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SUMMARY

The Hmx homeobox gene family is of ancient origin, being
present in species as diverse &rosophila sea urchin and
mammals. The three members of the muringimx family,
designated Hmx1, Hmx2 and Hmx3, are expressed in
tissues that suggest a common functional role in sensory
organ development and pregnancyHmx3 is one of the
earliest markers for vestibular inner ear development
during embryogenesis, and is also upregulated in the
myometrium of the uterus during pregnancy. Targeted
disruption of the Hmx3 gene results in mice with abnormal
circling behavior and severe vestibular defects owing to a
depletion of sensory cells in the saccule and utricle, and a
complete loss of the horizontal semicircular canal crista, as
well as a fusion of the utricle and saccule endolymphatic
spaces into a common utriculosaccular cavity. Both the
sensory and secretory epithelium of the cochlear duct
appear normal in the Hmx3 null animals. The majority of

Hmx3 null females have a reproductive defectdmx3 null
females can be fertilized and their embryos undergo
normal preimplantation development, but the embryos fail
to implant successfully in the Hmx3 null uterus and
subsequently die. Transfer of preimplantation embryos
from mutant Hmx3 uterine horns to wild-type
pseudopregnant females results in successful pregnancy,
indicating a failure of the Hmx3 null uterus to support
normal post-implantation pregnancy. Molecular analysis
revealed the perturbation of Hmx, Wnt and LIF gene
expression in the Hmx3 null uterus. Interestingly,
expression of bottHmx1 and Hmx2is downregulated in the
Hmx3 null uterus, suggesting a hierarchical relationship
among the threeHmx genes during pregnancy.

Key words: Homeobox gene, Inner ear, Pregnancy, Gene knockout,
Mouse

INTRODUCTION

domains for theHmx genes include the first and second
branchial arches, central and peripheral nervous systems, and

TheHmxhomeobox gene family was first identified in humansthe uterus. Hmxand Hmx3(previously calledNkx5.2 and
(Stadler et al., 1992) and subsequently in a number of specib&x5.1, respectively (Bober et al., 1994)) are remarkable in that

ranging from Drosophilao higher vertebrates (Bober et al.,

both are expressed in the developing inner ear, Witix2

1994; Martinez and Davidson, 1997; Stadler et al., 199%aving a slightly later onset of expression relativeHtox3
Stadler and Solursh, 1994; Wang et al., 1990; Yoshiura et aHHmx3is unique in its expression characteristics, being one of

1997). While there appears to be only a single Hemxe in
Drosophila, at least three Hmx genesnx1, Hmx2and Hmx3

the earliest developmental markers for inner ear development.
In the mouse, HmxB expressed in the otic epithelium from

are present in the mammalian genome (Stadler et al., 199%)e otic placode stage (E8.5) (Rinkwitz-Brandt et al., 1995,
The Hmx genes are a distinct homeobox gene family untd996) and persists in this tissue throughout gestation. By E9.5,
themselves, and are unrelated to any of the larger classestibé expression oHmx3 shows a gradient of expression
homeobox genes (e.g. Hox, NK, PIXhe gene most closely intensity, with stronger expression localized in the rostrodorsal
related to thedmxfamily, based upon amino acid similarity, is portion of the otic vesicle. This differential expression becomes
the Soho-1homeobox gene from chick, for which there isincreasing more pronounced, and by E13rBx3expression
currently only one member described (Deitcher et al., 1994)s almost exclusively limited to the vestibular portion of the
The distribution of Hmx transcripts during vertebrate inner ear. In adult mice, thdmx genes are expressed in the
development has been examined in a number of species, ameérus of unpregnant females, where expression is primarily
appears to be conserved among vertebrates (Bober et al., 198%ktricted to the medial portion of the stroma. During
Rinkwitz-Brandt et al., 1995; Stadler et al., 1992; Stadler angregnancyHmx1, Hmx2and Hmx3are strongly upregulated in
Solursh, 1994; Yoshiura et al., 1997). Overlapping expressiaie uterine myometrium. To examine the unique developmental
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role of theHmx3gene, we have generated a null mutation byembryos per ES cell clump in a microdepression in KSOM under oil
gene targeting. Analysis of the resulting phenotypelimx3 ~ at 37°C and 5% C© 24-48 hours later, the resulting expanded
null animals indicates a critical role fétmx3in inner ear chimeric embryos were reimplanted into E2.5 Swiss-Webster

vestibular development and pregnancy. psgudopregnant females. Embryo coIIectiqn angalﬁctpsidase
staining of embryos were performed as previously described (Frasch
et al., 1995).
MATERIALS AND METHODS RNA in situ hybridization
. ) ) ) Embryo tissues were fixed in 4% paraformaldehyde overnight,
Library screening and  Hmx3 gene cloning and targeting washed in PBS, and for section preparations, dehydrated through
constructs graded ethanols, followed by two changes of Americlear (Fisher) and

A mouse 129/Sv genomic library constructed into lambda phagembedded in Paraplast (Fisher) overnight under vacuum. Sections of
Dashll vector was screened at low stringency conditions with thg-8 um were cut and floated onto Plus+ slides (Fisher), dried and
PCR-amplified humaklMX1 homeobox. Positive phage clones were stored at 4°C.3PS] probes were synthesized using either T3, T7 and
then subcloned into pTZ18R (USB). To determine the identity of theSP6 polymerase according to the manufacturers’ specifications (New
cloned phage, degenerate primers, derived from the highly conservetgland Biolabs, Stratagene). Antisense RNA probe was prepared
KIWFQN sequence in the third helix of the homeodomain, were usednd employed essentially as described (Tribioli et al., 1997; Wang et
for sequencing the homeobox regions. These degenerate primers arg 1996). Following hybridization and washing, the sections were air
TL104 (SRTTYTGRAACCADATYTT3') and TL105 (FAARATH- dried and exposed overnight to film to determine signal strength.
TGGTTYCARAANZ'), where RisAor G, YisCor T, Dis G, Aor Autoradiography was performed by dipping the slides in a 1:3 ration
T,HisA,CorTandNis A, C, G or T. Sequence analysis was carriesf HoO:Kodak NBT2 emulsion, air drying and exposing for 3-7 days.
out by the dideoxy chain termination method (Sanger et al., 1977) &his was followed by developing in Kodak D19 and hematoxylin
recommended by USB, except that 200 ng of degenerate oligo wasunterstaining.

