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Summary

Atrophins are evolutionarily conserved proteins that
are thought to act as transcriptional co-repressors.
Mammalian genomes contain two atrophin genes.
Dominant polyglutamine-expanded alleles of atrophin 1
have been identified as the cause of dentatorubral-
pallidoluysian  atrophy, an  adult-onset human
neurodegenerative disease with similarity to Huntington’s.
In a screen for recessive mutations that disrupt patterning
of the early mouse embryo, we identified a line named
openmind carrying a mutation in atrophin 2. openmind
homozygous embryos exhibit a variety of patterning defects
that first appear at E8.0. Defects include a specific failure

neural ridge at E8.5, revealing a crucial role for atrophin 2
in the formation and function of these two signaling
centers. Atrophin 2 is also required for normal
organization of the apical ectodermal ridge, a signaling
center that directs limb pattern. Elevated expression of
atrophin 2 in neurons suggests it may interact with
atrophin 1 in neuronal development or function. We
further show that atrophin 2 associates with histone
deacetylase 1 in mouse embryos, providing a biochemical
link between Atr2 and a chromatin-modifying enzyme.
Based on our results, and on those of others, we propose
that atrophin proteins act as transcriptional co-repressors

in ventralization of the anterior neural plate, loss of heart
looping and irregular partitioning of somites. In mutant

embryos, Shh expression fails to initiate along the anterior
midline at E8.0, and Fgf8 is delocalized from the anterior

during embryonic development.

Key words: Atrophin, Forebrain, Co-repressor, Mouse, Notochord,
ANR

Introduction cyclopia to loss of notochord and floorplate (Chiang et al.,

The vertebrate neural plate is induced and patterned throud}96), demonstrating that both brain and spinal cord require
the concerted action of a series of signaling center§!S signal to develop normally (ancpe et al., 1999; Erlcson
(Beddington and Robertson, 1998; Gerhart, 2001; Harland arf @, 1995; Gunhaga et al., 2000; Shimamura and Rubenstein,
Gerhart, 1997; Rubenstein and Beachy, 1998; Rubenstein et H997). , .

1998). In mouse embryos prior to gastrulation, neural The anterior neural ridge (ANR), located at the rostral
development in the epiblast is initiated by signals emanating@rgin of the neural plate, is a signaling center required for
from the anterior visceral endoderm (AVE). During 'orebram develop'ment, spe.cmcally for elaboranon of pattern
gastrulation, neural pattern is further defined by signal§ the most anterior subregion of the brain, the telencephalon
produced by the anterior end of the primitive streak, the nodé=agleson and Dempewolf, 2002; Shimamura and Rubenstein,
(Beddington and Robertson, 1999). The node, functionall}997). One of the signals secreted by the ANR beginning at
similar to the amphibian Spemann Organizer, gives rise t68.0 is Fgf8 (Crossley and Martin, 1995). Mutants with
definitive endoderm, as well as to the prechordal plate (pcgpduced=gf8 expression in the ANR and its derivatives, such
and notochord. (Beddington and Robertson, 1999; Kinder @s Hex’~, HesxX'~ and oto”~ embryos, exhibit incomplete
al., 2001; Spemann and Mangold, 1924). Pcp and presumptit@lencephalic development (Martinez-Barbera and Beddington,
notochord cells populate the ventralmost embryonic midlin@001; Martinez-Barbera et al., 2000; Zoltewicz et al., 1999). In
during day 8 of development (E8.0). These midline cell€ddition, mouse embryos expressing Fgf8 from a hypomorphic
produce signals that pattern the developing neural tube alo@gele develop reduced telencephalic structures (Meyers et al.,
its anteroposterior and dorsoventral axes (Camus et al., 200)98). These studies together define a prominent role for Fgf8
Hemmati-Brivanlou et al., 1990; Kazanskaya et al., 2000in ANR function.

Martinez-Barbera and Beddington, 2001; Mukhopadhyay et The study of mutant alleles is a powerful approach for
al., 2001; Saude et al., 2000; Shawlot et al., 1999; Zoltewicznderstanding gene function. We have carried out a random
and Gerhart, 1997). One ventralizing signal produced by botthemical mutagenesis screen in mice, aimed at identifying
the pcp and the notochord is sonic hedgehog (Shh) (Echelarecessive mutations affecting early embryonic patterning
et al., 1993; Epstein et al., 1999). Embryos lacking Shh exhib{Hentges et al., 1999). In this screen, we uncovered an
ventral midline defects along the length of the neuraxis, fronembryonic lethal mutation in an atrophin family member. We
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have named the mutant alled@enmind(om), and the gene Materials and methods
atrophin-2 (Atr2). Atr2, known in human as Arginine IR \apping and cloning

G|Utam'c Acid (B Bep(?at_lﬁcodmg or RERE’_WaS first dult BTBR (Jax) males were mutagenized with ENU by
described as an atrophin 1 (Atrl)-related protein that coulghiaperitoneal injection (Shedlovsky et al., 1986). Mutagenized males
heterodimerize with Atrl (Waerner et al., 2001; Yanagisawa &fere then backcrossed to C57BL/6J (B6; Jax) mice, and progeny
al., 2000). Atrl (Drpla — Mouse Genome Informatics) has beeintercrossed to identifyym carriers. Carriers were then genotyped
well studied because it causes a human neurodegenerativeng polymorphic microsatellite markers from MIT (http://www-
disease known as dentatorubral-pallidoluysian atrophgenome.wi.mit.edu/) that vary by size between BTBR and B6. After
(DRPLA) when its polyglutatmine tract is abnormally _extensive backcrossing,_ the mutation_was Iocaliz_ed to an ~2 Mb
expanded. Atr2 is distinguished from Atrl in that it does notnterval flanked by DAMit127 and DAMit190. Candidate genes were
have a polyglutamine tract, but it does bind tightly toplcked by examining the human syntenic interval, using the UCSC

. : Human Genome Browser (http://genome.ucsc.edu/). PCR
g'Utam"?e expanded ~ Atrl (Yanaglsawa_ et al, 2Ooo)amplification and sequencing of the mouse orthologtr revealed
suggesting that Atr2 has a role in DRPLA disease developmegtIDOiInt mutation within this gene (see Results).

