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ABSTRACT

The large-scale mouse mutagenesis experiments conducadt &idge National
Laboratory using mouse specific-locus test (SLT) have gésnumerous radiation- or
ENU-induced mutations. A series of mutations were mappadthep gene, one of the
seven marker loci in mouse chromosome 7. Complememtahalyses with a panel pf
deletions have defined a number of “functional units”, agnahich isI7RI1, a ~300kb
region corresponding to human chromosome 11p14-p15 and contlmomgenes (from
centromere to telomerejubulin gamma associated protein 5 (Tubgcp5), Cytoplasmic
fragile X mental retardation syndrome 1 homolog (FMR1) interacting protein 1 (Cyfipl),
non-imprinted in Prader-willi/angelman syndrome 2 (Nipa2), and non-imprinted in
Prader-willi/angelman syndrome 1 (Nipal). I7RI1 is known to be required for peri-
implantation survival, but it has been unclear how any ohdhe deleted genes
contributes, if at all, to the implantation failute.this study, we continued the study of
the I7RI1 by exploiting the DNA sequence and mutation resourcesabie for this
region of the mouse genon@yfipl is the first candidate gene among the four to cause
the peri-implantation lethal phenotype. To study finection of Cyfipl, Cyfip1®/+
transgenic mice were generated using a gene-trap ES ceftdimethe BayGenomics
gene-trap ES cell library. Howevef;yfiplGUGt homozygotes do not show peri-
implantation lethality. Instead, th@yfip1®’*" homozygous embryos are able to survive
through the peri-implantation stage (E4.5-E6.5) and devedopally until E8.5, after
which the embryonic development is arrested with defadise central nervous system.
Two N-ethyl-N-nitrosourea (ENU)-induced lethal mutatiorocks 17RIIFVY® and



I7RIIENY*R have been previously mapped within tAgRl critical interval. We performed
intra- and inter-crosses for these two ENU-induced nautsitas well as allelism tests
with Cyfip1®’* mice. We have identified the two ENU mutations at tlidesular level
and confirmed that they are alleles@ffipl. The results suggest th@yfipl plays an
indispensable role in mouse embryonic development. Thetafaihel 7RI1 is a single-
gene defectCyfipl is an unlikely candidate. However, it may still beoatcibutor to the
I7RI1 lethal phenotype if the peri-implantation lethalsydue to the combinatorial effects

of several gene deficiencies.
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CHAPTER |
INTRODUCTION

The fact that mouse has similar developmental, physacdggbiochemical and
behavioral patterns to humans, together with its highilamities to human at the
genotypic level, makes it an exceptional model systeuntlerstand the human genome.
Thel7RI1 functional unit in the region of mouse chromosome 7 has been defined as a
peri-implantation lethal locus by complementation asialyith a panel op deletions
generated in Oak Ridge National Laboratory. Previous cleaization of the genomic
region indicated that tH@1Rl interval contains 4 genes. But it has been unclear Imyw a
one of the deleted genes contributes, if at all, tartipdantation failure. The purposes of
this work are to further study the functional Uil 1 by identifying the gene responsible
for the peri-implantation lethality, and to gain undansling of gene(s) involved in early

embryonic development in the mouse.

The origin of the p-locus deletion mutations

More than half century ago, large-scale mouse mutageagperiments were
begun in Oak Ridge National Laboratory (ORNL). Varioasliation types, doses or
chemical substances were extensively used as agentstagenesis to induce heritable
mutations. These point mutations or deletion mutationsiged valuable reagents for
gene and function research. To understand the genotygenefated mutations and
assess the average rates of induced mutations at #ddt®a in the mouse genome, the

Specific Locus Test (SLT) was designed for genetic arsalfRussell 1951). The loci



chosen to be followed in the SLT were recessive mutatigith visible homozygous
phenotypes that were easily distinguished and isolabed édach other, and had no effect
on viability or fertility. The seven loci ar@a (non-agouti, chromosome 2b, (brown,
chromosome 4),c™ (chinchilla at albino, chromosome b (pink-eyed dilution,
chromosome 7)d (dilute, chromosome 9% (piebald-spotting, chromosome 4), asal
(short-ear, chromosome 9). In order to perform SLT, Thdtests) stock mouse
homozygous for all seven recessive marker loci wastetde for simultaneously
following the genetics of seven traits (Russell 1989). Bhd was carried out by
crossingT-stock females to the wild-type males or the wild-typdesdhat have been
previously treated with various doses of radiations or ate@miln the absence of any
mutations from the treated males, the progeny would appiatype. However, if a
mutation has been induced at any one of the specific thei,associated mutant
phenotype will be uncovered. The test is very efficieinte it only requires a single
generation of breeding and visual examination. Numerousti@ei or chemically
induced mutations involving each of seven marker loci have ¢pemerated in ORNL.

The pink-eyed dilution locusp), one of the seven specific loci, has been
identified in both mouse and human (Gardner, Nakatsu @08R; Rinchik, Bultman et
al. 1993) The gene encodes an integral membrane trangpatiein possibly involved in
transport of tyrosine (Rinchik, Bultman et al. 1993; Leéhhlls et al. 1994; Spritz
1994). Mutations ip are associated with melanin reduction in the skin, hadl, eyes
and are easily scored (Rinchik, Bultman et al. 1993; Garddakatsu et al. 1992;
Russell 1951; Spritz 1994). For example, in the SLT ofpthecus, heterozygous G1
progeny carrying @-locus mutationg /p), wherep represents a new recessive mutation,
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has pink eye pigmentation instead of wild-type eye pigat®on (Russell, Montgomery
et al. 1995). A large number pflocus mutations have been recovered over many years
at ORNL. Among those mutations, most are radiation-iadwzletion mutants, which at
least part of thgp gene as well as various lengths of chromosome segrmentediately
surrounding the locus are deleted (Russell, Montgomery et al. 1995). Thrtifie p-
locus mutation were recovered ps +/p ¢, where p* represents any new-locus
mutation, anat™", chinchilla, is an allele at thabino locus which is 14cM distal to the
locus. The breeding protocol used to generate founder lma$d propagation of each
new mutation is described below: the primary mutant watedto+ c/+ c. At least 6
wild-type offspring were collected as the founder of a. IlBach founder was again cross
to + ¢+ ¢ andwild-type offspring tested to cargy (or p in 14% of the line) were then
backcrossed to the founder. Lines that failed to vyipidk-eyed or intermediate
phenotype progeny were assumed to carry a prenatally fathation involvingp, and
such mutations were subsequently propagated from the dhe ffunder lines (Russell,

Montgomery et al. 1995).

Complementation and deletion analyses of the- deletion mutations

To characterize the genomic structure of surroundingonegi p locus, large-
scale complementation and deletion analyses qidé&letion mutations were performed.
The phenotypes of these mutations were characterizetms of pigmentation, neuro-
motor behavior, viability, and fitness (Russell, Montgoyregtral. 1995).

All 45 mutations in the study were homozygous lethal pediyatneonatally, or
postnatally (Russell, Montgomery et al. 1995). Based on pghenotype, these
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independent mutations were categorized into six groups wheanination with the
standard allele: 38 mutations produce hair and eye pigmentatiostinguishable from
p/p, among which, 33 are prenatally lethal in homozygotesefipaily designatedo'), 4
are neonatally lethalp{"), and one is juvenile lethapl). Another five mutations,
designatedp”, produce pigmentation that is intermediate betwpgnand wild-type,
among which two are prenatally lethal in homozygom‘@)( and the other three are
juvenile lethal p%). Finally, two mutations produce a mottled pigmentapattern; and
homozygotes of both mutations were classified as jleedethal, with the generic
designatiorp™' (Russell, Montgomery et al. 1995).

For the complementation analyses, 810 combinationsostes of two differerp
mutations were made. The preferred cross was betwe8¥p' + and+ c/p® +, where
p' and p? represent any two different p-locus mutations. If plép® offspring were
observed, the combination gf mutations was characterized as prenatally lethal.
Compound heterozygotes that survived to or past birth vaasiftéd into four categories:
neonatal lethalr(); severe juvenile lethajl§); mild juvenile lethal jim); and viable )
(Russell, Montgomery et al. 1995).

Based on the complementation analysis betweenreliffelethal phenotype
mutations, several functional units in the p-region naduse chromosome 7 were
identified. Each represents a specific deletion phenaiggeis located within an interval
bounded by individual deletion breakpoints. The generated eomgpitation map pointed
out prenatal lethal 1p(-1) and neonatal lethahk) functional units located on opposite
sides ofp, proximal and distal t@ respectively. Also, the juvenile lethal upit lies
betweerpl-1 andp (Russell, Montgomery et al. 1995).
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Molecular analysis of thep-locus deletions

To expand the resolution of thedeletion map, a molecular map was also
generated for th@-locusregion. Seventeen different molecular probes werdieappo
examine deletions or rearrangements ingHaeletion mutations for the construction of a
map overlapping among deletions. Recombination distances lelveaevere estimated
through mapping to the Oak Ridge Interspecific Backcross [gadmlehson, Stubbs et al.
1995). The map provided more detailed information for cloningchadacterizing genes
correlated with specific deletion phenotypEsr example, genes responsible for two of
the functional unitspl andjl have been identified. Neonatally lethal mutationsasitba
phenotype of cleft palate disorder in the homozygotegyeetic and molecular analysis
of a number of thep-deletion mutations, thes and [ subunit of the type Ay-
aminobutyric acid receptoiGabrab and Gabrb3, respectively) were discovered in the
functional unitnl; andGabrb3 was proven to be the gene responsible to the cleft pgalate
nl mutants (Culiat, Stubbs et al. 1993; Culiat, Stubbs €t9%I4) Furthermore, 3 non-
complementing ENU-induced mutations were mapped to thieatritegion of thejl
functional unit, which allowed identification of a siaggene whose dysfunction results
in the juvenile lethality. The gene was further clonad aentified adHect domain and
RLD2 (Hect2) (Rinchik, Carpenter et al. 1995; Ji, Walkowicz et al. 1999)

The pl-1 function unit has been defined as a chromosome regiotnmbto p-
locus, and bounded by the proximal breakpoints of 19 deletiodstlae proximal
breakpoints of other 4 deletions. The locus associatddtiagtpl-1 functional unit was
designated 7RI1 (Russell, Montgomery et al. 1995). Homozygous deletion78f1
results in prenatal lethalityp?®™°'/p* heterozygotes were intercross@d®™°" is a
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deletion known of affedf7RI1, andp” is a radiation-induced viable allele @focus. Uteri
dissection at embryonic day (E) 14.5 showed homozygousyemlegenerated, only
resorption moles can be observed, suggesting homozygoustsndied at the early post-

implantation stage(Wu, Rinchik et al. 2000).

Mapping the minimum critical region for 17RI1 locus

Previous genetic and molecular analysis indicated|#Rii is located between
the growth arrest-2 genéGas?) and p in mouse chromosome 7, a distance of
approximately 2.2cM (Johnson, Stubbs et al. 1995). To furtksecl the critical region
of I7RI1 and identify the gene(s) harbored in this region, segnated deletion/physical
map of this region has been constructed for genetiggiaglWu, Rinchik et al. 2000).

First, three microsatellite marker®7Mit86, D7Mit70, and D7Mit295 were
mapped to thd7RI1 critical region by PCR analysis using mit-specific prisnand
interspecific hybrid DNAs oMus musculus/M. spretus or M. musculus/M. castaneous,
with the M. musculus chromosome containing @ deletion. Second, thieucine zpper
protein 2 gene Luzp2), a gene cloned from the proximal deletion breakpoiainefof the
I7RI1 mutation, was excluded frohiRI1 by the facts thaktuzp?2 is intact in thred7RI1
deletions and.uzp2/Luzp2 knockout mice are viable(Wu, Rinchik et al. 2000). To start
to construct the physical map betweleuwp?2 and p, on the proximal and distal end,
primers designed from the 5’ end of thazp2 cDNA andD7Mit70 primers were used to
screen a mouse YAC genomic library, respectively. Eadecfrom positive YACs were
further used to screen for BACs and YACs to extend coveoadgke physical contig.
Restriction fragment length variant (RFLV) analysasgenetic polymorphism analysis
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with respect to the observed length of a restrictiagrhent, was used to map those end
clones to thep-deletion complex and the insert sizes of the genortuioes were
determined. After several rounds of screening and mapping @fsB#nd YACs, the
physical map was completed after linking the distal and praixgroups of the contig
(Wu, Rinchik et al. 2000).

The physical map further defined the proximal breakpointsioéteen! 7RI1
deletion mutations, and further narrowing down the ctitiegion ofl7RI1 was carried
out by analysis of those nineteen mutations (Wu, Rineh#&d. 2000). The missing region

of the smallestI7RI1 deletion mutationp™?*°-°

including p*. However, p®
homozygotes die as juveniles due to the deletion oHt#me2 gene (Rinchik, Carpenter

et al. 1995) and th&1RI gene(s) remains intact. Thus, the minimum criticgiae for
I7RI1 is between the proximal breakpointspd=°* andp®, which covers the 5’ end of
Herc2. Since studies have shown tk#grc2 mutation result in juvenile lethality (Johnson,
Stubbs et al. 1995; Rinchik, Carpenter et al. 1995; Walkowiet, a. 1999) which is
significantly different from the prenatal lethalityesein|7RI1 mutations, the minimum
critical interval forI7RI1 should be between the 5 end H&rc2 and the proximal
breakpoint ofp*®**. Three BAC clones, BAC G430K16, G319F6, and G306G15 cover
the I7RI1 region, in which the combined size of G430K16 and G319F6 (300klgrsov

the whole region of7RI1, and G306G15 (80kb) covers only partially (Figure 1.1) (Wu,

Rinchik et al. 2000).



Figure 1.1  Mapping the minimum critical region for I7RI1 locus — a integrated
deletion/physical map of the chromosome segment surroundiniyRI1 (modified
from Wu 2000)

The black line in the middle represents the chromos@pment fronru2 to p in mouse
chromosome 7. The centromere is at the left of themsbsome. Molecular markers are
listed on the chromosome line. The open boxes abavehlbmosome line represent
chromosome segments deleted in the corresponding mmgationes below the
chromosome line represent the individual BAC clonese Tiled box above the

chromosome line represents the minimum critical watksr for thel 7RI1 functional unit.
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Peri-implantation lethality of 17RI1 mutations

Complementation analyses have shown that homozygousded|7RI1 results
in prenatal lethality (Russell, Montgomery et al. 199%).determine embryonic stage of
developmental abnormality in7RI1 mutants, heterozygou®®™°'/p* mice were
intercrossed and cross sections of uterine swelling® & were compared with a control
group. 23.1% of the decidua from the experimental matingacted degenerating
embryos, whereas only 4.9% degenerating embryos werevelisarthe control mating.
Statistically, this is a strong evidence that the exeés®rmal embryos observed in the

pTHOA - (226THOT homozygotes. Furthermore, histological

experimental mating arey
studies of the cross sections of those uterine swsllat E5.5 have been performed. The
result demonstrated that normal embryos elongate integgrcylinder structure with

differentiated embryonic and extraembryonic ectoderm;evew presumptivg™®™!/

p?°™O! mutant embryos show that although mutant embryosalie to attach to the
uterine epithelium and induce the decidual response, no eiggaystructure have been
formed and mutant embryos undergo degeneration (Figure 1.2 RMahik et al. 2000).

