INFORMATION TO USERS

This manuscript has been reproduced from the microfilm master. UMI
films the text directly from the original or copy submitted. Thus, some
thesis and dissertation copies are in typewriter face, while others may be

from any type of computer printer.

The quality of this reproduction is dependent upon the quality of the
copy submitted. Broken or indistinct print, colored or poor quality
illustrations and photographs, print bleedthrough, substandard margins,
and improper alignment can adversely affect reproduction.

In the unlikely event that the author did not send UMI a complete
manuscript and there are missing pages, these will be noted. Also, if
unauthorized copyright material had to be removed, a note will indicate
the deletion.

Oversize materials (e.g., maps, drawings, charts) are reproduced by
sectioning the original, beginning at the upper left-hand corner and
continuing from left to right in equal sections with small overlaps. Each
original is also photographed in one exposure and is included in reduced
form at the back of the book.

Photographs included in the original manuscript have been reproduced
xerographically in this copy. Higher quality 6” x 9 black and white
photographic prints are available for any photographs or illustrations
appearing in this copy for an additional charge. Contact UMI directly to

order.

UMI

A Bell & Howell Information Company
300 North Zeeb Road, Ann Arbor MI 48106-1346 USA
313/761-4700 800/521-0600

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Cloning, characterization and genetic analysis of
the Hmx genes, a novel homeobox gene family
required for sensory organ development and
maternal reproduction

by

Weidong Wang

A dissertation submitted to the Graduate Faculty in Biomedical Science in
partial fulfillment of the requirements for the degree of Doctor of
Philosophy, The City University of New York

1998

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



UMI Number: 9820589

Copyright 1998 by
Wang, Weidong

All rights reserved.

UMI Microform 9820589
Copyright 1998, by UMI Company. All rights reserved.

This microform edition is protected against unauthorized
copying under Title 17, United States Code.

UMI

300 North Zeeb Road
Ann Arhor, MI 48103

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



© 1998

Weidong Wang

All Rights Reserved

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



This manuscript has been read and accepted for the Graduate Faculty in
Biomedical Science in satisfaction of the dissertation requirement for the
degree of Doctor of Philosophy.

(91987 74N

Dr. Francesco Ramirge———~—}

Date Chair of Examining Committee
- .
') v I <9 Dr. Terry A. Krulwich
Date ' Executive Officer u

Dr. Manfred Frasch

Dr. Thomas Lufkin

Dr. Jov Reidenberg

Dr. Thomas Van De Water
Supervisory Committee

THE CITY UNIVERSITY OF NEW YORK

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



iv

Abstract

Cloning, characterization and genetic analysis of the Hmx genes,
a novel homeobox gene family required for semsory organ
development and maternal reproduction

by
Weidong Wang

Adyvisor: Dr. Thomas Lufkin

Three novel homeobox genes were isolated, one from Drosophila melanogaster
(Drosophila Hmx gene) and two from mouse (murine Amx2 and Hmx3). The striking
similarity between the homeodomains of these three genes and the previously identified
genes, TgHbox5, gH6, human H6 as well as recently cloned mouse Hmx/ gene together
with the low level identity to other homeobox genes indicate that the Hm.x genes are a novel
gene family.

Hmx| is assigned to the proximal region of mouse Chromosome 5. Hmx2 and Hmx3
are closely linked on the distal region of mouse Chromosome 7. In addition to their similar
expression in the central and peripheral nervous systems, Amx2 and Hmx3 show identical
expression patterns in sensory organ related structures. Hmx3 is one of the earliest markers
for vestibular inner ear development, and is also up-regulated in the myometrium of the
uterus during pregnancy. Mice lacking Amx3 exhibit abnormal circling behavior owing to
severe vestibular defects. Histological analysis indicates 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 of these Hmx3 null mice. The majority of Hmx3 null females are infertile, even

though they show normal ovulation and fertilization. Embryos fail to implant successfully

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



\"

in the Amx3 null uterus and subsequently die. Transfer of preimplantation embryos from
Hmx3 null uterine horns to wildtype pseudopregnant females results in successful
pregnancy, indicating a failure of the Amx3 null uterus to support normal post-implantation
development of the embryos. Molecular analysis reveals a perturbation in Hmx, Wnt and
LIF gene expression in the Amx3 null uterus. Interestingly, expression of both Hm.x/ and
Hmx2 is down-regulated in the Amx3 null uterus, suggesting a regulatory hierarchy exists
among the Amx genes during pregnancy.

Mice carrying disrupted Hm.x2 and Hmx3 genes display a more severe phenotype than
Hmx3 null mice. The double knockout results in perinatal lethality. The few surviving

offspring show a complete loss of balance. severe developmental retardation and premature

death.
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Introduction

The homeobox was originally described in Drosophila melanogaster as a highly
conserved nucleotide sequence. The homeodomain encoded by the homeobox shows a
typical helix-turn-helix DNA-binding motif and binds target DNA in a sequence-specific
manner (Kissinger et al.. 1990). Proteins containing homeodomains likely function as
transcriptional regulators. Based on the conservation of the homeobox. a growing number
of homeobox genes are being found. The functions of some of these genes have been
extensively investigated.

In Drosophila, the well-documented Antennapedia-Bithorax genes (referred to as
HOM-C) are involved in body plan patterning. Genes in HOM-C are clustered and the
temporal and spatial expression of these genes is colinear with their position along
chromosome 3. Generally, genes at the 3' end in the complex are expressed earlier and at
more rostral regions than those at 5' end. For example, the most 3° gene in the complex.
labial, is expressed most anteriorly with respect to other genes in the cluster (McGinnis and
Krumlauf, 1992). Normal function of genes in HOM-C is required for the identity of
regions from the abdomen to the posterior part of the head. Null mutations of most HOM-C
genes cause the transformation of a segment to a more anterior phenotype. Interestingly,
the affected regions in the null mutants of these genes correspond to the anterior-most
domains of each gene’s expression. The null Antennapedia mutation is lethal and embryos
possessing this mutation show homeotic transformations. Ectopic expression of
Antennapedia in the head can induce the development of legs next to the eyes in the place of
antennae. Combined with the data obtained from other homeotic genes, these homeobox
genes can provide positional information specifying the identity of Drosophila segments
along the anteroposterior (A-P) axis. Additional evidence shows that homeobox-containing
genes are also involved in the development of the head region and in specifying identity

along the dorsoventral (D-V) axis.
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Many homeobox genes have been isolated from higher animals. Homeobox genes can
be classified into distinct gene families based on similarities in their homeodomains. In
vertebrates. the best-studied examples of homeobox genes are the mouse Hox genes. The
Hox genes are clustered on 4 different chromosomes (McGinnis and Krumlaut, 1992). The
genomic organization of Hox genes within each cluster and the timing and pattern of an
individual gene’s expression are strikingly similar to those of the paralogues in HOM-C of
Drosophila. As in the fly. the most 3' Hox gene in each cluster. such as Hoxb-/ in the
Hox-B complex. is expressed earliest and in the most anterior region. whereas the 5’ most
gene, such as Hoxb-9, is expressed latest and in the most posterior region. The
anteriormost boundaries of Hox genes are located in the hindbrain. No expression of Hox
genes has been detected beyond the mid-hindbrain boundary.

Like the Antennapedia-Bithorax genes in Drosophila. Hox genes are involved in body
plan patterning along the A-P axis in the hindbrain and trunk regions. Patterning of the
vertebrate hindbrain also involves segmentation. Rhombomeres set up different
microenvironments to induce the cells to adopt different regional identities. Rhombomere
segmentation has been demonstrated to play roles in developmental events including the
migration patterns of sensory and motor neurons (Krumlaut. 1993). Besides its role in
patterning the central nervous system. rhombomere segmentation is important for
craniofacial development. For example. tissues in the branchial arches are derived from the
hindbrain rhombomeres. In chick embryos. cranial neural crest migration was followed by
using a vital dye (Dil) to trace positional fates of the neural crest, demonstrating that crest
cells in branchial arches 1, 2 and 3 came trom rhombomeres 2, 4, 6 respectively (Lumsden
et al., 1991). Expression patterns of Hox genes show that the most rostral expression
domain always stops at a boundary between rhombomeres. For example. the rostral
boundary of Hoxa-1 is located at the rhombomere 3/4 boundary. The functions of Hox

genes in A-P axis body patterning have been investigated by either ectopic expression or by
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disruption through homologous recombination in embryonic stem (ES) cells. As with
Drosophila HOM-C genes. ectopic expression of some Hox genes can cause homeotic
transformations. Expression of Hoxd-# under the control of the Hoxa-/ promoter results in
a homeotic transformation of the occipital bones into a more posterior structure (Lufkin et
al.. 1992). As in Drosophila, mice carrying null mutations in Hox genes show defects in
their anterior regions of expression. Disruption of Hoxa-/ in the mouse results in
abnormalities in tissues derived from rhombomeres 4-7, including craniofacial structures
such as the inner ears and certain cranial ganglia (Lufkin et al.. 1991). Evidence thus far
indicates that homeobox genes in Drosophila and vertebrates are highly conserved both
structurally and functionally. Even their regulatory elements are evolutionally conserved to
some extent. For instance. a murine rhombomere 2-specific enhancer can direct a lacZ
reporter gene to be expressed in the corresponding region in Drosophila (Frasch et al..
1995). Studies on Drosophila homeobox genes may provide informative clues regarding
the functions of their vertebrate homologues.

Homeobox-containing genes also play some roles in the dorsoventral patterning of
the central nervous system (CNS) in vertebrates. Paired-box genes. Pax3 . Pax6 and Pax7
each contain a paired box and a homeobox. These genes are all expressed in the central
nervous system. Longitudinally. the expression domains of these genes cover the regions
from the caudal diencephalon to the spinal cord. For the Pax6 gene. transcripts can be
detected even in the forebrain. Both Pax3 and Pax7 are expressed in the dorsal neural tube,
with Pax3 restricted to the roof plate. Normal function of Pax3 is important for neural tube
closure. In the developing spinal cord. Pax6 is restricted to the ventral region of the neural
tube. The dorsoventrally restricted expression pattern of these three Pax genes, established
by diffusible factors from the notochord and tloor plate, may be responsible for neural

differentiation along the dorsoventral axis of the neural tube (Goulding et al.. 1991 and
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1993). Besides its expression in the CNS. Pax6 also plays a critical role in eye
development.

A great deal of information has accrued regarding the involvement of homeobox genes
in midbrain and forebrain development. In Drosophila, empty spiracle. orthodenticle and
Distal-less are expressed in specific regions rostral to the anterior-most HOM-C expression
domains. The null mutant of orthodenticle displays severe deletions in the head region
(Wieschaus et al.. 1992). Mouse homologs of these genes. referred to as Emx. Orx and
Dlx respectively, have already been cloned. The expression patterns of these genes strongly
suggest that they may be involved in development of the rostral brain. since messengers
corresponding to these genes can never be detected in the hindbrain and the trunk regions.
Otx!, Otx2. Emx/ and Emx2 show nested expression patterns, in which Orx2 is expressed
earliest and with an expression domain completely encompassing those of the other three

. genes. Onx2 is first detectable at E embryonic day 5.5 (ES.5) in the entire embryonic
ectoderm. During gastrulation. its expression is restricted to the anterior region of the body.
At later stages. Orx2 is expressed in several regions of the telencephalon. diencephalon and
mesencephalon, including the rostral cortex. optic stalk and noncortical basal ganglia
(Simeone et al.. 1992). Early and extensive expression of the Orx2 gene suggests that it
may play a more important role in brain development than Otx/. Emx/ and Emx2. Orx/
null mice survive even though abnormalities can be seen in the cortex. mesencephalon and
cerebellum (Acampora et al.. 1996). However, inactivation of the Ox2 gene caused the
absence of brain structures anterior to rhombomere 3 (Matsuo et al.. 1995; Ang et al..
1996; Acampora et al.. 1995). Emx/ and Emx2 are mainly expressed in the primordia of
the cerebral cortex in the central nervous system (Simeone et al.. 1992). Knockout
experiments have shown the requirement of Emx2 for normal dentate gyrus development

and hippocampal formation (Pellegrini et al., 1996). Some genes in the Dlx family may
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also be involved in forebrain development. but these genes are also detectable in limb
ectoderm and the branchial arches (Price et al.. 1991 and 1993: Qiu et al.. 1995 and 1997).
Unlike the Hox genes in the hindbrain and trunk region. and Emx and Otx in the
midbrain and forebrain, some other homeobox genes are not restricted to specific regions
and show no obvious axial patterning activity. These genes may be required for the
determination of cell fate in the regions where they are expressed. Certain members of the
Nkx gene family have been shown to be required for heart and visceral mesoderm
specification (Evans et al.. 1995: Lints et al.. 1993). Knockout of the Nkx2.5 gene in
mouse results in abnormal development of the heart. The Drosophila sine oculis homeobox
gene is required for pattern formation of the eye disc and development of the optic lobes.
However. its murine homologs. Six/ and Six2. show expression only in connective tissue
and muscle precursor cells (Oliver et al. 1995a), suggesting that some members of this
gene family have acquired a new function during evolution. The other member of Siv/sine
oculis family. Six3, retains its original function in eye development (Oliver et al.. 1995b).
The initial goal of my project was to isolate and characterize homeobox gene(s)
involved in craniofacial and sensory organ development. Generating animal models for
human inherited diseases has proven to be useful in investigating the molecular basis of
these diseases. For example. the Splotch mouse which carries null mutations in Pax3 has
severe malformations of the CNS and is a good animal model for Waardenberg's syndrome
in humans (Epstein et al.. 1991 and 1993). Mice heterozygous for mutant Pax6 (called the
Seyv mouse) have small eyes. The Sey mouse is considered homologous to aniridia (lack of
iris) in humans (Hill et al., 1991). The deafness of shaker-/ mice is caused by a mutation
in the myosinVII gene which is located on mouse Chromosome 7. Interestingly. humans
with Usher syndrome show similar phenotypes to shaker-I mice in neuroepithelial-type
hearing impairment and vestibular dysfunction. Characterizing the human counterpart of the

myosinVII gene in the patients confirmed that the same gene was responsible for this kind
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of deafness in both mouse and humans (Weil et al., 1995). Accumulation of information
obtained from these animal models will facilitate the process of identifying pathogenic
genes for human inherited diseases. The expression of two other homeobox genes. Msx/
and Msx2, suggests their involvement in brain and craniofacial development. Both genes
are expressed in the developing skull bones, teeth. roof plate of the neural tube and eyes of
developing embryos. Msx/ knockout mice provide direct evidence of the involvement of
Msx! in the proper differentiation of membranes and the alveolar bones of the head and
face, and as well as in tooth and middle ear development (Sakokata and Mass. 1994). In
humans, a missense mutation was determined to result in a familial tooth agenesis
(Vastardis et al., 1996). Msx2 is also detectable in neural crest-derived mesenchyme.
Mutations in the human MSX2 gene result in the craniosynostosis syndrome characterized
by the premature fusion of calvarial sutures (Jabs et al.. 1993).

Epilepsy is a visible marker of cerebral dysfunction. Inherited epilepsies. because of
the likelihood of a genetic basis, are of particular interest to many investigators. By
definition, the epilepsies are caused by a specific subset of cerebral dysrhythmias
characterized by disorders of recurrent, spontaneous and aberrant synchronization in the
neural networks (Noebels. 1996). Epileptic seizures normally initiate in the cerebral cortex.
then spread to the hippocampus. from which they affect other brain regions. The neuronal
hyperexcitability is always accompanied by abnormal levels of neurotransmitters, such as
acetylcholine, glutamate, glutamine, and aspartate. Two widely accepted criteria to classify
epilepsies are based either on their anatomic origin or on cause. Regarding cause, epilepsies
are either “symptomatic™ (caused by brain disorders or trauma) or “idiopathic™ (normally
genetic in origin). Considering origin, epilepsies are categorized into “partial” and
“generalized”. which can be distinguished by clinical and eletroencephalographic
information. Partial epilepsies originate from a restricted region of the cerebral cortex,

whereas generalized epilepsies involve a hyperexcitability of the entire cortex which is
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thought to be mediated by the thalamus (Ryan, 1995). It has been taken for granted that
idiophatic generalized epilepsies are genetic in origin. Recent studies have also confirmed
that partial epilepsies can be inherited. even though most cases of partial epilepsies are
associated with brain lesions (Ottman et al.. 1995). Investigating the cellular and molecular
mechanisms of epileptogenesis has the potential to lead to tremendous benefits in diagnosis
and treatment. as well as genetic counseling. Unfortunately. so far. slow progress has been
made to map epileptic loci and clone epileptogenic genes in humans. The major challenges
confronted by researchers are small family size. heterogeneous phenotypes. variable
expressivity, and complex inheritance (Frankel et al.. 1994). In most cases. the distribution
of epilepsy patients in the family does not follow Mendelian patterns of inheritance.
suggesting most epilepsies are polygenic or multifactorial in origin. Complexity resulting
from the involvement of multiple loct hampers the progress in identifying human epileptic
genes. Until now. only a few epileptic loci have been mapped. For example. benign
neonatal epilepsy (EBN1). the juvenile type of Ceroid lipofuscinosis. and Northern
epilepsy syndrome (EPMR) are linked to genetic markers on Chromosome 20q. 16p, and
8p. respectively (Leppert et al.. 1989: Ryan. 1995). A partial epilepsy. Nocturnal frontal
lobe epilepsy. is mapped to Chromosome 20q. A novel inherited epilepsy associated with
auditory symptoms is linked to genetic markers on chromosome [0q (Ottman et al.. 1995).
Coincidentally, the human HMX2 gene is located close to that region (Stadler et al.. 1995).

In the mouse, the introduction of transgenic techniques has resulted in a breakthrough
in the identification of genes responsible for epilepsy. Much attention has been focused on
ion channels. neurotransmitters and their receptors. Disruption of mKv/./. a gene
encoding a subunit of a delay rectifier K™ channel, results in a lethal epilepsy phenotype
(Smart et al., 1995, Soc. Neurosci., abstract). mKv/./ null mice fail to repolarize their
presynaptic axon termninal, subsequently resulting in excess release of neurotransmitters.

Tissue nonspecific alkaline phosphatase (TNAP) catalyzes the reaction of converting
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pyridoxal phosphate (plp) to the nonphosphorylated form of vitamin B6 that can cross cell
membranes. Disruption of the TNAP gene results in the elevated level of plp in the serum
and dramatic reduction of plp level in the brain. Pyridoxal phosphate (plp) is a cofactor for
glutamic acid decarboxylase, which synthesizes GABA. Reduction of GABA levels in the
TNAP null mice results in lethal tonic-clonic seizure (Waymire et al.. 1995). Serotonin (5-
hydroxytrytryptamine, 5-HT) is a monoaminergic excitatory neurotransmitter which exerts
its function in the mammalian nervous system via a large family of receptor subtypes.
Targeted disruption of one of its receptors., 5-HC,,, results in epileptic seizures in addition
to abnormal eating behavior in mice. suggesting the inhibitory effect of 5-HC,, in neuronal
network excitability elicited by serotonin (Tecott et al., 1995). In the nervous system.
normal levels of the excitatory neurotransmitter glutamate are maintained by the activity of
its transporters. Nonfunctional transporters fail to remove glutamate from the extracellular
space. resulting in increased levels of glutamate in the brain. Mice carrying null glutamate
transporter GLT-/ gene exhibit epilepsy and exacerbation of brain injury (Tanaka et al..
1997). Ample evidence indicates that epileptic activity stimulates alterations in neuronal
gene (e.g. BDNF and NT3 etc.) expression, which subsequently changes the levels of
excitability and. hence, inducing further seizures. For example. patients with temporal lobe
epilepsy show increased expression of glutamic acid decarboxylase in interneurons of the
hippocampus (Schwarzer and Sperk. 1995). Overexpression of glutamic acid
decarboxylase induces the increase in GABA synthesis. subsequently the increased GABA-
ergic transmission. It is reasonable to predict that, by examining and cloning these
epilepsy-induced genes, new candidate genes for epilepsy can be identified and promising
targets for gene therapy can be obtained.

Products of homeobox genes are also important players in epileptogenesis. Since
homeobox genes are primarily expressed at embryonic stages, their epileptogenic effects

may not directly involve neurotransmitters or their receptors, but most likely are associated
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with abnormalities in brain structures during early development. Orx/ null mice display
epileptic behavior with the characteristics of both partial and generalized seizures
(Acampora et al.. 1996). Anatomical and histological analyses revealed that Orx/ knockout
mice show size-reduced cortex. volume-increased mesencephalon and extra lobule(s) in the
cerebellum (Acampora et al.. 1996). Expression of murine Fmx2 in the developing
neuroblasts of the cerebral cortex suggests a function in brain development (Simeone et al..
1992). Schizencephaly is a developmental disorder caused by a cell migration anomaly
showing a full-thickness clett within the cerebral hemispheres. Patients with severe
schizencephaly exhibit seizures and severe neurological defects. Schizencephaly is linked to
EMX?2 homeobox gene by the finding of mutations in the affected patients. Mutations at 3’
splicing sites. as well as by trameshifting result in abnormal EMX2 products (Brunelli et
al., 1996: Granata et al.. 1997). Patients heterozygous for these mutations exhibit clinical
signs. Correlation of schizencephaly with mutations in EMX2 suggests EMX?2 is a good
epileptic gene candidate. Epileptic behavior in our AmxJ3 null mice. combined with its
expression in the hypothalamus and mapping to the syntenic region of human epileptic loci.
makes Hmx3 gene a novel homeobox gene involved in epileptogenesis.

Development of the mouse eye can be described as follows. At E9.0. two groups of
neuroepithelium cells evaginate laterally from the ventrolateral wall of the diencephalon.
The eye primordium is formed, containing the evaginating neural tube and underlying
endoderm derived from the forebra::. Tki~ su~ .= ¢ canae the optic vesicle. The optic
vesicle is connected to the diencephal:i. = the ovric :ralk. SWhen the eye primordium
contacts the surface ectoderm, signals from tac eyz primordium induce the thickening of the
surface ectoderm, which subsequently torms tae lens placode. At E10.0, the lens placode
rounds up into a lens vesicle and reciprocally forces the invagination of the optic vesicle to
form a double-layered optic cup. At later stages (around E15.0), lens vesicles pinch off

from the epidermis. The position of the lens relative to the optic cup is precisely
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coordinated. Unlike the lens. which is comprised of fiber and epithelium. the retina has a
complicated composition and structure. The outer layer of the optic cup differentiates into
the pigmented retina. whereas the inner layer forms the neural retina. Detailed analyses
show that the neural layer contains a variety of cell populations. including glia. ganglia
neurons and photoreceptor neurons. Signals (light and color) received by photoreceptors
are transmitted to the ganglia cells via the bipolar interneurons. Finally. signals are sent to
the CNS by the optic nerves (Gilbert. [1994).

Several homeobox genes involved in the patterning of the eye have been found. The
Pax6 gene seems to be a master gene in the eye development. Null mutations of the
Drosophila Pax6 homologue. eveless, result in loss of the eyes. In the mouse eye. Pax6 is
expressed in both the lens and retina (Walther and Gruss. 1991). Some human patients
with aniridia show the mutations in PAX6 (Jordan et al.. 1992). Mice with a Pax6 null
mutation are not viable and do not develop eyes. Pax2. a paired box gene lacking a
homeobox is also expressed in the ventral half of the optic cup. stalk and optic nerve
(Nornes et al., 1990). Mutations in the PAX2 gene have been reported in patients with
optic nerve colobomas (Sanyanusin et al., 1996). The Six3 homeobox gene is mainly
expressed in neuronal structures. including the optic recess in the ventral forebrain (Oliver
et al.. 1995). The product of this gene may function as an transcriptional regulator of the
inductive signaling molecules required for vertebrate eye development. Ectopically
expressed murine Six3 induced ectopic lens formation in the otic vesicle in fish embryos
(Oliver et al.. 1996). Unlike the Pax6 gene, some other homeobox genes may not be
directly involved in morphogenesis of the eyes, but are still required in cell-specific fate
determination. Expression of the mouse homeobox gene Chx/0 is restricted in the anterior
region of optic vesicle and the neuroblasts in the optic cup during early embryogenesis (Liu
et al., 1994), suggesting its potential function in the determination ot the neuroretina and

inner nuclear layer. Msx/ and Msx2 are expressed in different regions of the inner layer of

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1l

the optic cup at different stages. suggesting that they may play some role in eye
development (Monaghan et al.. 1991). Msx2 is expressed in the surface ectoderm and the
optic vesicle at E 9.5. Msx/ is restricted to the regions that form the ciliary body after
formation of optic cup. But Msx/ knock out mice do not show obvious defects in the eyes
(Satokata and Maas. 1994). An explanation is that some other gene(s) may function
redundantly. Recent results obtained from antisense attenuation contradict the above
observation, since knock-outs of either Msx/ or Msx2 by antisense oligos result in eye
anomalies. Furthermore. double knockouts of both genes did not show novel defects
compared with the single knockouts, suggesting no functional redundancy existing
between these two genes (Foerst-Potts et al.. 1997).