or progression. DRPLA is one of a family of nine  The fy.length mouseAtr2 cDNA was cloned by RT-PCR and
polyglutamine diseases that includes Huntington’s diseasgequences verified by comparing with consensus sequences derived
Spinal and Bulbar Muscular Atrophy, and severalfrom NCBI and celera databases: fiag tags were added to the N
spinocerebellar ataxias. Although the proteins encodingermini of Atr2 proteins using thexBlag-CMV7 expression vector
polyglutamine tracts are distinct in each disease, there (Sigma). Fragments of Atr2 were created by dividing the cDNA into
evidence for a similar underlying pathogenic mechanisniN-terminal (N-Atr2) and C-terminal (C-Atr2) coding portions using
(McCampbell et al., 2001; Nucifora et al., 2001; Ross, 2002);abeling of embryos, histology and 5 ' RACE

The_ ”Ofma' function of vertebrate Atrl is not understood bUtEmbryos of desired ages were obtained by carrying out timed matings
as it binds to EtOI’. a compqngnt of nuclea_r CO-repressfaiyeen genotyped carriers. Whole-mount in situ hybridization was
complexes, a role in transcriptional repression has bee&rformed as described (Zoltewicz et al., 1999). The Bdr2/
proposed (Wood et al., 2000). galactosidase fusion protein in PT026 embryos was visualized with
Whereas mouse and human genomes contain two distingtgal substrate using standard procedures. Some embryos were
atrophin genes, th®rosophila genome contains only one, embedded in paraplast and sectioned apn using standard
known asAtro or Grunge Mutation of this gene causes a procedures; others were embedded in agarose and vibratome-sliced.
variety of defects, including disruption of embryonic 5 RACE was performed using the First Choice RLM-RACE kit from
patterning (Erkner et al., 2002; Fanto et al., 2003; Zhang et af\mbion.
2002). Atro binds to the Even skipped (Eve) and HUCkebeiE‘;o-immunoprecipitation

transcription factors, and acts as a co-repressor for Eve (Zha g-tagged Atr2 constructs were transiently transfected into 293 cells
etal., 2002). The. _elegan@enome_ also has a single atrOphInusing Lipofectamine Plus (Invitrogen). Transfected cells were
ortholog,egl-27 which is also required for the development of\ 3 ested after 24 hours in culture and lysed in Ripa buffer [150 mM
embryonic pattern (Ch’'ng and Kenyon, 1999; Herman et alnacl, 50 mM Tris (pH 7.5), 0.5% sodium deoxycholate, 0.5% NP-
1999; Solari et al., 1999). Atr2, Atro and EGL-27, but not Atrl,40, 0.1% SDS, complete protease inhibitors (Roche)]. Nucleic acids
each has N-terminal homology to metastasis-associated proteirre degraded by benzonase nuclease (Novagen) treatment. An equal
2 (Mta2), a core component of the NuRD_(Mwsome volume of buffer, similar to Ripa but lacking denaturing detergents,
Remodeling and Bacetylase) complex (Zhang et al., 1999).was added and the insoluble debris pelleted. Soluble extracts were
NuRD and other histone deacetylase complexes silence gergled to M2 anti-flag beads (Sigma) pre-blocked with BSA, and
by altering chromatin structure such that the DNA become%’(;;i‘;ts splt‘:; :se?ﬁZnWtfgSngu\f\jg?edpf%teoizg Qﬁ?er datr(:sg\'/e%eg:i "i’gg/‘z
gaccessmltfa :ﬁ t'rarr\]scr|p|t|onalt aclsl\;atzors't(wg agd Bird, ZOOOE)ES_MS gels (Fig. 5B) or 3-8% Tris-Acetate gels (Fig. 5C,D), and

ecause o eir homology to az, It has been proposei,sferred to PVDF membrane (Amersham) using the XCell Il
that the vertebrate, fly and worm atrophins may regulatgysiem (invitrogen). Blots were probed with anti-flag M5 (Sigma),
transcription by acting in conjunction with histone deacetylas@nti-Hdac1, anti-RbAp46, anti-RbAp48 (Affinity Bioreagents) and
complexes (Solari and Ahringer, 2000; Solari et al., 1999nti-Atrl (Santa Cruz). The 286-1 antibody was created by
Zhang et al., 2002). However, no hiochemical evidencémmunizing rabbits with a peptide matching the C terminus of Atrl
showing association of an atrophin with such a complex ha$ynpep). It was affinity purified and DSS-crosslinked (Pierce) to
yet been reported. protein G sepharose.

Here, we report thaAtr2-mutant embryos exhibit diverse
developmental defects, and we focus on the role of Atr2 i esults
patterning the anterior neural tube. We provide evidence tha ) ] )
anterior neural defects are caused by disruption of twétr2 has diverse roles in early embryonic
signaling centers, namely the anterior embryonic midlinglevelopment
and the ANR. We show that the N terminus of Atr2 isWe identified anAtr2 mutation in a screen for ENU-induced
sufficient to recruit histone deacetylase 1 (Hdacl), but natecessive mutations causing developmental defects in the
other NuRD core subunits, suggesting that Atr2 is part of &orebrain (Hentges et al., 1999). Loss of Atr2 causes a failure
novel histone deacetylase complex. We propose that thed the anterior neural tube to close, and a fusion of the
molecular mechanism underlyimgndefects involves loss of telencephalic and optic vesicles by 9.5 days of gestation (E9.5)
function of this complex, and specific disregulationSéth  (Fig. 1B,D). Based on the open neural tube in the forebrain
andFgf8. region, we named the mutagenmindom). Homozygousm
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Sequencing of products revealed that the 72-base fourth exon
was missing from mutarmtr2 cDNAs (Fig. 2B). Sequencing

of mutant genomic DNA revealed a single base change in the
exon 4 splice donor, a T to A transition (Fig. 2C). The only
detected messages @m embryos showed exon 3 spliced to
exon 5 for the main transcript, or exon 3 spliced to exon 6 for
the alternative splice, demonstrating that mutation of the GT
splice signal to GA prevented inclusion of exon 4. No messages
with exon 3 joined to exon 5 or exon 6 were observed in wild-
type embryos. Because exon 3 and exons 5/6 have different
reading frames, mutant splicing events generate frameshifts in
both the full-length and alternatively spliced messages. As a
result, these messages are destabilized, and are virtually
undetectable by whole-mount in situ hybridization with’a 5
probe (Fig. 2D). Because no in-frame transcripts can be
produced, th@m mutation is likely to produce a null allele.

