To the Graduate Council:

I am submitting herewith a dissertation written by Laura Ray Chittenden entitled
“Molecular Characterization of the T(4;9)12Gso Mutation and Analysis of the
Associated Fitness, Skeletal, and Lymphoproliferative Phenotypes.” I have examined
the final electronic copy of this dissertation for form and content and recommend that it
be accepted in partial fulfillment of the requirements for the degree of Doctor of

Philosophy, with a major in Biomedical Sciences.

_ Lisa Stubbs
Major professor

We have read this dissertation
And recommend its acceptance:

_ Edward Michaud

__Dabney Johnson

__Mary Ann Handel

__Bruce McKee

Accepted for the Council:

Anne Mayhew
Vice Provost and
Dean of Graduate Studies

(original signatures are on file with official student records)



Molecular Characterization of the T(4;9)12Gso Mutation and Analysis of the
Associated Fitness, Skeletal, and Lymphoproliferative Phenotypes

A Dissertation Presented
for the

Doctor of Philosophy Degree

The University of Tennessee, Knoxville

Laura R. Chittenden
August, 2002



DEDICATION

This manuscript is dedicated to my parents, George and Rebecca Chittenden, whose
motivational influences are the reason for my educational goals. I would also like to
dedicate this manuscript to my wonderful fiancé, Colin Dreizin, whose encouragement,
support, and patience have been a godsend throughout the latter portion of my graduate

career. Thank you all for your love and support.

i



ACKNOWLEDGEMENTS

The author would like to thank her advisor, Lisa Stubbs, for her guidance, help, and
support over the course of work on this thesis. Additional thanks go to the committee
members, Ed Michaud, Dabney Johnson, Mary Ann Handel, and Bruce McKee, for their
continued patience. The support and help provided by the director, Jeff Becker, and
administrative staff, Kay Gardner and Gaynelle Russell, of the UT-ORNL Graduate
School of Biomedical Sciences (Genome Science and Technology) have been
unparalleled. The advice and technical guidance supplied by Cymbeline Culiat and
Joomyeong Kim is also greatly appreciated. Tremendous thanks to Eddie Wehri, and
most especially Xiaochen Lu, for their aid and expertise with regard to pathology and the
tissue in situ hybridizations, and to Angela Petersen and Stephanie Morrison for their
technical assistance with the mouse lines, FISH, and general lab techniques. Thanks
also to Walderico Generoso, K.T. Cain, and Nestor Cachiero for all of their help with
information with the ORNL mouse lines. Finally, thanks to past and present members of
the Stubbs group, and to the staff of the ORNL mouse house and LLNL ACF for all the
additional support.

il



ABSTRACT

The t(4;9)(B3;E3.2)12Gso reciprocal translocation is an autosomal recessive
mouse mutation involving chromosome 4, band B3 (Mmu4B3) and chromosome 9, band
E3.2 (Mmu9E3.2). The most striking phenotype of the 12Gso homozygote involves
axial skeleton deformities, resulting in significant shortening of body length, scoliosis,
displaced hips and kinky tails. Homozygous animals are significantly smaller than
normal littermates and frequently exhibit early lethality, as many of the mutants perish
by 1 day postnatal, and many others do not survive the three weeks to weaning age.
Homozygous 12Gso mice also develop an unusual bone marrow defect that closely
resembles leukemia. The penetrance of the mutation is variable with significant
dependence on genetic background.

Fluorescent in situ hybridization and reverse transcription polymerase chain
reaction were used to localize the chromosome 4 breakpoint to a 600 base pair region
intrinsic to ATP-binding cassette 1 (Abcal), a gene that encodes a large transmembrane
protein involved in cholesterol efflux. The disruption of Abcal results in a truncated
transcript. Aberrant expression of genes associated with lipid metabolism has been
detected in 12Gso homozygotes, and previous data by others describing the effects of
Abcal null mutations in humans and mice indicate the likely involvement of this gene in
the early lethality of 12Gso homozygotes. Using polymerase chain reaction (PCR)-
based methods, we have cloned and sequenced DNA surrounding the 9;4 chromosome
junction in 12Gso/12Gso DNA. The chromosome 9 breakpoint maps to a relatively
gene-poor region, lying in the intergenic region between an uncharacterized T-box gene,
Tbx18, and a ras-like EST, Rockl. Both genes represent potential candidates for the
skeletal anomalies present in 12Gso homozygotes. These studies lay a firm foundation
for future studies with the unique model offered by the 12Gso mouse, aimed at
identification of novel genes and previously unknown pathways required for skeletal

development and associated with leukemia susceptibility in humans and mice.
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CHAPTER 1: INTRODUCTION

The origins of the 1(4;9)12Gso mutation

The recessive t(4;9)12Gso mutation (hereafter referred to as 12Gso) arose in
studies designed to determine the mutagenic effects of radiological and chemical
clastogens on chromosome structure in mice. These studies were centered on the
heritable translocation tests (HTT). HTT are used to detect large chromosomal
rearrangements passed to viable offspring, specifically reciprocal translocations, based
on the reduction in the number of viable gametes produced by translocation carriers
(Generoso et al., 1980). Approximately 50% of the gametes produced by translocation
carriers carry partial duplications or deletions of chromosomal regions located telomeric
to the sites of reciprocal exchange because of the disjunctional activity of unbalanced
gametes in the first meiotic division. = The embryos carrying these unbalanced
chromosome complements die early in gestation. As a result, matings of translocation
carrier mice generate litters that are statistically half the size of that produced by normal
mice of similar genetic backgrounds, thus these carrier mice are termed “semisterile”.
Semisterility, as measured by the size of litters produced by a normal inbred or hybrid
female when mated to a translocation carrier relative to the litter size produced in
matings to a normal male, has been used extensively since the 1940s as a test for the
presence of reciprocal translocations in mutagenesis studies. The reliability of this
simple breeding test in establishing carrier genotype has been confirmed by cytogenetics
(Russell and Shelby, 1985; Generoso et al., 1980; refs. therein). Litter-size
measurements have also been used in the maintenance of translocation stocks, as a
method for selecting carrier males and females that precludes the need for cytogenetics
(review, see Stubbs et al., 1997). Most of the Generoso (abbreviated Gso) collection of
translocation stocks have therefore been maintained by crossing tested heterozygous
carriers to normal inbred or hybrid mice, identifying translocation carriers for future
generations by semisterility rather than by association with any abnormal phenotype.

However, a small number of lines displayed dominant mutations that clearly

segregated with the inheritance of the translocation; one of these lines, 1Gso, was



described in an early publication (Rutledge et al., 1987). The discovery of dominant
phenotypes in translocation carriers inspired later studies in which the carrier animals
were bred to generate offspring homozygous for the translocation to examine potential
recessive phenotypes associated with the reciprocal exchange events. The recessively
inherited phenotypes that were identified included developmental anomalies,
neurological aberrations, and diseases such as cancer, leukemia, and polycystic kidney
disease (reviewed by Culiat et al., 1996; Stubbs, 1997).

One compound used in an HTT at Oak Ridge National Laboratory (ORNL) was
N,N’-methylene bisacrylamide (MBA), the chemical from whose application 12Gso was
derived. Dominant lethal (DLT) and HTT performed on males treated with this
chemical indicate that the maximum genetic effect is seen in maturing sperm (Rutledge
et al., 1990). MBA is a strong clastogen, and is unlikely to cause point mutations. For
this reason, the frequency of mutational events that are heritable is not expected to be
great. Indeed, very few specific locus mutations were generated in treatment with MBA,
as expected from the nature of the mutation and the cellular stage affected (unpublished;
W. Generoso, pers. comm.). However, because of the lack of available data on the
mutagenic ability of MBA, which could be identified in the specific locus test,

estimation of genomic mutation frequency induced by MBA is difficult to determine.

The nature of the 12Gso mutation and the associated homozygous phenotype

The 12Gso mutant phenotype was discovered in the early stages of the breeding
studies used to find recessive phenotypes in the Gso stocks. The balanced reciprocal
translocation associated with 12Gso was mapped to chromosome 4, band B3 (Mmu
4B3), and chromosome 9, band E3.2 by cytogenetic methods (Mmu 9E3.2; N. L. A.
Cacheiro, pers. comm.; Figure 1). All mice karyotyped as homozygous for the 12Gso
translocation exhibited clear vertebral deformities which resulted in significant
shortening of body length, scoliosis, displaced hips and kinked tails (Figure 2). Early
lethality has been common to 12Gso homozygotes; many of the mutants

have perished between 1 day postnatal and the three weeks to weaning



Figure 1. The 12Gso phenotype is associated with a t(4;9)(B3;E3.2) translocation.
A. 12Gso heterozygote karyotype. Arrows represent the location of the chromosomal
breakpoint on the normal mouse chromosomes. Normal chromosomes (left) and
translocation chromosomes (right) are boxed for size and banding pattern comparison.
B. Ideotype of mouse chromosomes 4 and 9, highlighting the band in which the

chromosomal translocation occurred.



TRTRT
LRLEL H

T

i
it

ﬁl ai H N Ll
is asﬂﬁ il




Figure 2. 12Gso homozygous mice. Skeletal malformations are visually identifiable
in newborn 12Gso homozygotes. A. One-day postnatal 12Gso/12Gso (bottom) with
sibling (top). B. One-day postnatal 12Gso/12Gso. Closed arrows indicate the curvature
of the backbone, and the open arrow points to a kink in the tail. C. Two week old litter
from a 12Gso/+ X 12Gso/+ mating. The two 12Gso/12Gso mice (arrows) are much
smaller than their siblings. D. Magnified picture of the two 12Gso/12Gso mice from C.,
with closed arrows indicating the curvature of the backbone. E. One month old 12Gso
homozygote. Note the bulging abdomen caused by the curvature of the spine (white
arrow). F. Two adult 12Gso/12Gso mice. The closed arrow indicates the bulging
appearance of the rear of the mouse from the displaced hips; the open arrow indicates the

severely kinked tail.






age. None of the matings between 12Gso/12Gso mice and normal, carrier,
or homozygous mutant mice have produced any litters, although it is still not
certain that the sterility is due to true reproductive defects rather than physical
limitations imposed by the skeletal malformations. Unpublished studies from this project
have also revealed that homozygous 12Gso mice have also developed an unusual bone
marrow defect that closely resembles leukemia (L. Chittenden, X. Lu, unpublished; see
details in chapter 3).

