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Abstract

To investigate the prevalence and genetic characteristics of myotonic dystrophy type 1
(DM1) in Taiwan, DM-suspected patients and their families identified during the
period of 1990-2001 had their clinical records re-evaluated and the CTG repeat sizes
at DM1 locus examined. A total of 96 subjects belonging to 26 families were
identified as DM1 patients, which gave a minimal disease prevalence of 0.46/100,000
inhabitants. Clinical anticipation was frequently observed in affected families even in
some parent-child pairs with transmission caontraction of the CTG repeat size. The
inverse correlation between age of onset and CTG repeat length was signiﬁcant only
in patients with small expansions. In addition, a DM carrier with a childhood-onset
son was found to have CTG length heterogeneity in the range of 40 to 50, indicating
that premutation alleles could be unstable during gametogenesis as well as in somatic
tissues. Our data demonstrated that DM1 is a rare disease in Taiwan and showed that

transmission contraction of repeat size are more likely to occur in alleles with large

repeats.



Introduction

Myotonic dystrophy (DM) is a dominantly inherited disease characterized by multiple
tissue involvement, including myotonia, progressively myopathy, cataracts,
cardiomyopathy, testicular tabular atrophy. ptosis, and other developmental and
degenerative manifestations {1]. The onset age and clinical severity show marked
variability both between and within affected families. Genetic mutations at two
different loci could underlie the pathogenesis of the multisystemic disorders, which
were sequentially named as DM and DM2 [2). DM s caused by an expansion
mutation of the CTG trinucleotide repeat in the 3" untranslated region (UTR) of the
DM protein kina;e gene (DMPK) [3-5]. DM2 was recently confirmed to be caused by
a tetranulcoetide CCTG repeat expansion located in intron | of the zinc finger protein
9 (ZNF9) gene [6].

At DM1 locus, the number of CTG repeat varies from S to 37 in normal aileles
and is greater than 50 in disease alleles. DMPK transcripts from the disease allele
remain in the nucleus [7,8] and cause pathogenic effects [9]. The expanded CTG
repeats are unstable at both mitotic and meiotic levels, with a bias towards length
increase in the successive generations, which accounts for the phenomenon of
anticipation in affected families [10]. Premutation alleles containing 40 to 50 repeats

are not associated with any detectable phenotype and are rarely detected. However,



individuals carrying premutation alleles are at high risk of having affected offspring
within a limited number of generations [11], indicating that premutation alleles could
be unstable during meiosis. Although premutation alleles could further expand and
become disease alleles intergenerationally, somatic instability of CTG repeat length
within this range has rarely been reported.

DM is considered to be one of the most common forms of adult muscular
dystrophies, with a prevalence of 1 in 8,000 overall for Western European and North
American papulations [ 1] and ane in 20,000 in lapan [12]. DM is less prevalent in
Southeastern Asian populations and is rare or absent among Africans [13]. The
prevalence of DM is found to be closely associated with the frequency of large normal
CTG alleles in several different ethnic populations [14,15]. For the Taiwanese
population, the allelic frequency of large normal CTG repeats (>18) is much lower
than that in the European and Japanese population and is very close to that in the
Southern African Negroids [16]. This indicates that the reservoir pool for further
expansion towards DM could be extremely small in this area. To verify this
hypothesis and to investigate the genetic characteristics of DM in Taiwanese
population, we have reevaluated the clinical records and have examined the CTG
repeat size of DM patients since 1990. In the present study, we confirmed that the

DM1 prevalence rate is low in Taiwan. Meanwhile, the inverse correlation between



age of onset and CTG repeat size was found to be significant only for patients with
small expansions. Although the phenomenon of anticipation is common in DM1
tamities, 1t may not correiate with C1'G repeat size increase, esbemally n t'anﬁhes
with large CTG expansions in parents. Finally, we documented a new observation of

CTG length heterogeneity in leukocytes of a premutation carrier.

Material and methods

Sstilects

To carry out a study of DM prevalence in Taiwan, patient records during 1996-2001
at the Department of Neurology in six Medical Ceﬁters were re-evaluated. The
records included the following information: name, date of birth, sex, level of
education, occupation, onset age, date of diagnosis of the disease, clinical phenotypes
and form of the disease. Once the cases were identified, we contacted the patients in
order to confirm whether they had DM1 mutation using DNA analysis. This would
exclude other myotonic syndromes or DM2. Family history for reconstructing the
genealogical pedigree has also obtained. When symptomatic or possible at-risk
relatives of a family were identified, molecular analysis was then performed, which
was eventually extended to their asymptomatic, first-degree relatives. Individuals

showing DM phenotype in a family confirmed to have DM1 mutation in at least one



family member were regarded as DM1 patients. Informed consent was obtained from

patients and their family members to participate in the study.

Population

Taiwan has an area of 36,188 km® a population of 22,393,488 as of November 2001
and a density of 618 inhabitants/km?. The six Medical Centers from which DM
patients were referred cover an area of 25,592 kmz, with a population of 21,172,626

as ol hvovember 200] and a density ot 82/ inhabitants/km’ .

DNA analysis

Genomic DNA was isolated from peripheral blood leukocytes or lymphoblasts
transformed with Epstein-Barr virus using the Puregene DNA isolation kit (Gentra
Systems, Minneapolis, MN, USA). To determine the CTG repeat length at lower
range, DNA was amplified by PCR using primers H and ER as described previously
[17]. Briefly, each 20 ul reaction consisted of 1x reaction buffer (containing 1.5 mM
MgCl,, 50mM KClI, 10 mM Tris-HCI (pH9.0), and 0.1% Triton X-100 (Promega,
Madison, Wisconsin, USA), 0.2 mM dNTP (Promega), 0.5 uM each primer, 4 pCi
a-[**P]dCTP (10 mCi/ml; NEN Life Science Products, Boston, Massachusetts, USA),

and 1 unit of Tag DNA polymerase (Promega, Madison, Wisconsin, USA). After an



initial template denaturation of 5 min at 96°C, amplification was carried out for 35
cycles of 45 seconds at 96°C, 45 seconds at 60°C, and 1 minute 30 second at 72°C,
then followed by a final extension of 10 minutes at 72°C in a Perkin Elmer thermal
cycler (model 480; PE Applied Biosystems, Foster City, California, USA). The PCR
products were resolved by electrophoresis on 6% urea-polyacrylamide gels in parallel
with a pGEM sequencing ladder and were visualized by autoradiograph. Cloning
followed by sequencing analysis of the PCR products was performed to confirm the
C1G repeat number in the cases of g, 3.

The CTG repeat sizes of disease alleles were determined by PCR-based Southern
blot analysts as follows: 100 picogram DNA in a total volume of 20 pul was PCR
amplified using Advantage-GC ¢cDNA polymerase mix (Clontech, Palo Alto, CA).
Southern blot of the PCR product was then performed using a non-isotopic

Quick-Light detection system (Life Codes, Stamford, Connecticut, USA) as described

[8].

Results

DMI prevalence

A total of 96 individuals, belonging to 26 families, were identified as DM1 patients.

Among them, 59 probands were confirmed to have an abnormal CTG expansion at



DM1 locus. The remainiﬁg 37 probands, all of them are relatives of proven CTG
expansion cases, did not agree to undergo DNA testing. The age of patients (58 males
and 38 females) vary from | to 80 years (mean age + standard deviation: 39.3 + 15.1}.
None of the probands are Taiwanese aboriginals. All DM1 families identified are
descendants of immigrants from China. The population covered in this study was
about 21 million people as of November 2001, and a minimal prevalence of the
disease was estimated to be 0.46/100,000 inhabitants.

