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Abstract

Background Friedreich ataxia is a progressive multisystem disorder caused by deficiency of the protein frataxin; a small
mitochondrial protein involved in iron sulfur cluster synthesis. Two types of frataxin exist: FXN-M, found in most cells,
and FXN-E, found almost exclusively in red blood cells. Treatments in clinical trials include frataxin restoration by gene
therapy, protein replacement, and epigenetic therapies, all of which necessitate sensitive assays for assessing frataxin levels.
Methods In the present study, we have used a triple quadrupole mass spectrometry-based assay to examine the features of
both types of frataxin levels in blood in a large heterogenous cohort of 106 patients with FRDA.

Results Frataxin levels (FXN-E and FXN M) were predicted by GAA repeat length in regression models (R* values=0.51
and 0.27, respectively), and conversely frataxin levels predicted clinical status as determined by modified Friedreich Ataxia
Rating scale scores and by disability status (R values =0.13-0.16). There was no significant change in frataxin levels in
individual subjects over time, and apart from start codon mutations, FXN-E and FXN-M levels were roughly equal. Account-
ing for hemoglobin levels in a smaller sub-cohort improved prediction of both FXN-E and FXN-M levels from R? values
of (0.3-0.38 to 0.20-0.51).

Conclusion The present data show that assay of FXN-M and FXN-E levels in blood provides an appropriate biofluid for
assessing their repletion in particular clinical contexts.

Keywords GAA repeat length - Friedreich Ataxia Rating scale - Disability status - Frataxin blood levels - Mitochondrial
protein
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ataxia, is usually (>96%) caused by a GAA triplet repeat
(GAA-TR) expansion in intron 1 of the FXN gene [1, 2].
Most people have less than 9 GAA triplets on both FXN
genes, but an expansion of 40 to 1700 triplets on both alleles
results in FRDA [2]. About 4% of people with FRDA carry
an expansion on one allele and a point mutation or a dele-
tion on the other. Heterozygous carriers of one pathogenic
allele are asymptomatic throughout life. Clinical features of
FRDA include ataxia, cardiomyopathy, scoliosis, and dia-
betes [3-5].

The expanded GAA repeats in FXN partially silences the
gene leading to decreased transcription of the mRNA for
frataxin, a small mitochondrial protein [6, 7]. This leads to
decreased levels of frataxin protein (< 10% of normal); point
mutations causing disease similarly lead to loss of functional
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frataxin [8, 9]. Usually such point mutations lead to unstable
frataxin protein or loss of translation initiation, although a
few missense mutations may produce dysfunctional frataxin
that is present at near-normal levels [8§—11]. Frataxin exists
in at least 2 forms in humans: a mature form (FXN-M) syn-
thesized in most cells and largely targeted to mitochondria;
and isoform E (FXN-E), made from an mRNA with a dif-
ferent exon 1 through alternative splicing [12, 13]. FXN-E
is largely found in erythrocytes and has no mitochondrial
targeting sequence. Most point mutations affect both forms,
although point mutations in exon 1 can selectively spare
FXN-E [11-13].

Restoration of sufficient frataxin represents a crucial
approach for future treatment of FRDA, leading to a need
for sensitive assessment of frataxin levels. In FRDA, frataxin
levels are decreased in all tissues; consequently, assessment
of frataxin in unaffected tissue can serve in some therapeutic
approaches as a marker of levels in affected tissues. A vari-
ety of immunologically based assays for frataxin have been
developed across different platforms [14—19]. Their sensitiv-
ity varies greatly, although in most cases the results correlate
with expected markers of disease severity. Reproducibility
has also been suboptimal and depends on the nature of the
antibody used in the assay [20]. We have previously reported
assessment of frataxin using LC coupled to either a high
resolution mass spectrometer [13, 21, 22] or to a low resolu-
tion triple quadrupole mass spectrometer [23]. In the present
study, we have used this latter approach [23] to assess the
levels of both frataxin isoforms in blood from a large hetero-
geneous cohort of patients with FRDA and their relationship
to clinical features of FRDA.

Methods
Patients

All procedures were approved by the Children’s Hospital of
Philadelphia (CHOP) IRB. Subjects were selected from 2
ongoing studies of the natural history of FRDA:FA-CHILD,
which focuses on children with FRDA; and FACOMS, a
more general study examining all persons with FRDA [24,
25]. Subjects were evaluated at CHOP, the University of
California Los Angeles, or the University of Florida. The
total number of subjects was 106, 13 of whom provided sam-
ples for serial analysis. Blood samples were collected into
EDTA purple top vacutainer tubes and frozen at — 80 °C
immediately until frataxin assays were performed. Clinical
data (including demographics, most recent mFARS scores,
and most recent functional disability stage (FDS) were
available from the FA-CHILD or FACOMS database [26].
FXN-M and FXN-E assays were performed as previously
described [23].

