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Abstract
Mitochondrial 12S rRNA 1555A>G mutation is one of the important causes of aminoglycoside-
induced and nonsyndromic deafness. Our previous investigations showed that the A1555G mutation
was a primary factor underlying the development of deafness but was insufficient to produce deafness
phenotype. However, it has been proposed that mitochondrial haplotypes modulate the phenotypic
manifestation of the 1555A>G mutation. Here, we performed systematic and extended mutational
screening of 12S rRNA gene in a cohort of 1742 hearing-impaired Han Chinese pediatric subjects
from Zhejiang Province, China. Among these, 69 subjects with aminoglycoside-induced and
nonsyndromic deafness harbored the homoplasmic 1555A>G mutation. These translated to a
frequency of ~3.96% for the 1555A>G mutation in this hearing impaired population. Clinical and
genetic characterizations of 69 Chinese families carrying the 1555A>G mutation exhibited a wide
range of penetrance and expressivity of hearing impairment. The average penetrances of deafness
were 29.5% and 17.6%, respectively, when aminoglycoside-induced hearing loss was included or
excluded. Furthermore, the average age-of-onset for deafness without aminoglycoside exposure
ranged from 5 and 30 years old, with the average of 14.5 years. Their mitochondrial genomes
exhibited distinct sets of polymorphisms belonging to ten Eastern Asian haplogroups A, B, C, D, F,
G, M, N, R and Y, respectively. These indicated that the 1555A>G mutation occurred through
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recurrent origins and founder events. The haplogroup D accounted for 40.6% of the patient’s mtDNA
samples but only 25.8% of the Chinese control mtDNA samples. Strikingly, these Chinese families
carrying mitochondrial haplogroup B exhibited higher penetrance and expressivity of hearing loss.
In addition, the mitochondrial haplogroup specific variants: 15927G>A of haplogroup B5b,
12338T>C of haplogroup F2, 7444G>A of haplogroup B4, 5802T>C, 10454T>C, 12224C>T and
11696G>A of D4 haplogroup, 5821G>A of haplogroup C, 14693A>G of haplogroups Y2 and F, and
b of Y2 may enhance the penetrace of hearing loss in these Chinese families. Moreover, the absence
of mutation in nuclear modifier gene TRMU suggested that TRMU may not be a modifier for the
phenotypic expression of the 1555A>G mutation in these Chinese families. These observations
suggested that mitochondrial haplotypes modulate the variable penetrance and expressivity of
deafness among these Chinese families.

INTRODUCTION
Deafness is one of the most common human health problems, affecting one in 700–1000
newborns (Nance and Sweeney 1975; Morton 1991). Deafness can be caused by gene
alterations and environmental factors including ototoxic drugs such as aminoglycoside
antibiotics. Mutations in mitochondrial DNA (mtDNA) are one of the important causes of
sensorineural hearing loss in some countries (Fischel-Ghosian 2005; Guan 2005). Of these,
the 12S rRNA 1555A>G mutation has been found to be responsible for both aminoglycoside-
induced and nonsyndromic deafness in many families worldwide (Prezant et al. 1993; Matthijs
et al. 1996; Pandya et al. 1997; Estivill et al. 1998; del Castillo et a. 2003; Li et al. 2004a;
2004b; Tang et al. 2007). The administration of aminoglycosides can induce or worsen hearing
loss in these subjects carrying the 1555A>G mutation. In the absence of aminoglycosides,
matrilineal relatives within and among families carrying the 1555A>G mutation exhibited a
considerable phenotypic variation with respect to severity, age-of-onset and penetrance of
hearing loss (Prezant et al. 1993; Matthijs et al. 1996; Estivill et al. 1998; Li et al. 2004a;
2004b; Young et al. 2005; 2006; Tang et al. 2007; Chen et al. 2008). Notably, some Chinese
families carrying the 1555A>G mutation exhibited very low penetrance of hearing loss (Young
et al. 2005; Dai et al. 2006; Tang et al. 2007), while a large Arab-Israeli family carrying the
1555A>G mutation revealed high penetrance of hearing loss (Bykhovskaya et al. 1998).
Functional characterization of cell lines derived from matrilineal relatives of a large Arab-
Israeli family demonstrated that the 1555A>G mutation conferred mild mitochondrial
dysfunction and sensitivity to aminoglycosides (Guan et al. 1996; 2000; 2001). These findings
indicated that the 1555A>G mutation by itself is insufficient to produce the deafness phenotype.
Therefore, additional modifier factors such as aminoglycosides, nuclear and mitochondrial
genetic modifiers contribute to the phenotypic variability of these mtDNA mutations (Guan et
al. 1996; 2000; 2001; 2006; Young et al. 2006; Chen et al. 2008; Wang et al. 2008; Qian and
Guan 2009).

