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ABSTRACT

A spontaneous mouse mutant, %, exhibits a large intracranial lipoma, the
development of which is consistent with a neural tube defect. The purpose of this
study was to idenfify the ff? locus, appraise possible candidate genes, and
evaluate two different methods of DNA electrophoresis, one of which was used
in previous wotk. Linkage analysis mapped the ## mutation to two candidate
regions on chromosome 10 within 16Mb distal and proximal to D10MIT115, at
60Mb and 80Mb respectively. Primers designed by the author for microsatellites
in these regions wete non informative. A literature survey showed the #uff
mutation shares a similar phenotype with only one known mutation on
chromosome 10 affecting the Apa7 gene. A primer designed by the author,
WD35, for a microsatellite 2kb from the Apaf! gene showed a recombination
percentage of 35%. A microsatellite marker within 1cM of the gene containing
the f4#ff mutation would be expected to show a near zero recombination
percentage. PCR products for two primers designed by the author for
microsatellites on chromosome 10 were analyzed using the 4% metaphor gel
method, which was previously used, and a Beckman/Coulter CEQ 8000 capillary
based method. All samples which showed a result in both methods showed the
same result, with a single exception which is likely due to the greater sensitivity of
the CEQ. These data suggest that 2 maps to chromosome 10 within 16Mb of
the microsatellite marker D10MIT115, that the % mutation is not likely located
within the Apaf! gene, and that the genotypic methods used are reliable.



INTRODUCTION

Neural tube defects (NTDs) are among the most common birth defects
in humans, with reported incidence ranging from about .5 - 6 of every 1000
births'>?, ‘The statistics for NTDs vary widely worldwide, but leading variables
of incidence appear to be race, geographic region, and sex of the child. Current
estimates for the U.S. are between .6 and 1 per 1000 live births, with higher
incidence on the east coast and among Hispanic populations®’. A female
predominance of 4:1 has been reported in the US> An overall drop was
noticed from 1991 - 2005 and has been attributed 1o wider adoption of prenatal
screening with subsequent termination of affected pregnancies and folic acid
supplements. Folic acid in the maternal diet preceding and duting the first weeks
of pregnancy has been shown to drop the occurrence and recutrence of NTDs
by up to 70%. Despite this environmental factor, a strong genetic component
exists, and families predisposed for NTDs have a higher prevalence than seen in
the normal population. ’

Most open NTDs, those whete the central nervous systemn (CNS) is
exposed and therefore “open” to an external environment, such as
cranioarachischisis where the entire CNS is “open”, are appatent at birth.
Howevet, closed NTDs, where the CNS is enclosed, can go undetected for years
or decades especially if there are no visible signs, as in some cases of spina bifida.
Spina bifida is commonly a closed sacral NTD. The most common NTD
compatible with life is myelomeningocele {open spina bifida'®), which occuts in
6000 — 11,000 newbotns per year in the United States. Paralysis, bladder and
bowel incontinence, and hydrocephalus are the most common clinical
complications. Statistics vaty, however severe mental retardation is present in
about 10-15% of these patients, and about 60% have normal intelligence."
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Recently it was shown that this variation in intelligence is a result of the disease
process itself, and not due to complications such as the spinal level of the lesions
ot existence of a shunt or walking difficulty. Most children with isolated
myelomeningocele (without major anomalies of other organs) survive to
adulthood, and life expectancy is nearly normal. **

NTDs have been shown to have a complex pathogenesis. The long term
goal of this project is to help illuminate the pathways and genes responsible for
NTDs in the cranial region. To date there are more than 190 mouse mutants and
strains which show N'TDs". The main thrust of my efforts on the project involve
mapping the mutation to a specific chromosome and region, and showing
evidence to determine if the #f mouse is a unique murine model for NTD.
NTDs ate among the most common birth defects in humans, and any model
which may help to illuminate the pathways involved would be of substantial value
to all future parents as well as investigators hoping to explain, prevent, or
eventually treat those affected.

Ne tion

NTDs form due to a defect in the neurulation process. The neural tbe
forms in humans from the neural plate approximately between stages 9 and 11 on
the Carnegie scale (about 19 — 25 days gestation)’™*'. In mice, this
apptoximately corresponds to stages 11 — 16 of the Theiler scale (formation of

neural plate to closure of posterior neuropore)’’.

On about the 20™ day of embryogenesis (buman) the neural folds close at
the 4" somite and proceed in the caudal and cranial direction. The anterior
neuropore closes first on about day 26 gestation, and the posterior neuropore
follows 2 days later on day 28 . Since the neuropores close last, most of the

NTDs occur at these cranial and caudal locations. The result of a failure of the
3



cranial neuropore to close commonly tesults in anencephaly, no brain formation,
or exencephaly, brain outside the cranium, Although these two terms are
different, they share similar morphology and development since exencephaly is
believed to degencrate into anencephaly, a hypothesis supported by animal

719

studies and ultrasonography. Failure of closure of the caudal neuropore
commonly results in spina bifida. Failure of closure of either or both neuropores,

as the only primary defect, account for ~85% of human NTDs”.

Two processes appear to be involved in the fotmation of the neural tube:
primary neurulation and secondary neurulation (Figure 1). Primaty involves the
invagination and knitting together of each side of the neural groove, and
secondary is canalization. N'TDs can be classified as open or closed, based on the
presence or absence of exposed neural tissue. Open NTDs frequently involve the
entite CNS, and so are often associated with cerebrospinal fluid (CSF) leakage,
and are thought to be a result of a defect in primary neurulation. Closed NTDs
are thought to be a result of a defect in secondary neurulation, and are often
localized to the spine (brain unaffected), and are fully epithelialized. Disturbances
to this secondary process can lead to spina bifida or defective development of the
cranial vault.”
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Figure 1 — Comparison of Primary and Secondary Neurulation. Source:

http:/ /pharyngula.org/index/weblog/comments/neurulation_in_zebrafish/



Cranial Closure

Closure of the cranial neuropore appears to occur at three distinct
locations in the developing murine brain (Figure 2). In the mouse, primary
closure of the neural tube is initiated at site Closure 1 at the hidbrain/cervical
boundary on embryonic day E8.5 (three weeks post fertilization in humans),
Neurulation proceeds in both directions along the future spine. Two more
closure points complete the brain formation: site Closure 2 close to the
forebrain/midbrain boundary, and site Closure 3 at the rostral end of the
fotebrain (tostral end of the neural tube/groove).

