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Abstract

A microdeletion at the terminal region of chromosome 22q was identified in a 12-year-
old boy with mild mental retardation and delay of expressive speech. These features of patient NT
show overlap with the clinical features of the cytologically visible 22q13.3 deletion syndrome.
This microdeletion can therefore be used to narrow the focus of gene searches for involvement in
the deletion syndrome. To clone the microdeletion region, I constructed a cosmid/P1 contig,
which covers the terminal 150 kb of 22q, and encompasses the 140 kb microdeletion. The
microdeletion breakpoint was mapped within a VNTR locus D22S163, and the deletion was
confirmed to be terminal. Four cosmids spanning the contig were sequenced by a collaborator. I
then used sequence analysis to identify potentially expressed sequences within the microdeletion
region. Those expressed sequences were further confirmed by RT-PCR, cDNA library screening,
and Northern blot analysis. One previously cloned gene, acrosin (ACR), was mapped between
two newly identified genes. Ankyrin-like proline rich (ALPR) was mapped proximal to ACR. It
has a complex structure which includes three alternatively spliced 3’ ends. ALPR is similar to a
predicted C. elegans protein C33B4.3. Both proteins contain an ankyrin repeat domain and
stretches of polyproline sequences, both of which imply protein-protein interaction. Reporter
gene fusion analysis shows that C33B4.3 is widely expressed in various organs, with a sexually
dimorphic expression pattern in C. elegans. ALPR also shares extensive homology with rat
cortactin binding protein 1, which has an implied function in cytoskeletal remodeling. The most
distally mapped gene on 22q, RAB-like (RABL), is homologous to proteins in the RAB family
whose members are involved in vesicular trafficking. RABL is duplicated on 2q13. Both loci
show expression in all tissues tested. This work sets the stage for future work on studying the
relationship between the deletion of the candidate genes and the phenotype of the 22q13.3

deletion/microdeletion syndrome patients.
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Introduction

Chromosomal abnormalities

Human and other primates are unusual among mammals — they are thought to lose
a high percentage of conceptions, usually before these pregnancies are clinically
recognizable (McFadden and Friedmann 1997). This is often due to chromosome
abnormalities. Therefore, chromosomal abnormalities are an important cause of infertility
and miscarriage in humans. Studies have shown various forms of chromosomal
abnormalities in 1.3% of couples seen at infertility clinics (Guerneri et al. 1987), 20-50%
of human conceptions (McFadden and Friedmann 1997), and at least 6% of spontaneous
abortions of clinically recognized pregnancies (Stern et al. 1996). Chromosomal
abnormalities are also a significant source of congenital anomalies and mental retardation
in newborns. One study showed that approximately 0.9% of newborn infants have some
forms of chromosomal abnormalities which often lead to congenital anomalies (Jacobs et
al. 1992).

There are three major types of chromosomal abnormalities: polyploidy,
aneuploidy and structural abnormalities. In polyploidy , the nucleus has a multiple of the
basic haploid chromosome number other than two. Polyploid embryos are usually lost
early in pregnancy. Aneuploidy refers to the gain or loss of one of more chromosomes,
which in most cases also leads to spontaneous abortion. However, viable offspring are
often produced through structural chromosomal abnormalities, which involve various
chromosomal rearrangements such as duplications, deletions, or translocations. Most
chromosomal rearrangements involve at least two breaks in one or more chromosomes,
and the two breakpoints usually fuse together to form an aberrant chromosome. However,
this rule does not apply to terminal deletions, which only require one break in the

chromosome. A specific terminal deletion is the topic of this thesis.



Telomeres: stabilizing the chromosome by capping the end

Terminal deletions remove the end of a chromosome arm. The broken end is then
highly unstable. This phenomenon has been studied for many years in many organisms.
For example, McClintock (1938) showed that a broken chromosome in maize fused with
its sister chromatid after replication to form a dicentric chromosome, which broke again
at mitotic anaphase. A “break and fuse cycle” was then repeated during the next meiosis
and mitosis.

In most organisms (except some insect species in the order Diperta and plants in
the genus Allium), the normal ends of linear chromosomes in the nucleus are stabilized by
a G-rich repeat sequence called a telomere (Biessmann and Mason 1997), which may also
play a role in stabilizing broken chromosome ends. In humans (Moyzis et al. 1988) and
mice (Kipling and Cook 1990; Starling et al. 1990) the telomeric sequence is the
canonical repeat (TTAGGG),. This repeat sequence is maintained by a mechanism other
than conventional semi-conservative DNA replication. There is a commonly described
“end replication” problem for linear DNA replication. During conventional DNA
replication, DNA polymerase initiates elongation of a new strand from an RNA primer at
the lagging strand. The new strand extends from 5’ to 3’. As a result, the sequence at the
start of the elongation to the 5’ end of the lagging strand is fully replicated. However, the
sequence where the RNA primer is removed from the lagging strand is not replicated,
leaving a 3’ overhang of the lagging strand. If there is no other DNA replication
mechanism to add sequences at the 3’ end, the linear DNA will shorten after each round
of DNA replication (Linger et al. 1995). The solution to this problem was explained by
the discovery of telomerase activity. Telomerase is a ribonucleoprotein. It contains an
RNA template as well as two protein subunits, p80 and p95 (Collins et al. 1995a).
Recently the RNA template (Feng et al. 1996) and the p80 subunit (Kilian et al. 1997;
Meyerson et al. 1997; Nakayama et al. 1997) of human telomerase have been cloned. The
RNA template is a complementary sequence of 1.5 telomeric repeats. It provides a

template for the addition of the telomeric repeat at the end of the chromosomes in the



presence of the p80 and p95 subunits, which presumably are the catalytic unit of a reverse
transcriptase and telomeric sequence binding protein, respectively (Collins et al. 1995a).
Telomerase can also add telomeric repeats directly to a broken end, a mechanism which
is known as telomere healing. Broken chromosomes can also be stabilized by telomere
capture through non-homologous recombination. These two mechanisms involve two
distinct properties of telomeres; namely, the maintenance of telomere length by
telomerase and the dynamic structure of the repeats that are close to the telomere.
Telomere healing has been well characterized in the ciliated protozoa. In
Paramecium or Tetrahymena, telomere healing is found in their macronucleus during
normal development (Barion et al. 1987, Forney and Blackburn 1988, Spangler et al.
1988). For example, the unicellular organism Tetrahymena thermophila contains of two
nuclei, the macronucleus and micronucleus. The diploid micronucleus is transcriptionally
silent, and undergoes meiosis in the sexual process of conjugation. The macronucleus, on
the other hand, is transcriptionally active and undergoes programmed chromosome
fragmentation, resulting in 200 different linear chromosomes from the fragmentation of 5
pairs of chromosomes (Forney and Blackburn 1988). The broken ends of the small
chromosomes are healed by de novo addition of telomere sequence. Telomere healing is
also involved in stabilizing broken chromosomes in other organisms. In humans, a total
of seven terminal deletion breakpoints have been cloned. In all cases the tip of
chromosome 16p was deleted, which caused hemizygosity of the o-globin genes and
resulted in o-thalassaemia (Wilkie et al. 1992a, Lamb et al. 1993, Flint et al. 1994). In
addition to the human telomeric repeats (TTAGGG),, the only common feature between
these breakpoints was the presence of a few nucleotides that were similar to the telomeric
sequence prior to the added telomeric repeats. These results suggested that the telomerase
recognized telomere-like sequence at the breakpoints, and added telomeric repeats to
them. The sequence requirement for the telomerase to recognize a broken end is unclear.
When studying telomere healing in Tetrahymena, Harrington and Greider (1991) showed
that sequence that is complementary to the telomerase RNA template is not required, if
the breakpoint is close to two internal telomeric repeats. Other in vitro studies of humans
(Morin 1991; Mumane and Yu 1993) showed that two nucleotides are the minimal

complementary sequence required for the recognition of the breakpoint by telomerase.



Lamb et al. (1993) hypothesized that when a chromosome is broken, exonucleases
degrade the end of the broken chromosome until a sequence that can be recognized by
telomerase is reached. Although exonuclease activity has been found, it is specific for the
C rich strand of the telomere (Wellinger et al. 1996; Makarov et al. 1997). There are five
possible combinations for a two-nucleotide sequence to match the telomeric repeat
sequence (TT, TA, AG, GG, and GT in the TTAGGG sequence), and sixteen different
combinations of bases for a two-nucleotide sequence (2° = 16). If two nucleotides are the
minimal complementary sequence for telomerase recognition, there is at least a 31.25%
chance that the telomerase can recognize the broken end (5/16 = 0.3125). Other than
telomere healing, there are at least two possible alternative fates for broken
chromosomes. The broken chromosome can either cause checkpoint-mediated cell cycle
arrest, as it is shown in yeast (Bennett et al. 1993; Sandell and Zakian 1993) and
mammalian cell lines (Lock and Ross 1990), or it can be stabilized by telomere capture
that involves non-homologous recombination.

The mechanism of telomere capture relates to the genomic organization of the
telomeric region. The sequence that is adjacent to the telomeric repeats, (TTAGGG),, is
called the telomere associated sequence. In yeast (Pryde and Louis 1997), Preumocystis
carinii (Underwood et al. 1996), Plasmodium falciparum (Pace et al. 1995),
Trypanosoma brucei (Eid and Sollnerwebb. 1995), plants (Fajkus et al. 1995), or even the
protoeukaryotic cell Giardia duodenalis (Upcroft et al. 1997), similar telomere associated
sequences are found associated with different telomeres. For example, 0 — 4 tandem
repeats of Y’ elements, which are either 5.2 kb or 6.7 kb in size and contain 2
overlapping ORFs, found associated in some yeast telomeres (Pryde and Louis 1997). In
humans, three different types of telomere associated sequences called TelBam3 .4,
TelBams8, and TelBam11 have been mapped to different telomeres (Brown et al. 1990).
These TelBam sequences are variably associated with three different length
polymorphisms at the subtelomeric region of 16p. For example, TelBam3.4 is associated
with “A” and “C” length alleles, whereas TelBam11 is associated with the “B” allele. B
and C alleles are 180 kb and 260 kb longer than A, respectively (Wilkie et al. 1991).
Furthermore, these polymorphic alleles are found at telomeres of other chromosomes.

The A allele maps to Xq and Yq, whereas the B and C alleles are on 9q, 10p, and 18p.



Sequences of the same length allele in different chromosomes are similar, yet they could
be distinguished by restriction mapping analysis (Wilkie et al. 1991). This suggests that
the subtelomeric region is dynamic in nature, where chromosome ends are exchanged
between non-homologous chromosomes. The subnuclear organization of chromosomes
during meiosis provides the possible structure for such non-homologous chromosome
exchanges. During interphase, human telomeres are associated with the nuclear matrix
(Luderus et al. 1996). Starting at late preleptotene, the telomeres are moved to the nuclear
envelope and clustered to form a structure known as chromosomal bouquet, which is not
resolved until pachytene (Scherthan et al. 1996, Fig.1). A similar structure to the
chromosomal bouquet has been extensively studied in the fission yeast
Schizosaccharomyces pombe (Nimmo et al. 1998; Cooper et al. 1998). During meiotic
prophase I, the nucleus of S. pombe elongates and forms a structure known as a horsetail
(de Lange 1998). Like the chromosomal bouquet, the telomeres in S. pombe are clustered
in the horsetail and associated with the spindle pole body. Centromeres then move back
and forth through the cell. This movement is believed to “straighten up” the
chromosomes and facilitate the search for homology between homologous chromosomes.
The clustering of the telomeres at the spindle polar body is mediated by a telomere
sequence binding protein Tazl (Cooper et al. 1998), which also regulates the telomere
length (Shore 1997). A defect in telomere clustering caused by a Tazl mutation results in
chromosome missegregation, reduction in recombination and low spore viability (Nimmo
et al. 1998). The chromosomal bouquet in humans presumably serves the same purpose
as the horsetail cluster in yeast. Because of the telomere clustering, exchanges between
the telomeres of non-homologous chromosomes may also be facilitated. Such non-
homologous chromosome exchanges have been found in humans. Other than the
polymorphic alleles of the telomere associated sequences found in 16p and

other chromosomes (Wilkie et al. 1991), sequence exchange has also been found between
4qter and 10gter in 20% of the population. The non-homologous chromosomal exchange

region found in 4q is associated with the autosomal dominant myopathy disorder,
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Figure 1 Chromosomal Bouquet formation. During late preleptotene, the
telomeres are moved to the nuclear envelope and clustered at the centrosome
( blue oval). Telomeric repeats (TTAGGG)n (black ovals) attach to the
nuclear envelope. The subtelomeric repeat region (blue boxes) from non-
homologous chromosomes are close to each other, facilitating the exchange
of non-homologous chromosomes. The chromosomes (thin lines with green
circles as centromeres) start searching for their homologous pair (Redrawn
after Scherthan et al. 1996; de Lange 1998).



facioscapulohumeral muscular dystrophy (FSHD), and genotyping of families for this
disease lead to the discovery of the exchange (van Deutekom et al. 1996). Non-
homologous chromosome exchanges between chromosome ends have also been found in
the subtelomeric repeat region of yeast. This region lacks DNase I hypersensitive sites
(Louis et al. 1994), where double strand breaks are initiated, resulting in reciprocal sister
chromatid exchange during meiosis (Wu and Lichten 1995). The lack of these sites
suggests that the non-homologous chromosome exchanges are not mediated by
conventional homologous recombination. Therefore, the recombination between non-
homologous chromosomes at the subtelomeric region may not produce reciprocal
products. When a chromosome is truncated, the broken end will be brought close to the
subtelomeric regions of other chromosomes in the chromosomal bouquet. Since full
homology between the sequences is not required for this recombination, any repetitive
sequences such as an Alu element will initiate the recombination with another non-
homologous chromosome end. The deleted chromosome will then acquire subtelomeric
sequences from a non-homologous chromosome. Such chromosome stabilization has
been found at 16p (Flint et al. 1996). It is also implicated in one 16p- case where the
breakpoint is within an Alu element and no complementary sequence to the telomerase

RNA template is found adjacent to the telomeric repeat (Flint et al. 1994).

The Mechanisms Causing Deletions

Unequal crossover between repetitive sequences

The mechanism involved in chromosome deletion is not completely understood.
However, there are well documented cases of interstitial deletions caused by unequal
crossover between repetitive sequences. One well known example is the Charcot-Marie
Tooth disease type 1A (CMT1A)/hereditary neuropathy with liability to pressure palsies
(HNPP) region, which maps to a 1.5 Mb region on chromosome 17p11.2-p12. Both
duplications and deletions have been found in this region, resulting in CMT1A and HNPP
respectively. The duplication/deletion region is flanked by two large CMT1A-REP
repeats. The duplication/deletion is believed to be a pair of reciprocal unequal cross-over
products caused by the misalignment of the proximal and distal CMT1A-REP repeats



during meiosis (Fig. 2A) (Reiter et al. 1996). Within the CMT 1 A-REP there is a hot spot
for recombination where the recombination rate in patients is 53 times higher than that of
the normal individuals (Reiter et al. 1996). Close to the recombination hot spot there is a
Mariner insect transposon-like element (MITE). Mariner is a class II transposable
element originally isolated from Drosophila maurititana (Robertson 1993). This type of
DNA transposon moves from one location in a genome to another by excision and
reintegration (Morgan 1995). Although the MITE element within CMT 1 A-REP does not
contain any functional transposase gene, the double strand break at the recombination hot
spot could be mediated by an endogenous transposase. The double strand break then
promotes the recombination that results in an unequal crossover event (Reiter et al.

1996).

A similar example that involves repetitive elements flanking an interstitial
deletion region is found in Williams syndrome. In a study to delineate the deletion region
of this syndrome at 7q11.2, Robinson et al. (1996) identified three loci of the
microsatellite marker D7S489 in the region. Two loci (D7S489L and D7S489M) flank
the deletion on either side, whereas one locus (D7S489U) is mapped between D7S489L
and D75489M and is deleted occasionally (Fig. 2B). These loci are expressed, which is
evident by their matches to partially sequenced cDNAs ( “EST’s) in the Genbank
sequence database (Robinson et al. 1996). The deletion in Williams syndrome is likely
caused by misalignment between D7S489L and D7S489M, or DS489U and D7S489L
during meiosis. Like the CMT1A/HNPP region, the recombination rate within the critical
region of Williams syndrome patients is elevated compared to normal individuals (Dutly
et al. 1998), further supporting the hypothesis that the deletion is caused by the unequal
crossover events. However, unlike the CMT1A/HNPP syndromes, there is no disorder
associated with the duplication of the Williams syndrome region. Robinson et al. (1996)
suggested that the increased dosage of genes within the Willliams syndrome region may
be lethal. Alternatively, the increased dosage may not produce any phenotypic effect and
therefore has not been detected.
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Figure 2 Deletion as a result of unequal cross-over in (A)
hereditary neuropathy with liability to pressure palsies. The reciprocal
product results in the duplication disease Charcot-Marie Tooth Type 1A.
Each box represents a CMT1A-REP repeat. (B) Williams syndrome. The
three copies of the D7S489 locus flank the breakpoint of the
microdeletion. The reciprocal product has not been found.



While it is likely that unequal crossover causes other interstitial deletions, it is
unlikely to be the mechanism of terminal deletions, which only involve one break in the

chromosomes.

Terminal deletion due to breakage at a fragile site

Very little is known about how one break occurs in a chromosome causing a terminal
deletion, however many such deletions are known (Table 1). Although there are cases of
inherited terminal deletions (Wilkie et al. 1990b, Descartes et al. 1996), most cases arise
de novo. However, some reports show that deletion breakpoints in the Jacobsen syndrome
region have been mapped close to a fragile site (Voullaire et al. 1987; Jones et al. 1994).
Jacobsen syndrome is associated with the terminal deletion of 11q (Michaelis et al.
1998). Voullaire et al. (1987) identified a Jacobsen syndrome patient who also inherited a
fragile site on 11q (FRA11B) from his mother. Fragile sites, detected cytogenetically
when cells are grown under special chemical treatments, appear as a constriction in the
chromosome in vitro and presumably render it susceptible to breakage in vivo (Jones et
al. 1994). By positional cloning, Jones et al. (1994) mapped an ~100 kb region that
contains the fragile site. They also mapped the breakpoint of the Jacobsen syndrome
patient from Voullaire et al. (1987) within the same 100 kb region. Although they showed
that the tip of the truncated chromosome contained telomeric repeats by FISH, they did
not show whether the chromosome also contained the subtelomeric region. Therefore, it
was not confirmed whether the deletion is terminal or interstitial. Although both the
fragile site and the breakpoint were within a 100 kb region, the distance between the
fragile site and the breakpoint was not determined. As a result, it is not yet possible to
establish a causal relationship between the presence of the 11q fragile site and the
Jacobsen syndrome breakpoint.

Jones et al. (1995) further examined three different families who showed the
transmission of the FRA11B fragile site as well as Jacobsen syndrome. They
demonstrated that the fragile site was located at the 5° end of the CBL2 proto-oncogene.
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Table 1 Terminal deletions in different chromosome arms

Chromosome |Cytogenetic Phenotype References
arm postition

involved
ip 1p36.22->pter |Large anterior fontanelles, low set ears, Keppler-Noreuil et al.

hypotonia, developmental delay,
cardiomyopathy, hydrocephalus.

(1995)

1q

1q43-> qter

Severe psychomoter developmental delay,
generalized hypotonia, seizures,
autistic-like behavior.

Murayama et al.
(1991)

2p

No case reported’

2q

2q37->qter

Low birth weight, growth retardation,
developmental delay, macrocephaly,
large forehead, upslanting palpebral
fissures, lower-set ears with small
canals, low-set nipples, cardiac defect,
genital abnormalities, syndactyly/
clinodactyly, simian creases and
seizures, Wilm's tumor.

Conard et al. (1995)
Wenger et al. (1997)
Viot-Szoboszlai et al.
(1998)

3p

3p25->pter

Mental retardation, growth retardation,
microcephaly, ptosis, micrognathia.

Phipps et al. (1994)

3q

3q37->qter

Non-specific developmental delay,

growth retardation, hypotonia,

ear abnommalities, bilateral

microphthalmia or anophthalmia (2 cases)

Chitayat et al. (1996)

ap

4p16.3->pter

Wolf-Hirschhom syndrome: severe

growth deficiency, mental retardation
with onset of convulsions by the 2nd year
of life, microcephaly, sacral dimples,

facial features, midline defects,
flexion/contracture deformities of hands
and feet, heart defects, hemangiomas,
hypolastic nipples, sye defects.

Altherr et al. (1997)

4q

4q33->qter

4q34.2->qter

Micrognathia, abnormalities of the
fingers, mental retardation, flat nasal
bridge.

Upper lip abnormality, narrow high
arched palate, short uptumed nose,
high nasal bridge, low set ear.

Menko et al. (1992)

Descartes et al.
(1996)

Sp

5p15->pter

cri-du-chat syndrome: Microcephaly,
round face, hypertension, micrognathia,
prominent nasal bridge, epicanthal
folds, hypotonia, severe psychomotor
and mental retardation, high-pitched

cry.

Overhauser et al.
(1994)

11




Table 1 (continued.....1)

Chromosome [Cytogenetic Phenotype References
arm postition
involved
5q 5q35.1->qter |oral, facial, digital anomalies. Kleckowska (1993)
6p 6p23->pter Psychomotor and growth retardation, Plaja et al. (1994)
ventricular septal defect, patent ductus
ateriosus, facial features.
6q Proximal Microcephaly; broad, prominent nasal Meng eta I. (1992)
breakpoint bridge, long philtum, micrognathia or
from 6q21 retrognathia, short neck, hypotonia,
to 6q25.3 congenital heart defect, seizures,
mental retardation, growth deficiency
7p 7p15 (some Craniosynostosis. McPherson et al.
interstitial (1976)
cases)
79 7q32->qter Low birth weight, pre/postnatal growth Frints et al. (1998)
and developmental retardation,
microcephaly, eye anomalies, flat/
broad nasal bridge with bulbous nasal tip,
male genital abnormalities, abnormal
palm/sole creases, holoprosencephaly.
8p 8p22.1->pter |Developmental delay, microcephaly, Claeys et al. (1997)
mild mental retardation, congenital
heart defect, behavioural problems.
8q 8q24->qter Langer-Giedion syndrome/tricho- Langer et al. (1984)
rhino-phalangeal syndrome type |i:
sparse scalp hair, large protruding ears,
bushy eyebrows, a broad nasal bridge,
bulbous nose, elongated upper lip with
a thin upper vermilion border, cone-
shaped epiphyses, malocclusion,
mandibular retrognathia, dental
abnormalities, multiple cartilaginous
exostoses, mental retardation.
9p qter->p2304 |1 case report showed the deletion Taylor et al. (1991)
associated with Gilles de la Tourettes
syndrome (Pauls et al. [1986])
9p22->pter Trigonocephaly, long philtrum,
psychomotor retardation, upward slant
of palpebral fissures,
dolichomesophalany.
9q No case reported'
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Table 1 (continued...... 2)

Chromosome |Cytogenetic Phenotype References
arm postition

involved
10p 10p13->pter |DiGeorge Syndrome-like phenotypes: Daw et al. (1996)

Hypoparathyroidism, heart defects,
retarded growth, dysplastic or low set
ears, Renal/renal tract anomalies.

10q

10q25.3->qter

Triangular-shaped face with broad nasal
bridge, downslanting palpebral fissures,
strabismus, bow-shaped upper lips,
malformed, posteriorly angulated ear,
various degree of psychomotor
retardation, mental retardation.

Petersen etal. (1998)

11p

No case reported®

11q

11q23.3->qter

11q24.1->qter

Intrauterine growth retardation,

short stature, severe to moderate mental
and motor retardation, trigonocephaly,
hypertelorism, ptosis of upper lids,

short nose, anteverted nares, carp-
shaped mouth, short neck, cardiac
anomalies, delayed myelination.
Jacobsen syndrome: Growth and

mental retardation, trigonocephaly, facial
and digit anomalies, cardiac defects
thrombocytopenia, pancytopenia.

Ono et al. (1994)

Michaelis et al.
(1998)

12p

No case reported'

12q

No case reported'

13p

Acrocentric?

13q

13q32.3->qter

Opitz GBBB syndrome-like phenotype:
Midline defects include craniofacial
abnormalities, microcephaly,
hypertelorism, brachycephaly, facial
asymmetry, ear anormalies, male
external genital anomalies, mental
retardation/developmental delay.

Urioste et al. (1995)

14p

Acrocentric®

14q

14q32.3->qter

Postnatal onset of relatively small head
size in comparison to body size, high
forehead with lateral hypertrichosis,
broad nasal bridge, high arched palate,
residual or apparent epicanthic folds,
single palmar crease, mild to moderate
developmental delay

Ortigas et al. (1997)
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Table 1 (continued.....3)

Chromosome |Cytogenetic Phenotype References
arm postition
involved
15p Acrocentric?
15q No case reported’
16p 16p13.3->pter JAlpha Thalassemia/Mental Retardation Wilike et al. (1990b)
Syndrome: a-thalassemia and mental
retardation
16q No case reported’
17p 17p13.3->pter |Miller-Dieker syndrome : lissencephaly, Dobyns et al. (1991)
mental retardation, facial features,
heart defects, growth retardation, seizures
17q No case reported’
18p No case reported'
18q 18q21.3->qter |Developmental delay, mental retardation, Brkanac et al. (1998)
incomplete myelination, microcephaly,
facial and limb abnormalities,
genitourinary malformations,
neurological abnormalities, hearing
abnomalities, growth failure
19p No case reported’®
19q 19q13.2->qter |Gliomas Deimling et al. (1994)
20p No case reported!
20q No case reported'
21p Acrocentric?
21q 21q22.3->qter |Holoprosencephaly Estabrooks et al.(1990)
22p Acrocentric?
22q 22q13.3-qter |Generalized developmental delay, normal Nesslinger et al.
or accelerated growth, hypotonia, severe (1994)
delays in expressive speech, mild
dysmorphic facial features.
Xp Male: X-linked ichthyosis, chondrodysplasia Naritomi et al. (1992)
Xp22.32->pter [punctata, Kallmann syndrome, mental
retardation.
Female Goltz and Aicardi syndrome: Ballabio et al. (1989)
Xp22.31->pter |Microphthalmia, cloudy cornea,
chorioretinal coloboma, mild skin defects,
agenesis of corpus callosum
Xq Xq24->qter Variable phenotypes, the common one is Maraschio et al.
low birthweight (1996)

Yp Undefined Sex reversal of XY ferales Disteche et al. (1986)
Yq Undefined Variable phenotypes include infertility, Podruch et al. (1982)
short stature, normal intelligence or

mental retardation, dysmorphic features
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Legend for Table 1

1. A medline search gave no indication that these chromosome ends have been found
with de novo terminal deletions.

2. Acrocentric chromosomes are composed of repetitive DNA and tandem arrays of the
rRNA gene locus. Since IRNA genes are present in multiple copies on all five
acrocentric pairs, the deletion of one acrocentric p arm does not apparently have any

deleterious phenotypic effects.
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The expression of the fragile site is the result of the expansion of (CCG), repeats. This
expansion was shown in two patients, indicative of the inheritance of the fragile site.
Furthermore, the deletion breakpoint of one patient was mapped within 20 kb of the
FRA11B fragile site. Therefore, Jones et al. (1995) showed a physical link between the
expression of FRA11B and 11q deletion. It is not clear, however, whether the fragile site
caused the chromosome truncation. Other human disorders that involve fragile sites such
as fragile-X syndrome or a mild mental retardation associated with FRAXE are not
associated with terminal deletions. However, further studies are necessary to determine
whether the expansion of (CCG), is one of the mechanisms that causes chromosome

breakage in vivo.

Unbalanced translocations

Due to the dynamic nature of the subtelomeric region, non-homologous
chromosome exchanges are found at chromosome ends (see above). The type of telomere
associated sequence of one chromosome may be more similar to the type on a non-
homologous chromosome than its homologue. For example, a pair of 16p chromosomes
could be heterozygous for the A and B allele which have different length and sequence
(Wilkie et al. 1991 and see above). When the 16p chromosome which carries the A allele
searches for its homologue at the chromosomal bouquet stage, it may have a higher
chance to pair with the Xq, which also carries an A allele, than with its homologue which
carries the non-similar B allele. Wilkie et al. (1991) suggested that this may be the
mechanism for the high frequency of non-homologous pairing observed in oocytes, most
of them at telomeres (Speed 1998). If the mispairing occurs at the telomere, it may lead to
reciprocal translocation.

Reciprocal translocation can lead to the equivalent of terminal deletions in the
offspring of carriers. Various chromosome combinations are found in the gametes of an
individual who carries a balanced reciprocal translocation. Some gametes will be normal.
Alternatively, the gamete may contain both derivative chromosomes so that the resulting
offspring carries the balanced translocation. However, if only one of the two derivative

chromosomes is found in a gamete, it will produce an unbalanced offspring with a
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deletion of part of one chromosome and duplication of part of the other chromosome. If
the duplication segment is small, the derivative will appear to be a terminal deletion
(reviewed by Ledbetter et al. 1992). This is important clinically, since the cryptic
duplicated material may cause additional phenotypic features. In addition, if a parent

carries a translocation, an unbalanced offspring may recur, unlike with de novo deletions.

Molecular Aetiology of Deletions

Haploinsufficiency

Gene deletions result either in the gene’s function being abolished or in the
reduced dosage of the gene. If the gene is located on either the X or Y chromosome in
males, its deletion will cause a null mutation. For example, the deletion of the testis
determining factor gene (TDF) on the Y chromosome causes the sex reversal of XY
females (Disteche et al. 1986). Also, when a gene is located in an imprinted region,
where expression is restricted to the allele of a particular parentally derived chromosome,
the deletion of the actively expressing allele will cause a null mutation. The best known
examples of deletions in an imprinted region are Prader-Willi syndrome (PWS) and
Angelman syndrome (AS). Both syndromes involve the interstitial deletion of 15q1 I-q13.
There are many genes within the PWS region, including SNRPN (Glenn et al., 1993),
IPW (Wevrick et al. 1994), PARI, PARS, and PAR7 (Sutcliffe et al. 1994), ZNF127
(Jong et al. 1993), and necdin (MacDonald and Wevrick 1997). Only the paternal alleles
of these genes are expressed. On the other hand, AS involves the deletion of the maternal
chromosome. To date only the UBE3A/E6-AP gene appears to be associated with AS.
Several patients without a deletion have been shown to have a mutation of UBE3A
(Tatsuya et al. 1997). Although biallelic expression of UBE3A has been found in many
tissues (Vu and Hoffman 1997), it appears to be specifically imprinted in the brain
(Rougeulle et al. 1997; Vu and Hoffman 1997).

Most deletions do not occur within imprinted regions. These deletions therefore
cause reduction of gene dosage. Many genes are not sensitive to dosage and the deletion
of those genes would not result in any clinical abnormalities. For example, almost all

enzymes are present in excess and are therefore insensitive to dosage. Topoisomerase ITI
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(TOP3) has been mapped within the critical region of Smith-Magenis syndrome (Elsea et
al. 1998). Elsea et al. (1998) showed that the deletion of TOP3 did not cause increased
radiation sensitivity and cell cycle checkpoint defects, which would be the expected
phenotype for a TOP3 mutation (Fritz et al. 1997). Also, Smith-Magenis patients do not
have hyper-recombination and cell cycle checkpoint defects (Greenberg et al. 1996),
indicating the deletion of TOP3 does not have any phenotypic effect in Smith-Magenis
syndrome patients. Genes for which two copies are needed for a normal phenotype are
said to show haploinsufficiency when deleted. Table 2 lists candidate genes for
haploinsufficiency states. All mutations that show haploinsufficiency transmit in a
dominant fashion. They may be lost due to either deletion or other mutations such as
premature termination of translation, where the mRNA becomes unstable and susceptible
to degradation (Maquat 1995). Haploinsufficiency has been implicated in many genes
with different functions. The genes listed in Table 2 can be divided into two major
groups. The first group consists of structural proteins, which includes type X collagen, o.-
tecorin, myelin basic protein, and the a-1 subunit of collagen VI (Table 2). The second
group consists of molecules that play a role in signal transduction pathways. Structural
proteins provide the building blocks of the organs, and reduced amounts of such building
blocks will cause malformation of the organ. For example, -tecorin is one of the major
noncollagenous components of the mammalian tectorial membrane in the inner ear.
Reduced expression of o-tecorin has a deleterious effect on inner ear development,
resulting in a form of non-syndromic deafness (Table 2, Hughes et al. 1998).

The second group of haploinsufficient genes includes ligands (for example,
jagged 1), transcription modulators (for example, SOX10), and transcription factors, all
of which are components in signal transduction pathways. Gene dosage is critical in some
such pathways. One example is lateral inhibition during development. In Drosophila,
neural precursors are formed in a spaced pattern separated by intervening epidermal cells.
This pattern formation is controlled by Notch. In the neurogenic region, the default state
for the cells is the neural fate. However, some spaced cells express Notch, a receptor

molecule that receives the inhibition signal from the adjacent cells, so that they acquire
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Table 2 Genetic diseases involved in the haploinsufficiency of genes

Chromosomal |Syndrome Gene Involved |Function of the gene References
Location Involved
1p35-p31.3  |GLUT-1 GLUT-1 A major glucose transporter |Seidner et al. (1998)
deficiency
syndrome
3p14.1-p12.3 [Waardenburg MITF Transcription factor Nobukuni et al. (1996)
syndrome type
2A
4q25-q27 Rieger syndrome  |RIEG A bicoid-related homeobox Flomen et al. (1998)
6p21 Cleidocranial OSF2/CBFA1 Transcription factor Lee et al. (1997)
dysplasia
6p21-q22.3  [Schmid Type X Structural protein for Chan et al. (1998)
metaphyseal collagen calcifying cartilage
chondrodysplasia
7p13 Greig syndrome GLI3 Kruppel-related zinc Wild et al. (1997)
finger family gene
9g22.3-q31 Nevoid basal cell PATCHED Transcription repressor Wicking et al. (1997)
carcinoma
syndrome
9q34.1 Hemorrhagic Endoglin A heavily glycosylated Shovlin et al. (1997)
telangiectasia disulfide-linked dimer
that regulates TGF-g1
signalling pathway
9g34.1 Nail-patella LMX18B Transcription factor Vollrath et al. (1998)
syndrome
11924 Non-syndromic TECTA Major noncollagenous Hughes et al. (1998)
deafness components of mammalian

tectorial membrane in the

inner ear.
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Table 2 (continued)

Chromosomal |Syndrome Gene Involved [Function of the gene References

Location Involved

12¢q23-24.1 Ulnar-mammary |TBX3 T-Box transcriptional factor |Bamshad et al. (1997)
syndrome

12q24.1 Holt-Oram TBXS T-Box transcriptional factor |[Basson et al. (1997)
syndrome

18q22-qter 18q- syndrome |myelin basic Major protein for Gay et al. (1998)

protein myelination

20p12 Alagille jagged 1 Ligand in the Notch Li et al. (1997)
syndrome signal pathway

21922.3 Bethen myopathy |COL6A1 collagen VI subunit a1 Lamande et al. (1998)

major protein for muscle

22q13 Waardenburg SOX10 Transcriptional modulator  |Pingault et al. (1998)
syndrome
type IV

Xpter-p22.32  |Turner syndrome |PHOG Homeodomain-containing Ellison et al. (1997)

transcription factor
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the secondary fate as epidermal cells (Artavanis-Tsakonas and Simpson, 1991). In mosaic
experiments, wild-type cells adopted an epidermal fate if adjacent cells expressed a lower
level of Notch activity than their own, but these cells produced neural precursors if
adjacent cells expressed a higher level of Notch protein (Heitzler and Simpson 1991).
These results showed that the relative level of inhibition signal between two cells
determines their cell fates. Jagged 1, a ligand of Notch, is deleted in Alagille syndrome
patients (Table 2). The haploinsufficiency of Jagged I may be analogous to the reduced
inhibition signal received from the adjacent cells in Drosophila. It is possible that the
change of cell fate during development causes the malformations in Alagille syndrome
(liver, heart, skeletal and facial abnormalities).