To obtain additional mutant alleles Afr2, we turned to a
library of insertion mutations produced in embryonic stem cells
by Dr Skarnes’ group (http://baygenomics.ucsf.edu/). Survey
_ . of this gene trap database revealed insertions within the 12th

L i intron of the Atr2 gene (Fig. 2A). Two cell lines carrying
] ) o independent insertions were selected, calt026 and
Fig. l.openmln(hmbryos exhibit diverse developmental defects by XE778,and mice were made. These mice express mutant
F9'25'AW"d'type embryo at E9.25 (A) and@mhomozygous versions of Atr2, composed of several hundred N-terminal
ittermate (B) of the same stage and size are shown in side views. amino acids of Atr2 fused top-galactosidase Bgal).

The mandibular component of the first branchial arch is well ice h h L B9 h
developed in the wild type but is poorly developed inaiiembryo ~ Heterozygous mice had no apparent phenotype, indicating that

(red arrowheads). Themheart is abnormally dilated and is near the fusion proteins did not have dominant-negative activity.
failure. (C) The anterior neural tube is fully closed by E9.25ina  PTO026 heterozygotes were crossed wih carriers to test

normal embryo (shown in front view with tail removed), the heart is whether theom phenotype is indeed caused by mutation of
looped, and the optic vesicles are visible. (D) Indimamutant, the Atr2. Compound heterozygous embryos duplicated dhre
anterior neural tube fails to close and is abnormally thickened, the phenotype, showing characteristic forebrain, heart, first
heart rema_ins as an unlooped_tube, and th_e optic ves_icles are branchial arch and somite defects (Fig. 2E). Because
morphologically absent. (E) Wild-type somites are uniform, and the ¢ompound mutants have the same phenotypic abnormalities as
neural tgbe is smooth and str.alght at t.he mldllne in this dorsal view o homozygotes, we conclude that disruption ofAlre gene
of the tail. (FJomsomites are irregular in size (red arrowhead points . f '
to a small somite) and the neural tube is kinked. IS responS|bI¢ for them pheno_type.
PTO026 carriers were also intercrossed to prod®26
homozygous embryos. These mutants ranged from severely
mutant embryos have a variety of other defects that indicatfected (identical tmpenmindhomozygotes) to apparently
diverse roles for Atr2 during development. The first branchiahormal, suggesting theT026 allele might be hypomorphic.
arch is reduced in size, with a deficit in the mesenchyma@T-PCR analysis confirmed the existence of the wild-type
component (Fig. 1B, arrowhead). The heart tube fails to loofranscript inPT026mutants (not shown), indicating tHT026
(Fig. 1D). Defects in somitogenesis are revealed by the variable indeed a hypomorphic allele. Even though some
occurrence of irregularly shaped and sized somites (Fig. 1Rpmozygous embryos looked normal at E9.5, no homozygous
arrowhead). Morphological irregularities in mutants firstpups were ever recovered, indicating that the quantity of wild-
appear at E8.25. Mutants are recovered at Mendelian ratios type message is not sufficient to rescue viability. However, this
to E9.5 but, by E11.5, no mutant embryos are foundoill report is not intended to be a detailed characterization of the
homozygotes die, without exception, as a result of cardia@T026mutant phenotype. Here, we uggtio26for two limited
failure shortly after E9.5. The phenotype is 100% penetrant gourposes: to confirm correct identification of the mutated gene
the C57BI6/3BTBR background, as well as after outcrossingand to define the wild-type expression pattern of Atr2.
to the wild-type strail€astaneus EiThe expressivity is stable; A close examination dktr2 genomic sequences revealed the
i.e. there is little variability in the phenotype. existence of a second CpG island in the 12th intron (Fig. 2A).
The om mutation was mapped to the distal portion of To determine whether this island represented an internal
chromosome 4, in a region of synteny with human 1p3@  promoter producing anotheitr2 transcript, 5 Race was
(or RERB was among the genes in tbe candidate interval performed. This analysis revealed a transcript that initiates
(Fig. 2A). RT-PCR of approximately 1200 bases of the Nwithin the second CpG island, and it was name@Sfor Atr2
terminus ofAtr2 cDNA from wild-type tissues yielded two short form. Seven identical clones representing theost end
products, one major transcript, including all exons, and a minaf the Atr2S mRNA were isolated, revealing that tidr2S
alternatively spliced form lacking exon 5 (Fig. 2B). In thetranscript contains about 100 bases of uniqui&&rich leader
mutant, these products were each about 70 bases shorter teaquence that splice into exon 13 (data not shown). Because
in wild type. In addition, the mutant transcripts amplified Atr2Sinitiates far downstream of tligpenmindpoint mutation,
relatively poorly suggesting a decreased expression levednd because them mutation affects expression of the full-
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A Atr1 .. — —
By eee— . —
D-Atro i &
MTA2 31%

BAH ELM2 SANT GATA

12 3 9 10 11 21 22 24
Splice donor mutated in openmind allele PT026 and XE778 insertion mutations
Atr2S initiation
het het wt wt
B oml om2 br. tes. br. tes.
.
—
-—alt.
alt.—>
 S— ¥ B0 Emmee openmind
... .CCAGGAGGTCCA. .14 aa..TGA
L £ L e
Pre Gly Gly Pro Stop
4 Fron 3 u Exon 4 l'; Exon & \],l Exon & ‘{ wit
ﬁa@ﬁcﬁfﬁ ............... giG'A‘E“A
Pro Gly Asp Cys Leu Val Gly Ser
C exon 4 intron 4 Fig. 2. Theopenmindohenotype is caused by mutations in A2 gene.

