Proc. Natl. Acad. Sci. USA
Vol. 94, pp. 12993-12998, November 1997
Developmental Biology

Homeobox gene Prx3 expression in rodent brain and

extraneural tissues
(embryo/transcription factors/0G-12/SHOX/limb)

HERMIEN S. A. VAN SCHAICK*T, MARTEN P. SMIDT*T, ALESSANDRA CECILIA ROVESCALLI¥, MIRIAM LULTENT,
ARNO A. M. VAN DER KLEIT, SADAMITSU AsOH¥, CHRISTINE A. KozAKS, MARSHALL NIRENBERGH,

AND J. PETER H. BurBAcHTT

TRudolf Magnus Institute for Neurosciences, Department of Medical Pharmacology, Medical Faculty, Utrecht University, Universiteitsweg 100, 3584 CG Utrecht,
The Netherlands; ¥Laboratory of Biochemical Genetics, National Institutes of Heart, Lung, and Blood Institute, and SLaboratory of Molecular Microbiology,
National Institute of Allergy and Infectious Diseases, National Institutes of Health, Bethesda, MD 20892

Contributed by Marshall Nirenberg, September 23, 1997

ABSTRACT Different cDNA clones encoding a rat ho-
meobox gene and the mouse homologue OG-12 were cloned
from adult rat brain and mouse embryo mRNA, respectively.
The predicted amino acid sequences of the proteins belong to
the paired-related subfamily of homeodomain proteins (Prx
homeodomains). Hence, the gene was named Prx3 and the
mouse and rat genes are indicated as mPrx3 and rPrx3,
respectively. In the mouse as well as in the rat, the predicted
Prx3 proteins share the homeodomain but have three different
N termini, a 12-aa residue variation in the C terminus, and
contain a 14-aa residue motif common to a subset of home-
odomain proteins, termed the “aristaless domain.” Genetic
mapping of Prx3 in the mouse placed this gene on chromosome
3. In situ hybridization on whole mount 12.5-day-old mouse
embryos and sections of rat embryos at 14.5 and 16.5 days
postcoitum revealed marked neural expression in discrete
regions in the lateral and medial geniculate complex, superior
and inferior colliculus, the superficial gray layer of the
superior colliculus, pontine reticular formation, and inferior
olive. In rat and mouse embryos, nonneuronal structures
around the oral cavity and in hip and shoulder regions also
expressed the Prx3 gene. In the adult rat brain, Prx3 gene
expression was restricted to thalamic, tectal, and brainstem
structures that include relay nuclei of the visual and auditory
systems as well as other ascending systems conveying somato-
sensory information. Prx3 may have a role in specifying neural
systems involved in processing somatosensory information, as
well as in face and body structure formation.

Homeodomain proteins constitute a superfamily of transcrip-
tion factors mainly involved in gene regulatory events that
underlay embryonic development and differentiation (1, 2).
Many homeobox genes have been implicated in the develop-
ment of body structures and organs, such as the limbs, eye,
spinal cord, and brain areas, by laying out the organizational
plan and controlling patterning (1, 3, 4). A common theme in
the patterning of developing tissues is the interplay between
inductive signaling triggered by growth factors and the expres-
sion of multiple homeobox genes. Many homeobox genes are
expressed in unique spatiotemporal modes. The expression of
some homeobox genes may be restricted to specific cell
lineages and sometimes may extend to adulthood (5-9).
Although the role of homeobox genes in patterning of the
neural axis at the level of the spinal cord and the rhomben-
cephalon has been investigated widely in mammals (3, 4), the
number of known homeobox genes expressed during develop-
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ment of the mid- and forebrain is relatively limited. Their
contribution in patterning and differentiation of these latter
structures is less clearly understood because of the complexity
of developmental regionalization and highly organized inte-
gration of very diverse neuronal systems (10-12). Recent data
suggest that some homeobox genes that are expressed in the
brain and pituitary gland during embryonic development
retain expression in adulthood, in a cell-specific mode, and
play a role in cell-specific expression and regulation of down-
stream target genes (6, 13). We therefore aimed to characterize
homeobox genes expressed in the brain of adult rodents and in
embryos. Here, multiple transcripts of a paired-related ho-
meobox gene designated Prx3 are identified that are expressed
in distinct patterns in the nervous system and peripheral
structures, suggesting a role in specifying neural systems
involved in conveying somatosensory information.