Closure of sites 1 and 3 seem to be consistent between mouse strains, but
there appears to be some variation in Closure 2 among inbred strains® (Figure 3).
Strains where site 2 is located closet to the forebmin show an increase in
exencephaly, and those where site 2 is located tore caudally show less
exencephaly”. In fact, a strain called SELH has no site 2 closure point (it is so
rostral as to be indistinguishable from site 3) and this strain shows that 1 in 5
embryos develop exencephaly spontaneously”. This variability in the location of
closure site 2 can explain variability in incidence of exencephaly seen between
different mouse strains**®. Humans have been shown not to have a closure site
2, however they do appear to have closure sites equivalent to closute sites 1 and
3%,



Figure 2 — Locations of closure sites 1, 2, and 3 relative to the
developing embryo. The anterior neuropore (ANP), hindbrain neuropore
(HNP), and posterior neuropore (PNP) are also labeled on part B. Source: Copp
AJ. 2005. Neurulation in the cranial region—normal and abnormal. ] Anat

207:623-635.
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Figure 3 — Sites of Cranial Closure 2. Source: Copp AJ. 2005.

Neurulation in the cranial region—normal and abnormal. | Anat 207:623-635.



Mouse Models and Current NTD Research

Mice have been used as a model for the study of NTDs for yeats, and to
date thete are >80 mutant mouse genes which are known to disrupt neurulation.
Although many of the mutants have not been studied in great detail, several
crucial pathways for nenrulation have been identified. Among these are the planat
cell-polarity pathway, which is required to initiate neural tube closure, and the
sonic hedgehog signaling pathway which regulates neural plate bending.” Much
of the focus of cutrent NTD research is on folic acid and its role in NTD
prevention.

An important question when applying this research to human genetics is
whether the genetic risk factors of NTDs are specific to cranial or caudal
neuropore closute failutes, or if a risk to one is associated with a risk of the other.
Of the >190 mouse mutants and strains which show NTDs, 70% have only
exencephaly and 5% have only spina bifida. Of the remainder, 20% can have
either ot both (spina bifida and exencephaly), and 5% showed
cranioarachischisis, where the entire neural tube failed to cdlose®. Overall, the
majority of mouse mutants seem to be at tisk of neural tube closure failure at
only one location (cranial or caudal). The 4 mouse appears to be part of the
largest group that only shows exencephaly, however a white patch in the sacral
region has been observed in a rare few homozygous mice. Further phenotypic
analysis is currently ongoing.

Cranial NTDs are more prevalent than candal NTDs in mice. However,
in humans, the number of cranial versus caudal NTDs are close to equal, even
within farnilies. It appears 30-50% of families with two affected siblings show
one sibling with anencephaly and the other with spina bifida'***'. The higher
number of cranial NTDs in mice versus the scemingly equal number of cranial

and caudal NTDs in humans could reflect a difference between species in
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embryonic morphology of the cranial neural tube, Neurulation stage human
embryos have a proportionately smaller brain than mouse embryos, possibly
making elevation of the cranial neural folds easier in the human®,

The fuft project centers on a mouse mutation which arose spontaneously
in the 3H1 stock mouse population at the University of Hawaii John A. Burns
School of Medicine (Figure 4). This mutation is 2 promising model for studying
neural tube defects. It is characterized by a variable phenotypic expression
ranging from a large visible blonde tuft, to 2 broad skull with associated
hypertelorism. MRI of the 3H1 homozygous mutant (#/#) mouse shows an
intracranial lipoma as well as fronral bone agenesis. Staining for cartilage and
ossification support these findings, as do results from histological sectioning
performed in our lab. The position and growth of the tumor through
development are consistent with a neural tube defect. The hypothesis to be tested
in this project is that the tuft mutation is located within a specific locus that has

not been characterized in the murine genome.
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Figure 4 — Unpublished picture of tuft mouse courtesy of Dr. Scott
Lozanoff 2008. The phenotype of interest is the cranial lipoma,

11



MATERIALS AND METHODS
Linkage and Recombination

The linkage of a genotype with a phenotype, ot genetic linkage, is a direct
result of the physical linkage of two or more lod along the same pair of DNA
molecules which define 2 particular set of chromosome homologs in the diploid
genome®. The two linked lodi in this project can be defined as the ## mutation
and any one of the specified microsatellite markers. In the absence of crossing
over between homologs, each gamete of a heterozygous parent receives one or
the other of a coupled set of alleles. If there was a crossover between the loci in
question, or recombination event, the gamete would receive a non parental
combination of alleles. Crossing over occurs randomly along all chromosomes in
the genome, therefore the further apart two loci are from each other, the greater
chance thete is for a2 crossover. Alternatively, the closet two loci are, the smaller
the chance for a chromosome recombination. The frequency of these
recombination events can be measured among the samples in a pool and can
therefore provide an estimate of genetic distance between the two loci 'This
project aitmed to measure the frequency of recombination between the s

mutation and specific microsatellites, to resolve the location of the £ mutation.