Statistical analyses

Data analysis was performed using STATA SE/17 soft-
ware. Linear regressions and Student’s t-tests were used
where appropriate.

Results

The population for this study was diverse, including sub-
jects from 11 to 68 years of age and GAA1 repeat lengths
from 101 to 1000 (Supplementary Table 1). 59% of the
subjects were female. As reported previously, GAA1
length correlated with age of onset [2—-5], and neurologi-
cal measures such as mFARS and FDS were predicted by
age and GAA1 length in models accounting for age, GAA1
and sex [24, 25]. In general, there were low but still sig-
nificant correlations (p < 0.005) between mFARS and age,
GAAL, and age of onset, consistent with the diversity in
duration and genetic severity in the cohort (Supplementary
Table 2). Still, the correlation of age of onset and GAAL1
with age demonstrates that there is some selection in the
participants in that not all ages of a given GAA1 length
are equally represented in the cohort. Sex did not influence
neurologic measures, and GAA1 length was equal between
sexes (Supplementary Table 2).

We then examined the relationship between frataxin
levels and clinical parameters. Frataxin E (FXN-E) and
Frataxin M (FXN-M) levels correlated moderately with
age and more highly with age of onset (AOO) and GAA1
(Supplementary Table 2). FXN-E and FXN-M also corre-
lated with each other at a higher level (R?>=0.75) than with
AOO or GAAL1. In addition, there was a small correlation
of FXN-E (but not FXN-M) with sex (females having lower
values). Since GAAT1 and age correlate inversely with each
other, we then performed multiple linear regression to iden-
tify their independent effects (along with effects of sex). In
regression models examining the effect of sex, GAA1 and
age on FXN-M and FXN-E levels, the combination of vari-
ables predicted FXN-E (R*>=0.51; p <0.0001) and FXN-M
(R*=0.27; p<0.0001) (Table 1). Separating the effects of
each variable, both FXN-M and FXN-E were predicted by
GAAL1 length with high levels of significance, and with
lesser significance by age. For both FXN-M and FXN-E,
older age led to a higher frataxin level, with predictions of
frataxin increasing by 1% per year for FXN-M and 2% per
year for FXN-E (based on regression coefficients). In addi-
tion, female sex marginally (p =0.09) was associated with a
lower FXN-E (but not FXN-M) level.

In addition, we examined if FXN-M and FXN-E pre-
dicted clinical severity (Tables 2, 3). In regression models
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Table 1 Frataxin levels: Regression with GAA/Age /Sex

FXN-M FXN-E
Model  0.27 (<0.0001) 0.51 (<0.0001)
GAAl1l -0.0023+0.0006 (<0.001) —0.0081+0.0013 (<0.001)
Age 0.023+0.010 (0.029) 0.074+0.022 (0.001)
Sex —0.085+0.22 (0.70) —0.81+0.48 (0.090)

Multiple linear regression analysis was performed for evaluation
of the dependent variables FXN-M and FXN-E as predicted by
age, GAAI, and sex. R? values for the models are given along with
regression coefficients for each variable (p values given in parenthe-
ses). Overall, FXN-E models had higher R? values that FXN-M, and
GAAI1 and age were both predictors of frataxin levels

Table2 Linear regression of mFARS scores by age sex, and FXN
levels

FXN-M FXN-E
Model 0.13 (0.0004) 0.16 (0.0001)

Sex —1.39+2.99 (0.64) ~3.02+3.00 (0.32)
Age 0.56+0.13 (<0.001) 0.58+0.13 (<0.001)
FXN —3.93+1.27 (0.003) — 1.48+0.40 (<0.001)

Multiple linear regression analysis was performed for evaluation of
the dependent variable mFARS score as predicted by age, sex, and
frataxin levels (either FXN-M or FXN-E). R? values for the models
are given along with regression coefficients for each variable (p val-
ues given in parentheses). R? values for both models were significant
but relatively low, and frataxin values predicted mFARS scores (as
did age)

Table 3 Linear regression of Functional Disability scores by age sex,
and FXN levels

FXN-M FXN-E
Model 0.16 (0.0001) 0.17 (<0.0001)

Sex 0.14+0.23 (0.54) 0.044+0.23 (0.85)
Age 0.049+0.010 (<0.001) 0.050+0.010 (<0.001)
FXN —0.26+0.098 (0.008) —0.093+0.031 (0.004)