used for each sequence reaction. Amox®phage screened, three  The RNA in situ probe for Hmxs derived from the '8/ TR of the
independent overlapping clones, which cover an approximately 24 kimx1 cDNA (Yoshiura et al., 1997). The 256 bghol-Bantl
genomic region, were identified to contain the mouse Hyer8. For  fragment was subcloned into the vector pT7T3a (Pharmacia) resulting
targeting constructs, an 11.5 Kbal genomic fragment spanning the in plasmid pT7T3a-19. The antisense probe was transcribed from the
homeobox was subcloned into pTZ18R. In the resulting plasmid, thghol-linearized pT7T3a-19 with T7 RNA polymerase. The sense
neomycin-resistance cassetteeq or the IRESlacZ+neomycin probe was generated by transcriptionBaimHI-linearized pT7T3a-
reporter was inserted into the unigXikol site located in thelImx3 19 with T3 RNA polymerase. THegmx2in situ probe was produced
homeobox sequence. The targeting constructs were lineariZéallby from plasmid pWw187. An 1.2 kihol genomic fragment containing

digestion for electroporation. the 3'portion of theHmx2gene was subcloned into pBluescriptkS
) generating pW51a. pw187 was derived from pW51a by deleting the
RNAse protection 340 bp Xhol-Hindlll fragment, which contains thepdrtion of the

RNAse protection was performed essentially as previously describadmx2 homeobox. The resulting pW187 contains the eritinex2
(Lufkin et al., 1993). Total RNA from wild-typeHmx3”~ and  3'UTR. Antisense probe for Hmx@as generated by the transcription
Hmx37~ E11.5 stage embryos was extracted by a single-step isolatiasf Hindlll-linearized pWw187 with T3 RNA polymerase. The sense
method using guanidinium thiocyanate (Chomczynski and Sacchprobe was transcribed froihol-linearized pw187 with T7 RNA
1987). 100ug total RNA from each sample was used for RNAsepolymerase. FoHmx3, pw186 was generated by subcloning a 604
protection analysis. A 472 bp PCR-amplified fragment containing thep Bglll genomic fragment of theHmx3 gene into vector
Hmx3 homeobox region was used to malé®-labeled antisense pBluescriptKS. This genomic fragment contains the second exon of
riboprobe. This probe protects a 472 bp wild-type RNA fragment atheHmx3gene. The antisense probe was made by transcription of the
well as two 308 bp and 164 bp RNA fragments. The internal contrdtcoRlI-linearized pW186 with T7 RNA polymerase. The sense probe
probe was derived from a 271 bp cDNA fragment from the mousevas transcribed from th&hol-linearized pw186 with T3 RNA
beta-actin gene. Hybridization was performed at 55°C. The samplgm®lymerase. The probe faWnt7Awas derived from plasmid p567
were then digested with 40g/ml RNaseA and ig/ml RNaseT1l. (from Andrew McMahon). This plasmid contains a 400 bp insert,
After precipitation, the samples were run on an 8% acrylamide gebhich spans the position of 1189-1589 bp of\ttiet7AcDNA (Parr

and exposed to X-OMAT film for 10 days. and McMahon, 1995). Thé&/nt4probe was transcribed from plasmid
) ) p405. The insert covers the region from 851 to 1275 bp oivihig
ES cell culture and transgenic mouse production cDNA (Stark et al., 1994). The Wnt5A in situ probe was transcribed

ES cell transfections, chimera production and testing, and genotypirfgom plasmid p59, where the insert is a 400 bp PCR-amplified
of offspring are essentially as previously described (Lufkin et al.fragment of mous#/nt5Agene, which encodes the region from amino
1991, 1993). Both R1 and D3 ES cells (Gossler et al., 1986; Nagy atids 260 to 391 of the Wnt5A protein (Gavin et al., 1990). A 387 bp
al., 1990; Nagy and Rossant, 1993) were used for electroporation afrdgment of the mouse smooth muscle myosin heavy chain cDNA,
chimera production with equivalent success. Positive ES cell linewhich contains exon | (75 nucleotide of the untranslated sequence)
were microinjected into C57BL/6J blastocysts and resulting maland most of exon Il (remainingBTR plus about 295 bp of coding
chimeras were backcrossed to either C57BL/6J females for a mixedgion), was used as a template to make RNA in situ probe (Miano et
genetic background, or to 129/Sv females for an isogenic backgrounal., 1994). A 421 bigmal fragment (from position 290 to 711 bp) of
Hmx3acZ heterozygotes were generated by the Tetrapl&@® cell — the GATA-3cDNA (Ko et al.,, 1991) was subcloned into plasmid
aggregation technique essentially as described (Nagy et al., 1999TZ18R, resulting in plasmid pW191a. The antisense RNA probe was
Nagy and Rossant, 1993), using CD-1 mice to produce tetraploiglanscribed from BanHl linearized pW19la with T7 RNA
embryos. Blastomere fusion was carried out using a BLS CF-150olymerase. The RNA in situ probe for the mols$E gene was
Cell-fusion apparatus and a GPT-250 electrode chamber in 0.3 Manscribed from a cDNA fragment spanning from position 3279 to
Mannitol (Sigma). Fused embryos were transferred to a microdrop &721 bp of LIFgene (Stahl et al., 1990; Stewart, 1994).

KSOM (Specialty Media) and incubated overnight to the 2-cell or 4- ) ]

cell stage. The zona pellucida was subsequently removed witfistology and scanning electron microscopy

Tyrode’s Solution and aggregates were set up with 2-4 tetraploiBor the analysis of inner ears, mice were cardiac-perfused with 4%
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paraformaldehyde for tissue sections or 2.5% glutaraldehyde iExpression from the Hmx3/acZ allele
cacodylate buffer for SEM. Inner ears were rapidly dissected out i xpression from théimx3 gene was monitored iHmx3acz

fixative at room temperature (RT) and once the bony labyrinths h aterozvootes by staining for beta-galactosidase activity (Fi
been removed, they were fixed with shaking for 4 hours at RT an ). Theygctivity )éf the ingsertethZ tgransgene displayedya(n 9

then at 4°C overnight. The tissue was then decalcified in 10% EDT/ tical patt f . lative to th ild-t 3
at 4°C for 5 days, then dehydrated in ethanols followed by histocleéﬁien ical pattern of expression relative to the wild-typrex

(for sections) and paraffin embeddingui sections were cut and RNA distribution obtained by RNA in situ hybridization
stained with toludine blue and mounted in Permount. For SEM, duringBober et al., 1994; Rinkwitz-Brandt et al., 1995). Earliest
dissection the stapedial footplate, round window and the apex of trexpression from thelmx3a<Z allele was detected at E8.5 in the
cochlea were opened to allow fixative penetration. Following washingtic placode and the branchial arch region (Fig. 2A). During
in PBS, the tissue was osmicated in 1% osmium tetroxide, followethe next 24 hours, expression from thmx3acZ allele

by microdissection in 70% ethanol to remove the utricle, saccule angbntinues to increase in the otic vesicle and the cleft between
the utriculosaccular complex, critical point drying and sputter coatinghe first and second branchial arches (Fig. 2B-F). The
essentially as described (Lufkin et al., 1991). The area of maculgyyression within the otic vesicle at E9.5 shows an uneven
sensory epithelium for the utricles and sacculeBlmk-3wild-type —yiqqiftion, with greateB-galactosidase activity present in the