Based on clinical manifestations, those 39 DM pauents with DJivA anaiysis
were subdivided as follows: 6 cases (10.2%) presented no or minimally affected
symptoms, 51 cases (86.4%) showed classical phenotypes, and 2 cases (3.4%) were
congenital patients. The CTG lengths in classical cases vary from 51 to 1200 repeats.
All minimally affected subjects have 150 or less CTG repeats and two maternally

transmitted congenital patients have more than 1000 repeats.

Age at onset and CTG repeat length

To investigate whether age of onset correlates with the CTG repeat size, we analyzed
the relationship in 47 patients with confirmed onset age who exhibited a range of
symptoms including frontal baldness, cataract, muscle weakness, and myotonia. The

result was shown in Figure 1. 89% (42/47) of patients started showing clinical



phenotypes within the age range of 10 to 50 years old. The shortest CTG repeat size
among the three patients with onset age less than 10 was 250. The repeat length of
tive patients with age of onset larger than 50 was 51, 64, 78, 740, and 1100,
respectively. This analysis indicates that, although huge variation in CTG repeat
length could be observed in patients with similar age of onset, the original data set as
a whole can be divided into two groups: one with CTG sizes greater than 250 repeats
(34 data points) and one with 250 repeats or less (13 data points). The equation for
regression analysis 1or those bejow 25U repeats 1s y=-U.14/x + 53.8 and for those
above 250 repeats is y=0.006 + 19.2. These data suggest that the inverse correlation
between age of onset in DM patients and CTG repeat size in leukocytes is significant
only for patients with small expansions (less than 250 repeats).

Subsequently, the change of onset age and CTG repeat number during
transmission from parent to offspring were evaluated in eight families with probands
found in at least two generations (Figure 2). Nine out of fourteen parent-child pairs
(64%) showed size increase and earlier age of onset on transmission. The repeat sizes
of the parents in those pairs vary from 42 to 800. However, there are 5 pairs in three
families (family Q, S, and W) where the CTG repeat size of offspring had decreased
from parental alleles of 250 or more repeats. Although the repeat size decreased, the

offspring started showing symptoms at an earlier age (4-18 years old) than their



parents (28 to 33 years old). Meanwhile, the clinical phenotypes in the contracted
patients were found to be more diverse. In addition to the major clinical presentations,
including action myotonia and muscle weakness, the offspring acquired additional
symptoms not present in their parents. such as cardiac conduction defect and memory
impairment in family S, frontal baldness in family Q, and pneumonia in family W. In
general, the parents have a more severe classical DM phenotype and the offspring

show a wider spectrum of secondary manifestations in these pairs.

Somatic instability of CTG repeat length of the premutation allele

During our survey on the CTG repeat length at DM1 locus, an asymptomatic male in
the DM family (family C in Fig. 2} was found to have CTG repeat length
heterogeneity in the range of 40 to 50 (lane 8 in Fig. 3). Subsequent cloning and
sequencing analysis demonstrated that there are at least four different alleles with 5,
42,43, and 50 CTG repeats, respectively, in the genome of this carrier. Using the
same PCR conditions, a DM carrier in another family (family F in Fig. 2) was shown
to have S and 75 CTG repeat sizes only (lane 11 in Fig. 3), suggesting that the
observed CTG length instability in the leukocytes of the male carrier in family C is
not due to the PCR artifact. Although the somatic instability of CTG repeats was

frequently seen in patients, it is the first case observed in a carrier with multiple repeat
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sizes under 50.

Discussion
In the present study, we have confirmed 96 DM patients belonging to 26 families in
Taiwan, which gives a minimal prevalence rate of 0.46/100,000, as of November 2001.
The low DM prevalence obtained here further confirms the prediction based on the
allelic distributions of CTG repeat sizes in normal Taiwanese {16] and supports the
aation that there is close associaiion between disease prevalence and the frequency of
normal alleles with higher CTG repeat in populations [14]. In China, the frequencies
of large normal alleles ((CTG)z;9) are close to that in Taiwanese (1.0 vs 1.4%) [16,19].
In addition, the major propertion of Taiwanese populations and all the DM1 families
identified in this study are originally from the southeastern part of China, suggesting
that the DM prevalence rate in these two areas could be very similar.

As far as the genotype-phenotype relationship was concerned, as with previous
reports [20], in our sample a significant correlation was found between CTG
expansion size and clinical category. Of the 96 DM patients in our DM1 population,
only six benign and two congenital cases were identified. The remaining were all
classical DM patients. The reasons for this could be that the index cases most likely

referred to the neurologist when disturbed by serious clinical symptoms. Considering
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that up to 85% of apparently normal relatives of our DM1 patients refused to undergo
DNA analysis, our results may be an underestimation of the real prevalence of DM1 if
we consider the relative stability and less pathogenic effects of minimally expanded
disease loci in affected families [21]

Several reports on the correlation of the expansion size in lymphocytes and the
age of onset of DM1 had shown a negative linear comrelation without plateau effect
[10,22-24]. However, our data favors the hypothesis that there exists an expansion
size treshold at -23u repeats. oeyond wiich the expansivn size doss 1ot ufiucnes
the onset age [25,26]. The contradictory observations could be attributed to
differences in the recruitment of patient samples and the way the data were presented.
If DM patients of different clinical categories were included [10]. the correlation
could be biased towards a subgroup of patients. In addition, when the age of onset of
DM1 patients was plotted against the CTG repeat number on a logarithmic scale, a
plateau effect would be easily neglected especially if the threshold size is small.
Therefore, it would be more likely to show the threshold size by original scale. The
implication of threshold hypothesis originally came from the observation of the
existence of a critical size between 150 and 400 repeats in myoblasts and fibroblasts,
above which mutant DMPK RNA was not exported to the cytoplasm [8;27]. Because

the reduced DMP.K expression may account for particular aspects of DM [28,29],
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further investigation of the effects of various CTG repeat lengths on the expression of
other DM-related genes, such as chloride channel type 1 (CIC-1) [30,31], and on the
neuromuscular functions in vive [32] may provide more evidence for this hypothesis.

Tn our collections. there were five parent-child pairs in three families (family Q,
S, and W) with decreased repeat size in the next generation if the repeat size in the
parents was 250 or more (Fig. 2). In agreement with previous reports [33-35], most of
the observed intergenerational contractions of CTG repeats were in association with
paternal transmission. Male DM patients tend o have decreased sperm tunction [36]
and there was a selection against extreme expﬁnsion in sperm [37]. Thus, a selective
advantage for sperm with the shorter repeats could account for the higher frequency
of repeat size contraction during paternal transmission. Here, we observed that the
minimal parental size of the intergenerational contraction was around 250 repeats.
Although the repeat size determined in blood may not reflect the actual status in
sperm, these results lead us to speculate that there exists a threshold size above which
the sperm function is inversely correlated with the CTG repeat size.

In the present study, the offspring with repeat size contraction in leukocytes
presented a wider spectrum of DM phenotype compared to their parents. One possible
explanation could be the somatic mosaicism, i.e., there were different amplification

rates in various tissues. Indeed, it was demonstrated that in most of the tissues, except



cerebellum, the CTG repeat size of disease alleles is larger than that in blood [38-41}.
In consistent with this notion, some symptoms in DM patients, such as respiratory
insufficiency, cataract, cardiac abnormalities, efc, were not correlated with the CTG
repeat size in blood [23.24). Therefore, the CTG contraction in leukocytes might not
compare to the size expansion or contrgction in other tissues. On the other hand, it
was reported that the CTG repeat size in patients’ blood is directly related to the
clinical phenotype and is accurate for prognostic assessment [20,22]. In such cases,
the size change 1 icukocyies may compare to those In other ussues and the acquired
symptoms in the contracted patients could be due to tissue-specific pathogenic
mechanisms.

