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Friedreich’s ataxia (FRDA) represents a rare neurodegenerative disease caused by expansion of GAA trinu-
cleotide repeats in the first intron of the FXN gene. The number of GAA repeats in FRDA patients varies from
approximately 60 to <1000 and is tightly correlated with age of onset and severity of the disease symptoms. The
heterogeneity of Friedreich’s ataxia stresses the need for a large cohort of patient samples to conduct studies
addressing the mechanism of disease pathogenesis or evaluate novel therapeutic candidates. Herein, we report
the establishment and characterization of an FRDA fibroblast repository, which currently includes 50 primary
cell lines derived from FRDA patients and seven lines from mutation carriers. These cells are also a source for
generating induced pluripotent stem cell (iPSC) lines by reprogramming, as well as disease-relevant neuronal,
cardiac, and pancreatic cells that can then be differentiated from the iPSCs. All FRDA and carrier lines are
derived using a standard operating procedure and characterized to confirm mutation status, as well as expression
of FXN mRNA and protein. Consideration and significance of creating disease-focused cell line and tissue
repositories, especially in the context of rare and heterogeneous disorders, are presented. Although the eco-
nomic aspect of creating and maintaining such repositories is important, the benefits of easy access to a
collection of well-characterized cell lines for the purpose of drug discovery or disease mechanism studies
overshadow the associated costs. Importantly, all FRDA fibroblast cell lines collected in our repository are
available to the scientific community.

Introduction

According to the National Institutes of Health, a
rare disease is defined as affecting less than 200,000

people in the United States. Currently, more than 7,000 rare
diseases have been identified, totaling approximately 30
million patients.1 Studies on rare disorders are frequently
hampered by a lack of appropriate models to test the effects
of potential treatments or decipher the mechanism of pa-
thology. Moreover, diverse phenotypes observed with these
diseases require a larger number of samples to be analyzed to
obtain statistically informative results.

Friedreich’s ataxia (FRDA, FA, OMIM 229300) belongs to
a group of more than 30 diseases caused by expansion of short
tandem repeats.2,3 It is a rare neurodegenerative ataxia in-

herited in an autosomal recessive manner. Expansion of tri-
nucleotide GAA repeats located in intron 1 of the FXN gene
above the threshold of approximately 65 repeats leads to
transcriptional silencing of FXN expression.4,5 Frataxin is a
ubiquitously expressed mitochondrial protein functioning
predominantly as a chaperone in the synthesis of iron–sulfur
clusters.6,7 FRDA is observed with a prevalence of approxi-
mately 1 in 30,000–50,000 individuals; however, due to its
recessive inheritance, the prevalence of asymptomatic carri-
ers is much greater and reaches approximately 1 in 100 in-
dividuals.3,5

Although classified as a neurodegenerative disease, Frie-
dreich’s ataxia presents with a plethora of clinical symptoms,
including ataxia, sensory abnormalities, heart dysfunction,
diabetes, and auditory and visual loss.8–10 These clearly
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indicate the multisystem (multiorgan) character of this disor-
der. FRDA typically manifests in preadolescents and adoles-
cents; however, the size of GAA expansion, particularly of the
shorter expanded allele, correlates tightly with the age of on-
set.11 The variable number of GAA repeats among FRDA pa-
tients contributes to the clinical variability of the disease.12,13

Because the FRDA phenotype varies significantly among
patients, appropriate selection of patient subcohorts and ac-
cess to samples representing the entire phenotypic spectrum
of FRDA patients are essential for elucidation of molecular
mechanisms of the disease. Moreover, studies conducted
using a limited number of samples can lead to confounding
and sometimes contradictory results. Instead of advancing the
field, such studies can lead to a loss of resources.14 Thus,
development of comprehensive disease-oriented cell line and
tissue repositories is critical.

