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Meis family proteins are required for hindbrain development in the zebrafish
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SUMMARY

Meis homeodomain proteins function as Hox-cofactors by
binding Pbx and Hox proteins to form multimeric
complexes that control transcription of genes involved in
development and differentiation. It is not known what role
Meis proteins play in these complexes, nor is it clear which
Hox functions require Meis proteins in vivo. We now show
that a divergent Meis family member, Prepl, acts as a Hox
co-factor in zebrafish. This suggests that all Meis family
members have at least one shared function and that this
function must be carried out by a conserved domain. We
proceed to show that the Meinox domain, an N-terminal
conserved domain shown to mediate Pbx binding, is
sufficient to provide Meis activity to a Pbx/Hox complex.
We find that this activity is separable from Pbx binding
and resides within the M1 subdomain. This finding also
presents a rational strategy for interfering with Meis

activity in vivo. We accomplish this by expressing the
Pbx4/Lzr N-terminus, which sequesters Meis proteins in
the cytoplasm away from the nuclear transcription
complexes. Sequestering Meis proteins in the cytoplasm
leads to extensive loss of rhombomere (r) 3- and r4-specific
gene expression, as well as defective rhombomere boundary
formation in this region. These changes in gene expression
correlate with impaired neuronal differentiation in r3 and
rd4, e.g. the loss of r3-specific nV branchiomotor neurons
and r4-specific Mauthner neurons. We conclude that Meis
family proteins are essential for the specification of r3 and
r4 of the hindbrain.
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INTRODUCTION 1998). However, given that Hox proteins are transcription
factors it seems likely that Meis and Pbx might also contribute
Hox proteins are transcriptional regulators that specify cell fateunctions that regulate the transcriptional activity of the
during early embryonic development and organogenesisomplexes. Indeed, Hox proteins contain activation domains
(reviewed by Krumlauf, 1994). However, Hox protein (Di Rocco et al., 1997; Rambaldi et al., 1994; Vigano et al.,
monomers display poor specificity and affinity for enhancerl998) that may interact with the coactivator CREB-binding
sequences, suggesting that they do not act in isolatioprotein (CBP)/p300 (a histone acetyl transferase) (Chariot et
Recently, two families of Hox cofactors, Pbx and Meis,al., 1999; Saleh et al., 2000), and Pbx proteins reportedly
belonging to the TALE (Three Amino acid Loop Extension)interact with corepressors such as the histone deacetylases
homeodomain superfamily, were identified (reviewed by ManifHDACS) as well as N-CoR/SMRT (Asahara et al., 1999; Saleh
and Affolter, 1998). In vitro analyses indicate that Meis ancet al., 2000). Although no transcription regulatory functions
Pbx function by forming multimeric complexes with Hox have been found for Meis proteins, the Meis homeodomain is
proteins. In particular, Pbx binds to Hox proteins from paralogot required for all Meis functions (e.g. Berthelsen et al.,
group 1-10 (Shen et al., 1997b) and Meis binds to Hox proteirfs998a; Vlachakis et al., 2001), suggesting that Meis may also
from paralog group 9-13 (Shen et al., 1997a). Meis and Phixave roles beyond merely enhancing the affinity and specificity
also interact, via the Meinox domain (particularly the M1 andf Hox binding to DNA.

M2 subdomains) in Meis and the PBC-A and PBC-B domains An in vivo role for Hox cofactors was first shown by
in Pbx (reviewed by Mann and Affolter, 1998), to permit theanalyzing mutations in thBrosophila homothoraxhth, the
formation of Meis/Pbx/Hox trimers (Berthelsen et al., 1998aMeis ortholog) (Kurant et al., 1998; Pai et al., 1998; Rieckhof
Jacobs et al., 1999; Ryoo et al.,, 1999; Shen et al.,, 1996t al., 1997) andextradenticle (exd the Pbx ortholog)
Vlachakis et al., 2000). The formation of multimeric (Rauskolb et al., 1993) genes. Mutations in either gene lead to
complexes improves the affinity and specificity of Hox proteingosterior transformations of embryonic segments, without
for particular DNA sequences, potentially explaining the needffecting the expression of Hox genes, showing that both Exd
for Pbx and Meis cofactors (reviewed by Mann and Affolterand Hth are required for Hox protein function during fly
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development. Loss-of-function analyses in vertebrates hava zebrafish embryos sequesters Meis proteins in the
also revealed a requirement fpbx genes in segmentation cytoplasm, thereby keeping them out of transcription
processes during development. This is seen particularly clearttpmplexes in the nucleus. Embryos without nuclear Meis
in the segmented hindbrain where disruption ofphe4gene  displayed severe defects in hindbrain development. In
in the zebrafistlazarusmutant (Popperl et al., 2000) leads to particular, gene expression specific to rhombomere (r) 3 and r4
abnormal segmentation. Tha&zarusphenotype is similar to was largely lost and rhombomere boundaries do not form
that observed upon targeted deletion of Hox genes fromroperly in this region. Neuronal differentiation in this region
paralog groups 1 and 2 in the mouse (e.g. Davenne et al., 199&s also affected, e.g. nV branchiomotor neurons in r3 and
Gendron-Maguire et al., 1993; Goddard et al., 1996; Lufkin eMauthner neurons in r4 were lost. Our results suggest that the
al., 1991; Rijli et al., 1993; Studer et al., 1996), consistent witiMeis Meinox domain contributes an activity in addition to Pbx
a role for Pbx proteins in regulating Hox function in thebinding and show that Meis proteins are required for proper
vertebrate hindbrain. By contrast, although sevagisgenes specification of r3 and r4 during hindbrain development.

are expressed in the developing hindbrain (Sagerstrém et al.,

2001; Salzberg et al., 1999; Zerucha and Prince, 2001), no loss-

of-function analyses have been reported riwgis genes t0  \ATERIALS AND METHODS

date. Instead, support faneis genes acting in hindbrain

development come from ectopic expression analyses showirghnstructs

that Meis proteins posteriorize the rostral CNSXenopus Al genes used were derived from zebrafish and all constructs were
(Salzberg et al., 1999) and cooperate with Pbx and Hoyerified by sequencingneis3, hoxblkand pbx4 expression vectors
proteins to promote hindbrain fates in zebrafish (Vlachakis &tere described previously (Vlachakis et al., 2001; Vlachakis et al.,
al., 2001). Because vertebrates have several closely related, 2000). All Meis and Prepl constructs were engineered to contain a
perhaps functionally redundameis genes, loss-of-function MYC-epitope tag. Aprepl cDNA was obtained as an expressed
analyses fomeismay best be performed by using dominantsequence tag (EST) database clone from Research Genetics
negative constructs that interfere with all Meis family (Huntsville, AL). Thepreplopen reading frame (ORF) was amplified

members. A basis for dominant negative strategies prese )é GPT%F;AX’SJE%C?&QXSC'&%GQCESgz%%%%ggg;%sfgf'
itself by the fact that Meis proteins act as part of large ~a ) .