METHODS AND MATERIALS

Cloning of Prx3 ¢cDNA. Poly(A)* RNA from distinct areas
dissected from adult rat brain were subjected to reverse
transcription-PCR (RT-PCR) with Moloney murine leukemia
virus reverse transcriptase (SuperScript, BRL) and the fol-
lowing primers encoding conserved amino acid motifs within
the first and third helices of known homeoboxes, respectively,
using International Union of Biochemistry nomenclature con-
ventions: upstream: 5'-GMRSCGMSAVMGSACMMBCTT-
YAC-3', downstream: 5'-TGGTTYMRVAAYCGYHGMG-
CMARRTG-3'. The annealing temperature was 40°C. PCR
products of the expected size were cloned in the plasmid vector
pGEM 7zf(+) and sequenced. One of the cloned PCR prod-
ucts that encoded a homeobox was used to screen 500,000
plaques of a 14-day rat embryo whole brain cDNA library in
A-ZAP (from J. Boulter, Salk Institute, San Diego, CA). The
positive clones were rescued by standard procedures, and both
strands of the inserts were sequenced manually using the T7
sequencing kit (Pharmacia Biotech) with either a standard
protocol or deaza-G reactions. A 10-day mouse embryo cDNA
library in A-SHlox (Novagen) was screened with a 32P-labeled
antisense RNA probe corresponding to a partial cDNA frag-
ment that was obtained by RT-PCR from 12-day mouse
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embryo RNA. PCR primer sequences were: upstream: 5'-
GGAAAATCAATTCACAAAG-3’, downstream: 5'-
CTACGTTGACATAGGGTGC-3’, corresponding, respec-
tively, to nucleotide residues 1080-1099 and 1464-1482 of
OG-12 genomic DNA (14). Three recombinant A-SHlox DNA
clones were isolated, and recombinant plasmids were excised
from the phage vector following the manufacturer’s instruc-
tions and sequenced using a Perkin-Elmer/Applied Biosys-
tems DNA sequencer (model 373A) using Taqg DNA polymer-
ase and fluorescent dideoxynucleotides (Perkin—-Elmer/
Applied Biosystems).

mPrx3 Chromosomal Mapping. mPrx3 was mapped by
analysis of the cross (NFS/N X Mus spretus) X M. spretus or
C58/J (15, 16). Chromosome 3 markers were typed as de-
scribed (17).

Northern Analysis. Total RNA extracted from tissues of the
adult rat by Rnazol (Biotecx Laboratories, Houston) was
fractionated on a formaldehyde—agarose gel and transferred
onto a nylon membrane by downward capillary blotting. Blots
were hybridized in 0.5 M NaHPO,, 1 mM Na,EDTA, 1%
crystalline grade BSA (Sigma), and 7% SDS at 65°C overnight
(18) with a randomly primed 3?P-labeled EcoRI-BamHI DNA
fragment corresponding to the complete coding region of the
rPrx3A cDNA without the A region and part of the 3'-
untranslated region (nucleotides 1-864 in Fig. 1). The final
washes were with 40 mM NaHPO,, 1 mM Na,EDTA, and 1%
SDS at 65°C for 15 min. Autoradiography was performed with
a FUJIX (Tokyo) BAS1000 phosphor imager (Fuji Photo
Film).

In Situ Hybridization. Sections from rat brain and embryos
were prepared for in situ hybridization essentially as described
(19). ¥S-Labeled RNA probes were synthesized from the
sense and antisense strands of the rPrx3 homeobox fragment
originally isolated by RT-PCR. Sections were exposed on
Betamax films (Amersham) for 3-7 days and then subjected to
autoradiography under Hypercoat LM-1 liquid emulsion (Am-
ersham). Whole mount in situ hybridization with 12-day mouse
embryos was performed essentially as described (20) using
digoxigenin-labeled antisense cCRNA probes synthesized from
a linearized mPrx3B ¢cDNA plasmid, according to the manu-
facturer (Boehringer Mannheim). Probes were hydrolyzed
partially in alkaline solution (60 mM Na,CO3/40 mM
NaHCOs3, pH 10.2) at 60°C for 10 min. Embryos were sub-
jected to hybridization at 65°C overnight either in the absence
of probe or in the presence of digoxigenin-labeled cRNA
probe with or without 50 times excess of unlabeled cRNA
probe.