The meiotic and mitotic instability of the repeat length is frequently observed in
DM 1 patients, probably due to the secondary structure formed within the repeat tract
[42]. In premutation alleles, however, somatic mosaicism of the repeat lengths has
rarely been documented. As shown in figure 3, the somatic instability of CTG repeat
would occur even in an asymptomatic acrrier with repeat sizes ranging from 40 to 50.
The son of this asymptomatic carrier is a childhood-onset patient with 1100 CTG
repeats (family C in Fig. 2), indicating that premutation alleles could be
intergenerationally and somatically unstable. Recently, mismatch repair proteins were

shown to affect somatic expansion behavior of the CTG repeat [43]. Further mutation
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analysis of such genes may provide a deeper insight into the underlying mechanisms
influencing the repeat stability in DM1 patients.

In summary, the present studies contirmed that the DM1 prevalence rate is iow in
Taiwan and demonstrated the importance of DNA genotyping in genetic counseling.
Genetic analysis of this DM pool indicated that clinical anticipation could occur in
families with transmission contraction of CTG repeats. In consistent with previous
reports [25,26], we also found that the correlation between age of onset and CTG
repeat size Is significant only tor patients with small expansions. finally, we presented

the evidence for the somatic mosaicism of CTG repeat sizes in a premutation carrier.
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Figure legends

Figure 1 Age of onset for 47 DMI patients, plotted against CTG repeat length.
Figure 2 Intergenerational transmission in DM1 families. The pedigrees of eight
DM families and the age of onset for each patient were shown. Number in
parenthesis represents the approximate expanded allele size in leukocytes. ND: not |
determined.

Figure 3 PCR analysis of the CTG repeat length in the DM locus. The CTG repeat
size in blood DINA sample trom Tour patients (lanes 1, 2, 7, 9}, twao carriers (lanes 8,
11), four normal DNA (lanes 3, 5, 6, 10), and one negative control of no DNA (lane 4)
was analyzed as described in Material and Methods. The four tracks to the left contain
pGEM sequence, which is used to determine the size of alleles. The corresponding

CTG repeat number of signals is indicated on the right.
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Abstract In an atiempt to amplify cervid satellite 11
DNA from the genomes of Indian muntjac and Chinese
muntjac, a pair of primers derived from the white tailed
deer satellite II DNA clone (OvDIl) yielded a prominent
~| kb polymerase chain reaction (PCR) product (in addi-
tion to the expected 0.7 kb satellite Il DNA fragments) in
both species. The ~1 kb products were cloned, se-
quenced, and analyzed by Southern blotting and fluores-
cence in situ hybridization (FISH). This revealed that the
~1 kb cloned sequences indeed represent a previously
unknown cervid satellite DNA family, which is now des-
ignated as cervid satellite IV DNA., Approximately 1 kb
PCR clones were also obtained from the genomes of the
black tailed deer and Canadian woodland caribou with
similar primer pairs. Extremely high sequence conserva-
tion (over 90% homology) was observed among the
clones generated from all four deer species and PCR-
Southern hybridization experiments further verified the
co-amplification of two kinds of satellite DNA sequenc-
es with the same pair of primers. This satellite DNA was
found to co-localize with centromeric proteins at the ki-
netochore by a simultaneous FISH and immunofluores-
cence study. Due to its high sequence conservation and
close association with kinetochores, the newly identified
satellite DNA may have a functional centromeric role.
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Introduction

One unique feature of higher eukaryotic genomes is the
universal presence of large quantities of tandemly re-
peated DNA (satellite DNA), which can account for up
to 10%-20% of some mammalian genomes (Beridze
1986). Satellite DNA is located mainly in the centro-
mere, and up to tens of megabases can reside in a single
human centromere (Choo 1997). Furthermore, the ge-
nomic organization of satellite DNAs in the ceniromeric
region appears quite complex (Lee et al. 1997b) and no
sequeilce conservation can be found among a wide range
of species. Whether centromeric satellite DNA has a de-
finitive functional role is still debatable (Choo 2000,
Henikoff et al. 2001) and due to its abundance and high-
ly repetitive nature, few attempts have been made to se-
quence this region of the chromosome completely. The
existence of a functional “core” centromeric DNA se-
quence, similar to that found in the budding yeast (Sac-
charomyces cerevisiae), has not been reported in higher
eukaryotic species. However, it cannot be ruled out that
within the complex centromere, less prominent yet func-
tional sequence motifs have gone undetected (Henikoff
et al. 2001). Most recently, efforts have been made to
map an ~450 kb region of the centromeric DNA on the
human X chromosome and identify a candidate function-
al centromeric sequence that comprises ~3 Mb higher-or-
der repeats of DXZi o-satellite DNA (Schueler et al.
2001).

Three centromeric satellite DNA families have been
identified in the Cervidae (Table I). Satellite 1 is the pre-
dominant centromeric satellite DNA family found in all
deer species examined (Bogenberger et al. 1987; Scher-
than 1991; Lee et al. 1997a). This cervid satellite DNA
has a repeat unit of 0.8 kb in plesiometacarpalia deer and
I kb in telemetacarpalia deer (Lee et al. 1997a). These
monomers are thought to represent the higher-order
structures of internal 31 bp subrepeats (Bogenberger et
al. 1985; Lee and Lin 1996). The cervid satellite IT fami-
ly was initially isolated from the white tailed deer, and is
characterized by monomeric repeats of 0.7 kb (Qureshi
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Family Species Satellite DNA clone Reference
Satellite | Indian muntjac Muntiacus muntjak vaginalis MM VsatlA Bogenberger et al. (1982}
Chinese muntjac Muntiacus reevesi C5 Lin et al. (1991)
Roe deer Capreolus capreolus CCsatl Scherthan (1991)
Caribou Rangifer tarandus caribou Rt-Pst3 Lee et al. (1994)
Red deer Cervus elaphus Ce-Pstl Lee and Lin (1996}
Moose Alces alces Aa-Msp Lee et al. (1997a)
White tailed deer Qdocoileus virginianus Ov-Msp Lee et al. (1997a)
Mule deer Qdocoileus hemionus Oh-Msp Lee et al. (1997a)
Fallow deer Dama dama Dd-Pstl Lee et al. (1997a)
Satellite 1L White tailed deer Odocoileus virginianus OvDIl Qureshi and Blake (1995}
Caribou Rangifer tarandus caribou Rt-0.7 Li et al. (2000a)
Indtan muntjac Muntiacus munijak vaginalis Mmv-0.7 Li et al. (2000b})
Satellite 1 Roe deer Capreolus capreolus CCsatlll Buntjer et al. (1998)

Chinese water deer

HI-1I1

Hydropotes inermis

Li et al. (unpublished)

and Blake 1995). It was later also found in the genomes
of the Indian muntjac (Vafa et al. 1999; Li et al. 2000b)
and other deer species (Li et al. 2000a). Cervid satellite
1l DNA appears (o be complexed with centromeric pro-
tein A (CENP-A), as demonstrated by immunoprecipita-
tion of Indian muntjac DNA with human anticentromere
autoantibodies (Vafa et al. 1999). The cervid satellite 1]
DNA family has a repeat unit of 2.2 kb and has so far
only been reported in the genome of the roe deer {Cap-
reolus capreolus) (Buntjer et al. 1998).

