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ABSTRACT Homeobox genes are regulators of place-
dependent morphogenesis and play important roles in con-
trolling the expression patterns of cell adhesion molecules
(CAMs). To identify proteins that bind to a regulatory element
common to the genes for two neural CAMs, Ng-CAM and L1,
we screened a mouse cDNA expression library with a con-
catamer of the sequence CCATTAGPyGA and found a new
homeobox gene, which we have called Barx2. The homeodo-
main encoded by Barx2 is 87% identical to that of Barx1, and
both genes are related to genes at the Bar locus of Drosophila
melanogaster. Barx1 and Barx2 also encode an identical stretch
of 17 residues downstream of the homeobox; otherwise, they
share no appreciable homology. In vitro, Barx2 stimulated
activity of an L1 promoter construct containing the CCATT-
AGPyGA motif but repressed activity when this sequence was
deleted. Localization studies showed that expression of Barx1
and Barx2 overlap in the nervous system, particularly in the
telencephalon, spinal cord, and dorsal root ganglia. Barx2 was
also prominently expressed in the floor plate and in Rathke’s
pouch. During craniofacial development, Barxl and Barx2
showed complementary patterns of expression: whereas Barx1
appeared in the mesenchyme of the mandibular and maxillary
processes, Barx2 was observed in the ectodermal lining of
these tissues. Intense expression of Barx2 was observed in
small groups of cells undergoing tissue remodeling, such as
ectodermal cells within indentations surrounding the eye and
maxillo-nasal groove and in the first branchial pouch, lung
buds, precartilagenous condensations, and mesenchyme of the
limb. The localization data, combined with Barx2’s dual
function as activator and repressor, suggest that Barx2 may
differentially control the expression of L1 and other target
genes during embryonic development.

Homeobox genes and encoded homeodomain proteins are key
coordinators of gene activity during embryogenesis. Home-
odomain proteins bind to ATTA-containing sequences and
control the expression of particular target genes, the identities
of which are largely unknown. Homeodomain binding sites
(HBS) have been identified, however, within the promoters
and introns of several genes for cell adhesion molecules
(CAMs) (1-8). Such sequences have been shown to both
activate and repress CAM gene promoter activity in vitro (2, 5).
Moreover, HBSs in the N-CAM promoter have been shown to
be required for the proper pattern of N-CAM gene expression
during development of the spinal cord (9). CAMs are thus
important targets to consider in linking homeobox gene ac-
tivity to morphogenesis (10).
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In recent studies of regulatory elements that restrict the
expression of neural CAMs, we identified a motif designated
Ng-wt that binds to the homeodomain of the Pax-3 protein
(11). A sequence called L1-170, which is identical to Ng-wt, is
found in the 5’ end of the gene for L1 (3), a CAM closely
related to Ng—-CAM in both structure and anatomical distri-
bution (12, 13). L1-170 binds to the HoxAl protein in vitro (6).
The consensus sequence for Ng-wt and L1-170 is CCATT-
AGPyGA, a typical class I binding site (14-16) that is known
to be recognized by homeodomain proteins of the extended
Antennapedia family (17).

In an effort to identify homeodomain proteins that may
regulate expression of Ng-CAM and L1, a mouse embryo
expression library was screened with a DNA probe containing
four copies of the CCATTAGPyGA sequence. This procedure
revealed a new homeobox gene called Barx2, which is similar
to Barxl (18), and the Drosophila Bar genes (19-21). The
dynamic expression pattern of Barx2 at sites of cell-cell
interaction combined with its ability to both activate and
repress the expression of a gene for a CAM support the
suggestion that it may play a role in the differential regulation
of gene expression in a variety of tissues during embryonic
development.