+/+, heterozygotic + and homozygotic /~ inner ears was : - .
determined by measuring the linear extent of each macula senerJgStral half of the otic vesicle, which are the group of cells that

epithelium on every fim section of serial sectioned temporal bones.fOrM the precursor to the vestibular system (Li et al., 1976,
An eyepiece grid reticule in a Zeiss Axiphot microscope was used $978). During subsequent stages of embryogenesis, the
count the number of grid boxes filled with macula sensory epitheliunimx32¢Z allele is clearly active in the central and peripheral
at 62.5xmagnification and then the grid box count was converted intdiervous systems, as well as in the developing inner ear (Fig.
an area measurement of sensory epithelium if bynthe following ~ 2G-P). Sectioning of E1318mx32°Z embryos revealed strong
formula: expression in the epithelium of the developing vestibular ducts
and no expression in adjacent cochlear epithelium (Fig. 2I-P).

n x grid box lengthx section thickness .
o =macula sensory area in rhim
1000% magnification factor

Hmx3 null animals have diminished postnatal

viability

Hmx3 heterozygotes were indistinguishable from wild-type
animals, and matings betwelmx3heterozygotes resulted in
viable Hmx3 null animals. However, among 151 offspring

wheren = number of grid boxes, grid box length = 1@, section
thickness = 7 m, magnification factor = 62.5.

RESULTS analyzed at 3 weeks of age on a mixed (C57Bk/@29/Sv)
. genetic background only 70% of the expected 1:2:1 Mendelian
Hmx3 gene targeting ratio (+/+:+/~:—/-) of Hmx3null animals were present (Table

Genomic clones containing 24 kb surrounding the Hget® 1), suggesting a decreased fitness associated witHnh3
were isolated from a lambda 129/Sv mouse genomic library byull genotype. Intermating of Hmx3ull males with Hmx3
low-stringency screening with a PCR-derived probeheterozygote females revealed a similar result among 360 3-
corresponding to the human HM¥Xameobox region (Stadler week-old offspring, with only 60% of the expectdthx3null

et al., 1992). Gene targeting constructs were prepared kimals present at this age. IntermatingHaix3 null males
inserting the neomycin-resistance casseteo) or the IRES- with Hmx3 heterozygote females and the analysis of 283
lacZ+neomycin reporter and resistané@cZneq (Li et al., embryo genotypes from stages E10.5-E18.5 showed the
1997) cassette into the unigXéol site located in theimx3  expected Mendelian ratio for heterozygotes and homozygotes
homeobox sequence (Fig. 1A). The insertion of either cassetf®able 1), suggesting that the decreased numbienoé3null
results in the truncation of the Hmx3 protein in the N-terminabnimals at 3 weeks of age was likely resulting from a
portion of the homeodomain (owing to stop codons present idiminished postnatal viability or selective culling by the
the 5' portion of each cassette), thus generating a nonmmothers.

functional or null allele. Both constructs were electroporated

into embryonic stem (ES) cells and neo-resistant colonies th&trcling behavior and inner ear defects in -~ Hmx3 null

had undergone a homologous recombination event we@himals

identified by Southern blotting. Three positive clones for théBy 2 weeks of age, 15% of th#mx3null animals on a mixed
Hmx3€° null allele and five positive clones for thinx32°Z  genetic background (C57BL/6d 129/Sv) and 91% of the
null allele were obtained. Positive ES cells were subsequentitmx3null animals on a congenic inbred (129/Sv) background
used to generate germline transmitting chimeras bdisplayed an abnormal energetic circling behavior. The severity
microinjection of C57BL/6J blastocysts (Fig. 1B). of the circling behavior varied between individuals, with the
Transmitting chimeras were backcrossed to 129/Sv mice to poiost severely affected mice circling at rates up to 176
the Hmx3 mutation on a congenic inbred background. Torevolutions per minute (rpm) for periods of several minutes,
determine that thélmx3gene was functionally disrupted, an interspersed with non-circling periods of feeding, grooming
RNAse protection assay was performed on embryo RNA usingnd sleep. The expression of Hnix3he vestibular portion of

a probe spanning the site where thep cassette had been the developing inner ear suggested a possible connection with
inserted (Fig. 1A,C). Wild-type embryo RNA protected athe circling behavior. Comparison of the dissected labyrinths
fragment of 472 bp, whereas the mutant allele protected banfiem Hmx3wild-type, heterozygote and null animals did not
of 308 bp and 164 bp (Fig. 1(-actin was used to control reveal any observable external differences in either the
for the quality and quantity of RNA. formation of the vestibular labyrinth or the cochlear duct (Fig.
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Fig. 1.(A) Hmx3wild-type locus, targeting constructs adthx3mutant alleles
Two targeting constructs were employed to mutatétin@3gene. Targeting
construct 1 has tHacZ gene followed by the neomycin-resistance geee)(
inserted into a uniqu&hol site present in the coding region of Hrax3
homeobox. This mutant allele will produBegalactosidase enzyme and a nc
functional truncatetimx3 protein. Targeting construct 2 has justrtbegene
inserted into the saméhol site. The positions of thémx3exons are indicateu
with black rectangles. The two Southern blot probes, which lie outside the targeting constructs, are indicated. The position of the probe used in
the RNAse protection analysis (see C) is shown. The sizes and positions of fragments corresponding to the wild-type and mutant alleles after
Southern blotting with probes 1 and 2 are shown at the bottom. (B) Southern blot analysis of tailtip DNAsik@wild-type, Hmx3

heterozygote andmx3null offspring. Tail DNAs were extracted, digested vBdnHI, Southern blotted and probed with either probe 1 or

probe 2 (see A). The wild-tygémx3 Bankll fragment gives a band of 17.8 kb with either probe. Himex3'®allele produces a band of 9.1

with probe 1 and a band of 8.9 with probe 2. (C) RNAse protection analy$mx#RNA expression itHmx3wild-type, Hmx3heterozygote

and Hmx3wll offspring. Antisense RNA transcripts derived from a wild-type probe fragments spanning the site used for gendtatixg the
mutations were used in a protection assay against RNAs extracted fronHERXB®ild-type, heterozygote and null embryos. The wild-type
Hmx3transcripts protect a fragment of 472 bp whereasithe3mutant transcripts protect two fragments of 308 bp and 164 bp.