In the case of Friedreich’s ataxia and other repeat expan-
sion diseases, especially those caused by a massive increase
in the number of tandem repeats (>400 repeats), genetic in-
stability of the repeating sequences renders generating animal
models a difficult task. Additionally, the presence of human-
specific genomic regulatory elements underlines the neces-
sity for conducting experiments in human-derived cell lines.
Recent advances in reprogramming of somatic cells into in-
duced pluripotent stem cells (iPSCs) allow us to create cell
lineages directly relevant to the pathogenesis of FRDA, such
as neurons, cardiomyocytes, and pancreatic cells. Establish-
ing repositories of fibroblasts and other somatic cells that can
be efficiently reprogrammed to iPSCs opens the possibility of
maintaining a renewable resource of pluripotent lines that can
be used as a source of terminally differentiated, disease-
relevant cells.

Herein, we present data regarding a human Friedreich’s
ataxia primary fibroblast repository we have been developing
over the past 4 years. In addition to FRDA-specific genetic
and functional characterization, we describe the initial fibro-
blast derivation process and general characterization steps
that can be applied to other disease-oriented cell line repos-
itories. Finally, our experience regarding the costs of estab-
lishment, maintenance, characterization, and dissemination of
lines from the FRDA fibroblast repository is presented.

Results

Establishing primary fibroblast lines
from human biopsies

In all cases, appropriate institutional requirements were
fulfilled before collection of patient samples. FRDA patients
signed adequate consent forms allowing for derivation of
cell lines, including immortalized and self-renewing lines,
as well as distribution of lines for research purposes. All
patients signed informed consent forms, and the study was
approved by the Committees for the Protection of Human
Subjects of The Children’s Hospital of Philadelphia (IRB
10-007864) and the Institutional Review Board (IRB) for
Human Use at the University of Alabama at Birmingham
(IRB N131204003).

A 3-mm skin biopsy was collected from the forearm of an
FRDA patient, transferred to media lacking fetal bovine
serum (FBS), and shipped overnight in a cooled, biological
material-approved container. Biopsy material is regarded as
a biohazard and handled using aseptic technique in a lami-

nar hood using personal protective equipment. First, biopsy
material is washed with Hank’s Balanced Salt Solution
containing penicillin and streptomycin and subsequently
suspended in an enzyme mixture containing collagenase IV,
dispase, and trypsin. The material is then cut into small pieces
and incubated at 37�C with gentle shaking. Digested tissue
fragments are transferred to conical tubes with Dulbecco’s
Modified Eagle’s medium (DMEM)/F12 media containing
20% FBS and antibiotics. Following centrifugation, the skin
pieces are plated onto gelatin-treated plates. Typically, out-
growths of fibroblasts are observed 7–14 days after the initial
plating, and media are added as necessary during this incu-
bation period (Fig. 1A–D). Details of this procedure can be
found in the studies by Li et al.11,15

Characterization of fibroblast lines

Currently, the repository holds 50 FRDA patient fibro-
blast lines. Forty-seven of these represent the most common
homozygous GAA expansion mutation. The remaining three
lines are from patients carrying the compound heterozygous
mutation of an expanded GAA allele along with the G130V
point mutation in the second copy of the FXN gene.16,17 The
repository also includes six FRDA carrier lines with one
expanded GAA allele and the second GAA tract within the
unaffected range. The size of the repeats varies from 150 to
1500 GAAs, with the average length for allele 1 (shorter
GAA tract) being 600 GAAs and for allele 2 being 980
GAAs. The repository currently contains 25 samples each
from male and female FRDA patients. The average age of
onset of the entire cohort is 25 years, with a range from 6 to
47 years.

