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ABSTRACT:

The aim of this work is to characterize possibledifyang factors in two large families
carrying the A1555G mitochondrial mutation. The eneplasmy of the mutation, the
presence of aminoglysosides, the co-segregation etiier mitochondrial mutations, the
proposed linkage in chromosome 8 and the assaciatith TRMU and MTO1 genes were
studied. None of the mentioned modifying factorsreveelated with the phenotype

presentation of A1555G mutation. However TRMU G28NP is present in one of the

studied families.
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INTRODUCTION

Neurosensory, maternally inherited, non-syndroméafdess is a disease that may be

provoked by specific mutations in mitochondrial DN&tDNA). The most common of

these mutations is the A1555G substitution thaseariin the gene encoding the 12S

mitochondrial ribosome subunit [Prezatal. 1993]. Although this mutation is considered

as the primary cause of neurosensory deafnesdhdracal [Guaret al. 2001;Guaret al.

2000] and clinical [el Schahawt al. 1997] evidence suggests that other environmemtal o

nuclear factors might modulate the phenotype o$dhdisorders. Such modulating factors

include:

Exposure to aminoglycosides. The A1555G mutation was initially described ibgets

with both antibiotic-induced and non-syndromic desks [Prezantet al. 1993].

Moreover, various patients were later identified that cafrthis mutation and that
developed deafness without having been exposedhiooglycosides [Liet al. 2004;el
Schahawi, Lopez, Sarrazin, Shanske, Basirico, &earend DiMauro1997]. Thus, it
appears that exposure to these compounds is noirgdgfor the appearance of this
phenotype [Estivilet al. 1998].

Heteroplasmy of the mutation. In the vast majority of studies on A1555G, thistation
was described as homoplasmic but some studies gragented families with different
levels of heteroplasmy. These studies have propisedhe level of heteroplasmy could
influence the clinical manifestations of the digedsl Schahawi, Lopez, Sarrazin,
Shanske, Basirico, Shanske, and DiMauro1997;d«ill0ast al. 2003].

Co-segregation with other mtDNA mutations. Polymorphisms in mtDNA could
influence the penetrance of pathogenic mutatiospamesible for other mitochondrial
disorders. For example, it is thought that primpaghogenic mutations exist in Lebers’
disease and that secondary mutations, which arentrotsically pathogenic, influence

the expression of the primary mutations [Torrehial. 1997]. It was proposed that
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various alterations in the mtDNA sequence may matduthe phenotypic expression of
the A1555G mutation [Li, Xing, Yan, Cao, Liu, Bundg Guan2004;Pandyet al.
1999;Finnilaet al. 2001]. Other alterations in the mitochondrial gaeothat cause
neurosensory non-syndromic deafness and that cauttgregate with A1555G are the
changes A7445G, 7472 insC, T7510C, T7511C [Fis@mdsian 1999] or C1494T
[Zhaoet al. 2004].

Nuclear genes may also be candidates to functionally interacthvand modify the
mutated 12S rRNA, influencing the phenotypic expi@s of the A1555G mutation.
Genome linkage studies propose that a locus innobsome 8 might be linked to the
disease [Bykhovskayet al. 1998;Bykhovskayaet al. 2000], but this linkage has not
been replicated and no mutations have been fourtieénproposed modifying genes.
Studies in the yeas$accharomyces cerevisae have proposed the MTO1, MSS1 and
MTO2 genes as strong candidates to modulate tleetedf the mutation. Accordingly,
MTO2 can complement the respiratory-deficient phygo® of yeast cells carrying the
C1409G mutation in the 15S rRNA. Indeed, a G28Tsemse mutation in the TRMU
gene (a homologue of MTO2) was identified in 61djsats with non-syndromic
deafness from families of different ethnic origiredtering a conserved amino acid
(Alanine). Functionally, this mutation does noteatfthe import of TRMU precursors but
it does lead to a marked failure in mitochondrRINA metabolism [Guamt al. 2006].
These findings support the role of TRMU as a mathdafactor of deafness-associated

A1555G mutation.