(A) Diagram of the domain structure of Atr2. Atr2 has N-terminal homologies to
CIICAAACTGGTAAGCATTTTCCT mouse atrophin 1 (Atrl};. elegan€GL-27,DrosophilaAtro and mouse metastasis
associated protein 2 (Mta2). Black lines illustrate percent identity to Atr2; only the
A regions of highest homology are shown. The N terminus of Atr2 includes four
domains also found in Mta2; these are the BAH (bromo-adjacent homology), ELM2
(EGL-27 and Mtal homology 2), SANT (SWI3, ADA2, N-CoR and TFIIIB) and GATA (zinc finger) domains. The C terminus of Atr2 (red
oval) is homologous to Atrl. The exon structure ofAb@ gene is shown with respect to the domain structure of the encoded protein. Exons
are numbered from the &nd of the gene; coding sequences are orange, non-coding sequences white. Positionsnofitégon, insertion
alleles and the Atr2S initiation site are indicated. (B) RT-PCR of ~1200 bases of the aminé&g@drom ommutant embryos, and
heterozygous and wild-type tissues. The primers amplify two bands from wild-type brain (br.) and testis (tes.), one f{rlglengsper
arrow) and the other a minor alternatively spliced form lacking exon 5 (right lower arrow). By contrast, shorter fragmigpntscampin
mutants (left arrows). Brain and testis from heterozygous animals show all transcripts. Mutant and wild-type full lengttsfemgme
illustrated. The mutant cDNA has exon 3 spliced to exon 5, whereas wild-type cDNAs always include exon 4. The readingeftanse3 of
and 5 are different, creating a stop codon. (C) The genomic sequence'darideBexon 4 (shaded) and the start of intron 4 is shomn.
homozygotes have an ENU-induced single base change of T to A; this mutation destroys the splice donor causing exontddadrbendhmet
mutant mMRNA. (D) Whole-mount in situ hybridization fstr2 with a 3 probe at E9.5 reveals a dramatic reductioAti2 mRNA levels in
mutant embryos (right) compared with normal littermates (left). (E) At ERgabstained compound heterozygote with A0 Atr2PT026
genotype clearly duplicates tbenphenotype (see text).

lengthAtr2 only (Fig. 5D),Atr2Sdoes not contribute to tten  examined using3-galactosidasef@al) staining to detect the

phenotype and will be characterized elsewhere. PT026 fusion protein, and whole-mount in situ hybridization
o ) ) to detect the endogenous mRNA. In order to visualize only

Atr2 is widely expressed during embryonic full-length Atr2, a 8 specific RNA probe having no sequences

development in common withAtr2Swas used for the in situ hybridization.

The expression of Atr2 in the developing embryo wasThe expression patterns visualized by these two methods were
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Fig. 3. Atr2 expression is elevated in the developing notochord, apical ectodermal ridge and neurons. A time course of Atr2 dsqression,
E8.0 through E11.5, is illustrated using BiE026Atr2-Bgal fusion protein. (A) At E8.0, Atr2 is expressed throughout the embryo and is
elevated in the anterior midline (region between arrows; front view, anterior up; this embryo has been flattened). (B)tES25ys a

more pronounced elevation in the anterior midline (arrows). (b) A transverse section through the anterior of the emboyesiel8vaked
expression in midline cells (red arrow)')(B more posterior section from the same embryo shows no elevated expression in the posterior
midline (red arrow). (C) At E8.5, Atr2 is elevated throughout the anteroposterior extent of the notochord and is downnethddtedrt.

(c,c) Transverse sections confirm elevated expression in anterior and posterior regions of the notochord (red arrows). (Do &S5ich)

is increased in the ventral brain. (d) A section through the hindbrain reveals continued expression in the notochord ,(estidhew
beginning of elevation in the ventral brain (black arrow). &dmore posterior section shows uniform expression in the spinal cord, and
upregulation in the notochord (red arrow). (E) At E9.5, additional sites of elevation besides the notochord (black armwcaptieg the
apical ectodermal ridge, the isthmus and the ventral diencephalon (red arrows). (F) At E10.5, sites of elevation indadeatfie(htack
arrow), the AER, and spinal and brain neurons (red arrows). (G) A wild-type embryo at E9.75, showing that the pat2arargdcripts
detected with a"JRNA probe is similar to the fusion protein at E10.5. (H) A wild-type forelimb bud at E9.5 shows concentrated expression of
Atr2 mRNA in the AER (left). A section through the forelimb bud of an E9.57A#2%+ embryo showggal expression in the AER (right).

() Formation of the AER occurs normally in AF®29+ embryos at E9.0. (J) The AER is defectivétr2PTO2§Atr20m embryos at E9.0.

(K) A transverse section through the caudal hindbrain at E9.5 shows elevated expression in ventrolateral neurons (arowofitpA
section through the optic region at E11.5 shows expression in telencephalic and diencephalic neurons. (M) A transvexsseseatilavel at
E11.5 shows high levels of expression in spinal cord neurons.

similar. Atr2 expression was examined in detail from E7.5emains at a uniform level posteriorly (Fig. 3B;h,By E8.5,
through E11.5, using?T026 heterozygotes. Atr2 expression expression is upregulated along the entire notochord (Fig.
was observed in every cell of the embryo at all these stage3C,c,¢). At E8.75, expression remains high in the notochord,
Some regions, such as the heart and dorsal neural tissuaed begins to elevate ventrally in the anterior CNS (Fig.
downregulate expression but do not lose it entirely. Atr2 wa8D,d,d). At E9.5, additional sites of elevated expression
expressed uniformly at E7.5 throughout the embryo in all threappear, including the apical ectodermal ridge, the isthmus, the
germ layers (not shown). At early headfold, expression isentral diencephalon and ventral neurons (Fig. 3E,K). At
mostly uniform but begins to be upregulated in the anterioE10.5, neurons in the spinal cord and brain strongly upregulate
portion of the embryonic midline (Fig. 3A). By E8.25, expression (Fig. 3F). The mRNA pattern at E9.75 is similar to
expression is strongly elevated in the anterior midline, buthat of the fusion protein at E10.5 (Fig. 3G). Both the mRNA
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and the fusion protein show elevation in the AER at E9.5 (Figs very close to E8.0, the lack of transcripts observed at this
3H). Expression of Atr2 in the AER is required for normalstage strongly suggests tt&tthfails to initiate expression in
development, as the AER does not form properly in mutarits anterior domain ilmm mutants.

embryos (Fig. 31,J). E11.5 embryos express Atr2 in a pattern We looked further, for the expression of genes regulated by
similar to that seen at E10.5, showing an even great&hh -Glil andGli3 (Ruiz i Altaba, 1998). At E8.75 the normal
upregulated expression in neurons throughout the neural tuksdil expression pattern is similar to thatSih but is wider
(Fig. 3L,M). We have not analyzed functions of Atr2 in theventrally (Fig. 4J; wild type right), wheredali3 exhibits a
AER or neurons because mutant embryos die from heart failummmplementary dorsal-restricted pattern (Fig. 4&)1 was

shortly after E9.5. significantly reduced anteriorly iom mutants (Fig. 4J; left),
] ] ) whereasGli3 was expanded towards the ventral midline (Fig.
Establishment of the ventral forebrain requires Atr2 4L), consistent with reduced Shh functi@ii3 encroached on