RESULTS

Characterization of Prx3 Gene Products. One of the cDNA
clones obtained by RT-PCR from adult rat hypothalamus
poly-A* RNA represented a homeobox. The predicted amino
acid sequence of the homeodomain is identical to that of the
mouse OG-12 homeodomain (14) and belongs to the paired-
related family of homeodomains, which includes Phox2 (21),
Prx1/Mhox1 (22, 23), and Prx2/S8 (24). Hence, the rat
homeobox was named rPrx3, and the mouse counterpart,
OG-12, was renamed mPrx3. A rat embryonic brain cDNA
library was screened with a probe corresponding to the rPrx3
homeobox, and five independent cDNA clones were obtained
all sharing the homeobox and 3’-region but some differing in
the 5'-ends and in a 36-nt insertion downstream of the
homeobox (A region; Fig. 1). rPrx3 cDNAs encode three
different species of rPrx3 proteins. The rPrx34 cDNA contains
an ORF of 233 aa residues, starting at an ATG within an
acceptable match (50%) to the Kozak consensus nucleotide
sequence (25) for the initiation of protein synthesis (Fig. 1).
The alternatively spliced form, rPrx34-A cDNA, encodes a
protein of 211 aa residues, due to a deletion of 12 aa residues.

Proc. Natl. Acad. Sci. USA 94 (1997)

No potential translation initiation codon was found in rPrx3B
cDNA. Hence, the predicted amino acid sequence is a partial
fragment of rPrx3B protein with a different N terminus than
rPrx3A. Similarly, three mouse mPrx3 cDNA clones were
isolated by screening a 10-day mouse embryo cDNA library
with an OG-12/mPrx3 cRNA probe (Fig. 1); two overlapping
cDNA clones, mPrx34 and mPrx3A’, encode the same mPrx3
protein but differ in the length of the 3’-untranslated region
due to alternative polyadenylation sites. A third clone, mPrx3B
cDNA, differs in the 5'-end and in a 36-nt residue insertion
downstream of the homeobox (A region; Fig. 1). Both mPrx3A4’
and mPrx3B cDNAs have ORFs that encode, respectively, 333
and 190 aa residues and that start at different ATG codons.
The nucleotide sequence surrounding the putative translation
initiation site for mPm3A4 matches the Kozak consensus se-
quence by 90% whereas that surrounding the first ATG codon
in mPx3B ¢cDNA only matches by 50%. However, the crucial
G/A and G residues (25), at —3 and +1, respectively, are
conserved. In mPrx3B cDNA, an in-frame termination codon
is found 50-nt residues upstream of the presumptive translation
initiation codon. An out-of-frame, upstream ATG that also is
embedded in an acceptable nucleotide environment (50%
match with the Kozak consensus) also is found in mPx3B
cDNA, which leads to a truncated peptide, 47 aa residues in
length. Such upstream ATG codons may be involved in
regulating translation of some cDNAs (26). Thus, two species
of mPrx3 proteins are predicted, differing at both the N
terminus and a 12-aa residue region (A region) downstream of
the homeodomain that is deleted in the predicted mPrx3B
protein. Inclusion and exclusion of the A region were observed
in both mouse and rat cDNAs. However, further work is
required to determine whether the A region is involved in a
function of Prx3 proteins. The nucleotide sequences of the
rPrx3A and rPrx3A-A cDNAs are virtually identical to those of
the mPrx34 and mPrx3B cDNAs, respectively. However,
longer N termini are predicted for both the mPrx3A and
mPrx3B proteins, compared with the rPrx3A and rPrx3A-A
proteins. The alignment of the nucleotide sequences of rPrx3B
cDNA with mPrx3 genomic DNA (Fig. 1 and ref. 14) shows
almost total identity and an intervening intron, only 18 nt
residues in length. The predicted splice sites match consensus
sequences for intron—exon boundaries. Southern blot analyses
of restriction enzyme-digested mouse genomic DNA with a
mPrx3 probe that did not include the homeobox revealed a
single DNA band (data not shown), indicating that a single
Prx3 gene is present in the mouse genome. Hence, alternative
splicing of the mPrx3 gene results in the multiple transcripts
that were cloned.