In the current study, we analyzed possible modgfyiactors in two families carrying the
A1555G mutation in which deafness was observedrder to explain the differences in the
phenotype between the carriers of the mutatiorthése families, the heteroplasmy of the

mutations was studied, as well as their co-segi@yatith other mitochondrial mutations in
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5
the 12S gene, and the proposed linkage with amagichromosome 8, and with the TRMU

and MTO1 sequences.

METHODS

The two families examined in this study were of l@gl origin and they have been partially

described in another study [el Schahawi, Lopezta2ar, Shanske, Basirico, Shanske, and
DiMauro1997]. All the individuals studied were inteewed at the Neurology Service of the

Hospital Donostia. Of 38 individuals in these fagsl(18 male, 20 female), 19 (9 males, 10

females) were diagnosed with neurosensory non-symdrdeafness.

Molecular studies

After obtaining the informed consent of each subjBdNA was extracted from peripheral
blood by standard methods [Milleral. 1988]. The control samples were taken from a DNA
bank maintained by the Neurology Service of thegitat Donostia and these controls were

from individuals that did not suffer any neurolaglicomplaint.

Study of the A1555G mutation

The presence of the A1555G mutation was determyedCR-RFLP [el Schahawi, Lopez,
Sarrazin, Shanske, Basirico, Shanske, and DiMa@®Q1® 94 bp fragment was amplified
(see primers in Table I) using a reverse mismatohgy that generated a novel restriction
site in conjunction with the mutation. The presemceabsence of the mutation could
therefore be determined by complete digestion efRER product O/N with the restriction
enzyme Hae Ill lew England Biolabs), and by analyzing the digestion products by
electrophoresis in a 4 % agarose gel. The novéicisn site generated by the presence of
the mutated allele (1555G) gives rise to two basfd® and 30 bp upon digestion, while the
normal allele (1555A) is not digested by the enzyand thus, a 94 bp band is detected. In

this way the carriers of the mutation can be easfferentiated.
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Quantification of the heteroplasmy level

The level of heteroplasmy in mitochondrial mutatidmas classically been measured by
densitometry of the bands obtained*f® labeled RFLP studies. Since it is not currently
clear which is the best technique to measure hatsmy [Jacobét al. 2001;Ren-Kui B and
Lee-Jun C.Wong 2004], we have used two methodstsuare this phenomenon:

- The first method involved capillary electrophoresisthe PCR-RFLP products in an

ABIPRISM 310 analyzer. As noted aboube reverse mismatch primer creates a new

Hae Il target when the DNA carries the mutationlevithe forward primer was labeled
with TAMRA. Two different peaks were detected aif@®iN enzyme digestion, the wild-
type peak (94 pb) and the mutated peak (64 pbYthénheteroplasmic subjects, the
proportion of the mutated molecules was estimatethb relation between the peak’s
areas using the GENESCAN and GENOTYPER softwateplied Biosystems). Each
digestion product was run twice and each digestias performed three times from three
independent PCR reactions. The percentage heteroplavas calculated as the mean of
the six results.

- The other method relied on gPCR SNP detection tdolyg, using a 7300 gPCR genetic
analyzer (Applied Biosystems) and a SNP assay itlbes specifically designed by
Applied Biosystem to detect the A1555G SNP. Toldsta the level of heteroplasmy,
the Ct of each probe (normal and mutated) was coedpdai and Wong 2004] using
SDS v1.3.1 software from Applied Biosystems. Weckled each probe in 45 healthy
controls to be sure that the mutated probe wascsiritly specific. Each assay was
repeated three times and the value presented pords to the mean of these three

measurements.

Study of the mitochondrial variations
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7
By sequencing a 1141 bp amplicon of mtDNA thatudels the MTRNR1 gene (see primers

in Table I) we studied an affected individual andaarier of the mutation in each family

(individual 111-11 of family 1 and IV-3 of family P as well as three control individuals.

