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© " ABSTRACT

" -_ Since the discoyery‘of flie mouse quiiking Viable allele (gk").in 1964, researchers
have attempted to elucidate the furiction of quakif in postnatal brain myelination. More
recently, a cnitical role for quaking in embWogencsis was revealed, but little has been
determined on'how the loss of quaking fqngtion leads to embryonic death. In the work
presented here, we report that .thé defect in the embryonic lethal gk¥ allele isa T to A

transversion in the KH. domain, and that homozygous gk mutant embryos die from

*‘cardiovascular defects. Antibo‘dieé against the vascular endothelial marker PECAM-1 reveal

"~ that gk homozygous mutants completely lack the yolk sac vascular network present in

wild-type embryos.

Hearts of gk/qk" c;mbryoé lack the looping morphogenesis of their wild-type
littermates, but Nkx2.5, a gene that functions in cardiac looping, is expressed in a wild-type
pattern. Cardiac myocytes in mutant embryos also express o—sarcomeric actin protein and
whole hearts in organ culture were found to beat at wild-type rates. Real-time quantitative

RT-PCR reveals that cardiac developmental markers are expressed at normal levels in gk

- mutant hearts but that expression of the vascularization gene, Vegf, is increased two-fold

compared to wild-type. In addition, the cell cycle genes Ccndl, Cdknla and Cdknlc have
abnormal expression compared to wild-type embryonic hearts.

- 'The neural associated genes Shh, Foxa2, Fgf8, and Pax6 as well as the-notochord

- marker 7, are all-expressed in wild-type patterns in gk** embryos at the time of death.

However, adult carriers of the gk* allele are significantly more susceptible to chemically
induced seizures with the convulsant drug pentylenetetrazole than wild-type animals.
In an effort to further dissect the function of quaking, we performed a single

generation ENU mutagenesis screen to create new alleles. We report here, the generation of

- the gk? allele which, unlike the previous induced alleles of quaking, is homozygous viable.

v




The gk’ phenotype consists 6f~i)5‘éihata] 'quziki'i;é and seizures, which progresses to severe

ataxia and early death. Ultrastructural analysxs revedls an almost complete-lack of myelin

- compared to both wﬂd-type and qk”/qk” brams Protem expression analysis in the postnatal

brain shows that like gk*/gk", k"/qk” mice Have oW QKI-5 and no QKI-6 and QKI-7
proteins in developing oligodendrocytes.. However, oligodendrocytes of both gk? and gk’
homozygous mice express a full range of developmental marker genes indicating that
quaking may function relatively late in oligodendrocyte development. We determined by
electroencephalogram recordings; that gk®*/gk®’ surface cortex activity is abnormal and that
seizures result in electrical activity characteristic of a decrimental response.

- Together these results reveal a previously unsuspected and critical role for quaking
in cardiovascular development as well as a more important role in postnatal brain

myelination then had been determined from 40 years of studies utillizing the gk’ allele.
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I. LITERATURE REVIEW

I

ENU MUTAGENESIS

. N-éthyl-N-nitrosourea (ENU) has becomeé one of the most powerful tools in
mammalian genetics. It has the highest mutation rate of any gerrnline - mutagen tested in the
mouse, allowing phenotype-driven approaches to isolate mutations in any gene of interest.
Its ability to produce single base pair mutations ir vivo allows for a detailed analysis of a
gene’s normal functions and the physiological consequences when mutated, making it ideal
for modeling human diseases.

"ENU is a laboratory-synthesized compound that causes random single base pair
mutations in a wide variety of organisms (Figure 1) (All figures and tables are found in an

appendix at the end of this dissertation). - It acts directly through alkylation of nucleic acids

‘without any metabolic processing required for its activation (Justice, 1999; Singer and

Dosahjh, 1990). The ethyl group of ENU can be transferred to oxygen or nitrogen radicals

at a number of reactive sites that have been identified in vivo and in vitro. These include the

" N1, N3 and N7 groups of adenine, the O6, N3 and N7 of guanine, the 02, O4-and N3 of
- thymine, and the'O2 and N3 of cytosine (Justice, 1999; Shibuya and Morimoto, 1993).

These transferred ethyl groups are DNA adducts which alone do not constitute a mutation,
however, their presence can cause mistaken identity of the ethylated base during DNA
replication, which results in mispairing (Figure 2). After two rounds of replication, a single
base pair substitution exists that is unidentifiable to cellular repair systems. Although ENU
primarily induces point mutations, a few small deletions have been reported (Shibuya and
Morimoto, 1993). The most common reported mutations for the mouse germline are AT to

TA transversions and AT to GC transitions, which together comprise 82% of the total



. lesions sequenced. It is generally accepted that theése base pair changes are due to the
- mispairing of alkylated O4-thyniine Iand O2-thymiine respectively. (Justice, 1999).
ENU and similar comp§unds that a:lkylate oxygens, particularly at O4-thymine, O2-
thymine and O2-cytosine, tend to be more ¢fficienit at mutagenizing pre-meiotic cells (Vogel
.and Natarajan 1995) whlle compounds that induce hlgher levels of N-alkylations tend to
effectively mutagemze post—melotlc cell stages ‘In addltlon promutagens that require
metabolic aetivation for alkylation are more efficient at mutating mid- to.late-spermatids but
have little if any mutagemc effect in spermatogomal stem cells or metabolically inactive
spermatozoa (Vogel et al., 1983 lelstra etal., 1989 Zl_]lStI‘a etal., 1987). In the mouse
testis, the action of ENU is most potent in s‘pe‘rm.atogqmal stem cells with its optimal dose
producing about one rﬁutation per éehe in évéry 175 t0-655 gametes (Hitotsumachi et al.,
185; Shedlovsky et al., 1993; Noveroske, Weber and Justice unpublished).
At its optimal mutagenic dose, ENU drastically reduces the number of
. spermatogonial stem cells in the seminiferous tubules (Russell et al., 1979). As a result,
treated males usually undergo a temporary sterile period after which surviving stem cells
repopulate the testis through mitosis and meiosis, eventually giving rise to clones of
mutagenized sperm. Due to the clonal nature of the sperm produced, an adequate number
of offspring need to be observed to ensure enough gametes are sampled but without high
risk of re-isolating the same mutation. The appropriate gamete sample size varies with the
dose of ENU but an adequate sample for the high doses used in most mutagenesis
experiments (300 mg/kg) is 30 — 50 gametes per-male.
Various genetic strategies including one-, two- and three-generation screens can be
used to isolate new ENU induced mutations with phenotypes of interest (Justice, 1999). A
single. generation screen is useful when the desired goal is to rapidly generate viable and
- fertile mutants that represent single gene allele series, modifiers or dominant mutations.

Recessive lethal mutations in a defined region of the genome can be identified using two-




. e g s NNt .
generation deletion screens. Threc-generation pedigree screens may be used to scan the

-entire genome for.a ‘yiable.:i'ldt%{:t’i’(iﬁ of interest ’o'r‘ to isolate lethal or'sterile alleles in
. combination with linked markers or bélancer-'chr’(jrﬂosomes;
In the rﬁouéé genﬁlin‘e-éfudiés todate, the fiutations in 61 ENU induced alleles from
+ 24 loci have been identified (Noveroske et al., 2000). ‘These include 39 missense mutations,
6 nonsense mutations and 16 splice-site mutations. A large number of these lesions result
in amorphic proteins thatdack function and allow assessment of the null phenotype. The
loss-of-function missense mutations are extremely valuable for identifying single amino
acids crucial for protein structure or function. This was the case for the isolation of gk, a
recessive embryo lethal allele of the quaking locus selected from an ENU mutagenesis
screen (Justice and Bode, 1988). This allele revealed an unexpected embryo lethal (null)
phenotype resulting from a missense mutation (Ebersole et al., 1996). ENU mutations can
also result in the very infoermative hypomorphic (partial loss of function), antimorphic
(opposing/ dominant negative function), and hypermorphic (exaggerated function) protein
changes. Hypomorphic changes can allbw later écting functions to be revealed as in the
© case of the mouse eed gene. The null allele of this gene causes early embryonic death but
an ENU-induced hypomorphic allele allows the mouse to survive embryogenesis and
exhibit skeletal transformations along the vertebral column, providing insight into eed as a
regulator of ilomeotic_ genes (Schumacher et al., 1996). The ENU-induced allele of the
mouse Clock gene produces an antimorphic protein product that antagonizes normal protein
function (King et al., 1997a; King et al., 1997b), while the protein product of the B-globin
allele (Hbb™) is an excellent éxample ofa hypermorphic protein change. The Hbb*
. protein has an increased affinity for oxygen which causes a reduction of a stable heme-
heme interaction, resulting in bolycythemia (Peters et al., 1985).

The ability of ENU to produce a range of different protein product effects and

mutant phenotypes has made it useful in creating series of alleles at single loci to uncover

3
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multiple gene functions. An extensive ENU muitanit allele series exists for the MyoVA
(dilute) locus; which includes aliies Wim gtadations of diluted (lightened) coat color, in
‘combination with different levéls Ofi seveﬁty of nciurological problems (Huang et al.,.1998a;
- Huang et al., 1998b). The c'orlni)lete loss of function at-dilute produces mice that have a very
diluted coat color accompanied by severe neﬁréidéiéal abnormalities. However, many
intermediate alleles provide valﬁable information about the fl;nctional complexity of MyoVA.
The mutant mice that are being cf'ea;ted from ongoing ENU.mutagenesis projects are
a valuable resource for analysis of gene functions on the molecular level and studies of the

‘physiological consequences of;mutations in the Wholé organism.
QUAKING ALLELIC SERIES

The quaking viable alléle (gk’) which originally defined the quaking locus, is the
result of a spontaneous 1 Mb deletion (Ebersole et al., 1992; Sidman et al., 1964). In
addition, ._there are four-embryo lethal alleles that were induced by ENU mutagenesis. The
gk, gk and gk*” alleles were produced in a'single generation screen to create new alleles
" in the -region of mouse chromosome 17.(Justice and Bode, 1986; Justice and Bode, .1988).
The gk allele was isolated during a two generation screen to identify embryonic lethal
alleles in‘this same region (Shedlovsky et al., 1986). These alleles not only identified a
previously unknown role for'quaking in embryonic development, but were critical resources
for its cloning and confirmation as a candidate gene (Ebersole et al:, 1996).

No two quaking alleles are alike in the. phenotypes that they produce as
homozygotes, heterozygotes or.compound heterozygotes. This range .of phenotypes
- reflects the fact that the mutations responsible alter different points in the pathway of
quaking function. In the gk’ allele, the coding region of quaking is intact but expression is

lost specifically in myelinating cells of the CNS and PNS, implicating this allele as a




regulatory mutation (Eberscié i al., 1996 Ha‘;r‘dy"él‘ al;; 1996). This results in‘a

. dysmyelination of the CNS 'c§ﬁ§ixig §évere (judkzrzg and séizures. ‘The embryoric lethal
" allele gk*** contains an A to G transmon in the codmg region of quaking that results in a
" glutamic a01d to glycine amino a01d change (Ebex sole et al., 1996). Functional studies of
" proteins containing this amino acid alteration reveal that it abolishes dimerization of quaking
proteins (Chen and Richard, 1998). The gk™’ allelé is the result of an A to G base pair
. change which causes the loss of a splice site necessary to produce the transcript coding for
“the nuclear isoform of quaking protein (Cox et al.; 1999). Thus, the loss of the nuclear
isoform alone is sufficient to.cause embryonic death. The defect in the embryonic lethal
allele gk remains undetected and the defect in gk will be discussed in the work presented
here.
The variety of effects produced on the molecular/cellular level and the range of
- phenotypes created, have made the quaking allele series a useful resource for both

embryonic and postnatal brain development studies..
QUAKING FUNCTION

The cloning of the quaking gene (gkI) revealed that it encodes a 319-327 amino acid
RNA binding protein (Figure-3) (Ebersole et al., 1996). 'Quaking proteins (QKI) contain a
central KH (RNA binding) domain flanked by two highly conserved domains designated
QUAT1 and QUA2 which are necessary for high affinity RN-A binding (Jacque et al., 1983).
They also contain RG boxes, which are indicative of RNA binding proteins, as well as
features that suggest QKI acts downstream in a signal transduction pathway. These include
. proline rich regions containing putative SH3 binding sites and a tyrosine tail for
phosphorylation/dephosphorylation activation. These features place QKI in the “STAR”
(Signal Transduction and Activation of RNA) family of proteins (Vernet and Artzt, 1997).




Y

Members of this family share hlgh homolog)Vir'i the approximately 200 amino acid
“STAR” domain that contains the KH domain 2nd flanking QUA sequence. They also,
almost without exception;, contaiti the response elements for signal transduction activation.
- Sam68, gld-1, SFI and Bbpl p are the most thbi‘ou‘ghly studied of the more than 30.STAR
family members. Sam68/SAM68‘(SR.C-assﬁociatédfin mitosis) from both mouse and human,
codes for a nuclear phosphoprotein (Darnell et al., 1994b; Fumagalli et al., 1994; Taylor
and Shalloway, 1994). ThiS'iJrotein'is exprésséd in mitotic cells and transformed 3T3 cells,
functioning downstream of SRC sigrjaling. The C.-elegans gene gld-1 is a tumor
suppressor with wild-t&pé function in.oocyte di:ffefentiz;tion, (Jones et al., 1996; Jones and
Schedl, 1995). In gld-I null mutants, ooéytes exit meiotic prophase and proliferate
mitotically forming genn'iine'tufﬁors. Unlike the other STAR family members, however,
gld-1 does not contain features of signal transduction activation.. Human SF] and its yeast
homologue Bbp1p share the least sequence similarity with othér STAR members but they
-retain RNA binding-ability and cor;tain proline rich regions and motifs for binding SRC-
type kinases (Abovich-and. Roshbash, 1997; Arning et al., 1996; Berglund et al., 1997,
Kramer, 1992). Human SF1 is required for prespliceosome complex assembly and BbpIp
is also an essential splicing factor (Abovich and Roshbash,.1997; Aming et al., 1996).
" Quaking homologues have been cloned in human (hgk), Xenopus (Xqua), chicken

(gk), Zebrafish (zgk) and Drosophila (who/liow/gkr93F) (Baehrecke, 1997; Fyrberg et al.,
1997; Mezquita et al., 1998; Tanaka et al., 1997; Zaffran et al., 1997; Zom and Krieg,
1997). The expression patterns of each of these homologues and the loss of function
phenotypes generated in Drosophila, Xenopus and mouse imply that primitive organisms
require quaking for development of mesodermal structures while in higher organisms,
quaking takes on.a more specialized role in ectodermal neural development (Table 1). In

Drosophila, how (held out wings) expression is exclusive to mesodermal tissue during

development and is maintained in adult heart and muscle (Zaffran et al., 1997). A functional




. role in muécle is evident frorn null alleles of how; which die prior to hatching, exhibiting

.- .reduced musclé movement @nd low-heart rates (Zaffran.et al., 1997). Drosophila with

»* partial loss of how function déVél"é‘p into adults but are imrnobile with wings that are held -
straight out due‘tO\imp'ropér r-“rii'lS‘éle attachmient. Iti Xenopus, Xqua transcripts are found in
the heart, dorsal mesoderm and neural tube (Zorn and Krieg, 1997). Overexpression of
Xqua causes reduced notochord and head development leading to embryonic death. Xqua is

also expressed in the adult brain but its function there has not been assessed. In mice, the

* _ highest organism in which quaking function has been studied, gkl is expressed in . -

- embryonic heart and neural tissues, as well as-at high levels in the postnatal brain (Ebersole
et al., 1996). Embryonic lethal gkI alleles result in neural and heart defects while partial loss
of function in the-viable allele causes adult CNS-dysmyelination (Justice and Bode, 1986;
Justice énd Bode, 1988; Shedlovsky et al., 1988; Sidman et al., 1964). The majority of the
human gquaking sequence hqgk has been determined from Expressed Sequence Tags (EST)
database fragments (Zorn and Krieg, 1997). The hgk gene maps to the chromosomal
location 6q25.7 in humans which is syntenic to that of mouse.quaking in the proximal
region of mouse chromosome 17 (Vernet and Artzt, 1997). The mouse gkI and human hgk
- are over 90% conserved at the amino acid level but no human defects associated with-hgk
mutations have yet been reported. - .-

Analysis of mouse cDNA reveals five alternative quaking transcripts designated gklI-
5a, gkI-5b, gkI-6, gkI-7 and gkIAKH (Figure 4)-that code for QKI-5, QKI-6, QKI-7 and
QKIAKH proteins respectively (Cox ét al., 1999; Kondo et al., 1999). Although no
expression or functional information has been determined for the QKIAKH isoform, its

"loss of the KH domain is believed to result in a non-functional or possibly negative
~ regulatory protein (Kondo et al., 1999). KH motifs-are usually present in multiple copies in
RNA binding proteins from 2 to as many as 14 (Burd and Dreyfuss, 1994). Quaking is

unusual in that it contains only a single KH motif but dimerization of QKI proteins -



essentially creates a functionzil'i‘tprotéi!r:l unit with 2 XH domains (Zorn and Krieg, 1997).

ki3/4

- The importance of QKI dimerization is exemplified in the mouse g allele:of quaking.