The anterior neural region ofm embryos is morphologically the midline from the forebrain through the posterior hindbrain.
abnormal by E8.5-E9.0 (Fig. 4), indicating that Atr2 isThese mutant expression patterns illustrate that Atr2 is required
important for normal development of the anterior neurafor Shh production by midline cells that underlie the
plate. An analysis of a variety of genes by whole-mount irdeveloping brain. However, by E9.6m mutants appear to
situ hybridization revealed thabm embryos have an recover normal patterns 8hh Glil andGli3 expression (not
inappropriately patterned neurectoderm at E8.5-E9.0. Nkx2.4hown), indicating that the onset of ante&thexpression is
is essential for development of the basal forebrain osignificantly delayed immmutants, rather than abolished. We
hypothalamus in mice (Kimura et al., 1996). At E;NBx2.1  could not explore the effects of this delay on subsequent brain
is expressed in ventral regions of the telencephalic andevelopment in any detail because by E9.5, mutants are
diencephalic primordia (Fig. 4A). lom mutant littermates, unhealthy owing to imminent cardiac failure.
Nkx2.1lis severely reduced, indicating a reduction of ventral Even though n&hhdeficit was detected in the posterior of
fates (Fig. 4B).Nkx2.1is ordinarily induced by prechordal mutants during day 8, mutants exhibit incomplete floorplate
Shh-expressing tissue early in day 8 of developmerformation in the spinal cord at E9.5. At E9.5 in normal
(Shimamura and Rubenstein, 1997). Redud&®2.1in om  embryos, Shh is expressed in the notochord and neural
could be due either to a failure to induce ventral fates durinfioorplate; furthermore, the ventral spinal cord midline is thin
day 8, or to a failure to maintain these fates after they anelative to the lateral edge, reflecting floorplate development
established. (Fig. 4M). In om mutants of the same stage, althousjith

To address this question, we looked at two markers of thexpression is normal, the ventral midline of the spinal cord is
dorsal forebrain,Pax6 and Emx2 which are required for not thin, and the notochord is abnormally large (Fig. 4N).
development of the dorsal forebrain or cerebral cortex (Muzi&mbryos were also stained tanf3b(Foxa2— Mouse Genome
et al.,, 2002; Schmahl et al., 1993; Stoykova et al., 1996). Ahformatics), a floorplate marker and transcription factor
E8.5, Pax6 and Emx2are normally expressed in dorsolateralinvolved in inducing Shh through direct binding toShh
subregions of the neural plate, excluded from the anteromedigptomoter elements (Epstein et al., 1999). At E9.5, mutants
area that is fated to become ventral forebrain (Fig. 4C,E9xpressHnf3b normally in the ventral spinal cord, but they
(Rubenstein et al., 1998). lam mutants, bothPax6 and  show morphological floorplate and notochord abnormalities
Emx2 are abnormally expanded across the anterior midlingfig. 4P). These results indicate that Atr2 is not required for
indicating an expansion of dorsal fates at the expense of venttake expression of floorplate-specific genes in the spinal cord,
ones (Fig. 4D,F). These data suggest that ventral fates are ot that it is necessary for the development of floorplate

induced inomembryos. morphology, and for normal convergence/extension of the
] o o notochord.
The anterior midline is defective in  om embryos To determine whether the anterior decreas&tihduring

The expansion oPax6 and Emx2 into the anterior neural day 8 reflected a loss of anterior cells or a specific failure of
midline, and the reduction dfkx2.1ventrally, suggested a loss these cells to expreshh younger mutants were stained for
of ventralizing signals. To discover whether such signals werkinf3band for brachyury (Wilkinson et al., 1990), both markers
present immembryos, we examineshhexpression. Shh is a of the developing notochord. Mutant embryos show normal
ventralizing signal produced by the prechordal plate, notochorand robust expression patterns of kdtti3bat E8.5 (Fig. 4R),

and prospective floorplate during day 8 (Epstein et al., 1999and brachyury at E8.25 (Fig. 4T). E8.5 embryos were also
Interestingly, inom embryos at E8.75Shh expression was stained for goosecoidy$q, a marker of the prechordal plate
normal posterior to the hindbrain, but was almost completelgnd anterior ventral neural plate (Blum et al.,, 1992). No
absent from its anterior domain (Fig. 4@n left, wild type  difference ingsc expression was detected between wild type
right). Only a small spot oEhhexpression remained iom  (Fig. 4U) and mutants (Fig. 4V). These results strongly suggest
(arrowhead), which was likely responsible for inducing thethat anterior midline cells are indeed presentrimmutants,
residualNkx2.1expression (Fig. 4B), and possibly for keepingbut that they lack the ability to expreSkh

the central neural plate clear of dorsal-specific transcripts. To o ) _

determine whether the anterior-specific losShat E8.75 is  Fgf8 expression is abnormal in the anterior neural

due to a failure to initiate or a failure to maintain expressionfidge (ANR) of om embryos

Shhexpression was examined in very early headfold embryo3he anterior neural ridge (ANR) is a signaling center involved
In mutants at E8.0Shhis missing from the anteriormost in patterning the vertebrate telencephalon (Rubenstein et al.,
portion of the midline, but is expressed normally in thel998; Shimamura and Rubenstein, 1997). The patterning
posterior midline (Fig. 41). Because the onsedllfiexpression  function of the ANR is meditated at least in part by Fgf8, a
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Fig. 4. Atr2 is required for patterning the ventral forebrain and for expression of patterning signals by the anterior notocreANRdihning