Chromosomal Localization of Prx3. Southern blot analysis
of DNA from an interspecies cross using a random primed
32P-labeled DNA probe corresponding to a 440 nt-long region
within intron 2 of mPrx3 (14) identified SacI DNA fragments
of 2.5 kb in NFS/N and C58/J and of 5.5 kb in M. spretus.
Inheritance of the variant fragment in progeny mice was
compared with that of over 800 marker loci, and Prx3 was
mapped to chromosome 3 with the following gene order and
recombination: Anx5-16/102 (15.7 = 3.6); Px3-5/115 (4.3 =
1.9); and D3Mit22-6/116 (5.2 = 6.5).

Expression of Prx3 During Embryonic Development. Whole
mount in situ hybridization of 12-day mouse embryos with a
mPrx3 ¢cDNA probe revealed neural expression in dorsal
forebrain regions, tectum, and rhombencephalon and extra-
neural expression in the mesenchyme surrounding the verte-
brae, hip, shoulder, and proximal parts of fore and hind limbs
but not in the circular limbplates (Fig. 24). Further detailed
analyses on sections of 14.5- and 16.5-day rat embryos showed
that expression in the brain was localized in the dorsal dien-
cephalon, dorsal mesencephalon, tectum, rhombencephalon,
and spinal cord, as well as in the motor trigeminal nucleus and
trigeminal ganglion. Extraneural expression also was observed
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mPrx3a TCCTCCTCTTACTTCTTTTTCTCCTTCTACTTCTCCTCTTCTTTCTTC TCCTCTTTTTCTTC TTCCTCCTCCTCCCTCTCCTCCCCCATCCCCCTGCCCC 100

ATTGATGTGTTATTATTGGGGGGGCTGGAGCAGTAAAAAAAGAAGGAGGAAAAARAGAGCGGGGC TCGGCAGGGAGAGCTTGAGCGCGAGGTTGACCGGE 200

GGCGGCAGCGGCCGCGATGGAAGAACTTACGGCGTTCGTCTCCAAGTCTTTTGACCAGAAAGTGAAGGAGAAGAAGGAGGCCATCACGTACCGGGAGGTG 300
mPrx3A E E L TATPFV S K S F DQ KV KEZ KTZ KTEA BATITTYTREYV 28
mPrx3a CTAGAGAGCGGGCCGCTGCGCGGGGCCARAGAGCCCGGTTCCGTCGAGCCCEGCCGCGACGACCGCAGCAGCCCGGCAGTCCGGECEECCEECEEAGGLE 400
mMPRX3A L E S G PLRGA AT KTET PG GC CVETPGE RTDTDT RS SUPATVTRAAKGG®GI G G 64