In this mutant allele, a point mutation ini the QUA2 domain abolishes self-association

| leading to loss of QKI.function and death in homozygous g™ embryos (Chen and
Richard, 1998). ’

Quaking transéripté ;J.re found in the.dévelopihg head folds as early as E7.5 of

development (Ebersole ez al., 1996)." QKI-5, QKI-6, QKI—7prroteins are expressed in the

. developing central nervous system and heart at mid-gestation. This expression continues

» into postnatal life, with pérticularly high;lc;vélsiﬁ the: brain during myelination (Hardy,
1998b; Hardy et al., 1996, Kondo et al., 1999). QKI isoforms differ only in the éarboxy
terminus, a feature whlic;h results i th;: nuclear loc;ﬁlizéﬁon of QKI-5, and cytoplasmic

- localization of QKI-6 and QKI-7 (Hardy et al., 1996). QKI-5 has however, been shown to
have the ability to shuttle between the nucleus and cytoplasm in vitro (Wu et al., 1999). In
addition, in vivo studies of QKI-5 expression in the embryonic neural tube revealed that it
‘moves from a nuclear to a cytoplasmic location in early glial cells as they differentiate and
migrate away from the proliferative ventricular zone (Hardy, 1998b).” This suggests that a
change in cellular localization may alter QKI-5 function. A critical importance for the QKI-

. 5'isoform is implied by the fact that its absence in gk homozygous embryos, even in the
presence of QKI-6 and QKI-7, results in.embryonic death. Also, mouse QKI-5 is the only
- isoform that is ancestrally conserved in Drosophila. QKI-6 and QKI-7 proteins, whose

. corresponding transcripts share the same 3’ UTR, are always expressed together both in the

embryo and postnatal brain (Hardy, 1998b; Hardy et al., 1996). Their importance is

exemplified by the dysmyelination resulting from their loss in myelinating

. oligodendrocytes of gk’ /qk’ mice (Hardy et al., 1996). However, decreased expression of

QKI-5 in these same cells may also contribute to altered oligodendrocyte function. In wild-

type mice all three QKI isoforms are expressed throughout the developing brain and neural




"

tube prior to-E12.5 of embryé development, eii-Whicii time they become more restricted to

" the neural progenitors of the Veritricular zone (H?Lti’iy, 1998b). At approximately this time, a

small stripe of high QKI-5 efkﬁ’reééion occurs in the ventral lateral region of the neural tube

where glial cells have been sirggésted to arisé.  Piicr to this discovery, PDGFaR, which is

* expressed in this same region only slightly later than QKI-5, was considered the earliest

marker of glial cell differentiation (Pringle and Richardson, 1993). Given the QKI-5

expression in this region at a slightly earlier time point,-and its continued presence in glial

~ cells as they differentiate, QKI now has the designation of being the earliest marker of glial

cell differentiation (Hardy, 1998b). In vitro and in vivo studies show that QKI-6, like the

- related GLD-1 from-C. elegans, can suppress translation of transcripts containing TGEs

(tra-2 and GLI elements) in their 3* UTRs (Jan ef al., 1999). More recently, QKI-7 has

been shown to bind mRNA transcripts containing TGE consensus sequences in vitro (Li et

‘al., 2000). Since QKI-5and QKI-7 differ from QKI-6 only in the very C-terminal end,

they likely retain the same ability to suppress translation as QKI-6.

Efforts to determine the targets of QKI have focused primarily on postnatal brain
myelin components. Numerous alterations have been reported for multiple myelin proteins,
myelin lipids and even neurotransmitters in gkv homozygous animals but most are likely
secondary effects of the overall breakdown in myelin formation (Hogan and Greenfield,
1984). However, two of the major|myelin proteins, myelin associated glycoprotein (MAG)
and myelin basic protein (MBP) stand out as potential QKI targets. MAG has an adhesive
role in myelin and is found in two isoforms, L-MAG and S-MAG, which are produced by

alternative splicing of a single transcript (Salzer et al., 1990; Trapp et al., 1989). In gk’ /qk’

brain, transcripts coding for L-MAG are present at abnormally low levels while S-MAG

* transcripts are present at higher than normal levels (Fujita et al., 1988). In addition, the

levels of both L-MAG and S-MAG protein products are réduced in gk’ /gk’ brain

(Bartoszewicz et al., 1995; Fujita et al., 1990). Since these alterations are unique to quaking
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miice, it suggests a possible role for QKI in the binding and subsequent-processing of MAG
RNA. &

- "MBP has a critical role in mediating compaction of myelin lamellae in wild-type
animals (Privat et al:, 1979; Readhead et al.; 1987). Although levels of MBP transcripts are
normal in gk’ /gk’ brain, MBP proteins a‘re’present at severely reduced levels (Delassalle et
al., 1981; Jacque et bl.; 1983; Roth et al., 1985). Also, in vitro studies have shown that
MBP RNA is not transported away from the oligodendrocyte perikaryon in gk’ /gk” cell
. cultures as they are m wild-type, even though transport of other RNAs is unaffected
(Barbarese, 1991). Hence quakmg may functron in transporting MBP transcripts to the
active site of myelmatron prror to its translatlon In support of this idea, QKI was recently
shown to bind MBP transcrlpts in'vitro'(Li etal.; 2000)

The current model for quaking function suggests that its transcription and
translation in both embryonic cells and postnatal oligodendrocytes is necessary for their
- proper development (Figure 5). QKI proteins subsequently require dimerization and are
likely regulated via signal transduction to function in transport or splicing of RNA, or
perhaps suppression- of their translation. If guaking functions properly, embryonic

development proceeds normally and the postnatal brain is successfully myelinated.
PROJECT GOALS

The following project was-undertaken with two goals in mind. The first was to
define, at the molecular level, a role for guaking in embryonic development utilizing the gk*
embryo lethal allele. With these studies, we hope to.determine what effect the loss of
quaking function has on developing embryonic tissues and how this leads to early
embryonic death. - This would fill a large gap in our knowledge of quaking function since its

role during embryonic development has never been assessed on a molecular level. Quaking

10
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function during embryogenésis toulld conceivably éé:complétely different than in the
postnatal brain where moét QKI finctional stﬁ'diés have been concentrated.

The second goal of this project wés td generate new mutant mouse resources for
quaking studies by ENU mutagenesis. -Althotigh ah extensive allele series exists for the
quaking locus, no two are alike iﬁ their phenotypes -or in their affect on quaking function at
‘the molecular/cellular level. Therefore, induction-of novel point mutations could potentially

-generate new unique alleles for functional studies.

11



1I. EMBRYONIC FUNCTION OF QUAKING

" ABSTRACT
The gk* allele is an ENU-induced, recessive: embryonic lethal allele of the mouse
' quaking gene (gkl). Homozygous qk? embryos die-at mid-gestation and have been
reported to exhibit fieuial abnormalities and heari déi’écts (Justice and Bode, 1988). We
. report here that gk ’lethality;,is‘ due.to a'T'to A transversion i.n the KH (RNA binding)
domain which results in a'non—coiiservative valine to glutamic acid amino acid change. In
- addition, we report the ﬂéxis,tence, of-a new transéiipi from:wild-type embryos, gkIAQUA2,
which codes for a trunicated, pc;ssible negative regulatory isoform of quaking.

Antibodies égaihst ihé vascular endothelial marker PECAM-] reveal that gk
-homozygous mutants have defective vascular differentiation. The remodeling of the
.capillary plexus inio the large vitelline network seen on the yolk sac of wild-type embryos is
completely lacking in' gk® homozygous mutants at E9.5-10.5. We determined that quaking
is-expressed in the yolk sac by RT-PCR. Histological sections indicate that gk* heart
development is morphologically normal with the exception that they lack the more tightly
looped appearance of wild-type hearts. However, Nkx2.5; which functions in cardiac
looping, is expre'séed ina wild-typé pattern. In addition, cardiac myocytes from gk“
homozygotes express o—sarcomeric actin protein and whole hearts in organ culture beat at
wild-type rates. Real-time quantitative RT-PCR revealed that gk* hearts have alterations in
-the levels of Vegf, which functions in vasculogenesis, and in the cell cycle genes Ccndl,

Cdknla and Cdknlc. No significant alterations were detected in the heart developmental
genes Anf, BMhc, and Mef2c or in the vascular marker Angp].

The. neural associated genes Shh, Foxa2, Fgf8, and Pax6 as well as the notochord
marker T, are all expressed in wild-type patterns in gk embryos, implying neural

development is unaffected at the time of death. However, a single copy of the mutant gk*“

12
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allele does appear to affect nefvoug' system de\‘/eloptnent' in adult gk heterozygous mice.
-~ These animals.-are si‘gniﬁcanti'fé rhgre s‘llsceptigl]%{%h%’xn :u/.i]d-type. mice to.chemically induced
seizures with the' convulsant drug‘ péntylenetettuzoie. S
- Together these results 1nd1cate that quakmg has a critical role in cardiovascular
development. When thlS functlon is dlsrupted as 1t is in gk homozygous embryos, it
results in embryonic death. In addition, the gk** lethality appears to precede any discernable

-morphological or molecular function of guaking in embryonic neural tissues.

. INTRODUCTION

The discovery of the quakmg vzable allele (gk) flrst deﬁned the mouse quakmg
locus (Sldman et al 1964) This allele was the result ofa spontaneous 1 Mb deletion in the
prox1mal reglon of mouse chromosome 17 (Ebersole et al 1992). Homozygous gk’ mice
exhibit a quakmg phenotype and tOl’llC/ClOl’llC seizures as a result of central nervous system
dysmyelmatlon (Sldman et al '1964).

" The gk? allele was induced ‘w1th N-ethyl-N-nltrosourea (ENU) and 1dent1f1ed by its
failure to complement the gk’ phenotype of seizures and quaking in gk*/ gk’ compound
heterozygotes (Justice and Bode, 1988). Unlike the gk’ allele, however, gk was found to
be recessive embryonic leth'al. Homozygous mutants arrest at approximately E9.5 of
development and commonly exhi_bit open head folds, kinky neural tubes, missing somites,
and abnormal hearts. There are three other ENU induced alleles of quaking: gk, gk***,
-and gk’ (Justice and Bode, 1986; Shedlovsky et al., 1988). These alleles are similar to gk
-in that they result in embryonic leth;ality at mid-gestation however, each is slightly different
* in the phenotypes they produce as homozygotes; heterozygotes and compound
heterozygotes with gk".

The quaking gene (gkl) encodes a highly conserved 319-327 amino acid RNA

binding protein (Ebersole et al., 1996). Transcripts are expressed from E7.5.in the head
13



folds and continue in the nascéht brain neural tubé‘and heart throughout embryonic
development-as well as in the post-natal brain. . There are five guaking transcripts, qkl-5a,
- gkI-5b, gkI-6, gkI-7 and‘kuAKI.-I (Figure 4), which code for four different protein isoforms
designated QKI-5, QKI-6, QKI-7 dand QKIAKH (Cox et al., 1999; Kondo et al., 1999).
QKI proteins are found in the neural tube-and heart as Well as in vessel endothelial cells
during embryo development (Hardy, 1998b): In "addlition, expression occurs in the post-
natal brain and in virtually all-of the major organs in adult mice, with highest expression in
the-brain, lung and heart (Hardy- et al., 1996; Kondo etal., 1999 ).

" The work pfegentéd here waé'carric;,d out:in an effort to determine the function of
. quaking during embryonic development. We found that the gk** allele is the result of a
single base pair mutatioﬁ' in the centrél RNA bihdiﬁg dbfnain of quaking. In homozygous
mutants, this results in deficient vascular differentiation and alterations in cardiac cell cycle
gene expression. Although it is well established that guaking has a critical role in the post-
natal brain, the lethality of gk* reveals a second apparently unrelated role for quaking in
cardiovascular development which appears to precede any significant function in neural

tissues.