The 12Gso heterozygotes are semisterile, as are carriers of balanced translocation
in general due to production of genetically imbalanced gametes (Generoso, 1978).
However, reduced numbers of liveborn pups from heterozygote matings occurred at
rates greater than can be attributed to translocation-associated effects alone, which
suggested that the mutation may also be lethal in at least some fraction of the
homozygous mice. In accordance with this observation, anecdotal evidence obtained
during breeding experiments at ORNL suggested that a relatively low number of
homozygous mutants were being born live in 12Gso carrier crosses (on a BLH [C3H/R1
x C57BL/10a] background; K.T. Cain and W.M. Generoso, unpublished data). The
number of liveborn offspring exhibiting the skeletal phenotype in 12Gso carrier crosses
was reduced significantly after the stock was moved to LLNL and transferred from the
BLH strains to an inbred C3Hf/R] background, and later, to a pathogen-free B6C3
[(C3H/HeJ X C57BL/6J) hybrid; The Jackson Laboratory, Bar Harbor, ME] genetic
background. In later experiments, the hypothesis was tested by karyotyping all liveborn
pups from carrier crosses during a year-long period of breeding at Lawerence Livermore
National Laboratory (LLNL). During this period, experimental results indicated that
homozygous offspring were dying pre- or perinatally (discussed in Chapter 3), but were
generated in utero in expected ratios (1/6). Later experiments transferred the stock onto
two very different genetic backgrounds, C57BL/10J and 129x1/SvJ (The Jackson
Laboratory), both of which were more supportive of mutant production than either
C3Hf/RI or B6C3 and provided a strong suggestion that both the survival of 12Gso
homozygotes and the severity of the skeletal defects expressed by the 12Gso/12Gso

mice was profoundly influenced by genetic background.



Two explanations could be offered for the variations in numbers of animals
expressing the skeletal disorder after transferal to these different backgrounds: (1) some
of the homozygotes were born without physical manifestations of the mutation, that is,
the 12Gso phenotype could be characterized by incomplete penetrance, or, (2)
homozygotes were affected with varying degrees of severity on the different genetic
backgrounds and the most severely affected may have been dying prematurely. Even in
the mice that exhibited an obvious skeletal malformation, the 12Gso skeletal phenotype
was expressed in a highly variable manner; for example, animals have been born with
slightly shortened spines and kinked tails, severely affected spinal columns but normal
tails, and many intermediate variations. This has also been observed in other skeletal
mouse mutations; mutations such as achondroplasia, snub-nose, meander tail, and
luxoid (Table 1) all exhibit variable penetrance. The mutation /uxoid (Table 1) is
particularly notable, as the /uxoid phenotype is almost completely absent on a C3H
background (Green, 1955). The phenotypic variation in these classical mouse mutations
suggest that the 12Gso homozygous skeletal phenotype is likely to be expressed with

variable penetrance and influenced by background genetic modifiers.

Normal skeletal development

The skeletal phenotype exhibited by 12Gso mice suggested a defect in the early
stages of skeletogenesis, and lead to the focus on potential candidate genes that are
known or implicated in the classical pathways involved in this complex developmental
process. Since the foundations of the skeletal system occur during the very early stages
of development, and bone development is essentially completed before birth, molecular
and genetic access to human conditions involving congenital skeletal abnormalities has
been extraordinarily difficult. As a result, only a small number of genes had been
implicated as root causes in the etiology of skeletal anomalies until recent years.
Because of the accessibility of most developmental stages in mouse embryos, mouse
models have provided critical insights into the nature of human developmental
syndromes. By examining the expression patterns of genes at different stages of

development, as well as interpreting the fully developed adult mouse skeleton in the



Table 1. Mouse skeletal mutations mapping to Mmu4 and Mmu9

Mmu | Mutation | Symbol | Map Phenotype Ref.
position
4 meander mea 44.8 ankylosis or fusion in the tail Hollan-
tail cM vertebrae; cerebellar disruption; der and
incomplete penetrance Waggie,
1977,
Fletcher
et al.,
1991
skeletal sks 54.6 skeletal fusions occur in the ribs Handel
fusions cM and one or more vertebrae; et al.,
with mutants are also sterile 1988
sterility
Achondro- | cn 55.4 limited viability; a square body Konyu-
plasia cM shape, bulging a short tail and khov et
domed skull; limited chondrocytes | al.,
vulnerable to regressive change 1970;
DiLeone
et al.,
1997
9 luxoid lu 23 cM | polydactyly, kinked tails, an Green et
increased number of vertebrae and | al.,
ribs; at E10.5 the number of 1955;
somites is increased; penetrance is | Burda et
almost null in C3H strains, and is | al., 1969
close to 90% in C57B1/10
Abnormal | Aft 32 cM | heterozygotes exhibit syndactyly Lane,
feet and and kinked tails; penetrance of the | 1987
tail mutation is very low in the 129
strain
tail-kinks | tk 48 cM | short, very kinked tails, and minor | Grune-
aberrations in the vertebral berg,
column; genetic background can 1954;
influence viability Imai et
al., 1993
kypho- Ky 56 cM | progressive kyphoscoliosis in the | Blanco
scoliosis thoracic and lumbar vertebrae, et al.,
preceded by musculature 1998;
aberrations; mutation in Blanco
transglutaminase-like muscle- etal.,
specific protein 2001




context of the presence or absence of these genes, researchers have begun to elucidate
the mechanisms of normal and abnormal skeletal development in mammals.

Vertebrae and rib formation essentially begins at gastrulation with the production
of the primitive streak in the posterior of the developing mouse embryo. At
approximately 6.5 days post coitus (dpc; Theiler stage [TS] 9), the primitive streak arises
from the cells of the epiblast, which are laid down in a posterior to anterior direction.
From the anterior end of the primitive streak the mesoderm cells differentiate into the
notochord (Psychoyos and Stern, 1996). Fully developed, the notochord blocks the
progression of other mesodermal cells, also derived from the primitive streak, into the
midsagittal area of the embryo. This results in two sheets of mesoderm, which
accumulate on either side of the centrally located neural tube and notochord (Hall,
1977). The sheet adjacent to the neural tube, the paraxial mesoderm, will give rise to the
somitomeres (presomitic mesoderm) at 7.5 dpc (TS 11), which will undergo initial
segmentation to form the somites by 8 dpc (TS12). Somites are paired, segmental
structures, the first of which arises from the anterior end of the primitive streak, near the
head region. Each somite becomes epithelialized soon after formation. This epithelial
somite is subject to the dorsoventral patterning influence of the surrounding tissues
(Kaufman and Bard, 1999), and subsequently partitions into three zones: dermatome,
myotome, and sclerotome. The ventrally located sclerotome reverts to mesenchymal
tissue and separates from the dermomyotome. The rostrocaudal compartmentalization of
the sclerotome occurs in the presomitic mesoderm, prior to the initial segmentation of
this mesodermal sheet, and is separate from the epithelialization that is responsible for
dorsoventral specification of dermomyotome and sclerotome (Stern and Keynes, 1987;
Bronner-Fraser and Stern, 1991; Saga and Takeda, 2001). This compartmentalization
can be identified in the sclerotome by an area of dense mesoderm and an area of looser
mesoderm, demarcated by a cleft. Each vertebra derives from a rearrangement, or
resegmentation, of these mesodermal regions in the sclerotome of the somites. The areas
of loose and dense mesoderm in the sclerotome separate, and the loose rostral portion
rejoins with the dense caudal portion of the next posterior sclerotome. This results in the

prevertebrae being slightly offset from the dermomyotome and the segmental units of

10



the neural tube, which remain in the original position of the somite. The dense rostral
portions give rise to the intervertebral discs, while the lower density caudal regions give
rise to the centra and processes of the vertebrae (Goldstein and Kalcheim, 1992;
Kaufman and Bard, 1999).

As the notochord disappears at approximately 11 dpc (TS 18), the centers of
chondrification appear and begin the formation of cartilage. Cartilage, the precursor of
ossified bone, is derived from the mesenchymal cells (embryonic connective tissue cells)
of the mesoderm. These cells differentiate from their branched formation to a more
spherical one and begin to secrete matrix, at which point they are termed chondrocytes
(Feduccia and McCrady, 1991). Eventually, the chondrocytes become trapped within
the lacunae (spaces) in the same matrix they have secreted (Romer, 1970). By 13 dpc
(TS 21/22), the cartilaginous axial skeleton of the embryo is almost completely
developed.

Vertebrae are considered endochondral bone; that is, they arise from the
replacement of cartilage by bone. While cartilage begins to degenerate centrally through
the action of chondroclasts, calcification occurs by deposition of a complex form of
calcium phosphate called apatite. Blood vessels break through into the degenerated
areas of cartilage, bringing with them the osteoblasts, which secrete the bone material
and aid in the calcification process (Romer, 1970). Ossification proceeds outward
toward either end as well as from the epiphyses, which are ossification centers located at
the ends of bones. In vertebrae, several primary ossification centers occur, causing the
irregular shape of the bone. During the first postnatal week in the mouse -- when bone
formation has replaced the cartilage formation -- the waves of ossification from the shaft
and the epiphyses unite to complete the bony skeleton (Kaufman and Bard, 1999).

Anatomically, vertebrae and ribs are considered to be members of the somitic
axial skeleton. The vertebrae have two principal parts: the centrum, which is the
replacement of the notochord, and the neural arch, which serves to protect the spinal
cord on either side. Each vertebra is connected to those in front and behind by the
zygapophyses, which extend from the neural arch. Above the spinal cord two arches

fuse to form the neural spine, at the base of which is the transverse process

11



(diapophysis), where rib attachment occurs. Rib formation occurs at approximately the
same time as sclerotome amasses around the notochord. The ribs, also derived from the
sclerotome, are attached dorsally to thoracic vertebrae and ventrally to a sternum, with
the exception of a few shorter, posterior “floating ribs”, which are only attached to the
vertebral column. These are the components of “typical” vertebrae, although vertebrae
vary regionally in functional morphology along the column (Weichert and Presch, 1975).
The vertebral column is fundamentally divided into five categories (anteriorly to
posteriorly): the cervical (7 vertebrae); the thoracic (13 vertebrae); the lumbar (6

vertebrae); the sacral (4 vertebrae); and the caudal (30 to 31 vertebrae).