Multiple linear regression analysis was performed for evaluation of
the dependent variable functional disability score as predicted by age,
sex, and frataxin levels (either FXN-M or FXN-E). R? values for the
models are given along with regression coefficients for each vari-
able (p values given in parentheses). R? values for both models were
significant but relatively low, and frataxin values predicted mFARS
scores (as did age)

examining age, sex, and frataxin levels, age predicted
mFARS and FDS values with high significance while sex
had no effect. FXN-M and FXN-E both predicted mFARS
and FDS scores, with FXN-E having more significance.
Although small, the linear regression results predicted
that frataxin levels might change over time. We thus assessed
repeated samples for the same subject separated by one year
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over the course of up to 4 years in 13 subjects. We observed
no systematic change over this period (Fig. 1), and the mean
level of change at each year was not different from zero for
either FXM or FXN E. In addition, the correlation between
change in FXN-M and FXN E was r=0.71 (p=0.015) show-
ing the year-to-year variability was tightly linked.

Previously, we had noted that individuals with mutation
of the start codon carried normal levels of FXN-E, owing to
its synthesis from a different splice variant [17]. We exam-
ined individuals with other point mutations (Supplementary
Table 3). Those with mutations within exon 1 had preserved
levels of FXN-E but not FXN-M. Interestingly, such indi-
viduals had mFARS scores matching their pathologically
low FXN-M levels, not the preserved FXN-E levels.

We then investigated whether normalization to an inter-
nal blood-specific protein to account for volume changes
might be useful for improving associations. We used a
smaller sub-cohort in which hemoglobin values were avail-
able. Hemoglobin clinically provides a marker of acute
hydration state. Demographic values in this sub-cohort
were similar to the overall study, and the cohort was 57%
women (Supplementary Table 4). Although the smaller sam-
ple size (n=27) made R? values in linear regressions lower
than in the complete cohort, relationships between frataxin
levels and age, GAA1 and sex were generally similar, with
FXN-M levels being less well predicted than FXN-E levels
(Tables 4, 5). We then assessed whether the inclusion of
hemoglobin would increase the R? values and significance
of the linear regression model. Including hemoglobin values
improved the R? value for the prediction of FXN-M in blood
from 0.033 (NS) to 0.20 (p =0.06), and hemoglobin itself
predicted FXN-M levels (p =0.022). Similarly, including
hemoglobin improved the R? for modeling FXN-E values
from 0.38 (»p=0.003) to 0.51 (p=0.0005), and the signifi-
cance of GAA1. Furthermore, hemoglobin itself predicted
FXN-E levels, and its inclusion in the model removed the
independent effect of sex, suggesting that the effect of sex is
mediated by differences in hemoglobin levels between men
and women.

Discussion

In this study, FXN-E and FXN-M levels determined by a
triple quadrupole LC-MS assay predicted neurological out-
comes, demonstrating their utility as a potential biomarker
of disease status. In addition, such levels were predicted
by GAAL length, again consistent with the use of frataxin
as a marker of disease status. The present results are more
consistent than our previous results from lateral flow assays
in several ways [17]. First, while results from lateral flow
assays predict neurological and genetic variables in FRDA,
such results required more subjects (several hundred) and
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Fig. 1 Frataxin values over time. FXN-M and FXN-E were measures multiple times over several years in a group of subjects with FRDA. No

consistent change was observed in either FXN-M or FXN-E

Table 4 Effect of Hemoglobin on FXN-M values

Variable Coefficient Significance
Age 0.0024 +0.039 0.95
GAALl —0.0028 +0.0020 0.18
Sex —-0.59+0.51 0.25
Hb included
Age —0.021+00.036 0.56
GAALl —0.0031+0.0018 0.10
Sex 0.40+0.61 0.52
Hemoglobin 0.028+00.011 0.022

Multiple linear regression analysis was performed for evaluation of
the dependent variable FXN-M as predicted by age, sex, and frataxin
levels (with or without hemoglobin as an additional independent vari-
able). Regression coefficients for each are given along with p values.
In this small cohort, only hemoglobin predicted FXN-M values

Table 5 Effect of Hemoglobin on FXN-E values

A% Coefficient Significance
Age —0.0051+0.14 0.97
GAAl —0.025+0.007 0.003
Sex -4.15+1.87 0.037
HB included
Age —0.096+0.1325 0.474
GAA1 —0.026 +0.007 0.001
Sex -0.32+2.23 0.886
Hemoglobin 0.108 +0.042 0.017

Multiple linear regression analysis was performed for evaluation of
the dependent variable FXN-M as predicted by age, sex, and frataxin
levels (with or without hemoglobin as an additional independent
variable). Regression coefficients for each are given along with p val-
ues. In this small cohort, hemoglobin predicted FXN-M values, and
the inclusion of hemoglobin as an additional independent variable
improved the significance of GAA1

repeated assays in each subject to obtain consistent results
[17]. The lateral flow assay also requires normalization to
more factors (tissue protein, internal standards) for consist-
ent results [17]. The present results utilized a single assay
in a cohort of roughly the same size as typical medium-
sized clinical trials. In addition, the variability of individual
subjects across time was lower than the difference between
patients and carriers (the proposed target of frataxin restora-
tion trials), suggesting that the present assay can be used in
serial analysis in clinical trial situations [17].