Initiation of inner ear development in the mouse is induced by interactions between
signals from the chordal mesoderm and otic epithelium. The otic placode. a thickening of
surface ect¢derm on the lateral hindbrain becomes competent to invaginate and pinchs off to
form the otic vesicle. At this point. a subset of cells in the ventral part of the otic vesicle.
which are isler/-positive, have committed themselves to develop into the neurogenic region
and start delaminating from the otic vesicle. subsequently converging into the VIIth
ganglion. The invasion of neurites from the acoustic ganglion into the otic epithelium
enables outside signals to be transmitted to the acoustic region in the rhombencephalon
(Ekker et al. 1992; Gilbert. 1994). The remainder of the otic vesicle (nonneurogenic
portion) undergoes elongation and distortion to form the three sensory systems ot the inner
ear. During this complex morphogenetic process. cells in the otic vesicle continue to
proliferate and become specified to one of a variety of cell tates. Some cells (in the sensory
regions) become determined to develop into sensory patches, whereas the nonsensory
regions will give rise to the overall structures of the inner ear, like the semicircular ducts,
cochlea, stria vascularis, and the endolymphatic duct and sac. The sensory patches contain

the hair cells, whose function is to convert mechanical vibration into electrochemical signals
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for hearing and balance (Corwin et al.. 1993). The dorsal portion of the otic vesicle gives
rise to the vestibular structure and the ventral part develops into the cochlear labyrinth. Six
epithelia comprise the three sensory systems in the inner ear. The three cristae in the three
semicircular canals are the sensory organs for detecting angular acceleration. The maculae
in the saccule and the utricle are responsible for sensing linear acceleration (gravity). Sound
pressure is received by organ of Corti in the cochlea (Fritzsch et al.. 1997). Malformation
of the inner ear structures can lead to abnormalities in hearing and balance and related
behaviors. For example. shaker-! mutant mice exhibit circling. head tossing, deafness. and
hyperactivity. Examination of the shaker-/ mice revealed degeneration of the organ of
Corti. the spiral ganglion. and the stria vascularis in the cochlea. and of the saccular macula
and the vestibular ganglion in the vestibular labyrinth (Kikuchi et al.. [967).

Many gene products have been shown to be involved in otogenesis. Inductive signals
from both the underlying rhombomeres and from the otocyst itself are required for the
formation and function of the inner ear. kreisler mutants result from the chromosome
inversion of krm/ gene on mouse Chromosome 2. The krm/ gene encodes a novel basic
domain leucine zipper transcription factor. [n wild type mice. the krm/ gene is only
expressed in the neural tube adjacent to the otic vesicle. but not in the otocyst at the
beginning of otogenesis (Deol. 1964: Cordes and Barsh. 1994). In kreisler mutant mice.
abnormal segmentation and cell degeneration in the fourth rhombomere lead to the
misplacement of the otic vesicle. Malformed vestibule and cochlea result in deafness and
the typical shaker/waltzer phenotype of kreisler mice. In addition to the defects in the
central nervous system. Hoxa-/ null mice also exhibit severe morphogenetic maltormation
of their inner ears characterized by the absence of a cochlear labyrinth and semicircular
canals (Lufkin et al., 1991: Chisaka et al.. 1992). Since Hoxa-! itself is not expressed in
the otic vesicle, these defects in the inner ear might be caused by secondary effects due to

the absence of correct inductive signals from the underlying rhombomere. Malformation of
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the external. middle or inner ears as a result of craniofacial malformations results in a kind
of hearing impairment similar to Treacher Collins syndrome (Dixon et al.. 1996 and 1997).
Otx! is expressed in many regions in the forebrain. midbrain and developing inner ear. In
addition to the defects in the brain. Orx/ null mice show the absence of the lateral
semicircular duct. which is responsible for their high speed turning behavior (Acampora et
al.. 1996). Some other genes encoding transcription factors. growth factors and growth
hormone receptors also play important roles in otogenesis. They may not be directly
involved in the overall morphogenesis of the inner ear. but are required in regional
specification and correct cell-type induction. The gene encoding the POU-domain
transcription factor Brn3.1 is primarily expressed in cochlear and vestibular hair cells.
Brn3.1 null mice display a shaker/waltzer behavioral phenotype of circling and
hyperactivity and are also completely deaf (Erkman et al.. 1996). Histological analysis of
the inner ears of Brn3./ mice revealed apparently normal morphogenesis. but a complete
failure of hair cell differentiation in both the organ of Corti and the vestibular labyrinth. As
a result of the defects in hair cell development. many of the supporting cell populations
were degenerated. Patients with congenital thyroid disorders accompanied by deafness
show resistance to thyroid hormone. Complete deletion of the protein coding region of
thyroid hormone receptor § gene is responsible for this syndrome (Takeda et al.. 1992).
Two thyroid hormone receptors. Trae and 7rf, are differentially expressed in the
developing inner ear. TheTra gene can be detected throughout the cochlea and vestibular
structures. whereas Trf is strictly confined to the cochlea (Bradley et al., 1994). Mice
lacking the Trf gene exhibited a deficit in auditory function across a wide range of
frequencies. although no overt morphological alternation can be observed (Forrest et al.,
1996). Signals received by the sensory organs (hair cells in cristae, maculae and Corti's
organ) of the inner ear are transmitted to the central nervous system via the somatic

afferents from vestibular ganglion neurons and spiral ganglion neurons. Survival and
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innervation patterns of these neurons depend on the activity of neurotrophic factors such as
brain-derived neurotrophic factor (BDNF), and neurontrophin-3 (NT-3). BDNF mRNA is
expressed in the sensory hair cells in both cochlear and vestibular sensory epithelia in the
developing inner ear. Mice lacking BDNF or its receptor. TrkB show the complete loss of
innervation to the semicircular canals and reduced innervation of the outer hair cells in the
cochlea (Ernfors et al.. 1995). Phenotypically, BDNF null mice display deficiency in
balance and coordination of movement. The sk gene which encodes a cofactor for K~
channel subunits is also required for the normal function of the inner ear. No direct
evidence suggests that /sk is involved in the early development of the inner ear. However.
the integrity of the inner ear structures after birth requires the normal function of Isk . sk
null mice show a typical shaker/waltzer phenotype which is related to the collapse of both
Reissner’s membrane in the cochlea and the vestibular wall in the vestibular labyrinth. At
the same time. hair cell death in both cochlea and vestibule can be observed (Vetter et al..
1996). Besides Hoxa-1 and Orx/. many other homeobox genes may also be involved in the
inner ear development in vertebrates based on their expression patterns. [n addition to the
expression in the brain. D/Ix2 and Dlx3 can be detected at low levels in the otic vesicle and
are subsequently restricted to the vestibular part of the vesicle. Expression of the D/x3 gene
in the region under the first branchial arch suggests its potential role in external ear
development (Robinson et al.. 1994). Homeobox genes of the Msx family may play some
roles in the development of auditory structures. Defects in the middle ear can be observed
in Msx/ knockout mice (Satokata and Mass. 1994). Msx2 transcripts can be seen in the
mesenchyme surrounding the otic vesicle and the endolymphatic ducts at embryonic stages
(Mckenzie et al.,, 1992). No functional data have been available from the knockout
experiments, but ectopic expression of Msx2 leads to deafness and degeneration of the
organ of Corti in mice (Hoffman et al., 1995; Rivolta, 1997). The Msx3 gene may not be

directly involved in ear development since its expression is restricted to the central nervous
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system (Wang et al., 1996). Work presented in this thesis examines a novel homeobox
gene family involved in sensory organ development. especially that of the inner ear.
Homeobox genes may also participate in the development of other sensory organs. I[n
addition to the defects in the eyes and brain. the Pax6 null embryos do not show structures
of the nose. The mouse goosecoid gene is primarily expressed around the regions of the
first branchial arch. which region may contribute to the formation of the lower jaw and the
body of the tongue (Gaunt et al., 1993). Interestingly. besides its expression in the optic
recess, Six3 transcripts are also detectable in the nasal cavity and olfactory placode (Oliver
et al.. 1995b). When ectopically expressed in fish embryos. the Six3 gene can induce an
eye. but not a nose or a tongue. The underlying mechanisms remain to be elucidated.
Female reproduction in vertebrates is comprised of a series of events. including
ovulation. fertilization. implantation and post-implantation development of the embryo(s).
The egg develops in the ovary, which contains primordial follicles (meiotically arrested
oocytes surrounded by granulosa cells). Periodically. as the follicle matures. the egg
ruptures from the ovarian surface and enters the ovary ducts. Correct cell-cell signaling
between the oocyte and granulosa cells plays a critical role in cogenesis and ovulation. The
absence of the gap-junction molecule Connexin 37 in the knockout mice leads to a failure of
follicle maturation and ovulation characterized by the arrest of oocyte development and
accumulation of inappropriate corpora lutea derived from granulosa cells (Simon et al..
1997). In the oviduct, the egg is fertilized if it encounters sperm. The fertilized egg
undergoes cell cleavage and finally develops into a morula in the oviduct. Then. the
blastocyst hatches from the zona pellucida and starts the process of attachment to the uterine
endometrial epithelium. [n the mouse, implantation normally starts on day 3.5 after vaginal
plugging. Proper implantation requires the uterus to become receptive to embryos. On
E3.5. the uterus starts preparing for embryos by inducing closure of the uterus. which

brings the trophectoderm and the luminal epithelium into close apposition. During this
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period. LIF (leukemia inhibitory factor) produced by the glandular epithelium is
upregulated. with a peak at E4.5. Functional LIF is essential for implantation since mice
lacking LIF are infertile due to a failure in implantation (Stewart et al.. 1992). At the same
time. extracellular matrix (ECM) molecules and their receptors show altered expression
patterns in both the uterus and the implanting embryos. A subset of integrins are
upregulated in the trophectoderm and uterine wall on the implantation site(s). On the other
hand, the Muc-/ gene product. a glycoprotein. starts to be degraded in the uterine wall
(Surveryor et al.. 1995). These preparations allow the embryos and uterus to become
attachment competent. Attachment of embryos (blastocysts) to the uterus induces the
production of a heparin-binding protein encoded by HB-EGF in the uterine epithelium
around the implantation sites (Raab et al.. 1996). HB-EGF protein is thought to function as
an adhesion molecule to anchor the embryos to the uterus. Right after the attachment of the
embryos, the uterus shows increased vascular permeability at the implantation sites.
Vascular endothelial growth tactor (VEGF) and its receptors exhibit upregulated expression
in the luminal epithelia and stromal cells. This increased expression persists in the
mesometrial decidual bed. Altered expression of VEGF suggests its involvement in
increased vascular permeability and angiogenesis during implantation (Chakraborty et al..
1995). Angiogenesis is critical for embryonic development in that it provides vascular
connections linking the mother and fetus. Through these connections. the maternal
endocrine system can maintain the hormonal environment required for the continuity of
pregnancy, and nutrients can be transported to the developing fetus. Following the
attachment of embryos to the uterine wall, the uterus undergoes decidualization of the
stroma cells. At the same time. apoptosis of the luminal epithelium and degradation of
collagen products take place in the decidualizing endometrium (Dziadek et al., 1995).
Finally, the implantation stage finishes with the contact of the trophectoderm with maternal

decidua. Cytokines are also deeply involved in peri-implantation development. consistent
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with their differential expression during pregnancy. Their altered expression is required for
the growth of the embryos in part by protecting them from infection and attenuating
rejection from the maternal immune system. LIF deficient mice fail to initiate implantation
and decidualization (Stewart et al.. 1992 and 1994). The mononuclear phagocyte growth
factor colony sumulating factor-1 (CSF-1) is needed during both pre- and post-
implantation. Macrophages have been shown to produce immunosuppressive substances
(Hunt et al.. 1984 and [985). Reasonably. involvement of CSF-1 in pregnancy is mediated
by its immunoregulatory etfect. Elevated expression of CSF-1 and its receptor is always
associated with pregnancy. The fertility of the Osteropertrotic (op/op) mice is comprised by
the absence of CSF-1 (Pollard et al.. 1991).

Failure in implantation and placentation accounts for the majority of spontaneous
abortions in humans (Cross et al.. 1994). Using animal models. cloning and functional
analysis of genes expressed at these stages will help us to gain insights into genes involved
in this pathogenic outcome. Increasing evidence has shown or suggested that many
developmentally important genes are also involved in maternal reproduction. The murine
Wnt tamily is homologous to Drosophila wingless. and these molecules appear to be
involved in cell-cell signaling (McMahon et al.. 1992: Nusse and Varmus, 1992: Robertson
et al., 1993). In addition to their early functions in embryonic development. these genes
also display dynamic expression patterns in the adult uterus during pregnancy (see Results
and Discussion). suggestive of their potential roles in maternal fertility. The absence of
functional Wnr2 in mice leads to insufficient vascularization. which causes failed
placentation (Monkley et al.. 1996). Two homeobox genes. Hoxa-10 and Hoxa-11. have
been shown to play a critical role in female reproduction. In Hoxa-10 null mice. failed
pregnancy results, in part, from an anterior homeotic transformation of the proximal region
of the uterus into an oviduct-like structure (Benson et al., 1996; Satokata et al., 1995). The

anterior transformation itself can not explain the female infertility since implantation of
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wildtype embryos into the morphologically normal region of the Hoxa-10 null uterus still
resulted in a failed pregnancy. suggesting that other factors important for normal embryonic
support are under the control of Hoxa-10. Surprisingly, the expression of LIF was
unchanged in Hoxa-10 null mice. suggesting that some mechanism other than the LIF-
mediated pathway was being disturbed. The effect on maternal reproductive failure in
Hoxa-11 null mice was different from that in the Hoxa-10 null mice. Hoxa-/! null females
showed deficiency in the development of stromal, decidual, and glandular cells at early
gestational ages (Gendron et al.. 1997: Small and Potter. 1993). Additionally. the Hoxa-1/!
null uteri did not show responsiveness following pseudopregnancy to steroid-induced
uterine stromal and glandular cell proliferation and to oil-induced stromal decidualization.
Furthermore. the Hoxa-// null females failed to show a burst of LIF expression at the time
of implantation.

A novel homeobox gene family. #mx. has been isolated from different species by
several groups. The first Amx gene was characterized in sea urchin five years ago.
Sequence analysis of sea urchin Hmx (previously TgHbox3) shows that its homeodomain
shares only ~60% amino acid identity with homeodomains of any other previously
characterized gene. suggesting that it belongs to a distinct gene family. Sea urchin Hnmx is
expressed in the embryo as two major developmentally regulated transcripts, which are
predominantly expressed in the small and large intestine (Wang et al.. 1990). The human
HMX! gene (originally called H6) was isolated from a cDNA library constructed from
human embryonic craniofacial tissues. Genetic mapping of HMX/ showed that this gene is
located at the 4p16.1 region of human Chromosome 4 (Stadler et al. 1992). The function of
human AMX/ during human embryogenesis is unknown. Existence of another member of
the human AMX family. HMX?2 is now confirmed, with AMX2 assigned to human
Chromosome 10q25.2-26.3 (Stadler et al., 1995). By probing a stage 23 whole chick
cDNA library with a PCR amplified portion of the human HMX/ cDNA containing the
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homeodomain. the chick Amx3 gene was identified (Stadler and Solursh. 1994).
Temporally. chick Hmx3 is strongly expressed between embryonic stages 23 and 26. High
levels of chick Hmx3 expression can be detected in stage 23 embryos. in discrete
craniofacial regions including the second branchial arch. neural retina. optic nerve, otic
vesicles. Chick Hmx3 is also expressed in sensory spinal and craniofacial ganglia. These
results suggest that chick Hmx3 may participate in the development of a variety of
structures, especially in the craniofacial regions and in the sensory organs (Stadler et al..
1994). The gene most closely related to the Amx family based on amino acid similarity in
the homeodomain is the SoHo-/ homeobox gene from chick. the only described member of
its gene family. Its transcripts can be detected in the retina. otic pit. dorsal root ganglia and
other tissues at different stages. making it a promising candidate homeobox gene involved
in sensory organ development (Deitch et al., 1994). Isolation of Drosophila Hmx in our
laboratory adds extra evidence supporting the novelty of the Hmx gene family. The
expression pattern of the Drosophila Hmx gene suggests a potential role in central nervous
system development. Expression of the Hmx genes during vertebrate development has
been examined in a number of species. and seems to be conserved among vertebrates
(Baber et al., 1994; Rinkwitz-Brandt et al., 1993; Stadler et al.. 1992; Stadler and Solursh.
1994; Yoshiura et al., 1997). Overlapping expression domains of the Hmx genes include
the first and second branchial arches, central and peripheral nervous system. and the
uterus. Their expression in the central nervous systems and internal organs (e.g.. small and
large intestine in sea urchin. duodenum in mice) may reflect the original function of the
Hmx gene. In constrast, their expression in the sensory organs and uterus may represent
recently evolved function of the Hmx genes. Hmx2 and Hmx3 are remarkable in that both
are expressed in the developing inner ear. At E9.5, mouse Hmx3 is strictly confined to the
rostrodorsal portion of the otic vesicle. This differential expression becomes more

pronounced at later stages. By E13.5, Hmx3 expression is almost exclusively limited to the
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vestibular portion of the inner ear. In adult mice, the Hmx genes are expressed in the
medial portion of the stroma of the uterus in unpregnant females. During pregnancy, all
three Hm.x genes are significantly upregulated in the uterine myometrium. To reveal the
unique developmental role of each Hmx gene. null mutations for each Amx gene have been
generated by gene targeting. Analysis of the resulting phenotype in Amx3 null mice
indicates a critical role for HmxJ3 in inner ear vestibular development and pregnancy.
Typical epileptic behavior exhibited by some Hmx3 null mice suggests that Hmx3 is a
novel epileptic gene. Mice carrying null Hmx2 and Amx3 alleles display a much more
severe phenotype than Amx3 null mice, characterized by the complete loss of balance and
perinatal lethality. Phenotypic comparison of each single knockout with double knockouts.
or even triple knockouts, provide informative clues to the functional relationship among the
three murine Amx genes. In addition to loss-of-function analyses. gain-of-function studies
will equally give us instructive insights into the function of Hmx genes. Continued
investigation of the role of Hmx genes in other species (e.g., Drosophila and chicken) will
enhance our understanding of the conserved developmental roles of this gene family.

More and more homeobox genes are being characterized. Most functional data
regarding the function of these genes is derived by inactivating them. Relatively slow
progress has been made in investigating their sufficiency for patterning, induction, regional
specification and cell fate determination. The regulatory pathways through which
homeobox genes act remain obscure. Finding cut the cofactors. regulators and targets of
homeobox genes is a big challenge for developmental researchers. Homeobox gene
products Pbx/ and Pbx2 can function as cofactors of Hox gene products in vitro (van Dijk.
et al., 1995). Finding the consensus binding sequence (5’CAAGTGCGTG3") for Hmx3
homeodomain may help us to identify genes downstream of Hmx3 (Sutherland et al..
1997). Dissecting the regulatory elements of the Amx genes will lead to the isolation of

temporal or tissue-specific regulatory elements. Biochemical analyses of these elements
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may give us hints as to the regulatory genes upstream of Hmx. By searching for the
cofactors of the Amx gene products or downstream genes of Hm.x. the signaling pathway

through which Amx genes function will be outlined.
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Materials and Methods
1. Isolation and identification of Hmx genes in both mouse and Drosophila.
a) Genomic library screening for mouse Hmx genes.

The homeobox of human HMX/ (originally called human H6 gene. Stadler et al..
1992) was PCR amplified using primers TLS and TL6. The resulting 172-bp fragment was
cut from a [ % agarose gel. electroeluted and then extracted with phenol/chloroform. DNA
in the aqueous phase was precipitated with 2 volume of 95% ethanol and dissolved in
IXTE. The amplified HMXI homeobox was 32P-dCTP labeled by random priming method
(Sambrook et al. 1989). Specificity activity of the probe should be above 108 cpm/ug.

A mouse 129 genomic library constructed into phage lambda dashlII vector was kindly
provided by Dr. F. Ramirez's laboratory. More than 2x 106 plaques were screened. Plaques
on each plate were transferred to duplicate nitrocellulose filters (Millipore, Cat¥#
HAHY 13750). After denaturation and neutralization. these filters were baked at 80°C for
two hours and then hybridized with the AMX/ homeobox probe overnight in 6xSSC.
5xDenbharts'. 0.5%SDS and 100pug/ml yeast RNA at 559C. Filters were washed in 2xSSC.
0.1%SDS at different temperatures from 500C to 659C. The final wash was performed at
689C in 0.1xSSC. 0.1%SDS. Plaques with positive signals on duplicate filters were
purified by the method as described (Khan et al.. 1994) with minor modifications. After the
third round screening, pure positive plaques were picked into Iml lambda diluent
(10mMTris.HCI pH7.5, 10mM MgSO4) and resuspended overnight at 4°C. Then. 100ul
phage solution was incubated with 100l 2x concentrated overnight culture of host bacteria
(i.e.. Y1090) for 20 minutes at 37°C. [5ml NZCYM medium was added and the culture
was incubated overnight at 379C with shaking. 500l chloroform was added to the liquid
lysate to kill host bacteria. The supernatant was transferred to a new 50ml tube and spun
5000rpm for [0 minutes to remove bacterial debris. To the clear liquid lysate. DNasel and

RNaseA were added to a final concentration of 20pug/ml, followed by a 45-min. incubation
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at room temperature. Then, equal volumes of 2x phage precipitation solution (20%
PEGS8000. 2M NaCl, 10mM Tris.HCl pH7.5 and 10mM MgSO,) was added and mixed
well. The phage particles were precipitated by incubation on ice for | hour to overnight.
followed by centrifugation for 20 minutes at 8000rpm at 40C. The phage pellet was
dissolved with 300ul 10mM Tris.HCl pH8.0 and then transferred to a [.5 ml tube. To
release phage DNA, 50ul 10% Triton X-100 was added to the dissolved phage particles
and the suspension was heated at 85°C for |5 min. Then. 10mM NH4OAc was added to a
final concentration of 500mM. Finally, phage DNA was extracted and precipitated as
described above. By this method. 5-10 pg of DNA can be obtained.

Purified phage DNA was digested with various restriction enzymes appearing on the
polylinkers of the phage arms. and then subjected to Southern Blot analysis using the same
probe for library screening. Both the smallest and biggest positive tragments on the
Southern Blots were subcloned into pTZI8R or Bluescript KS*. The cloned smallest
fragment was used for sequencing to confirm the gene’s identity. The cloned biggest
fragment was used for analyzing the genomic organization of the genes and making
transgenic or targeting constructs. To figure out the identity of these cloned phages.
degenerated primers. derived from the highly conserved KIWFQN sequence in the third
helix of the homeobox genes. were designed. These degenerated oligos are TL104 (5’
RTTYTGRAACCADATYTT 3") and TL105 (5 AARATHTGGTTYCA RAAN 3'). where
RisAorG. YisCorT.DisG, AorT.NisA,.C,GorT.and His A.Cor T. An
experiment done by our laboratory showed that these degenerated oligos can be
successfully used as internal primers to sequence many homeobox genes. Sequence
analysis was carried out by the dideoxy chain termination method (Sanger et al.. 1977) as
recommended by USB except that 200ng of degenerated oligo was used for each sequence
reaction. Use of degenerated oligos in our work facilitated the identification of new

homeobox genes.
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b) ¢cDNA library screening for mouse Hmx2 and Hmx3 genes.

Using primers TLI119 (5AGAAGGCGAGGCGGTGCC3') and TLI120
(5’GGCACGGACGAGACCACC3"), a 472bp genomic fragment of AHmx3 spanning the
homeo-box was PCR-amplified. This fragment was used to screen an E11.5 mouse cDNA
library purchased from Clonetech (Cat# ML3003b). The same PCR-amplified fragment
was also subcloned and used to make antisense probe for the RNase protection assay (see
below). Hybridization was performed at high stringency. Phage DNA trom the positive
clones was purified as described above. The insert in each clone was released by EcoRI
digestion and was then subcloned into the vector pTZ18R. The identity of these clones was
verified by sequencing using degenerated primers TL 104 and TL10S.

In order to get the most 5° sequences of both genes. 5" RACE PCR was carried out
essentially as described (Ausubel et al.. 1994). The premade library of adaptor-ligated ds
cDNA. Marathon-Ready ¢cDNAs was ordered from Clontech (Cat# PR64097). This
template was constructed by reverse transcription of poly A™ RNA extracted from E11.5
mouse embryos. Then the same adaptors were ligated to both ends of the double-stranded
cDNA. The first round PCR was performed using primer APl (5°
CCCATCCTAATACGACTCACTATAGGGC 37) located in the adaptors and TL305
(5’CTCCGAGCTGCTCAGGTAGCGTTC3") specific for both Amx2 and Hmx3. Expand
Long Template PCR System (Boehringer Mannheim. Cat# 1681834) was used. PCR

reaction was performed at following conditions:
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Marathon-Ready cDNA Sul
AP primer ( [QuM) 1.5ul
TL505 (10uM) 1.5ul
dNTPs(10uM) 10 ul
10X PCR buffer3 5ul
MgCl, (25mM) [.5ul
Expand Long Template
enzyme mixture 0.75 ul
H.O 24.75 ul
50 ul

Cycling Program 1:

1 X 92°C 2 min
10 X 92°C 10 sec
65°C 30 sec
68°C 4 min
20 X 92°C 10 sec
65°C 30 sec
68°C 4 min+20 sec/additional cycle
[ X 68°C 7 min: 4°C.

After the first round PCR. 5 ends of both Hmx2 and Hmx3 cDNAs would be
amplified. Aliquot of the reaction was run on a 1% agarose gel and blotted. Positive bands
were tested by Southern and partially puritied. The “purified” mixtures were diluted 100-
folds for second round PCR. Nested primers were used in the following reactions. Nested
adaptor primer AP2 (5’ACTCACTATAGGGCTCGAGCGGC3') and TL507
(5’GGCTCTTGGAGTCCAGCTCCTTGTG3") were used to amplify the 5° end of Hmx3
cDNA Meanwhile. AP2 and TL508 (5'GGAAAGGGATGGGG GTATGGTGCTTAG 3")

were used for Hmx2 c¢DNA amplification. PCR conditions used is shown as follow:
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Diluted 1™ round PCR product lul
AP2 (10um) [.5ul
TL507 or TL508 (10uM) [.5ul
dNTPs (10uM) 10 ul
10 X PCR buffer 3 Sul
MgCl, (25uM) 1.5ul
Expand Long Template

enzyme mixture 0.75 ul
H-O 28.8 ul

50 ul

Cycling Program 2

I X 92°C
10 X 92°C
65°C

68°C

10 X 92°C
65°C

68°C

I X 68°C

2 min
10 sec
30 sec
4 min
10 sec
30 sec
4 min + 20 sec/additional cycle

7 min: 4°C.