Likewise, the mitochondrial mutations: 961 insC,484A, A7445G, 7472 insC, T7510C,
T7511C and C1494T were studied in all the familynmbers (affected and unaffected). The
A4336G alteration was analyzed by PCR-RFLP with ¢éneyme Nla 11l New England

Biolabs) rather than by sequencing. The 4336A allele ggasra 313 bp fragment while the
allele 4336G generates two fragments of 244 bp&ntdp that can being differentiated by
electrophoresis in a 2 % agarose gel.. Each samaéeascribed to one of the following
haplogroups, H, U, JT or Y, according to previouplyblished protocols [Otaeget al.

2004].

All the mitochondrial primers (sequences available request) were designed using the

mitochondrial sequence AC_001807.

Linkage studies

The linkage study was performed using the followingrkers: D8S277, D8S561, D8S1819
and D8S1825 with HEX labeled primers and underatinglification conditions described in
the GDB database [2004a]. The PCR products wereirruan ABIPRISM 310 genetic
analyzer and analyzed with the GENESCAN softwatee Tod score was calculated using

the LCP software package.

Candidate nuclear gene sequencing

The MTO1 gene was studied by direct sequencingn@fcbding exons in: one patient (IV-
28) from family 1, one asymptomatic individual thata carrier of the A1555G mutation

(111-5) from family 1, one patient from family 2 I(}5) and one healthy control unrelated
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8
with either family. The MTO1 primers (available @waquest) were designed using the

sequence ENST00000323606.

The coding exons of the TRMU gene were also stulbyedirect sequencing in the following
individuals: 11I-10, 11I-14, 1V-40, V-2 and V-6 frm family 1; 111-9, IV-3 and V-4 from
family 2. The primers (available on request) wemsighed from the NC_000022.9
sequence. The presence of the G28T mutation wasrtased by PCR-RFLP using
previously reported methods [Guan, Yan, Li, Bykh@assm, Gallo-Teran, Hajek, Umeda,
Zhao, Garrido, Mengesha, Suzuki, Del Castillo, Rete, Qian, Wang, Ballana, Shohat, Lu,
Estivill, Watanabe, and Fischel-Ghodsian2006]. Wangined this mutation in 256 healthy
subjects.

All sequencing reactions were carried out in a 8L@& 3130 Applied Biosystem genetic

analyzer following the manufacturer’'s recommendstio

RESULTS

Heteroplasmy levels
The data from the distinct analyses of heteropladnyy Genescan gqPCR and by

electrophoresis were compared (Table 1). The genegechnique detects levels of

heteroplasmy between 0.8% and 98 % in both famifiading more heteroplasmy in the

family 2. The study in controls with gPCR showst it mutated probe was highly specific,

giving an error of less than 1% (data not showm}, technique detects heteroplasmy only in

family 2 (patients 11-2 and I111-1)

Mitochondrial SNPS
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182 None of the following mitochondrial mutations wéoeind in any of the individuals studied:
183 961 insC, A4336G, A7445G, 7472 insC, T7510C, or T#b11C. Family 1 can be

184 considered within the haplogroup JT, and family 2hie haplogroup H.

185 We characterized several homoplasmic changes ibhaBemitochondrial gene sequence. At
186 nucleotide 750, we identified the-AG transition in all the samples analyzed (patiams
187 controls). In contrast, a transversionXG) was detected at position 1438 in the two
188 families studied and it was not evident in the oalst thereby segregating with the A1555G
189 mutation. Furthermore, a=¥C transition was observed at position 1193 in far@ibut not

190 in the other family.

191 Linkage and nuclear genes

192 The linkage analysis generated lod scores betw@énand -2.5, ruling out the possible
193 linkage of the chromosome 8 region with the dis€data available on request).

194

195 The sequence of MTO1 coding exons in the familiadied did not show any difference in
196 the families when compared with the controls.