- MATERIALS AND METHODS

Mouse Maintenance and Genotyping. The gk* allele was induced in C57BL/6] DNA
by ENU mutagenesis (Justice and Bode, 1988) but has since been maintained on a BTBR
background linked to ufted (¢f) for over 20 generations. Stocks are maintained by brother-
sister matings and offspring are genotyped using the CA repeat primers D17MIT114 and
DI17MIT194 (Research-Genetics, Huntsville, AL), which closely flank the quaking locus
and are polymorphic between C57BL/6] and BTBR. Ear punches digested in 200 pl 1X
PCR buffer with .01 mg/ml proteinase K (Gibco BRL, Grand Island, NY) at 56 °C for 3

hours followed by a 96 °C incubation for ten minutes were used as the DNA source for
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genotyping. PCR cycliﬁg Wé§%=as fbl}’bWs: : Eaéh" 25‘;11 reaction contained 100 ng primer,
- 1mM MgCl,, 0.2mM dNTFs 5yl .ear puich *diﬁé‘s’t-and 1.25 U Taq polymerase (Gibco
" BRL) in its corresponding bﬁffer-. After‘ an iTnitial .denaturation step of 3 minutes at 94 °C,
reactions were subjected to 30 &ycles of 30.seconds at 94 °C, 2 minutes at 55°C and 2
‘minutes at 72°C'with-a f'inai éxteﬁéién' time.of 7 ﬁiinutes at 72 °C. PCR products were
resolved on a-3.5 % Metaphor gel (FMC BioProducts, Rockland ME). Embryonic
genotyping was performed-by. the-same method except that yolk sacs digested in a volume
of 50 ul 1. X PCR buffer were used as the DNA source.

gk’ mice were obtained from the Jackson Laboratory (Bar Harbor, ME) and are
maintained by brother-sister matings. Heterozygous mice can be distinguished from-wild
type by Southern blotting of EcoRI digested tail DNA and subsequent probing with a
pCOS2 fragmént-(a gift from Karen Artzt, University of Texas, Austin). This probe
-recognizes an restriction fragment length polymorphism between the gk” and wild-type
alleles. Probes were labeled with to;—”P] dCTP using a random prime labeling kit
. (Stratagene, La Jolla, CA) using manufacturer’s instructions.

gk"' mice were obtained from Karen Artzt and are maintained as balanced lethals
with Brachyury (7). -The gk’ allele was generated in z-chromatin which contains a resident
fct mutation. When rct is compounded with 7, it results in tailless'mice. At each generation,
.+ gk™ tct/T + +'mice are selected based on a tailless phenotype and mated to BTBR Nevis
(T/+). Homozygosity for T or gk is embryonic lethal and carriérs of T without zct can be

identified by tails which are slightly shorter than wild-type.

Sequencing. Embryos were obtained at E9.5, frozen in liquid nitrogen and genotyped by
PCR of yolk sac DNA (see mouse maintenance above). Poly (A)+ mRNA was isolated

from embryos using a Micro-FastTrack Kit (Invitrogen, Carlsbad, CA) and reverse

~- . transcribed with a SuperScript Preamplification Kit (Gibco BRL) according to
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manufacturers instructions.‘mliyéﬁ‘z‘implificatio;l»fil's'ihg 10 ng of cDNA: and quaking specific

primers P1F (AGCTGCGGAGCCTGGAAfAT),f‘aﬁd 1664R

. (GTTCCGTTTGGCATGACAGC) was performed using the same-conditions as for

genotyping (see above mouse maintenance). Resulting products were separated on 0.7%

. agarose gel (FMC BioProducts, Rockland ME) and purified using a GlassMAX DNA

isolation spin.cartridge ‘sysfem (Gibco BRL). Sequencing was performed using a Dye
Terminator Sequencing kit (Perkin-Elmer/Applied Biosystems) according to the
manufacturers instructions. Sequehéing reaction conditions were as follows: 35 cycles of
30 seconds at 96°C, 1§'secopds at 569C and 4 minutes at 60°C.

- For cDNA sequencing of yolk sac transcripts; total RNA was isolated with RNAZol
B (Tel-Test Inc.,Friendswood, TX) accc')rdir}g to.manufacturers instructions: Subsequent
reverse transcription, PCR and sequencing were performed identical to sequencing of

embryonic cDNA.

" Histology. Embryos were fixed in Bouins solution (LabChem Inc, Pittsburgh, PA),

dehydrated through an ethanol series and cleared in hemo-D (Fisher Scientific, Fairlawn,
NI). They were then embedded in paraffin and sectioned at.10 pmthickness. Sections
were subsequently deparaffinized in hemo-D, rehydrated and stained with hemotoxylin
(Fisher Scientific) and aqueous eosin (Sigma, St. Louis, MO). Stained sections were

dehydrated, cleared in-hemo-D and mounted with Permount (Fisher Scientiﬁc);

Immunohistochemistry. Embryos were fixed in 4% paraformaldehyde in phosphate
buffered saline (PBS) for two hours and dehydrated in an ethanol series to 100%. For
immunostaining of paraffin sections, embryos were cleared in hemo-D (Fisher Scientific),
embedded in paraffin.and sectioned at 5 um thickness. Sections were then cleared, and

rehydrated through an ethanol series prior to staining. Staining was performed using a
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Vectastain Elite ABC kit with’ lts correspondmg perox1dase substrate Vector VIP kit (Vector
laboratories, Burlingame, CA) accordmg to manufacturer s instructions. - Anti-0i-sarcomeric
actin antibody (clone SCJ’ Sloma) was used a‘t ér :500 dilution. Slides were counter-stained
in'methyl] green (Vector Laboratorres) dehydrated through an ethanol series, cleared in
hemo-D-and mounted using Permount (Fisher Scientific). Immunostaining of whole
embryos was performed as described in (Hogan et al.; 1994). Primary anti-mouse CD31
(PECAM-1) monoclonal antibody (PharMingen, San Diego, CA) was used at a dilution of
1:200 with a 1:500 dilution of anti-rat IgG-POD antibody (Boehringer Mannheim).

Staining utilized the peroxidase substrate kit Vector VIP (Vector Laboratories).

Whole mount in situ hybridization. Antisense riboprobes were generated with a
Digoxigenin-labeling kit (Gibco BRL) according to manufacturers instructions. Whole
mount in situ hybridization was performed as previously described (Echelard et al., 1993).
Molecular probes were provided bly:' R. Schwartz (Nkx2.5), B. Hogan (Shh), B. Richards
(Foxa2) P. H. Crossley (Fgf8) B. Herrmann (T) and T. M. Underhill (Pax6).

!
Heart organ culture Embryos weére drssected mto PBS at E9.5 and hearts were removed
and placed in culture in mmrmal essentral media (Grbco BRL cat. # 11095-080) w1th 10%
fetal bovine serum, 100 Ulml pemcrllm and 100 mg/ml streptomycin (GleO BRL). The
culture dish was assembled by placmg a 70 um stenle cell strainer (Becton D1ckenson
Franklm Lakes NJ )ina 60 mm petrl dlsh A layer of 1% agarose, made with culture media
and 3% agarose ina2:1 ratro was placed in the bottom of the cell stramer to forrn a base on
whrch heart tlssues would not attach. Hearts were mcubated at 37°C with 5.0% CO,. Heart
beats per minute were counted each day for four days after wh1ch hearts were digested for

PCR genotypmg (see mouse mamtenance above) The average beats per mmute were

compared using a two tailed t-test with p = 0.05 for srgnrﬁcance.
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. Quanititative RT-PCR. Totdl RNA was.exiractéd using RNAzol-B (Tel-Test Inc.,
Friendswood, TX), from a ‘pojdi offlve hearts dissected from wild-type, heterozygous-or gk
homozygous littermates. mRNA transcripts were dliantified in triplicate by real-time RT-
PCR using ‘dua]-llabeled ﬂuofogenic probes (Depre et al.; 1998). Reagents for the assay of
Anf, and Mhc (Zhang et al., 2000) s well as Mef2c (Depre et al., 1998) and 36B4 (Ritter
.and Davies, 1998), as a constitutive control, have been reported. The sequences of the other

primers and-probes are available upon request.

Seizure susceptibility. Adult, 8-14.week old, gk*? heterozygous mice and their wild-type
littermates were given singlc intraperitoneal injections of pentylenetetrazole (Sigma, St.
Louis, MO) in PBS at 42.5 mg PTZ/kg body weight. Mice were observed for 30 minutes

for the occurrence of seizures. Results were analyzed using a fisher exact test at p =0.05.

-+ RESULTS

The qk’.‘z'Molecular defect
Sequencing of homozygous' gk? embryonic cDNA revealed a T to A transversion in

the common coding region of the quaking gene at position 1118 (based on Genbank
accession #AF090403). This base pair change was not present in cDNA from wild-type

- littermates or in the C57BL/6]J strain in which the mutation arose (Figure 6). The T to A
mutation results in a non-conservative amino acid change 6f a neutral non-polar valine to the
acidic glutamic acid at amino acid position 157, within the KH domain of the QKI protein.
We also report the discovery of a previously unknown transcript of quaking in wild-type
mouse embryos. This transcript, which-we have named qkIAQUAZ2, contains the 40 base

pair insert GAGTTCTTCTTTGCTTGATGGTCTATGGATTTGACTTATG at the 5' end
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of.the QUA2 domain at position 1 1?4 (based o1l Genbank accession #AF090403). This

.insert results in a FFFA arhihé hcid sequence followed by an early stop codon (Figure 6).

Vascular development

Observation of E9.5-Ijji0.5 embryos r_éVé'éilS that the majority of gk homozygotes
arrest at approximately E9.5 although some méy arrest slightly earlier at E8.5-9.0 or
develop further to E10.0-E10.5.as previously reported (Justice and Bode, 1988). Some
mutants at E9.5 exhibit open head folds and kinky neural tubes (Figure 7) but often they are
- indistinguishable from their wild-type littermates. in this regard. They do, however,
commonly display hearts which appear less compacted than the plump hearts of their
normal littermates. -By E10.5, most homozygous gk embryos are obviously
developmentally delayed with some exhibiting a distorted puffy appearance (Figure 7).
They also, almost without exception, have enlarged, fluid filled pericardial sacs (pericardial
‘effusion) surrounding beating hearts.  In addition, mutant embryos lack a well developed
vitelline vessel network on the yolk sac, an ebservation that has never previously been
reported for quaking mutants (Figure 8).

- Immunohistochemical staining with antibodies against platelet endothelial cell
adhesion molecule (PECAM-1), a marker of vascular endothelial cells (Baldwin etal., 1994)
was used to observe the development of embryonic blood vessels. Wild-type embryos at
E9.5-10.5 have a very pronounced yqlk sac vascular network which is formed from fusion
and enlargement of the diffuse. capillary plexus into larger vitelline vessels (Figure 8).
Strikingly, in gk embryos, these large vitelline vessels are absent on the yolk-sac which
consequently retains the less differentiated capillary network. Vessels within the mutant
embryo proper also appear underdeveloped at this time although the effect is less dramatic
than that seen on the yolk sac. Decreased size and branching of vessels are particularly

visible in the head and intersegmental regions of the somites (Figure 8). To determine if
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quaking transcripts are expréss’cci in the yolk sac, total RNA from yolk sacs at E8.5 and

E9.5 was reverse transcribed. ;PCR of the resulting cDNA with quaking specific primers
amplified the expected sizé‘prddlic't‘from both E8.5 and E9.5.(Fi gure 9). Subsequent

R TTE £ ] PR . .
sequencing of these products confirmed that they: were quaking transcripts.

Cardiac Development ‘

Histological sections stained with hemotoxylin and eosin at E9.5-10.5 reveal that
gk* mutant hearts are normal except thé)" lack the more compact morphology of the wild-
type embryos (Figure 10). Whole mount in'situ hybridjzation using-a probe for Nkx2.5,
which functions in cafdiac looping (Tanaka et a’l.,‘ 1999), showed normal .expression
throughout the heart in qkl"% mutant embryos (Figure 11). -We also performed
immunohistochemistry on E10.5 cmbryonicl sectiéﬁs to assess the differentiation of cardiac
muscle cells. Myocardial cells were shown to express o-sarcomeric actin, and the thickness
of the myocardium appears normal thr(;ughout,the,heart,(Figure 11).

The beating rates of hearts in organ culture were.determined forgk*> homozygous,
heterozygous and wild-type embryos. The average beats per minute for each day in culture
(Figure 12) were not significantly different between homozygous mutants and either
heterozygous or wild-type hearts. On average, rates' were 162 beats per minute-on the first
. day in culture and decreased slightly each day to an average of 133 beats per minute on the
fourth day. The-overall averages for the entire four days were also calculated and, like the
daily averages, revealed no significant differences between the three genotypes (data not
shown). Although mutant and wild-type beating rates were similar, three out of seven gk
mutant hearts displayed a more focal beat that lacked the- ability to traverse robustly across
the entire heart as it did in wild-type hearts. This was not a feature of any of the wild-type

or heterozygous gk* hearts observed in this experiment.
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Real-time quantitative:RT-PCR of heart RNA revealed the relative transcript levels of

a selection of genes that yflincﬁé);“n, 1r‘ cardiac déveidpﬁlent (Anf:_"a.nd BMhc), myocyte .. .
specification (Mef2c), vascalar de\felopment (Ve gf and Angpl) and cell cycling (Cendl,
Cdknla, and Cdknlc) (Fei‘faré*fet"al 1996; Huntér and Pines, 1994; Lin ef al., 1997; Sherr,
1994; Sherr and Roberts 1995 Suri et al 1996 Wllhe etal.; 1991: Zeller et al., 1987).
Levels were assessed prlor to (E8.5) during (E9. 5) and after (E10.5) the time of gk mutant
arrest. In each experiment, the level of the constitutive housekeeping gene for acidic
ribosomal phosphoprotein PO, 36B4, was determined as in internal control (Laborda, 1991).
Anf (atrial natriuretic factor) and BMhc (beta-myosin heavy chain) were present in
- gk¥ mutant hearts at wild-type levels (Figure-13)." A transitory increase in both Mef2c
(myocyte enhancer factor 2C) and AngpI(angiopoietin) that was detected in wild-type hearts
at E9.5, was absent in gk%/gk’® and gk%/+: At E8.5 and E10.5, however; the levels of Mef2¢
and Angpl in gk mutants and heterozygotes were similar to wild-type. The expression of
Vegf (vascular endothelial growth factor) was similar in mutant and wild-type heart at E8.5
but by E]-O.S, levels were two-fold higher in mutant hearts than in wild-type or
heterozygotes. Transcript levels for each of the cell cycling genes assessed were altered in
gk” mutant hearts (Figure 14). At E8.5, expression was similar to wild-type but by E10.5,
cyclin D1 (Ccndl), and cyclin-del):eﬁdent kinase inhibitor 1C (Cdknic) were reduced
compared to wild-type levels. At this same stage in development, cyclin-dependent kinase

inhibitor 1A (Cdknla) expression iWas increased in gk¥ mutants relative to wild-type.