In this study, we have obtained ~| kb repetitive
DNA fragments using a pair of primer sequences de-
signed to amplify satellite II DNA from the Indian
muntjac or Chinese muntjac genomes. Similar ~1 kb re-
peated DNA elements were also generated from the
genomes of the black tailed deer and the Canadian
woodland caribou using a modified pair of primers. The
polymerase chain reaction (PCR) products were cloned,
analyzed by Southern blotting, sequenced and studied
by fluorescence in situ hybrdization (FISH). This sug-
gested the identification of a novel cervid centromeric
satellite DNA with a monomeric unit of 1 kb. The
~1 kb satellite DNA clones from these four cervid spe-
cies share extremely high sequence homology and are
located close to the kinetochore regions. These findings
imply that this new cervid satellite DNA may be func-
tionally relevant.

Materials and methods

Cell culture and DNA isolation

Four cervid cell lines were used in this study. Cell lines from a
male Indian muntjac (Muntiacus munijak vaginalis), a male Chi-
nese muntjac (Munriacus reevesi}, a male Canadian woodland car-
ibou {Rangifer tarandus caribou), were established in our labora-
tories previously. The female black tailed deer {Odocoileus hemi-
onus hemionus) cell line was acquired from the American Type
Culture Collection, Cells were grown in Dulbecco's modified Ea-
gle's medium (Gibeo/BRL), supplemented with 10% fetal calf se-
rum, 1% glutamine and 1% penicillin-streptomycin. Procedures
for cell harvesting and genomic DNA isolation were described
elsewhere (Li et al. 2000a).

Polymerase chain reaction amplification and cloning

Amplification of the ~1 kb fragment from genomic DNA sam-
ples of the two muntjac species was achieved by PCR using a set
of primers (forward: GAGCTGCCTGACAGACTCG; reverse:
CAGAGCCGACCTAGGATCAC; Li et al. 2000a) derived from
the published white tailed deer {Odocoileus virginianus) satellite
Il sequence (OvDII) (Qureshi and Blake 1993). Polymerase
chain reaction was performed in a 25 pl reaction volume with
10 mM TRIS-HCL, pH 9.0, 30 mM KCl, 0.1% Triton X-100,
1.5 mM of MgCl,, 200 pM each of dNTP, 200 nM of each prim-
er, 100 ng of the genomic template DNA, and 2.5 U of Taq poly-
merase (Promega). Predenaturation at 94°C for 5 min was fol-
lowed by 30 cycles of 30 s at 94°C for denaturation, 30 s at 50°C
for annealing and | min at 72°C for extension. The final exten-
sion was carried out at 72°C for 10 min. The PCR products were
electrophoretically fractionated on a 1.2% agarose gel, and
prominent ~1 kb DNA fragments were excised. purified, and li-
gated into the pGEMT-easy vector (Promega). The recombinant
plasmids were used to transform XL1-blue competent cells. Sub-
sequently, the transformants were screened and randomly chosen
for further characterization following the standard procedure
(Maniatis et al. 1982).

Amplification and cloning of the ~1 kb DNA fragmem from
the black tailed deer and the caribou genomes were similar to that
mentioned above except that the primer sequences were modified
based on the sequence of the 1 kb clone obtained from the Indian
muntjac (forward: GACTGATTTCCTGGGTTAAGAG, reverse:
CACACAGAATGCTAGGAAATCC) and the annealing lempera-
ture was set at 48°C.

DNA sequencing and analysis

The ~1 kb PCR clones from the genome of Indian muntjac, Chi-
nese muntjac, caribou and black tailed deer were designated as
MMV-1.0, MR-1.0, RTC-1.0 and OHH-1.0, rcspectively, and se-
quenced from both ends using a dideoxy chain termination kit
{United States Biochemical) and read on a Perkin-Elmer ABI
DNA sequencer (model 377). The complete DNA sequences of
these four clones were deposited in the GenBank database (Acces-
sion numbers AY 064466, AY 064467, AY 064468 and AY
064469). Single base shift self-comparisons (Plucienniczak et ai.
1982) were also conducted to evaluate the presence of internal
subrepealts.

Southern and slot-blot analysis

For Southern blot experiments, 10 g aliquots of genomic DNA of
muntjac species were each digested with one of six different re-



178

28 kb

o&4— 2.1 kb

1.9 Kb e

-

L kb aon @D

4 @& 4— 0.7kb

Fig. 1 Electrophoretic analysis of polymerase chain reaction
(PCR) products. 100 ng of PCR products from each of the four
deer species (Mmv, Muntiacus muntjak vaginalis, Mr, M. reevesi,
Ohh, Odocoileus hemionus hemionus; Ric, Rangifer rarandus
caribou) amplified with a primer pair derived from a cervid satel-
lite II DNA clone (OvDH) of white tailed deer were electropho-
retically separated in a 1.2% agarose gel. A prominent 1.1 kb
band and a 1.9 kb band are observed in the Mmv and Mr lanes. In
addition three bands of 0.7, 1.4 and 2.8 kb are seen in the Mmv
lane and a 1.4 kb light band is found in the Mr lane. Three bands
of 0.7 kb register (0.7, 1.4 and 2.1 kb) are seen in both the Ohh
and Ric lanes

striction endonucleases. Digested DNA samples were electropho-
retically fractionated, transferred to a nylon membrane (Biodyne),
and hybridized with [32P]dCTP-labeled DNA probes. The condi-
tions for hybridization, membrane washing and autoradiography
were described previously (Li et al. 2000b). Polymerase chain re-
action-Southern hybridizations were similarly performed with the
exception that DNA samples used were PCR-amplified products
from the four deer species. Hybridizations were carried out with
either 32P-labeled MMV-1.0 DNA probe or satellite II DNA
probes. Slot-blot hybridization procedures for copy number esti-
mations of the 1 kb repeated DNA elements in the genomes of
four deer species were also described in detail earlier (Li et al.
2000b).

Fluorescence in situ hybridization
and immunofluorescence microscopy

Chromosomal preparations of the Indian muntjac, Chinese mu-
ntjac and black tailed deer were obtained from established fibro-
blast cell lines following routine cytogenetic protocols. For sin-
gle-color FISH experiments, the ~1 kb cloned DNA probes
(MMV-1.0, MR-1.0 and OHH-1.0) were labeled with bictin and
hybridized to metaphase chromosomes of each of the respective
species. The hybridization signals were detected with Cy3-avi-
din. In dual-color FISH, the newly identified ~1 kb (MMV-1.0)
DNA and a cervid satellite I[1 DNA (Mmv-0.7) (Li et al. 2000b)
were labeled with biotin and digoxigenin, respectively. The bi-
otin-labeled probe was detected with Cy3-avidin whereas the
digoxigenin-labeled probe was detected with fluorescein isothio-
cyanate (FITC)-conjugated antibodies. The protocol used for si-
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Fig. 2 Southern blot hybridization of Indian muntjac genomic
DNA digested with restriction enzymes Apal, EcoRI, Ncol, Pstl,
Pvull and Nhel, fractionated by conventional gel electrophoresis,
and probed with 32P-labeled MMV-1.0 DNA, All digests show
multiple hybridization bands of repeated DNA nature but the typi-
cal ladder pattern often seen with cervid satellite DNA is not ob-
served in any digest. However, I, 2, 3 and 4 kb hybridization
bands are observed for the Pstl digest, suggesting that a significant
portion of the repeated sequence has a 1 kb register

multaneous immunofluorescence and FISH studies was de-
scribed by Sullivan and Schwartz (1995) with a brief modifica-
tion. The Indian muntjac cells were treated with Colcemid
(0.1 pg/ml) for 3 h prior to harvesting. The harvested cells were
incubated in 0.075 M KCI for 15 min at room temperature and
subsequently cytospun onto slides. CREST sera, specific for an-
ti-CENP-A, -B and -C antibedies (a gift from Dr. J.B. Rattner,
University of Calgary, Canada) were used to tdentify kinetochore
domains. The primary CENP antibodies were detected with
FITC-conjugated rabbit anti-human IgG. After immunofluores-
cence experiments, cells on the slide were immediately fixed in
10% formalin/KCM buffer (120 mM KCI, 20 mM NaCl, 10 mM
TRIS-HCI, pH 7.6, 0.1% Triton X-100) for 10 min and then in
3.1 methanol:acetic acid for ancther 15 min. Fluorescence in situ
hybridization experiments were carried out in a manner similar
to that described for single-color FISH experiments with biotin-
labeled MMV-1.0 probes.