MATERIALS AND METHODS

An embryonic day (E)11.5 mouse cDNA library in Agtll
(CL-1027b; Clontech) was screened with the Southwestern
procedure (22) using a concatamer containing four copies of
the Ng-wt sequence labeled by nick-translation with 32P-dCTP
(DuPont/NEN). Screening yielded a single clone designated
B1. Two other cDNA clones for Barx2, B2 and B3, were
isolated via standard nucleic acid hybridization procedures
(23) from CL-1027b and CL-3003b libraries, respectively
(Clontech). The DNA sequences of both strands of B1, B2, and
B3 were determined by the dideoxy chain termination method
(24). Sequence comparisons were performed using the FASTA
(25) and BLASTN programs (26).

RNA blot analyses were performed as described (23). To
prepare a Barx2 fusion protein, B3 was inserted into the
pGex-1AT vector, and fusion protein was produced in Esche-
richia coli BL21 cells and purified by binding to and eluting
from glutathione—Sepharose 4B beads, as described (23). A
eukaryotic expression vector for Barx2 was prepared by in-
serting B3 into a modified pcDNA3 vector (Invitrogen) con-
taining an amino-terminal N-myc tag. Expression of the Barx2
mRNA and protein from this vector (pcDNA3/Barx2) was
confirmed using an in vitro transcription/translation system
(Promega). The Barx2/N-myc tag fusion protein migrated at
~33 kDa, a size consistent with its predicted size of 31 kDa. L1

Abbreviations: CAM, cell adhesion molecule; HBS, homeodomain
binding sites; DIG, digoxygenin; E, embryonic day.

Data deposition: The Barx2 cDNA sequence reported in this paper has
been deposited in the GenBank database (accession no. L77900).
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promoter—luciferase constructs were prepared from mouse L1
genomic clones. L1-1 was prepared by fusing a 2945-bp seg-
ment of a 5’ flanking sequence and first exon of the L1 gene
upstream of the luciferase gene in the pGL2 basic vector
(Promega). L1-14 was prepared by inserting the luciferase gene
downstream of the ATG codon in a 20-kb fragment of the L1
gene containing the first four exons. L1-14AHBS was prepared
by site-directed deletion of the L1-170 motif (CCATTAG-
PyGA) within the L1-14 construct.

NIH 3T3 cells cultured in DMEM containing 10% newborn
calf serum were cotransfected with 2.5 ug of DNA in 6 ul of
lipofectamine and 1 ml of Opti-MEM medium (Life Technol-
ogies, Gaithersburg, MD). DNA mixtures for cotransfection
experiments consisted of 1 ug of either pcDNA3 or pcDNA3/
Barx2, 30-100 ng of luciferase reporter construct, and pBlue-
script II KS(+) as carrier. The RSV-B-galactosidase plasmid
(0.5 ng) was cotransfected as an internal control to normalize
transfection efficiencies. Cells were harvested after 48 h and
resuspended in 150 ul of lysis buffer (0.1 M Tris acetate, pH
7.8/10 mM magnesium acetate/l mM EDTA/1% Triton
X-100/1 mM dithiothreitol). B-galactosidase activity was as-
sayed using the Fluoreporter lacZ kit (Molecular Probes).
Fluorescence was measured using the Millipore Cy-
tofluor 2450 system. Luciferase activity was assayed by mixing
50 wl of cell lysate with 100 ul of substrate mixture containing
66 uM D-luciferin potassium, 2 mM ATP, 100 mM Tris-HCI,
10 mM magnesium acetate, and 1 mM EDTA and quantitated
on an EG & G (Salem, MA) Berthold Microlumat LB96P
luminometer.

For in situ hybridization, mouse embryos (E9.5-12.5) were
fixed in 4% paraformaldehyde, infiltrated with 12, 18, and 24%
sucrose, cryoprotected, and sectioned. DIG-labeled RNA
probes for Barxl and Barx2 were generated by in vitro tran-

