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X-Inactivation patterns in females harboring mtDNA mutations that
cause Leber hereditary optic neuropathy
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Purpose: Leber hereditary optic neuropathy (LHON) is a common cause of genetically determined blindness in young
adults. LHON preferentially affects males and is primarily due to a mutation affecting complex I genes of mitochondrial
DNA (mtDNA). While LHON primarily affects men, a number of women are affected. Segregation analysis has implicated an interacting recessive X-chromosomal locus, with skewed X-inactivation as an explanation for visual failure in
affected women. Small studies have failed to detect dramatic skewed X-inactivation in women transmitting LHON mutations. However, segregation analyses predicted skewing only in a proportion of women, which would not have been
detected in these studies.
Methods: The aim of the present study was to determine whether affected or unaffected women with LHON have subtle
skewed X-inactivation patterns as a whole, or whether extreme skewing was more common in affected women than in
unaffected women.
Results: We studied X-inactivation by measuring methylation status of the androgen receptor (AR)-(CAG)n repeat in 192
women homoplasmic for established LHON mtDNA mutations and 96 healthy female controls.
Conclusions: We found no evidence of subtle skewed X-inactivation or an excess of skewed inactivation in affected or
unaffected women with LHON mtDNA mutations. The frequency of AR homozygotes was greater in affected LHON
females than unaffected women or healthy controls, implicating the androgen receptor in the pathophysiology of LHON
either directly, or through linkage disequilibrium with a different visual loss susceptibility gene.

these factors cannot explain the gender bias that characterizes
the disorder.
Segregation analyses have implicated a recessive X-chromosomal locus interacting with the primary LHON mtDNA
mutations in some families [9], although this has not been a
universal finding [10]. Early linkage studies have failed to
identify a region linked to visual failure on the X-chromosome [11,12], but recent evidence has implicated Xp21 [13].
However, the underlying gene responsible has yet to be identified. Males harboring a high-risk recessive haplotype are
thought to be at increased risk of visual failure because they
do not carry a protective allele. Only a minority of females are
homozygous for the susceptibility locus, which may explain
why they are less likely to develop blindness. This cannot,
however, be the whole explanation. Under these circumstances,
all the sons of affected women would inherit the susceptibility allele and thus develop visual failure-something that is far
from the case. Skewed X-inactivation may be a possible reason for the lack of visual failure in the offspring of affected
women [9].
In mammals, X-inactivation provides a mechanism of
dosage compensation to overcome the autosome/X-chromosome ratio in females [14-16]. This is achieved by the random
methylation of one of the X-chromosomes during early embryonic development under the control of the X-inactivation

Leber hereditary optic neuropathy (LHON; MIM 535000)
is a cause of subacute bilateral visual failure, which affects
about 1 in 14,000 adult men due to retinal ganglion cell loss
predominantly affecting the papillomacular bundle [1]. Over
95% of LHON cases have a mitochondrial DNA (mtDNA)
mutation affecting one of three genes which code for subunits
of complex I of the respiratory chain (3460G>A in MTND1,
11778G>A in MTND4, and 14484T>C in MTND6) [2]. However, only about 40% of males and about 10% of females who
inherit the LHON mtDNA mutation develop visual failure,
implicating additional environmental as well as genetic factors in the pathophysiology of the disorder [3]. Anecdotal reports have pointed to tobacco and alcohol consumption as precipitants of the visual loss in some cases [4], but there has
been no conclusive evidence of an environmental trigger [5].
The clinical penetrance of LHON mtDNA mutations is influenced by polymorphic variants of mtDNA that fall within specific mtDNA haplogroups [6]. Approximately 1/3 of LHON
mutation carriers have both mutated and wild-type mtDNA
(heteroplasmy) which reduces the risk of blindness [7,8], but
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center (Xic), centered around XIST [17]. XIST codes for a 15
kb RNA which is responsible for the cis-limited “coating” of
the inactivated chromosome blocking translation [18]. Silencing of a protective allele in women harboring a LHON mtDNA
mutation would increase their risk of visual failure, reaching
similar levels to men. However, women who were blind because their protective allele was silenced would go on to have
about 50% unaffected male offspring because the methylation pattern is effectively erased during germ line development, thus providing an explanation for the normal males born
to women with LHON.
The choice of an X-chromosome for inactivation within
an individual embryonic cell is thought to be random, leading
to an equal number of daughter cells, where one or the other
cell is active, and an X-inactivation ratio of 50:50 [17]. However, for many X-linked diseases, the inactivation ratio is