 Neural Development

Whole mount in situ hybridization with probes for Brachyury (T), Sonic hedgehog
(Shh), Forked head box A2 (Foxa2), fibroblast growth factor 8 (Fgf8), and paired type
homeobox 6 (Pax6) were used to assess the development of the neural tissues and

associated mesodermal structures in gk mutants. "The normal expression patterns of these
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markers at E9.5 as well as their functions are shotwn in Table 2. -Expression of each of
these genes was determined to be normal in qk"z fri’utaht embryos (Figures 15 and 16).- This
was true for mutant-embryos that reached E9.5 of development and those that were slightly
more or less developed at the time: r.'>f arrest (data not shown). We did, however, see one
exception in 3 out of 9 gk* miutant embryos whlch~showed a shortened domain of Shh

expression in the anterior brain floor plate (Fighre_ilS)'. These embryos arrested at

approximately E9.0 but not all the mutant embryos that were stalled at this time showed the

shortened pattern of expression

In order to assess the affect of the qk"2 allele on adult mice, gk heterozygous mice

- and their wild-type 11ttermates were tested for susceptibility to chemically induced seizures

with the convulsant drug pentylenetetrazole or (PTZ). Eighty four percent of qk?
heterozygotes had full tonic/clonic seizures following PTZ injection while only 21% of their

wild-type littermates succumb to seizures (Table 3).
DISCUSSION

Molecular defect

We have identified a T to A transversion in the KH (RNA binding) domain of the
gk” embryo lethal allele. This base pair change results in a non-conservative amino acid
change of valine to glutamic acid in a region that is common to all three isoforms of QKI
protein. This valine is highly conserved, being found in all of the known homologues of
quaking including human (hgk), Xenopus (Xqua), chicken (gk), Zebrafish (zgk) and
Drosophila (who/how/qkr93F), as well as in the quaking-related human gene Sam68

- (Baehrecke, 1997; Darnell et al., 1994a; Fumagalli et al., 1994; Fyrberg et al., 1997;
- Mezquita et al., 1998; Tanaka et al.,.1997; Taylor and Shalloway, 1994; Zaffran et al., 1997,

Zorn and Krieg, 1997). This amino acid is not conserved in the other related STAR family
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" members gld-1, grr33, Bbpép of SFI (Aboviéﬁ'gﬁg Roshbash, 1997; Aggér and Freimuth,
1995; Berglund etal., 1997; éﬁii-;&l'vhr‘ez and lséiﬁ;cer,-:198-'7 ; Jones and Schedl; 1995;
Kramer; 1992), likely reﬂeéﬁ'ﬁ’é éii/erging spé:cificity of function of.the related family

"members. In additioh thelocat.on of this paniculal amino acid is predicted to be part of a

-small, approx1mately 25 ammo a01d stretch of protem with a highly. coiled coil -
conformation. ThlS coiled 0011 structure is suggestlve of a direct role in protein-protein
interaction (Chen and Richard, 1998}, .A second predicted coiled coil motif lies in the
QUAI domain and is abolished by an ENU induced point mutation in the mouse gk***
allele. The loss of this coiled coil domain prevents QKI protein dimerization and results in
gk homozygous embryo lethality (Chen and Richard, 1998; Justice and Bode, 1988).
QKI proteins containing a deletion that includes the coiled coil domain mutated in gk, can
still dimerize (Chen and Richard, 1998) suggesting that some protein-protein interaction
other than self association is affected in qk"z mutants. -

Unlike most KH domain containing proteins, quaking contains only a single KH
motif (Ebersole.et al., 1996). However, even in proteins like Fragile X Syndrome gene
(FMRI) which contain multiple KH domains, a single point:mutation in one.of these
domains can significantly reduce RNA binding (Siomi et al., 1994). Therefore, the

_mutation in gk* is highly likely to b;,e responsible for the loss of quaking function, and
embryonic death in gk* homozygofes. ,

We also report the presencel. of a previously unknown transcript. of quaking from

" wild-type embryos. This transcript, which we have named gkIAQUAZ2, contains an insertion

at the 5' end of the QUA?2 domain-and results in an early stop codon and.-truncated protein

product. A similar transcript which: truncates at-the same amino acid location has been
identified in the chick homologue of quaking but is the result of a larger insert (Mezquita et
al.; 1998). The insertion in gkAQUA?2 in mouse and chicken is located in the analogous

position of an intron-exon splice site in a transcript of the related C. elegans gene gld-1
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- (Jones arid Schedl, 1995). In thé case of gld-j , however, the splice site results in a

- functional transcript suggesiiﬁg that kuAQUAZ in the mouse may be the non-functional
remnant of an-ancestrally coriserved splice site.. Aifématively; QKIAQUAZ? protein may
have a very important role as hegative regulator of guaking function. Another previously
.identified mouse transcript of quaking results in the truncated protein isoform QKIAKH
(Kondo et al., 1999) anvd is similar to that found in the related human gene Sam68 (Barlat et
al., 1997). These transcripts contain a stop codon in the middle of the KH domain resulting
in truncated protein products. Studiés with Sam68 have shown that this truncated isoform
can inhibit the function.of fgll léngth Sam68 isoforﬂm~(Barlat et al., 1997) suggesting that

QKIAQUAZ2 may have a similar negative regﬁlétory function.

- Cardiovascular &efects

Homozygous gk embryos die at mid-gestation with reported abnormalities
including open head folds and irregular neurocoels, often associated with abnormal and
missing somites (Justice and Bode, 1988). Also, some mutant embryos were reported as
having enlarged pericardial sacs. In an effort to determine the role(s) of quaking during
development and the cause of lethality when'quaking function is lost, we examined gk
embryos at the time of arrest and looked. at the expression of a variety of markers for the
developing circulatory system and neural tissues.

Using antibodies against the vascular endothelial marker PECAM-1, we found that
gk embryos completely lack the development of a vitelline vessel network on the yolk sac
at the time of their arrest. Decreased vgssel' formation was also evident in the embryo itself,
~ but was not as pronounced as that found in the yolk sac. We determined by RT-PCR that
quaking transcripts were expressed in yolk sac at the time of gk embryonic lethality, a
finding that-had not been reported in any previous quaking expression studies. Early wild-

type embryos contain a diffuse capillary plexus both.in the embryonic and extra-embryonic

24




tissues. ‘As the vessels differeiitiate during angiogenesis, some capillaries undergo atrophy

. -while others expand and fuse;temodeling int6 a network of major veins and arteries -
(Hopper and Heart, 1985).. iri g% mutanfs, this_‘\’)"éi'scular differentiation fails to oeccur,
resulting in a primitive ~c;1piilzii'§/ f\ii’exus that i indtifficient for the developing embryo.
Vascular defects have alsobeen reported in loss of function mutants of how (held out

. wings), the Drbsophiz)z' homologue of quakt;ng (Zaffran et al., 1997). Homozygous how
mutants die prior.to hatching and exhibit reduced muscle movements but appear
morphologically normal with the exception of exhibiting narrow dorsal vessels. Loss of

- this critical angiogenic process has also been shown-to be the cause of lethality in other
mutant embryos including the mouse knock out of JaggedlI (Jagl) which, like gk* mutants,
lacks yolk sac vascular differentiation (Xue et al., 1999). Quaking proteins were previously
shown to be expressed in embryonic blood vessel endothelial cells (Hardy, 1998b), but the
findings reported here demonstrate for the first time that quaking has a critical role in mouse
vascular development.

During embryogenesis, vascular development depends on local hematopoetic
influences from the rate and direction of cardiac blood flow (Hopper and Heart, 1985).
This determines which capillaries undergo regression-or expansion as well as whether they
develop into the structurally distinct veins or arteries. In Nkx2.5 null mice, cardiac and yolk
sac vascular defects are present but since Nkx2.5 is only expressed in the heart, the yolk sac
abnormalities are considered secondary effects (Tanaka et -al.; 1999). Some gk mutant
embryos at E9.5 and nearly all of those at E10.5 exhibit péricardial effusion which often
coincides with visibly underdeveloped hearts. Quaking transcripts as well as QKI proteins
‘have been identified in the heart of wild-type embryos at mid-gestation (Ebersole et al.,
1996 and Rebecca Hardy, unpublished results). Therefore, to determine if the loss.of
quaking function directly affects heart development, we performed a series of experiments

to analyze gk embryonic heart development and function.
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Nkx2.5 null embryos, sithilar to gk%/gk?, drrest and die at E9.5-E10.5 with

- pericardial effusion and under.devéloped hearts that fail to undergo the looping required to

form the right and left ventricle (Tanaka et al.; 1999). Tir addition, they lack vitelline vessel

. formation-on the yolk sac and have a reduced blotd vessel network within the embryo.

Therefore, we wanted to determine if Nkx2.5 expression was altered in gk mutant embryos.

Analysis of Nkx2.5 expression by whole mount in situ hybridization revealed that it was

* present in a wild-type pattern in' gk mutant embryos, suggesting it does not function

downstream of quaking in cardiac development. Assessment of cardiac myocyte

* differentiation by expression analysis of o-—sarcomeric actin protein revealed that this

contractile protein was present in gk mutant hearts similar to wild-type. The contractility
of myocytes was analyzed in whole heart organ c,:glturqskbut no differences were observed in
the average beatin;(._,T rates of gk homozygot;e, heterozygote and wild-type hearts. This was
an interesting finding given previous reports on the role of quaking in Drosophila
development. "The Drosophila homologue of quaking (how) was cloned in an.effort to
identify genes functioning in cardiac development (Zaffran et al., 1997). Complete loss of
function alleles die priorto hatching and although embryos at this stage appear normal with
the exception of smaller dorsal aorta, they lack muscle movement and have lower heart rates

than those of wild-type embryos. This could reflect a more important function for how in

- Drosophila heart development than quaking has in the mouse.” Alternatively, it may simply

reflect the fact that our assessment was carried out in vitro where there is no venous

- resistance while Drosophila studies were performed in vivo. The narrow dorsal vessels

reported in Drosophila could conceivably result in increased pressure on the heart and
affect beating rates (Zaffran et al., 1997). We also found that the cardiac beating was less
robust and failed to traverse across the whole heart in several of the gk*/ gk** cultures. This
is similar to the finding in Drosophila, where heart contractions had a smaller amplitude

than in wild-type heart tissue (Zaffran ez al., 1997). Whether this is due to intrinsic
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-electrical coupling problems; S "slrr‘ipl)lf',reflec':’:t.ls'é'zi’i:tcliac,damage from high intraventricular
pressure remains to be-deterriin€d.
. In order to assess the molecular development of gk®/gqk”® hearts, we determined the
. levels of a range of cardlac transcrlpts by real hme quantitative PCR: We found that the
cardiac development gene Anf (Zeller et al., 1987) and the cardiac contractile protein gene
PMhc (Willie et al., 199 1) were expressed normally in gk mutants. However, a previously
unreported transitory increase of Angpl and Mef2c that was present in wild-type hearts at
E9.5, was absent in gk mutants. Angp! functions in vascular remodeling and mice
homozygous for the Angp1-null allele die from lack of yolk sac and embryonic blood vessel
formation (Suri et al., 1996). Mef2¢ null alleles have abnormal myocyte differentiation
-resulting in an-inability to form the right and left ventricle chambers as well as a lack of yolk
sac vascularization (Lin et al., 1997; Subramanian and Nadalginard, 1996). The lack of
Angpl and Mef2c¢ upregulation at E9.5 is intriguing in light of the similarities in the null
phenotypes of these genes compared to that of gk homozygous embryos. However, the
fact that gk%/+ hearts, which have no observable. abnormalities, show nearly identical Angpl
and Mef2c expression patterns to gk**/gk"; implies the alteration may not be significant.
The missexpression of Vegf, however, is specific to gk*’/gk* heart tissue. Unlike in wild-
type and gk* heterozygotes, Vegf expression in gk homozygous mutants does not decline
after E9.5 but continues to increase up to E10.5 of development. The function of Vegfin

the heart is unknown but it has been shown to have a critical function in early endothelial

- - cell differentiation during the vasculogenesis process (Ferrara et al., 1996). Vasculogenesis,

- the formation of the primitive capillary network, and angiogenesis, the remodeling of

. primitive capillarles into large and small vessels, are two disﬁnct processes (Hanahan, 1997,
Risua, 1997). Vasculogenesis, which requires Vegf, appears to be normal in gk mutant
embryos while angiogenic remodeling to create larger vessels is absent. In the absence of

. angiogenesis, Vegf does not decrease in gk’ embryos as it does in wild-type, but it
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continues to rise. This could be a.compensatory résponse to increase the capillary.network

~ -in the absence of large vessélfottiiation. The tisis for this response méchanismhas been

documented in vitro using cardisc myocytes (Ladoux and Frelin, 1993). Hypoxic-culture
conditions were shown to in’diJ,c’eé high levels of Vegf expression in myocytes, suggestive of
a response to promote cardiac capillary growth in the absence of sufficient oxygen levels.
Cellular hypoxia can be the result of numerous physiological disorders including local or

general circulatory-deficiencies (Guyton and Hail, 1996) such as those present in gk*

. embryos.

. The positive cell cycle regulator Ccndl, and.nqgati%regulator Cdknlc, are both

down regulated in gk mutant hearts. In contrast, the‘negative cell cycle regulator Cdknla

is present at increased levels. These alterations were sqbtle at E9.5 but very distinct by

E10.5. AtE9.5, when gk¥/qk? emblryos‘arrest, cardiac development is undergoing a

complex combination of processes ﬁiopper and Heart, 1985). Cardiac proliferation

increases heart mass and facilitates looping morphogenesis while subsets of cardiac cells

exit the cell cycle and terminally dif'ferentiate. Positive and negative regulation of cell
proliferation for these processes relgés on a complex network of signaling pathways
coordinated by cyclins like Ccndl and cyclin dependent kinases such as Cdknla and
Cdknlb. It is.not uncommon to detect seemingly contrasting expression patterns of these
regulatory proteins as we-see in gk hearts where Cdknla is upregulated, and Cdknlc is
downregulated. For example, CdM]a declines while Cdknlc increases in-human acute
heart failure reflecting a reversion to a normal fetal expression pattern (Burton et al., 1999).
Although cyclin dependent kinases: show tissue specific expression patterns, functional
redundancy prevents analysis of their roles in development. Only Cdknlc has been shown
to have a significant role in multiple tissues. Loss of Cdknlc function is responsible for
Beckwith-Wiedemann syndrome, a human condition leading to complex.overgrowth and

cancer susceptibility (Zhang et al., 1997).
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‘Out results showing 'ih‘ié"s"c-,ﬁpression’7015f Eifknla and Cdknlc imply that cell cycling
: - alterations exist in the hearts ii)f qk"2 -mutant eﬁib%jbs. Whether:this: results from direct loss
of QKI function, a c‘ompehsat'ion. response to vascular defects, or a general decrease in
proliferation caused by‘emb:i'i*o‘ilic' arrest remaiiis to be determined.
Neural tissue defects .
The tremors and seizures exhibited in gk" homozygous mice first defined a critical
role for quaking in neural development (Sidman et al., 1964). Based on the work reported
here, however, the embryo lethality of the gk* allele precedes any discernable molecular or
morphological defects in the developing.neural tissues or underlying notochordal
mesoderm. This is'evident from both histological sectioning and the wild-type expression
of T, Shh, Foxa2, Fgf8 and Pax6. Since quaking transcripts are found in the neural tube
from E7.5 of development (Ebersole et al., 1996) several possibilities would explain why we
do not see any molecular neurological development defects in gk mutants. Most simply,
quaking may not have a critical function in neural tissue until later in development (after
E9.5 lethality). Alternatively, quaking may have an early embryonic function in a genetic
pathway(s) that our selection of neurological markers would not detéct. QKI proteins have
been shown to'have translational suppression ability. in vitro (Jan et al., 1999). Therefore,
abnormalities in gk mutants may be in the form of aberrantly expressed:proteins rather
- than loss.of expression of normal neural markeré. It is not uncommon. for embryos that
- arrest from circulatory defects at mid-gestation (a time of neural tube closure and embryo
turning from an arched to-a fetal position) to exhibit neural kinking and open head folds.
The N-Cadherin knockout mouse is one example of this phenomenon (Radice et al., 1997).
Mice lacking N-Cadherin die from defective cell adhesion in cardiac tissues at mid-

' gestation; but often display open head folds and neural kinking as a consequence of the time

of arrest. Although quaking is expressed in neural tissues, the morphological abnormalities
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- observed in_the headfolds and'neural tube are not a consistent feature and they are not

- . observed in.embryos that survive later than E9.5. Therefore, we suggest that although there

may be undetected defects on the molecular level, the morphological neural abnormalities
observed in gk mutants are sécondary effects.

