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Abstract

FXTAS (fragile X-associated tremor/ataxia syndrome) is a late-onset neurodegenerative disorder

that affects individuals who are carriers of premutation expansions (55–200 CGG repeats) in the

5′ untranslated region of the FMR1 (fragile X mental retardation 1) gene. The role of MD

(mitochondrial dysfunction) in FXTAS was evaluated in fibroblasts and brain samples from

premutation carriers with and without FXTAS symptoms, with a range of CGG repeats. This study

resulted in several important conclusions: (i) decreased NAD- and FAD-linked oxygen uptake

rates and uncoupling between electron transport and synthesis of ATP were observed in fibroblasts

from premutation carriers; (ii) a lower expression of mitochondrial proteins preceded both in age

and in CGG repeats the appearance of overt clinical involvement; (iii) the CGG repeat size

required for altered mitochondrial protein expression was also smaller than that required to

produce brain intranuclear inclusions from individuals with the permutation who died, suggesting
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that MD is an incipient pathological process occurring in individuals who do not display overt

features of FXTAS; and (iv) on the basis of the CGG repeats, MD preceded the increase in

oxidative/nitrative stress damage, indicating that the latter is a late event. MD in carriers of small

CGG repeats, even when the allele size is not sufficient to produce FXTAS, may predispose them

to other disorders (e.g. Parkinson’s disease) that are likely to involve MD, and to environmental

stressors, which may trigger the development of FXTAS symptoms. Detection of MD is of critical

importance to the management of FXTAS, since it opens up additional treatment options for this

disorder.

Keywords

fragile X-associated tremor/ataxia syndrome (FXTAS); mitochondrion; neurodegeneration;
oxidative stress; trinucleotide repeat expansion; unfolded protein response

INTRODUCTION

FXTAS (fragile X-associated tremor/ataxia syndrome) is a late-onset neurodegenerative

disorder [1–5] that affects individuals who are carriers of premutation expansions (55–200

CGG repeats) in the 5′-UTR (untranslated region) of the FMR1 (fragile X mental

retardation 1) gene (OMIM *309550). FXTAS typically affects carriers (males>females)

over 50 years of age, with core features of action tremor and gait ataxia, but also (more

variably) parkinsonism, executive dysfunction, cognitive decline, neuropathy and autonomic

dysfunction. The neuropathological feature of FXTAS is the presence of FMR1 mRNA-

containing inclusions in the nuclei of neurons and astrocytes of affected individuals [6,7],

consistent with the ‘RNA toxicity’ model of pathogenesis (see [8] for a review). A second

premutation-specific disorder, also thought to involve RNA toxicity, is POI (primary ovarian

insufficiency), which affects approx. 20% of women who carry premutation alleles [9,10].

Larger expansions (>200 CGG repeats; full mutation) generally result in transcriptional

silencing and absence of FMRP (fragile X mental retardation protein) [11–14], leading to

fragile X syndrome, the most common heritable form of cognitive impairment and leading

known form of autism. Individuals with the full mutation are not at risk of FXTAS or POI,

as, in these cases, the toxic FMR1 mRNA is absent or present at low levels.

Several symptoms of FXTAS, including gait ataxia, white matter disease, dysautonomia,

peripheral neuropathy, weakness/exercise intolerance and neuropsychiatric involvement,

overlap those of MRCDs (mitochondrial respiratory enzyme chain enzyme

deficiencies).MRCDs are frequently observed in OXPHOS (oxidative phosphorylation)

disorders and can give rise to heterogeneous clinical symptoms ranging from isolated organ

dysfunction, such as isolated cardiomyopathy and myopathy with exercise intolerance, to

multisystem disorders, such as late-onset optic atrophy and ataxia [8].

To address the possible functional connection between FXTAS and MD (mitochondrial

dysfunction), both cultured dermal fibroblasts and brain samples from individuals with the

premutation with and without FXTAS, with a range of CGG repeats, were tested for the

expression of mitochondrial proteins and the occurrence of modified proteins resulting from
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increased nitrative/oxidative stress. The results of these studies clearly point to an early

involvement of MD in the pathogenesis of FXTAS.