. JGATGGCTGCCCAGTCTGTGTCC-3and subcloned vid&coRlI/
pom_plexes. T_hese Comple_xes are propably the_functlonal UNB&d sites in the primers infpCS2+MT In ANMeis3, the N-terminal
in vivo, as evidenced by dimers and trimers being detected By, aming acids (aa) of theeis3ORF were deleted. Primers-5
co-immunopreciptation from cell extracts (Chang et al., 1997:CcGAATTCAGTGCCTGACTCTCTGAAACAC-3and 5-GCTCT-
Ferretti et al., 2000; Knoepfler et al., 1997; Shen et al., 1999AGATTATCAGTGGGCATGTATGTC-3 amplified the domain of the
Thus, Meis sites are found adjacent to Pbx and Hox sites ineis30RF C-terminal to aa 37, which was subclonedBdeR| and
several Hox-dependent promoters (Ferretti et al., 2000; Jacokbd sites in the primers into theCS2+MTvector. INnACMeis3, the

et al., 1999; Ryoo et al., 1999) and the Pbx interaction domaferterminal 93 aa of theneis3 ORF were deleted. Primers-5
of Meis is required for Meis function in vivo (Vlachakis et al., CGGAATTCCATGGATAAGAGGTATGA-3 and 3-GCTCTAGA-

2001). Therefore, expressing a Meis protein that retains its! AT GAGCGATTTGTTTGGTCAAT-3 amplified the N-terminal
. - . . - 22 aa domain of thmeis30ORF, which was subcloned viEecoRI
f”‘b'“ty to b'.nd Pbx, but lacks cher gssentlal functions, migh ndXbal sites in the primers into thECS2+MTvector. INANCMeis3,
Interfere'WII.h endpgenoys Me's,aCt'V'tY' Howevgr, attg:mpts oth the N-terminal 37 aa and the C-terminal 93 ame@f30RF
accomplishing this by introducing point mutations into theyere deleted. Primers-ECGAATTCAGTGCCTGACTCTCTGAA-
homeodomain (thereby preventing DNA binding) of zebrafisthcac-3 and 5-GCTCTAGATTCATGAGCGATTTGTTTGGTCA-
Meis3 andDrosophilaHth (Ryoo et al., 1999; Vlachakis et al., AT-3' amplified an aa 38-322 domain ofeis3 ORF, which was
2001) did not generate a dominant negative protein. Similarhgubcloned vi&EcoRI andXba sites in the primers into thECS2+MT
expressing the Meinox domain ¥enopusMeis3 in vivo did  vector. InAHDCMeis3 the C-terminal 191 aa of timeeis3 ORF
not have a dominant negative effect (Salzberg et al., 1999yere deleted by digestingCS2+Meis3with Pst/Xmd, inserting
whereas expressing the Meinox domain of Hth only partiallyligonucleotide  SGATGATAATAGGCGGCCGC-3 and  then

; ; i ; moving an EcaRI/Nsil fragment into thepCS2+MT vector. In
g}lterlfggeg(; with Hox function ibrosophilaembryos (Ryoo et ANXCMeis3 the N-terminal 37 aa, the C-terminal 93 aa as well as an

. . . internal domain, aa 145-253, were deleted. Primér€CGACT-
Here we first demonstrate that highly divergent members QEGTAACCTTTTCTAGTTCTAATAG-3’ and 5-GGACTAGTAACA-
the Meis family display the same activity in promoting \cAAGAAAAGAGGAATC-3' amplified pCS2+MTNCMeis3
hindbrain fates, suggesting that conserved regions within Meighich was then digested wiSpé (site in the primers) and re-ligated.
family members carry out this function. We proceed to defingor AlMeis3 the M1 domain was amplified by primers- 5
this essential region and find that it resides within the MeinOCGGAATTCCATGGATAAGAGGTATGA-3 and 3-CGGCTCGAG-
domain, a region previously implicated in Pbx binding. TheGGAGTCTCGTGGTGAGCAAGT-3and digested witkcaRI/Xhd.

activity of this region, M1, is independent of Pbx binding, The region C-terminal to the | domain was amplified by primers 5
suggesting that Meis proteins contribute a distinct activity t&GSCTCGAGCTGGATAATCTGATCCAG-3and 3-GCTCTAGA-

the complex. The M1 region does not encode a known motﬁTATCAGTGGGCATGTATGTC-3 and digested withXhd/Xbd.

and we hypothesize that it may interact with an auxiliaryEhe two fragments were then cloned iGS2+MT digested with

. ! . L . - coRI/Xbd. For C- IMeis3 the C-terminal 56 aa of Prepl (lacking
protein. This data predicts that, to inhibit Meis function the M ny known activity) was amplified with primers-GGGCTCGA-

domain must be removed from the Hox-cofactor complex, an GACGGCTTCCAGGCGCTTTCTTCA'3and 3-CCGCTCGAG-
we took advantage of the fact that nuclear localization 0§TCGCTGACGTCTAAACCCAGACC-3and cloned into theha
zebrafish Meis proteins is mediated by Pbx proteins (Vlachakisite of AlMeis3. In M1IM2Meis3 the N-terminal 37 aa, and aa 143-
et al., 2001). We find that expressing the Pbx4/Lzr N-terminug15 were deleted by digestip@ S2+MT\NXCMeis3with Spéd/Xbal
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and religating. In BMNPbx4 the N-terminal 171 aa of B¥Meis3 ~ mRNA is detectable throughout the embryo, with highest
were fused in frame with the C-terminal aa 230-344 of the Pbx4 ORffevels at the germ ring during early gastrula stages (6 hpf;
PCR primers SGGTCTAGACCAGACGTAAGAGACGCAAC-3  Fig. 1D) and dorsally and posteriorly at late gastrula stages
aa 230-344 of the Pbx4 ORF, which was subclonedg@82+MT 1F; and 25hpf, Fig. 1H)prepl expression is detected

(pCS2+MTpbx4) via Xbd sites in the primers. PCR primers 5 - .
COGGATCCCCCGGGATGGCTCCAAAGAAGAAGCGTAAGGT- throughout the embryo at low levels. This expression pattern

AAATC-3' and B-GCTCTAGAGTCTTCCAGCACCAAATCAGTG- IS distinpt from othermeisgenes that shqw very res_tricted
GG-3 amplified aa 1-171 of BM2Meis3, which was subcloned into €XPression (e.g. to the eyes, finbuds, hindbrain/spinal cord
pCS2+MTpbx4via BanHl/Xbal sites in the primers. For IPbx4 the and somites) (Sagerstrém et al., 2001; Zerucha and Prince,
| domain was amplified by primers-6CTCTAGATTCTGGATT-  2001). Indeed, the expression patterprfplat gastrula and
TGATGAAAATATGG-3' and 3-CGGCTCGAGGAACTTGCCA- segmentation stages is more similar to thatpbk4/lzr
CTTGC-3 and cloned viaXhd/Xbd sites together with Xbal/Not (Popperl et al., 2000; Vlachakis et al., 2000)pr&plsense

fragment from BMNPbx4 into thepCS2+MT vector cut with  probe used as a control did not hybridize to embryos at any
Xhd/Not. For BM1IPbx4 a BM1+l fragment was amplified with stage tested (Fig. 1C,G,I).

