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miR-886-3p Levels Are Elevated in Friedreich Ataxia
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Friedreich ataxia (FRDA) is the most common inherited ataxia caused primarily by an intronic GAA.TTC triplet repeat expansion in the
frataxin (FXN) gene. FXN RNA and protein levels are reduced in patients leading to progressive gait and limb ataxia, sensory loss, reduced
tendon reflexes, dysarthria, absent lower limb reflexes, and loss of position and vibration sense. Neurological manifestations ensue from
primary loss of dorsal root ganglia neurons and their associated axons ascending centrally in the spinal cord and peripherally in large
myelinated nerves. Small noncoding RNAs such as microRNAs have been shown to be dysregulated in neurodegenerative diseases such
as Alzheimer’s and Huntington’s disease. Here we report that hsa-miR-886-3p (miR-886-3p) was increased in patient cells as well as
peripheral patient blood samples. Selective reduction in miR-886-3p by an anti-miR led to elevation of FXN message and protein levels
without associated changes in histone marks at the FXN locus. Nevertheless, derepression of frataxin by a histone deacetylase inhibitor
leads to a decrease in miR-886-3p. These results outline involvement of a small RNA, miR-886-3p in FRDA and a novel therapeutic
approach to this disease using an anti-miR-886-3p.

Introduction
Friedreich ataxia (FRDA) is a devastating orphan disease. It is the
most common autosomal hereditary ataxia. Along with the cen-
tral and peripheral nervous system, heart and pancreas are also
affected (Harding, 1981) in patients. Cardiac dysfunction is the
predominant reason for mortality in affected individuals (Tsou et
al., 2011). Approximately 10% of patients develop diabetes.
Among affected individuals, the Caucasian and South Asian pop-
ulations are overrepresented. In most cases the disease is due to
GAA.TTC repeat expansion in the first intron of the frataxin
(FXN) gene located on chromosome 9q13. In the general popu-
lation the repeat length is �30 while in patients it ranges from 66
to �1700 (Campuzano et al., 1996; Cossée et al., 1997; Monter-
mini et al., 1997). Less than 5% of patients with FRDA are com-
pound heterozygotes with the GAA repeat in one allele and a
frataxin point mutation (missense, nonsense, or intronic) in the
other allele (Cossée et al., 1999). This GAA.TTC repeat expansion
leads to decreased levels of frataxin mRNA and protein. Since the
small amount of protein formed in patients is normal, increasing
expression via transcriptional or translational targets should help
ameliorate disease symptoms.

microRNAs (miRNAs) are small noncoding RNAs of 21–23 nt
in length. They represent a relatively new family of regulatory

RNAs with broad potential relevance in the regulation of devel-
opmental and disease pathways. In most cases miRNAs have been
shown to be negative regulators of gene expression. However,
there are instances where they have been reported to be positive
regulators (Place et al., 2008). Various miRNAs have been impli-
cated in neurodegeneration and neuroprotection. Specifically,
miRNA dysregulation has been reported in Huntington’s disease
and Alzheimer’s disease (Cogswell et al., 2008; Johnson et al.,
2008; Sonntag, 2010).

Despite intense focus on frataxin transcription and trans-
lation as potential therapeutic strategies, information about
frataxin regulation by miRNAs or miRNAs misregulated in Frie-
dreich ataxia have not been reported. The only in silico datum
available for miRNA involvement in the FRDA paradigm is for a
single-nucleotide polymorphism (SNP) at a potential miR-155
binding site in angiotensin II type 1 receptor (AGTR1). This SNP
may modify the FRDA cardiac phenotype independently of the
number of GAA repeats on the smaller FXN allele (Kelly et al.,
2011).

Materials and Methods
Cell lines and blood samples. Cells from individuals without FRDA (lym-
phoblast: GM15851, Fibroblast: GM08402) and with FRDA (lympho-
blast: GM15850; Fibroblast: GM04078 and GM03816) were obtained
from the Coriell Cell Repository (Camden, NJ). Lymphoblasts were
grown in RPMI 1640 medium supplemented with 10% fetal calf serum
under standard conditions (Invitrogen Life Technologies Inc.). Fibro-
blasts were grown in MEM supplemented with 10% certified fetal bovine
serum under standard conditions (Invitrogen Life Technologies Inc.).
The blood samples were taken after informed consent. The blood sam-
ples were collected in Paxgene blood RNA tubes (PreAnalytiX).

miRNA expression profiling using TaqMan MiRNA assays. Total RNA
was isolated from lymphoblasts using TRIzol (Invitrogen Life Technol-
ogies Inc.) using the manufacturer’s instructions. RNA integrity was as-
sessed by Bioanalyzer (Agilent) and concentrations determined by
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Nanodrop spectrophotometry. The RNA was reverse transcribed using
Megaplex Primer Pools and TaqMan MicroRNA Reverse Transcrip-
tion Kit (Applied Biosystems by Life Technologies). Microarray was
performed using TaqMan Human MicroRNA Array Set v2.0 (Applied
Biosystems by Life Technologies). The U6 SnRNA was used as an
endogenous control. The level in control cell line was set at 1.