Still, there are several aspects to be considered in the use
blood as a surrogate tissue in clinical trials or other studies in
FRDA. First blood is a heterogeneous tissue, with multiple
cell types contributing to frataxin levels [27]. Those cell
types (RBC, platelets, and the multiple types of WBC) all
vary in concentration in normal blood [28]. Consequently,
normalizing values per mL of blood should allow a signif-
icant amount of variability (from about 25% for RBC to
33% for any single WBC type to 50% for platelets). Such
normal variability in cell types could be a contributor to
the variability in FXN measurements in blood. FXN-E is
thought to be derived essentially only from RBC in whole
blood [12]. Consequently, the variability in frataxin can be
accounted for by normalizing with hemoglobin values, a
marker in most people of the number of RBC (Tables 4,
5). This also explains the trend for women to have slightly
lower FXN-E levels but not FXN-M levels. Unfortunately,
multiple cell types contribute to FXN-M levels, making nor-
malization very complex at best even if precise levels of
different cell types were available. Thus, results in clinical
studies may require interpretation based on blood counts
and normalization of FXN-E values based on hemoglobin
values. If frataxin levels are used as a marker in clinical stud-
ies of other tissues, similar considerations may be relevant,
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In heart, most of the relevant frataxin is presumed to be in
cardiomyocytes, However, the progressive fibrosis of FRDA
cardiomyopathy might confound direct measurements of
frataxin in cardiac tissue unless the exact level of fibrosis
and fibroblast infiltration are considered [29]. In addition,
although gliosis is not usually a prominent feature of FRDA,
similar considerations might occasionally be relevant to
frataxin measurements in brain.

Differences in cell type levels may explain some of the
paradoxical statistical results. Although deficient FXN-E
levels likely contribute minimally to neurological dysfunc-
tion in FRDA based on the severe phenotype of patients
whose FXN-E level is spared, FXN-E levels correlate bet-
ter with GAA1 than FXN-M and predict mFARS and FDS
levels more significantly than FXN-M. This may reflect the
lower variability in routine RBC levels as compared with
WBC and platelets.

The predicted increase in both isoforms of frataxin in
blood with age is interesting. In fibroblasts an expansion of
9 GAA repeats per year is predicted, which would logically
lead to a fall in frataxin [30]. However, in vivo selection of
cells over time likely would lead to enhanced survival of
cells with shorter GAA repeats, as appears to occur follow-
ing chemotherapy [31]. In the present study, we could not
directly demonstrate a change in frataxin levels over time
in subjects with FRDA, even though linear regression pre-
dicted such changes. One reason is that the predicted change
(between 1 and 2% of the total) is far lower than the techni-
cal reproducibility of the assay and the variability of blood
cell types in blood (Table 1; Supplementary Table 1) [25, 27,
28]. Based on the expected reproducibility, 10 years would
be needed to potentially identify such increases even without
accounting for the variability of blood cell types. Another
possibility is that the predicted increase may represent a sta-
tistical aberration in the regression models, possibly because
of the small size of the predicted effect. Thus, whether a
small increase in frataxin actually occurs is unclear.

Overall, the present results from blood show that frataxin
levels determined by the present assay provides useful bio-
markers for therapies in which changes in blood frataxin
levels are representative of changes in frataxin levels in tar-
get tissues. This would include agents acting on most tissues
(gamma interferon, HDAC inhibitors like RPG2833, Tat-
frataxin) but not most forms of gene therapy, in which spe-
cific tissues are targeted and many constructs lack promoters
that are active in blood [32-36]. In addition, the novel gene
targeted chimera (gene-TAC) agent DT-216 appears to tran-
sit the circulation too rapidly to produce measurable effects
on blood frataxin. The present study is limited by the moder-
ate size of the present cohort and the lack of truly affected
solid tissues. However, the present LC-MS approach can
be adapted for solid tissues (muscle, heart) to provide a
methodology for extension of LC-MS to the assessment of
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frataxin levels from other therapeutic approaches such as
gene therapy [36].

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00415-023-12118-x.
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