E8. (A) A normal E9.5 embryo expresddiex2.1in the ventral forebrain. (B) Aammutant littermate shows reduchiéix2.1expression. (C) At
E8.5,Pax6is excluded from the anterior neural plate (red arrowheads). @) inutantsPax6is abnormally expanded across the anterior

midline (red arrowhead). (E) At EB Bmx2is excluded from the anterior midline (arrowheads)offnutants expredsmx2across the anterior

neural midline (arrowhead). (G) At E8.%8hhis diminished in the anterior region@hmutants (left) compared with in normal littermates (right),
except for a small spot (arrowhead). (H) At E&Bhis expressed in the full extent of the developing midline, nearly reaching the anteriormost
edge of the neural plate (red arrow). (I) In E8.0 mut&tteexpression is reduced anteriorly. The anterior edge of the neural plate is indicated (red
arrow). (J)Glil is reduced in the anterior region of tramutant (left) compared with wild type (right). (i3 is normally absent from the

midline of the neural plate at E8.75 (arrowheads), as seen in this transverse slice through the hindbramn.GliBlis expanded toward the

midline (arrowheads). (M) At E9.5, transverse sections $tdvin the spinal cord floorplate and the notochord (nc) of a wild-type embryo. The
floorplate is thinner than the lateral wall (compare red lines). (Ninimutants at E9.5%hhis expressed normally but the notochord is enlarged

and the floorplate has not thinned (red lines). (O,P) At El3bis expressed in the ventral spinal cord in both normal (O) and mutant (P)
embryos; mutants have enlarged notochords and an absence of floorplate. Ventral neurocoels are outlined iniefRivex@Ession in a

wild-type embryo at E8.5. (R)nf3bis expressed normally amembryos. (S) Brachyury marks the developing notochord at E8.26m(T)

mutants express brachyury normally at E8.25. (U) At E8.5, goosecoid is expressed in the anterior midiimewfehts express goosecoid in a
wild-type pattern. (W-Y) Parasagittal sections of the anterior neural plate of E8.5 embryos staifrgfBniibrsal is up, anterior is right.

Epidermal ectoderm is outlined in green, neural tissue in yellow. (W) In wildRgf@&transcripts are tightly localized to the anterior neural ridge
(ANR; red circle). (X,Y) InomembryosFgf8 expression is decreased in the ANR (red circles), and is shifted into the adjacent epidermal ectoderm
and neurectoderm. (Z) At E8 Hesxlis expressed in the anterior neural plate up to the ANR (yellow lidg)n(@membryosHesxlexpression

is reduced laterally and is absent from the anteriormost neural plate (yellow arrowheads).
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A C-Atr2 C ProtG  286-1
N-Atr2 IP E IP E
o Atr2 b 250 Fig. 5.Atr2 interacts with histone deacetylase
o ) -u— 1in vivo. (A) The domain structure of Atr2
igs g Atr2S © ¢ =160 and the fragments used in transfection

il experiments are illustrated. N-Atr2 encodes
ay 000 the N-terminal BAH, ELM2 and SANT
HDAC1 —— — domains. C-Atr2 encodes the rest of the
RbAp46 P protein, from the GATA domain through the C
terminus. (B) Each indicated protein was flag-
tagged at the N terminus, overexpressed in
293 cells, then immunoprecipitated using anti-

B Atr2_ C-Atr2 N-Atr2 MTA2 D wt om flag beads. Western blots show
P E IPE IPE IPE Atr2 -250 immunoprecipitated proteins [IR] run next to
a total soluble extract [E]. Hdacl is associated
- -250 Atr2s el with full-length Atr2, N-Atr2 and Mta2, but
Flag - =160 t 160 not with C-Atr2. The NuRD core subunits
-105 RbAp48 and RbAp46 are only found in
Atr1 H .4 S .
- -75 ' association with Mta2. Extract lanes show that
- — the total protein concentrations in each extract
HDAC! == gue e — = were similar. (C) Extracts were made from wild-type E9.5 embryos, and endogenous Atr2
RbAD4S was immunoprecipitated using the 286-1 antibody linked to protein G sepharose. 286-1
P - - o beads immunoprecipitated the full-length Atr2 as well as Atr2S. Endogenous Atr2
RbAp46 - e e associates with Atrl and Hdacl in vivo, but not with RbAp46. Protein G beads did not pull

down any of these proteins. (D) Endogenous Atr2 was immunoprecipitated from wild-type
andomMEFS with 286-1 beads. Full-length Atr2 is present in wild-type cells, but is missorgdells; Atr2S was present in both. Atrl was
pulled down with Atr2 in both cell types.

potent signaling molecule required for telencephalicelucidated, Atro and Atr2 (but not Atrl) show significant N-
development (Meyers et al., 1998). At E8.5, the ANR is locateterminal protein homology to vertebrate metastasis associated
at the anterior border of the neural plate, at the junction of thiactor 2 (Mta2) (Fig. 2A), suggesting they may have a similar
ectoderm and neurectoderrirgf8 expression is normally function. Mta2 is a core subunit of NuRD, a histone
tightly localized within the ANR at this stage (Fig. 4W; red deacetylase complex with transcriptional repressive activity
circle) (Crossley and Martin, 1995). (Zzhang et al.,, 1999). Other NuRD core subunits include
To determine whether ANR signals are producedrim Mbd3b, Hdacl, Hdac2, RbAp46, and RbAp48.

mutants, the expression Bff8 was examined. Expression of To determine whether Atr2 associates with NuRD
Fgf8in the vicinity of the ANR in mutant embryos is reducedcomponents in vivo, flag-tagged Mta2 (a gift of D. Reinberg)
in intensity and delocalized relative to wild type (Fig. 4X,Y).and full-length flag-tagged Atr2 (Fig. 5A) were transiently
In mutants Fgf8 expression is no longer limited to the borderoverexpressed individually in 293 cells. Soluble extracts
between the neurectoderm and the epidermal ectoderm, huéere incubated with anti-flag beads to immunoprecipitate
spreads abnormally into the epidermal ectoderm and theansfected and associated proteins. Immunoprecipitated
neuroepithelium. The delocalization dfgf8 in mutant proteins were examined by western blotting for the presence
embryos indicates that Atr2 is necessary to lirgf8 to the  of the transfected protein, and then for NURD complex proteins
ANR. As Fgf8 can represEmx2 (Crossley et al., 2001), using antibodies specific for Hdacl, RbAp48 and RbAp46
reduced Fgf8 signaling may contribute to the expansion dfFig. 5B). Flag-Mta2 yielded the expected band at about 80
Emx2expression observed in tbenmutant neural plate (Fig. kDa, and pulled down Hdacl, RbAp46 and RbAp48, as
4F). Hesx1 is a transcription factor required for telencephalipreviously demonstrated (Zhang et al., 1999). Flag-Atr2
development, and for normal levels ledf8 expression in the migrated at 250 kDa and pulled down Hdacl, but not RbAp46
ANR (Martinez-Barbera and Beddington, 2001). ém  or RbAp48 (Fig. 5B).