Heterozygous gk mice are significantly more susceptible to PTZ induced seizures
than their wild-type littermates. Thus, the qk"é rriult'ation has a compromising effect in
neurological tissues of adult mice. PTZ antagonizes neuron GABA channels which are the
primary inhibitory receptors of tfle central nervous system (Pellmar.and Wilson, 1977)
(Ramanjaneyula and Ticku, 1984). This antagonism leads to a loss of the nermal,

“hyperpolarized state of the neuronal membranes I'z'mdconsequently, increased neuron
excitability. Since quaking proteins are‘g‘xpre;s;sed in oligodendrocytes but not in neurons
(Hardy ef al., 1996) where the GABA channiels are located, it s likely that the PTZ
susceptibility is due to effects of altered oligodendrocyte myelination of neuronal axons.
This is supported by preliminary studies which show that gk** heterozygotes have decreased
overall myelin lipid levels and in particular, that the ratios of specific lipid components are
altered compared to wild-type (Justice, unpublished results). Heterozygous gk’ mice have
also been tested for PTZ seizure susceptibility (Diego Lorenzetti, unpublished results) but

- unlike gk¥, gk’ carriers are no more susceptible to seizures than their wild-type littermates.

This may be the result of a significantly different effect that the gk and gk alleles have on
neural tissue, or it could be a result of the differences in the background strains on which
they are kept. The C57BL/6 background strain, on which the gk allele is maintained, is
more seizure resistant by a variety-induction methods than a number of other background
strains (Kosobud and Crabbe,.1990).

The PTZ susceptibility of gk heterozygotes indicates that we have a mildly affected
model of loss of qﬁaking function in the brain. These models are particularly useful for

functional biochemical studies in mutants with myelination disorders since secondary
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effects are abundant in severely affected r'nutants.'« A complete breakdown of the myelin
system in mice like j szpy andj shzverer make détermination of single gene function difficult

among the loss and alteratlon of fumerous transcripts and proteins affected in these animals

(Campagnom and Macklm 1988: Hogan and Greenﬁeld 1984 Lemke 1986; Mikoshiba et

al., 1991)

Conclusrons

We conclude that the qk"z homozygous lethahty is due toaT to A base pa1r change
in the KH domam of the quakmg gene This mutatlon leads to embryonlc death from
| cardlovascular defects 1nclud1ng defect1ve ang10genes1s and pencardlal effusion.
Underdeveloped heart loopmg morphogenes1s c01nc1des w1th alterations in cell cychng
genes and genes for vasculogenes1s but no s1gn1ﬁcant a1terat10ns heart developmental genes
were observed In addition, the qk"z 1etha11ty appears to precede any d1scemab1e function in
the developlng neural tissue. Carriers of the qk® allele however, show increased

suscept1b111ty to chem1cally 1nduced seizures.



. IIl: NEUROLOGICAL FUNCTION OF QUAKING

ABSTRACT

'Until recently, the allele series of the mouse quaking geﬁe consisted of a
-spontaneods gk’ allele, With a-homozygous viable dysmyelination phenotype, and four
. ENU-induced alieles that are homozygous embryo lethal. We report here the isolation of
gk?’ through ENU mutagenesis which, uniike the pfevious induced alleles of quaking, is
homozygous \;iable. The gk”/qk”® phenétype is strikingly more severe than that observed
"in gk’ homozygous mice. The qk” hblmoz.ygous animals have a quaking phenotype which
progresses to severe ataxia m adult mice, as .\;vell ag early onset seizures which lead to early
death. . Ultrastructural analysis of gk®/gk®’ brains reveals a severe lack of myelin compared
- to both wild-type and gk'/gk’ Brains. Altﬁough seéuencing and Norﬂlem analysis have not
revealed the molecular defect in gk mutants, protein expression-analysis in the postnatal
- brain shows that the QKI-5 isoform is low anhd QKI-6 and QKI-7 are absent specifically in
developiﬁg oligodendrocytes. Therefore, the gk® molecular defect appears to be a
regulatory mutation. Protein-expression experiments on postnatal brain also show that
- oligodendrocytes of gk*/gk* mice contain both early-and late developmental marker genes
indicating that quaking may. function relatively late in oligodendrocyte development. We
also report that electrical activity in the gk**/gk brain is abnormal and that seizures display

cortical patterns activity-characteristic of a decrimental response.
~* INTRODUCTION

The discovery of the quaking viable allele (gk") first. defined the mouse quaking
locus (Sidman et al., 1964). This allele was the result of a spontaneous 1 Mb deletion in the

proximal region of mouse chromosome. 17 (Ebersole et al., 1992). Homozygous gk’ mice
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exhibit quaking and spontaii€oiis tdx{ic/clonigi seiz;ﬂres as the result of a severe central

nervous system dysmyelination (Friedrich, 1974 Sidman et al., 1964). Homozygous gk’

. -males are-also sterile due to aféiijiureof spermatid maturation (Bennett et al., 1971). In
addition to a role in postnatal brain function; qudking was determined to have a critical role
in.embryonic developme'nt-;; This was discovefed ubon‘ recovery of three N-ethyl-N-
nitrosourea (ENU) induced alleles of quakzng These alleles were selected based on their

inability to complement the. qk” phenotype but wete subsequently found to-be homozygous

-embryo lethal (Justice and Bode,.1988). .

The quaking gene encodes a highly conserved 319-327 amino acid RNA binding
protein (Figure 3) (Ebersole et al., 1996). Transcripts are expressed:at E7.5 in the head
folds and continue in the nascent brain, heart and neural tube during embryo development.
They are alsoexpressed in the postnatal brain with a peak at the most active time of CNS
myelination (Ebersole.et al., 1996). There are five quaking transcripts, gkI-5a, gkI-5b, gkI-
6, le-7 and gkIAKH (Figure 4), which code for four different protein isoforms designated
QKI-5, QKI-6, QKI-7 and QKIAKH (Cox et al., 1999; Kondo et al., 1999). QKI-5, QKI-

. 6, and QKI-7 differ from each other only in the C-terminal end of the protein, a feature that

results in QKI-5.1ocalization to the nucleus and QKI-6 and QKI-7 localization to the .

cytoplasm (Hardy et al., 1996). QKI-5, QKI-6, QKI-7 proteins are expressed in the

developing central nervous system and heart at mid-gestation. This expression continues
into postnatal life, with particularly high levels in the brain during myelination (Hardy,

. 1998b; Hardy et al., 1996;. Kondo et al., 1999).

The work reported here-describes the induction of gk?’, the first homozygous viable

. ENU allele of quaking. We also analyze.the gk®/qk® phenotype with regard to behavior,

brain histology, myelin ultrastructure and brain electrical activity, as well as the nature of the

molecular and cellular gk’ defect.-
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MATERIALS AND METHODS

Mouse maintenance. The gk’ mutation was induced on 101 DNA and subsequently
crossed to C57BL/6J at each: gene“ra't‘ioﬁ. Mice are genotyped using the CA repeat primers
D17MIT114 and ~D17MH170 (Research Genetics, Huntsville, AL), which closely flank the
quaking locus z}nd are ’p‘olyr.norphic between iOl and C57BL/6J. Ear punches digested in
200 pl 1X PCR buffér with 0.0’1A mg/ml prc'>teinase‘K (Gibco BRL, Grand Island, NY) for 3
hours at 56°C and 10 minutes at 96 °C were used as the DNA source. PCR cycling was as
follows: Each 25 1l reaction containéd 100 ng primer; 1 mM MgCl,, 0.2mM dNTPs, 5 pl
ear punch digest‘anc:l'l..'25” U:Taq p_olymeraée (Gibcd‘ BRL) in its corresponding buffer.
After an initial denaturation step'of 3. minutes at 94°C, ;eactions were subjected to 30.cycles
of 30 seconds at 94 °C, 2lminute:s a:t,55 °C a:rxd .2ifrﬁnutés at 72°C with a final extension time
of 7 minutes at 72°C.. PCR products were resolved on a 3.5 % Metaphor agarose gel
(FMC BioProducts, Rockland, ME). Embryonic genotyping was performed by the same
method except yolk sac digested in'a volume of 50 tl 1 X PCR buffer was used as the
DNA source.

The gk’ mice were obtained from the Jackson Laboratory (Bar Harbor, ME) and are
maintained by brother-sister matings. Heterozygous mice can be distinguished from wild
type by Southern blotting of EcoRI digested tail DNA and subsequent probing with a
pCOS2 fragment (a gift from Karen Artzt, University of Texas, Austin). This probe
recognizes an restriction fragment length polymorphism between the gk* and wild type
alleles. Probes were labeled with [o-*P] dCTP using a random prime labeling kit

(Stratagene, La Jolla, CA) using manufacturers procedures.

- ENU mutagenesis. Adult (101 X C3H)FI1 male mice mutagenized as previously described

(Justice, 1999). Mice received an intraperitoneal dose of 160 mg ENU/kg body weight
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once a week for 4 consecutive Weeks. Once feitility was regained, mutagenized males were
-mated to two new gk’ hétetbzjgous femnales €4¢h week for seven- weeks at which tirhe they
- werecycled back through the samie set of females. Up to 100 offspring per male were

observed at weaning age (3-weeks) for a quaking-like phenotype.

Sequencing. Total RNA was isolated from adult brain using RNAzol B (Tel-Test Inc.,
Friendswood, TX) and reverse transcribed with é'SuperScript Preamplification kit (Gibco
BRL) according to the manufacturer’s instructions. PCR amplification of brain cDNA
using quaking specific primers, made against gkl Genbank sequence, was performed using
the same cycling conditions as for genotyping (see above mouse maintenance). Resulting
products were separated on 0.7%-agarose gel (FMC BioProducts; Rockland, ME) and.
purified using a gel purification column (Qiagen Inc, Valencia, CA). The Resulting PCR
products were sequenced using a Dye Terminator Sequencing Kit (Perkin-Elmer/Applied
‘Biosystems) according to the manufacturers instructions. Reaction conditions. were as

follows:.35 cycles of 30 seconds at 96°C, 15 seconds at 50°C and 4 minutes at 60 °C.

- Northern analysis. Total brain RNA was isolated from 12 week old mice using RNAZol
B (Tel-Test Inc) according to manufacturer’s instructions. The resulting RNA was 1 X
selected with.a poly (A)+ selection column (Amersham Pharmacia Biotech, Inc., Piscataway,
NJ). One to two micrograms of poly (A)+ RNA from each sample was separated on a
1.0% agarose gel with 7.0% formaldehyde and transferred to Magna Charge nylon
membranes (Micron Separations-Inc.). The membranes were prehybridized and hybridized
as previously described (Church and Gilbert, 1984). The following primers were used to
generate the indicated probes: Probe 1-QUA2: primers gK-1295F
(5’GGGAGCATCTAAATGAAGAC3’) and gK-1793R

(5 ’CACCACTGGGT’I‘ CAATAGGG 3’). Probe 2-3’UTR: primers gk-5b-1576F
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(5*GTGTTAGGTATGGCTTTCCC3’) and gk-5b-2341R
-(5"ACACGCATATCGTGCETTCG3’). The cDNA source for probe generation was the
-same as that used-for wild-type cDNA sequencing (see above methods for sequencing). A

GAPDH cDNA probe was used as ‘a control for loading and migration. All probes were

labeled with [o-*"P] dCTP using a random prime labeling kit (Stratagene, La Jolla, CA)

using manufacturer’s-procedures. |

Histology. Brains from twelve week old micp were fixed overnight in zinc formalin,

dehydrated in an.ethanol seriés— and cleared‘in‘ xylene. They were then embedded in paraffin

in a 65°C vacuum oven and subsequently sectioned at 5 um onto.albumin coated glass
slides. Sections were then dép»araff'mized in hemo-D and either rehydrated and stained with
hemotoxylin (Fisher Sc‘iehtiﬁ'c, Fairlawn, NJ )'an’d:ec‘)»'sin (Sigma, St. Louis, MO) or stained
with luxol fast blue (Sigma) for myelin. Luxol staining required an overnight incubation at

65 °C in luxol fast blue/95%ethanol with subsequent destaining in alternating 0.05% lithium

carbonate and 70% ethanol series. Both hemotoxylin and eosin, and luxol stained sections

were subsequently dehydrated, cleared in hemo-D and mounted with Permount (Fisher

Scientific).

Transmission electron microscopy. Mice were anesthetized with Avertin as préviously
described (Hogan et al.; 1994) and perfused through the left ventricle with PBS followed by
- isotonic glutaraldehyde which consisteéd of 8% glutaraldehyde, 0.1M cacodylate buffer pH

- 7.4 and ddH20 in a 1:1:1 ratio. Brains were dissected into isotonic glutaraldehyde.
Selected brain regions were rinsed.in 0.1 M buffer prior to staining in 1% osmium
tetroxide/PBS, and then dehydrated in a graded ethanol series to 100%. Tissues were

placed in propylene oxide followed by a graded Araldite resin/propylene oxide series
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ending in 100% resin. Tissue'blocks were poly menzed overnight at 60 °C prior to ultra-

i
B

thin sectronmg

Immunohistocher:'nistry.‘. Mlce at ‘P7, P14 and P30 days of age were perfused. through

- the left ventricle with PBS _followed by 4.0% paraformaldehyde/PBS. Brains were
dissected out and placed ‘in 40% paraformaldehyde/PBS for an additional 4 hours at 4 °C
and then placed in PBS prior to dehydr'ation to 30% sucrose. Brains were embedded in
OCT and frozen in isopentane on dry ice. Sections 7 um thick were thaw mounted onto
cnarged élass slides and frozen at -20°C. Immunohistochemical staining of sections was
performed accordrng to Hardy et al., 1996 usrng a solutron of 0.5M Tris pH 7.4, 10% goat
serum, 1.0% BSA and O 1% gelatin for block1ng and ant1body 1ncubat1on steps QKI

antibodies were a g1ft from Dr. Rebecca Hardy who obtained them from Dr. Karen Artzt.

Electroencephalogram recordmg EEG recordmgs were obtained as prev1ously
descnbed (Cox et al., 1997) Adult mice were anesthetrzed w1th Avertm accordrng to
.(Hogan etal., 1994) A mrcromrmature connector wrth four extendlng silver wire electrodes
was glued to the exposed surface of the mouse skull Electrodes were placed into the
subdural space via small holes in the skull made with dental dr111 on e1ther side of the
connector. Mrce were allowed to rest for 1 2 days after wh1ch EEG and vrdeo recordings of

3-4 hours were taken for each mouse using a Grass model 6 electroencephalograph.
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Seizure susceptibility testing. Adult (8-14 week old) gk’ heterozygous -and wild type

- mice at N8 of backcrossing to C57BL/6] wére' glven single intraperitoneal injections of
pentylenetetrazole (Sigma, St. Loﬁis,;MO) in PBS at 42.5 or 45.0 mg-per kg body weight.
Mice were observed for 30 minutes for the occurrence of seizures. Results were analyzed

using a fisher exact test at p=0.05.

