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ABSTRACT

PCR-based methods and mobility shift competition
assays were used to determine the basic biochemical
features of the homeodomain transcription factor
Distal-less 3 (DIx3), including an optimal DNA binding
site, the binding constant and dissociation rates of this
protein. Expression of DIx3 protein in either HeLa cells
or Xenopus embryos resulted in strong activation of a
model target gene construct containing three tandem
copies of the DIx3 binding site upstream from the TATA
element. In addition, deletion analysis revealed that
transcriptional activation by DIx3 depends on two
subdomains located on either side of the homeobox:
removal of either subdomain resulted in complete loss
of DIx3 function. These observations provide new
insight regarding the function of DIx3 in vertebrate
development and tissue differentiation and also
suggest a mechanism for the dominant inheritance
pattern of a hereditary disease resulting from mutation
of the DLX3 gene in human.

INTRODUCTION

but overlapping domains, primarily in the forebrain, branchial
arches and tissues derived from epithelial/mesenchymal interactions
during development7(8). DIx3 is transcribed in hair follicles,
tooth germ, branchial arch mesenchyme and in the interfollicular
epidermis, where it is confined to the suprabasal keratinocyte
compartment{,9,10). DIx3 differs from the other members of
the gene family in that its expression has not been detected in the
central nervous system. Also, DIx3 expression in branchial arches
is spatially and temporally distinct from the other members of the
DIx family (8).

The biochemical function of DIX3 is relevant to important
developmental processes. For example, disruption of the DLX3
coding sequence has been shown to be the basis for an inherited
human disorder, tricho-dento-osseous (TDO) syndrome. This
disorder is characterized by tooth defects, kinky hair at birth and
craniofacial bone abnormalities. TDO is inherited as an autosomal
dominant trait {1), but the molecular basis for this inheritance
pattern is not known. DIx3 also functions in the differentiation of
mammalian epidermis, as shown by ectopic expression of DIx3
in the basal layer of transgenic mouse skin. This resulted in a
number of alterations, including the precocious activation of the
terminal differentiation marker profilaggrin. The profilaggrin
gene has a binding site for DIx3 located in theegulatory

Homeodomain proteins comprise a large class of transcriptié9ion, suggesting the possibility that DIx3 is a positive regulator
factors that have been shown to be essential regulators of m&hyhis structural proteinl(). However, no data have yet been

developmental processes, ranging from organization of the ba&Ported on the transcriptional properties of DIx3. In this paper we
body plan to terminal differentiation of individual tissulsThe ~ Show that DIx3 is a potent transcriptional activator, map

homeodomain is a highly conserved 60 amino acid element iragtivation domains within the DIx3 protein sequence and discuss
is responsible for sequence-specific interactions with DN aAthe relevance of these to the function of the DIx3 homeoprotein

Binding sites for homeodomain proteins center around a colféVIVO.
motif, TAAT, with adjacent bases responsible for restricting the
interactions between specific homeodomain factors and targdATERIALS AND METHODS
genes 2,3). In addition, heteromeric association with otherP
transcription factors and cofactors is thought to further restrict
this target specificity. The cDNA encoding the full open reading frame ofle@opus

In Drosophila the Distal-less homeodomain gene (DIl) regulatetaevis homolog of DIx3, Xdll2 {2,13; referred to axXenopus
the formation of ventral appendagés (n vertebrate genomes, DIx3 in this paper) was cloned into the bacterial expression vector
there are six or more genes related to BJb); In mouse and pET 28a (Novagen, Madison, WI), generating a hexahistidine
human these homologs, referred to as DIx1-6 (DLX1-6), atfesion protein. Following a 1 h induction with 1 mM isopropyl-
organized into three pairs of closely linked, convergentlB-p-thiogalactopyranoside, DIx3 was purified from lysates by nickel
transcribed locig). Each pair of DIx genes is located within 1-2 cMaffinity column chromatography according to the manufacturer’'s
of one of the four Hox clusters. DIx genes are expressed in distinastructions. Purification was to near homogeneity, as judged