embryos,Hesx1is maintained in the medial neural plate, but To determine whether the association of Atr2 with Hdacl
is absent from the ANR and the anterolateral neural plate (Figras mediated by its Mta2-homologous domains or by another
47'). Reduction ofHesxlin the mutant ANR may contribute region, the protein was divided into two fragments (Fig. 5A).

to the observed decreaseHgf8 expression. The N-terminal fragment (N-Atr2) encodes the BAH, ELM2

) _ and SANT domains and the C-terminal fragment (C-Atr2)
Atr2 associates with Hdacl but not other NURD contains the remainder of the protein, from the GATA domain
components through the Atrl-homologous region. These fragments were

The Drosophila genome encodes a single atrophin-relatedlag-tagged and examined in 293 cells, as described above.
protein (Atro) that functions as a co-repressordee and, These experiments show that Hdacl immunoprecipitates with
given the complexity of patterning defects in mutant embryos\-Atr2, but not with C-Atr2 (Fig. 5B), indicating that
probably for other transcription factors as well (Erkner et al.sequences through the SANT domain are sufficient for Hdacl
2002; Zhang et al.,, 2002). Although the molecular co+ecruitment.

repression mechanism for Atro and Eve has not been In order to look at the binding partners of Atr2 in mouse
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embryos, a polyclonal antibody recognizing the C terminushe ventral-most midline of the brain @m mutants (Fig. 4L),
of Atr2 was produced, called 286-1. This antibody waswhere Atr2 is elevated (Fig. 3d). Second, if depression of Gli3
crosslinked to protein G sepharose beads and used weere a direct event iommutants, reducing the dosage of Gli3
immunoprecipitate endogenous Atr2 from wild-type E9.5by creating compound mutants betweemandGli3 extra-toes
embryo extracts (Fig. 5C). 286-1 beads pulled down both fullfHui and Joyner, 1993) should, at least to some extent, rescue
length Atr2, and the ~160 kDa short form of Atr2, Atr2S.ventral development. Instead, double mutants exhibit a more
Endogenous Atr2 was specifically associated with Atrl andevere phenotype (J.S.Z. and A.S.P., unpublished). Therefore
Hdacl, but not with RbAp46. Thus, Atr2 associates witht is more likely that Atr2 silences an as yet unidentified
Hdac1l in 293 cells and in the mouse embryo, but not with theepressor oShhduring day 8. Becausam mutants appear to
core NUuRD subunit RbAp46, suggesting that it exists in @aecover a normabhhexpression pattern by E9.5 (not shown),
complex distinct from NuRD. the window of activity of this repressor or the competence to
286-1 beads were also used to determine whether any fullespond to it appears to be limited to day 8 of development.
length Atr2 is made bym cells. Because it was difficult to Alternatively, Atr2 may act as an activator $ifih
isolate E9.5ommutants that were both healthy and similar in ) ) )
size to their unaffected littermates, fibroblasts were isolatefitr2 is required to localize Fgf8 to the ANR
from E8.75 wild-type andbm mutant embryos, and grown Atr2 is also necessary for correct restrictiofrgf8to the ANR
in culture. Extracts were made from these mouse embrysignaling center, becausem mutants show reduced and
fibroblasts (MEFs) and endogenous Atr2 immunoprecipitatedlisorganized Fgf8 expression at and around the anterior neural
Although Atr2S was present amMEFs, no full-length Atr2S  margin (Fig. 4X,Y). Fgf8 signals from the ANR normally
could be detected (Fig. 5D). Atrl was co-immunoprecipitatedontribute to patterning the telencephalic primordia (Eagleson
in wild-type and mutant cells (Fig. 5D), but no robustand Dempewolf, 2002; Martinez-Barbera and Beddington,
association with Hdacl1 could be found in either cell line (no2001; Rubenstein et al., 1998; Shanmugalingam et al., 2000;
shown). Shimamura and Rubenstein, 1997). The mechanisms that
ordinarily restrict Fgf8 to the border between the neurectoderm
. . and the epidermal ectoderm are not known. For the midbrain-
Discussion hindbrain isthmic organizer, another signaling center using
Signaling centers play an important role in development b¥gf8, Fgf8 restriction involves complex positive and negative
inducing and patterning the outgrowth of embryonic structuresegulatory mechanisms; at the boundary between the Otx2 and
Atr2 has an important role in the activity of two signalingGhbx2 expression domains, for example, Otx2 represgés
centers, the anterior midline and the ANR, and is also likely tavhile Gbx2 maintainggf8 expression (Wurst and Bally-Cuif,
function in an organizing center of the limb bud, the AER. 2001). By analogy, positioning d¥gf8 at the ANR is also
) ) o . likely to involve positive and negative influences. In this
Atr2 is required for  Shh expression in the anterior context, Atr2 appears to act as a requisite component of a
midline during day 8 of development transcriptional repressor that is needed both for full-level
Regulation of theShh expression pattern during mouse expression ofFgf8 from the ANR, and for limitingFgf8
development is complex. Multiple enhancers have beeaxpression tothe ANR. Hesx1 is a transcriptional regulator that
discovered, in the both mouse and zebraBikh promoters, functions in the anterior neurectoderm (Martinez-Barbera et
that are responsible for directirishh expression to distinct al., 2000). Hesx1 is necessary for full expressioRgi8 from
subdomains of its overall pattern (Epstein et al., 1999; Mullethe ANR-derived commissural plate (Martinez-Barbera and
et al., 1999). Along similar lines, we have found that Atr2 isBeddington, 2001). Atr2 in turn is necessary for the expression
required forShhto be expressed in its anterior subdomain. Atr2of Hesx1in the ANR at E8.5 (Fig. 4% Thus a normal role of
is necessary for initiation &hhin the anterior midline at E8.0, Atr2 may be to silence a repressoHafsxlin the ANR so that
but not in the posterior midline (Fig. 41). Interestingly, the samehis factor is available to support normgf8 expression
anterior midline cells that losghhin E8.0 mutants, normally levels. However, this same mechanism of Fgf8 regulation can
upregulate Atr2 at E8.0-E8.25 (Fig. 2A,B), consistent with theclearly not be operating in the presumptive telencephalic
idea that a high level of Atr2 is required f&hhto be neurectoderm or the adjacent epidermal ectoderm. We
transcribed anteriorly. One of the transcriptional activators olfiypothesize the existence of additional repressors, both in the
Shhis Hnf33 (Ang and Rossant, 1994; Weinstein et al., 1994)neurectoderm and in the epidermal ectoderm, that cooperate
Hnf3bis expressed iom mutants at E8.5 (Fig. 4R), but it is with Atr2 to silenceFgf8in these tissues. Although there is a
not sufficient to activat&hhin the anterior midline. Anterior mild upregulation of Atr2 in the isthmus at E9.5 (Fig. 3&h
midline cells are clearly present@m mutants, being marked mutants show correct restriction &Qf8 transcripts to the
by expression dfinf3h, gs¢ and brachyury (Fig. 4Q-V). Taken isthmus at E9.0 (not shown).
together, these data demonstrate that even though anterior ) )
midline cells are present and express a known inducghlpf ~ Atr2 is required for normal AER formation
they fail to activateShhexpression. The AER is a specialization of the ectoderm that lies at the
This in turn suggests that an Atr2-regulated repress8hlof dorsoventral boundary of the developing limb bud and that is
is expressed in the anterior midline. An apparent candidate famvolved in controlling limb pattern (Capdevila and Izpisua
this repressor i§li3, because it is capable of downregulatingBelmonte, 2001). Atr2 is expressed at high levels in the AER
Shh(Ruiz i Altaba, 1998) and is expandedoim However, it at E9.5 (Fig. 3H-J). When Atr2 function is reduced, AER
is unlikely that the hypothetical Atr2-regulated repressor igrecursors aggregate abnormally in the center of the limb bud
Gli3 for the following reasons. Firggli3 is still excluded from instead of lining up along the boundary (Fig. 3J). Although
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death of mutants prior to limb bud outgrowth preventedrom NuRD. Combining all the available data, we hypothesize
studying mutant limb phenotypes, Atr2 appears to be requiretiat the mechanism of gene silencing by Atr2 involves binding
for the correct initial setup of this limb bud organizer. Thedirectly to sequence-specific transcription factors, which brings
generation of conditional alleles of Atr2 will allow us to associated histone deacetylases to bear on specific promoters.