Transcription factors may also be sensitive to gene dosage. For example, the gap
genes encode transcription factors, whose patterns of expression define the boundaries of
body segments during embryogenesis in Drosophila. The gap gene Hunchback is
expressed in the anterior region of the embryo, whereas Kriippel is expressed posterior to
Hunchback. Kriippel forms a protein gradient along the anterior -posterior axis. It
activates the expression of a third gap gene knirps in the posterior region, where the
concentration of Kriippel is low (Pankratz et al. 1989). At the anterior end, Hunchback
activates the expression of the pair-rule gene even-skipped (eve), which induces the
formation of a stripe pattern in embryos. Stripe 2 is at the boundary of Hunchback/
Kriippel expression. While hunchback activates the expression of eve, Kriippel represses
eve so that it forms the border of stripe 2 (Small et al. 1991). Therefore, Kriippel acts as
both transcription activator and transcription repressor. Sauer and Jickle (1993) showed
that the activator/repressor function of Kriippel depends on the conformation of the
protein. When the concentration of Kriippel is low, it exists as a monomer and acts as an
activator, whereas a high concentration of Kriippel forms homodimers and represses
transcription. Haploinsufficiency of Kriippel lowers the concentration of the protein,
resulting in a change of the Kriippel function and subsequently disrupts pattern
formation. A similar phenomenon may cause Greig syndrome (fusion of fingers, wide set
eyes, broad forehead), in which GLI3, a member of the Kriippel-family of genes, is
haploinsufficient (Table 2, Wild et al. 1997)
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Segmental aneusomy syndromes (SAS)

There are a large number of genes located within a visible chromosomal deletion
region. Schmickel et al. (1986) first introduced the term “contiguous gene syndrome” for
disorders resulting from the deletion or duplication of adjacent genes in a specific
chromosomal region. Since not all the genes within a deletion region are responsible for
the clinical features of the syndrome, the term “contiguous gene” cannot correctly
describe the aetiology of the syndrome. Therefore, “segmental aneusomy syndrome”
(SAS) has been suggested as a replacement for the old term. An SAS is defined as a
syndrome that is the result of dosage imbalance of certain critical genes within a
duplication/deletion region (Budarf and Emanuel 1997). SAS implies that there is more
than one gene responsible for manifesting the clinical features. Although deletions
involving large chromosomal segments are probably SASs, there are cases in which
mutations in a single gene within the deletion region gives the complete clinical features
of the syndrome. In order to determine whether a deletion syndrome is a SAS or single
gene disorder, one has to look for non-deletion patients who share the same phenotype as
the deletion syndrome patient. Through the search for mutations within a candidate gene
of the deletion syndrome in those non-deletion patients, some deletion syndromes have
been redefined as single gene disorders. For example, Rubinstein-Taybi syndrome is
characterized by facial abnormalities, broad thumbs, broad big toes and mental
retardation (Rubinstein and Taybi 1963; Hennekam et al. 1990). The common cause of
Rubinstein-Taybi syndrome is a small deletion (microdeletion) which encompasses
130 kb of chromosome 16p13.3 (Petrij et al. 1995). One candidate gene, the CREB
binding protein (CBP), maps within the microdeletion (Chen and Korenberg 1995;
Wydner et al. 1995). Other than translocation breakpoints that disrupted the gene, Petrij
et al. (1995) found point mutations within CBP by protein truncation assay. Since
patients that only have point mutations show the syndrome, Petrij et al. (1995) concluded
that the loss of one functional copy of the CBP is the cause of the developmental
abnormalities in Rubinstein-Taybi syndrome.

Another syndrome associated with a deletion which is now known to be a single

gene disorder is the Rieger syndrome type I (RIEG1). RIEG1 shows a variable
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phenotype. The major clinical features include tooth defects (Brooks et al. 1989),
malformations of the anterior segment of the eye (Rieger 1935), and the failure of the
periumbilical skin to involute (Jorgenson et al. 1978). Ligutic et al. (1981) first showed
the association of RIEG1 with a 4q interstitial deletion. Since then some RIEGI patients
with interstitial deletions between 4q25 to 4927 have been reported (For example, Shiang
et al. 1987; Vaux et al. 1992). Semina et al. (1996) mapped a homeo box gene RIEG
within the RIEGI deletion region. When mutation analysis was performed in six RIEG1
families, three families showed missense mutations, two families had mutations within
the introns that altered splicing sites, and one family had a nonsense mutation (Semina et
al. 1996). Those mutations confirmed that RIEG is the only gene on 4q responsible for
the clinical features of RIEG1.

Alternatively, there are well-known examples of SAS, where more than one gene
in a deleted region contributes to the phenotype. For instance, Williams syndrome is a
neurodevelopmental disorder with a variable phenotype. The common clinical features
include mental retardation; distinctive facial features; infantile hypercalcaemia, a friendly
outgoing personality; and cardiovascular anomalies, including narrowing of the aortic
valve orifice (supravalvular aortic stenosis [SVAS]) and narrowing at the peripheral
pulmonary artery (peripheral pulmonic stenosis [PPS]) (Williams et al. 1961; Beuren et
al. 1962). In addition, some patients showed a specific cognitive profile (WSCP)
characterized by relative strength in language and auditory rote memory and pronounced
weakness in visuospatial constructive cognition (Udwin et al. 1987; Bellugi et al. 1994).
Williams syndrome is associated with an ~2 Mb deletion at 7q11.2 (Wu et al. 1998).
Many genes have been mapped to the deletion region, including the elastin gene
(ELN)(Curran et al. 1993; Ewart et al. 1993), the replication factor C subunit 2 (RFC2), a
novel RNA binding protein (WSCR1), a gene with similarity to restin (WSCR4)(Osborne
et al. 1996), the human homologue to the Drosophila frizzled gene (FZD3)(Wang et al.
1997), Syntaxin 1A gene (STX1A)(Osborne et al. 1997), and L1M kinase-1
(LIMKI1)(Frangiskakis et al. 1996; Tassabehiji et al. 1996). Of these genes, ELN has been
associated with SVAS, a hoarse voice and rapidly aged-appearing skin of the Williams
syndrome, since elastin is required for the normal ultrastructure of the aorta, vocal
ligaments, and the skin (Ewart et al. 1993). This is further supported by mutations
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detected in SVAS patients who did not show other Williams syndrome features (Curran
et al. 1993; Olson et al. 1995). However, some Williams syndrome patients with
deletions of ELN did not show SVAS (Nickerson et al. 1995), which is presumably due
to variable penetrance and a different genetic background. The LIMK 1 gene, which is
located 15.4 kb 3’ of ELN, has been associated with the WSCP cognitive abnormality
(Frangiskakis et al. 1996). Frangiskakis et al. (1996) identified a Williams syndrome
family who have SVAS and WSCP. Other clinical features such as mental retardation,
developmental delay, and facial features are absent in this family. Molecular studies
revealed that this family carries an 83.6 kb microdeletion within the Williams syndrome
critical region, which includes only ELN and LIMK1 (Frangiskakis et al. 1996). LIMK1
is a novel kinase with two zinc-binding motifs (LIM domains) at the N-terminal. It may
play a role in an intracellular signaling pathway by LIM-mediated protein-protein
interactions (Frangiskakis et al. 1996). The fact that LIMK( is highly expressed in the
central nervous system in rat and human (Bernard et al. 1994; Préschel et al. 1995) makes
it a likely candidate gene for involvement in cognitive development. However, when Wu
et al. (1998) analyzed four non-deletion Williams syndrome patients, they did not detect
any mutation in LIMK1. Those non- deletion patients did not have SVAS, but had
Williams syndrome features including mental retardation, facial features, and infantile
hypercalcaemia. Their cognitive profile, however, has not been described (Nickerson et
al. 1995). Therefore, it is inconclusive whether LIMK(1 is responsible for the WSCP in
Williams syndrome, until specific mutations in patients with only WSCP can be
identified. However, it seems clear that Williams syndrome is an SAS, with ELN
associated with SVAS, possibly LIMK1 asscciated with WSCP, and other genes
associated with other clinical features.

Another SAS involves the terminal deletion of 18q. 18g- syndrome is a rare
disorder with clinical features listed in Table 1. One common feature for 18q- syndrome
is white matter abnormalities of the brain, caused by delayed myelination (Gay et al.
1998). The myelin basic protein gene (MBP), which plays a role in myelinogenesis, maps
within the 18q- deletion region (Kamholz et al. 1987). To determine whether the reduced
dosage of MBP causes abnormal white matter development, Gay et al. (1998) studied the

white matter development in twenty 18q- syndrome patients by magnetic resonance
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imaging (MRI) and compared this to the extent of their deletions. The results showed that
nineteen out of twenty patients showed abnormal white matter development. The only
patient with normal white matter development has an interstitial deletion, which does not
include MBP (Gay et al. 1998). This suggests that MBP is a critical gene in white matter
development and is dosage sensitive. Since the clinical features other than neurologic

manifestations are unlikely to be a result of MBP deletion, 18q- appears to be a SAS.

Phenotypes Associated with Deletions at the Ends of Chromosomes

Specific phenotypes have been associated with deletions of the terminal band for
most chromosome arms (Table 1). An exception is the p arms of the acrocentic
chromosomes, which are composed of repetitive DNA and tandem arrays of the DNA
gene locus. Since rDNA genes are present in multiple copies on all five acrocentric pairs,
the deletion of one acrocentric p arm does not appear to have any deleterious effects.
Common features for terminal deletion syndromes include mental and growth retardation,
developmental delay, and distinguishable facial features. With some chromosome arms,
the size of the deletion determines the phenotype. For example, deletions at the end of 4q
give two different phenotypic spectrums. When the deletion includes the two most distal
bands 4q34-35, only mild cranial-facial anomalies are seen, whereas if the deletion
includes 4q33, mental retardation is evident (Table 1). The Jacobsen syndrome, which
has the minimal deletion region of 11q24.1-qter, shares a similar phenotype with patients
who have the larger deletion of 11q23.3-qter. However, myelination delay is only found
in the larger 11923 deletion (Table 1), suggesting that a gene that regulates myelination
maps proximal to the Jacobsen syndrome deletion region. Xp terminal deletion has been
found in both male and female patients (Table 1). However, no male patient has been
found with a deletion of Xp22.31-pter; presumably there is a gene in this region which
causes lethality in males when lost (Ballabio et al. 1989). Some terminal deletions, such
as in chromosome Xq™ or Yq, exhibit a wide range of phenotype so that it is difficult to
define them as syndromes.

For some chromosome arms, no terminal deletion has been reported (Table 1).

Such regions may not contain any genes that are dosage sensitive, and therefore a
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deletion cannot be detected phenotypically. Alternatively, they could cause lethality in
early embryonic stages resulting in spontaneous abortion. Another possibility is that those
deletions are hard to detect by karyotyping, as occurs in some terminal regions of
chromosomes (Pedersen and Kerndrup 1986; Ortigas et al. 1997). Therefore the related

syndrome could exist but has not been associated with the deletion.

Delineating the Chromosomal Region Involved in Terminal Deletions

Giemsa banding (G-banding) is a standard method for analyzing chromosomal
anomalies. G-banding involves the selective removed of chromosomal proteins by
chemical treatment, allowing the binding of Giemsa stain to exposed DNA (Commings
1978). G-banding produces a series of light and dark bands along the length of the
chromosomes. Deletions can be visualized as the absence of a particular band or partof a
band. Skilled high resolution karyotyping of G-banded chromosomes can detect a
deletion encompassing at least 2 to 3 Mb of genomic sequence (Ledbetter and Cavenee,
1989). However, it would be difficult to identify the genes responsible for the associated
phenotype in such a large region. This is especially true of the deletions in the terminal
bands, which are believed to be gene rich (Saccone et al. 1992). It has been estimated that
such gene rich regions may have an average of one gene every 23.4 kb (Fields et al.
1993)

When studying a deletion associated with a SAS, a main objective is to find and
characterize the genes which may be dosage sensitive. It is important to define a deleted
region that is common to patients who show overlapping clinical features. Such a region
is called the critical region, which is defined as the smallest deleted region that produces
a common phenotype. However, extra caution has to be taken when determining the
genotype: phenotype correlation because chromosomal abnormalities typically show
wide phenotypic variability from patient to patient. Due to variable penetrance, patients
with larger deletions may by chance show a less severe phenotype than those who have
smaller ones. Two patients with the same sized deletion/duplication will usually differ
somewhat in phenotype. For example, most Down syndrome patients are full trisomy 21,

but can vary substantially in phenotype. Some clinical features, such as congenital heart
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disease or narrowing of the duodenum (duodenal stenosis), are absent in some patients
(Korenberg et al. 1992). Genetic background that affects the penetrance of genes may
contribute to the variable phenotype.

Many molecular genetic and cytogenetic techniques have been used to delineate a
common region of deletion. Since deletions cause hemizygosity for the region, the
boundaries of the critical region can be determined by assaying the number of copies of
loci within the deleted region. Those loci include known genes, anonymous DNA
markers that contain variable number of tandem repeats (VNTR, minisatellites), or
variable length di- or trincleotide repeats known as microsatellites (Hudson et al. 1992).
There are abundant resources of VNTR or microsatellite markers. For example, the
Généthon (Dib et al. 1996) or Cooperative Human Linkage Centre (http://www.chlc.org)
genetic linkage maps provide high density microsatellite markers that cover the whole
human genome. The copy number of polymorphic loci can be determined by genotyping.
However, there are limitations for this technique. Firstly, polymorphic markers are not
always informative. Secondly, genotyping requires DNA samples from the parents of the
patients in order to determine the origins of the alleles. Parental DNA samples are not
always available. If DNA markers are uninformative, DNA fragments within the deletion
region can be used for quantitative dosage analysis. Radioactive probes are hybridized to
restriction endonuclease-digested, electrophoresed, and blotted genomic DNA from the
deletion patient and a normal individual. The dosage of the probe in the patient genomic
DNA can be determined by comparing the intensity of the signals from the deletion
patient and normal individual on the autoradiograph. A reliable comparison can be
obtained by applying a non-parametric statistical method to replicates of the experiment
(Mears et al. 1994). Another commonly used technique is fluorescence in situ
hybridization (FISH). Large DNA fragments are biotin labeled and hybridized to
metaphase spreads from the patient. The deletion can be scored by the presence of

fluorescence signals on one or both of the chromosome homologues.
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Microdeletions as a Tool to Study Deletion Syndromes

Another useful resource for delineating a deletion syndrome critical region is the
microdeletion. Microdeletions are small, cytogenetically-undetectable deletions. If they
share with the larger typical deletion a subset or all of the syndrome features, they can be
used to narrow the search for candidate genes. Since a microdeletion is not detectable by
karyotyping, another molecular cytogenetic technique such as FISH is often used to
detect it. For example, Altherr et al. (1997) studied the critical interval of Wolf-
Hirschhorn syndrome which involves the terminal deletion of 4p16.3 (Table 1). They
found a patient with features of the syndrome but no visible deletion. Using FISH to
identify and define the proximal and distal boundaries of an interstitial microdeletion,
Altherr et al. (1997) narrowed the Wolf-Hirschhorn syndrome critical region down to
~750 kb, which excludes four genes mapping to the larger region.

Other than redefining the critical region to narrow the focus of gene searches,
microdeletions associated with a subset of phenotypic features can be used to study the
genotype: phenotype correlation of a deletion syndrome. A good example is the 83.6 kb
microdeletion within the Williams syndrome critical region, which was used to establish
a relationship between the haploinsufficiency of LIMK1 and the WSCP cognitive
abnormality (Frangiskakis et al. 1996 and see above). In another example, there are
interstitial/terminal deletions of various sizes in the cri-du-chat syndrome critical region
that define genes associated with different features of the syndrome (Overhauser et al.
1994). This Sp terminal deletion syndrome shows clinical features such as small head size
(microcephaly), a round face, wide set eye (hypertelomerism), small chin (micrognathia),
prominent nasal bridge, epicanthal folds, low muscle tone (hypotonia), severe
psychomotor and mental retardation, and a high-pitched cry (Table 1). By studying
deletions that span different regions of Sp, Overhauser et al. (1994) found that patients
with large deletions of the most proximal region (5p13-14) have mild to severe mental
retardation and microcephaly. Individuals with the small interstitial deletion of Spl4 are
normal. Deletions with the proximal breakpoint at Sp15.1 show mild mental retardation
as well as other clinical features, and small deletions at the most distal band 5p15.3 only
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show the characteristic cry. As a result, the phenotype map for cri-du-chat syndrome,
from centromere to telomere, is mild to severe mental retardation/microcephaly - mild
mental retardation - facial features/pschomotor retardation/micrognathia/hypotonia - high
pitched cry.

Unknown Cases of Multiple Congenital Anomalies/Mental Retardation

Although terminal deletions are clearly involved in different phenotypic features,
growth/mental retardation, developmental delay, and abnormal facial features are
commonly found in all interstitial and terminal deletions (see above). These common
congenital defects are found in liveborns with considerable frequency. For example,
mental retardation (with intelligence quotient less than 70) occurs at a frequency of 3% of
the population (Flint et al. 1995). Although there are many known causes for mental
retardation, such as Down syndrome and Fragile-X syndrome, about half the cases
identified still remain unexplained with no obvious chromosomal abnormality (Flint et al.
1995). This raises the question of whether some of those unexplained congenital defects
are actually caused by microdeletions or cryptic translocations at chromosome ends, and
thus represent a subset of the features of a larger deletion syndrome. Such a hypothesis is
based on several observations. First, since the telomeric region is gene rich (Saccone et
al. 1992), the rearrangements at chromosome ends seem more likely to have phenotypic
effects. Second, chromosomal rearrangements at chromosomal ends appear to occur more
frequently due to the dynamic nature of the subtelomeric region (see above). However,
these cases of chromosomal rearrangements may be underrepresented, because if the
chromosomal rearrangements involve small segments at the tips of the chromosomes
(cryptic rearrangements), they might not be detected by karyotyping. There are cases of
patients showing clinical features of various terminal deletion syndromes but apparently
normal karyotypes. Subsequent FISH analysis showed that they carry unbalanced cryptic
translocations. (Altherr et al. 1991; Goodship et al. 1992; Kuwano et al. 1991;
Overhauser et al. 1989; and reviewed by Ledbetter 1992). If cryptic rearrangements
produce terminal deletion syndromes, it is possible that some even smaller cryptic

rearrangements could produce a subset of clinical features of a terminal deletion
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syndrome. Those cryptic rearrangements can only be detected by molecular techniques
such as genotyping the polymorphic markers at the subtelomeric regions (Wilkie 1993) or
FISH. FISH probes from a complete set of human genomic clones that are unique and at
the most distal region of each chromosome arm have been used for detecting such cryptic
rearrangements (National Institutes of Health and Institute of Molecular Medicine
Collaboration, 1996).

In order to determine whether there is an association of congenital defects to
microdeletions at chromosome ends, Flint et al. (1995) screened 99 patients with mental
retardation of unknown cause for subtelomeric cryptic rearrangements. They firstly
genotyped VNTR markers from 28 different chromosome ends. When a putative cryptic
rearrangement on a chromosome end was found, FISH was used to confirm the case and
determine whether it was a microdeletion or cryptic translocation. Through this scheme
of screening, Flint et al. (1995) found 3 out of 99 patients who showed cryptic
chromosomal rearrangements. In one case a deletion of chromosome 13q was present due
to an unbalanced cryptic translocation between 13q and the Xp/Yp pseudoautosomal
region (three copies for Xp/Yp, and one copy for 13q), whereas two cases involved
chromosome 22q. One has an unbalanced cryptic translocation between 22q and 9q (three
copies for 9q and one copy for 22q), and the other has a chromosome 22q microdeletion.
Although only 3% of the patients with unexplained mental retardation showed
chromosomal rearrangement in this study, Flint et al. (1995) estimated that the actual
frequency of subtelomeric rearrangement could be as high as 6%. This is because they
only tested 28 chromosome ends, VNTR markers were informative in only 76% of the

cases, and some markers could be one to two Mb from telomeres.

Interstitial/Terminal Deletions of Chromosome 22q

DiGeorge syndrome (DGS)

Chromosome 22 is the second smallest human chromosome, and is one of the five
acrocentric chromosomes that carry the rDNA arrays on the p-arm (the other four

acrocentric chromosomes are 13, 14, 15, and 21). Chromosome 22 is believed to be one
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of the most gene rich chromosomes (Saccone et al. 1996). Therefore, chromosome
rearrangements associated with chromosome 22q show many different congenital defects.
For example, duplications at the centromeric region are found in cat eye syndrome
patients (McDermid et al. 1986), and translocations in different segments of 22q give rise
to various cancers (Nowell and Hungerford 1960; Rowley 1973; Berger et al. 1979;
Aurias et al. 1983).

Among various congenital chromosomal anomalies found on 22q, an interstitial
microdeletion at 22q11.2 occurs frequently in the population (1 in 4000; Burn et al.
1995). This microdeletion is associated with several overlapping but clinically
distinguishable syndromes. DiGeorge syndrome (DGS) is a development field defect.
The major aetiology involves the third and fourth pharyngeal pouch derivatives,
including thymus and parathyroid gland aplasia/hypoplasia and conotruncal cardiac
malformations (Lammer and Opitz 1986). Thymus and parathryoid gland malformations
subsequently cause neonatal hypocalcemia and susceptibility to infection due to a deficit
of T cells (DiGeorge 1968). In addition, DGS patients also show distinguishable facial
features which include wide set eyes (hypertelomerism), cleft lip and palate, bifid uvula,
and small/low-set ears (Greenberg 1993). Both conotruncal-anomaly-face syndrome
(Takao et al. 1980) and velocardiofacial syndrome (VCFS)(Goldberg et al. 1993) are also
characterized by abnormal facial features and cardiac anomalies in association with the
same microdeletion. Variable clinical features such as psychiatric disorders of adulthood
(Karayiorgou et al. 1995), mild to moderate learning difficulties (Schprintzen et al. 1978),
and renal and urological tract malformations (Novak and Robinson 1994; Devriendt et al.
1996) are often present in these patients. Wilson et al. (1993) named these syndromes
collectively as CATCH22 (Cardiac Abnormality, Abnormal faces, and T cell deficit due
to Thymic hypoplasia. Cleft palate, Hypocalcemia due to hypoparathyroidism resulting
from 22q11 deletion). The microdeletion syndrome in general is also known as
DGS/VCEFS. All features of these syndromes are compatible with defects of neural crest
cells.

Since the association between DGS and 22q11.2 was demonstrated in the early
80’s (for example, De la Chapelle et al. 1981), numerous efforts have been made to

localize the critical region of the syndrome. Recently, the critical region has been
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narrowed down to a <160 kb region (reviewed by Budarf and Emanuel 1997). Three
likely candidate genes within the critical region, from centromere to telomere, are
Goosecoid-like (GSCL), citrate transport protein (CTP), and clathrin heavy chain-like
(CLTCL). GSCL encodes a homeobox protein, with expression mainly in the pons region
of the developing brain. GSCL is also expressed in the primordial germ cells when these
cells migrate from the epithelium of the hindgut to the developing gonads. The major
affected region in DGS (i.e. the colonization of cephalic neural crest cells at the third and
fourth pharyngeal arches), show no GSCL activity (Galili et al. 1998). Furthermore, when
17 non-deleted VCFS patients were screened for mutations at GSCL, no mutation was
detected (Funke et al. 1997). Therefore, it is not likely that the deletion of GSCL alone
can produce the complete phenotype of DGS/VCEFS. CTP transports citrate across the
mitochondrial inner membrane. It is not clear whether the deletion of CTP is responsible
for any phenotype of DGS/VCFS. CLTCL is homologous to the clathrin heavy chain
gene (Sirotkin et al. 1996), which is the structural component of coated pits and coated
vesicles that are formed during endocytosis and membrane receptor trafficking (Brodsky
1988; Robinson 1994). A breakpoint from a balanced (21;22)(p12;q11) translocation
disrupts the CLTCL gene (Holmes et al. 1997). The patient who carries the balanced
translocation shows some DGS/VCEFS features, including typical VCFS facial features,
cataracts, and mild mental retardation. It has therefore been suggested that
haploinsufficiency of CLTCL is responsible for a part of the DGS/VCFS phenotype.
Future research in DGS/VCES will concentrate on characterizing gene(s) that are directly
related to the developmental defect. Genes that fall outside of the distal and proximal
boundaries of the critical region are not totally excluded from being DGS/VCE
candidates. Position effect may play a role in altering gene expression as well. For
example, DGS 1/ES2 located proximal to GSCL (Gong et al. 1997) is highly expressed in
the pons during development, in the same region where GSCL expression is found
(Lindsay et al. 1998). If there is a cis-regulatory element at the telomeric end of GSCL
that controls both GSCL and DGS1/ES2 expression, a deletion distal to DGS1/ES2 may

also affect its expression.
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22q13.3 deletion syndrome

Terminal deletion of chromosome 22q is rare. It can be visualized by cytogenetic
analysis, when the most distal subband, q13.3 is deleted. Nesslinger et al. (1994) studied
seven patients with 22q13.3 deletion, and showed a common phenotype including
generalized developmental delay, normal or accelerated growth, low muscle tone
(hypotonia), severe delays in expressive speech, and mild facial dysmorphic features. At
the time when Nesslinger et al. (1994) conducted their studies, the patients were too
young (under 5 years old) for an assessment of mental ability. Follow-up studies show
that all 22q13.3 deletion syndrome patients have various degrees of mental retardation
(Katy Phelan, personal communication). By dosage analysis, Nesslinger et al. (1994)
mapped the proximal deletion breakpoints, and found no obvious correlation between the
size of the deletion and the severity cf the phenotype. The proximal boundary of the
critical region is D22S94, the most proximal marker that is deleted in the patient with the
smallest deletion. Arylsulfatase A (ARSA), the most distal probe known on 22q at the
time, was deleted in all patients. Since nothing distal to ARSA had been mapped
(Dumanski et al. 1991; Collins et al. 1995b) it was not possible to assess the extent of the
deletions below this locus. All deletions have since been mapped to include at least the
VNTR locus D22S163, which maps distal to ARSA by pulse field gel electrophroesis
(PFGE)(McDermid, personal communication).

Use of a Microdeletion to Study a Subset of Features in 22q13.3 Deletion Syndrome

The critical region of the 22q13.3 deletion syndrome covers a genetic distance of
25.5 cM (Nesslinger et al. 1994), which represents 5 Mb as measured by pulsed-field
gel electrophoresis (PFGE)(H.E. McDermid, unpublished data). This large size therefore
makes impractical a search for genes that may be involved in the production of the
phenotype of this syndrome. However, Flint et al. (1995) identified a child with a
microdeletion at the end of chromosome 22q through the screening of 99 mentally
retarded individuals for subtelomeric cryptic chromosomal rearrangements (see above).
Flint et al. (1995) described a 12-year-old boy (NT) with delayed expressive speech, mild
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mental retardation (IQ = 64), normal facial features, and a negative family history for
mental retardation. Although his high-resolution karyotype was normal, the paternal
allele of the subtelomeric minisatellite probe D22S163 (MS607) was found to be deleted.
ARSA and other 22q13.3 probes were present in two copies, indicating that NT carried a
microdeletion. The patient NT shows overlapping features with those in the 22ql13.3
deletion syndrome and the microdeletion falls within the critical region. This
microdeletion may therefore be useful to narrow the focus of gene searches for the

22q13.3 deletion syndrome.

Research Summary

There were several objectives of my research: (1) To complete the molecular
characterization of the microdeletion, to determine the location and size of the deletion.
(2) To determine the origin of the microdeletion. (3) To identify and characterize genes
within the NT microdeletion that may be responsible for a subset of clinical features
found in 22q13.3 deletion syndrome.

To determine the location and size of the microdeletion, I constructed a cosmid
contig that spans the microdeletion region. The cosmid contig was constructed by a
cosmid walk starting from cosmids that contain the D22S163 locus, which was shown to
be hemizygous in NT by RFLP analysis (Flint et al. 1995). The direction of the cosmid
walk was determined by dosage analysis of the cosmid end fragments. When one end of a
cosmid was found not deleted while the other end was, the cosmid walk was extended to
the deleted end.

To understand the origin of the microdeletion, I mapped its breakpoint. I firstly
narrowed down the location of the breakpoint within a cosmid by dosage analysis. I then
- used the DNA fragments from this cosmid as probes, and hybridized to Southern blots
that contained restriction endonuclease digested and electrophoresed DNA from the NT
family. If the breakpoint was in or near the probe, a novel rearrangement band would be
detected by the probe. I further tested whether the breakpoint fragment was sensitive to

the digestion of BAL31 exonuclease, which is indicative of terminal deletion.
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To search for genes within the microdeletion, I sent the cosmid contig for
sequencing to Dr Bruce Roe at the University of Oklahoma’s Advanced Center for
Genome Technology. I searched the resulting cosmid sequences against various public
databases to search for known genes or expression sequence tags (ESTs), which are end
sequences from random cDNAs. I also found putative expressed sequences by using exon
predication programs. I confirmed the expression of those putative genes by RT-PCR and
Northern analysis. One putative candidate gene is homologous to a Caenorhabditis
elegans hypothetical protein. Since many homologous proteins between species also
share functional homology, I studied the expression of the C. elegans protein by reporter
gene fusion in order to understand its function. Another new gene identified within the
region is probably the last gene on 22q and is duplicated on 2q13.

In this project I analyzed the genomic organization of the subtelomeric region in
chromosome 22q. I mapped two new putative genes and one known gene within the
microdeletion. Therefore, this research sets the stage for future work on studying the
relationship between the deletion of the candidate genes and the phenotype of the
22q13.3 deletion/microdeletion syndrome patients.
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Materials and Methods

Cell Lines

Epstein Barr virus (EBV)-transformed lymphoblastoid cell lines for NT and his
parents were obtained from Dr Jonathan Flint (Flint et al. 1995). Cell lines from the
human/rodent somatic cell hybrid mapping panel #2 and a normal human lymphoblastoid
cell line (GM03657) were obtained from the NIGMS Human Genetic Mutant Cell
Repository. Fibroblasts from FB, who has the 22q13.3 deletion syndrome has been
described elsewhere (Nesslinger et al.1994). RJKS88 is a hamster fibroblast line (Fuscoe et
al. 1983). Lymphoblast lines were cultured in T25 flasks (Corning) with RPMI 1640
media (GIBCO-BRL) and supplemented with 10% fetal bovine serum, 1%
penicillin/streptomycin and 1% L-glutamine. FB fibroblasts were cultured in T75 flasks
(Corning) with D-MEM media (GIBCO-BRL) and supplemented with 10% fetal bovine
serum, 1% penicillin/streptomycin and 1% L-glutamine. For subculturing fibroblast lines,
the cells were first washed in Hank’s balanced salt solution (HBSS) and then trypsinized
with 0.5% trypsin, 0.53 mM EDTA-4Na (GIBCO-BRL). Human/rodent somatic hybrid
lines were cultured as described in NIGMS Human Genetics Mutant Cell Repository
catalog and were cultured by Dana Shkolny.

Probes

The following probes were used in this study: pHU4A, a cDNA of ACR (Baba et
al. 1989); D225163 (probe MS607), a minisatellite probe (Armour et al. 1990); D21S15
and D21S110, two reference probes on chromosome 21 (Stewart et al. 1985; Spinner et
al. 1989). Two probes were produced from cosmid N66C4: a 5.0-kb HindIII fragment
(H5.0), a 1.2-kb Xhol fragment (Xh1.2). For the PCR products that were used as probes,
they are listed in Table 3 “PCR and RT-PCR products” section. EST clones are listed in
appendix.
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Table 3: PCR and RT-PCR products amplified in this study

e VAT ARGE
Partial cDNA
of ALPR
FI-R1 fetal brain |Ank R3 Ank F1  |AnkRI 400 |Partial cDNA
and spleen |OFLS4, of ALPR
OFH2
F2-R1 fetal brain |Ank R3, Ank F2 jAnkRI 358 |Partial cDNA
and spleen [OFLS4, of ALPR
OFH2
55337F-R1 spleen OFLS4 55337F |AnkRI1 510 |Partial cDNA
OFH2 of ALPR
sc 24, sc31 spleen Ank R1 F3 553R 1268 |Partial cDNA
sc 32 of ALPR
fli fetal liver, |OFLS4 MI1314F |OFLS3 584  |Partial cDNA
fetal brain of ALPR
RIF-M1314R fetal brain |OFLS4 RIF M13i4 413 |{lllegitimate
product of
ALPR
partial cDNA
F5-R3 N85A3 AnkF5 |AnkR3 167 |"Lastexon"
Candidate
exon of
ALPR
U2 N94H12 U2F U2R 811 |Partal U2
SnRNP
polypeptide A
pseudogene
3'AR N94H12 3'ARF1 |3'ARRI 1244 |Minisatellite
locus
3'AR
RABLF1- Various pul31 RABLF1 |E0O9IF 524  |partial cDNA
EOSIF, tissues of RABL
2C, 22A
Internal intron Various pul3l IIF El1.03R 398 |Internal intron
tissues at the 3'UTR
of RABL
RABLF1-R1 |Chromosome RABLF! |RABLRY 1081 |Chromosome 2
2 hybrid line enomic DNA
B4.3F-R C. clegans B4.3F B4.3R 6129 |Promoter +
genomic DNA 4 exons of
C33B4.3
B4.3HP C.eclegans |B4.33 B43H B4.3P 1041 |Partial DNA of
total RNA C33B4.3
B431HR1- C.elegans |B4.333 B431HRI1 |B4.322 1541 |Partial DNA of
B4.332 total RNA C33B4.3
B4.3FP- C.eclegans |B4.333 B43FP |B4.322 898 |Partial DNA of
B4.322 total RNA C33B4.3
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DNA Studies

Genomic DNA extraction

Genomic DNA extraction was a modification of a previously described procedure
(Gustincich et al. 1991; Mears 1995 PhD thesis). Briefly, cells from three to four T25
(lymphoblastoid cells) or T75 (fibroblasts) flasks were pooled in a 50 ml centrifuge tube
(Corning or Fisher) and pelleted by spinning in a clinical centrifuge for 10 minutes at 800
rpm. Cells were then resuspended in 5 ml HBSS. DTAB solution (8% DTAB [Sigma
Chemical}, 1.5 M NaCl, 100 mM Tris-HCI pH 8.6, 50 mM EDTA) was preheated to
68 °C and 15 ml was added to the cell suspension. After inverting the centrifuge tube
three to four times, the solution was incubated at 68 °C for 15 min. To the cell lysate 15
ml of chloroform was added and mixed by inversion (3-4 times). The chloroform-DTAB
mixture was transferred to a 30 ml Oakridge centrifuge tube and centrifuged in a HB4
rotor at 10,000 rpm for 15 min. The aqueous layer was transferred to a fresh Oakridge
centrifuge tube. 17 ml of dH,0 and 1.7 ml CTAB solution (5% CTAB [Sigma Chemical]
in 0.4 M NaCl) were added. After gentle mixing by inversion, it was centrifuged at
10,000 rpm for 15 min. The DNA-CTAB pellet was resuspended in 5 ml 1.2 M NaCl
overnight to exchange the detergent. Genomic DNA was then precipitated by adding 18
ml 95% ethanol. The DNA pellet was washed one time in 70% ethanol and resuspended
in various volumes of TE pH 8.0 (10 mM Tris-HCI, pH 8.0; 1 mM EDTA).

Plasmid and cosmid DNA preparations

A cosmid contig was constructed to span the NT microdeletion region (See the
results “Production of a Cosmid Contig from D22S163 to the 22q Telomere”). Probes
used in this study were subcloned in different plasmid vectors. Small quantites of plasmid
DNA were isolated by the conventional “mini-prep” method (Sambrook et al. 1989). To
isolate large amounts of plasmid and cosmid DNA, bacterial clones were inoculated in

100 ml LB with 60 pg/ml ampicillin (for plasmids) or 500 ml LB with 50 pg/ml
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kanamycin (for cosmids), incubated overnight at 37 °C with shaking, and isolated by
using Qiagen-tip 500, following the manufacturer’s instruction.

Southern blot hybridization

Southern blot hybridization was used for RFLP analysis, densitometric analysis,
hybrid panel analysis, and hybridization of cDNA back to genomic clones to confirm the
authenticity of the cDNA clones. Different sources of DNA (genomic, cosmid or
plasmid) were digested with various enzymes, mixed with ~5 pl loading dye (Orange G
in 20% Ficoll and 100 mM EDTA), and then loaded and run on 0.8% TBE (0.089 M Tris,
0.089 M Boric acid, 0.002 M EDTA, pH 8.4) agarose gel. DNAs were transferred to a
nylon membrane (GeneScreen Plus, DuPont) by conventional methods (Sambrook et al.
1989). For transferring high molecular weight DNA, the gel was first soaked in
depurination solution (0.25 M HCI) for 10 min, and washed thoroughly with distilled
water before proceeding to the southern blotting step.

Probes were prepared by excising the cloned DNA from a low melt agarose gel.
Approximately 50 ng of DNA was labeled using a conventional random primer method
(Feinberg and Vogelstein, 1983). At the end of the labeling reaction, 50 pl of “stop buffer
*“ (blue dextran in 0.2 M EDTA) was added. The labeled product was then purified by a
G-50 Sephadex column. The radioactive probe was boiled for 10 min before adding to
the membranes. For genomic DNA fragment probes that may contain repetitive
sequences, the probes were pre-annealed for four hours at 65 °C with sonicated placental
DNA. Hybridization was performed in a variation on the solution of Church and Gilbert
(1984) (7% SDS, 0.263 M sodium phosphate pH 6.5, 1 mM ETDA, 5X Denhardt’s
solution) overnight at 65 °C in a hybridization oven (Tyler). The membrane was washed
at a final stringency of 0.1X SSC, 0.2% SDS at 65 °C and exposed to Kodak X-OMAT
film for various times.
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Dosage Analysis

The copy number of probes in the NT microdeletion region was preferably
determined by RFLP analysis of NT and his parents. For uninformative probes,
quantitative analysis of Southern blots was performed. Five replicates of DNA from a
normal individual, NT and a known 22q13.3 deletion patient (FB) were hybridized with a
probe in the microdeletion region and a control probe simultaneously. The hybridization
signal was quantified using a BioRad GS-670 Imaging Densitometer. The intensity of the
bands were either measured by the peak value of a lane, or the signal density in the area
of the band using Molecular Analyst version 1.4 program (Bio-Rad). The ratios between
the intensity of the test and control probe were ranked from 1 (lowest) to 10 (largest). The
ranks for the normal, NT, and FB DNA were summed and compared using a table of
critical values for the Wilcoxon Rank-Sum test (Verdooren 1963). If the sum of ranks
was lower than that of the critical value at the p-value 0.05 (95% confidence), the
difference between the control and the two patients’ DNA was considered significant. To
test whether the patients’ values were half that of the control, the ratios from NT and FB
were doubled and the Wilcoxon Rank-Sum test was repeated. If the difference between
control and deletion patients was now insignificant, it was concluded that the NT and FB
DNA had one copy of the test probe and was therefore deleted in the microdeletion

region.
BAL31 Analysis

Embedding genomic DNA in agarose

NT lymphoblastoid cells were suspended in HBSS to a final concentration 1.4 -
2.0 X 10 cells/ml. An equal volume of melted 1% InCert agarose (FMC) was added to
the cells, mixed and pipetted into a plug-former on ice. After the plug was solidified, it
was incubated in ESP solution (0.5 M EDTA, 1% sodium laurosyl sarcosine, 1 mg/ml
Proteinase K) for 2 days at 50 °C with gentle shaking. Proteinase K was then removed by
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washing the plug two times in TE + | mM PMSF for 1 hour, followed by three times in
TE for 1 hour. Agarose-embedded DNA was used to avoid DNA shearing.