The molecular basis of skeletal defects

Human developmental abnormalities involving the skeleton have been
documented extensively, ranging from complex heritable bone disorders to the simple
absence of one tiny phalanx. The genes responsible for many of these disorders have
been cloned, and encode such products as collagen matrix components, cellular signaling
molecules and receptors, and transcription factors. These defects can be grouped into
three categories: defects in collagen metabolism, aberrant differentiation or proliferation
of chondrocytes and osteoblasts, and abnormal mesenchymal condensation and its
associated incorrect cellular differentiation (Mundlos and Olsen, 1997a, b).

An example of a disease resulting from a defect in collagenous metabolism is
osteogenesis imperfecta. Osteogenesis imperfecta is more commonly known as brittle
bone disease, and is characterized by skeletal fragility. This fragility derives from
mutations within the genes for COLIA1 and COL1A2, which encode the o and a;
chains of collagen, respectively (Byers and Steiner, 1992). The mutations can range
from mild anomalies caused by decreased collagen formation to lethal effects caused by
the inability to form the collagen triple helix (Cotran et al., 1999).

Achondroplasia results from an abnormal proliferation of chondrocytes within
the growth plate. The root cause of the disease is a point mutation in the cellular
signaling molecule FGFR3. The mutation hyperstimulates the receptor, leading to

constant inhibition of cartilage production and the resulting dwarfism (Mundlos and
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Olsen, 1997a). The homologous mouse mutation achondroplasia (cn) maps to 55.4 cM
on mouse chromosome 4 near Bmp8a and Bmp8b, members of the bone morphogenic
protein family (DiLeone et al., 1997). Mutants are clearly recognizable by the square
body shape and bulging abdomen, accompanied by a short tail and domed skull. The
major effect is seen in the chondrocytes, which are limited in number (Konyukhov and
Paschin, 1970) and are vulnerable to regressive change (Silberberg et al., 1976).

The majority of skeletal mutations manifest before cartilage is fully developed.
Since cartilage provides the template from which the bone of the axial skeleton derives,
the effects of mutations in this tissue persist in the fully developed skeleton.
Chondrification centers of the developing cartilage are not typically direct targets of
gene action, therefore effects of these mutations are generally displayed before cartilage
formation. Mutations in somites, mesenchyme or sclerotome, the notochord, or the
primitive streak affect the cartilaginous skeleton, since these tissues are precursors to
cartilage development (Johnson, 1986). Defects in mesenchymal condensation, as well
as aberrant cellular differentiation, usually lead to congenital malformations. These
malformations are exceedingly difficult to study at a molecular level in humans, as
access to the developmental pathways is limited, and many of the affected genes from
which the defect derives are no longer expressed in adult tissues. It is also to this
category of aberrations that 12Gso bears the most resemblance, and will thus be the
category for which 12Gso represents the strongest model.

One of the most common vertebral malformations is scoliosis, particularly in the
form of kyphosis, in which the vertebral column arches dorsally. Scoliosis is generally
analyzed when present as a secondary condition of other skeletal syndromes, such as
Basal Cell Nevus Syndrome (BCNS; also called Gorlin Syndrome). As the name
implies, the most identifiable characteristic of this syndrome is the numerous basal cell
nevi. However, this syndrome also manifests severe skeletal deformities, including
kyphoscoliosis, bifid, fused, or missing ribs, and vertebral anomalies deriving from
improper segmentation (reviewed by Gorlin, 1987). This syndrome derives from
mutations in PTCH and PTCH?2, vertebrate homologs of the Drosophila gene patched
(Hahn et al., 1996).
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Within the classification of congenital malformations is included a broad, generic
category termed spondylocostal dysostosis. This disease is characterized by shortened
stature; fused, block, and hemivertebrae; nonprogressive kyphosis; fused, missing, and
bifid ribs; shortened neck; apparent normal appearance of appendicular structures;
seemingly normal neurological function; and numerous cases of neonatal death
associated with respiratory infection (Jarcho and Levin, 1938; Lavy et al, 1966).
Mutations in delta-like 3 (DLL3), a mammalian homologue of the Drosophila gene
Delta, are associated with the autosomal recessive form of this disease (Bulman et al.,
2000). Mutations in the mouse homologue of this gene result in the classical mutation
pudgy (pu). pu arose from a spontaneous point mutation (Greenfield and Brown, 1987)
in DII3, which maps to chromosome 7 in mouse (Kusumi et al., 1998). DII3 is a member
of the Notch signaling pathway, which includes a cascade of pair-rule genes that control
positional effects during development.

The 12Gso mouse mutation became the central focus of this thesis work because
of its obvious effects on skeletal development. The mutation manifests as a profound
skeletal deformity, visually identifiable at one day postnatal (Figure 2). Before it was
mapped and characterized, the mutant was nicknamed “pudgy” by members of Dr.
Generoso’s group because of its outward morphological similarity to the previously
mentioned mutation of the same name. The gene associated with the pu phenotype has
been cloned and identified as the mouse delta-like 3 (D//3) locus (Kusumi et al., 1998).
Phenotypically, 12Gso also strongly resembles targeted null mutations in the lunatic
fringe (Lfng) gene, which, like D//3, participates in the Notch-Delta developmental
pathway. Because of the phenotypic similarities, a relationship between the12Gso
mutation and genes encoding members of this pathway was hypothesized. DI/I3 and Lfng
mutant mice have severe vertebral and tail anomalies, including irregularly shaped
vertebrae and hemivertebrae that have been fused and jumbled extensively, rib and
sternum anomalies, and a kinked or missing tail (Figure 3). Abnormalities seem to be
restricted to the axial skeleton, since the appendicular structures appear normal. The
abnormalities in the tail have been attributed to lack of segmentation in the sclerotome

and/or somitic tissue; this could also be the source of the malformation in the vertebral
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Figure 3. The 12Gso homozygote skeletal phenotype strongly resembles that of
mutations in the genes from the Notch-Delta pathway. Orange arrows indicate
homozygotes from all three genotypes. Note the wedge-like shape, abnormal skeleton,
and shortened body length peculiar to all three mutations. Mutations: Lfing”, lunatic
fringe deficiency; DII3", delta-like 3 deficiency. The Lfng” knockout mutation was
generated by Zhang and Gridley, and the DI”" mutation was characterized by

Dunwoodie et al.
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column. In addition to the deficiency in segmentation, the somites present in pu
embryos do not extend as far caudally as the somites in a normal developing embryo,
thereby causing the shortening of the vertebral column. Like 12Gso homozygotes, pu
embryos have limited viability after the weaning stages (Gruneberg, 1961). These
studies suggest that the skeletal malformations and limited viability of 12Gso might also

represent manifestations of a loss-of-function mutation in a single gene.

Aspects of hematopoiesis relevant to bone marrow components

As phenotypic studies have revealed, the 12Gso skeletal phenotype is
accompanied by aberrations in hematopoiesis within the bone marrow. To understand
the genetic factors that might contribute to this aspect of the phenotype, the basic stages
of normal hematopoietic development must first be considered. Hematopoiesis is the
generation of the cells of the hematopoietic system: blood cells, blood precursors in the
bone marrow, and cells of specific lineage in the spleen, lymph nodes, and other
lymphatic tissues. In normal progression, the first, or mesoblastic, phase occurs as early
as 7 dpc, and involves the production of primitive erythroblasts from the mesoderm of
the blood islands in the yolk sac and the splanchnopleura (TS 10; Kaufman, 1991; Godin
et al., 1993). The second, or hepatic, phase begins at early- to mid-gestation, peaks at
approximately mid-gestation, and subsides at birth. This phase takes place principally in
the fetal liver, but is also active in the spleen and lymph nodes. The third phase begins
at mid- to late-gestation and continues past birth, taking place in the bone marrow. The
rate of hematopoiesis in the bone marrow gradually decreases until puberty, at which
time approximately half of the marrow space is hematopoietically active, as indicated by
the presence of red marrow only in the skull, pelvis, vertebrae, ribs, sternum, and the
proximal epiphyseal regions of the humerus and femur (Cotran ef al., 1999).

The precursors to the cells involved in hematopoiesis are undifferentiated
hematopoietic stem cells (HSCs). The HSCs are first found in the fetal liver and spleen,
and gradually move exclusively into bone marrow during the third phase of
hematopoiesis. From these HSCs derive two cell lineages: the lymphoid stem cells and

the trilineage myeloid stem cells. From the triliniage myeloid stem cells derive the
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erythrocytes, megakaryocytes, granulocytes, eosinophils, monocytes, and macrophages,
and from the lymphocytic line derive the B-cells, T-cells, and natural killer cells (Cotran
et al., 1999). In B-cell development, the HSC first differentiates into a lymphoid stem
cell, the precursor to both T- and B- cells, localized in the fetal liver or bone marrow.
The progeny of the lymphoid stem cell either migrate to the thymus to differentiate into
T-cells, or remain in the marrow to differentiate into B-cells. Differentiation of the
lymphoid stem cell into B-cells begins at approximately E14 in the mouse.

The morphology of the bone marrow structure can be broken down into bone
trabeculae and the medullary space. The medullary space contains adipose tissue, the
previously mentioned hematopoietic cells, and the connective and vascular tissue of the
stroma. The vascular tissue of the stroma is intricate; it consists of an artery that
branches into arterioles, which further branch into the capillaries that connect to a
system of sinusoids. While in earlier stages the marrow cellularity is approximately
80%, in the human adult, normal bone marrow composition is a one to one ratio of fat
cells to hematopoietic elements, of which approximately 60% are granulocytic and 10%
- 15% are lymphocytic in origin. Extreme alterations in these percentages are indicative
of disorder, such as the hyperproliferation that is associated with erythroid hyperplasia or
leukemia, or the hypocellularity associated with some forms of anemia (Litz et al., 1996;
Cotran et al., 1999).

Maturation of B-cells in the bone marrow occurs as the cells migrate towards the
central venous sinus of the marrow. That is, earlier progenitor cells would be located
near the endosteum, while the immature and mature B-cells surviving apoptosis and
phagocytosis would be closest to the central sinus and released into circulation. The
maturation of B-cells is dependent on a number of cytokines and growth factors, and is
thought to be maintained, at least in part, by the stromal and adventitial reticular cells
that line the interior of the cavity between the endosteum and central sinus. It is from
the adventitial cells that the fat cells of the marrow derive.