—=— 164 bp mutant

qu ~=— beta-actin



3). However, microscopic examination
serial-sectioned labyrinths froldmx3 null
mice revealed that there were sev
abnormalities in the vestibular sens
receptors when compared to serial sectic
specimens from wild-type and heterozyc
animals. In both theHmx3 wild-type anc
heterozygote vestibular labyrinths the utr
and saccule come into close apposition,
always remain distinct endolymph chamb
communicating only via the utriculosacct
valve (Fig. 4A,C,E). In the vestibul
labyrinths of theHmx3null mice, the utricli
and the saccule do not remain sep:
because at the area of close apposition

is a fusion of the endolymphatic chamber
the utricle and saccule forming a comr
utriculosaccular space (Fig. 4B,D,F). 1
area of fusion into a common endolymph
chamber occurs on the underside of
utricular macula creating a common spi
which is always associated with

corresponding reduction in the sensory
area of both maculae. The measuremen
the sensory areas of the maculae of
saccule and the utricle of both tHenx3wild-
type and heterozygote vestibular labyrir
were essentially identical and therefore tt
measurements were analyzed as a single
and are shown as a histogram in Fig. ¢
comparison of the sensory epithelial aree
the utricles and saccules of themx3 null
vestibules to the normal values of the w
type and heterozygote utricles and sacc
shows a highly significant loss of sens
cells from both the macula utricul
(P<1x10° and the macula saccu
(P<1x1073). The Hmx3wll utricles have los
35% of their sensory epithelial area and
sensory areas of their saccules have

reduced by 13% (Fig. 5). All of ti
semicircular ducts were present and appe
normal in the Hmx3ull inner ears, with th
exception of the horizontal semicircular di
which lacked both a horizontal crista and
associated horizontal ampullary charr
(see Fig. 4). The anterior crista (Fig. 4G
and the posterior crista were pres
and completely normal in theHmx3
null vestibular labyrinths. Ultrastructul
examination of the utricular sens:
epithelium from Hmx3  wild-type,
heterozygote and null animals did not sl
any differences in either the otoconia or
sensory hair bundles of the maculae

shown). The expression of Hmx1, Hn
Hmx3 and zinc-finger transcription fact
GATA3were examined in the inner ears
wild-type and Hmx3wll embryos (Fig. 6
GATA3was examined in addition to tiemx
genes, because it shows specific expre:

Defects in mice lacking the Hmx3 homeobox gene

Fig. 2. Bgalactosidase expressionHimx32cZ heterozygotes during embryogenesis.
Hmx32°Z heterozygote embryos from stages E8.5-E13.5 were stainBebfiactosidase
expression as wholemounts (A-H) and then serial sectioned (I-P). In a manner identical to
Hmx3RNA expression, E8.5 embryos (A) show the earliest expressidmrgacZ,

which is seen in the otic placode (arrow) and in the developing branchial arch
(arrowhead). E9.0 embryos (B) and E9.5 embryos (C-F) show expression in the otic
vesicle (arrow) and in the cleft between the first and second branchial arches (arrowhead
in C). The expression within the otic vesicle at E9.5 and later stages shows greater
intensity in the rostral half (bracketed in E), which is the tissue that subsequently gives
rise to the vestibule. Embryos at later stages (E10.5, G) and (E12.5, H) show qualitatively
the same expression as at earlier stages, and additionally now show significant expression
in the central and peripheral nervous systems. Sagittal (I-L) or transverse (M-P) sections
of E13.5 embryos show the strongest expressidinot3acZ in the vestibular portion of

the inner ear. Strongest expression is seen within the epithelial portion of the developing
vestibule. AD, anterior semicircular duct; ED, endolymphatic duct; HD, horizontal
semicircular duct; PD, posterior semicircular duct.
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Table 1. Reduced viability ofHmx3 juveniles Hmx3 WT Hmx3 -/-
Genotype
+/+ +/- —/-
A
3-week pups 39 86 26
Ratio 1.0 2.2 0.7
B
Embryo stage
E10.5 43 38
E12.5 45 49
E14.5 29 44
E16.5-E18.5 12 20
Total 129 151
Ratio 1.0 1.2
3-week pups 219 141
Ratio 1.0 0.6

(A) The ratio of observelimx3null animals at 3 weeks of age derived
from heterozygote matings is 30% less than the predicted Mendelian ratio of
1:2:1 for a non-lethal mutation, suggesting tHatx3null homozygotes are
less viable than wild-type ¢tmx3heterozygote animals prior to this stage of Fig. 3. Macroscopic analysis éimx3null inner ear morphology.
development (Chi-square test = 5.P8:0.076; reject bihypothesis = follow Macrophotographs of whole dissected bony labyrinths from adult
N_Iendelign 1:2:1 distribution at 92% confidence level). (B) _Analysis ofthe  wild-type (A) andHmx3null circling (B) animals. Note that there are
g'osrt]:'(?;;g’(;‘teog ?gvneoefﬁ%eﬁgrgéncgigmﬁgiteerrf;{?gsfmﬁmrgrﬁ?;gs no grossly observable differences in these bony labyrinths, indicating
prior to birth (E10.5-E18.5; Chi-square test = 1730.189; cannot rejectH ghyitr;g?;&)fgg; Icl)fp i?,ig?tggf sq[:)uecstunrztsl_nxglvzna}[gﬁ c?re \c/:rr;h CcD,

hypothesis = follow Mendelian 1:1 distribution at 90% confidence level) but a ? . . . .
40% reduction irHmx3null animals by 3 weeks of age (Chi-square test= cochlear duct; HC, horizontal canal; OW, oval window; RW, round

16.9;P=3.9x10°5: reject H hypothesis = follow Mendelian 1:1 distribution at Window; S, saccule; U, utricle.
99% confidence level).

. L . fertilization and preimplantation development taking place in
throughout the otic epithelium during development (George etﬁe Hmx3 null fgmalez. When reimpla?nted into vg\]/ilrc)j-type

al., 1994)' Significantly, no discernible change in thepseudopregnant animals, the embryos recovered Iftom3
expression of any of these molecular markers was observedrm” females were able to undergo normal uterine

the Hmx3 null embryos, suggesting that within the inner ear, ; ; ;

neither the Hmx geynes ng?GATA?C% fall under the direct implantation, embryonic development and birth, and were by
' . S all criteria indistinguishable from wild-type embryos. In

regulatory control oHmx3.Interestingly, this is in contrast to : ; ;