Proc. Natl. Acad. Sci. USA 94 (1997) 2633
scription. For BarxI, a 267-bp segment of Barxl cDNA outside
of the homeobox (bases 505-772) (18) was generated by
reverse transcriptase PCR and inserted into the pCRII vector.
Sense and antisense Barx! DIG-labeled RNAs were prepared
using SP6 and T7 polymerases, respectively. For Barx2, two sets
of antisense and sense RNA probes were generated using T3
and T7 RNA polymerase, respectively, from two different
regions of the Barx2 cDNA. One set was derived from the
431-bp EcoRI-Pst1 fragment within the Barx2 coding region.
The other set was derived from a 254-bp EcoRI fragment
spanning from position 623 to the 3’ border of B1 (see Fig. 1).
In situ hybridization was performed using sense and antisense
DIG-RNA probes as described (27). Hybridized probes were
detected with alkaline phosphatase-coupled anti-DIG anti-
body and were visualized with either nitroblue tetrazolium/5-
bromo-4-chloro-3-indoylphosphate p-toluidine salt substrate
or BM purple (Boehringer Mannheim).

RESULTS

Isolation and Analyses of cDNA Clones, mRNAs, Genomic
DNA, and Fusion Protein for Barx2. The genes for related
neural CAMs Ng-CAM and L1 share a common regulatory
element with the sequence CCATTAGPyGA. To isolate ho-
meodomain proteins that might recognize this element, we
screened an E11.5 mouse cDNA library using a concatamer of
CCATTAGPyGA in a Southwestern screening procedure
(22). Fusion proteins from five cDNA clones selected were
tested for their ability to bind either to a single copy of
CCATTAGPyGA or to a variant called Ng-H containing three
substitutions that disrupted the ATTA motif. Fusion protein
from only one of these cDNA clones (B1) lost the ability to
bind Ng-H, suggesting that the corresponding cDNA most
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ggaattcecgg ctgaggctgagctcacccggccagcetcaaagcagecaggeggegcetacaagacttte atg atc gat gag atc ctc tcc aag 82
EcoRI M I D E I L S K 8
gag acc tgc gac tac ttt gag aaa ctt teec ¢tc tac tet gtg tge ceg tcg ctg gtg gtg cga ccc aag ccc gtg cac tct tgt ace ggt 172
E T C D Y F E K L S (:) Y S v C P S v v R P K P (f) H S C T G 38
tce cct tee cta cgg gea tat cct gte ceg tet gtg atc acc ¢cgg cag ccc aca gtc atc tce cac ¢tg gtt ccc acc ggc teg gga cte 262
S P S L R A Y P P S v I T R Q P T v I S H és v P T G S G 68
B2
acc cca gtg tta act cgc cat cca gtc gcc gct gecg gag gcg gcg get get get get gag acc cct ggt ggt gag geg tta ch agc agc 352
T P v L T R H P v A A A E A A A A A A E T P G G E A L A S S 98
Pst I
gag tca gag aca gaa cag CCC acg cCC agg cag aag aaa|cca cgc aga agt cgc acc atc ttc acc gag ctg cag ctc atg ggc cta gag | 442
E S E T E Q P T P R Q K K P R R S R T I F T E L Q L M G L E 128
aag aaa ttc cag aag cag aag tat ttg tct acc cca gac agg ttg gac ttg gcc cag tct ctg gga ctc act cag ctg caa gtg aag act | 532
K K F Q K Q K Y L S T P D R L D L A Q S L G L T Q L Q v K T 158
tgg tat cag aat cgc agg atg aaa tgg aag aag atg gtc|ctt aaa ggt gga cag gaa gca ccc aca aaa cct aag ggg cgc cct aag aag 622
LJ Y Q N R R M K W K K M v L K G G Q E A P T K P K G R P K K 188
EcoRI
aat tcc att ccc aca tca gag gag att gaa gct gaa gag aag atg aac agc cag gct cag agc cag gag ctg ctg gaa tcc tcg gag aga 712
N s I P T S E E I E A E E K M N S Q A Q S Q E L L E S S E R 218
cag gag gag ccc tgt gat acc cag gag ccc aaa gcg tge ctt gtc ccc ttg gag gtg gca gaa cct att cac cag ccc cag gag tta tca 802
Q E E P C D T Q E P K A C L v P L E v A E P I H Q P Q E L S 248
Bl
gaa gct tcc tet gaa ccc cca cca tta age taa aataaagttctttgaggggaagggggagctgggaagaagabaagagagaggcaaggagaatgagggagagaagac 910
E A S S E P P P L S *
ctctaaagactagtaacgtgggtagaggagcacttctggtcteccacgtcccagegtecattttcatecggaagecatttgatgaagactegattgtgtgggacttaaccttettgecaagge 1030