The result suggests tHaRI1 is required for peri-implantation survival in the mouse.

Identification of two mutations within the I7RI1 locus by ENU saturation
mutagenesis

N-ethyl-N-nitrosourea (ENU) is a wildly used supermutagen in mice zn
known to induce primarily point mutations in spermatogostem cells (Popp, Bailiff et
al. 1983; Brannan, Bedell et al. 1992; Zdarsky, Favor et al. 1890y eye 2 (ru2), a
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Figure 1. 2  Histological sections of a normal (A) and two psumptive PZ2°TH% 1

p226THO! mutant embryos (B, C) at E5.5 (Wu M. et al., 2000).

eee, extraembryonic ectoderm; ee, embryonic ectodermparéetal endoderm; ve,
visceral endoderm; pac, proamniotic cavity; Rm, Reichemismbrane; mt, mural
trophectoderm; em, embryo. (A) wild-type embryo has eted) into an egg-cylinder
structure with differentiated embryonic and extraembiyo ectoderm. (B, C)

gP220THOy p226THOY ' mytant embryos were able to attach to the uterine

presumptiv
epithelium and induce the decidual response, but no eguieylihas formed at E5.5.
Darkly stained pyknotic cells have accumulated in tbsitjye of the indiscernible

embryo proper, indicating the embryo undergoing degeneration.
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coat-color marker that maps ~3 cM proximal@gqEicher 1970) has been used as a

standard marker in the deletion mapping for thenutations.p*P™°P

was the only
mutation in which theu2 locus was found to be deleted (Johnson, Stubbs et al. 1895).
order to use the-deletion mutations to recover ENU induced point mutatioree 12
p/ru2 p mice were mutagenized with ENU and were mated to wild-(’BL/10R1 x
C3Hf/R1) F1 females. All Gfemales from this cross were then crosseg@*p*°"P
mice. Only ruby-eyed and pink-eyed &ffspring, carrying the mutagenized chromosome

opposite the deletion ip*P™°P

should manifest any new phenotypes caused by the
newly induced recessive mutations. An absence of pink-eyetk,diuby animals in a
particular pedigree indicated that the newly induced ENUWtiaut was lethal (Figure 1.3)
(Rinchik, Carpenter et al. 1995). As we mentioned previouslthis introduction, 3
noncomplementing ENU-induced mutations recovered in thudyswere utilized in
identifying the single gendilerc2, whose dysfunction results in the juvenile letlyalit
(Rinchik, Carpenter et al. 1995).

Two independent, recessive-lethal mutations were foun@ teefregating in the
785DSJ and 828DSJ pedigrees. The two ENU-induced lethal mutateyasthen fine-
mapped on the large panel pfdeletion complex maintained at ORNL (Rinchik,
Carpenter et al. 2002). Femai¥p°® deletion heterozygotes were crossednt/+ p*
males that were first proved by progeny test to be hetgoos for each ENU-induced
mutation. Ifm maps outside of a particulpP®, then 25% of the offspring should be
pink-eyedm p/+ p°®. However, ifm maps within a particulap®®, then the pink-eyed
dilute animals will be absent (Rinchik, Carpenter e2@8D2; Rinchik, Carpenter et al.
1995). Deletion mapping of the 785DSJ and 828DSJ prenatal-letiatioms by this

13



Figure 1.3  Breeding protocol used to recover ENU-induced ressive mutations
mapping within the p**°7°° deletion (Rinchik 2002)

ru2, ruby-eye 2; ppink-eyed dilutionm indicates an ENU-induced point mutation near
the p gene. In the @generation, male mice which had been treated with ENltew

mated with wild type Ffemales. G females were then crossedrt@ +/ p*°™P

males.

Three phenotype classes were expected in ther@eny: wild-type, ruby, and ruby,
pink-eyed dilute. The ruby pink-eyed dilute class highligtite the heavily outlined box
was the test class for mutations. The lightly outlibea highlights the ruby class, which

can be used to recover and propagate the mutations.
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approach revealed that they both mapped withinptfi&-" deletion but outside of°p
deletion. This region containderc2. Further mapping usinglerc2 deletionp*®™®, a
small interstitial deletion oHerc2 genomic region, ruled out thederc2 region. Thus,

both 785DSJ and 828DSJ were mapped to the critical regigRidf

Genes mapped within thd 7RI1 interval

It has been characterized by both genetic and moleeagproaches that the
region of mouse chromosome 7 surrounding gHecus shares homology with human
genomic regions 15q911-g13 and 11pl14-p15 (Rinchik, Carpenter et al. 1996]ld\ic
Gottlieb et al. 1993; Rinchik, Bultman et al. 1993; Johnsomblsst et al. 1995; Russell,
Montgomery et al. 1995). Studies have also been shown déletion of human
chromosome 15q11-q13 is the most common reason for imprgeedtic disorders:
Prader-Willi syndrome (PWS) and Angelman Syndrome (ASkHolls and Knepper
2001). Molecularly, there are two common classes otidakin patients with PWS/AS,
one from breakpoint (BP) 1 to BP3 and the other from ®FRP3 (Knoll, Nicholls et al.
1990; Amos-Landgraf, Ji et al. 1999). PWS arises from thetiamal loss of a set of
paternally expressed genes, whereas AS is associatetheitoss of maternally express
genes. Not all genes located in the human and mouse ABM8gions are imprinted.
Four highly conserved genes were mapped between BP1 and BBRlih.2, and the
non- imprinting status of these genes were identifilduiman and mouse (Nicholls and
Knepper 2001; Chai, Locke et al. 2003). These genes are samhe respective order in
human and mouse, but lie in opposite centromere-teloareretations; these genes are
Gep5 (y-tubulin complex proteins)5 Cyfipl (cytoplasmic FMR1 interacting proteir),1
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Nipa2 (nonimprinted in Prader-Will/Angelman syndrome 2) &hdal (nonimprinted in
Prader-Willi/Angelman syndrome 1) in the order from cemere to telomere in mouse
chromosome 7 (Figure 1.4). Furthermore, these genes @atedodistal td_uzp2 and
proximal to Herc2 in the mouse genome, thus falling ineomimimum critical region of
I7RI1 (Chali, Locke et al. 2003).

Gcep5 belongs to a novel protein superfamily. Theresatemembers of GCP
family in the human and mouse genomes. All of thesmlmees are the components of
the y- tubulin multiprotein complex which is required for natwbule nucleation at the
centrosome (Oegema, Wiese et al. 1999). Gcp5 is a neehtiied member of this
complex and has been found localizing to the centrosam# associating with
microtubules (Murphy, Preble et al. 2001).

Both Nipal and Nipa2 encode putative polypeptides with nine transmembrane
domains, indicating their possible functions are recsportransporters (Chai, Locke et
al. 2003). One study has shown that mutationdIBAL gene in human cause autosomal
dominant hereditary spastic paraplegia (Rainier, Chai.e2003). My study is mainly

focused on th€yfipl gene at thé7RI1 locus.

The genetic function ofCyfipl

Cyfipl, also called Shyc (selective hybridizing clone) in mouse ar&@RAl
(specifically Racl-associated protein) in human, beloiog® widely expressed and
highly conserved gene family and its homologues have beemtified in various
organisms: Arabidopsis, Dictyostelium, Caenorhabditis elegans, Drosophila
melanogaster, Xenopus, zebra fish, mouse and human (Basu, El-Assal Sel. &08a#4;
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Figure 1.4. Schematic maps of human chromosome 15g11-q13 and timenologous
mouse chromosome 7C region.

The black line represents the human chromosome 15g11-q13 or ofwasssome 7C
region. The direction of centromere and telomeresigndicated. BP1, BP2 and BP3
stand for the most three common chromosome break paimgatients with PWS/AS.
Genes in the homologous region or related to the stuglawing as color dots on the

chromosome. The color code is listed below the chromedine.
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Soto, Qadota et al. 2002; Blagg, Stewart et al. 2003; KobayashndK et al. 1998;
Koster, Schinke et al. 1998}yfipl was identified in mouse via screening an adult brain
cDNA library for the neuronal differentiation proceg®ster, Schinke et al. 1998). The
Cyfipl gene has 31 exons, which encode a protein containing 1253 awitho a
Hydrophobicity analysis indicates that Cyfipl is a hydropHi#O kDa protein localized
at the cytoplasm. The function of Cyfipl in the mamnmabBgstem is largely unknown,
although the functions of its homologs have been studiether organisms. Only one
member of this gene exists in lower organisms, whereas amabers of this gene family
exist in mammalsCyfipl and Cyfip2 [also called PR121 (p53 inducible mRNA 121) in
human]. Phylogenetic study of Cyfipl protein reveals that tbman CYFIP1 and
CYFIP2 proteins share 98.7% and 99.9% of amino acid sequencéayidentheir
corresponding mouse homologues, and 51% of amino acid seqdentéy to fly and
worm homologues, respectively (Figure 1.5). The genefictions of Cyfipl orthologs
have been studied in differeatganisms. Although the function of CYFIP1 needs to be
elucidated further in mammalian organisms, its functem lse predicted from the role of
its counterpart in other organisms.

In Arabidopsis, deletion of the Cyfipl orthologPIR (PIROGI), causes a
disruption in remodeling of the actin cytoskeleton, madtion of maintaining the
polarized elongation of branched, hair-like cells, iegdo epidermal cell-cell adhesion,
and a phenotype of a well-stuffed pirogi and reduced fresghtv(Table 1.1). Although
PIR shares less than 30% amino acid identity with hu@drl P2, interestingly, PIR is
functional replaceable by human CYFIP2 in mutation uesexperiment. Furthermore,
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Table 1.1 The gene function of CYFIP1 orthologs in differenbrganisms
Organisms Gene Amino acid Functions Reference
ortholog identity
Arabidopsis PIROG1 30% Remodeling the actin cytoskeleton; Basu et al.,
(Plant) maintaining the polarized elongation of 2004
branched, hair-like cells.
Dictyostelium  pirA 35% Regulating actin dynamics in the Blagg et al.,
(slime mold) formation of pseudopod; 2003
C. elegens GEX-2 51% Tissue organization; Require for cells Soto et al.,
(Worm) morphology and migration 2002
Drosophila CYFIP/Sra- 67% Neuronal development. Schenck et
(Fly) 1 Require for axon growth, branching, andal., 2003
pathfinding, and maintain the structure in
neuromuscular junction.
Mouse Cyfipl - Expressed in embryonic nervous systemKaoster et al.,
/Shyc and olfactory pathway in adult brain. 1998
Cyfip 2 88% Function unknown. Schenck et
al., 2001
Human Cyfipl/ Sral 98.7% Unknown Schenck et
al., 2001
pir 121 99.9% to Unknown
Cyfip2
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Figure 1.5 Phylogenetic relationship of Cyfip1/2 from different organisms

The numbers on the bottom indicate the percentage oé&otig® substitutions. The
species and corresponding references are as follows: SAAW is human CYFIP1
protein; AF072697 is mouse Cyfipl protein; AAH77907* is partial Cyfip pnoigi
Xenopus;, NP_99792 is the Cyfip protein in Zebra-fish; BC011762 is CYFIP2epron
human; AF334144 is Cfyip2 protein in mouse; AAG61254 is dCYFIP protein i
Drosophila; AB073209 is GEX-2 irCaenorhabditis, AAR89379 is pirA inDictyostelium;

and AAT71307 is PIROG1 iArabidopsis.
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similar to CYFIP1/SRAL, PIROGI encoded protein directiyeracts with the RHO
GTPases and SRAL binding protein (Basu, El-Assal Sel 2064l).

In the slime moldDictyostelim, PirA shares 35% amino acid identity @yfipl.
PirA regulates the dynamics of actin polymerization prad@sgetion ofPirA results in
accumulation of polymerized actin, resulting in an ingbtio form new pseudopods at
new locations other than widening and splitting fromtagspseudopods, which lead to
defects in movement and chemotaxis (Blagg, Stewart 20@8)(Table 1.1).

In C. elegans, GEX-2 (gut on exterior protein 2) shares 51% amino acid identity
to O¥fipl, and is involved in embryonic development and neuronalloj@veent. GEX-2
is required for tissue morphogenesis and cell migratiothdrabsence dEX-2, mutant
embryos undergo gastrulation and cell differentiatioowkler, tissues fail to organize
properly. For example, the formed intestinal cellsl tai be organized in proper
morphology, and are not able to migrate to their tamedtions in the initial steps of
body morphogenesis (Soto, Qadota et al. 2002)(Table 1.1).

In Drosophila, dCYFIP shows 67% identity to mouse Cyfipl. It is highly
expressed in neurons and involved in neuronal developrienations of dCYFIP are
embryonic lethal, and lead to the central and periplmemalous system abnormalities in
axon growth, branching, and pathfinding. In particular, synagrsarals become shorter
and neuronal morphogenesis such as axonal pathfinding rfenidliossing), growth
(motor axon stalling), branching (ectopic motor axon branghiare disrupted. In
addition, the gene mutation also results in defecthenorganization of neuromuscular

junction structure (Schenck, Bardoni et al. 2003)(Table 1.1).
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In mouse,Cyfipl is widely expressed during embryonic developméntsitu
hybridization experiments showed that the expressio@yfipl can be detected in all
three germ layers of developing mouse embryos at E7lhen, Texpression becomes
stronger in the edges of the neural fold at E8.5. AtE ifcreased expression is seen in
the mesoderm. The expression is reduced in the cergrabus system and the
transcripts are detected in the ganglia of the peripmeraous system at E14.5. Also,
strong expression signals are detected in the facisbdeem, lung, gut, and the muscles,
but not liver. At E16.5, major signals are detected éengéripheral nervous system and
tooth anlage. In addition, transcripts are present ircéméral nervous system. In adult
brain, expression is detected in the olfactory systemebral cortex, and Purkinje cells of
the cerebellum (Koster, Schinke et al. 1998).

The wide expression o€yfipl in the central nervous system of the early
embryonic stage is conserved to the ortholog€.irelegans and Drosophila, which
indicates the gene might plays an important role in mamséryogenesis and the
neuroectodermal differentiation process. Furthermdre,functional analysis of Cyfipl
ortholog suggests that Cyfipl protein is likely involvedaatin assembly, regulation of

cellular morphology, and cell migration.