The recombination frequency is reported as a percentage. As the two loci
become further aparr, or do not share the same chromosome, or as
microsatellites are chosen further from the #ff mutation, the recombination
percentage approaches 50%. Alternatively, if the two linked loci are closer (on the
satne chromosome), or as microsatellites are chosen closer to the ## mutation,
then the recombination percentage approaches 0%. The recombination
petcentage as an estimate of genetic distance in mice, for this project, uses the
following relationship: 1% = 1cM (centimorgan) = 1Mb (million base pairs)™.
For example, if a recombination rate is 20% at a given microsatellite, then the ff#
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mutation was expected to be within 20 million base pairs of that location on the
chromosome (either proximal or distal).

Breeding Strat:

The breeding strategy was in place before the author joined the project,
and was largely the work of Dr. Scott Lozanoff and Ms. Tiffiny Baring. The mice
were selected for breeding based on phenotype, and the genotype was later
confirmed in microsatellite analysis. Homozygous mutant inbred 3H1 mice
(##/ #%) were crossed with Balb inbred mice to create an F1 generation. No mutant
phenotype was seen in any F1 mice, so the mutation was considered both non
sex linked, and recessive. This F1 generation was considered a carrier of the 3H1
tzf# mutation, and was mated to the otiginal homozygous 3H1 (#/#4) inbred
stock. This backcross N2 generation was expected to contain 50% homozygous
(t2/ 14) tmice, and these were expected to contain only 3H1 DNA at the mutation
locus. Howevet, due to difficulty in taintaining a steady 3H1 (/%) stock
population and subsequent sample generation difficulty, an attempt was made to
backeross the mutation from the N2 (##/#4) generation onto a Balb background
(See Figure 5). The author’s efforts in this project focused on narrowing the
critical region for the fff mutation by analyzing DNA samples from affected

mice of the N2 and greater generations for recombination events.
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Figure 5 - Breeding Strategy

DNA samples in this project were collected from adults and embryos of
the N2 and greater generations. Breeding was based on phenotype followed by
testing for genotype. The 3H1 homozygous mutant #fi stock numbers were
difficult to maintain. An attempt was made to backcross the mutation onto a
Castaneous background, but had little success. A different attempt to backcross
the mutation from the N2 generation onto a Balb background had greater
success. These attempts at moving the mutation onto a different background are
ongoing at the time of this writing. The success of this effort would result in a
more stable stock population and greater selection of informative microsatellite

markers.
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Two methods were used for DNA analysis, 4% metaphor gel (Lonza)
electrophotesis and a Beckman/Coulter CEQ 8000 capillary electrophoresis
based machine. A similar approach to score individual samples was used. Bands
or peaks corresponding to the 3H1 control only were counted as non-
recombinant #/##. Samples displaying bands or peaks corresponding to both

3H1 and Balb control wete counted as recombinant &/ +.

DNA Sample Collection

Genomic DNA from adult tissue samples and embryos of affected N2 or
greater was collected from tail tissue. Samples were incubated with 700ul. of tail
buffer with 30ul. of 20mg/mL Proteinase K (Ambion), vortexed, and digested
overnight at 55°C. The tail buffer consists of: 50mM Tris-Cl at pH8.0, 50mM
EDTA, 100mM NaCl, and 1%SDS. The next day the samples were vortexed
again, centtifuged at 14,000tpm for 5min, and the supernarant transferred to a
new Eppendorf tube. An equal volume of ETOH was added, and the stringy
DNA precipitate was transferred to a new tube using a p200 pipette tip with 1mL
of 70% ETOH. The DNA was then dried at room temperature, and dissolved in
150-300ul. 10mM Tris-Cl, pH 8.5, and stored at 4°C or colder. The author
assisted with collection and extraction of the DNA samples, although much of
this work was previously performed by Ms. Man Kuroyama and Ms. Tiffiny
Baring, At the time of this writing, 82 DNA samples of homozygous mutant
(t#{ 1) mice from the N2 generation had been collected, The author estimates to

have assisted in the collection and extraction of at least 10 of those samples.
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Primer Design

Once the sample of individual specimens was sufficiently latge,
microsatellite analysis was utilized to associate the mutaton with a single
chromosome. Three locations were selected along the length of a given
chromosome approximately dividing it into thirds. Three initial locations would
allow good coverage of a chromosome without being prohibitive in terms of time
or expense. Primers in these locations were either ordered from existing catalogs
or were designed by the author. To design the primers, a 200k base pair sequence
for each location was downloaded from the Ensemble Genome Database and
copied into a word processing program (Microsoft Word). The document was
scanned for microsatellite sequences, which are repeated segments of DNA. The
sequence CACACACACACACACACACA had been used successfully in Dx.
Lozanoff’s lab, and so was used by the author in this project. The general rule
that was used for microsatellite identification was a minimum length of 10
repeats, although more was accepmble as long as the overall length (including
primer sequences) was less than 200 base pairs, in order to allow resolution on a
4% metaphor gel (Lonza). Primer sequences on either side of the microsatellite

wete then chosen.

It is important to note that longer microsatellites are more likely to differ
in length between mouse strains, Also, mouse strains that have similar origins,
genetically or possibly geographically, are more likely to have similar microsatellite
sizes. The goal is to design primers which allow amplification of 4 microsatellite
which has a different length in each of the two mouse étrains used in the breeding
strategy. Once it is established that a specific microsatellite has a different length
in each of the mouse strains, it can then be amplified from each sample in the

pool via PCR for further analysis.
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Once the microsatellite was located and highlighted in the word

processot, ptimet sequences on each side of the microsatellite were identified

using the following guidelines:

o Primer sequences should be 20 — 24 base paits in length,
# Forward and reverse primers should be same length.

® The ends of the primer sequence should not be the reverse
complement of each other, This avoids the amplified section of
DNA sticking to itself and forming a “hairpin” shape.

® The total length of the amplified fragment should be as small as
possible (start of forward primer to end of reverse primer). The
fragment should be approximately 100 — 200 base paits long, so
that small differences are more likely to be revealed on a
metaphor gel (Lonza).