Figure 1. X-activation ratios in Leber hereditary optic neuropathy
females and controls. There was no difference in the frequency of
different X-activation ratios in affected and unaffected LHON mutation carriers and controls.
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skewed because of secondary cell selection during development. This is thought to explain why X-linked disorders are
rare in females, due to the silencing of the X-chromosome
carrying the mutant allele [19-21]. Skewed X-inactivation can
therefore indicate carrier status of a deleterious allele on the
X-chromosome which, as in LHON, may only become manifest in females harboring a pathogenic mtDNA mutation.
Three previous studies looked for evidence of non-random X-inactivation in females harboring LHON mtDNA mutations (16 females in one [22], and 35 females in another
[23]), including one study of multiple tissues that included
the optic nerve and retina (two females [24]). However, pedigree data and segregation ratios have indicated that X-inactivation only plays a part in a number of women [9], who could
potentially be missed in studies of this size. Moreover, the
biochemical phenotype in LHON is subtle, and unlikely to
dramatically compromise the X-inactivation pattern in otherwise healthy women. An alternative possibility is that subtle
skewing of X-inactivation is manifest across all affected
women-again, this was not excluded by the previous studies.
Through a multi-national study, we identified 192 women harboring a primary LHON mutation. This allowed us to detect
subtle skewing of the X-inactivation ratio, possibly only manifest in some women, as expected in LHON.
METHODS
We studied 192 females homoplasmic for the following primary LHON mtDNA mutations: 3460A>G (n=36), 11778G>A
(n=147), 14484 (n=8), and 14495 (n=1) determined by PCR/
RFLP analysis or primer extension assay [13]. Unlike the larger
of the previous studies, we only included females who were
homoplasmic for the LHON mtDNA mutation, thus eliminating a heteroplasmy as a confounding variable from this study.
The clinical phenotype was determined by a local ophthalmologist [13]. Unaffected individuals had no vision symptoms and were older than the median age of onset for LHON
(24 years). Based on these criteria, 41 were affected and 151
were unaffected mutation carriers. These were compared to
96 ethnically-matched healthy female control subjects. We
described about the LHON female selections in the earlier
paragraph. The control subjects were healthy population fe-

TABLE 1. COMPARISON OF X-INACTIVATION RATIOS IN AFFECTED AND UNAFFECTED WOMEN CARRYING LEBER HEREDITARY OPTIC NEUROPATHY
MTDNA MUTATIONS AND 96 CONTROL SUBJECTS

X-inactivation ratio
-------------------<30:70 or >70:30
<20:80 or >80:20
<10:90 or >0:90
<5:95 or >9:95
Total

LHON mtDNA mutation
--------------------Affected
Unaffected
----------------14
38
9
27
4
13
0
3
34
116

p a
---0.41
0.82
1.0
1.0

Control
subjects
-------28
12
6
3
79

Comparison of LHON
mutation carriers
with controls
-----------------p b
p c
p d
---------0.67
0.76
0.29
0.19
0.20
0.13
0.48
0.47
0.49
0.55
0.68
0.42