BAL 31 exonuclease digestion

Plugs of 50 pl were added to the BAL31 digest reaction mix and adjusted to a
final volume of 1 ml. DNA was digested with 20 U BAL31 (New England Biolab) at
30°C for 0, 0.5, 1, and 1.5 h. DNA plugs were then equilibrated in ice-cold 100 mM
EGTA (ethylene glycol-bis[B-Aminoethyl ether] N, N, N’, N’-tetraacetic acid) to
inactivate BAL31, followed by an ice-cold TE pH 8.0 wash before digestion with
EcoRV. DNA plugs were then loaded in a 0.6% agarose gel and separated by standard
electrophoresis, Southern blotted, and probed with D22S163.

Sequence annotations on the cosmid contig

Four cosmid clones were sent to Dr Bruce Roe at University of Oklahoma for
sequencing. Three clones (N85A3, N94H12, and N1G3) were completely sequenced and
the sequences were submitted to GenBank (with accession number AC000036,
AC002056, and AC002055 respectively). The sequencing of one clone (N66C4,
ACQ00050) is in progress and five sequence contigs are now available in Genbank. The
cosmid sequences were combined into one large sequence called “AWCcontig” by the
following procedures: The five sequence contigs of N66C4 were ordered and combined
according to the information available. One fragment that was overlapping with N85A3
sequence was assigned as the distal end. The order of the rest of the sequence contigs was
determined based on the position and order of exons in the cDNA clone sc24, which were
located within N66C4. Cosmid sequences were entered into a local database by the
program TOBLAST in the GCG package. The position of sequence overlap between
cosmids was determined by the BLAST program. The overlapping sequence of the distal
clone was removed, and the cosmid sequences were joined. Thus the resulting
“AWcontig” contains at least four gaps in the N66C4 region, and a continuous region of
123.3 kb.
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The putative expressed sequences were determined by exon prediction programs
including GENSCAN (http://CCR-081.mit.edu/GENSCAN.html) and Grail 2 program
through MacX in a UNIX environment. Grail 2 searches genomic sequence for opening
reading frames (ORFs) that are bound by a pair of translation start/splicing donor,
splicing acceptor/donor or splicing acceptor/translation stop sites. The quality of the
exons are rated based on the presence of other genomic context information, such as
splice junctions, or non-coding scores of 60-base regions on either side of a putative exon
(Xu et al. 1994). The Genscan program was designed specifically for predicting exons in
genomic sequence which has high G-C content. Therefore it is suitable for human or
other mammalian genomic sequences. Instead of putting all putative exons into one large
transcription unit, Genscan also determines multiple transcriptional units in one large
genomic sequence (Burge and Karlin 1997). The predicted exons were translated into
amino acid sequences (both programs have an installed translation function), and
searched against a protein database through BEAUTY at the BCM search launcher :
(http://kiwi.imgen.bcm.tmc.edu.8088/search-launcher/launcher.html).

To search for the sequence in public DNA databases, human repetitive sequences
were masked by the Repeat Masker program (Smit A.F.A. and Green P. Repeat Masker
at http://ftp.genome.washington.edu/RM/RepeatMasker.htmi). The sequence was then
sought in Blast nr (All non-redundant GenBank + EMBL + DDBJ + PDB sequences),
Blast month (All new or revised GenBank + EMBL + DDBJ + PDB sequences), and
Blast dest (Non-redundant database of GenBank + EMBL + DDBJ EST Division)
through Gap-Blast at the NCBI web site (http://www.ncbi.nlm.nih.gov/cgi-
bin/BLAST/nph-newblast2Jforzn=1). The TIGR EST database was also searched through
http://www.ncbi.nlm.nih.gov/cgi-bin/THCBIlast/nph-thcblast. The last update of the
database search was on June 9, 1998.

The sequences of new cDNAs isolated by RT-PCR or cDNA library screening
(see below) were aligned against the AWcontig sequence through BLAST in the GCG
package.
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Sequence Analysis

Mudltiple Sequences alignment

For the alignment of multiple nucleic acid sequences, Clustral W 1.7 program in
the BCM search launcher (http:/kiwi.imgen.bcm.tmc.edu.8088/search-
launcher/launcher.html) was used. For alignment of multiple protein sequences,
sequences were first aligned by the pairwise alignment program gap Blast
(http://www.ncbi.nlm.nih.gov/gorf/bl2.html) using a BLOSUM62 matrix (Henikoff and
Henikoff, 1992). The alignments were then combined into the multiple alignment matrix

manually.

Determining the G-C content of exons predicted by genscan program

“Last exon” and “genscanex1” are the two exons predicted by the Genscan exon
prediction program. The G-C content of these exons as well as two ALPR cDNA clones
sc24 and I511 was evaluated with the GCG program WINDOW using a window of
100 bp and shifts of 10 bp.

PCR and RT-PCR

Primer Design

Primers for PCR or RT-PCR reactions were designed by using the Primer (v0.5)
program through the UK HGMP Resource Centre web site (http://www.hgmp.mrc.uk).
Criteria for choosing a primer were: low homology to human repetitive sequences, G-C
content equal or higher than 50%, primer length between 20- 22 base pairs, and low
number of complementary nucleotides at the 3’ end. Primers that are on AWcontig are
listed in Table 4. Two primers called 3’ ARR and sc243 have sequences that are different
from the genomic sequence (Table 4), due to a sequencing error of the clones. An internal
primer is usually made from the sequence that is far away from the start of the

sequencing, where the sequence quality is low. The primer ArkF6 is at position 98 to 117
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Table 4 Primer sequences and their positions on AWcontig

55337F
5533R
Ankl F1
Ankl F2
Ank F3
Ank F4
Ank F5
Ank F51
Ank F6
AnklR1
Anki R2
Ank R3
Ank R4
Ank RS
Ank R6
Ank R7
Ank R9
Ank R10
MI314F
MI1314R
MI314R2
OFH-1
OFH-2
OFH-3
OFLS-1
OFLS-2
OFLS-3
OFLS-4
RIF
R7F

sc 243
sc 245
U2F
U2R
EQ91F
E1.03F
EL.O3R
pul 51
pul 31
pul 32
IIF
RABLFI
RABLR1

cct ctg
cat gtg
cag atg
gtg tca
gtc att
agg gct
cta tgg
cgg caa
ctg gag
cgce ttc
aag gcg
ctc agc
gca ggg
cgc tcg
gaa gtc
cgt cct
tta gca
ctg tcc
gag aca
gcc agc
gce tga
tge tgc
aag tgt
tcc tca
gac tgc
ctc ggg
ctg ctt
cct ttt
ctc agg
cag gcc
cca agt
ctt cac
aat cgc
gcc atc
ggc ttt
tgc ctc
tcc tect
ttec ctt
ctc agg
cca gag
cat act
ggg agt
ggg tgg
cca cag
cac cca

cct
agt
agg
tgc
gat
ttg
gct
gtt
caa
gag
aga
tgt
tca
atg
gtc
ctt
ggt
tcg
aga
atc
aga
gat
gtc
cac
tgc
ggt
ctc
cca
ggt
agg
cca
ctg
cac
atc
cca
act
gat
gg99
aga
cat
agc
tct
gtg
cag
gac

ctg
gcec
cag
tgc
gac
gtt
tte
cct
gtt
gac
tce
cat
gtg
ttc
ctt
ctg
ccg
tag
tgg
tca
cga
ggg
cgt
tca
tgt
ctt
cct
act
ctg
cac
tga
act
cge
gca
cag
gct
g9g9
ctt
age
gca
aag
gtt
gtg
ctg
ttg

gtt

acg
aca

cc*

gcet g
tc

gc

gg

qg

at
ac#
gg

tg

cg

te

tg
agg g
gag g
tct

aa

ct

ag
acc
tgg
tc

tt

ca

ta

at

ag
aca g
tae
tt

g9

cc

at

ag
aa

ct
gta
aca ¢
ta

ta
ag

[.&Ibitioll:oﬁ AWcontiggassr

88050-88081
86846-86865
37647-37667
37667-37647
43045-43066
43088-43107
11708-11727
11744-11763
69938-70007
70049-70068

45010-44990
44987-44968
70155-70136
70108-70039
43952-43933
15387-15368
15627-15606
55249-55228
53809-53790
61179-61158
61303-61284
60917-60898
71522-71542
71812-71792
71496-71427
62769-62788
62590-62609
62722-62703
62855-62836
44990-45010
14606-15627
34025-34006
23796-23815
94338-94310
93527-93546
107668-107687
107253-107234
107234-107253
1144690-114671
106473-406494
107946-107966
107632-107611
115615-115596
114544-114563

*Primer sequence is different from AWcontig, which is cat gag agt gec cat ttc cc
@Primer sequence is different from AWcontig, which is agt cge cgc cge tic gea ta

These two primers were designed before the genomic sequence AWcontig was available. The discrepancy between the

genomic and cDNA sequences is due to sequencing error in the cDNA sequence.

# This primer sequence is not preseat in AWcontig because the cDNA sequence where this primer is not located on

AWcontig.




of I511, and does not match anywhere in the genomic sequence (see the result section
“Cloning of ALPR™). For the C. elegans C33B4.3 gene study, since it was not necessary
to search for the homology to human repetitive repeats, primers were designed by the
Primer 3 program (http://www-genome.wi.mit.edu/cgi-bin/primer/primer3.cgi). Table 5

lists the primers on C. elegans cosmid DNA C33B4.

Total RNA isolation for reverse transcription

Various human tissues were provided by Dr Jeff Oulette in the Department of
Pathology, University of Alberta Hospital. Human fetal tissues were provided by the
Human Fetal Tissue Bank, through Dr Steve Bamforth in the Department of Medical
Genetics. Total RNA from the tissues was extracted by using TRIzol reagent (GIBCO-
BRL) following the manufacturer’s instructions. Briefly, 10 ml of TRIzol reagent were
added to 1g of tissue, or 1 ml of TRIzol reagent to 10 cm? of cultured cells. Tissues were
homogenized in TRIzol reagent using a homogenizer. The homogenized samples were
incubated at room temperature for 5 min to permit the complete dissociation of
nucleoprotein complexes. To the homogenized sample 0.2 ml of chloroform per 1 ml of
TRIzol was added, followed by vigorously shaking and incubation at room temperature
for 3 min. The samples were centrifuged at 9500 rpm for 15 min at 4 °C. The aqueous
layer was drawn from the samples and mixed with 0.5 ml isopropanol per 1 ml of TRIzol
reagent. The samples were spun again. The RNA pellets were washed with 75% ethanol
and dissolved in various volumes of DEPC-treated dH,0. The concentration and purity
(Ass0/ Aggo ratio) of total RNA were determined by a photospectrometer (Gene Quant,
Pharmacia). Total RNA from human fetal tissues was prepared by Dr Valérie Trichet.

Reverse transcription
Approximately 1 ptg of total RNA from varjous tissues was mixed with 10 pmoles
of reverse transcription primer (gene specific primer), and DEPC- treated dH,0 to a final

volume of 20 pl. The mixture was heated at 70 °C for 5 min followed by chilling on ice
for 1 min. After the total RNA and primer were denatured, 4 pl of 5X “first strand buffer”
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Table S Primer sequences and their positions on C. elegans cosmid C33B4.3

Beiniernatess| Primensequence:(s)

B43F lh N gga ctg cag ccg atc ﬁat gtt c& aﬁc ggé aga ‘ 30019-29994
B4.3FP agc ttc aac acc tca acc aa 21781-21762
B4.3H ttc cge aag ctt tca act ac 25070-25051
B431HRI gaa cta ttg tgc atc gac cg 23165-23146
B4.3P gat gga gct gea gac att gg 23657-23676
B4.3R1 8gg gat cca cac cag gat ttc cga caa tat gc  [23893-23918
B4.33 tgg aat cac cag aat ccg ag 23512-23531
B4.332 cCg acc aga cat cta cct tc 19639-19658
B4.333 aaa tcg aga ccg atc gea ct 19526- 19545
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(GIBCO-BRL), 2 ul of 0.1 M DTT, and 1 pl of 10 mM dNTP mix was added. This was
pre-incubated at 42 °C before 1 pl (200 units) of reverse transcriptase SuperScript II
(GIBCO-BRL) was added. The reaction mix was incubated at 42 °C for 30 min, followed
by incubating at 55 °C for 5 min. The RNA strand was digested by adding 1 pl (3.8 units)
of RNAse H (GIBCO-BRL). The reaction was further incubated at 55 °C for 10 min. The

final volume of the reverse transcription reaction is 20yl and | ul was used for RT-PCR.

PCR

PCR was performed in either “1.1X” buffer (final concentration = 50 mM Tris-
HCipH 9.0, 1.5 mM MgCl,, 0.4 mM B-mercaptoethanol, 0.1 mg/ml non-acetylated BSA
{Boehringer Mannheim], and 0.2 mM dNTPs) or GIBCO BRL 10X buffer (final
concentration = 20 mM Tris-HCI pH 8.4, 50 mM KCI, 1.5 mM MgCl,, and 0.2 mM
dNTPs) with 20 pmoles forward and reverse primers, 2.5 U of Taq polymerase, and
either 100 ng of genomic DNA, 1 ng of cloned DNA, or 1 ul of reverse transcription
product as template. PCR was run in 30 cycles using a PTC-100 thermocycler (MJ
Research) with various annealing temperatures and extension times depending on the Tm
(melting temperature) of the primers and the size of the target products. If the reaction
required “hot start”, the reaction was heated for 2 min at 95 °C before Tagq polymerase
was added. For PCR, one negative control (no template control) was run with the actual
PCR reactions. For RT-PCR, one no template control, and one no RT control (an RT
reaction was set up without the addition of reverse transcriptase) were used to monitor the
contamination of PCR by genomic DNA and the PCR product which was amplified by
the same pair of primers before. For amplifying cDNA clones which require high
sequence fidelity, TagPlus Precision polymerase (Stratagene) was used. The reaction was
composed of 5 ul of 10X TagPlus Precision buffer, 0.4 of ul of 25 mM dNTPs, 20 pmol
of forward and reverse primer, template DNA, 2.5 U TagPlus Precision Taq polymerase,
and dH,0 to a final volume 50 pl. Table 3 listed different RT-PCR and PCR products.
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Subcloning PCR products

Most PCR products were subcloned in pGEM-T or pGEM-T Easy vectors
(Promega) following the manufacturer’s instructions. Exceptions were B4.3HP, which
was subcloned into pBluescript SK+ (Stratagene) with HindIII and PstI sites; and B4.3F-
R, which was subcloned into various C. elegans reporter gene vectors (see the “Gene
Expression Studies in C. elegans” section). Ligation reactions were incubated at room
temperature for 2 h to overnight. Transformation was performed with competent cells
XL.1-Blue or XL.10-Gold (Stratagene), by conventional methods (Sambrook et al. 1989).

c¢DNA Library Screening

Probes and cDNA libraries

Probes included cDNAs amplified by RT-PCR, EST clones, and cDNAs that were
isolated from the cDNA library. Table 6 lists the probes and cDNA libraries used in this
study.

The original titres of the phage cDNA libraries were determined by plating out
different concentrations of the library with XL1-Blue plating cells. Twelve to fifteen 15 x
150 mm plates with 5 x 10* pfu/plate were used for plaque lifts. Plaques were transferred
to Hybond-N nylon membranes (Amersham) following the manufacturer’s instructions.
Membranes were hybridized with radioactive cDNA probes in 5X SSPE, 5X Denhardt’s
solution, 0.5% SDS overnight at 65 °C. Membranes were washed at a final stringency of
0.1X SSPE, 0.1% SDS at 65 °C and exposed to Kodak X-OMAT film overnight. Primary
positives were plated out at 100 pfu/plate and the screening was repeated. Usually, a third
round of screening (tertiary screen) was required to confirm the plaque was from a single

clone.
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Table 6: cDNA libraries and probes used for screening the libraries

Stratagene Inc.

FLS, FL2, I511,

RI1F-M1314R, F5-R3, pul

F3-R7,1511, FL2,

Human colon carcinoma

Dr. J Rommens

RI1F-M1314R, F5-R3, pul

cell line Caco-2 in AZap

FLS Human fetal liver in Agtl1 Clontech Inc.
FL2 Human adult heart in Agtl11 |Dr. R. Farahani
MB Mouse brain in AZapII Dr. J Rommens
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In vivo excision of insert into pBluescript SK+ phagemid

In a 50 ml tube, 200 pi of ODgy= 1.0 XL 1-Blue cells, 200 pl of phage stock (> 5
X 10° pfu/ml), and 1 pl of R408 helper phage (> 1 X 10° pfu/ml) were mixed and
incubated at 37 °C for 15 min. The co-infected culture was then added to S ml of 2X YT
media (10 g NaCl, 10 g Yeast Extract, 10 g Bacto-Tryptone) and incubated 3 h at 37 °C
with shaking. The culture was then heated at 70 °C for 20 minutes. The debris of ruptured
E. coli cells was spun down at 4000 g for 5 min. The supernatant that contained the
pBluescript phagemid was transferred into a new tube, and 10 pl of phagemid stock was
incubated with 200 pl ODgy= 1.0 XL1-Blue cells at 37 °C for 15 min. Different amounts

of cells were plated out on LB/ampicillin plates and incubated overnight at 37 °C.

Confirmation of the Authenticity of cDNA Clones

Cosmid DNAs were digested with different enzymes, electrophoresed and
Southern blotted. cDNA isolated from different sources (RT-PCR, EST clones, cDNA
library screening) were used as probes and hybridized to the cosmid blots. Clones that
showed positive signals, were further hybridized to a Southern blot which contained total
human DNA, DNA from the Human Genetics Mutant Cell Repository human/rodent
somatic cell hybrid mapping panel #2, and hamster cell line RYK88 DNA digested with
different enzymes. This procedure was to test the copy number of the gene in human
genome. To further characterize the genomic regions where RABL2 and RABL22 are
located, another partial hybrid panel southern blot was prepared by digesting DNA
isolated from cell line GM/NA10826B (chromosome 2 hybrid cell line), GM/NA 10888
(chromosome 22 hybrid cell line), normal human (GM03657), and hamster cell line
RJK88 with HindIIl, BamHI, and EcoRI. The membrane was then probed with pul.
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Sequencing of cDNA clones

Authentic cDNA clones were sequenced either by an ABI 373A automated
sequencing machine in Dr Ken Roy’s laboratory in Department of Biological Sciences, or
by using the Thermo Sequenase radiolabeled terminator cycle sequencing kit
(Amersham). For manual cycle sequencing, the sequencing reactions were run on an 8%
polyacrylamide gel with 7M urea and 40% formamide to eliminate the compressions at
the GC rich region of the sequences. The gel was soaked in 5% acetic acid/ 15%
methanol to remove the urea and formamide before drying in a gel vacuum dryer at 80 °C
for 2 h. The sequencing gel was exposed overnight with a Kodak BioMax MR film.

One 10 h run of manual cycle sequencing could read sequence up to 400 bp, the
high quality sequence range is ~350 bp. Sequencing reactions were usually started from
the primers in the vectors that flank the multiple cloning site (T7 or T3), or the forward
and reverse primers if it was a PCR product. If sequences from both ends were not
overlapping, internal primers were used to fill in the gaps. For large clones, inserts were
digested with various enzymes and the resulting fragments were subcloned into
pBluescript SK+. This approach reduced the number of internal primers needed to fill up
the gaps. The internal primers and subcloned fragments are listed in Table 7

Northern Analysis

Human multiple tissue Northern Blots were purchased from Clontech. The
Northern Blots were first prehybridized at 42 °C with 5 ml hybridization solution (50%
formamide, 5X SSPE, 2X Dehardt’s reagent, 0.1% SDS and 100pg/ml sheared herring
sperm DNA) for 1 hr. The hybridization solution was then replaced by probes in 5 ml
fresh hybridization solution and hybridized overnight. The final washes of the blots were
in 0.1X SSPE, 0.1% SDS at 50°C. The blots were exposed to x- ray film at -70 °C for 1
to 1 1/2 weeks.
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Table 7: Subclones of cDNA clones and internal primers used for manual sequencing

Name of clone _|Size of.clone - |Subclones.  {Internal:primers

sc24 1268 bp None R7F, sc245, sc243

I511 2008 bp I511HXh0.9 |Ank F6, 5533R, 55337F,
I511HO.4 R1F, Ank R9, Ank R10

Ank F1, Ank R1

AR ~2kb AR 1.2, OARS, OAR4, OAR3,
AR 0.7 OAR2, OARI1*

FLS 524 bp None OFLS1

FL2 1160 bp None OFH]1, OFH2

MB 991 bp None OMB-1

ul 1056 bp None pul51, pul32

hc 5 1712 bp None pul3l, E1.03F, EO.91F

he 7 757 bp None pul3l, EO.91F

hc 8 757 bp None pul3l, EO91F

B431HRI- 1541 bp None B4.3FP

B4333

* primer sequences (from 5’ to 3’) are as follows:

OAR-1: ctg ggttac att cag attaca g
OAR-2: aat tcc agc agg gtaaaacgg g
OAR-3: cat ccc tcg agg tac gat gc
OAR-4: atc ctt ctt ctt ccg gac cg
OAR-5: gca ccg acc aca gece ctc ac
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Comparison of RABL2 and RABL22 Expression Level

Reverse transcription was done with pul31 as the gene specific primer and total
RNA from cell line GM/NA10826B (chromosome 2), GM/NA 10888 (chromosome 22)
and various human tissues as templates. PCR was done in triplicate for each tissue. PCR
conditions were 25 cycles of 92°C for 30s, 63 °C-0.1 °C/cycle for 30s, 72°C for 30s with
hot start and final extension at 72°C for 5 min. Reactions were then run on a 1% agarose
gel with TAE (40 mM Tris pH 7.2, 20 mM Sodium Acetate, 1 mM EDTA-N a,)
electrophoresis buffer. PCR products were excised from the gel, purified by
GENECLEAN (Biol01, La Jolla, CA), and digested with 10U BsrG1 (New England
Biolab) at 60°C for 4 hours to overnight. Digested products were then run on a 1%
agarose gel. The band intensity of the BsrG1-uncleaved product (RABL2) and BsrG1-
cleaved product (RABL22) were compared by eye. As a control experiment, partial
cDNAs of RABL2 (use I ng of pul as template) and RABL22 (use chromosome 22 cell
line GM/NA 10888 reverse transcription product as template) were amplified and
subcloned into pGEM-T Easy vector (Promega). cDNA clones were sequenced to
confirm that no sequence errors were introduced during amplification. Approximately
0.001ng of RABL2 and RABL22 ¢DNA clones were mixed in 1:0, 2:1, 1:1, 1:2, and 0:1
ratio and amplified using the same conditions as described above. Band intensities
between PCR products that were cleaved (RABL22) and were not cleaved (RABL2) by
BsrG1 were compared by eye to determine whether the ratio of PCR products of the
RABL2 and RABL22 clones matched approximately that in the ratio of the starting
templates DNA.

3’ Rapid Amplification of cDNA Ends (RACE)
Reserve transcription was performed by using ~1pg of heart total RNA and ~ 10 pmol.
GIBCO BRL polyT adapter primer (5° GGC CAC GCG TCG ACT ACT TTT TTT TTT

TTT TTT T 3°). The reverse transcription product was purified by a GlassMax column
(GIBCO BRL) to remove polyT adapter primers. Purified reverse transcription product
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was eluted in a final volume of 40 pl, and 5 pl was used as a template for PCR. The PCR
reaction was done using pul51 and GIBCO BRL universal amplification primer (5’ GGC
CAC GCG TCG ACT AC 3’), and TagPlus Precision Taq polymerase (Stratagene) in 30
cycles of 92°C for 30 s, 62°C- 0.2°C/cycle for 30 s, and 72°C for 2 min with hot start.
PCR products were run on 1% agarose gel with TAE electrophoresis buffer. Two major
bands (1.7 and 0.7 kb) were excised from the gel, purified by GENECLEAN and
subcloned into pGEM-T Easy vector (Promega).

Gene Expression Studies in C. elegans

Preparation of reporter gene fusion protein constructs

A 6129 bp genomic DNA fragment of C. elegans, which consists of a ~4.7 kb
putative promoter region and four exons of C. elegans gene C33B4.3, was amplified by
PCR using primers B4.3F/ B4.3R, C. elegans genomic DNA, and TagPlus Precision Tag
polymerase (Stratagene). PCR conditions were 30 cycles of 68 °C - 0.3 °C/cycle for 8
min, 94 °C for 30s with hot start. The PCR product was digested with BamHI and Pstl
and subcloned into reporter gene vectors constructed by Dr Andrew Fire at the
Department of Embryology, Carnegie Institution of Washington, Baltimore, MD (ftp:
ciwl.ciwemb.edu). The reporter gene vectors included pPD95.75, an in-frame
promoterless green fluorescence protein (gfp) vector; pPD95.77 and pPD95.79, two out-
of-frame promoterless gfp vectors; pPD95.03, an in-frame promoterless lacZ vector with
nuclear localization signal (NLS); and pPD95.57, an out-of-frame promoterless NLS-
lacZ vector. Transformation was done with competent cell XI.1-Blue, and mini-prep
DNA was done without RNAse treatment. DNA from four individual clones of the same
construct was pooled to reduce the possibility of non-functional construct due to
sequence error introduced during PCR amplification. The pooled DNA was purified
through a GlassMax column (GIBCO BRL) to remove most of the RNA in the sample.
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Examination of fusion protein expression pattern

The gfp constructs were co-injected with plasmid MMO16B (the plasmid clone
that contains the wildtype unc-119 gene) into the gonad of the hermaphrodites strain unc-
119 (ed3); him-8 by Dave Hanson. The lacZ constructs were also co-injected with
MMOI16B into the gonad of the hermaphrodites of the same strain by Angela Johnson.
Worms were grown in NGM agar plates with a lawn of OP50 (Wood 1988). Wild type
progeny indicated that the extrachromosomal constructs were transmitting to the next
generations. To look for gfp expression, worms were examined directly using
fluorescence microscopy with a Zeiss Axioskop Routine Microscope. To examine lacZ
fusion protein expression, X-gal reaction staining was applied: worms were washed off
the plates with M9 buffer (3 g KH,PO,, 6 g Na,HPO,, 5 g NaCl, I ml IM MgSO,, dH,0
to 1 liter), pelleting by quickly centrifuging at maximum speed, and then washed one
time in M9 to remove bacteria and agarose debris. The worms were finally resuspended
in 25 ul of M9 buffer. Microscope slides with size 75 X 25 mm were coated with poly-L-
lysine by spreading 0.1 mg/ml stock onto the slides and incubating them for 30 min at 37
°C. Worms were transferred onto the poly-L-lysine coated slides and covered with 40 X
22 mm glass cover slips. The slides were frozen on metal containers in the -80 °C freezer
for 15 min. After the freezing, the cover slips were quickly cracked off with a single-
sided razor blade, and the slides were immediately submerged for 5 min in 100% acetone
prechilled to -20 °C. The slides were washed for one minute each in 75%, 50%, and 25%
acetone and then allowed to dry briefly at room temperature. To the slides 100 pl of “Mix
S” (620 pl dH,0, 250 pl 0.8 M Na-phosphate buffer pH 7.5, 1 i 1 M MgCl,, 4 pl 1%
SDS, 100 pl 100 mM Redox buffer [100 mM Potassium Ferricyanide, 100 mM
Potassium Ferrocyanide], 15 pul 5 mg/mL kanamycin, 2 pl 1 mg/ml DAPI, 8 ul 3% X-Gal
in N, N -dimethylformamide)(Fire, 1992) was added, covered by cover slips, and the
cover slips were sealed with nail polish. The slides were incubated at room temperature

on moistened Whatman chromatography paper (3 MM) in petri dishes for 1 h. The
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worms were examined for -galactosidase staining using bright-field microscopy and

using fluorescence microscopy for DAPI staining.

Integration of Extrachromosomal Arrays using UV irradiation

Transgenic worms that carried the lacZ fusion protein construct were selected for
young adult hermaphrodites, and ten young worms were picked onto each of five plates
(fifty in total). The plates were irradiated under UV at 350 puJ using a UV stratalinker
1800 machine (Stratagene). The irradiated P, worms were allowed to lay eggs for three to
four days. Equal numbers (i.e. 40) of young F, worms were picked from each parental
plate onto single plates to generate a total of 200 plates. The worms were allowed to
produce an F, brood. Plates were scanned for the highest number of wildtype progeny.
The best ten plates were selected and the rest of the 190 plates were discarded. For these
pools of ten plates, ten single F, worms from each plate were transferred to new plates.
The worms were allowed to produce F; broods. The F; plates were then screened for

100% wildtype progeny.

Inhibition of Specific Gene Transcription by Double-stranded RNA Interference

The procedure of double-stranded RNA interference was as described by Fire et
al. (1998). Plasmid clone B4.3HP, which contained a partial cDNA of C33B4.3, was
linearized by HindIII or Smal endonuclease digestion. The insert of the plasmid that
contained apx-1, a positive control gene, was amplified by PCR with T7 and T3 primer.
In vitro transcription was done to produce the sense and antisense RNAs of both genes
using a MEGAscript kit (Ambion) following the manufacturer’s instruction. Double
strand RNA was prepared by mixing equal amount (i.e. 5 (il) of sense RNA, antisense
RNA and microinjection buffer (20 mM KPO, pH 7.5, 3 mM Kcitrate, 2% PEG6000).
The RNA mix was incubated at 68 °C for 10 min, followed by 37 °C for 30 min. Double-
stranded RNA was microinjected into the gonad of wildtype (N2) hermaphrodites by
Angela Johnson. The hermaphrodites were transferred to new plates each day after the
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microinjection up to four days. Progeny were examined under the dissecting microscope

for any observable change of phenotype.
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Results

Production of a Cosmid Contig from D22S163 to the 22q Telomere

To characterize the NT microdeletion, a cosmid contig was constructed that spans
the deleted region. A cosmid walk was started from the cosmid clones N85SE7 and
N66C4, which were isolated using a probe for D22S163, which was previously shown to
be deleted in NT (Flint et al. 1995). Cosmid end fragments were isolated by detecting
Smal-digested vector-insert junction fragments with a vector probe on Southern blots.
These vector-insert junction fragments were then used to identify XhoI and Xhol/HindIII
fragments flanking but not including vector sequences. End fragments of these cosmids
were tested by densitometric or RFLP analysis, to assess the copy number in NT.
Densitometric analysis showed that the proximal end of N85E7 was not deleted in NT
(data not shown). However, RFLP analysis using the distal end fragment of N66C4
(Xh1.2, Fig. 3) showed that the paternal allele was deleted in NT (Fig. 4). The cosmid
walk was therefore extended from the distal end of N66C4 for three rounds of end-
fragment walking (Fig. 3, contig A). At the same time a second cosmid walk was being
done by Dr Yi Ning at NIH. It started from a P1 clone containing the 22q putative
telomere associated sequence TelBam 3.4 and walked proximally (Fig. 3, contig B) (Ning
et al. 1996). We agreed to combine the two contigs, which overlapped extensively (Wong
et al. 1997). I constructed a BamHI restriction map of both contigs by using BamHI
fragments as probes against HindIII and/or Smal cosmid digests electrophoresed and
Southern blotted. This allowed unambiguous assignment of contiguous BamHI
fragments. Restriction mapping of both contigs revealed that the two contigs overlap by
about three cosmid lengths (~100 kb) and span ~150 kb between the proximal end of
N85SE7 and the putative 22q telomere.
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Figure 3 Cosmid/P1 contig, spanning the NT microdeletion. The upper bar (with the
arrow) shows the chromosome, with the deleted region represented by an open bar.
Vertical lines on the chromosome represent BamHI sites. A, cosmid contig, constructed by
screening the chromosome 22-specific library LL22NCO3. B, cosmid contig, constructed
by screening the chromosome 22-specific library ICRFc106 (modified from Ning et al.
1996). In contig B, the full name of each cosmid is “ICRFc106”. followed by the
designations shown in the figure. Locus D22S163 is abbreviated as “S163”. The BamHI
site marked with an asterisk (*) was found only in 44B9. The clone 44B9 was isolated by

screening a P1 genomic library with the telomere associated sequence TelBam3.4
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Figure 4 RFLP analysis, showing that Xh1.2 is deleted in
NT. The autoradiograph shows the NT family genomic DNA
digested with Taql and probed with Xh1.2. Each individual
shows a constant 2.7 kb band. The father is homozygous for the
0.9 kb allele, and the mother has both 1.3 kb and 0.9 kb allele.
NT inherited the 1.3 kb allele from the mother but no allele from
the father.
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Localization of the Breakpoint of the NT Microdeletion

Since the proximal end of N85E7 was not deleted, while the distal end of N66C4
showed a deletion of paternal allele by RFLP analysis, these results indicated that the
breakpoint of the NT microdeletion is within the N66C4 and N85E7 region. An
additional probe (H5.0), which is 6.5 kb proximal to D22S163 (Fig. 3), showed no
deletion by densitometric analysis (data not shown), further narrowing down the
breakpoint. In order to look for DNA rearrangement fragments indicative of the
breakpoint, genomic DNAs from a normal control and the NT family were digested with
HindIII, Smal, EcoRV, and NgoM], electrophoresed and blotted. Since Flint et al. (1995)
had shown that D22S163 was deleted in NT, the blot was hybridized to a 6.5 kb fragment
that was adjacent to the H5.0 probe. This fragment also contains a part of the D22S163
locus. The fragment detected novel rearrangement bands in all different restriction
endonuclease digestions of NT genomic DNA. In order to confirm that the D22S163
locus is deleted in NT, the same blot was probed with D22S163. Contrary to what [
expected, the D22S5163 probe showed the same hybridization pattern as the 6.5 kb
fragment: novel bands for all four enzyme digests. D22S163 detected the presence of a
large rearrangement band in NT with EcoRV and NgoMI digests (Fig. 5). For HindIII
and Smal the novel bands were smeared in the 9-11 kb (Fig. 5). This smear is
characteristic of breakpoint -junction fragments fused with telomeric sequences that are
heterogeneous in length (Wilkie et al. 1990b). D22S163 also detected the presence of a
large rearrangement band in NT with EcoRV and NgoMI digests (Fig. 5). The presence
of these wide rearrangement bands suggested that NT has a terminal deletion and that the
breakpoint is close to D22S163. One discrepancy between this study and that of Flint et
al. (1995) is that I detected HindITI-, Smal-, EcoRV-, and NgoMI-rearrangement
fragments with the D22S163 probe, while Flint et al. (1995) detected a paternal deletion
with the same probe using Sau3Al. I hypothesized that under normal electrophoretic
conditions, the smaller Sau3AI smeared rearrangement band could be diffused to the

point of being not visible with a standard exposure (Fig. 6A). The Sau3Al digestions of
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Figure § Rearrangement bands, detected by the D22S163
probe. The autoradiograph shows the NT family genomic DNA
digested with HindIII, Smal, EcoRV, and NgoMI, followed by
hybridization to the D22S163 probe. Novel smeared bands in 9-11
kb range were present in HindIIl and Smal digest of NT DNA
(arrows). Smal also identifies a polymorphic locus with a 9.4-kb
allele in NT and his mother and 8.0/9.0 kb alleles in the father,
which confirms the paternal deletion of NT. D22S163 also
detected the presence of large rearrangement bands in NT with
EcoRV and NgoMI (arrows). Slight differences in the apparent
size of the large bands common to all individuals are due to
anelectrophoresis artifact.
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the NT family DNAs were repeated and the fragments were electrophoresed over a short
distance to maximize the chance of seeing a smeared rearrangement band. Under these
conditions, a novel smeared band was seen in NT (Fig. 6B), indicating that D22S163
contains or is adjacent to the breakpoint rather than being deleted. This also confirms the
explanation given by Flint et al, (1995) as to why cosmids containing D22S163 did not
show a deletion for NT when FISH was used, since only part of the cosmid would have
been deleted.

BAL31 Analysis

If NT is a terminal deletion, then the rearrangement fragment should be sensitive
to BAL31 exonuclease digestion. When agarose-embedded NT DNA was subjected to
BAL31 digestion from O to 1.5 h, followed by EcoRV digestion, the D22S163 probe
detected a reduction in the size of the rearrangement band (Fig. 7). The larger, normal
band detected by D22S163 served as a control to show that the genomic DNA was intact.
Since D22S163 is normally located 130 kb from the telomere, it is not sensitive to

BAL31 digestion on a normal chromosome.