® Limit repeats, especially CA ot GT.

e Each primer should have only a maximum of 4 of the same
base in a row (AAAA, TTTT, GGGG, CCCC).

® The 3’ end of each ptimer sequence should terminate in GC or
CG, GG or CC (The 3’ end is the end closest to the
microsatellite). This is known as a “clamp” because the G-C bond
betweenn DNA strands contains three hydrogen bonds, and so it
is stronger than the T-A bond which has only two.

¢ The fragment should maintain 4 50/50 ratio of GC to AT bases
in each primer sequence.

17



It is very important to remember, when ordering primers, that the reverse
primer tnust be converted to its reverse compliment before ordering, (eg.
CAACG will be CGTTG). In practice it is very difficult, if not impossible, to
find a primer sequence which perfectly adheres to all of these guidelines.

Primer Testing

To assess whether a primer pair represents an informative microsatellite,
a PCR control set was examined for each primer (3 lanes: water, 3H1, Balb).
Optimization was started by using a standard PCR profile and polymerase. Each
PCR tube contained 16.25uL. RNase — free water (USB cotporation), 2.5ul. 10x
PCR Gold buffer (Applied Biosystems), 2.0ul 25nM MgCl, (Applied
Biosystems), 0.5 pl. 10mM deoxyribonucleotide triphosphate (ANTP), 1.25pL
20uM forward primer, 1.25ul. 20uM reverse primer, 0.25pL. Amplitag Gold
polymerase (Applied Biosystems). Paits of oligonucleotide primers were used to
amplify each microsatellite marker using Amplitaq Gold polymerase, and a
Thermo Electron thermocycler with a PCR profile consisting of an initial
denaturation at 94°C for 10min., then 40 cycles of 30 sec, at 94°C (denaturation),
30 sec. at 50 - 58°C (annealing), and 30 sec. at 72°C (extension), with a final
extension at 72°C for 4 min. The PCR products were separated by
electrophoresis in 2 4% metaphor gel (Lonza) and stained with ethidium bromide.
The gels were photographed (Kodak Gel Logic 200) and genotypes were scored

informative or non informative.

Metaphor gel can resolve down to 4 base pairs. A primer is scored
informative if two bands can be distinguished upon gel electrophoresis,
representing different length microsatellites.

18



Primers Used: Initial Survey

‘The chromosomes wete surveyed sequentially starting with chromosome

1. Ms. Baring and the author worked together on this survey. Microsatellites from

chromosomes 1 — 4 were used for the initial scan. An initial screen for possibly

informative primers revealed a limited sample (Table 1). In addition,

chromosome 10 was selected for analysis, since ##/fx shared phenotype
similatities with the murine fgg mutation.
Table 1: Initial Survey Primers

Chromosome 1 | Chromosome2 | Chromosome3 | Chromosome 4
DIMIT90* D2MIT63* D3MIT158 D4MIT203*
DIMIT58* D2MIT295* D3MIT203 DAMIT262*

D2MIT200 D4AMIT12

D4MIT18

*All priters in Table 1 marked with an astetisk were used by the author. Not all

primers in table 1 were informative. All primers in table 1 ate catalog primers.
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Pramers Used: Chromosome 10

A combination of ptimers synthesized based on sequences from
http:/ /www.informatics.jax.org/ and primers designed in our lab were used for
chromosome 10. (Table 2 & Table 3)

Table 2;: Catalog Primers Used on Chr, 10

Pritet Name C3H (bp) Balb (bp) | Location (Mb)
D10MIT238 116 116 20.72
D10MIT115 143 127 69.7
D10MIT230 114 138 89.62
D10MIT134* 93 119 104.01

* The authot’s assistance was limited with respect to catalog ptimers without an
asterisk. Sizes and map locations indicated on table 2 are from the Jackson.org
database, and include the entire amplified product consisting of the microsatellite

and primets.
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The designed ptimers used in the project were designed by the author,
with guidance by senior lab personnel.

Lable 3: Informative Primers Designed by the Author Chr, 10

Primer | Primer Sequence Expected | Location

Name Fragment | (Mb)

Size (bp)

WDSF | TCTGACATCTACATACATGC 177 90.2

WD5R | TAGGCTGAGAGATGCTAAGC 90.2
TWD2F | CGTTGCTGTGAGGACAATGC 215 488
TWD2R | TGGTTCAGAGCCTGGTTTGG 48.8

Many other primers designed by the author were non informative for 3H1 and
Balb strains (see appendix B).

21



Full Sample Run and Scoring

Both WD5 and TWD2 informative microsatellite primers were used in
PCR on all DNA samples and PCR products were analyzed using either the CEQ
8000 or 4% metaphor gel (Lonza) method. The PCR profile for samples destined
for the CEQ analysis method required D4 labeled forward primers. Final PCR
profiles and methods were the same as those discovered to be optimal in the
primer testing phase, WD5 Primer optimization required changing the
polymerase to Accuprime Taq (lnvitrogen), but the TWD2 primer did not
tequire any change from the initial standard PCR profile. WD5 used an annealing
temperature of 50°C, and TWD?2 used an annealing temperature of 57.3°C. Both
pairs of oligonucleotide primers were used to amplify each microsatellite marker
using a Thermo Electron thermocycler with a PCR profile consisting of an initial
denaturation at 94°C for 10min., then 40 cycles of 30 sec. at 94°C (denaturation),
30 sec. at 50 - 58°C (annealing), and 30 sec. at 72°C (extension), with a final

extension at 72°C for 4 min..

The PCR products were separated using two methods. The first method
separated PCR products by electrophotesis in a 4% metaphor gel (Lonza) and
stained with ethidium bromide. Xylene cyanol (XC} ot tricolor loading dye was
used (Invitrogen), and the gel remained in the chamber for 60min. at 100V, and
400mA. The gels were photographed (Kodak Gel Logic 200) and genotypes were
scored for recombination (See Figure 3).