Basic molecular characterization of the established fi-
broblast lines includes (i) determination of GAA repeat
length, (ii) analysis of frataxin mRNA and protein expres-
sion, and (iii) testing for Mycoplasma. As a standard oper-
ating procedure (SOP), we use two sets of FXN primers to
determine the number of GAA repeats in the expanded al-
leles. The short set amplifies the GAA tract plus 498 bp of
flanking sequence, and the long set amplifies 1370 bp of
DNA flanking the repeats (Fig. 2A). The detailed procedure
was recently described by Li et al.15 For FXN mRNA
quantitation, we rely on real-time quantitative RT-PCR us-
ing SYBR Green reagents and primers spanning exons 3 and
4 (Fig. 2B). To quantitate frataxin by western blot, we use
an anti-frataxin H-155 polyclonal antibody and normalize to
GAPDH expression levels11,15 (Fig. 2C). The cell lines are
also tested for Mycoplasma contamination using the My-
coAlert Detection Kit (Lonza).

Cryopreservation, recovery, and banking of lines

Our SOP is to culture eight to twelve 10-cm dishes of
confluent FRDA fibroblasts for cryopreservation. Lines are
frozen in complete DMEM containing 20% FBS and 10%
dimethyl sulfoxide at a density corresponding approximately
1–2 · 106 cells/mL in 1 mL aliquots. Initial freezing is con-
ducted in freezing containers at a rate of approximately 1�C/
min in a -80�C freezer. After 24 hours, vials are transferred to
the vapor phase of a liquid nitrogen dewar. Spare liquid ni-
trogen storage systems are in place in case of equipment
failure. An electronic record of all cell lines that includes the
number of vials, passage number, and freezing date is kept in
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a password-protected database with an appropriate backup
system along with printed inventory records (Table 1). Re-
covery of lines is conducted using a standard quick-thaw
procedure, and typically, more than 90% of cells attach and
begin proliferating within 24 hours.

Costs of establishment and maintenance
of repository

Establishing cell line repositories representative of rare
diseases is extremely important from the perspective of dis-
covering mechanisms of pathogenesis, identification of new

therapeutic targets, and preclinical testing of new drug can-
didates. The major obstacle in creating such repositories is
access to patient material; hence, collaboration between
physicians and research scientists is necessary. In addition,
completion of all regulatory requirements (patient consent,
IRB protocols, and proper material transfer agreements)
is necessary before initiating sample collection. Cell line
repositories are typically limited to renewable and easily ac-
cessible cell types, such as laboratory immortalized lympho-
cytes, primary fibroblasts, or keratinocytes. More recently,
owing to the development of somatic cell reprogramming
approaches,18,19 such repositories can be supplemented with

FIG. 2. Characterization of FRDA
fibroblast lines. Initial characterization
of the FRDA fibroblasts is conducted
using approximately1.5 · 106 cells cul-
tured on three wells of a standard six-
well plate. Determination of the size of
GAA repeats using PCR (A). Short
GAA alleles are amplified in unaffected
controls (C8399, Coriell Cell Re-
positories), heterozygous mutation car-
riers, or compound heterozygotes
carrying a point mutation on one FXN
allele and a GAA expansion on the sec-
ond allele (F4194). The two expanded
alleles can be distinguished in an FRDA
cell line homozygous for GAA expan-
sions (F50). Determination of frataxin
mRNA and protein expression using
qRT-PCR (B) and western blot (C).
FRDA, Friedreich’s ataxia; qRT-PCR,
real-time quantitative reverse transcrip-
tion polymerase chain reaction.

FIG. 1. Derivation of hu-
man fibroblasts from a skin
biopsy. Small pieces of a
3-mm forearm skin biopsy were
plated on gelatin-coated tissue
culture dishes (A). Typically,
initial fibroblast outgrowths are
visible after 7–14 days (B).
Fourteen to 28 days after initial
plating, intense outgrowth of
fibroblasts from the skin frag-
ments can be observed (C).
Frequently, keratinocytes are
also observed during deriva-
tion of fibroblast lines. The
white line indicates the border
between keratinocytes (shown
on the left side of the image)
and fibroblasts (visible on the
right side) (D). Fibroblast cul-
turing conditions favor pro-
liferation of fibroblast cells,
resulting in loss of keratino-
cytes after the first passage
of cells.
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iPSC lines as well as those cells differentiated from the iPSCs
(e.g., cardiomyocytes, neurons, and pancreatic cells). More-
over, multiple specimens collected from a single patient over
time are an important addition to a repository for the prospect
of longitudinal studies. It is important to note that fibroblasts
are not directly involved in the pathogenesis of neurological
or neuromuscular diseases, such as Friedreich’s ataxia, and
therefore might not robustly represent all the underlying
molecular features of the disease. Additionally, the metabo-
lism of primary fibroblasts depends somewhat on passage
number and age of the culture. These points should be
weighed when considering fibroblasts as a model for drug
screening and/or mechanistic studies. However, the accessi-
bility and reprogramming capacity of fibroblasts make them a
valuable primary resource.