RESULTS

ENU mutagenesis

ENU mufageni‘zqd (101X 'C3H)F 3 malqs were mated to a series of gk
heterozygous females in é‘single generation scréénvto produce new alleles of quaking
(Figure 17): ‘A total of 918 pups (459 gamgtes) were screened at weaning age and one male
pup, which was sﬁali and qﬁa;ked; Was sélééted for héfitability and allelism testing. This
male was a potential carrier of a new quaking mutation compound with the gk’ allele (m/
gk’). Subsequent matings to wild-type, gk” heterozygous and gk” homozygous females
. revealed the quaking phenotype was heritable and that it was only visible when compound
with gk’ (Figure 18). Thus, the new mutation was recessive and allelic.to quaking. We
designated this allele gk** because it is the fifth ENU induced allele at the quaking locus.

Amplification of DNA from 101, C3H, and gk*’ carriers using primers for the CA
repeat markers DMIT170 and DMIT114 revealed that the gk mutation was-induced in 101
DNA (dafa not shown). These markers closely flank the quaking locus proximally and
distally and are polymorphic between the strains 101, C3H and C57BL/6J, on which the

gk? mutation is being made congenic.

The gk’ phenotype
Crosses of:heterozygous gk* mice produced viable, fertile.gk® homozygous

-offspring. This was an unexpected result given that the four previous ENU-induced alleles
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of quaking were all embryonic lethal. Homozygous gk mice were recovered at the
expected 25%; excluding:ihe ébé’éiﬁility that '&'kéjzﬁgmozygosity could be affecting viability
during gestation (Table 4). Homozygous gk” mice begin quaking at approximately P10,
similar to ék" homozygotes. In qk’ /qk’ mice; quaking continues throughout the life of the
mouse, along with ‘adu_lt onset tonic/clo’niqseizu'res.\ These mice are often underweight,

- compared to normal littérmatéé, but‘comﬁionly live to 1.5 years or longer. The gk”
hombzygotes, hq’yergr, are muCh"more 'seve;ely affected. In these mice, seizures can onset
as'early as 3 weeks and-the quaking phenotypé progresses to a very severe ataxia by 2.5-3
months of age. Seizures are also-more frequent in gk mutants and very easily induced
with slight noises and general mouse handling activitiés. Only approximately 35% of
gk?’/qk*’ mice-survive to 5.0 months of age (N=37). This early death is presumably due to
respiratory arrest during seizure episodes. Heterozygous gk® mice do not display any
abnormal phenotype.

Crosses generating compound heterozygotes of gk® with gk*/, gk and gk’ alleles
showed that these mutants were all viable and born at the expected numbers (Table 4).
Thus, gk> complements the lethality of the homozygous embryo lethal alleles to produce
viable animals. A 25% recovery of compound heterozygous mutants was expected for all

© crosses except gk”*/+ X gk*'/+ in which we expected 48%. This is due to the fact that gk*"

is in ~chromatin which in males, causes an abnormally-high (95%) transmission frequency

of the chromosome bearing ¢-chromatin, and consequently the gk allele, to their offspring.

Commpound heterozygous gk*!/qk?, gk*/qk?® and gk’ /gk*° mice exhibit phenotypes of

intermediate severity between gk’ /gk’ and gk”/qk’® mice (Table 4). They display frequent

seizures but their quaking does not progress to the early ataxia as it does in gk

homozygotes. Compound gk**/gk®’ mice all live beyond 5 months (N=37) while only 60%

of gk’ /gk®> mice survive to 5 months of age (N=35). The survival rate of gk*//qk” mice

was not determined.
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- Brain histology and- ultrésltfpcﬁﬁre
* - Coronal sections of a’dult“brains stainéd with hemotoxylin and eosin show that
structurally, gk* homozygous brains are normal. In a few cases, however, the ventricles in
. these mutants can be noticeably 1afger than in 1wi1c‘1-type animals (Figure 19) but this is not
an uncommon feature of myelination mutants (Rebecca Hardy, personal communication).
There is, however, a visible lack of white matter in newly dissected unstained brain tissues.
Luxol fast blue (LFB) staining, which is-specific for myelin lipids, confirmed this
observation (Figure 19). In wild-type bfainS', the corpus callésum and anterior commissure
are. the most highly myelinated tracts .of the" anterior l;rain; LFB staining in these regions in
wild-type mice is very intense while these same regions in gk” homozygous brains
completely lack staining. This appears a bit misleading, however, since brains from gk’ /gk’
mice which are known to have reduced, but significant amounts of myelin also completely
lack any LFB staining in these regions (Figure 20).. Alterations in myelin structure or
composition may be affecting the ability of LFB to bind any myelin in these mutants,
making assessment of relative:myelin levels by this method indeterminable.. Consequently,
we assessed the levels of myelination-on the ultrastructural level by transmission .electron
mycroscopy (TEM).
TEM of the corpus callosum reveals- that gk*/qk® mice are severely deficient in

.myelin {Figure 20). .The thick myelin sheaths composed of numerous lamellae that are
abundant in wild-type animals are nearly éompletely absent in gk®/qk”® mutants. Most
axons are without any visible myelin and when myelin is seen, it.consists only of a few
lamellae that have abnormally dark interperiod lines. As a comparison of severity, we also
performed TEM on the well characterized gk’ homozygotes. In these animals, there is a
severe decrease in myelin compared to wild-type but notably'more axons are surrounded by

thin myelin sheaths than in gk* mutant mice. Myelin levels in the posterior.brain stem were
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similarly myelin depletec'i\ in qlf3/é155 and to a lessér extent in gk’ Igk’. We also assessed

foroo L y o dis i . .
- the myelin levels in.the. periplieral nervous »S}/Stf:i‘ﬁ (PNS) by observing sections of the

sciatic nerve. Like gk"/qk’ mice, gk®*/gk?> perip heral nerves are well myelinated and appear
] ¢ peripher

- only slightly affected in théir éi)iii"tjl to produ‘é,e.b wild-type levels of myelin (data not shown).

Electrical activity in the gk*° brain '

Electroencephalogram (EEG) recordings from the cortical surface of qk?
homozygous mice diéblay' abnormal electriéal actiflity both during and between ictal .
(seizure) events (Figures 21 and 22). A higher variability in electrical amplitude is .
commonly seen in gk®/qk® mice during normal activities than that observed in wild-type.
Direct amplitude comparisons between mice are difficult to make due to slight variations in
electrode placement and other uncontrollable features of the implants. However, amplitude
changes for.any given mouse as it dis|p1ays different behaviors are relevant for
characterization. Random; high amplitude, low frequency interictal spiking is common in
gk*’ mutants but does not correlate to any behavioral abnormalities. In the case of one

mouse, seizure episodes were repeatedly preceded by interictal spiking activity, allowing

. seizure events to.be predicted approximately 5 seconds before onset. In other homozygous

mutants, however, spiking occurred without related seizure episodes. Behavioral

tonic/clonic seizure episodes in gk*’/qk®® mice result-in increased frequency and reduced

<¢lectrical amplitude relative to the electrical activity prior to seizures. This is in'contrast to a

classic epileptic seizure which usually results in increased frequency and higher amplitude
activity. Seizure length in gk*/qk®® mice is variable but generally lasts approximately 10-12
seconds after which electrical activity returns to a basal level characteristic of the individual
mouse.

Heterozygous gk® mice and their wild-type littermates were tested for susceptibility

to chemically induced seizures with the convulsant drug pentylenetetrazole (PTZ). At42.5
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mg/kg dose of PTZ, 23%.of wild-type and 23% of gk’ heterozygotes had full tonic/clonic
. seizures following injectio[n (Tabie 5). Ata hxgiler does of 45.0-mg/kg,-the occurrence
increased to 38% in gk” hefe'rbzyéotes and 34% ifi wild-type (Table 6). This difference in

seizure frequency was not significant based on 2 two tailed t-test at p=0.05.

The gk** molecular defect

RT-PCR and sequencing of total brain RNA did not reveal any mutations-in the
coding rcgion§ of the quaking transcripts. We did identify one C to G base pair.change in
the 3’ UTR of the gkI-5b tranécfipt at positic;n 2025. This base pair was different from the
Genbank gkI-5b sequence (Accession #AF090403) and that of wild-type littermate cDNA.
However, subsequent seqliericing of hombzygb'us iOl cDNA, the background strain on
which gk** was induch, revealed that this C to G change was a naturally occurring
polymorphism in the 101 strain. -

Northern blot .analysis of adult brain did not reveal any striking differences in
transcript levels between gk mutants and wild-type. The cDNA probe “1-QUA2”
amplified from the 3’ common coding region of quaking, recognized the 5, 6 and 7 kb
transcripts in wild-type brain, as well as in gkel+, qkIgk?®, and gk’ Iqk’ (Figure 23). There
is a subtle decrease in the level of gkI-6 and gkI-7 transcripts in gk*/gk®> mice which is also
-apparent in gk’ /gk’ brain, however, no-discernable difference exists between the two
mutants. Another cDNA probe, “2-3’UTR”, generated from the 3’UTR region common
to gkI-5b, gklI-6 and gkI-7 transcripts; but not to gkI-5a, was used to probe the same brain
Northern blot. In the absence of gk5a detection, the levels of qkI-5b could be assessed but
no difference in expression was evident in wild-type, gk/+, ék”5/qk”5 and gk’ /qk’ brains

(data not shown).
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The gk* cellular defect
In an effort ‘to~d:et'.errﬁi"ﬁe t.{ic"defcct, léacilng to dysmyelination i gk’ homozygous
mutants on a cellular levell,' we 'p'erformed iﬁuﬁhh&histoéhenﬁstry on postnatal brains with
anti-QKI antibodies. To defermine the diffeféhfiation state of oligodendrocytes, we also
utilized antibodies against the markers platelet derived growth factor alpha receptor
(PDGFoR), condroitin sul'fate\proteog]yca,x-l 2’ (NG2/Cspg2), sulphatide/seminolipid
antigen (04), 2',3"-cyclic nucleotide 3'-phosph051je§terase (CNP) and myelin basic protein
"(MBP) which are each expressed in a étage Sp‘ec‘ifiﬁ manner during oligodendrocyte
- development (Figure 24). Our experiments to identify these antigens were performed on
postnatal mouse brains prior to, during and after the most active time of myelination at P7,
P14 and P90 respectively.. Since the presence or absence of the antigens assessed was
identical at all three ages within a given genotype, the results are only discussed in the
context of a particular age when they pertain to myelin levels which increase from P7 to
. P90.

Double labeling with antibodies against QKI-5 and the oligodendrocyte specific
marker O4 in wild-type brain reveal that oligodendrocytes (04 positive cells) express QKI-
5 at high levels (Figure 25). Cells that are O4 negative and have low levels of QKI-5 are
either astrocytes orearly oligodendrocyte progenitors. In gk®/qk?’ brains, O4 positive cells
are detected indicating that oligodendrocytes are present, but they do not express QKI-5 at
wild-type levels. Instead, QKI-5 is reduced to a level similar to that of O4 negative cells,
many of which are astrocytes. The expression of QKI-5 in gk®/qk®’ astrocytes is low but
unaltered from that of wild-type. This was confirmed by double staining of QKI-5 and the
astrocyte specific marker‘ glial fibrillary acidic protein (GFAP) (data not-shown).

The cytoplasmic expression of QKI-6 observed in oligodendrocytes of wild-type
animals, is completely absent in gk®/gk®’ brains (Figure 26). The low QKI-6 expression

seen in gk® mutants is exclusive to astrocytes as was confirmed with antibodies against
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GFAP (data not showrl). So unlike QKI-5, which is expressed at low levels ini gk**/gk”
oligodendrocytes, QKI-6 is completely absent from these cells.. Double-labeling with MBP
shows that this late marker of oligodendrocyte dévelopment is-present in myelin of gk®
mutants but at dramatically rediiced levels (Figure 26).

Previous studies show that QKI-6 aﬁd QKI-7 have identical expression patterns,
even when their expression is altered in gk’ /gk” brain (Hardy et al., 1996). We found this
“to be true for qk25/qk25 brain as well. Double labeling with antibodies against QKI-7 and
04 shows that in wild-tyﬁe brains, these proteins are. Both expressed in oligodendrocyte
cytoplasm (Figure 27). In qk‘5/ék23 mice; QKI:7 and O4 are mutually exclusive with O4
restricted to oligoderidrocyytes and-QKI-7 rés't.ricted to astrocytes. - Therefore, QKI-7
expression, like QKI-6, is absent in. qk”5/q1%f5 oli godendrocytes.

In addition to the expression of 04 and MBP, we also determined the expression of
the oligodendrocyte specific markers PDGFaR,'NGZ and CNP. Although the polyclonal
" nature of the antibodies against PDGFoR and NG2 prevented double staining with QKI
- antibodies, these two early oligodendrocyte markers were both found to be present in
qk?Iqk®’ brains (Figure 28). The myelin protein CNP was also found to be present
although at decreased levels, similar to MBP and likely due to a great extent, to the reduced
- amount of myelin (Figure 29).

- In each of the immunohistochemistry experiments reported here on gk*’/gk®> and
wild-type brains, we also included age-matched brains from gk’ /gk” animals. The
expression patterns of QKI proteins in gk’ /gk” brain, which were reported previously
(Hardy et al., 1996) were indistinguishable from those determined for gk®/gk*’.

Expression of PDGFoR, NG2 and O4 in gk’ /gk’ oligodendrocytes was also similar.to that
* of gk®/qk? (data not shown). The amount of CNP (Figure 29) and MBP (data not shown)

however, were higher in gk’ /gk’ than in gk™/gk?.
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DISCUSSION

‘The viable neuroldgical phérctype of ‘q,iee5'

The ability of ENU to produce a range of effects on gene. transcription, translation
and protein product functionlhéé';ﬁlade it useful in creating series of mutant alleles at single
loci to uncover multilﬂ)l-e gene functions. We report here the production of a new allele of
the mouse quaking gene, gk®, with'a homozygous phenotype unlike any other ENU-
induced guaking allele. Lo

The gk® allele was selected from a single generation ENU screen by its failure to
complement the'gk’ phenotype of seizures and quaking in gk®/gk’ compound - -
heterozygotes.: This was the same method used to isolate gk, gk*** .and gk*’ in previous
ENU screens (Justice 'and Bode, 1986; Justice and Bode, 1988). However, unlike these
previously induced alleles that died as embryos when bred to homozygosity, the new gk

allele is homozygous viable. Furthermore, the phenotype-of gk®/qk® mice is strikingly

. more severe than gk’ /qk'; which was previously thought of as the loss of quaking function

in the postnatal brain. Both gk”/gk? and gk’ /qk’ mice begin to quake just prior to the most

. active time of CNS myelination at P14. However, in gk homozygotes this quaking

progresses to a severe ataxia by 3 months of age rather than the continued quaking
phenotype that is maintained by gk* /gk’ mice. Seizures in gk* mutants onset much earlier
and are more frequent than those of gk’ /gk’ mice and most gk®/qk® mice die between 3 and
6 months of age, presumably from seizure induced respiratory arrest.