g,riggr_?cg{ggggégggi_?;fgﬁgiﬁi&?{?gg'3"“‘CdAC"f’and 4 Our sequence comparison (Fig. 1A) revealed that the M1
) ~o ang clon€d  and M2 domains, which have been implicated in binding to

via Xhd/Xbad sites in the primers into IPbx4 cut wixhad/Xbal. For Pb I d bet Meis3 and Prepl fi
ACPbx4 the N-terminus of Pbx4 was amplified with primers’ DX: @€ Well conserved between Vieiss and Frepl, suggestng

5 -GGAATTCTATGGATGATCAGACCCGAATGCTG-3 and 5 that Prepl may interact.With Pbx proteins in a_manner Simjlar
GGGCTCGAGTCATTCGTGCCATTCGATTTTCTGAGCTTCGA- 0 Meis3. To determine whether Prepl interacts with
AGATGCTGTTCAGGCCGGACATGTCGAGGAAGCGGGAGCG- Pbx4/Lzr, the most prevalent Pbx protein during early
3’ digested wittEcoRI/Xhd and cloned intpCS2+(for ACPbx4) or  zebrafish development (Popperl et al., 2000), we used an in
pCS2+MT (for MycACPbx4) digested witfEcaRI/Xhd. This also  vitro co-immunoprecipitation assay. Pbx4/Lzr was expressed
introduces a biotin tag at tie&CPbx4 C-terminus. alone or together with MYCMeis3 or MYCPrepl and
RNA injections, western blots, immunoprecipitations, in situprecipitated with anti-MYC antibody. We find that both
hybridization and immunostaining was performed as describe§;ycmeis3 (Fig. 1J, lane 2) and MYCPrep1 (lane 4) interact
previously (Vlachakis et al., 2001). with Pbx4/Lzr. The anti-MYC antibody did not crossreact
with Pbx4/Lzr (lane 6). We have previously shown that
zebrafish Meis3 depends on Pbx proteins for its nuclear

RESULTS localization (Vlachakis et al., 2001), and that this requires an
intact Meinox motif in Meis3, consistent with Meis3

Divergent Meis family members share the ability to interacting with Pbx proteins to access the nucleus in vivo. To

promote hindbrain fates determine if Prepl behaves the same way, we tested its

We have previously demonstrated that Meis3 cooperates wiubcellular localization in the presence or absence of co-
Hoxblb and Pbx4 to induce hindbrain fates ectopically in thexpressed Pbx4/Lzr. We find that at 5 hpf MYCPrepl is
zebrafish (Vlachakis et al., 2001). To better understand the ropgimarily cytoplasmic in the absence of Pbx4/Lzr (Fig. 1K),
of Meis proteins in this process we isolated the Meis familyout localizes to the nucleus when Pbx4/Lzr is co-expressed
member Prepl from zebrafish and compared it to Meis3Fig. 1L).
Analyses in mouse and human have showngpilegtl, although We have previously shown that, although Hoxblb can
clearly part of the Meis family, represents the most divergerinteract with Pbx4/Lzr to induce ectopic expression of
family member identified to date, both in terms of its sequenckeoxblain r2 of the hindbrain, co-expression of Meis3 with
and its expression pattern (Berthelsen et al., 1998a; BerthelsBbx4/Lzr and Hoxblb leads to ectopic expression of both
et al., 1998b; Ferretti et al., 1999). hoxbla and hoxb2 in a broad domain, resulting in

A search of the zebrafish EST database revealed sevetensformation of the rostral CNS to a hindbrain fate
ESTs with sequence homology to murine Prepl. One of thes@/lachakis et al., 2001). To determine whether Prepl can
fc13f10, was obtained and sequenced. Sequence analyfisiction to induce hindbrain fates in a manner similar to
revealed that zebrafish Prepl has a similar domain structuldeis3, we co-expressed Prepl with Pbx4/Lzr and Hoxb1b in
to other Meis proteins (Fig. 1A; Prepl Accession Numberdeveloping zebrafish embryos and scored for ectopic
AY052752). Prepl is most similar to Meis3 in the expression of thBoxblaandhoxb2hindbrain genes. Western
homeodomain (71% identical at the amino acid level) and iblot analysis showed that MYCMeis3 and MYCPrepl were
the M1 and M2 domains (55% and 86% identical,expressed at similar levels (Fig. 1P). Expression of
respectively) that have been implicated in Pbx bindinglYCPrepl or MYCMeis3 by themselves had no effect on
(Knoepfler et al., 1997). Other regions of Prepl, i.e. théaoxbla or hoxb2 expression (not shown). By contrast,
N-terminus, the region between the M1 and M2 domainsgxpressing MYCMeis3 or MYCPrepl together with Pbx4/Lzr
the C-terminus and the region between the M2 domaiand Hoxblb resulted in massive ectopic expression of both
and the homeodomain, were less than 26% identical. Theoxbla(not shown) andioxb2(Fig. 1M-O) anterior to their
fc13f10 Prepl EST has been mapped to between 52.2 andrmal expression domains, leading to anterior truncations.
52.3 cM from the top of LG9 by the zebrafish mappingBecause Prepl represents the most divergent Meis family
consortium. member known, these results suggest that all known members

prepltranscripts are present in zebrafish embryos from thef the zebrafish Meis family, despite differences in sequence
earliest stage analyzed (1 hour postfertilisation (hpf); Figand expression pattern, share the ability to promote hindbrain
1B), suggesting that they are maternally deposipgdpl fates.
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A Meinox
49 78 115 136 266 328 433
N ,\‘III I IM2 X HD C
% identity to Meis3 18 55 25 86 26 71 11

B

Fig. 1.Prepl retains functions similar to Meis3. (A) Prepl
protein. Letters indicate the name of individual domains;
the Meinox domain includes the M1, | and M2 domains.
Numbers on top represent amino acid positions in Prepl
and numbers on the bottom indicate percent identity of eagh
domain between Prepl and Meis3. (B-1) Expression patte di
of preplduring zebrafish embryogenesis. An antisense ;
(B,D,E,F,H) or sense (C,G,l) probe faeplwas
hybridized to zebrafish embryos at the two-cell stage (1
hpf; B,C), early gastrula (6 hpf; D), late gastrula (9 hpf; E)L14&
early segmentation (13 hpf; F,G) and late segmentation (25
hpf; H,1). (B,C) Lateral views with animal pole towards the}
top. (D) An animal pole view. (E) A lateral view with
dorsal towards the right and anterior towards the top.
(F-I) Dorsal views with anterior towards the left. (J) Prepl
binds to Pbx4/Lzr in vitro. Pbx4/Lzr was in vitro 7
transcribed in the presence388-methionine together with S $
MycMeis3 (lanes 1, 2), MycPrepl (lanes 3, 4) or by itself J q“" & Q"\ o ‘3\
(lanes 5, 6), immunoprecipitated with anti-Myc antibody;, VPR > 2
resolved on a 10% SDS-PAGE gel and exposed to film.  yrycnens +
(K,L) Prepl is brought to the nucleus by Pbx4/Lzr. One- to Pbx4 +
two-cell stage embryos were injected with 300 pg i eerit ;
MycPrepImRNA by itself (K) or together with 300 pg MYCM s 5 W W
pbx4/lzrmRNA (L), raised to 5 hpf and stained with anti-