After the second round PCR. the major PCR products were gel-purified and

subcloned into vector pTZ18R by TA cloning. The identities of these bands were verified

by sequencing using primers in the polylinkers of the vector.

[n the above RACE experiment. amplification of G3PDH gene. using APl and

G3PDH-specific primers. was performed as a positive control. An 1.3 kb tragment was

observed on the 1% agarose gel stained with ethidium bromide (data not shown).
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¢) Genomic library screening for the Drosophila Hmx gene

A Drosophila EMBL4 genomic library was screened for Hmx genes. Purification of
phage DNA and identification of the positive clones were performed essentially as
described above.
d) cDNA library screening for the full length Drosophila Hmx gene

A Drosophila cDNA library of stage 4-8 hr was screened. The template used to make
radioactive probe was a 700bp genomic fragment of Drosophila Hmx containing the 3°

portion of the homeobox. Hybridization and washing conditions are as described above.

2. Chromosomal Mapping

By chromosomal mapping. we can learn the location of the Am.x genes on the mouse
chromosomes and find pre-existing mutants on the corresponding region. Moreover. it may
also help us to identify the human defects mapped to the syntenic chromosome.

The method we used is based on the restriction fragment length polymorphism
(RFLP) analysis of DNA from mice having different genetic backgrounds. The first step is
to find a DNA fragment (genomic fragment or cDNA sequence) that can distinguish the
parental mice C57BL/6J and M. spretus when their genomic DNAs are digested with
appropriate enzyme. DNA from interspecific backcross progeny generated by mating
(C57BL/6] X M. spretus) F1 X M.spretus was extracted and digested with appropriate
enzyme. Normally, 94 backcross progeny are required. Then Southern blot analysis was
pertormed using Hmx-specific fragments as probes. The presence or absence of the
C57BL/6J-specific fragment(s) in Amx loci was followed in the backcross progeny. At the
same time, other known genetic markers on each chromosome was used to detect the
recombination frequency between the known genetic marker and Hmx loci during mitosis.

Therefore, the genetic distance of Hmux loci relative to other genetic markers on various
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chromosomes can be determined. Generally. a three-point analysis (three genetic markers
on the same chromosome) can determine in which chromosome the gene of interest is
located. However, to precisely map position of the gene of interest on specific
chromosome. multipoint analysis will be required (Danielson et al.. 1994).

94 DNAs trom N2 animals of a ((C57BL/6J x SPRET/Ei)F! females x SPRET/Ei
males) backcross were obtained from the Jackson Laboratory Backcross DNA Panel
Service. Bar Harbor, Maine (Rowe et al. 1994).

To map the chromosomal localization of Hmx/. a 0.8 kb EcoRI-Xbal genomic
fragment (probe 8 shown in Figure 29) lying 5° to the homeobox of Amx/ was used to
detect alleles between C57BL/6J and SPRET/Ei. This fragment hybridized to HindIIT
fragments of approximately 3.0kb in CS7BL/6J DNA and 2.9kb in SPRET/Ei DNA.

Chromosomal mapping of Amx2 and Hmx3 was performed by using a 0.6kb
HindIII-BglII genomic tragment (probe 1-1 shown in Figure 5) located 1.5kb 3" to the
Hmx3 coding sequence as a probe. This prebe detected a 1.5kb specific SPRET/Ei band
and a 3.2 specific C57BL/6J on the Jackson Laboratory BSS2 panel digested with HindIII.

Raw data from The Jackson Laboratory BSS backcross were obtained from the World

Wide Web address http://www/jax/org/resources/documents/cmdata/.

3. Temporal and spatial expression of Hmx genes
a) Northern blot analysis and RNase protection assay

Total RNA from embryos of different stages and tfrom different tissues of adult mice
was extracted according to Chomczynski and Sacchi (Chomczynski and Sacchi. 1987).
20ug of total RNA were run on a |% agarose-formaldehyde gel and transterred to
Hybond-N membrane (Amersham). After being baked for two hours at 80°C, the blot was

hybridized with a Hmx3-specific probe in hybridization solution (50% formamide. 6xSSC.
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5xDenharts’. 0.02% Sodium Pyrophosphate. 0.1%SDS and 50pg/ul Salmon Sperm
DNA) at 420C. The blot was washed at 559C in 2xSSC, 0.1%SDS. The film was exposed
for a week at -80°C. The probe used in this experiment is a 500bp Kpnl fragment purified
from the most 5° end of the Hmx3 cDNA clone (Figure 4). This probe has been tested to
unique for the Hmx3 gene by Southern analysis (data not shown).

More sensitive RNase protection assays were also performed essentially as described
(Lufkin et al.. 1993). Total RNA from various adult organs of wildtype mice. as well as
from wild type. Hmx3 heterozygote and Hmx3 null embryos of EI11.5 was extracted by a
single-step isolation method using guanidinium thiocyanate (Chomczynski and Sacchi.
1987). 100ug total RNA from each sample was used for RNAse protection analysis. A
472bp PCR-amplified fragment (Figure 4 and 19) containing the Amx3 homeobox region
was used to make *"P-labeled antisense riboprobe. This probe protects a 472bp wildtype
RNA fragment as well as two 308bp and 164bp RNA fragments in Am.x3 mutant embryos.
The internal control probe was derived from a 271bp cDNA fragment from the mouse -
actin gene. This fragment covers the region from 827 to 1098 bp of the mouse B-actin
cDNA (Alonso et al.. 1986) Hybridization was performed at 55°C. The samples were then
digested with 40pug/mi RNaseA and 2ug/mi RNaseTl. After precipitation. the samples
were run on an 8% acrylamide gel and exposed to X-OMAT film for 10 days.

b) In situ hybridization on paraffin sections and whole mount embryos

The in situ probe for Amux! is derived from the 3" UTR of the Hmx/ cDNA (Yoshiura
et al., 1997). The 256bp Xhol-BamHI fragment was subcloned into the vector pT7T3a
(Phamacia), resulting in plasmid pT7T3a-19. The antisense probe was transcribed trom the
Xhol-linearied pT7T3a-19 with T7 RNA polymerase. The sense probe was generated by
transcription of BamHI-linearized pT7T3a-19 with T3 RNA polymerase.

The Hmx2 in situ probe was produced from plasmid pW187. An 1.2 kb Xhol

genomic fragment containing 3" portion of Hmx2 gene was subcloned into pBluescript
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KS™, generating pW51a. pW187 was derived from pW51a by deleting the 340bp Xhol-
HindII fragment which contains the 3" portion of Hmx2 homeobox. The resulting pW 187
contains the entire Hmx2 3"UTR. Antisense probe for Hmx2 was generated by the
transcription of HindIII-linearized pW 187 with T3 RNA polymerase. The sense probe was
transcribed from Xhol-linearized pW 187 with T7 RNA polymerase.

pW 186 was generated by subcloning a 604bp BglIl genomic fragment of the Am.x3
gene into vector pBluescript KS*. This genomic fragment contains the second exon of
Hmx3 gene. The antisense probe was made by the transcription of the EcoRlI-linearized
pW186 with T7 RNA polymerase. The sense probe was transcribed from the Xhol-
linearized pW 186 with T3 RNA polymerase.

Probe for Wnt7A is derived from plasmid p567 (from Dr. Andrew McMahon's Lab).
This plasmid contains a 400bp insert which spans the position of 1189-1589bp of the
Wnt7A cDNA.

The Wnt4 probe was transcribed from plasmid p405 (from Dr. A. McMahon's Lab).
The insert covers the region from 851bp to 1275bp of Wnr4 cDNA.

The Wnt3A in situ probe was transcribed from plasmid p59 (from Dr. A. McMahon's
Lab). The insert is 2 400 bp PCR-amplified fragment of Wnt3A gene. which encodes the
region from 260 to 391 amino acid of WntSA protein (Gavin et al.. 1990).

A 387bp fragment of mouse smooth muscle myosin heavy chain ¢cDNA. which
contains exon I (75 nucleotide of the untranslated sequence) and most of exon II (remaining
5° UTR plus about 295bp of coding region), was used as a template to make the in situ
probe (Miano et al., 1994).

A 421bp Smal fragment ( from position 290 bp to 711bp) of GATA-3 cDNA (Ko et
al., 1991) was subcloned into plasmid pTZI8R, resulting in plasmid pWIi9la. The
antisense probe was transcribed from BamHI linearized pW19la with T7 RNA

polymerase.
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The in situ probe for mouse LIF was transcribed from a cDNA fragment spanning
from position 3279 bp to 372 1bp of the LIF gene (Stahl et al.. 1990).

The following experiments on in situ hybridization were performed by Maria
Nikolova in our laboratory. Briefly. transcription reactions were carried out as described
below. 600ng of linearized DNA was mixed with 3ul 35S-CTP (8000Ci/mmol). 12uM
cold CTP, 500 uM ATP, GTP. UTP. RNASIN, 25 mM DTT and 20 units of appropriate
RNA polymerase ( T3 or T7 RNA polymerase). After incubation at room temperature for
1-2 hours. DNA templates were digested with DNAsel for 20 minutes. Then. the
radioactive labeled RNA probes were extracted with phenol/chlorotorm. chloroform and
precipitated with ethanol. Finally, the probes were purified by eluting through Sephadex G-
50 column.

Embryos of different stages from E8.5 to E13.5 or uteri from pregnant or unpregnant
mice ( on mixed genetic background) were dissected in [xPBS and then fixed in 4%
paraformaldehyde overnight at 40C. The fixed embryos were rinsed with |xPBS and
dehydrated in 70%. 95% and 100% ethanol for 30 minutes successively. followed by
being treated with Americlear (Baxter. Scientific Products) for 30 minutes. Then the
embryos were embedded in paraffin. Orientation of the embryos was adjusted in blocks.
Serial sections were prepared and loaded on slides. Sections were deparatfinized and
rehydrated in decreased concentration of EtOH from 100% to 30%. followed by being
fixed in 4% paraformaldehyde and washed with depc-H>O. After digestion with Proteinase
K for 30 minutes at 379C, sections were washed and readv for hybridization.
Hybridization was performed at 70°C overnight in hybridization mix (300mM NacCl.
20mM NaOAc, lmM EDTA, 0.IM DTT, 10xDenharts'. 250pug/ul tRNA . 10% Dextran
Sulfate, 50% formamide and 20,000cpm/pLll RNA probe). Slides were washed with
5xSSC, 10mM DTT for | hour and then with 2xSSC, 50% formamide, |OmM DTT twice
for 30 minutes. Unhybridized RNA was digested with RNaseA and RNaseT at the
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concentration of 20ug/ul in NTE. The activity of RNAse was inactivated with [0mM B-
mercaptoethanol in 2xSSC. After washed in 0.1xSSC for 15 minutes at room temperature.
the slides were dehydrated followed by being dipped in emulsion (NT2. Kodak) and dried
for 2 hours. The slides were kept in the dark for 3-4 days and then developed with
Developer D-19 (Kodak) followed by fixed in fixer (Kodak) for 4 minutes. The slides were
washed with ddH;0O, stained with hematoxylin for 10 seconds, dehydrated and finally
mounted with polymount acrylic mounting media (40%).

Alternatively. early stage expression patterns of the Hmx genes were also examined
by whole mount in situ hybridization essentially as described (Henrique et al.. 1995). This
technique uses non-radioactive probes and avoids sectioning early stage embryos. so this
method is fast and safe. Using this technique, even a single cell expressing gene of interest
can be visualized. This method has the disadvantage in detecting gene expression in late-
stage embryos due to the poor penetration ability of RNA probe. Probe for the gene of
interest is prepared in the presence of digoxigenin-UTP followed by DNasel digestion to
remove the DNA template. When digoxigenin-labeled probe is incubated with pre-treated
mouse embryos. it will hydridize with target RNA expressed by mouse embryos.
Unhybridized RNA will be digested with RNaseA. After incubation of the embryos with
anti-digoxigenin antibody conjugated to alkaline phosphatase. the embryos will be treated
with the substrate of alkaline phosphatase, 5-bromo-4-cholro-3-indolyl phosphate (BCIP)
that is mixed with nitro blue tetrazolium (NBT). Because NBT can detect precipitated
digoxigenin-antibody-alkaline phosphatase-BCIP, the expression of the gene of interest can
be discerned (Sambrook et al.. 1989).

The expression of Drosophila Hmx gene in 4-hour Drosophila embryos was also
examined in collaboration with Dr. Manfred Frasch’s laboratory. The in situ probe used
was derived from a 700 bp HindIII-EcoRI genomic fragment of the Drosophila Hmx gene,

which contains the 3’ portion of the gene.
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4. Identification of regulatory elements in the Hmx loci.

In the following transgenic mouse assays, we are trying to analyze the structure of
Hmx genes. especially the promoter or enhancer regions that result in tissue specific
expression of Hmx genes. The experimental strategy is to make transgenic mice which
express a fusion gene consisting of reporter gene lacZ under the control of the putative
regulatory region(s) of the gene of interest. The functions of these regulatory elements can
be precisely discerned by the pattern of B-galactosidase staining in the transgenic embryos.

Actually. the reporter gene used in our experiment is modified lacZ. called ires.lacZ.
The internal ribosome entry site (ires) was orginally discovered in the Picornavirus
5S'NTRs. The complicated secondary structure of the ires can initiate cap-independent
translation in eukaryotic cells. So. this ires element can be used to generate multi-cistronic
transcripts in which the translation of each gene is independent from each other (Jang et al.
1988, 1989 and 1990). When the ires.lacZ is integrated into transcriptionally active genes.
the expression patterns of these genes can be visualized by staining for B-galactosidase
activity. This approach avoids the technical difficulty in fusing lacZ gene in frame to its
upstream gene.

The original plasmid containing ires.lacZ gene is pWH7A. pl076 is derived from
pWH7A by converting the unique Spel site into a Xhol site with oligo
TLI51(5'CTAGCTCGAGS3'). The unique Sall site of pl076 was blunted out by Klenow.
resulting in plasmid pi(85. The fragment containing ires.lacZ gene can be released by
cuting pl076 with enzyme X!&:ol. Becauze we did not know the position of the
polyadenylation site of Amx2 in the 31kb genomic fragment. construct containing
ires.lacZ.SV40.polyA+ had to be produced. Construct pl039 was generated by blunting
out unique Sall site of pWH7A in the polylinker of the vector with Klenow. Using primers
TL213 (STTTACTAGTAAAGCAAACTTGTTTATTG3") and TL214
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(STTTACTAGTCTCGAGTCAGTGAGCGAGGAAG3'), a 256bp DNA fragment
containing SV40 poly-adenylation site was PCR amplified. A Spel site was introduced into
the 5" end of this amplified fragment and a Spel site and a Xhol site were introduced into
the 3' end. Then. the polyA* signal was inserted into the unique Spel site of p1039,
resulting in plasmid p1101. The plasmid pt 102 was derived from p1101 by blunting out
the Sall site with Klenow. Thus. a DNA fragment containing ires.lacZ.SV40.polvA* can
be purified from p1102 by Xhol digestion.

First, we tried to find out what regulatory elements exist in the isolated 31kb Hmx
loci. A 20 kb Sall fragment containing the Amx3 homeobox was isolated from mouse
phage 4 (Figure 5). This fragment was subcloned into the Sall site of pTZ18R by the
“shot-gun"™ method. The resulting plasmid is named pW8. A restriction map of this 20kb
fragment shows that there are two Xhol sites which are 4kb apart. with one located in the
homeobox of Amx3 and another one 5° to the homeobox. In order to insert ires.lacZ into
the Xhol site in the homeobox of Amux3. the other Xhol site must be disrupted. Clal and
Hpal are two unique sites in pW8. The Clal-Hpal genomic fragment containing the other
Xhol site was subcloned into the Clal and Smal sites of vector pV2 that is derived from
pBluescript KS* by blunting out the Xhol site with Klenow. The resulting plasmid is
pW47. pW48 was derived from pW47 by blunting out the Xhol site in the insert with
Klenow. Then, pW 43 was linearized with BamHI and the resulting free ends were blunted
with Klenow. The insert of pW48 was released by cutting the linearized pW48 with Clal.
Purified insert was put pack irw> Clal and Hpal sites of pW38, leaving the Xhol site in the
homeobox unique and resulting in plasmid pW57. A 3.5 kb DNA fragment containing
ires.lacZ was purified from plO85 and inserted into this unique Xhol site. Sequence
analysis confirmed that, in the resulting plasmid pW65a, ires.lacZ and Hmx3 have the
same transcription orientation. The chimeric gene consisting of a 20kb Hmx3 genomic

fragment and 3.5 kb ires.lacZ was released by cutting pW65a with Sall. Then, this 24kb
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fusion gene, Hmx3.ires.lacZ transgene (shown in Figure 16) was gel purified and dialyzed
for two days in 1/4 x TE buffer.

The transgene construct for Hmx2 was generated as follows. First, a modified
pBluescript KS*, pV4 was produced by inserting oligo pair 5’ TCGATGGCGG CCGCCA
3" and 3' ACCGCCGGCGGTAGCT 5’ into the Xhol site to destroy this Xhol site and
introduce another Notl site in the polylinker. An 11kb EcoRI genomic tfragment spanning
the Hmx2 homeobox was subcloned into pV4. In the resulting plasmid pW74a. there are
two Xhol sites as shown in Figure 16. One Xhol site is located in the middle of the Hmx2
homeobox. The other Xhol site is positioned 1.2kb 3’ to the homeobox. To leave the Xhol
site in the homeobox unique., pW74a was double digested with Sall and Xhol. A 700 bp
Sall-Xhol fragment. designated probe 7 in Figure 28. was deleted. Then the 1.2kb Xhol
fragment was inserted back into the Xhol and Sall sites of pW74a. The resulting plasmid
pW75a contains a unique Xhol site in the Amx2 homeobox. pW79b is derived from
pW75a by inserting ires.lacZ.SV40 polvA* into its unique Xhol site. Orientation of
ires.lacZpolvA* is determined by sequencing. The Hmx2.ires.lacZ .polvA+ construct
(shown in Figure 16) was released from the vector by cutting pW79b with Notl.

Injection of the AHmx transgene constructs into one-cell embryos and implantation into
the oviducts of pseudopregnant females were performed by the transgenic core of
Brookdale Center for Developmental and Molecular Biology. Mount Sinai Medical Center.

Based on in situ hybridization results. embryos were first removed at E10.5. Genomic
Southern olotting was performed to determined whether these recovered postimplantation
embryos are transgenic. Yolk sac DNAs were extracted as described (Lufkin et al. 1991)
and digested with BamHI in this experiment Using 32P-dCTP labeled ires.lacZ as probe.
3.2kb positive bands should be detectable in transgenic embryos. In some cases, transgenic
animals may not express the transgenes if the transgene is integrated into a silent locus in

the mouse genome. Expression of the transgenes can be visualized by staining for j-
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galactosidase activity (Sanes et al.. 1986). Dissected embryos were first fixed in Iml fix
solution (2% formaldehyde. 0.2% glutaraldehyde, 0.02% NP-40 and 0.01% sodium
deoxycholate in [xPBS) for 20 minutes on ice. Embryos were washed with 1xPBS 3-4
times rapidly and then stained with X-gal in staining solution (SmM K3Fe(CN)g. 5SmM
K4Fe(CN)g, 2mM MgCl> and 1.0mg/ml X-Gal in [XPBS) overnight at 379C. Stained
embryos can be stored in 4% paraformaldehyde in |xPBS or 70% ethanol. In this
experiment. stained embryos were photographed on a dissecting microscope followed by
sectioning these embryos to discern the cell types expressing Am.x.ires.lacZ transgenes.

To obtain permanent transgenic lines for the Amx genes, tailtip DNAs from 2-week
old offspring were extracted and subjected to genomic southemn blotting. Transgenic mice
were raised till they were ready to mate. Germline transmission of these transgenes was
examined. These transgenic mice mated to wildtype females to produce transgenic
embryos. Transmission and expression of these transgenes were determined by Southern
Blot analysis and B-galactosidase staining, respectively. Embryos removed at different
stages (i.e., in this experiment from E9.5-E14.5) were used to examine the temporal and
spatial expression patterns of these transgenes. By this approach. regulatory elements
responsible for temporal and spatial-specific expression of Hmx genes in the isolated 31kb
genomic fragment of Amx loci can be determined.

[n the near future, we are going to make a series of constructs consisting of a fusion
of subfragments from the isolated 31kb Hmx genomic fragment to the TATA-lacZ coding
region to identify the minimal elements responsible for the spatiotemporal-specific
expression of the Hmx genes (Frasch et al.. 1995). By analyzing the minimal regulatory
elements at the molecular level, we can get clues as to the regulatory factors binding to
these elements. To generate the regulatory hierarchy involved in the Hmx genes in early
mouse development, oligo competition and gel-shift assay are useful techniques.

Furthermore, regulatory element conservation during evolution will be investigated by
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testing whether these regulatory elements can direct lacZ expression in a similar

spatiotemporal manner in other species such as Drosophila.

5. Targeted disruption of the Hmx genes by homologous recombination.
a) Hmx3 targeting constructs.

An 11.5 kb Xbal genomic fragment spanning the homeobox of Hmx3 gene (shown in
Figure 19A) was subcloned into vector pTZ18R, generating plasmid pW7f. A copy of an
1.7kb Xhol fragment from plasmid p662 containing neo” gene, was inserted into the
unique Xhol site located in the homeobox of Hmx3 in pW7f. The resulting plasmid was
designated pW22a. The targeting construct is Sall-linearized pW?22a (the targeting construct
shown in Figure 19A).

This classic targeting strategy was refined by using ires.lacZ.neo instead of the neo
gene only. The ires.lacZ.neo fusion gene was generated as follows. First, the [.7 kb
neomycin-resistance gene was purified by cutting p556 with Kpnl and Notl. Then, both
ends of the purified fragment were blunted out with T4 DNA polymerase. pWH7A was
linearized with Spel followed by blunting out its free Spel ends with T4 DNA polymerase.
Finally. the neo coding sequence was fused to ires.lacZ by blunt-end ligation with T4 DNA
ligase, resulting in plasmid p1089. pl099 was produced from pl089 by blunting out its
unique Sall site. ires.lacZ.neo used in the following experiment is derived from p1099 by
Xhol digestion. pW93a (targeting construct shown in Figure 9A) is produced by inserting
ires.lacZ.neo into pW7f. Using this approach, targeted integration of ires.lacZ.neo allows
the ires.lacZ gene to be put under the control of the endogenous promoters of the Amx
genes. High resolution of Hmx gene expression can be monitored by B-galactosidase
staining in heterozygous mice (embryos). So, the endogenous expression pattern and

targeted disruption of Hmx3 gene can be accomplished by making one construct. Both the
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neo and ires.lacZ.neo are used to make targeting constructs for each Amx gene. These
targeting constructs can be linearized by Sall digestion ( Figure 9A and Figure [9A).
b) Hmx2 targeting construct.

pW64b was generated by inserting an 11kb EcoRI genomic fragment spanning the
Hmx2 homeobox into vector pTZ18R. As shown in Figure 27A. in this EcoRI fragment.
there are two Xhol sites. One is located in the homeobox and the other is 1.2 kb 3" to the
homeobox. pW64b was double digested with Sall and Xhol. By the “shot-gun™ method.
the 1.2 kb Xhol fragment was inserted into Sall and Xhol sites of pW64. leaving the Xhol
site in the homeobox of Amx2 unique. Then. ires.lacZneo purified from pl099 was
inserted into the Amx2 homeobox. resulting in plasmid pW78a (targeting construct shown
in Figure 27A). The transcriptional orientation of ires.lacZ.neo was tested by sequencing.
The targeting construct for Hmx2 gene can be linearized by EcoRI digestion.

c). Targeting constructs for the double knock-out of Hmx2 and Hmx3.

To avoid the phenomena that can be observed due to the functional redundancy of
Hmx2 and Hmx3. a construct for disruption of both Amx2 and Hmx3 was produced by
deleting an [lkb genomic tragment between Amx2 and Hmx3 homeoboxes. pW67 is
derived from pW57 by deleting a 5.5kb BamHI fragment at the most 5' end of the cloned
31kb Hmx loci. A 7kb genomic fragment 3' to the Amx3 homeobox was deleted by cutting
pW67 with Xhol and Sall. The 1.2kb Xhol fragment of Hmx2 gene was inserted into
these Xhol and Sall sites, resulting in an 11kB deletion between Hmx2 and Hmx3. The
resulting plasmid is called pW70a which contains a unique Xhol site in the chimeric
homeobox. The purified neo gene from p662 was inserted into the Xhol site of pW70a.
generating plasmids pW71b. pW71b can be linearized by EcoRI digestion. resulting in the
targeting construct for the double knock-out as shown in Figure 28A.

d) Generation of ES cell clones containing disrupted alleles of the Hmx

genes.
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ES cell transfections are essentially as previously described (Lufkin et al. 1991:
Lufkin et al., 1993). Both R1 and D3 cells (Gossler et al.. 1986: Nagy et al.. 1990: Nagy
and Rossant. 1993) were used for electroporation with equivalent success. [0ug of
linearized targeting constructs was transfected into ES cells by electroporation. 200pg/ml
G418 was used for positive clone selection.