However, the role of mitochondrial haplogroups/variants, in the phenotypic expression of these
primary deafness-associated mtDNA mutations remains poorly defined. In the present
investigation, we carried out a systematic and extended mutational screening of 12S rRNA
gene in a large cohort of 1742 hearing-impaired Han Chinese pediatric subjects from Zhejiang
Province, Eastern China. Mutational analysis of 12S rRNA gene in these subjects identified
69 genetically unrelated individuals harboring the 1555A>G mutation. We then performed the
clinical, genetic and molecular characterization of these hearing-impaired subjects carrying
the 1555A>G mutation. A wide range of penetrance, severity and age-at-onset of hearing loss
was observed in the matrilineal relatives within and among these Chinese families. To assess
the contribution that mtDNA variants or haplogroups make toward the variable penetrance and
expressivity of hearing loss in these pedigrees, we performed PCR-amplification of fragments
spanning entire mtDNA and subsequent DNA sequence analysis in the matrilineal relatives of
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those families. These analyses showed that there were distinct sets of mtDNA variants
belonging to ten Eastern Asian haplogroups in these Chinese pedigrees carrying the 1555A>G
mutation. Furthermore, we evaluated the potential role of these mtDNA haplogroups and
variants in the phenotypic manifestation of the 1555A>G mutation in these Chinese families.
In the previous investigations, we showed that the 10A>S mutation in TRMU, a nuclear
modifier gene encoding a highly conserved 5-methylaminomethyl-2-thiouridylate-
methyltransferase modulated the phenotypic manifestation of the 1555A>G mutation (Guan
et al. 2006). To examine whether TRMU gene plays a modifying role in the phenotypic
expression of the 1555A>G mutation, we performed a mutational analysis of the TRMU gene
in the hearing-impaired and normal hearing subjects of these families.

MATERIALS AND METHODS
Subjects and audiological examinations

A total of 1742 pediatric Chinese subjects, who were diagnosed with sporadic aminoglycoside-
induced and nonsyndromic hearing impairment by the Otology Clinic of Wenzhou Medical
College, were used for the screening of the 1555A>G mutation. A total of 69 Han Chinese
pedigrees carrying the 1555A>G mutation were included in this study. A comprehensive
history and physical examination for these participating subjects were performed to identify
any syndromic findings, the history of the use of aminoglycosides, genetic factors related to
the hearing impairment. An age-appropriate audiological examination was performed and this
examination included pure-tone audiometry (PTA) and/or auditory brainstem response (ABR),
immittance testing and Distortion product otoacoustic emissions (DPOAE). The PTA was
calculated from the average of the audiometric thresholds at 500, 1000, 2000, 4000 and 8000
Hz. The severity of hearing impairment was classified into five grades: normal <26 Decibel
(dB); mild =26–40 dB; moderate=41–70 dB; severe=71–90 dB; and profound >90 dB. The
262 control DNA were obtained from a panel of unaffected subjects from Han Chinese ancestry
from the same region. Penetrance (%) was calculated as affected matrilineal relatives/total
matrilineal relatives in each family. Informed consent was obtained from participants prior to
their participation in the study, in accordance with the Cincinnati Children’s Hospital Medical
Center Institutional Review Board and Ethnics Committee of Wenzhou Medical College.

Mutational analysis of mitochondrial genome
Genomic DNA was isolated from whole blood of participants using Puregene DNA Isolation
Kits (Gentra Systems, Minneapolis, MN). The homoplasmy of the 1555A>G mutation in these
subjects was determined as detailed previously (Li et al. 2004a; 2004b; Li et al. 2005). Briefly,
subject’s DNA fragments spanning the 12S rRNA gene were amplified by PCR using
oligodeoxynucleotides corresponding to positions 618–635 and 1988–2007 (Andrews et al.
1999). The amplified segments were digested with a restriction enzyme BsmAI (Li et al.
2004a; 2004b). Equal amounts of various digested samples were then analyzed by
electrophoresis through 1.5% agarose gel. The proportions of digested and undigested PCR
products were determined by the Image-Quant program after ethidium bromide staining to
determine if the 1555A>G mutation is in homoplasmy in these subjects.