MATERIALS AND METHODS

Chemicals and biochemicals

EDTA, EGTA, sodium succinate, mannitol, sucrose and Hepes were all purchased from

Sigma. Tris/HCl, glycine, NaCl and KCl were purchased from Fisher. BSA (fatty-acid-free)

was obtained from MP Biomedicals. All other reagents were of analytical grade.

Subject samples

The subjects included in this study were males referred to our centres either because they

presented with FXTAS symptoms, including tremor and/or ataxia, or they were either

premutation carriers ascertained through families with a fragile X syndrome proband or

controls in a similar age group range. All males contributing skin biopsies were participants

in a multicentre study to characterize neurological findings in premutation carriers. All

studies of post-mortem and fibroblast (biopsy) tissue samples were performed with approved

protocols and informed consent in accordance with the Institutional Review Boards of the

University of California, Davis, or Rush University Medical Center. Clinical and molecular

characteristics of the panel of cultured skin fibroblasts used in this study (Table 1) were

cultured and named as described previously [15]. The samples derived from premutation

carriers, identified as P6 and P7, have not been described previously.

Cell lines and culture conditions

Skin biopsies were performed with a 3-mm punch under local anaesthesia. The biopsy was

diced under sterile conditions and then plated in T25 flasks in AmnioMAX™-C100 basal

medium (Gibco) containing 15% AmnioMAX™-C100 supplement (Gibco) at 37°C with a

5% CO2 atmosphere. Longer-term cultures were maintained in RPMI 1640 medium (Gibco)

supplemented with 10% (v/v) fetal bovine serum (Gibco) and 1× penicillin/streptomycin

medium (100 units/ml penicillin G sodium and 100 µg/ml streptomycin sulfate; Gibco).

Protein extracts were obtained from confluent fibroblast cultures (passage number between 7

and 9). Cells were trypsinized (0.25%), resuspended in serum-containing medium, and

centrifuged at 200 g for 5 min. Following removal of supernatant, cell pellets were

homogenized and resuspended in RIPA buffer (25 mM Mops, 150 mM NaCl, 1 mM EDTA,

1% Nonidet P40, 0.1% SDS and 1% sodium deoxycholate, pH 7.5) at 4 ml/mg (wet pellet

weight) with protease and phosphatase inhibitors. Cell viability and cell counts were

quantified using Trypan Blue exclusion using a haemocytometer. The viability and number

of cells/sample was not analysed for the whole panel before extraction.

Brain samples

Frozen frontal cortex from controls and FXTAS cases were powdered in the presence of

liquid N2 and homogenized in a Dounce-style homogenizer with 20 downward strokes of a

tight-fitting pestle in RIPA buffer with protease and phosphatase inhibitors. Homogenates

were transferred to centrifuge tubes and rotated overnight at 4°C followed by centrifugation
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at 16000 g at 4°C. RIPA-soluble protein fractions were quantified using the BCA

(bicinchoninic acid) protein assay kit (Pierce Biotechnology).

Oxygen uptake

The oxygen uptake of cell suspensions was measured using a Clark-type O2 electrode from

Hansatech at 22°C [16]. Intact cells were suspended in 0.5 ml of reaction buffer containing

0.225 M sucrose, 5 mM MgCl2, 20 mM KCl, 10 mM potassium phosphate and 20 mM

Hepes/KOH (pH 7.4). Cells were permeabilized by the addition of 60 µg of twice-

recrystallized digitonin/5×106 cells for 2 min. The permeabilization was stopped by the

addition of 1 mg/ml BSA. Oxygen consumption rates were evaluated in the presence of 1

mM malate and 10 mM glutamate (substrate for NADH oxidase) to record State 4 (without

ADP; non-phosphorylating mitochondria), followed by the addition of 1 mM ADP to record

State 3 (with ADP; phosphorylating mitochondria) rates. Under these conditions, 5 µM

rotenone was then added to inhibit Complex I. The RCR (respiratory control ratio) was

obtained by dividing the rate of oxygen consumption in State 3 (expressed as nmol of

oxygen/min per mg of protein, obtained with a respiratory substrate and ADP) by that of

State 4 (in the presence of a substrate without ADP).