To verify that the targeting construct had been faithfully integrated into the Hmux3
locus by homologous recombination. DNAs extracted from the G4 18-resistant clones were
digested with BamHI. electrophoresed in 1.0% agarose gels in IXTAE without ethidium
bromide. and transferred to Hybond-N+ membrane after denaturation in 0.5N NaOH.
External probes. probe | and probe 2 shown in Figure 9A and [9A. were used for
Southern Blot analysis. Probe 1 is a [.5 kb Xbal-Notl fragment lying 3' outside the
targeting construct. This probe should be able to detect a 17.8kb wildtype BamHI band and
a 9.1kb mutant BamHI band. The 5' probe used in this genomic blotting is a 400bp
fragment designated probe 2 (as shown in Figure 9A and 19A). Probe 2 can hybridize to a
17.8kb wildtype BamHI band and a 8.9kb mutant band. Southern genomic blots were also
hybridized with 32P-dCTP labeled neo gene to make sure that these positive clones contain
only single copy of the neo gene.

To screen for ES clones containing the disrupted Amx2 gene. DNAs from G418-
resistant clones transfected with pW78a (targeting construct shown in Figure 27A) were
digested with either Xbal or Clal and Notl. External probes for Southern screening are
probe 4 for Xbal digestion and probe 3 for Clal and Notl double digestion. Probe 4 can
detect a 6.7kb wildtype and a 5.7kb mutant bands in the positive clones. Whereas. probe 3
will hybridize to a 21kb wildtype and 17kb mutant bands. [nternal probes were also used to
confirm that no multiple integration or chromosomal rearrangement occurred.

The targeting strategy for inactivating both Amx2 and Amx3 is shown in Figure 28A.

Homologous recombination of the targeting construct into the Hmx locus results in the
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deletion of the 1 lkb genomic fragment between the Hmx2 and Amx3 homeoboxes. In the
positive ES clones. the external probe 5 can hybridize to a 17.5kb wildtype EcoRI fragment
and a 21kb mutant EcoRI band. Whereas. probe 7 is capable of detecting a 6.8kb wildtype
Xbal fragment and a 5.7kb mutant Xbal fragment.

e) Transgenic mouse production.

Positive ES clones were grown in 6 cm culture dishes in ES medium (15% FCS.
0.I!mM BME. 4mM L-glutamine. 40pug/ml gentamicin sulphate, 1000 U/ml LIF and ImM
sodium pyruvate in DMEM). Individual ES cells were obtained by trypsinizing these 6 cm
dishes for 2 min. and pipetting to break up clumps. Then. Sml ES medium was added into
each dish and ES cells were transferred to 15ml centrifuge tubes and spun down at 1000
rpm for 5 minutes. Finally, ES cells were resuspended in ES medium. Embryos
(blastocysts) were obtained as described (Lufkin et al.. 1991). Approximately 10-20 ES
cells were microinjected into each embryo. Injection of ES cells and reimplantation of
injected embryos were performed by Dr. Lutkin.

Male chimeras were backcrossed to either C57BL/6J females for a mixed genetic
background. or to 129/Sv temales for an isogenic background.

The tetraploid«>ES cell aggregation technique (Nagy et al.. 1990: Nagy and Rossant.
1993) using CD-1 mice. was performed to generate Hmx3"“* heterozygotes (targeting
strategy shown in Figure 9A). This technique allows us to produce embryos derived solely
from the ES cells carrying one wildtype allele and a mutant allele in which reporter gene
ires.lacZ has been inserted. By examining [-galactosidase activity. the expression pattern
of the endogenous Amx genes can be precisely monitored. Blastomere fusion was carried
out using a BLS CF-150 Cell-fusion apparatus and a GPT-250 electrode chamber in 0.3M
mannitol (Sigma). Fused embryos were transferred to a microdrop of KSOM (Specialty
Medium) and incubated overnight to the 2-cell or 4-cell stage. The zona pellucida was

subsequently removed with Tyrode's solution and aggregates were set up with 2-4
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tetraploid embryos per ES cell clump in a microdepression in KSOM under oil at 37°C and
5% COs. 24-48 hours later. resulting expanded chimeric embryos were reimplanted into
E2.5 Swiss-Webster pseudopregnant females. Embryo collection and B-galactosidase
staining of embryos was performed as previously described (Frasch et al.. 1995).

f) Histology and scanning electron microscopy.

To analyze the defects in the inner ear of Amx3 knockout mice. mice were cardiac
perfused with 4% paraformaldehyde for tissue sections or 2.5% glutaraldehyde in
cacodylate buffer for SEM. Inner ears were rapidly dissected out in fixative at room
temperature (RT). Once the bony labyrinths had been removed. they were fixed with
shaking for 4 hours at RT and then at 4°C overnight. The tissue was then decalcified in
10% EDTA at 4°C for tive days then dehydrated in ethanols followed by histoclear (for
sections) and paraffin embedding. 7 um sections were cut and stained with toluidine blue
and coverslipped in Permount. For SEM. during dissection. the “stapedial footplate. round
window. and the apex of the cochlea were opened to allow fixative penetration. Following
washing in PBS. the tissue was osmicated in 1% osmium tetroxide. followed by
microdissection in 70% ethanol to remove the utricle. saccule. and the utriculosaccular
complex. critical point drying and sputter coating essentially as described (Lufkin et al..
1991). The area of macula sensory epithelium fro the utricles and saccules of Amx3
wildtype +/+, heterozygotic +/-. and homozygotic -/- inner ears was determined by
measuring the linear extent of each macula sensory epithelium on every 7 wm section of
serial sectioned temporal bones. An eyepiece grid reticule in a Zeiss Axiphot microscope
was used to count the number of grid boxes filled with macula sensory epithelium at 62.5x
magnification and then the grid box count was converted into an area measurement of

sensory epithelium in mm® by the following formula:
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n x erid box length x section thickness
1000 x magnification

= macula sensory area in mm-

where n = number of grid boxes. grid box length = 160 um, section thickness = 7 um.

magnification = 62.5.
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1) The Hmx genes belong to a novel gene family of ancient origin.

Table 1 Summary of library screening for Hmx genes

Drosophila Mouse

genomic cDNA genomic cDNA
phage# gene | phage#| gene | phage#| gene phage# | gene

[ Hmx | [Hmx | | Msx3 l Otp
4 Hmx 2 Hmx 4 Hmx3 2 Hmx3

others [Labial erc.| 3 |Hmx| 5 Hmx3 3 Otp
4 |Hmx| 3 Msx3 6 Otp

10 Hmx3 7 Otp

12 Msx3 15 Otp

13 Hmx2&3 18 Otp
32 Orp AAl44 | Hmx3

others | Hoxa-I etc. | 096EST

Using the *P-labeled homeobox of human HMX| as a probe. eight positive plaques
were obtained from Drosophila EMBL4 genomic library. Two were determined to contain
the same Drosophila homolog of Hmx gene by sequencing with primers TL104 and TL105
(Table 1). From a Drosophila cDNA library of stage 4-8hr, four positive clones (Table 1)
were tested to be the Hmx gene. Figure | shows the ftull-length cDNA sequence of
Drosophila Hmx gene derived from the longest cDNA clone. This gene has a 5’
untranslated region longer than Lkb. The first in-frame ATG of the longest open reading

frame is located at position 1200. This ATG codon is in the sequence context
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Figure 1. Full length cDNA sequence of Drosophila Hmx gene. Drosophila
Hmx gene has a long 5" untransiated region followed by the translation
initiation codon (ATG) at position 1200. Drosophila Hmx encodes a 364
amino acid polypeptide with a predicted molecular mass of 39 kDa. The
amino acid sequence of the homeodomain is in bold. The underlined amino
acid sequence, AAELEALNMA is highly conserved among the members of

Hmx gene family.
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1081

2221

2581

Drosophila Hmx cDNA sequence

TTGCACACAGAAACGCATTGACCATGATTACGCCAAAGCTCGAATTAACCCTCACTAAAG
GGAACAAAACTGGTACCGGGCCCCCGCCTCGAGGCCCACGGTATCGATCCGCTTGCTTGT
TCTTTTTGCAGAAGCTCAGAATAAACGCTCAACTTTGGGACCTGCACCCCCCCCCCCCCC
CGGRAAATTCTTTATTTTCCTAARCAAATATATATAAAACAAASAAAARRANAAARACACA
CAAGTGCAAGTTGAAGARACAAAAGTGCTGAATTAAACGTTTAAACTGCAAATCTAAGCAA
AAATCTCAAGCTATGTCTTCCTCCGAGGCCGAAGTTGACATCAGTGTGGTGTCCAGTCCG
GAGCCGAGTCCTTTGGGCGCCGCTGCCCGCGACAGTCCGCTGCTGGCCCGCTCGCCGACT
CGTTCCGCCGACGGCAGTTCGCCCCCGGCCACGCCTACCCATCGCTCCAATACGCCCAAC
ACGGCCGCCGGCACGCCCACAACGTGCGGAGCCCGGGCAATCACTTCCATCACAGTCCCA
GCGGAGGCGCTGTGCGCCGGCGGTGTTGCACCATCTGAGCAGCCTGGGCAGCATCCGGAG
CGCTGCATCAAGAGCTCCACACCTTTGGCAACTTGCATCCCGCTTCGGGGCCACACATCC
CGCCCTGCTGCAGCACGCACTCACGCCCACCGGCCAGCAGCAGCAGCAACAGTTGCAGGT
GCAGCAGCAACACCAGCAGTCGCATGTCGAGCGCCTTAGTCCGCCAATGAAGAGTCCGGA
GCGGAATGGCGGCGATGAGGTGCAAGGACACAGTCTGAACAACAACAACAGTAAGGCCCT
CAATCACAACAACACTTGCGCCTCGGCGGCCGCAGCGGCCGAGCAGCAGCGTGGCAGLGG
CCAACCTGCGCAACAACAGCAACGACAGCAACGGGAGCAGCGGGGGCGGCGGCGGCAAGA
GCACCACCGGTTCCAACGGATTCACCAGCTTCTCCATCTCCAGCATCCTGAGTCGCAGTG
AGCCGGCCAAGAAGAACGGCGCCGCCGGACTTATCACTCCGATCCCGCAGTTGCCGCAAC
CAGGAGC;GGCGGTCCRCAGGATGCGGCC&g_TTGTCCAGnTTuGGTTT ATATCGCAGT
M L § R L G ¥ I S8
GGGGAGCGTTGGCCGGTCGCTATGCCGCCCTGTGTCCGCCCGGATGGCCCTGGGCCCCTA
W G A L A G R Y A AL C &P 2 G W& P W A ?
AGCGACTGCCCTTCCACAGTCCCACTCATGACAGCTCCTCGACGAACACGACCGAGAATC
K R L P F # § P T H D S §$ S T N T T E N
CGCCATCGCCCACTTCCATGAGCCCGAACAACAACAATAACAACAGCAACACCACTGCCA
? P S5 P2 T § M § 2 N N N N N N S N T T A
GCTCAAACCAAGCCAGCAAATCGCCCTCTCACCACCCACTGCACCCCCTGTACCATCCCC
S § N Q A § XK S P § # H P L H B L Y H ?
TCAGCTCGCAACAGCAGCAGCAACAACAGCAGTAGTA C”nACnGCATCCACAGCAGCnAC
S8 S Q Q 2 Q Q Q Q Q2 Q # Q ¢ # P Q Q Q
AGCATCCACAGCAGCAGCAGCAGCAGCATCCTCACCAGCCCACCACGCCCACCAGCAGCA
C 2 2 Q Q Q Q Q@ Q # P B Qg 2 T T 2 T S S
GCAGCAGCGGAGGCGGCAGCAGTCTGACCCACCATCCGCATCCGCATCTGACCGGLTCAC
S §$ §$S G G G & §$ L T H H 2 ®H 2 # L T G s
ATGGCGGATACTTGCTGCCCAGCAGTTCCAACGAATCCGACGAGGAGGGCGAGGAGATAT
H G G ¥ L L P S 8§ 8§ N E § D E E G E E I
GGAGGAGGATGATGGTAACGGATGGACCCTCCGACAGCTCCTCGCCACATGGTGATGGCA
W R R MM VvV T D G P §$ D S S s P H G D G
ACTCGAAGAGAAAGAAGAAAACCAGAACTGTATTCTCGCGCAGCCAGGTCTTCCAGCTGG
N § X R K K K T R TV F S R 8 Q V F QL
AGTCCACGTTCGATCTGAAGCGCTACCTTAGCTCCTCGGAACGAGCAGGTCTGGLCGCCT
E 8§ T F D L K R Y L § §$ S B R A G L A a
CGCTCCGGCTGACCGAGACGCAGGTGAAGATCTGGTTCCAGAATCGCCGCARTAAGTGGA
S L R L T E T Q V K I W P F Q N R RN K W
AACGCCAGCTGGCCGCCGRACTGGAGGCGCTCAATATGGCCAACATGGCGCATGCAGCAC
K R Q L A A E L £ A L N M A N M A #H A A
AGAGATTGGTGCGTGTGCCGGTGCTCTACCACGATGGCACAACGGCCGGATTTGTGCCAC
Q R L VvV R V P VvV L Y H D GT T A G F V ?

TGCTGAAGCCGCCCAATTCCATGGTACATCCGCCCCATCCGCAGCCACCGCCGLCGGLCC
L L XK P P N S M A H P P H 2 Q P P 2 P A
GCTCCACATGCAACAACGCTCCTTCCTGGGCTGCGAGCAGCTGACGGAGACGGACATGGA
R § T C N N A P S W A A S S
CTCCGATTCGGAGCAGGAGCGCAGCCATATGATGGACGACGAGGATGCCGCCATCGATGT
GGAGGCCGACGAGGAGCAGGAGTCCGCATCGCCAGTTCCATCGGCCACGCCCCCCAAGAG
CAGCCTTTGCCTGGAAAGCAAGGAGAGTGGTGGCCAGCACAAGGAGCTAGCGCAAGGAGC
TGCTCCGGCTGTGGACAAGTCCGGCAACCAGAAGGCCTACTGAGCCCAATTCAGTCAAGT
GGATGCACGGAGAAGAAGTCCTTCCAACGTTGTATGCTTTAGTTTTTCACATATGGAATA
TACATACTGAATACAACGATTGGGGTCATGTAATAGAAACTGTGTTTGAGCACGCTGAAA
TGTTTTGAAAATTCCACAGAATTCGTATATC 2611
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Figure 2. Full length cDNA sequence of mouse Amx/ gene. This gene
encodes a protein of 350 amino acids. The bold region shows the
homeodomain of the HmxI protein. The underlined amino acid sequence is
the conserved region in the Hmx gene family. The nucleotide sequences of
the two Xhol sites are also underlined. In the knock out experiment (Figure
29). this Xhol fragment was replaced by ires.lacZ.neo cassette. The two
doubly underlined nucleic acids (also in bold and italic) show the position of

the intron.
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541

1621

1921

Mouse Hmx]l cDNA sequence

AGCCGAGGCCCCGCCTTCTCCCACTCCCTGGCGCGGGTACCGGGGTGGGGGGCGCCGGAA
GCATCTCGCGGGGTCGTACCCCCAGGACCACCGGGTCTCCTGCCCTGGGCCCTGCCACCA
CCTGCGCGCAGAGTCCGGCCGGGCAGCATCTCCGGCAATGGCTTCTCTCCGGGCTGCAGT
GGGTCGTTGGGGCTGAGCCTACGAAACTCGCGCCGCCCCGCCCCCGGCACCGCCCCCTCC
CCCTCCCGTGAGGCCAGCCGGGGCGGCGACCTGAACCGCTCGGAGAAACGCGAGGGAGGT
TGCTGCGGGAACGGCCGTCCGCGCGCACCCGCTCCCGCTCCCGCCCAGCCCAGCCCGGCA
CAGAAGCCGACGCCCGCCTCGTGGAGCCCGACGCCCTCACTCCGGGCAGCGGCTCTCCAG
GGCCAGGCCGCGCGTGCGCCAGGCGGCCGTTCGCCACTATCCAAACGGGGCCGGGAAGAG
CAGCTGCGCCCCAGGCAACCAGGGACCCCCAGGATCCCAGCCTTGCCCGACGGGCCCGCG
GCCGCCATGCCGGATGAGCTGACCGAGCCCGGGCGCGCCACACCAGCTCGCGCCTCCTCC
M P D ELTEUPGIRATUPAURA A S S
TTCCTCATCGAGAACCTGCTAGCAGCCGAGGCCAAGGGCGCGGGGCGCTCAACCCAGGGC
F L I E N L L A A E A K G A G R S T Q G
GATGGCGTCCGCGAGGAAGAGGAAGAGGACGACGACGACCCCGAGGACGAGGATCCGGAG
b GV R EE E E E D DD D P E D E D P E
CAGGCGCGACGACGACTACAGCGGCGGCGACAGCAGCGCGCGGGCAGCGGGCCGGGCGGG
Q AR RRUL QR RRQQRAG S G P G G
GAGGCGAGGGCCCGGGCACTGGGCCTAGGGCCCCGGCCECCTCCTGGGCCCGGCCCGCCC
E AR A RAULGUL G P R P P P G P G P P
TTCGCGAGGGCCCGGGCACTGGGCCTAGGGCCCCGGCCGCCTCCTGGGCCCGGCCCGCCC
F A R A R AL G L G P R P P P G P G P P
TTCGCGCTCGGCTGCGGAGGTACAACGCGGTGGTACCCACGGGTGCACGGCGGCTACGGA
F AL GCGGTTRW Y P RV HG G Y G
GGTGGTCTAAGTCCTGACACAAGCGACCGGGACTCTCCGGAGACCGGCGAGGAGATGGGC
G G L S P DTSDU RTUDTSUPETGTETEHMSG G
CGCGCAGAGAGCGCCTGGCCGCGGTGCCCCGGGCCGGGAACCGTTCCGCGGGAGGTGACG
R A E S A W PR CUP G P G TV P RE VT
ACGCAGGGCCCGGCGACCGGCGGGGAGGAGGCGGCGGAGTTGGCCGAGGCTCCAGCGGTG
T ¢ G P AT GG EEAAZETLAUZEA A?PAV
GCGGCGGCGGCGACAGGGGAGGCGCGCGGTGGCCGCAGGAAGAAGACGCGCACGGTCTTC
A A AATSGE AR GU GU RRIKI KTRTVF
TCGCGCAGCCAGGTCTTCCAGCTCGAGTCCACTTTCGATCTGAAGCGCTACCTGAGCAGC
S R §$ Q V F Q L E 8§ T F DL K R Y L § 8§
GCAGAGCGCGCCGGCCTCGCCGCCTCGCTGCAGCTCACGGAGACGCAGGTCAAGATCTGG
A BE R A GL A A S L Q L TETGQ VK I W
TTTCAGAACCGCCGCAACAAGTGGAAGCGGCAGCTGGCAGCGGAGCTGGAGGCGGCCAGC
F Q NR RNKW KR QL A A E L E A A S
CTGTCCCCGCCGGGTGCGCAGCGCCTGGTCCGCGTGCCGGTGCTCTACCACGAGAGTCCC
L s P P G A QR L VRV P V L Y HE s P
CCGGCCGCCGCGGGGCCCGCGCTGCCTTTCCCGCTGGCGCCGCCCGCACCGCCGCCGLCG
P A A A G P AL P F P L A P P A P P P P
CTGCTTGGTTTCTCGGGCGCGCTTGCTTACCCGCTTGCCGCCTTCCCTGCCGCCGCCTCG
L LGF S GALOAY P L AATF P A A A S
GTGCCCTTCCTTCGCGCGCAGATGCCGGGGCTAGTGTGAGCCGGCGCCCTCCATGTAGGA
v P F L R A QM P G L V
GGCGGTTGGGGGAAGGCGCCGCGCACCTCGCAGTCCCTCGAGCGGCCGTCTCCGTGGGCA
GCTGCTCTACAGTGTACCGGACAGCGGCGGCAGCCGGGACTCGCAGCCAGCTGCAGGACT
GGAGACCCGTTCCGATGGAAAGCCGCGGCGATGCGCTAGCTCTCGCCGGACGGAGTGCTG
AGCAGATGCCGGCTCCGAGTCAGCAAACGGACACTTGGAATGGGCTGGCCGAGGAACGGT
ATGGCGACTGTCCCGAGGCATCCTGGCCCTAATTCACATTGTCCTTTTCTCGGGAGGGAT
CTTGCAGGAACCCAGACATCAGGGGCCCCTCCAAGGGACAGTACAGAGTGCTGCGGGCC
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(GGCCATGTTG) most closely matching the Kozak consensus sequence (Kozak. 1987).
From this ATG. the deduced single open reading frame encodes a 364 amino acid
polypeptide with a predicted mass of 39kDa. The homeodomain is situated between
residues 194 and 254 (Figure 1). The amino acid sequence AAEL ALNMA immediately 3"
to the homeodomain is highly conserved within the Amx gene family. Analysis of the
genomic organization of the Drosophila Hmx gene is in progress.

Using the 32P-dCTP labeled human HMX/ (previously H6) homeobox as a probe. a
mouse lambda dashIl genomic library was screened for murine Hmx genes. The results are
summarized in Table 1. More than 32 positive plaques were obtained. Clones which were
still positive after high stringency washing were subcloned and characterized. Four of them
contain murine Hmx genes. Phages 4. 5 and 10 correspond to murine Hmx3 genes. Phage
13 contains the homeoboxes of both Hmx2 and HmxJ, indicating that Hmx2 and Hmx3
are closely linked on the same chromosome. The corresponding regions of these phage
inserts are shown in Figure 5. An approximately 31 kb genomic Am.x -containing fragment
was obtained. Based on restriction analysis (Figure 28A) and sequence results obtained
from various subcloned fragments (data not shown). the homeobox of Hmx3 is about 18
kb from the 5" end of this 31 kb genomic fragment. The Hmx2 homeobox is 11.0 kb 3' to
that of Amx3.