Myc antibody. (M-O) Prepl induces hindbrain fates in the T p———
same way as Meis3. One- to two-cell stage embryos were ;

injected with 500 pdacZ RNA (M), meis3+pbx4+hoxblb

mRNA (N; 165 pg each), grepl+pbx4+hoxblmRNA 1 2 3 4 5
(O; 165 pg each), raised to 25 hpf and analyzetidab?2
expression by in situ hybridization. All three embryos are
dorsal views with anterior to the left. (P) MycMeis3 and
MycPrepl are expressed at similar levels. One- to two-cellr
stage embryos were injected with 300NbgcMeis3mRNA
or MycPrepImRNA, raised to 5 hpf, lysed, resolved on a
10% SDS-PAGE gel, western blotted and probed with ant

Myc antibody.
The Meinox domain is sufficient to mediate the the deletion constructs can still interact with Pbx, we tested to
activity of Meis family proteins see if they localized to the nucleus following co-expression

Because Prepl and Meis3 can both promote hindbrain fatesith Pbx4/Lzr. All constructs shown in Fig. 2A translocated
the sequences responsible for this activity must be shared the nucleus in the presence of Pbx4/Lzr, except for
between the two proteins. Meis3 and Prepl have higheANXCMeis3 (Fig. 3D,E) andAIMeis3 (Fig. 3F,G), both of
sequence identity in the Meinox domain (consisting of the M1which remained at least partly cytoplasmic. We conclude
I and M2 regions) and in the homeodomain. Although this ishat, although most constructs interact well with Pbx4/Lzr,
consistent with Meis proteins mediating their in vivo effectsANXCMeis3 andAlMeis3 do so inefficiently or not at all. We
solely by binding Pbx and DNA, thereby perhaps stabilizinglo not think that the Pbx interaction domain was removed in
Pbx/Hox complexes, it remains possible that other domains ithe ANXCMeis3 or AlMeis3 constructs; rather, that the Pbx
Meis proteins are essential for function, or that the Meinox antdinding motif (i.e. the Meinox domain) was interfered with
homeodomain have activities in addition to Pbx and DNAindirectly. This is supported by the observation that removing
binding. To determine which domains are necessary for Meithe homeodomain (HD) fromANXCMeis3 (to generate
protein function, we generated a series of Meis3 deletioM1IM2Meis3) and inserting an unrelated sequence in place of
constructs (Fig. 2A) and tested whether they could promotéhe | domain ofAlMeis3 (to generate GIMeis3) restored
hindbrain fates upon co-expression with Pbx4/Lzr and Hoxb1Pbx-dependent nuclear localization (Fig. 3H-K).
in zebrafish embryos. When expressed alone in zebrafish embryos, none of the
All constructs shown in Fig. 2A are expressed at comparableonstructs in Fig. 2A lead to ectopic expressiohafblaand
levels in vivo as determined by western blotting of lysates fronhoxb2 nor do they affect endogenous gene expression in the
injected embryos (Fig. 3A, lanes 2-10). To determine whethdrindbrain, showing that they do not have a dominant negative
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A o dmin Binds Pbx Active in vivo
Meis3 Yes Yes
ACMeis3 Yes Yes
ANMeis3 Yes Yes
Fig. 2. Meis constructs. Meis3 deletion NGk ke e
constructs (A) and fusions with Pbx4/Lzr (B) AHDCMeis3 Yes Yes
are shown schematically on the left. Columns
on the right indicate whether each protein ANXCMeis3 No* No*
binds Pbx4/Lzr and displays activity in vivo.
Asterisks indicate two constructs that have AlMeis3 No* No*
drastically reduced Pbx binding and in vivo
activity, but retain some function (see text for C->IMeis3 Yes Yes
details). na, not applicable [because the fusion
constructs were designed not to require Pbx MIIM2Meis3 Y. Y
binding (see text for details)]. Meis3 is blue, s e e
except for the homeodomain (HD; white) and
M1 and M2 (red). Yellow indicates sequences
from the Prepl C terminus that were inserted B Meis3 Pbxd
in place of the | domain in the CIMeis3 — Yes
construct. The M1 and M2 domains in several BMNPbx4 o o

fusion constructs (B) were mutated to abolish i 343

Pbx binding (purple). These domains are IPbx4
referred to as BM1 and BM2 in the text.
Pbx4/Lzr is green.

na No

=
B
5

BM1IPbx4

effect (not shown). When co-expressed with Pbx4/Lzr andomain lacking the ability to bind Pbx still retains activity. To
Hoxblb, each of the constructs generated phenotypesirry out this experiment it became necessary to devise a
quantitatively and qualitatively similar to those seen whemmeans for the Meinox domain to participate in Pbx/Hox
wild-type Meis3 is co-expressed with Pbx4/Lzr and Hoxblbcomplexes without being able to interact with Pbx (Fig. 2B).
In particular, they promote ectopiboxbla and hoxb2  We replaced the N-terminus of Pbx4/Lzr (containing the PBC-
expression as well as anterior truncations (Fig. 3; compare PA and PBC-B domains required for Meis binding) with the
with O,S; Table 1). However, tieNXCMeis3 andAIMeis3 ~ Meis N-terminus (containing the Meinox domain). This
constructs were less effective and rarely displayed the type efiminates the normal interaction between the Meinox domain
anterior truncations indicative of the rostral CNS beingand Pbx4/Lzr, but as the chimeric protein retains the Hox
transformed to a hindbrain fate (Table 1). This result isnteraction motif in Pbx4/Lzr, it still ensures that the Meinox
probably due to reduced Pbx binding by these constructs (sdemain is part of the Pbx/Hox transcription complex bound to
above), rather than to the homeodomain or | domain beinDNA. Notably, as this construct lacks the PBC-A and PBC-B
required for function. Indeed, the M1IM2Meis3 (with the HD domains, it can not bind endogenous Meis proteins. To also
deleted) and CIMeis3 (with the | domain replaced) eliminate the ability of this construct to bind endogenous Pbx
constructs, which bind Pbx4/Lzr well, retain high activity (Fig.proteins, we used a Meinox domain that contains multiple
3P,T; Table 1). We conclude that the Meinox domain isamino acid substitutions in the M1 (aa 64-67 KCEUNSQ)
sufficient to provide Meis activity in this ectopic expressionand M2 (L141-A; E142- A) motifs. We have previously
system. Because we find that the sequence of the | regionseown that this mutated Meinox domain can not bind to
irrelevant for Meis activity, we also suggest that the | regiorPbx4/Lzr in vivo (Vlachakis et al., 2001) and we confirmed
serves primarily to space the M1 and M2 domains properlthat the resulting fusion protein, BMNPbx4, does not bind
and that the sequences essential for Meis activity reside withendogenous Pbx by performing co-immunoprecipitations on

the M1 or M2 domains, or both. lysates from embryos expressing BMNPbx4 (Fig. 3V). To

] ) . o ensure thatBMNPbx4 localizes to the nucleus, we also
The Meinox domain contributes a function in introduced a nuclear localization signal (NLS) at its N-
addition to Pbx binding terminus.

