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Highlights

e RPPA analyzing Friedreich's ataxia cells reveals changed expression of 30 proteins.
e Integrin expression correlates with hearing loss in Friedreich's ataxia samples.
e Retinol levels are lower in serum of patients with Friedreich's ataxia than controls.
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Reverse Phase Protein Array Reveals
Correlation of Retinoic Acid Metabolism With
Cardiomyopathy in Friedreich's Ataxia

Jill S. Napierala'" ©, Kimal Rajapakshe”, Amanda Clark'®, Yu-Yun Chen’, Shixia Huang?,
Clementina Mesaros®, Peining Xu’, lan A. Blair’, Lauren A. Hauser", Jennifer Farmer’,
David R. Lynch?, Dean P. Edwards?, Cristian Coarfa®, and Marek Napierala'

Identifying biomarkers is important for assessment of
disease progression, prediction of symptom development,
and determination of treatment effectiveness. While
unbiased analyses of differential gene expression using
next-generation sequencing methods are now routinely
conducted, proteomics studies are more challenging
because of traditional methods predominantly being low
throughput and offering a limited dynamic range for
simultaneous detection of hundreds of proteins that
drastically differ in their intracellular abundance. We uti-
lized a sensitive and high-throughput proteomic tech-
nique, reverse phase protein array (RPPA), to attain
protein expression profiles of primary fibroblasts obtained
from patients with Friedreich's ataxia (FRDA) and unaf-
fected controls (CTRLs). The RPPA was designed to
detect 217 proteins or phosphorylated proteins by indi-
vidual antibody, and the specificity of each antibody was
validated prior to the experiment. Among 62 fibroblast
samples (44 FRDA and 18 CTRLs) analyzed, 30 proteins/
phosphoproteins were significantly changed in FRDA fi-
broblasts compared with CTRL cells (p < 0.05), mostly
representing signaling molecules and metabolic enzymes.
As expected, frataxin was significantly downregulated in
FRDA samples, thus serving as an internal CTRL for assay
integrity. Extensive bioinformatics analyses were con-
ducted to correlate differentially expressed proteins with
critical disease parameters (e.g., selected symptoms, age
of onset, guanine-adenine-adenine sizes, frataxin levels,
and Functional Assessment Rating Scale scores). Mem-
bers of the integrin family of proteins specifically associ-
ated with hearing loss in FRDA. Also, RPPA data,
combined with results of transcriptome profiling, uncov-
ered defects in the retinoic acid metabolism pathway in
FRDA samples. Moreover, expression of aldehyde dehy-
drogenase family 1 member A3 differed significantly

between cardiomyopathy-positive and cardiomyopathy-
negative FRDA cohorts, demonstrating that metabolites
such as retinol, retinal, or retinoic acid could become
potential predictive biomarkers of cardiac presentation in
FRDA.

Friedreich's ataxia (FRDA) is the most prevalent inherited
ataxia in humans with a population frequency of 1 to 2:50,000
(1). Most patients with FRDA are homozygous for large ex-
pansions of guanine-adenine-adenine (GAA) repeat se-
quences in intron 1 of the frataxin (FXN) gene, whereas a small
fraction of patients are compound heterozygotes with an
expanded GAA repeat sequence in one FXN allele and a
missense or nonsense mutation in the other (2). Both types of
lesions typically result in reduced levels of FXN protein
compared with heterozygous carriers and healthy controls
(CTRLs). An inverse correlation exists between FXN protein
level and disease severity (1, 3, 4). Characteristic symptoms of
FRDA include discoordination, slurred speech, weakness,
peripheral neuropathy, and cardiomyopathy (CMP) (5, 6). In
addition, optic atrophy, diabetes, and auditory defects are
also observed in some patients (7-10).

Importantly, significant heterogeneity in symptom penetra-
tion exists within the patient population. Neurological
dysfunction occurs in 100% of individuals diagnosed with
FRDA, whereas CMP is diagnosed in ~60% of patients, dia-
betes in ~20%, and ~10 to 20% of patients with FRDA suffer
from vision and/or hearing loss (HL) (6). The diversity in age of
onset and overall clinical presentation can be in part recon-
ciled by the sizes of the GAA expansions; however, attempts
to anticipate symptom development have failed because of
the lack of associated biomarkers. In addition to prognostic
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biomarkers, a critical element of developing therapeutic stra-
tegies is identification of predictive disease biomarkers to
allow for managing symptom emergence.