The entire mitochondrial genomes of 43 probands and 93 normal hearing Han Chinese control
subjects were PCR amplified in 24 overlapping fragments by use of sets of the light-strand and
the heavy-strand oligonucleotide primers, as described elsewhere (Rieder et al. 1998). Each
fragment was purified and subsequently analyzed by direct sequencing in an ABI 3700
automated DNA sequencer using the BigDye Terminator Cycle sequencing reaction kit. The
resultant sequence data were compared with the updated consensus Cambridge sequence
(GenBank accession number: NC_012920) (Andrews et al. 1999). Multiple sequence
alignments were performed using the ClustalW2 program from European Bioinformatics
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Institute. The allele frequency of variants in CO1 and tRNASer(AGY) genes was determined by
PCR amplification of fragments spanning the corresponding regions, using the genomic DNA
derived from 262 Chinese controls as templates and performing subsequent sequence analysis
of PCR products, as described above. These sequence results were compared with the updated
consensus Cambridge sequence (Andrews et al. 1999).

Haplogroup and phylogenetic analyses
The entire mtDNA sequences of the 69 hearing-impaired Chinese probands carrying the
1555A>G mutation and 93 Han Chinese controls were assigned to the Asian mitochondrial
haplogroups by using the nomenclature of mitochondrial haplogroup (Tanaka et al. 2004; Kong
et al. 2006). The phylogenetic relationships between the haplogroups of 69 hearing-impaired
Chinese subjects and those of 93 Chinese control subjects were determined by the
bootstrapping tests (Marshall 1991). The phylogenetic tree was generated by Molecular
Evolutionary Genetics Analysis (MEGA) Software Version 4.0., as detailed elsewhere
(Tamura et al. 2007).

Mutational analysis of TRMU gene
Nine pairs of primers for PCR-amplifying exons and their franking sequences, including
splicing donor and acceptor consensus sequences of TRMU, were used for this analysis. The
forward and reverse primers for PCR amplification and sequence analysis were as detailed
elsewhere (Guan et al. 2006). Fragment spanning 11 exons and flanking sequence from 69
matrilineal relatives of Chinese families and 11 unrelated controls were PCR-amplified,
purified and subsequently analyzed by direct sequencing in an ABI 3700 automated DNA
sequencer using the BigDye Terminator Cycle sequencing reaction kit. These sequence results
were compared with the TRMU genomic sequence (GenBank accession number AF448221)
(Guan et al. 2006).

Statistical analysis
Statistical analysis was carried out using the Student’s unpaired, two-tailed t-test contained in
the Microsoft-Excel program. Unless indicated otherwise, a P value <0.05 was considered
statistically significant.

RESULTS
Incidence of the 1555A>G mutation in a large cohort of Chinese pediatric subjects with
hearing loss

We have performed a mutational screening of the 1555A>G mutation in a cohort of 1742 Han
Chinese pediatric subjects, who were diagnosed as aminoglycoside-induced and nonsyndromic
hearing loss by the Otology Clinic at the Wenzhou Medical College. Firstly, DNA fragments
spanning the 12S rRNA gene were PCR-amplified from each affected subject. Each fragment
was digested by restriction enzyme BsmAI and subsequent electrophoresis analysis. Of those,
69 genetically unrelated subjects harbored the homoplasmic 1555A>G mutation in the 12S
rRNA gene (data not shown). These translate to a frequency of ~3.96% for the 1555A>G
mutation in this hearing impaired Chinese pediatric population. The presence of the
homoplasmic 1555A>G mutation in those subjects was further confirmed by PCR-
amplification of fragments spanning the 12S rRNA gene and subsequent DNA sequence
analysis (data not shown).

Clinical and genetic evaluation of Chinese families carrying the 1555A>G mutation
In the previous investigations, we have performed the clinical, genetic and molecular
characterization of 26 Chinese pedigrees carrying the 1555A>G mutation (Young et al.
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2005; 2006; Zhao et al. 2005; Yuan et al. 2005; Liao et al. 2007; Tang et al. 2007; Chen et al.
2008; Wang et al. 2008). In the present investigation, all available members of another 43 Han
Chinese pedigrees carrying the 1555A>G mutation underwent a comprehensive history and
physical examination as well as audiological examination identify any syndromic findings, the
history of the use of aminoglycosides and genetic factors related to the hearing impairment.
Comprehensive family medical histories of those probands and other members of these Chinese
families showed no other clinical abnormalities, including diabetes, muscular diseases, visual
dysfunction, and neurological disorders.