Our results show that the Meinox domain is sufficient to confer BMNPbx4 is expressed at similar levels to Meis3 following
Meis activity to Pbx/Hox complexes, but it is unclear exactlymicroinjection (Fig. 3A, compare lanes 2 and 11) and localizes
what function is provided by this domain. Because Meigo the nucleus (Fig. 3L), as expected. Expression of BMNPbx4
proteins use the Meinox domain to bind Pbx, it is possible thatlone resulted in embryos with normal expressiohafbla
the function provided by the M1IM2Meis3 construct is simplyand hoxb2 (not shown), whereas co-injection with Hoxblb
Pbx binding, perhaps because it thereby stabilizes the Pbx/Hogsulted in embryos exhibiting ectogioxbla(Fig. 3Q) and
complex. hoxb2 (Fig. 3U). This phenotype was qualitatively and
To test this possibility, we set out to determine if a Meinoxguantitatively similar to the phenotype produced by expressing
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Fig. 3. The M1 domain is sufficient to confer d P a g?’ ) 3 >
Meis activity. (A) All constructs used are .,?‘}1 ‘cﬁ“‘\ ,@}3’ \é}:: _.@‘i\i@'@ +€§‘N ,@xz’ \.\‘\"*“’ & ,\;\‘“‘L > \\‘1°+
expressed at comparable levels in embryos. One- F&HEFE ST T TP ES

to two-cell stage embryos were injected with 300

pg of each mMRNA encoding Myc-tagged ==

constructs as indicated at the top of each lane.
Embryos were raised to 5 hpf, lysed, resolved on
a 10% SDS-PAGE gel, western blotted and
probed with anti-Myc antibody. (B-M) Analysis

of Pbx4/Lzr-mediated nuclear localization of
Meis constructs. One- to two-cell stage embryos
were injected with 300 pg of each mRNA as 1 2 3 4 5 6 7 8 9 10 111213
indicated at the bottom right of each panel, raise
to 5 hpf and stained with anti-Myc antibody. All
Meis constructs were Myc-tagged, whereas
Pbx4/Lzr was untagged. (N-U) Analysis of in
vivo activity of Meis constructs. One- to two-cell
stage embryos were injected with 500lacZ
RNA (control) or 165 pg of each mRNA as
indicated in the lower right corner of each panel,
raised to 25 hpf and analyzed for expression of Moot 5z :

hoxbla(N-Q) orhoxb2(R-U) by in situ & XM e ' ! BAIT [RHRA
hybridization. All embryos are dorsal views with ,

anterior to the left. (V) Meis3-Pbx4 fusion |
constructs do not bind endogenous Pbx. One-to *
two-cell stage embryos were injected with 300 :
pg MycMeis3(lane 1) oiMycBMNPbx4lane 2)
and raised to 10 hpf. Embryos were lysed, - : 4
immunoprecipitated with anti-Myc, resolved on a Control Meis3+Pbxd+Ho
10% SDS-PAGE gel, western blotted and probedR _ I ;
with anti-Pbx4 antiserum (left panel) or anti-Myc A% - = = ‘_.;_ 5
antiserum (right panel). Note that the BMNPbx4 - * il -
fusion protein in lane 2 of the left-hand panelis = =
detected by the anti-Pbx4 antiserum. MycMeis3 4 %%

and BMNPbx4 are the same size. IgH, antibody :

heavy chain; IgL, antibody light chain. (W) LS
Meis3-Pbx4 fusion proteins remain stable at 12 V ) W
hpf. One- to two-cell stage embryos were = <BMNFoxd ) Qi MclsVBMNPhx4

injected with 300 pdlycBMNPbx4or MyclPbx4 — <Phx

MRNA and harvested at 5 hpf or 12 hpf.

Embryos were lysed, and three embryo *1%;‘4

BMNPbx4

equivalents were resolved on a 10% SDS-PAGE - - .- <L
gel, western blotted and probed with anti-Myc ) S5h 12h
antiserum. 1 2 1 2

the Meinox domain together with Pbx4/Lzr and Hoxb1b (Fighoxblaand hoxb2 as well as anterior truncation similar to
3P, T; Table 1). This result indicates that the BMNPbx4 chimerthose seen with the BMNPbx4 construct, when co-expressed
now contains the combined activities of Pbx4/Lzr and Meis3with Hoxblb (Table 1). On the basis of the data from the
Additional constructs were generated to better delineate thaeletion analysis and the chimeric constructs, we conclude
region of the Meis3 N-terminus required for this activity. Wethat the Meinox domain has a function in addition to Pbx
first generated a construct containing only the | domain fusebinding and that the M1 domain is sufficient for this function,
to Pbx4/Lzr. This construct (IPbx4; Fig. 2B) is expressed aat least in our ectopic expression system. We do not think that
the same level as Meis3 following injection (Fig. 3A, lane 12the M1 domain acts by stabilizing the fusion protein, because
and localizes to the nucleus (not shown). IPbx4 lacks in viva fusion protein lacking the M1 domain (IPbx4) does not
activity (Table 1), confirming that the | domain is not requiredappear to be less stable over time in vivo than one that retains
for function and also showing that simply fusing sequences tthhe M1 domain (BMNPbx4; Fig. 3W). Instead, we speculate
the Pbx4/Lzr C-terminus is not sufficient for activity. We thenthat the M1 domain may serve as a binding site for an auxiliary
added the M1 domain (containing the same amino acigrotein.
substitutions as in BMNPbx4) onto the IPbx4 construct to ) )
generate BM1IPbx4 (Fig. 2B). This construct is expressed &xpression of the Pbx4/Lzr N-terminus sequesters
the same level as other constructs (Fig. 3, lane 13) ardeis proteins in the cytoplasm
localizes to the nucleus (Fig. 3M). BM1IPbx4 has no effecOur finding that the M1 domain is sufficient for Meis activity
when expressed by itself (not shown), but leads to ectopigrovides a rationale for a dominant negative strategy. In
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A