Localization of ACR to the NT Microdeletion

Pulse field gel electrophoresis (PFGE) studies of the region indicated that ARSA,
D225163, and the acrosin locus (ACR) all mapped to a 190 kb Not I fragment
(McDermid, unpublished data). When the ACR cDNA probe was hybridized to a
Southern blot containing BamHI digests of all the cosmid DNAs in the contig, fragments
0f 4.6, 6.9 and 17 kb in cosmids N94H12, 26, and C202 were positive. The BamHI
fragment pattern matched the ACR restriction map reported by Vazquez-Levin et al.
(1992). Therefore, the ACR locus maps to the NT microdeletion, ~60 kb distal to
D225163 and ~70 kb from the telomere (Fig. 3). Sequence analysis results also
confirmed this finding (see below). Densitomeric analysis confirmed that ACR is deleted
in NT (Fig. 8), as well as in the 22q13.3 deletion patient FB.



| — 5.8kb

— 5.8kb
— 4.6kb  A6kh
= 338

jj = 3318

Figure 6 Sau3Al-digested NT family genomic DNA,
hybridized to the D22S163 probe under two different
electrophoretic conditions. In A, using conditions reported in Flint
et al. (1995), NT appears to inherit one 5.8 kb allele from his
mother but no allele from his father, suggesting a paternal deletion
of D228163 in NT. In B, electrophoresing the DNA over a much
shorter distance and exposing the autoradiograph for a longer
time, D22S163 detected a smeared rearrangement band in NT
(arrow), indicating the microdeletion breakpoint is close to, or
within D22S163.
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Figure 7 BAL31 sensitivity of the rearrangement band in
NT. Genomic DNA from NT was digested with BAL31 before
digestion with EcoRV. The number at the top of each lane
indicates the incubation time of BAL31 (in hours). DNA was
then separated by standard electrophoresis in a 0.6% agarose
gel. The resulting blot probed with D22S163 shows a decrease
in size of the rearrangement band after BAL31 digestion. The
positions of DNA size markers from lambda phage digested
with HindIII and the 1 kb ladder (GIBCO-BRL) are shown on
the right.
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Figure 8 Densitometric analysis of ACR. The copy number of
ACR was compared by densitometric analysis of Taql digested DNA
from a normal individual, NT, and FB. The ACR gene probe was
compared to a reference probe from chromosome 21 (D21S15). Both
NT and FB indicate the presence of only one copy of ACR.
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Sequence Analysis of the NT microdeletion region

Four overlapping cosmid clones (N66C4, N85A3, N94H12 and N1G3) were sent
to Dr Bruce Roe at the University of Oklahoma Advanced Center for Genome
Technology for sequencing by the “shotgun” method. The cosmid sequences were
assembled into one continuous sequence as described in the Materials and Methods. This
continuous sequence was called AWcontig. Since N66C4 was not completely sequenced
at the time of writing, the AWcontig contains gaps in this region. The total length of
N66C4 in the database is 43.9 kb, which is the average size of a cosmid. Therefore, the
size of the sequence in the gaps is likely to be small. Restriction mapping analysis
showed that there is ~12 kb between the distal end of N1G3 and the putative 22q
telomere (Fig. 3).

The AWcontig was put through different sequence analysis programs such as
Repeat Masker, Blast search against various public databases, and exon prediction
programs Grail v1.2 and Genscan. The results are summarized in the Appendix. Figure 9
shows the genomic organization in the NT microdeletion region, excluding the
unsequenced 12 kb at the distal end of AWcontig. However, distance calculation for loci
relative to the putative telomere include this 12 kb. ACR is ~70 kb proximal to the
telomere, compared to the 65 kb estimated by restriction mapping (Fig. 3). D22S163
originally estimated to be ~130 kb proximal to the telomere, is now ~ 140 kb. However,
the position of D22S163 relative to the telomere is still an estimate, because N66C4 was

not completely sequenced and the most distal 12 kb was not sequenced.

Distribution of interspersed repeat sequences in the microdeletion region

In this study, the human interspersed repeats were divided into two groups. The
first group consisted of Short Interspersed Nuclear Elements (SINEs) and Long
Interspersed Nuclear Elements (LINEs), which are the biggest fraction of human
interspersed repeats (28% of the total human genome; Smit [1996]). The second group

consisted of retrovirus-like elements which are characterized by long terminal repeats
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(LTR). This group constitutes ~4% of the total human genome (Smit 1996). SINE/LINE
repeats are concentrated in several regions (Fig. 9). The first region is at the centromeric
end of N66C4. These repeats may extend proximally into N85E7 (Fig. 3). The cosmid
walk at the proximal end of the contig was unsuccessful, perhaps due to the high amount
of repeats at the proximal end of N85E7, making the region difficult to clone. Other
SINE/LINE repeats are within the introns of the three genes. There is a large repeat
cluster between acrosin and RABL, which spans ~16 kb of the region. SINEs consist of
Alu and MIR class repeats, which occupied 9.6% and 0.9% of AWcontig, respectively.
LINEs consist of two classes, L1 and L2. There are 9 L2 elements in AWcontig, which
occupied ~1% of the contig. All of the L2 elements are truncated. There are 20 L1
elements in AWcontig, most of them are truncated and are members of the old "M"
family, which were inserted into the genome before the mammalian radiation (Smit et al.,
1995). However, there is one full length young element L1PA2, which is interrupted by
the processed pseudogene U2 SnRNP specific polypeptide A'(see below).

LTR type repeats are of two major classes: the mammalian LTR-retroposons
(MaLRs) and a variety of endogenous retroviruses (ERVs). AWcontig has both classes,
which are clustered at the subtelomeric region (Fig. 9.). The terminal 19.7 kb of
AWcontig, which constitutes the subtelomeric repeats, contains approximately 10 LTR

type repeat elements which occupy 35% of the region.

Blast search for the microdeletion region sequences that match the entries in public

databases

After the removal of repetitive sequences by RepeatMasker, AWcontig sequence
was put through Blast to search against various public databases. The Blast search against
database nr (all non-redundant GenBank + EMBL + DDBJ + PDB sequences) and month
(all new or revised GenBank + EMBL + DDBJ + PDB sequences) identified a CpG
island clone at the beginning of AWcontig (Appendix); locus D22S163, the gene acrosin
(ACR), and the minisatellite 3’ AR which is 2.6 kb distal to ACR. D22S163 is a VNTR
locus which contains two minisatellite repeats, MS607A and MS607B (Armour and
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Figure 9 Genomic organization within the NT microdeletion region. The
chromosome is shown by a solid bar with an arrow pointing towards to the centromere.
The open bar represents the deleted region. One CpG island, and two minisatellite loci
(D225163 and 3’ AR) are shown above the arrow. Three genes are labeled with different
colours. ALPR (in blue) consists of 2 partial cDNAs (sc24 and I511), 2 EST contigs (FLS
and FL2), and 3 putative exons (starting exon, genscanex 1 and Last Exon). The number
and position of exons are shown below the cDNA clones. Acrosin (ACR, in green)
contains five exons and has previously been cloned. RABL is labeled with red and the
positions of its nine exons are shown. Between ACR and RABL there is a processed
pseudogene of U2 snRNP specific polypeptide A’. The distal subtelomeric domain is
shown distal to RABL The proximai subtelomeric domain extends to the RABL gene
region (see text). Two groups of repeat sequences, SINE/LINE and LTR type repeats, are
represented by the solid boxes above the genes. Two scales are shown at the top of the
figure. The uppermost scale shows the coordinates in the Awcontig, the lower one shows
the distance of the genes from the putative telomere. The cosmid contig is shown below

the chromosome.
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Jefferys 1991). The sequences in Genbank are the flanking sequences surrounding the
MS607A minisatellite array. One is 500 bp proximal (accession number X58043) and the
other is 866 bp distal (accession number X58044) to the MS607A. Acrosin is a serine
protease present in the acrosome of the sperm head (Klemm et al. 1991). It contains S
exons that encompass 7080 bp in the contig (Fig. 9). 3’ AR is the most distal VNTR locus
on 22q. There is another minisatellite repeat that is close to the telomere (position
138528-139523 in AWcontig, Appendix), but that minisatellite locus is also on the
subtelomeric repeat region of 21q, and thus it is not a unique locus. When the PCR-
cloned 3’ AR probe was hybridized with a blot contained Taql-digested DNAs from NT
family, the results confirmed that the paternal allele of 3’AR in NT was deleted (data not
shown).

At position 93328-94328 of AWcontig, which is 6.5 kb distal to ACR, the Blast
search identified a sequence related to the U2 snRNP specific polypeptide A’. It is within
a 16 kb SINE/LINE repeat cluster and it is inserted within a full length young L1 element
L1PA2, which arose after the divergence of the human genome from the New World
monkey (Smit et al. 1995). This U2 snRNP specific polypeptide A’ locus is a processed
pseudogene because it does not contain introns, it lacks 20 bp at the 5’ end when
compared with the U2 snRNP specific polypeptide A’ cDNA sequence, and many
nucleotide substitutions causing nonsense mutations were found. When a PCR cloned U2
snRNP specific polypeptide A’ partial cDNA probe (Table 3) was hybridized to a hybrid
panel, bands in multiple lanes were seen, indicating that there are multiple copies of U2
snRNP specific polypeptide A’ gene in the human genome. These copies localized to
chromosomes 2, 15, 20, and 22 (data not shown). The fact that this locus is within the
L1PA2 element suggests that the mRNA of U2 snRNP specific polypeptide A’ transcript
may have been trapped in the L1 element, and retrotransposed into different
chromosomal positions while the L1 element was active. The locus of the authentic U2
snRNP specific polypeptide A’ has not been mapped.

When the AWcontig was searched against the EST database, clusters of ESTs and
single ESTs in various resions were identified (Appendix). EST clusters usually represent
true transcripts, since the cDNAs are found in different libraries (see below). There are

two single ESTs on the unique sequence of the contig. Neither of them have open reading
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frames and polyadenylation tails; those clones probably represent genomic DNA
contamination in the cDNA libraries. One such clone is AL (position 45612-46609,
Appendix), which has an Alu element in the middle of the clone. Although it has a poly-
A tail, the poly-A sequence is also found in the genomic sequence. Therefore AL is likely
a cloning artifact. However, AL is also the last entry on chromosome 22 in the Human
Transcript Map (http://www.ncbi.nlm.nih.gov/cgi-bin/SCIENCE96). Therefore it is the
last “gene” on chromosome 22 in that database. ESTs were also found in the
subtelomeric repeat region, where the sequence matches to many different chromosome
ends. There is an EST contig that is within the subtelomeric region between. position
124042 to 128223. This EST contig seems to have conserved splicing donor and receptor
signals. Flint et al. (1997b) also observed that ESTs within subtelomeric regions could be
split and contain splicing donor and acceptor signals. However, those EST contig
sequences are not identical to that of the genomic sequence in the subtelomeric region.
Also, no expression was found when the EST sequence specific primers were used for
RT-PCR (Flint et al. 1997b). Therefore, those EST contigs likely represent non-processed
pseudogenes. No further study was done on those ESTs.

Putative Expressed sequences determined by exon prediction programs

When exon prediction programs Grail v1.2 and Genscan were used to determine
the putative expressed sequences in AWcontig, two groups of exons were predicted. The
first group started at position 11210, and ended at 15754. The second group began at
position 37562, and ended at 45023 (Fig. 10). When the ORFs of these two groups of
exons were put through the Beauty program to search against protein databases, it
showed that both groups matched a predicted C. elegans protein C33B4.3. Primers were
designed within the exons to clone the putative gene by RT-PCR (see below). The efforts
to clone putative expressed sequences by RT-PCR, together with EST database searches,
resulted in the discovery of two new putative genes within the NT microdeletion region.
These two genes were called ALPR (Ankyrin like, proline rich) and RABL (RAB like).
The Grail and Genescan programs also identified exons of acrosin and RABL.
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Ankyrin-Like Proline Rich (ALPR) gene

Cloning of ALPR

ALPR was firstly identified by two groups of exons predicated by Grail v1.2 (at
position 11210-15754 and 37562-45023, Fig. 10). The ORFs of these two groups of
exons match an unknown predicted C. elegans protein C33B4.3. Attempts were made to
clone the putative gene by RT-PCR. Together with the characterization of EST contigs,
partial cDNAs of ALPR were cloned (Fig. 10). They included 2 RT-PCR products (sc24,
fli), 1 cDNA clone from a fetal brain cDNA library (I511) and 2 EST contigs (FLS and
FL2). Protein similarity analysis identified three more putative exons that were part of
ALPR (starting exon, genscanexl, Last Exon). Each partial ALPR clone is described
below:

The starting exon of ALPR has the start codon at position 11210 and ends at the
splice donor site at 11273 (Fig. 10), which was predicted by Grail v1.2. The ORF
matches that of the starting exon of C33B4.3 protein. No primer was made to amplify this
exon with others by RT-PCR because this exon is G-C rich. The exon has 79% G-C
content over 62 nucleotides. Because the starting exon contains the start codon, it may
represent the first exon of ALPR. However, the length of the 5° UTR is unknown.

Using RT-PCR from the next predicted exon, I made a partial clone of ALPR
called sc24. Primers were made from this exon (primer Ank F3) and exon H55337
(primer 5533R, Fig. 10), which was the first exon from the next group of Grail exons.
Total RNAs from various tissues were used as templates for reverse transcription. A
1.2 kb partial cDNA was amplified from the spleen reverse transcription product. It was
subcloned into pGEM-T and called sc24 (spleen clone 24). Sequencing of sc24 showed
that it contained 10 exons, which included the proximal 6 Grail exons, exon H55337 and
3 new exons which had not been identified before. There are three exons embedded in the
D22S163 locus. D225163 is a VNTR locus which contains two minisatellite repeats
calied MS607A and MS607B (Armour and Jeffery 1991). The first of the three exons is
at the centromeric end of the 5 flanking sequence. The intron in between the latter two
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Figure 10 The genomic organization of the ALPR gene. The scale above shows the
coordinates in AWcontig. Arrows above the scale indicates gaps in the sequence. The
exons are shown below in black bars, with grail-predicted exons highlighted in greesn.
Primers used for RT-PCR are shown above the clones. The exons outlined by dotted lines
and joined with a dotted line to different alternative 3’ ends (FLS, FL2 and Last Exon)

indicates that those exons and the 3’ ends are found in the same transcripts (see text).
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exons is mostly composed of MS607A minisatellite repeats. The ORF of sc24 matches
that of the C33B4.3 protein. However, there is a frame shift in the H55337 exon which
introduces a stop codon. Figure 11 shows the whole sequence and ORF of sc24.

The second group of Grail exons consists of 6 exons including exon H55337.
RT-PCR using total spleen RNA as template and primer 55337F and AnkR1 amplified
this group of exons and the product was called 55337F-R1 (Table 3, Fig. 10). 55337F-R1
was used as a probe to screen a fetal brain cDNA library (Table 6), and a cDNA clone
1511 was isolated. IS11 included the 6 Grail exons as well as 4 new exons (Fig. 10). The
last exon was a terminal exon with poly-A tail at the position 54772-55801. The first 136
nucleotides of I511 did not match anywhere in AWcontig, which suggested that either
I511 is chimeric, or the genomic sequence that corresponds to this 136 nucleotide has yet
to be sequenced. Figure 12 shows the sequence and ORF of I511. Other than its
homology to C33B4.3, the ORF of I511 also shows protein homology to the rat cortactin
binding protein 1 (see below). When I511 was used as a probe to re-screen the fetal brain
cDNA library, another cDNA clone DS17 was isolated. DS 17 shares sequence and
protein homology with ALPR (see below and Fig. 21), but is not a part of the ALPR
locus.

Approximately 3.2 kb distal to I511, Genscan predicted a 2252 bp exon called
genscanex 1 (Fig. 10). It is a G-C rich exon (see below). Its ORF contains polyproline
tracts, which are also found in the C33B.4 protein. The ORF also shows split matches to
rat cortactin binding protein 1 (see below)

An EST contig was found at the position 62403 to 62902. One EST clone, called
FLS, was chosen for further studies (Fig. 10). FLS is a cDNA clone from a fetal
liver/spleen library. It is a 3’UTR sequence with a poly-A tail and no OREF. Figure 13
shows the sequence of FLS. Three pieces of evidence suggest that FLS is an alternative
3’ end of ALPR: First, when a primer designed from the FLS sequence (primer OFLS4)
was used to synthesize the first strand cDNA by reverse transcription, partial cDNAs
which contained four IS11 exons (F1-R1 and F2-R1) could be amplified. This result
showed that I511 and the putative full transcript of FLS share the same exons. Second,
when FLS was hybridized to Northern blots with different human tissues (Fig. 14 B, next

77



Figure 11 Nucleotide sequence and the putative open reading frame of cDNA clone sc24.
The exon boundaries are marked by vertical lines in the sequences. The H55337 exon,
starting from position 1155 to the end of the sequence, has a different ORF from that of
I511 (Fig. 12). The stop codon in the H55337 exon is marked by an asterisk (*)

> 8C24, 1268 bp

1 CTC AAC TAT GGG CTT TTC CAG CCG CCC TCC CGG GGC CGC GCC GGC AAG TTC CTG GAT GAG

L N Y G L F Q P P S R G R A G K F L D E
61 GAG CGG CTC CTG CAG GAG TAC CCG CCC AAC CTG GAC ACG CCC CTG CCC TAC CTG GAG|TTT
E R L L Q E Y P P N L D T P L P Y L E F
121 CGA TAC AAG CGG CGA GTT TAT GCC CAG AAC CTC ATC GAT GAT AAG CAG TTT GCA AAG CTT
R Y K R R v Y A Q N L -I D D K Q F A K L
181 CAC ACA AAG|GCG AAC CTG AAG AAG TTC ATG GAC TAC GTC CAG CTG CAT AGC ACG GAC AAG
H T K A N L K K F M D Y v Q L H S T b K
241 GTG GCA CGC CTG TTG GAC AAG GGG CTG GAC CCC AAC TTC CAT GAC CCT GAC TCA GGA G|AG
Vv A R L L D K G L D P N F H D P D s G E
301 TGC CCC CTG AGC CTC GCA GCC CAG CTG GAC AAC GCC ACG GAC CTG CTA AAG GTG CTG AAG
[od P L S L A A Q L D N A T D L L K v L K
361 AAT GGT GGT GCC CAC CTG GAC TTC CGC ACT CGC GAT GGG CTC ACT GCC GTG CAC TGT GCC
N G G A H L D F R T R D G L T A v H Cc A
421 ACA CGC CAG CGG AAT GCG GCA GCA CTG ACG|ACC CTG CTG GAC CTG GGG GCT TCA CCT GAC
T R Q R N A A a L T T L L D L G A S P D
481 TAC AAG GAC AGC CGC GGC TTG ACA CCC CTC TAC CAC AGC GCC CTG GGG GGT GGG GAT GCC
Y K D s R G L T P L Y H S A L G G G D A
541 CTC TGC TGT GAG CTG CTT CTC CAC GAC CAC GCT CAG CTG GGG ATC ACC GAC GAG AAT GGC
L c [o4 E L L L H D H A Q L G I T D E N G
601 TGG CAG GAG ATC CAC CAG|GCC TGC CGC TTT GGG CAC GTG CAG CAT CTG GAG CAC CTG CTG
w Q E I H Q A Cc R F G H v Q H L E H L L
661 TTC TAT GGG GCA GAC ATG GGG GCC CAG AAC GCC TCG GGG AAC ACA GCC CTG CAC ATC TGT
F Y G A D M G A Q N A S G N T A L H I o
721 GCC CTC TAC AAC CAG|GAG AGC TGT GCT CGT GTC CTG CTC TTC CGT GGA GCT AAC AGG GAT
A L Y N Q E s (o4 A R \'4 L L F R G A N R D
781 GTC CGC AAC TAC AAC AGC CAG ACA GCC TTC CAG|[GTG GCC ATC ATC GCA GGG AAC TTT GAG
v R N Y N S Q T A F Q v A I I A G N F E
841 CTT GCA GAG GTT ATC AAG ACC CAC AAA GAC TCG GAT GTT G|[TACCA TTC AGG GAA ACC CCC
L A E v I K T H K D s D v \ P F R E T P
901 AGC TAT GCG AAG CGG CGG CGA CTG GCT GGC CCC AGT GGC TTG GCA TCC CCT CGG CCT CTG
1 Y A K R R R L A G P S G L A S P R P L
961 CAG CGC TCA GCC AGC GAT ATC AAC CTG AAG GGG GAG GCA CAG CCA GCA GCT TCT CCT GGA
Q R S A s D I N L K G E A Q P A A s P G
1021 CCC TCG CTG AGA AGC CTC CCC CAC CAG CTG CTG CTC CAG CGG CTG CAA GAG GAG AAA GAT
P S L R S L )24 H Q L L L Q R L Q E E K D

1081 CGT GAC CGG GAT GCC GAC CAG GAG AGC AAC ATC AGT GGC CCT TTA GCA GGC AGG GCC GGC

R D R D A D Q E s N I S G P L A G R A G
1141 CAA AGC AAG ATC AG|TGCT CAG CAT TGG GGA GGG CGG TTT CTG GGA GGG AAC CGT GAA AGG

Q s K I s A Q H w G G R F L G G N R E R
1201 CCG CAC GGG CTG GTT CCC GGC CGA CTG CGT GGA GGA AGT GCA GAT GAG GCA GCA TGA CAC

P H G L v P G R L R G G s A D E A A * H
1261 ACG GCC TG
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Figure 12 Nucleotide sequence and the putative open reading frame of cDNA clone
I511. The exon boundaries are marked by vertical lines in the sequence. The H55337
exon starts at position 137 and ends at 250. The open reading frame for this exon is
different from that in Fig. 11. Although I511 has a poly-A tail, no polyadenylation signal
is found in the 3° UTR.

> I511, 2008bp

1 cCC CGC CGC CCG CCG CCC CGG GGC CCG AAG CGG
P R R P P P R G P K R

61 AAG TTC ATC GCC GTG AAG GCG CAC AGC CCG CAG
K F I A v K A H S P Q

121 GGC GAG GCC GTG AAG G|TGCTC AGC ATT GGG GAG
G E A \'4 K v L s I G E

AAA TAC AGC GCC GTC CCC GGC CGC
K
GGT
G
GGC
G
181 GGC CGC ACG GGC TGG TTC CCG GCC GAC TGC GTG GAG
E
CGG
R
GTC
v
CTC

GGC GAG ATC CCG CTG CAC CGC
TTC TGG GAG GGA ACC GTG AAA

CTT
L
GAA
E
GGT
G
GAA GTG CAG ATG AGG CAG CAT GAC
E
CTC
L
ATT
I

G R T G W F P A D C v \' Q M R Q H D
241 ACA CGG CCT G|AAACG CGG GAG GAC CGG ACG AAG TTT CGG CAC TAC ACA GTG GGC
T R P E T R E D R T K F R H Y T v G
301 TCC TAC GAC AGC CTC ACC TCA CAC AG|CGAT TAT GAT GAC AAA GTG GCT GTC CTG
s Y D S L T S H S D Y D D K v A \'4 L
361 CAG AAA CGG GAC CAC GAG GGC TTT GGT TTT GTG CGG GGA GCC AAA G|CAGAG ACC CCC
Q K R D H E G F G F v L R G A K A E T P
421 ATC GAG GAG TTC ACG CCC ACG CCA GCC TTC CCG GCG CTG CAG TAT CTC GAG TCG GTG GAC
I E E F T P T P A F P A L Q Y L E s \'4 D
481 GTG GAG GGT GTG GCC TGG AGG GCC GGG CTG CGC ACG GGA GAC TTC CTC ATC GAG|GTG AAC
\'4 E G v A W R A G L R T G D F L I E v N
541 GGG GTG AAC GTG GTG AAG GTC GGA CAC AAG CAG GTG GTG GCT CTG ATT CGC CAG GGT GGC
G vV N v v K v G H K Q v v A L R Q G G

601 AAC CGC CTC GTC ATG AAG GTT GTG TCT GTG ACA AGG AAG CCA GAA
661 CGC AGA G|CCCCA CCG CCC CCC AAG AGG GCC CCC AGC ACC ACA CTG
721 TCC ATG ACA GCT GAG CTC GAG
781 GAC GAG ATG CTG GCA GCC GCC
841 TCC AGA GCC GCC ACC GTC AAA CAG AGG CCC ACC AGT CGG AGG ATC
901 AGC|TCA TTG TTT GAA CGC CAG GGC CTC CCA GGC CCA GAG AAG CTG
961 AAG GGG ATT gCA CGG ACC AAG TCT GTA G|CTAAA GGA TCT CAT ACG

P
1021 GGA TTA GGC CTT CCC CAA CCC AGA
L

1081 GCA CCG cCC ccc GCC TCA TCC CCA TGG GCA GTC TCA TCC TCC CCA GCT GCC
A P P P P W A v s s S P A A
1141 ACT CCC TGT CCA GGC ACC CCC ACC TCC CCA TCA CCT CTC ATC CCC ATG GGC AGC

1201 CTC ATC CCT GTC CCC AGC TGC CAC TCC CTG TCC ACT GGG CAC CCC
1261 TCT CAT CCT

1321 TGC TCC CTT GCA GCC CAA GTG CAT GTG AAG TTT CTG ACC CTC AAA CCC CCT GAA CTT GCC
P

1381 TCT CCC CTA CTT CTC CAT GTA TTG CTG TCT CCC CCC TTC ACA GCC AGT TTT CCC CAA AAA
L s

1441 GTC ACC TCT ACT GTC CAT CTT GTC TCC CGT CCC CCA CCG GCT CCT CAG CCT GCG GCA GAC

1501 TTC CTC TCT CCA TAC CCA AAT TGA AAC TGC TCC CAC CAG GGT CAC CGG CGG CCT CCA GGG

1561 CCT TCC TCC CCA TGG ATG CAT GGC CAG CAC TCC TGC TGA CCT CAG CTG GCA TTT GGT TTC
1621 TTT GCT CCT TCT TCC GTG AAA CGC TCC TCC CCA AAG CTT TAG GAC AAC ACT TAC TGG TTT
1681 TCC CCT CCT TTC TCA GAT GGC ACC TAT TTC AAC CCT GCC GCC CCA GCC TCC CAA ATA TGG
1741 GAC CTT TCA AGG CTG TGT CTT CAG CCT CCT TCC CCT CTG TGC CTC ACC ACT CCC CAG CCA
1801 CCA TCA CAC CCC ACA CTC ACC GTC TCC TTT CCT GAC CCA GAT GGG GAC ATG GTA ACA AGC
1861 CCT GCC CAC TGT GCA TCC CTC CAG ACA TCC ACT CTC CCG TCC CCT GCC CAC CTG TGC ATC
1921 TGT CCA CCC ACA CAC CTG CCC ACT TGA CCG TCC GTT GTC CAT ACA AAC CCC AGC ACA CCT
1981 CCC ATC TGT TAC ACA TAG GAG TAA ACC TCT CAG CAC TT
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Figure 13

signal is marked in bold.

>FLS, Soares fetal liver spleen INFLS clone 121540, 524 bases.

1
51
101
151
201
251
301
351
401
451
501

CAACGTGTTC
TTCTACCTTC
CTCATGAGGC
TCCTGGGGAA
TCAGCCAAAC
CCGTAGAATG
GTACAGGACC
GCCCCCATCT
TCTTGATGAA
CCTGGTTCGG

AGAACTTAAG
TTTAGTTCAG
CTCTCCTAAG
TTGCTCTGGG
TGGAAAGCCC
GGTGTTATAA
AGACCCCTGA
TCCCTCTCTG
AATCAAAGCC
GCCCTCAATA

GACTTTGCAG
GATTCAAAAG
GTCCCGGGAT
GTCCTCTCCC
TCTTCCCAGC
TCAGAGTGAG
GGCTGGGGTC
CTTCTCCCTC
ATTTTAAARA
AACATTTCTT

CAAAAAARAA AAAAAAARAA AAAA

GTCTTACAAA
ACAGGTAGGA
GCTGCCTCCA
CTTTTAGCCT
AGATGCAGTG
CAGCCTGGTC
TCCTGACCCA
CGCTCTTCTC
GTGCATAGCA
AAATGGATGA
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Nucleotide sequence of cDNA clone FLS. The clone is a 3’ untranslated
region so no open reading frame and exon boundaries are present. The polyadenylation

GGCCTGGCCA
GCTTGGGAAA
GCTCCTGTCA
TTTCCAACTC
TTGAAGGTGC
CTAGGCCTCT
CACCTGACCA
TGCCTCTTGG
CAGTGCCTGG
AAGAACAAAG



Figure 14 Northern blot analysis of ALPR. The same human multiple tissue Northern
blot pair was probed with 55337F-R1(A), FLS(B), and FL2(C). Adult mRNA of heart
(H), brain (Br), placenta (Pl), lung (Lu), liver (Li), skeletal muscle (Sm), kidney (Ki), and
pancreas (Pa) comprised one blot; and fetal mRNA of brain (Br), lung (Lu), liver (Li), and
kidney (Ki) were included on the second Northern blot. 5533F-R1 and FL2 showed the
same banding pattern. Both probes detected a common 7.5 kb band in adult heart, brain,
and placenta. A specific 6.8 kb band is seen in brain (A and C). A large (> 10 kb) band in
fetal brain is detected by three different probes (A, B, and C) but is unlikely to be fetus
—specific. This band is most likely missing from the adult tissue due to poor transfer of
large bands on that Northern blot. 55337F-R1 and FL2 show an alternative 8 kb band in
fetal tissues (A and C). A weak 7.5 kb band was seen in fetal tissues when the Northern
blot was probed with FL2 (C). FLS shows a 2.5 kb fetal liver specific band (B). The

Northern blots were also hybridized with a control probe B-actin to determine the relative

concentration of mRNA loaded on the gel (Bottom panel). The probing of B-actin was done

by Dr Valérie Trichet.
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section), it showed a large band (> 10 kb) in the fetal brain lane, which was the same
band found on a Northern blot probed with 55337F-R1 (Fig. 14 A). Third, when a primer
from the 3’ end of genscanex! (M1314F) and a primer from the FLS sequence (OFLS3)
were used for RT-PCR, a 584 bp partial cDNA fli (Table 3, Fig. 10 and Fig. 15) was
amplified. This result indicates that the putative full transcript of FLS contains the
genscanexl. Since both I511 and genescanex1 are homologous to rat cortactin binding
protein 1, and the putative full transcript that contains FLS has both IS11 and genscanex 1
exons, FLS probably represents an alternative 3’ end of ALPR.

Genscan identified another exon at the position 69592 to 70173, which I called
“Last Exon” (Fig. 10), because its ORF showed protein homology with the carboxyl end
of C33B4.3 and the rat cortactin binding protein 1 (see below). When a primer from Last
Exon (Ank RS, Table 4) was used to start reverse transcription, PCR from this reverse
transcription product could also amplify F1-R1 and F2-R1, suggesting this sequence is
also a part of ALPR (Table 3).

Approximately 850 bp distal to Last Exon, an EST contig was identified. One
EST clone FL2 was chosen for further studies. FL2, a fetal lung cDNA, is probably
another alternative 3’ end of ALPR. Like FLS and Last Exon, the reverse transcription
product which was synthesized by using a FL.2 primer (OFH2) could be used as a
template to amplify F1-R1 and F2-R1. When FL2 was hybridized to a Northern blot,
bands from adult heart, brain, placenta, fetal brain and fetal lung (Fig. 14C) matched
those found on the Northern blot probed with H55337-R1 (Fig. 14 A). Figure 16 shows
the sequence and ORF of FL2. A mouse brain EST clone MB, which later proved to be a
rat brain EST (http://www.ncbi.nlm.nih.gov/dbEST/warning.html), shares homology with
FL2. When it was used as a probe to screen a mouse brain cDNA library (Table 6), a
cDNA clone mbl101 was isolated. Multiple alignment analysis showed that human clone
FL2, rat clone MB, and mouse clone mbl10]1 were very similar (Fig.17). FL2 and mbl101
shared 82.7% DNA identity, FL2 and MB were 81.9% identical, whereas the two rodent
clones (MB and mbl101) shared 90.9% identity.

83



Figure 15 Nucleotide sequence and the putative open reading frame of cDNA clone
fli. The exon boundary is marked by a vertical line in the sequence. The genscanex1
sequence starts from the beginning of the sequence and ends at the exon boundary. The
FLS sequences begins at position 284 to the end of the sequence.

>£1i, 584 bp

1 CCTGAAGACGACAAACCAACTGTGATCAGTGAGCTCAGCTCCCGCCTGCAGCAGCTGAAC
P E D D K P T v I s E L s s R L Q Q L N
61 AAGGACACGCG'I'TCCCTGGGGGAGGAACCAG‘I'I‘GGTGGCCTGGGCAGCC'I’GCTGGACCCI‘
K ] T R s L G E E P vV G G L G s L L D P
121 GCC AAG AAG TCG CCC ATC GCA GCA GCT CG|GTCT CCC CTC TCC TCT TTG GGT CTG GGG GGG
A K K S P I A A A R S P L S s L G L G G
181 TGG TAT GTG GAT GCC ACC TCT TGA CTC CTG CTT CTT GCT GCC TGG AAG ACC AAC CTA GAG
W Y v D A T s -
241GGCCCCGTAC‘I‘GTCAGCCTTGGAGGACAGAG‘ITCACAGCGTAGCAACGTGTTCAGAAC‘IT
301AAGGACT'I'I'GCAGGTCTTACAAAGGCCTGGCCATTCTACCTTCTTTAGTTCAGGA'I‘TCAA
361AAGACAGG'I‘AGGAGC'I‘TGGGAAACTCATGAGGCC'I‘CTCCTA.AGG‘I'CCCGGGATGC‘I‘GCC‘I‘
421CCAGCI‘CCTGTCATCCTGGGGAATTGCTCTGGGGTCC‘I‘CTCCCCTT'I'PAGCC‘I‘I‘TI‘CCAA
481CTCTCAGCCAA.P.C‘1‘GGAAAGCCCTC'I'I‘CCCAGCAGTGCAGTG'I‘I‘GAAGGTGCCCGTAGAA
541 TGG GTG TTA TAA TCA GAG TGA GCA GCC TGG TCC TAG GCC TCT G
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Figure 16 Nucleotide sequence and the putative open reading frame of cDNA clone
FL2. The exon boundary is marked by a vertical line in the sequence. The
polyadenylation signal is marked in bold.

>FL2, Soares fetal lung NbHL1SW clone 306553, 1160 bp

1 TGGGGCCGTGGGGGCCTCAGTGTGATC TGGACTCAGCCTCTTCAGCGTGGCTGCTGGAGG
W G R G GL S V I WTTOQPILG QU RGT< CUWR
61 TGTTCGTGGGTGACGGTGCCTGGTGAAGTATCATGTGTTAGAGG | GAGGGGGCTAGCTTGG
C S WV TV UPGEV S CVRG RGUL A W
121 TCCCCATGCTCTTGGGCAACTACAGCAGAGAAGCCTCCCTGCCTTCGACCCCAAAGTCOTC
SPCSWATTAEKPPCLGPQSL
181 CTGTCCTGCCCTTTATGTGTGTGGGTGAAACTGGGTGCGTCTGAGCACGTGGGAGCCGTG
L §$ C PLCVWVIEKTLTGA A S EUHUVGA AV
241 TGTGTGCCTGA'I'I‘ACTGAGTGGCCACCAGGGGCCGCTCTGGACTAGCGCGGGGCCGTGGA
C V P D Y *
301 GGCGTGCACCGTGTGCATGCGTGGGGTGTACCTGTGAGAGCACCCTGTCTCCTCTTCCAA
361 AGARAGTCAGAGGCCATCCTGCACCCTGGGTCCAGCTGTTTGCCCAGCCTGTCCTTCCAG
421 AGCCTCACCCAGCCTGAGCGGGGTTCCCTGGTGAATCCCTGCTGCTTGGGGAGGCCCCAR
481 GGGCCCCTTGGAGGCAGCGCCCCCACCTTGGGCTTCTGAGGGCATCATAGGGGGACCCCT
541 AGAGTCAGTTCACCACAGGCCCTGGGGAGAGTCAAAGACCCCCGAGGGTGCCCAGCCCCE
601 CACACTGTGACTCCTCACACTCAGCGATGACCTGTGGGGTGGGGGGCCCTCGGACGTTTT
661 TAAACCTAGGGTTTGGAGTCTGGACTAAGCTCCATCCACGTCACTCACAAGTTTCTGTTT
721 ATATTTCTAGCTTTTTTTAATAAAATAAAAAAAAAAAGAAAACAGAAGTTTITCACAACCC
781 AGGGGCCTGGCACGCCGGTCTGTGCCTGCCCGCCCCGCCCTGGCCCACCGGCCCCACTCC
841 CTGGGCACAGAGTCACACCCACTCATCCTTCCGCCAACAGTCCAGGTCACACAGCAGCAG
901 TCACTGTAACAGACTGCCACATACACACTCGGTCTCACACTCACCTGTGGGTTTTGGTTC
961 CGTTCAATTTGGGTTTTTAACTTTACAGGGTCAGTTCCGCTTCACCTCCTTTTGTATGGA
1021 GTTCCATCCGGGGGGTTTCACCCCCTGCTCCAGTCCTGAGGCCTCCTGACCCTGACGTTG
1081 TGATACGCCCCACAGAGATCTATGTTTCTTATATTATTATTATTGATAATAATTATTATA
1141 ATATTATTATGTAATAAATT
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Figure 17
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Multiple nucleotide sequence alignment of FL2 against its rat (MB) and mouse (mbl101) homologs using program
ClustalW 1.7. Identical nucleotides are labeled in red.
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Figure 17 (continued)
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Northern analysis of ALPR

Three partial cDNA clones of ALPR were separately probed to the same Northern
blot. 55337F-R1 is a RT-PCR product that contains six Grail exons in the I511 cDNA
(Fig. 10). It detected a 7.5 kb band in adult heart, brain, and placenta. In addition, an
alternative 6.8 kb transcript was seen in brain. In fetal tissues, the clone detected a large
(> 10 kb) and an alternative 8 kb band in brain and lung. There might also be a 7.5 kb
transcript in these tissues but the high non-specific background signal made it difficult to
see (Fig. 14 A).