Because of the morphological similarity between stages in B-cell development,
classification of maturation stage is typically done wusing terminal

deoxynucleotidyltransferase (Tdt), cell surface antigens, and immunoglobulin (Ig)
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expression (Loken et al,, 1987). Lymphoid stem cells, which express Tdt but no cell
surface antigens, proliferate and differentiate, and those that are destined to be in the B-
cell lineage undergo Ig heavy chain gene rearrangement. Ig gene rearrangement begins
with D-J rearrangement, and concludes with V-D rearrangement (Felix and Poplack,
1991). While undergoing recombination, the cells are termed pro-B-cells, and besides
Tdt, also express CD10, CD72, CD34, and progressively express CD19, CD20, and
CD21. Expression of CD10 ends when the cells emerge as pre-B-cells, which by this
time have assembled heavy chains of the m isoform. The U heavy chains are at first
expressed in the cytoplasm, but as the stage progresses, are expressed at the surface,
associated with surrogate y light chains, and accompanied by Iga and Igf3, the remaining
components of the B-cell antigen receptor (Litz ef al., 1996). At this time, the Ig light
chain genes rearrange to produce a K or A light chain, and cell surface expression of the
intact B-cell receptor, which could be either IgM-K or A + Iga/Igf, commences. It is at
this time that the cell ceases to express Tdt, is classified as an immature B-cell, and is
committed to making a specific antibody based on the expressed antigen receptor (Felix
and Poplack, 1991; Litz et al., 1996). As the cell progresses into a mature B-cell, both
IgM and IgD are expressed as surface Ig. Expression of CD23 is present in immature
and mature B-cells, but is mostly found on activated B-cells. After activation by
antigen, the B-cells either differentiate into antibody-forming cells (which terminally

differentiate into plasma cells), or into memory cells.

Common forms and genetic causes of inherited bone marrow hyperplasia

Most neoplasms, or foci of excessive and aberrant cellular growth, are
somatically derived and associated with extensive DNA damage. This damage typically
involves genes that are classified as either oncogenes or tumor suppressor genes,
although other classes, such as those that regulate DNA repair and apoptosis, could also
contribute to abnormal proliferation (Cotran et al., 1999). In normal modes of action,
oncogenes should regulate cellular growth and differentiation, whereas tumor suppressor
genes usually encode products that have a negative influence on cellular growth. Due to

the roles of these genes in the induction of proliferation and/or differentiation, activation
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of only one copy of an oncogene can lead to neoplastic growth (Lebovitz, 1986; Muller,
1986). These oncogenes may encode growth factors, growth factor receptors, cell cycle
regulators, nuclear regulatory proteins, or proteins of a signal transduction pathway
(Cotran et al., 1999). However, as tumor suppressor genes inhibit cellular growth, two
“hits” are typically necessary to inactivate both copies of the gene, and thus, make that
locus ineffectual for growth inhibition (Levine, 1993). While the pathways through
which tumor suppressor genes contribute to neoplasms is less understood than those
pertaining to oncogenes, it is likely that the inhibitory signals are connected to cell cycle
or transcription regulation (Cotran ef al., 1999). Oncogenes, in particular, have been well
studied in relation to immunological neoplasms, and it appears that different oncogenes
affect specific cell types with respect to growth stimulation, as exemplified by the c-myc
oncogene in B-cell lymphomas (Taub et al., 1982; Della-Favera et al., 1982). The genes
may be activated either by changes in structure or regulation, which may occur by
mechanisms such as gene amplification, point mutations, or chromosomal
rearrangements such as translocations (Cotran et al, 1999). All lymphoid and
myelocytic neoplasms are traditionally classified as malignant, but a distinct difference
lies between the hematopoietic neoplasms termed leukemia and lymphoma. While the
two may present overlapping clinical findings, they are distinct with respect to origin
and tissue distribution. Leukemia can be defined as neoplasms of lymphoid or
myelocytic origin with focused involvement of the bone marrow, and is usually
accompanied by infiltration of the peripheral blood by a large volume of tumor cells.
Lymphomas, on the other hand, are characterized by proliferations that have arisen in
separate tissue masses, and may later deposit tumor cells into the blood at leukemic
levels. However, all lymphoid neoplasms are monoclonal, that is, they derive from a
single cell, and are transformed after antigen receptor gene rearrangement. For this
reason, the diagnosis and classification of the type of lymphoid neoplasm is often based
on the cell type of origin (e.g. B lymphocyte, myelocyte) and differentiation stage that
appears to be amplified (Cotran et al., 1999).

Another term for bone marrow hyperplasia is leukemia, as it is defined as the

abnormal proliferation of hematopoietic cells whose initial locales are the blood and

20



bone marrow. Briefly, leukemias can be either lymphoproliferative or
myeloproliferative, and acute or chronic. Acute leukemias are marked by a
predominance of blast cells, and often there is evidence of marrow failure. Chronic
leukemias, on the other hand, are marked by leukocytosis and predominantly mature
cells. Early marrow failure is rare (Litz et al., 1996). Occurrences of all forms of
leukemia in the United States averages approximately 9.5 cases per 100,000 individuals,
per year (Ries et al., 1991), and is usually more prevalent in males than females.

The four major forms of leukemia are acute myeloid leukemia, acute lymphoid
leukemia, chronic myeloid leukemia, and chronic lymphocytic leukemia. Acute myeloid
leukemias (AMLs) occur in the United States at a proportion of 2.2 individuals per
100,000, annually, and can be characterized by hyperproliferation of a precursor or
immature myeloid cell, principally located in the marrow. The proliferating cells can be
monoblasts, promonocytes, megakaryoblasts, promyelocyte, myeloblasts, or erythroid
precursors. The extensive proliferation of the immature cell type and the resulting lack
of normal myeloid cells is the principal cause of bone marrow failure in these patients.
Depending on which form of AML is present, different cellular antigens may be present
in the proliferative population; these markers include CD13, CD14, CD15, CD33, and
CD36. Common cytogenetic diagnostics for AML are also available, such as the
presence of t(15;17)(ql1; ql1-12) in over 90% of cases of promyelocytic leukemia
(Litz, et al., 1996).

Chronic myeloid leukemia (CML) occurs in the United States at a rate of 1.3 per
100,000, and is commonly diagnosed by use of the Philadelphia chromosome,
t(9;22)(q34;q11). The bone marrow in CML patients is almost 100% cellular, mostly
composed of granulocytic precursors (Cotran ef al., 1999). In addition to neutrophilic
hyperplasia in the bone marrow, CML patients also present marked leukocytosis and
splenomegaly. The Philadelphia chromosome (Ph), present in 95% of cases, results in
the fusion of the major breakpoint cluster region gene (BCR) on chromosome 22 to the
c-abl oncogene (ABL) on chromosome 9 (Kutrzrock et al., 1988; Litz et al., 1996).
However, in the juvenile form of the disease, Ph is not present, but presenting findings

do include hepatosplenomegaly, lymphodenopathy, anemia, and skin rashes. Prognoses
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in these cases are typically poor; median survival is less than one year (Freedman ef al.,
1988; Litz et al., 1996).

The precursor B-cell neoplasm acute lymphoblastic leukemia (ALL) is
manifested in the United States at a rate of 1.5 per 100,000, and is characterized by a
proliferation of lymphoblasts. The majority of cases are manifested during childhood.
Depending on the blast morphology, ALL may be classified as L1, L2, or the less
frequent L3, and can be either populous in B-cell precursor cells, T-cells, or B-cells
(Foon and Todd, 1986). A common marker for the B-cell form is CD10, also known as
CALLA (Cotran et al., 1999), although infantile forms of the disease typically lack this
antigen and are typed as “null”. ALL may also be identified cytogenetically. Almost all
cases present a translocation that disrupts the c-myc oncogene on HSAS8 and an
immunoglobulin chain locus. The second disrupted locus may be a gene on HSA14
encoding the heavy chain, on HSA2 encoding the kappa light chain, or on HSA22
encoding the lambda light chain. The transposition of these loci facilitates the aberrant
transcription of c-myc. A small percentage of cases also present the Philadelphia
chromosome (Vogler ef al., 1981; Ribeiro et al., 1987). Clinically, it is very similar to
AML. As in other leukemias, bone marrow failure is linked to the replacement of
normal marrow by the hyperproliferative lymphocytes, and the disease is often
accompanied by lymphadenopathy, splenomegaly, and hepatomegaly derived from
neoplastic infiltration of these particular organs (Litz et al., 1996).

Chronic lymphocytic leukemia (CLL) is the most common form of leukemia in
the United States, occurring at an incidence of 2.6 per 100,000 individuals. The disease
is a peripheral B-cell neoplasm that is characterized predominantly by hyperproliferation
of light chain-restricted mature B-cells (Bennett et al.,, 1989), and accordingly, most
neoplasms are found in patients over 50 years old (Cotran et al., 1999). It is always
observed in the bone marrow, and lymphadenopathy and/or hepatosplenomegaly is
present in 50-60% of cases. Very often the disease is accompanied by
hypogammaglobulinemia, and occasionally, autoimmunehemolytic anemia derived from
neoplastic, self-reactive B-cells (Cotran et al, 1999). The bone marrow varies, and

diffuse patterns are associated with a poor prognosis. Besides the reduction in light
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chain-restricted surface immunoglobulin, the disease also presents CDS5, a pan-T-cell
antigen that is normally expressed only on a small subset of circulating B-cells (Litz et
al., 1996).

Few spontaneous mouse models of leukemia exist, but there has been a
considerable amount of work done with respect to transgenics and gene knockout
models that target genes known to be involved in human leukemias. A recent example is
the mouse model of CLL generated by the insertion of a 7CLI transgene (Bichi et al.
2002). TCLI, an oncogene overexpressed in T prolymphocytic leukemia, exhibits
normal expression in immature T-cells, and a range of early B-cells. The mice carrying
a human transgene for 7CL I exhibited an expanded population of CD5+ B-cells,
indicative of B-CLL, and upon aging, developed all related symptoms of CLL. Another
of these mouse models was a targeted mutation of the M/l gene, which lies near the
luxoid mutation on mouse chromosome 9 and is homologous to the Drosophila gene
trithorax. The product of this gene exists in multiply spliced forms and has at least
partial similarity to DNA methyltransferases (Ma et al., 1993). The mutation is a
homozygous lethal, and heterozygotes exhibit not only hematopoietic abnormalities, but
also skeletal malformations. These malformations are associated with aberrant
expression of the homeotic genes Hoxa7 and Hoxc9, which are regulated through a

conserved SET domain in the MIl sequence (Yu et al., 1995).