Protein-protein interaction of Cyfipl with other proteins and signal transduction
pathway

The regulation of cellular functions is carried out bynsil transduction through
protein-protein interaction. Cyfipl function is refleciadhe SCAR protein complex and
in Cyfip1-FMRP interaction.
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Actin polymerization process sssential for cellular morphology amdobility,
and is of considerable important foell survival and tissue organization. The generation
of actin structure is through a protein complex pathwagplving SCAR (suppressor of
CAMP receptor), WAVE [WASP (Wiskott- Aldrich syndrome peot)-family verprolin
homology protein], Arp2/3 (actin-related protein 2/3). Theleyf actin polymerization
and depolymerization is regulated by the activated GTPaggremoting the activation
of SCAR/WAVE protein complex. This is supported by the eweethat purified SCAR
is constitutively activen vitro (Machesky, Mullins et al. 1999; Machesky and Insall 1998;
Higgs and Pollard 1999), and inhibitory SCAR complex isolatechfmammalian brain
extracts responds to Rac signaling. In the inactive, sSBf£AR activity is restricted by the
inhibitory SCAR complex, but the activation is depemtden the Rho-family GTPases,
such as Rac GTPase. Upon addition of Rac-GTP, the mhb8CAR complex is
dissociated in the actin polymerization process, whietls to free SCAR and another
highly conserved actin regulator, HSPC300 (heat shock prd&8id0). SCAR and
WAVE complex further activates a major nucleator aftira polymerization, Arp2/3
complex, to form of new actin filaments (Machesky dnsall 1998; Higgs and Pollard
1999) SCAR coordinates actin reorganization by responding¢csignal in the cell, but
it does not directly bind to Rac GTPase (Pollard and Borisy 2003)

It is well established that GTP-loaded Racl (Regulating agtoskeleton protein
1) induces actin based plasma membrane projections slamelipodia and membrane
ruffles by activating the Arp2/3 complex via SCAR proteinkiviSuetsugu et al. 1998;
Ridley 2001). Racl is a small GTPase belonging to a meofls&no subfamily. Rho-like
GTPases, which function as molecular switches byimmydrom an active GTP-bound
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state to an inactive GDP-bound state. The functionhsf switch is to regulate the
transmission of an extracellular signal to a downstreagnaling pathway. This is
achieved by the selective binding of the active GTPaséhdodbwnstream effector
protein. In the cytosol of the resting cells, Rho-l&&Pase, such as Racl, is present in
the GDP-bound form, stabilized by GDP dissociation inbibiGDI). When the cells are
stimulated by certain upstream signal, the action of GDP/ exchange factor (GEF)
results in the dissociation of GDI; then the GTRumb form of Rho-like GTPase
interacts with its specific downstream targets, thetebging to the transmission of the
signal. Racl has been found to regulate signal transdyattbways that mediate distinct
cytoskeletal rearrangements required for cellular mp@ind cell migration (Figure 1.6)
(Hall 1998).

Several lines of evidence suggest that Cyfipl plays an riaqmorole in the
SCAR-involved actin assembly process. First, a studg@AR complex in its inactive
state found that Cyfipl/Sral/PIR121/CYFIP/GEX2 is a compomdnthe complex
(Eden, Rohatgi et al. 2002). In addition, using an affinity ifjgation method,
Cyfipl/Sral was identified from bovine brain cytosol amenstream target of Racl, for
Cyfipl/Sral specifically interaction with the activerfgrbut not with the inactive form
of this small GTPase (Kobayashi, Kuroda et al. 1998). Thgsan indispensable
component of the SCAR complex, it is believed thgfigd is responsible for SCAR
complex activation in response to signaling molecfagufe 1.6).

Cyfipl function is also reflected in the Cyfipl-FMRP agdile X mental
retardation protein), protein interaction. Fragile X drygime is an X-linked genetic
disease. The disease is usually caused by the absetite RNA binding FMRP, the
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Figure 1. 6  Current understanding of Cyfip1/2 functions in he protein net-work
(Modified from P. Billuart and J. Chelly)

In the SCAR - Arp2/3 complex pathway, CYFIP is an ipdissable component of the
inactive SCAR complex. During the presence of RAC-GTWEIP interacts with RAC-
GTP and release the active SCAR sub-complex. The SthAR activates the Arp2/3
complex resulting in atcin nucleation. CYFIP miglgcaact as a suppressor of FMRP by
prevents its dimerization. RAC-GTP binds to CFYIReffFfMRP to form dimmer and
exert its function as a negative translational reguld hus, CYFIP is likely to link RAC-
dependent cytoskeleton remodeling and FMRP-dependent cafttolnslation in a

unique pathway.
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protein product ofFMR1 gene (fragile X mental retardation 1), which leads te th
presence of a cytogenetically visible fragile site ¢tmomosome X (For review see
(Bardoni, Schenck et al. 2001). The FMRP protein is highlyerwes in vertebrates and
belongs to a family that contains two other protei’R1 and FXR2 (fragile X related
protein 1 and 2). Studies have shown that FMRP functions regative translational
regulator, and the dimerization of FMRP is essertalits function (Laggerbauer,
Ostareck et al. 2001; Li, Zhang et al. 2001; Schaeffer, Baretoal. 2001). FMRP
dimerization occurs in the cytoplasm, and can be a heatmn of FMRP-FMRP or
heteromerization of FMRP-FXR (Siomi, Siomi et al. 1995)

Cyfipl/Sral is found to interact with FMRP in a yeast tybrid screening, in
which a mouse embryonic cDNA library was screened with highly conserved N
terminus of FMRP as bait (Schenck, Bardoni et al. 20019.r€gion of FMRP important
for its dimerization is also responsible for its iaetion with Cyfipl. In another words,
the interaction region of Cyfipl and FMRP overlaps vtk homo/heteromerization
domain of FMRP (Schenck, Bardoni et al. 2001; Siomi, Zhan@l.efi996). Since
dimerization is an important step for FMRP to ex&st function, it is suggested that
Cyfipl act as a suppressor of FMRP by binding to FMRP toepteirs dimerization
(Billuart and Chelly 2003). Cyfipl does not interact with RRtrelated proteins
FXR1/FXR2, despite their high sequence similarity witliRP. Cyfip2, the cyfipl
homolog in mammal, is also capable of interacting wMRIP. But unlike the exclusive
interaction between Cyfipl and FMRP, Cyfip2 interactthwWiXR1 and FXR2 as well

(Schenck, Bardoni et al. 2001).
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A study in Drosophila provides evidence that CYFIP links Rac-dependent
cytoskeleton remodeling and FMRP-dependent control of la#ms in a common
pathway (Schenck, Bardoni et al. 2003). Tbeosophila genome contains a single
ortholog of the humaRXR gene family FMR1) and its biochemical properties and role
is conserved in the fly nervous system (Wan, Dockehebdl. 2000; Zhang, Bailey et al.
2001; Dockendorff, Su et al. 2002; Morales, Hiesinger et al. 208#&r8k, Van de Bor
et al. 2002). A single fiCYFIP gene, dCYFIP, has been identified as the fly ortholog of
human CYFIP1 and CYFIP2 (Schenck, Bardoni et al. 2001). Tlehémical
interactions between dCYFIP and dFMR1 or dRacl are ogetsen fly and these
interactions are exclusive to each other. The study sigd€XFIP might present in two
alternative complexes, associated with either dFMR1itbr dlRacl. Genetic interaction
experiments in eye and nervous system show that dCYRtRgonizes dRacl and
dFMR1. These data, together with the fact that dCYFIRgcdRand dFMR1 mutants
share lots of similiar defects (Dockendorff, Su et al. 200@rales, Hiesinger et al. 2002;
Hakeda-Suzuki, Ng et al. 2002; Kaufmann, Wills et al. 1998; NgdiNea et al. 2002)
suggest a model in which CYFIP proteins and Racl might be gbaa pathway
regulating both cytoskeleton remodeling and FMRP-dependetitotmf translation

(Figure 1.6).

Rationale for this study

This study was undertaken to identify possible gene resultinghe peri-
implantation lethality in7RI1 locus. Among the four genes mapped i1, Cyfipl is
expressed at all three germ layers in the early mons®ye development, and null
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mutations of the gene in worm and fly result in earybryonic lethality. Therefore, we
hypothesize thatyfipl is the gene responsible for the I7RI1 null phenotypefdties on
characterization of the phenotype of the homozygGuispl gene-trapped embryos;
analysis of two pre-mapped ENU-induced mutations; and fotion of genetic

alteration of the two mutations and the corresponded gemetthanisms.
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CHAPTER I
GENERATION AND CHARACTERIZATION OF A Cyfipl GENE-TRAP

MUTATION

INTRODUCTION

Early miscarriage is the spontaneous loss of pregndmagg the first 20 weeks
of gestation in human. It occurs in 15-20% of all conogsti and as many as 30% of
women will experience one, usually before they evessmai period, or realize they are
pregnant. Some women even suffer from Recurrent Misgar(RM), defined as three or
more miscarriage during the first trimester. Most earigcarriages remain unexplained.
In mammals, embryonic development is a complex proicesdving cell proliferation,
cell differentiation, organogenesis and tissue diffeagion, as well as morphological
changes (Rugh 1994 and Hogan, 1994). Disturbance in any ofpteessses results in
either embryonic lethality or malformation of theug. Other than the mother’s physical
condition, it is usually assumed these losses ardtsasiugenetic defects. Studying the
deficiency of embryonic development using mouse mutardseaploring the genetic
mechanisms will promote our understanding on the eartyyonic development.

As described in the previous sectibfRRI1 is a locus mapped as a functional unit
related to an early post-implantation lethal. Homozygdelstion mutation of the locus
leads to embryonic lethality at the time of implaiatat therefore, this genetic region is
required for peri-implantation survival in the mouse (RUisS&ontgomery et al. 1995;
Wu, Rinchik et al. 2000). The minimum critical regionl@dRI1 is narrowed down into
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~300kb (Wu, Rinchik et al. 2000) and contains genes(from centeotoetelomere):
Tubgepb, Cyfipl, Nipa2, andNipal(Chai, Locke et al. 2003). Since the locus contains
more than one gene, it remains to be solved which ger@@)how the gene(s)
contributes to the implantation failure.

Among the four genes mapped in tiA&I1 locus, Cyfipl shows close relation to
the embryonic development (Koster, Schinke et al. 1998; Sp#anlota et al. 2002;
Schenck, Bardoni et al. 2003}yfipl belongs to a highly conserved gene family, and its
orthologs have been identified in various organisms (Sp&ulota et al. 2002; Basu, EI-
Assal Sel et al. 2004; Koster, Schinke et al. 1998; Blaggy&t et al. 2003; Schenck,
Bardoni et al. 2003; Kobayashi, Kuroda et al. 1998). Functionalies of Cyfipl
orthologs show that null mutation of this gene in worrd #y results in early embryonic
lethality (Soto, Qadota et al. 2002; Schenck, Bardoni €20413).. In mouseCyfipl is
widely expressed during the mouse embryonic developmentgiK&@thinke et al. 1998).
We hypothesize thaCyfipl is a candidate gene among the four causing the peri-
implantation lethal phenotype.

To study the function o€yfipl, a Cyfipl gene-trap ES cell line carried by the

BayGenomics gene-trap facilityhtfp://baygenomics.ucsf.efluvas used to generate

homozygousCyfipl gene-trap mice. In the stud{z;yfiplGU+ chimeric mice were first
derived from the gene-trap ES cell clone and heterozygounes-tgep offspring were
generated. From crossing ayfipl®"* heterozygotes, the homozygo@y/fip1®'

embryos were obtained and characterized. We comparedmihgse embryonic

1Gt/ Gt

development oCyfip with that of homozygous deletion bfRI1 locus, particularly
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in the early stage of mouse embryonic development, andeanghether the disruption

of Cyfipl is sufficient to cause peri-implantation failure.

Embryo development of the Mouse

As a model organism, mouse embryo development has beérstugied and
understood. The mouse gestation period is usually 19 days,heitlange from 18 to 21
in different strains. Same as other vertebrates,intrauterine development falls into
three consecutive phases: (1) primary development festiiZation through germ layer
derivation, (2) basic organogenesis, and (3) tissue eliffetion with functional maturity
and organismic integration. The first period lasts abodays. By the end of 6dpc, the
implantation of embryo is completed. The second stages about 6 days as well,
although some organ systems are not fully differentiatétiafter birth (e.g., cerebellum,
gonads); all major organ systems have been developedhadtstage. In the third stage,
the embryo further developed into fetus and is capablend@épendent life. The
introduction here is focused on the development from 8dp®.5dpc, for detailed
reviews on mouse embryo development, see Rugh (1994) and Elogiaii1994) (Rugh
1994) (Hogan 1994).

The development of mouse embryo can be divided into 2gst§Kaufman
1989). Although embryos of the same gestation age mayr diffeheir stage of
development, gestational age 8, 8.5, 9 and 9.5 are genevabider as stage 12, 13, 14
and 15, respectively (Table 2. 1) (Bard 1998).

At stage 12, somites pairs first appear in the embryo.nfiteas a block of dorsal
mesodermal cells adjacent to the notochord during vatielbrganogenesis. As transient
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Table 2.1

Important events occurring during mouse embryo devepment:

stage 12- 15 (Kaufman 1989; Bard 1998)

Theiler Somite
Major events
Stage dpc No.

12 8 1-7 1 somite appears; alloantois extends and contacts chorioa end
of the stage; *lbranchial arch become prominent; the heart starts to
form; the headfords are prominent; neural closure odaute region
of the 4" and %' somites

13 8.5 8-12 Turning of the embryd“dranchial arch presnet; regionalization of
the heart ; the neural tube is closed from a point dfgpthee outflow
tract to the proximal part of the tail

14 9 13-20 Formation & closure of anterior neuropore; theah&ube is closed
except for the posterior neuropore; the otic pit indibtd not closed;
the 3° branchial arch becomes visible late in the stage

15 9.5 21-29 Formation of the posterior neuropore; forebraicleesubdivides; the

primitive streak has disappeared; the forelimb bud bes@pparent
near the 8 to 12" somites pairs
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structures, somites define the segmental pattern @ftineyo, and subsequently give rise
to vertebrae and ribs, dermis of the back, and the skeatetxles of the back, body wall
and limbs. The 8 day embryo can be identified by its 4 paisemites, but the number
can range from 1 to 7 pairs. The maxiliary componentsdof' branchial arch become
prominent. The cardiogenic plate begins to form and devefgpgdly. The headfolds are
particularly prominent and neural closure occurs in tgoreof the 4' and %' somites,
extending in both directions from this site. The atlsitextends further into the
exocoelom and contacts the chorion at the end o$thge (Downes 1993).

At 8.5 gestation, a major activity undergoing is the amibin of the turning
process in the embryo. Growth of the foregut and hindgutitiegithe reversal of the
anterior-posterior relationships. The head end is turmlogkwise while posterior
regions are turning counterclockwise. The midgut remainsesiad with the yolk cavity
but also rotates rapidly. The embryo eventually acquiiesC shape characteristic of
most vertebrate embryos, with the open part of thee@rally directed (Rugh 1994).
Stage 13 usually starts with 6 to 8 pairs of somites antpletes in embryos with 14
tol6 pairs of somites. A second branchial arch is neideat. There is evidence of
regionalization of the heart and the neural tube ¢sed from a point opposite the
outflow tract to the proximal part of the tail.

Between 8.5 to 9 days, the most significant and involvedgdsanccur in the
embryo, when the organogenesis is greatly acceleratetha contour of the embryos is
being altered simultaneously. The stage 14 embryo has 13smnites. The neural tube
is closed except for the posterior neuropore and theafoibie myelencephalon, and the
entire nervous system is undergoing cellular diffeegiotn. The otic pit becomes
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progressively more indented but not closed, and the maladilprocess of the*1
branchial arch is clearly visible. Th& ®ranchial arch becomes visible late in the stage
(Rugh 1994).