As shown in Figure 1 and Table 1, one hundred eighty-two of 786 matrilineal relatives among
43 Chinese pedigrees exhibited bilateral and sensorineural hearing impairment. All affected
individuals showed the loss of high frequencies. Of these, 71 hearing-impaired matrilineal
relatives, who had a history of exposure to gentamicin and/or streptomycin, had subsequent
severe-to-profound hearing loss. They received a regular dose of aminoglycosides (3–5 mg/
kg/dose every 8 h for gentamicin or 15–25 mg/kg/dose every 12 h for streptomycin) for various
illness at the age of 3 months to 10 years old. Hearing loss usually occurred from 3 days to 3
months after drug administration. In the absence of aminoglycosides, matrilineal relatives of
these Chinese families exhibited congenital to late-onset hearing impairment. Audiometric
studies showed a variable severity of hearing impairment in the matrilineal relatives of these
families, ranging from severe hearing impairment, to moderate hearing impairment, to mild
hearing impairment, to completely normal hearing. Furthermore, there was a wide range in the
age at onset of hearing impairment in these families, varying from infant to 65 years old. As
shown in Table 1, the average age-at-onset (excluding the use of aminoglycosides) of each
family in these 43 pedigrees varied from 5 years to 30 years old. In addition, there was a wide
range of the penetrance of hearing loss among these pedigrees. In particular, the penetrances
of hearing loss in these pedigrees ranged from 3.2% to 62.5%, when aminoglycoside-induced
hearing loss was included. However, the average penetrances of hearing loss in these pedigrees
varied from 0% to 50%, when aminoglycoside-induced hearing loss was excluded. In
particular, none of matrilineal relatives in 16 out of 43 pedigrees here suffered from hearing
loss, when aminoglycoside-induced hearing loss was excluded.

Analysis of the complete mitochondrial genomes
To assess the contribution that mtDNA variants or haplogroups make toward the variable
penetrance and expressivity of hearing loss in these Chinese pedigrees, we performed a PCR-
amplification of fragments spanning entire mtDNA and subsequent DNA sequence analysis
in 43 Chinese probands carrying the 1555A>G mutation and 93 normal hearing Chinese
controls. The sequence results from these Chinese subjects were aligned with the updated
consensus Cambridge sequence (Andrews et al. 1999). In addition to the identical 1555A>G
mutation, these probands, as shown in Table 2 (supplement data), exhibited distinct sets of
mtDNA polymorphisms including a number of known and novel variants. Of the known
variants (Brandon et al. 2005), five deafness-associated secondary mtDNA mutations were
identified in the following probands: tRNACys 5802T>C (WZD22 pedigree), tRNACys

5821G>A (WZD45 pedigree), ND5 12338T>C (M1T) (WZD40 pedigree), tRNAGlu

14693A>G (WZD51 pedigree) and CO1/tRNASer(UCN) 7444G>A (WZD58 and WZD59
pedigrees). Of the novel 30 variants, as shown in Table 3, there were one polymorphism in the
D-loop region, one variant in the 16S rRNA gene, the 12224C>T variant in the
tRNASer(AGY) gene, 17 silent variants and 19 missense mutations in the protein encoding genes.
These variants in RNAs and polypeptides were further evaluated by phylogenetic analysis of
these variants and sequences from other organisms including mouse (Bibb et al. 1981), bovine
(Gadaleta et al. 1989), and Xenopus laevis (Roe et al. 1985). The 7331C>A (F476L) variants
in the CO1 gene and the 12224C>T variant in the tRNASer(AGY) gene showed evolutionary
conservation in these species. The 12224C>T variant, as shown in Fig. 2, occurs adjacent to
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anticodon stem, corresponding to conventional position 32 of the tRNASer(AGY) (Florentz et
al. 2003). In fact, an cytosine at this position is a highly conserved base in sequenced
tRNASer(AGY) from bacteria to human mitochodria (Sprinzl et al. 1998). It is anticipated that
the 12224C>T mutation creates a novel base-pairing (32U-38A) on the anticodon stem of this
tRNASer(AGY), thus causing a failure in tRNA metabolism. Allele frequency analysis in 262
hearing normal Chinese control subjects showed that three subjects carried the 7331C>A
(F476L) variants in the CO1 gene, while none of 262 Chinese controls harbored the 12224C>T
variant in the tRNASer(AGY) gene.

Phylogenetic and haplogroup analysis of mtDNAs carrying the 1555A>G mutation
As shown in Table 1, the mtDNAs from 69 Chinese families carrying the 1555A>G mutation
were distributed among ten different haplogroups (Tanaka et al. 2004;Kong et al. 2006). To
determine if this distribution of deafness pedigrees corresponding to that of general Chinese
population, 93 hearing normal Chinese control mtDNAs recruited from the same region were
sequenced and assigned to certain Asian haplogroups. The phylogenetic tree including 69
Chinese pedigrees carrying the 1555A>G mutation and 93 Chinese controls is shown in Figure
3. Here, all mtDNA lineages fall into two macro-haplogroups M and N, of which Eastern Asian
mtDNAs were subdivided (Tanaka et al. 2004;Kong et al. 2006). Indeed, the 1555A>G
mutation is widely dispersed among ten common Eastern Asian subhaplogroups. As shown in
Table 4, the frequencies of mtDNA haplogroups A, B, C, D, F, G, M, N, R and Y in 69 hearing-
impaired families were 1.4%, 15.9%, 2.9%, 40.6%, 18.8%, 1.4%, 2.9%, 8.7%, 1.4% and 2.9%,
respectively, while those of 93 Chinese controls were 9.7%, 20.4%, 4.3%, 25.8%, 17.2%, 2.2%,
14%, 4.3%, 0% and 1.1%, respectively. Strikingly, the haplogroup D accounted for 40.6% of
the patient’s mtDNA samples but only 25.8% of the Chinese control mtDNA samples in this
study and 22.2% of a large cohort of Eastern Asian population (Tanaka et al. 2004;Kong et al.
2006). Of other haplogroups, the frequency of haplogroup Y and N in the patients’ mtDNA
samples was higher than those of control’s mtDNA samples, while the frequency of
haplogroups A, B, C, G and M in hearing-impaired mtDNA samples were lower than those of
control mtDNA samples.