Frequency of different degrees of X-skewing in affected and unaffected women harbouring Leber hereditary optic neuropathy mtDNA mutations and healthy controls. There was no significant difference between the different groups.
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male controls and they were selected as being all >30 years of
age for a different study. The youngest LHON case was 31
years old and the oldest was 71 years old.
X-inactivation was determined by restriction enzyme digestion and subsequent PCR amplification of the of the Androgen receptor gene repeat (AR-(CAG)n) [22]. Total genomic
DNA (100 ng), extracted from peripheral blood lymphocytes,
was dually digested with 10 U of HpaII and 10 U of Hha1 at
37 °C for 16 h, restriction enzymes were then heat inactivated
at 85 °C for 30 min [25]. Digest products, as well as an undigested correlate sample, were then PCR amplified using AR(CAG)n specific fluorescent primers (Forward, D3-TCC AGA
ATC TTC CAG AGC GTG CGC, Reverse GGC TGT GAA
GGT TGC TGT TCC TCA T). AR-(CAG)n length was determined by PCR fragment comparison using a Beckman Coulter
CEQ8000 fluorescent DNA analyzer, according to the
manufacturer’s standard protocol (Beckman Coulter, Fullerton, CA). To take into account preferential amplification of
smaller length alleles, we calculated the dosage quotient; normalizing the digested sample against the uncut sample (expressed as Dosage quotient (DQ=area short D allele/area longD
allele/area shortU allele/area long U allele), where D is digested and U is undigested). X-inactivation patterns were recorded as the proportion of PCR product from one allele relative to the total amount of PCR product from both alleles.
(Expressed as percentage X-inactivation=DQ/DQ+1x100).
Statistical analysis was performed using SPSS V14.0 (Lead
Technologies Inc., Chicago, IL).
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vation between affected and unaffected women within LHON
families with 70:30, 80:20, and 95:5 X-inactivation ratios
(Table 1). Sub-classification into LHON pedigrees with a high
clinical penetrance (14484T>C and 11778G>A pedigrees belonging to mtDNA haplogroup J) versus those with a low clinical penetrance (all other 14484T>C and 11778G>A families)
also did not reveal a significant difference in the frequency of
skewed X-inactivation between affected women and unaffected
mutation carriers (Table 2). There was no significant difference in the distribution or frequency of different X-inactivation ratios between different in LHON mutation carriers and
controls (Figure 1; p=0.261 for affected women versus controls; p=0.825 for unaffecteds mutation carriers versus controls; p=0.419 for affected and unaffected LHON mutation
carriers versus controls).
DISCUSSION
We found no evidence to support skewed X-inactivation in
women harboring mtDNA mutations that causes LHON,
whether clinically affected or unaffected by the disease. Given
that the visual phenotype is strongly linked to the X-chromosome in LHON pedigrees, could this result be a technical artifact? One possible explanation is incomplete digestion with
HpaII or Hha1. We think this is unlikely for two reasons: (1)
we included a known skewed sample and found close correTABLE 3. FREQUENCY OF DIFFERENT DEGREES OF X-SKEWING IN 96
CONTROL SUBJECTS IN THIS STUDY AND 415 PUBLISHED PHENOTYPICALLY NORMAL WOMEN

RESULTS
Seventeen (41%) affected and 25 (18%) unaffected LHON
mutation carriers were homozygous for the AR (CAG)n repeat
(n=42; 21% in total), as were 17 (18%) of the healthy controls. These were thus excluded from further analysis. For the
remaining 150 heterozygotes, there was no significant difference in the distribution of X-inactivation ratios between clinically affected women and unaffected mtDNA mutation carriers (Figure 1, p=0.308). There was also no significant difference in the frequency of different degrees of skewed X-inacti-

X-inactivation ratio
-------------------<20:80 or >80:20
<10:90 or >10:90
<5:95 or >9:95
Total

Control
subjects
from
this
study
-------12
6
3
79

Published
data [26]
--------60
15
7
415

p
---0.73
0.13
0.06

There was no significant difference between the different groups.

TABLE 2. COMPARISON OF X-INACTIVATION RATIOS IN HIGH AND LOW PENETRANCE LEBER HEREDITARY OPTIC NEUROPATHY FAMILIES HARBORING
THE 14484T>C AND 11778G>A LEBER HEREDITARY OPTIC NEUROPATHY MTDNA MUTATIONS.

X-inactivation ratio
-------------------<30:70 or >70:30
<20:80 or >80:20
<10:90 or >10:90
<5:95 or >9:95
Total

High penetrance
--------------------14484T>C and 1778G>A
belonging to
mtDNA haplogroup J
--------------------Affected
Unaffected
----------------2
11
2
10
0
7
0
2
10
38

p
---0.71
1.0
0.32
1.0

Low penetrance
--------------------14484T>C and 1778G>A
not belonging to
mtDNA haplogroup J
--------------------Affected
Unaffected
----------------12
28
7
17
4
6
0
4
24
78