tgtgttaggcacagatacccttctgtaagggagatagegecttggatctgattgeccaggettgggtgatagectgcagggetggetacagecagetecgetggectgcagcaagggetge 1150

tcttcteectecttgetetectetgggcaacaggtcagecaagcagagagaggtaggtggaagtgetecgggagacctgeccagactecttgetgacteggegettatttetgtagtttt 1270

aagagaattgaattttttttttttttgagggtggggtcgggtggggaaagectgttaaaggcagacaaaaaaaaaaaaa

FiG. 1.

EcoRI
ccggaattece

DNA and encoded amino acid sequence of Barx2 cDNA clones. The positions at which B1, B2, and B3 initiate and terminate are indicated

by arrows. The homeobox of Barx2 is highlighted within a box. Amino acids within the homeodomain and immediately carboxy-terminal to it that
are shared with the mouse Barx1 gene product (18) are shown in boldface type. The leucine residues that define a putative leucine zipper are enclosed
within circles. EcoRI and PstI restriction sites used to prepare probes for in situ hybridization analyses are indicated.
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likely encoded a protein with a homeodomain. The sequence
of the B1 ¢cDNA was determined, and database searches
indicated that it was a novel homeobox gene, which we have
named Barx2.

To extend the sequence of Barx2, two independent E11
mouse embryo cDNA libraries were screened with B1, and two
other Barx2 cDNA clones, B2 and B3, were found (Fig. 1). B2
contained the sequence corresponding to the carboxy-terminal
region of Barx2, a 516-bp segment of 3’ untranslated se-
quences, and a terminal poly-deoxyadenosine tail. B3, isolated
from a different library, contained the sequences of both B1
and B2. The 5’ terminus of B3 matched that of B1, and the 3’
terminus of B3 matched that of B2 (Fig. 1), suggesting that B3
might represent a full length cDNA clone for Barx2. The total
length of the Barx2 cDNA segment contained within B1, B2,
and B3 was 1358-bp, encoding a protein segment of 258 amino
acids. To confirm the reading frame derived from sequencing
of cDNA clones for Barx2, a glutathione S-transferase—Barx2
fusion protein corresponding to the B3 cDNA was produced in
E. coli and was analyzed by SDS/PAGE. A protein of ~66 kDa
was observed (data not shown). The size of this protein is in
agreement with that predicted for a Barx2 fusion protein
derived from the B3 insert.

In Northern blot analyses, Barx2 cDNA probes detected a
single mRNA species of ~1.7 kb in total RNA prepared from
E12.5 embryos. Other analyses of RNA isolated from E7, E11,
E15, and E17 embryos indicated that Barx2 was expressed
primarily at E11 and still showed some expression at E15. In
the adult, Barx2 mRNA was detected most intensely in the
spleen. In addition, hybridization studies of mouse genomic
DNA using two different Barx2 probes detected single bands
in several genomic digests, indicating that Barx2 is encoded by
a single gene in the mouse genome (data not shown).