reparation and analysis ofXenopusDIx3 protein
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from Coomassie Blue staining of a SDS—polyacrylamide gesites selected from genomic DNA sequences based on similarity
Protein concentrations in column eluates were determined byt@the DIx3 consensus binding site. Each site was synthesized as
trichloroacetic acid precipitation/amido black staining proteircomplementary 20 bp oligonucleotides, in which the 14 (SELEX

assay (Schleicher & Schuell, Keene, NH) to circumvent interferenaites) or 12 bp (genomic sites) determined by the individual selected

from imidazole in the elution buffer. site was bracketed by four or six G residues, respectively, for thermal
stability. These oligonucleotides were annealed and used as
Labeled random oligonucleotide pool for selection unlabeled, double-stranded competitors to determine the relative

affinity of each sequence compared with a probe containing the
A random oligonucleotide pool was generated for selection géstricted consensus sequence. The binding reactions were carried
ligands in the SELEX procedurel415). Individual DNA  out atincreasing concentrations of unlabeled competitor (0, 5, 20, 50
sequences containing a central 14 bp random sequence betwggg 100 ng) with 12 ng (17 nM) DIx3 protein and 1 ng (4 nM)
two 15 bp primer sequences incorporatifgRl andBanmHl  |abeled consensus DNA, in aj@ireaction as described above. The
restriction sites [GACGAA-H—CACGTG(N)GTACGGATCCA- ge|3 were dried and autoradiographed_
TGCG] were synthesized (BioServe Biotechnologies, Laurel, MD).
Single-stranded DNA oligonucleotides (10 ng) were mad P i
double-stranded by 14 cycles of PCR using 600 ng each %)fe termination of the equilibrium constant ()
primers corresponding to the non-random flanking regiond constant amount (1 ng) of radiolabeled probe including the
[5'-GACGAATTCACGTG and 3CGCATGGATCCGTAC] using  experimentally determined restricted consensus sequence (GGGG-
Tag DNA polymerase, 5uM unlabeled deoxyribonucleotide GGATAATT GCTGGGGGG) was incubated with increasing
triphosphates, 2 mM Mggland X PCR buffer (Perkin Elmer, amounts of DIx3 protein (0.5 pg—70 ng) for 30 min &€ @inder
Norwalk, CT) in a final volume of 100l. Reaction times and standard mobility shift conditions (above). After electrophoresis,
temperatures for each cycle were@240 s, 46C 40 s, 72C  gels were dried and autoradiographed. Quantification of the free
20 s. The product was loaded on a 6% polyacrylamide gel and complexed protein—DNA was performed with a Phosphor-
non-denaturing buffer and electrophoresed. The 44 bp band wasager (Molecular Dynamics, Sunnyvale, CA). TKg was
excised, crushed and eluted overnight in 0.5 M ammoniuralculated by Scatchard analysis. In brief, a graph ®fllr-x
acetate, 1 mM MgGland 0.1 mM EDTA. The eluted DNA was versus InC; —xCo] was made, in which the value for each
precipitated with ethanol and resuspended in 0.1 M NaCl, 0.1 mpbint represented the fraction of the probe bound by DIx3 protein,

EDTA, 10 mM Tris, pH 8.0. Cr was the molar concentration of protein &dvas the molar
concentration of DNA. Th&y was calculated from the inverse
SELEX log of they-intercept (6).

For each round of enrichment, electrophoretic mobility shiftingyetermination of the DIx3 dissociation rate