Citrate synthase activity

The assay was performed at 412 nm following the reduction in 0.1 mM 5,5′-dithiobis-(2-

nitrobenzoic acid) in the presence of 2–8 µg of cell lysate and 0.2 mM acetyl-CoA in a

medium with 10 mM Tris/HCl (pH 8.1) and 0.2% Triton X-100. The reaction was started by

adding 0.5 mM oxaloacetic acid. The absorbance changes were followed in a Molecular

Devices Spectramax M2 plate reader using the Soft Max Pro software version 4.7.1. Data

points were taken every 34 s for 5 min. Rates were calculated from the linear part of ΔA/min

against mg of protein plots and using a molar absorption coefficient of 11400 M−1 · cm−1.

Ca2+ concentrations

Cytosolic and intramitochondrial free Ca2+ concentrations were evaluated as described

previously using Fura-2 [17,18].

Western blots

All Western blot procedures were performed essentially as described previously [19] with

the modifications indicated below. Protein extracts from brain sample homogenates were

concentrated and partly delipidated by acetone precipitation, through the addition of four

volumes of −20°C acetone to each homogenate. Acetone-containing mixtures were vortex-

mixed and placed at −20°C for 24 h. Samples were then centrifuged at 16000 g for 10 min at

4°C. After pouring off the supernatant, the pellet was resuspended and washed twice more

with −20°C acetone, spinning each wash at 16000 g for 10 min at 4°C. After removing the

supernatant from the final wash, the samples were placed in a SpeedVac for 15 min to

remove residual acetone. Fibroblast protein extracts obtained as described above were used

without further extraction. Samples were resuspended in RIPA buffer and the protein

concentration was evaluated using the BCA protein assay kit. Proteins from brain and

fibroblasts were denatured in SDS/PAGE sample buffer (Bio-Rad Laboratories) plus 1.5%
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DTT (dithiothreitol) at 100°C for 3 min. For protein normalization, increasing amounts of

total cell protein (2–10 µg) were added to successive lanes in the SDS/PAGE, transferred on

to membranes and probed with specific antibodies (see Supplementary Table S1 at http://

www.BiochemJ.org/bj/429/bj4290545add.htm for details). The loaded protein amounts were

plotted against the densitometry readings to ensure that the ECL (enhanced

chemiluminescence) response was within a linear range of the protein range. All values were

normalized to actin or VDAC1 (voltage-dependent anion channel 1) as a loading control.

Membranes were visualized with ECL reagents on a Kodak 2000 MM Imager. Images were

analysed with the Kodak Imager 2000 MM software.

Statistical analyses

The experiments were run in duplicate or triplicate and repeated three times in independent

experiments unless noted otherwise. Results are expressed as either means±S.E.M. or as

means if S.E.M. were ≤12% of mean. Results were evaluated by ANOVA using StatSimple

v2.0.5 (Nidus Technologies), considering P≤0.05 as statistically significant, unless indicated

otherwise.

RESULTS

Lower coupling between electron transport and ATP production in cultured fibroblasts
from FXTAS patients

Primary cultured skin fibroblasts from 12 male premutation carriers, five with FXTAS

(identified in Tables as FXTAS) and seven without FXTAS symptoms (asymptomatic;

identified in Tables as Pre), and five controls (Table 1) were studied. Considering that

measured OXPHOS capacity declines considerably with subject age in human skeletal

muscle mitochondria [20–22], subjects of similar age were selected to be able to compare

disease and normal subject mitochondrial parameters. There was no statistical difference in

age between the control group and the two groups of premutation carriers that donated skin

fibroblasts through punch biopsy (controls, 63±3; Pre 67±4; FXTAS 71±3; P>0.05 by

ANOVA and by multiple comparisons Bonferroni t test). For the fibroblast samples, there

was no significant difference between CGG repeat numbers between premutation carriers

with and without FXTAS symptoms (102±7 using a mean CGG repeat value for F4 and

79±9; P>0.05), but both groups were significantly different from controls (CGG repeat for

controls 27±2 with P<0.05).Cultured skin fibroblasts from controls (C1–C3 and C5 in Table

1) and patients with FXTAS (F2–F4 in Table 1) were evaluated for biochemical parameters

to assess mitochondrial function. The rates of oxygen uptake under State 3 (phosphorylating

conditions) and State 4 (non-phosphorylating conditions) of mitochondria from controls and

FXTAS fibroblasts were evaluated with an NAD-linked substrate (malate/glutamate) (Table

2).