'The second method, the Beckman/Coulter CEQ 8000 is an automated
machine using capillary electrophoresis for DNA fragment separation. In order
for the PCR product to be detected by the machine, it must fluotesce following
laser excitation. "T'his is accomplished by using special D4 labeled forward primers

22



in the PCR step. The primer sequences for the CEQ are the same as those used
in the gel method.

To perform a run on the CEQ 8000, a 0.5ul aliquot of the D4 labeled
PCR product was placed into each well on a sample plate followed by 0.5ul. of
standards mix (Beckman), and 39ulL. of sample loading solution (Beckman). The
capillary array, gel cartridge, buffer plate, and sample plate were then loaded into
the machine (all available from Beckman), and the samples were run using either
of the standard fragment test methods highlighted in the software menu, FRAG3
or FRAGH4. The output is a series of peaks, which correspond to known fragment
sizes. Scoring CEQ data consists of comparing the sample peaks to control
peaks. A sample with a single peak corresponding to the 3H1 control was scores
as homozygous /. A sample containing two peaks corresponding to both 3H1

and Balb control peaks was scored as a recombinant heterozygous 2/ +.

In both methods the total number of recombinants was divided by the
total number of non-recombinants, multiplied by 100 to determine a percentage.
A comparison of individual sample scores and recombination percentages was
conducted to determine the reliability of data collected by both methods.



RESULTS

Figure 6 - Amplimers of TWD series primer testing. The first lane (far
left) is a 25 base pair ladder. Each group of 3 lanes as indicated by the primer
sets TWID 1 — 5 contains PCR products from left to right: water, 3H1 genomic
DNA, Balb genomic DNA.

An example of how primers were determined to be informative for
analysis 1s shown in Figure 6. The expected fragment size for TWD2 was 215
base pairs (bp). TWD1 shows no PCR amplification and groups TWID3-5 were
also not informative because we could not distinguish the lengths of the
amplified products from 3H1 and Balb DNA. TWD2 alone was informative
because the predicted fragment size of 200 bp was amplified from 3H1 DNA,
while a size of about 215bp was amplified from Balb DNA. Although bands
were detected in the water negative control for TWD2, they were not intense nor
replicated in any of the other lanes. Only 3 primer pairs out of 24 pairs tested

were informative (TWD2, WD4, and WD)5).



Figure 7 - Gel 1 from the full run of the WD5 primer. The first lane (far
left) is a 25 base pair ladder. The control lanes contain PCR products from left
to right: water, 3H1 genomic DNA, Balb genomic DNA.

An example of a gel from a full run is shown in Figure 7. Although a
band was detected in the water negative control with a product similar in size to
the Balb control, it is clearly not replicated in any of those samples scored as non-
recombinant homozygous. The expected fragment size was 177bp. This gel

shows three recombinant heterozygous (/#/ +) samples in lanes 12, 13, and 20.
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Figure 8 - CEQ output of the Balb control from the WD5 full run.

An example of a Balb control on the CEQ is shown in Figure 8. The
CEQ software determined the fragment size of the control peak by comparing it
to the known fragment sizes of the standard mix, shown as red peaks. For
scoring purposes, the highest peak identified by the software was used. The
fragment size of the Balb control represents the total frapment size of the PCR
product, including the microsatellite, and is shown in a peak here cotresponding
to a size of 151bp. The expected fragment size for W5 was 177bp.
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Figure 9 - CEQ output of the 3H1 control from the WDS5 full run.

An example of a 3H1 control from the CEQ is shown in Figure 9. The
expected fragment size for WD5 was 177bp. The peak corresponds to 176bp,
and so is very close to the expected fragment size.

27



78.C02_08041223RY

TH1 14110751

LB O B LA L L L L

Figure 10 - CEQ output of sample 78, scored as homozygous from the
WD5 full run.

An example of a homozygous sample scoted as non-recombinant /i
from the WD5 full run is shown in figure 10. ‘This is sample 78, and has a peak
corresponding to the 3H1 control peak at 176bp. No recombination event
occurred between the 7% locus and the WID5 microsatellite on this sample.
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Figure 11 - CEQ output of sample 45 scored as heterozygous from the
WD5 full run.

An example of a heterozygous sample scored as recombinant /#/+ from
the WD5 full run is in figure 11. This is sample 45, and it shows two peaks which
correspond to the Balb and 3H1 controls at 151bp and 176bp respectively. A
recombination event occurred between the #/f locus and the W5 microsatellite

on this sample.
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Table 4 — Initial survey results showing recombination percentages for

chromosomes 2 through

Chromosome Primer Recombination %
1 NONE NONE

2 D2Mit200 53%

3 D3Mit158 56%

4 D4Mit18 48%

The initial survey of chromosomes 1 — 4 were run using the 4%

metaphor gel method and showed recombination percentages around 50%. This
demonstrates no linkage between the s locus and these markers. It is possible
that the zf locus is mote than 50Mb away from these matkers on the same
chromosome. However, because the screening from chromosome 10 matkers

showed a positive LOD scote, it was reasonable to exclude chromosomes 2 — 4.

No informative primers were found for use on chromosome 1. These results

suppott the idea that the 4 mutation is not located on chromosomes 2 — 4.
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Table 5 — Experimental and statistical results for chromosome 10
calculated by Map Manager software.