In the past decade, a variety of -omics approaches have
been utilized to uncover molecular mechanisms of diseases
and identify new biomarkers that would facilitate drug devel-
opment campaigns and clinical trials. Transcriptome signa-
tures associated with specific disease states can bring to light
priority gene expression biomarker candidates and provide
critical information about pathogenic mechanisms. Screening
methods such as microarrays and bead arrays have been
used to define disease signatures, including the FRDA
lymphoblast signature (11, 12). The current progress in next-
generation sequencing allows us to conduct expression
profiling with much greater sensitivity and accuracy. This
approach has been employed for large-scale analyses in
FRDA research (13, 14), but it is also critical to determine
whether transcriptome changes translate to the protein
expression differences. In addition, from both therapeutic
development and biomarker identification perspectives, it is
important to ascertain global proteome differences between
FRDA and unaffected CTRL cohorts.

Frequently, high-throughput proteomics studies are con-
ducted by MS methods. These are unbiased and quantitative
approaches but are typically limited in resolution to the most
abundant proteins in the samples. Thus, identifying DE pro-
teins of lower abundance may be hampered. A few MS-based
proteomics studies have been completed thus far in FRDA
with limited numbers of samples and predominantly focused
on differences between FRDA and CTRL cohorts (15-18).

To complement gene expression profiling approaches, a
reproducible and high-throughput method amenable to protein
profiling is needed to assess protein expression of biomarker
candidates in patient specimens. RPPA technology is an
extremely sensitive (pico-to femtomole analyte range), precise
(<15% coefficient of variation), and highly efficient (hundreds of
samples analyzed in parallel) method for multiplex analysis to
identify biomarker candidates and define targets of pathogen-
esis (19-21). Protein lysates prepared from cultured cells, tis-
sues, or body fluids (among others) are arrayed on a solid phase
and probed with an antibody or other affinity reagent with
specificity to the target of interest. Furthermore, when spotting
the arrays, it is possible to print and store additional slides that
can be used for future applications, thus preserving precious
patient samples and allowing uniformity when testing new tar-
gets and affinity reagents. Biomarker studies comparing protein
expression data generated by ELISA and RPPA, conducted
with either protein lysates or serum/plasma samples, have
consistently demonstrated high correlation between platforms
(19, 22, 283), underscoring the reproducibility and clinical
compatibility of RPPAs.

Post-translational modifications can also be quantified us-
ing this method. RPPA is based on antibody recognition;
therefore, its power and precision is limited to proteins for

which validated and highly specific antibodies can be identi-
fied. The RPPA approach of proteome profiling is frequently
utilized in cancer research; our report represents one of the
first examples of this method used in the context of neuro-
degenerative diseases (24).

We employed RPPA to measure changes in protein
expression in 44 characterized FRDA primary fibroblast cell
lines to define the signatures associated with molecular and
clinical features of FRDA and potentially identify prognostic
biomarkers. Eighteen fibroblast cell lines derived from unaf-
fected CTRLs were used for comparative analyses. A total of
217 antibodies were used to probe the RPPA. We identified a
subset of proteins DE between FRDA and CTRL samples,
representing signaling molecules and metabolic enzymes
predominantly associated with early apoptotic response and
transcription regulation. Furthermore, protein and phospho-
protein expression data were analyzed within the FRDA cohort
to identify potential correlations with HL and CMP. Results
identified altered expression of integrin protein family mem-
bers specifically associated with HL in FRDA, whereas defects
in the retinoic acid (RA) metabolism pathway were uncovered
in FRDA samples that associated with CMP status. These
results indicate that retinoid metabolites could become po-
tential predictive biomarkers of cardiac presentation in FRDA.

EXPERIMENTAL PROCEDURES

Patient Samples—Primary Fibroblast Isolation and Culture and
Serum Samples

FRDA and CTRL fibroblast cell lines were obtained from the Frie-
dreich's Ataxia Cell Line Repository held at University of Alabama at
Birmingham (UAB) and the Coriell Institute. For FRDA primary fibro-
blast cell line derivation, skin biopsy samples were obtained, and all
procedures were conducted in accordance with approvals of Chil-
dren's Hospital of Philadelphia (CHOP) and UAB Institutional Review
Boards (IRBs; CHOP IRB no.: 10-007864; UAB IRB no.: N131204003)
(25). The detailed protocol for primary fibroblast line derivation from
punch skin biopsy samples has been published (25, 26). Fibroblasts
were cultured in high-glucose Dulbecco's modified Eagle's medium
(Life Technologies) supplemented with 15% fetal bovine serum
(Hyclone) and 1% nonessential amino acids (Life Technologies). For
passaging and collection, the cells were incubated in 0.25% trypsin—
EDTA (Life Technologies) for 5 min. All fibroblasts were cultured using
stringently controlled conditions and reagents. All media and sup-
plements, including fetal bovine serum, were of the same lot number
for all cells cultured and collected for this experiment. The cells were
harvested for protein isolation when they reached ~80 to 85%
confluence. For calculation of population doubling times (PDTs), fi-
broblasts were seeded at equal densities, cultured under identical
conditions, and counted 7 days later. PDTs were calculated using the
formula: PDT = T * In2/In(A/Ao). For cytotoxicity assays, fibroblasts
were plated at equal densities, allowed to settle and grow for 72 h,
then fresh media were added with 200 pM hydrogen peroxide (H»O)
(or without) for 24 h. Percent cytotoxicity was calculated by measuring
lactate dehydrogenase (LDH) activity (CyQUANT LDH Cytotoxicity
Assay Kit; Thermo Scientific), according to the manufacturer's rec-
ommendations, for the H,O,-treated cells compared with the
respective untreated CTRL or FRDA cells for each experiment.
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Serum samples were collected from patients with FRDA and CTRL
subjects enrolled in an ongoing natural history study at CHOP. Serum
sample collection procedures were conducted in accordance with
approvals of the CHOP IRB (IRB no.: 01-002609) as described (27, 28).