The number of samples accommodated in a rare disease
cell line repository is a function of the patient population
size and typically will not exceed a few hundred lines.
Thus, costs associated with establishment and maintenance
of fibroblast lines are relatively low. Preparation of initial
biopsy material is less than $100 per sample, including

disposable materials and time for qualified personnel. An
additional $100–200 per sample is necessary to propagate
and cryopreserve the fibroblast lines. Liquid nitrogen sys-
tems, including backup dewars, that can accommodate up
to 7,000 vials are an initial investment of approximately
$20,000, with yearly costs of liquid nitrogen supplies not
exceeding $2,500. Periodic defrosting and expansion of
individual fibroblast lines are necessary to replenish stocks
that are disseminated to requesting laboratories, thus in-
creasing maintenance costs.

It is important to note that although primary human fi-
broblasts are especially valuable cell types due to their
competence for somatic cell reprogramming, their replica-
tive capacity is limited. Hence, for projects requiring greater
cell numbers, we generate immortalized lines by over-
expression of hTERT.20,21 Obtaining these lines by retro-
viral transduction of the hTERT gene bears a cost of $500.

A limited number of our fibroblast cell lines have been
reprogrammed from fibroblasts to iPSCs (Table 2) using
retroviral transduction of Oct4, Sox2, Klf4, and c-Myc
(OSKM) transcription factors as described by Ku et al.22 and
Polak et al.23 or by Sendai virus delivery of these factors
(CytoTune-iPS 2.0 Sendai Reprogramming Kit; Life Tech-
nologies). These lines are also available upon request. The
cost of obtaining and maintenance of these lines is much
higher (approximately $5,000 per line) than the parental fi-
broblast cells due to initial expenses associated with repro-
gramming (viral vectors), significant costs of media, small
molecule supplements, feeder cells, or growth matrix, as well
as personnel time necessary to establish an iPSC line (ap-
proximately 3 months). However, these pluripotent stem cells
represent an unlimited supply of FRDA patient material that
can be further differentiated into disease-relevant cell types
for downstream applications.

Importantly, the data regarding the costs of generation
and maintenance of the FRDA patient cell line repository
are for informational purposes only. The fibroblast and iPSC
lines are available on a collaborative basis at no cost to the
requesting laboratory.

Conclusions

Clinicians and scientists studying orphan diseases face
the specific challenge of limited access to biospecimens due
to the small number of patients suffering from the particular

Table 1. Friedreich’s Ataxia Fibroblast Cell Line Repository

Cell
line Gender

Age of
sampling

Age of
onset

No. GAA repeats
allele 1, allele 2

FXN level vs.
average controls

Phenotype
Date of
freezing

No. of
vials PassageSYBR

Frataxin by
western blot C D H

68 F 21 7 570, 1200 0.13 0.13 + - + 05/21/2012 17 P2, 3, 7, 12
4230 F 28 6 870, 1470 0.15 0.17 + + + 08/05/2014 20 P7, 9, 12
4497 F 44 30 526, 826 0.22 0.20 + - + 11/29/2012 14 P2, 3, 7
4259 M 37 15 404, 920 0.24 0.16 + - + 12/06/2012 4 P2, 7
4194 F 23 13 540, G130V 0.51 0.16 - - - 07/26/2014 8 P3, 5
50 M 33 13 353, 616 0.40 0.48 + - - 05/18/2015 5 P2

Example of information for six FRDA lines included in the electronic database of the FRDA fibroblast repository.
C, clinically diagnosed cardiomyopathy; D, diabetes; FRDA, Friedreich’s ataxia; H, hearing loss/deficit.