The process responsible for mitochondrial oxygen consumption during State 4 respiration, a

state when ADP is limited and its phosphorylation has ceased [23], is the proton leak or

leakage [24]. In the FXTAS fibroblasts, the oxygen uptake in State 4 was 2.7-fold that of

controls (Table 2), indicating that proton leak at the inner membrane is an important process

in these cells. The rate of oxygen uptake in State 3 in FXTAS cells was 57% of controls,
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indicating a lower OXPHOS capacity with NAD-linked substrates. Similar results were

obtained with an FAD-linked substrate (i.e. succinate), suggesting that the defect was

located at the OXPHOS pathway shared by NAD- and FAD-linked substrates (i.e.

Complexes III–V).

The RCR evaluates the coupling between electron transfer and OXPHOS, and remains the

best indicator of the membrane integrity of mitochondria [25,26]. Fully uncoupled

mitochondria have RCR values of 1 [23,27]. The RCR of FXTAS cells was 2, whereas that

of control cells was 10, indicating that the mitochondria from FXTAS cells were ~90%

uncoupled (Table 2). Given that uncoupling can be promoted by Ca2+ overload, the free

Ca2+ concentration in the cytosol and mitochondria of controls and FXTAS cells was

evaluated as indicated in the Materials and methods section. In controls, the free Ca2+

concentrations were higher in both cytosol and mitochondria than those found in FXTAS

cells (cytosolic free Ca2+: control cells, 221±34 pmol of Ca2+/106 cells; FXTAS, 108±6

pmol of Ca2+/106 cells; P=0.023; mitochondrial free Ca2+: control cells, 9±1 pmol of

Ca2+/106 cells; FXTAS, 3±2 pmol of Ca2+/106 cells; P=0.04). The lower level of Ca2+ in

mitochondria supports the concept that the functional defect observed in FXTAS cells was

not a consequence of Ca2+ overload, despite the fact that there seems to be a Ca2+

dysregulation when compared with controls.

The uncoupling, caused mainly by an increase in State 4 oxygen uptake rate in addition to an

inhibition of respiration in State 3, suggested that some of the Complexes could be deficient

(e.g. III–V) in FXTAS causing an increase in ROS and decrease in ATP production via

OXPHOS.

Expansion repeat thresholds for clinical diagnosis, presence of intranuclear inclusions in
CNS (central nervous system) tissue and MD in fibroblasts and CNS

The levels of protein expression of three mitochondrial proteins were each determined for

control and FXTAS samples indicated in Table 1. These were ATPB (ATPase β-subunit)

from Complex V, CCOIV (cytochrome c oxidase subunit IV) from Complex IV and

MnSOD (manganese superoxide dismutase) as part of the mitochondrial antioxidant

defence. The results indicated that all three proteins were decreased in FXTAS samples

when compared with controls, although to different extents, with CCOIV being the most

affected (63% decrease; Table 3), followed by ATPB (25% decrease; Table 3) and MnSOD

(13% decrease; Table 3). The decline of ATPB and CCOIV proteins was consistent with the

oxygen uptake data obtained with cells derived from patients with FXTAS (Table 2).

The decline observed with all three proteins in premutation carriers with FXTAS was also

observed in premutation carriers without FXTAS symptoms (Figures 1A–1C). If individual

outcomes for each parameter (ATPB and CCOIV) were plotted against the CGG repeat size,

the protein contents followed exponential decay functions (Figures 1A and 1C; r2 = 0.87 and

0.70 respectively). It could be argued that the lower expression of mitochondrial proteins

indicated a simple decrease in mitochondrial numbers. To address this issue, citrate synthase

activity, which is considered to be a relatively stable enzyme activity proportional to

mitochondrial numbers [28], was not significantly different among the three experimental

groups (10±1, 10±1 and 7.4±0.69; P>0.127).
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On the basis of these results, it was important to estimate the CGG threshold required to

detect MD relative to the corresponding thresholds for clinical (FXTAS) diagnosis and for

the appearance of intranuclear inclusions, to ascertain the probable causal (and temporal)

relationships between MD and disease phenotype. The CGG repeat number required to

obtain a 50% reduction in protein expression (CCOIV and ATPB) was 58±2.