FLS is an alternative 3’ end of ALPR. It only detected a large (> 10 kb) band in
fetal brain and a 2.5 kb band in fetal liver (Fig. 14 B). The large band was also seen in the
Northern blot that was probed with 55337F-R1. The fetal Northern blot that was
hybridized with 55337F-R1 was contaminated by fungus, which caused the fetal liver and
kidney lanes to be degraded. A follow up study showed that the I511 probe, which
includes all the exons in 55337F-R1, show the same 2.5 kb band in fetal liver as on the
Northern blot probed with FLS (Dana Shkolny, unpublished data). This result further
proved that I511 and FLS are in the same gene but have two different 3’ ends. No signal
was detected by probe FLS in adult tissues (Fig. 14 B). However, faint signal could be
masked by the high background signal on the Northern blot with adult tissues. It is
therefore inconclusive whether FLS is also expressed weakly in adult tissues.

FL2 is another alternative 3’ end of ALPR. When it was probed to the Northern
blots, it showed the same hybridization signal as in the 55337F-R1 probe. A common
7.5 kb band was found in the adult heart, brain, and placenta. This band showed faintly in
other adult tissues. This weak expression was confirmed in a second Northern blot (Dana
Shkolny, unpublished data). A specific 6.8 kb band was seen in brain. Fetal tissues
showed the large (> 10 kb) band, 8 kb and 7.5 kb bands in brain, lung and kidney (Fig. 14
C). This banding pattern is also seen in the Northern blot probed with 55337F-R1. These
results show that these two partial cDNAs come from the same gene. Subsequent

experiments with different Northern blots have shown that the >10 kb band is also seen in
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adult tissues (Dana Shkolny, unpublished data). It is most likely missing from this
Northern due to poor transfer of large fragments.

Construction of an ALPR cDNA contig

Several cDNA clones and putative exons were identified to be part of ALPR: the
starting exon is identified by its homology to the C. elegans protein C33B4.3. Many
proximal exons of ALPR are included in sc24 and I511, which is overlapping at the exon
H55337. The alternative 3’ ends (FLS, Last Exon, and FL2) have been related to ALPR
by showing all of these transcripts contain at least four I511 exons (Fig. 10). However,
there are two gaps in the cDNA contig between these cDNA clones. One is between the
starting exon and sc24, and one between I511 and the other alternative 3 ends. In order
to construct a cDNA contig that includes the full sequence of ALPR, two approaches
were used to isolate cDNA clones that contain different gene fragments. The first method
was cDNA library screening. Probes from sc24 (PCR product F3-R7, which contains the
first 5 exons of sc24), FLS, FL2, and Last Exon (PCR product F5-R3, which contains the
most conserved region of Last Exon) were used to screen different cDNA libraries (Table
6). Some putative cDNAs isolated had sizes smaller than the probes. Some cDNA clones
were artifacts of the cDNA library, which was evident by the presence of introns. They
are probably genomic DNA fragment contaminants in the cDNA libraries. Therefore, no
cDNA was isolated from the cDNA libraries that could close the two gaps in the cDNA
contig.

When primers from different alternative 3' ends (FLS, Last Exon, and FL2) were
used for first cDNA strand synthesis, such reverse transcription product could be used to
amplify exons within IS11 (PCR product F1-R1 and F2-R1). However, RT-PCR was
done numerous times (>10) to amplify a product that contained all proximal exons and
different 3' ends, but no product was amplified. In one such RT-PCR, the first strand
cDNA synthesis started from the alternative 3' end FLS. Primers from exons on IS11 and
genscanex1 (RIF and M1314R respectively, Fig. 10) amplified a 454 bp product. (Fig.
18) The sequencing of the product revealed that it contained two full exons of IS11, and

one "broken" exon of I511, which was evident by the absence of any splicing donor
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signal after the "breakpoint". The broken exon was fused with another broken exon,
which was a part of genscanex! (Fig. 18). At the broken ends of both exons, they shared
a common sequence GCCGGGC. Therefore, this PCR product (RIF-M1314R) was
illegitimate because it missed a significant portion of genscanex! and approximately half
of the IS11 exon.

Determining the G-C content of putative ALPR exons

Genscan predicted exons (genscanex 1 and Last Exon) share significant homology
with rat cortactin binding protein 1 (see below), yet RT-PCR failed to clone those exons
in full length. Different factors could account for the failure to clone cDNAs by RT-PCR.
One common cause is the high G-C content of the cDNA.. Depending on the distribution
of the G-C rich sequence in the whole ¢cDNA, difficulty can be encountered if the G-C
rich sequence is short (Orlicky and Nordeen, 1996). It has been found that particular
regions can not be cloned if the G-C rich sequence formed a strong secondary structure
(Soreq et al. 1990), or the transcript is not detectable by RT-PCR if the whole cDNA is
G-C rich (Bondy et al. 1996). Genscanex! and Last Exon have high overall G-C content
(72% and 73% for genscanex!1 and Last Exon respectively). In order to determine
whether the G-C rich sequences cluster on particular regions, or if they are distributed
equally throughout the exons, the GCG program WINDOW was used. Figure 19 shows
the G-C content in different ALPR sequences. The WINDOW analysis showed that the
entire sequence of genscanex! and Last Exon are G-C rich when they are compared with
the two other ALPR clones sc24 and 1511, which have lower overall G-C content (both of
them are ~62%). The WINDOW program also showed that the G-C content of the two
exons are similar to the DRD4 gene, whose transcript was not detectable by RT-PCR due
to the high G-C content (Bondy et al. 1996).

Homology between ALPR and other proteins in the public databases

Since all ALPR gene fragments showed protein homology with either the C.
elegans protein C33B4.3 or the rat cortactin binding protein 1, the ORFs of those gene
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Figure 18 The illegitimate RT-PCR product R1IF-M1314R. A. A diagram shows the
exons within the product. Two exons with irregular ends represent the "broken” exons. B.
The sequence of RIF-M1314R. The vertical lines in the sequence mark the boundaries of
the exons. The consensus sequence of the "breakpoint" of the two broken exons is boxed.

A

R1F M1314R
> <

B

>R1F-M1314R, 454 bp

1 CCAAGTCCATGACAGCTGAGCTCGAGGAACTTG | CCTCCATTCGGAGAAGA
51 AAAGGGG | AGAAGCTGGACGAGATGCTGGCAGCCGCCGCAGAGCCAACGCT
101 GCGGCCAGACATCGCAGACGCAGACTCCAGAGCCGCCACCGTCAAACAGA

151 GGCCCACCAGTCGGAGGATCACACCCGCCGAGATTAGCITCATTGTTTGAA

201 CGCCAGGGCCTCCCAGGCCAGAGAAGATGCCGGECCTGCCCGCCCTCGCT

251 ACCTCTTCCAGAGAAGGTCCAAGCTATGGGGGGACCCGTGGAGAGCCGGG
301 GGCTCCCTGGGCCTGAAGACGACAAACCAACTGTGATCAGTGAGCTCAGC
351 TCCCGCCTGCAGCAGCTGAACAAGGACACGCGTTCCCTGGGGGAGGAACC
401 AGTTGGTGGCCTGGGCAGCCTGCTGGACCCTGCCAAGAAGTCGCCCATCG

451 CAGC

91



Figure 19 Determination of the G-C content of the putative ALPR exons (genscanexl
and Last Exon) by the GCG program WINDOW. The window size was set at 100 bp with
shifts of 10 bp. In order to compare their relative G-C content, two ALPR cDNA clones
(sc24 and I511) and a G-C rich gene dopamine D4 receptor gene (DRD4; GenBank
accession number L.12398) were also put through the program using the same criteria. The
percentage of G-C nucleotides in the window was shown along the sequences of the genes.

The nucleotide position refers to the median of each window.
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fragments were joined to construct a putative protein for ALPR. This hypothetical ALPR
contained the ORFs from the starting exon, sc24, I511, genscanexl, and Last Exon. sc24
contains an out of frame exon H5537. This may represent an alternative splicing of
ALPR that generates a premature termination in sc24. Therefore, the out-of-frame
H55337 exon in sc24 was removed, and replaced by the in-frame one in IS11. The ORF
from the terminal exon of IS11 was also removed, since the protein should not terminate
at that exon if it includes genscanex1 and Last Exon. The resulting ORF was aligned
against C33B4.3, cortactin binding protein 1, and other homologous proteins. Figure 20
shows the multiple alignment of those proteins, and Figure 21 shows the protein identities
in different positions of the proteins.

ALPR was characterized by the presence of an ankyrin repeat domain (amino acid
168-238, Fig. 21) and a proline rich region (amino acid 749 to 779, Fig. 21). Such
features were also found in C33B4.3. The ankyrin repeat domain shared ~42% protein
identity or ~60% protein similarity with human ankyrin brain variant 2 (accession
number X56958). The proline rich region was also found in the cortactin binding protein
1. However, ALPR did not show a continuous match with C33B4.3 or cortactin binding
protein 1. The junctions between sc24 and I511, and between I511 and genscanex |
showed no homology with either proteins. Gaps were found when genscanex] was
aligned against cortactin binding protein 1. ALPR also matched human EST clones
208081, AR, and a fetal brain cDNA DS17. None of these clones have been completely
sequenced. AR did not have an uninterrupted ORF. The ORF of AR showed in Figure 20
was a combination of three conceptual open reading frames. The regions where they
matched to ALPR are shown in Figure 21. ALPR, C33B4.3, and cortactin binding protein
share high homology in two regions. The first one is within I511, where ALPR shows
37% identity to C33B4.3 and 80% to cortactin binding protein 1. The second homologous
region is the carboxyl ends of the proteins, where ALPR is 46% identical to C33B4.3 and
66% to cortactin binding protein 1. Other than C33B4.3 and cortactin binding protein 1,
the carboxyl end of ALPR also shows homology with the carboxy! ends of some kinases.
For example, it matches putative diacylglycerol kinase ETA (EC2.7.1.107)( 40% A
identity, p-value = 2.2 x 10®), non-receptor tyrosine kinase spore lysis A (EC 2.7.1.112)
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Figure 20 Multiple alignment of the proteins that share homology with ALPR. The
amino acid sequences were first aligned by the pairwise program Gap Blast, the alignments
were then combined into a multiple alignment matrix. Identical residues are marked in black
boxes, whereas similar amino acids are in gray boxes. The amino acid sequence of the
ALPR hypothetical protein is composed of the open reading frames of two cDNA clones
(sc24, I511), and three putative exons (starting exon, genscanex 1, Last Exon) (see text).
The cDNA clone AR does not have an uninterrupted ORF, the amino acid sequence of AR

is a combination of three conceptual open reading frames. The consensus sequence of
proline rich ligand that is specific for cortactin is +PPYPXKPXWL, where “+”, “‘¥"" and
“X stands for basic, aliphatic, and any amino acid residue respectively (Sparks et al.

1996). It is highlighted in red at the position 1343-1351 of ALPR hypothetical protein, and

position 946-956 of rat cortactin binding protein 1.
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Figure 21 Protein identities between ALPR and its homologous proteins. Protein sequences are represented by the bars. Spilt
bars indicate gaps introduced between the sequences to allow alignment. Protein identities are measured as the percentage of amino acid
sequences that are identical to ALPR in a 100 amino acid window. For the amino acid sequences that are less than 100 residues,
percentage of protein identity is measured as the number of identical amino acids which are shared with ALPR divided by the total
number of the amino acids. The scale above the proteins indicates the number of amino acid residues.
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(37% identity, p-value = 3.7 x 10”%), and EPH receptor tyrosine kinase (31% identity,
p-value = 1 x 10™). However, the carboxyl ends of those kinases do not contain the kinase

catalytic domain. This result therefore does not suggest that ALPR is a kinase

Characterization of C33B4.3, the C. elegans homolog of ALPR

Life cycle and basic anatomy of C. elegans

C. elegans is a powerful tool for genetic research because it is small (< 1.5 mm),
easy to grow in laboratory conditions, and has a rapid life cycle (3 days). Furthermore, its
genome can easily be manipulated by microinjection of DNA or RNA into the gonad of a
hermaphrodite. The phenotypic effect can then be observed in the large brood she
produces.

C. elegans has a simple life cycle. A fertilized egg takes ~14 hours to complete
embryogenesis. The larva that hatches from the egg is called the L1 larva (L1). With
sufficient food in the environment, the L1 goes through three more molts (L2 — L4)
before it develops into an adult. If the food resource is depleted, a nondeveloping dauer
stage will be formed at the second larval molt. The dauer can survive up to 20 weeks.
When food resources are available again, the dauer will resume development and form
the adult. Organs that are specific for the adult stage begin to develop in various larvae
stages (reviewed by Riddle et al. 1997). For example, in the hermaphrodite, the vulva is
an opening for receiving sperm from the male and laying eggs. It begins to develop at the
L3 stage. The organs that are specific for male copulation develop during the L4 stage.
Hermaphrodite and male are the two sexes in C. elegans, which is determined by the
number of sex (X) chromosomes. The hermaphrodite has two X chromosomes XX)
whereas the male has one (XO). The hermaphrodite can reproduce by either self-
fertilization or crossing with the male. Since almost all sperm and eggs produced by a
hermaphrodite carry an X chromosome, self-fertilization can only produce hermaphrodite
progeny.

C. elegans has a simple body plan which is known as a triploblast (three germ
layers). The ectoderm consists of the outermost cell layers (hypodermal cells) and

nervous system. Mesoderm consists of all of the organs in between the ectoderm and
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endoderm, including muscles of the body wall, the pharynx that pumps food into the

intestine, and gonad. Endoderm or gut is the innermost germ layer.

Confirmation of the polyproline sequences

The putative gene C33B4.3 was identified by the gene prediction program
GENEFINDER in AceDB (A C. elegans database). The gene includes 11 exons that span
5850 bp within a C. elegans cosmid genomic clone C33B4 (GenBank accession number
ZAR367). The putative protein is very rich in proline residues between amino acids 721-
816 (Fig. 22). In order to test whether the sequences are actually expressed and not an
artifact of the prediction program, RT-PCR was used to amplify the proline rich region
(PCR product B431HR1-B4.332 and B4.3FP-B4.322, Table 3). The sequencing of two
PCR products confirmed that the polyproline region is part of an expressed sequence.

Reporter gene fusion studies of C33B4.3

PCR was used to amplify a 6129 bp C. elegans genomic DNA product, which
contained ~4.7 kb of the putative promoter region and the first 4 predicted exons (Table
3, Fig. 22). Since the genes in the C. elegans genome are small, the promoter region
could be as small as 500 bp from the transcription start point (Morris Maduro, personal
communication). I cloned a large upstream sequence to ensure cis regulatory elements
(such as enhancers) were included in the expression construct. Four exons were included
in the expression construct so that I could confirm the authenticity of those exons. Those
exons were only putative exons predicted by the GENEFINDER program in AceDB (a C.
elegans database). If reporter gene expression occurred when the exons fused in-frame
with the lacZ gene, I could then confirm those exons and their ORFs were real. As a
control, those exons were also fused with an out-of-frame construct in order to eliminate
the possibility of ectopic expression of the reporter gene. The PCR was done using
Precision TagPlus polymerase (Stratagene), which is a mix of Taq and Pfu polymerases

to reduce the mutation rate in long range PCR. The product was fused with reporter genes
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Figure 22  The amino acid sequence of the C. elegans protein C33B4.3. The
polyproline sequences are marked in red. The sequence in blue represents the ORF of the
four exons that were fused with gfp and lacZ for expression studies. The underlined
sequence is the ORF of the partial cDNA that was used as a template for synthesizing
double stranded RNA by in vitro transcription, which was used in the double stranded

RNA interference study.



C33B4.3, 1100 amino acids
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GGGMIAAGHETNIARILVIPRGVKGFGFILRGAKHVAMPLNFEPTAQVPALQFFEGVDMS

GMAVRAGLRPGDYLLEIDGIDVRRCSHDEVVEFIQQAGDTITLKVITVDVADMSRGGTIV
HRPPTDTHDAHGVDYYAPNEIRNAYSESRHASVRQRPGSGRRISAAELENLMVRQRVPSV
QGSPYQMQOYDQESLNGGYSSKKYNSVSDMKRRKGQRNVVASSAGLNRSTFEQAAPTTSTF
EYNCSSRSTPQLSRMDSFDSFDDEDEMPAPPPASYISPDLORDSSMORSEYSRPFRPTSR
PKTPPPPPPMQHONHQONHQYQQQHPSLPRSASTPQPIQQQQSSIPPPPPPPPPPHCEPTM
VHVEFTPPSTSSVPPPPPPLPPISSGAPPPPPPPPPGGLMHVAASAPVLMSNSKGISADA
LKSVQLKKAEPRETSAASVSNNNNNNNNSTTDFQOMDLKNALAKRRSKVAHDVDEDEERES
RFEGLSLRETVRENVVERGKGIQNIGIVNKKDSGYTSSRTSLEPSESEEKDHRPHFSLDH
SPNVQRVTLISQHLEDNYGQKDNMSVASSSTASSSSTVDLTKPGCFVVPSHVIPPVDYDD
DPDSGTGDSDGEIRCSEISFEHKKVDVWSVDDVIGWLSSLHLSEYTPAFRSQRINGRCLR

QCDRSRFTQLGVTRIAHRQIIESALRGLLQ
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&fp and lacZ. In each fusion protein construct, four clones were pooled to reduce the
possibility that a non-functional construct due to PCR-inducted mutation would interfere
with gene expression. The reporter gene constructs were co-injected into the gonads of
unc-119 mutant hermaphrodites with a plasmid that carries the wildtypeUNC-119 gene
(MMOI16B) by Dave Hansen or Angela Johnson. Wild type progeny indicated that the
extrachromosomal arrays were transmitting to the next generation. The transgenic worms
were produced by self-fertilization of the hermaphrodite, which would only give
hermaphrodite progeny. In order to study the gene expression in the males, the unc-119
mutant strain also carries a him (high incidence of male) mutation, which gives rise to
some male progeny.

For the gfp transgenic worms, the fusion protein expression was examined under
the fluorescence microscope. Expression of gfp was found in the pharynx and rectum of
the worms in both sexes. There was weak expression found in the vulval cells in
hermaphrodites (data not shown). After X-gal reaction staining, lacZ transgenic worms
were examined under a bright-field microscope. There were more tissues showing lacZ
expression than found for the gfp transgenic worms. These results suggest that C33B4.3
produced more expression signal in lacZ than gfp reporter gene constructs. However, the
level of expression in these two reporter gene systems usually varies from gene to gene.
The expression patterns of lacZ were not consistent in all animals, presumably due to the
mosaic transmission of the extrachromosomal arrays in different cells. Therefore an
attempt was made to integrate the extrachromosomal arrays into the genome by UV
irradiation as described in Materials and Methods. Although no line showed 100%
transmittance (i.e. all wildtype progeny), there were two lines which showed a high
incidence of transmittance (>90% were wildtype). Their lacZ expression seemed more
stable than those with no UV treatment. These two lines were named AW95-03C7 and
AW95-03J10. The lacZ expression of these two lines was studied further.

The C33B4.3::lacZ fusion protein was expressed in single to a few cells during
the very early embryonic stage. Since the expression was still mosaic, it was difficult to
trace the cell lineage (data not shown). However, during the two-fold stage of the embryo
clear expression was found in the seam cells, which are the specific hypodermal cells

arranged as rows of ten cells running along each lateral line. (Fig. 23. A). The identity of
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the seam cells was confirmed by Dr Dave Pilgrim. He co-stained the embryos with anti-
B-galactosidase antibody and MH27, a monoclonal antibody that recognizes belt
desmosomes which serves as a marker for hypodermal cells (Pries and Hirsh, 1986). The
MH27 staining overlapped with that the lacZ expression (Fig. 23 B and C). The seam cell
expression continued to the L1 stage, and only the six posterior cells showed the
expression (Fig. 25 A and B). These six cells may correspond to the V1-V6 cells in the
ten seam cells (Fig. 25 C). At the three-fold stage when the embryos were ready to hatch,
C33B4.3 started to express in the pharynx (Fig. 24 A and B). The pharynx expression
continued in the larvae (Fig. 25 A) and adult (Fig. 26 A + C). Expression in the rectum
appeared at the larval stage (Fig. 25 B), and continued throughout adulthood (Fig. 27 A
and B). Figure 26 A shows the whole adult hermaphrodite. lacZ activity staining was
found in the head, tail, and vulval region. Closer examination shows that the fusion
protein is expressed in the vulval cells that form the structure, and not the muscle cells
that control the opening of the vulva (Fig. 26 B). A magnified view revealed that other
than the pharynx muscle, the fusion protein was also expressed in cells surrounding the
pharynx (Fig. 26 C). The identity of those cells has not been determined.

At the tail region, C33B4.3::lacZ was expressed differently between the
bermaphrodite and the male. By using anti-B-galactosidase antibody stain, Dr Dave
Pilgrim showed the protein was expressed in the six posterior intestinal cells in the
hermaphrodite (Fig. 27 B). However, with lacZ staining only four intestine cells showed
a reaction (Fig. 27A), which presumably was a result of mosacism. At the rectal region,
staining showed four cells surrounding a ring shape structure (Fig. 27 A). The ring
corresponded to the anal sphincter muscle which wraps around the intestinal -rectal valve
and acts to close it. Among the four surrounding stained cells, the one at the upper left
corner sends a process to the intestinal -rectal junction, which resembles the H-shaped
anal depressor muscle. The identity of the rest of the three cells was difficult to
determine. However, based on the position of the cells, they were probably the B, U, F, or
Y postembryonic blast cells. This assumption is further supported by the expression
pattern in male tails. The B, U, F and Y postembryonic blast cells do not further divide in
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Figure 23 The reporter gene fusion study of C33B4.3. Transgenic worms
with C33B4.3::lacZ extrachromosomal arrays were examined under bright field
microscopy after X-gal reaction staining, or fluorescence microscopy after
immuno staining with anti-f-galactosidase antibody. A. A two fold embryo
stained for X-gal. B. 2-fold embryo stained with anti-f-galactosidase antibody,
and the same embryo using MH27 monoclonal antibody stain (C). A and B
show the staining of the seam cells. It is confirmed by the overlapping
expression pattern of the cells in B and the belt desmosomes which serves as a
marker for hypodermal cells (C). B and C are provided by Dr Dave Pilgrim and
published here with permission.
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Pharynx

Figure 24 The reporter gene fusion study of C33B4.3.
Transgenic worms with C33B4.3::1acZ extrachromosomal arrays
were examined under bright filed microscopy after X-gal reaction
staining, or fluorescence microscopy after immuno staining with
anti-f-galactosidase antibody. A. A three fold embryo stained for
X-gal shows the pharynx expression, as does a three fold embryo
using anti-B-galactosidase antibody stain (B). B is provided by Dr
Dave Pilgrim and published here with permission.
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Rectum

Figure 25  The reporter gene fusion study of C33B4.3.
Transgenic worms with C33B4.3::/acZ extrachromosomal arrays
were examined under bright-field microscopy after X-gal
reaction staining. The anterior (A) and the posterior (B) end of
the larvae shows ten seam cells that are arranged in a row of ten
on each lateral line. Only the six posterior seam cells show the
staining. (C) Graphic representation of ten seam cells (from Ho
to T) on one lateral line. Only V1 to V6 show staining (marked
in blue) (Redrawn from Emmons and Sternberg 1997).
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Rectum

Figure 26 The reporter gene fusion study of C33B4.3. Transgenic worms
with C33B4.3::lacZ extrachromosomal arrays were examined under bright-
field microscopy after X-gal reaction staining. A. C33B4.3 expression is
shown in the pharynx, vulva, and rectum in an adult hermaphrodite. (B) A
lateral view of the vulva showing that the expression is in the vulval cells. C.
A magnified view of the head region showing expression in cells other than
the pharynx muscle cells.
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Figure 27 The reporter gene fusion study of C33B4.3. Transgenic
worms with C33B4.3::lacZ extrachromosomal arrays were examined under
bright-field microscopy after X-gal reaction staining, or fluorescence
microscopy after immuno staining with anti-B-galactosidase antibody.
Rectal and intestinal cells expression is found at the tail of the
hermaphrodite using X-gal stain (A), but the expression in the six posterior
intestinal cells (in arrows) is clear using anti-f3-galactosidase antibody stain
(B). The positions of those cells (arrows) can be identified using DAPI stain,
which stains all nuclei (C). (B) and (C) are provided by Dr Dave Pilgrim and
published here with permission.
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the hermaphrodite, but they continue dividing in the male to form the proctodeum (the
male rectum) and other male specific structures at the tail. Figure 28 A and B shows
numerous cells with X-gal staining in the male tail, which presumably are the
descendants of the postembryonic blast cells. Due to the intense staining, it was difficult
to identify different cell lineages in the male tails. The expression seemed to occur in
lines of cells that extended anteriorly (Fig. 28 B). Even though the intestinal cells are not
clearly shown due to the orientation of the tail in Fig. 28 A and B, expression was found
in the intestinal cells of other male tails (data not shown).

By anti-B-galactosidase antibody staining, Dr Dave Pilgrim found the
C33B4.3::1acZ expression in ventral nerve cord (Fig. 29 A and B). Such expression was
not found with the X-gal staining. Due to the low expression level in ventral nerve cord,

it may not be detectable by X-gal staining alone.

Double stranded RNA interference study

In order to produce a knockout phenotype for C33B4.3, a partial cDNA B4.3HP
was cloned by RT-PCR (Table 3, Fig. 22). It was used as a template to synthesize the
sense and antisense mRNA by in vitro transcription. Two single stranded RNAs were
annealed, and microinjected by Angela Johnson into the gonads of wildtype
hermaphrodites. The hermaphrodites were transferred to a new plate each day after
microinjection for up to four days, so that the fertilized eggs before microinjection were
laid on one plate, while the new eggs after microinjection were laid in subsequent plates.
The progeny from twelve different microinjected hermaphrodites were examined under
the dissecting microscope. No observable phenotype was seen in those progeny. Those F,
progeny produced normal F, generations. As a positive control, other wildtype
hermaphrodites were microinjected with apx-1 double stranded mRNA. apx-1 controls
the head formation of the embryo. The loss of function mutation results in lethality in the
embryo. No egg hatched after microinjection of apx-1 double stranded mRNA in four
hermaphrodites.
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Figure 28 The reporter gene fusion study of C33B4.3. Transgenic
worms with C33B4.3::lacZ extrachromosomal arrays were examined
under bright-field microscopy after X-gal reaction staining. A. C33B4.3
shows expression in male tail. Rows of cells that show staining seem to
extend anteriorly (B).
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Figure 29 The reporter gene fusion study of C33B4.3.
Transgenic worms with C33B4.3::lacZ extrachromosomal arrays
were examined under fluorescence microscopy after immuno
staining with anti-fB-galactosidase antibody and DAPI. A. Ventral
nerve cord cells show expression using anti-8-galactosidase
antibody stain (arrow). B. The position of those cells can be
determined using DAPI stain (arrow). These figures are provided
by Dr. Dave Pilgrim and published here with permission.
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RAB-Like gene (RABL)

Identification of the RABL locus

A putative gene was identified by an EST contig located at position 106843-
122467. THC Blast search gave more than 100 entries. Appendix lists the first SO entries.
An EST clone pul (a pregnant uterus long cDNA clone) (Appendix) spanned the whole

contig, therefore it was chosen for further analysis.

Duplication of the RABL locus on chromosome 2q and 22q

The RABL locus is located on cosmid N1G3, at ~34.5 kb proximal to the putative
22q telomere (Fig. 9). When N1G3 was used as a probe for FISH, hybridization signals
were found on many different chromosome ends as well as a region that is close to the
centromere of 2q (data not shown). This result was further confirmed by Ning et al.
(1996). By using cosmid C202 (Fig. 3) as a probe for FISH analysis, Ning et al. (1996)
showed that the genomic region where RABL is located was duplicated on chromosome
2q13, the fusion site of two ancestral chromosomes (Ijdo et al. 1991). When the pul
cDNA clone was hybridized with a monochromosomal hybrid panel, hybridization
signals were shown on chromosome 2 and 22 (data not shown). In order to further
characterize the genomic region on chromosome 2 and 22 where RABL is located, pul
was hybridized to a partial hybrid panel which contained human chromosome 2, 22, total
human and hamster DNA digested with HindIII, BamHI, and EcoRI. The banding pattern
between the chromosome 2 and chromosome 22 copies were the same over these three
restriction enzymes (Fig. 30). The sizes of the restriction fragments on the partial hybrid
panel matched those in restriction maps constructed by the GCG program MAPSORT
(Fig. 31) Therefore, the RABL gene was localized on both chromosome 2q13 and
22q13.3 resulting from a recent genomic duplication. These two RABL genes were
named RABL2 (the copy on chromosome 2y and RABL22 (the copy on chromosome 22).
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Figure 30 Partial hybrid panel probed with RABL
¢DNA probe pul. Genomic DNA from chromosome 2, and
22 hybrid cell lines, normal human, and hamster were
digested with HindIlI, BamHI, and EcoRI, electrophoresed,
and transferred to a Southern blot. Slight differences in band
size between lanes digested with the same enzyme are due
to an electrophrophoresis artifact
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Sequence analysis of RABL

The whole 1056 bp cDNA clone pul was sequenced and aligned against the
AWcontig. It showed that the cDNA contains 9 coding exons (Fig. 31). There were some
mismatches between pul and AWcontig. To determine whether they were sequencing
errors or pul whether was actually RABL?2, genomic fragments from chromosome 2 were
amplified by PCR using the chromosome 2 hybrid cell line DNA as the template (PCR
product RABLF1-R1, Table 3). The sequence of the chromosome 2 genomic DNA
matched that of pul, indicating that pul was indeed the RABL2. When RT-PCR was done
with the chromosome 22 hybrid cell line total RNA as a template, a partial RABL22 was
amplified using RABLF1 and E0.91F as primers. This result indicates that both RABL2
and RABL22 are expressed. When the cDNA sequence of RABL2 was compared with
the genomic DNA of RABL22, there are 5 nucleotides differences within the coding
region that account for 3 amino acids sequence changes (Fig. 32). The first change is at
amino acid sequence position 68, where a lysine (on RABL2) is changed to an arginine
(on RABL22). The second change is at position 103, where leucine is substituted with
valine. The last change is at position 223, where the valine on RABL2 is substituted with
alanine in RABL22. All of them are conservative amino acid changes. Both RABL2 and
RABL22 have an ORF that contains 228 amino acids, which shares similarity with other
RAB proteins. RAB is a subfamily of the RAS superfamily, which currently has 40
family members in mammalian cells (reviewed by Lazar et al. 1997; Novick and Zerial,
1997; and Olkkonen and Stenmark, 1997). RAB proteins are small GTPases that control
vesicular trafficking, either protein transport between different organelles within a cell, or
transport in and out of the cell through endo- and exocytosis respectively. Common RAB
conserved sequence motifs are found in the two RABL genes, which include the
phosphate/Mg> binding motifs ( G1 and G3), the effector region (G2), and one of two
guanine base-binding motifs (G4) (Fig. 32). The third guanine base-binding motif,
EXSA, is absent in the RABL genes. Another difference between RABLSs and the other
RAB proteins is the absence of cysteine residues at the carboxyl end in RABL. The
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Figure 31 Genomic organization of RABL22. The scale indicates the coordinates in AWcontig. Restriction maps of
three enzymes are shown, with the vertical lines indicates the restriction sites and the expected sizes of the fragments
(in bp) below each map. RABL22 exons are in black bars, with the internal intron at the 3'UTR represented by a green
rectangle. The telomeric degenerative repeats are shown in red rectangle
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Figure 32 The cDNA sequence of RABL2 with its putative open reading frame. Some
nucleotides in RABL22 are different than RABL?2 in the coding region, which are shown as
small letters highlighted by a yellow background above the sequence. The corresponding
changes in amino acid are shown below the amino acid residues. One change of nucleotide
in RABL22 creates a BsrGl1 site (TGTACA, in red). The amino acid sequences in boxes
are the functional domains of RAB proteins. They include two phosphate/Mg?* binding
motifs (G1 and G3), the effector region (G2), and one guanine base-binding motif (G4).
The underlined sequence represents the internal intron (with the splicing donor and acceptor
sites labeled in blue), which is spliced out in the 1.4 kb alternative transcript but is present
in the 2.5 kb transcript. RABL does not have a polyadenylation signal. The fact that many
cDNAs end at the same position (for example, pul, h5, h7, h8 and other ESTs listed on the

appendix) indicates that the end of the sequence is authentic.
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cysteine containing motifs are subjected to isoprenylation. The hydrophobic isoprenyl
groups added on cysteines are important for the binding of RABs onto the membranes of
vesicles. Since these cysteines are absent in the RABLs, they may not bind to the

membrane and therefore may not function in the same way as other RAB members.

Comparison of the relative expression level between RABL2 and RABL22

Since the cDNA sequences between RABL2 and RABL22 are nearly identical,
Northern hybridization with one cDNA sequence could not be used to distinguish the
relative transcription level between the two RABL genes. Therefore, an RT-PCR
approach was used to determine the relative abundance of these two transcripts. The basic
principle of the RT-PCR experiment was to use a polymorphic restriction endonuclease
site (BsrG1, TGTACA) at position 451 of RABL22 (Fig. 32) to differentiate the
transcripts of RABL2 and RABL22. This RT-PCR method was first tested by a control
experiment. RABL2 and RABL22 cDNAs were mixed in different ratios for PCR
template as described in the Materials and Methods. Partial cDNA of the two RABLSs
were amplified by PCR using primers RABLF1 and E0.91F (Table 4, Fig.31), and
digested with BsrG1. The band intensity between RABL2 (492 bp, the non-cleaved
product) and RABL22 (368 bp, the BrsG1 cleaved product) were compared by eye. The
results showed that the ratio of the band intensity of the PCR products matched that of the
starting ratio of the templates (data not shown). Therefore, reverse transcription was done
in various tissues using the gene specific primer pui31 (Table 4, Fig 31). A partial cDNA
was amplified using the RT products from different tissues as template. After BsrGl
digestion, the RT-PCR products were run on a 1% TAE gel. The results from several
experiments showed that both the 492 bp RABL?2 product and the 368 bp RABL22
product were present in all tissues tested (Fig. 33). Although the ratios of band intensity
between the PCR reaction done in triplicate from the same tissue were relatively even,
the ratios varied somewhat when the PCR was repeated using the same RT product for
the san.e tissue. Among all the tissues tested, the expression of the two RABL genes in
adult heart, skeletal muscle, small bowel, tonsil, thymus, fetal brain and fetal lung were

consistently even in two experiments. Placenta showed more RABL22 expression in two
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Figure 33 Comparison of the relative expression level between
RABL2 and RABL22. RT-PCR was done in different tissues to amplify
the RABL cDNAs. The products were then digested with BsrG1 and
electrophoresed on 1% agarose gel. Three controls were included in the
same RT-PCR experiment to monitor the possible PCR contamination by
the residual products which were amplified in the previous experiments.
They were the RABL2 only cDNA, RABL2 and RABL22 cDNA mixed
in 1:1 ratio, and the RABL.22 only cDNA as templates. Two bands are
shown in each tissue: the upper band (492 bp) is the undigested RABL2
cDNA, whereas the lower band (368 bp) corresponds to the BsrG1-
digested RABL22 cDNA. PCR reactions have been done in triplicate
using the same reverse transcription product of each tissue as template.
No subtle variation of RABL2 and RABL22 concentration was found
within the triplicates. Therefore, only one RT-PCR reaction from each
tissue was shown on this gel. This figure is provided by Dana Shkolny
and published here with permission.

126



experiments, but it showed more RABL?2 expression in a third experiment. Adult liver
showed low RABL2 expression consistently in three experiments (data not shown).
Figure 33 shows that adult kidney has a very low level of RABL22 expression, but in
another experiment the RABL22 expression was higher than that of RABL2 (data not
shown). This indicates that the RT-PCR method could not be used to show subtle
differences of transcription level between RABL2 and RABL22. However, this
experiment confirmed that both RABL2 and RABL22 are expressed in all tissues tested.

Northern analysis of the RABL gene

When Northern blots with multiple human tissues were hybridized with pul, a
2.5 kb signal was found in all adult and fetal tissues. This 2.5 kb transcript has a higher
expression level in adult heart, brain, kidney, and pancreas than in placenta, lung, liver,
and skeletal muscle. In fetal tissues, it has a stronger expression in brain than in lung. A
~1.4 kb alternative transcript was shown in adult heart and skeletal muscle. This
transcript shows a stronger expression than the 2.5 kb transcript in both tissues. Faint

4.4 kb and high molecular weight bands appeared in fetal tissues (Fig. 34 A).