GLYCINE/ALANINE RICH
mPrx3a GCCHEGEEEOACEAGECEEACGLGEACGUEGAGEACGCOEACCAGETGCTEGAGGACGACEAGCACCCEEAGGAGC TEGAGGAGEGCGCTCTCCCGTCCG 500
mPrx3b ~G-AC-CGAGCGGGA 15
mPrx3A G A G 6 6/ 6 ¢ GLBIG G 6 GIE G AGC G 6¢AEEE A G @ G R S§ P V R 97
v v
mPrx3a GGAGCTGGACATGGGAGCCGCGGAGCCEAGCAGGGAGCCCEACAGCCCACGECTGACGEAGCTGTCCCCTGAACTGAAGGATCGCARAGACGATGCGARA 600
mPrx3b [[-—-cec-g---c-C--2G-GCCCTG-ACC-CA-CTTTGG-AG-TA---G-ATA-TG-AG| 115
[ = o - e R R ot diedeidindeg 100
rPrx3b [=a-acac-reraarecTTecereaTaccererreal 56
MPRX3A E L DM GAATET RTGST RTET PGS PRTULTTETVSPETLTZEKTDT RZEKTDTDAK 130
rPRX3A O I T S B 30
rPRX3B H T CG P SV VPSS - - - - - - = 18
HOMEODOMAIN
mPrx3a/mPrx3b  GGGATGGAGGACGAAGGCCAGACCARAATCAAGCAGAGGCGAAGTCGGACCAATTTTACCCTGGARCAACTCAACGAGCTGGAGAGGCTTTICGATGAGA  700/215
TPrXx3a/TPrx3h  mommmmm o mm o e e e L e e e e e e e e s e e e e ey 200/156
mPRX3A G M EDE G QTZKTII KO QR RR SR T™NIFT™L E QL NE'L BEER'LF D E T 164
mPRX3B v R e 33
rPRX3A/XPRX3B - = = = = = = = = = = siihaiiaiiatiioiiiedn ol gh e et e e e e e e e e 64/52
mPrx3a/mPrx3b  COEACTATCCAGACGOTTTCATGEGCGACEAATTGAGCCAGEGACTOGCECTCTCTEACGLCCEACTACAGCTTTGGTTICAAAATCGAAGAGCTAAGTG:  800/315
rPrx3a/rPrx3b  sEioiossecteoshaans Poommandanaan 10 R T T b e A il n e i i e e e S S Sl o e e 300/256
mPRX3A/mPRX3B H'y PPD AP M R E B L S0 R L QLIS EBERARVQVIWIFIQ NR R AKIC 197/66
rPRX3A/rPRX3B o 97/85
v
mPrx3a/mPrx3b  TAGAARACAGGAAAATCAAC ’I‘TCACAAAGGTGTCCTTATAGGAGCC(‘CTAGC CAGTTTGAAGCTTGTAGAGTTGCACCCTATGTCAACGTAGGTGCTTTA  900/415
rPrx3a/rPrx3b  mmsmmAmel il T Gm T = = o e 400/356
mPRX3A/mMPRX3B R XK Q:BE N Q L H x G VL IGAAZSTG OQTFTEA ACRVYA ATPTYVNVGEGATL 230/99
rPRX3A/rPRX3B I T T S S S S S T T 130/118
v " A REGION
mPrx3a AGGATGCCA‘T‘TTCAGCAGGA’I’AGTCATTGCAACGTGACGCCCT’I‘GTCCTTTCAGGTTCAGGCGCAGC TGCAGCTGGACAGCGCCGTGGCGCACGCGCACE 1000
mPrx3b J 479
rPrx3a/rPrx3b 500/456
rPrx3a-4 464
mPRX3A R M P F Q Q D § H C N V T P L § F Qv g QL s vV A H A E H 264
mPrx3B E N L . Pl o S SR R T R S I S S S S 121
rPRX3A/TXPRX3B - - - - - - —isoien o iliiliL Ladobivieioie o o H - - - - - - - - A - - - 164/152
rPRX3A-4 - - - - - e DRl - =B - - - - = - - = A - - - 152
mPrx3a/mPrx3b  ACCACCTGCATCCGCACCTGGCCGCGCACGCGCCTTACATGATGTTCCCGGCACCGCCCTTCGGACTGCCGCTGGCCACGCTGGCCGCGGACTCGGCCTC  1100/579
YPrx3a/rPrx3h  mmmmmmemeemmmmm—mm o oemmoooo = = oo Gr-mmmmmmmmm - 600/556
MPRX3A/mPRX3B E L HP EL AAUHA ATPJTYMMTPFTPAZPTPTFTGELTPTILA ATTLA AA ATDS A S 297/154
rPRX3A/rPRX3B T - T T T 197/185
ALANINE RICH ARISTALESS-DOMAIN
mPrx3a/mPrx3b  GGOCECCTCGETEGTGEECECTGCIGECG0CHCCARGACCACCAGCAAGAACTCCAGEATCGLGGATCTCAGACTGAAAGCTAAAAAGCACECGGCCGCC  1200/679
rPrx3a/rPrx3b Crmoa s s T A R o e o oo o e e e e R e S S e s e e R — 700/656
mPRX3A/mPRX3B A'Alg. V V A A A A A A K T TS KN S$US TYVAIDL RILK A K K. H'A A A 330/187
rPRX3A/rPRX3B B T T T 230/218
mPrx3a/mPrx3b CTGGGTC TGTGACGCCGGCGCCAGCGCCACCETCEGTGGAGCCTCCTAAGCGGCGCGATCCTGCACGCCCTCCGCGACCGGCTTCTCCCGCACCCGCTTC  1300/779
rPrx3a/rPrx3b  ~-m--m————-mme——— - CGmmmmmmmmmmmmmm oo Tew-Tom-mmmoo- C-=C-=-n-= et G--T-TC-CG-AC-CG-  800/756
MPRX3A/mMPRX3B L G L* 333
rPRX3A/rPRX3B - - ¢ 233/221
mPrx3a/mPrx3b 1400/879
rPrx3a/r Prx3b 900/856
mPrx3a/mPrx3b 1500/979
rPrx3a/rPrx3b 996/952
mPrx3a 1600
mPrx3b 1079
mPrx3a’ 1600
rPrx3a/rPrx3b 1083/1039
nPrx3a 1606
nPrx3b 1086
mPrx3a‘’ 1698
rPrx3a/r Prx3b 1182/1138
mPrx3a’ 1798
FPIrXx3a/Y PrX3h  mmmm oo oo e e e e e e oo ST TS 1279/1235
mPrx3a’ TTTTTTAATGGTCCAAGAAAACAAAACAGAAGGAAGAGGTATAC TTATTTAAAGAATTAAGATGGAAAAAAA. . GCGCAGCTGGGAAGTTCACAGGTTTT 1896
rPrx3a/rPrx3b  -----A--—---==--= [ e T LT e A------- AR mm e mmmmm e 1377/1333
mPrx3a’ GAAGCTGACCTTTTTC TGCGAAGTTCACTTTAATAGGAGACATTTGATAAGAGAGGCGGGCC TCCTTTTACGTTGAATCTGATGCTTTGAGT TTTAAAAC 1996
rPrx3a/rPrx3  ~-------mmmmmmmosoo oo oo m e e e oo 1477/1433
nPrx3a’ ACCATGTATGGAARGAGCAAGAAGAGGGAAGACAGTGTGAAAACGAGGAGGGAAAAAAGGACGTTCATACAAAAAAGAAAGAAAARAAAAA 2896
rPrx3a/rPrx3b  ------- Temmmmmmmmm e Gemm e e A---A------ 156371519
FiG. 1. Nucleotide sequences of mouse and rat Prx3 cDNAs and predicted amino acid sequences. The figure shows that all Prx3 proteins share