Relationships of Barx2 with Other Homeobox Genes. A
comparison of the homeodomain encoded by Barx2 with other
homeodomains (Fig. 2) revealed that it is 87% similar to the
homeodomain encoded by the mouse BarxI gene (18), 65%
similar to the homeodomain encoded by the Cnox3 gene from
hydra (Chlorohydra viridissima) (28), and 58% similar to
homeodomains encoded by the dual Bar genes, BarHI and
BarH?2 from Drosophila melanogaster (20, 21) and a homolo-
gous gene from Drosophila ananassae called Om(1D) (19).
These members of the Bar family encode homeodomains that
contain two atypical residues within helix 3: a threonine at
position 47 and a tyrosine at position 49 (Fig. 2). In all other
metazoan homeodomain proteins analyzed thus far, phenyl-
alanine appears at position 49. Only two other homeobox
genes, Xvent-1 and Xbr-1/Vox, encode a threonine at position
47; all others contain an isoleucine at this position. Compar-
ison of the overall identity of the Barx2 homeodomain se-

Species HD % rel. Helix 1
co0 O
M Barx2 - PRRSRTIFT ELQLMGLEKKFQ
M Barx1 87 G----- L L R-E
Hy Cnox3 65 C-KP--V-S D----V--RE-N
M Nkx1.1 60 ---A--A-- YE--VA--N--R
D BarH2 58 Q-KA--A-- DH--QT---S-E
M Tes-1/DIx-2 58 V-KP---YS SF--AA-QRR--
X Xvent-1 55 Q--L--A-- PQ-ISK--QA-N
X Xbr-1Vox 53 G--L--A-- SD-IST---T--
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quence to those encoded by Nkx1.1, Tes-1/DIx-2, Xvent-1, and
Xbr-1/Vox genes gave values of 60%, 58%, 55%, and 53%,
respectively.

Immediately downstream of the homeobox, Barx2 and Barx1
share an additional region of similarity encoding a tract of 17
amino acids (PTKPKGRPKKNSIPTS) with a number of basic
residues (Fig. 1). These residues are not found in other Bar
class homeodomain proteins and may comprise a functional
domain that is presently unique to Barxl and Barx2 proteins.
In Barx2, this basic region is followed by a number of acidic
residues (residues 195-201) that are not found in the Barxl
protein. Residues 19-38 of the Barx2 protein contain several
leucines that are spaced seven residues apart. Secondary
structural analyses (29) suggest that this segment may contain
a leucine zipper. A strongly basic hexapeptide (RQKKPR)
found at the amino terminus of the homeodomain (residues
108-114) resembles a nuclear localization signal (30), and a
polyalanine tract is found further upstream at residues 78-87.

Dual Function of Barx2 as Repressor and Activator. To
determine the possible role of Barx2 in the regulation of gene
expression, a Barx2 expression vector was tested in cotrans-
fection experiments of NIH 3T3 cells for its ability to control
the expression of a luciferase reporter gene driven by the
promoter and other 5’ regulatory sequences of the mouse L1
gene. As shown in Table 1, L1-1, a construct containing the L1
promoter (without the CCATTAGPyGA motif) showed a high
level of promoter activity in NIH 3T3 cells cotransfected with
pcDNA3. L1-14, a construct containing a 20-kb segment of the
L1 gene including the promoter, the first four exons, and the
CCATTAGPyGA motif, was ~8-fold less active than L1-1.
L1-14/AHBS, a construct similar to L1-14 but lacking the
CCATTAGPyGA motif, was 2-fold more active than L1-14.
These data indicate that sequences downstream of the pro-
moter in the L1 gene that include the CCATTAGPyGA motif
silence activity of the promoter in NIH 3T3 cells. In NIH 3T3
cells cotransfected with the pcDNA3/Barx2 expression vector,
the activity of L1-1 was reduced 3.3-fold, L1-14 was increased
2.8-fold, and L1-14AHBS was reduced 2.2-fold compared with
the activity of these constructs in cells transfected with the
control vector, pcDNA3 (Table 1). These data indicate that, in
cells cotransfected with Barx2, an L1 gene construct containing
the CCATTAGPyGA is activated and that those lacking this
motif are repressed. Thus, the CCATTAGPyGA motif is
sufficient for activation of L1 gene expression by Barx2.