An E11.5 cDNA library was screened for Hmx2 cDNAs. We failed to clone an Amx2
cDNA., possibly because of a low expression level. By 5 RACE PCR. a 5" portion of the
Hmx2 gene about 300bp long was cloned (Figure 3). The rest of the sequence was adapted
from published work (Bober et al., 1996). No in-frame ATG having a favorable context
for initiation can be found in this partial cDNA sequence. Comparison of cDNA sequence
and genomic DNA sequence showed an approximately 1.5 kb intron located in the coding

region of the Amx2 gene (Figure 2 and 3).
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Figure 3. Partial cDNA sequence of the mouse AHmx2 gene. The
homeodomain is shown in bold and the conserved region among Hmx
genes is underlined. In the Amx2 knock out experiment (Figure 27). the
ires.lacZ.neo cassette was inserted into the underlined Xhol site in the
homeobox. The position of the intron is shown by the two doubly

underlined (also in bold and italic) nucleotides.
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601

901

1441

Mouse Hmx2 cDNA sequence

CTTGGACGTTCTTGGTTTCCTCCGATTTCTTATGAACCCAGGATGGCAGCAAGGAAGATG
L G R §$ W F P P I S Y E P R M A A R KM
TGGGGAAGGGATGTCCGGCGGCCGGTGGCGTCTCCAGCTTCACCATCCAGTCCATCCTGG
W G R DV R R P V A S P A § P § 8 P s W
GCGGGGGCCCTCCGAGGCACCGCGGGAGCCCGCCGGGTGGCCAGCCAGGAAMACGCAGCCT
A G A L R GTA AGO AIZRUZ RV A S Q E T Q P
GTCTGTGTCCTCGGAGGAGGAGGAGCCGGAGAAGGTTGGAAGGCTCCGGCTTGCTTCTGC
v ¢ v L. G G G G A G E G W K A P A C F C
CCAGATCCGCACGGCCCCAAGGAGCCAAGCCCTAAGCACCATACCCCCATCCCTTTCCCT
P D P H G P K E P S P K H H T P I P F P
TGCCTGGGTACCCCCARGGGCAGCGGAGGCGCAGGGCCTGCGGCCTCGGAGCGCACGLCA
C L G T P K G S G GA AG P A AZSTETRT P
TTCCTTTCTCCTTCTCACCCGGACTTTAAGGAAGAGAAGGAGAGGCTTTTGCCGGCGGGL
F L § P S H P D F K E E K E R L L P A G
TCGCCTTCTCCGGGCCCGGAGCGGCCACGGGACGGCGGTGCGGAGCGCCAAACCGGAGCG
S P §$ P G P E R P R D G G A E R Q T G A
GCCAAGAAGAAGACGCGCACCGTCTTCTCCCGCAGCCAAGTGTACCAGCTCGAGTCTACC
A K K K T R T V F S R S Q VvV Y Q L E s T
TTCGACATGARACGCTACCTGAGCAGCTCGGAGCGCGCTTGCCTCGCCTCCAGCCTGCAG
F D M XK R ¥ L §S 8§ 8 E R A C L A s s L q
CTCACCGAGACCCAGGTTAAGACTTGGTTCCAGAATCGCCGCAACAAGTGGAAGCGGCAG
L T BE T Q V K T W F Q N R R N K W K R Q
CTCTCAGCCGAGCTTGAGGCAGCCAACATGGCACACGCGTCGGCGCAGACTCTCGTGGGL
L s A E L E A A N M A H A S A Q T L V G
ATGCCGCTCGTGTTTCGGGACAGTTCGCTGCTGCGAGTGCCGGTGCCGCGCTCTCTGGCC
M P L V * R DS s L L R V P V P R S L A
TTCCCGGCTCCGCTTTATTACCCGAGCAGCAATCTCTCGGCCTTACCGCTCTACAACCTG
F P A P L Y Y P S § N L S A L P L Y N L
TACARACAAGCTTGACTACTGACATGCTCGCCCGCCGGCTCCCGGGACGCCCCTGGTCGLC

Y N K L D Y
TGCAGCTGCCTGCATAGCCCGGCGCGGTCGGGATCCTTCGCAGAGCTCCGGAGCAGACGC
GCGCGTGTCCAGAAATATTAAGAARATACACCATGTGTATTCGTTATGTCTTATTTATGGC
CTCTTTCCTACCTTTTGTTTTGTTTTGTTTTATTTTGTTTTGTTTTGTTTTGAGTATTTA
TCTGCATTCCTCACGCCAGAGCACCTGCTTTCTACACARAACCAAACAACTCGCGTTTGA
AACTATTTTGGAAGGGGAGGCTCTCGGGTGEGTGGTGGGAAGTGGGGTTTTGATTAGGTCG
GTTTTGACCAGTAGCAAGAAAAAAARAARAAACATCAGAARAACCACCAACAGAACCAGG
CAGTCTTTCTCCCATATATACACCTGTATATAGAAAATGTGGTAGGACACAAGCTCAGCC
GAGCCGAACCAACTAGGGCTTTGGTCGTTGAACTAATCACTTCTCTTTATTCCCTTCATC
TTGAGGATGGGTAGGGGCAAAACGAGGAGAGTACAGATCTGTAAATATTTTTAAAGAGAA
AAAAATAAAACGTTTTAAACATGGTTGCTAAAARAAAAARAARAN 1483

Figure 3
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Figure 4. Full length cDNA sequence of the mouse Hmx3 gene. Hmx3
contains three exons. The positions of the introns are shown by the doubly
underlined (also in bold and italic) nucleotides. The homeodomain ot Hmx3
is in bold and the conserved amino acid sequence 3’ to the homeodomain is
underlined. At the 5" portion of HAmx3. the bold nucleic acid séquences are
the putative translation initiation codons. The arrows show the positions of
primers used for PCR amplification. This PCR-amplified fragment was used
as a template to make antisense ribo-probe for RNase protection (Figure 19).
To disrupt the Amx3. the ires.lacZ.neo or neo cassetie was inserted into the

underlined Xhol site in the homeobox ot Amx3 (Figure 19).
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1

1261

Mouse Hmx3 cDNA sequence

GAGGAGGGGGCGGTAGAGGAGGCGGCTGCGGGGCCTGGGCTCGGCTGCGCCTTGGCCGGE
CTAATCCCATTTGCCATTGTACGCGCCCAATCGCCGTATACTCCCCGCATTTAACTTGGA
S H L P L Y A P N R R I L P A F N L D
TGACATTTTGATTTCATCATTAGCATCCGGCGCCGGATTGACGCATCCCCARGCCGGGGA
b I LI §$ S L A S G AGUL TH P Q A G D
CCGCTCTCGCAGCCTCCTCCCGGGGAGCCGCAGCTCTACCGGCCCCCTCGCTCCCTCGGE
R s R s L L P G S R S S T G P L A P S A
GCAGAGGCAGGAACCTGCTCAACGGAGACCATCACCGGCCGCCCCCGARAGCCTCAGCCGC
Q R Q E P A Q R R P S P A A P E A S & A
CCCCACGAACGCTCTTTGCTCCGGCCTCGCTGCTGCCGCCGCCGGCCCGGCGGCCGLCGL
P T N A L C S G L A A A A A G P A A A B
AGCCAAAGGTGCCCTGGAGGGCGCCGCGGGCTTCGCGCTCTCGCAGGTGGGCGACCTGGE
A K G AL EGAAGF AL S Q V G D L &
TTTCCCCCGCTTTGAGATCCCAGCGCAGAGGTTTGCCCTGCCCGCGCACTACCTGGAGCG
F P R F E I P A Q R F &2 L P A H Y L E R
CTCCCCGGCCTGGTGGTACCCCTACACCCTGACCCCCGCCGGCGGTCACCTCCCGCGACC
S P AW W Y P Y T L T P A G G H L P R P
AGAAGCCTCGGAAAAGGCCCTCCTGCGAGACTCCTCCCCTGCGTCCGGCACCGATCGAGA
E A~ S E KA LLURD S S P A S G T DR D
CTCCCCGGAGCCTCTGCTCAAGGCTGACCCCGACCACAAGGAGCTGGACTCCAAGAGCCC
S P E P L L K A D P D H K E L D S K s P
GGACGAGATCATTCTGGAAGAGAGCGACTCGGAGGAAGGCAAAAANGAAGGCGAGGCGGT
b E I I L B BE S D S E E G K K E G E A V
GCCTGGCGCGGCCGGGACGACCGTAGGGGCGACTACGGCGACACCGGGCTCAGAGGACTG
A A G T T V G A T T A TP G S E D W
GAAGGCGGGCGCCGAGAGTCCCGAGAAGAAGCCGGCGTGCCGCARAAAGARAGACGCGCAC
K A G A E S P E K K P A CURIKI KI KT TR RT
CGTCTTCTCGCGCAGCCAGGTCTTCCAGCTCGAGTCCACATTCGACATGARACGCTACCT
vV F § R § Q V F Q L E S T F D M K R Y L
GAGCAGCTCGGAGCGCGCTGGCCTGGCCGCGTCGCTTCACCTCACCGAGACGCAGGTCAA
S 8§ §$ ER A GL A A S L HL TE T Q V K
GATCTGGTTCCAGAATCGCCGCAACAAGTGGAAGCGACAGCTGGCGGCCGAGCTGGAGGC
I W F Q N R RN KWK KR QL A A 8 L E A&
GGCCAACCTGAGCCACGCCGCTGCGCAGCGCATCGTACGCGTGCCCATCCTCTACCACGA
A N L S H A A A Q R I VvV RV P I L Y H E
GAACTCTGCGGCCGAGGGGGCGGCAGCGGCTGCGGGGGCACCGGTGCCAGTCAGCCAGCC
N S A A 8B G A A A A A GGA PV B V 5 g P
GCTGCTCACCTTCCCGCACCCAGTCTACTACTCGCACCCGGTGGTCTCGTCCGTGCCCCT
L L T F P H P V Y ¥ S H P V V S S V P L
ACTAAGGCCGGTGTGAGATGGGACAGGGGACAGGGAGTGAGCACCCGGCCACCTTTTGGG
L R P V
ACCCCGGAGGAGACTGGGCCGGGCCGAGGGTGCCGGCTGTGGCCAGCGACCTTGGGCTCA
CTGCCTTGCCTCCCACCCCCCRATAGCATTTTGTAAGTATTTCGAATCGAGTTTTCGTGC
AATTAATTCCTATGRATTTGAGGCGCTTCTCCTCTTATTTTTGGTTTTGCTTACCATTGA
GAGARRACGGGGTGGGGCAGGGGGGAACGACARAATTACCAGGTCARAACTTCCAATTGA
AAGTTTAAAARAAAAARARAGGTTCCAGACCTCCCCCTTAATTACCATTGGCTCTGTGGCC
CTGAGGTGTATTTTTACAGAGGGAAAATAAGCGAARAAATTCAACTTTTTTTTTTTACTTT
ATTCATTTTTCTGAGGAACTATTTTCAAAATCCCGAGAGAGAGAGAGAGAGAGAGAGAGA

1681 GAGAGAGAGAGAGAGAGAGGGAGA 1706

Figure 4
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From an E11.5 mouse cDNA library. one positive clone (phage 2 shown in Table I)
was proven to be the Hmx3 gene (Figure 4). The Amx3 cDNA is about 1.7kb in length.
The longest open reading frame encodes a 383 amino acid polypeptide. However in this
open reading frame. there is no optimal ATG codon capable of functioning as a translation
initiation codon at the 5° end of Amx3 gene. To confirm the accuracy of the Amx3 cDNA
sequence, one EST clone shown in Table | (Genebank [D# AA 144096 ) was bought from
Genome Systems. Inc. This EST clone was obtained from a ¢cDNA library constructed
from adult mouse thymus. Two other independent clones were obtained from the 5° RACE
PCR products. One clone contains the same insert as does phage 2. The other clone
contains a 600bp 5™ portion of the Amx3 gene. All four independent clones show the same
sequence at the 5° end of the Amx3 gene. For this reason. we are confident that
translational initiation of Amx3 does not start with an AUG. Based on the results trom
other genes (Becerra et al.. 1985: Hann et al.. 1988: Mehdi et al.. 1990). codons other than
AUG can be recognized by eukaryotic ribosomes to initiate protein synthesis. although at a
low efficiency. In the case of Hmx3. ATA. GAT. ATT or ACG may function as the
translation initiation codon. In addition to its usage of a non-ATG initiation codon. the
Hmx3 gene is unusual in its genomic organization. Alignment of cDNA and genomic DNA
sequences identified that there are three exons in Hmx3 (shown in Figure 5). whereas
most other homeobox genes have two exons. The homeodomain resides in the third exon.
The conserved AAELEAAN sequence following the homeodomain is present in the Hmx3

protein.

The homeodomains of these three genes are about 90% similar to each other.
Comparison of the homeodomains of these three genes with previously identified genes
revealed that they also share striking similarity to TgHbox5 (Wang et al.. 1990). SpHmx
(Martinez and Davidson. 1997), gH6 (Stalder et al., 1994 ), H6 (human AMX . Stadler et
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Figure 5. Genomic organization of the Amx2 and Hmx3 genes. The regions
covered by the four overlapping phage clones are shown on the top. Open
boxes show the exons of Hmx2 and Amx3. The position of the homeoboxes
is indicated by the closed boxes. The arrows show the transcriptional
orientation of both genes. Probe [-1 is a genomic fragment used for

chromosomal mapping.
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al.. 1992) and murine Amx/ (Yoshiura et al.. 1997). but low level identity to any other
homeobox genes except SoHo-! (Deitcher et al.. 1994). For example. as shown in Table
2. Hmx genes are only about 63% similar to the NK3 gene and less than 60% to the other
members in the NK gene family. Hmx genes do not belong to the VK gene family.
Moreover. the homeodomain similarities between Hmx genes and other homeobox genes.
such as Dlx and Hox genes. are less than 55%. Thus. Amx genes do not tit into any
existing classes of homeobox genes. Isolation of the Drosophila paralog of Hmx turther
convinces us that Drosophila Hmx. murine Hmx2 and Amx3. together with TgHbox3.
SpHmx, gH6. H6 and murine Amux/. comprise a distinct homeobox gene tamily. which
evolved from the same primordial gene. In addition. the amino acid sequences 3' of these
genes’ homeodomains are also highly conserved within the Amx gene family. This
AAELEAAN sequence can be considered to be characteristic of the Hmx genes. For that
reason, the Sofo-/ gene is not classified as a member of the HAmx gene tamily. although
its homeodomain is very similar to those of Hmx genes. However. SoHo-/ in chick is
closely related to the Hmx genes.

Using radioactively labeled Hmx3 homeobox as a probe. "Zoo" Southern blotting was
pertormed (data not shown). AHmx genes exist in a wide variety of species in the animal
kingdom, such as cricket. Drosophila, Sea Urchin. Zebra fish. mouse and human. No
Hmx homologs were detectable in yeast, trvpanosome and hydra. These results indicate
that Hmx genes have diverged from other homeobox genes and established their own
identities conserved in the distant evolutionary past. Existence of Hm.x gene homologs in
horse, sheep and lamprey were confirmed by PCR amplification of the homeobox regions
(Stadler et al.. 1995). The above results indicate that the Am.x genes belong to a novel gene
family which exists in a wide variety of species. The function of these genes remains to be

investigated further.
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Table 2 Homeodomain sequence comparison of Hmx genes and other homeobox genes

Drosophila Hmx

DGNSKRKKKTRTVFSRSQVFQLESTFDLKRYLSSSERAGLAASLRLTETQVKIWFQNRRNKWKRQLAAELEAANMAHAAQ 100% (1)
T.gratilla Hmx  SPQK-K---=-=m-cmec-mamomaoo EV-mecmecmem e N-H--mmcommcmmnccmmea- M-------- L----- 92% (2)
G.gallus Hmx3 QRAAG-=m=mme—memcmmcemmmmee | ST H--memmmmmmmmcm e HV--D-----LS----  93% (3)
Murine Hmx1 EARGG-Re-=~c-=m-memcccmcm e c e } . Q= mm e m e ————— - SLSPPGA  95% (6)
Murine Hmx2 ROQTGAA~ =~~~ mmmmmcmcmcamm e e n M-cmcmmmemn C--8--Q~====-- Pormmme e L R SA 92% (1,4)
Murine Hmx3 KKPACR-~=-—mcmmccmmcemmame e M-mmmemmmmmme———— Hememmme e mmmm e o e LS---A 96% (1,4)
Human HMX1 GVGAG-===m=mmmmmemmmemcemm; ;e cmacea ;e Q-—~==—mmsmmmcmmeaoaa HV------- SLSPPGA  95% (5)
SoHo CSAAGG-===~~ I--K-m-mmmmmmme Vemmemm D A~H-mmmmmmmmmmmmme L----S--P-GPGQ-EPPG  88% (7)
NK1(S59) PRRA--A-TYE-LVS--NK-KTT-~~-VC-~LN~~L-~8~-mmeemmem———— T---K-N 58%
NK2 ~-RK-VL-TKA-TYE--RR-RQQ--~~AP~~EH~-~SLI~~=P=nm=-nmn- H-Y-T--AQ 53%
NK3 --RS~AA-~HA---E~-RR~AQQ~-~~GP~-SEM~-K-=r-mmmmmmcccm——n Y-T--KQ 63%
Nkx2.2 -R-R-VL--KA-TYE-~RR-RQQ-~~~AP~~EH~~8LI~-~P~==~=~~--H-¥Y~M--AR 55%
Sax2 PRRA--A~TYE~-LVA--NK-KAT~-~~VC~-LN~GL~~8-m=c=mme—ce—- T---K-N 57%
Msx1 NR-P--P-TTA-LLA--RK-RQ-Q-~-~IA-~-EFS8-~8-~=~-=-P-mwu--=A-A-L-Q 55%
Emx1 P-RI--A--P-~LLR--RA~EKNH-VVGA--KQ--G-~8~8~-~=~VN~--~~ T-Y-~--K 53%
otx1 Q-RE~-T-T-~~LDV--AL-AKT- -PDIFM-EAVELKIN-P~SR-QV-~K-~~A-CRQ-Q 38%
D1x2 VR-P--IY-SF-LAA-QRR-QKTQ~-ALP--~E~=nmcGm=Q-m~o=mm-=m—= S-F-KMW 53%
Pax3 QRSS--T-TAE-LEE--RA-ERTH-PDIYT-EE--QRAK-~-AR-QV~-~8---AR-RK-A 38%
Evxl MRRY~-A-T-E-IAR--KE-YREN-V-RPR-CE~-~-ANCP~-T--I-V~~-~-~~-M-D~R-R 45%
En-1 D-RP--A-TAE-LQR-KAE-QAN--ITEQR-QT~--QE~8~-N-8-I~--~--K~-A-I-KAS 42%
Hoxa-1 PNAV--N-TTK~-LTE--KE-HFNK--TRAR-VEI~-~-~Q-N-~r-ccoce=a- M-Q-KRE 48%
Ubx RRRG-QTYT-Y-TLE--KE-HTNH-~-TRAR-IEM-HA-C-~-R-I--~~~-~=-M-L~-KE~ 43%
Antp R-RG-QTYT-Y-TLE--KE-HFN---TRRR-IEI-HA-C~---R-I-~~~-~=~-M--~-KEN 47%

(1) this work; (2) Wang et al., 1990; (3) Stadler et al., 1994 (4) Bober et al., 1994; (5) Stadler et al., 1992
(6) Yoshiura et al., 1997; (7) Deitcher et al., 1994; Other homeodomain sequences were from Kappen et al., 1993
The homeodomains of various genes are shown in bold. Identical amino acids are indicated by dashes.
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2) The murine Hmx2 and Hmx3 homeobox genes are closely linked on the
distal region of mouse Chromosome 7, whereas HmxI is assigned to the
proximal region of mouse Chromosome 5.

Using a 0.8 kb EcoRI-Xbal genomic fragment (probe 8 in Figure 29) lying 5° to the
homeobox of HAmx! gene as a probe. we were able to detect a HindIII restriction fragment
length polymorphism (RFLP) between C57BL/6] and Mus spretus genomic DNA. This
probe hybridized to HindIIl fragments of 3.0 kb in C57BL/6J DNA and 29 kb in
SPRET/Ei DNA. The 3 kb HindIII band can be used to follow the segregation of the Hmx/
allele in 94 N2 progeny of a (C57BL/6J x SPRET/Ei) Fl females x SPRET/Ei males
backcross (Rowe et al.. 1994). By analyzing the backcross panel. Hmx!/ is mapped to the
proximal region of Chromosome 5 (Figure 6). This location is homologous with the
4pl6.1 region of Chromosome 4 on which human AMX/ is located (Stadler et al.. 1992).
Genetic markers flanking Amx/ are shown in Figure 6. Two other homeobox genes. Sax2
(Chen and Lufkin. 1997), and Bapx! (Tribioli et al.. 1997). are also mapped to this region.

Chromosomal mapping of the Drosophila Hmx (dHmx) gene is still in progress. If it
is the case that dAmx is linked to §59 (Drosophila homologue of Sax2) and bagpipe
(Drosophila homologue of Bapx/). then. Hmx/. Sax2 and Bapx! will constitute an
homeobox gene cluster highly conserved during evolution. similar to the Hox gene
clusters. Moreover. these three genes are also linked to the mouse homologue of
Deosophila msh, Msx1.

A 0.6 kb HindIII-BglII genomic fragment (probe -1 in Figure 5) isolated from the
Hmx2 and Hmx3-containing genomic phage was used to detect the RFLP between
C57BL/6] and Mus spretus genomic DNA. This probe is located [.5 kb 3" to the Hmx3
coding sequence and 4 kb 5 to the Hmx2 coding sequence. This probe detects a 1.5 kb
SPRET/Ei-specific band and a 3.2 kb C57BL/6J-specific band. Analysis of the backcross

panel results reveals that Hmx2 and Amx3 are located on the distal region of mouse
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Figure 6. Chromosomal location of Hmx/ in the mouse genome. (A) Partial
linkage map showing the location of Hmx/ in relation to other flanking loci
on the proximal region of Chromosome 5. The centromere (open circle) is
shown on the top. Genetic markers and genes linked to Hnmux/ are shown on
the right of the chromosome map. Loci mapping to the same position are
listed in arbitrary order. Syntenic region of mouse AHmx/ in human is
indicated on the left of the map. A 5-CM scale bar is also shown to the right
of the figure. Raw data for the cross are accessible through the Jackson
Laboratory World Wide Web site: http://www jax.org
/resources/documents/ cmdata. (B; A haplotype figure for Hmx/ and
adjacent genetic markers on Chromosome 5. Loci are listed in order with the
most proximal on top. The solid boxes represent the presence of a
C57BL/6J allele and white boxes represent the presence of the SPRET/Ei
allele. Numbers of offspring inheriting each haplotype are listed at the
bottom of the each column of boxes. To the right of the figure. the percent

recombination (R) is given with the standard error (SE) for each R.
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HmxI maps to the proximal region of mouse Chromosome 5

Jackson BSS Chromsosome 5

g D3Birs
D3Mir48. RniSs-rsi

. D5murl

D35Bir5. D5Hun!
Dpp6. Nos3. Pmsc2. Xmv7

I

pl6.1 L D5Bir6. D5Mitl49. Hmxl . Sax2. Znt3
== DsMissi
D3Bir7. Msxl
4 Bapxl. TgN370
1T Mpm7
_L Bp3. Pmv3 SeM
l__  D5Hun2. DSHun3
j._ D3BirS
B Chromosome 5
R SE
D5Bir5 BEORBROOMN 06 106
DPP6 IE]DEIE]II‘O6 ;
DsMitl49. HmxI B O OB OB .06
DSMit351 ~AnEnl B B 1.06 1.06
D3Bir7 mCoOmeQg "'
49 41 | | l 1

Figure 6

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 7. Chromosomal mapping of mouse Amx2 and Amx3. (A) Genetic
linkage map from The Jackson Laboratory BSS backcross showing the
distal region of mouse Chromosome 7. with genetic markers linked to
Hmx2 and Hmx3 genes. The circle on the top is the centromere. Markers
linked to the Hmx2 and Hmx3. as well as a 5-cM scale bar are shown to the
right of the map. Loci mapping to the same position are listed in arbitrary
order. The homologous positions of loci in human chromosomes. identified
by tlanking genetic markers. are shown to the right. (B) A haplotype figure
from the Jackson Laboratory BSS backcross showing loci linked to Hmx2
and Hmx3 on the distal region of Chromosome 7. Loci are listed in order
with the most proximal on top. The solid boxes represent the C57BL/6J
allele and the white boxes represent the SPRET/E! allele. Numbers of mice
carrying each haplotype are listed at the bottom of each column of the
boxes. The recombination frequencies (in term of percentage R) between
adjacent markers is presented to the right of the figure. with the standard
error (SE) for each R. Raw data from the Jackson Laboratory BSS
backcross can be obtained from the World Wide Web address

http://www/jax.org/resources/documents/cmdata.
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Chromosome 7, to which more than 160 different markers have been mapped. The Hmx2
and Hmx3 loci are flanked by markers whose homologues map to the 10q26 region of
human Chromosome 10, where human AMX2 resides (precisely, HMX2 maps to the
10g25.2-q26.3 region of human Chromosome 10: Stadler et al., 1995). Interestingly.
another homeobox gene, Msx3, is about 5 map units away from Hmx2 and Hmx3.
Furthermore, Amx2 and Hmx3 are also linked to the imprinted genes H/9 and Igf2.

The above mapping data from the Jackson Laboratory BSS backcross can be obtained

from the World Wide Web address http:www _jax.org/resources/documents /cmdata/.
3) At embryonic stages, Hmx genes are expressed in a variety of
structures, including the developing central and peripheral nervous
systems, the cleft between the first and second branchial arches, the
developing sensory organs and the developing duodenum.

In adult mice, Hmx genes show a dynamic expression pattern in the
uterus during pregnancy.

Whole mount in situ hybridization shows that at the blastoderm stage (~3 hr)
Drosophila Hmx is expressed in bilateral patches in the dorsal ectoderm of the head (Figure
8). These regions will give rise to brain neuroblasts. No other regions were determined to
be positive for Amx gene expression. Its expression in the developing central nervous
system may reflect the ancestral function of Hmx genes.

[n situ hybridization on whole mount mouse embryos with digoxigenin-labeled probes
or using radioactive-labeled probes on sections was performed to investigate the expression
pattern of Hmx2 and Hmx3 genes. Examination of the expression pattern was refined by a
knock-in of an ires.lacZ reporter gene into Hmx2 or Hmx3 (see Material and Methods). In
this way, the reporter gene is put under the control of the endogenous Hmx gene
promoter/enhancer. By staining for [-galactosidase activity, the endogenous Hmx2 or

Hmx3 expression pattern can be precisely discerned in the heterozygous embryos. The
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Figure 8. Expression pattern of Drosophila Hmx examined by whole mount
in situ hybridization. At blastoderm stage (~3hr). Drosophila Hmx is
expressed in bilateral patches in the dorsal ectoderm of head (arrows).

These regions will give rise to brain neuroblasts.
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Figure 9. Targeting strategy for knock-in of ires.lacZ.neo reporter gene into
Hmx3 locus and ES cell screening for correctly targeted clones. (A) Hmx3
wildtype locus, targeting construct and Amx3 mutant allele. The targeting
construct contains the ires.lacZ reporter gene followed by the neomycin-

resistance gene (neo) which was inserted into the unique Xhol site in the

homeobox of Hmx3 gene. The mutant allele will produce B-galactosidase

enzyme and a nonfunctional truncated Hmx3 protein. The positions of the
Hmx3 exons are indicated with black rectangles. The external probes for ES
cell screening, probe | and probe 2 are indicated. (B) Southern blot analysis
of ES cell DNAs. Insertion of ires.lacZ.neo into the Hmx3 homeobox yields
a new 9.1 kb BamHI fragment detected by probe | and a new 9.3 kb BamHI
band detected by probe 2 in addition to the [7.8 kb wildtype fragment.

Genomic DNA from wildtype ES cells was also included as control (Figure

9B).
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expression pattern of Hmx2 and Hmx3 displayed by B-galactosidase staining is identical to
the results obtained by RNA in situ hybridization using both radioactive and non-
radioactive methods (data not shown). The high resolution of B-galactosidase staining
allows us to detect Hmx genes expression even at the single cell level.

Expression patterns of Hmx2 and Hmx3 are similar in their temporal and spatial
distribution (Figure 15). Hmx3 was first detected at E8.5 in the otic placode and the first
branchial arch region ( Figure l0A). At the stage of E9.5. expression of Hmx3 continues to
increase in the otic vesicle and the cleft between the first and second branchial arches
(Figure 10B-10F). In the otic vesicle. stronger expression can be seen in the rostrodorsal
half of the otic vesicle (Figure [1A), which will form the precursor of the vestibular
structures (Li et al., 1978: Li et al.. 1976). At E10.5, the expression in the central and
peripheral nervous systems is turned on (Figure 10G). The expression in the developing
inner ear persists throughout gestation. Sectioning of E13.5 Hmx3““* embryos revealed
strong expression in the epithelium of the developing vestibular ducts and no expression in
the adjacent cochlear epithelium.