The role of genes for somitic development in both skeletal development and
hematopoiesis

Two major signaling pathways, one centered on the Notch-Delta receptor-ligand
pair and one involving the Sonic Hedgehog secreted morphogen, have been well
documented with regard to somitogenesis, and have implications in hematopoietic
development. The components of the Notch-Delta pathway are conserved from
Drosophila to human, and maintain a similarity in basic function: to participate in the
specification of cellular fates by use of a signaling mechanism between adjacent cells.
However, the genes expressed in Drosophila are neurogenic, and probably not involved

in segmentation (Artavanis-Tsakonas ef al., 1999), supporting the morphological data
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that indicate different mechanisms for segmentation are present in flies. In mammals,
however, this pathway is critical for the establishment of rostrocaudal polarity and
periodicity in the presomitic mesoderm (Saga and Takeda, 2001, and refs. therein).

Specific members of the Notch-Delta pathway are present in the presomitic
mesoderm, initially expressed in a cyclical fashion. In mouse, some of these include
Lfng and the hairy and enhancer of split-related genes Hesl, Hes5, Hes7, and Heyl
(Aulehla and Johnson, 1999; Leimeister et al., 1999; Bessho et al., 2000; Jouve et al.,
2000; Dunwoodie et al., 2002). The suggested role of Notch signaling has been to
maintain the oscillating expression patterns of these genes by cellular communication
through its own wave-like activity which traverses the presomitic mesoderm for each
somite formed (Jiang et al., 2000).

Expression of Notchl and some of its ligands have also been identified in
hematopoietic precursors, developing B-cells, T-cells, and myeloblasts (Jones et al.,
1998; Varnum-Finney et al., 1998; Osborne and Miele, 1999; Walker et al., 2001;
Kawamata ef al., 2002). Indeed, it has been speculated that although Notchl appears to
be particularly responsible for early T-cell development, as indicated by expression in
fluorescence-activated cell sorter analysis (e.g., Kawamata ef al,, 2002) and genetic
overexpression that resulted in T cell lymphoma/leukemia (Pear ef al., 1996; Pui et al.,
1999; Wilson et al., 2001). However, it has been indicated that this T-cell development
occurs at the expense of B-cell development, because of suppression of B-cell
development in Notchl overexpression and the proliferation of B-cells upon inhibition of
Notchl, presumably through ligands such as Deltex and Jaggedl (Pui et al., 1999;
Bertrand et al., 2000; Izon ef al., 2002). This role of Notchl in hematopoiesis seems to
be in accordance with its role in segmentation: regulation of cell fate through a complex
series of interactions. Two Delta-like genes, DI/l and DII4, and a Serrate-like gene,
Jaggedl, are expressed in the bone marrow stroma and endothelium and have also been
implicated in the control of Nofch signaling within the bone marrow. As in somitic
tissue, these two ligands appear to differentially regulate Notchl, in a manner similar to

lateral inhibition (Bertrand et al., 2000).
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The Hedgehog pathway, particularly the members that interact with Sonic
hedgehog (Shh), is also evolutionarily conserved and has dual roles in both
somitogenesis and hematopoiesis. The expression of Shh and its progenitors in
mesodermal tissue induces dorsoventral polarity. Shh is expressed at sites of epithelial-
mesenchymal interaction (Bitgood and McMahon, 1995). Its relevance to somitogenesis
lies in its secretion as a morphogen gradient extending from the notochord which
induces the ventral somite to revert to mesenchymal tissue, thus becoming the
sclerotome from which the somites derive (Pourquie et al., 1993; Fan and Tessier-
Lavigne, 1994). Shh functions through the activation of the transcription of patched
(Ptc/Ptch), wingless (wg) or its homologs (e.g., Wnt3), and decapentaplegic (dpp) or its
homologs (e.g.Bmp4), often by the release of repression of associated complexes
(Hidalgo and Ingham, 1990; Ingham ef al., 1991; Capdevila ef al., 1994). The binding
of Shh to the Ptch-smoothened (Smo) receptor complex relieves the repression of Smo,
which in turn activates the transcription of cubitus interruptus (ci) homologs, the Gli
genes (Hui et al.,, 1994; Nusse et al., 1999; Stone et al., 1996; Kalderon et al., 1997).
Shh is also thought to be involved in epithelial proliferation, as overexpression
contributes to the expression of both Ptch and Glil in mesenchyme, leading to rapid
proliferation of both tissues (Grindley et al., 1997).

A role for Shh in hematopoiesis has also been implied. SkZ4, which induces the
proliferation of HSCs, acts through Ptch, Smo, and the downstream G/i genes to activate
a Bmp4-inhibitor, Noggin. Bmp4 has been previously documented in its role of
hematopoietic cell maintenance and survival (Maeno ef al., 1996; Dale and Jones, 1999),
but this role for Sk4 has only recently been elucidated (Bhardwaj et al., 2001).

As embryonic hematopoietic cells derive from mesodermal tissue, the finding
that both pathways involve the same signaling members is not a novel idea and has been
studied in nonmammalian systems (Zon, 1995; Dosch et al., 1997). However, in light of
the fact that the associated skeletal phenotype closely resembles mutations within the
somitogenesis pathway, the finding of the lymphocyte hyperproliferation only further
solidifies the relationship between the genetic mutation(s) of 12Gso and those within

these developmental pathways.
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The genetic relationship between translocation breakpoints and gene(s) associated
with the mutant phenotypes

Many of the experiments described in this study proceed according to a basic
hypothesis, that is, that the 4;9 translocation inherited by 12Gso homozygous mice
disrupts either the structure or the regulation of transcription unit(s) that are directly
associated with the skeletal abnormalities, bone marrow defects, and low survival rates
of the mutant mice. This hypothesis is based on several lines of evidence, the strongest
of which has been provided by genotype-phenotype correlations that have been
documented before and during the course of this study. First and most importantly, strict
concordance has been observed between expression of the skeletal/early death
phenotype and homozygosity for the 12Gso translocation. These data, which will be
described in further detail in chapter 3, suggest that the chromosome break has disturbed
the structure. These data suggest that the chromosome break has disturbed the structure
or expression regulation of a gene or genes that are directly associated with the skeletal
defects and early lethality. The breeding methods employed for maintenance of the
12Gso stock have been based primarily on selection for the translocation, and not for
presence/absence of the phenotype (L. Stubbs, K.T. Cain, and W. Generoso, pers.
comm.). Because of this fact, we would expect that after many generations of selection
for the translocation, segregation between the translocation and the mutation associated
with the phenotype would have occurred if the two were not coinciding or very closely
linked. If the translocation were not associated with the phenotype, the aberrations seen
in the mutants would have disappeared after generations of stock maintenance. At the
very least, we would expect to document the expression of the skeletal and/or leukemic
phenotype among animals that did not inherit the translocation in homozygous form.
This has never been documented despite more than 10 years of maintenance breeding of
this mutant stock.

The phenotype could, however, be explained by a second mutation closely linked
to the translocation site. The a priori argument against involvement of a linked mutation

is based on two pieces of evidence: (1) the mutagenesis load expected from the
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treatment that produced the 12Gso line, which though relatively unknown, is unlikely to
be highly mutagenic, and (2) the amount of founder DNA [JH stock; (C3Hf/Rl X
101/R1) F1] remaining in current mouse stocks after years of selective outbreeding.
Although 12Gso was maintained at Oak Ridge on a BLH [(C3Hf/R] x C57BL/10a) F1]
hybrid background, we know from molecular evidence that the lesion occurred on the
C3H{/RI chromosome 4. It is therefore possible to estimate how much founder DNA, in
centimorgans (cM), remains after each generation based on calculations used for the
generation of congenic strains (Silver, 1995), that is, [200 (1-2™)/N], where N
represents the generation number. To simplify this further, after the fifth generation, the
calculation [200/N] may be used. Because the mutation/allele of interest, in this case the
translocation breakpoint, is the selection reference for each generation, the genetic
region surrounding this mutation/allele decreases the amount of donor DNA much more
slowly. That said, it must be noted that 12Gso is already at F20 for several mice, and the
regions surrounding the chromosomal breakpoints in these mice can be calculated to
have retained an averagel(0 cM, or 20 Mb, of founder DNA. While this number is an
estimate, and would certainly be subject to genetic variation in the region, it is still
useful in determining the likelihood of a second mutation linked to the site where the
lesion generating the translocation occurred. While a true estimate of the presence of a
second mutation is not possible with the data currently available, it is known that the
nature of MBA is to generate large lesions which lead to chromosomal rearrangements.
The presence of a second lesion in the form of another translocation may be ruled out;
gametes with this cytology would not be viable. Large deletions and inversions can also
be ruled out using mapping data generated for 12Gso in this 20 Mb region. The
elimination of these categories of lesions further reduces the chances of a mutation event
within the calculated 20 Mb. Since the likelihood of a linked mutation, though reduced,
cannot be ignored, experiments were designed to address the link between inheritance of
the translocations and the 12Gso mutant phenotype. Tests included genetic mapping,
breeding, and the use of microsatellite markers surrounding the breakpoints to determine
both the strain on which the mutagenic lesion occurred, and how much of this original

DNA is maintained in current stocks. A more in-depth analysis of the likelihood of non-
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concordance will be addressed in later chapters. This analysis will be centered on an
estimate of the maximum possible distance existing between the map locations of the
translocation and the mutation causing the phenotype, without making the assumption
that the two are coextensive. While these calculations can not prove or disprove the role
of the translocation in the mutant phenotype, the data can be used to strengthen the

argument for concordance.