Fig. 3 Comparison of DNA sequences of ~1 kb PCR clones
MMV-1.0, MR-1.0, OHH-1.¢ and RTC-1.0. The sequence of
MMYV-1.0 is shown at the top of each set. Only unmatched bases
(in comparison with the MMV-1.0 sequence) of MR-1.0, OHH-1.0
and RTC-1.0 are indicated and the matched nucleotides are indi-
cated by dots. Occasional gaps (-) are introduced to improve the
alignment. The percentages of sequence homology between any
two of the four ~1 kb clones examined are also presented (inset)

»
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Results

[solation and characterization of ~1 kb repetitive
DNA elements in muntjacs

Primer pair sequences, designed to amplify cervid satel-
lite II BDNA, preduced the three expected bands of 0.7 kb
register with the Indian muntjac DNA template, and a
1.4 kb band with the Chinese muntjac DNA template. In
addition, two unexpected PCR products (a prominent
1.1 kb band and a 1.9 kb band) were observed using both
the Indian and Chinese muntjac DNA templates (Fig. ).
However, only bands with the expected size of 0.7 kb
register were observed with template DNAs of black
tailed deer and Canadian woodland caribou using the
same pair of primers.

The ~1 kb PCR products of the two muntjac species
were cloned, screened and designated as MMV-1.0 for
the ~1 kb clone of Indian muntjac and MR-1.0 for that of
Chinese muntjac. Southern blot hybridization with the
MMV-1.0 probe to Indian muntjac genomic DNA pro-
duced multiple hybridization bands with irregular pat-
terns (Fig. 2). Although, no typical type A-like pattern
was found in any particular digestion, a 1 kb register can
be detected in Pstl-digested DNA. Copy number estima-
tions indicated that about 0.08% of the Indian muntjac
genome and 0.16% of the Chinese muntjac genome con-
tain this repeated DNA sequence.

The MMV-1.0 clone of Indian muntjac and the
MR-1.0 clone of the Chinese muntjac were sequenced
(MMV-1.0 is 1102 bp and MR-1.0 is 1099 bp in length).
Both clones are 60% AT-rich and share an extremely
high (96%) sequence similarity to each other (Fig. 3). No
significant internal subrepeat was detected by the single
base shifts, self-comparison method of Plucienniczak et
al. (1982). These two clones also do not share significant
sequence similarity with any DNA sequences currently
deposited in GenBank, including known cervid or bovine
satellite DNA families. These findings suggest that the
1 kb repeated DNA sequence could represent a new ce-
rvid satellite DNA family, which we now refer to as ce-
rvid satellite IV.

Polymerase chain reaction-Southern hybridization
and isolation of cervid satellite IV DNA in black tailed
deer and Canadian woodland caribou

Polymerase chain reaction-Southern blot hybridization
was performed to verify further the co-amplification of
both the ~1 kb repetitive DNA and the satellite Il DNA
from genomic DNA templates of the four deer species
using a single primer pair derived from a satellite Ii
clone (OvDII). A Southern blot of the PCR products was
obtained after hybridization with 32P-labeled MMV-1.0
(Fig. 4a, left panel). This probe hybridized very strongly
with the corresponding 1.1 kb PCR product (Fig. 4a,
right panel} in the two tested muntjac species. Two addi-
tional faint bands were also observed in the Chinese mu-
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Fig. 4a, b Polymerase chain reaction-Southern blot analysis. a The
electrophoretically separated PCR products (10 ng each for Mmv
and Mr, and 150 ng each for Ohk and Ritc) shown in the right panel
were transferred and hybridized with the 3P-labeled MMV-1.0
DNA probe. The corresponding Southern blot is shown in the leff
panel. A prominent 1.1 kb hybridization band is observed in the
Mmyv lane, A very strong 1.1 kb hybridization band plus two faint
bands, of 0.4 and 2.1 kb, can be seen in the Mr lane. A hybridization
band of 1.1 kb can also be observed in both the Ok and Rec lanes.
This confirms the presence of ~1 kb repeated DNA. b Electropho-
retic separation of PCR preducts (Mmv, 60 ng; Mr, 40 ng; Ohh,
30 ng; Ric, 20 ng) is shown in the right panel. The corresponding
Southern blot shown in the left panel was obtained after hybridiza-
tion with a mixture of Mmv-0.7, Mr-0.7, Ohh-0.7 and Rt-0.7 cervid
satellite IT DNAs as the probe. Mr-0.7 and Ohh-0.7 are cervid satel-
lite II clones from Chinese muntjac and black tailed deer, respec-
tively (Li et al., unpublished data). Four bands of 0.7 kb register
(0.7, 1.4, 2.1 and 2.8 kb) are shown in the Mmv lane and a three
band pattern of (1.7 kb register (0.7, 1.4 and 2.1 kb) is seen in the
Mr, Ohh and Ric lanes, confirming the presence of satellite 1T DNA
products. M in the right panels denotes the standard DNA marker

ntjac. However, these bands were not detected in the cor-
responding PCR products (Fig. 4a, right panel). The
MMV-1.0 probe also detected a faint 1.1 kb band in both
black tailed deer and Canadian woodland caribou that
was not found in the corresponding gel (Fig. 4a, left pan-
el). Another Southern blot was obtained after hybridiza-
tion with satellite I DNA probes (a mixture of Mmv-0.7,
Mr-0.7, Ohh-0.7 and Rt-0.7 clone DNA). Hybridization
profiles showing bands of 0.7 kb register were observed
in all four tested deer species (Fig. 4b, left panel). To-
gether, these observations showed that both the ~1 kb re-
peated DNA and cervid satellite I DNA could be co-am-



Fig. S5a—d Chromosomal local-
ization of the satellite IV DNA
clones and the satellite 1| DNA
clone as well as immunofluores-
cence detection of kinetochores
with human CREST serum.

a Co-localization of satellite IV
DNA clone MMV-0.1 (red
signals) and satellite [l DNA
clone Mmv-0.7 {green signals)
on centromeric regions of chro-
mosomes from a male Indian
muntjac. b Simultaneous detec-
tion of MMV-1.0 (red signals)
and immunofluorescent signats
of anti-centromere antibodies
(green signals) on the centro-
meric region of chromosomes of
the male Indian muntjac. Both
fluorescent signals appear to be
located together at the kineto-
chore sites. Bar in b represents
10 pm in a and b. ¢ Localiza-
tion of cervid satellite IV clone
(MR-1.0) DNA to all the cen-
tromeric regions (except the Y
chromosome, indicated by an
arrow) and certain interstitial
sites of chromosomes of the
male Chinese muntjac. d Local-
ization of cervid satellite [V
¢lone (OHH-1.0) DNA to all
the centromeric regions of fe-
male black tailed deer chromo-
somes. Bar in d represents

10 pm forcand d

plified using the same satellite II primer pairs from ge-
nomic DNA templates of the four deer species studied.