Homozygous gk®’/gk” mice are fertile, confirming that the sterility of gk'/gk’ males
is due to the alteration of a separate locus-within or near the gk’ deletion. This was
previously suspected to-be case since the embryo lethal alleles of quaking rescue the gk’

sterility in compound heterozygotes (Justice and Bode, 1988). -
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‘Transmission electron’ mlcroscopy and 1mmanoh1stochem1cal staining with

antibodies against.the myelin. proteins-CNP and MBP reveal that the gk®/qk*’ neurological

- phenotype is-the result of a severe lack of myelin'sheath. This deficiency is-much more

severe than that observed for gk’ gk’ CNS i it this study.and as previously reported
(Friedrich, 1974). The thick myelin sheaths present in wild-type are completely absent in
gk?/qk? mice with only the occ.asionai thin myelin sheath present, often with abnormally
dark interperiod lines. The gk**/gk®’ brain dysmyelination phenotype is very similar to that

of the highly studied mouse mutant shiverer (Doolittle and Schweikart, 1977; Privat et al.,

'1979b). Like gk, shiverer mice have.a trembling phenotype, seizures and early mortality

due to an almost complete ]gck of CNS myelin. Hdmozygous gk?> mutants are unique from
shiverer, however, in tﬁat they bécomé severely ataxic. This is an interesting finding in light
of the fact that shiverer is the relsult\ of loss of MBP function, and MBP RNA is a suspected
target of QKI protein (Privat e;t al., 1979a; Reédhéé& et al., 1987). It suggests that if QKI is
necessary for MBP function, that other targets of QKI must also be affected in gk mutants
and lead to the ataxic phenotypic.
- The myelin deficiency of gk*’ mutants is evident in all regions of the brain from P7

to.adulthood. Although the peripheral nervous system (PNS) shows a slight myelin

decrease in gk’/gk® mice as has previously been shown for gk* /gk’ (Sidman et al., 1964),

- the effect there is very mild. QKI proteins are expressed in PNS myelinating Schwann cells

- similar to CNS oligodendrocytes and they are altered in an identical manner in gk’ /gk” mice

(Hardy, 1996). This suggests a less critical role for QKI in PNS myelination. It has been
suggested that a putative transporter of myelin protein mRNAs such as QKI may not be as
critical for Schwann cells which myelinate multiple axons in close proximity, as it would for
oligodendrocytes myelinating single axons, often at greater distances (Hardy, 1998a).
Alternatively, the targets of QKI proteins could be less critical for PNS.myelin formation or

compaction than in the CNS. In support of this idea, PNS myelin contains major myelin
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proteins which, although they jﬁa:ve o'verlappiﬁg functions ,-are -genetically distinct from
- those of the CNS (Reviewed in Scherer, 1995).: :

. Corltica,l’ surface EEG récordings frofii 21}(" hombzygous mice during seizure
episodes display increased e}ef:trical frequeﬁéy aﬁci reduced amplitude.- This is in contrast
to the classic epileptic seiz'u're res}ao_n’se that res‘ul‘ts’ in higher amplitude electrical impulses.
Lower amplitude activity is‘charactt;x;istic of. dééﬁmental seizures and places gk®/qk® mice

-in a small subclass of epileptic syndromes which share this electrical response. Very little is
known about this type of epilepsy but there are both human syndromes like West syndrome
(Fusco and ‘Vigevano, 1993) and mouse mutants like shiverer (Jeff Noebels, personal
.communication) which share this particular electrical phenomenon. Electroencephalographs
- record summations of large bursts of electrical activity from numerous neurons in a given
* brain region (Guyton and Hall,. 1996).. Increased amplitude, a common occurrence during
seizure episodes, indicates synchronized bursts of many neurons. However, even when
large bursts-of neuronal firing occur during seizure events, the EEG signals can have low
amplitude if neuron firing is desyncl:hroniied as it appears to be gk®/gk”® mice.
Heterozygous gk mice are no more susceptible to PTZ induced seizures than their
wild-type littermates. This is in contrast to our findings for heterozygotes of the embryo
lethal allele gk* (see chapter 2 of this thesis). This may reflect significant differences in the
effect that these mutations have on the adult brain or, more simply, may reflect their seizure

-susceptibility on different mouse genetic backgrounds.

The gk* molecular and cellular defect

Sequencing of quaking cDNA did not reveal any base pair alterations responsible
for the gk*’ defect.. Northern analysis of adult-brain showed a subtle decrease in the 6 kb
and 7 kb transcripts-in gk homozygous brain, similar to gk’ /gk’. - Previously, the defect in

gk’ /qk’ mice has been attributed to a loss of QKI-6 and QKI-7 specifically in
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oligodendrocytes (Hardy et al.; 1996). The obsérved decrease of qkI-6 and qkI-7

- transcripts.reported here likely reflects this loss of QKI-6 and QKI-7 in.oligodendrocytes.
A complete loss of these transcripts would not-be expected in whole brain RNA
‘preparations since astrocytes-di_sb express all thiée QKI isoforms in wild-type animals and
their expression is unaltered in qk‘5 and gk” mutants.. This suggests that the molecular
defects in gk and gk’ are regulatory mutations, bﬁt it does not give any clues as to why
these alleles differ so greatly in their severity.

Previous studies have shown that the QKI-5 isoform is localized. to the nucleus in
wild-type oligodendrocytes, while QKI-6 and QKI-7 are present in the cytoplasm (Hardy ez
al., 1996). During oligodcndrocyte development, QKI-5 is expressed in progenitor cells
while QKI-6 and QKI-7 are found in more:matire 6ligodendrocytcs which have stopped
- proliferating (Hardy, 1998b). All three isoforms are also expressed in supportive astrocytes
but at a much lower levels (Hardy et al.’l, l996j. Expression analysis of the QKI isoforms in
the postnatal brain revealed that like gk'/gk’, qk/gk®’ oligodendrocytes have low nuclear
QKI-5 compared to wild-type and a complete absence of QKI-6 and QKI-7 (Figure 30).
.Expression of all three isoforms in astrocytes was determined to be at low but unaltered
levels compared to wild-type. These studies, even more so than those previously reported
for the less severe gk’ allele, reveal the critical importance of QKI function in the
myelination process. Prior studies suggested that the gk’ /qk” defect was the result of a lack
of up-regulation of QKI isoforms at P14. Howeyver, this study revealed that abnormal QKI
expression and defective myelination is evident in both gk’ and gk” homozygous mutants as
early as P7. Indeed an inability to properly myelinate axons likely extends back as early as
E16.5 when myelin sheaths are first detected in the developing embryonic CNS (Hardy and
Friedrich, 1996). Experiments to determine just how early QKI protein expression is
altered are currently underway.. Preliminary results indicate that at E12.5 and E15.5, QKI

protein expression in the developing CNS is normal in gk* homozygous embryos: The
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nature of oligodendrocyte deveio}pnlent, however, prevents the likelihood that we will
identify a particular time poinit in developmetit Where the QKI missexpression responsible
for the gk and gk” defect i§ initiated. Myelifnfa"t-i'ngbligodendrocytes are generated
throughout CNS development from E16 S 1nto adulthood (Hardy and Friedrich, 1996).
Consequently, in any g1ven reglon of the CNS throughout thls time, ohgodendrocytes at all
} stages of development are present Quantltatlon of oli godendrocytes at different stages in
therr development from mld-gestatlon to postnatal life may therefore be necessary to
determine the cellular basis for the difference in the gk® and gk’ phenotypes. The differing
degrees to which gk®’ and gk’ can affect oligodendrocyte function makes them ideal
resources for a oligodendrocyte development study of this kind. Our preliminary efforts to
quantitate oligodendrocytes indicate that the overall number present in wild-type, gk’ /gk”
and qk;5/qk‘5 brain at P1'4 are the same. However, there is a higher number of immature
“fuzzball” oligodendrocytes present in gk'/gk” brain compared to wild-type and an even
higher number found in qk?/qk®’ brains. Consequently, we suggest that quaking is not
affecting nroliferation or apoptosis in oligodendrocytes, but rather some final critical stage
in their development. Our experiments assessing the expression of the marker genes
PDGFaR, NG2, 04, CNP, and MBP support this idea. PDGFaR is one of the earliest
markers of oligodendrocyte differentiation. It is expressed in oligodendrocyte progenitors
prior to migration from the ventricular zone of the neural tube and continues until
oligodendrocyte maturation (Nishiyama, 1998; Pringle and Richardson, 1993). The
proteoglycan NG2 is expressed in oligodendrocyte precursors and functions as a neural
outgrowth inhibitor (Levine and Card, 1987; Levine et al., ,1993).' O4 is a lipid antigen of
unknown function that appears after migration has ceased and continues in post mitotic
oligodendrocyte (Warrington et al., 1993; Warrington and Pfeiffer, 1992). Both CNP and
MBP are myelin proteins expressed relatively late in oligodendrocyte development. CNP

expression begins in immature oligodendrocytes just prior to myelination (Trapp et al.,
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1988) while MBP is targeted to the site of myelination in mature oligodendrocytes (Ainger

et al., 1993; Colman et al., 1982; Trapp et.al., 1987). All of.these markers, which are - :
expressed at different times in biigoc[lendrocyte, development are present in both gk*’ and
gk’ homozygous brains. Therefore, quaking likely affects a relatively late event in -

. .oligodendrocyte development. We can not, however, rule out the possibility that quaking
may affect alternative pathways for development than those assessed with this selection of
markers:

* Based on the findings presented here, it is highly likely that gk’ is a regulatory
mutation. We suggest that in addition to a primary quaking gene promoter necessary for
cardiovascular development, a second promoter or critical regulatory element exists for
quaking regulation in oligodendrocytes. An ENU-induced mutation in a regulatory region
could conceivably preiferrl.lt the proper.transcriptiorllai elements from binding, resulting in lost
QKI expressibn in oligodéndrocjtes. Reports of undetectable ENU-induced mutations in
presumptive regulatoyry regions are no£ uncommon in the literature. A series of ENU-
induced Bmp-5 mutgtiens have ‘been reported in which mutations presumed to be regulatory,
remain undetectable by current methods (Marker et al., 1997). The more severe myelin
deficiency caused by gk** suggests that the gk’ deletion allele is not the result of the loss of
a quaking regulator)} element as was previously suggested (Hardy et al., 1996) but rather an
alteration which leads to partial loss of regulatory function. This is supported by
experiments which showed that the gk’ allele, in addition to a large deletion, is associated
with several smaller rearrangements near the quaking locus (Vernet and Artzt, unpublished
results). Conceivably, a regulatory region that looses function when mutated in gk** , could

be repositioned in gk” such that its function is compromised but not eliminated.
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Conclusions.

.In conclusion, we have a n‘ewihypomorplili'c; viable allele of the mouse quaking gene
that exhibits an extreme lack 6f CNS myelinétion resulting in quaking, ataxia, seizures and
early death. The molecular defect in gk appears to be regulatory and results in low QKI-5
and absent QKI-6 and QKI-7 in the postnatal brain oligodendrocytes. Oligodendrocytes of
gk®’/qk”® mice express both early and late developmental marker.genes indicating that
quaking may function relatively late in their development. Electrical activity in the gk”/qk?
- brain is abnormal and seizures display cortical patterns characteristic of a decrimental

response.

51




IV: SUMMARY -AND FUTURE DIRECTIONS -

The effects of the gk and gk** alleles représent two extremes in'the loss of quaking
function. The work presente(i here reveals that quaking has a critical role in cardiovascular
development as well as a more important role in myelination than previously suspected.

We conclude, that the gk embryonic lethal allele is the result of a thymine to
adenine base pair change in the KH domain of the quaking gene. This mutation results in
homozygous embryonicl death from inadequate cardiovascular development. Defective
angiogenesis, periéardial effusion and underdeveloped heart.looping morphogenesis
coincide with alterations in cell cycling genes and-genes for vasculogenesis. Significant
alterations in the expre‘,s’sion of cafdi_ac developmental markers, however, were not detected.
In addition, the gk lethality appear:svt‘o precede any discernable function in the embryonic
neural tissue. ' However, adult carriers of the gk*? allele show increased suseeptibility to
chemically induced seizures, demon;trgting an effect of partial loss of quaking function in
the nervoAus system. © \ |

The induction of thé nyew' qk‘5 allele with ENU mutagenesis reveals that quaking has
a more critical role in postnatal myelination than previously suspected from work on gk'.
Homozygous gk” animals have a quaking phenotype which progresses to severe ataxia in
adult mice, as well as early onset seizures which lead to early death. The gk*> molecular
defect appears to be regulatory, resulting in low QKI-5 and absent QKI-6 and QKI-7
proteins in oligodendrocytes, similar to gk homozygotes. - Although oligodendrocytes in
both of these viable mutants appear to develop to late stages, they are deficient in their ability
to properly myelinate.

Since quaking mutations result in such diverse phenotypes, it has been suggested
that it has a general role in cellular development. If quaking, for instance, has a general

function in cellular transport, the result of its loss of function in different tissues would
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depend on the potentially divérse RNAs to which quaking could bind. In the embryo this
- could, for exarrfple,— méan trér;si)i;ft of RNAS from the nucleus-to-stimulate.angiogenic

. processes-while in the brain it could result in transport of myelin protein’ RNAs to the site of
active myelination. The functions of quaking in the embryo and in the central nervous
systern will be more clear as targét RNAs of quaking proteins are identified.

The existing quaking allele series is impressive in its diversity of phenotypes

-resulting from alteration of different steps in the cellular pathway of quaking function
(Figure 31). We now suggest that the gk mutation alters RNA binding or protein
interactions necessary for quaking function once RNA is bound. Also, we suggest that the

*gk” mutation is a severe regulatory mutation. This information combined with biochemical
studies and continued examination of these in vivo: models of lost quaking function will be
useful in revealing the full range of quaking functions throughout development.