The expression of MnSOD, an antioxidant enzyme that dismutates superoxide anion to

hydrogen peroxide, was also decreased in FXTAS fibroblasts, but to a lesser extent than the

other two mitochondrial proteins (14%; P=0.05; Figure 1B). Considering that a decline in

MnSOD could lead to an increase in superoxide anion steady-state concentration, and a

consequent increase in peroxynitrite or other nitrating agents, the fibroblast content of

nitrotyrosine was evaluated in all samples from Table 1. Tyrosine nitration, dityrosine and

tyrosine oxidation products are considered to be markers for protein damage during

increased oxidative/nitrative stress in biological systems [29]. In the current instance,

principally five proteins (molecular masses 70, 58, 54, 47 and 40 kDa) were nitrated in both

controls and FXTAS fibroblasts. However, the extent of tyrosine nitration was increased an

average 1.7-fold (P<0.05) in the FXTAS fibroblasts relative to control cells. The nitrated

protein at 54 kDa was identified by MS as ATPB. Recently, we have found that nitration of

specific tyrosine residues in the ATPB could be used as a biomarker for nitrative/oxidative

stress because of the low pKa of the phenolic group, the abundance of ATPB and the

correlation between nitration and activity loss [30,31]. Therefore we evaluated the nitration

of the ATPB in samples from Table 1 (Figure 1D). The [nitrotyrosine]/[ATPB] was elevated

approx. 2-fold in both premutation and FXTAS cells when compared with controls

(P=0.05), but was not different from each other (Figure 1D). The content of nitrotyrosine

from these cells and the CGG repeat length fitted a rectangular hyperbola (r2 = 0.70; Figure

1D). The CGG repeat number required to double the nitrotyrosine content was 84±10

(Figure 1D). These results indicated that, in FXTAS cells, there is increased protein nitration

due to an increased oxidative/nitrative stress.

Decreased mitochondrial protein levels in frontal cortex from post-mortem FXTAS cases
mirrors the findings in skin fibroblasts

We tested whether mitochondrial protein expression is altered in frontal cortex with

increased CGG repeat lengths (as observed previously with dermal fibroblasts). To address

this possibility, we evaluated by Western blotting the expression of both ATPB and MnSOD

in brain cortex samples from controls (n=4; 58±4-years-old) and FXTAS patients (n=8;

75±2-years-old) (Table 4 and Figure 2). Brain samples from control patients had 24±3 CGG

repeats and those from the FXTAS group had 90±6 (P<0.05). The expression of the

mitochondrial proteins ATPB and MnSOD both decreased linearly with increasing CGG

repeat lengths (Figure 2; r2 = 0.56 and 0.88 respectively). The CGG repeat length to obtain

50% protein expression was 67±3 CGG repeats, similar to the number obtained with skin

fibroblasts (58±2 CGG repeats; see above).

The CGG repeat required to achieve a 50% decrease in mitochondrial protein expression in

fibroblasts (~58 CGG repeats; Figure 1) was lower than the lower limit for premutation

expansions in our cohort (63–128 CGG repeats; Table 1), indicating that mitochondrial
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changes are observed at lower expansion repeats than those detected by existing clinical

criteria.

The number of CGG repeats required for decreased brain mitochondrial protein expression

was also lower (58 from Figure 2 compared with ≥70 from [6,7]) than those required to

produce significant numbers of intranuclear inclusions in the brains of individuals with

FXTAS who had died [7], as is the CGG repeat number for nitrotyrosine content, which is

doubled at approx. 84 CGG repeats. In addition, the curve of mitochondrial protein

expression against CGG repeat number (Figures 1A–1C) suggests that inclusion formation

[7] appears at a repeat number where more than 80% of mitochondrial protein expression

had already been lost. Thus inclusions may be a very late event in the course of the disease.

The loss of several mitochondrial proteins in brain samples (Figure 2) was consistent with

the observations made with skin fibroblasts (Figure 1) and in skeletal muscle biopsies from

FXTAS and premutation carriers (results not shown), indicating that the severity of the

phenotype follows either the relevance of OXPHOS for that particular tissue or the tissue-

specific expression of critical components of mitochondrial function.