The stage 15 embryo has 21 to 29 somites. The reverd@a ofiginal lordosis of
the back now brings the telencephalon and tail inteeclpproximation. The head is far
in advance of the rest of the body in developmeng fBlur major divisions of the brain
are apparent from the surface. The primitive streak Isappleared by incorporated into
the embryo. The posterior neuropore forms. The condensaf the forelimb bud
becomes apparent near tH&t8 12" somites pairs. A distinct condensation of the hind

limb bud appears just at the end of the stage.

MATERIALS AND METHODS

Cyfipl gene-trap ES cell line

TheCyfipl gene-trap ES cell line (XG769) was purchased from the Bag@ics

Date Base Http://baygenomics.ucsf.efluThe gene-trap vector inserted is pGT1Lxf,

which contains a [3-geo cassette. The trace data francldme aligns to exon 12 of
Cyfipl, indicating that the gene-trap vector should be inddyegween exon 12 and exon

13.

Generation of Cyfipl gene-trap transgenic mouse
All animals used in this study were bred at the mousditfaet Oak Ridge
National Laboratory. XG769 ES cells were cultured by an established protocol without
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feeders (Ramirez-Solis, 1993). To harvest blastocysts, Ob7Btmale mice were
naturally mated and sacrificed at 3.5dpc. Isolated uteri Wesbed with ES cell media.
The cultured ES cells were injected into the inner celsnof the blastocysts, and then
the blastocysts carrying ES cells were transferred & uterine horn of 2.5 dpc
pseudopregnant B6 females to generate chimeras. This worlpevfmsmed by Sarah

Mentzer.

Identification of mice carrying the gene-trap allele

Chimeric males were crossed to C57BL/6, and pups carryingethe-trap allele
were identified by PCR offieo gene sequences using genomic DNA from ear clips as
template. The resultin@yfip1®PeTIMYU* heterozygotes (abbreviated @yfip1®'*)
were crossed to B6 for one to three generations befteeolaggotes were intercrossed.
Primers used for genotyping were Neo3F:. 5-AGGATCTCCTGTCATBCCTT-3’;
Neo3R: 5’-CACAGTCGATGAATCCAGAAAAG-3'. PCR parameters mee 94°C 4 min;

39 cycle of 94°C 30 sec, 60°C 30 sec, 72°C 45 sec; 7 2°C 10 minS@rbldl.

Total RNA isolation and Northern Blot hybridization

XG769 and Dnm2 (&yfipl** gene-trap ES cell line used as control) ES cell were
grown to confluence in 25mm flask and total RNA was isdldtem the cells using the
standard Trizol methodTotal RNA of Cyfip1®"* or wild-type mouse was isolated from
mouse spleen,which was snap-frozen in liquigl By the Trizol method (Eppendorf-5

prime, Inc. Boulder, CO).
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For Northern blot analysis, 20ug of total RNA of wild type Cyfipth” was
loaded per lane into a formaldehyde-reducing gel. Gels wardnr buffer containing
MOPS (pH 7.0) for 5 hours at 75V and then transferred bylaap#ction onto a nylon
hybridization membrane in 10x SSC. Total RNA was UV cilod®d to the membrane
with a Stratalinker UV source. The blot was prehybddiat 65 in a buffer (7% SDS,
1% BSA, 1mM EDTA, and 250 mM NEPO4, pH 7.2) for 2 hours and hybridized
overnight in the same buffer containing radioactive psoat 65C. Radioactive probes
were prepared as follows. A 1 kb fragment was obtained@fy amplification using the
primers: Shyc3-1F (5-AGATACATCGAACAAGCAACTGTC-3) and Sby1/12-1R
(5-TACAGCAATAGCGAGGTAGTCACA-3’). DNA fragments werdabeled with ¢-
32p)-dATP by random-primed probe synthesis. Blots were rins#tpost-hybridization
buffer (0.1X SSC, 0.1% SDS) at’65 and the RNA images were developed with a Storm

840 phosphoimager (Molecular Dynamics, Sunnyvale, CA).

Reverse transcript and PCR analysis of the gene-trap transgt

Total RNA was extracted as described above. cDNA syashesized by using
Superscript 1l reverse transcriptase (Invitrogen’s Sup@®&erFirst-Strand Synthesis
System). The synthesized cDNA was purified using QIAGENRKIBCR purification kit
following the manufacturer’s instructions and stored at -20A@ required. First strand
cDNA from the XG769 and Dnm2 ES cells was used directiyPfOR analysis. Primers:
Shycl12-1F  (5-AGCCCAGAAGACAGATGCTGAGTA-3),  Shycl8-1R  (5-
ATGGAGTACGTCCTCTACTCCTTG-3), and GTP-reverse (5-
CGATCTTCCTGAGGCCGATACTGTC-3) were chosen for the PQGo detect the
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hypothetic insertion of gene trap. PCR parameters wer€ 96hin; 39 cycles of 96°C

30 sec, 55°C 30 sec, 72°C 30 sec; 72°C 10min; 4°C hold.

Embryo observation and histology
Cyfip1®”* mice were intercrossed to obtain homozygous gene-trafann

167¢Y . Mice were naturally mated, and the day of the vagihay found

embryos Cyfip
was considered to be 0.5dpc. Uteri of pregnant females dissected in 1 x PBS at
embryonic days 8.5, 9.5, 10.5 and 11.5. Embryo dissectidowfd the protocol
described in Naggt al., 2003(Manipulating the Mouse Embryo

For histological sections, dissected embryos wewdfiovernight in ice-cold 4%
paraformaldehyde (EMS) in PBS, then were dehydrated thraugiaded ethanol series
and embedded in paraffin. The embedded embryos were sectimhepk@erated 5Sgm
thick cross-section and stained with haematoxylin/eosin.

The whole embryos and their cross-sections were phggdausing a Zeiss

SV11 dissection microscope and Spot 100 digital camera dmagnées a Macintosh

computer.

Whole mountin situ hybridization

Embryos were dissected in PBS and fixed in ice-cold 4% fpanaldehyde
overnight. Fixed embryos were then dehydrated through a gsadied of methanol and
stored in 100% methanol at -20°C befanesitu hybridization. Probes of the brachyuiy) (
and fibroblast growth factor &¢f8) used in the whole mouim situ hybridization were
obtained from Dr. H. Chao. Preparation of digoxigenireladd RNA probe and whole
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mountin situ hybridization was performed as described previously (Chiemtzer et al.

2003). After hybridization procedures, embryos were re-fixed.1% glutaraldehyde
solution at 4°C overnight and cleared first in 50% glyd@®%/0.01% sodium azide, then
in 80% glycerol/PBS/0.01% sodium azide overnight. The eosbiyere photographed
using a Zeiss SV11 dissection microscope and Spot 100 digitaéra connected to a

Macintosh computer.

RESULTS

Generation of Cyfipl gene-trap transgenic mouse

Gene-trap creates random insertion mutations in theongen which are
immediately accessible for molecular charactemrat\iWhen carried out in ES cells, the
gene-trap insertions transmit into the germ line of Maceanalysis of the function of the
trapped gene inivo. To gain further understanding the functionGyfipl in thel7RI1
locus, Cyfipl gene-trap transgenic mouse was generated. Gene-traplE&eceled from
129 strain (agouti) were injected into C57BIl/6 blastocyst kblag-or a particular mouse
developed from the blastocyst carrying the gene-trap, tive wf ES cells contribute to
the genome, the greater of the amount of agouti isvshia the coat. The generated
chimera mouse is usually “tiger” striped. Males carrying 40%400% of agouti coat
color were mated with B6 (Figure 2.1), and their offspriregenscreened by PCR odo
gene sequences. Chimeric males which produced more thaer$ \Without carrying of

the transgene were not likely that the gene-trap godgetgerm line and were sacrificed.
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Figure 2.1  Generation ofCyfipl transgenic mouse.

CulturedCyfip1®"* ES cells from 129 strain (agouti) were injected into ireer mass of

harvested C57B1/6 (mice are black color) blastocysts, ttieeimjected blastocysts were
transferred to the uterine of the B6 foster mother. mbee of the ES cells contribute to
the genome, the more of the coat color is shown astiagde left panel is littermates
from the foster mother. Mouse on the top: black mand&ates no apparent ES cell
contribution. Mouse in the middle: chimeric founder hagh ES cell contribution. Mouse
on the bottom: chimeric founder — weaker ES cell cbation. The right panel is a
CyfipthH male chimera with high ES cell contribution and thesmrfihg. Offspring are

further screened for transgene carriage.
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Confirmation of the gene-trap effect

For the XG769 gene-trap ES cell line, the gene-trap vedsringerted into intron
12 ofCyfipl gene. The predicted transcript resulting from the iisewould be the first
12 exons ofyfipl fused with the report gene 3-geo. All exons at thendtream of the
insertion site were expected to be lost. Several appesduive been applied to confirm
the gene-trap effect in XG769 gene-trap line. First, tidABynthesized from total RNA
extraction of XG769 and Dnm2 ES cell lines was used for B@&Rysis to confirm the
existence of fusion gene-trap transcript. Three primaréorward primer Shycl2-1F
located in exon 12, a reverse primer Shyc18-1R locatedan &8, downstream of the
gene-trap insertion, and the second reverse primeB-@&Uerse located in gene-trap
vector pGT1Lxf, were mixed together in the same PCR imafir the analysis. In Dnm2
ES cDNA template (wild type transcript), the primer gaircyl2-1F and Shycl8-1R is
expected to amplify 1Kb product only. In contrast, in 768 cDNA template
(heterozygous transcript), the three primers Shcyl12-4¥¢18-1R and GB-reverse are
expected to amplify one about 1Kb PCR product from thd tyibe transcript and one
about 450bp PCR product from the gene-trap transcript. &erephoresis of the PCR
products confirmed the above hypothetic analysis (Figure 2.2).

Northern Blot analysis has also been applied to cortfierexistence of gene-trap

1" or wild type isolated from mouse spleen

version of the transcript. Total RNA G¥fip
was used for this purpose. The probe used for the NortHetiisBa 1kb fragment located
upstream of the gene-trap insertion. For the wild typéARiNe probe detected a single
band at ~4kb, which should be the wild tyPgfipl transcript, while the same probe
detected two bands from ti@fip1®"* RNA. In addition to the wild type transcript, a
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Figure 2.2  PCR analysis of theCyfip1®’* cDNA.

cDNA was prepared from total RNA from XG769 and Dnm2 ESscatid amplified by
PCR with specific primer pairs. A: Primers used for B@R analysis. Primer pair
Shycl2-1F and Shycl8-1R is designed for the wild-type transangt primer pair
Shycl2-1F and GTP-reverse is designed for the gene-trap transcript. B2 PCR
products were run in 0.8% agarose gel along with NEB 1Kb marke 1Kb marker was
run on the most left lane of the gel; the middle lane thia PCR products by using Dnm2
cDNA as the template; the most right lane was th& Pp&@ducts by using cDNA from
XG769 ES cells as the template; the expected ampldicgtroducts of the wild-type

transcript (about 1Kb) and the gene-trap transcript (adsibp) were shown.

45



12-1F GT-B-reverse 18-1R
— <« e

Marker Dnm2  Cyfipi”

3Kb —
1KD
500bp ==

46



largerCyfipl transcript has also been detected, which provided us @vetgtnce of the
gene-trap effect (Figure 2.3).

Characterization of the phenotype ofCyfip1¢’®"

mutant embryos

Heterozygou<Cyfip1®"* mice generated from the gene-trap chimeric males were
outwardly normal and fertile. Homologous gene-trap eodryvere obtained by
intercrossingCyfip1®"* heterozygotes. Embryos were dissected at 8.5dpc, 9.5dpc and
11.5dpc, and examined. Furthermore, histological sectionssdp®.embryos from the
intercrosses were studied. No resorbing moles in theepturges were observed at 8.5dpc,

1¢Y¢" embryos were able to survive through the peri-

implying that homozygou€£yfip
implantation stage (4.5dpc-6.5dpc). In contrast, a totall33 deciduas from the
experimental mating were examined at 9.5dpc; 32 embryos dhaignificant
developmental abnormality (23%), which agree with the déés law that 25% abnormal
embryos should be observed as the homozy@ytip1°’®" mutant At 11.5dpc, about 7
out of 26 (26.9%) deciduas showed no morphological evidence dfryemc
development, indicating the mutant embryos had beenteligated (Table 2.2).

During mouse embryo development, normal embryos staretbryonic turning
at 8.5dpc. By 9.5dpc, the turning process is completely fidistygproximately 23 pairs
of somites should be presented and the neural tube shodldsed (Rugh 1994; Downes
1993). In contrast to normal embryo developm@xyfip1®’“" mutant embryos had only 6-
12 somties at 9.5dpc, which is the somite number for trenal embryos at 8.5dpc,
suggesting embryonic development arrest at around 8.5dpc. Inoadditthough the
somite structures were visible, they appeared disorganiagdhermore, the anterior-
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Figure 2.3.  Northern blot analysis ofCyfip1®"*

Total RNA was prepared from wild type a@yfip1®”* mouse spleen and blot onto a
nylon membrane. A ~1kb DNA fragment span exon 3 to exongklused as the probe.

A: wild type and gene-trappe@yfipl transcripts. The dark line above each transcript
represents the probe used in the Northern Blot hybridizatB: Northern Blot analysis.
The about 4kICyfipl transcript was detected from total RNA of the wild typaereas
two bands as we expected, one in about 4kb representitigypé Cyfipl transcript and
one in about 8kb representi@yfipl-gene-trap fusion transcript, were detected from the

total RNA ofCyfip1®™".
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Table 2.2 Results of uterine dissection from Cyfip'* x Cyfip1®/* mating

Age Observed decidua Number of empty decidua or

abnormal embryos

% of empty or abnormal
embryos

E8.5 43 0*
E9.5 139 37
E11.5 26 7

0% empty decidua

23%

26.9%

*number of empty deciduas

*number of abnormal embryos
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posterior axis of the mutant embryos was not able tthdurelongate. The mutant
embryos remained in lordotic position and displayed kinkyradetube and wavy
developing brains. Finally, neural tube closure was nog¢rebd in mutant embryos by
9.5dpc (Figure 2.4 and Figure 2.5).

The site of primitive-streak formation during gastrulationarks the future
posterior side of the embryo and thus defines the anfgoisterior axis. The anterior-
posterior axis is positioned by coordinated cell movemants rotation from the pre-
existing proximal-distal axis (Thomas and Beddington 1996; Dffang et al. 1998;
Rhinn, Dierich et al. 1998; Kimura, Yoshinaga et al. 2000). Siheemutant embryos
displayed abnormalities in anterior-posterior axismgédion and embryonic turning, we
performed mRNA whole mounin situ hybridization using probes of two different
posterior markers, th& gene andrFgf8 gene (Figure 2.6). The whole moumt situ
hybridization results indicated that gene expression pattern in 8.5dpc mutant embryo
was similar to that in the wild-type littermates, but expression d¥gf8 was very low, if
any, compared to its wild-type littermate at 9.5dpc. Thgene is known to play a direct
role in mesoderm formation and in the morphogenesish@fnotochord andrgf8 is
essential in morphogenesis of the central nervous mystaring mouse embryo
development (Inatani, Irie et al. 2003). The data suggesttdthia development and

1Gt/ Gt

morphogenesis of the notochord @yfip mutant embryos has not been disrupted,

whereas the defect of the central nervous systeniagevent is severe.
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167" mutant embryos.