Future studies include the determination of quaking protein expression patterns in
extra embryonic tissue during angiogenesis and the biochemical result of the gk mutation
on RNA binding. - Also, studies on potential RNA targets of quaking both in vascular
tissues and in the postnatal brain will be kéy to:understanding quaking function. The
phenotypes of the gk and gk~ alleles have provide intriguing clues to where an
oligodendrocyte specific regulatory region may be found. Determination of this region
would allow insite into the alternative quaking transcription mechanisms and thus, the
process of tissue specific gene regulation. Also, given the similarities in gk and gk’
oligodendrocyte protein alterations but variability in their phenotypes, we hope to
determination how these two mutant mice differ on a molecular/cellular level so we can

identify critical events in oligodendrocyte development and function.
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Figure 1: Mutagenic action of N-ethyl-N-nitrosourea A) Structure ENU with 1ts transferable
_ ethyl group highlighted in red. B) ENU adduct formation and mispairing of O*--
ethylthymine. Arrows indicate deoxyribose attachment sights.
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- Figure 2: Mispairing of ENU ethylated bases. Mispairing results in a base pair Substitut}on
- . after two.rounds of DNA replication. Thymine is-in red to indicate the presence of the O
ethyl adduct. Blue letters indicate base substitutions.
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Figure 3: Structure of the quaking protein product QKI. The STAR domain consists of the }
KH (RNA binding) domain and its flanking QUA1 and QUA2 domains. The RG boxes |
- are also indicative of RNA binding proteins. The tyrosine tail and proline rich regions |
(green) which contain SH3 binding sites are indicative of downstream function in a signal |
transduction pathway. QKI isoforms differ only in the carboxy terminus. QKI structure is

according to Ebersole et al., (1996) Nature Genetlcs 12, p260.
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Figure 4: Genomic structure and transcripts of the quaking gene. Top line: Exon-intron

. genomic structure of guaking. The highly conserved regions of the STAR domain are
- indicated above and the green arrow indicates the translation start site. Below the genomic
structure, with nameés-indicated on-the left, are the alternative transcripts of quaking. Like
colored boxes indicate like sequence and red arrows designate the translation stop sites.
gkI-5a codes for QKI-5.protein, gkI-5b and gkI-6 both code for QKI-6 and gkI-7 codes for
the QKI-7 isoform. Transcripts are according to Kondo et al., (1999) Mammalian Genome
10, p 262. ' ‘ .
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- Figure 5: The Model of quaking function. Transcription and translation of quaking RNA is
followed by subsequent dimerization of QKI proteins. Signal transduction activation may
be required for quaking function in RNA transport, splicing and suppression of translation.
Proper function in embryonic cells and oligodendrocytes results in normal embryo
development and myelination in each of the organisms in which quaking homologues have

. been cloned. o '

85






Figure 6: Molecular defect in'the.gk¥ allele. A) Sequencing revealed a T-to A transversion

in homozygous gk”.cDNA. B) The resulting mutant QKI protein contains a valine to

- glutamic acid change at amino acid position 157 which lies in the common KH (RNA)
binding domain. The newly sequenced wild-type transcript gkIAQUA? results in the

- truncated protein QKIAQUA2. This truncated isoform terminates after the unique four

- amino acids, FFFA, in the QUA2 domain. -
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. Figure 7: Embryo lethality of.the gk allele. A) Wild-type and homozygous gk embryos
at E9.5 of development. The:gkk2 mutants commonly display open head folds (white
arrow) and kinky neural tubes (green arrow). At E10.5 of development, wild-type embryos
(B) have tightly looped hearts (black arrow) while homozygous gk* embryos (C), have less
compact hearts and pericardial effusion. Mutants at this late stage often display this general
puffy distorted appearance. . . . - '
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Flic%ure 8: Vascular differentiation defects.in gk mutants. Wild-type (A) and homozygous
gk” mutant (B) embryos dissected at E9.5 show decreased extra embryonhic blood-vessels
on the yolk sac. E10.5 yolk sacs stained with artibodies against the vascular endothelial cell
maker PECAM-1 show that the large-vitelline vessel network on wild-type yolk sacs (C) is
completely absent in gk homozygotes (D).. Less strikingly, but still apparent, vessel
differentiation within the embryo itself is affected. This is observable in the brain of wild-
type embryos (E) which have a more extensive. vessel network (arrows) than that of the qk?
mutants (F).
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Figure 10: Histological sections of E10.5 embryos. Transverse sections stained with

- hemotoxylin and eosin show that wild-type (A) and gk homozygous mutants (B)

consistently differ only. in the degree of heart looping. Wild-type hearts -have four distinct
chambers -at this time (right and left ventricle and right and left aorta indicated as RV, LV,
RA, and LA respectively). In the gk mutants, these regions can be seen as one large cavity.
High magnification of wild-type (C) and mutant (D) hearts shows that the histological
association of cardiac cells is normal in gk mutants. The abnormal fluid accumulation
between the pericardium (arrows) and the inner myocardium in gk mutants is lost during
fixation.
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‘Figure. 11: Expression of heart markers during embryo development. - Whole mount in situ
hybridization at E9.5 shows that Nkx2.5, a:marker of cardiac looping, is expressed similarly
in wild-type (A) and gk* mutants (B). Both right and left sides of the heart are shown.
Immunohistochemistry of transverse sections fromE10.5 wild-type (C) and gk*
homozygotes (D) show a-sarcomeric actin protein is present in gk mutants.
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Figure 13: Cardiac gene expression by quantitative RT-PCR. For each experiment,
.expression-is reported as the number of transcripts of interest per number of internal control
36B4 transcripts. The cardiac differentiation genes Anf (A) and fMhc (B) are both
expressed at similar levels in wild-type, heterozygous and gk homozygous hearts. In
contrast, Anlfgl (C) and Mef2c (D) are expressed at higher levels at E9.5 in wild-type hearts

than gk¥/ q

or gk¥/+ hearts. - Vegf (E) is overexperssed in gk%/ gk hearts by E10.5 of
development. -
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Figure 14: Cell cycle gene expression by quantitative RT-PCR. For each
experiment, expression is reported as the number of transcripts of interest per

number of internal control 36B4 transcripts. The the cell cycle inducer Cendl (A)

and cell'cycle inhibitor Cdknlc (B) are both reduced in gk*? mutant hearts by

E10.5. The cell cycle inhibitor Cdknla (C) is increased in gk** mutants by E10.5.




- Table 2. Whole mount in situ genetic markers

“Gene E9.5 Expression Function References

Nkx2.5 Heart Cardiac development and looping  (Komuro and Izumo,

1993; Lints et al.,
1993; Tanaka et al.,
1999)

Shh .Notoch'ord Ventral neuron differentiation (Ericson et al., 1995;

Brain floor plate Marti et al., 1995,
Roelink et al., 1995)

Foxa2  Ventral neural tube  Floor plate development (Ruizez al., 1995;

Brain floor plate . Ventral patterning and axon Sasaki and ‘Hogan,
guidance 1994)

Fgf8 Forebrain and mid- Embryonic development (Ericson et al., 1997,
hind brain junction "~ Heikinheimo et al.,
‘Prospective limb 1994)

Pax6 Dorsal neural tube Neuronal and glial cell (Ekker et al., 1995;
and diencephalon. differentiation Walther and Gruss,
Eye and forebrain 1991)

T Notochord Mesoderm formation (Herrmann, 1991;

Posterior embryo
Primitive streak

Notochord differentiation

Kispert and
Herrmann, 1994,
Wilkinson et al.,
1990)

102




Figure 15: Whole mount iz situ hybridization at E9.5 with Shh, Fgf8 and Foxa2. Shh
expression, seen in the notochord and brain floor plate in wild-type embryos (A), is similar
- to that observed in-gk® homozygotes (B) at E9.5 arrest. Several gk homozygotes that
were delayed slightly earlier did display a shortened domain of expression in the brain floor
plate (D) when compared to aged matched wild-type embryos (C). Fgf8 expression in the
forebrain and mid/hind brain junction is similar in wild-type (E) and gk*/ gk embryos (F)
as well as expression in the prospective limb region, first brachial arch and tail. FoxaZ is
expressed in the developing brain floor plate and ventral neural tube in wild-type embryos
(G). This pattern is the same as that seen in homozygous gk mutants (H). Boxed inserts
show neural tube cross sections which exhibit the ventral restricted expression pattern of
Foxa?2.
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Figure.16: Whole mourit in situ hybridization at E9.5 with Pax6 and T. Expression of Pax6
in wild-type (A) and gk homozygous embryos (B) shows similar patterns in the forebrain,
hindbrain, and the dorsal neural tube. Expression is also seen in the developing eye and
dorsal diencephalon (insert).- T’expression in the notochord and tail of wild-type embryos
(C)is similar to,that observed in g/ gk? embryos (D).
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Table 3. Pentylenetetrazole seizure sus'ceptibility‘ -

' ' Seizure No Seizure
Wild Type (+/+) } 7 (21%) 26 (79%)
Heterozygotes (qgk“/+) 38'(84%) 7 (16%)

p <0.05
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Figure 18: Quaking allelism test crosses. The compound heterozygote mouse (boxed)
selected from the ENU screen was mated to A) wild-type B) gk heterozygotes and C) gk’
- homozygotes The phenotypes of the offspring shown revealed the new mutation (m) was
recessive and allelic to quaking. The presence of the qk“ allele could be determined by
Southern blot genotyping.
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Table 4. Homozygous and combound heterozygous phenotypes of gk’

Parental Cross Offspring Phenotype ‘ Relative Phenotype
Quake/Seize ° Normal Total - Severity**
g+ X qk®/+ - 82(29%) 199 (71%) 281 ++++
Gl X gl 471 @1%)* 66(59%) 113 +4
gk®+ X qk¥/+ 54 (21%) 200 (79%) 254 ++
gk®I+ X qk'l+ 72 (26%) 200 (74%) 272 +++

*48% recovery of compound heterozygotes is expected due to t-chromatin transmission
ratio distortion in gk*//+ males.
**Phenotype severity is relative to the gk’/gk’ phenotype designated “+”
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Figure 19: Histology of qk? homozygous brains. ‘Coronal sections stained with
hemotoxylm and eosin show the brain morpholo% y of wild-type mice (A) is preserved in

_ gk” homozygotes (B) with the exception that gk mutants can'commonly display enlarged
ventricles (white arrows). Luxol fast blue staining for myelin lipids shows the intense-
stammg of the corpus callosum (CC) and anterior commissure (AC) in wild-type mice (C),

_is absent in gk® mutants (D).

112






Figure 20: Dysmyelination in gk homozygotes. Transmission electron mycroscopy of the
corpus callosum reveals thick-abundant myelin sheathes (arrows) ?resent in wild-type brain

(A). These thick sheaths are completely absent in the brain-of gk/gk®’, which contain only
the occasional thinly myelinated axon (B). Although the myelin sheaths are thin‘in gk” /gk”
brain (C) there are visibly more myelinated axons than in gk®lgk?®. X =10,500. Luxol fast
blue staining in the corpus collosum (inset) shows the intense myelin staining in the wild-
type brain is completely absent in both gk**/gk®* and gk’ /qk’ brains.

114







Figure 21: Electroencephalograni recording apparatus. Surface cortex EEG signals were
recorded from mice via subdural electrodes attached to a microminiature-connector on the
skull surface. Electrical signals were synchronized with video camera images and recorded
on VHS as a split screen image. .
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Figure 22: Cortical surface electroencephalogram recordings. EEG recordings of gk®/gk”
mice during normal activity (A) often reveal interictal spiking events, which do not correlate
to any abnormal behavior. During gk?/gk? seizure episodes (B) electrical impulses
increase in frequency and decrease in amplitude. This is in contrast to a classic epileptic
seizure pattern (C), which usually displays increased frequency and increased amplitude of
electrical output. A typical wild-type electrical pattern from wild-type mice (D) is shown as
a control. Arrows indicate the beginning of the behavioral seizure.
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Table S. Pentylenetetrazole seizure susceptibility at 42.5 mg/kg

- - Seizure No Seizure
Wild Type (+/+) CoL 7 (23%) 23 (T7%)
Heterozygotes (gk®/+) 7 (23%) 23 (77%)

p>0.05

. Table 6. Pentylenetetrazole seizure susceptibility at 45.5 mg/kg

Seizure No Seizure
Wild Type (+/+) 10 (34%) 19 (66%)
Heterozygotes (gk™/+) 11 (38%) 18 (62%)

p >0.05
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Figure 24: Oligodendrocyte development. Oligodendrocytes at all stages of development
are present in the central nervous system from mid-gestation through adulthood.

Expression of the oligodendrocyte markers condroitin sulfate proteoglycan 2 (NG2/Cspg?2),
platelet derived growth factor alpha receptor (PDGFoR), sulphatide/seminolipid antigen
(04), 2';3'-cyclic nucleotide 3'-phosphodiesterase (CNP), and myelin basic protein (MBP)
as well as QKI expression is indicated for each stage of differentiation.
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Figure 25: Postnatal brain QKI-5 and O4 expression. Antibodies against QKI-5 protem
(green) and the lipid antigen O4 (red) in the brain-cortex at P7. A) Wild-type O4 positive
oligodendrocytes (arrows) express high levels of QKI-5 in the nucleus. O4 negative cells
are either astrocytes, or early oligodendrocyte progenitors. B) O4 positive oligodendrocytes
in gk®/qk?’> mice express QKI-5 at low levels smular to O4 negative astrocytes and early
oligodendrocyte progenitors.
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Figure 26: Postnatal brain QKI-6 and MBP expression. Antibodies against QKI-6 (green)
and myelin protein MBP (red) in the brain cortex at P7. A) Wild-type brain contains
oligodendrocytes expressing high levels of cytoplasmic QKI-6 (arrow) and the myelin
protein MBP is abundant. B) QKI-6 positive oligodendrocytes are absent in gk* /qk®’ brain
but low QKI-6 expression is present in astrocytes as confirmed with antibodies against
GFAP (data not shown). MBP is present but at severely reduced levels.
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Figure 27: Postnatal brain ‘QKI-7 and O4 expression. Antibodies against QKI-7 (green)
. and O4 (red) in the brain cerebellum at P7. A) Wild-type brain contains O4 positive and
QKI-7 positive oligodendrocytes (arrows) which together appear yellow. B) O4 positive

oligodendrocytes in gk”’/gk® brain are devoid of any QKI-7 expression. QKI-7 continues
to be expressed at low levels in astrocytes.
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Figure 29: Postnatal brain QKI-5 and CNP.expression. Antibodies against QKI-5 (green)

- and the myelin protein CNP (red) in P14 cerebellum. A) Wild-type brains show abundant
oligodendrocytes expressing QKI-5 at high levels compared to the low levels in astrocytes.
Staining of CNP in myelin is abundant. B) Brains of gk**/qk®® mice are devoid of
oligodendrocytes expressing high levels of QKI-5. CNP is present but scarce in these
mutants. C) Brains of gk’ /gk’ mice are also devoid of cells expressing QKI-5 at high levels
and although they express CNP at higher levels than gk” mutants, there is still a severe
reduction compared to wild-type.
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- Figure 30: Postnatal brain QKI expression. In-wild-type mouse oligodendrocytes, QKI-5 is

-localized to the nucleus and QKI-6 and QKI-7 are localized to the cytoplasm. In the viable
gk’ Igk’ and gk®*/qk” mice, QKI-5 is reduced and QKI-6 and QKI-7 are absent from
oligodendrocytes.
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Figure 31: The quaking mutant allele series. Each of the six mutant alleles is unique in the
way it affects quaking function. gk’ is a loss of the nuclear isoform, gk’ likely affects
RNA binding, gk** prevents dimerization, gk is a severe regulatory mutation and gk’ is a
mild regulatory mutation. The affect of gk/ remains to be determined.
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