was used to select oligonucleotides that bound to recombinant

DIx3. Each mobility shift was performed by incubating 12 ngRadiolabeled probe (1 ng) including the restricted consensus was
DIx3 recombinant protein with purified, radiolabeled DNA in aincubated with 12 ng DIx3 protein for 30 min under standard
20 pl reaction containing 7 mM Tris, pH 7.5, 81 mM NaCl, mobility shift conditions. An excess of unlabeled restricted
112.5 mM imidazole (from the DIx3 elution buffer), 2.75 mM consensus competitor (100 ng) was added. Aliquots were sampled
dithiothreitol, 5 mM MgC}, 0.05% Nonidet P40, 1 mg/ml bovine at selected time points and directly loaded onto running gels to
serum albumin, 2fig/ml poly(di-dC)-poly(di-dC) (Pharmacia minimize dissociation prior to entry into the polyacrylamide. After
Biotech, Piscataway, NJ), 10% glycerol, &€Cfor 30 min. The electrophoresis, the gels were dried and exposed. Quantification of
protein—-DNA complexes were electrophoresed on a 6% acrylamidbg free and complexed protein-DNA complexes was performed
0.16% bis-acrylamide gel with xSris—borate/EDTA buffer at by scanning densitometry. The relative intensity of the autoradio-
10 V/cm. For a positive control a radiolabeled 20 bp oligonucleotidgraphed complexes was plotted against time.

containing a DIx3 binding site from the human profilaggrin gene

(10) was also incubated with DIx3 and electrophoresed on th@ell culture and co-transfections

same gel. Gels were autoradiographed and the appropriate region . . .
was excised, eluted and subsequently amplified by PCR. A to%i‘P test for the effect of DIx3 binding on transcription, a synthetic

of five cycles of binding and amplification were carried out. oligonucleotide containing three tandem copies of the restricted
consensus binding site (AAG CTT GCG ATA ATT GCG GCG

Determination of consensus sequences ATA ATT GCG GCG ATA ATT GCG AAA GCTT) was inserted
into theHindlll site of the reporter plasmiiTKCAT (17). This
Gel-purified oligonucleotides were cloned in the plasmid vectoieporter construct comprises the HSV thymidine kinase proximal
pCRII (Invitrogen, San Diego, CA). Individual clones werepromoter region from -50 to +51 driving a CAT reporter cassette
sequenced using the Sequenase kit (US Biochemical In€L8)- As a control, an identical construct was prepared in which
Cleveland, OH). The Pileup and Consensus programs from tHe central TAATT of each DIx3 site was changed to TGGCC.
Genetics Computer Group (GCG) v.8 software package (GCGhis mutated site does not bind to DIx3 proteimitro (data not

Madison, WI) were used to tabulate consensus sequences. shown). Hela cells (ATCC, Rockville, MD) were grown
following recommended procedures. Transient transfections

were performed according to Jaetgal (19). The transfections
were done in duplicate using Lipofectin (Life Technologies Inc.,
Mobility shift assays were performed with various binding site$aithersburg, MD), following the manufacturer’s instructions.
obtained from the SELEX procedure, as well as with potentidlormally, 2-3x 1 cells were plated in 6-well culture plates

Gel mobility shift competition assays
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16-20 h prior to transfection. A constant amourjg}of each | : . " 5
reporter construct was mixed with variable amounts (0.0, 0.01, t 5 ¢ 5 € 5 ¢ 5 T
0.025, 0.05 and 0.ag) of pRSV-DIx3, which is an expression

plasmid comprising the DIx3 coding sequence driven by the RSV = B -
LTR (Invitrogen, San Diego, CA). The DNA mixtures were

combined with Lipofectin and incubated at room temperature for r - U u u

20 min. The Lipofectin/DNA mixture was then added to the cells

and incubated for 4 h. At the end of the transfection period the

mixture was replaced by medium and the cells were harvested

after 5(_)_60 h of Cu_lture at 3C. Cel_|UIar extracts were prepared Figure 1. Mobility shift analysis of oligonucleotides binding to recombinant
according to Pothieet al (20). Aliquots were used for CAT  DIx3. Five cycles of purification are shown (1-5). C, control DIx3 binding site
assays41) and total protein quantification. Cellular extracts of probe (profilaggrin gene promoter); S, SELEX product; P, unbound probe. The
untransfected cells were used as negative controls. The valuessgfcific DNA-protein complexes are indicated by arrows.