ACPbx4

Fig. 4. Loss of Meis function disrupts
hindbrain development. (ACPbx4

construct with amino acid positions indicated
at the bottom. The red boxes indicate the
PBC-A and PBC-B domains. The blue
domain represents a biotin tag introduced at
the C terminus. (B-DACPbx4 sequesters
Meis3 in the cytoplasm. One- to two-cell
stage embryos were injected with 300 pg of
MycACPbx4(B), MycMeis3(C) or ACPbx4 :
+MycMeis3(D), raised to 12 hpf and stained &
with anti-Myc antibody. (E-RACPbx4 b A
affects gene expression in the hindbrain. One- i,
to two-cell stage embryos were injected with
300 pg ofACPbx4mRNA (F,H,J,L,N,P,R) or
lacZ mRNA (E,G,|,K,M,0,Q), raised to 14 £
hpf (M,N) or 24 hpf (E-L,O-R) and analyzed -
by in situ hybridization for the genes
indicated at the bottom of each panel. Black M
asterisks indicate the level of the otic vesicle 1¥& =
on the right side of each embryo. Black
asterisks on left side in Q, and R indicate
rhombomere boundaries. Black triangle in R
indicates region of strorngax6expression.
(S-W) ACPbx4 affects neuronal
differentiation. One- to two-cell stage
embryos were injected with 300 pg of
ACPbx4mRNA (S,U,V) orlacZ mRNA U
(T,W), raised to 48 hpf (S,T) or 28 hpf (U-W)
and stained with anti-islet (S,T) or 3A10
(U-W) antibody. Black asterisks indicate the

otic vesicle and rhombomeres are numbered < 3
on the left. ACPbx4 ACPbx4 control

g

particular, it might not be sufficient to eliminate the DNA dominant negative fashion by keeping Meis proteins out of
binding capacity of Meis to generate a dominant negativauclear Pbx/Hox complexes.

construct because such a construct will retain the M1 domain. o ) )

Instead, we set out to devise a strategy where the M1 doma¥is function is required for proper formation of r3

is kept out of Pbx/Hox complexes. Specifically, as the Miand r4 during hindbrain development

domain is also involved in Pbx binding, we hypothesized thato test if cytoplasmic retention of endogenous Meis proteins
expressing a construct that sequesters Meis proteins awsssults in developmental defects, we expresA€#bx4 in
from Pbx/Hox complexes might act in a dominant negativeleveloping zebrafish embryos. Because Meis3 acts together
fashion. To test this possibility we generated a construatith Pbx4/Lzr and Hoxb1b to promote r4 fates when expressed
expressing only the N-terminus of Pbx4/Lzr, containing thesctopically (Vlachakis et al., 2001), we first tested whether
PBC-A and PBC-B domains required for binding to Meis, butACPbx4 interfered with endogenous gene expression in r4. We
lacking the motifs required for binding Hox proteins and forfind thathoxbla(Fig. 4F) expression was reduced or absent in
nuclear localization (Fig. 4A). We observed that this construc®3% of ACPbx4injected embryos (Table 2), consistent with a
(MycACPbx4) was cytoplasmically located at 12 hpfrole for Meis proteins in regulating gene expression in r4,
following expression in zebrafish embryos (Fig. 4B). Bywhereas embryos injected with an equivalent amourtaaxt
contrast, injected MycMeis3 is found exclusively in theRNA (Fig. 4E) were unaffected. Expression hafxblawas
nucleus at this stage of development (Fig. 4C), probably asadfected in 83% (72/87; not shown) &CPbx4 injected
result of nuclear transport by endogenous Pbx, which haambryos already at the end of gastrulation, suggesting that Meis
become highly expressed by this stage (Vlachakis et alproteins are required ftioxblaexpression soon after its onset.
2001). Strikingly, when ACPbx4 is co-expressed with This is consistent with reports that expression of murmé1
MycMeis3, MycMeis3 is found primarily in the cytoplasm (the ortholog of zebrafishoxb13 is dependent on Hox activity
(Fig. 4D). These data are consistent witbPbx4 competing (Pdpperl et al., 1995). By contrast, expressiomoadb1h which

with endogenous Pbx proteins for binding to Meis3 in thgrecedeshoxbla expression and is the earliesbx gene
cytoplasm and subsequently retaining Meis3 in the cytoplasnexpressed in zebrafish, was unaffected®bx4 (not shown),
This result raises the possibility thaA€CPbx4 might act in a indicating that expression dfoxblbis independent of Meis
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Table 1. Activity of Meis deletion and fusion constructs
Qutcome (%)

Ectopic Ectopic staining/

Injected RNA* Unaffected stainirig truncated axis Probe

pbx4+hoxblb 37 (18/49) 63 (31/49) 0 (0/49) hoxbla
93 (40/43) 7 (3/43) 0 (0/43) hoxb2

meis3+pbx4+hoxblb 7 (4/61) 49 (30/61) 44 (27/61) hoxbla
3 (2/57) 46 (26/57) 51 (29/57) hoxb2

ANMeis3+pbx4+hoxblb 10 (8/80) 40 (32/80) 50 (40/80) hoxbla
12 (11/93) 34 (32/93) 54 (50/93) hoxb2

ACMeis3+pbx4+hoxblb 7 (6/85) 62 (53/85) 31 (26/85) hoxbla
20 (22/110) 49 (54/110) 31 (34/110) hoxb2

ANCMeis3+pbx4+hoxblb 15 (34/228) 63 (143/228) 22 (51/228) hoxbla
16 (31/192) 48 (92/192) 36 (69/192) hoxb2

AHDCMeis3+pbx4-+hoxb1b 25 (36/141) 42 (59/141) 33 (46/141) hoxbla
34 (40/117) 37 (43/117) 29 (34/117) hoxb2

ANXCMeis3+pbx4+hoxblb 40 (46/116) 58 (68/116) 2 (2/116) hoxbla
77 (63/82) 23 (19/82) 0 (0/82) hoxb2

AlMeis3+pbx4+hoxblb 24 (13/54) 74 (40/54) 2 (1/54) hoxbla
69 (37/54) 31 (17/54) 0 (0/54) hoxb2

C - IMeis3+pbx4+hoxblb 40 (33/83) 29 (24/83) 31 (26/83) hoxbla
52 (33/64) 27 (17/64) 22 (14/64) hoxb2

M1IM2Meis3+pbx4+hoxblb 21 (37/175) 58 (101/175) 21 (37/175) hoxbla
51 (61/119) 34 (40/119) 15 (18/119) hoxb2

BMNPbx4+hoxb1b 27 (48/179) 60 (108/179) 13 (23/179) hoxbla
55 (96/176) 38 (67/176) 7 (13/176) hoxb2

BM1IPbx4+hoxblb 38 (31/82) 39 (32/82) 23 (19/82) hoxbla
40 (27/68) 25 (17/68) 35 (24/68) hoxb2

IPbx4+hoxblb 100 (194/194) 0 (0/194) 0 (0/194) hoxbla
99 (202/203) 0 (0/203) 1 (1/203) hoxb2

*One- to two-cell stage embryos were injected with the indicated mRNAs, fixed at 25 hpf and analyzed by in situ hybridiratibddandhoxb2
expression.

TEmbryos showing normal morphology but ectopic gene expression. Nopbxdathoxbllinduces ectopic expressiontaixblain r2, but not elsewhere,
and has a minimal effect droxb2expression or embryo morphology.