the region starting 18 aa residues before the homeodomain (rPrx3A amino acid residue 12) up to the C terminus, except for the A region that was
absent in several clones, due to alternative splicing. Other variations in amino acid sequence concern the N terminus. mPrx3A is the protein predicted
by the longest ORF in mPrx34 cDNA whereas the ORF of rPrx34 cDNA starts at the position corresponding to mPrx3A amino acid residue 101.
rPrx3B is a partial protein generated by alternative splicing at nucleotide 578 of mPrx3A cDNA. An 18-nt residue intron interrupts the coding
sequence at this position in the mouse mPrx3 gene (14). mPrx3B is predicted in the ORF of mPrx3B cDNA that differs from mPrx34 cDNA before
mPrx34 cDNA nucleotide 560, marking another splice point. mPrx3B is the smallest predicted protein. Additional variation in transcripts is observed
in the 3’-untranslated region due to different polyadenylation signals; a potential polyadenylation signal is underlined. Alternative 5'-nucleotide
sequences are boxed, triangles indicate splice sites in the corresponding gene (14), the homeodomain is shown in shadow, and Gly- and Ala-rich
regions and the aristaless domain are indicated.
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FiG. 2. Expression of the Prx3 gene in mouse and rat embryos. In
situ hybridization of Prx3 RNA with whole mount 12.5-day mouse
embryo (A4) and cryostat sections of rat embryos at 14.5 days (B) and
16.5 days (C). DI, diencephalon; Med, pons-medulla; H, hip region;
ME, mesencephalon; MO, motor trigeminal nucleus; O, connective
tissue of the oral cavity with developing teeth; R, rhombencephalon;
SH, shoulder region; SP, spinal cord; Tec, tectum; TR, trigeminal
ganglion.

in tissues surrounding the oral cavity and in the hip and
shoulder regions in compact structures with undefined exten-
sions, possibly representing the developing musculature (Fig.
2 B and C).

Expression of Prx3 in Adult Rat Brain. Northern analyses of
total RNA from adult rat tissues and brain areas showed that
Prx3 gene expression was not detected in the peripheral organs
tested, including kidney, heart, lung, tongue, adrenal gland,
thymus, or testis, or in the pituitary or pineal gland, but was
restricted to a few regions in the brain including the thalamus
and the midbrain (Fig. 3). The detected transcripts were 4—6
kb in length.
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FiG. 3. Northern blot analysis of Prx3 expression in tissues and
organs of the adult rat. Total RNA was analyzed by using a rPrx3
cDNA probe that hybridizes to all Prx3 transcripts detected. A
glyceraldehyde phosphate dehydrogenase (GapDH) cDNA probe was
used as a positive control.