CAT activity were normalized to protein content in the extracts
and expressed as d.p.m./protein. The relative CAT values
averages of at least two independent experiments, each W
duplicate samples.

ese were allowed to develop to the early gastrula stage énd

n homogenized in Reporter Lysis Buffer (Pt no. E397A; Promega

Inc., Madison, WI). Homogenates were centrifuged to remove yolk

platelets and the supernatants extracted once with 1,1,2-trichlorotri-

Deletion analysis of DIx3 fluoroethane (Freon) to remove lipid. The clarified supernatants
were assayed for CAT and luciferase activit,23).

The open reading frame of DIx3 was subdivided into regularly

spaced regions and 30mer primers for PCR were synthesizRgSULTS

including anEcaRl restriction site on the upstream primer and a o o )

BanHlI site on the downstream primer. Specific primers were aélentification of DIx3 binding sites

follows: (i) GAG GAG GAA TTC ATG AGT GGC CCC TAT ' The SELEX procedurel¢,15) was used to identify sequences

GAG AAG; (i) GAG GAG GAA TTC TCT ACT GGG CAG  anaple of binding to recombinaenopuDIx3 protein (Figd).

CAC GAC TTC; (iii) GAG GAG GAA TTC GGG TAT CGG  a previously identified DIx3 binding site in a human profilaggrin

CCG TTT GTC CAT; (iv) GAG GAG GAA TTC CGG AAG  gene (0) was used as a positive control. The presence of a

CCA AGA ACC ATC TAC; (v) GAG GAG GGA TCC ACT  joyplet band in the mobility shifts was not observed equally in all

GTG CTC CAT ATC AGG ACC; (vi) GAG GAG GGA TCC  yreparations (data not shown) and probably reflects partial

GGT TCG GCT TCC ACT ATT GTC; (vii) GAG GAG GGA  (ygtein degradation. Five cycles of binding and amplification

TCC ATG TTG CCC AGA TTG GTT CTG; (viii) GAG GAG  (eqylted in the generation of a highly enriched subpopulation of

GGA TCC GCG ATA CAC TGT ATC GGG AGG AGG. pna binding sites, which were cloned and sequenced.

Individual constructgFig. 6) were prepared using the following A total of 30 candidate binding sites were identified by this
primer pairs: ORF1-277, a+AN43-277, b+hAN93-277, c+h;  yrocedure (FigeA), containing the core element TAAT that has
AN130-277, d+hAC1-261, a+gAC1-225, a+fAC1-200, a+e. heen shown by previous studies to be generally required for
Twenty-five cycles of PCR using 100 ng of each primer correg;omeodomain binding(3). A small number of oligonucleotides
ponding to the selected region of DIx3 were amplified with Deepycking this core failed to bind DIx3 protein (data not shown) and
Vent polymerase (New England BioLabs, Beverly, MA)JBO  \yere assumed to be contaminants. The core TAAT element was
unlabeled deoxyribonucleotide triphosphates andtiermoPol  ;seq o align individual sites for comparison. In several cases a
Buffer in a final volume of 50I. Reaction times and temperatureSTaaT was present on both strands and one of the cloned
for each cycle were 9& 30 s, 56C 60 s, 72C 45s. The DNA  jigonyclectides contained two TAAT elements on one strand,
product was electrophoresed on an agarose gel, purified Wifhich generated ambiguity in the alignment. In these cases all
Geneclean silica matrix (Bio101, La Jolla, CA) and digested W'tBossibIe alignments were included and are indicated in Fdure
EccRl andBarHI. _ o _ A subset of sites was compiled, in which the only clones included
The DIx3 fragments were cloned into a modified version of thg,ere those in which there was no ambiguity, i.e. only a single
plasmid vector pCS2¢) which provided a common translational TAAT core was present. This smaller group of 12 sites yielded an
initiation site, as well as a Myc epitope tag at the N-terminug pase ‘restricted’ consensus of (AICIG)TAATT(G/A)(CIG)
These plasmids were linearized whkbp718 and transcribeid  (rig 2B). This was essentially identical to the consensus derived

vitro using a mMessage Machine kit from Ambion Inc. (Austin&om the unfiltered set of candidate sites and was used to design
TX). RNA concentrations were determined spectrophotometrically, o probe for subsequent mobility shift assays.