Comparison of the Expression Patterns of BarxI and Barx2
During Development. In a study using RNA probes derived from
the homeobox, the Barxl gene was shown to be expressed in
craniofacial mesenchyme and in the stomach (18). To compare
the expression patterns of Barx2 to BarxI, we performed in situ
hybridization analyses of whole mounts and sections of mouse

Helix 2 Helix 3 Helix 4

° I ) ' e 0000 'Oe e
KQKYLS TPDRLDLAQSL GLT QLQVKTWYQNR RMKWKKM V
------ T I - e
NR---- --Q-TN--DR- --N -T-e-u-ncone cnon.. ET
ATR--- VCE--N--L-- §-- ET---1-F--- -T----Q N
----- VQ--ME--NK- E-§ DC--------- -T---RQ T
-TQ--A L-E-AE--A-- --- -T-e-|-Fec- -8uun-- w
--R--G A-E-KK--T-- Q-S El-=--- F--- ---L-RQ 1|
-HR--G ASE-RK--AK- Q-S EV-l---F--- ---Y-RE |

FiG. 2. Comparison of the Barx2 homeodomain with other homeodomains. The four « helices of the homeodomain are indicated by brackets.
Based on crystallographic and NMR studies of homeodomain/DNA interactions (44, 45), black circles indicate residues of the Barx2 homeodomain
that are likely to contact bases. Open circles indicate residues that make contacts with the sugar-phosphate backbone of DNA. D, Drosophila; H,

human; Hy, hydra; M, mouse; X, Xenopus.
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Table 1. Barx2 regulation of L1 promoter activity

Luciferase activity™*

pcDNA3-

Construct pcDNA3 Barx2 -fold
LI-1 19500 5851 331
LI-14 2345 6455 281
LI-14AHBS 4913 2231 22

*Values are expressed in raw light units and are derived from duplicate
samples in four separate experiments in which the activities of
constructs varied no more than 5%.
|, repression; 1, activation.

embryos staged between E9.5 and E12.5 using DIG-labeled RNA
probes. The homeobox sequences of Barx! and Barx2 are very
similar, so we excluded them from the probes to avoid the
possibility of cross-hybridization, which might confound compar-
isons of the expression patterns of these two genes. In control
experiments, the Barx! and Barx2 sense probes produced a low
level of background hybridization (data not shown).

In whole mounts, at E9.5, Barx2 transcripts were restricted to
the head, prominent in the region of the telencephalon and
mesencephalon, and concentrated in cells along the dorsal mid-
line (Fig. 34). Expression of Barxl overlapped with that of Barx2
at E9.5 but was more widespread laterally in craniofacial areas
and appeared more caudally than Barx2 (Fig. 3E). At E10.5,
expression of Barx2 was moderate in the most rostral region of the
head but particularly prominent in a lateral band of cells in the
periocular region (Fig. 3B) whereas expression of Barx] contin-
ued to be intense throughout lateral and caudal regions of the
head, particularly in the region of the diencephalon (Fig. 3F).
Both genes showed diffuse expression in the limb mesenchyme.
At E11.5, expression of Barx2 transcripts (Fig. 3C) became less
intense but was detected in the telencephalon, frontonasal region,
and limbs. In contrast, Barx! showed persistent expression in the

Mes

E F
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mesencephalon, diencephalon, telencephalon, and frontonasal
regions (Fig. 3G). At E12.5, expression of Barx2 persisted in the
telencephalon and hindbrain (Fig. 3D). At this stage, Barx was
expressed to a lesser extent in the telencephalon but to a greater
extent in the diencephalon (Fig. 3H).