p
---0.24
0.31
0.18
0.57

Frequency of different degrees of X-skewing in high and low penetrance Leber hereditary optic neuropathy (LHON) families harboring the
14484T>C and 11778G>A LHON mtDNA mutations. There was no significant difference between the different groups.
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spondence (within 5%) to data obtained in another laboratory;
and (2) our control data is similar to other published series,
including 415 healthy controls (Table 3) [26].
Although the results of the methylation assay do correlate with gene expression levels [16]. X-inactivation ratios can
vary from tissue to tissue, raising the possibility that some
affected women with LHON have skewed X-inactivation in
the retinal ganglion cells but not in peripheral blood leukocytes. However, major variation is uncommon, and was not
the case in two women harboring different LHON mtDNA
mutations described in the literature [24]. Finally, the range of
X-inactivation ratios is greater on older subjects [26], raising
a further confounding variable. However, there were no significant differences in the mean age of affected (mean=56.26
years SD 15.60) and unaffected (mean=56.53, SD=19.50)
LHON mutation carriers in this study, excluding age as an
explanation for the absence of skewing in this study. Although
our study does not exclude the possibility of subtle skewed Xinactivation, particularly given that segregation analysis implicates only skewing in 60% of females [9], the strikingly
similar frequency distributions between affected women, unaffected women and controls (Figure 1), makes this unlikely.
The absence of skewed X-inactivation cannot be taken as
evidence against the role of the X-chromosome in LHON because skewed X-inactivation in blood is not seen in a number
of well-established X-linked diseases [27-29], and disease
severity does not always correlate with the degree of skewing
[30]. It is also intriguing that the number of AR-(CAG)n homozygotes in this study was greater in affected than unaffected
LHON mutation carriers (p=0.001). This provides further independent evidence to support linkage of visual failure in
LHON families to a recessive X-chromosomal locus [13],
which includes the AR gene, and probably explains why the
frequency of homozygotes in this study was greater than previously published values (cf. about 8% in 1284 healthy females in one study [26]). It remains to be established whether
the androgen receptor itself is important in LHON, or it is
simply in linkage disequilibrium with the visual loss susceptibility gene.
ACKNOWLEDGEMENTS
We thank Dr. Ann Curtis for her advice during methodological development. PFC is a Wellcome Trust Senior Fellow in
Clinical Science and also receives funding from the United
Mitochondrial Diseases Foundation, the Parkinson’s Disease
Society (UK), and the EU FP program EUMitocombat and
MitoCircle. R.H. was supported by the Deutsche
Forschungsgemeinschaft (HO2505/2-1). We thank to Kirsi
Huoponen for providing some of the DNA samples.
REFERENCES
1. Carelli V, Ross-Cisneros FN, Sadun AA. Mitochondrial dysfunction as a cause of optic neuropathies. Prog Retin Eye Res 2004;
23:53-89.
2. Mackey DA, Oostra RJ, Rosenberg T, Nikoskelainen E, BronteStewart J, Poulton J, Harding AE, Govan G, Bolhuis PA, Norby
S. Primary pathogenic mtDNA mutations in multigeneration

pedigrees with Leber hereditary optic neuropathy. Am J Hum
Genet 1996; 59:481-5.
3. Howell N. Human mitochondrial diseases: answering questions
and questioning answers. Int Rev Cytol 1999; 186:49-116.
4. Carelli V, Achilli A, Valentino ML, Rengo C, Semino O, Pala M,
Olivieri A, Mattiazzi M, Pallotti F, Carrara F, Zeviani M, Leuzzi
V, Carducci C, Valle G, Simionati B, Mendieta L, Salomao S,
Belfort R Jr, Sadun AA, Torroni A. Haplogroup effects and recombination of mitochondrial DNA: novel clues from the analysis of Leber hereditary optic neuropathy pedigrees. Am J Hum
Genet 2006; 78:564-74.
5. Kerrison JB, Miller NR, Hsu F, Beaty TH, Maumenee IH, Smith
KH, Savino PJ, Stone EM, Newman NJ. A case-control study
of tobacco and alcohol consumption in Leber hereditary optic
neuropathy. Am J Ophthalmol 2000; 130:803-12.
6. Brown MD, Torroni A, Reckord CL, Wallace DC. Phylogenetic
analysis of Leber’s hereditary optic neuropathy mitochondrial
DNA’s indicates multiple independent occurrences of the common mutations. Hum Mutat 1995; 6:311-25.
7. Man PY, Griffiths PG, Brown DT, Howell N, Turnbull DM,
Chinnery PF. The epidemiology of Leber hereditary optic neuropathy in the North East of England. Am J Hum Genet 2003;
72:333-9.
8. Chinnery PF, Brown DT, Andrews RM, Singh-Kler R, RiordanEva P, Lindley J, Applegarth DA, Turnbull DM, Howell N. The
mitochondrial ND6 gene is a hot spot for mutations that cause
Leber’s hereditary optic neuropathy. Brain 2001; 124:209-18.
9. Bu XD, Rotter JI. X chromosome-linked and mitochondrial gene
control of Leber hereditary optic neuropathy: evidence from
segregation analysis for dependence on X chromosome inactivation. Proc Natl Acad Sci U S A 1991; 88:8198-202.
10. Mackey D. Blindness in offspring of women blinded by Leber’s
hereditary optic neuropathy. Lancet 1993; 341:1020-1.
11. Chalmers RM, Davis MB, Sweeney MG, Wood NW, Harding
AE. Evidence against an X-linked visual loss susceptibility locus in Leber hereditary optic neuropathy. Am J Hum Genet 1996;
59:103-8.
12. Chen JD, Cox I, Denton MJ. Preliminary exclusion of an X-linked
gene in Leber optic atrophy by linkage analysis. Hum Genet
1989; 82:203-7.
13. Hudson G, Keers S, Yu Wai Man P, Griffiths P, Huoponen K,
Savontaus ML, Nikoskelainen E, Zeviani M, Carrara F, Horvath
R, Karcagi V, Spruijt L, de Coo IF, Smeets HJ, Chinnery PF.
Identification of an X-chromosomal locus and haplotype modulating the phenotype of a mitochondrial DNA disorder. Am J
Hum Genet 2005; 77:1086-91.
14. LYON MF. Gene action in the X-chromosome of the mouse (Mus
musculus L.). Nature 1961; 190:372-3.
15. Lyon MF. The Lyon and the LINE hypothesis. Semin Cell Dev
Biol 2003; 14:313-8.
16. Carrel L, Willard HF. X-inactivation profile reveals extensive
variability in X-linked gene expression in females. Nature 2005;
434:400-4.
17. Chow JC, Yen Z, Ziesche SM, Brown CJ. Silencing of the mammalian X chromosome. Annu Rev Genomics Hum Genet 2005;
6:69-92.
18. Plath K, Mlynarczyk-Evans S, Nusinow DA, Panning B. Xist
RNA and the mechanism of X chromosome inactivation. Annu
Rev Genet 2002; 36:233-78.
19. Van den Veyver IB. Skewed X inactivation in X-linked disorders. Semin Reprod Med 2001; 19:183-91.
20. Belmont JW. Genetic control of X inactivation and processes
leading to X-inactivation skewing. Am J Hum Genet 1996;