Figure 2.4  Morphology of wild-type andCyfip
Upper left panel: a presumably 9.5dpeRI1¢"®" mutant embryowith its wild-type
littermates. Mutant embryo is much smaller and undeeldped as comparing to the
wild-type. Upper right panel: The enlarged dorsal view of $hene mutant embryo.
Lower left panel A: ventral view of a wild-type embrgab ~8.0dpc. The embryo has 8
pair of somites. The developing neural tube runs linearly eprtidline of the embryo
with somite pairs on either side. B: lateral view tiElimates (9.5dpc, w.t. on the left, and

mutant on the right) from the cross of Cyffiix Cyfip1®"*

heterozygotes. The mutant
embryo did develop somites (not clear in this image),dsglayed a kinky neural tube
and wavy developing brain. Arrows: neural tube. Arrowheasnites. Scale bars:

0.5mm.
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16" mutant embryos

Figure 2.5  Histological section of wild-type andCyfip
E: wild-type (left) and mutant (right) 9.0dpc embryos frontrass of Cyfipl®’* x
Cyfip1®"* heterozygotes. Arrows and letters F, G, H indicagestiction planes for the
panels F-H. F: transverse section of the mutant embego the trunk region. The kinky
neural tube (nt) and the disorganized somites (so) weeael\c visible. G: Section near
the foregut pocket showed kinky forebrain (fb). No netuké closure was observed and

the embryo was in lordotic position without embryoniming. H: Section went through

the developing heart (ht) showing it was at around 8.5dpe stdcale bars: 0.5mm.
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1Gt/ Gt

Figure 2.6 Whole mountin situ hybridization of Cyfip mutant embryos.

Upper panelT gene expression in two w.t. embryos (left) and a pnesiCyfip1®'

16" embryo, the T gene probe shows strong

mutant embryo (right) at 8.5dpc. In t@gfip
expression in the notochord. The expression pattetmeisame as it shows in the wild-
type embryos. Lower pandigf8 expression in a presum@&yfip1¢’®" mutant embryo and
its w.t. littermate at 9.5dpc. TH&gf8 probe detected widely expression in the wild-type
embryo, especially in the central nervous system and reggon, whereas the expression

1Gt/ Gt

of Fgf8 is very low, if there is any, in th€yfip embryo compare to its wild-type

littermate at 9.5dpc.
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CONCLUSION

To gain further understanding of why mice deleli@® 1 die in the early
embryonic developmenCyfipl is chosen as the first candidate gene among the four
genes mapped to théRl1 locus.Cyfipl belongs to a highly conserved gene family and its
orthlogs ofCyfipl have been studied in different organisms. It has beeorted that the
losts of function of Cyfip results in embryonic lefiba in worm and fly, in which
embryonic tissues are able to be formed, but the morpkegeis abnormal. Furthermore,
cells are unable to migrate and neural network failetibmed (Soto, Qadota et al. 2002;
Schenck, Bardoni et al. 2003). Cyfipl is known to involve inRhe-1-actin cytoskeleton
reorganization pathway, a process essential in cell menegschenck, Bardoni et al.
2003; Kobayashi, Kuroda et al. 1998). We hypothesizedGyiapl plays important role
in embryogenesis and it is possible that losCgipl function lead to the failure of the
early embryonic development.

In order to confirm the XG769 gene-trap ES cell line, weehdemonstrated by
RT-PCR that the band with 1Kb PCR product was detected ihg &hcyl2-1F and
Shyc18-1R primers in wild type ES. In contrast, one bantd b PCR product and
another band with 450bp product expecting from both wild tygestript and gene-trap
transcript respectively, were detected by using Shcyl2-F, 18k and GTp-reverse
primers. Furthermore, in Northern blot analysis, thiel wype RNA showed one band
with 4Kb in size, while one similar size band and additone larger size band were

1th+

detected in heterozygo@yfip RNA sample.
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1" mice from a Cyfipl gene-trap ES cell line.

We have generate®yfip
Heterozygousyfip1®/* mice were normal and fertile, howev@yfip1®’*'is embryonic
lethal, as we expected, however, the embryos cowldveuat the peri-implantation stage
since no resorbing moles were observed at 8.5dpc. Theohaieus Cyfip1®'*
intercrossing agreed with the Mendel's law that about 25%mbryos were abnormal
suggesting theCyfiplGUGt homozygous genotype at 9.5dpc. Unlike the phenotype
observed homologougRI1 deletion, the mutant embryos proceeded through gastrulation
and started to show developmental arrest around 8.58yp1°“* had only 6-12
somites at 9.5dpc, equivalent to the normal embryos adip8. Thus, the peri-
implantation lethality in7RI1 deletion is not a resulting of missing oryfipl gene,

however, it is still possible the phenotype of the datetfl 7RI1 locus might result from

the combination of multiple genes includi@ygfipl.
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CHAPTER IlI

CHARACTERIZATION OF THE TWO ENU-INDUCED MUTATIONS

INTRODUCTION

I7RI1, a locus close and proximal to the pink-eyed dilution g#nenouse
chromosome 7, is required for peri-implantation survivalthe mouse (Russell,
Montgomery et al. 1995; Wu, Rinchik et al. 2000). The critiegion ofl 7RI1 has been
defined by deletion/physical mapping and complementatiotysisaand is 300kb in
overall size (Wu, Rinchik et al. 2000). In a project to usepdeletion mutations to
recover ENU induced mutations, two independent recesstfiatimutationsl 7RI15VY#
and 17RI1™"*R were found and further mapped to the critical regioti7Bf1 (Rinchik,
Carpenter et al. 1995). Complementation analysis shbatsbbth mutations belong to
the same complementation group and are probably allelic.

The null phenotype of7RI1 has been defined as peri-implantation lethal.
Homozygous mutant embryos degenerate between E4.5 and \EH,3R{nchik et al.
2000). Previous study suggested that four genes residéRHt locus within the
I7RI1critival interval (Chai, Locke et al. 2003),however imans unclear how any one
of these genes contributes to the implantation filur

In this study, to gain further understanding of the fumctbthel7RI1 locus, we

determined whether the prenatal-lethal phenotypes ddbeirv either|7RIIFNY®R  or

|7RITENY*R homozygous mutants was similar, or identical to théipgrlantation arrest
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in thel7RI1 mutant with deletion of the entire four-gene regiohe Rffected gene in the

two ENU-induced mutations has also been identified.

MATERIALS AND METHODS

Mice

All animal were bred at the mouse facility at Oak Ritlggional Laboratory. The
two ENU-induced heterozygote straifigRI1™""*® and I7RI1"""*R were generated and
maintained as described in the Introduction Chapter; andy¢he-trap heterozygote
Cyfip1®"* were generated as described previously in the Chapter &sTdf the three
mutations were allelic, complementation crosses werormed, in which7RI1¥"Y*and
Gt/+

|7RITFNY3R heterozygotes were mated to each other and also mate@yfipl

heterozygotes as well.

Embryo observation and histology

Mice were naturally mated, and the day of the vaginad fdund was considered
to be 0.5dpc. Uteri of pregnant females were dissected iRBSxat embryonic days 8.5,
9.5, 10.5 and 11.5. Embryo dissection was followed by thegvbtiescribed in Nagy et
al., 2003 (Manipulating the Mouse Embryo).

For histological sections, dissected embryos wewdfiovernight in ice-cold 4%
paraformaldehyde diluted from 16% paraformaldehyde solution SENh PBS,
dehydrated through a graded ethanol series and embedded fiim pseationed at 54¢m,
and stained with H&E.
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The embryos and sections were photographed using a Zeik$ &¥section

microscope and Spot 100 digital camera connected to a ftdslsinomputer.

Total RNA isolation and RT-PCR

21A andD7R75M are the background strains of the two ENU inducedtionsa
I7RIZFVVR* andI 7RIZFVSR*  Spleens froni7RIZFNY2* | 17RIZIFNY3R* 21 A and D7R75M
mice were obtained and snap-frozen in liquig Bihd total RNA from different mouse
stocks was extracted by the Trizol method following thanufacturer's instructions
(Eppendorf-5 prime, Inc. Boulder, CO). cDNA was prepared udimgtrogen’s
SuperScript® First-Strand Synthesis System with Superdtripgverse transcriptase .
The synthesized cDNA was purified using QIAGEN quick PCR patiba kit following

the manufacturer’s instructions and stored at -20°C reguired.

Screening ofCyfipl transcript

First strand cDNA from the four mouse strains was useettly for PCR with
specific primers designed to cover the ent@g@ipl transcript in four overlapping
amplicons. Primers used for screening can be found in Babld°CR parameters: 96°C

5 min; 39 cycles of 96°C 30 sec, 55°C 30 sec, 72°C 30sec; 7 2°C 18°@ihpld.

Genomic DNA extraction

Genomic DNA fromI7RI1FVWH* 7RI1FVR*  21A and D7R75M mice was
extracted from mouse spleens following the establishedquiot®riefly, the entire spleen
was grinded in liquid Bdigested with proteinease K, extracted with phenol/ cfdono
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Table 3.1 Primers and probes used in the study

Primer names  Primer Sequence Study purposes

Shyc2-1F 5-AGTGACACTAGAGGACGCACTGT-3’ Screenir@fyipl
transcript

Shyc11/12-1R 5-TGTGACTACCTCGCTATTGCTGTAZ’ ScreeningCfyipl
transcript

Shyc9-1F 5'-TCCAAAATCGACAAGTATTTCAAG -3’ Screenin@fyipl
transcript

Shyc18-1R 5 TGCCTCAATCTCATCATAGAGAAA -3’ Screeningfyipl
transcript

Shyc17-1F 5'- CTGACTGATCACATCCTAGAGACC -3 Screeni@yipl
transcript

Shyc27-1R 5'- TCGAGGTAAGATATTCTGGAAAGG -3’ Screeningfyipl
transcript

Shyc25-1F 5'- GTGAAAACTCTGATGGAAGTGATG -3’ Screeningfyipl
transcript

Shyc31-1R 5'- TGGCAACAACTAGTAACCGTATTC -3 Screeningfyipl
transcript

Shyc25-1F 5"GTGAAAACTCTGATGGAAGTGATG -3 Screening 785DSJ
mutant

Shyc27-1R 5'- TCGAGGTAAGATATTCTGGAAAGG -3’ Screening 785DS
mutant

Shyc3-1F 5'- AGATACATCGAACAAGCAACTGTC -3’ Screening 828DS
mutant

Shyc-SegR 5'- GGGGATTACCTTCATTACACTGAC -3’ Screenir@28DSJ
mutant

Shyc26-1F 5'- ATCCTGGAGTTCTTCCACCAC-3' Sequencing 785DSJ
PCR product

Shyc5/6-SeqR2 5'- TAGCAGGAAGACAAGAAAACAGC -3 Sequencing 828BCR
product

T7 primer 5-TAATACGACTCACTATAG-3’ Sequencing plasmid
DNA

Sp6 primer 5-ATTTAGGTGACACTATAG-3 Sequencing plasmid
DNA

785DSJ Tagman FAM - CTGCGGGAGTCTTT Tagman assay

probe

828DSJ Tagman FAM — CCCGAGAGAAATGC Tagman assay

probe

63



and precipitated with ethanol. The DNA was dissolved Enbuffer (10mM Tris-Cl pH

7.5 and 1mM ethylenediaminetetraacetic acid [EDTA]) ancedtat 4°C.

Screening ofCyfipl genomic DNA

Genomic DNA from the four mouse strain was used diyrdot PCR with specific
primers designed to flank the potential mutation regioRyifipl gene. For Screening
785DSJ (7RI1FVVR* = Cyfip1™2R*) mutant, primers Shyc25-1F and Shyc27-1R were
used; for screening 828DIIRI1IENVR* = Cyfip1™VR*) mutant, primers Shyc3-1F and
Shyc-SegR were used (Table 3.1). PCR parameters: 96°C 39aycles of 96°C 30

sec, 55°C 30 sec, 72°C 30sec; 72°C 10 min; 4°C hold.

Subclone of the PCR products and DNA sequencing

PCR products were either sequenced directly or clonedaintector and then
sequenced. For the direct sequencing, PCR products weregunyfi PCR cleaning kit
according to the manufacturer’s instructions (QiagergntBequenced at Vanderbilt
University. Shyc26-1F and Shyc5/6-SegR2 primers (Table3.1) wemgnddsspecifically
for sequencing of the PCR products from 785DSJ and 828DJ mutanhigeDOIA,
respectively. Otherwise, a fraction of the above R&&ducts were subcloned into
pCRII-TOPO vector using TOPO TA cloning kit (Invitrogen) ldaVing the
manufacturer’s instructions. At least 6 clones were picked grown in small culture.
Plasmid DNA was purified using Wizard Plus SV mini-prep Ritofnega) for sequencing.
Plasmids DNAs were sequenced using SP6 or T7 primers (TableSéd)ences were
analyzed using Sequencher v4.0 on a Macintosh G5 computer.
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Tagman assay for 785DSJ and 828DSJ

The Cepheid SmartCycler® system was used to detect PG&ugbs using
oligonucleotide probes specifically designed for thesteapts of the two ENU-induced
mutations. 785DSJ and 828DSJ Tagman probe were designed by trexl AApsystems

(www.AppliedBiosystems.coyriragman Assays-by-Design service and provided in 20x

Tagman Assay mixature followed by submission of the tasgquiences from the two
transcripts. 20x Tagman mix has been ordered from the sampany. To perform the
Tagman assay, 1.25ul 20x Tagman assay mix, 12.5ul 2x Tagmaarsal mix (Applied

Biosystems), 1ul cDNA were present in each reacBmth 785DSJ and 828DSJ cDNA
samples as well as 21A and 7R75M cDNA were analyzedpircates in a final reaction
volume of 25ul. PCR amplification included an initialagk of 2 minutes at 50°C,

followed by 10 minutes at 95°C, 49 cycles of 15 seconds at 9%fQ eninute at 60°C.

RESULTS

I7RI1IFVYR and 17RI1FYY*®  homozygous mutant embryos are not peri-implantation
lethal

In order to define the phenotype of the two ENU-induced nautsitiintercrosses
of I7RI1IFVY heterozygotes and d7RI1™"*Rheterozygotes were performed and uteri of
pregnant females were dissected at 8.5dpc and 9.5dpc. Indhauotber of 118, only
approximately 3% empty deciduas were observed, indicataitghitimozygous embryos

were able to survive through the embryonic day 5.5. THR1™"Y® and |7RI1EVV*R
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homozygous mutant embryos were different from the ipgylantation lethality

phenotype of homozygous deletion of thiBI1 genomic region.