To examine the cellular distribution of BarxI and Barx2
mRNA transcripts in more detail, we conducted in sifu hy-
bridization analyses of sections of mouse embryos between
days 10.5 and 12.5 of embryonic development. Between E10.5
and E12.5, Barx2 was expressed in the ventricular zone and was
more intense in the mantle layer of the telencephalon, mes-
encephalon, and hindbrain (Fig. 44). BarxI expression was also
detected in the ventricular zone during development but did
not show the intense expression in the mantle layer as did Barx2
(Fig. 4B). Barx2 showed intense expression in the floor plate
of the midbrain (Fig. 4C), in Rathke’s pouch (Fig. 4D), and in
the mantle layer of the spinal cord (Fig. 4G). Between E10.5
and E12.5, Barx2 was expressed prominently in a small group
of cells forming ectodermal infoldings that surrounded the
eyes (Fig. 4E, arrows). Barxl did not show this restricted
ectodermal pattern of expression in the eye (Fig. 4F). It was
expressed, however, in nearby mesenchymal cells of the fron-
tonasal region and in neural crest-derived tissues such as the
trigeminal ganglion (Fig. 4F). Barx2 and BarxI both were
expressed in the spinal cord and in the dorsal root ganglia (Fig.
4 G and H). In marked contrast to the intense Barx expression
observed in the surrounding mandibular mesenchyme (Fig.
4]), Barx2 was expressed in a complementary pattern within
cells forming the ectodermal lining of the first branchial pouch
(Fig. 4I). A restricted distribution of Barx2 was also observed
in ectodermal cells forming the maxillo-nasal groove (data not
shown). Barx2 expression also was observed in tissues under-
going epithelio-mesenchymal transformations such as the lung
buds (Fig. 4K) and the precartilagenous condensations of the
forelimb (Fig. 4L).

G H

F1G. 3. Whole mount in situ hybridization showing the distribution of Barx2 and Barx] mRNAs during mouse development. (4-D) Pattern of
Barx2 expression. (E-H) BarxI expression. The embryos are staged as follows: E9.5 (4 and E); E10.5 (B and F); E11.5 (C and G); E12.5 (D and
H). T, telencephalon; Di, diencephalon; Mes, mesencephalon; N, nasal process; L, limb.
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F1G. 4. In situ hybridization showing the cellular distribution of BarxI (B, F, H, and J) and Barx2 (A, C-E, G, I, K, and L) transcripts in tissue
sections of mouse embryos staged at E10.5 (G-L), E11.5 (4, C, and D), and E12.5 (B, E, and F). T, telencephalon; Di, diencephalon; Mes,
mesencephalon; 4V, fourth ventricle; FP, floor plate; VZ, ventricular zone; ML, mantle layer; TG, trigeminal ganglion; DRG, dorsal root ganglia;
EL, ectodermal lining of the first branchial pouch; Ma, mandibular process.

DISCUSSION

We have isolated a new mouse homeobox gene called Barx2,
a second member of the vertebrate Bar class of homeobox
genes. Barx2 is most closely related to the Barx! gene (18) that
encodes a homeodomain that is 87% identical to that encoded
by Barx2. Other genes encoding Bar class homeodomains
include BarHI and BarH2 from Drosophila (19-21) and Crox
from the Cniderian Chlorohydra viridissima (28). Bar class
homeodomains contain two atypical residues within helix 3: a
threonine at position 47 and a tyrosine at position 49. Although
the significance of these substitutions is unknown, given their
location, it is tempting to speculate that they may influence the
recognition of DNA target sites. These particular residues may
be subject to posttranslational modifications such as phosphor-
ylation, which may regulate the conformation of Bar class
homeodomains and influence DNA binding.

Barx1 and Barx2 proteins also share a segment of 17 amino
acids containing a number of basic residues not found in other
homeoproteins. The basic residues and their proximity to the
homeodomain suggest that this tract may engage in protein—
protein interactions and regulate the function of the home-
odomain, a possibility currently under investigation. The Barx2
protein also contains a putative leucine zipper and a polyala-
nine tract not found in Barx1. Polyalanine tracts function as
repressor domains (31) and also appear in several other
homeodomain proteins, including Evx-1 (32), HoxD13 (33),
and Bicoid (34). The polyalanine tract of Bicoid has been

shown to interact with a specific coactivator of RNA polymer-
ase II, TATA box binding protein-associated factorp60 (35).
Such interactions may allow homeodomain proteins contain-
ing polyalanine tracts to repress gene activity at the level of the
basic transcription machinery.