. e contrast, when wild-type preimplantation-stage embryos
what was observed for Hngene expression within the uterus, isolated from wild-tyoe bparents were implanted into
where significant differences were observed inHhex3null ype b p

pseudopregnantimx3 null females, theHmx3 null females

animals (described below). failed to undergo a successful implantation and become
pregnant (Table 3). Normal embryonic implantation takes
Failed pregnancy in  Hmx3 null females place at E4.5, when the blastocyst hatches from the zona
The percentage of Hmx3ull males that were fertile when pellucida and attaches to the uterine endometrial epithelium.
tested is very similar to what was found for wild-type malesHmx3null females that had been naturally mated with wild-
(Table 2). However of 83 HmxBull females tested in type males were killed at stages E4.5-E12.5 and their uteri
monitored matings with wild-type males, 88% wereexamined. In the majority of uteri, no visible decidual
determined to be incapable of carrying out a normal pregnansvellings or implantation sites were observed, and dissection
or producing litters following repeated independent vaginatevealed no stromally implanted embryos (Table 3). When
pluggings. The remaining 12% of the HmraIl females flushed with medium at E5.5, embryos at approximately the
capable of producing offspring could do so repeatedlyhatched blastocyst stage (E4.5-5.5) could be recovered from
indicating that the penetrance of the infertility characteristidcdmx3 null uteri naturally mated with wild-type males. This
was stable within an individual animal (Table 2). To determinesame flushing procedure is not possible with wild-type
the time point of female infertilit)dmx3 null females were females, as the decidual swellings surrounding the embryo
mated with wild-type males and the plug date monitored. Ofimplantation sites block any flow of medium through the
successive days following plugging, thnx3 null females uterine lumen. Dissection of the uterine wall and deciduum is
were killed and the oviducts or uteri were removed and flushggbssible at this and later stages in wild-type females, and this
with medium to recover embryonic material (embryos orapproach revealed, as expected, that most of the implantation
unfertilized oocytes) that might be present. Flushingmi3  sites in wild-type females did contain an embryo embedded in
null females at E0.5-E3.5 resulted in the recovery of viablelecidual material (Table 3). Taken together, these results
cleavage-stage embryos at the appropriate gestational age auggested that the failure Bimx3null females to support a
at normal numbers relative to wild-type animals (Table 3)normal pregnancy was likely occurring around the time of
This indicated that there was apparently normal ovulatiorembryo implantation.
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Table 2.Hmx3 null females have reduced post-
implantation fertility

627

Table 3. Hmx3null females have a block at the peri-

implantation stage of pregnancy

Individuals HmMx3 Visible
capable of Percentage genotype Age of Embryos implantation Embryos Foster Pups
Hmx3 Mice successful of fertile 3 x 9 embryos  recovered sites transferre®  born
genotype Sex tested pregnancy individuals 7 - EO5 7 _
+- F 27 24 89% X == E0.5 10 -
—/- F 83 10 12% ++ x - EO0.5 6 - 14 ++ 7
+- M 11 11 100%
I 0 ++ x - E3.5 6 -
/ M & 69 93% +HH4 x - E3.5 4 -
27 wild-type and 83mx3null females were tested for their ability to i x - E3.5 8 )
. ; . B +/+ X - E3.5 8 - 22 ++ 13
become pregnant following three or more independent vaginal pluggings from
wild-type males. 88% of themx3null females proved incapable of a 4 X+ E35 4 }
successful pregnancy following this mating routine. This is in contrast to 119/, /4 E3-5 8 R
of the wild-type females who failed to become pregnant under identical X4+ E35 2 _
conditions. No significant difference was detected in the fertility o3 X+ E3.5 3 - 15 +/+ 6
wild-type andHmx3null males.
++ X+ + E3.5 6 -
++ X +/+ E3.5 8 -
+H+ X +/+ E3.5 10 -
++ X+ E3.5 9 -
. . . . A+ X+ E3.5 3 -
Histological and molecular analysis of uteri from + X H+ E3.5 8 - 44 /- 0
Hmx3 null females T TS oo To oo oo m oo
3. utl femates . n3+x+ E5.5 1 0
Hmx3 is expressed in the uterus of both non-pregnant ang+ x - E5.5 4 0
pregnant females (Figs 7 and 8). In non-pregnant tHemk3  +/+x - E5.5 0 0
transcript distribution is localized to the uterine stroma, with/**7=  E55 1 0
highest expression in cells closest to the epithelial layer of the_ , ./, E55 5 5
endometrium and expression showing a mediolateral decrease x +/+ E5.5 6 8
with increasing distance from the uterine lumeimx3 gene -/-X:ﬁ Egg 8 180
. . . —_ X -
expression changes during pregnancy, showing a markéed :
increase in the myometrial layer, and a decrease to background x - E9.5 0 0
levels in the uterine stromadmxl and Hmx2 are also ++x-- E9.5 0 0
expressed in a manner nearly identicalHmx3 however, :ﬁz:/’: Eg-g g 18
Hmx1shows a relatively lower level of expression in the non-, » E9.5 0 0
pregnant uterus comparedimnx2or Hmx3(Fig. 7). ++ x - E9.5 0 0
Several uterine developmental markers that have beert x 7~ E9.5 10 10
shown to play a role in female fertility were examined in wild-*"** 7~ E9.5 0 0
type and Hmx3null pregnant and nonpregnant uteri. The i x - E115 0 0
murineWntfamily is homologous t®rosophila winglessand ~ +/+ x +— E115 0 0
these molecules appear to be involved in cell-cell signalin ﬁi:’/: Eﬁg 8 8
(McMahon et al., 1992; Nusse and Varmus, 1992). TWee ..  gi15 0 0
genes that are specifically expressed in the adult uterus were
examined. Wnt5A has been shown to be a critical +/+x~~ E12.5 0 0
developmental control gene, and to be specifically expressgL +:j: Egg 8 8
in the uterus in a dynamic manner during pregnancy (Huguejy x /- E125 0 0
et al.,, 1995; Kuhlman and Niswander, 1997; Pavlova et al#/+ x -/~ E12.5 0 0

1994). In wild-type nonpregnant femal&gnt5Ais expressed
in the uterine stroma and very weakly in the endometria[{/
epithelium. In nonpregnantHmx3 null females, Wnt5A

The stage oHHmx3null female infertility was examined by mating wild-
pe and Hmx3wull females with wild-type oHHmx3null males. Each line
represents the results from an individual male-female mating of the indicated

expression is dramatically altered, and is strongly expressed ganotype. The dashed line indicates the division between pre- and

the endometrial epithelium and at normal levels in the strom
In wild-type pregnant animalsyVnt5A expression is most

gostimplantation stages of development. Females were killed at the indicated
ages, and oviducts or uteri were flushed with medium to collect embryos at
preimplantation stages of development or manually dissected at

pronounced in the glandular epithelium embedded in thgostimplantation stages. Preimplantation embryos were examined

stroma and in the endometrial epitheliiint5Aexpression
is also altered itdmx3null pregnant females with a dramatic

microscopically and reimplanted into either wild-typeHonx3null foster
females and allowed to develop until birth, or to E18.5 when a cesarean
section was performed. Results from the first two groups of females indicate

0\_/erall increa_se ir_1 expre_ssior_l throughout the uterine Stromgat theHmx3null females produce normal numbers of healthy embryos,
with expression increasing in stromal cells located withvhich when transferred to wild-type pseudopregnant females give rise to
increasing proximity to the myometrial layer (bracketed, Fig normal offspring. In contrast, when wild-type embryos are transferred to