Statistical analysis
As shown in Table 4, the average penetrances of hearing loss among 69 Chinese pedigrees
carrying the 1555A>G mutation were 29.4% and 17.6%, when aminoglycoside-induced
deafness was included or excluded, respectively and the average age-at-onset of hearing loss
among 69 Chinese pedigrees was 14.5 years old. To further evaluate the role of mitochondrial
genetic modifiers in deafness expression, statistical analysis was carried out using the unpaired,
two-tailed Student’s t-test. Here, the average penetrances of hearing loss among 21 Chinese
pedigrees carrying one of additional potentially functional significant mtDNA variants such
as 12338T>C variant [50% and 34%, when aminoglycoside-induced deafness was included or
excluded] showed significantly higher than 47 pedigrees lacking significant mtDNA variants
[19.7% and 9.9%, when aminoglycoside-induced deafness was included or excluded]
(p<0.0001) and (p<0.0001), respectively. Similarly, the average age-at-onset (12.9 years old)
of hearing loss among 21 Chinese pedigrees carrying one of the additional mtDNA variants
showed significantly younger than those (15.7 years old) among 47 pedigrees lacking
significant mtDNA variants (p<0.0148). Furthermore, the average penetrance of hearing loss
among mtDNA haplogroups A, B, C, D, F, G, M, N, R and Y ranged from 12.5% to 50% or
0% to 35%, when aminoglycoside-induced deafness was included or excluded, respectively,
while the age-at-onset of hearing loss among ten haplogroups varied from 13 to 18 years old.
In particular, the average penetrances of hearing loss among 11 Chinese pedigrees carrying
haplogroup B [42.8% and 34.5%, when aminoglycoside-induced deafness was included or
excluded] showed significantly higher than those among 69 pedigrees carrying the 1555A>G
mutation (p<0.0001) and (p<0.0001), respectively. On the other hand, there were no statically
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significant difference of age-at-onset of hearing loss between 11 Chinese pedigrees carrying
haplogroup B and average value of 69 Chinese pedigrees. In addition, the difference of average
penetrances and age-at-onset of hearing loss between one of other 9 haplogroups and average
value of 69 Chinese pedigrees was not statically significant, although the penetrances of hearing
loss among pedigrees carrying the haplogroup C, Y and F2 were higher than the average values
among 69 families carrying the 1555A>G mutation.

Mutational analysis of TRMU gene
Our previous study showed that the TRMU 10A>S mutation modulated the phenotypic
manifestation of the 1555A>G mutation in the Israeli/European pedigrees (Guan et al. 2006).
To determine if TRMU modulates the phenotypic expression of the 1555A>G in these Chinese
families, we performed the PCR-amplification and sequence analysis of DNA fragments
spanning 11 exons and their flanking sequences of TRMU using DNA samples derived from
69 affected matrilineal relatives, who did not have a history of exposure to aminoglycosides,
of 69 Chinese pedigrees carrying the 1555A>G mutation and 11 unrelated Chinese controls
lacking the 1555A>G mutation. However, no sequence changes in this gene were identified
among these Chinese individuals. The absence of TRMU mutation suggested that TRMU may
not play an important role in the phenotypic expression of the 1555A>G mutation in these
Chinese families.