Cloning the 1.4 kb alternative transcript of RABL by 3' RACE

In order to clone the alternative 1.4 kb transcript found in heart and skeletal
muscle, 3' RACE was done as described in Materials and Methods. Using adult heart
total RNA as a template, 3' RACE amplified one ~1.7 kb and one ~0.7 kb product that
corresponded to the size of the common 2.5 kb and the alternative 1.4 kb transcripts. The
products were subcloned into pGEM-T Easy vector. Colonies that contained the clones of
the 3' RACE products were hybridized to pul. Positive hybridization signals were found
in 25 clones from the 1.7 kb product and 2 clones from 0.7 kb product. One 1.7 kb
product clone (hc5) and two 0.7 kb product clones (hc7 and hc8) were completely
sequenced. The results showed that the 1.7 kb clone has an extra ~1 kb of sequerce at the
3’ untranslated region (Fig. 32), which is not found in the 0.7 kb product. Intronic donor

and acceptor splice sites are present at the ends of this 1 kb sequence. Therefore, the
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Figure34 Northern analysis of RABL. A. The human multiple tissues
Northern blots were probed with RABL cDNA probe pul. One 2.5 kb signal is
present in every adult tissue,whereas another 1.4 kb signal is only present in
heart and skeletal muscle. The fetal tissues show a 2.5 kb, 4.4 kb and a large
band. B. The human multiple adult tissues Northern biot probed with internal
intron at the 3’ UTR. Only the 2.5 kb signal is found on the autoradiography. C.
The sameNorthern blots in A probed with B-actin (control probe, done by Dr
Valerie Trichet) . D. The same Northern blot in B probed with GAPDH gene
(control probe, done by Dana Shkolny).
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alternative 1.4 kb transcript is the result of the splicing out of an internal intron in the
3'UTR. This result suggests that the size difference between 1.4 and 2.5 kb transcripts is
probably the result of the presence or absence of 1 kb internal intron in 3'UTR. This was
confirmed by the hybridization of the internal intron (PCR product "internal intron"
amplified by IIF and E1.03R primers, Table 3, Fig. 31) to a Northern blot. The internal
intron probe produced a 2.5 kb band but no 1.4 kb band in any adult tissues (Fig. 34 B).
The band intensity of this 2.5 kb transcript is similar to that on the Northern blot probed
with pul: adult heart, brain, kidney, and pancreas have a higher expression level thar that
in placenta, lung, liver and skeletal muscle. Including the internal intron sequence, a
2114 bp of RABL cDNA has been cloned, leaving ~400 bp of S'UTR in the common
2.5 kb transcript uncloned.
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Discussion

Cloning of the NT Microdeletion region

Patient NT has a microdeletion at the terminal region of chromosome 22q. Based
on studies done to date, this microdeletion overlaps within the deletion region of the
22q13.3 deletion syndrome. D22S163 is deleted in all 22q13.3 deletion patients tested,
and the most distal cosmid clone C202 (Fig. 3) is deleted in those tested to date (Heather
McDermid, unpublished data). Therefore, the NT microdeletion presented an opportunity
to delineate the large (25 Mb ) critical region of the 22q13.3 deletion syndrome. Since
NT only represents one microdeletion case, it is possible that the microdeletion is not
related to the child’s phenotype of the 22q13.3 deletion syndrome. However, since the
two clinical features shown in NT (i.e. mental retardation and expressive speech delay)
are also major features of the deletion syndrome patients, it is likely that NT represents a
subset of the 22q13.3 deletion syndrome phenotype. As a result, I studied the size and
location of the microdeletion. I also mapped the genes within the microdeletion which
may be involved in the neural development implicated by the phenotype of NT.

The NT microdeletion is spanned by two overlapping cosmid/P1 contigs with a
size >150 kb, which include the two known ioci D22S163 and acrosin (ACR) (Fig. 3). By
Southern analysis, the microdeletion breakpoint mapped close to or within the D22S163
locus. Based on the restriction mapping data, there is ~130 kb between D22S163 and the
22q telomere (Fig. 3). The sequencing of the cosmid contig revealed that this distance is
actually closer to 140 kb (Fig. 9). However, small gaps in the sequence of N66C4 still
exist. Therefore, the NT microdeletion encompasses the last 140 kb or more of
chromosome 22q.

There are still some uncertainties about the position of the 22q telomere relative
to the cosmid/P1 contig. The P1 clone at the end of the contig (Fig. 3) is believed to
contain genomic DNA that is close to the 22q telomere. The clone was obtained by
screening a P1 genomic library with a TelBam3.4 prooe (Ning et al. 1996), which is
usually located immediately adjacent to the telomere (Brown et al. 1990). However, a

recent report showed the presence of a TelBam3.4 sequence 60 kb away from the 20p
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telomere adjacent to an internal stretch of telomere repeats. This suggests that the
presence of the TelBam3.4 telomere associated sequence alone cannot be used to define
the position of the telomere (Chute et al. 1997). As a result, there may be additional
sequence past TelBam3.4 at the end of the P1. However, such additional material is
unlikely to contain genes, because it is likely composed of subtelomeric associated
repeats (see below). In order to determine whether the TelBam3.4 sequence is adjacent to
the 22q telomere, one can do a BAL31 exonuclease analysis. The chromosome 22 hybrid
cell line DNA can be digested with BAL31, electrophoresed, and Southern blotted. The
resulting blot will be probed with TelBam3.4. If the TelBam3.4 fragment is sensitive to
BAL31 digestion, the location of the telomere will then be confirmed.

Two pieces of evidence support that the NT deletion is terminal rather that
interstitial. First, the EcoRV-digested rearrangement fragment is sensitive to the BAL31
exonuclease digestion, indicating the rearrangement fragment is close to the chromosome
end instead of mapping at an interstitial position on the chromosome. Also, the
characteristically smeared rearrangement bands seen with HindIII, Smal, and Sau3AlI
suggest that the broken chromosome was healed by the addition of telomeric repeat
(TTAGGG), with heterogeneous length. The rearrangement bands were detected by the
D22S163 probe, which suggests that the D22S163 locus is close to the deletion
breakpoint. The breakpoint has now been cloned by my collaborator Dr Jonathan Flint
from Oxford University. He used a D22S163 locus specific primer and primer with three
telomeric repeats to amplify the breakpoint junction sequence from NT genomic DNA
(Wong et al. 1997). A comparison between the breakpoint sequence (Fig. 35A) and the
corresponding normal chromosome 22q sequence (Fig. 35B) revealed that the breakpoint
is located within the D22S163 locus and can be identified by the presence of telomeric
repeats (Fig. 35A) substituted for the normal sequence (Wong et al. 1997). D22S163
consists of two distinct minisatellite arrays, MS607A and MS607B (Armour and Jeffreys
1991). The flanking sequence surrounding the MS607A minisatellite array has been
determined for 500 bp proximally (accession number X58043) and 866 bp distally
(accession number X58044). The location of the breakpoint is 26 bp distal to the 3’ end
of the 866 bp flanking sequence. Therefore, the breakpoint is 892 bp (866+26 bp) distal
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#2:3°

#1:3° Ul
A 5’ AGGGGGTGGAGA

B 5’ AGGGGGTGGAGAGGGGGGTGGTGGAG

Ucs

tagggttagggtta 3°
TGGCACAGGGG 3°

Figure 35 Sequence at the NT microdeletion breakpoint, compared to that of a
normal chromosome. A., Breakpoint sequence of NT. The 5’ end of the sequence starts
from the first base after the 866bp 3’ flanking sequence of the MS607A minisatellite at
the D22S163 locus. The breakpoint is within D22S163, identified by the presence of
telomeric repeats (ttaggg, in small letters) substituted for the normal sequence. B,
Sequence of a normal individual. The normal and breakpoint sequences were cloned by
Dr Jonathan Flint and published here with permission (Wong et al. 1997). The possible
anchor sites (#1 and #2) for telomerase RNA template are shown above the sequences A
and B. Nucleotides highlighted in blue show complementarily between the telomerase
RNA template and the breakpoint sequence. The possible site for the breakpoint are
marked in boxes, which would agree with the anchor position #2 of the telomerase RNA
template. The substitution of the adenine in the breakpoint sequence for the guanine in
the normal sequence (highlighted in yellow) is probably due to polymorphism.
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to the MS607A. The distance between minisatellite MS607A and MS607B is not known,
but an upper size is estimated to be ~1 kb (J.A.L. Armour, personal communication). If
the NT deletion breakpoint is 891 bp distal to MS607A, it is either at the 5’ end or within
the MS607B minisatellite.

The addition of telomeric repeats onto the breakpoint suggests that the deleted
chromosome was healed by telomerase activity. This could be done if the RNA template
of the telomerase recognized the sequence that is adjacent to the breakpoint. The
sequence of the human telomerase RNA template has been cloned, and was shown to
encompass 11 nucleotides (5’ CUAACCCUAAC) which are complementary to the
human telomere repeat (TTAGGG),. In Fig. 35, two predicted anchoring positions of the
telomere RNA template onto the breakpoint are shown. The first prediction (#1) is based
on the fact that the first base added to the breakpoint is an adenine, therefore the first
unpaired nucleotide on the RNA template would be an uracil. The vertical blue bars show
the complementary nucleotides between the RNA templates and the sequence before the
breakpoint. However, no more than 2 nucleotides that directly precede the breakpoint are
complementary to the RNA template in position #1. Flint et al. (1994) found 3 to 4
nucleotides complementary to the RNA template at the breakpoints of 5 out of 6 deletion
patients who showed terminal deletion on 16p13.3. The remaining case (referred as
patient IC) had two additional nucleotides preceding the breakpoint which did not match
to either normal sequence or telomeric repeat sequence. Therefore, the IC deletion is
likely to be a result of illegitimate recombination (Flint et al. 1994). However, the NT
deletion is not analogous to IC because the sequence on the deleted chromosome matches
to that of the normal copy up to the point where the substitution of the telomere sequence
occurred. Therefore, I hypothesize that the breakpoint is on the first thymine residue
which substituted the guanine in the normal sequence (boxed nucleotides at Fig. 35). The
adenine that substituted the guanine residue (both highlighted by yellow background) in
the normal sequence could be the esult of polymorphism. In order to test this hypothesis,
one would have to sequence the breakpoint region of NT’s father to see whether this
adenine exists in either ﬁaternal allele of the two normal sequences because NT carries a

paternal deletion.
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The cosmid/P1 contig spanning the NT microdeletion serves to anchor the
physical map of chromosome 22. PFGE analysis done by Dr Heather McDermid
indicates that this contig lies <120 kb from ARSA (W ong et al. 1997), previously the
most distally mapped locus on chromosome 22 (Dumanski et al. 1991; Collin et al.
1995). The order of known loci at the end of 22q is therefore ARSA-D22S163-ACR-
telomere. This confirms the subtelomeric location of the VNTR at D22S163 used for
detecting cryptic 22q terminal rearrangements (Flint et al. 1995).

Genomic Organization of the NT Microdeletion Region

The sequence spanned by the AW contig can be divided into two sections: a
unique sequence that is specific to 22q, and the subtelomeric region that contains repeats
shared by other chromosomes. I have mapped three real genes within the AWcontig,
together they occupy ~84 kb, or 60% of the contig. Two genes (ALPR and ACR) are on
the unique region, whereas RABL is at the proximal end of the subtelomeric region
which usually shares homology with a few chromosome ends (Flint et al. 1997b and see
below). Furthermore, a pseudogene U2 SnRNP specific protein A’ appears to lie near the
boundary of the unique sequences and the subtelomeric region (see below).

The region that is close to the telomere is commonly described as the
subtelomeric region. The genomic organization of the subtelomeric region of several
human chromosomes has been studied. For example, the subtelomeric region of
chromosome 16p has been studied extensively by Flint et al. (1997a). Since I
concentrated on the transcription mapping within the AWcontig, I provided the 22q
subtelomeric sequence to Dr Jonathan Flint, who then compared it to that of 16p and 4p
(Flint et al. 1997b). He found that the organization of the subtelomeric region is similar
among the three chromosome ends. Flint et al. (1997b) show that the subtelomeric region
can be divided into two distinct domains called proximal and distal subtelomeric
domains. The distal subtelomeric domain is adjacent to the telomeric repeat (TTAGGG),.
The sequence of this distal domain is homologous to many different chromosome ends,
but the matches are interrupted. On the other hand, the sequence of the proximal

subtelomeric domain of one chromosome only shares homology with a few

134



chromosomes, and the homology is strong and continuous (Flint et al. 1997b). The two
subtelomeric domains are divided by an internal degenerative telomeric repeat sequence
(Fig. 36 B).

The overall organization of the subtelomeric region shares similarity to that of the
budding yeast Saccharomyces cerevisiae (Fig. 36 A, Flint et al. 1997b). The distal
subtelomeric domain of yeast contains variable numbers of repeats of Y’ elements, which
have a size of either 5.2 kb or 6.7 kb and 2 overlapping ORFs. This region shares
interrupted homologies with different chromosome ends. The boundary element that
divides the proximal and distal domains consists of X elements (a 475 bp sequence that
contains a autonomously replicating sequence [ARS]), internal yeast telomeric repeats
(TG,;),, and human canonical telomeric repeat sequence (TTAGGG), (Fig. 36A). Like
its human counterpart, the proximal subtelomeric domain of yeast is a block of DNA that
shows strong homology and continuous matches to a few chromosome ends. Such
similarity of genomic organization in the subtelomeric region between yeast and human
suggests a specific function of the boundary element between the proximal and distal
subtelomeric domain. During interphase in yeast, the telomeres appear to be clustered
near the nuclear periphery (Palladino et al. 1993). This anchoring of the telomere clusters
to a nuclear structure facilitates the exchange of sequences between non-homologous
chromosomes, resulting in the interrupted homologies in the Y’ element region. The
telomeric repeats (both human-like repeat and yeast internal repeat) and X elements act
as a barrier to limit the spread of the non-homologous recombination to the proximal
subtelomeric domain (Pryde and Louis 1997). Human telomeres are not clustered during
interphase. However, the telomeres are clustered to form the chromosomal bouquet
during prophase I in meiosis (Scherthan et al. 1996, Fig. 1), which also facilitates the
exchange of the non-homologous chromoscmes at the distal subtelomeric domain.

The results of my independent sequence analysis support the findings by Flint et
al. (1997b). The terminal 19.7 kb of AWcontig contains the distal domain, which shares
interrupted matches to the subtelomeric regions of 1q, 4p, 7p, 13q, 14q, 15q, 17q, 18p,
21q, and Xq (Appendix). This homology does not spread to the proximal domain of the

subtelomeric region, which is proximal to the degenerative telomeric repeats located at
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A. Saccharomyces cerevisiae

(TTAGGG),,
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j€&—— 7-124993 ——p| 4 125280-145008
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Figure 36 The genomic organization of the subtelomeric region in A. yeast (Saccharomyces
cerevisiae), B. human (Flint et al. 1997b) and, C human chromosome 22q (Flint et al. 1997b, this
study). In S. cerevisiae, a boundary sequence composed of X element, yeast internal telomeric repeats
(TG, 3),» and human telomeric repeats (TTAGGG), separate two domains. The distal domain (the dark
gray box) mainly consists of the Y* repeats that share split matches to many other telomeres. The
proximal domain (the open box) has a block of continuous match and strong homology to a few
telomeres. The single line preceding the open box represents the unique sequence of the chromosome.
The human subtelomeric region shows similar organization, and has a degenerative telomeric repeat
that divides the proximal and distal domain. The proximal domain has strong homology to a few
chromosome ends, and the distal domain has interrupted matches to many different telomeres. The last
19.7 kb of AWcontig (position 125280-145008) is the distal subtelomeric domain, and the
degenerative telomeric repeat is at position 124994-125279. RABL is within the proximal

subtelomeric region, which shares high sequence identity to a region at 2q13, an interstitial region that
contains an ancestral telomere fusion site. The distance between the end of AWcontig and 22q
telomere is not known (the region with dot line and a question mark) but estimated to be at least 12 kb.
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the position 124944-125279 of the AWcontig (Fig. 36 C). However, there are matches to
19q distal subtelomeric domain sequences within an intron of ALPR at the position
49491-50226 of AWcontig, which is located on cosmid N85A3. This result is unexpected
because position 49491-50226 is in the unique region on 22q (Ning et al. 1996), and
therefore it should not contain subtelomeric repeat sequences. Both FISH (Ning et al.
1996; Wong unpublished observations) and my hybrid panel analysis showed that the
region centromeric to the degenerative telomeric repeat is homologous to 2q13, the site
where the fusion of two ancestral ape chromosomes occurred (Ijdo et al, 1991).
Therefore, the proximal subtelomeric domain of 22q is homologous to an ancestral
proximal subtelomeric domain at 2q13. The RABL gene (described below) maps within
this proximal subtelomeric domain on both chromosomes (Fig. 36C). The partial hybrid
panel results show that a total of 15/15 restriction sites tested are conserved between the
genomic region of RABL2 and RABL22 (4 BamHI sites, 5 HindIII sites, and 6 EcoRI
sites, see Fig. 30 and Fig. 31). Therefore, the sequence divergence within the 15 kb
RABL locus is no greater than 0.56% (1/[15 restriction sites][6 bp recognition site][2
sequences])(Van Arsdell and Wiener 1984). This result also agrees with the findings of
Flint et al. (1997b), with the proximal subtelomeric domain of 22q showing strong
homology to only one other chromosome. The boundary between the proximal
subtelomeric domain and the unique sequence on chromosome 22q is difficult to access.
Dosage analysis using the end fragment of N94H12 as a probe, which is a 1.5 kb
fragraent that contains the distal ~700 bp of the LINE/SINE repeat cluster between ACR
and N1G3 (Fig. 9), did not show a 2:1 ratio between normal and NT genomic DNA (data
not shown). This suggests that the end fragment of N94H12 is still within the proximal
subtelomeric domain, because there are four copies of the N94H12 end fragment in the
genome: two copies from chromosome 2q and two from chromosomes 22q. The deletion
of the end fragment in NT would therefore give a 4:3 ratio between normal and NT
genomic DNA instead of the 2:1 ratio, although the dosage analysis is unable to confirm
this ratio. The U2 snRNP specific protein A’ pseudogene (Fig. 9) is also considered to be
in the proximal subtelomeric region. Bands in both the chromosome 2 and 22 hybrid cell
lines were detected when the U2 snRNP specific protein A’ gene probe was hybridized to
the monochromosomal hybrid panel (data not shown), although localization to 2q13 was
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not done. Therefore, the subtelomeric/unique sequence junction is most likely narrowed
down to the region between ACR, which is unique to chromosome 22, and the U2 snRNP
specific polypeptide A’ pseudogene (Fig. 9).

In this study, the human interspersed repeats were divided into two
groups: the first group consists of Short Interspersed Nuclear Elements (SINEs) and Long
Interspersed Nuclear Elements (LINEs), and the second group consisted of the
retrotransposons and retrovirus-like elements which are characterized by the flanking of
long terminal repeats (LTR) on both sides. The LINE/SINEs are concentrated in the non-
coding region, the biggest cluster occupies 16 kb between ACR and RABL (Fig. 9). The
LTR type repeats seem to be concentrated in the distal subtelomeric domain (Fig. 9),
which is the last 19.7 kb of AWcontig. It contains approximately 10 LTR type repeat
elements which occupy 35% of the region. There is no LTR in the proximal subtelomeric
domain or the unique sequence within AWcontig. The localization of the LTR type
elements in the subtelomeric domain may have an evolutional significance: in yeast, a
LTR-type retrotransposon Ty5-1 is located at the subtelomeric region of the left arm of
chromosome III (Voytas and Boeke 1992). The Ty5-1 element lies distal to the X
element, close to the boundary with the distal subtelomeric domain. Vega-Palas et al.
(1997) showed that the Ty5-1 element is subjected to telomere position effect. The TyS5-1
expression was analyzed in a wildtype strain; a null mutant of the SIR3 gene, which
causes the loss of transcription silencing near the telomeres (Aparicio et al. 1991); and a
strain that contains the SIR3 overexpression plasmid, which enhances the transcription
silencing effect (Renauld et al. 1993). The Ty5-1 expression in the wildtype strain was
low and was almost undetectable in the SIR3 overexpression strain, but it showed a high
level of expression in the sir3 null mutant (Vega-Palas et al. 1997). These results suggest
that the transcription silencing by telomere position effect regulates the expression of
Ty5-1. High levels of Ty5-1 retrotransposition introduce deleterious mutations in the host
strain. Therefore, the insertion of Ty5-1 into a silenced domain limits its own expression,
so that it avoids the co-extinction of the host and the retrotransposon (Vega-Palas et al.
1997). The integration of mammalian LTR-retroposons (MaLRs) into the human
subtelomeric domains may reflect a similar transcription control in the mammalian

system. Such elements could collect at the chromosome ends without posing any

138



deleterious effect to the host. Although the active MalLRs appear to be extinct in higher
primates (Smit 1993), the MaLRs in mouse may still continue to amplify (Smit 1996).
The inactive MaLLRs in human subtelomeric domains may be molecular fossils that

record that such transcription regulation occurred in the ancestral mammalian genomes.

Transcription Mapping within the NT Microdeletion

There are two novel genes and one known gene found in the NT microdeletion
region. The two new genes were named after the functional domains found in the putative
proteins. ALPR represents “ankyrin-like, proline rich”, whereas RABL is “RAB-like”.
Acrosin (ACR) was previously mapped to the same region as ARSA on chromosome 22q
by somatic hybrid panel mapping (Budarf et al. 1996). My results confirm this finding
and determine that ACR is distal to ARSA on chromosome 22q.

1. Localization of the acrosin (ACR) gene

I mapped the acrosin gene (ACR) within the microdeletion region. The locus
occupies a ~7 kb genomic region between the two new genes ALPR and RABL (Fig. 9).
Sequence analysis showed that the intron/exon boundaries of the five exons are identical
to those in the Genbank database (accession number X66188, X54017, S40014, M77380,
X354019, X54018, M77379, X54020, and M77378). Densitometric analysis showed that
NT and a 22q13.3 deletion syndrome patient (FB) have a deletion ACR (Fig. 8).

ACR is a serine protease present in the acrosome of the sperm head (Klenn et al.
1991). Protease inhibition studies suggest that ACR plays a key role in the acrosome-
mediated binding of sperm to the zona pellucida and the penetration of sperm into the
oocyte (Liu and Baker 1993; Takano et al. 1993). It is highly unlikely that the deletion of
ACR is related to any present visible phenotype of NT. The reduction of ACR activity in
sperm has been associated with male infertility (Koukoulis et al. 1989; Mohsenian et al.
1982), suggesting that the deletion of ACR may affect the fertility of NT and male
22q13.3 deletion patients. However, it is still under debate whether the reduction of
acrosin activity is a cause of male infertility. While Kennedy et al. (1989) showed that the

successful rate for in vitro fertilization using sperm with normal acrosin activity level is
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significantly higher than that with reduced activity, Yang et al. (1994) showed that such
difference is insignificant. Furthermore, homozygous mouse knock-outs for the acrosin

gene are still fertile, indicating that acrosin is not essential for fertilization in the mouse
(Baba et al. 1994).

2. a) Structure of ALPR

ALPR was cloned by a combination of sequence analysis and molecular studies of
the putative expressed sequences using RT-PCR and Northern blot analysis. Putative
expressed sequences were determined by exon prediction programs, and by EST partial
cDNA sequences. The exon prediction program identified a putative gene. Its ORF shows
homology with a predicted C. elegans protein C33B4.3. This suggests that the human
putative expressed sequence is likely to represent a novel gene. Both C33B4.3 and the
putative human ORF have an ankyrin repeat domain and polyproline sequences. I
therefore named it “ankyrin like, proline rich”. I constructed a cDNA contig of ALPR,
which includes three putative exons (starting exon, genscanex!, and Last Exon), two RT-
PCR products (sc24, and fli), one cDNA from fetal brain cDNA library (I511), and two
EST contigs (FLS and FL.2)(Fig. 10). Together they span a ~60 kb region that includes
the deletion breakpoint of NT (Fig. 9). Since the deletion truncates ALPR, it is likely that
one copy of ALPR is not transcribed in NT. If ALPR is haploinsufficient, this could
produce the abnormal features of NT.

Northern blot analysis showed that there are multiple transcripts of ALPR. A
common ~7.5 kb transcript is found in adult heart, brain and placenta when probed with
FL2 and 55337F-R1 (Fig. 14 A and C). These two probes also detected an alternative
transcript in adult brain with a size of ~6.8 kb (Fig. 14 A and C). In fetal tissue, the same
two probes detected three transcripts (a large transcript >10 kb, one close to 8 kb, and one
~7.5 kb) in fetal brain and kidney. Fetal lung has a strong signal for the 8 kb band, but
weak for the large band. Due to the difficulty of measuring band sizes between blots,
especially with large fragments, I hypothesize that the 7.5 kb transcript in the adult
tissues is the same as the 8 kb transcript in the fetal tissues. Likewise, 6.8 kb specific
adult brain transcript is probably the same as the 7.5 kb transcript in fetal tissues. This
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hypothesis is based on two observations. 1) Even though the adult 7.5 kb band is only
strongly visible in the heart, brain, and placenta, faint expression can be found in other
tissues. This suggests that this 7.5 kb transcript is commonly expressed in all adult
tissues, even though the signal is too faint to see (Fig. 14 C). The 8 kb fetal transcript also
seems to express in all four fetal tissues tested. It is visible in fetal brain and kidney. This
signal is particular strong in fetal lung, and is not visible in fetal liver (Fig. 14 C). 2)
Subsequent Northern blot analyses showed that the adult 7.5 kb transcript appears in all
adult tissue tested (the same 8 adult tissues in Fig. 14, different blot), with a particular
strong signal in brain when the Northern blot was probed with sc24 (Dana Shkolny,
unpublished results). Probe sc24 also detected the 8 kb fetal transcript in the four fetal
tissues tested. The expression level of sc24 in fetal lung and kidney are higher than that in
fetal brain and liver. This result is consistent with the expression pattern of FL2 (Fig. 14
O).

The large (> 10 kb) transcript is not specific to the fetal tissue. Probe sc24
detected the same large band on all adult tissues. (Dana Shkolny, unpublished data). It is
most likely missing from the Northern blot in Fig. 14 due to poor transfer of large
fragments.

FLS detected the same large band in the fetal blot and one ~2.5 kb band in fetal
liver (Fig. 14 B). It is interesting to note that this 2.5 kb fetal liver specific transcript was
also present when the Northern blot was probed with I511, but not present on the
Northern blot probed with sc24 (Dana Shkolny, unpublished data). The summation of the
sizes of FLS (0.5 kb), genscanex1 (2.2 kb), and IS11 (not including the 3’ UTR, 1.0 kb)
gives a size that is larger than the 2.5 kb (~4 kb). This suggests that the fetal liver specific
transcript cannot contain any sc24 exon, which can account for lack of the band with
sc24. It also implies that genscanex| cannot be included in the 2.5 kb transcript, since it
has a size of 2.2 kb. In order to determine what exons are present in this 2.5 kb band, one
could do a 5’ RACE from fetal liver RNA. Nevertheless, the absence of sc24 exons in the
2.5 kb transcript suggests that it does not contain the ankyrin repeat domain. Since the
ankyrin repeat domain implies that the protein is a membrane bound (see below), this

transcript may produce an alternative cytosolic protein.
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The summation of various sections of the gene (sc24 +I511 + genscanex| + FL2)
gives a transcript size of ~6.7 kb. The size of the common transcript on a Northern blot
appears to be ~7.5- 8 kb. This predicts that ~1.0 kb of the common transcript remains to
be identified. The uncloned part of the transcript presumably corresponds to the 5°UTR
of the gene. All the other transcripts would be a result of alternative splicing of the
mRNA. The large transcript (>10 kb) may contain more 5° UTR sequence. This large
transcript was detected by FL2, the most distal clone of ALPR that contains a 3’UTR
(Fig. 10). Therefore another possibility is that the uncloned region of the long transcript
may extend from the 3’ end of ALPR, ignoring the polyadenylation signal in the FL2
clone and extending beyond.

It is of interest to note that the adult and fetal brain (and faintly in fetal kidney)
contains the ~6.8-7.5 kb alternative transcript that is not found in other tissues. This
suggests that ALPR may have a specific function in the brain. The phenotype of NT (i.e.
mental retardation and expressive speech delay) reveals that the most affected tissue in
this patient is the brain. Therefore, the deletion of ALPR may be responsible for
producing the abnormal phenotype.

ALPR exhibits a complex organization. Some of the different transcripts shown in
the Northern analysis are produced from the alternative splicing of at least three different
3’ ends. These 3’ ends are associated with I511, the EST clone FLS and FL2. It is not
uncommon that a gene has different 3’ ends, which produce different protein isoforms.
Each isoform has a different carboxyl end, which gives them a specific function. For
example, the immunoglobulin IgA has two different isoforms, one is membrane bound
and one is secreted from the B cells. Whether the IgA molecule is membrane bound or
secreted is determined by the presence of two different carboxy ends, which is a result of
alternative splicing at the 3’ end of the mRNA (Seipelt and Peterson 1995). The presence
of the three 3’ ends in ALPR may give a different function for each transcript.

I found two rodent homologs (MB and mb101) of one 3’ end (FL2). These three
clones share strong nucleotide homology (Fig. 17). This suggests that the sequence of this
3" UTR may be important for the stabilization or the function of the transcript. Two A-T
rich sequences are found in the 3’UTR of FL2. One A-T rich track is located at position
732-757 of FL2, whereas another A-T rich sequence is adjacent to the poly-A tail (Fig.
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17). A-T rich sequences are known to destabilize mRNA, thus reducing the half-life of
the transcripts (Shaw and Kamen 1986). The half-life of the FL2 transcript is not known.
However, if the A-T rich sequences are recognition signals for targeted RNA
degradation, the short-lived nature of the transcript could explain why mouse embryo
whole mount in situ hybridization did not reveal any signal when the mouse cDNA
mbl101 was used as a probe (data not shown).

The Last Exon (Fig. 10) is named after its homology to the last exon of the C.
elegans gene C33B4.3 (43% protein identity). This exon is also homologous to the 3’ end
of another ALPR homolog, the rat cortactin binding protein 1 (66% protein identity) (Fig.
21). This suggests that Last Exon is likely to be a part of ALPR. Last Exon was identified
by the exon prediction program Grail 2 as a terminal exon without a splicing donor site at
the 3’ end. It is located within the intron of FL.2 (Fig. 10). RT-PCR results demonstrated
that the transcript that contains Last Exon would also contain other ALPR exons, because
PCR from a reverse transcription product initiated by the Last Exon specific primer (Ank
RS, Table 4) could amplify a group of I511 exons using forward primer AnkF1 and
reverse primer AnkR1 (F1-R1, Fig. 10). However, I could not amplify a clone that
includes the I511 exons and Last Exon by AnkF1 forward primer and a Last Exon
specific reverse primer (Ank51). This may be due to its high G-C content (Fig. 19), or the
presence of genescanex 1, which appears to prevent reverse transcription (see below).
Since the Last Exon is predicted as a terminal exon, it is probably represents another 3’
end. However, the Grail program usually has a higher accuracy rate in predicting the
exons which have coding sequence and splicing donor and acceptor sites than those
having a 3° UTR. For example, the Grail exon prediction program cannot predict the
terminal exons of IS11, FLS, and FL2. Therefore, it is also possible that Last Exon can
splice with FL.2. RT-PCR using primers specific to Last Exon (Ank F3, Fig. 10) and FL2
(OFH2 as reverse transcription primer, OFH3 as reverse primer for PCR, see Table 4) in
fetal brain and spleen did not amplify any product (data not shown). I also tried to clone
the 3°UTR of the transcript that carries the Last Exon by 3’ RACE using a Last Exon
specific primer (F3, Fig. 10) in multiple tissues (heart, fetal brain, fetal lung, spleen, and
thymus). However, no authentic PCR product was cloned (data not shown). Since the
tissues I chose for the RT-PCR or 3° RACE have ALPR expression by Northern analysis,
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this suggests that if Last Exon does extend 3’, then it could either be part of a specific
transcript in a tissue not tested, or a transcript which has a specific temporal expression.
In order to find the tissue specific transcript that contains Last Exon, one could hybridize
it to a multiple tissue Northern blot with more tissues, and then choose the tissues that
showed hybridization signals for the 3’ RACE.

A complete ORF can be predicted by sequence analysis programs, and I have
confirmed most of this by cDNA cloning and RT-PCR. However, there are still two
major problems in the existing cDNA contig which need to be resolved: there is a
premature termination of translation in the ORF of sc24, and the genscanex! exon seems
to be unclonable. The premature termination of translation occurs at the nucleotide
position 1255 of sc24 (Fig. 11). There are several possible explanations for this
premature translation termination. First, it could be due to sequencing error. The
sequencing of the cosmid clone N66C4 is still unfinished. The error rate in the
“sequencing in progress” stage is presumably higher than that in the finished sequence.
Even when sequencing is finished, sequencing errors still exist. For example, one
sequencing error has been found at the ACR locus. At the beginning of exon 4 , an extra
cytosine insertion at position 82932 of AWcontig causes a frameshift at exon 4. Except
for this error, the genomic sequence matches identically to the cDNA sequence of ACR.
As shown by densitometric analysis (Fig. 8), there should be only one ACR locus in the
human genome, making it unlikely that this locus is a pseudogene. Thus, the insertion of
the cytosine in exon 4 of ACR is mostly likely a sequencing error rather than the presence
of an ACR pseudogene on 22q. The stop codon in the ALPR H55337 exon of sc24
(position 1155 to the end of the clone) is the result of a frameshift introduced by the
previous exon (position 881 to 1154). I511 contains the in-frame translation of the
H55337 exon (position 137 to 250 of I511 clone, Fig. 12). If the starting nucleotide of the
H55337 exon (i.e. the thymine) is located at the second position of a codon
(i.e. gtg ctc ...), the translation will be in-frame. In sc24 the staring nucleotide thymine is
at the third position of a codon (i.e. agt get ...). If the frameshift of the H55337 exon in
sc24 is due to a sequencing error, the error could be either a deletion of two nucleotides
or an insertion of an extra nucleotide. I sequenced three cDNA clones from the same RT-
PCR product (sc24, sc31, and sc32. See Table 3). Although there are nucleotide
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substitutions which presumably were introduced by PCR, there are no deletions or
insertions found in the cDNA sequence when it is compared to the genomic sequence.
Strong denaturing agents were added in the polyacrylamide gel to eliminate possible
compressions in the sequencing (see the Materials and Methods), which usually appear in
G-Crich regions and lead to apparent deletions of nucleotides in the read sequence. As a
control, I have sequenced a chimeric cDNA that contains a ribosomal RNA gene at the 3’
end, which has a stretch of 35 G-C bp. The denaturation gel resolved all bases (data not
shown).Clone sc24 does not have any region that has more than 35 bp of G-C only
sequence. Therefore, it is unlikely that the frameshift is due to sequencing error.

The second possible explanation for the premature translation termination relates
to the post transcriptional modification of the mRNA. It is known that RNA editing
changes the sequence of some mRNAs after transcription. For example, there are
insertions (Feagin et al. 1988) and deletions (Cruz-Reyes and Sollner-Webb 1996;
Seiwert et al. 1996) of uracil residues in the transcripts of mitochondrial genes found in
kinetoplastid protozoa. Although the RNA editing that causes nucleotide changes in the
transcripts has been found in humans (Hodges et al. 1991; Sharma et al. 1994 Rueter et
al. 1995; Skuse et al. 1996), there is no report to show that RNA editing introduces
insertions or deletions into human mRNA. Also, there are no insertions/deletions in the
three cDNA clones sequenced, which makes it unlikely that the frameshift of the H55337
exon could be corrected by RNA editing. If there is any post-transcriptional modification,
it should be shown in some of the transcripts.

The most likely explanation is that the premature translation termination in the
sc24 transcript is real. There are many different ALPR transcripts which are produced by
alternative splicing. Therefore, the stop codon introduced in the H55337 exon could be a
result of alternative splicing which creates a truncated form of ALPR. This hypothesis is
supported by two observations. First, the exon that is 5’ to the preceding exon of H55337
exon (the P1 exon at Fig. 37 A) has the splicing donor site end at position 881 of sc24
(Fig. 11). The last nucleotide of this exon is at the first position of a codon. If this exon
skips one exon and splices to the H55337, the first nucleotide of H55337 will be on the
second position of a codon, which makes the translation in frame (Fig. 37 B). Therefore,
alternative splicing could produce an in-frame translation. Second, the ORF of the exon
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P1 Preceding H55337
exon €xon exon
Premature translation

termination

-~ GTT GTA .. .. ATC AGT GCT ..

B

Preceding
P1 exon HS55337
exon exon
- GTT G T GCT ...
P1 H55337
exon €xon

———p In-frame transiation

- GIT GTG CTC ..