I7RI1FVYR and 17RITENY*R homozygous mutant embryos show developmental arrest
around 8.5dpc

In order to further define the mutant phenotype of theEN-induced mutations,
embryos from the two experimental intercross matingp®m p x; + p"/m p) were
dissected and examined at 8.5dpc, 9.5dpc and 10.5dpc. Histologit@insewere
examined for 9.5dpc mutant embryosP +¥/+ p™® mice were mated as the control group.
At 9.5dpc, a total of 60 (785DSJ) and 103 (828DSJ) decidua from thexjvesimental
mating was observed. 12 out of 60 (21.6%) and 23 out of 103 (22v@8t3
developmentally abnormal embryos, as compared with noratah embryos but one
empty decidua found from a total of thirty-two 9.5dpc embryasrexed in the control
group (Table 3.2). According to Mendelian rule, 25% of thespsihg should be
homozygotes in a heterozygous intercross; thus, welumed¢hat about ¥ abnormal
embryos observed in the experimental mating were thmokygous ENU-induced
mutations.

The morphology of the wild-type embryo and presun@l1=\'® / |7RI1ENYR
and [7RIZIFNU3R 1 17RIZFV3R mutant embryos was shown in Figure 3.1 and Figure 3.2.
Both I7RII®Y®R and 17RIIFNYR mutation homozygotes displayed similar lethal
phenotypes: embryos were able to implant and subsequentyoded normally until
7.5-8.5dpc, at which time the anterior-posterior axis efrttutant embryos could not be
elongated further and the mutant embryos remained in lorgosition. At 9.5dpc, the
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Table 3.2 Intercross mating of ENU-induced mutants

Intercross mating Observed Number of abnormal embryo
decidua (percentage)
Control +PT+p x +P+p 32 0 (1 empty decidua)
Experiment £ +PRmp x +BYmp 60 12/60 (21.6%)
Experiment 3 +PRmp x +BYmp 103 23/103 (22.3%)

A: 785DSJ x 785DSJIITRIIFVR x | 7RITFNVZR)

B: 828DSJ x 828DSJITRI1IENVR x I7RIZFVV3R)
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Figure 3.1 The embryo morphology in wild-type andI7RI1EN"Y* and I7RI1ENYR
homologous mutants

A: ventral view of a normal (wild-type [w.t.]) 8-somitgtage (~8.5dpc) embryo. The
developing neural tube is runs linearly up the midline ofettmdryo with somites pair on
eitherside. C and E: dorsal view of 9.5dg&1""*® / |7RI1FVR and I7RIZIFVVR /
I7RIIFNYR mutant embryos, respectively. The neural tube and thdogéveg brain were
kinky, and somites were visible but appeared disorganizetit&mates at 9.5dpc from
an intercross of mutation carriers from stock 785D8J IFRI1™VVR x + / I7TRIIFVVR),
The amnion membrane was removed from the left andnitidle embryos. The embryo
on the left appeared normal although its developmeragkesivas delayed compare to
other w.t. littlemates (not shown), which is a commpbenomenon at this developmental
stage. The middle and the right embryos displayed kimdyral tubes, wavy developing
brain, and disorganized somite pairs. Arrows: neural tAbewheads: somites. Scale

bars: 0.5mm.
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1ENUZR 1 17RIZENYR embryos

Figure 3. 2 Histological section of wild-type andI7RI
A: a wild-type (left) and a mutant (right) 9.0dpc embryosnf a intercross of stock
785DSJ ¢ / ITRIIFVVR x + [ 17RIIFNV®R ). Arrows and letters B, C and D indicate the
section plans for the panels B-D. B: Section of thédipe embryo illustrates the
smooth neural tube (nt) and flanking somites (so). Cti@eof the I7TRIIFNVR
I7RIIFNYR mutant embryo through the trunk region. The kinky netude and
disorganized somites are evident and the primitive hisartet and the first brachial arch

(ba) are formed. D: Section of theRI1TE\Y*® / [7RI1IFNY®R mutant embryo near the head

showed wavy forebrain (fb).
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mutant embryos usually had 6-12 somites and displayed rabtioes in the neural tube.
Normally straight neural tubes became kinky, and smué&fects were also observed in
developing brain. Neural tube closure was rarely obsenvette mutant embryos by
9.5dpc. Somites were developed, albeit disorganized, as evidéné section of the
mutant embryos. Primitive cardiac structure was intliatbut its development was
arrested around 8.5dpc. Mutant embryos disintegrated affeat©

In conclusion, these results suggested that both ENléslhave identical effects
on arresting development. In addition, the embryo ababty caused by the ENU
mutation occurs significantly later than peri-implaigiatarrest in the multi-gene deletion
at|7RI1 locus.

Of particular note was that the abnormal developmertahg@type observed in
these two ENU-induced mutations was identical to thaeoled for theCyfip1®'
homozygous embryos in 8.5 to 10.5dpc. Thus, the two ENU-induceations are very

likely alleles ofCyfipl, known to map into the same critical region.

The two ENU-induced mutations and theCyfipl gene-trap mutation are allelic

I7RIIFNYR and 1 7RITFVYSR heterozygotes ENU-induced mutants were mated each
other or mated t€yfip1®’*. Embryonic analysis of the compound heterozygotes &bm
possible combinations showed the same phenotype as wevexbser homozygotes
embryos in all three mutations (Figure 3.3): embryonic ldgveent arrest, failure in
anterior-posterior axis elongation and abnormal devedsprm neural tube and brain.

Thus, both the complementation analyses and thelasityiidentity in the lethal-
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Figure 3.3  Image of mutant embryos from complementation tests

A: Dorsal view of a compound heterozygous mutant embiym frross ofyfip1¢’* and
Cyfip1™ """ at 9.5dpcThe deformed neural tube and brain were prominent. Thenmuta
embryo developed somites (not clear in this image)disptiayed kinky neural tube. B:
A mutant embryo from cross o€yfip1="'™* and Cyfip1™V"* at 9.5dpc The mutant
embryo arrested at 8.5dpc stage. The yolk sac was dededoylestill intact. The wavy
neural tube was clearly visible in the hindgut pocket regiamkéd with somite pairs.

Arrows: neural tube. Arrowheads: somites. Scale basasif.

73



74



phenotype analyses suggested that ENU-indugzBti™"*® and I7RI1¥""*? should be

investigated a€yfipl mutations.

Characterization of mutant transcripts of Cyfipl= Y'? and Cyfip1=""*

Genetic analysis suggested that two ENU-induced mutationd e alleles of
Cyfipl. ENU is a known supermutagen that most often causeke4iage changes at
genomic DNA level and leads to abnormal or absent trgmsdn mice. Most ENU-
induced mutations are missense mutations, followed byesgitie and nonsense mutations,
and some can lead to cryptic transcripts. In order tatifgemutant transcripts directly,
cDNA was synthesized from the spleens|#RI1™"Y® and I7RI1""*R mutants. PCR
primers were designed so that four overlapping amplicanger the entireCyfipl
transcript (4325 bp in length with 31 exons, based on Ensegdrle ID
ENSMUSG00000030447) (Chai, Locke et al. 2003)(Figure 3.4). All folr B@plicons
amplified from cDNA were first assayed on 0.8% agarosetgesnsure that PCR product
sizes match those predicted. Then the PCR productsdiwertly sequenced using the
same PCR primers. Sequence analysis indicated thamplacans, amplified by primers
Shyc25-1F and Shyc31-1R frolyfip1™U*®* ¢cDNA and by primers Shyc2-1F and
Shyc11/12-1R fronCyfipl™V?R* cDNA, gave only partially readable signals, unlike all
other direct sequencing results. Therefore, we cloneseth®@o PCR amplicons into
pCRII-TOPO vector and at least 6 clones from each ampkvere randomly selected for
sequencing from both end§7RI1FVY?R andI7RI1IFY*R were generated by treat the mouse

strain 21A with ENU and newly recovered ENU-induced mutgtiovere maintained by
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Figure 3.4  Characterization of mutant transcripts ofCyfip1="“*?and Cyfip1=""*®
Cyfipl transcript and its amino acid translation based on €&hal, 2003. All
primer sequences used for PCR amplificationQyfipl transcripts, as well as for
sequencing, to screen and identify the altered transdnipgfipl™*? and Cyfip1="“*R
mutations, are indicated at appropriate locations allbgesequence. The nucleotides
along with the corresponding amino acids that are dkletéhe mutant transcripts from

Cyfip1™ YR andCyfip1™* alleles are highlighted in grey boxes.
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shyc2-1F
GGACAACCGAAGGCGGCGCAGACCAGGATGGCTGCCCAAGTGACACTAGAGGACGCACTGTCCAATGTGGACCTCCTGGAGGAGCTGCCTCTGCCTGACCAGCAGCCCTGCATCGAGCCC
........................... -M--A--A-—Q--V——T=-L—=E--D—-A--L-=S--N--V—=D=-L--L--E--E--L--P--L—-P--D=-Q—-=Q--P—=C--I--E--P-

CCACCGTCCTCGCTGCTCTATCAGCCAAATTTCAACACCAACTTTGAAGACAGAAATGCATTTGTCACTGGCATTGCAAGATACATCGAACAAGCAACTGTCCACTCTAGCATGAACGAG
-P=-P-=§==§==L==Li==Y==Q==P==N==F==N==T=-N-=F==E==D==R==N=-A--F==V==T==G==T==A=-R==Y==T==B==Q==A==T=-V=-H==5==5=-M==N--E-

ATGCTAGAGGAAGGCCAAGAGTATGCTGTCATGCTGTACACCTGGAGGAGCTGCTCCCGGGCCATCCCTCAGGTGAAGTGCAACGAGCAGCCGAATAGAGTTGAAATTTATGAGAAAACC

~M— L= ~E--E--G--Q=~E==¥~—A--V—--M-—L—=—Y-—T——W--R R-—A-—I=—P=—Q=~V——K=—C——N--E==Q-=P——N--R—-=V—=—E—--T—=Y=—-E—-K-=T—
Missing in CyfiplENUI

GTGGAAGTCCTTGAACCCGA TCACAAAACTGATGAATTTTATGTACTTTCAGAGAAATGCCATCGAGCGGTTCTGTGGGGAAGTGAGACGCCTGTGTCATGCTGAGAGGAGAAAGGAC

-V——E--V—-L--E—-D V——T——K-—L—-M——N——F——M-—Y——F——0—-R-—N-—A—-I——E——R-—F-—C—-G—-E--V-—R--R—-L--C--H-—A--E—-R--R-—K--D—

TTTGTTTCTGAAGCCTACTTGATCACCCTGGGCAAATTTATCAACATGTTTGCTGTGTTGGATGAGCTGAAGAACATGAAGTGCAGTGTGAAGAATGACCACTCTGCATATAAGAGGGCT
-F=-V==§==E==A==Y=-L==I=-T=-L==G==K==F==I==N=-M=-F=-A==V=-L-=D==E=-L-=K==-N-=M=-K-=C==S==V==K==N-=D=~H==S=-A==Y--K=-R--A-

GCTCAGTTTTTACGTAAAATGGCAGATCCACAATCCATCCAGGAGTCACAGAATCTGTCCATGTTCCTGGCCAACCACAACAAGATTACACAATCTCTGCAGCAGCAGCTTGAGGTCATT
-A--Q-=F=-L==R==K==M=-A=-D==P==Q==5==T==Q==E==5=-=0=-N--L M==F=-T==A==N--H==-N-=K==T==T==Q==5==L==Q==Q==Q==T==E==V-=T~

TCTGGCTATGAAGAGCTCCTGGCAGACATCGTGAATCTGTGTGTGGATTACTATGAGAACAGGATGTACTTGACACCCAGCGARARACACATGCTTCTCAAAGTCATGGGATTTGGCCTG
-8==G==Y==E==E-=Li==Li==A==D==I==V==N==L==C==V==D==Y==Y==E==N==R==M==Y==[,==T==P==§==E==K==H==M==L==L==K==V==M==G==F==G==L~
Shyc9-1F
TACCTGATGGATGGGAGTGTGAGTAACATCTACAAACTAGATGCCAAGAAAAGAATAAATTTATCCAAAATCGACAAGTATTTCAKECAGCTGCAGGTGGTTCCACTCTTTGGAGATATG
—¥—-L—-M—-D--G—-8—-V—-S——-N——T——¥——K——L——D——A——K——K——R——T——N——L——8——K——T——D——K——¥——F——K——Q——L——Q——V——-V——P——L——F——G—-D——M—

CAAATAGAACTGGCAAGATACATCAAGACCAGCGCACACTATGAGGAGAATAAGTCCCGGTGGACCTGCGCGTCCTCCAGCAGCAGCCCGCAGTACAACATCTGTGAGCAGATGATCCAG
-Q==I-=E=-L==A==R==Y==I=-K==T==S==A=-=H==Y=-E=-E=-N--K-=5=-R-=W=-T==C==A==S==5§==S==S==S==P=mQ==¥=-N=-I==Ce-E==Q--M-=I-=0Q-

3 shyc11/12-1R
ATCCGTGAGGACCATATGCGTTTCATCTCCGAGCTGGCACGC! CAGCAATAGCGAGGTAGTCACAGGGTC'I‘GGCCGGCAGGAAGCCCAGAAGACAGATGC'I‘GAGTACCGGAAGCTCTTC
Te—Re—E—-De—He-M—-Re—FeT E--L——A-—R—-Y Ne—S——Ee—Ve—VeeT R=—Q——E——A~-Q—-K-—T=—De—A——E—-Y——R-—K-—L-—F~

GATCTGGCTCTGCAGGGCCTGCAGCTTCTGTCGCAGTGGAGCGCTCACGTGATGGAAGTGTATTCCTGGAAACTTGTACATCCAACAGACAAGTACTCCAACAAGGACTGCCCCGACAAC
-D=-Li==A==L==Q==G==Li==Q==Li==Li==§==Q==W==§==A==H==V=—-M==E==V==Y ==§ = =W==K==Ti==V==H==P==T==D==K==¥==§ = =N==K==D==C==P==D==N-

GCTGAGGAGTACGAGCGAGCCACACGCTACAACTACACCACTGAGGAGRAGTTTGCCCTGGTGGAGGTGAT TGCCATGATC ARAGEC CTGCAGGTGC TGATGGGCACGATGGAGAGTGTG
Y-—E—-R T——R--Y——N——Y——T——T——E——E——K-—F——A-—L-—V——E-—V——I——A——M——I-—K-—G——L-—Q——V—-L—-M v-

TTCAATCACGCCATCAGACACACGGTTTACGCTGCGCTTCAGGACTTCTCCCAGGTGACCCTCAGGGAACCACTGCGACAGGCCATCAAGAAGARAAAGAACGTAATCCAGAGTGTCCTA
-F--N--H--A--I--R--H--T--V--Y——A--A--L-—-Q—-D--F--S-—-Q—-V—-T—-L-—R--E——P--L--R--Q--A--I--K--K--K--K--N--V--I--Q--§—-V--L—

CAGGCCATCAGGAAGACTGTGTGTGACTGGGAGACTGGGCATGAGCCCTTTAACGACCCAGCTCTGCGGGGAGAGAAGGACCCTAAGAGTGGCTTTGACATCAAGGTGCCACGCCGTGCT
-Q==A-=I=-R==K==T==V==C==D==W--E--T He-E--P=-F=-N--D--P--A--L--R E--K--D--P=-K==S==G==F==D==I==K--V--P--R--R--A~-

GTGGGACCCTCCAGCACGCAGCTTTACATGGTGAGAACTATGCTAGAGTCCCTCATTGCAGACARRAGTGETICCARGARAACCT TGAGAAGTAGCCTTGACGGGCCCACCATATTGEAC
-V==G==P==§==§==TeeQ=-L==Y==M==V==R--T. §=-L=-I--A--D--K--S8. K==K==T==T;==R==§==8==Li==E==@==P==Te=T==T==D-