Interestingly. besides its expression in the developing inner ear. AmxJ expression can
be detected in almost all sensory organ-related structures (Figure 12). [n E10.5 embryos.
Hmx3 signal can be found in the neuroepithelium, which may form the future retina and
lens (data not shown). At a later embryonic stage (E13.5), Hmx3 expression in the eye can
be seen strongly in the optic stalk, but weakly in the neural retina and the lens (Figure
12A). Strong signal of Hmx3 can also be detectable in the ciliary ganglia (Figure 12C). In
the regions around the developing tongue, significant HAm.x3 expression can be seen in the
regions around the lingual vessels and submandibular duct (Figure 12B). Amx3 can also
be found in two discrete regions which are the olfactory neuroepithelia of the nasal cavity

(Figure 12C).
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Figure 10. Beta-galactosidase expression in Hmx3““* heterozygotes during
embryogenesis. Hm.x3"* heterozygote embryos from stages E8.5-13.5

were stained for B-galactosidase activity as wholemounts (A-H) and then

serial sectioned (I-P). The expression of Hmx3 gene is first detectable at
E8.5 embryos (A) in the otic placode (arrow) and the developing branchial
arch (arrow head). At the stages of E9.0 (B) and E9.5 (C-F). its expression
in the otic vesicle (arrow) and in the cleft between the first and second
branchial arches (arrow head in C) persists. In E9.5 and later stage
embryos. Amx3 gene shows stronger expression in the rostral half of the
otic vesicle. which is the tissue subsequently giving rise to the vestibule. At
later stages (E10.5. G and E12.5. H). Amx3 expression extends to the
central and peripheral nervous systems significantly. Sagittal (I-L) or
transverse (M-P) sections of E13.5 embryos show the strongest expression
in the epithelial portion of the developing vestibule. Abbreviations: AD.
anterior semicircular duct: ED. endolymphatic duct: HD. horizontal

semicircular duct: PD. posterior semicircular duct.
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Figure 11. High power view of Hmx3 expression in the developing inner
ear. [n E10.5 embryos. Amx3 gene is strongly expressed in the rostral half
of the otic vesicle. At later stage (E13.5), Amx3 signals can be detected

exclusively in the epithelium of all three semicircular ducts in the developing

inner ear.
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Figure 12. Expression of Hmx3 in other sensory organs. Hmx3 expression
can be seen in almost all sensory organ-related structures. (A) A transverse
section shows Hm.x3 signals present in the optic stalk at E13.5. (B) In the
regions around the developing tongue, Hmx3 expression is restricted to
certain regions around the lingual vessel and submandibular duct. (C) In the
nasal cavity, Hmx3 gene is defined to two discrete regions. possibly part of
the olfactory neuroepithelium. Ciliary ganglia are also positive for Hmux3.
Abbreviations: OS. optic stalk; SMD, submandibular duct: LV, lingual

vessel: CG, ciliary ganglia; OE, olfactory epithelium.
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Figure 13. Hmx3 expression in the nervous system. In the developing
brain, Hmx3 is expressed in discrete regions. including the hypothalamus in
mesencephalon. pons. ganglionic eminence. medulla oblongata. choroid
invagination as well as the choroid plexus in the myelencephalon (A. B). In
neural tube, Amx3 is restricted to the edge of neural tube along the
longitudinal axis. Strong signals can be seen in a column of cells which lies
immediately dorsal to the developing motor column. Relatively weak signals
can be detected in floor plate (C). In the peripheral nervous system. cells in
the sympathetic chain are also positive tor Amx3 gene (C). Abbreviations:
GE. ganglionic eminence; HT. hypothalamus: MO. medulla oblongata: HB.
hindbrain: CI. choroid invagination: Ps. pons: CP. choroid plexus: NT.

neural tube: NC, notochord; SC. sympathetic chain.
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In the central nervous system. Hmx3 transcripts were restricted to the edge of the
neural tube along the longitudinal axis (Figure 10G). The expressing cells are likely
postmitotic cells surrounding the mitotically active inner cell layer in the neural tube (Bober
etal.. [994). Strong signals can be seen in a column of cells which lies immediately dorsal
to the developing motor column. The identity of the cells in this region is uncertain. but
may correspond to future interneurons (Rinkwitz-Brandt et al.. 1995). Relatively weak
signals can be detected in a certain region in the floor plate. possibly the neuronal fibers
crossing the floor plate (Figure 13C). In the developing brain. Hmx3 gene expression
extends to discrete regions. including the hypothalamus in the mesencephalon. pons.
ganglionic eminence, medulla oblongata. choroid invagination. as well as the choroid
plexus in the myelencephalon (Figure 13A and B). In the peripheral nervous system. cells
in the sympathetic chain are also positive for Amx3 (Figure 13C). Clear signal of Hm.x3
gene expression in the duodenum <an be discerned in the muscle layer (Figure 14). The
identity of these expressing cells is not known yet. They may be peripheral neurons
innervating the muscle layer of the duodenum.

Hmx! is first detectable in the trigeminal (V) ganglion at E9.5. At E10.5. signal can
be seen in the eye. second branchial arch. and the dorsal root ganglion (Yoshiura et al..
1997). In E12.5 embryos, Hmx/ is expressed in the eye. sympathetic ganglion. and
dorsolateral mesenchyme near the developing ear (Figure 15). At later stages. the vagal
nerve (X) ganglia becomes positive for Hmx/ (Yoshiura et al.. 1997 ).

Northern Blot analysis failed to show Hmx3 expression in mouse embryonic and
adult stages due to strong cross hybridization of the Hmx3 probe to ribosomal RNAs.

At adult stages, Hmx3 may be expressed at low levels in the thymus. since the EST
clone, AA 144096, was cloned from a cDNA library of 4-week old mouse thymus. RNase
protection failed to detect any signal in heart, lung, liver, spleen, kidney, and skeletal

muscle (data not shown). However. Hmx3 does show expression in the uterus of

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 14. Expression of Hmx3 in the internal organ. Hmx3 is expressed in
the muscle layer of the duodenum. The identity of cells expressing Hmx3

remains to be investigated further.
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Figure 5. Expression pattern comparison of murine Hmx genes. whole
mount in situ hybridization shows the expression of Amx/ gene in the eye.

dorsal root ganglion. sympathetic ganglion, dorsal-lateral mesenchyme near
the developing ear. Hmx2“““ and Hmx3"* heterozygote embryos stained

for B-galactosidase activity show identical expression pattern of HAmx2 and

Hmx3 genes in the inner ear and nervous systems.
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nonpregnant and pregnant females (Figure 25). In situ hybridization using *P-labeled
Hmux3 was performed in order to closely investigate the expression pattern in the uterus. In
nonpregnant uteri. Amx3 transcripts show a gradient expression pattern in the uterine
stroma. with the strongest expression in cells closest to the luminal epithelium and
decreasing levels of expression with the increasing distance from the uterine lumen (Figure
25). During pregnancy. Hmx3 gene expression alters dramatically. Its expression in the
uterine stroma decreases to background levels. whereas a marked increase in the
myometrial layer can be discerned (Figure 25). Hmx/ and Hmx2 are expressed in a manner
almost identical to Amx3. except that Hmx/ shows weaker expression in the nonpregnant
uterus than Amx2 or Hmx3 (Figure 25).

The expression patterns of Amx genes give us informative clues as to the tissue or

organs in which Amx genes may tunction. Expression of all three murine Amx genes in
the CNS and PNS, together with the CNS expression of Drosophila Hmx gene. may
reflect the original functions of the ancestral Hmx gene. During evolution. each Amx gene
also acquired unique function as shown by their distinct expression domains in the
developing sensory organs and adult uterus. Investigation of the function of this gene
family is quite interesting and challenging because members of this gene family may
function redundantly or synergistically. based upon their expression patterns.
4) The 31kb isolated Hmx locus contains regulatory elements which can
drive Hmx genes to be expressed in the neural retina, lens, tongue, nasal
cavity, dorsal root ganglia, as well as the dorsolateral region of the neural
tube.

To determine what regulatory elements are located in the 31kb genomic fragment. the
fragment was divided into two pieces. Each of them contains the homeobox of Amx2 or
Hmx3. A reporter gene, ires.lacZ or ires.lacZ.poly(A) was inserted into the homeoboxes.

The transgene constructs (Figure 16) were injected into one-cell embryos. Then embryos
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Figure 16. Identification of regulatory elements of Hmx genes by transgenic
analyses. A 20 kb EcoRI genomic fragment containing Amx3 gene was
subcloned into vector pTZI8R. Reporter gene ires.lacZ was inserted into
the unique Xhol site in the homeobox. Hmux3.ires.lacZ transgene were
released from the vector by Sall digest and purified for pronuclei injection.
Similarly, an 11 kb EcoRI genomic fragment spanning Amx2 homeobox
was subcloned into vector pV4. In the resulting plasmid. the Xhol site
positioned 1.2 kb 3" to the homeobox was deleted, leaving the Xhol site in
the homeobox unique. Then, the ires.lacZ reporter gene was inserted into
this Xhol site and the Hmx2.ires.lacZ transgene was released from the

vector by Notl digest.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

83



84

9T ®anbTd
o m m m m ZOWT *SOXT * ZXuy
]
S ¥ .
L m :
— — ZO®T * SOIT * EXUY
1 'S
¥ _3 T m:m W z_lu - - T T o eTeTTe
2a 0 H] dx
nm m I~ H m 2 m m m SCAIPTM

gsogATeur oTusebHsuexy Aq souseb xuy 3JFO
gjuewe 19 Axojeinbex 3O UOTIEDTITIUSPI

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



85

were removed at stage E10.5 and the expression of the transgenes were examined by [-
galactosidase staining.

Two transgenic embryos containing Hmx2.ires.lacZ (Figure 17) were obtained out of
7 embryos removed at day 10.5 p.c. High expression could be seen in the dorsal edge of
neural tube posterior to the otic vesicle (Figure 17A and B). Longitudinally. B-
galactosidase positive cells were scattered in the neural tube from the posterior region of the
myelencephalon to the prespinal cord in the hindbrain. Two independent permanent lines
were generated. Both lines show similar expression patterns in the CNS and PNS. with
minor differences. At E11.5-12.5. the transgene extended to the dorsal root ganglia. the
cranioganglia. lens. sympathetic chain. tongue and nasal cavity ( Figure 17C-G ). At
E13.5. strong signal can be observed in the craniofacial region.

Out of 20 embryos removed, two were determined to contain the Hmx3.ires.lacZ
transgene by both Southern analysis and [-galactosidase staining. These two positives
showed the same B-galactosidase staining pattern in the eyes. Figure 18A shows an X-gal
stained embryo containing the Amx3.ires.lacZ transgene. The eye-specific expression of
lacZ indicates that the 20kb fragment corresponding to the 5° portion of the cloned Hmx
loci contains a regulatory element which can direct Hm.x genes to be expressed specifically
in the eye. Sections of this embryo give us the details of the transgene expression. Figure
18B and 18C show that this regulatory element is capable of directing the Hmx3.ires.lacZ
gene to be expressed in the anterior region of the neural retina in a gradient fashion with the
highest level in the anterior region and the lowest in the mid-lateral region. Almost no
expression can be seen in the pigmented layer of the optic cup. Within the neural retina, its
expression is clearly restricted to the outer layer (neuroepithelium) in which the rods and
cones of photoreceptors reside. Two other permanent lines containing the Amx3.ires.lacZ
transgene were obtained and determined to be capable of germline transmission. Embryos

removed at E10.5 showed the same expression pattern in the eye. In the central and
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Figure 17. Expression profile of Hmx2.ires.lacZ transgene. (A) A E10.5
embryo carrying the Hmx2.ires.lacZ transgene shows expression in the
neural tube around the otic vesicle. (B) A coronal section of the embryo
shown in (A) reveals the expression in the edge of the neural tube. (C. D)
Lateral and dorsal view of an E11.5 embryo carrying the Hmux2.ires.lacZ
transgene. The transgene can be seen in the dorsal root ganglion (C. D and
E). lens (F), as well as certain cranionfacial regions (G). (H) Strong

expression in the craniofacial region at E13.5 stage.
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Figure 18. Expression pattern of Hmux3.ires.lacZ transgene. At early stage
(E10.5). Hmx3.ires.lacZ is restricted to the dorsal portion of the neural
retina in the eye (A. B and C). At later stage (E12.5). expression of the

transgene extends to the neural tube and midbrain (D. E and F).
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peripheral nerve systems, embryos from both lines showed similar patterns in the dorsal-
lateral edge of neural tube. dorsal root ganglia and certain regions in the hindbrain and
midbrain (Figure 18D-F ).

These transgenic mouse assays demonstrate that regulatory elements located within the
cloned genomic fragment can partially recapitulate the endogenous Hmx gene expression
pattern in the CNS and PNS. as well as sensory in organs including the tongue. eye and
nasal cavity. However, these two transgenes, each. failed to direct the reporter gene to be
expressed in the developing inner ear. Two possibilities might account for this failure. One
is that the regulatory element(s) responsible for inner ear development is not localized to the
31kb genomic fragment. The second possibility is that the regulatory element was split into
two halves when the transgenes were made. Recovery of the inner ear-specific regulatory
element(s) might require the elements in both transgenes to work synergistically. but not
alternatively. In the future. we will try to link two constructs together to see whether the
combination can restore the endogenous expression of Am.x genes in the developing inner
ear.

The similar expression patterns of Hmx2 and Amx3 and chromosomal co-localization
of these two genes suggest that these two genes may share the same regulatory elements.
[solation of these regulatory elements may help us to outline the regulatory cascade
involved in Hmx genes. Identification of regulatory elements in the isolated ~20kb Hmx/
genomic fragment is still in progress.

5) Mice lacking Hmx3 show hyperactivity, circling behavior, epilepsy,
reduced viability and maternal infertility.

To fully understand the requirement of Amx3 gene in mouse development. targeted
disruption of this gene was performed. Targeting construct was prepared by inserting the
neomycin-resistance cassette (ne¢o) or the ires.lacZ neomycin reporter and resistance

(ires.lacZ.neo) (Li et al., 1997) cassette into the unique Xhol site located in the Hmx3
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Figure 19. Targeting strategy for disrupting Hmx3. (A) Hmx3 targeting
construct. wildtype HAmx3 locus. and disrupted allele. Homologous
recombination of the targeting construct into the Hm.x3 locus results in the
insertion of the neo gene into the Hmx3 homeobox. This mutant allele will
produce a nonfunctional truncated Hmx3 protein owing to the presence of
translation stop codons at the 5° portion of the neo cassette. The two
external probes for Southern blot analysis are indicated. The position of the
probe used in the RNAse protection analysis (C) is shown in the figure. (B)
Southern blot analysis of tailtip DNAs from wildtype, Hmx3 heterozygote
and Hmx3 null offspring. BamHI digests show a 9.1 kb recombinant band
detected by probe | and an 8.9 kb recombinant band by probe 2. in addition
to the 17.8 kb wild-type band by both probes.(C) RNAse protection
analysis of RNA from wildtype. Hmx3 heterozygote and Hmx3 null
embryos at stage E11.5. The wildtype Amx3 transcripts protect a 472 bp
fragment whereas the Hmx3 mutant transcripts protect two tragments of

308bp and 164bp because of the insertion of the neo cassette into the Xhol

site in the Hmx3 homeobox. The mouse B-acrin probe was used as an

internal control.
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homeobox sequence (Figure 9A: Figure 19A). The insertion of neo or ires.lacZ.neo results
in the truncation of the Hm.x3 protein in the N-terminal portion of the homeodomain (owing
to stop codons present in the 5° portion of each cassette). thus generating a non-functional
or null allele. Both constructs were electroporated into ES cells. G418-resistant clones that
had undergone a homologous recombination were identified by Southern blotting. Among

neo

50 G4 18-resistant clones. three positive clones for the Hmx3" null allele were obtained.

lacZ . ..
“““ null allele were obtained. Positive ES clones were

Five positive clones for the Hmx3
microinjected into C57BL/6 blastocytsts. Transmitting chimeras were backcrossed to
129/Sv mice to put the Amx3 mutation on a congenic inbred background. Figure 19B
shows the tail-tip Southern analysis of 3-week old wildtype. Hm.x3 heterozygote (+/-) and
Hmx3 homozygote (-/-) mice. In wildtype mice. both probe | and probe 2 were able to
detect a 17.8 kb BamHI band. Insertion of neo cassette introduced two additional BamHI
site in the Amx3 locus. In the Amx3 heterozygote mice. in addition to the wildtype band.
probe | and probe 2 hybridized to 9.1 kb and 8.9 kb mutant bands. respectively. To
further confirm that the Amx3 gene was functionally disrupted. a RNase protection assay
was performed on embryo RNA using a probe spanning the site where the neo gene had
been inserted (Figure 19A) Wildtype embryo RNA protected a fragment of 472 bp.
whereas the mutant allele protected bands of 308 bp and 164 bp (Figure 19C). The mouse
B-actin gene was used to control for the quality and quantity of RNA (Figure 19C). Results
from both the DNA and RNA levels indicated that the targeting construct had been
faithfully integrated into Am.x3 locus by homologous recombination. There were no gross
rearrangements, deletions. or secondary integration of the targeting construct. Mice
carrying a null Amx3 gene have been generated successfully.
a) Hmx3 null mice have diminished postnatal viability

Hmx3 heterozygotes were indistinguishable from wildtype mice. Mating between

Hmx3 heterozygotes resulted in viable A/mx3 null animals. However, among 151 offspring
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Table 3 Reduced postnatal viability
of Hmx3 null mice

A P +/- M X +/- F
F1l +/+ +/- -/-
3-week pups 39 86 26
Ratio 1.0 2.2 0.72
B P -/- M X +/~ F
F1 +/ - -/-
E10.5 43 38
E12.5 45 49
E14.5 29 44
E16.5-18.5 12 20
Total 129 151
Ratio 1.0 1.2P
3-week pups 219 141
Ratio 1.0 0.6

H,: hypothesis.

a) H_: the ratio of Hmx3 wildtype. heterozygotes and homozygotes
from the intermating of Hmx3 heterozygote males and heterozygote
females follows the expected 1:2:1 Mendelian distribution.
Chi-square = 5.1589; p-value =0.0758
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92% confidence level to reject above H,

b) H,: the ratio of Hmx3 heterozygote and homozygote embryos from
the intermating of Aimx3 homozyote males and heterozygote temales
follows the expected 1:1 Mendelian distribution.

Chi-square = 1.7286: p-value = 0.1886

Ho can not be rejected at 90% confidence level.

c) H,: the ratio of Amx3 heterozygote and homozygote pups from the
intermating of Amx3 homozygote males and heterozygote females
follows the expected 1:1 Mendelian distribution.

Chi-square = 16.9: p-value = 3.94 x 10 *

H, can be rejected at 99.9% confidence level.

analyzed at age of three weeks. only 70% of the expected 1:2:1 Mendelian ratio (+/+:+/-:-/-)
ot Amx3 null animals were obtained (Table 3A), suggesting a decreased viability of Hmx3
null mice. A similar result was obtained from the intermating of AmxJ null males with
Hmux3 heterozygote females. Among 360 three week-old offspring tested. only ~60% of
the expected Amx3 null mice presented at this age (Table 3B). Genotypes of 283 embryos
from the intermating of Hmx3 null males with HAmx3 heterozygote females were examined
from stages E10.5 to EL18.5. Surprisingly, the expected Mendelian ratio (1:1) for
heterozygotes and homozygotes was observed (Table 3B). suggesting that the decreased
number of Amx3 null mice at three weeks of age was likely resulting from diminished
postnatal viability or selective culling by the mothers. In many cases. we did find pup’s
remains eaten by the mothers left in the cages. We speculated that the mothers might be able
to sense the defects associated with the Amx3 null genotype and selectively eliminate the
mutants postnatally. Surviving Hmx3 null pups appeared to be normal in size and

appearance right after birth.
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b) Circling behavior and inner ear defects in Hmx3 null animals

By two weeks of age. [5% of the Hmx3 null animals of a mixed genetic background
(C57BL/6J x 129/Sv ) and 91% of the Hmx3 null mice of a congenic inbred (129/Sv)
background exhibited an abnormal energetic circling behavior. The severity of the circling
behavior varied between individuals, with the most severely affected mice circling at rates
up to 176 revolutions per minute (rpm) for periods of several minutes. interspersed with
non-circling periods of feeding, grooming, and sleep. In some cases. some circling mice
also showed occasional head bobbing and a head tilt. The intermittent bi-directional circling
behavior in the Amx3 null mice became the overt behavioral phenotype displayed
throughout life. Hyperactivity and circling behaviors. commonly referred as a
Shaker/Waltzer phenotype (Stein and Huber. 1960), are characteristic of mouse mutants
with inner ear defects. The bi-directional circling behavior suggested that the inner ears of
both sides were equally affected in the Amx3 null mice.

The expression of Amx3 in the vestbular portion of the developing inner ear
suggested a possible connection with the circling behavior. No gross morphological
abnormalities can be observed in either the formation of the vestibular labyrinth or the
cochlear duct in the Hmx3 null mice when compared to the wildtype or heterozygous mice
(Figure 20). However, upon close examination of serial sectioned labyrinths from Hm.x3
null mice, several defects were observed in the vestibular sensory receptors. In both the
wildtype and Hmx3 heterozygous vestibular labyrinths, the utricle and saccule come into
close apposition but always remain distinct endolymphatic chambers communicating only
via the utriculosaccular valve (Figure 21 A, C and E). In the vestibular labyrinths of the
Hmx3 null mice, the utricle and saccule do not remain separate because at the area of close
apposition there is a fusion of the endolymphatic chambers of the utricle and saccule

forming a common utriculosaccular space (Figure 21B, D and F). Fusion of the two
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Figure 20. Macroscopic analysis of Hmx3 null inner ear morphology.
Macrophotographs of whole dissected bony labyrinths trom aduit wildtype
(A) and Hmx3 null circling (B) animals. No grossly morphological
alteration can be observed in these bony labyrinths. indicating that the
Hmx3 null phenotype does not involve any severe dysmorphology of inner
ear structures. Abbreviations: AC. anterior canal: CD. cochlear duct: HC.
horizontal canal: OW. oval window: RW. round window: S. saccule: U.

utricle.
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Figure 21. Histological analysis of inner ear defects in Amx3 null mice.
Photomicrographs of toludine blue stained sections of adult temporal bones
from wildtype (A. C. E, G and I) and Hmx3 null circling (B. D. F. H and
J) inner ears. The sections in A-F represent the area of close apposition of
the utricle and saccule. In the wildtype inner ear. there is always a
separation of the endolymphatic spaces and maculae of the sensory
receptors (A. C and E). In contrast. serial sections show a fusion of these
two separate sensory receptors into a common utriclosaccular chamber (U-
S) with a contiguous endolymphatic space and a reduction in the size of the
sensory cell area of the macula utriculus (B, D and F). Arrowheads in D
mark the origin of the fusion. The crista (HC) of the horizontal semicircular
duct is not present in the vestibular labyrinth of the Hmx3 null animals
(compare A, C with B, D). The absence of the horizontal crista is clearly
shown at higher magnification in [ and J. The crista of the anterior (AC) and
posterior (data not shown) semicircular ducts were present and normal in
the vestibular labyrinths of the Hmx3 null mice. Abbreviations: AC, anterior
crista; HC, horizontal crista; HD. horizontal semicircular duct: MS. macula

sacculus; MU, macula utriculus; S, saccule: U.  utricle: U-S.

utriculosaccular space.
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endolymphatic chambers into a common utriculosaccular space occurs on the underside of
the utricular macula. This fusion results in the reduction in the area of the macula, the
sensory organs of the utricle and saccule. The measurements of the sensory areas of the
maculae of both the saccule and utricle of Amx3 wildtype and heterozygote vestibular
labyrinths were essentially identical and therefore these measurements were analyzed as
single unit and are presented in the histogram of Figure 22.

