. The results shown are representative of five independent experiments.
Figure 4. Functional characterization of the transcriptional activation domain

of Cdx2. @) Analysis of activation function of Cdx2 deletion proteins. NIH3T3

cells were transfected with@ of the pRc/CMV Cdx2 wild-type (amino acids . T . .
1-311) or the indicated deletion constructs apd @f the SI promoter (bases examined whether the activation domain of Cdx2 could activate

—183 to +54) linked to a luciferase reporter gene. Tgvof pPCMV-3-galacto- transcription from an enhancer context when tethered to DNA via
sidase was co-transfected to control for transfection efficiency. This experimeré different DNA binding domain. Reporter constructs used in
Zﬁ?saiﬁﬂﬁati?ct?xievﬂﬁes ‘éVi?n jiggl";‘;gﬁsﬂ‘éz i(ﬁsf‘t)c; S?FC{‘ Eﬁ%leéyzz?réctsthese experiments included a minimal E1B promoter with 10 Gal4
from NIH:gT3 cells transftggted with Cdx2 \F/]vild—type and deletion constructs sites cloned upstream pf the promo_ter (Gal4 promoter construct)
were analyzed for their ability to bind to the SIF1 element of the SI promoter@nd the TK promoter with 10 Gal4 sites cloned downstream of the
Monomer (M) and dimer (D) complexes are indicated. For competition luciferase reporter gene (Gal4 enhancer construct).
experiments, a 100-fold molar excess of SIF1 oligo was used. For supershift Expression of Gal4-Cdx2(15-180) in Caco?2 cells activated
experiments, preimmune (P1) or anti-Cdx2 antibadx2) was used. The  hoth the Gal4 promoter and enhancer construct §&)g\When
supershifted complexes are indicated with the arrow. . . L . .
the Gal4 sites were placed in an enhancer position in relationship
to the E1B minimal promoter, there was no activation of
acids N-terminal of the homeodomain eliminated the ability offanscription (data not shown). This indicates that enhancer
the protein to activate transcription of the S| promoter, wheredignction requires promoter elements other than the TATA box. We
deletion of the amino acids C-terminal to the homeodomain haxt examined the function of Gal4-Cdx2(15-180) on promoter
no effect on transcriptional activation (F&n). EMSA of the and enhancer constructs in NIH3T3 cells. As in Caco2 cells,
nuclear extracts from transfected cells showed that the deletiGal4-Cdx2(15-180) activated transcription from the E1B-Gal4
constructs were expressed and bound the SIF1 element (Quigmoter construct demonstrating that this construct was expressed
binding element of the SI promoter) (Fitip). To better define and functional in NIH3T3 cells (Figb). In striking contrast
and localize the Cdx2 activation domain, chimeric expressidmwever, there was no activation by Gal4-Cdx2(15-180) of the
plasmids were made linking coding sequence for two lengths efihancer construct (Figb).
amino acid residues of the Cdx2 protein to the C-terminus of theThese results demonstrate two points. First, the findings are
Gal4 DNA binding domain. The activation domain was found teonsistent with the observation that wild type Cdx2 was unable
reside within amino acids 15-180 of the Cdx2 protein &)ig. to activate the SIF1 enhancer construct in NIH3T3 cells. Second,
Immunoblot analysis showed that the Gal4 fusion proteins wefedx2 is capable of activating an enhancer element independent

expressed in transfected cells (data not shown). of its DNA binding domain, indicating that for Cdx2 to act on an
enhancer itis not necessary to postulate that another DNA binding
Differential activation of transcription in Caco2 and protein is involved.

NIH3T3 cells is not dependent on the SIF1 element

There are multiple possibilities for the observed diﬁerenceggnr?;?ntzo\?;{g nhancer activity of the Cdx2 activation
between Caco2 and NIH3T3 cells in their ability to activate a

construct with the SIF1 element placed in an enhancer contelt. order to determine whether the activation of the enhancer
One possibility is that there are nuclear proteins in Caco?2 cellsdnnstruct in Caco2 cells was a specific property of the Cdx2
addition to Cdx2 that bind to the SIF1 site. Such proteins may aattivation domain or only the cell line, we compared activation
as heterodimers with Cdx2, bind to SIF1 independently, or birtdy the Cdx2 activation domain to VP16, a potent transcriptional

to SIF1 in association with Cdx2. To test this possibility, wectivator. VP16 activated both promoter and enhancer constructs
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Figure 7. Comparison of activity of Cdx2 activation domain and VP16 in
"l'k"‘i:m:man + Gald-Cdx2i15-180) NIH3T3 and Caco? cells. The graph shows the ratios of enhancer to promoter

activity of VP16 and the Gal4 Cdx2 (15-180) (Cdx2AD) in NIH3T3 and Caco2
cells. The values were obtained from Table 1.