ATAGAAARATTTCATCGAGAATCATTCTTCTACACTCACTTGATAAATTTCAGTGAAACACTGCAGCAGTGCTGTGACCTTTCCCAGCTGTGGTTCCGAGAGTTCTTCCTGGAGCTGACC
~I--E--K-=-F--H-=R==E==8==F==F==Y==T==H==L;==I ==N==F==8==E==T==L==Q==Q==C==C==D==Li==S==0Q==L==W==F==R==E==F==F==Li==E==L=-=T=-
Shycl7-1F
ATGGGCAGGAGGATCCAGTTCCCCATTGAGATGTCTATGCCCTGGATTCTGACTGACCACATCCTAGAGACCAAGGAGGCATCAATGATGGAGTACGTCCTCTACTCCTTGGACCTGTAC
-M--G--R--R--I--Q--F—-P——I--E--M--S—-M--P——W--I—-L--T—-D-—H--I-—L—-E——T—-K--E--A--§—-M—-M——E—-¥--V—-L--Y—-§—-L--D--L--Y-
shycl8-1R
AACGACAGTGCCCACTATGCGCTCACCAAGTTCAACAAGCAGTTTCTCTATGATGAGATTGAGGCAGAGGTGAATCTGTGTTTTGACCAATTTGTTTATAAACTAGCAGACCAGATATTT
-N--D--S—-A--H--¥--A--L--T--K--F--N--K--Q--F~-L—-Y=-D——E--I--E--A~~E—-V—-N--L--C—~F=-D==Q=~-F—--V-~Y~-K--L—--A--D--Q--I--F~

GCATATTACAAGETTATGGCAGGARGTTTGCITCT TGACAAAAGG T TACGGTCAGRATGCAAARATCAGGGAGCCACGATCCACCTCCCCCCATCTARCCGCTATGAGACGCTGTTGARG
-A--Y¥-=Y=-K==V=-M==A==G==§==L==Li==L==D==K-=R--L--R —-K. Q Te=T==H==Tj==P==DP==§==N=-R==Y=-E==T-L==T==K-

CAAAGGCACGTGCAGCTGCTCGGGAGATCCATTGATCTCAACCGTCTGATTACACAGCGCGTTTCAGCAGCCATGTACAAATC TCTAGAACTGGCAATTGGACGGTTTGAAAGTGAAGAT
-Q=-R-=H-=V==Q==L==L==G==R==S==I==D==L==N-—R==L==I==T=—=Q==R==V==§=—A=—A=-M—=Y=~K-=S=-L——E-=L—-—A-=I~=G==R—-=F——E-=S—-E--D-

TTAACATCAGTAGTCGAGCTAGATGGACTCTTAGAAATCAACCGTATGACACACAAGCTGTTGAGCAGGTACCTCACACTGGACAGCTTTGATGCCATGTTCCGGGAAGCCAACCACAAC
-L——T--§--V--V——E--L—-D--G--L——L-—E——I—-—N-—R--M——T——H——K-—L—-L-—8—-—R——Y¥—-L——T—-L——D--5——F--D-—A--M——F——R——E——A-—N——H-—N—

GTGTCTGCACCTTATGGAAGAATTACCCTCCACGTCTTCTGGGAGCTAAACTATGACTTCTTGCCCAACTACTGCTATAATGGCTCTACCAACCGGTTTGTTCGGACAGTATTACCATTT
-V==§==A==P==Y==G==Re=I==T=-Lo-H==V=-F=-W=-E=-L==-N==Y=-D==F--L=-P==N==Y==C—=Y==-N-=G==S==T==N=-R-=F==V=-R==T=-V--L--P--F-

TCTCAGGAATTTCAAAGAGACAAACAGCCTAACGCACAGCCCCAGTATTTGCATGGATCCAAGGCTTTGAACCTAGCCTACTCAAGCATTTATGGCAGCTACCGGAACTTTGTGGGGCCT

-5==Q==-E=--F--Q==-R=-=D==-K-=Q==P==N-=A==Q==P==Q==Y—=T—-H K--A--L==N--L--A=--Y==§==5-=T--Y. S§==-Y=-R-=N--F--V- P
Shyc25-1F

CCGCACTTCCAAGTCATCTGCCGGCTACTTGGCTACCAGGGCATTGCAGTAGTCATGGAAGAGCTGCTGAAGGTTGTCAAGAGCCTGCTGCAAGGCACAATCCTGCAGTACGTGAAAACT

-P--H=-=-F--Q==V==I==C==R--L--L Y —=-0- I==A—-=V-=V. E--L=--L==K-=V-=V==K-=S--L—-=-L-=-0Q==-G==T-=I-=-L==Q==Y==V—-=K--T=-

—y]
CTGATGGAAGTGATGCCCAAGATCTGCCGGCTTCCGCGACATGAGTACGGCTCTCCTGGCATCCTGGAGTTCTTCCACCACCAGCTGAAGGACATTGTGGAGTATGCAGAGCTGARAACC
-L--M--E--V--M--P--K--I--C--R—-L--P--R--H--E--Y—-G S5—-P I--.--e--f--F—-H--H--Q--L—-K--D--1--V--E--Y——A--E--L--K--T-
Missing in CyfiplBNUZ2 —
GTATGCTTCCAGAACCTGCGGGAGGTGGGCAATGCTGTTCTCTTCTGCCTGCTTATTGAGCAAAGCCTGTCTTTAGAAGAAGTCTGTGACCTGTTGCATGCAGCTCCTTTCCAGAATATC
-V==-C==F==Q==N=-=L==-R==E—-V-=-G==N-=A—=V-=-L—=F-=-C==L—-=L—=I——E--0Q==5--L—~S5==L-=E--E~--V--C==D--L--L--H--A--A==P==F-=0Q-=-N--I-
shyc27-1R
TTACCTCGAATCCATGTAAAAGAGGGGGAGAGAGTTGATGCCAAAATGAAAAGACTAGAATCCAAGTATGCCCCACTGCACCTTGTCCCACTGATTGAAAGGCTGGGGACCCCACAGCAA
-L==P==R==I==H=-V==K==E==Gm=E==R==V=—D==A==K==M=—K~—~R=nTm=E==5§=—K==Y=—A==P=-Tjm~H==L==V==P=nTim =T ==E==R==L==G==T—=~P==Q=—-0~

ATTGCAATTGCAAGAGAGGGGGACTTGCTAACCAAGGAGCGTCTCTGTTGTGGTCTGTCCATGTTTGAAGTCATCC TGACACGGATCCGGACCTTTCTGGATGATCCCATCTGGCGTGGG
-I-—A--I-—A--R--E-=G=-D=--Li==—L==T==K—-=E==R==L==C==C==G==L==§==M=—F==E==V==I==L==T==R==I —=R==T==F=-=L==D==D==P==I-—W—-R-—G—

CCCCTACCCAGCAATGGTGTCATGCACGTIGGATGAGTGTGTIGGAGT ITCACAGACTATGEAGTGCCATGCAGTTTG TTTACTGCAT TCCTGTAGGGACACACGAGT TTACAGTGGAGCAG
-P—-L M--H--V--D. C——V——E--F——H--R—L Q-—F——V——¥-—C—-I-—P——V T—-H-—E—-F-—T--V--E——Q—

TGTTTTGGAGATGGGCTCCACTGGGCTGGCTGCATGATCATTGTACTTCTTGGACAGCAGCGGCGCTTTGCTGTGTTGGATTTCTGCTATCATCTTCTCAAAGTTCAGAAACATGATGGC
-C==F==G==D==G==L==H==W==A==G==C==M==I==I==V==L==L==G==Q==Q==R==R==F==A==V=-L==D==F==C==¥==H==L==L==K==V==Q==K-=H==D-=G=

AAAGATGAGATCATCARAAATGTGCCATTGAAGAAGATGGTGGAGAGGATCCGCAAGTTCCAGATTCTCAACGATGAAATCATCACTATCCTGGACAAGTACTTGAAATCTGGTGATGGC
-K==D==B==T==T==K==N=-V==P==[;==K==K==M==V==E=-R==T==R==K==P==Q==T==T;==N==D==E==T==T==T==T==T==D==K==¥==L==K==5==G==D==G=

GAGAGCACACCTGTGGAGCATGTACGCTGCTTCCAGCCACCCATCCACCAGTCCCTAGCCAGTAGCTGAGGGCTAAGCTCACAGCATCCCAGTAACTGATGGCATGTTTGTCTTTATGTA
-E==8==T==-P=-=V==E==H-=V-=-R==C==F==Q==P==P==I==H==Q==S——L==A-=8==8==F— . . L ittt tcttttsunssosacncccansesnsssosansccannssannsss

AGTAGCTGAGGGCTAAGCTCACAGCATCCCAGTAACTGATGGCATGTTTGTCTTTATGTAAACTATATTGAAATTTTTAGGGGCTATTTTCCATTATGTCTGAACCTACTTTTGATCTGA
- = T T T T T T T e

§ Y R
AAGCTTAACTTTATAAAATTTACTTATTTTTCTATACTAAAATTGTATATGCCTTTGGAATTGGGAAGTCTGA TACGGTTACTAGTTGTTGCCATTACGGTATTAACAAGTATTTTC




crossing heterozygotes to D7R75M. Sequence analysis irdlidate45 bp was missing
from the end of the exon27 in the 21A allele of W@¢ipl transcript in 785DSJ

heterozygotes (identifying th@yfip1™"#

p haplotype), and 33 bp was missing from the
end of exon 5 ofCyfipI™"*™* in the 21A allele of theCyfipl transcript in 828DSJ
heterozygotes (identifying the Cyfigl“"R p haplotype) (Figure 3.4). On the other hand,
the D7R75M transcripts (corresponding to the’® haplotype) aligned to the reference
Cyfipl transcript. The 21A and D7R75M transcripts were diffeaged based on the
single nucleotide polymorphism (SNP) within the sequencgime (data not shown).
The mutant transcripts from allel&yfipl™“'® and Cyfip1™# can be translated into
mutant proteins with removal of 11 and 15 amino acids theaN- and C-terminal of the
Cyfipl protein, respectively. As an additional contrall, four amplicons were also
amplified from cDNA prepared from total RNA from stocks 2#2p / + p) and D7R75M

(+ p®/ +p™), and the RT-PCR products were directly sequenced. Nmictyanscript
was identified in either RNA preparation, confirming tlEt{U mutagenesigenerated

Cyfip1™"YR andCyfip1™# mutant transcripts, and that the observed aberrant sgngen

results were not the results of a simple SNP(syéet the 21A and 7R75M.

Identification of genomic lesions ofCyfip1= '} and Cyfip1="Y?R mutations

The identification of two crypti€yfipl transcripts irCyfip1™ "R andCyfip1="“%}
mutations indicated specific regions of tkigfipl gene to screen for ENU-induced
genomic lesions. PCR primers were designed, of whiah gmmers (Shyc3-1F and
Shyc-SeqR) bracketed th@yfiplI=™"*} exon 5; two additional primers (Shyc25-1F and
Shyc27-1R) bracketed exon 27 @yfipl®™“*®. Corresponding PCRs were performed
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from genomic DNA isolated from mutation carrier€yfip p/ + p* and
CyfipI™"* p/ + p™®), along with genomic DNA from stocks 21A, D7R75M, and 7R75M.
These latter background controls were carried out becdgsentitation carrierse(,
CyfipI™""R p / + p™®) are not inbred, and so it is necessary to sequence DRAi&1
which the ENU-induced mutations originated, as well as D7R78#17&75M, the two
related mouse lines ("/ + p'") used to maintain the mutations. Purified PCR products
were sequenced directly with the same and also additiomaers (Shyc-26-F for
CyfipI™"* and Shyc5/6-SeqR2 fo€yfip1™U'F). As expected, comparison of DNA
sequences detected several SNPs between stock 2pA+(#), mutation carriers (e.g.,
CyfipI™""™R p/ p’® +), and stock D7R75M (p"/+ p™¥). However, there was one unique
one base pair difference, in the mutation carrier€yfp1™"** from stock 828DSJ
(exon 5) and in the mutation carriers GffiplI=™"“*? from stock 785DSJ (exon 27),
respectively, that could not be explained by SNPs amonglthe D7R75M and 7R75M

genomic sequences. Consequently, these two SNPs, @fip1=\" R

exon 5 replacing a
conserved G in the 21A and D7R75M genes, and aQyfip1™“?R exon 27 replacing a
conserved C in 21A and D7R75M (see Figure 3.5), must have &msa ENU treatment.
Both the G to T change in theyfip1™ 'R (828DSJ) allele and the C to T change in
Cyfipl=\Y# (785DSJ) allele lead to alteration of splice sitesitepdo the deletion of

partial exons and the muta@yfipl transcripts (Figure 3.4).

Tagman assay forCyfip1=N"?® and Cyfip1=NV1R
In order to show direct evidence that the two cryptic tapis are only exist in

each of the ENU-induced mutant carrier, Tagman assagprebre designed to span the
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Figure 3.5 Genomic lesions ofyfip1="“** and Cyfip1="“*? mutations

ENULR/+
1

A: Sequence traces of genomic DNA isolated frGuyifip heterozygotes. The

arrows indicate the ENU-induced point mutation: A G-teubstitutions foCyfip1=\"*%,
The nucleotides within the boxes are deleted in the soreling mutant transcripts. The
vertical line marks the exon-intron boarders.

B: Sequence traces of genomic DNA isolated fro@yfip1™"“*" heterozygotes. The
arrows indicate the ENU-induced point mutations: A Crtsubstitutions foCyfip1= Y%,
The nucleotides within the boxes are deleted in the goreling mutant transcripts. The

vertical line marks the exon-intron boarders.
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Genomic sequence of Cyfip1e™ 1R s+
Deleted in the mutant transcript
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missing region of each mutant transcript and cDNA sangplathesized from
Cyfip1=WV2R™* Cyfip1™\VIR* 21 A and 7R75M spleen total RNA were used as template for
the real time PCR. Probe of each transcript only ig¢ee signal from its corresponding
ENU-induced strain, nothing was detected in the two wild-typek ground strain. The
results further confirmed the existence of the mutamistigpts in the two ENU-induce
mutation, and that the single nucleotide substitutionsdonrgenomic DNA of the two
ENU-induced mutations resulting the in-frame exon skippintheflast 33 bp of exon 5

and/or the last 45 bp of exon 27.