examine the effects of loss of Atr2 on limb patterning. We have also observed an association between endogenous
) o Atr2 and Atrl in mouse embryos and MEFs, providing

Does Atr2 play a role in neural degeneration in evidence that these two proteins form heterodimers during

DRPLA? embryonic development. As full-length Atr2 was absent from

Atr2 is strongly expressed in developing neurons (Fig. 3K-M)pmMEFs but an association with Atrl was still observed, it is
suggesting it may interact with Atrl in regulating neuronalclear that Atr2S is able to associate with Atrl. It is unclear why
development and/or function. A growing body of data pointsan association between Atr2 and Hdacl was not seen in MEFs.
towards dysregulation of transcription as an importanOne possibility is that Atrl blocks the ability of Atr2 to
pathogenic mechanism in polyglutamine diseases (Freimaassociate with Hdacl. Additional binding studies are necessary
and Tjian, 2002). Polyglutamine-expanded proteins cato determine whether Atr2, Atr2S, Atrl and Hdacl all exist in
sequester transcriptional regulators like CBP and thereby complex together, or if some components are mutually
disrupt transcriptional control (Nucifora et al., 2001). Atrl andexclusive.

Atr2 bind directly to each other, and their binding is stimulated In summary, we have analyzed the phenotype of mutant
by expanded glutamine in Atrl (Yanagisawa et al., 2000)lleles ofAtr2, and we have found that Atr2 is required for
suggesting that the neural degeneration in DRPLA involvesormal embryonic patterning and for the specific regulation of
depletion of Atr2 and derepression of Atr2 target genesShhin its anterior domain. We have shown that Atr2 is required
Dissecting the role of Atr2 in neurons, alone and in conjunctiofor establishment of proper dorsoventral pattern in the anterior
with Atrl, is likely to provide insight into the normal cellular neural plate. We have provided evidence that mutant anterior
functions of these proteins, and by extension help clarify theeural pattern results from the disruption of two signaling
molecular mechanisms of neurodegeneration in DRPLA. Theenters, the anterior midline and the ANR. Finally, in accord
study of the neuronal functions of Atr2 will require with a proposed role for atrophin family members as
construction of conditional alleles to allow survival of mutanttranscriptional co-repressors, we have presented biochemical

animals beyond E9.5, which is currently in process. evidence that Atr2 can recruit histone deacetylase in vivo.
) Taken together, these data suggest that the embryonic defects
Atr2 may function as a co-repressor observed inAtr2 mutants are caused by the loss of a novel

Although mammalian genomes contain two atrophin genes, théstone deacetylase complex and the subsequent derepression
Drosophilaand C. eleganggenomes contains only one each,of developmentally important genes.

Atro andegl-27, respectively (Ch’ng and Kenyon, 1999; Erkner

et al., 2002; Herman et al., 1999; Solari and Ahringer, 2000; We thank Bill Skarnes and Perry Tate for gene-trap mice and
Solari et al., 1999; Zhang et al., 2002). Atro functions duringdvice; Vivian Bardwell and Steve Kerridge for discussions and
early development as a co-repressor for the Eve transcriptigQmmunication of results before publication; Danny Reinberg for
factor (Zhang et al., 2002), and later regulates transcriptio dvice and the gift of the Mta2 expression plasmid; Ray White for a

. . itical reading of the manuscript; Michael Depew for tijc
in the planar polarity pathway (Fanto et al., 2003). Theexpression construct; Francesca Mariani for the brachyury expression

widespread expression pattern otro, and the diverse construct; and members of the Peterson laboratory for suggestions and
developmental defects iAtro and egl-27 mutants, strongly giscussions. This work was supported in part by grants from the NIH
suggest that other sequence specific transcription factors alsed the Human Frontiers Science Program to A.S.P. J.S.Z. was
use atrophins as co-repressors. Interaction between Atro asgpported in part by an individual NRSA. The authors have no
Eve occurs through the C-terminal domain of AtAn competing financial interests. Requests for materials should be
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yeast two-hybrid screens with a mammalian transcriptional
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