and confirmed using denaturing agarose gel electrophoresis. All
constructs were verified by DNA sequencing. _—

Eggs were stripped from femaenopugprimed the previous day DNA binding assays
with 300600 IU of human chorionic gonadotrophin (US Bio-To confirm the validity of the DIx3 binding site established by
chemical, Cleveland, OH). These were fertilized with maceraté8ELEX analysis and determine relative binding affinities,
testes and dejellied by treatment with 2% cysteine, pH 7.8, fanobility shift assays were carried out using individual sites from
3—4 min. A mixture of either 15 or 150 pg of synthetic DIx3 mRNAthe compilation as unlabeled competitors. An oligonucleotide
500 pg of the DIX3-CAT plasmid (above) and 50 pg of aonforming to the consensus shown in FigugB
TK-luciferase control plasmid2) in a total of 10 nl of water was (ATAATTGCT), flanked with four G residues for thermal
injected into the animal pole region of one to two cell stage embryagability, was radiolabeled and used as probe. A selection of
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A AgreTaarTag i: probe oligonucleotide, compared with the optimized consensus
23 CATGTAATTAGT site (Fig.3, first panel). .
N I AIAIANNTI GGG The results of these assays can be summarized as follows. A
6 TGaATAATTAC 2;‘ TAATT core is essential for binding. The flanking bases are
%8 GAGATAATTAG N degenerate, but there is a strong preference for a G residue at
B S ACIAMTIITILGEZES position —2 and either an A or C at —1 (numbers relative to the
s1L. A CTTTAATTGCT central TAATT box). There is also a strong preference for a purine
sl2 TG GATAATGACA L. . .
13 GAGATAATTGG T, at position +1 and either a G or C at +2. The presence of a high
s rcéGGrTAaATTAT T affinity DIx3 binding site (G-A/C-TAATT-A/G-G/C) near a gene
e SCS AT ARNTCRC R that is expressed in cells where DIx3 is also expressed is thus a
818 T ACCTAATTTAAR valid criterion for a potential regulatory association with this
sl9 AATTTAATTGCOC . . . . .
820 C G GATAATTAGT homeoprotein. The recombinant DIx3 protein used in this
s I ACEIArET2SCS experiment appears to bind with similar affinity to the SELEX
822 AT CGTAATTGCC consensus site and the published optimal binding site for Msx1,
s24 G TACTAATTGCT . .
825 G T GCT AATTAC A suggesting significant overlap in the target genes for these two
B f ey EANTINGS homeoproteini vivo. Another important aspect of these data is
b+ S S - T the degeneracy of the consensus site. A simple calculation that
830 CCTTTAATTACC factors the redundant and invariant positions suggests that there
should be on the order of 100 000 potential binding sites for DIx3
B w 250 0 0o 87533 iii a typical mammalian genome, implying ihat other factors are
W 42 01001000 0 25 0O likely to play an important role in determining which genes are
% 200 o0 o actually regulated by DIx® vivo.
: TAATT : g Determination of binding constants
(]

The equilibrium dissociation constamtg] was determined by
binding saturation experiments, in which the amount of restricted
Figure 2. Compilation of TAAT-containing sites from individual SELEX consensus binding site DNA was increased in the presence of a

clones. Q) A total of 30 potential sites identified (s1-s30). *, sites from clones ; . ; ;
with TAAT core elements on both strands; #, sites from clones containing twofIXed amount of protein. DNA—protein complex formation was

inserts. Only 12 of the 14 degenerate positions are shown, since the outer baé&omto_red by mOb'“ty shift and data were evallfiate.d by Scatchard
exhibited no significant preference®) (Consensus derived from clones in analysis. As calculated from the data shown in FigéeDIx3
which only one TAAT core was present. binds to the target DNA with l§g of 7.8x 108 M. In addition,

the slope of the Scatchard plot, 1.15, suggests that DIx3 binds to

. L . . DNA as a monomer under these conditions,imevitro using
results from these competition binding experiments is shown