It is important to note that not all samples from each panel followed this pattern of MD. For

the fibroblasts, two samples out of 12 (17%) presented some or all properties that were

similar to controls; for the brain samples, only one exhibited characteristics similar to the

control brains (one out of eight or 12.5%) for all tested parameters. This suggests that the

MD could be present as a mosaic, as observed with other mitochondrial diseases [32], or

that, under culture conditions (i.e. for fibroblasts), the phenotype is not evident [33]. The

current observations nevertheless indicate that the preponderance of FXTAS and

premutation carriers with/without FXTAS (approx. 83%) presented a MD.

Decreased protein translation in FXTAS

Accumulated proteins present in inclusions with overexpressed FMR1 mRNA had been

observed in the CNS of FXTAS patients at late stages of the disease [34]. In the present

study, we have observed accumulation of oxidatively modified mitochondrial proteins. We

reasoned that accumulation of misfolded/unprocessed proteins could lead to the activation of

the UPR (unfolded protein response) [35]. Recent reports show that dysregulation of the

UPR is implicated in several pathologies, including some neurodegenerative diseases and

cerebral ischaemia [36]. Considering that, upon activation of the UPR, PERK [PKR (RNA-

dependent protein kinase)-like ER (endoplasmic reticulum) kinase] displays two known

activities, autophosphorylation and phosphorylation of its physiological substrate, the α
subunit of the heterotrimeric eIF2 (eukaryotic translational initiation factor 2), inhibiting

protein synthesis at the level of initiation [37], we tested the hypothesis that the activation of

the UPR in premutation cells results in an increase in eIF2α phosphorylation, leading to a

decrease in protein translation. To this end, the phosphorylation of eIF2α was assessed in

samples from Table 1. The phosphorylation of eIF2α in FXTAS samples (F3 and F6–F8)

was significantly increased relative to controls (216% of control values; P=0.0398).

Premutation carrier samples without FXTAS symptoms (P1 and P3–P5) had an eIF2α
phosphorylation equal to 271% of control values (P=0.018), but not different from FXTAS

(P=0.78). These results indicate that phosphorylation of eIF2α in premutation cells
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(regardless of the presence of FXTAS symptoms in patients) might result in a decreased

protein translation in an attempt to overcome the accumulation of misfolded/unprocessed

proteins.

DISCUSSION

In the present study, we have shown that abnormal mitochondrial function and protein

expression was observed in both CNS and non-CNS (dermal fibroblasts) tissues from

patients with the neurodegenerative disorder FXTAS. We observed decreased NAD- and

FAD-linked oxygen uptake rates, uncoupling between electron transport and synthesis of

ATP (Table 2), decreased mitochondrial protein expression (Figures 1A–1C and 2), and

increased oxidative/nitrative stress (increased mitochondrial protein nitration and decreased

MnSOD protein; Figure 1D). All of these biochemical characteristics point to a lower ATP

production that would particularly affect brain because of its high dependence on OXPHOS

of glucose, although other tissues could be affected as well [38]. The lower OXPHOS

capacity would be expected to add to the co-morbidity of the disease progression, resulting

in the decline in energy-dependent processes.

The lower ATP production by FXTAS mitochondria, especially in highly aerobic tissues

such as brain [38], will have an impact on several cellular functions, among them the

activity of SERCAs (sarcoplasmic/endoplasmic reticulum Ca2+-ATPases), thus probably

resulting in the depletion of ER Ca2+ stores. This mechanism may explain the difference in

matrix Ca2+ found between FXTAS and control mitochondria. Although mitochondria and

ER have been viewed as independent subcellular compartments, and the functions of both

structures have been investigated in isolated systems, imaging techniques have provided

evidence that the ER has close physical and functional contact to mitochondria [39], in

which unimpaired interaction between ER and mitochondria is essential for correct cell

functioning [39]. For instance, low OXPHOS capacity could lead to a defective Ca2+

homoeostasis and the release of Ca2+ from InsP3-sensitive stores upon activation of Group I

mGluR (metabotropic glutamate receptor) [40,41] in anterior cingulate cortex [42] (a key

region of brain cognitive and executive functions) could be hampered as well as other Ca2+-

mediated processes required for normal neuron function from plasmalemmal excitability to

synaptic plasticity [43].