*Embryos with anterior truncations and ectopic gene expression.

function. ACPbx4 also interfered with gene expression in r3 at We next analyzed expression pé&x§ which is present

a frequency similar to r4, as illustrated kwpx2Q which was throughout the hindbrain, but also outlines rhombomere
affected in r3 in 81% ofACPbx4injected embryos (Fig. 4G,H; boundaries (black asterisks on left in Fig. 4Q). Expression of
Table 2). Other genes whose expression domains include r3 apax6reveals six boundaries in control embryos (Fig. 4Q), but
r4 were also affected. For instandexb2 expression was in mostACPbx4-injected embryos only three boundaries are
affected in r3 and r4 in 95% (Fig. 41,J; Table 2) &ka2 observed (black asterisks on left in Fig. 4R). Using the otic
expression was affected in r3-r5 in 72% (Fig. 4K,L; Table 2) ofiesicle as a landmark (black asterisk on right), we conclude
ACPbx4injected embryos. Other rhombomeres appear to bthat these boundaries correspond to r4/r5, r5/r6 and r6/r7.
less affected. In particular, althoudioxa2 expression (Fig. Sometimes we also observed a strongly staining region in the
4K,L; Table 2) is affected in r3-r5, it is largely normal in r2 of rostral hindbrain (black triangle in Fig. 4R) &CPbx4-
ACPbx4injected embryos. In addition, althoudiox20 and injected embryos. This domain may correspond to the r2/r3
ephAdexpression (Fig. 4G,H,O,P; Table 2) is strongly affectedoundary, in agreement with r2 retaining norntraxa2

in 13 (42% and 16% lack expression, respectively), thesexpression. Thus, boundary formation in the rostral hindbrain
genes are less affected in r5 (only 1-2% lack expressionjs affected. We also observed thephA4 expression was
Furthermore hoxb3 and valentino expression is only mildly occasionally (~10% of affected embryos) found at low levels
affected in r5 and r6 and m@CPbx4injected embryos lacked throughout the hindbrain ofACPbx4 injected embryos
expression of these genes (Fig. 4M,N; Table 2). Analysis qcompare Fig. 4P with 40). This expression level is similar to
gene expression outside the hindbrain showed that the forebradirat normally seen in r1 and may indicate that rl1-specific gene
and midbrain@tx2), midbrain-hindbrain boundarpéx2.) and  expression expands caudally when rhombomere formation is
somites §yoD, hoxb3 were essentially normal (not shown). interrupted, although this remains speculative in the absence of
We conclude that r3 and r4 do not develop properly in thel-restricted markers.

presence oACPbx4, which is consistent with the formation of To explore further the effect cACPbx4 on r3 and r4
these rhombomeres requiring Meis proteins. development, we analyzed neuronal differentiation in this
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Table 2. Effect of ACPbx4 on hindbrain gene expression*  Thus, once Meis proteins have entered the nucleus together
with Pbx4/Lzr, they are inaccessible to th&Pbx4 dominant

Effect (%
(.0) negative protein. We also used tB&NPbx4 construct to
Gene Rhombomere Normal Partial  Absent 9 P S
I 2 26 (30/106) 56 (50/106) 16 (17/106) rescue ACPbx4injected embryos. Because BMNPbx4 does
ep r not interact with Pbx, it should not be affected byAk#Pbx4
o 78(83/106)  21(22/106)  1(1106)  45minant negative construct. Furthermore, as it contains the
hoxa2 3':25 92’98’%3%37) Gé (%/11/%)7 %(%’/1107) M1 domain it should be able to rescue Meis activity in
ror ( ) ( ) (6/107)  ACPbx4-expressing embryos. We find that expression of
krox20 r3 19(17/88) ~ 39(34/88)  42(37/88)  BMNPbx4together withACPbx4restoreshoxblaexpression
& 49 (43/88) 49 (43/88) 2 (2/88) in all embryos (30/30), but that the rescued expression is less
hoxb2 r3-r5 5 (4/78) 78 (61/78) 17 (13/78)  complete than following rescue witthx4/Izr We attribute this
hoxbla r4 7 (4/60) 80 (48/60) 13 (8/60) difference to BMNPbx4 being less active than wild-type Meis3
hoxb3 15-16 33(26/78) 67 (52/78) 0 (0/78) iAnC\II:i’\kIJO éT_ablI)e 1). Thisf result fufrther shovyi thacti the e1‘fec:vI of
valentino . 26 (49/192) 74 (143/192) 0 (0/192) activit;/( is because of its interference with endogenous Meis

*300 pg of ACPbx4mRNA was injected at the one- to two-cell stage,
embryos were harvested at 24 hpf (excepvédentinoandhoxb3 which
were harvested at 14 hpf) and assayed by in situ hybridization for the DISCUSSION
expression of the indicated gene. For genes expressed in more than one

nonadjacent rhombomere, the rhombomeres are scored separately. For genﬁ is famil tei h b impli d H f
expressed in more than one adjacent thombomere, the rhombomeres are V€IS Tamily proteins have been implicated as Hox cotactors

scored together because of the difficulty in unequivocally assigning (reviewed by Mann and Affolter, 1998), but a requirement for
rhombomere boundaries, except fioxa2where the anteriormost domain Meis proteins during vertebrate embryonic development has
(r2) was clearly regulated differently. A comparable number of embryos not been established, primarily because of the lack of an

injected with 300 pg control mRNAacZ) and assayed for expression of each : _Af - .
gene showed >98% normal staining. appropriate loss-of-function approach. We first showed that

TPartial gene expression is defined as loss of gene expression withina WO divergent members of the Meis family display similar

portion of a rhombomere. activities in vivo. We then showed that the M1 domain is
‘iAbsence of gene expression indicates that no expression was detectablesyfficient for this function. The M1 domain resides within the
within a rhombomere. Meinox domain, in close proximity to the Pbx interaction

domain, but this activity is independent of Pbx binding. We

used the Pbx4/Lzr N-terminus, containing the Meis interaction
region. Both the primary reticulospinal neurons and thelomain, to sequester Meis family proteins in the cytoplasm,
branchiomotor neurons display a segment-specific distributiotihereby preventing them from acting in transcriptional
in the hindbrain, permitting us to characterize the effeccomplexes in the nucleus. We found that sequestering Meis
of ACPbx4 on neuronal differentiation in individual proteins in the cytoplasm leads to developmental defects in the
rhombomeres. We find that 73% (30/41)XPbx4-injected  hindbrain. In particular, gene expression, boundary formation
embryos lack one or both r4-specific Mauthner neurons (Figand neuronal differentiation was disrupted in r3 and r4. Our
4U-W). Using an anti-Isletl antibody we also observed amesults are consistent with Meis family proteins being required
effect on branchiomotor neurons in 70% (21/2WPbx4- for development of the hindbrain, particularly r3 and r4.
injected embryos. This effect is strongest in r3, as most ) . . o
embryos lack nV branchiomotor neurons on at least one sid¢/hat role do Meis proteins play in the multimeric
of the midline in r3 (Fig. 4S,T). Because there are only a fed/anscription complexes?
islet-1 positive cells in r4 it is difficult to determine whether it Several reports have shown that Meis, Pbx and Hox proteins
is affected, although this region occasionally seems to bean interact to form trimeric complexes (Berthelsen et al.,
reduced in size, in agreement with the observed loss of #998a; Ferretti et al., 2000; Jacobs et al., 1999; Ryoo et al.,
Mauthner neurons. nVII neurons in r6 and r7 are also affected999; Shen et al., 1999; Vlachakis et al., 2000) and that Hox
although less severely, perhaps as a result of these neur@ml Meis need to interact with Pbx to function in vivo
originating in r4 before migrating to r6 and r7 (ChandrasekhafVlachakis et al., 2001). Although these data suggest that
et al., 1997). By contrast, nV neurons in r2 are largelMeis/Pbx/Hox complexes exist in vivo, the role that each
unaffected. These results are consistent with the observedotein plays within the complex remains unclear. Possible
effect of ACPbx4 on gene expression and suggest thaples for Hox and Pbx proteins derive from their interaction
specification of r3 and r4 is particularly dependent on Meisvith transcriptional coactivators (Chariot et al., 1999; Saleh et
function. al., 2000) and corepressors (Asahara et al., 1999; Saleh et al.,