: i : rified recombinant protein. The half-life of the complex
Figure3. SELEX sites 5, 6, 8, 1, 14 and 22 bound approximatel itween DIx3 and the target DNA was very short, with 50%

as well as the consensus, as judged by the elimination of mQgLs . iavion taking place within 15 s from the addition of excess
radiolabeled probe in the shifted complex at a competitor.prol{jam(,jIbeled competitor DNA (FidB)

ratio of 20:1 (third lanes). Other sites bound with significantly
lower affinity, for example, S9 (CGACTAATTATC) and S4 -
(TATATAATTGTA). At the lower end of the scale were sites SuchCo-transfections

as S27 (ACAGTAATTAGG), which competed poorly comparedTo determine the effect;m vivo of DIx3 association with a
with the other sites. FiguBalso shows the results of competition proximal promoter region via a high affinity binding site,
experiments using the consensus binding site for the related Ms-transfection experiments were performed. HelLa cells were
homeodomain factor8) and the previously reported element intransfected with a mixture of two plasmids, one an expression
the profilaggrin genelQ). Both of these sites bound well to the construct in which the DIx3 coding sequence was driven by an

Consendus 527 MSH Cons: I 1013 ) Prafil

wow .‘ |'H "‘ *" 'I" mﬂmr oW

Figure 3. Competition assays. Mobility shifts using a probe corresponding to the restricted consensus binding site for DIx3 prategegtod oligonucleotides.
For each experiment, 0, 5, 20, 50 and 100 ng competitors were used, loaded from left to right in each panel.
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1.09 Figure 5. Co-transfection experiments. DIx3-CAT or Mutated-CAT plasmids
3‘ 0.8 (1.0 pg) were transfected into HelLa cells with the indicated amount of
a RSV-DIx3 or with RSV vector DNA. Total DNA for each transfection was
8 o.6 equalized by z_ad_qing an appropriate amount of pCAT—Basjc plasmid (Pr_omega
4 Inc). CAT activities are presented as d.p.m.3idf normalized by protein
H 0.4 concentration in the extracts. Data are an average of two independent
- experiments, each with duplicate samples.
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0.0
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comparison may be more valid, since the DIx3 binding site has the

Figure 4. DNA binding properties of DIx3A) Scatchard analysis. Mobility potential to interact with other homeodqmaln proteins that mllght be
shift assays of protein—-DNA interaction between recombinant DIx3 and the(:"XF.)reSSed in Hela Ce"SZ some pf WhICh. could be transcnptlonal
consensus binding site, using increasing ratios of protein to DNA. Data from@Ctivators. The mutated site is unlikely to bind to any homeodomain
three independent experiments are shown (triangles, circles and squares). TRactors, although unexpected interaction with other activator or
line is a simple fit (Cricket Graph; Cricket Software, Malvern, PA) and the repressor proteins cannot be excluded. In any case, it is clear that
(CS;CUO"'#ergg”tg;:f;iﬁg?:na”g;gﬂgﬁlgft 1&% 1élc)Sma'}gX%(?S\}v’i{ﬁsf;‘;cé'l‘ézmn this context, DIX3 acts as a potent activator of transcription.
consensus probe was mixed with excess unlabeled pprobe and assayed b DIx3 RNA is not d?teCtable by northern blc,)t n HeL,a cells
mobility shift (Materials and Methods). Percentage remaining bound is pIotted(Kﬂ-'-MOl'aSSO, unpublished results) and thus it is possible that
versus time in seconds after addition of competitor. NCA, no competitor addeddifferent results might be obtained in a more physiologically
Data from two independent experiments are shown (triangles and circles). meaningful cell type. DIX3 is expressedienopuslevelopment