The expression levels of mitochondrial proteins were generally decreased in FXTAS,

consistent with the general decrease in protein synthesis mediated by the higher eIF2α
phosphorylation observed in these cells. However, not all of the proteins tested were

affected to a similar extent. It has been reported that intracellular levels of proteins with

relatively rapid degradation or turnover could be critically affected by translation inhibition/

attenuation as has been shown for Mcl-1 (myeloid cell leukaemia 1) [44]. By analogy, it

could be proposed that CCOIV is a protein with a relatively fast turnover (when compared

with ATPB and MnSOD), whose steady-state concentrations would be profoundly affected

by the dysregulation of the translation machinery. Thus proteins that have a faster

degradation (or turnover) might act as convergence points of several diverse apoptotic

stimuli, coupling directly global translation to cell survival or apoptosis.
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It is important to note that the mitochondrial changes observed in FXTAS were also present,

although to a lesser extent, in premutation carriers without FXTAS, suggesting that these

events are early and their onset at the molecular level is probably earlier than the onset of

clinical symptoms. A hallmark of FXTAS pathology is the presence of intranuclear

inclusions throughout the brain, and in other tissues as well. The accumulation of

oxidatively modified proteins, even at early stages when no inclusions are observed, might

activate the UPR via PERK and ATF6 (activating transcription factor 6). PERK activation

should result in the inhibition of protein translation via phosphorylation of eIF2α.

The present study suggests that the occurrence of nitrated proteins, and perhaps intranuclear

inclusions as markers for oxidative/nitrative stress, is secondary to, or follows by a

significant period (perhaps years), the onset of MD. It is also possible that the intranuclear

inclusions found in FXTAS patients might result from the accumulation over time of

oxidatively modified proteins that aggregate and are not processed by the proteasome [45].

The observations of the present study, taken together, indicate that MD and subsequent

oxidative/nitrative stress are likely to precede both in age and in CGG repeat number the

appearance of overt clinical involvement. This last proposal is of critical importance to the

detection and management of FXTAS, since it suggests that early detection of MD may

afford early intervention. We speculate that a therapeutic strategy that induces the UPR

might prevent neuronal death induced by ER stress and ultimately by low ATP from

OXPHOS.

Interestingly, some premutation carriers (15–40%) exhibit signs of autistic behaviour

[46,47], attributed to the co-segregation of 15 loci for FMRP cargo (mRNAs) in FXTAS and

autism [48]. We have found recently that typical autistic children (without expanded FMR1

alleles) shared many aspects of MD with the defects reported in this study (C. Giulivi, Y.-F.

Zhang, A. Omanska-Klusek, C. M. Ross-Inta, S. Wong, I. Hertz-Picciotto, F. Tassone and I.

N. Pessah, unpublished work). Thus polymorphisms in some of the FMR1 RNA cargos may

contribute to both FXTAS and autism spectrum disorders.

Finally, the results of the present study provide a possible functional basis for the recent

observation that the frequencies of small CGG repeat expansions, in the grey zone (40–54

CGG repeats) and low–mid premutation range (<100 CGG repeats) are much higher in

individuals with iPD (idiopathic Parkinson’s disease) and other forms of parkinsonism than

in the general population [49]. Loesch et al. [49] found that premutation and grey zone

alleles were at least 5-fold higher in a screened population of 228 males with iPD (87% of

cases) or other forms of parkinsonism. Indeed, all four premutation alleles (56, 58, 83 and 87

CGG repeats) and nine out of ten grey zone alleles were initially diagnosed with iPD. The

results of Loesch et al. [49], taken together with those of the present study, raise two

important issues. (i) Mitochondrial dysregulation (e.g. decreased Complex I function) in

carriers of small CGG-repeat expansions may predispose such individuals to other disorders

(e.g. Parkinson’s disease/parkinsonism) that are likely to involve MD, even when the allele

size is not sufficient to produce FXTAS. (ii) Subclinical MD may also predispose such

carriers to environmental stressors, which may in turn contribute to both the penetrance and

the severity of clinical involvement in FXTAS. A better understanding of this latter issue
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might help us to define which carriers are most likely to develop FXTAS and to design

targeted preventative therapies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Mitochondrial protein expression and nitrotyrosine content in ATPB in cultured primary dermal fibroblasts from control,
premutation carriers and FXTAS patients

Changes in ATPB (A), MnSOD (B), CCO IV (C) and nitrotyrosine in ATPB (D) as a function of CGG repeat length in

fibroblasts from premutation carriers with (F) or without (P) FXTAS symptoms, or controls (C; controls with <40 CGG repeats).