The homeodomain encoded by Barx2 contains a glutamine
residue at position 50. This residue, found in other homeodo-
main proteins of the extended Antennapedia family (17, 36),
has been shown to be critical for determining DNA binding
specificity. Antennapedia class homeodomains bind to type 1
and type 2 target sequences, both of which contain an ATTA
motif (14-16). The CCATTAGPYyGA motif from the Ng-
CAM and L1 genes used to isolate Barx2 is a typical class I
target sequence. In cellular cotransfection experiments, Barx2
activated L1 gene constructs containing the CCATTAGPyGA
motif and repressed the activity of constructs lacking this
sequence. These observations prompt the hypothesis that
Barx2 (and possibly BarxI) may regulate expression of the L1
gene differentially. In cells that express L1, Barx2 may function
as an activator, and in cells that do not normally express the L1
gene, Barx2 may act as a repressor. Pax-3, a homeodomain
protein shown to bind to the CCATTAGPyGA motif in the
Ng—-CAM gene (11), has bifunctional properties similar to
Barx2, and we have identified separate domains within Pax-3
that carry out activator and repressor functions (37). It will be
of interest to define such domains within Barx2.

Our analyses of Barx] expression in the present study were
carried out with a probe that was derived from a 5’ region of
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the Barx1 cDNA and did not include homeobox sequences; the
probe used by other workers (18) contained the homeobox.
Although the expression pattern detected by our Barxl probe
was in agreement with those reported in previous studies (18),
we also detected Barx] mRNAs in the central nervous system.
Our whole mount in situ hybridization studies indicated that
Barx1 and Barx2 are expressed intensely in overlapping terri-
tories along both the rostral-caudal and medial-lateral axes of
the head. Expression of BarxI was found to be more wide-
spread than Barx2 in both rostral and lateral regions of the
head. Consistent with these findings, analyses of tissue sections
showed that Barxl was expressed prominently in craniofacial
mesenchyme, whereas expression of Barx2 was limited to
ectodermal borders of these tissues or to small groups of cells
undergoing remodeling, such as the ectoderm of the periocular
region, the maxillo-nasal groove, and the lining of the first
branchial pouch. The extensive overlap in the expression
patterns for these two genes and the extensive similarities of
their homeodomains suggest that Barx! and Barx2 may regu-
late similar target genes and contribute mutually to the pat-
terning of neural and craniofacial tissues.

We conclude that Barx] and Barx2 are expressed during
development of both the central and peripheral nervous
system. Both genes are expressed in the telencephalon, dien-
cephalon, mesencephalon, hindbrain, and spinal cord and in
cranial and dorsal root ganglia. Expression of Barx2 was most
prominent in the mantle layer in which postmitotic neurons are
located, in the floor plate, and in dorsal root ganglia. These
sites of Barx2 expression overlap with those of L1 and Ng-
CAM, as well as with other neural CAMs during embryogen-
esis (38, 39). These observations prompt the hypothesis that
Barxl and Barx2 may play a role in the regulation of genes for
neural adhesion molecules such as Ng—-CAM and L1.

It is interesting to note that Bar class and other homeodo-
main proteins most related to Barx] and Barx2 (see Fig. 2) all
are expressed during the development of anterior embryonic
structures. For example, in Drosophila, BarH1, BarH2, and
Om(1D) are expressed in photoreceptor cells R1 and R6 and
in the maxilla (21). Cnox, a Bar class gene from hydra, is
induced during head regeneration (28). NkxI.I and Tes-1/Dlx-2
are expressed in the rostral central nervous system (40, 41),
Xvent-1 is expressed during gastrulation and plays a role in
mesodermal cell fate (42), and Xbr-1/Vox participates in the
establishment of dorso—ventral polarity in the retina (43). The
correlation between the relatedness of the homeodomains in
these proteins and the sites of their expression suggests that

they may all regulate similar target genes. Further studies will be

required to address this possibility.
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