Figure 37 Alternative splicing to produce (A) a premature
translation termination and (B) an in-frame translation through the
H55337 exon. (A) When the transcript includes the preceding
exon of H55337 exon, the first nucleotide of the H55337 exon
(i-e. the thymine) will be located on the third position of a codon,
which causes a frameshift and introduces a stop codon in the
H55337 exon. (B) If the exon 5’ to the preceding exon (i.e. the P1
exon) splices to the H55337 exon, the first nucleotide of the
H55337 exon will be at the second position of the codon. The
H55337 will have an in-frame translation.
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that is 5* to H55337 exon (the preceding exon) does not share any homology to any
protein that is homologous to ALPR (position 402-435 of the hypothetical ALPR protein,
Fig. 20). This suggests that the full length ALPR may not contain this exon, and the
transcript that contains this exon will create a truncated form of the ALPR. A truncated
form of a protein that is created by a premature translation termination has been found for
other proteins. For example, the striatum-enriched phosphatase (STEP) is a tyrosine
phosphatase that is found in the central nervous system. It contains four different
isoforms, two cytosolic and two membrane bound forms. Both cytosolic and membrane
bound forms contain a full length and a truncated protein (Charbonneau et al. 1989). The
truncated form of the membrane bound protein is produced by a transcript called STEP,,.
STEP;; contains a stop codon upstream of the nucleotide sequence which encodes the
tyrosine phosphatase domain (Charbonneau et al. 1989). It is unlikely that the STEP;,
transcript is an artifact because it can produce a protein with the corresponding size, the
STEP;4 protein is found in the membrane fraction of the rat brain tissue by subceliular
localization study, and the protein does not have any phosphatase activity (Bult et al.
1997). Bult et al. (1997) suggested that the truncated form STEP;; either presents the
substrates molecules to the full length protein, or it protects the substrates from
dephosphorylation by competitive binding of the truncated form with the full length
phosphatase to the substrates. The truncated form of ALPR is similar to that in STEP;;.
Both STEP isoforms contain a membrane binding domain, but a portion of the
intracellular domain is deleted in STEP;;. In ALPR, the membrane binding domain is the
ankyrin repeats domain (see below). The ankyrin repeats are found in sc24 (Fig. 21).
Therefore both isoforms could be membrane binding but the truncated ALPR would be
missing the polyproline region. To determine whether the stop codon on the H55337 is a
result of alternative splicing, I would need to look for the alternatively spliced transcripts
that put the H55337 in frame. This could be done by RT-PCR in different tissues to test
whether the transcript that produces the full length protein is found in some tissues but
not others. In Northern blot analysis, the sc24 probe detected the 7.5 kb band and a large
band like the 55337F-R1 and FL2 ALPR probes (Dana Shkolny, unpublished data). In
addition, it showed a small ~1.4 kb band in adult heart, brain, and skeletal muscle. This
small transcript could be the truncated transcript. Alternatively, the partial cDNAs of the
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human ALPR homologs (cDNA 208081, DS17. See Fig. 21) could be completely
sequenced, and then the ORFs of those cDNAs could be compared with the ORF of sc24
to look for the homologous sequence of the preceding exon of H55337. Both cDNA
208081 and DS17 share strong homology with ALPR (Fig. 21). If both cDNASs contain
an uninterrupted ORF and do not contain the sequence that is homologous to the
preceding exon of H55337, this would indicate that the stop codon in H55337 is caused
by the presence of the preceding exon.

The genscanex1 exon is very likely to be an exon of ALPR based on the
following observations. First, it shares a polyproline sequence with C33B4.3 protein and
a proline-rich ligand for the SH3 binding domain of rat cortactin binding protein | (see
below). Second, the partial cDNA fli (Fig. 10, Fig. 15) contains the 3’ end of the
genscanex1 which splices to FLS. This confirms the 3’ boundary of the genscanexi.
However, I could not clone the exon in full length. This could be due to the high G-C
content of the exon. The G-C content is similar to that of the dopamine D4 receptor gene
(DRD#4) (Fig. 19), whose transcript was not detectable by RT-PCR due to the high G-C
content (Bondy et al. 1996). It is known that G-C rich sequence is a difficult region for
PCR amplification. However, based on the sequence of the illegitimate PCR product
RI1F-M1314R (Fig. 18), it is more likely that the G-C rich content causes difficulty for
reverse transcription. RIF-M1314R contains two full length IS11 exons, and one I511
exon abnormally fused with a part of the genscanex1 (Fig. 18). G-C rich regions usually
form secondary structure, which presumably causes a pause of reverse transcriptase
synthesizing the first strand cDNA (Kotewicz et al. 1988) (Fig. 38 A). However, I
hypothesize that the illegitimate PCR product R1F-M1314R could not be amplified if the
reverse transcriptase paused before the secondary structure. It is also known that Tag
polymerase is “jumpy”, which means the Tag polymerase may elongate using one
template, and then “jump over” to another template to continue the elongation, thus
splicing two transcripts together. This occurs when the template DNA is severely
damaged (Pazbo et al. 1990). There is no evidence to suggest that the first cDNA strand
for PCR was damaged. Therefore it is unlikely that the RIF-M1314R is an error due to
PCR amplification. However, if the reverse transcriptase is also “jumpy”, so that it

“jumped over” the secondary structure in the RNA template and continued the first strand
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Figure 38 Two hypotheses for reverse transcription with an
RNA template that contains a secondary structure represented by a
loop in the template. The primer (green box)initiates the reverse
transcription, and the line with an arrow represents the first strand
cDNA and the direction in which it elongates. A. The reverse
transcriptase pauses before the secondary structure. B. The reverse
transcriptase jumps over the base of the secondary structure and
the first strand cDNA continues to elongate.
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synthesis (Fig. 38 B), the reverse transcriptase could synthesize a first strand cDNA that
contained the first two [511 exons in full length as well as parts of the one I511 exon and
genscanex1. The sequence within the secondary structure would be absent in the PCR
product. This could explain why the I511 exon was abnormally fused with the partial
genscanex 1, if the fusion point is at the base of the secondary structure where the reverse
transcriptase had to jump over to continue the strand elongation. The reverse transcriptase
“jump over” would be a rare event; only one illegitimate product was amplified in more
than ten RT-PCR experiments. The other RT-PCR reactions gave no amplification.
However, this suggests that the secondary structure within genscanex1 exists and makes
cloning difficult. Since reverse transcription is usually carried out at a low temperature
(i.e. 42°C), it is difficult to melt the secondary structure within the RNA template during
reverse transcription. I tried to set up a RT-PCR reaction using Tth polymerase, which
works at a higher temperature (Myer and Gelfand 1991), but I still could not clone the
genscanex|1 in full length by that approach (data not shown).

2 b) Possible function(s) of the ALPR protein

ALPR is named after its two functional domains: the ankyrin repeat domain and
the proline rich domain. Ankyrin repeats were originally found in the ankyrin molecule,
which plays an important role in maintaining the membrane skeleton (Reviewed by
Lambert and Bennett 1993). Ankyrin has many isoforms in erythrocytes and brain, but
they all share a similar structure. The N terminus contains twenty-two tandem 33-residue
repeats, which is a membrane binding motif that forms binding sites for various integral
membrane proteins. Downstream to these repeats in ankyrin is the binding domain
specific for spectrin, which is another membrane surface protein. The carboxyl end of
ankyrin is the regulatory domain. The function of this domain is isoform-specific
(reviewed by Lambert and Bennett 1993). The ankyrin repeat domain is found in various
receptor molecules. This membrane binding domain anchors the receptor molecule on the
membraze for the receptor to receive extracellular signals. For example, an ankyrin
repeat domain is found in the LIN-12/Notch proteins, which are a family of receptor

molecules with conserved structures and functions. Their family members include Notch,
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which receives an inhibition signal from the neighbouring cells to specify the neurogenic
cells to adopt either neural or epidermal fate (Atavanis-Tsakonas and Simpson, 1991).
Another family member, LIN-12, plays a role in the vulval development in C. elegans. In
the hermaphrodite, the anchor cell sends an induction signal through the lin-3/let-23
pathway to P6.p, the middle of three vulval precursor cells (Hill and Sternberg 1992).
This down-regulates the P6.p expression of LIN-12, which is a receptor molecule that
receives an inhibitory signal. The inhibitory signal causes the cells to adopt the default
fate (the secondary fate). Since less inhibitory signal is received by P6.p, it adopts the
primary fate whereas the two flanking VPC cells, P5.p and P7.p, adopt the secondary fate
(reviewed by Greenwald 1998).

Other than its membrane binding property, the ankyrin repeat domain is
implicated in other protein-protein interactions. For example, the ankyrin repeat domain
has been found in the 53BP2 protein, which binds to the p53 tumor suppressor protein
(Gorina and Pavletich 1996). p53 is an important cell cycle checkpoint gene. When DNA
damage occurs, the p53 protein induces the expression of the cyclin-dependent kinase
inhibitor p21"4"!, which in turn arrests the cell cycle (reviewed by Hansen and Oren
1997). However, unlike the null mutation of p53, p21¥*" null mutant mice still retain
some ability for checkpoint arrest (Deng et al. 1995). This suggests that there is another
effector pathway of p53 that is independent of the p21%¥**! induction pathway. The
binding of 53BP2 to p53 was found in a yeast two-hybrid system study (Iwabuchi et al.
1994). The 53BP2 binds to p53 by an ankyrin repeat domain and a SH3 domain which is
usually bound to proline rich ligands (see below) The p53 amino acid residues at the
surface that are in contact with 53BP2 are changed by point mutations in p53. Such
changes abolish the binding between 53BP2 and p53, and the tumor suppressor ability is
lost in those mutants (Gorina and Pavletich 1996). These results suggest that the tumor
suppressor ability of p53 is conferred by the protein-protein interaction between pS3 and
53BP2, which is mediated by an ankyrin repeat domain.

Another example of a protein-protein interaction through an ankyrin binding
domain is the heterodimer of GA-binding proteins (GABP). GABP is a transcriptional
regulator which is involved in the activation of genes in various gene families, such as the

nuclear genes encoding mitochondrial proteins (Virbasius et al. 1993). GABP consists of
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two subunits, namely, GABPo and GABPB. GABP o contains an ETS domain, which is
commonly found in the members of the ets protein family. The ETS domain binds to
DNA by recognizing the core motif 5’-GGAA/T-3’ (Karim et al. 1990). GABPS contains
an ankyrin repeat domain at the N-terminal. The ankyrin repeat domain forms loops of
B-hairpins, and the tips of the loop insert into the ol helix of GABPo. This protein-
protein interaction opens up the inhibitory configuration of the GABP o monomer,
which in turn stabilizes the transcription activator activity of GABP (Batchelor et al.
1998). It is not clear whether the ankyrin repeat domain in ALPR acts as a membrane
binding domain, or it is involved in other protein-protein interaction.

The second recognizable domain of ALPR is the proline rich domain. Various
functional domains of proteins are rich in proline residues. For the following discussions,
the term “proline rich” will indicate that the polypeptide sequence is mainly composed of
proline residues, but it also contains other amino acid residues that interrupt a pure stretch
of polyproline residues. The term “polyproline” will refer to a sequence of uninterrupted
homoproline. The ALPR protein appears to have both domains.

Proline rich sequence is found in ligands which specifically bind to SH3 domains.
Src homology 3 (SH3) domain was originally identified in a viral oncogene p4788<k,
which shares blocks of homology with a non-receptor class of tyrosine kinases at the non-
catalytic region (Mayer et al. 1988). Since then the SH3 domain has been found in many
proteins that are associated with the cytoskeleton (reviewed by Pawson 1995). The ALPR
hypothetical protein shares extensive homology with rat cortactin binding protein 1
which contains a proline rich ligand for the SH3 domain (Fig. 21). As the name implies,
this protein binds to the SH3 domain of cortactin, which is associated with the
cytoskeleton. Cortactin was originally characterized in chicken embryo cells. It was
named based on its localization in the cortical cytoskeletal network found in vertebrate
cells (Wu and Parsons 1993) which is beneath the inner surface of the plasma membrane
and is composed of a network of actin filaments and associated actin-binding proteins
(Wu and Parson 1993). Cortactin is a substrate for the oncogenic tyrosine kinase pp60*.
It causes the redistribution of filamentous actin (F-actin) after phosphorylation (Wu et al.
1991), which in turn changes the cortical cytoskeleton structure that alters the cell
morphology. Therefore, cortactin plays a role in the alteration of the cell morphology in
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response to an extracellular signal. There is a human homolog of cortactin called EMS1.
It also shows similar subcellular localization as cortactin in human transformed cells
(Schuuring et al. 1993). The alteration in cell morphology after extracellular signaling is
involved in different cellular processes, such as phagocytosis or cell differentiation. The
amino terminal of cortactin contains a tandem repeat domain that binds to the actin
filament, whereas the SH3 domain is found at the carboxyl end (Wu and Parson 1993).
SH3 domains from different proteins bind to proline rich ligands with a specific
consensus sequence. The consensus sequence of the ligand that is specific to cortactin
SH3 domain was determined to be +PPYPXKPXWL, in which “+”, “¥” and X stand for
basic, aliphatic, and any amino acid respectively (Sparks et al. 1996). The ligand
sequences in the ALPR hypothetical protein and rat cortactin binding protein 1 are
identical, and are located at the position 1343-1353 of the ALPR hypothetical protein, or
position 946-956 of the rat cortactin binding protein 1(Fig. 20).

The sequence of the rat cortactin binding protein 1 became available in GenBank
database in June, 1998. By the time of writing the cloning of the rat cortactin binding
protein 1 has not been published. As a result, the function of the protein is not known.
The only information available is that it binds to the SH3 domain of cortactin. Cortactin
binds constitutively to F-actin, regardless of whether it is in the phosphorylated or the
non-phosphorylated state (Wu and Parson 1993). Also, the distribution of F-actin and
cortactin overlap after pp60™ transformation (Wu et al. 1991). This indicates that the
redistribution of the F-actin after transformation is not the result of the dissociation of the
cortactin from F-actin. Therefore, the redistribution of the F-actin could be mediated by
the protein-protein interaction between cortactin and its binding protein after
phosphorylation. Thus, cortactin binding protein 1 could be involved in the F-actin
remodeling. Its homolog ALPR will then have an implicated function in cytoskeletal
regulation. In fact, the identical proline rich ligard sequence shared between the cortactin
binding protein 1 and ALPR reveals that ALPR may be able to bind to cortactin. This
makes it less likely that the ankyrin repeats of ALPR are involved in binding the
extracellular side of the membrane.

Other than the proline rich ligand sequence, ALPR also shares strong homology
with rat cortactin binding protein 1 in other regions, especially those close to the N-
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terminal and the C-terminal (Fig. 21). However, ALPR does not seem to be the human
orthologue of cortactin binding protein 1. First, the rat cortactin binding protein I does
not have the ankyrin repeat domain (Fig. 21) which is present in both ALPR and
C33B4.3. Second, the rat cortactin binding protein 1 is more similar to the retinal EST
clone AR than ALPR (Fig. 20), indicating that AR is more likely to be the human
homologue. However, AR does not have an uninterrupted ORF and a poly-A tail.
Therefore AR is likely to be a pseudogene. When AR was used as a probe and hybridized
to the monochromosomal hybrid panel, hybridization signals were seen on the
chromosome 11 and 13 DNA (data not shown). These results suggest that there are two
loci of AR in the human genome, one may be the real cortactin binding protein, and the
other may be its pseudogene. Other than AR, ALPR also shows homology to two other
human cDNAs. EST clone 208081 is homologous to ALPR at the ankyrin binding
domain region. The 5’ end of DS17 is homologous to the sc24 region of ALPR, and the
3’ end is homologous to I511 and the 5° end of the rat cortactin binding protein 1 (Fig.
21). Therefore, these proteins may represent a new family, whose family member
includes cortactin binding protein 1. A complete sequence for these clones might clarify
this.

At the position 749 to 779 of the ALPR hypothetical protein, there are stretches of
polyproline sequences (Fig. 20). The proline content is even higher in C33B4.3, which
contains homoproline sequences with a maximum length of 10 residues (Fig. 22). The
pyrrolidine rings in proline bend the polypeptide backbone of a protein, which is not
favourable to form secondary structures such as o-helixes or B-sheets. However,
polyproline forms a compact hydrophobic structure called type II poly-L-proline helix
(PPII). This structure is a ligand for binding sites that expose hydrophobic amino acids on
the protein surface (Mahoney et al. 1998). Polyproline has been implicated in a wide
range of functions. For example, seven proline residues in the Epstein-Barr virus nuclear
protein 2 are important for the transfomation function of the protein (Yalamanchili et al.
1996). The increase in proline residues in the polyproline chain of lysozymes increases
the bactericidal activity, presumably due to the increase of hydrophobicity and
subsequent increases in the binding affinity to the outer membrane of the bacteria (Ito et

al. 1997). The polyproline region in the zymogen form of acrosin (ACR) is cleaved off to
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form an active mature enzyme (Baba et al. 1989). It is interesting to note that polyproline
is also found in the ligand module of profilin, which plays an important role in actin
filament assembly (Mahoney et al. 1997). Profilin is an actin monomer binding protein. It
regulates the actin filament assembly by interacting with various cytoskeleton associated
proteins that are involved in a various developmental and morphological processes
(Mahoney et al. 1997). The protein-protein interaction is mediated by the binding of the
profilin to the polyproline ligands with at least six residues of proline (Petrella et al.
1996). However, ALPR only contains two stretches of pentaproline (Pro,, between
position 749 to 779 of ALPR hypothetical protein; see Fig. 20). Therefore it is not clear
whether ALPR is able to bind to profilin. The C. elegans homolog C33B4.3, however,
contains long homopolymers of prolines that are the potential ligands of profilin. If
ALPR is able to bind to profilin, it may be involved in cytoskeletal regulation by
coupling the polymerization of the actin monomers to filaments, and redistribution of the
filamentous actin under the regulation of cortactin.

Besides the ankyrin, polyproline and proline-rich sequences, there is another
putative function domain at the C-terminal of ALPR, which is highly conserved in
C33B4.3 and rat cortactin binding protein 1 (position 1594 to the end of ALPR
hypothetical protein, Fig. 20). This region also shares moderate homology with the C-
terminal of other kinases (see the results section “Homology between ALPR and other
proteins in the public databases *). This conserved region was originally found in the C-
terminal of the tyrosine kinases in the EPH receptor family, which is one of the four
families of receptor tyrosine kinase (the other three families are EGF receptor, insulin
receptor, and platelet-derived growth factor [PDGF] receptor; Lindberg and Hunter
1990). But it is also found in other non-receptor type tyrosine kinases, such as
diacylglycerol kinase delta (Sakane et al. 1996). The C-terminal of the EPH receptor
tyrosine kinase has been suggested to play a role in the kinase activity regulation by
autophosphorylation of a tyrosine residue (Lindberg and Hunter 1990), which is not
present in the ALPR and its homologs. Since the regulatory role of the C-terminal in EPH
family tyrosine kinases has not been proven, it is not clear whether the C-terminal of
ALPR and its homologs also have any regulatory function. However, as the C-terminal of

these proteins is well conserved, it may play an important role in the protein function.
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In summary, ALPR has a possible function in cytoskeletal regulation based on its
homology to the rat cortactin binding protein 1. The presence of the ankyrin repeat
domain in ALPR and C33B4.3 suggests that the proteins are either membrane bound, or
they are involved in other protein-protein interaction. ALPR has different transcripts,
including one that may produce a truncated protein due to the premature translation
termination at sc24, and those that terminate at three different 3’ ends. This suggests that
ALPR may have multiple functions. For example, the C-terminal that is homologous to
C33B4.3 and rat cortactin binding protein 1 comes from the sequence of the Last Exon.
The proteins that are produced from the transcripts with the other 3’ ends may function
slightly differently to C33B4.3 or rat cortactin binding protein 1. The presence of three
human homologs of ALPR (AR, cDNA 208081, DS17 in Fig. 21) suggests that ALPR

may represent a member of a new protein family.

2 ¢) Functional analysis of the C33B4.3 in C. elegans

Model organisms are often useful to study gene function of human candidate
disease genes. A common choice of model organism for studying human gene function is
the mouse. The mutant phenotype for a gene can often be determined by the gene
knockout approach. However, there are disadvantages to this approach. Gene knockout
experiments involve difficult techniques, take a long period of time, and are expensive.
Alternatively, C. elegans provides a powerful research tool for determining the basic
function of a protein through genetic analysis. Many proteins involved in a biochemical
pathway are well conserved throughout evolution. For example, apoptosis occurs during
somatic development in C. elegans. There are three major genes that determine whether a
cell is committed to programmed cell death: CED-3 and CED-4 promote cell death,
whereas CED-9 inhibits the effect of CED-3/CED -4 (Chinnaiyan et al. 1997). The
mammalian counterpart of CED-3 (the caspase family) and CED-9 (the Bcl-2 family)
have been determined for some time (reviewed by Cohen 1997; Hengartner and Horvitz
1994). The mammalian homolog of CED-4, however, was missing. The induction of
programmed cell death by caspase-9 in humans requires the processing of its zymogen
form to mature protein (Zou et al. 1997). It resembles the activation of the CED-3
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through CED+4 in C. elegans. (Chinnaiyan et al. 1997). Therefore, the C. elegans
pathway predicted that a human homologue of CED-4 should exist, and eventually its
homologue Apaf-1 was cloned (Zou et al. 1997). Studies showed that Apaf-1 binds to the
zymogen form of caspase-9 to activate its apoptotic activity, and Bcl-X, inhibits the
caspase-9-induced apoptosis by interacting with Apaf-1 (Pan et al. 1998; Hu et al. 1998).
Thus the pathway is well conserved from C. elegans to humans (Chinnaiyan et al. 1997).
Therefore, besides helping to understand the function of a gene, studies in C. elegans can
also help to identify other proteins involved in the same biochemical pathways as the
candidate gene. As a first step towards understanding ALPR, I determined the expression
pattern of its C. elegans homologue C33B4.3 by reporter gene fusion. [ also tried to
create a knockout phenotype by double stranded RNA interference.

C33B4.3 shares protein similarity to ALPR throughout the whole sequence. The
presence of the ankyrin repeat domain reveals that C33B4.3 is probably involved in
protein-protein interactions. The long stretches of polyproline sequences make it a
potential ligand for profilin (Mahoney et al. 1997). Although it is homologous to rat
cortactin binding protein 1 in some regions (Fig. 21), they are unlikely to have a similar
function because the proline rich ligand sequence is absent in C33B4.3 (Fig. 20).
C33B4.3 does not therefore interact with other proteins through the binding of a proline
rich ligand to a SH3 domain as may be true for ALPR.

Analysis of the expression of the lacZ reporter gene showed that C33B4.3 is
expressed in all three concentric germ layers of a metazoan. It is expressed in the
hypodermal seam cells, the vulval cells that link to the hypodermal cells, and the ventral
nerve cord (ectoderm), the pharynk, anal muscle cells and male reproductive organs
(mesoderm), and the posterior six intestinal cells (endoderm).

C33B4.3 is expressed very early during embryogenesis. The expression appears in
asingle or a few cells. The first prominent structures where expression is found are the
seam cells that run along the left and right lateral lines of the body (Fig. 23 A and B). The
seam cells are specialized hypodermal cells, which form a specialized cuticle structure
called alae at the L1, dauer and adult stage (Singh and Sulston 1978). In the L1 stage it
appears that only the six posterior seam cells have C33B4.3 expression (Fig. 25 A and B).
Those cells may be the V1 to V6 cells (Fig. 25 C), which undergo further cell division at
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the end of that stage. In both sexes the division of the seam cells give rise to hypodermal
nuclei. In male, the posterior VS5, V6, and T cells undergo further division to generate
rays structure. This specialization of cell fates in the seam cells is controlled by the lin-22
inhibitory signal pathway. The anterior cells (V1 to V4) respond to the inhibitory signal
from the posterior cells so that they do not commit to the ray sublineage (Emmons and
Sternberg 1997). The early expression of C33B4.3 in these six seam cells suggests that it
may play a role in this cell fate specialization.

When the embryo is in the three-fold stage before it hatches to an L1 larva, the
C33B4.3 expression is seen in the pharynx muscle cells. There may be also some rectal
expression, although it is not clearly seen in the plane of focus (Fig. 24 A and B).
However, the rectal expression is clear at the L1 larval stage (Fig. 25 B). During
embryogenesis a transcription factor pha-4, which is a member of the fork head gene
family, is expressed in the pharynx and rectum (Kalb et al. 1998). The PHA-4 protein
regulates organogensis of the digestive tract, so it is expressed in pharyngeal precursor
cells at the early stage of embryogenesis. The expression persists in all stages of the life
cycle (Kalb et al. 1998). C33B4.3 shows a similar expression pattern. Since the
expression of C33B4.3 in the embryo is still mosaic, it is not clear whether it is also
expressed in the same pharyngeal precursor cells as pha-4. However, the pharynx
expression is maintained throughout adulthood. (Fig. 26 D). There are, however,
differences between pha-4 and C33B4.3 expression. Weak expression of pha-4 is found
in gut, but C33B4.3 expression is limited to the six posterior intestinal cells (Fig. 27 B).
The rectal expression seems to be different between pha-4 and C33B4.3. Expression of
pha-4 is found in the two rectal valve cells and the three rectal epithelial cells (Kalb et al.
1998), whereas C33B4.3 expresses in the postembryonic blast cells in hermaphrodites
(Fig. 27 A, Fig. 39B) and a ring structure which corresponds to either the anal sphincter
muscle or the two rectal valve cells that are wrapped by the anal sphincter muscle. Since
the staining seems to be on a single ring rather than a two-cell structure, the latter is more
likely to be anal sphincter muscle. Therefore, even though the expression pattern of pha-4
and C33B4.3 is in similar regions, they are actually expressed in different cells. C33B4.3
in the muscle cells of pharynx and anus, versus pha-4 expression is found in different cell

types such as epithelial cells, muscle cells, marginal cells, gland cells and neuronal cells

158



in pharynx (Kalb et al. 1998). Although both C33B4.3 and pha-4 express in the pharynx
muscle cells throughout life, it is not clear whether they would interact with each other.

It is interesting to find the C33B4.3 expression in both vulval cells of the
hermaphrodite and the cells in the male tails. The formation of these two structures is
controlled by the same lin-3/let-23 signal pathway (Fig. 39). The vulva is formed by the
differentiation of three precursor cells: P5.p, P6.p, and P7.p. During vulval development,
the anchor cell expresses the LIN-3 protein, which is an EGF receptor type ligand. It
binds to LET-23 which is a EGF type receptor in the middle vulval precusor cells P6.p
(Hill and Sternberg 1992) (Fig. 39 A). The lin-3/let-23 signaling pathway down-regulates
the P6.p expression of LIN-12, which is a receptor molecule that receives an inhibitory
signal. The inhibitory signal specifies the cells to adopt the default fate (the secondary
fate). As a result, the P6.p adopts the primary fate which forms the opening of the vulva,
whereas the two flanking cells, PS.p and P7.p, adopt the secondary fate which forms the
wall of vulva (reviewed by Greenwald 1998)(Fig. 39A). The lateral view of vulva in
Figure 26 B shows that C33B4.3 is expressed in all descendents of the vulval precusor
cells.

Four post embryonic blast cells called B, Y, U, and F lie at the walls of the rectum
at the L4 stage (Fig. 39B). These cells do not divide further in the hermaphrodite but they
undergo further divisions in male to generate male specific structures. The B cell lineage
forms spicules, the two tubular structures that insert into the vulva of the hermaphrodite
and transfer the sperm to the hermaphrodite during copulation. The Y lineage forms a
group of neurons (postcloacal sensilla) that are close to the opening of the protodeum (the
male rectum). U and F lineages form other structures in the protodeum. (Emmons and
Sternberg 1997). During the spicule development, the B cells divide into four pairs of
cells. The F and U cells are located anterior to the eight B daughter cells (Fig. 39C). They
promote the anterior fate of the B daughter cells that are close to them through the
lin-3/let-23 signaling pathway. LIN-12 protein, on the other hand, inhibits the posterior
cells from adopting the anterior fates (Chamberlin and Sternberg 1994). Therefore, the
spicule development in males is very similar to the vulva development in the
hermaphrodite. Both organ developments require the lin-3/let-23 signaling pathway to
specify the cell fates based on their relative positions to the origin of the signal. The
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Figure 39 The lin-3/let-23 signal transduction pathway is involved in vulval
development in the hermaphrodite and spicule formation in the male. A. Vulva formation
by the division of three vulva precursor cells in the hypodermis. The anchor cell (AC)
specifies the vulva precursor cell P6.p to adopt the primary cell fate throught the lin-3/let-
3 signalling pathway. The two vulva precursor cells that are adjacent to P6.p (P5.p and
P7.p) receive an inhibitory signal through the LIN-12 receptor, which instructs them to
adopt the secondary fate. C33B4.3 expression is found in all descendents of the three
vulva precursor cells. B. The organization of the muscle and post-embryonic blast cells at
the intestine-rectum junction of the hermaphrodite tail. C33B4.3 expression is found in
the sphincter and anal depressor muscle cells as well as some of the post-embryonic blast
cells (F, Y, U, and B). C. Cell fate specification during spicule development in the male.
At the L4 stage, F and U divide once to give two descendent cells. B cells divided into
four pairs of daughter cells. F and U promote the anterior fate for the four B daughter
cells that are closest to them through the lin-3/let-23 pathways. The inhibitory signal
received by the LIN-12 receptor defines the posterior identity of the posterior pp cell. The
figures are redrawn from Sulston and Horvitz (1977), White. (1988), Chamberlin and

Sternberg (1994), and Emmons and Sternberg (1997).
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lateral inhibition generated by lin-12 will then specify the cells that are far away from the
lin-3/let-23 signaling source to adopt a secondary fate. The stained cells that are
surrounding the opening of the rectum could be the postembryonic cells B, Y, U, and F
(Fig. 27 A). The intense staining in the male tails makes it difficult to identify the cell
lineage of the stained cells, (Fig. 28 A), but some of them could be derived from the
postembryonic cells. It is not clear whether it is a coincidence that C33B4.3 expression
occurs in the cells that are involved in the lin-3/let-23 signal pathway. It is important to
determine whether the C33B4.3 expression occurs in the vulval precursor cells at the L3
stage of the hermaphrodite, or the postembryonic blast cells in the [ 4 stage of the male,
where the cell fates are specified in vulval or spicule development.

In order to investigate the function of C33B4.3 in the various cells showing
expression, I tried to generate a gene knockout by double stranded RNA interference.
This technique originated from the antisense knockout protocol. The idea was based on
introducing antisense RNA into the gonad of the hermaphrodite. The antisense RNA will
bind to its complementary mRNA, then the double strand RNA can be recognized by
RNAse and degraded. However, microinjection with sense RNA into the worms has the
same effect as injecting the antisense RNA, indicating that the interference of gene
expression by antisense RNA cannot be simply explained by the double stranded RNA
degradation model (Fire et al. 1998). Fire et al. (1998) showed that microinjecting the
worms with double stranded RNA gave a greater interfering effect than injecting either
sense or antisense RNA alone. I tested whether double stranded RNA could produce a
null mutation for C33B4.3. Although the double stranded RNA from the positive control
gene apx-1 produced the expected embryonic lethal phenotype, no observable phenotype
was found when the double stranded RNA of C33B4.3 was microinjected into the worms.
There are two possible explanations for this result. First, the loss of function mutation of
C33B4.3 may not have a physiological effect on the worm. Because there are two ALPR
homologs found in human, there could also be other C. elegans family members which
would compensate for the loss of C33B4.3 although the sequencing of the C. elegans
genome is near complete and no homology to another gene was found. Alternatively, the
technique did not work for the C33B4.3 gene. Even though Fire et al. (1998) showed that
double stranded RNA has a high and specific interfering effect on gene expression, the
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mechanism for such interference effect is still unknown. The results of antisense
knockout experiments showed that the technique had a higher success rate for maternally
expressed genes than genes expressed in the zygote
(http://www.ummed.edu/pub/c/cmello/index.html). In successful experiments Worms
loose the transcription of the target gene after the microinjection of the double strand
RNA (Fire et al. 1998). To test whether the double strand RNA causes any interference
with C33B4.3 expression, one can examine the transcription level of this gene after the
microinjection of double strand RNA. At this stage it is still inconclusive whether the
double strand RNA can knockout the expression of C33B4.3 gene.

In summary, C33B4.3 is expressed in various tissue types in C. elegans. It is
interesting to note the sexually dimorphic expression pattern of C33B4.3. This dimorphic
expression appears to be due to the lack of cell division occurring in the B, Y, U, and F
postembryonic cells in adult hermaphrodites, whereas these cells divide further in male
tails to produce various male-specific structures. C33B4.3 expression is found in cells
that are involved in two different signal pathways. The lin-22 inhibition pathway controls
the formation of the rays from the posterior seam cells in the male. The lin-3/let-23
pathway controls vulva development in the hermaphrodite and spicule development in
the male. C33B4.3 may have a function in those signal transduction pathways that control
development. The human ALPR may be involved in cytoskeleton remodeling. It is not
clear whether C33B4.3 also has a similar function. The polyproline sequence in C33B4.3
is a potential ligand for profilin, which also plays a role in cytoskeletal regulation.
However, profilin is involved in assembling actin monomers to filaments, rather than the
redistribution of filamentous actin in the cortical cytoskeleton network. Also, it is not
known whether cytoskeleton remodeling is required for those cells which undergo
differentiation during development. Nevertheless, this finding suggests that ALPR and its
homologs may play a role in a signal transduction pathway. Components of such a
pathway often show haploinsufficiency (Table 2), making ALPR a potential candidate
gene for the 22q13.3 deletion syndrome.
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3 a) Structure of RABL

RABL was identified by an EST contig located at position 106843 — 107128 of
AWcontig. One representative cDNA from the EST contig was fully sequenced.
Sequence analysis showed that it is homologous to the genes in the RAB family. Thus,
the gene is named as RAB-like or RABL.

RABL is located in the proximal subtelomeric domain of 22q and oriented
telomere to centromere. Although the 5’ UTR of RABL has not yet been fully
determined, RABL is adjacent to the boundary of the distal subtelomeric domain, which
presumably does not contain any expressed sequences (Flint et al. 1997b). Therefore,
RABL is probably the last gene on chromosome 22q. A proximal subtelomeric domain
usually shows strong homology and continuous matches with a few chromoseme ends
(Fig. 36 B, Flint et al. 1997b). In the case of 22q, there is one extended region of
homology. The genomic region where RABL is located is homologous to 2q13, the
fusion site of two ancestral ape chromosomes (Ijdo et al. 1991). The genes encoded by
the RABL locus on chromosome 2 (RABL2) and chromosome 22 (RABL22) only differ
by three amino acids, and all of the differences represent conservative changes (Fig. 32).
Both RABLSs are expressed in all the tissues tested (Fig. 33), although subtle differences

in the degree of expression may exist in some tissues.

3 b) Possible function of RABL

RABLSs share similarity with RAB proteins, which belong to a sub-family of the
RAS superfamily. To date mammalian cells have been found to have more than 40
members of the RAB family. RAB proteins are small GTPases that control vesicular
trafficking in the cells (reviewed by Lazar et al. 1997; Novick and Zerial 1997; and
Olkkonen and Stenmark 1997). RAB proteins are involved in transporting vesicles from
one subcellular compartment to another, or transporting proteins in the vesicle in and out

of cells through endo- or exocytosis respectively. The transportation of vesicles is
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regulated by a cycle of GDP/GTP exchange by the RAB protein. The inactive form of the
RAB protein is bound to GDP. RAB is activated by the exchange GDP to GTP catalysed
by guanine nucleotide exchange factor (GEF) (Fig. 40A). The active form of RAB-GTP
binds at the carboxyl end to the membrane of a vesicle. The carboxyl end contains a
cysteine rich domain which is subjected to prenylation by geranylgeranyl transferase. The
20-carbon geranylgeranyl group makes the carboxyl end hydrophobic so that it can bind
to the membrane of the vesicle (Fig. 40B). The RAB-GTP then moves the vesicle to the
target site. It docks on the effector molecule which is at the surface of the target site (Fig.
40C). The vesicle fuses with the target membrane and the contents inside the vesicle is
released. This is mediated by the hydrolysis of GTP to GDP in the presence of GTPase-
activating protein (GAP)(Fig. 40D). The GDP dissociation inhibitor (GDI) removes the
RAB-GDP from the membrane (Fig. 40E). In the cytosol, the GDI is dissociated from the
RAB-GDP. The free RAB-GDP complex is available to bind to GEF, which restarts the
vesicle transport cycle (Fig. 40F).

An Online Mendalian Inheritance in Man database search
(http://www.ncbi.nlm.gov/omim/searchomim.html) did not show any known human
disorder that is associated with RAB gene mutations. However, there are two RAB gene-
related human genetic diseases. Mutations in RAB escort protein-1 (REP-1) cause
atrophy of the choroid of the eye, resulting in choroideremia, an X-linked recessive
disorder. REP-1 shares protein homology with GDL. It assists the geranylgeranyl
transferase in the process of prenylation. Furthermore, REP-1 shares some functional
properties of GDJ, including the removal of RAB-GDP from the membrane and
inhibiting the release of GDP from RAB (Alexandrov et al. 1994). The target RAB for
the REP-1 assisted prenylation is Ram/Rab27, which shows the absence of prenylation in
patients with choroidermia (Seabra et al. 1995). Another RAB related disease is non-
specific X-linked mental retardation (MRX). Mutations in the GDI1 gene, which encodes
the o0 GDI protein, is believed to be the cause of this disorder. ae GDI binds to RAB3,
which regulates the Ca*-dependent synaptic-vesicle fusion at the synaptic terminals of
dendrites (D’ Adamo et al. 1998). The mutations of GDI1 in male patients abolish the
binding between o. GDI and RAB3-GDP, which may result in an increased GTP/GDP
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prenylated end

Figure 40 The cycling of a RAB protein vesicle transportation. A.
The guanine nucleotide exchange factor (GEF) exchanges the RAB
bound GDP for GTP. B. The RAB-GTP binds to the target vesicle. The
vesicle attaches to the prenylated carboxyl end of RAB. C. The vesicle
is transported to 2 membrane surface, which can be either the plasma
membrane or the membranes of different organelles. RAB docks on a
specific effector molecule. D. GTPase-activating protein catalyzes the
hydrolysis of GTP to GDP. This results in membrane fusion and
releases the vesicle contents. E. The GDP dissociation inhibitor (GDI)
binds to RAB-GDP and removes it from the membrane. F. GDI
dissociates from RAB-GDP, which makes the RAB-GDP accessible to
bind to GEF to restart the cycle of the vesicle transport. Redrawn from
Novick and Zerial (1997) and Lazar et al. (1997).