2342

Molecular Vision 2007; 13:2339-43 <http://www.molvis.org/molvis/v13/a265/>

58:1101-8.
21. Puck JM, Willard HF. X inactivation in females with X-linked
disease. N Engl J Med 1998; 338:325-8.
22. Oostra RJ, Kemp S, Bolhuis PA, Bleeker-Wagemakers EM. No
evidence for ‘skewed’ inactivation of the X-chromosome as
cause of Leber’s hereditary optic neuropathy in female carriers.
Hum Genet 1996; 97:500-5.
23. Pegoraro E, Carelli V, Zeviani M, Cortelli P, Montagna P, Barboni
P, Angelini C, Hoffman EP. X-inactivation patterns in female
Leber’s hereditary optic neuropathy patients do not support a
strong X-linked determinant. Am J Med Genet 1996; 61:35662.
24. Pegoraro E, Vettori A, Valentino ML, Molon A, Mostacciuolo
ML, Howell N, Carelli V. X-inactivation pattern in multiple tissues from two Leber’s hereditary optic neuropathy (LHON)
patients. Am J Med Genet A 2003; 119:37-40.
25. Allen RC, Zoghbi HY, Moseley AB, Rosenblatt HM, Belmont
JW. Methylation of HpaII and HhaI sites near the polymorphic
CAG repeat in the human androgen-receptor gene correlates
with X chromosome inactivation. Am J Hum Genet 1992;
51:1229-39.

©2007 Molecular Vision

26. Amos-Landgraf JM, Cottle A, Plenge RM, Friez M, Schwartz
CE, Longshore J, Willard HF. X chromosome-inactivation patterns of 1,005 phenotypically unaffected females. Am J Hum
Genet 2006; 79:493-9.
27. Orstavik KH. Skewed X inactivation in healthy individuals and
in different diseases. Acta Paediatr Suppl 2006; 95:24-9.
28. Wada T, Sugie H, Fukushima Y, Saitoh S. Non-skewed X-inactivation may cause mental retardation in a female carrier of Xlinked alpha-thalassemia/mental retardation syndrome (ATR-X):
X-inactivation study of nine female carriers of ATR-X. Am J
Med Genet A 2005; 138:18-20.
29. Dobyns WB, Filauro A, Tomson BN, Chan AS, Ho AW, Ting NT,
Oosterwijk JC, Ober C. Inheritance of most X-linked traits is
not dominant or recessive, just X-linked. Am J Med Genet A
2004; 129:136-43.
30. Maier EM, Osterrieder S, Whybra C, Ries M, Gal A, Beck M,
Roscher AA, Muntau AC. Disease manifestations and X inactivation in heterozygous females with Fabry disease. Acta Paediatr
Suppl 2006; 95:30-8.

The print version of this article was created on 21 Dec 2007. This reflects all typographical corrections and errata to the article through that
date. Details of any changes may be found in the online version of the article. α
2343