beginning at gastrulation, in the presumptive epidermis. Injection

of plasmid DNA intaXenopugmbryos has been used to identify
RSV promoter (RSV-DIx3) and the other a reporter, the CATegulatory element®{-26) and provides a convenient method
coding sequence driven by a minimal promoter derived from thfer evaluating the function of transcription factors in a living
herpes simplex virus thymidine kinase geh®,(in which three  vertebrate embryo, where DIX3 is naturally expressed. We used
tandem DIx3 binding sites had been inserted 50 bp upstream froinis approach to map the region of DIx3 responsible for target
the start of transcription (DIx3-CAT; Materials and Methods)gene activation.
Variable ratios of RSV-DIx3 plasmid to reporter plasmid were As shown in Figuré, removal of the sequence encoding the
used. In addition, control experiments were carried out in parallist 43 residues of DIxX3{N43-277) had only a modest effect on
in which the DIx3 expression plasmid was replaced by the RSivans-activation, suggesting this region is largely dispensable for
vector and the DIx3 binding sites were replaced with mutatethis function. However, further deletion to residue ARY3-277)
non-binding sites in which the core TAATT was replaced byesulted in reduction of activation to a level apparently even lower
TGGCC. than the controlf¥galactosidase or no RNA). Likewise, deletion

The results of these experiments are shown in Figufde  of the C-terminal 16 residueS@1—-261) had little effect, whereas

combination of co-transfected DIx3 with the reporter plasmidemoval of an additional 36 amino acid&€(—225) significantly
carrying high affinity DIx3 binding sites (DIX3CAT) increased reduced the activation level. Deletion to near the homeodomain
expression dramatically. The extent of stimulation depended gAC1-200) resulted in a loss of activation to below that of
the relative amounts of the two plasmids, with a peak observedantrols, similar to thAN130-277 deletion. None of these effects
a ratio of 0.051g RSV-DIx3 to 1.0ug CAT reporter construct. were due to differences in protein expression, since all truncated
Co-transfection of RSV-DIx3 and DIx3-CAT yielded up to aproteins accumulateid vivo to levels falling within arib-fold
12.3-fold higher signal than RSV vector combined withrange as revealed by western blot (data not shown) and essentially
DIx3-CAT reporter plasmid (27 000 versus 2190 d.p4@/unit  identical results were obtained with both 15 and 150 pg DIx3
total protein). Comparing DIx3-CAT with mutated-CAT, both RNA doses. These results suggest that transcriptional activation
co-transfected with RSV-DIx3, gives a larger stimulation, 44-foldy DIx3 depends on a pair of domains separated by the homeobox
at the maximum (27 000 versus 614 d.p.m./protein). The latteegion. Removal of either of these subdomains essentially
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CAT (dpm)/Luciferase Units
| V4 | 172 1 . SR SR

ORF1-277

ANa3277

AN93-277

AN130-277

Ac1-261

Aci-225

Ac1-200

B-galactosidase

NoRNA

Figure 6. Xenopusembryo expression assays. Six different deletions of DIx3 were prepared, with sequences removed from the N- or C-teysaiifossdais d
Materials and Methods. The amino acid numbers shown on the left indicate the portion of the protein remaining, whighiésegeddy the solid bars. The filled
bars on the right indicate the ratio, in arbitrary units, of CAT activity (from the DIx3-CAT plasmid) to luciferase actimityh@ control, co-injected TK-luciferase
plasmid). Each set of data was derived from at least two independent experiments, using both 15 and 150 pg of DIx3 Rai, sulmitdér gesults. The total number

(n) of embryos in each assay is shown to the right of each bar. The extended bars indicate half of the range in valueddsdrexpeiiments. The results at the
bottom of the figure correspond to embryos injected @agalactosidase RNA instead of DIx3 RNA or with the two plasmid DNAs alone, without any co-injected
RNA. The diagram at upper left indicates the position of the homeodomain (gray) and two activation subdomains (hasthen&s prdtein. The N-terminal
activation domain corresponds to residues 43-93 and the C-terminal domain to residues 200-261.