Antibody Validation

All 217 antibodies used to probe RPPA slides were validated by
the Antibody-based Proteomics Core at Baylor College of Medicine
(BCM) ((20), https://www.bcm.edu/academic-centers/dan-I-duncan-
comprehensive-cancer-center/research/cancer-shared-resources/
reverse-phase-protein-array). Primary antibodies used to detect hu-
man FXN (Abcam; Ab110328) and aldehyde dehydrogenase family 1
member A3 (ALDH1A3) (Novus Biologicals; NBP2-15339) and
CYP26B1 (Novus Biologicals; NBP1-33476) on the RPPA were vali-
dated by Western blotting of lysates prepared from fibroblast cells
stably depleted of each antigen by shRNA. Briefly, fibroblast cells
were transduced with lentiviral particles containing shRNA sequences
targeting human FXN (FXN MISSION shRNA TRCNO0000006137;
NM_000144.3-796s1c1 and TRCNO0000006138; NM_000144.3-
661s1c1), ALDH1A3 (ALDH1A3 MISSION shRNA TRCN0000027144;
NM_000693.1-459s1c1), or CYP26B1 (CYP26B1 MISSION shRNA
TRCNO0000064053; NM_019885.2-242s1c1), or nontargeting shRNA
CTRL (MISSION shRNA SHCO002), all of which were purchased as
plasmid DNA glycerol stocks from Sigma-Aldrich. Fibroblasts were
selected with puromycin (2 pg/ml) for 1 week, and then harvested for
protein lysate preparation and Western blotting.

RPPA

The RPPA was performed as previously described by the Antibody-
based Proteomics Core at BCM with minor modifications (20, 29, 30).
Fibroblast cells were detached from the dish by treatment with 0.25%
trypsin—-EDTA solution, counted, and harvested by centrifugation at
300g, 5 min, at 25 °C. Cell pellets were washed twice with ice-cold
PBS and centrifuged at 1000g, 1 min, at 4 °C. Following the
washes, cell pellets were snap frozen in liquid nitrogen and stored
at =80 °C until all fibroblast lines were cultured and collected. The
fibroblasts were lysed in modified Tissue Protein Extraction Reagent
(Pierce) containing a cocktail of protease and phosphatase inhibitors
(Roche Life Sciences) at a density of 20,000 cells/ul and kept at 4 °C
with mixing for 30 min. Lysates were clarified by centrifugation at
14,0009, 15 min, at 4 °C, and supernatants were transferred to fresh
tubes followed by protein concentration determination by Bradford
assay. Finally, the concentrations of the lysates were adjusted to
0.5 mg/ml, protein sample buffer containing 2.5% 2-mercaptoethanol
was added, and the lysates were denatured and printed on
nitrocellulose-coated slides (Grace Bio-Labs) using an Aushon 2470
Arrayer (Aushon BioSystems). The samples and CTRL lysates were
spotted in an array format of 960 lysates/slide using a 40 pin (185 pm)
configuration (total of 2880 spots/slide). Antibodies against 217 total
and phosphorylated proteins were used to immunolabel slides using
an automated slide stainer Autolink 48 (Dako/Agilent). Each slide was
incubated with a unique primary antibody (or antibody diluent as a
negative CTRL), followed by incubation with biotinylated secondary
antibodies. Finally, primary antibody binding was detected by
streptavidin-conjugated IR IRDye680 fluorophore (LI-COR Bio-
sciences). The total protein content for each spotted lysate was
quantified by fluorescent staining with Sypro Ruby-Blot Stain (Mo-
lecular Probes). Labeled slides were scanned on a GenePix 4400 AL
scanner in parallel with negative CTRL slides, and images were
analyzed by GenePix Pro 7.0 (Molecular Devices). The fluorescence
signal for each spot was determined by subtracting the local slide
background signal from the total fluorescence intensity. A previously
described group-based normalization method (29, 31) was used to
adjust the fluorescent signal for each spot of a sample for varying total

protein level, background, and nonspecific labeling. Data quality was
evaluated by manual inspection and comparison to CTRL samples.
Normalized expression data from the RPPA are provided in
supplemental File S1 as the median of three technical replicates per
sample.