RNA isolation and quantitative real-time PCR. Blood miRNA was iso-
lated using PAXgene blood miRNA kit (PreAnalytiX). Total RNA was
isolated from lymphoblasts and fibroblasts using TRIzol (Invitrogen
Life Technologies Inc) using the manufacturer’s instructions. Real-time
PCR analysis was performed using TaqMan RNA-to-CT 1-Step Kit (Ap-
plied Biosystems by Life Technologies). �-Actin was use as an endoge-
nous control. For miRNA expression analysis, total RNA was used as a
source of miRNA in case of lymphoblasts and fibroblasts. For blood
samples, miRNA was isolated using PAXgene blood miRNA kit per the
manufacturer’s instructions. The reverse transcription was done using
TaqMan MicroRNA Reverse Transcription Kit (Applied Biosystems by
Life Technologies) or miScript Reverse Transcription Kit (Qiagen).
Quantitative real-time PCR was performed using TaqMan microRNA
assay (Applied Biosystems by Life Technologies) or miScript SYBR Green
PCR Kit (Qiagen).

Cell transfections. Fibroblasts were transfected with Lipofectamine
2000 (Invitrogen by Life Technologies) per the manufacturer’s in-
structions. The cells were harvested for RNA isolation 48 h post trans-
fection. Anti-miR-886 was purchased from Applied Biosystems by
Life Technologies.

Western blot. Total cell extracts were prepared using M-PER mamma-
lian protein extraction reagent (Thermo Fisher Scientific) per the man-
ufacturer’s instructions. The Samples were boiled in Laemmli buffer and
electrophoresed under reducing conditions on NuPAGE Novex 4 –12%
Bis-Tris Gel polyacrylamide gels (Invitrogen). Proteins were transferred to a
nitrocellulose membrane (Bio-Rad) by electroblotting. Nonspecific binding
was inhibited by incubation in Odyssey blocking buffer (LI-COR Biosci-
ences). Antibodies against Frataxin (MSF01; Mi-
tosciences), GAPDH (G9545; Sigma-Aldrich)
and cytochrome c were used in Odyssey blocking
buffer and the membranes were incubated over-
night at 4°C. Fluorophore-conjugated Odyssey
IRDye-680 or IRDye-800 secondary antibody
(LI-COR Biosciences) was used in Odyssey
blocking buffer and membranes were incubated
for 1 h at room temperature. Finally, proteins
were detected using an Odyssey infrared imaging
system (LI-COR Biosciences).

Chromatin Immunoprecipitation. The Ez-
Magna ChIP assay kit (Millipore) was used per
the manufacturer’s instructions. Anti-H3K9 di-
methyl Ab and anti-H3K36 trimethyl Ab were
purchased from Millipore and Abcam, respec-
tively. The primers used include FXNchip-
H3K9-F 5�-GCAAAGGCCAGGAAGGCGGA-3�
(Greene et al., 2007); FXNchip-H3K9-R 5�-AT
GGCTTGGACGTGGCCTGC-3� (Greene et al.,
2007); FXNchip-H3K36-F 5�-ACTGTAAGCAG
GCATCAGGATATTAA-3� (Punga and Bühler,
2010) and FXNchip-H3K36-R 5�-ACTGTCTAGGCTGGATTTGGAAAA
G-3� (Punga and Bühler, 2010).

Results
To evaluate miRNAs in FRDA, we compared miRNA profiles
between a control and a patient lymphoblast. miRNA expression
array studies revealed that 27 miRNAs were dysregulated (�2-
fold increase or decrease) in the FRDA lymphoblast (Table 1). Of
these 27 miRNAs, many of which may be false positives, we fur-
ther studied one miRNA, hsa-miR-886-3p (miR-886-3p). We
confirmed increased expression levels of miR-886-3p by real-
time PCR in the patient lymphoblast that was used for unbiased
microarray analysis (GM15850) and in an additional patient fi-

broblast line (GM04078). The miR-886-3p levels were elevated
�3-fold in patient lymphoblast cells and �1.5-fold in patient
fibroblast cells compared with control lymphoblast and fibro-
blast cells, respectively. We collected peripheral blood samples
from unaffected controls and FRDA patients to check whether we
would see similar change for miR-886-3p levels. The patients
were diagnosed based on clinical symptoms, accompanied by
DNA analysis for GAA.TTC repeat number (data not shown).
The blood samples were collected in Paxgene tubes from BD
Biosciences which are known to preserve the blood RNA profile.
These tubes are approved by FDA for the blood collection for
molecular diagnostic testing involving RNA. The frataxin mRNA
levels were reduced (Fig. 1a) as has been reported earlier for