Since only limited amounts (Fig. 4a, right panel) of
the 1 kb PCR products were obtained from genomic
DNA templates of black tailed deer and woodland cari-
bou with the initial OvDII-based primers, another primer
pair was designed based on the DNA sequence of the
newly identified MMV-1.0 sequence (see Materials and
methods). Sufficiently more | kb PCR products were ob-
tained from the black tailed deer and the woodland cari-
bou with the new primer pair. The resulting clones were
designated OHH-1.0 and RTC-1.0, respectively. DNA
sequencing showed that the OHH-1.0 (892 bp) and the
RTC-1.0 (891 bp) clones are also 60% AT rich, are de-
void of any apparent internal subrepeats and share a very
high degree of sequence homology between each other
(93%) and between the 1 kb clones obtained from the
muntjacs (Fig. 3). Therefore, all four 1 kb clones appear
to belong to the same cervid satellite IV DNA family.
Copy number estimation showed that about 0.06% of the
black tailed genome and about 0.03% of the caribou ge-
nome contains this satellite DNA sequence.
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Chromosomal mapping of cervid satellite IV
DNA sequences

The FISH experiment initially localized cervid satellite
IV (MMV-1.0) DNA exclusively at the centromeres of
all chromosomes in the complement of Indian muntjac
(data not shown). A subsequent FISH study was con-
ducted by simultaneously hybridizing digoxigenin-la-
beled cervid satellite II {Mmv-0.7) probe with biotinyla-
ted cervid satellite IV (MMV-1.0) probe onto metaphase
chromosomes of the male Indian muntjac. The satellite II
DNA signals (green fluorescence) were located at the
centromeric regions and at specific interstitial regions of
the chromosomal arms as reported by Li et al. (2000b).
The hybridization signals of satellite 1V (red fluores-
cence) co-localized with the satellite Il signals at the
centromeric regions of all chromosomes (Fig. 5a). In ad-
dition, sequential CENP immunofluorescence and FISH
experiments with satellite 1V DNA probe (MMV-1.0)
were performed. The satellite IV DNA was found to be
closely associated with the CENPs (green fluorescence)
in the kinetochore domains (Fig. 5b). Furthermore, FISH
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stuedies localized the cervid satellite 1V clone (MR-1.0)
of Chinese muntjac to the centromeric regions of all Chi-
nese muntjac chromosomes with the exception of the Y
chromosome, which appeared to lack detectable hybrid-
ization signals (Fig. 5¢). In the black tailed deer, the hy-
bridization signals of biotin-labeled black tailed deer sat-
ellite 1V clone (OHH-1.0} were also exclusively ob-
served at the centromeric regions of all chromosomes of
the species (Fig. 5d).

Discussion

In the course of amplifying cervid satellite Il DNA from
the genome of two muntjac species using a pair of prim-
er sequences derived from white tailed deer satellite
clone (OvDII) (Qureshi and Blake 1995), a prominent
~1 kb product was obtained in addition to the expected
0.7 kb satellite Il DNA elements from the muntjac spe-
cies as well as from black tailed deer and Canadian
woodland caribou. Southern blot analysis, DNA se-
quencing and FISH studies indicated that the ~1 kb ele-
ments belong to a new family of cervid centromeric sat-
ellite DNA that is 60% AT-rich in contrast to the three
previously identified cervid satellite DNAs (1, 1l and III),
which are GC-rich. To our knowledge, it has not previ-
ously been reported that two different centromeric satel-
lite DNA sequences could be simultaneously amplified
with a single primer pair. Extremely high sequence ho-
mology (over 90%) was found among those ~{ kb clones
isolated from the four deer species studied. Centromeric
DNA consists of satellite repeats, which are thought to
evolve rapidly among eukaryotic genomes (Henikoft et
al. 2001). However, sequence homology of certain satel-
lite DNA clones can be observed among related species.
For example, cervid satellite I DNA c¢lones with mono-
meric sequences sharing reasonably high sequence simi-
larity were found among a number of deer species (Lee
et al. 1997a). These cervid satellite 1 DNA monomers
were shown to contain internal subrepeats organized in a
higher-order fashion (Lee and Lin 1996). In the present
study, no internal subrepeats were observed in the se-
quenced ~1 kb satellite DNA clones.

Although a regular A-type banding pattern often char-
acteristic of satellite DNA (Horz and Zachau 1977) was
not observed in the Southern blot hybridization of ~1 kb
satellite DNA probe (MMV-1.0) to differentially digest-
ed Indian muntjac genomic DNA, the Pst] digested sam-
ple did exhibit a 1 kb register pattern, along with other
hybridization bands. This suggests that a portion of this
repeated DNA family is organized as 1 kb tandem re-
peats in the genome of this deer species. Since the re-
peated sequence is localized at the centromeres of all
deer species examined, it should be considered.as a new
cervid centromeric satellite DNA that was probably not
detected previously due to its comparatively reduced
abundance in these genomes (0.03%-0.16%). In general,
some centromeric satellite DNA families may predomi-
nate in a given species because of dynamic evolution

processes involving amplification and homogenization
mechanisms (e.g., human o-satellite DNA, bovine satel-
lite II and mouse major satellite) (Willard and Waye
1987; Nijman and Lenstra 2001; Wong et al. 1990). In
the mean time, less prominent, or newly created satellite
DNAs may coexist with the more prevalent and older
satellite DNAs with some of the new sequences poten-
tially being derived from elements of pre-existing satel-
lite sequences (Buntjer et al. 1998). Whether this new-
found repetitive DNA is derived from elements of other
cervid satellite DNA sequences, particularly the satellite
I family, remains to be explored. This newly discovered
centromeric repeated DNA could be a relatively “new”
satellite DNA only present in 2 small number of closely
related species. Further studies should be carried out to
examine whether this newly found repeated DNA is also
present in the genomes of other deer species. On the oth-
er hand, FISH studies revealed that hybridization signals
of this satellite DNA are co-localized with the CENPs in
the centromeres and, due to the fact of its sequence con-
servation, one could speculate that the newfound repeat-
ed sequence could be a candidate for the functional “core
sequence” of the cervid centromere.
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Abstract In Allium wakegi, which is an allodiploid spe-
cies between Allium cepa and Allium fistulosum, each
genome can be clearly distinguished using genomic in
situ hybridization (GISH). Genomic DNA of A. cepa and
A. fistulosum is differentiated both qualitatively and
quantitatively, We wanted to isolate nucleotide sequenc-
es that give genome-specific signals on A. cepa chromo-
somes in GISH experiments in A, wakegi. We isolated 23
clones that show GISH-like signal patterns in fluores-
cence in situ hybridization (FISH) and analyzed their
distribution in the A. cepa- and A. fistulosum-derived
genomes of A. wakegi. There was considerable variation
in the abundance and distribution of these cloned se-
quences on the chromosomes of the two species. The de-
gree of A. cepa specificity varied among the clones.
Twenty-two of the clones showed an even distribution
over most chromosome arms with some clustering in the
pericentromeric regions, but one clone showed very dis-
tinct terminal signals on some chromosomes. Whereas
these sequences are not specific for A. cepa, changes in
bases in nucleotide sequences and in their amount result
in genome-specific characteristics in GISH experiments.