o i e + oo

i protein, Cdx2, to activate a DNA regulatory element placed in
ﬂh + Gald-Cdx2(15-180)

either a promoter or an enhancer context. A reductionist approach

i was taken by removing the Cdx2 binding site from the more

[10XGald_| +Gald HECL ol complex environment of a natural promoter or enhancer and by
Mean + SE examining the Cdx2 activation domain in isolation. Using this

[ S A - experimental design we showed that there are cell line-specific
Buli Activation Nonnallzed to. Gald differences in the ability of Cdx2 to activate transcription from

proximal and remote positions.
Figure 6. (a) Functional analysis of Gal4 Cdx2 (15-180) in NIH3T3 cells.  When the Cdx2 activation domain was tethered to DNA in
NIH3T3 cells were transfected with (i of either pSG424 Gal4 or pGal4 Cdx2  close proximity to a minimal promoter it activated transcription
(15-180) expression plasmid andiiof either Gal4 promoter [pE1B-LUC i hoth intestinal and non-intestinal cell line. In contrast, when
_;I)_romoter(Gal4x10)] 0rGaI4_enhancer reporter [pTK-LUC enhancer(GaI4x1_0)].tethered to the DNA in an enhancer context, Cdx2 activated
wo pg of pPCMV{3-galactosidase was cotransfected to control for transfection NN . .
efficiency. p) Gal4 fusion constructs Caco2 cells were transfected witly 10 trans_crlptlo_n Ina cell-restr_lcted faSh'on-_ C_acoZ cells, a colon cancer
of either pSG424 Gal4 or pGal4 Cdx2 (15-180) expression plasmid ggd 10 Cell line with enterocyte-like characteristics, supported enhancer-
of either Gal 4 promoter [pE1B-LUC promoter(Gal4x10) or GAL4 enhancer directed transcription by the Cdx2 activation domain, whereas
reporter (pTK-LUC enhancer(Gal4x10)]. Tvay of pCMV{-galactosidase  NJH3T3 cells did not support activation of enhancer constructs by
was cotransfected to control for transfection efficiency. Cdx2. This effect was also specific for the Cdx2 activation
domain and not simply a characteristic of these cell lines.
in Caco2 and NIH3T3 cells, with overall greater activation se¢gal4-VP16 activated transcription of promoter and enhancer
in Caco2 cells (Tabld). However, the ratio of enhancer to constructs in both cell lines, but on a relative basis this powerful
promoter activation in both cell lines for VP16 was very low. Fofranscriptional activator was much less active from the enhancer
the Cdx2 activation domain, there was also greater expressiorgftextin Caco2 cells than the Cdx2 activation domain. Thus, the
both the promoter and enhancer constructs in Caco2 cells thart#x2 activation domain functions on enhancer elements in a
NIH3T3 cells (Tablel). However, in contrast to the VP16 data,cell-specific manner. o o
the ratio of enhancer to promoter activation for Cdx2 was muchPrevious studies have shown that transcriptional activation
greater in Caco2 cells (Tableand Fig.7). Thus, although the domains may have different functions depending on whether the
overall transcriptional activity is greater in Caco2 cells, the relativ@omain is tethered to DNA in a proximal (promoter) or a remote
activity on enhancer compared to promoter constructs appearé@9hancer) positiorg). Multiple activation domains are able to

be specific for the Cdx2 activation domain when compared to VP1&¢tivate transcription from both promoter and enhancer positions,
although there is considerable variability in the level of activity.