Distance
Marker X N (cM) LOD
WD5 27 70 38.6 0.8
D10MIT283 22 73 30.1 2.6
TWD2 15 73 20.5 59
DIOMITI 1S 10 61 16.4 6.5
DI10OMIT230 22 70 31.4 2.1
DI1OMIT134 27 67 40.3 0.6

Results based on data using gel method. This table was computed using
Map Manager software found at www.mapmanagerorg™. For comparison
between gel and CEQ methods, see Table 6. The column X tepresents the
number of recombinants corresponding to the microsatellite, while column N
shows the number of samples for each microsatellite. The remaining columns
show the distance, in centiMorgans, the microsatellite is estimated from the site
of the ## mutation, and the LOD scote. The LOD score is a statistical test,
reported as a logarithm base 10, used in linkage analysis to determine linkage
between a trait and a matker, By convention, and LOD scote greater than 3 is
considered evidence for linkage. ‘The markers TWD2 and D10MIT115 showed

linkage to the Zf? mutation.
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Figure 12 — Map of Chromosome 10 containing all markers and

candidate genes.

All of the candidate genes discovered in the literature survey as well as the
informative microsatellite markers used on chromosome 10 are displayed relative
to each other in Figure 11. See Table 7 in the discussion section for analysis of

the candidate genes.



Table 6 — Comparison of the recombination percentages from the CEQ

and gel methods.
Primer Site Method Recombination
Percent Score
TWD2 (49.98Mb) GEL 15/81 = 18.5%
TWD?2 (49.98Mb) CEQ 13/77 = 16.8%
WD5 (90.52Mb) GEL 27/77 = 35%
WD5 (90.52Mb) CEQ 28/77 = 36%

The recombination percentages were very similar between the methods
used. A few of the samples using the gel method did not amplify on the first PCR
attempt. Although some of these samples did eventually amplify, .a few did not
and therefore were not used in the calculation. Some of the samples using the
CEQ method had similar trouble, and did not generate identifiable peaks due to
salt or sample concentration being too high. Dilution was able to resolve some of
these samples, but not others, Of the samples which gave results in both
methods, all were identical except a single sample in the WD5 run. This sample
scored as homozygous Balb using the gel method, and as heterozygous (%/+)
using the CEQ. This is likely explained by the higher sensitivity of the CEQ
method, that a band was not visible using the gel method. This data supports the
idea that both methods are reliable, and generate repeatable results.
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DISCUSSION

'The initial phase of this project was to genotype mice from backcrosses
which demonstrated the ## phenotype. A total of 82 DNA samples from
homozygous # mice were collected. This study analyzed two microsatellites,
TWD2 and WD5, using both the 4% Metaphor gel and Beckman/Coulter CEQ
8000 methods, in order to further narrow down the #f locus and verify previous
electrophoresis methods. A small number of samples showed a single band or
peak corresponding to the Balb control. This was unexpected, because all of the
samples came from affected mice with 2 3H1 background, so all samples should
show at least one band corresponding to the 3H1 control. The most likely
explanation is that some of the (##/#) samples were collected from an attempt to
back cross the #f mutation onto a Balb background. The N2 generation was
repeatedly backcrossed with Balb inbred strain, and some of the samples may
have come from the lJater second or third generation backcrosses. This would
introduce more Balb IDNA, and each generation would increase the possibility of
a microsatellite testing as homozygous Balb. This is likely the case, and would not
greatly affect the recombination petcentages that were calculated, since those
samples which tested Balb were few and were not included in the calculation.

The 3H1 strain came from a mating of C3H and H101. C3H came from
Balb. This connection of 3H1 and Balb strains may explain why it was difficult to
find informative primers. An attempt was made to backeross the mutation onto a
Cast background, but has yet been unsuccessful. Greater success has been
encountered trying to backeross the mutation onto a Balb background.

The small difference of about 2% in recombination petcentage seen
between the two methods of electtophoresis appear to be completely due to a
few samples not showing results. In the gel method, this is due to non-detectable

amplification on the PCR step. On the CEQ this is due mostly to the peak
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intensity being too high which is a result of PCR product and salt concentration
in the sample well being too high. The samples which gave results in both
methods were completely identical, with the exception of a single sample in the
WD5 series. This sample showed as a Balb using the 4% metaphor gel method,
and as a s/ + using the CEQ. The CEQ is much more sensitive than the 4%
metaphor gel method, so it is possible that it was able to resolve a band that was
too faint to see in the gel pictute. The author feels that the data produced using
either method is reliable based on these results.

‘The advantages and disadvantages of using the CEQ versus gel method
are faitly straightforward. The CEQ requires less work overall, since the actual
run is automated. The only work required is in sample preparation, array and gel
cartridge insertion, and software setup. The run time for the CEQ is about 90
minutes per row of 8 wells, Also, as mentioned before, the CEQ is much more
sensitive, and can resolve individual base pairs. One significanr advantage of the
CEQ method is that the samples in the tray can be covered and stored and run
again when needed. The length of storage is entitely determined by the shelf life
of the D4 primer used in the samples. Beckman literature says these primers have
a shelf life of about a year when stored dry at -20C.** The CEQ uses specialized
D4 labeled primers which are significantly more expensive than standard primers
used in the gel method ($200 per pair vs. $8 per pair via Integrated DNA
Technologies, IDT). The gel method requires more work since the gels need to
be made, dye added to PCR product, wells loaded, and gels photographed upon
completion. The speed of this process is entirely dependent on the familtarity of
the technician with the protocol, the number of gels able to be run at a time, and
the number of samples needed to be run. The author only had equipment to run
2 gels at a time and used a single row of 20 wells on a 4% metaphor gel.
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Essentially the CEQ is more sensitive and can resolve single base pair
differences, requires less work on the patt of the operator, but is significantly
more expensive, especially on smaller sample sizes. The gel method is cheaper,
especially on smaller sample sizes, but requires more work on the part of the user.
It is therefore the opinion of the author that the gel method should be used to
analyze primers and on small sample pools, and the CEQ should be employed

using informative primers on large sample sizes.