Chromosome rearrangements as a tool for identifying genes associated with human
disease

Localization of genes associated with inherited disorders can be an extremely
lengthy process, involving years of pedigree analysis or extensive animal breeding and
genotyping. Although localization of candidate genes has been streamlined significantly
with the recent advent of human and mouse genome sequence, making a link between
genes in a candidate interval and mutant phenotypes can still be an overwhelming task.
The use of a genetic approach for gene mapping in humans is difficult, therefore large
chromosomal rearrangements such as deletions, inversions, duplications and insertions
have assumed a prominent role in the discovery of genes associated with human disease.
A classic example that illustrates the usefulness of chromosomal rearrangements in
linking candidate genes to phenotypes is the story behind the cloning of the autosomal
dominant polycystic kidney disease gene, PKDI. The 1 megabase (Mb) critical region
to which the PKD1 gene had been localized was searched exhaustively for many years
(Reeders et al., 1985; Germano et al., 1992), and although many different genes were
discovered and analyzed, none could be clearly associated with the disease. The critical
breakthrough finally came when a second group of researchers identified a PKD1 patient
carrying a balanced translocation that disrupted the candidate region. Disrupted in the
breakpoint interval was a 14-kb transcript, which was confirmed as the causative agent
of ADPKD when deletions within this gene were also discovered in PKDI patients
(European Polycystic Kidney Consortium, 1994).

Another prominent example is the DMD gene. The locus for Duchenne

muscular dystrophy had been localized to Xp21 by a linkage analysis (Davies et al.,

28



1983), deletions in male subjects (e.g. Clarke et al., 1986; Greenburg et al., 1987) and by
numerous translocations (e.g. Lindenbaum et al., 1979; Jacobs et al., 1981; Boyd et al.,
1988). The DMD locus was finally cloned and confirmed through the use of an array of
deletions, most of which were contained within a 2 kb region of the cloned transcript
(Koenig et al.,, 1987). The use of translocations in isolation of the NFI gene for
neurofibromatosis type I narrowed the region to under 1 Mb (Fountain et al., 1989;
O’Connell et al., 1989) before the gene was cloned by three separate groups, again with
the aid of deletions and translocations (Cawthon et al., 1990; Viskochil et al., 1990;
Wallace et al,, 1990). Numerous other examples of genes associated with human
disease identified as a result of their disruption by chromosomal rearrangements can be
found in recent literature. Prominent examples include the FMR1 for Fragile X mental
retardation (Verkerk et al., 1991); the genes BRCAI and BRCA?2 involved in familial
breast cancer (Miki ef al., 1994; Tavtigian et al., 1996); WT1 for Wilm’s tumor/aniridia
(Call et al., 1990); the TBX5 gene in Holt-Oram syndrome (Li et al.,, 1997); the SOX9
gene for autosomal sex reversal/campomelic dysplasia (Wagner ef al., 1994); and the
RIEG gene for Rieger syndrome (Semina et al., 1996).

In addition to these inherited disease phenotypes, the use of somatic
rearrangements -- especially translocations -- in the cloning of genes associated with
leukemic phenotypes is widespread, and has been well reviewed by many sources
(Rowley, 1990; Rabbitts, 1994; Heim and Mitelman, 1986; Look, 1997; Rowley, 1998;
Rabbitts, 2001). Some of the more notable examples of leukemia-associated genes
cloned by use of translocations are MLL/ALL/HRX, which is disrupted in cases of acute
myeloid leukemia and acute lymphocytic leukemia (Zieman-van der Poel ef al., 1991;
Djabali et al., 1992; Gu et al., 1992; Tkachuk et al., 1992), the AMLI1/CBFA2 gene,
which is disrupted by translocations in acute myeloid leukemia and acute lymphoblastic
leukemia (Myoshi et al., 1991), and the familiar Philadelphia chromosome, which fuses
the BCR and ABL genes in approximately 95% of chronic myeloid leukemia cases and
5% - 30% of acute lymphoblastic leukemia (de Klein ef al, 1982). The discovery of
these genes would have been much delayed without the aid of a cytological marker such

as a translocation.
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Human geneticists have therefore learned to exploit the information given by
disease-associated balanced chromosome rearrangements, as a study done by a
consortium in Sweden and Denmark has indicated (Bugge ef al., 2000). Even excluding
the most frequently seen cytogenetic aberrations, Robertsonian translocations and
chromosome 9 inversions, these laboratories found de novo rearrangements at a
frequency of six times the normal population in their cytogenetic archives, the data of
which was collected during diagnosis of an aberrant phenotype in an observed patient.
Of the rearrangements the group found, several disorders were either cloned or localized
within a finite interval as a direct result of cytogenetic anomalies. These include Prader-
Willi Syndrome (SNRPN; Schulze et al., 1996; Sun et al., 1996; Conroy et al., 1997;
Kuslich et al., 1999), Nail-patella syndrome (LMX1B; Duba et al., 1988; Silahtaroglu et
al., 1999), Beckwith-Wiedemann Syndrome (Tommerup et al., 1993), Grieg
cephalopolysyndactyly syndrome (Tommerup and Nielsen, 1983), Diamond-Blackfan
anemia (Gustavsson et al., 1997), Duchenne muscular dystrophy (Nielsen and Nielsen,
1984), and Trichorhinophalangeal syndrome type I (TRPS; Brandt et al., 1997). Other
disorders, e.g., Smidt syndrome, Noonan syndrome, ulna aplasia, polydactyly, atypical
ataxia, and various forms of mental retardation, were localized to candidate regions
using the chromosomal abnormalities (e.g., Skovby and Niebuhr, 1974; Kristoffersen et
al., 1974; Rasmussen et al., 1982; Friedrich et al., 1982). Eleven of the 14 well-
characterized disorders that were documented in this analysis presented evidence that
linked the chromosomal breakage event and the phenotype by independent verification
of involvement of the disrupted locus in the disease. The translocations in the remaining
3 diseases did disrupt genes, but not the genes later proven to be associated with the
disease phenotype. While results of this study are preliminary, they contribute to an
overwhelming body of solid evidence that exists to support the usefulness of cytogenetic
abnormalities, such as translocations, as tools for cloning the genes responsible for

aberrant phenotypes.
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Chromosome rearrangements and inherited disorders in mice

Because of anatomical, physiological and developmental similarities between
mice and humans, and because of the facility of maintenance and breeding, mice have
long been used for analysis of human development and disease. With regard to gross
chromosomal abnormalities, mice have been an ideal source of study. While the study
of human inversions, deletions, and translocations usually relies initially on a subject or
descendant of a subject with a spontaneous rearrangement presenting an obvious
phenotype, this is not the case for mice. By subjecting mice to specific mutagenesis
schemes, chromosomal rearrangements can be easily induced and studied. A few studies
have used chromosome rearrangements to identify genes associated with mutant
phenotypes in mice.

One of the most notable studies directly related to the 12Gso project is that of
cloning the gene associated with the non-agouti coat color phenotype. Although the
Agouti (A) locus had been a research subject for a number of years, it was not until 1990,
when an y-radiation induced mutation caused a deletion, an insertion and an inversion,
placing the 4 gene adjacent to the previously characterized limb deformity (Id) locus,
which maps approximately 20 cM away in normal mice (Woychik ef al., 1990). This
inversion (Bultman et al., 1991) enabled initial characterization of the region, ultimately
leading to the cloning of the 4 locus (Bultman et al., 1992).

Deletions and deletion complexes have been used extensively as tools for cloning
mouse genes. A large collection of deletion mutations exist for loci associated with
markers used in the specific locus test (Russell, 1951; Russell et al., 1982; Lyon et al.,
1992; Metallinos et al., 1994; Rinchik, 1994; Rinchik et al., 1994; Bell et al., 1995;
Johnson et al., 1995; Russell et al., 1995;0’Brien et al., 1996 reviewed by Rinchik,
2000). These deletion complexes permitted the use of hemizygosity as a method to
identify the functions of numerous loci linked to the region of mutation (e.g., Johnson et
al., 1995; Rinchik et al., 1999; Rinchik et al., 2002). The deletion complexes have also
led to the cloning of several genes in these regions, including the cp1/Gabrb3 gene for

cleft palate (Culiat et al., 1993; Culiat ef al., 1995); juvenile fitness, growth, and sterility
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(jdf2; Walkowicz et al., 1999); fumarylacetoacetate hydrolase (Fah; Klebig et al., 1992);
extra embryonic mesoderm (eed; Sharan et al., 1991); and Emv-23 (Rinchik et al.,
1989).

Since a relatively small number of mouse translocation stocks are available, there
have been fewer mouse genes localized and/or cloned through the use of these
rearrangements. But examples do exist, including translocations that permitted analysis
of the Ts65Dn trisomy in a Down Syndrome model (Akeson et al., 2001) and the
identification of imprinted domains in mice (Cattanach and Kirk, 1985). More recently,
the use of a t(2;10) translocation has aided in the localization and cloning of the bicc
gene for autosomal recessive polycystic kidney disease in the mouse models 67Gso,
jepk, and bpk (Chittenden et al., 2002; Price et al., 2002; L. Flaherty, pers. comm.).
67Gso, like 12Gso, is a stock from a large collection of translocation mutant mice, the
previously mentioned Gso stocks generated in mutagenesis studies at Oak Ridge
(reviewed by Culiat et al., 1997; Stubbs et al., 1997). Even with these examples of
mouse models, documentation of the use of chromosomal rearrangements as tools for
cloning mouse genes is not as prevalent as publications reporting the role of cytogenetic

abnormalities in the genetic characterization of human disease.

Using translocations as a tool to map and clone mutant genes

When searching for candidate genes, one of the most common ways to examine
the probability of a gene as being responsible for the phenotypic expression of a
mutation is to localize it within a region to which the mutation has been mapped. The
converse may also be used: establish finely tuned mapping of the mutation to a region in
which there is a gene whose misexpression, underexpression, or overexpression could
prove to be responsible for the phenotypic variations. Using a translocation as a guide
and fluorescent in situ hybridization (FISH)-based strategies (Mercer et al., 1993; Culiat
et al., 1997; Stubbs et al., 1997) to narrow the region surrounding the estimated
breakpoint interval of the 12Gso translocation, the search for likely candidate genes is
considerably facilitated. This FISH-based approach has been in use in the Stubbs
laboratory to localize the Mmu2 breakpoint of the 1Gso mouse (Stubbs, 1997; Carver
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and Stubbs, pers. comm.), the Mmu7 breakpoint of the 14Gso mouse (Culiat et al.,
1997), and the Mmu10 breakpoint of the 67Gso mouse (Chittenden et al., 2002; Price et
al., 2002); FISH has also been used in the cloning of human disease genes as well (e.g.,
Menkes disease; Mercer et al., 1993).