To confirm that this phenotype is specific, we attempted t8000). The absence of such interactions for Meis proteins has

rescue ACPbx4injected embryos by co-expressipipx4/lzr  led to the suggestion that they stabilize Pbx/Hox complexes by
MRNA. We expected Pbx4/Lzr to compete wit@Pbx4 for  binding both to DNA and to Pbx. In possible disagreement with
Meis binding in the cytoplasm and bring Meis proteins to théhis hypothesis, it has been found that, although Meis proteins
nucleus where they could interact with Hox proteins andequire an intact Pbx interaction domain, they do not require
activate transcription. We find that expresgibg4/lzrmRNA,  an intact homeodomain to synergize with Pbx and Hox proteins
along with ACPbx4 mRNA, rescuedhoxblaexpression to (e.g. Berthelsen et al., 1998a; Vlachakis et al., 2001), although
virtually normal levels in all embryos (43/43). We attribute thisthis has only been analyzed during conditions of Meis
high frequency of rescue tiCPbx4 not entering the nucleus. overexpression. In this report we identify a domain essential
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for function near the Pbx interaction motif of Meis3. By Meis proteins may also be required for the proper formation
mutating residues required for Pbx binding and transferring thef other structures. For instance, although r2 rethmsa?2
domain from Meis3 onto Pbx4/Lzr, we show that this activityexpression iMA\CPbx4injected embryos, it occasionally also

is retained even when Pbx binding is abolished. We interpreixpresses ectopgphAdand there may be similar subtle effects
our results to mean that Meis proteins contribute an activity ton more caudal rhombomeres, as well as on regions outside the
the multimeric complexes in addition to stabilization. Becaus@indbrain. Furthermore, because our dominant negative
this domain does not contain any known motifs we hypothesizapproach relies on th8CPbx4 construct binding to Meis, any
that it serves as a binding site for an auxiliary protein requireMeis functions that are independent of Pbx binding would not
for transcription activity. be detected in our experiments.

Furthermore, if Meis proteins serve only to stabilize The phenotype we observe as a result of interfering with
Pbx/Hox complexes it should be possible to generate Kleis activity is also qualitatively similar to that of tleearus
dominant negative form of Meis by disrupting DNA binding mutant (which carries a mutation in thiex4dgene) (Pépperl et
while retaining Pbx binding. We did not observe reproduciblel., 2000). Particularly, in both cases gene expression is
dominant negative phenotypes using such constructsffected primarily in r3 and r4 and less in rl, r2 or r5-r7. This
(Vlachakis et al., 2001) (N. V. and C. G. S., unpublished), anduggests that Pbx and Meis function in the same pathway
although a similar construct does not have an effe¢emopus  during hindbrain development. This is consistent with work in
embryos (Salzberg et al., 1999), expressing a homeodomaibrosophila where the phenotypes bth andexd mutants are
less Hth construct iBrosophilahas a mild dominant negative largely indistinguishable (Kurant et al., 1998; Pai et al., 1998;
effect on Hox-dependent functions (Ryoo et al., 1999). OuRieckhof et al., 1997) and the genes are thought to act in the
identification of a required domain adjacent to the Phyxsame pathway. An explanation for Meis and Pbx acting in the
interaction domain explains these results given that constructsme pathway in the hindbrain probably comes from Meis
lacking the homeodomain will retain the M1 domain and willproteins not interacting directly with Hox proteins expressed
not be strongly dominant negative. Our results instead suppart the hindbrain (primarily paralog group 1-4), whereas Pbx
the idea that to interfere with Meis function, this essentiaproteins do. Therefore, Meis proteins can only act as Hox

domain must be kept out of the multimeric complexes. cofactors in the hindbrain by binding to Pbx. Our finding that

) Meis and Pbx loss-of-function give similar hindbrain
For what Hox-dependent processes are Meis phenotypes is therefore consistent with all hindbrain Hox
proteins required? functions that require Pbx also requiring Meis. However,

Our experiments reveal a role for Meis proteins in thelthough thameisloss-of-function andazarusphenotypes are
development of the hindbrain, particularly r3 and r4. Notablygualitatively similar, they differ quantitatively. Surprisingly, we
this region of the hindbrain expresses Hox genes only frorabserve both a higher frequency and a more severe effect on
paralog group 1 and 2, and the phenotype we observe is simileindbrain gene expression in the absence of Meis function than
to that of mice lacking paralog group 1 and 2 Hox geneseported for thelazarus mutant. We speculate that this is
(Barrow and Capecchi, 1996; Davenne et al., 1999; Studer enlikely to be a result of Pbx-independent effects of Meis
al., 1996). Because expression of paralog group 1 and 2 Hgxoteins on Hox function, but may instead stem from the
genes is controlled by Hox proteins acting in an auto- angdresence of maternpbx4/lzrtranscript, as well as additional
cross-regulatory fashion, we suggest that Meis proteins apbx genes expressed in thazarus mutant (Popperl et al.,
essential cofactors for Hox proteins in this capacity. Althougt2000). If this is correct, complete removal of Pbx activity might
both murinehoxblandhoxb2have Meis binding sites adjacent be required to conclusively define the relative roles of Pbx and
to Hox and Pbx binding sites in their enhancers (Ferretti et alMeis in regulating Hox function.

2000; Jacobs et al., 1999), the Meis site inhitveb1lenhancer

is not essential for expression (Ferretti et al., 2000). These datte added in press

may indicate that, although Meis proteins are required for botyhile this work was under review two other manuscripts

hoxbl and hoxb2 expression, binding to the Meis site is yaporting Meis loss of function phenotypes were published

dispensable fohoxblexpression. _ (Dibner et al., 2001; Waskiewicz et al., 2001).
Our results also indicate thladxblaandhoxb2expression

is dependent on Meis, wherdasxblbexpression is not. This ~ We are grateful to members of the Sagerstrom lab. for helpful
finding correlates with the fact th&itoxblb (the zebrafish comments. This work was supported by NIH grant NS38183 and
counterpart to murinehoxAl is the earliest Hox gene American Cancer Society grant RPG-00-255-01-DCC to CGS. The
expressed in zebrafish. Because there are no other Hefntents are solely the responsibility of the authors and do not
proteins present to regulate initiabxblbexpression, it is Necessarily represent the official views of the NIH.

possible that its expression is regulated by a Hox-independent

mechanism, and that Meis proteins are therefore not required.

Oncehoxblbis expressed it may then act witieisandpbx ~ REFERENCES
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