197

198 Likewise, no mutations were detected in the TRMdusmces except for the previously
199 reported G28T mutations (see Fig 2). This mutati@s only present in family 1, where it
200 was detected in 14 heterozygous individuals, siwldm were deaf and 8 healthy, and in
201 one homozygous-deaf subject. When 256 control stgojgere analyzed, the proportion of
202 heterozygotes was 12.1 % and only 1 homozygougsilps identified (0.004%).

203

204 DISCUSSION

205 In two Spanish families suffering from maternalhherited neurosensory non-syndromic

206 deafness, we have analyzed different molecularggmathat have been proposed as possible
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10
modifying factors associated with the A1555G muotatiel Schahawi, Lopez, Sarrazin,

Shanske, Basirico, Shanske, and DiMauro1997]. Aliogly, we analyzed the degree of
heteroplasmy, the presence of mitochondrial mutatithe proposed linkage to chromosome

8 and the role of the MTO1 and TRMU genes in tHaselies and in healthy controls.

Heteroplasmy

Although the A1555G mutation is usually describedsl @isplaying a homoplasmic
inheritance, individuals with heteroplasmic mutaiohave been described [del Castillo,
Rodriguez-Ballesteros, Martin, Arellano, Gallo-Trerdorales-Angulo, Ramirez-Camacho,
Cruz, Solanellas, Martinez-Conde, Villamar, MordPelayo, Moreno, and del, 12003;el
Schahawi, Lopez, Sarrazin, Shanske, Basirico, &eamsd DiMauro1997]. Indeed, it was
established that the mutated copies ranged bet@&&mand 96.60 % in these heteroplasmic
individuals and a pathogenic threshold was propdstdieen 20 and 52 % . According to
these conclusions, individuals with less than 206f¥%utated copies would be asymptomatic
while the individuals with more than 52 % would tkeaf. However, these affirmations do
not correlate with the existence of healthy homsmplig carriers of the mutation, as occurs

both in our families and in families reported elbeve.

Instead of the classical densitometry methods, aweehused two different techniques to
measure the degree of heteroplasmy that avoid Hee ai radioactivity. A technical

comparison of these two methods showed slight rdiffees between the percentages
obtained by genescan or by gPCR. In the genesqganoagh, we use a restriction enzyme
and a mismatch primer and these two conditionseas® the variability of the technique,
particularly in the values close to the extremesaf@ 100). Such problems were not
associated with the use of qPCR, which displays iesiability between replicates than

genescan. However, based on the control resultfikqR&y have an error of 1% in terms of
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11

the estimation of the percentage level of mutatievertheless, we believe that these two

approaches are more realistic and more efficiart the densitometry approach.

In family 1 the mutation always appears as homoplkasand while the pattern is clearly
maternal, we found several carrier individuals withsymptoms (111-10, I11-21, 1lI-15, 1V-9,
V-1 vy V-8 in Fig 2A). Such asymptomatic carriersvéalso been found in other families,
sustaining the existence of modulating factorscdntrast, heteroplasmic individuals were
identified in family 2, the degree of heteroplasragging between 71.186 (lI-2) and 93.214
% (I11-1). Similarly, asymptomatic homoplasmic dars were identified (IV-4) which
makes it impossible to establish a pathogenic timlds The 111-9 individual in this family
should be a carrier of the mutation but does nesgmt the A1555G mutation. The genotype
of this individual could be explained by non-eqgbita mitochondrial segregation during
oogenesis in the mother which produces two or nooxde types with high levels of the

mutation or with no mutated copies. This phenomenwmed “bottle neck” could be

defined as the minimal number of mitochondrial deneopies which occurs during oocyte

formation and early development which maximizesetierdrift for a heteroplasmic mother.