Figure 1. a, Frataxin mRNA levels in FRDA patient peripheral blood samples. �-Actin was used as an endogenous control and
the frataxin levels obtained in control-1 sample was set at 1. b, miR-886-3p expression levels in FRDA patient peripheral blood
samples. U6SnRNA was used as an endogenous control and the miRNA levels obtained in unaffected control-1 were set at 1.

Table 1. miRNA expression changes in FRDA patient lymphoblast cells as
determined by microarray

MicroRNA Expression levels (affected/unaffected)

hsa-miR-886-3p 4.86
hsa-miR-886-5p 5.07
hsa-miR-923 4.32
hsa-miR-518f 4.18
hsa-miR-363 3.46
hsa-miR-21* 3.32
hsa-miR-124 3.14
hsa-miR-130a 2.89
hsa-miR-10a 2.86
hsa-miR-505* 2.75
hsa-miR-643 2.71
hsa-miR-155 2.57
hsa-miR-628-3p 2.44
hsa-miR-194 2.37
hsa-miR-20b 2.2
hsa-miR-192 2.14
hsa-miR-181a 2.13
hsa-miR-9 0.47
hsa-miR-212 0.44
hsa-miR-126 0.37
hsa-miR-335* 0.32
hsa-miR-125b 0.28
hsa-miR-9* 0.24
hsa-miR-132 0.18
hsa-miR-944 0.12
hsa-miR-614 0.08
hsa-miR-500* 0.02

U6SnRNA was used an endogenous control and the miRNA levels obtained in unaffected control cells were set at 1.
An asterisk denotes the less predominant form of miRNA (Griffiths-Jones, 2004).
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FRDA patients (Pianese et al., 2004). We did see elevated levels of
miR-886-3p levels in eight patient peripheral blood samples that
we tested (Fig. 1b). As we did in the case of miR-886, the remain-
ing 26 miRNAs should be validated in additional patient samples
to confirm their specific alteration in FRDA.

To check whether miR-886-3p directly regulates the
frataxin levels we transfected control (GM08402) or patient cells
(GM04078 and GM03816) with an anti-miR-886-3p. This trans-

fection led to increase in frataxin mRNA
levels in patient cells (Fig. 2a) but not in
control/unaffected cells (data not shown).
Following anti-miR transfection we ob-
served increase in frataxin protein levels
(Fig. 2b) but not in another mitochondrial
protein, cytochrome c (data not shown).
Thus, the anti-miR effect appears to be spe-
cific to FRDA-afflicted individuals and for
frataxin as opposed to other nuclear en-
coded mitochondrial proteins such as cyto-
chrome c. To decipher whether this effect of
frataxin induction occurs at a transcrip-
tional or post-transcriptional level, we used
a transcription inhibitor actinomycin D in
the presence of anti-miR-886-3p. The in-
crease in FXN mRNA levels by the anti-miR
was lost in the presence of transcription
inhibitor, actinomycin D (Fig. 2c). Thus,
anti-miR-886-3p acts transcriptionally to
induce frataxin levels.

Histone deacetylase 3 has been shown
to be involved in frataxin gene silencing in
FRDA cells (Xu et al., 2009). Histone
H3K9 dimethylation, a repressive mark is
elevated at the first intron (Greene et al.,
2007) and by contrast, H3K36 trimethyla-
tion, a mark associated with active chro-
matin has been shown to be reduced
downstream of the GAA.TTC repeats in
patient cells (Punga and Bühler, 2010).
Surprisingly, in the presence of anti-miR-
886-3p, when frataxin levels were elevated,
there was no change in histone deacetylase 3
levels (Fig. 2d), no reduction in repressive
histone modification mark H3K9 dimethy-
lation at the first intron (data not shown)
and no increase in H3K36 trimethylation (a
putative marker of gene activation) down-
stream of GAA.TTC repeats of the frataxin
gene (data not shown). Thus, although the
anti-miR-886-3p is exerting its effect at a
transcriptional level, the two chromatin
marks that we tested, classically associated
with repression or activation, were unal-
tered upon frataxin induction. Of note, the
histone deacetylase inhibitor 4b, which has
been shown to increase frataxin levels in pa-
tient lymphoblasts (Herman et al., 2006)
caused �50% decrease in the miR-886-3p
levels (data not shown). This raises the in-
teresting possibility that histone deacetylase
(HDAC) inhibitors modulate miR-886-3p
levels to derepress frataxin expression exclu-
sive of or in addition to directly altering the

chromatin state at the frataxin gene locus.