Because translocations create a visible disturbance in chromosome structure, the
mutation can be mapped through cytogenetic techniques to a well-defined chromosomal
region (Rutledge et al., 1986; Cacheiro et al., 1994). Therefore, the chromosomal
position can be estimated very early in the study of these mutations without the need for
the requisite large crosses that are generally used to map mutations in mice. Further
delineation of the breakpoint regions can be accomplished through the use of fluorescent
in situ hybridization (FISH) methods (Mercer et al., 1993; Culiat et al., 1997; Stubbs et
al., 1997). Gene markers in the outermost borders of the chromosomal band containing
the breakpoint are first used to isolate a series of bacterial artificial chromosome (BAC)
clones to be labeled with fluorescence or a hapten, and hybridized to metaphase spreads
generated from mice either homozygous -- or preferably, heterozygous -- for the
translocation. Because the map order of these genes is known, we expect the breakpoint
to lie between these two markers because they frame the band containing the breakpoint.
If breakpoint-flanking markers are indeed selected, FISH signals generated by these two
BACs will be separated onto two distinct translocation chromosomes. By contrast, the
same two markers will be linked on a normal mouse chromosome. However, if the
markers both mapped either above or below the translocation breakpoint, the signals
produced by the labeled BACs would remain paired together on the mutant
chromosome, just as on the normal chromosome. For example, if the markers Shb and
Ambp are used to isolate BACs, which are then hybridized to heterozygote chromosome
spreads (Figure 4), we would expect one of two outcomes. In the first outcome, two
pairs of signals will appear on two chromosomes, indicating that the breakpoint does not
lie between the two markers (Figure 4). In the second possible outcome, a linked pair of
signals will be detected on the normal chromosome in heterozygous spreads, and one
pair of signals will be seen on each of the translocated chromosomes. This second

outcome indicates that the two markers flank the breakpoint site. Once the breakpoint
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Figure 4. FISH-based strategy for mapping the chromosomal breakpoint. Solid
cylinders represent normal chromatids at mitosis, multicolor cylinders represent
translocated chromatids at mitosis, and yellow circles represent fluorescent-labeled BAC
clones. When hybridizing a pair of BAC clones with known map position to a
heterozygote metaphase chromosome spread, two scenarios are possible. The two
clones could both map above or below the chromosomal breakpoint (chromosome pairs
on the left side show clones mapping above breakpoint), or the clones can be separated
by the chromosomal breakpoint (chromosome pairs to the right). Once a pair of markers
is separated by the translocation, a clone mapping internal to this pair is used in
combination with the proximal and distal markers individually to further subdivide the

region (see text for more details).
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has been “anchored” by two markers, a marker internal to these is chosen for BAC
isolation and co-hybridization with each of the anchoring probes to divide the breakpoint
region (Figure 4). This process is repeated sequentially to narrow the breakpoint region
from a distance of 10+ cM to that of a few hundred kilobases, spanned by a single BAC
clone. Within that region, the candidate gene search can begin in earnest.

Knowledge of gene marker location within a given genetic interval is crucial to
this project for several reasons. First, gene markers that have been localized within the
designated breakpoint interval are the starting points of BAC isolation. Once the gene
order has been determined, it is possible to use BACs that have screened positive for
these genes as accurately placed probes for FISH. Second, these gene markers can give
some indication as to the remaining distance surrounding the breakpoint. Third, these
gene markers are the sources for candidate genes causing the phenotypes in the mutant.
Any gene(s) localized within the breakpoint region are fair game for disruption, and any
of these with any indication that they could play a role in the mutant phenotype are
worth more scrutiny. For this reason, the 12Gso project began with the mapping of
numerous gene markers to chromosomes 4 and 9. Before mapping began, the sizes of
the breakpoint regions measured approximately 15 centimorgans (cM) on Mmu 4
(homologous to portions of human 9) and 10 cM on Mmu 9 (homologous to portions of
human 3q, 6q, 11q, and 15q). Once these breakpoint regions were determined, genetic
mapping of the breakpoint region markers was done using interspecific backcross (IB)
mapping panels (Bonhomme, 1979). Although the possibility of a disrupted gene was
equivalent for either chromosome, more probes for Mmu4 were available because of a
genetic mapping experiment (Chakrabarti ef al., 1996) that was completed prior to the
beginning of this project. Consequently, mapping experiments were begun on
chromosome 4.

After these probes were mapped, clones suitable for FISH analysis were isolated
as cosmids and bacterial artificial chromosomes (BACs), selected by screening libraries
with markers that mapped to the regions of interest, and then rescreened to verify
positive clones. These isolated clones were used as probes for FISH, initially on Mmu 4,

to pinpoint the exact location of the breakpoint.
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12Gso carries a cytologically obvious reciprocal translocation, and as the
breakpoints were mapped to specific chromosomal bands, the next step in the
characterization of this mutation was the most tedious: pinpointing the exact location of
the breakpoint within this specific region. By determining the location of the
breakpoints, the gene or genes associated with the phenotype could be more easily found
and analyzed. Though this process is the most difficult in cloning any mutation, the
cytogenetic landmarks available in the 12Gso mutation provide two advantages to this
end: the aforementioned assignment to a specific chromosomal band by cytogenetic
analysis, and the ability to use FISH as a means to efficiently span that chromosomal
band and cross the physical breakpoint boundary in a manner that is visually evident.
This FISH-based approach was used to narrow the region containing the breakpoint to a
single BAC clone, with the ultimate goal of finding a candidate gene or genes implicated
in producing the mutant phenotype. These genes would then be analyzed for verification
of candidacy and to explore developmental, hematopoietic, and other expression patterns

relevant to the gene(s).

The search for candidate genes

When examining the breakpoint regions, all genes that are located near the sites
of translocation, regardless of whether or not those genes are physically disrupted, need
to be analyzed because the possible effects on gene expression caused by chromosomal
rearrangements could occur from some distance away. This is exemplified by a
translocation breakpoint analyzed in patients with autosome sex reversal/campomelic
dysplasia, where although not disrupted by the translocation, the nearby SOX9 was
determined to be responsible for the phenotype (Wagner ef al., 1994). Other examples
also exist, such as TWIST for Saethre-Chotzen syndrome (Krebs et al., 1997), the HOXD
cluster for mesomelic dysplasia (Spitz et al., 2002), and TBX5 for Holt-Oram syndrome
(Li et al., 1997). For this reason, the experiments to examine the expression of a
neighboring gene with characteristics that might also be consistent with some aspects of

the 12Gso phenotype will also be described.
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Sequence analysis of the BAC spanning the Mmu 4 breakpoint region indicated
the presence of the gene Abcal, whose position was already known, two Nipsnap-related
transcripts, and a short transcript annotated as an olfactory gene. The Abcal gene is of
particular interest as a possible candidate for the early lethality exhibited by 12Gso
homozygotes. The 1 megabase (Mb) region surrounding Mmu9 breakpoint appears to be
relatively gene-poor, but contains two potential gene candidates: 7hx/8, which is
expressed in somatic tissue, and Rockl, a ras-related kinase. Other genes in this region
include Snap91, a neuronally expressed gene, a hemoflavin-related EST, and an
uncharacterized EST expressed in brain. All of these genes will be discussed further in

Chapter 3.

Methods of locating and testing candidate genes

There are several ways in which a particular gene can be tested for candidacy.
Obviously, since we are working under the hypothesis that translocation-associated gene
disruption is the root cause of the phenotypes expressed by 12Gso mice, map position is
the first criterion. Although, as previously mentioned, the translocation may not
physically disrupt the gene, one would still expect the responsible gene to be located
near the break. Secondly, analysis of the gene product could aid in determining the
likelihood of candidacy by the kind of protein encoded by this gene, and if unknown, the
relationship of the protein encoded by the putative candidate gene to other proteins
whose functions might be applicable to the phenotype. Thirdly, relative levels and
locations of gene expression would also indicate candidacy. Even without the
comparison of mutant and wild type tissues, expression pattern could be a strong
indicator; however, it is a much stronger positive indicator than a negative one.
Although expression information can be used to encourage further analysis of genes that
exhibit the expected patterns of tissue expression, it can be used to rule out candidate
genes only when fully documented and the phenotype in question is very well
understood. One method of testing expression, useful in the case of small samples from
which little RNA can be isolated, is that of reverse transcriptase polymerase chain

reaction (RT-PCR). Using available sequencing data, primers specific for various exons
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can be used to amplify specific regions of mutant RNA. RT-PCR screening could detect
secondary alterations that could affect gene regulatory regions, and could also determine
which portion of the gene was truncated in the generation of the breakpoint (Dirks et al.,
1996; Pai et al., 1994; Sato et al., 1996). It is more common, however, to test the gene
on a comparative Northern containing RNA from wild type and mutant tissues.
Northern blots are useful not only for determining differences in gene expression/
expression levels, as in RT-PCR, but can also determine if an aberrant transcript is
produced in mutant RNA. Finally, microarrays, which allow the quantitative and
qualitative measurement of gene expression through hybridization to an array of ESTs,
can be used as a means to determine which genes out of a large subset are expressed in a
particular tissue, and also to compare expression levels between various tissue samples
(e.g. McNeish et al., 2000).

In order to elucidate possible candidacy of the various genes within the 12Gso
breakpoint regions, analysis of the gene expression was carried out using a variety of

these methods.

The aims of the 12Gso project

The discovery of the 12Gso mutation provides a unique opportunity to map and
identify genes associated with skeletal development and leukemia, and to study their
molecular mechanisms in an animal model. Because the 12Gso translocation breakpoints
do not contain genes known to be involved in the Notch-Delta, Shh, or classic leukemia
gene pathways, the mutant phenotypes exhibited by 12Gso homozygous mice are very
likely to be associated with novel genes, or known genes interacting in previously
unknown pathways involved in somitogenesis, segmentation, or hematopoietic
development. This dissertation work has been devoted to the characterization and
development of this unique mouse model, including both phenotypic and genetic studies
as well as physical mapping and molecular analysis of the translocation breakpoint sites.
The long-range goals of this work are to identify the genes that are disrupted in 12Gso
mice, and to use these genes as the foundations for understanding the molecular bases of

inherited skeletal defects, reduced fitness, and leukemia in mammals.
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CHAPTER 2: MATERIALS AND METHODS

Alizarin red staining of the skeleton

To study skeletal structure, animals were euthanized with an approved inhalant
(chloroform or isofluorane) in order to not damage bone structure. Mice were skinned
and all internal organs, including the palate and tongue, were removed. Using a 20-
gauge needle, the brain was removed through the small hole at the base of the skull. For
mice with a higher fat content, the entire skeleton was placed in acetone overnight,
rinsed with distilled water, and placed in 2% potassium hydroxide (KOH) for the second
night. If skeletons were not fat-laden, they were placed immediately into 2% KOH the
first night; skeletons of young mice were treated in 1% KOH. The following day, the
skeleton was removed from the KOH and incubated 16-48 hours in 1:100 dilution of
0.4% Alizarin Red in 2% KOH (or 1% for younger skeletons). After incubation, the
skeleton was removed from the staining solution, rinsed with ethanol, and placed in a
clearing solution of 20% benzyl alcohol, 40% glycerol, and 40% ethanol for two days or

until sufficiently clear. Stained skeletons were stored indefinitely in 100% glycerol.