It has been described in other mitochondrial dsgaand non-equitable A1555G inheritance
in the offspring of the carrier mothers was destitby Del Castillo et al, supporting the
possible occurrence of such a bottle neck. Moreower must take into account that our
study was carried out on blood and thus, the vablgined might not be representative of
the affected tissue. Although several authors heed to explain the mechanisms behind
heteroplasmic inheritance, they still remain unc[@attersby Bet al. 2003;Jenuth JEt al.
1996].

In conclusion, the two families studied here carlgomoplasmic A1555G mutation on the
one hand and in the other, the A1555G mutatiori@arly heteroplasmic. In both families

homoplasmic carriers were identified that did nepthy any symptoms.
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Mitochondrial mutations

The MTRNR1 gene, in which the A1555G mutation isaled, encodes the ribosomal 12S
subunit. Hence, any other alteration in the seqeefcthis gene could affect the spatial
conformation of this subunit and act in conjunctieith the A1555G mutation to modulate
its effects. Several different polymorphisms instgene have been proposed as factors that
might modulate this disease (see introduction)@nddata clearly indicate that the transition
at nucleotide 750 can be considered as a polymswphThis alteration appears with a
similar frequency in both the healthy group of gabg and in the patients, and as such it is

most likely to be a polymorphism rather than bewlgted with the disease.

The C1438G transversion was also present in batliliés but it was not identified in the
control subjects. Moreover, this alteration hasnbdescribed as a polymorphism in the
MITOMAP database [2004b]. This transversion wa® akentified in another study on the
relationship between mitochondria and deafness lmthpatients and control subjects
[Yamasobaet al. 2002]. Accordingly, its potential implication irhis disease remains
unclear. Indeed, this substitution could be a pajput polymorphism that is found at greater
frequency in carriers of the A1555G mutation. Idearto evaluate this possibility, it will be
necessary to determine the presence of this pojymsm in a larger number of A1555G

carriers.

The nucleotide change 1193pIC) appears exclusively in family 2 and it is natluded in
the databases. It occurs at a nucleotide thattikighly conserved across evolution, and that
is found between structural helix 32 and 33 ofXB& subunit [Hickson gt al. 1996]. This
could be a rare polymorphism or alternatively, &actor that modulates the effects of the
A1555G mutation in an analogous manner to that deerthe secondary mutations in
LEBER disease. However, the fact that the polymisrmhsegregates with the mutation does

not explain the existence of asymptomatic carriers.
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In summary, all the mitochondrial changes encoedt@ppear to be polymorphisms that are
not related with the incomplete penetrance of ti&35G mutation. However, it will be
important to carry out an analysis in larger senégatients to study the effects of these

changes on the expression of the A1555G mutation.

Linkage mutations and candidate genes

The proposed positive linkage of the 8923 regiopkf®vskayaet al. 2001] has not been
verified either by our data or in an earlier stfiEynnila and Majamaa 2003], so the linkage

of this region with the disease remains unclear.

The MTOL1 gene, located in chromosome 6 has beepopedl as a candidate gene to
modulate the effects of the A1555G mutation. Whartated it produces a deficit in the
production of the respiratory channel, but only whbee mtDNA of this cells carries the
PR,4s4 mutation, equivalent to the human A1555G mtDNA atioh [Colbyet al. 1998]. Like
two other studies [Finnila and Majamaa2003;Bykhaysket al. 2004], we found no
mutations in this gene in our families, and thisgeould thus be discarded as an factor

influencing this disease.

In 2006, it was proposed that the G28T mutatiothexTRMU gene was associated with this
disease [Guan, Yan, Li, Bykhovskaya, Gallo-Teramgjeld, Umeda, Zhao, Garrido,
Mengesha, Suzuki, Del Castillo, Peters, Li, Qianardy, Ballana, Shohat, Lu, Estivill,
Watanabe, and Fischel-Ghodsian2006]. This variaad found in around a 25% of two
cohorts carrying the A1555G mutation (one Arabdsrand one European), while it was
only present in 10% of Jewish and white controlse Tnutation is not present in either
controls or families suffering deafness in the @Bsm population. Biochemically, the G28T

mutation was shown to aggravate the mitochondnafuthction caused by the A1555G
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mutation [Guan, Yan, Li, Bykhovskaya, Gallo-Teradajek, Umeda, Zhao, Garrido,