DISCUSSION
In the present study, we investigated the contribution of mitochondrial genetic modifiers to the
phenotypic expression of deafness-associated 12S rRNA mutation. The incidence of the
1555A>G mutation was 3.96% in a cohort of 1742 hearing-impaired Chinese pediatric subjects.
Deafness as a sole clinical phenotype was only present in the maternal lineage of 69 Chinese
pedigrees carrying the 1555A>G mutation. A wide range of penetrance and expressivities of
hearing impairment was observed in the Chinese families. The penetrances of hearing loss
(affected matrilineal relatives/total matrilineal relatives) in 69 Chinese pedigrees ranged from
3.2% to 67%, with the average of 29.5%, when aminoglycoside-induced deafness was
included. When the effect of aminoglycosides was excluded, the penetrances of hearing loss
in these pedigrees ranged from 0% to 47.8%, with the average of 17.6%. In particular, none of
matrilineal relatives in these Chinese 23 pedigrees developed hearing loss in the absence of
aminoglycosides. By contrast, the penetrances of hearing loss in a large Arab-Israeli family
and 19 Spanish pedigrees without a record of aminoglycoside treatment were 65.4% and 54.1%,
respectively (Estivill et al. 1998; Bykhovkaya et al. 1998). Furthermore, when aminoglycoside-
induced deafness was excluded, the average age-of-onset for hearing loss ranged from 5 and
30 years old, with the average of 14.5 years old in these 69 Chinese families. On the contrary,
the average age-of-onset for hearing loss ranged from 1 and 65 years old, with the average of
20 years old, in 19 Spanish families in the absence of aminoglycoside exposure (Estivill et al.
1998).

The genetic and environmental modifier factors are apparently responsible for the variable
penetrance and expressivity of hearing loss among these pedigrees carrying the 1555A>G
mutation. The nuclear modifier genes most likely contributed to the phenotypic variability of
matrilineal relatives within and among these Chinese families as described other pedigrees
(Guan et al. 1996; 1998; 2006). In particular, the TRMU 10A>S variant worsened mitochondrial
dysfunctions caused by the 1555A>G mutation, thereby leading to a deafness phenotype in the
Arab-Israeli and European families (Guan et al. 2006). The lack of TRMU mutation in 69
affected matrilineal relatives in these Chinese families suggested that this gene may not play
an important role in the phenotypic expression of the 1555A>G mutation. However, other
nuclear modifier genes may modulate the disease expression of the 1555A>G mutation in these
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Chinese pedigrees, as in the case of other pedigrees (Bykhovkaya et al. 1998; Guan et al.
2006). The fact that some matrilineal relatives of these 69 pedigrees exhibited severe or
profound hearing loss after an administration with aminoglycosides demonstrated that these
antibiotics play a significant role in enhancing the penetrance and severity of hearing loss in
these Chinese families. Therefore, children carrying the ototoxic mtDNA 1555A>G mutation
are susceptible to the exposure of aminoglycosides, thereby inducing or worsening hearing
impairment (Fischel-Ghodsian 2005; Guan 2005; Qian and Guan 2009). To diagnose whether
children carry these ototoxic mtDNA mutations will enable us to predict which individuals are
at risk for ototoxicity, to improve the safety of aminoglycoside therapy, and eventually to
decrease the incidence of deafness.

Mitochondrial haplogroups have been shown to modulate the phenotypic expression of mtDNA
mutation(s) associated with some clinical abnormalities including deafness (Guan et al.
1998; Li et al. 2004c), blindness (Torroni et al. 1997; Hudson et al. 2007), ageing (Coskun et
al. 2003), Parkinson’s disease (Vander Walt et al. 2003), male infertility (Ruiz-Pesini et al.
2000) and diabetes (Fuku et al. 2007). Here, distinct sets of polymorphisms in their mtDNA
of 69 Chinese pedigrees carrying the 1555A>G mutation, as shown in Figure 3, belonged to
the ten Eastern Asian haplogroups A, B, C, D, F, G, M, N, R and Y, respectively (Tanaka et
al. 2004; Kong et al. 2006). However, mtDNAs of Spanish pedigrees carrying the 1555A>G
mutation belonged to the European haplogroups H, I, J, K, T, U, V and L (Torroni et al.
1999; de Castillo et al. 2003). These suggested that the 1555A>G mutation occurred
sporadically and multiplied through the evolution of the mtDNA. A strong excess of
haplogroup D-mtDNA carrying the 1555A>G mutation was comparable with the fact that
mtDNA among hearing-impaired Spanish families carrying the 1555A>G mutation belonged
to predominate H-haplogroup (Torroni et al. 1999; Achilli et al. 2004). In contrast, the lower
frequency of haplogroups A, C, G, R and Y in these Chinese families suggested that the
1555A>G mutation on these mitochondrial backgrounds would be the independent mutational
events. To further evaluate the role of haplogroups in deafness expression, the average
penetrances and age-at-onset of hearing loss were compared between each haplogroup and
average values of 69 Chinese pedigrees by using the unpaired, two-tailed Student’s t-test.
Strikingly, the average penetrances of hearing loss among 11 Chinese pedigrees carrying
haplogroup B showed significantly higher than those among 69 pedigrees carrying the
1555A>G mutation. However, the difference of average penetrances and age-at-onset of
hearing loss between one of other 9 haplogroups and average value of 69 Chinese pedigrees
was not statically significant, although the penetrances of hearing loss among pedigrees
carrying the haplogroup C, Y and F2 were higher than the average values among 69 families
carrying the 1555A>G mutation. In addition, there were no statically significant differences
of age-at-onset of hearing loss between average value of 11 Chinese pedigrees carrying
haplogroup B and average value of 69 Chinese pedigrees. These data suggest that the
haplogroup B increases the penetrance of hearing loss in Chinese subjects carrying the
1555A>G mutation.