Discussion
Here we show elevated levels of miR-886-3p in cells and blood
from patients with FRDA compared with controls (Fig. 1b)
where symptoms in patients are because of reduced frataxin
levels (Pianese et al., 2004) due to GAA.TTC repeat expansion
in first intron of frataxin gene. Transfection with anti-miR-

Figure 2. a, Frataxin mRNA levels in untransfected patient cells GM04078 and GM03816 (C), following transfection with
negative control anti-miR (NC) and anti-miR-886-3p (Expt). �-Actin was used as an endogenous control for RNA levels, and
frataxin mRNA levels in cells without transfection were set at 1 (*p � 0.05). b, Frataxin protein levels in untransfected cells (C) and
following transfection with anti-miR-886-3p (Expt) in patient cells (GM04078). GAPD was used as a loading control for protein
levels. c, Frataxin mRNA levels following transfection with anti-miR-886-3p alone and in the presence of transcription inhibitor
actinomycin D. �-Actin was used as an endogenous control, and frataxin levels in patient cells without transfection were set at 1
(*p � 0.05). d, HDAC3 protein levels in untransfected cells (C), and following transfection with negative control anti-miR (NC) and
anti-miR-886-3p (Expt) in patient cells. �-Actin was used as an endogenous control.

Figure 3. Potential mechanisms for involvement of miR-886-3p in FRDA paradigm.
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886-3p led to increased frataxin levels in patient cells alone
(Fig. 2a) and not in unaffected control cells (data not shown).
This increase in frataxin levels was dependent on transcription
as demonstrated by the ability of actinomycin D to suppress
induction by anti-miR-886-3p (Fig. 2c). Interestingly a his-
tone deacetylase inhibitor that has been shown to increase
frataxin levels (Herman et al., 2006) caused decrease in the
miR-886-3p levels. Histone deacetylase inhibitors have been
shown previously to alter miRNA levels (Scott et al., 2006;
Brest et al., 2011); however, this is the first link between HDAC
inhibition and suppression of levels of miR-886-3p leading to
enhanced frataxin expression (Fig. 3).

While intriguing, our findings do not exclude the possibil-
ity that the anti-miR effect on frataxin an indirect one via its
effect on other proteins including erythropoietin (Epo). Ac-
cording to miRanda software, Epo is a target for miR-886
(John et al., 2004). Moreover, Epo has been shown to increase
frataxin levels in FRDA patient cells and in clinical trials
(Sturm et al., 2005; Boesch et al., 2008; Saccà et al., 2011). It is
possible that the anti-miR transfection affects the Epo levels
which in turn lead to increase in frataxin levels (Fig. 3). How-
ever, since the anti-miR effect was seen in skin fibroblasts
which are not known to express Epo (Jelkmann, 2011), this is
unlikely to be the exclusive mechanism for anti-miR effect we
observe.

Recently pre-miR-886 has been designated as a vault RNA,
VTRNA2, instead of a miRNA (Nandy et al., 2009; Stadler et
al., 2009). These vault RNAs, transcribed by RNA polymerase
III have been shown to produce regulatory small RNAs, svRNAs
(small vault RNAs), by a Drosha independent, Dicer-
dependent mechanism (Persson et al., 2009). These regulatory
small RNAs are �23 nt in length, are capable of guiding
sequence-specific cleavage of complementary target RNA and
associate with Ago2. VTRNA2 has been shown to be processed
into small regulatory RNA which in turn can regulate CYP3A4
gene expression in MCF7 cells via direct interaction with its 3�
UTR (Persson et al., 2009). Since they were discovered in the
1980s, vault RNAs (Kedersha and Rome, 1986) have been im-
plicated in resistance to certain drugs in cancer (Stadler et al.,
2009), however, this is the first instance where we report its
potentially causal association with a neurodegenerative dis-
ease. In April 2011, Lee et al. reported the analysis of pre-miR-
886 in cancer cells and concluded that this small RNA is
neither a miRNA nor vault RNA (since it is not associated with
vault particle) but acts as small noncoding regulatory RNA
and is capable of physically interacting with �49 proteins
which include histone H4 and TNRC6A (Lee et al., 2011)
suggesting other possible candidates for the effects of miR-
886-3p described here (Fig. 3).

Future studies will define precisely the mechanism by which
miR-886-3p negatively regulates frataxin expression; in addition
to the obvious therapeutic importance of anti-miR-886-3p, en-
hanced understanding of its mechanism of action may reveal new
targets for intervention in FRDA.
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