Introduction

All species have a unique genome, and this is often evident
in their karyotype through differences in, for example, ge-
nomic size, chromosome number and chromosome shape.
In higher plants, even closely related species can differ in
these properties. In addition to obvious karyological differ-
ences, use of genomic in situ hybridization (GISH} has
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demonstrated that even in pairs of species of very similar
karyotype it is possible to differentiate the two parental
genomes in hybrids (Parokonny et al. 1992). Although GISH
has now been applied to many hybrids, a major question
remains as to what kinds of sequence are important in the
differentiation of genomes by this technique. To reveal the
sequences relating to genomic differentiation in plants of
large genomic size it is useful to understand the mechanisms
of genomic evolution that accompany plant speciation.

Allium is a very large genus of about 750 species (Hanelt
et al, 1992; Mes et al. 1999) with large genomes that range
from 152 to 149 pg per 2C nucleus (Bennett and Leitch;
http:/fiwww.rbgkew.org.uk/cval/homepage html). Genomic
in situ hybridization experiments have been done in many
Allium species and hybrids (Hizume 1994; Friesen et al.
1997; Peterka et al. 1997, Shigyo et al. 1998; Khrustaleva
and Kik 2000), and even among species classified in the
same section genomes can be successfully identified. Alli-
um cepa and Allium fistlosum are classified in the subge-
nus Rhizirideum, section Cepa, and have similar karyo-
types, yet, using GISH, it is possible to identify the parental
genomes in their hybrids (Hizume 1994; Shigyo et al. 1998;
Khrustaleva and Kik 2000). What kinds of sequences deter-
mine GISH signals? Elucidation of genomic differences be-
tween these two related species will give important clues to
the understanding of the process of genomic evolution. A.
cepa and A. fistulosum are useful for this kind of experi-
ment as there is an allodiploid species, Allium wakegi Araki
(A. cepaxA. fistulosum), in the cells of which the two geno-
mes can clearly be distinguished by GISH (Hizume 1994).
The aim of this study was to isolate genome-characterizing
sequences producing GISH signals and analyze their chro-
mosomal distribution to gain an understanding of genomic
evolution.

Materials and methods

Plant materials

Bulbs of A. cepa L. and A. wakegi Araki, and seeds of A. fistulosum
L. were purchased in Matsuyama, Ehime, Japan. Bulbs of A. cepa
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Mutations of Cx26 gene (GJB2) for prelingual deafness

in Taiwan
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Mutations in the Cx26 (GjB2) gene have been shown to be responsible for a major part of autosomal
recessive non-syndromic inherited prelingual deafness. We have sequenced the coding region of GJ82
gene from 169 Taiwanese patients with prelingual deafness and 100 unrelated normal individuals. In the
deaf patients, three mutations were found: two novel mutations, 551G —A, and 299-300delAT, and one
previously described mutation, 235deiC. Four previously reported polymorphisms, 79C A, 109G —A,
341A-G, and 608T —C, were also found in both deaf patients and normal individuals and one new
possible polymorphism, 558G - A, which was only found in a patient. Interestingly, we did not find the
35delG allele, which is commonly found in the Caucasian population, either in the patients or in normal
individuals we examined. Our data also showed 235delC to be the most common type of mutation found
in Cx26 mutants {approximately 57%). Therefore, based on our findings, we have developed a simple
molecular test for the 235delC mutation and it should be of considerable help to those families to
understand the cause of their children having the prelingual deafness.
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Keywords: connexin 26; GJ82; prelingual deafness; Taiwanese

Introduction

The most common inherited sensory disorder is severe
hearing impairment, which affects about 1 in 1000 chil-
dren.' Cuarremtly, aver 40 chromosomal loci have been
identified for non-syndromic hearing loss through linkage
studties (http:/fwww.uaig.ache/dnalab/hhh/). However, only
22 cloned nuclear genes have been shown so far 10 cause
not-syndromic  deafness  (hittp//www.nia.acbe/dnalab/
hhh/hhhgenes.html), and nearly one halt of the cases of
non-syndromic deafness among Caucasian and Japanese
are reported to be caused by mutations of Cx26 gene”
Cx26 (GIB encodes connexin 26 protein which s a
member of the connexin protein family and can interact
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with connexin 32, connexin 46, and connexin 30 to form
a hexameric of homotypic (composed of six identical
connexin subunits) or heterotypic (composed of more than
one species of connexins) half channel (connexon) of gap
junctions. Such gap junctions play an important role in
the local circulation of potassium jons in the inner ear.™"
Connexin 26 has been reported to be expressed in the stria
vascularis, bascrnent membrane, limbus and spiral promi-
nence of cochlea.” Mutations in Cx26 have also been
found to be involved in various mechanisms that lead to
the loss of hearing, such as interference with the proper
oligomerisation or intraceliular transport of Cx26, impair-
ment of interaction between connexons in opposing cells,
or block the recycling of potassiuth ions back to the endo-
lymph of the cochlear duct after stimulation of the sensory
hair cetis.®

Therc is a lot of evidence indicating that mutations of
Cx26 might brc a major contributor to prelingual deafrness
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among Caucasians®~'? and Japanese.* However, there have

been significant differences in the types and frequencies of
mutation of Cx26 found between the two poputations.
35del; has been reported to be the most common form
of (x26 mutation among Caucasians, bul 235delC s
reported to be the most frequently found form of Cx26
found among Japanese, We analysed the coding region of
€x26 of 169 Taiwanese schoolchildren with prelingual hear-
ing lass. Of the 169 children, 19 were having mutations in
this region. Of these 19, eight were found to be homozy-
gous for 235delC, two heterozygous for 235delC, four
compound  heterogygous  for  235delC/299-300delAT,
two heterozygous for 299-300deiAT, onc heterozygous
551G—4, and two heterozygous for 558G —A, Qur data
identifted 235delCC to be the most common type of muta-
tion found in Cx26 mutants ( ~57%).

Family studics were also performed on nine prohands
with ((x26 mutations, cight of whom were shown to have
inherited mutant allele(s) from the parentsrelatives. The
results of this study further illustrate the contribution of
Cx26 mutants to the pathogenesis of prelingual hearing loss
in children,

Materials and methods

The present investigation, a connexin 26 analysis, was
performed on children from the National Taichung School
for the Deaf. A complete medical history was obtained from
cach child to record the age of onset of deafness and to
exclude the possibility of such environmental causes as
maternofoetal infection, perinatal complications, meningi-
tis, mumps, prenatal or postnatal drug ototoxicity, and
acoustic trauma. One hundred and sixty-nine children
{103 males, 66 females), between 4 and 18 years of age
had mild to profound prelingually sensorincural deafness.
Family studies were performed on nine probands with
(’x26 mutation. One hundred randomly selected normal
individuals were screened to be used as control subjects.

Using a QlAamp DNA Blood Kit (Qiagen), we obtained
LNA samples from 5 ml of peripheral blood from each indi-
vidual. The quality and quantity of purified genomic DNA
were determined by running a 0.8% agarose gel and spec-
trophotometry.