'The Beckman/Coulter CEQ 8000 has been used in other similar gene

% while another

mapping studies. One involved mapping a malaria vector
involved comparative mapping of bovine chromosome 27*. The Beckman
literature even suggests using the CEQ 8000 for studying single nucleotide
polymorphisms®. It is worth noting that using the CEQ 8000 on a mapping

project such as the # project is not unusual.

Since the gel method was used to determine informative primets, and is
only capable of resolving down to 4 base pair differences, it is possible that some
of the non informative markers would be informative if the CEQ method were
used. Howevet, this would be both time consuming and expensive considering
the high cost of ordering the expensive CEQ primers in addition to the gel

primers.

The author conducted literature surveys to try and match the #f?
phenotype with other known mouse mutations without success. The search used
three main criteria to screen candidate strains and mutations: exencephaly, able to
live past gestation day 12, and have a mutation on chromosome 10. The main
soutces involved the Jackson Laboratory database”, and Juriloff et al(2007)%,
that when combined contained the most current list of NTD mouse models and
strains. Only 8 mouse strains emerged as a result of this search.
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Each of the 8 strains on the list had 2 known gene and phenotype, and
most had a known protein function for the gene in question. A table was created
containing the 8 strains, the protein function, and any phenotype not shared with
the f4f mouse as evidence against the f4ff mutation affecting the same gene as a
known mutant strain (Table 7). Only one mutant strain stood out using this
method, the fig mutant, known to affect the Apaff gene*”*. The fog mutant and
the % mouse share a similar phenotype, and are so close motrphologically that
differentiation is difficult. Although the #4% and fag mice share a similar
phenotype, the fag mouse is known to exhibit webbed toes, cutly tails, and spina
bifida, along with exencephaly™ The z mouse has been known to exhibit only
exencephaly, although a rare white spot in the sacral region has been reported.
The fog mice that live to adulthood with exencephaly very closely resemble sxf?
mice in appearance. It was for this reason that the W5 primers were designed
around a microsatellite within 2kbp of the .4paf! gene. A high recombination
percentage at this site would exclude Apaff as a #f candidate gene. A
recombination petcentage of 35% was found, supporting the idea that the 7
mutation does not lie in close proximity to the .Apaf! gene. However, the
similarity in phenotype between jag and f# mutations suggests that the same
pathway may be involved.
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Table 7: Mutant h

Gene Name | Location Protein Function | Evidence against
(Mb)
Apafl (fog Apoptosis Linkage analysis showed
mutant and high % at gene location
null) 90.45
Cartl 102.47 | Transcription acrania/meroanencephaly
Cited2 Transcription Heart, adrenal, cranial
17.44 Ganglia also affected
Gjal Cell-cell Die by GD 14; heart also
56.09 | Interaction affected
Gripl Cell-matrix Spina bifida also, with
118.89 | Interaction Eye defects in all non-EX
Marcks Actin function 20% omphalocele; 30%
runted; corpus callosum,
36.85 brain, retina affected
Sirt1 62.78 | Chromatin Heart, eye affected
10 (ENU) Unknown | Unkown Polydactyly; eye,
Cardiovascular  system
affected; die by
GD 13

The high recombination percentage at the WD5 location near the 4paf7
gene, and the eliminaton of other known mutant phenotypes affecting

chromosome 10, together suggest that the 7% mutation is unique. The questions

that arise now are: where on chromosome 10 is the #f# mutation located, and

what gene is affected. An analysis of recombination percentages for all 6

microsatellite locations on chromosome 10 suggest that the most likely locations

for the mutation are either around 60Mb, or 80Mb. Primers were designed for

both locations, but were found to be non informative. These primer sequences

can be found in appendix B. Thetre are a huge number of genes around the

regions specified, and even so it is possible that the ## mutation lies on a gene
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that has not yet been identified. Some genes from these regions have been
reviewed, but no strong candidates have emerged. Since the fog and 2 mice share
such a similar phenotype, the author feels it is reasonable to conclude that the 7/
mutation may affect a gene which may help regulate expression of Apaff. The
Apafl gene codes for a protein which acts as the structural core for apoptosome
formation, and is down regulated in the homozygous mutant fgg mouse. When
the mitochondrial apoptotic pathway is activated, cytochrome ¢ is released from
the mitochondria into the cytosol and binds to .Apaff CARD domain causing a
conformational change, followed by a second conformational change by
attaching ATP molecules. Seven of these 4pgff complexes combine with seven
Caspase-9 initiator molecules to form an apoptosome. The apoptosome then
functions to activate other caspases and interact with proteins leading to
apoptosis®. Down tegulation of .4paf! during development of the forebrain in
the fog mouse leads to excess founder-cell populations which leads to
exencephaly®. If the #f mutation affects a protein which helps regulate Apaf7, an
experiment which measures the expression of Apgff in the fuff mouse should
show a difference from the expression found in the 3H1 background. If a
difference is seen then attention could be focused on factors known to affect
Apafl. 1f no differences were found, then it could support the idea that s is
unique. More informative microsatellites need to be found in the 60Mb and
80Mb regions of chromosome 10, and run on the full pool of samples in order to
both natrow down the location of the mutation and shorten the list of possible

candidate genes.

The next steps in this project include locating additional markers around
D10MIT115, either by using the higher resolution CEQ method on previously
non informative primers, or designing and testing new primers designed around
microsatellites in the target regions 16Mb proximal and distal to D10MIT115.
Also, other candidate genes should be identified from these target regions, and
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screened using linkage analysis. One method for identifying these candidate genes
would be to look for genes in the target regions known to affect or regulate the

Apafl gene.



CONCLUSION

The recombination percentages for the TWD2 and D10MIT115 primers
ate much less than 50% (20.5 and 16.4 cM respectively), and the results for the
TWD?2 primer were reproduced using the CEQ method. This supports the idea
that chromosome 10 is the chromosome which contains the #ff mutation.