7). In addition, in theHmx3 null pregnant female$Vnt5A

Hmx3null pseudopregnant uteri, no embryos survive to term. At
postimplantation stage E5.5 of development, unimplanted necrotic embryos

shows no elevated expression within the endometrialan be recovered from the uteritinx3null females. At later stages of

epithelium (Fig. 7).

development, 89% of thémx3null females show no signs of embryo

In addition to expression in the central nervous systeni!'Pantaton.
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Fig. 5. Quantification of the loss of sensory epithelium in.
the saccule and utricle. Measurements of the sensory
epithelial areas of the utricular and saccular maculae asg
determined by microscopic measurements of maculae
from Hmx3wild type (+/+n=2), Hmx3heterozygote (+
n=7) and Hmx3wll (/- n=9) inner ears. Because the
area measurements of the maculae of the +/+ and +/
labyrinths were indistinguishable from one another, they
were grouped as a single category. A comparison of the
mean percentage loss of sensory epithelial area of the
Hmx3null to the Hmx3wild type of the maculae of the
utricle showed a highly significar®€1x1079) loss of

35% and for the saccule a highly significaP{x1073)

loss of 13% of the sensory receptor area.

pithel

Sensory

w
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Fig. 4. Histological analysis of inner ear defectddmx3null mice.
Photomicrographs of toludine blue-stained sections of adult temporal
bones from wild type (A,C,E,G,I) arldimx3null circling

(B,D,F,H,J) inner ears. The sections in A-F represent the area of
close apposition of the utricle and saccule. In the wild-type inner ear,
there is always a separation of the endolymphatic spaces and
maculae of the sensory receptors (see A,C,E). In contrast, serial
photomicrographs show a fusion of these two separate sensory
receptors into a common utriculosaccular chamber (U-S) with a
contiguous endolymphatic space and a reduction in the size of the
sensory cell area of the macula utriculus (see B,D,F). Arrowheads in
D mark the origin of the fusion. It is also apparent in these serial
micrographs that the crista (HC) of the horizontal semicircular duct
is not present in the vestibular labyrinth of Hx3null animal
(compare A,C with B,D). This absence of the horizontal crista is
presented at higher magnification in (1,J). The cristae of the anterior
(AC) and posterior semicircular ducts were present and normal in the
vestibular labyrinths of thelmx3null animals. AC, anterior crista;

HC, horizontal crista; HD, horizontal semicircular duct; MS, macula
sacculus; MU, macula utriculus; S, saccule; U, utricle; U-S,
utriculosaccular space.

Wnt7Ahas previously been shown to be specifically expressed
in the adult uterus (lkegawa et al., 1996). In nonpregnant
females,Wnt7Ais restricted to the luminal epithelium and
immediately adjacent stroma, but is absent from the
myometrium or glandular epithelium. In pregnant females,
Wnt7A expression decreases in the luminal epithelium and
specifically increases in the myometrium. Hmx3 null
females, the distribution diVnt7Ain nonpregnant females is
unaltered, however, in pregnant females; the expression of
Wnt7Afails to upregulate in the myometrial layer and shows a
marked increase in the expression in the luminal epithelium
relative to wild-type uteri (Fig. 7). Wnté expressed in the
mesenchyme surrounding the luminal epithelium in
nonpregnant wild-type females, and during pregnancy shifts
expression to the myometrium and the epithelial glands. In
Hmx3 null females,Wnt4 expression is absent from the sub-
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Hmx3 +/+ Hmx3 -/- unaltered. However, in pregnant Hmxadl females, LIF fails
to show any increase in expression in the glandular epithelium,
E or in any other uterine tissue (Fig. 8). Myosin is a muscle-
- specific marker that is specifically expressed in the myometrial
layer of the uterus. The myometrium is composed of two
layers: an inner layer of circular smooth muscle and an outer
layer of longitudinal smooth muscle. Myosin is equally
expressed in the two myometrial layers. No change in myosin
expression was observed in thBnx3 null uteri, in either
pregnant or nonpregnant females, indicating there was no gross
developmental alteration of the myometrial layer. Likewise,
histological examination of thelmx3 null uteri revealed no
gross alterations of the luminal epithelium, stroma or epithelial
glands (Fig. 8).

Hmx3

DISCUSSION

A role for Hmx3 in vestibular sensory organ

specification

The inner ear originates from the otic placode, which is derived
from a thickened area of surface ectoderm adjacent to the
hindbrain. During embryonic development, the otic placode
invaginates to form a cup-like structure, which eventually
pinches closed to form the otic vesicle or otocyst.
Transplantation experiments, in vitro culturing and genetic
studies have determined that signals emanating from the
rhombencephalon are critical for the proper development of the
otocyst (Van De Water and Represa, 1991). Although the
precise signals involved in otocyst formation are unclear, it is
likely that members of the FGF cell-cell signaling family
(Fgf3) play some role in this process (reviewed in (Corey and
Breakefield, 1994; Fekete, 1996). During subsequent
development, the otocyst undergoes a series of complex
morphological changes and cytodifferentiation to give rise to
the mature components of the inner ear, which include: three
semicircular ducts oriented perpendicular to one another, and
associated sensory regions (cristae), which sense angular
Fig. 6. RNA in situ analysis of gene expression in the inner ear of acc_eleratlon, a saccu_le and utrlcle_ and a_ssouated Sen_sory
wild-type andHmx3null animals. Transverse sections through the ~ '€910NS (F"acu'ae)’ which sense gravity a_nd Ilnear a<_:ce|erat|on,
heads of E14.5 embryos are presented. (A,B) lightfield and (C-J) @nd a coiled cochlea, which senses auditory stimuli.

darkfield. The RNA in situ probe employednix3, Hmx2, Hmxand During developmentHmx3 is first expressed in E8.5
GATA3J is shown at the left. THedmx3 genotype of the embryosis  embryos in the otic placode and the branchial arches, thus
shown at the top of each column. No significant differences were making Hmx3 one of the earliest transcription factors to be

Hmx2

Hmx1

GATA3

observed in RNA distribution in the inner ear betwelemx3wild- expressed in the inner ear. During subsequent embryogenesis,
type and Hmx3wll embryos. Arrows (C,D,E,F,1,J) indicate Hmx3becomes restricted to the dorsorostral portion of the otic
expression in the semicircular ducts. Arrowhead in (G,H) shows  yesjcle and eventually to the epithelium of the developing
expression in cranial ganglia. vestibular apparatus. The extensive expressionHnfx3

throughout the vestibular epithelium might suggest possible

roles in morphogenesis of the inner ear, or in providing
luminal mesenchyme, but is instead expressed specificaljompetence for particular vestibular cell fates. In this study we
within the endometrial epithelium. Furthermore, in pregnanhave analyzed the unique genetic role ofhex3gene during
Hmx3 null females, the expression ®/nt4 is no longer embryonic development and adult lildmx3lies about 8 kb
detected (Fig. 8). away from Hmx2, and the striking similarity in their expression