But in the Amx3 null vestibules. the measurements of the sensory epithelial areas of
the utricles and saccules shows a highly significant loss of sensory cells from both the
macula utriculus ( p< Ix 10° ) and the macula sacculus ( p<l x 107 ) when compared to
those of the wildtype and Amx3 heterozygote vestibules. The Hmx3 null utricles have lost
35% of their sensory epithelial area and their saccules have shown a 13% reduction in their
sensory epithelial area (Figure 22). All three semicircular ducts were present and appeared
normal in the Amx3 null inner ears. with the exception of the horizontal semicircular duct
which lacked both a horizontal crista and the associated horizontal ampullary chamber
(Figure 21B. J and Figure 23C). The anterior crista and the posterior crista were present
and completely normal in the Amx3 null vestibular labyrinths (Figure 21G. H).
Ultrastructural examination of the utricular sensory epithelium from wildtype. Amx3
heterozygote and Hmx3 null mice did not show any differences in either the otoconia or the
sensory hair bundles of the maculae (Figure 23A, B). The expression of Hmx/. Hmx2 .
Hmx3 and zinc-finger transcription factor GATA3 were examined in the inner ears of
wildtype and Hmx3 null embryos (Figure 24). GATA3 was examined in addition to the
Hmx genes, because it shows specific expression throughout the otic epithelium during
development (George et al.. 1994). Other molecular markers expressing the inner ear like
BMP4 and thyroid hormone a (TRa) were also examined (data not shown) on wildtype
and Amx3 null background. Significantly, no discernible changes in the expression of any

of these markers were observed in the Hmx3 null embryos, suggesting that within the inner

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



102

Figure 22. Quantification of the loss of sensory epithelium in the saccule
and utricle. Measurements of the sensory epithelial areas of the utricular and
saccular maculae as determined by microscopic measurements of maculae
from Amx3 wildtype (+/+ n=2), Hmx3 heterozygote (+/- n=7) and Hm.x3
null (/- n=9) inner ears. Since the area measurements of the maculae of the
+/+ and +/- labyrinths were indsdnéuishable from one another, they were
grouped as a single category. A comparison of the mean percent loss of
sensory epithelial area of the Amx3 null to the Hmx3 wildtype of the
maculae of the utricle showed a highly significant (p< 1x10™) loss of 35%
and for the saccule a highly significant (p<Ix10™) loss of 13% of the

sensory receptor area.
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Quantification of the loss of sensory epithelium
in the saccule and utricle
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Figure 23. Ultrastructural analysis of the inner ears of Amx3 null animals.
Scanning electron micrographs of the Hmx3 null vestibule. (A) a low power
view of the macula utriculus showing a normal arrangement of otoconia
and stereociliary bundles from the vestibular hair cells. (B) a higher power
view of the inset box region in (A) showing a normal configuration of these
sensory structures in the Amx3 null labyrinth. (C) a low power micrograph
of the bony tract of the horizontal semicircular duct that formed without a
horizontal crista and ampullary chamber in the Hmx3 null mouse.
Abbreviations: HC. horizontal canal: SHB. sensory hair bundle: VN,

vestibular nerve.
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Figure 24. Expression of inner ear molecular markers in the wildtype and
Hmx3 null mice analyzed by RNA in situ hybridization on paraffin sections.
Transverse sections through the heads of E14.5 embryos are presented. (A.
B) lightfield and (C-J) darkfield. The RNA in situ probes used in the
experiment are listed at the left. The Amx3 genotype of the embryos is
shown at the top of each column. No significant differences were observed
in RNA distribution in the inner ear between wildtype and Hmx3 null
embryos. Arrows (C. D. E. F. [ and J) indicate expression in the
semicircular ducts. Arrow head (in G and H) shows expression in cranial

ganglia.
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ear, neither the Hmx genes, nor GATA3 fall under the direct or exclusive regulatory control
of Hmx3. Interestingly. this is in contrast to what was observed for Hmx gene expression
in the uterus. where significant differences were observed in the Amx3 null mice
(described below).

¢) Epilepsy in mice lacking the Hmx3 gene.

Among approximately 75 Amx3 null mice monitored. 8 mice displayed spontaneous
epileptic seizures. characterized by an arrest of normal behavior accompanied by teeth
chattering, twitching, lurching and tail erection. followed by abruptly explosive clonic-tonic
seizures. The earliest onset of epilepsy in AmxJ3 null mice happened at four weeks after
birth. Most cases occurred in mice older than four months. Each occurrence lasted for
about 1-3 minutes, then the mice recovered or developed additional seizures. Three mice
died without any overt health problems. Judging the posture of the dead mice. it is possible
that they died from epileptic complications. The pathological analysis of the epileptic mice
is in progress. Epilepsy in Hmx3 null mice may be related to its expression in the
hypothalamus. Amx3 null mice is a new experimental model of epilepsy. making Hm.x3
gene a novel candidate of epileptogenic genes.

d) Overgrowth of teeth in Hmx3 null mice.

About 5% of the Hmx3 null mice show overgrowth of teeth. For rodents. they have
to keep their teeth short by gnawing hard objects, because their teeth keep growing
throughout their life. But a small portion of Amx3 null mice fail to do so. We have to clip
their teeth every five days, otherwise they would die of starvation. Whether this phenotype
is related to their abnormal behavior caused by defects in brain or structural abnormalities
associated with its expression in the cleft between the first and second branchial arches
remains to be investigated further.

e) Reduced fertility in Hmx3 null females.
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Table 4 Reduced post-implantation
fertility of Hmx3 null females

Individuals capable Percentage

Hmx3 Mi
ex tce of successful of fertile
genotype tested . L.
pregnancy individuals

+/- F 27 24 89%

-/- F 83 10 12%

+/- M 11 11 100%

-/- M 74 69 ©93%

Fertility of Hmx3 null males was tested to be normal compared to that of wildtype
males (Table 4). However. among 83 HmxJ null females tested in monitored matings with
wildtype males. 88% were determined to be incapable of carrying out a normal
pregnancy or producing litters following repeated independent vaginal pluggings. The
remaining (2% of the Hmx3 null females capable of carrying oftspring could do so
repeatedly, indicating that the penetrance of the infertility characteristic was stable within an
individual animal (Table 4). Among nine successful pregnancies, only 4 pups were born
per litter on average. Most Am.x3 null mothers did not take care of the pups. The newborns
were either eaten by the mothers or scattered around the cages.

To determine the time point of female infertility, Amx3 null females were mated with
wildtype males and the plug date was monitored. On successive days following plugging.

the Hmx3 null females were sacrificed and the oviducts or uteri were removed and flushed

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



110

Fertility of Hmx3 females

Visible
Implantation

o

o OO0OO0OKHOOo
(=]

OO0 o0oo0o0o

OO0 o0 Oo

Table 5
Hmx3
Genotype Age Embryos
—Mx P  Embryog Recovered Siteg
+/+ x -/- EO0.5 7
+/+ x -/- EO0.S 10
+/+ x -/~ E0.5 6
+/+ x -/~ BE3.5 6
+/+ x -/~ E3.5 4
+/+ x -/- E3.5 8
+/+ x -/- E3.5 8
+/+ x +/+ E3.5 4
+/+ x +/+ E3.5 8
+/+ x +/+ B3.5 2
+/+ x +/+ BE3.5 3
+/+ x +/+ E3.5 6
+/+ x +/+ E3.5 8
+/+ x +/+ E3.5 10
+/+ x +/+ E3.S 9
+/+ x +/+ B3.5 3
+/+ x +/+ B3.5 8
+/+ x -/- ES.S 1
+/+ x -/- ES.5 4
+/+ x -/- E5.5 0
+/+ x -/- BE5.5 1
-/~ x +/+ ES.S S
-/- x +/+ ES.S 6
-/~ x +/+ BES.S 8
-/- x +/+ BES.5 0
+/+ x -/- ES.S 0
+/+ x -/- BEY9.S 0
+/+ x -/- E9.5 8
+/+ x -/- E9.5 0
+/+ x -/~ E9.5 0
+/+ x -/~ E9.S 0
+/+ x -/~ E9.S 10
+/+ x -/~ BES.S 0
+/+ x -/- BE1l1l.5 0
+/+ x -/- Bl1.5 0
+/+ x -/~ Bl11.5 0
+/+ x -/- E1l1.5 0
+/+ x -/~ El1.5 Q
+/+ x -/- El2.5 0
+/+ x -/- E1l2.5 0
+/+ x -/- El12.5 0
+/+ x -/~ Bl12.5 0
+/+ x -/~ BEl2.5 0

Embryos Foster Pups

Iransferred Mother Borm
14 +/+ 7
22 +/+ 13
15 +/+ 6
44 =L~ 0
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with medium to recover embryos or unfertilized oocytes that might be present. Flushing of
Hmx3 null uteri at E0.5-E3.5 resulted in the recovery of developmentally normal embryos
at the appropriate gestational stages and at normal numbers relative to wildtype animals
(Table 5). When these recovered embryos were reimplanted into wildtype pseudopregnant
mothers, they were able to undergo normal uterine implantation. embryonic development
and birth, and were by all criteria indistinguishable from wildtype embryos. This indicated
that normal ovulation and fertilization did take place in the HAmx3 null females. Amx3 null
females were capable of providing a suitable environment for preimplantation development
of the embryos. In contrast. when wildtype preimplantation-stage embryos isolated from
wildtype parents were implanted into pseudopregnant Amx3 null females. no pups could
be obtained. indicating that the Hmx3 null mothers failed to undergo a successful
implantation and become pregnant (Table 5). Normal implantation occurs at E4.5 when the
biastocysts hatched from the zona pellucida attach to the uterine wall. After implantation.
the embryos will undergo decidualization and subsequent postimplantation development. At
ES.5, decidual swellings or implantation should be visible in the normal pregnant uteri.
However. when HAmx3 null uteri naturally mated with wildtype males were examined at
stages E4.5-E12.5, no visible implantation sites were observed in the majority of uteri
(Table 5). Dissection of these embryos revealed no stromally implanted embryos. When
flushed with medium at E5.5, embryos at around stage E4.5-E5.5 were recovered from
Hmx3 null uteri mated with wildtype males, indicating these embryos were still free in the
uterus. In wildtype pregnant uteri, recovery of embryos by flushing can not happen at E5.5
because the embryos have already attached to the uterine wall and decidual swellings
surrounding the implantation sites block any flow of medium through the uterine lumen.
We did find normally developed embryos in two Hmx3 null uteri at E9.5 stage (Table 5).
This observation is consistent with the result that 12% of Hmx3 null mice can successfully

impregnate (Table 4) even though they produced less pups than did wildtype females.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 25. Altered gene expression in the uteri of Amx3 null mice. RNA in
situ hybridization was performed on the transverse sections of mouse uteri.
The genotype of the female is shown at the top of each column. and whether
the female was unpregnant or pregnant (4.5 days post coitus) is indicated
directly above. The RNA in situ probe used is shown at the far left of each
row. Hmx2 and Hmx3 are expressed in the stroma in wildtype unpregnant
uteri (arrow) and Hmx/-Hmx3 are all upregulated in the myometrial layer in
wildtype pregnant uteri (arrows). However, in the Amx3 null uteri.
transcripts of Amx/[. Amx2 and Hmx3 are no longer detectable. Wnr3A is
expressed in the endometrial epithelium and adjacent stroma in unpregnant
wildtype females and upregulated in the endometrial epithelium and glands
during pregnancy. In the Hmx3 null females. Wnr3A fails to upregulate in
the endometrial epithelium. but instead shows dramatic upregulation in the
stroma. Wnt7A shows an upregulation in the Amx3 null unpregnant uteri
(arrow) and fails to shift expression to the myometrium during pregnancy.
Abbreviations: L, uterine luminal cavity: M. myometrium: S. uterine stroma

(mesometrium).
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Taken together, these results suggested that failure to support a normal pregnancy by
the Hmx3 null females was likely occurring around the time of embryo implantation (the
dashed line shown in Table 5).

f) Severe perturbation at the molecular level in the Hmx3 null uteri.

Histological analysis of the Amx3 null uteri revealed no gross alterations of the
luminal epithelium, stroma. or epithelial glands (Figure 26). Hmx3 null uteri were closely
examined at the molecular level. Hmx3 is expressed in the uterus of both nonpregnant and
pregnant females (Figure 215). In nonpregnant uteri. Hmx3 transcripts can be observed in
the uterine stroma with highest expression in cells closest to the epithelial layer of the
endometrium with expression showing a mediolateral decrease with increasing distance
from the uterine lumen. Hmx3 gene expression changes during pregnancy, showing a
dramatic increase in the myometrial layer, and a decrease to background levels in the uterine
stroma. Hmx! and Hmx2 are expressed in a manner nearly identical to Hmx3. However,
Hmx![ shows a relatively lower level of expression in the nonpregnant uterus compared to
Hmx2 and Hmx3 (Figure 25). In the Hmx3 null uteri. no signals of Hmx/. Amx2 and
Hmx3 could be detected above background levels. Down regulation of Hmx3 gene
expression in the Amx3 null uterus may be related to the instability of fused Hmx3 RNA
transcribed from the Amx3 null allele or the autoregulation of Hmx3 itself or both.
Decrease in expression of Hmx/ and Hmx2 in the Amx3 null uteri may be associated with
the down-regulation of Hmx3, suggesting the involvement of all three Hmx genes in the
same regulatory cascade in the uterus during pregnancy.

The myometrium is composed of two layers: an inner layer of circular smooth muscle:
and an outer layer of longitudinal smooth muscle. A muscle-specific marker, myvosin is
specifically and equally expressed in both layers of the myometrum in the uterus (Miano et

al., 1994). No change in myosin expression was observed in the Amx3 null uteri, in either
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Figure 26. Histological and molecular analysis of uterine defects in Hm.x3
null animals. Transverse sections of uteri in dark field view are presented
(top three rows). The genotype of the female is shown at the top of each
column. and pregnancy status (nonpregnant or pregnant) is indicated
directly above. The RNA in situ probe used is shown at the far left of each
row. In the wildtype females. both Wnr4 and LIF are strongly upregulated
in E4.5 glandular epithelium (arrows). In Hmx3 null females., no
upregulation of either Wnr4 or LIF is observed. The expression of myosin
is unatfected in the Hmx3 null females. Pictures in the bottom two rows
(above. low power view; bottom. high power view) show the hematoxylin
and eosin stained sections. HAmx3 null females show an apparently normal
uterine histology and the epithelial glands appear indistinguishable from

wildtype.
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pregnant or unpregnant females (Figure 26). It indicated that there was no gross
developmental alteration of the myometrial layer in the Amx3 null uterus.

Several uterine developmental markers deeply involved in female fertility were
examined in wildtype and Hmx3 null pregnant and nonpregnant uteri. The murine Wnr
gene family which is homologous to Drosophila wingless. appears to be involved in cell-
cell signaling (McMahon et al.. 1992: Nusse and Varmus, 1992: Robertson et al.. 1993).
Three Wnr genes specifically expressed in the mouse uterus were examined. Wnr3A is a
critical developmental control gene expressed in the uterus in a dynamic manner during
pregnancy (Huguet et al.. 1995: Kuhlman and Niswander. 1997: Pavlova et al.. 1994). In
wildtype nonpregnant females. Wnt5A is expressed in the uterine stroma and very weakly
in the endometrial epithelium. However. in nonpregnant Amx3 null females. Wnt5A
expression is dramatically altered. with stronger expression in the endometrial epithelium
and normal levels in the stroma. In wildtype pregnant females. Wnr3A expression is
strongly expressed in the glandular epithelium embedded in the stroma and in the
endometrial epithelium. But. in the Hmx3 null pregnant females. Wnt5A shows a dramatic
overall increase in expression throughout the uterine stroma (bracketed. Figure 25). No
elevated expression of Wnt5A within the endometrial epithelium was observed in the Hmx3
null pregnant females.

In addition to its expression in the central nervous system, Wnt7A has previously been
shown to be specifically expressed in the adult uterus (Ikegawa et al.. 1996). In the
wildtype nonpregnant uterus. Wnt7A is only expressed in the luminal epithelium and
immediately adjacent stroma. In pregnant females. Wnt7A expression decreases in the
luminal epithelium and specifically increases in the myometrium. In Hmx3 null females.
expression of Wnr7A in nonpregnant females shows significant upregulation in the luminal

epithelium. However. in the pregnant Hmx3 null females, its strong expression in the
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luminal epithelium persisted. Neither decreases of Wnt7A expression in the luminal
epithelium nor increases in the myometrial layer can be observed (Figure 25).

Wnt4 is expressed in the mesenchyme surrounding the luminal epithelium in
nonpregnant wildtype females. During pregnancy. its expression shifts to the myometrium
and the epithelial glands. In Hmux3 null females. Wnt4 expression is absent from the
subluminal mesenchyme. but instead expressed specifically within the endometrial
epithelium. In pregnant Am.x3 null females, the expression of Wnr4 is no longer detectable
(Figure 26).

Requirement of leukemia inhibitory factor (LIF) in the uterus for proper embryo
implantation has previously shown by targeted disruption of this gene (Stewart et al..
1992). LIF gene is expressed at low level in the nonpregnant uterus. At the time of embryo
implantation. the glandular epithelium shows a burst of LIF expression (Bhatt et al.. 1991:
Shen and Leder. 1992). Absence of functional LIF product resulted in the failure of
pregnancy at the implantation stage. In nonpregnant Amx3 null females. no significant
changes can be detected in the expression of LIF. However. in the pregnant Amux3 null
females, no detectable level of LIF can be observed anywhere in the uteri (Figure 26).
Absence of the shift in LIF expression in Amx3 null uterus is sufficient to account for the
infertility of Hmx3 null females.

6) Generation of chimeric mice carrying disrupted Hmx2 allele.

The ES cell lines R1 and D3 were electroporated with the targeting construct (Figure
27A). Southern blot analysis of 96 G418-resistant R! clones and 96 D3 clones identitied 1
correctly targeted clone from R1 cell lines and 4 from D3 cell lines (Figure 27B). When the
ES cell DNA was digested with Clal and Notl, probe 3 detected a 17.0 kb wildtype band
and a 12.5 kb mutant band because of the introduction of another Clal by the insertion of
ires.lacZ.neo into the homeobox of Hmx2 gene. Probe 4 hybridized with a 6.7 kb wildtype
band and a 5.7 kb disrupted allele if the ES cell DNA was cut by Xbal. Two of the five
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Figure 27. Targeting strategy for disrupting Amx2. (A) Targeting construct.
wildtype Hmx2 locus and mutant allele are shown. Homologous
recombination of the targeting construct into the Amx2 locus results in the

insertion of ires.lacZ.neo cassette into the Hmx2 homeobox. The mutant

allele will produce a nonfunctional truncated Hmx2 protein and [-

galactosidase. (B) Screening for correctly targeted ES clones. Insertion of
ires.lacZ.neo cassette into the Hmx2 homeobox introduces extra Clal and
Xbal sites into the Hmx2 locus. The 5" external probe. probe 3. hybridized
to a 17.0kb wildtype and a 12.5 kb mutant Notl-Clal fragment. At the 3"
end, external probe 4 detected a 6.7 wildtype fragment and a 5.7 mutant

band when ES DNA was digested with Xbal.
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independent clones were microinjected into C57/BL6J blastocysts and chimeric mice were
successfully obtained. Germline transmission of the mutant Hmx2 allele is being examined.

The only RI clone (clone 5 in Figure 27B) was also used to generate Hmx2"““*
heterozygote embryos by the tetraploid <> ES cell aggregation techniques (Nagy et al..
1990: Nagy and Rossant. 1993). Staining for -galactosidase activity revealed that Hmx2
is expressed in an identical temporal and spatial manner to Amx3 in the otic placode and the
central nervous system (data not shown).
2h) Mice lacking both Hmx2 and Hmx3 genes completely lose balance
and die perinatally.

The striking similarity in their expression patterns and in the sequence of their
homeodomain. as well as their close proximity on the chromosome. raise the possibility
that Amx2 and Hmx3 may share common regulatory elements and have overlapping
functions. In the Amx3 null mice. lack of a phenotype in the anterior and posterior
semicircular ducts might be interpreted by an overlap in function with Hmx2. The absence
of overt defects in the nervous system in the Amx3 null mice may be related to the
functional redundancy of Hmx/ or Hmx2 or both. To fully understand the function of the
Hmx gene tamily, the double knockout of Hmx2 and Amx3 was carried out.

The targeting strategy is shown in Figure 28A. Integration of the targeting construct
into the Amx2 and Hmx3 locus by homologous recombination resulted in the deletion of
an 11.0 kb genomic fragment between the Amx2 and Hmx3 homeoboxes. thereby creating
a null allele. In the Southern blot analysis, probe 5 should probe a 17.5 kb wildtype EcoRI-
band and a 21.0 kb mutant EcoRI-band (Figure 28B). The 3" external probe. probe 7
hybridized to a 6.8 kb wildtype band and a 5.7 kb mutant band when the genomic DNA
was digested with Xbal (Figure 28B). The targeting construct was electroporated into ES
cells (both Rl and D3 cell lines). Approximately 1000 G4 18-resistant clones were screened

by Southern blot analysis. Three ES clones, one (clone 391) from D3 cell line and two
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Figure 28. Targeting strategy for disrupting both Amx2 and Hmx3. (A)
Targeting construct for double knockout. wildtype locus and disrupted
allele. The homologous sequences are a 9.0 kb BamHI-Xhol genomic
fragment 5 to the Amx3 homeobox and an 1.2 kb Xhol genomic fragment
3" to the Amx2 homeobox. Successful targeting results in the deletion of the
11.0 kb XhoI genomic fragment between Hmx2 and Amx3 genes. (B)
Southern blot analysis of tailtip DNAs from offspring carrying wildtype.
heterozygous and null alleles for both genes. EcoRI digests show a 21.0 kb
mutant band detected by probe 5 in addition to the 17.5 kb wildtype band.
When digested with Xbal. tailtip DNAs show a 6.8 kb wildtype band and a
5.7 kb mutant band detected by probe 7. In the pups carrying null alleles for
both genes. the 11.0 kb Xhol genomic fragment is absent when detected by

probe 6.
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(clone 471 and 488) from R cell line, were tested to be correctly targeted clones. These
three independent clones were microinjected into C57BL/6J blastocysts and chimeric mice
were generated. Two clones. 391 and 471. gave rise to chimaeric mice capable of
transmission of the targeted allele through the germ line.

The heterozygous progeny appeared to be indistinguishable from their wildtype
littermates and intercrossed to produce homozygous pups. However. among 58 offspring
obtained from matings between heterozygotes. 18 wildtype pups. 38 heterozygotes and
only 2 homozygotes were present, indicating that most homozygotes died prenatally. These
two homozygotes showed the same phenotypes. Right after birth, the homozygotes were
indistinguishable from the others in size and appearance. But at day 4 after birth. severe
delay in development was observed in the homozygotes. Behaviorally. the homozygotes
lost balance completely and were not able to right themselves. Both pups died at day 9 after
birth. At the time of death. their bodies were only half the size of their littermates. The
cause of death is under investigation. Obviously, mice carrying disrupted Amx2 and Hmx3
show a more severe phenotype than Amx3 null mice. Closer examination of the double
knockout phenotype will give us more exciting results about the function of the Hmx genes
and the functional relationship between Amx2 and Hm.x3.

8) Refinement of the targeting strategy for Hmx! knock-out and generation
of mice carrying null alleles for HmxI, Hmx2 and Hmx3.

The original targeting construct was make by our collaborator by replacing the Xhol
fragment containing the Amx/ homeobox with PGK-neo. I modified this construct by
replacing the PGK-neo with ires.lacZ.neo so that the expression pattern of Hmx/ can be
visualized by staining of the heterozygous embryos carrying the mutant allele for B-
galactosidase activity (Figure 29). The construct was transfected into Rl ES cell line by
electroporation. Three of 96 G4 18-resistant clones were correctly targeted, as verified by

Southern blot analysis (data not shown).
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Figure 29. Refinement of the targeting strategy for Amx/ disruption. The
original targeting construct (made by Dr. Yoshiura) was modified by

replacing the PGK-neo with ires.lacZ.neo cassette so that the endogenous

Hmx/ expression pattern can be monitored by -galactosidase staining of

the heterozygote embryos. Homologous recombination of the modified
construct results in the deletion of a 500 bp Xhol fragment containing the
entire homeobox, therefore generating a null mutation. In the mutant allele.
the deleted Xhol fragment is replaced by a ires.lacZneo cassette. The

position and size of the probes used for Southern blot analysis are indicated.
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Microinjection of these clones and chimaeric mice generation will be performed in the
near future.

Mice lacking both Hmx/ and Hmx2 can also be produced by mating Hmx/ mutant
mice (Hmx{ +/- or Hmx[ -/-. depends on their viability and fertility) with Hmx2 mutant
mice. Intermating of the resulting mice heterozygous for both genes will produce mice null
for both Hmx/ and Hmx2. Similarly. mice carrying null alleles for Hmx/ and Hmx3 can
be produced.

All three Hmx genes are expressed in an overlapping manner in the central and
peripheral nervous systems. which may represent the ancestral developmental function of
this gene family. The absence of discernible defects in the nervous system in the Amx3
null mice may be related to the ancient function inherited by each members of the Hmx gene
family. I would predict that disruption of all three Hmx genes will result in an overt
phenotype in the nervous system. Triple knockout of all'three Hmx genes can be achieved
by mating Hmx/ heterozygous mice (or Hmx/ homozygotes. if they are viable and fertile)
with mice heterozygous for both Amx2 and Hmx3 genes. Intermating of the mice
heterozygous tor all three Hmx genes will produce mice or embryos homozygous for all
three Hmx genes. Theoretically, one out of 16 mice or embryos obtained from the
heterozygote intermatings will be homozygous for all three Hmx genes.

By analyzing the phenotype obtained from each single knockout. the double knockout
of various combination of Hmx genes as well as the triple knockout of all three Hmx
genes, the original and recently acquired tunctions of Hm.x genes during evolution may be
uncovered. The functional relationships among these three genes should thus become more

clear.
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Discussion
Hmx, a novel homeobox gene family of ancient origin

A growing number of Hmx genes have been cloned among different species from
Drosophila to human. Widespread existence of Hmx genes in the animal kingdom indicates
that this gene family is of ancient origin. which has been transmitted to higher creatures
such as mouse and human by duplication and chromosomal translocation during evolution.
High sequence similarity in their homeoboxes and expression patterns. as well as low level
identity to other homeobox genes, suggests the strong conservation in their biological
function during evolution. Cloning of Drosophila Hmx makes it clear that the Hmx genes
belong to a distinct gene family originated from the same ancestor, and do not fit into any
existing homeobox gene family (e.g. Hox. Nkx, Dlx). This distinct gene family has existed
for at least 600 million years.