Mitochondrial haplogroup specific variants were implicated to contribute to the phenotypic
manifestation of pathogenic mtDNA mutations. In particular, the haplogroup J specific variants
4216T>C and 13708G>A may increase the penetrance of vision loss associated ND4
11778G>A mutation (Torroni et al. 1997) or hearing loss associated with tRNASer(UCN)

7445A>G mutation (Guan et al. 1998), while the haplogroup L1b specific variants ND1
3308T>C and tRNAAla 5655T>C likely caused higher penetrance of deafness in an African
pedigree than Japanese and French families carrying the 7511T>C mutation (Li et al. 2004c).
In our investigations, ten haplogroup specific variants: tRNAThr 15927G>A of haplogroup
B5b, ND1 12338T>C of haplogroup F2, tRNASer(UCN)/CO1 7444G>A of haplogroup B4,
tRNACys 5802T>C, tRNAArg 10454T>C, tRNASer(AGY) 12224C>T and ND4 11696G>A of
D4 haplogroup, tRNACys 5821G>A of haplogroup C, tRNAGlu 14693A>G of haplogroups Y2
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and F, and tRNAThr 15908T>C of haplogroup Y2, were implicated to enhance the penetrance
and expressivity of hearing loss among these Chinese families carrying the 1555A>G mutation.
These variants localized at highly conserved nucleotides of tRNAs or amino acid of
polypeptides and may cause potential structural and functional alterations. In addition, these
mtDNA variants were present in homoplasmy only on the maternal lineage in these Chinese
pedigrees and the allelic frequencies of these variants were less than 1% in the Chinese controls
(Zhao et al. 2005; Young et al. 2006; Chen et al. 2008; Wang et al. 2008). Of these, the
15927G>A mutation locates at the fourth base in the anticodon stem (conventional position
42) of the tRNAThr. A guanine (G42) at this position of tRNAThr is highly conserved from
bacteria to human mitochondria (Sprinzl et al. 1998; Florentz et al. 2003). The abolished base-
pairing (28C-42G) of this tRNAThr by the 15927G>A mutation likely altered this tRNA
metabolism. Functional significance of this variant was supported by the fact that the lower
levels and altered electrophoretic mobility of tRNAThr were observed in cells carrying
1555A>G and 15927G>A mutations or only 15927G>A mutation but not cells carrying only
1555A>G mutation (Wang et al. 2008). Furthermore, the 7444G>A mutation resulted in a read-
through of the stop codon AGA of the CO1 message, thereby adding three amino acids (Lys-
Gln-Lys) to the C-terminal of polypeptide (Pandya et al. 1999; Yuan et al. 2005). Alternatively,
the 7444G>A mutation is adjacent to the site of 3′ prime end endonucleolytic processing of L-
strand RNA precursor, spanning tRNASer(UCN) and ND6 mRNA (Guan et a.. 1998; Yuan et
al. 2005). Thus, the 7444G>A mutation may lead to a defect in the processing of the L-strand
RNA precursor. Moreover, the haplogroup F2 specific variant ND5 12338T>C mutation
resulted in the replacement of the first amino acid, translation-initiating methionine with a
threonine (Chen et al. 2008). Thus, the truncated ND5 protein was shortened by two amino
acids. The ND5 12338T>C mutation also locates in two nucleotides adjacent to the 3′ end of
the tRNALeu(CUN) (Chen et al. 2008). As a result, the ND5 12338T>C mutation, similar to
ND1 3308T>C mutation (Li et al. 2004c), may cause a decrease in ND5 mRNA level as well
as alter the processing of RNA precursors, thereby leading to a reduction in tRNALeu(CUN)

level. In addition, the 14693A>G mutation occurs at the first base (conventional position 54)
of the TψC-loop of tRNAGlu, while the T-to-C mutation at position 10454 is located at the
second base (conventional position 55) of the TψC loop of tRNAArg (Florentz et al. 2003).
Indeed, nucleotides at position of 54, and 55 of the TψC loop of tRNA are often modified and
thereby contribute to the structural formation and stabilization of functional tRNAs (Björk et
al. 1995). As shown in Figure 2, the 5802T>C, 5821G>A and 15908T>C variants disrupted
highly conserved base-pairings of these tRNAs (Ruiz-Pesini and Wallace 2006), while the
12224C>U variant occurs adjacent to anticodon (conventional position 32) of tRNASer(AGY)