Cytokine leukemia inhibitory factor (LIF) is a maternal patterns and in the sequence of their homeodomains, as well

product that is absolutely required in the uterus for propeas their close proximity on the chromosome, raises the
embryo implantation (Stewart et al., 1992). LIF is expressed giossibility thatHmx2and Hmx3nay share common regulatory
low level in the nonpregnant uterus, but at the time of embryelements and have overlapping developmental functions. To
implantation, the glandular epithelium shows a burst of LIFavoid deleting any common regulatory elementsnéegene
expression (Bhatt et al., 1991; Shen and Leder, 1992). Theas inserted into the Hmx®ding sequence. At the same time,
expression of LIF in nonpregnhakimx3null females appears the relatively weak GT1-2 enhancer (Lufkin et al., 1991) was
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used to driveneo expression in order to minimize the Brn3.1null mice revealed apparently normal morphogenesis,
possibility of enhancer/promoter effects diAmx2 and  but a complete failure of hair cell differentiation. Additionally
potentially other neighboring genes, a problem that has beenany of the supporting cell populations were absent in the
previously described for the PGK and other promoters (OlsoBrn3.1null mice, although this is likely a secondary effect of
et al., 1996; Rijli et al., 1994). The most striking aspects of théhe failed hair cell differentiation. Unlike thgrn3.1 mutant
Hmx3 null phenotype are inner ear vestibular defects andnimals,Hmx3 null mice show no overt defects in hearing
female reproductive failure. The presence of inner ear defectbility nor display any morphological or histological
is first indicated irHmx3null juveniles, which display a classic abnormalities of the cochlea. Together with its expression
shaker/waltzer behavioral phenotype of circling andpattern in the dorsal otocyst, it appears thaix3 specifically
hyperactivity (Stein and Huber, 1960). Macroscopic analysifunctions in the development of sensory epithelia of the
of the inner ears dfimx3null mice failed

to uncover an significant rc

morphological d)e!fects,g but fugrtr unpregnant pregnant - E4.5
histological analysis revealed a fusion
the utricle and saccule into a comn
utriculosaccular space, a reduction in
size of the sensory regions (maculae
both the utricle and saccule, and a comj
loss of the sensory region (crista)
associated chamber of the horizo
semicircular duct. These defects alone
sufficient to explain the circling behavio
phenotype of théimx3null mice.

Three other homeobox-containing ge
(Hoxa-1, Otxland Brn3.} have previousl
been shown to affect embryol
development of the vestibule. Hoxa-1
null mice the entire endolympha
labyrinth fails to wundergo norm
morphogenesis, resulting in  compl
disruption of the vestibular and cochl
components (Chisaka et al., 1992; Luf
et al., 1991). The effect défoxa-1on innel
ear development appears to be indirec
it is never expressed in the otocyst,
rather in the rhombencephalon adjacer
the otocyst. The primary defect koxa-1
null mice appears to be the deletion of
hindbrain rhombomeres, which norme
lie in close apposition to the develop
otocyst (Carpenter et al., 1993; Mark et
1993), likely resulting in faulty hindbrai
otocyst signaling. Interestingly, apparel
normal epithelial thickening
corresponding to cristae and maculae \
observed in theHoxa-1 inner ears
suggesting that while the over
morphogenesis was disrupted, cer
aspects of cellular differentiation remait  Fig. 7. RNA in situ analysis of altered gene expression in the utétiot3null animals.
intact. In comparison,Otx1 null mice Transverse sections of uteri in dark field view are presented. The genotype of the female is
showed complete loss of just the horizo shown at the top of each column, and whether the female was nonpregnant or pregnant (4.5
semicircular duct, with no observ days post-coitus) is indicated. The RNA in situ probe employed is shown at the far left of
changes in either the anterior or poste €ach rowHmx3and Hmx2are expressed in the stroma in wild-type nonpregnant uteri
semicircular ducts (Acampora et al., 19! (arrows) and—|.mxl-me33re all upreg_ulated in the myometrial .Iayer in wild-type (+/+) .

The Brn3.1gene is uniquely expressed pregnant uteri (arrows). The expressiotoix1, HmxzandHmx3is no longer detectable in
cochlear and vestibular hair cells of the_ uteri omex31uII females. Wnt_SAs expressed in the endometrial gplthellum and _