The primer pair used in polvmerase chain reaction and
two additional internal primers used in DNA sequencing
were: Cx26-AU (5 TCITTTCCAGAGCAAACCGC-3Y,
forward primer for PCR and sequencing; CxB873-L (5
CTGGGCAATGCGTTAAACTGG-3), reverse primer for PCR
and sequencing CxSO1F (S-GTGGCCTACCGGAGACAT-
GAG-3), primer for internal forward sequencing; AL (5
GOGACACGAAGATCGCTGCAG-3), primer  for  internal
reverse sequencing. The coding region of Cx26 was PCR
amplificd by denaturation of template DNA at 94 C for
5 min, followed by 30 cvcles of denaturation at 94 C for
1 min, annealing at 60 (. for 1 min, extension at 72 C for
1 min, and Gnally at 72 CC for 5 min. The PCR products

uropean Journal of Human Genetics

were purified using a PCR Purification Kit (Qiagen). The
purified DNA were then subjected to PCR-directed DNA
sequencing using a DNA Sequencing Kit {Perkin-Elmer)
and ABI Prism 3i0 Genetic Analyzer {Perkin-Elmecr).

To verify the 235del(. mutation, we used Apal 10 digest
the PCR product in a final volume of 20 4k 544 of PCR
product, 5 units of Apal, 2 4l of 10X buffer, and (.2 ul of
100X BSA. The reaction were carried out at 25 C for 2 h,
and then run on a 2% agarose gel.

Results
The Cx26 mutations observed in Taiwanese patients with
prelingual non-syndromic hearing loss were two deletions,
235delCC  and  299-300delAT, and one substitution,
551G —A. In addition to the 235del(. mutation, two other
mutations were found to be novel. The prevalence of
Cx26 mutations are summarised in Table 1, and the effects
of each mutation as well as the mutant allele frequency arc
summarised in Table 2. Qur data also identified that
235delC .is the most common mutant allele found in
Cx26. However, we did not find any heterozygotes for
muwtant alleles among the 100 controls. Of the four
235det(;/299-300delAT  compound  heterozygote  deaf
schoolchildren, two were sisters (assigned (43 and 053).
Further sequence analysis of this +F043/033 family, revealed
the father to be heterozygous for 299-300delAT/wt and the
mother heterozygous for 235delCfwt. However, both
parents had normal hearing levels, indicating that the
novel 299-300de]AT mutation acts in a recessive manner.
It is worth noting that the 35delG allele, which is common
In Caucastan population, was not found In cither the deaf
patients or normal controls. We aiso studied eight families
(14 family members in total) to leam more about the
inheritance of individual mutations. 1t was found that all
of the deaf children in these family families inherited the
recessive mutant alleles from hoth parents except for
patient 129, who had oniy one (x26 mutant allele and
whose alleged father had a wild-type homozygote for Cx26.
Four polymorphic sites of Cx26 were determined in the
100 unrelated normal controls as well as in our paticnt
population {(data not shown). The 341A-G and
608T—GC polymorphisms have been previously described
by Kudo et al’ and the other two polymorphisms,
79G—A and 109(Gi—A, have been previously described by
Keitey et al."* In addition to thesc known polymorphisms,
one new possible polymorphism, 558G—-A, was detected
in one patient (see discussion below).

Discussicn

We have found three mutations, 551G —A, 299-300delAT
and 235delC, in the Cx26 gene among Taiwanese patients
with prelingual deafness. Among those the 235delC muta-
tion is the allele with the highest frequency in the
Taiwanese deaf population. Similarly, the 235delC mutation
has been described previously by Kudo et al. as heing the



Table 1 The prevalence of Cx26 mutations in 169 deaf
patients

Genotype Individual found Percentage
551G -Afwt | 0.59
235deiC/235delC 8 4.73
235delC/wt 2 1.18
235delC/299-300delAT 4 2.36
299-300delAT/wt 2 118
Total 17 10.06

Table 2 Mutations and allele frequencies of Cx26 found in
169 hearing impaired schoolchildren

Nucleotide Amino acid  Predicted Allele frequency
change change effect (chromosame na)
235delC L79C Frameshift, stop  6.70 (22)
at codon 81
299-300delAT H100R Frameshift, stop  1.82 (6)
at codon 113
551G—A R184Q Missense 0.29 (1)
mutation

muost Irequent altele tound in Japanese deat people,” though
it has not been reported in the Caucasian poputation. Of the
169 deaf schoolchildren we studied, two had 235delC/wt
heterozygotes. Since this mutation has been characterised
as recessive® (and our data), it Is very likely that these
patients may have had other mutation(s) in other gene(s)
which are responsible for the clinical manifestation of deai-
ness, The 299-300delA1 causes a frameshift and produces a
premature (x26 that stops at position 113. Patients (43
and 053 are siblings with the same genotype of 299-
300delAT/235dclC. Iheir father is 299-300delAT/wt hetero-
zygote and thelr mother is 235delC/wt heterozygote. Both
parents showed no hearing impairment. According to the
results we obtained by studying the FO43/052 family, this
299.300delAT mutation exhibited the characteristics of
autosomal recessive heredity. Thus, the two 299-300dciAT/
wt heterozvgote deafness schoo! children, like 235delCiwt
carrier, mav also have had other mutationds) in other genes
responsible for deafness. Tatient 129 was heterozygous for
551G —A/wt, Although his father way also deaf. the father
did not show any mutation in Cx26, The mother of patient
129 was a normal individual but we could not ubtain her
DNA for sequence analysis. In patient 1295 family (F129},
the hearing loss of the father was clearly not caused hy the
mutation in (x26 and the child may have either inherited
the other hearing loss factoris) from the father and demon-
strated the phenotype or perhaps due to the de novo
551G +A allele which caused the disease. Because the
S51G—A is a missensc mutation that causes R184Q substitu-
tion in Cx26 and the amino acid is located at the second
extracellular loap, this mutation might affect the selective
compaltibility between different species of connexin proteins
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to form heterotypic functional chanpels.'”  However,
whether the 551¢G — A is sufficient cause for the development
of deafness or not needs further study. Another substitution
found in this study was 558G — A, This substitution does not
change the amino acid composition of (x26 (silent muta-
tian). However, this substitution was found in patient 117
only, whose parents showed no hearing impainment. Unfog-
tunately, we could not obtain his parents” DNA to contirm
whether he was a case of de move mutation or whether there
was mutation in another gene responsible for this pheno-
type. From the data we obtained, this silent mutation may
represent a polymorphism rather than a pathogenic muta-
tion. However, therc is increasing evidence that the silent
mutation might cause phenotypic variahility by influencing
splicing accuracy or effickency,’® Thus, we can not rule out
the possibitity that 558G —A may has the pathogenic effect.
Further study is currently underway to verify this view point.

It is very intetesting that we did not find any 35del(
mutation in either our paticnts or in our controls. The
35delG allele has been demonstrated to be the most
frequently found mutation to cause non-syndromic reces-
sive prefingual deafness in Caucasians.” '™ Fekin et of'®
suggested that the high frequency of 35delG alicle may
possibly arise from a founder effect and further enhanced
by assortative mating in the population. This postulation
could be true, since the uriental populations, Japanese®
and Taiwanese (this study), do not cxhibit this allele and
the most common mutation in both oriental populations
is 235delC, indicating that different causes between the
(’x26 mutations of Caucastan and those of oriental popula-
tions.

One specific mutation, 235delC, accounted for the
majority (approximately 57%) of Ca26 mutant alleles in
our study. Adding our findings to those of the Japanese
study, we can say that 235delC is one of the most frequent
disease mutations identified among oricntal populations to
date. Genetic counselling for prelingual deafness has been
so far considerably hampered by the difficulty in distin-
guishing genetic and non-genetic deafness in families
presenting with a single child. Based on the resuits
presented in this study, we used restriction enzyme Apul
to verify the 235delC mutation and for the quick screening
for such mutation. Since 235delC climinates an Apal site,
therefore, we can identify ant individual who is a normal,
heterozyvgote, or homozvgote for this mutation by Apul
digestion of the PCR product.
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