Table 2. FRDA iPSC Lines Reprogrammed

from Patient Fibroblasts

Cell line
Mutation

GAA1/GAA2 Reprogramming
No. of
clones

68 570/1200 OSKM Retro 5
4491 559/G130V OSKM Retro 3
GM03665 816/1400 OSKM Retro 3
GM04078 341/480 OSKM Retro 4
68_E 570/– and 1200/– OSKM Retro 2
68 570/1200 OSKM Sendai 3
4259 404/920 OSKM Sendai 2
281 630/806 OSKM Sendai 3

Lines designated GM were derived using fibroblasts obtained from
Coriell Cell Repositories. Line 68_E is a zinc finger-edited line with
one GAA allele corrected by excision of the expanded sequence.15

Two different methods, retroviral and Sendai virus transduction,
were used to establish these lines. All lines underwent rigorous
testing for pluripotency, lineage differentiation, and karyotype
analyses. As GAA repeats continuously expand in FRDA iPSCs,
the repeat number is based on determination in fibroblasts prior to
reprogramming.
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condition. Coriell Cell Repositories and other large multi-
disease biorepositories that bank and distribute cell lines and
specimens obtained from patients suffering from different
rare diseases are extremely valuable resources to the scientific
community. However, by serving a broad spectrum of dis-
eases, they are limited in their capacity to accumulate sig-
nificant numbers of cell lines from a given rare condition. For
comparison, currently only two primary fibroblast lines from
FRDA patients are available from Coriell Cell Repositories.
In addition, derivation of more challenging cell lines, such as
primary fibroblasts or iPS cells, in large quantities from a
broad spectrum of disease samples would require substantial
personnel commitment. Importantly, specific characteriza-
tion of each derived line involves an intimate knowledge of
the respective disease. Thus, individual laboratories and col-
laborative consortia of a few research groups dedicated to a
single disease or a group of similar conditions are well posi-
tioned to establish such disease-focused, well-characterized
repositories.

One of the most important aspects in creating research
resources is the support of patient advocacy groups, such as
the Friedreich’s Ataxia Research Alliance (FARA), in spread-
ing awareness regarding the critical role of cell repositories for
development of potential therapies. The initial setup of a
relatively small repository containing less than 100 cell lines,
as described above, requires a substantial time and financial
investment. However, the long-term maintenance, derivation,
and characterization of new lines can be conducted with a
modest budget. Moreover, the financial cost is certainly
outweighed by the benefits of conducting rare disease re-
search using multiple cell lines or samples that more accu-
rately represent the diversity of the patient population.

Sustainability of biorepositories can be achieved through
several means. First, the role of foundations and advocacy
groups, such as the FARA or National Ataxia Foundation, is
essential for long-term support of cell line derivation and
biobanking. Federal grant funding for creating new cell line
resources and small, disease-focused repositories is dedi-
cated to the current needs of the principal research project or
may come from special supplements that can be linked with
such an award. Finally, partnerships between academic
laboratories and biotechnology and pharmaceutical compa-
nies create avenues for offsetting the costs of cell line der-
ivation and repository maintenance. Creating biorepositories
of well-characterized patient samples and cell lines avail-
able for academic as well as commercial institutions is
critical for developing successful therapeutic strategies to
combat rare diseases.

A list of available fibroblast cell lines in the Friedreich’s
ataxia repository described herein can be found at www
.uab.edu/medicine/biochem/91-napeierala-lab-focus.

Requests should be submitted via the ‘‘Request Form’’
link found on the Web site or e-mailed directly to Drs.
Lynch or Napierala (lynchd@mail.med.upenn.edu or mna-
piera@uab.edu).
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