Like Drosophila Hmx gene which is expressed in the bilateral patches in the dorsal
ectoderm of the head in regions which will give rise to brain neuroblasts. other vertebrate
Hmx genes (e.g. mouse Amx/, Hmx2 and Hmx3) are also expressed in the central
nervous systemn during embryogenesis. At adult stages, sea urchin Amcx is expressed in the
intestine. Mouse Hmx3 persists in its expression in the duodenum. [t seems that the
primary function of Amx genes from various species is retained during evolution. The
central nervous system and some internal organs may represent the primary regions where
Hmx genes exert their function. On the other hand, during evolution, each Amx gene also
acquired distinct function as suggested by their unique expression pattern in certain
regions, establishing their own identities. Unlike their similar expression in the CNS, Hmx
genes have different expression profiles in the developing ear. Hmx/ shows strong
expression in the dorsolateral mesenchyme near the otic vesicles, whereas transcripts of
Hmx2 and Hmx3 can only be detected in the vestibular portion of the developing inner ear

at stage older than E10.5, indicating their unique roles in mouse ear development. Even
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between Hmx2 and Hmx3. differences in their spatial and temporal expression in the inner
ear can be observed (data not shown). The muiti-phasic expression pattern of the Hm.x
genes suggests that the regulation of gene expression is very complicated. The question of
whether the transcripts of mouse Hmx genes (e.g.. Hmx3) in adult structures like the
duodenum and uterus are the same as those expressed at the embryonic stages remains to
be investigated further.

Cloning of Drosophila Hmx. murine Hmx2 and Hmx3 genes make it easier for us to
investigate the function of the Hmx genes. Drosophila and mouse are the two best
experimental systems for investigating a gene’s function in vivo. By chromosomal
mapping of the Drosophila Hmx gene, we can find out if there is a pre-existing mutant
which may provide informative clues as to the function of murine Hmx genes. Well-
established transgenic techniques and germline manipulation in ES cells allow us to make
mutations in Hmx genes in mice. Loss-of-function analyses, combined with gain-of-
function studies. will eventually uncover the function of Hmx genes and may provide
useful information on the etiology of some human diseases.

Hmx3, a candidate for an epileptogenic gene

[t is interesting that the Amx/ gene maps to the proximal region of mouse
Chromosome 5 since two other homeobox genes, such as Bapx/ and Sax2 also reside in
this region (Tribioli et al., 1997:. unpublished date.). It might be coincidental. but in
Drosophila, the homologs of these genes (bagpipe and S59. respectively) are clustered on
the same chromosome. If the Drosophila Hmx gene is also assigned to the same cluster,
Bapxl, Sax2 and Hmx! as well as other homeobox genes will comprise another homeobox
gene cluster highly conserved during evolution in addition to the Hox gene clusters. If this
is the case, it would be reasonable to predict that there might be a tinman homolog mapping

to the proximal region of mouse Chromosome 5. Amx! is linked to homeobox gene Msx/.
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On Chromosome 7. Hmx2 and Hmx3 are also linked to another member of Msx family,
Msx3 (Wang et al., 1996).

Intriguingly, Hmx2 and Hmx3 map to the region syntenic to the 10q25-26 of human
Chromosome 10 on which many epilepsy susceptibility loci have been mapped. Searching
for epileptic genes has long been of interest for many investigators. In most cases.
epilepsies represent a combination of disorders of neuronal hyperexcitability featuring
recurrent, spontaneous episodes of abnormal synchronization in neural networks. These
disorders can be inherited (genetic) or acquired (trauma, nongenetic) disturbances in
neuronal bursting properties. connectivity and synaptic transmission (Noebels. 1996). In
general, epilepsies are classified into “partial” or “generalized™ based on origin. [n partial
epilepsy patients. seizures originate from a specific region in the cerebral cortex. whereas
generalized epilepsies arise from the synchronized activation of the entire cortex. In the
generalized epilepsies, the deeper. midline structures in the brain such as the thalamus play
a critical role. Regarding causes. epilepsies can also be classified into “cryptogenic
(lesion)” or “idiopathic™. The idiopathic, generalized epilepsies are genetic in origin.
Recent evidence strongly shows that genetic factors are also involved in partial epilepsies.
even though partial epilepsies are associated with brain lesion or defects in brain
development in most cases (Ryan. 1995: Ottman et al.. 1995). Investigation of the cellular
and molecular bases of epilepsies will benefit humans by broadening our knowledge about
epileptogenesis, facilitating the diagnosis and treatment as well as providing for genetic
counseling to prevent the epileptic genes from spreading in the population. The major
challenges confronted by investigators are heterogeneous phenotypes, complex inheritance.
inconsistent expressivity and a small sample size in humans. In epilepsy-prone families, the
distribution of affected individuals does not follow the classic Mendelian patterns of
inheritance and severity of the affected individuals within the family are variable. These

suggest that multiple epileptic loci (including modifying genes) and environmental factors

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



131

are also involved. Recently. great progress has been achieved in epileptic locus mapping
and gene cloning. The gene responsible for benign neonatal epilepsy (EBN1) maps to
human Chromosome 20q (Leppert et al., 1989). A mutation in the gene for the a4 subunit
of the nicotinic acetylcholine receptor results in spontaneous neonatal convulsions. Other
epileptogenic loci for benign neonatal epilepsy (EBN2), Nocturnal frontal lobe epilepsy.
Unverricht-Lundborg disease (EPMI), juvenile type Ceroid lipofuscinosis (CLN3) are
assigned to human Chromosome 8q, 20q, 21q22.3 and 16p, respectively. Interestingly,
human Chromosome [0q seems to be a very susceptible region since many syndromes
associated with epilepsy are linked to this region. Guazzi syndrome has been localized to
Chromosome 10. A patient carrying a chromosomal deletion of 10q26-qter manifests it as
epilepsy and mental retardation (Smith et al., 1989). The work done by Ottman and
colleagues showed the first evidence that partial epilepsy can also be genetic in origin. A
novel, dominantly inherited partial epilepsy associated with auditory symptoms is assigned
to genetic markers on Chromosome 10q (Ottman et al., 1995). In this work. Hmx2 and
Hmx3 genes map to the region syntenic to human Chromosome 10q (actually, human
HMX?2 maps to this region), and mice carrying a null Amx3 gene exhibit epileptic
behaviors. These results make Amx3 gene a promising epileptic gene candidate. Amx3
knockout mice provide an invaluable. viable animal model for human epilepsy. Phenotypic
analysis of Hmx3 null mice will provide instructive information on epileptogenesis.
Animal models for epilepsy can overcome the obstacles encountered in humans. Both
genetically simple (single locus involved. e.g. stargazer, tottering and lethargic) and
complex (multiple loci involved, e.g., EL mice) models have been generated (Noebels et
al., 1990; Noebels and Sidman 1979; Hosford et al., 1992; Frankel et al.. 1994). Since
epileptic seizures occur when neurons stimulate one another to become active excessively,
much attention has been focused on searching for abnormalities in neurotransmitters and

their synaptic receptors. The weaver mouse mutant is caused by a missense mutation of a
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Gly to a Ser in a brain G protein-coupled inward rectifier K* channel (GIRK2). A
nonfunctional K* channel fails to stop neurotransmitter releasing, resulting in the
hyperexcitability of the neuronal network (Patil et al., 1995). Mice carrying a null gene for
tissue nonspecific alkaline phosphatase fail to convert pyridoxal phosphate (plp) into
nonphosphorylated vitamin B6, resulting in plp accumulation in the serum and significant
reduction in the brain. Reduction of plp subsequently leads to the failure of glutamic acid
decarboxylase to synthesize GABA. resulting in lethal tonic-clonic convulsions (Waymire
et al., 1995). In normal mice, extracellular levels of the excitatory neurotransmitter
glutamate is regulated by the activity of glutamate transporters which remove extra
glutamate from the extracellular space. Targeted disruption of one of the transporters, GLT-
1 results in the accumulation of glutamate in the brains. Phenotypically. the mice display
lethal spontaneous seizures (Tanaka et al., 1997). Mutations in the mRNA of the GIuRB
receptor alter the Ca™ permeability through AMPA channels on the postsynaptic
membrane. Heterozygous mice that carry these mutations exhibit spontaneous recurrent
limbic seizures (Brusa et al.. 1995). Besides neurotransmitters and their receptors,
increasing lines of evidence indicate that homeobox genes are also deeply involved in the
epileptogenesis. Mice lacking Otx/ exhibit epileptic behaviour and hyperactivity associated
with inner ear defects (Acampora et al., 1996). Analysis of the Orx/ mutant brains
revealed the reduction in the cortex, increase in volume of the mesencephalon and
generation of extra lobules in the cerebellum. The malformed Otx/ null brain is responsible
for the epileptic phenotype. In humans, schizencephaly has been linked to the mutations in
the EMX2 gene (Brunelli et al., 1996).

It is unlikely that the Hmx3 gene is directly involved in the alteration of
neurotransmitter release or their receptors’ function in epileptogenesis, since Amx3 is only
expressed in restricted regions in the brain at embryonic stages. Dysfunction of the Hmx3

null brain possibly results from the malformed axonal growth, synaptogenesis, and glia cell
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organization due to the developmental defects at embryonic stages. Close examination of
the Hmx3 null brain needs to be performed. Normally, epilepsy initiates in the cortex, then
spread to the hippocampus from where it transmits to other brain regions. Altered gene
expression in the hippocampus after the occurrence of epilepsy has been reported by many
investigators (Gall et al.. 1991). Differential expression of epilepsy-induced genes in the
hippocampus gives us a good experimental system to screen for epileptic genes and may

provide clues to gene therapy.

Hmx3, a gene required for regional-specification and cell-fate

determination in the developing inner ear

The striking similarity in their expression pattern and close linkage on the same
chromosome suggest that Amx2 and Hmx3 may share some regulatory elements and have
overlapping function. To avoid deleting any common regulatory elements, neo or
ires.lacZ.neo cassette was inserted into the Amx3 homeobox in our targeting constructs. At
the same time. the relatively weak GT/.2 enhancer (Lufkin et al.. 1991) was used to drive
the neo gene in order to minimize the possibility that enhance/promoter affects the function
of the adjacent gene(s), a problem that has been previously reported for the PGK and other
promoters (Olson et al., 1996: Rijli et al., 1994). Successfully generated Amx3 null mice
allow us to obtain in vivo evidence about the function of Hmx3 during mouse
development. Hmx3 null mice can be easily identified in Amx3 null juveniles by their
classic Shaker/Waltzer behavioral phenotype of hyperactivity and circling, indicative of
vestibule dysfunction. Inner ear development is a complex process involving the
competence of a region of surface ectoderm on the lateral hindbrain to invaginate and pinch
off to create the otic vesicle. After delamination and coalescence of neuroblasts in the
ventral part of the otic vesicle to form the VIIIth ganglion, the rest of the otic vesicle

undergoes elongation and morphogenesis to form the three sensory systems of the inner
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ear. The dorsal portion of the otic vesicle gives rise to the vestibular structures and the
ventral portion develops into the cochlear labyrinth. The three sensory systems are
comprised of six epithelia: (1) the three cristae. the sensory organs of the three semicircular
canals, for sensing the angular acceleration. (2) the maculae. the sensory organs of the
saccule and the utricle, for detecting linear acceleration (gravity). (3) organ of Corti in the
cochlea for receiving sound pressure. Many gene products have been shown to be involved
in the otogenesis of the inner ear. Inductive signals both from the underlying rhombomeres
and from the otocyst itself are required for the formation and function of the inner ear.
Hoxa-1 null mice, in addition to the defects in the CNS. also exhibited severe
morphogenetic malformation of the inner ear as showed by the absence of the cochlear
labyrinth and the semicircular canals. Since Hoxa-/ itself is not expressed in the otic
vesicle, these defects in the inner ear might be caused by secondary effects due to the lack
of inductive signal(s) from the adjacent rhombomeres. kreisler mutants (kr) result from the
chromosomal inversion of the krm/ gene encoding a novel basic domain leucine zipper
transcription factor. In wild type mice, krm/ can be only detected in the neural tube
adjacent to the otic vesicle. but not in the otocyst at the beginning of otogenesis. In ir
mutant mice. the malformed otic vesicle failed to form a recognizable vestibular structure
and cochlea, resulting in deafness and typical Shaker/Waltzer phenotype. This result shows
that signals from the underlying neural tube play critical roles in the inner ear development.
In most cases, genes are essential for the development of the regions where they are
expressed. Orx/ null mutants, in addition to its defects in the brain, show the absence of
the lateral semicircular duct. which is responsible for their high speed turning behavior.
Strikingly similar to the Orx/ null phenotypes, Hmx3 null mice also exhibit a bi-directional
circling behavior, indicating that both inner ears are affected. Hmx3 mutant phenotypes do
show incomplete penetrance on different genetic backgrounds and variable expressivity

(severity of phenotype) even on the same genetic background. For example, on 129/Sv

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



135

genetic background. 91% Hmx3 null mice display a high speed circling behaviour,
compared to [6% on the mixed background. On the other hand. the noncircling Amx3 null
mice do exhibit other defects. such as overgrowth of teeth which ca result in malnutrition.
The variable severity of the phenotype may account for the reduced viability of Am.xJ3 null
neonates (Table 3). Those pups supposed to show much more severe phenotypes might die
or have been selectively eliminated by the basic instinct of the mothers right after birth.
since we did see remnants of pups left in the cages in many cases. The low penetrance of
the phenotype in the CNS and no overt defects in the craniofacial region might be the result
of extensive functional redundancy among Amx genes. Expression of Amx3 in the dorsal
portion of the otic placode suggests that it may play a role in the development of vestibular
structures. In Amx3 null mice. no gross morphogenetic alteration can be observed either
in the vestibular labyrinth or in the cochlear duct as showen in Figure 20. Upon closer
examination. severe abnormalities in the vestibular sensory organs can be found in the
Hmx3 null mice. The fusion of the utricle and saccule into a common utriculosaccular space
disrupts the normally restrictive communication between these two endolymphatic
chambers. Moreover, the fusion subsequently results in the reduction of the area of the
maculae of both the saccule and the utricle. Even though all the semicircular ducts were
present in the Amx3 null mice, the horizontal crista (sensory organ of the horizontal canal)
and the associated ampullary chamber were missing in the horizontal semicircular duct.
Missing the horizontal crista and the reduction of the maculae in both the saccule and the
utricle are sufficient to cause the circling behaviour associated with the Hmx3 knockout.
Previous studies have shown that many defects can result in abnormalities in ear
development. In the Treacher-Collins mutation, craniofacial malformation leads to the
malformed external and middle ears. subsequently resulting in hearing impairment.
Disruption of the POU-domain transcription factor Brn3./ leads to failure of hair cell

survival both in the organ of Corti and in the vestibular labyrinth. As a result of defects in
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hair cell survival, the vestibular ganglion undergoes neuronal degeneration. Consequently.
Brn-3.1 mice exhibit deficits in balance and coordination, hyperactivity as well as complete
deafness (Erkman. et al. 1996). The Isk gene which encodes a cofactor of K channel
subunits is also required for the normal function of the inner ear. The /sk gene is not
involved in the embryonic development of the inner ear. The maintenance of inner ear
structure after birth requires the normal function of Isk . [sk null mice also show a
Shaker/Waltzer phenotype. Histological analysis indicates that disruption of Isk gene
results in the collapse of both Reisner’'s membrane in cochlea and vestibular wall in the
vestibular labyrinth. At the same time. hair cell death in both the cochlea and vestibular
labyrinth can be observed. Unlike the mutants described above. Hmx3 null mice do not
show overt defects in their hearing ability. Together with its expression pattern in the dorsal
part of the otic vesicle, it seems that Hmx3 specifically functions in the development of
sensory epithelia in the vestibular labyrinth. Complete loss of crista in the horizontal duct
and partial loss of sensory organs in the macule and saccule suggest a unique function in
the regional specification and cell fate determination of vestibular sensory cells. Since no
defects were found in the sensory hair bundles of the maculae. it suggests that Amx3 may
exert its function prior to hair cell differentiation (~E13.5). At early embryonic stages.
Hmx3, possibly working with other genes may define the regions to become competent to
give rise to different sensory organs. Once the competent region is determined by AmxJ3.
hair cell development seems to be independent to Hmx3. [n Amx3 null mice no region is
capable of becoming horizontal crista-competent, resulting in the absence of this sensory
organ. Whereas, the other regions are partially compensated for by the function of other
gene(s). These regions are able to develop into maculae of both the saccule and utricle with
partial loss of sensory cells. It is certain that the defects in the inner ear are associated with
the loss of a functional Amx3 in the inner ear, but not with its loss in the neural tube since

no obvious defects can be found there. Lack of a phenotype in the other two semicircular
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canals might be interpreted as a functional compensation by Hmx2 gene for the loss of
Hmx3 in these regions. It can be expected that the double knockout of Amx2 and Hmx3
could show a much more severe phenotype than any single knockout. since their
overlapping expression patterns suggest they may function redundantly or synergistically.
Based on the Amx/ expression pattern. it is impossible that Hmx/ has overlapping
function with other Hmx genes in the inner ear development. Extensive overlapping
expression patterns outside the inner ear make it difficult for us to investigate each gene’s
function. The triple knockout. and different combinations of the double knockouts as well
as each single knockout will provide informative clues to the function of this gene family.
The role of Hmx3 in inner ear development and pregnancy may be a recently acquired
developmental function as Hmx genes are present in many species (e.g., Drosophila)
which have no anatomical equivalent to the organs affected in Amx3 null animals. On an
evolutionary view, the mammalian inner ear and uterus represent two relatively newly
evolved organs and the role of Amx3 in the development of these structures may represent
a more recently acquired function relative to the original role of the ancestral Hmx gene. All
three HAmx genes are expressed in an overlapping fashion in the central and peripheral
nervous systems, which may represent the ancestral developmental role of this gene family.
The absence of a discernible nervous system phenotype in the Amx3 null mice may be
related to the ancient origin of the nervous system and the inherent functional overlap

among gene family members, which is usually associated with genome evolution (Sidow.

1996).
Hmx3, a novel homeobox gene required for maternal fertility

Another important phenotype of Hmx3 null mutants is the reduced fertility of the null
females. Fertility of Amx3 null males is normal compared to the wild type and

heterozygous males. But the null females show impaired reproduction irrespective of their
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genetic background. Even the small portion (12%) of the null females that are capable of
giving birth always deliver less pups (~ 4pups/litter) than do the normal mice. By
examining the time point of fertility failure during pregnancy, it is clear that the ovulation in
Hmux3 null females is normal. They can produce normal oocytes that can be fertilized. As
shown in Table 5. embryos flushed out from the Hmx3 null uteri before implantation stage
can develop to term when they were reimplanted into wild type pseudopregnant mothers.
This indicates that before implantation the mother can provide the appropriate environment
for embryos to develop autonomously and normally. But. at the implantation stage (~E4.5-
53.5). embryos were still unattached to the null uteri and failed to initiate any decidualization
reaction. indicating the failure of implantation. The implantation stage is critical in
pregnancy as the majority of failed pregnancy occurs at this stage. [mplantation of embryos
into the uterine wall involves a series of molecular and cellular events. Proper implantation
requires the uterus to become receptive to embryos. On E3.5, the uterus starts preparing for
the implantation by inducing closure of the uterus which brings the trophectoderm and the
luminal epithelium into close apposition. During this period, LIF produced by the glandular
epithelium is upregulated with a peak at E4.5. Mice lacking LIF are infertile due to the
failure of implantation (Stewart et. al.. [992). At the same time, the Muc-/ gene product. a
glycoprotein., starts degradation from the uterine wall so that the uterus becomes competent
for the attachment of embryos (Surveryor et. al.. 1995). Docking of embryos (blastocyst)
to the uterus induces the production of a heparin-binding protein encoded by HB-EGF in
the uterine epithelium surrcunding the implantation sites. HB-EGF gene product is
speculated to function as an adhesion molecule to anchor the embryos to the uterus. After
the attachment of the embryo, the uterus shows increased vascular permeability around the
implantation site. Subsequently, the uterus undergoes decidualization of the stromal cells
(Dziadek et al., 1995). Finally, the implantation stage is finished by the contact of

trophectoderm with the maternal decidua. In Hoxa-/0 knockout mice, female infertility

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



139

results from a combination of homeotic transformation of the proximal uterus into oviduct,
decreased vascular permeability, as well as a deficiency in decidualization (Benson et al..
1996). But Hoxa-10 null mice don’t show alteration in LIF and HB-EGF expression. In
contrast to Hoxa-10 deficient mice, Hoxa-1/ null mice show defects in stromal. decidual
and glandular cell development. The fewer uterine endometrial glands may account for the
absence of LIF expression. subsequently leading to the infertility of Hoxa-1[ nuil females.
[nfertility of Hmx3 null females provides another example of a homeobox gene involved in
mammalian pregnancy. Expression of the Hmx3 gene during pregnancy is a dynamic
process in which a low level of expression in the stroma of nonpregnant uteri followed by a
dramatic shift from stroma to the myometrial layer and a increase in its expression level
after pregnancy. The significance of the shift of Amx3 expression from the stroma to the
myometrium and the increase in expression levels is currently unknown. But this process
is definitely required for the implantation. Even though no gross and histological
abnormalities have been found so far, lack of functional Hmx3 results in a deficiency in
fertility. Close examination indicates that, at the molecular level, Amx3 null uteri have
changed their identities. Morphologically normal endometrial glands fail to produce LIF.
which is sufficient to cause infertility in female mice. The relationship between the shift of
Hmx3 from stroma to smooth muscle layers and the robust expression of LIF in
implantation is very interesting. Why does a lack of functional Amx3 abolish LIF
expression? It seems that Hmx3 functions upstream of LIF. Their different expression
domains suggest that their communication may be mediated by some diffusible factor(s).
Alteration of cell identity in Amx3 null uteri can also be perceived by the expression
patterns of other molecular markers. For example, in wild type nonpregnant females.
Wnt5A is expressed in the uterine stroma and the endometrial epithelium. But in
nonpregnant Amx3 null uteri, its expression in the endometrium is dramatically

upregulated. Pregnancy induces the expression in the glandular epithelium and upregulates
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the expression in the endometrial epithelium in wildtype mice. But in the Hm.x3 null
pregnant uteri, almost all stromal cells become Wnr5A-positive in the absence of functional
Hmx3. Together with the results from Wnt7A and Wnr4 expression. we can conclude that
the normal regulatory cascade in the uterus has been disturbed by loss of Amx3. This
regulatory pathway may involve different steroid hormone or cytokines. Even though
Hmx3 seems to play a less significant role in the morphogenesis of the female reproductive
track, its function is absolutely required for normal biological function of the reproductive
system. Alteration of expression of so many molecular markers in Amx3 null uteri
suggests that many factors are involved directly or indirectly in the Hmx3-mediated
signaling pathway. Hmx/ and Hmx2 are also expressed in uterus during pregnancy. but
down-regulated in the Amx3 null uterus. It suggests a possible cross or autoregulatory role
for the Amx genes in the uterus. Cross-regulation and autoregulation of homeobox genes
have been well characterized, particularly in the case of the Hox homeobox genes

(reviewed in Lufkin. 1997).

Interestingly, although Amx/. Hmx2, and Hmx3 are no longer expressed in the
Hmx3 null myometrial layer. there are no obvious changes in the expression of the
myometrial smooth muscle marker myosin. indicating that myosin is likely to fall into a
regulatory cascade independent of the Amx genes. Based on the results obtained from the
transgenic studies, there is no obvious regulatory relationship among these three genes in
the central nervous system (data not shown). And in the Hmx3 knockout mice, there is no
overt alteration in the expression of Hmx/ and Hmx2 in the inner ear. The regulatory
hierarchy of Hmx genes in the female reproductive system may be conferred by specific

cofactor(s) which can regulate Hmx/ and Hmx2 only in the presence of Hmx3 product.
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Involvement of Hmx3 gene in other sensory organs’ development has not been
investigated. It is highly possible that Amx3 null mice also have defects in their vision and

olfaction, since Hmux3 is expressed in the optic stalk and olfactory epithelium.
Prospects

Hmx2 and Hmx3 double knockout mice show more severe phenotypes than the
Hmx3 single knockout. The majority of the homozygotes died prenatally. Few surviving
pups showed complete loss of balance and died before day 9 after birth. Analyzing the time
point at which the double knockout mice die and the pathology are in progress.
Comparison of the phenotypes of double knockout mice with those of either single
knockout will provide instructive insights into the functional relationship between Hmx2
and Hm.x3 gene. It will become clear then, in what regions and at what time point, Hmx2
and Hmx3 genes function redundantly or synergistically. Moreover. the triple knockout
and different combinations of double knockout among the Hmx genes will eventually

uncover the function of Hmx gene family.

The spatial and temporal expression patterns of the Hm.x genes suggest that regulatory
pathways involving Amx genes is quite complex. Dissecting out the regulatory elements of
each Hmx gene can help us to find out the upstream regulators of Amx genes. Using
transgenic analysis. the minimal elements responsible for tissue-specific expression of
Hmx genes can be obtained. Isolation of the cis-acting elements of Hmx genes will make it
possible to identify the trans-acting factors by screening an expression cDNA library using
radioactive labeled cis-acting elements. Two hybrid system allows us to screen for the
cofactors of Hmx gene products. [solation of these cofactors will help us to interpret why
the cross and auto-regulation among Amx genes exits in the uterus, but not in the inner ear.

Targeted disruption of the Amx genes results in the failure of their DNA binding ability. It
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is certain that expression of the genes regulated by Hmx gene products will be altered in
mice carrying null Hmx alleles. mRNA extracted from the affected tissues. like wildtype
and null uteri can be used for searching for Hmx downstream genes. mRNA differential

display technique and subtractive hybridization can be employed.

In summary, Hmx3 plays an important role in mouse vestibular sensory organ
integrity as well as mammalian fertility. Hmx3 null mice are a novel viable animal model
for epilepsy. To fully understand the function of the Amx genes. in addition to disruption
of these genes, overexpression and misexpression of these genes can also provide us with
useful information. In the near future, the overall picture of the function of this gene family

will be delineated.
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