CONCLUSION

The I7RI1 genomic region is indispensable for embryonic developni@nd,
Rinchik et al. 2000). Study the ENU-induced mutations in thgiore has a great
advantage for understanding the genetic contributioh7/Rfl genomic region to the
embryonic development. Homozygous deletion mutant embigiod7RI1 region
degenerate between E4.5 and E5.5 and lead to peri-imglanigthality (Wu, Rinchik et
al. 2000). However, two ENU-induced mutatitfRl1¥""*? and I7RIIFVY*R defined in
I7RI1 region showed a different phenotype in this study. Frdl;, 3% of empty decidua

1ENU2R and

was observed at dpc8.5 from the embryo of heterozygotesening ofi 7R
I7RITFNYR mutants, suggesting it is unlikely these two mutants hheesame allelic
effect as|7RI1 region. Second, presumdd@RI1I™'® / |7RIIFVVR and I7RIZFVER
I7RITENY3R mutant embryos showed normal implantation and nodeaklopment till

7.5dpc, but abnormal elongation of anterior-posterior amabramal development of

82



neural tub at 9.5dpc (Figure 3.1 and 3.2). The similar phenotypeesé two mutants
also suggested they are allelic. Furthermore, interaossngl7RI1FVY2R gnd "RIENUIR
heterozygotes, o€yfip1®"* confirmed that the ENU-induced mutations cause the same
phenotype as homozygosity for t@gfipl gene trap. Sequencing of t@gfipl transcripts
from the ENU mutations confirmed allelism. This redultther support the previous

conclusion about the gene-trap mutanCyfipl: dysfunction ofCyfipl does not resulting

the peri-implantation lethality seenlifRlI1 null embryos.

Cyfipl is highly conserved among different species, although umztibnal
domains of the protein have been identified. Understanti@ggenetic mechanisms of
ENU-enduced mutation will help dissect the functional damaf this gene. Sequence
analysis on the mutant transcripts suggested a deletidsbpf and 33bp in exon 27 and
exon 5 ofCyfipl gene in the two ENU-induced mutations respectively, wheel to a
removal of 11 and 15 amino acids of Cyfipl protein. ENU-induswitation usually
causes single-base changes at DNA level. ENU mutatiald cause point mutation lead
to generation of premature proteins due to stop codon, sjaiw@r/acceptor site mutation,
and single amino acid alteration (Wienholds, van Eedeal. 2003; Fossett, Arbour-
Reily et al. 1990). Further sequence analysis has disseae8NPs, which G (wild type)
was replaced by T iCyfipI™UR exon 5 and C (wild type) was replaced by T in
CyfipI¥™"*R exon 27. The alteration of single nucleotide led toube of cryptic splice
sites with in-frame exon skipping of the exon 5 or e2@n(Figure 3.5). ENU-induced
mutation lead to alteration of splice site has begonted in Drosophila, zebrafish,

mouse, and other organisms (Wienholds, van Eeden et al. 208t Arbour-Reily et
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al. 1990). In our case, botByfipl™“? and Cyfip1I™"** mutation lead to splice site
alteration and deletion of amino acid fragments. Hoga@nalysis suggested these two
regions are well conserved in different organisms (Figufg. It is clear these two
protein regions are essential for the protein functiome €onservation of Cyfipl in
different species is manifested almost throughout thieegprotein, which suggests the
existence of numerous functional and/or structurallyspehsable domains within the
protein. The lethality of homozygo@yfip1=\WRENIR and Cyfip1=NV?RENY2R embryos
further suggests that the structurally intact of Cyfipl proteirequired for biological

function invivo and is indispensable during mouse embryonic development.
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Figure 3.6

Amino Acid missed in two ENU-induced mutationgare highly conserved among different organism

Cyfip1*™ R misses AA from #119 ~#129

115 LEPEVTKLMNFMYFQRNAIERFCGEVRRLCHA-ERRKD F Wouse (AF072697)

115 LEPEVTKLMKFMYFQRKAIERFCSEVKRLCHA-ERRKD F \¥yfip2-Human (BC011762)
115 LKPEVSKLGSFMRFTLTAIQRFCEEVRRLCHS-EKR R DW Caenorhabditis (AB073209)
115 LEPEVTKLMKFMYFQRKAIERFCSEVKRLCHA-ERRKD F \¢yfip2-mouse (AF334144)
115 LAPEVNKLLNFMYFQRKAIEAFSGEVKRLCHA-EKRKD F\Drosophila (AAG61254)
115 LEPEVTKLMNFMYFQRNAIERFCGEVRRLCHA-ERRKD FYuman (AAW51477)

115 LEPEVTKLMNFMYFQRNATERFCAEVKRLCHA-ERRKD FWenopus (AAH77907)
115 LEPE/NKLMNFMYFQRTAIDRFCGEVRRLCHA-ERRKD F ¥ebra-fish (NP_997924)
116 LEPEIKKLKDFMYFQKDTIKLFCDHIKKLASTYDKKKE T I Dictyostelium (AAR89379)
110 LDLEMSRLREIQRWQSSASAKLAADMQRFSRP-ERRII- Arabidopsis (AAT71307)

Cyfip1®"™?Rmisses AA from #1000 ~#1014

970 PGILEFFHHQLKDIAEYAELKTVCONLREVGNAVLFCLL Mouse (AF072697)

969 PGILEFFHHQLKDIIEYAELKTDVRSLREVGNAILFCLL cyfip2-Human (BC011762)

973 NALLQYYVHHLEAVGKYPELKSEFQDLRELGNMIVFCQQ Caenorhabditis (AB073209)
969 PGILEFFHHQLKDIIEYAELKTDVRSLREVGNAILFCLL cyfip2-mouse (AF334144)

992 PGVLSYYQAHLTDIVQYPDAKTELRSFREFR NSIIFCLL Drosophila (AAG61254)

970 PGILEFFHHQLKDIVEYAELKTVCRNLREVGNAILFCLL Human (AAW51477)

970 PGILEFFHHQLKDIVEYAELKSVCBNLREVGNALLFCLL Zebra-fish (NP_997924)

964 EGGYGYFQLKLKDIYIYPDLRPEVRQTFRELGNSLVFMNL Dictyostelium (AAR89379)
978 TGCMKLIREQLNWGTK-SELKSEVRGIKEIGSVIYTMGL Arabidopsis (AAT71307)

1010lEQSLSLEEVCDLLHAAPFQNILPRIHVKBERVDAKMKR Mouse (AF072697)

1009 EQALSQEEVCDLLHAAPFQNILPRVYIKEGRLEVRMKR cyfip2-Human (BC011762)
1013LEVALGQEEAHDLFLAAAYTGTVPQPPARNQEQMKQLAK Caenorhabditis (AB073209)
1009 EQALSQEEVCDLLHAAPFQNILPRVYIKBERLEVRMKR cyfip2-mouse (AF334144)
1032 I EQALSQEEVCDLLHAALFQNIFPRPFCKNEKPEAKQ KR Drosophila (AAG61254)
1010IEQSLSLEEVCDLLHAAPFQNILPRVHVKEGRLDAKMKR Human (AAW51477)

1010 TEQSLSQEEVCDLLHAAPFQNILPRVHVKEGBGRLDAKMKR Zebra-fish (NP_997924)
1004 LDQVITQTDSYNFAKAAPFLGITETW-KDLEPSTEDPTL Dictyostelium (AAR89379
1017 LDIVLREVDTKRFMQTAPWLGLIBAEGQIVNAQDGESPL Arabidopsis (AAT71307)
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CHAPTER IV

SUMMARY AND DISCUSSION

In this study, we have experimentally demonstrated @yéipl is required for
embryonic development beyond 8.5dpc, but loss of the gen¢ida does not cause the
peri-implantation lethality associated willTRI1. We have generated heterozygous
Cyfip1®"* chimeric mice from the gene-trap ES cell clone, andeharoduced

1676 embryos and characterized the phenotype. HomozyGiisl

homozygousCyfip
mutant embryos displayed embryonic development artestoand 8.5dpc and showed
defects in the central nervous system.

Clinical data indicate that a significant portion @ifrlg miscarriage is caused by
genetic defects (Alberman and Creasy 1977; Goddijn and aes900). Therefore,
identification of a gene(s) in th&RI1 locus that causes the peri-implantation lethality
may provide insight into a molecular mechanism of earigcanriage. There are four
genes located in tH&RI1 locus lost of which may cause the peri-implantatethdlity:
Tubgcpb, Cyfipl, Nipa2, andNipal. At least three of thenfubgcp5, Cyfipl, andNipa2
genes are expressed in the ES cell in that their gapelitres have been generated
(International Gene Trap Consortiuhifp://www.genetrap.ojgSince the null mutation
of Cyfipl causes early embryo lethality in worm and fly (Sotod@a et al. 2002;
Schenck, Bardoni et al. 2003) and the gene is known in th& Ractin cytoskeleton

reorganization pathway in the cell (Hall 1998), a processngml in cell movement, We

hypothesized thatyfipl is a candidate for the peri-implantation lethalhal?ZRI1 locus.
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By using histology analysis and RNA whole mountsitu hybridization, the
phenotype ofCyfip1®’®" embryos, obtained from the intercross of transgerics® of
Cyfip1®"* has been studied. We have shown @tp1°’® is embryonic lethal and has
severe defects in the development of the centralonsrgystem. To further characterize
and understand the mutant phenotype in the central nesystesn, FISH analysis using
specific probes targeting central nervous system can fiermed for highlighting the
affected organs and providing more detailed information.

Second, we have analyzed the homozygous phenotype of NudiriEluced
mutants, 785DSJITRIIEVVR*=Cyfip1¥"'?R") and 828DSJITRI1INV3H* =Cyfip1ENVR™).
The phenotype of these two mutants was identical to ohserved inCyfiplGUGt
homozygotes, which was embryonic lethal at 8.5- to 10.54dpave demonstrated that
the two ENU-induced mutations are allelesQyfipl. We have further characterized the
genetic alterations of the two ENU mutations. Sequenaly/sia revealed that one point
mutation caused a C to T change in 785DSJ leading 45bp missihg iranscript at the
end of exon 27; and one point mutation caused a G to gehar828DSJ leading 33bp
missing in the transcript at the end of exon 5. The exigt of the two cryptic transcripts
has been confirmed by Tagman assay using probes spanidgsiagiregion of each
mutant transcript.

Based on the sequence analysis of the transcripte igJ-induced mutations,
the partial deletion of the two exons will ultimaté®ad to a removal of 11 amino acids at
the position 119-129 near the N-terminal and 15 amino acitsegbosition 1000-1014
near the C-terminal of the Cyfipl protein, which consis2§3 amino acid. Homologous
analysis showed that these two deletion regions atdynipnserved at the protein level
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in different organisms, but no functional domain or mb&$ been identified for the Cyfip
proteins based on the reference mRNA sequence. TakinigdahéhatCyfip1= "'} and
Cyfip1™ R mutations suffered similar lethal phenotype as@ip1®’®", which has lost
more than 2/3 of the entire coding sequence, we conclindedoth N- and C-terminal
regions of the protein are important for iis vivo biological function during the
embryogenesis. We have demonstrated the existendweaf mutant transcripts by RT-
PCR and Northern analysis. Further study of the mut&gipbl protein will be
generating an antibody targeting the residue regioneotriincated Cyfipl protein, and
detecting the protein by immunohistochemistry.

Third, three mous€yfipl mutations reported in my study including one gene-trap
null mutant and two ENU mutants showed similar embrydetical phenotype: mutant
embryos proceeded through gastrulation and formed threelggens. They developed
neural tube, heart, somite pairs and extraembryonic sissudowever, in the early
organogenesis, the neural tube was kinky, somites apbebserganized, and heart
development was arrested at early stage. Thus thal lptienotype of theCyfipl
mutations in mice was consistent willyfip mutations in other multicellular organisms.
For example, for null mutations @yfip in worm and fly, embryonic tissues are formed,
but their morphogenesis is abnormal. Cells in the mullant are unable to migrate and
fail to form neural network (Soto, Qadota et al. 2002; SdheBardoni et al. 2003). The
generation of th€yfipl gene-trap ES cell line indicates that this gene is egpreat ES
cell stage, ~ 3.5 dpc mouse embryos. Later at ~8.5 lapCyfipl is highly expressed in
the developing neural tube (Koster, Schinke et al. 1998), wha consistent with the
onset of wavy neural tube in tl&yfipl mutants. Since the development of the mutant
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embryos was in general arrested from 8.5 dpc and onwartissales appeared to be
affected by th&Cyfipl mutations.

Fourth, the phenotype of the deletion G¥fipl is different from the peri-
implantation phenotype observed liARlI null mutation. Since there are four genes
located at thd71Rl locus, it is not clear how other three genes contribmtthe |71RI
phenotype. It is possible that other candidate genes titheiCyfipl in the region or
combination of more than one gene contribute to the piyemoof |71RI. Future
experiments could be considered of studying how the diffex@nbinations of four genes
affect the mouse embryonic development. In addit©@yfip has only one member in
worm and fly, but it has two homologs in micgyfipl and Cyfip2, with 88% identity at
amino acid sequence level (Schenck, Bardoni et al. 2001LyNp2 mutation has been
reported in mice, thus, its function during the mouse embgvelopment remains to be
studied. It is interesting to note that hun@fip2 can functionally replace the pla@yfip
gene (Basu, El-Assal Sel et al. 2004). Although this studgatels that the loss Gf/fipl
function can not be compensated @yfip2, there is still a possibility thaCyfip2 might
have overlapping function witlCyfipl. Studying the function ofCyfip2 in mouse
embryonic development will be helpful of understandingpée-implantation failure.

Cyfip is one of the downstream effectors of Racl (Kobay#&&iroda et al. 1998),
and it interacts directly with Racl and then binds &dther components of the WAVE2
protein complex to reorganize the actin network in theimgaddge of the lamellipodia
(Steffen, Rottner et al. 2004). Cyfipl-Racl protein complegssential for membrane
ruffling and other numerous cell processes, such as ogfilmagenesis and cell migration.
Racl is expressed ubiquitously in the mouse embryo (Sugihara,tdugiket al. 1998),
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and is known to regulate the actin polymerization @f ttoskeleton in lamellipodia.
Null mutation of Racl results in failure of mouse embryo gastrulation (Sugihar
Nakatsuji et al. 1998), which is required for formatioraththree germ layers during the
gastrulation. Our data showed tl@&ffipl was required for the neuronal morphogenesis
during the mouse embryo development, therefore neuromgephsis likely relies on
Cyfipl-Racl interaction and the related signal transductiomwaats (Hall 1998).
Biochemistry studies indicate that Cyfipl is a specddiget of Racl and the N-terminal
of 1-407 amino acids of the Cyfipl is responsible for thieraction with Racl
(Kobayashi, Kuroda et al. 1998). Cyfip1l may be very imporfanthe Racl functioning

in the neuromorphogenesis.

Furthermore, the human ortholog Cyfipl interacts withr; an RNA-binding
protein associated with a messenger ribonucleoprotein hkkbimplex and involved in
local RNA translation in neural cell dendrites and deindspine maturation(Schenck,
Bardoni et al. 2001).Fmr1l null mutation in mice is viable with macroorchidismdan
behavior abnormality (Norton 1994). Both null mutation®Ra€l and Fmrl, which are
known to interact directly witlCyfipl, show different phenotypes to t@gfipl mutations
presented in this study; however these genes are alkdelo the neuron development.
One hypothesis is that Cyfipl regulates the neuronal alevent through protein-protein
interaction with Racl and Fmrl at different stage of mouevelopment. One
experimental approach to study the role of Cyfipl in teronal development could use
P19 embryonic carcinoma cell line, which has been widelgduas a neuronal

development model (Mcburney and Rogers, 1982). The defecfiv€yfipl protein
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leading to embryonic lethal has provided us an opportunity to stasher the molecular

mechanisms of neuron development.
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