Combined staining of the skeleton and cartilage

After euthanasia, all skin and soft tissues were removed from the animal and the
carcass was soaked overnight in 95% ethanol. The following day, the skeleton was
incubated in a mixture of one volume glacial acetic acid, four volumes 95% ethanol, and
15 mg Alcian Blue (Sigma) per 50 mL final volume. The skeleton was left in this
solution for 16 to 48 hours for cartilage staining. Once the cartilage staining solution
was removed, the skeleton was rinsed in 95% ethanol for one hour, and then placed in
2% KOH for 6 to 24 hours. After incubation in 2% KOH, the skeleton was placed in 1%
KOH supplemented with 75 pg/mL Alizarin Red S (Sigma) for 12 to 24 hours to stain

the skeleton. Once the skeleton was sufficiently stained, it was cleared in a solution of

40



20% glycerol/1% KOH for one week, with the solution changed daily. After clearing,

the stained skeleton was stored in a solution of 50% glycerol/ 50% ethanol for analysis.

Perfusion of the mouse for sectioning

Mice were euthanized as described for embryo isolation. The carcass was
sterilized with 70% and was dissected to expose the heart. A small cut was made in the
right atrium to vent the heart. A syringe attached to a 22 gauge needle was injected into
the left ventricle to flush the animal with 1x PBS containing 0.5% sodium nitrate and 10
units/mL heparin, followed by fixation with 4% paraformaldehyde (freshly made, in
1xPBS). Complete fixation was indicated by stiffness in the extremities of the carcass.
Tissues were examined for gross morphological abnormalities, then placed in 4%
paraformaldehyde solution overnight for the final fixation step, followed by storage in a

diethylpyrocarbonate (depc)-treated 70% ethanol solution.

Immunohistochemistry

All immunohistochemistry for this project was performed by Dr. Xiaochen Lu
and Edward Wehri. Slides for immunohistochemistry (IHC) were dewaxed by first
warming to approximately 60°C for 30 minutes, followed by three 5-minute xylene
washes. The slides were then rehydrated with a series of ethanol washes to prepare for
IHC. THC was performed with the Histomouse-Plus kit (Zymed; South San Francisco,
CA). Manufacturer instructions were followed, with two exceptions. Prior to blocking,
the slides were incubated for 20 minutes in Target Retrieval Solution (DAKO;
Carpenteria, CA) at 96°C. The slides were then removed from the heat and cooled to
room temperature for 20 minutes. Following this step, the protocol proceeded with
blocking reagents as indicated until the hybridization step, which was carried out at 4°C

overnight.
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Determination of carrier status by breeding tests

The genotype of translocation carriers was first determined by semi-sterility
testing. According to the traditional method, males were bred to two females with a
normal karyotype that were dissected late in gestation and the number of dead implants
relative to normal, live fetuses was recorded. Carriers exhibited semi-sterility, or sired
litters with +/+ females that resulted in at least 50% dead implants and/or resorption
moles. Female carriers were tested by tabulation of resulting litter size when mated to
+/+ males. Females from the translocation stock consistently producing litters of less
than 5 offspring (compared to a normal average litter size of 10) were considered
carriers. Males in LLNL were tested in a manner similar to that of females. Karyotypic

analysis or FISH was used to confirm mouse genotypes.

Determination of heterozygosity by whole chromosome paints

Chromosomal painting was performed using FITC-conjugated mouse whole
chromosome paints (Cambio, Cambridge, UK). Manufacturer protocol was followed
through hybridization of the paints to the chromosomes. After incubation overnight at
42°C, the slides are washed twice for 5 minutes each in 50% formamide/2xSSC at 45°C,
followed by two washes of 5 minutes each in 0.1xSSC at 45°C. Biotinylated anti-
fluorescein (Vector) was diluted 1:200 and FITC-conjugated Avidin (Vector) was
diluted at 1:100 in 4xSSC/1% Tween-20/1%BSA. Slides were incubated with the diluted
anti-fluorescein for 15 — 20 minutes at 42°C. After incubation, slides were washed three
times in 4xSSC/1% Tween-20 at 42°C for 5 minutes per wash. The slides were then
incubated with diluted Avidin for 15 — 20 minutes at 42°C, and washed in 4xSSC/1%
Tween-20 as previously described. Chromosomes were counterstained with 0.2 ng/mL
DAPI and examined using DAPI/FITC excitation filters (Applied Imaging, Santa Clara,

CA) on a Zeiss Axiophot microscope.

Isolation of embryos for expression studies and prenatal analysis
To generate embryos for usage in the expression studies, mating pairs of either

C57BL/6J x C3H/Hel (B6C3) hybrid mice (Jackson Laboratory) or pairs consisting of
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12Gso heterozygous males and females (abbreviated 12Gso/+ X 12Gso/+) were caged
together and examined daily for vaginal plugs. The genetic background of the 12Gso/+
mice was B6C3, C57BL/10J, or 129x1/SvJ. When a vaginal plug was found, the female
was separated from the male. The developmental time was designated at 0.5 days post
coitum (dpc) on this date. Embryos were isolated at 9.5, 10.5, 11.5, 12.5, 15.5, and 18.5
dpc. On the date designated for isolation, the pregnant female was euthanized and her
abdominal cavity was opened for uterine access. The uterus was removed and placed in
cold phosphate buffered saline (PBS), where individual embryos were separated. For
extraction of the embryo from the embryo sac, the sacs were transferred individually to a
fresh petri dish containing cold PBS. All embryos were dissected from the deciduum
and yolk sac and transferred into freshly prepared cold 4% paraformaldehyde in PBS;
each 12Gso/+ X 12Gso/+ offspring was housed separately until genotyped. The yolk
sacs of 12Gso/+ X 12Gso/+ embryos were placed into a cell lysis solution [100 mM
Tris, pH 8.5, 5 mM EDTA, 200 mM sodium chloride (NaCl), 0.2% sodium dodecyl
sulfate (SDS), 100 mg/mL Proteinase K] overnight at 37°C in preparation for genotypic
analysis. Tail biopsies of older embryos were taken for karyotype analysis (see below),
and the musculature of the back was opened for complete fixation. Fixation occurred by
rocking at 4°C; length of fixation was dependent on embryo age: 1-2 hours for E9.5, 2-4
hours for E10.5, 4-6 hours for E11.5, 6-8 hours for E12.5, and overnight for the
remaining embryos. After fixation, embryos were dehydrated through a series of PBS
and methanol washes at 4°C: PBS, PBS, 25% methanol, 50% methanol, 75% methanol,
100% methanol, 100% methanol, and then stored at —20°C in a fresh change of 100%
methanol. Genomic DNA was isolated from the yolk sacs by isopropanol precipitation.
The supernatant was removed, and the pellets were air-dried and resuspended in dH,O.
Embryos for sectioning were embedded in paraffin, sectioned to a thickness of 5 - 10
microns using a Leica motorized microtome and attached to slides (embedding and

sectioning done by Dr. Xiaochen Lu).
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Outcrosses to test effects of genetic background

To test the effects of different genetic backgrounds on expression of the skeletal
phenotype in liveborn pups, 12Gso was crossed onto the mouse strains 129x1/SvJ and
C57BL/10J (The Jackson Laboratory). These two strains were chosen because of
documented evidence of higher penetrance of similar skeletal mutations, like DI13”"
(Dunwoodie et al.,, 1997), when maintained on these two backgrounds. The 12Gso
translocation was transferred from B6C3 onto genetic backgrounds containing
129x1/SvJ and C57BL/10J alleles by mating females from these strains with male 12Gso
heterozygotes, followed by backcrossing of the male offspring to the inbred mother for 4

generations. The new lines were then maintained by heterozygote intercrosses.

Complementation testing

To determine whether or not 12Gso was allelic to the known recessive mutation,
tk, complementation crosses were carried out between 12Gso male heterozygotes and
female tk homozygotes (TKDU/Dn; Jackson Laboratories). Litters were observed and
recorded. Offspring were examined and genotyped for 12Gso carrier status by whole
chromosome paints. Male offspring heterozygous for 12Gso were backcrossed to zk/tk

females for two more generations, and litters were observed and recorded.

Amplification of microsatellite markers

Polymerase chain reaction (PCR) amplification of microsatellite markers was
carried out in an MJ Research thermocycler using a 55°C annealing temperature.
Standard PCR conditions were used (1x Taq polymerase buffer, 1 mM dNTP mix, 2.5
mM MgCl,, 200 ng each forward and reverse primers, and 2 units Taq polymerase).
Sequences for the microsatellite markers were found on the Whitehead
Institute/Massachusetts Institute of Technology website (WI/MIT; http://www-

genome.wi.mit.edu/).
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Acrylamide gel electrophoresis to resolve amplified products

Precast 15% TBE acrylamide gels (Biorad, Hercules, CA) were used in a small
vertical electrophoresis chamber (Biorad). Running buffer was 1xTBE. Samples were
mixed with TAE dye to monitor the run. After the dye had migrated past the end of the
gel, the gel was removed from its cast and stained for 45 minutes in 100 mg/mL

ethidium bromide and photographed.

Estimation of the maximum map distance between the translocation and the mutation
in 12Gso

To determine the expected frequency of a distribution of karyotypes at a given
recombination fraction, r, the class of 12Gso/12Gso was calculated with [(1-r)2] M,
where M equals the number of observed 12Gso/12Gso. The class of 12Gso/+ was
calculated with 2r(1-r) M, and +/+ was calculated with [(r)2] M.