DISCUSSION Negatively charged domains (VP16, Gal4, p65 i BIH FE3)

and serine/threonine rich domains [(ITF-1(E47) and ITF-2(E2-2)],
The function of DNA regulatory elements and their cognate DNAre generally potent activators of both promoter and enhancer
binding proteins is dependent on the proximity of other regulatoglements. Proline-rich domains of AP-2 and CTF/NF1 have
elements and the position of the cluster of elements with respetarked activity from promoter elements and only weak activity
to the start of transcription. Native transcriptional regulatory unifsom an enhancer position. In contrast, the glutamine-rich
are composed of multiple regulatory elements that act cooperativelgmains of Oct-1, Oct-2 and Spl are only able to activate
to regulate transcriptional initiatio4). Promoters are regulatory promoter elements and have no effect on enhancer elements wher
units localized immediately upstream of the transcriptional statriansfected into HeLa cell8%). However, these studies have
site, whereas enhancers are able to regulate transcription in eitheen performed in a limited number of cell lines and, therefore
orientation from locations remote from the transcriptional starhay not be entirely representative of the functional capacity of
site. In this study, we examined the ability of a homeodomaiese domains.
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Table 1.
NIH3T3 Caco2
Enhancer Promoter EA100 Enhancer Promoter EX100
VP16 85+ 15 491+ 8 1.73+ 0.3 316+ 2.4 1827+ 21 1.73+ 0.2
Cdx2 (15-180) 1.1+ 0.2 223+ 1.2 50+ 11 354+ 8 78 + 11 455+ 7.9

Other studies have demonstrated that the function of activati@ux gene family, may serve to regulate transcription of the
domains in proximal and remote positions may be dependent Hioxc-8 gene via interaction with these two sites. In this regard,
other cellular factors. Functional diversity of activation domainthe presence of co-activator proteins that modulate the function
has been well defined for the POU-homeodomain proteins Octef Cdx proteins could play an important role in the function of this
and Oct-2 in B lymphocyte lineages. The potency of the N- arehhancer during development. It is important to note that there are
C-terminal domains of the Oct-2a protein on activation of &nctional differences between the two enhancer binding sites,
promoter construct is greater in B-cell lines than in HelLa cellsuggesting that the regulation via these elements is more complex
(35). In contrast, the VP16 activation domain is more active ithan simply interaction with Cdx proteins.

Hela cells than in B-cell lines%). Additionally, an important In the intestine, the findings also have potential implications for

difference was found between the N- and C-terminal domaimegulation of intestinal genes. The fact that Cdx2 can act in a
with regard to transcriptional activation of sites in an enhancgosition remote from the transcriptional start site extends the
context 86). The N-terminal, glutamine-rich domain was unablerange of targets to multiple intestinal genes, including those that
to activate in a remote position in either HeLa or B-cell lines. Thdo not have a promoter element that binds Cdx2. Moreover, a
C-terminal domain was able to markedly activate transcriptiogo-activator protein that interacts with Cdx2 activation domain

from a remote position in B-cells, an activity that was absent imight provide a second level of regulatory control over Cdx2

HelLa cells. Taken together, these data suggested that a B-tefiponsive genes within the intricate cellular architecture of the
specific cofactor, or cofactors, may potentiate transcriptiondtestinal epithelium and during complex transitions occurring in

activation in the B-cell lineage. development and differentiation [for reviews, sé&-{5)]. A

Recently an Oct co-activator protein has been cloned aeg@-activator for Cdx2 would allow cell-specific and spatial
characterized by three groups, OBR1,8), Bob-1 39,40)and  regulation of Cdx2-dependent genes in a manner independent of
OCA-B (41). This co-activator is expressed in B-cell lineagesCdx2 expression.
interacts with the POU domain of Oct-1 and 2 proteins, andIn summary, we have identified a cell-specific functional
stimulates transcription in a promoter specific manner. Singgifference in the biology of the Cdx2 homeodomain protein. We
OBF-1 has been shown to interact with TBP and TFIIB, onBypothesize that the ability of Cdx2 to activate transcription in an
mechanism of action for this protein may involve bridging th&nhancer context is dependent on either a cell-specific co-activator
connection between Oct proteins and the basal transcriptiofiptein or phosphorylation of the activation domain.
apparatus3g). With regard to the activation of enhancers by the
C-terminal domain of Oct-2a, the OBF-1 co-activator is not ablRCKNOWLEDGEMENTS
to reconstitute this activity in non B celi&g]. Thus, it is likely )
that there will be several tissue-specific co-activators binding tghiS Work was supported by RO1 DK46704 (P.G.T.). We thank
separate domains of Oct-2, mediating various functions. OBFHr Mitchell Lazar for providing the TK-LUC vector, Dr Thomas
is the first tissue-specific co-activator protein that has been wépdesch for providing the plasmid containing the Gal4 sites, and
characterized, and raises the likelihood that other tissue-speciE James Alwine for providing pSG424.
co-activators will be discovered for other transcription factors.
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