. . . adjacent stroma in honpregnant wild-type females and upregulates in the endometrial
inner ear. Brn3.1 nuII_ mice display epithelium and glands during pregnancy. Inkimex3null femalesWnt5Afails to
shaker/waltzer behavioral phenotype pregulate in the endometrial epithelium, but instead shows dramatic upregulation in the
circling and hyperactivity and are a stromal layerwnt7Ashows an upregulation in thémx3null nonpregnant uteri (arrow) and
completely deaf (Erkman et al., 1996). * fails to shift expression to the myometrium during pregnancy. L, uterine luminal cavity; M,
histological analysis of the inner ears myometrium; S, uterine stroma (mesometrium).
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vestibular labyrinth. Complete loss of the horizontal crista angregnancyHmx3null females can support apparently normal
partial loss of the maculae of the saccule and utricle migrembryonic development. At the implantation stage of
suggest a unique function in vestibular sensory cell fatpregnancy (E4.5-E5.5) embryos were still unattached in the
determination. Since no defects were found in the sensory hatmx3 null uteri and failed to initiate any decidualization
bundles of the maculae, it suggests that Hmey exert its reaction. The peri-implantation period is a critical step in
function prior to hair cell differentiation. Sincelmx3 is  normal pregnancy, as the majority of failed pregnancies occur
expressed at the earliest stages of inner ear development it matythis stage (Cross et al., 1994). One gene product which is
along with other genes, work to define the regions that wilbsolutely required for normal embryonic implantation is the
have the competence to give rise to different sensory receptocytokine leukemia inhibitory factor (LIF), which shows a burst
If this is the case, once the competent region is determined lof expression in the uterine endometrial glands on E4.5. Like
Hmx3, hair cell development seems to proceed imx3  the Hmx3 null animals, female mice lacking the LIF gene
independent manner. Subsequent cell lineage determinationmoduce normal embryos that can be fertilized and undergo
hair cell versus support cell is likely mediated, in part, bynormal preimplantation development but fail to implant in the
evolutionarily conserved molecules involved in cell-cell lateraluterus. When transferred to wild-type foster females, embryos
inhibition (reviewed in Fekete, 1996). In HmwBIl mice, no  from LIF null females undergo normal implantation, gestation
region is apparently competent to give rise to the horizontand birth (Stewart, 1994; Stewart et al., 1992). InHinex3
crista, resulting in the absence of this sensory organ. Howevenlll uterus, LIF fails to undergo its burst of expression during
the other developing sensory regions may be partialljmplantation. This effect alone might potentially explain the
compensated for by the function of other genes, since thegaled pregnancy phenotype of thenx3null females.
regions are able to develop into the maculae of the saccule andTwo other homeobox genes (Hoxa-40d Hoxa-11) have
utricle, with only a partial loss of sensory cells. Lack of abeen shown to play a critical role in female fertility.Hoxa-
phenotype in the other two semicircular ducts might beéO0null mice, failed pregnancy results, in part, from an anterior
interpreted by an overlap in function witimx2, since it is homeotic transformation of the proximal portion of the uterus
strongly expressed in these structures. It can be expected tirab tissue resembling oviduct (Benson et al., 1996; Satokata
the double knockout ofimx2 and Hmx3will show a more etal., 1995). The anterior transformation is not the only critical
severe phenotype than either single knockout, since thefactor, however, because implantation of wild-type embryos
overlapping expression patterns and highly similainto the morphologically normal region of ttéoxa-10null
homeodomains suggest they may function either redundantiyterus still resulted in a failed pregnancy, suggesting that other
or synergistically. In contrasmxlis unlikely to contribute factors important for normal embryonic support are under the
directly to inner ear development, as it is never expressed gontrol of Hoxa-10. Interestingly, the expression of LIF was
this structure (Yoshiura et al., 1997). The roléloix3in inner  unchanged in Hoxa-1®ice, suggesting that some mechanism
ear development and pregnancy may be a recently acquirether than the LIF-mediated cascade was being perturbed. The
developmental function allmx genes are present in many effect on maternal reproductive failure Hoxa-11null mice
species (e.ddrosophila) that have no anatomical equivalent towas different from Hoxa-10. In Hoxa-11 null females
the organs affected iHmx3null animals. On an evolutionary development of stromal, decidual and glandular cells was
scale, the mammalian inner ear and uterus represent twieficient at early gestational ages (Gendron et al., 1997; Small
relatively newly evolved organs, and the roleHmx3in the  and Potter, 1993). Furthermore, tHexa-11null uteri were
development of these structures may represent a more recenilyresponsive following pseudopregnancy to steroid-induced
acquired function relative to the original role of the ancestraliterine stromal and glandular cell proliferation and to oil-
Hmx gene. All three Hmx genes are expressed in aninduced stromal decidualization. Additionally, tii#oxa-11
overlapping fashion in the central and peripheral nervousull females, like thedmx3null females, fail to show a burst
systems, which may portray the ancestral developmental rot# LIF expression at the time of implantation.
of this gene family. The absence of a discernible nervous The expression dfimx3in the uterus during pregnancy is
system phenotype in thémx3null animals may be related to dynamic. In nonpregnant femaldsmx3is expressed at low
the ancient origin of the nervous system and the inherefgvels in the uterine stroma with higher levels closer to the
functional overlap between gene family members, which igpithelial lumen. During pregnanéymx3shows a shift to the
usually associated with genome evolution (Sidow, 1996).  uterine myometrial layer accompanied by a dramatic
upregulation of expression. This upregulation in the
Hmx3 and maternal reproductive defects myometrium is also observed for bd#tmx1and Hmx2The
Another important aspect éfmx3gene function is its role in  significance of the shift diimx3expression from the stroma
female reproduction. AlthoughHmx3 null males showed to the myometrium is currently unknown, but the genetic
equivalent fertility relative to wild-type and heterozygousanalysis performed here demonstrates that the expression of a
males, 88% of théimx3 null females proved incapable of a functional Hmx3 gene is definitely required for normal
successful pregnancy despite repeated independent vagiimaplantation. Interestingly, althougHmxl, Hmx2and Hmx3
pluggings from wild-type males. Examination of the time pointare no longer expressed in thienx3 null myometrial layer,
of pregnancy failure revealed tHdinx3null females produce there was no obvious change in the expression of the
normal oocytes that can be fertilized and undergo normahyometrial smooth muscle marker myosin, indicating that the
preimplantation development. When transferred to wild-typenyosin is likely to fall into a regulatory cascade independent
pseudopregnant females, preimplantation embryos isolated the Hmx genes. The fact that the levels of expression of
from Hmx3 null females developed to term at normal HmxlandHmx2were both downregulated in the uteri of Hmx3
frequencies, indicating that prior to the implantation stage ofiull uteri suggest a possible cross or autoregulatory role for the
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unpregnant pregnant - E4.5
-/-

wnt4

Fig. 8. Histological and molecular analysis of .
uterine defects in Hmx3 null animals. (Top) ~ MYyo0sin
Transverse sections of uteri in dark field view

are presented. The genotype of the female is

shown at the top of each column, and pregnancy
status: nonpregnant or pregnant (4.5 days post-

coitus) is indicated. The RNA in situ probe

employed is shown at the far left of each row.

(Bottom) Hematoxylin and eosin-stained

sections. Low power view (above) and high

power view (below). In wild-type animals, both
WhntdandLIF are strongly upregulated in E4.5

glandular epithelium (arrows). lHmx3null

females, no upregulation of eithémt4or LIF

is detected. The expression of myosin is

unaffected in théimx3null femalesHmx3null

females show an apparently normal uterine

histology and the epithelial glands appear
indistinguishable from wild type.

Hmx genes in the uterus. Cross-regulation and autoregulatidghe other Hmgenes, in addition téoss-of-functionalleles,

of homeobox genes has been well characterized, particulargqually insightful information will likely be provided from

in the case of thelox homeobox genes (reviewed in (Lufkin, gain-of-functionstudies. Additionally, continued investigation

1997). of the role of thedmxgenes in other species will only enhance
Although there were no obvious histological abnormalitiesour understanding of the conserved developmental role of this

in the Hmx3ull uteri, analysis at the molecular level revealedgene family.

significant perturbations in gene expression. Three members of

theWntgene family were examined and all showed alterations We would like to Scott Stadler, Koh-ichiro Yoshiura and Jeff

in their expression patternd/nt5Ais normally upregulated in Murray for providing the human and mouisi#1X1 clones and for

the endometrial epithelium and the epithelium of the deeéﬁ'm”'at".‘g discussions, David Sassoon for comments on the

glands in wild-type pregnant females. In contrastrimx3null anuscript and providing in situ probes, Doug Engel, Colin Stewart

tf | N | lated in th and Andy McMahon for RNA in situ probes and Maria Nikolova for
pregnant femalesWnt5A is no longer upregulated in the iocpnicai assistance. This work was supported in part by a grant from

endometrial epithelium or the epithelium of the deep glandspe NjH (T. L) and the Hearing Research Fund of the Montefiore
but rather shows a widespread activation throughout all th@edical Center (T. R. V.).

cells of the uterine stroma. BotWnt4 and Wnt7Anormally

show an upregulation in wild-type pregnant uteri; however in

Hmx3null uteri, both genes fail to be activated. Taken togetheREFERENCES

with the results of LIFHmx1andHmx2,we can conclude that
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