All results are expressed as the percentage of mean control values. All samples from Table 1 were tested for these parameters

and those excluded were due to limited sample amount, lack of linear response between protein loading and ECL response, or

because they were not different from controls. Actin was used as a loading control.
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Figure 2. Mitochondrial protein expression in frontal brain cortex from controls and FXTAS patients
Changes in ATPB (A) and MnSOD (B) as a function of CGG repeat length in fibroblasts from premutation carriers with (F) or

without (P) FXTAS symptoms, or controls (C; controls with <40 CGG repeats). All samples from Table 4 were tested for these

parameters and those excluded were due to limited sample amount, lack of linear response between protein loading and ECL

response, or because they were not different from controls. All results are expressed as the percentage of mean control values.

VDAC1 was used as a loading control.

Ross-Inta et al. Page 16

Biochem J. Author manuscript; available in PMC 2014 May 06.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Ross-Inta et al. Page 17

Table 1

Characteristics of the cultured primary dermal fibroblasts used in the present study

Fibroblast ID Group Age (years) CGG repeats Stage

C1 Control 60 31 0

C2 Control 75 20 0

C3 Control 57 31 0

C5 Control 65 30 0

C6 Control 58 22 0

P1 Pre 67 67 0

P2 Pre 69 74 0

P3 Pre 67 81 0

P4 Pre 71 70 0

P5 Pre 76 67 0

P6 Pre 75 63 0

P7 Pre 41 128 0

F1 FXTAS 71 122 3–4

F2 FXTAS 70 105 4

F3 FXTAS 60 97 3

F4 FXTAS 75 98,113 5

F5 FXTAS 81 78 3

Stages were defined as indicated in [2,50].
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Table 2

Rates of oxygen uptake in State 3 and State 4 and RCR in primary FXTAS and control fibroblasts

Oxygen uptake
(nmol of O2/min per 106 cells)

State 4 State 3 RCR

Controls 0.9 ± 0.2 9 ± 2 10 ± 2

FXTAS 2.6 ± 0.6 5.1 ± 0.9 2.0 ± 0.4

P value 0.04 0.007 10−5

Results are means ± S.E.M. obtained with control samples C1–C6 and FXTAS samples F1–F5 by supplementing mitochondria with malate–
glutamate as a respiratory substrate. Experiments were performed in triplicate. The P values were obtained using Student’s t test. Other
experimental details are described in the Materials and methods section.
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Table 3

Mitochondrial protein expression in FXTAS and control primary fibroblasts

Protein expression Percentage of controls

CCOIV (Complex IV) 37 ± 2 (0.004)*

ATPB (Complex V) 75 ± 3 (0.002)*

MnSOD 87 ± 43 (0.05)*

Results are expressed as percentages of control values (means ± S.E.M.) performed with three to five replicates. Numbers with asterisks were
significantly different from controls. The individual P values obtained using Student’s t test are indicated in parentheses. Western blots were
performed on controls C1–C6 and FXTAS F1–F5 (Table 1).

Biochem J. Author manuscript; available in PMC 2014 May 06.



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Ross-Inta et al. Page 20

Table 4

Characteristics of the brain samples used in the present study

Brain ID Group Age (years) CGG repeats

BC1 Control 69 30

BC2 Control 57 28

BC3 Control 53 21

BC4 Control 54 15

Case 1 FXTAS 70 113

Case 3 FXTAS 75 78

Case 4 FXTAS 87 65

Case 5 FXTAS 66 105

Case 6 FXTAS 77 77

Case 8 FXTAS 75 92

Case 9 FXTAS 81 88

Case 10 FXTAS 68 98

Clinical and molecular characteristics of the panel of post-mortem brain samples (frontal cortex) used in the present study correspond in case
number to those presented previously [15], except for the control sample BC4. Case BC4 was obtained from the NICHD Brain and Tissue Bank.
The post-mortem intervals for cases affected with FXTAS were shorter (approx. 12 h or less, except for BC4 which was 17 h) than control cases
(between 12 and 17 h). Brain samples were kept at −80°C until the protein samples were obtained. The mean CGG repeat size for FXTAS samples

was significantly different from controls (24 ± 7 for controls and 90 ± 16 for FXTAS; P =1.4 × 10−5).
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