GapDh
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In situ hybridization of coronal and sagittal sections of adult
rat brain with a rPmx3 probe common to all of the identified
rPrx3 cDNAs revealed that the Prx3 gene is expressed in three
defined and interconnected structures of the midbrain (Fig. 4).
First, the most rostral domain of expression consists of prom-
inent thalamic nuclei, including the ventral anterior-lateral
complex, lateral dorsal, and posterior nuclei, the mediodorsal
nuclei, ventral posterior—lateral, and ventral posterior-medial
thalamic nuclei. High expression also was detected in the
dorsal lateral geniculate complex and ventral and dorsal
geniculate complexes. Second, Prx3 expression was found in
the dorsal periaquaductal gray and in multiple layers of the
superior colliculus with different levels of abundance. Highest
expression was observed in the superficial gray layer. Third, all

A B

FIG. 4. Expression of the Prx3 gene in adult rat brain. 3>S-labeled
anti-sense RNA probe derived from the common region of all
described Prx3 transcripts was used for in situ hybridization. (4-J)
Consecutive coronal sections, from rostral to caudal. (K-N) Saggital
sections, from lateral to medial. Specific signals are observed in
thalamic nuclei, medial geniculate nucleus (MG), anterior-ventral
(AV), reticulate nucleus (RE), the ventral anterior-lateral complex
(VAL), lateral dorsal (LD), ventral posterior—medial thalamic nuclei
(VPM), the dorsal lateral geniculate complex (LGd), and the dorsal
periaquaductal gray (PAG) and in the superficial gray layer of the
superior colliculus (SCsg); Prx3 also was expressed in the ventral
hindbrain, including parts of the pontine reticular formation (PGRNI)
and the inferior olive (10).
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nuclei of the inferior colliculus showed high levels of Prx3
expression. Finally, Prx3 was expressed in the ventral hind-
brain, including parts of the pontine reticular formation and
the inferior olive (Fig. 4).

DISCUSSION

In this report, cDNAs are described of alternatively spliced
RNA transcripts of a rat homeobox gene, rPrx3, and the mouse
homologue mPrx3, previously termed OG-12 (14). The mouse
and rat genes display a high degree of conservation, both
within and outside the homeobox, including conserved exon—
intron junction sites.

Recently, a human homeobox gene, SHOX, that is mutated
in individuals with idiopathic short stature and in Turner
syndrome patients with the short stature phenotype was iden-
tified in the pseudoautosomal region of the human X chro-
mosome (27). SHOX has a high degree of sequence homology
to mPrx3, having an identical homeodomain and an 87%
homology of the amino acid sequence of the entire protein.
Hence, SHOX and mPrx3 may be human and mouse counter-
parts of the same gene. However, some molecular differences
are present. First, the SHOX gene is expressed in two splice
variants: One is closely related to the Prx34 ¢cDNA and the
other, which is expressed in low abundance and is restricted to
fetal kidney, bone marrow, fibroblasts, and skeletal muscle,
uses an alternative 3’-exon that has not been detected in the
mouse or rat. Furthermore, the A-region of Prx3 was not
detected in any of the human DNA libraries tested (27),
suggesting that the SHOX gene or its transcripts lack the
A-region. Southern analyses did not provide evidence for
another highly homologous gene in the mouse. It would be
interesting to determine whether multiple SHOX genes are
present in the human genome.

The mouse Prx3 gene was mapped to mouse chromosome 3
whereas the SHOX gene resides on the human X chromosome.
Mouse orthologs of several genes that map in or near the
pseudoautosomal region of the human X chromosome have
been mapped to mouse autosomes. However, mPrx3 is the only
ortholog of a gene on the human X chromosome that has been
found thus far on mouse chromosome 3. Ptx-2, a bicoid related
homeobox gene (refs. 28 and 29 and M.P.S., unpublished work)
also resides on mouse chromosome 3 (30).