The recombination percentage score for the WD5 primer is much higher
than 0% (38.6cM), which supports the idea that the 27 mutation does not lie near
the Apafi gene. This supports the ideas that the ff mutation is not the satme as
the fog mutation, and that the #4ff mutation is unique.
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APPENDIX A: CATALOG PRIMER LIST

Wortking Primers:

Chromosome | Distinguish 3H1 and Balb

1

2 D2M;it200, D2Mit63

3 D3Mit158, D3Mir203

4 D4Mit54, D4Mit18,
D4Mit190

5 D5Mit346

6 D6Mit366, D6Mit373,
D6Mit116

7 D7Mit152, D7Mit362

8 D8Mit238, D8Mit155

9 D9Mit105

10 D10Mit134, D10Mit283

1 D11Mit288, D11Mit338

12 D12Mit150, D12Mit52

13 D13Mit211

14 D14Mit99

15 D15Mit138

16 D16Mit34, D16Mit63,
D16Mit152

17 D17Mit113

18 D18Mit51

19 D19Mit128

X
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Appendix A: Continued

Non wotking Primers:

Chromosome

Failed to Distinguish 3H1 and Balb

D1Mit58, DIMit90, D1Mit362

D2Mit295

D3Mit258

D4Mit203

D5Mit292

D7Mit96

D8Mit14

DIMi238, DIMit224

D10Mit96

D12Mit81

D13Mit97, D13Mit167

D14Mir107, D14Mit39

D15Mit246, D15Mit29

D17Mit215

SRR EERE R

D18Mit22

e

D19Mit33, D19Mit13

>

DXMit67, DXMit31
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Appendix B: Primers Designed by the Author

Primer

Name
TWDI1F
TWDIR
TWD3F
TWD3R
TWD4F
TWD4R
TWDS5F
TWD5R
TWD6F
TWDéR
TWD7F
TWD7R
TWDB8F
TWDB8R
TWD%F
TWD9R
TWDI10F
TWDI10R

WDIF
WDIR
WD2F
WD2R
WDA4F
WD4R
WD6F
WDé4R
WD7F
WD7R
WD8F
WD8R
WDI1F
WDIIR
WDI12F

Primer Sequence
CTCTACTATAGCAGATTIGGC
GTITAATITAGITCCTGTGTC
CTAGCTGCAGAGTATCCAGC
GTCAAATGGTGAGTAATIGC
CAGIGTTGACTTIGGAAATGC
CTCATGCITGCGAAGCATGC
TGAAGAATAAGAAGACACGC
TTCCCTCTTGACTCTICTGC
GACAAGGATITCAAACTAGC
TCTTCAGTGATICTATCACG
TCCTACAGCCCACTAGAAGC
CACACAATGGGCICATIGGC
TAACACAGGTAAACAAGIGG
CCTTICATCTGTNIGGTIGTG
TGATGGATACTATCAGGAGC
CTAAATICTGTAGGGTGCTC
GTICTGATCTAGGCGGACAGC
CCAACTCCAGGTATIATIGC

TCTGACTICCACATGCATGC
CTTCCAGAGCTAAGGGCCAGC
GCTAAGGGACTGCCTTATGC
ATCCATAGTITAGAGGTACG
AGGAAGGATAGCCAAGTIGC
TATIGAGTCTTCATACATGC
TGTITGIGCGTACACACACG
CACTGAGCCATCTCACCAGC
GCATGTIGCATGCGAGCAACA
GGCITIGGTITCACGTITGC
GCATCCACATCGGGTAGCTC
CCGAGTICITGGGAAATATIC
CCAGATCCTCCACCACTICC
TGTACAGGICCCATGCTIGG
CTICTCTACCTCCAGTTAGC

A4

Primer
Location (Mb)
48,98
48.98
48.98
48,98
48.98
48.98
4898
48.98
48,98
48.98
48,98
48.98
48,98
48.98
48.98
48,98
48.98
48.98

90.52
90.52
90,52
20.52
90.52
90.52
90.52
90.52
90.52
90.52
90.52
90.52

59

59

59

Informative
(3H1/Balb)
UNKNOWN
UNKNOWN
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO

NO
NO
NO
NO
YES
YES
NO
NO
NO
NO
NO
NO
NO
NGO
NO



Appendix B: Continued

Pridmer
Name
WDI2ZR
WDI13F
WDI13R
WD14F
WDI14R
WDI15F
WDI15R
WDI16F
WDI16R
WDI17F
WDI17R
WD18F
WDI18R
WDI19F
WDI9R
WD20F
WD20R
WD21F
WD21R
WD22F
WD22R

Primer Sequence
TAGATCGAGGGTACTCTGTGC
TCTCCTCCATGCTTIGGCIC
TCTMGTGGTGGTIGGTAAGG
CACTGTCTTCTGCCTCAGCC
GCCCCAAAGGAATATGCTIGG
ACCATIGAGCTAGTCAAGGC
GGCTAATCAGGACTICATGG
GCAGAGCATGAGGACTGAGC
CTCCCHTATCTCCATGICCC
CITCCAGCACTIGGTGCATIGC
GCAGGGAAACTIGAGGTGTGC
TGAGTICTAGGACAGCCAGG
CCTAAAGCCGCAGTCCAACC
GGACCGAAGCGAGAGAACTGG
TCAGCAGCTAGCATGGGAGG
ACAGGTCGTCTTATGAACTCC
CCAGCATCGTCACCAAGGAC
ACCCCATGGCATCTCAGAGC
CTICCTCTGAGGTIGTACTAGG
GIGGTCACACCTIGGAATTGC
TTATACTAGAAATCCTGCGC

45

Primer
Location (Mb)
59
59
59
59
59
79
79
79
79
79
79
79
79
59
59
59
59
59
59
59
59

Informative
(3H1/Balb)
NO
NO
NO
NO
NO
NO
NO
NC
NOC
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
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