166



ratio and the constitutive binding of the RAB3 to the membrane. This defect occurs in the
central nervous system, resulting in mental retardation in males.

Similar to all the GTPases in the RAS superfamily, RABs are small proteins with
an average length of 200 — 300 amino acid residues. A typical RAB protein contains five
conserved domains: two guanine base-binding motifs (designated as G4 and G5 by Lazar
et al. 1997), two phosphate-Mg** binding motifs (G1 and G3) and one effector region
(G2). RABLSs are 228 amino acids in length, which is within the average size of a RAB
protein. However, RABLs lack one of the two conserved guanine base-binding domain
(the G5 motif with the conserved sequence EXSA), and the cysteine- rich domain at the
carboxy! terminal which is important for the binding of RABs onto the membrane of
vesicles (Fig. 32). The absence of the cysteine- rich domain suggests that RABLs may be
unable to bind to the membranes of vesicles. Therefore, RABLs are unlikely to function
in the same way as other RAB proteins. In fact, it is even questionable whether RABLs
are GTPases because they do not have one of the two conserved guanine binding motifs.
The effector region, G2, determines the specificity of the RAB molecules. Each specific
effector sequence interacts with different GTP activating proteins (GAP), or other
putative RAB effector sequences that acts downstream to RAB (reviewed by Olkkonen
and Stenmark 1997). The effector sequences are different in the two RABLs
(DGKTILVDF in RABL2 versus DGRTILVDF in RABL22). If the RABL effector
region functions in a similar way to RABs, the change of the effector sequence may give
the two RABLSs different functions. However, since the difference in the amino acid is
conservative (lysine and arginine), these two RABL proteins are likely to have similar if
not identical functions.

RABL has a 2.5 kb transcript expressed ubiquitously and a 1.4 kb transcript with
specific expression in adult and skeletal muscle (Fig. 34A). A 3’ RACE result shows that
the size difference between the 1.4 and 2.5 kb transcripts is probably the result of the
presence or absence of ~1 kb internal intron in the 3’UTR (Fig. 32). The hybridization of
the internal intron sequence to a Northern blot confirms that the 2.5 kb transcript carries
the internal intron, whereas the 1.4 kb muscle specific transcript does not (Fig. 34B).
Since the coding sequences of these two different sized transcripts are the same, the

absence of the internal intron in the 3’UTR specifically in muscle is difficult to explain.
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In general, the 3’ UTR sequence can be involved in various functions, including
stabilization of transcripts (Crowley and Hazelrigg 1995; Miyamoto et al. 1996; Wilson
et al. 1998), subcellular localization of transcripts (Ainger et al. 1997; Macdonald and
Kerr 1997; Mahon et al. 1997), post-transcriptional regulation (Kern et al. 1997; Savitsky
et al. 1997), translational repression (Hel et al. 1998), translational modification (Kollmus
et al. 1996), or even tumor suppression (Jupe et al. 1996). The internal intron occupies
1255 bp of the 3° UTR, and splicing out of this intron will leave only 220 bp of 3’UTR in
the 1.4 kb transcript. If the length of the 3’ UTR determines the stability of the transcript,
the short 3° UTR transcript may be more stable than the long one, so that more RABL
will be produced in muscle tissues which may have a higher demand for the protein. If
the short 3' UTR transcript is less stable, it would be unclear why the muscle cells need
short-lived transcripts if they already have the stable long 3' UTR transcripts. The
subcellular localization model is attractive. If a particular specific subcellular structure in
the muscle cells specifically needs RABL function, the alternative splicing in the 3’ UTR
may localize the corresponding transcript to that subcellular structure. It should be noted
that some RAB proteins are found in more than one subcellular location of a cell
(reviewed by Olkkonen and Stenmark 1997). If RABL functions in a similar way to RAB
proteins, it may need a mechanism for the distribution of the protein to a specific
subcellular location. Other models are possible but it is difficult to explain how they
could fit in the scenario. For example, if the translation of either one of the transcripts is
repressed, it is unclear why the cells are obligated to transcribe the mRNA. To test which
model is correct, one could determine the stability or the subcellular location of these two
transcripts. Different lengths of the 3'UTR generated by splicing out of the internal intron
have also been found in the transducin beta3 subunit gene in dog (Akmedo et al. 1997),
but the functions of the two different UTRs is not known.

Other than the common 2.5 kb transcript, RABL has two more faint transcripts
(4.4 kb, > 10 kb) seen in the fetal tissues (Fig. 34). The putative 5” end of RABL is only
~2 kb away from the degenerative telomeric repeat sequences (Fig. 31), the boundary
between the proximal and distal subtelomeric domain. If there is more 5’ sequence for
RABL that corresponds to the sizes of the two fetal transcripts, RABL would span the

proximal and distal subtelomeric region. The 5’ end would then contain the subtelomeric
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repeat sequences shared by other chromosomes. There is only 1.6 kb of unique sequence
centromeric to the 3’ end of the RABL cDNA; after that the sequence runs into a 16 kb
cluster of the LINE/SINE repeats between ACR and RABL (Fig. 9). Centromeric to the
16 kb LINE/SINE repeat cluster is the minisatellite repeat sequence 3’AR. There is only
a total of 2.5 kb of unique sequence between ACR and 3’AR. As a result, if RABL
extends 5’ or 3’ of the present location, it will run into repeat sequences. The fetal
transcripts may have a large 3’ UTR containing a larger number of repeats. Alternatively,
the 4.4 and >10 kb transcripts may not represent RABL expression, but perhaps represent
cross-hybridization with related genes.

In summary, the two RABL genes are homologous to RAB genes. One of the
members of the RAB family (RAB3) has been associated with the non-specific X-linked
mental retardation. This indicates that the mutations in RAB or related genes can possibly
cause the abnormal phenotypic features seen in NT. However, RABLSs do not seem to
function in the same way as RAB proteins and they are not expressed specifically in
brain. Further investigation of the novel function of these new RAB-like genes is

necessary.

3c) Gene duplication in RABL

The genomic regions of RABL2 and RABL22 are highly homologous. The
percentage of sequence divergence within the 15 kb RABL locus is only 0.56 (see the
“Genomic Organization of the NT Microdeletion Region” section above). This suggests
that the genomic sequence of RABL is recently duplicated. There are 23 nucleotide
differences over the 2114 bp of the two RABL genes (~1% divergence). If the average
rate of neutral nucleotide substitution in primates is between 1.5 — 2X 10 substitutions
per nucleotide site per year (Régnier et al. 1997), the two RABL genes would have begun
to diverge from each other in the last 2.5 — 3 million years (Myr). The divergence date of
the chimpanzee from human is 6.4+2.6 Myr based on an estimation of the silent
nuclevtide substitution rate in the coding region (Sakoyama et al. 1987), or 4.5 Myr based
on a calculation using a maximum likelihood method (Takahata and Satta 1997). Either
estimate of the divergence date suggests that RABL was duplicated after the human
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ancestral lineage branched off from the chimpanzee, which is the most closely related
primate to human. This result would suggest that RABL is only duplicated in humans,
and not other primates. Recently, we have attempted to estimate the number of RABL
genes in various primates (Austin Chen, unpublished results). The primate DNAs were
digested with BsrG1, which is the endonuclease site that can distinguish RABL22 from
RABL2 (Fig. 30 and Fig. 31). The digested DNA was then electrophoresed and Southern
blotted. A partial cDNA within the exon that contains polymorphic BsrG1 site was
amplified by RT-PCR (RABLF1-E0.91, see Fig. 31), and used to probe the primate blot.
This probe showed a common 3.2 kb band in orangutan, gorilla, chimpanzee and human.
In human this band represents the RABL22 copy, as confirmed by comparing to the
chromosome 22 containing somatic cell hybrid. Human also showed a ~7.5 kb band,
representing the RABL2 locus, which does not have a BsrG1 site. This result suggests
that other than humans, all the primates tested have only one copy of the RABL locus, the
equivalent of RABL22. This matches the gene divergence data, which predicts that only
human has a duplication in RABL. However, it is also possible that other primates have
duplications in RABL, but that the BsrG1 site is conserved between the two RABL genes
so that BstG1 cannot differentiate between the two loci. To resolve this, FISH could be
done on primate chromosomes using cosmid C202 (Fig. 3), which hybridizes to both
human RABL loci. This has previously been done for the olfactory receptor genes, which
are found on the subtelomeric region of 3q, 159, and 19p (Trask et al. 1998). When the
genomic DNA containing these genes were used as probes for FISH analysis, there was
only one major signal found in the metaphase spreads of orangutan, chimpanzee, and
gorilla (Trask et al. 1998), indicating that duplications had only occurred in human.

4 . Relevance to NT microdeletion

My research indicates that the NT microdeletion region contains three genes. The
challenge is to determine if any of these genes are associated with the abnormal features
of mental retardation and expressive speech delay found in this patient. It is unlikely that
the deletion of acrosin, involved in the sperm penetration of oocyte, leads to the abnormal
features of NT. Although RABL22 is homologous to RAB proteins, it lacks the
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functional domain that is essential for the binding of RAB proteins to the membrane of
vesicles. Also, the absence of one of the two guanine base binding domains makes it less
likely to be a GTPase. Since the function of this novel protein is therefore unknown, it is
difficult to predict whether it is involved in NT’s abnormal phenotype. However, since
both RABL2 and RABL22 are expressed, and very close in sequence, RABL may have
the equivalent of 4 active copies. If this is the case, the deletion of one in four copies of
RABL may not produce any phenotypic effect. This leaves ALPR. ALPR could be a
protein involved in a signal transduction pathway, possibly the actin remodeling in
response to a signal or specifying the [;osition identity of a cell during development as in
C. elegans. That makes ALPR a potential candidate to be affected by haploinsufficiency.
There is also a specific transcript in fetal and adult brain. It is also possible that none of
the genes are involved in the syndrome. In order to determine whether ALPR is the
candidate gene, one may need to look for another microdeletion or cryptic
rearrangements that disrupt the locus of ALPR, and compare the corresponding
phenotype with that in NT. Further clinical comparison of the specific abnormalities
shown by NT and patients with deletion 22q13.3 syndrome may also help to determine

whether NT’s features represent a subset of the syndrome.

Future Research

Construction of a full ALPR cDNA contig

There are still regions of ALPR which remain to be cloned. These are the 3°UTR
of the Last Exon, genscanex1, and the 5’UTR. The 3’ UTR of the Last Exon may be
cloned by 3° RACE. One could hybridize a clone of the Last Exon to a Northern blot, and
choose the appropriate tissue for the RACE experiment. The cloning of the sequence that
is 5° to the Last Exon may be difficult, because that region also has a high G-C content
(Fig. 19). Perhaps one could try to clone the mouse homolog of the ALPR that includes
the Last exon. The G-C content of the region might be slightly lower in mice as it is in C.

elegans where this region was cloned. ALPR may be more clonable in another organism.
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The cloning of the genscanex! is also a difficult task. I experimentally found that
genscanex1 was refractory to cloning, perhaps because its mRNA forms a strong
secondary structure. To prove it is a true expressed sequence, one could look for the
mouse homolog of this gene if it is clonable. By comparing the ORF between human and
mouse ALPR, one may be able to confirm the prediction of exon boundary.

Like the Last Exon and genscanex1, the 5°UTR is also G-C rich. Dr Bruce Roe’s
laboratory only sequenced 298 bp upstream of the starting exon of ALPR. This 298 bp
contains 83% G-C content, and a few unresolved nucleotides. The sequence that is 5’ to
the gap is difficult to predict. I do not have any further cDNA sequence to compare the
sequence that is next to this gap, I cannot determine the orientation of that sequence
contig. A genomic BAC clone (799F10, GenBank accession number Z83345) overlaps
with the AWcontig region and is being sequenced by the Sanger Centre, so eventually
this gap will be closed. I tried twice to clone the 5’ UTR by 5° RACE using a commercial
cDNA library (fetal brain Marathon cDNA library, Clontech), but without success. The
complete sequence of the region should be available soon, and then some of these
problems may be easier to address.

The stop codon in sc24 suggests that there could be a transcript that produces a
truncated form of the protein. The alternatively spliced transcripts that put the H55337
exon in frame could be cloned by RT-PCR. Alternatively, the two human ALPR
homologs could be fully sequenced, and their ORFs compared to that in ALPR to see
which exons could put the ALPR translation in frame.

Functional analysis of the mammalian ALPR gene

I have hypothesized that the clinical features of mental retardation and expressive
speech delay in NT are possibly due to haploinsufficiency of ALPR. The mouse could be
used as a model organism at least to study the possible role of ALPR in brain.
Experimental techniques such as whole mount and sectioned mouse embryo in stiu
hybridization could be used to determine if there 1s any specificity to embryonic/fetal
brain. Since ALPR is probably involved in protein-protein interactions, the best approach

to determining function might be to determine what ALPR interacts with. This could be
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done by a immunoprecipitation or two-hybrid system. To see whether the deletion of
ALPR will produce an abnormal phenotype in mouse, one could try a gene knockout
approach. Although the mouse cannot be used to study speech development, it can show
whether the deletion affects the function of the brain by doing behavioral analysis of the

mutant animal.

Determine the basic function of ALPR using C. elegans

The gene expression data of C33B4.3 sets the stage for future work on this gene
in C. elegans to determine its function in this organism. Further studies are needed to
identify certain cell lineages that show C33B4.3 expression, especially the cells that show
male specific expression at the tail of the worm. I made one attempt to determine the
mutant phenotype by deletion library screening (Jensen et al. 1997) but without success.
The basic idea for the deletion library is to mutagenize worms using chemicals that are
known to generate deletions, and then arrange the mutagenized animals into pools which
can be screened. A pair of primers flanking the target gene locus are then used for
screening for a deletion by PCR in the mutagenized worm population (Jensen et al.
1997). It would be worthwhile to screen a new deletion library for a C33B4.3 mutant.
Much information about the function of a gene could be revealed by a mutant phenotype.
Once the mutant is isolated, one could try to rescue the mutant by introducing the human
ALPR. If the human homolog can rescue the mutant phenotype, one can then conclude
ALPR and C33B4.3 share functional homology. Furthermore, a yeast two hybrid system
could be used to determine what proteins interact with C33B4.3. This would help to

understand the biochemical pathway that the gene is involved in.
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Appendix : Sequence annotations on AWcontig

Bosiﬁon onm - - Desc'ﬁpﬁon [ _ % sidentities. - Pivai;rilet
AWeontig | SSRUvngl ot | S PO
623-797 CpG DNA clone 92a12 90 1 xe-62
3781-3928 L2 (LINE)
4282-4578 AluSq (SINE)
4736-4831 HY3 (scRNA)
4835-4886 AluJo/FRAM (SINE)
5046-5341 AluSx (SINE)
5734-6179 LIM4 (LINE)
6609-6911 AluSq (SINE)
6976-7287 AluSx (SINE)
7713-7893 MIR (SINE)
7946-8246 AluY (SINE)
8572-8684 MIR (SINE)
9018-9311 Alulb (SINE)
9457-9525 LIMB3 (LINE)
9537-9594 HY1 (scRNA)
9637-9932 AluSx (SINE)
10094-10216 LIM4 (LINE)
10219-10520 AluY (SINE)
10521-10766 LIM4 (LINE)
10775-10825 AlusS (SINE)
11210-11272 Starting exon of ALPR
C. elegans protein C33B4.3 248367 43 in protein I xe-90in
level protein level
11616-11819 exon of ALPR clone sc24
C. elegans protein C33B4.3 ZA8367 43 in protein I xe90in
level protein level
13190-13261 exon of ALPR clone sc24
C. elegans protein C33B4.3 248367 43 in protein 1xe90in
level protein level
13631-13698 MIR (SINE)
15153-15261 exon of ALPR clone sc24
C. elegans protein C33B4.3 248367 43 in protein 1xe-90in
level protein level
DS17T7 67 in protein
level
15337-15488 exon of ALPR clone sc24
C. elegans protein C33B4.3 ZA8367 43 in protein I xe-901in
level protein level
DS17T7 67 in protein
level
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- | Deseription:: = ~ - oL T Genbank' - |%:identities : |P-value
W o 3 R -t A accession# . | - -
15587-15754 exon of ALPR clone sc24
C. elegans protein C33B4.3 Z48367 43 in protein 1 xe-90 in
level protein level
DSI7T7 67 in protein
level
15692 beginning of INFLS clone 208081 H62649 72 in protein T xe-4in
level protein level
15745-21015 minisatellite MS607 X58043 and 100 0
(VNTR locus D225163) X58044
15880-15996 exon of ALPR clone sc24
C. elegans protein C33B4.3 748367 43 in protein 1xe-90in
level protein level
exon of INFLS clone 208081 H62649 72 in protein Txe4in
level protein level
20607-20684 exon of ALPR clone sc24
C. clegans protein C33B4.3 ZA8367 43 in protein 1xe-90in
level protein level
exon of INFLS clone 208081 H62649 72 in protein 7xe4in
level protein level
23499-23583 MERS]1 (SINE)
23793-23855 exon of ALPR clone sc24
C. elegans protein C33B4.3 748367 43 in protein I xe90in
level protein level
exon of INFLS clone 208081 H62649 72 in protein 7xe4in
level protein level
26727-27026 AluY (SINE)
27035-27113 MIR (SINE)
27525-27610 MIR (SINE)
28112-29435 LIMBS (LINE)
29437-29737 AluSq (SINE)
29740-30469 LIMBS (LINE)
30470-30571 U6 (snRNA)
30572-31372 LIMBS (LINE)
31484-31782 AluSp (SINE)
31808-31928 AluJb (SINE)
31939-32243 AluSp (SINE)
32244-32424 LIMEBS (LINE)
32425-32715 AluJb (SINE)
32732-33399 LIMBS (LINE)
33400-33582 MERS8A (SINE) -
33834-33941 MERSI (SINE)
33983-34256 exon of ALPR clone sc24
35168-35285 MIR (SINE)
365620 Proximal end of N85A3
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Appendix (continued...... 2)

Positionon- - * |Description:=. [ue~ - =
AWcontig : ” - : N L
37562-37675 Chromosome 22 exon H55337 100 0
exon of ALPR clone sc24
exon of ALPR clone [511
39034-39098 L2 (LINE)
41178-41281 L2 (LINE)
4130141711 L2 (LINE)
42732-42807 exon of ALPR clone I511
43038-43120 exon of ALPR clone I511
Rat cortactin binding protein 1 AF060116 50 in protein 1 xe-73in
level protein level
43609-43733 exon of ALPR clone [511
Rat cortactin binding protein 1 AF060116 50 in protein Ixe73in
level protein level
C. elegans protein C33B4.3 ZA8367 47 in protein 2xe-18in
Ievel protein level
DS17T3 82 in protein
level
AR, Soares retina N2b4HR cDNA H41098 80 in protein 1 xe-61
clone 191111 level
43835-43967 exon of ALPR clone [511
Rat cortactin binding protein 1 AF060116 50 in protein I xe-73in
level protein level
C. elegans protein C33B4.3 ZA8367 47 in protein 2xe-18in
level protein level
DSI17T3 82 in protein
level
AR, Soares retina N2b4HR cDNA H41098 80 in protein I x e-61
clone 191111 level
44943-45023 exon of ALPR clone I511
Rat cortactin binding protein 1 AF060116 50 in protein Ixe-73in
level protein level
C. elegans protein C33B4.3 ZA8367 47 in protein 2xe-18in
level protein level
AR, Soares retina N2b4HR cDNA H41098 80 in protein I xe-61in
clone 191111 level protein level
45612-46609 AL, Stratagene liver cDNA T61326
clone 77923 T61275
45899-46498 AluSq (SINE)
46938-47236 AluSq (SINE)
4771348014 Alwb (SINE)
48053-48183 LIMEC (LINE)
49491-49706 Human telomeric clone 19QTEL00S 796444 100 Ixe-116
49661-50062 Human telomeric clone 19QTEL0OS 796444 89 4xe-19
50127-50226 Human telomeric clone 19QTELCOS 296444 92 1xe5
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AWeontig - 5.t |accessiomiEs |z
45486-50509
Rat contactin binding protein 1 AF060116 50 in protein lxe-73in
level protein level
AR, Soares retina N2b4HR cDNA H41098 80 in protein Ixe-6lin
clone 191111 level protein level
52657-52774 MIR (SINE)
53787-53918 exon of ALPR clone [S11
Rat cortactin binding protein 1 AF060116 50 in protein Il xe-73in
level protein level
AR, Soares retina N2b4HR cDNA H41098 80 in protein 1 xe-61in
clone 191111 level protein level
54540-54629 exon of ALPR clone IS11
Rat cortactin binding protein 1 AF060116 50 in protein 1xe73in
level protein level
AR, Soares retina N2b4HR cDNA H41098 80 in protein 1 xe-61in
clone 191111 level protein level
54772-55801 Terminal exon of ALPR clone I511
55822-55932 MIR (SINE)
56062-56187 L2 (SINE)
59055-61308 genscan predicted exon genescanex|
Rat cortactin binding protein 1 AF060116 22 in protein 2xe-14in
level protein level
60867-62902 TF, Nb2HF8 cDNA clone 760010 AA451718
61109-61308 M1314, NbME13.514.5 AA008999
¢DNA clone 441452
61159-61308 ALPR clone Fli
62052 Proximal end of N9412
62269-62722 ALPR clone Fli
62403-62902 FLS, INFLS cDNA clone 121540 T97800
T97699
INFLS cDNA clone 109839 T85152
T88710
62903-63618 Soare testis NHT clone 728630 AA435832
AA397596
63910-63995 MIR (SINE)
64311-65357 Soare testis NHT clone 757178 AA444132
AA443953
66599-66804 exon of FL2, Soares fetal lung W31128
NBHLI19W cDNA clone 306553 N91835
exon of FL, Soares fetal lung W21394
NbHL19W ¢DNA clone 306908 N79090
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Positiomon=;[Descriptio | Genbank2]5
AWconitig .o i T s S “faccesSiomitiv; -
69592-70173 genscan predicated "Last Exon"
Rat cortactin binding protein 1 AF060116 66 in protein 3.8 xe-21
level in protein
C. elegans protein C33B4.3 ZA8367 43 in protein 75xe9in
level protein level
71015-72061 exon of FL2, Soares fetal lung W31128
NbHL 19W cDNA clone 306553 N91835
exon of FL, Soares fetal lung Ww21394
NbHL I19W cDNA clone 306908 N79090
FH, fetal heart NbHH1 cDNA clone W68487
342586 W68304
AB, Soares breast 2NbHBst cDNA R72190
clone 155784
MB, Life Tech mouse brain cDNA W48990
clone 369089
mbl101, mouse brain cDNA
73744-74026 AluJo (SINE)
74980-75275 AluSq (SINE)
7T7090-77183 Ist exon of acrosin gene, ACR Y00970 100 0
78142-78345 2nd exon of acrosin gene, ACR Y00970 100 0
78565-78848 3rd exon of acrosin gene, ACR Y00970 100 0
79196-79260 MIR (SINE)
80468 distal end of N85A3
80721-81015 AluSq (SINE)
81134-81434 AluY (SINE)
81587-81638 L2 (LINE)
81906-82205 AluY (SINE)
82932-83077 4th exon of acrosin gene, ACR Y00970 100 0
83524-84169 last exon of acrosin gene, ACR Y00970 100 0
86764-88145 minisatellite repeat clone 3'AR S69626 100 0
88325-88408 LIME (LINE)
88402-89019 LIME] (LINE)
89029-93315 LIPA2 (LINE)
93328-94338 Human mRNA for U2 snRN? X13482 98 0
specific A’ protien
94340-96193 L1PA2 (LINE)
96197-96583 LIMC/D (LINE)
96573-96791 LIM4 (LINE)
96797-96942 LIMC/D (LINE)
96956-97259 AluSq (SINE)
97265-97594 LIMC/D (LINE)
97599-97893 AluY (SINE)
97903-98572 LIMAG (LINE)
98580-98706 LIM4 (LINE)
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Position-on Description- - - s Genbank: |%‘identities. [P-value = -
AWeontigs:, 5 3|: =5 ¢ accession# ff' |
98861-98910 LIMC/D (LINE)

98963-90012 LIM4 (LINE)

99099-99428 LIM4 (LINE)

99430-99731 AluSx (SINE)

99742-100097 LIM4 (LINE)

100139-100742 LIMC3(LINE)

100764-100905 AlulJo(SINE)

100928-101167 LIMC4(LINE)

101215-101303 LIMC3(LINE)

101311-101606 AluSg (SINE)

10614-101915 AluY (SINE)

101917-102012 LIM4 (LINE)

102031-102325 AluJo (SINE)

102478-103086 LIMBS (LINE)

103104-103511 LIMA10 (LINE)

103547-103853 AluY (SINE)

103796 proximal end of N1G3

103859-103937 LIM4 (LINE)

103960-104731 LIM4 (LINE)

105505 distal end of N94H12

106379-107744 Terminal exon of RABL22

106581-107627 Internal intron of RABL22

106843-107128 AluSc (SINE)

106379-121217*  |pul, Soares pregnant uterus AA149886
cDNA clone 504484 AA150066
pus, Soares INFLS S1 cDNA clone W80394
415405 W78972
Smt, Stratagene mouse testis AA183362
cDNA clone 567614
Bmer, Beddington mouse embryonic AAIL16785
region cDNA clone 538279
Stratagene neuron hNT cDNA clone AA210938
648339 AA207204
Soares pregnant urterus cDNA clone AA036989
472080
Jurkat T cell VI EST 182877 AA1312]189
Placenta Nb 2HP cDNA clone R23729
131603
Adult lung directed Mbol cDNA clone D45473
HMGS02645
Soares INFLS c¢DNA clone 207564 H60176
Soares INFLS c¢DNA clone 241050 H80307

H80306
Soares INFLS cDNA clone 129994 R19279
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Positiomon; - -:|Description’: ~*|Genbaiikii#2 %'identities - - |P-value- -
AWeontig -~ }:- 0TI o f |actesstoni e - ) =
106379-121217*  |Breast 2Nb HBst cDNA clone R72353
155956
Soares INFLS cDNA clone 193843 H51752
Soares INFLS cDNA clone 210317 H65526
H65328
Fetal lung cDNA clone HUML 1875 D31574
Soares INFLS cDNA clone 128770 R09999
Soares Infant brain INIB ¢cDNA H15347
clone 49429
6 week [ embryo cNDA clone AA330982
EST34770
Stratagene fetal spleen cDNA clone TS51405
71766
Melanocyte 2NbHM cDNA N32345
clone 267260
HSCI172 cells U ¢cDNA clone AA375193
EST87454
Bone marrow stromal fibroblast AAS545802
cDNA cfone HBMSF2B11-REV
Umbilical vein endothelial cells II AA296394
cDNA cione EST10878
Melanocyte 2NbHM cDNA clone N31889
267219 N23988
Umbilical vein endothelial cells IT AA296220
cDNA clone EST10923
Heart cDNA clone D226R , D226F T20240
T20239
Stratagene ovarian cancer cDNA AA169674
clone 594366 AA169486
Total fetus Nb2HF8 9w cNDA clone AA436912
758744
Prostatic intraepithelial AA228316
neoplasia 2 NCI CGAP Pr2
cDNA clone 1010472
Fetal heart NbHH19W ¢cDNA AA026499
clone 366489 AA026422
Takeda pancreatic islet cells D82203
cDNA clone HUMHBC4569
DKrizman ovary NCI_CGAP_Ov2
cDNA clone 980661 AAS25419
TNF alpha-treated aonta AA304238
endothelial cells clone EST17155
12 week I Embryo cDNA clone T28211
EST32016
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Position on Description Genbank |% identities - [P-value
AWcontig |accession # :
106379-121217* |DKrizman ovary NCI_CGAP_Ov2 AAS525402
c¢DNA clone 980646
Adult lung, 3' directed Mbol D45706
cDNA clone HUMGS(2903
Fetal heart NbHH19W cDNA W68775
clone 342627 W68672
Soares INFLS cDNA cione 207983 H60545
Soares INFLS cDNA clone 773556 AA428182
Soares INFLS cDNA clone 247438 N54149
' N58674
Multiple sclerosis 2NbHMSP N40970
cDNA clone 279828 N44978
Soares INFLS cDNA clone 205332 H62205
Soares INFLS cDNA clone 229380 H79283
Soares Infant brain INIB cDNA H29611
clone 20095
Soares INFLS cDNA clone 293422 N63690
testis NHT cDNA clone 728207 AA435681
AA393643
Fetal heart NbHHI9W c¢DNA clone W68753
342875 W68836
Soares INFLS cDNA clone 241050 H80306
Brain IV cDNA clone EST00634 M78486
107911-107994 exon of RABL22
108335-108419 exon of RABL22
108775-108886 exon of RABL22
109104-109405 AluSq (SINE)
109621-109911 AluJo (SINE)
109916-110154 AluSx (SINE)
110162-110445 AluSx (SINE)
110482-110779 AluJb (SINE)
110873-111198 AluSx (SINE)
112769-113064 AluY (SINE)
113335-113357 H. sapiens mRNA (clone 1A4) 778283 97 1xe-129
113389-113657 H. sapiens mRNA (clone 1A4) Z78283
113393-113657 Human BAC end clone R-23J23 AQO014266 99 1 xe-129
113658-113948 AluSq (SINE)
113949-114032 Human BAC end clone R-23]23 AQO014266 99 1xe-129
114643-114721 exon of RABL22
115540-115619 exon of RABL22
116291-116432 MERSB (SINE)
116476-116587 MIR
116822-116851 exon of RABL22
117201-117374 AluSg (SINE)

209




Appendix (continued...... 8)

Position o< :;|Description-. . .. |Genbank:-

AWeontigsir 8 Co _jaccession - |

117420-117493 L2 (LINE)

117534-117682 L2 (LINE)

118572-118864 AluSx (SINE)

119270-119357 AluJ/FRAM (SINE)

119929-120232 AluY (SINE)

121058-121217 exon of RABL22

122371-122467 Starting exon of RABL22

123054-123493 MER4A2 (SINE)

123632-124041 MER4A2 (SINE)

124042-124080 Soares testis NHT cDNA clone AA868289
1408432
NCI CGAP Kid3 cDNA clone AA919161
1535374

124081-124245 L2 (LINE)

124944-125279 degenerative telomere repeat

125305-125454 Chromosome 20 telomere-assoicated AF020783
repeat DNA

125305-125443 Homologous to human telomeric seq X16162

125306-125632 Human DNA sequeace from 4PTEL, 295704
Huntington's disease region

125306-125632 Human chromosome 18p, 18pterP! U32384

125343-125618 telomeric DNA sequence, clone 296268
13QTEL025

125633-125723 MIR (SINE)

125724-126443 Human DNA sequence from 4PTEL, 295704
Huntington’s disease region

125724-126002 Human chromosome 18p, 18pterP! U32384

126156-126294 telomeric DNA sequence, clone 296268
13QTEL025

126225-126435 Subtelomeric region of AF017467
chromosome10q

126238-126443 Subtelomeric region of AF017468
chromosome 4q

126444-126663 MERS8A (SINE)

126664-126791 Human DNA sequence from 4PTEL, 295704
Hurtington's disease region

126841-126992 Human DNA sequence from 4PTEL, 295704
Huntington's disecase region

127618-127668 Soares testis NHT cDNA clone AA868289
1408432
NCI CGAP Kid3 cDNA clone AA919161 -
1535374

127689-128016 Stratagene HeLa cell $3937216 AA488505
cDNA clone 843176

210




Appendix (continued...... 9)

Positionon - .- -|Description Genbank:-- | %:identities [P-value -
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127765-128016 Soares testis NHT cDNA clone AA868289
1408432
NCI CGAP Kid3 cDNA clone AA919161
1535374

127787-128016 Soares fetal heart NbHH19W W74183
cDNA clone 346493

127820-128016 Soares NFL T GBC S1 cDNA AA961171
clone 1578907

127901-128009 Human DNA sequence from 4PTEL., 795704 93 0
Huntington's discase region

128053-128223 Stratagene HeLa cell $3937216 AAA488505
cDNA clone 843176
Soares fetal heart NbHH19W WwW74183
cDNA clone 346493
Soares NFL T GBC S1 cDNA AA961171
clone 1578907

128053-129469 Human DNA sequence from 4PTEL, 295704 93 0
Huntington's disease region

128250-129475 Soares infant brain cDNA clone AA016323
HY18-214, 229 AA007236
Soares infant brain cDNA clone H09648
46431 HO09685

128857-129427 telomeric DNA sequence, clone 796386
18PTEL027

129079-129471 NCI CGAP GCB1 cDNA clone AA279467
704320

129119-129575 Soares testis NHT ¢cDNA clone AA429504
781987

129498-130704 Human DNA sequence from 4PTEL, 295704 91 0
Huntington's disease region

130053-130532 Multiple sclerosis 2NbHMSP N57518
cDNA clone 277406

"~ |130705-131149 MER4A2 (SINE)

131152-131278 Human chromosome 18p, 18pterP2 U32385 92 4xe-4l
telomeric DNA sequence, clone 296376 92 1 xe-39
18PTEL003

131193-131608 Stratagene fetal retina 937202 AA218713
cDNA clone 629664

131420-131783 NCI CGAP Lu5 cDNA clone AA832514
1415875
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131428-131897 Human clone I chromosome 15 AF035600 91 1 xe-162
subtelomeric sequences
Human clone 1 chromsosome 14 AF035598 93 0
subtelomeric sequences
Human clone 1 chromsosome 21 AF035602 98 0
subtelomeric sequences

131540-131666 Human telomeric DNA sequences, 296671 84 2xe-12
clone 7PTELOOS

131621-132004 Soares INFLS cDNA clone 297084 N73768

132030-132406 LIMC3 (LINE)

132417-133370 LIMC3 (LINE)

133374-133814 MSTB (LTR/MaLR)

133818-133991 LIMCA4 (LINE)

134039-134222 LIMC4 (LINE)

134225-134349 Human DNA sequence from 4PTEL, 795704 95 4 x e-47
Huntington's disease region

134350-134459 MER3I-intemnal (LTR/MER4)

134463-134685 AluJb

134725-135160 MER31-intemal (LTR/MER4)

135204-135565 LTR10C (LTR/retroviral)

135631-135684 Human telomeric DNA sequences, 296374 100 4xe-19
clone 17QTELD49
Human telomeric DNA sequences, 796459 100 4xe-19
clone IQTELO!1

135685-136476 MER31-internal (LTR/MER4)

136777-136946 MER31-internal (LTR/MER4)

136984-137471 MER31-internal (LTR/MER4)

137472-138077 Human chromosome 1q subtelomeric uo61ss 98 0
sequences D1S553

137472-138028 Human genomic DNA. 21 region AG008144 96 0
clone r1136BG46

137514-138024 Human ribosomal protein U43701 90 Ixe-174

137548-138024 Human clone 1 liver expressed L13799 90 1 xe-163
protein 3' end

138078-138524 MER3I-internal (LTR/MER)

138528-139523 minisatellite repeat, also found in AG008148
21q clone T1136BG46

139549-139616 MLT2CA (LTR /retroviral)

139642-139709 MLT2CA (LTR /retroviral)

139735-139833 MLT2CA (LTR /retroviral)

139869-140230 THEIB (LTR/MalR)

140231-140581 MLT2CA (LTR /retroviral)

140588-140952

MER31-internal (LTR/MER4)
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140928-141265 MER31-internal (LTR/MER4)

141668-141718 MER72 (LTR/MER4-group)

141730-142027 AluSq (SINE)

142029-142667 MER72 (LTR/MER4-group)

142668-142876 Human mRNA for subtelomeric X92108 97 I xe-161
repeat sequences

142877-143064 LIMC4 (LINE)

143065-143121 Human mRNA for subtelomeric X92108 97 I xe-161
repeat sequences

143168-143511 Human subtelomeric repeat X58156 99 0

143169-143511 Human mRNA for subtelomeric X92108 97 I x e-161
repeat sequences

143593-143635 Human subtelomeric repeat X58156 99 0
Human mRNA for subtelomeric X92108 97 1 xe-161
repeat sequences

143169-143511 Human mRNA for subtelomeric X92108 97 I xe-161
repeat sequences

143531-143592 MER34 (Unknown/MER21! g)

143593-143635 Human subtelomeric repeat X58156 99 0
Human mRNA for subtelomeric X92108 97 I x e-161
repeat sequences

143680-144244 LIMC4 (LINE)

144261-144306 MERS50 (LTR/MER4 -group)

144307-144473 Human subtelomeric repeat X58156 99 0

144359-144399 Human DNA from PAC30P20, 295126 87 2xe-21
chromosome Xq21.1-Xq21.3

144474-144781 AluYb8 (SINE)

136947-136977 Human DNA from PAC30P20, 295126 87 2xe-21
chromosome Xq21.1-Xq21.3

144782-145008 Human DNA sequence from 4PTEL, 295704 89 8 x e-67
Huntington's disease region
Human subtelomeric repeat X58156 99 0
Human PGB4G7 gene X56278 90 3 xe-69

The word in Bold indicates the name of the cDNA clone used in this study.

* More than 100 entries on the EST contig that spans the position 106379-121217.
Only the first 50 entries are listed here. Not all of the listed EST clones span the

whole region.
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