Like mPrx3 (14), SHOX is expressed in skeletal muscle,
brain, heart, and other tissues. Relatively abundant Prx3
mRNA expression was observed by in situ hybridization in
limbs of both mouse and rat embryos and in mesenchyme
surrounding the vertebrae of mice embryos. It is tempting to
speculate that expression of mPrx3 in skeletal muscle and limb
paravertebral mesenchyme might be related to skeletal devel-
opment and length of the organism. Although expression data
indicate that both Prx3 and SHOX are expressed in fetal and
adult brain, no neural phenotype was reported for the indi-
viduals with a mutated SHOX gene (27). The mutation de-
tected in the individuals with the idiopathic short stature
phenotype and some family members is expected to result in
a truncated SHOX protein that still has an intact N terminus,
a homeodomain, and part of the C terminus. Data from
rodents and humans demonstrate the presence of multiple
species of mRNA, and hence, different protein isoforms are
expected to be synthesized through tissue-specific alternative
splicing. The effects of mutations at other positions of the
SHOX gene have not been described.

The amino acid sequence of the Prx3 homeodomain is most
similar to the rodent Phox2 homeodomain (21), and Pax3 (8)
and Pax7 (31) are close relatives. A 14-aa residue region near
the C terminus of Prx3 is present that is conserved in a limited
number of homeodomain proteins, including Prx1, Prx2, and
Phox2, but also other homeodomain proteins not directly
related through homeodomain homology. This region was
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noted first in Otp (32), and more recently was described in
solurshin, the protein encoded by the human RIEG homeobox
gene (28) that represents the human homolog of Ptx2 in
Rax/Rx (33, 34), a homeodomain protein involved in eye and
brain development, and in Arx (35). It has therefore been
addressed by different names in the literature. The only known
invertebrate homeodomain protein that has this motif is the
Drosophila aristaless protein. We therefore named this domain
the “aristaless domain.” Homeodomain proteins containing
the aristaless domain are generally expressed at high levels in
craniofacial, eye, and/or brain regions (28), which also applies
to Prx3. Of interest, a splice variant of Prx] has been reported
that lacks the aristaless domain (22, 23). Both the Chou-
Fasman and the Garnier—-Osguthorpe—Robson algorithms pre-
dict an a-helical conformation for the aristaless domain of
Prx3. The conservation of amino acid sequence of the arista-
less domain suggests that this domain may function as a site for
molecular interaction.

The Prx3 gene was shown to be expressed in both embryonic
and adult brains. Although the embryonic rodent brain ex-
presses Prx3 in broad areas that develop into the dorsal
thalamus, pretectum, and tectum, this pattern of expression
becomes restricted in the adult animal. Most notably, Prx3
expression is present in nuclei that are part of the subcortical
visual system. These include nuclei that receive and relay
axonal input from the retina, e.g., the thalamic dorsal lateral
geniculate complex and the superior colliculus (35). Prx3 is
also expressed in thalamic nuclei, such as the mediodorsal
nucleus and lateral dorsal nucleus, that are involved in inte-
gration of visual information with other sensory inputs, such
as auditory and gustatory inputs (36). Relay nuclei along the
auditory pathway, including the olivary complex in the ventral
hindbrain, the medial geniculate complex in the thalamus, and
the inferior colliculus, express Prx3 (36). Other thalamic nuclei
expressing Prx3, i.e., the ventral posterior lateral and ventral
posterior medial nuclei, play roles in conveying and integrating
somatic sensory information from body and face. Thus, the
expression pattern of Prx3 is consistent with functional units in
the brain that coordinate and integrate sensory information
being sent to the sensory cortex. However, Pmx3 also is
expressed in relay stations, such as the pontine reticular
formation, along pathways that are important in the control of
posture, via integration of sensory information with descend-
ing inputs from the motor cortex. Thalamic motor nuclei, such
as the anterior ventral nucleus, which receives fibers from the
globus pallidus and sends fibers to the motor cortex and the
anterior ventral lateral nucleus, which represents a relay
station of the cerebello-cortical pathway, also express Prx3.

Homeobox genes have been implicated in the integration of
neuronal cell groups into functional circuitry during develop-
ment and maintenance of phenotype and function in the adult
brain. For example, Phox2 is required for the expression of an
aminergic neurotransmitter phenotype in peripheral ganglia
and brain (37, 38) and may also affect axonal pathfinding (39).
The role of Prx3 in the formation and maintenance of specific
brain nuclei that work in concert to transfer and process
sensory and motor information deserves further investigation.
Finally, expression data also suggest that Prx3 may play a role
in the development of nonneuronal structures, particularly in
the developing appendages. The relationship of this finding
with the observation that a putative human homologue of Prx3,
SHOX, is mutated in individuals with idiopathic short stature
warrants further investigation.
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