Mengesha, Suzuki, Del Castillo, Peters, Li, Qianang, Ballana, Shohat, Lu, Estivill,
Watanabe, and Fischel-Ghodsian2006]. Accordinghte hypothesis, the G28T mutation
acts in synergy with the mitochondrial mutationwéwing the mitochondrial translation

process below the pathogenic threshold and therabging the phenotype.

In our cohorts, both of Spanish origin, we found @28T mutation in 15 out of 28 members
in family 1. The mutation appears more frequentiythis family than in normal controls,
consistent with the proposed modifying role. Howeve this family we did not find a
correlation between the genotype and phenotypegesie found heterozygous individuals
carrying the mutation with and without deafnesssdme families, including one presented

here,_this mutation seems to be a marker for tdegpee, but it not seems to be a modifying

factor More genes related to the complex set of factovelved in the mitochondrial

translation process should be studied in relatigh this phenomenon.

In our families the A1555G mitochondrial mutaticeems to be necessary but not sufficient
to cause clinical symptoms. It therefore seems ssarg to identify more susceptibility
factors, probably SNPS in nuclear genes related mitochondrial metabolism, to explain

the inheritance of this disease.
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Table 1
Clinical

FAMILY sample GeneS qPCR Gel | Symptoms
111-8 98.00 | 100.00% + YES
111-10 96.00 100.00% + NO
I1-11 91.29 100.00% + NO
111-12 1.00 0.10% - NO
111-15 95.00 100.00% + NO
V-1 95.70 100.00% + YES
1 V-2 95.36 100.00% + YES
V-3 0.00 0.00% - NO
1 V-4 92.78 100.00% + YES
V-5 96.70 100.00% + YES
1 V-6 96.67 100.00% + YES

FAM LY
1 1V-8 96.56 100.00% + YES
1V-11 95.91 100.00% + YES
1V-12 1.40 0.05% - NO
1 V-13 96.14 100.00% + NO
1V-14 1.44 - NO
1 V-15 95.14 100.00% + YES
1V-18 93.67 100.00% + YES
1'V-20 94.89 100.00% + YES
1V-21 2.29 0.00% - NO
1 V-24 3.00 0.06% - NO
V-1 96.00 100.00% + NO
V-2 96.43 100.00% + YES
V-3 94.78 100.00% + NO
V-4 6.20 0.00% - NO
V-5 1.25 0.07% - NO
V- 6 1.00 0.03% - NO
V-7 2.29 0.04% - NO
V-8 6.14 0.13% - NO
11-2 81.67 71.19% + NO
11-1 67.71 93.22% + YES
I11-5 78.50 99.97% + YES
-7 91.25 N.A ar YES
FA'\g LY I11-8 0.88 0.26% - NO
1V-3 N.A 100.00% + YES
1 V-4 N.A 100.00% + &?
V-5 N.A 100.00% + YES
1 V-6_ 95.43 100.00% + YES
Heter oplasmy observed using two techniques: GeneScan (Gen

eS) and quantitative PCR
(gPCR), and compared with the electrophoresis results and the status of the individuals. The

results of the RFLP in agarose gels are represented, whereby: + indicates the presence of
the mutation; a negative result is represented by -; and both symbols indicate that the RFLP
indicates the existence of hetroplasmy. ND: Not available.

16
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342 Table 2.

Change | Nucleotide | Fam 1,111-11 | Fam 2,1V-3 | Controls MITOMAP

A->G 750 YES YES YES Polymorphism

C>G 1438 YES YES NO DM associated

polymorphism

T->C 1193 NO YES NO
343
344 Changes in the 12S mitochondrial gene. DM: Diabetes Mellitus
345
346

347
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