(Sprinzl et al. 1998; Florentz et al. 2003). Thus, the alteration of the tertiary structure of the
mitochondrial tRNA by these variants may lead to a failure in this tRNA metabolism. In
addition, the ND4 11696G>A mutation was associated with LHON and conferred a mild
biochemical defect (De vries et al. 1996; Zhou et al. 2006). To further assess if the differences
in penetrance and age-at-onset of hearing loss without aminoglycosides differ based on the
presence and absence of additional mtDNA variant, a statistical analysis was performed by the
unpaired, two-tailed Student’s t-test. The penetrances and age-at-onset of hearing loss among
22 Chinese pedigrees carrying one of additional mtDNA variants showed significantly higher
or younger than 47 pedigrees lacking significant mtDNA variants, when aminoglycoside-
induced deafness was excluded. Therefore, these deafness-associated secondary mutations,
similar to the LHON-associated secondary tRNAMet 4435A>G and tRNAThr 15951A>G
variants (Li et al. 2006; Qu et al. 2006), may worsen mitochondrial dysfunctions caused by the
1555A>G mutation, thereby increasing the penetrance and expressivity of hearing loss in these
Chinese pedigrees.
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Figure 1. Forty-three Han Chinese pedigrees with aminoglycoside-induced and nonsyndromic
hearing impairment
Hearing impaired individuals are indicated by filled symbols. Asterisks denote individuals who
had a history of exposure to aminoglycosides.
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Figure 2. Sites of secondary mtDNA mutations in Chinese pedigrees
(a) The 12224C>T mutation in the secondary structure of tRNASer(AGY); (b) The 15908T>C
and 15927G>A mutations in the secondary structure of tRNAThr; (c) The 5821C>T and
5802A>G mutations in the secondary structure of tRNACys; (d) The 14693A>G mutation in
the secondary structure of tRNAGlu; (e) The 10454T>C mutation in the secondary structure of
tRNAArg. (f). The 7444G>A mutation in the CO1 and tRNASer(UCN); (g). A schema of mtDNA
sequence at position 12338 and adjacent sequence of ND5 and tRNALeu(CUN) from wild-type
(WT) and mutant (MT). Arrows indicate the positions of the mtDNA mutations.
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Figure 3. Phylogenetic tree based on complete mtDNA sequences of 69 hearing-impaired Chinese
subjects and 93 Chinese controls
Hearing-impaired subject’s origins were given in Table 1. The capital letters A, M, N, B, C,
D, G, F, R, and Y indicate haplogroups. The Neighbor-Joining phylogenetic tree was
constructed using Software Version 4.0. (Tamura et al. 2007). Phylogenetic relationships
among these samples were determined by bootstrapping tests (1000 times) (Marshall 1991).
The numbers at interior branches referred to the bootstrapping values.
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Table 3

Novel mtDNA variants in 43 hearing-impaired Chinese pedigrees carrying the A1555G mutation

Gene PositionReplacement Conservation (H/B/M/X)a Pedigrees

D-loop 139T to C WZD29
16S rRNA 1677C to T A/A/T/A WZD30
ND1 4084G to A (V260I) V/M/M/L WZD20
ND2 5131T to C (L221S) L/A/L/T WZD28
CO1 5985G to A WZD15

6020C to T WZD40
6113A to G WZD16, WZD47
6191C to T WZD20
6228C to T (L109F) L/F/F/F WZD39
6269A to C WZD36, WZD13
6918C to T (L339P) L/M/L/L WZD18
7181C to T WZD36, WZD13
7331C to A (P476L) F/F/F/F WZD23

ATP8 8412T to C (M16T) M/M/S/S WZD50
8488C to T WZD54

ATP6 8586A to G WZD37
8883T to C WZD21

CO3 9980A to G WZD37
ND3 10327C to T (S90L) S/M/M/W WZD42
ND4 10776T to C (V6A) V/I/L/L WZD50

11471C to T WZD35
tRNASer(AGY) 12224C to T C/C/C/C WZD50
ND5 12489A to G WZD59

12781A to G (I149V) I/I/I/V WZD59
13442C to T (T369I) T/T/T/I WZD59
13677C to T WZD48
13959C to T WZD52
14042A to G (H589R) H/A/L/Q WZD39

Cytb 15373A to G WZD25
15445T to C WZD15

a
Conservation of amino acid for polypeptides or nucleotide for RNAs in human (H), bovine (B), mouse (M), and Xenopus laevis (X).
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