inactivates the DIx3 protein and may actually result in transcriptionéthat modulate DIx3 function, but are not responsible for target

repression for the shortest variants. gene activatioper se
The functional map of DIx3 provides some useful insights into
DISCUSSION the molecular basis of the TDO syndrome. A genetic lesion

. . ) responsible for this disease, which is inherited as an autosomal
The expression pattern, transcriptional regulation and to a Iess&a minant trait, has been recently identified as a 4 nt deletion

but significant, extent the protein sequence of DIx3 are conserv mediately downstream from the DLX3 homeodomait).(
in vertebrate phylogeny(L2,27). This conservation suggests Assuming the human an¥enopusDIx3 proteins have similar

that D.IX3 plgys an important role in the_devg!opment Of.h'gheﬁroperties, our results predict that the truncated DIx3 protein in
organisms, just as the single DIl gene is criticaDmsophila TDO patients has lost the ability to activate target gene

ontogeny. There are convincing experimental data supporting thig o s 1 addition, if important interactions between DIx3
hypothesis: loss of DIx3 function by mutation results in ar

inherited disease, TDO, in humaf$)(@and targeted disruption of and other regulatory factors are mediated by the N-terminal

the mouse DIx3 gene has an early embryonic lethal phenoty 8”'0’.‘ of the protein, the TDO de_Iet|on polypeptide might also
due to placental failureg). Furthermore, ectopic expression of esult in the_formatlon of heteromerlc_ c_omplexes tha_t are unable to
DIx3 in murine epidermis leads to several major defects, includirF{Operly activate target gene transcription. The dominant nature of
termination of mitotic activity and precocious expression 0 e known TDO a[leles would thus be .due o a 'mole'cplar
differentiation markers, resulting in perinatal lethaligo)  Nterference mechanism, as opposed to a simple haploinsufficiency
Characterizing the molecular and biochemical properties of DIx3f DIX3 gene product in heterozygous individuals with the
is an essential prerequisite for understanding the role this prot&][$€2se: This interpretation is also consistent with the observation
plays in regulating tissue differentiation. that targe'ged del_et|on of the murine DIx3, which removes most of
The finding that DIx3 is a transcriptional activator implies the¢n€ protein coding sequences, does not lead to a detectable
existence of target genes that are up-regulated in response toRAgNOtype in the heterozygous stat) (
presence of DIx3. In the experiments reported heréehepus The homeodomain gene family most_closely .related to the DIx
protein has been used, but it is likely that DIx3 cognates in oth8enes encodes the Msx homeoproteins, which are vertebrate
species will behave similarly tenopusDIx3. The N- and homologs of theDrosophila gene Msh 29,30). The optimal
C-terminal activation domains have a slightly acidic bias, both iRinding site for Msx1 is very similar to the DIx3 binding
Xenopusand in the corresponding regions of the mouse DIxgonsensus3 and, as shown in FiguBeDIx3 is able to bind quite
sequence and there is significant conservation of protein sequet¢él to a site conforming to the Msx1 binding consensus. The
in these regions. However, tenopugprotein has a poly-glutamine transcriptional effects of Msx1 and DIx3 are very different.
tract in the C-terminal domain that is not present in the mousd&hereas DIx3 functions as an activator protein, Msx1 acts as a
gene. Certain highly conserved elements, in addition to tH&anscriptional repressoB1-33). This negative effect does not
homeodomain, have been noted in the DIx fami)ly ome of require binding of Msx1 to DNA but rather seems to involve a
these conserved subdomains appear to be dispensable diectinteraction between the Msx1 homeodomain and the TATA
trans-activation; for example, there is a highly conserved peptideinding protein 1,32). Other members of the DIx family (DIx1,
located downstream from residue 266 which can be delet@dand 5) have been shown to interact directly with Msx proteins,
without affecting activation. It may be that some of theséothin vitro andin vivo, and to have antagonistic effects on target
conserved domains are important in protein—protein interactioggne transcription3@). These results, taken together with those
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