Experimental Design and Statistical Rationale

DE proteins were identified based on the normalized RPPA data
between the FRDA and CTRL groups. A parametric t test was used,
with significance achieved at p < 0.05. Principal component analysis
plots and heat maps were generated using the Python scientific li-
brary. RNA-Seq data were previously published (14) and deposited
into the Gene Expression Omnibus database (GSE104288).

We deployed bioinformatics approaches associating molecular
features and clinical variables using techniques pioneered in cancer
bioinformatics. We used both parametric (Pearson) and nonparametric
(Spearman rank) correlation between proteins or genes of interest and
numerical clinical variables; significance was achieved for p < 0.05.
For categorical clinical variables, we assessed association with genes
or proteins using a parametric ANOVA test, with significance achieved
for p < 0.05. We assessed correlation between molecular features
(genes or proteins) across samples using a similar approach. No
corrections were implemented for multiple hypothesis testing. Corre-
lation scatter plots were generated using the Python scientific library.

Western Blot

Fibroblasts were harvested by centrifugation (300g, 5 min, at 25 °C),
and cell pellets were washed once with ice-cold PBS and then
centrifuged at 1000g, 1 min, at 4 °C. Cells were resuspended in buffer
(0.1% NP-40 [Nonidet P-40], 0.25 M NaCl, 5 mM EDTA, 50 mM Hepes
[pH 7.5], 0.5 mM DTT, and 0.1% protease inhibitor cocktail [Sigma—
Aldrich]) and kept on ice for 20 min for lysis. Suspensions were
centrifuged 20,000g, 10 min, at 4 °C, and clarified protein lysates were
transferred to fresh tubes. Protein concentration was determined by
Bradford assay (32), and 50 to 75 pg lysates were separated on 4 to
12% gradient Bis-Tris gels (Life Technologies). Proteins were trans-
ferred to nitrocellulose membranes and probed with the following
antibodies: ALDH1A3 (Novus Biologicals; NBP2-15339), CYP26B1
(Novus Biologicals; NBP1-33476), FXN (Ab110328; Abcam or
GTX54036; Genetex), and GAPDH (EMD Millipore).

Retinol Concentration Measurements

All-trans retinol (ROL), 9-cis ROL, 13-cis ROL, all-trans retinal (RAL),
9-cis RAL, 13-cis RAL, all-trans RA, 9-cis RA, 13-cis RA, and 9,13-cis
RA were purchased from Santa Cruz Biotechnology. Labeled all-trans
ROL, all-trans RAL, and all-trans RA were purchased from Cambridge
Isotope Laboratory. Stock solutions were prepared under red light at
1 mg/ml in methanol and stored at —80 °C. Diluted solutions were
prepared in methanol and stored in —20 °C. About 500 pl of serum was
spiked with 20 pl of retinoid internal standards (ISTD) mixture and
vortexed briefly. One thousand microliters of acetonitrile was added to
each tube and vortexed for 1 min in the dark, followed by addition of
40 pl of 2 N HCI to the aqueous phase and vortexed for 1 min. Nine
milliliters of hexanes was added to each tube and vortexed for 1 min
prior to centrifugation for 10 min at 13,000 rpm. The upper organic
layer was transferred to a new test tube and dried down under nitro-
gen. The extracts were reconstituted in 50 pul of methanol and ready for
LC-high-resolution MS injection.

The LC-MS analysis of retinoids was conducted using a Q Exactive
HF system coupled to Dionex Ultimate 3000. A full scan mode was
used for all the retinoids. For quantification, the exact mass +5 ppm
was integrated. Separation was achieved on a BEH C18 column of
50 * 2.1 mm (1.7 pm) after an injection of 10 pl. Solvent A was 0.1%
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formic acid, and solvent B was the same in acetonitrile. The column
temperature was 20 °C, and the flow rate was 0.4 ml/min. The gradient
started from 45% B to 99% B in 10 min, with a 3 min wash and 4 min
equilibration. From all the retinoids that were monitored by the LC-MS
method, only ROL was present at levels higher than the limit of
quantification. All the rest of the retinoids were present at levels higher
than the limit of detection (clearly detectable) but lower than the limit of
quantification, so the actual values were not reported.

The Q Exactive HF system was equipped with a heated electro-
spray ionization source operated in the positive ion mode, with a
narrow interval of m/z 250 to 350 to reduce background. For the
analysis, a full scan was utilized with an automatic gain CTRL setting
of 1E6, maximum ion time setting of 100 ms, an in-source collision-
induced dissociation of 1 eV, and a resolution of 240,000. Operating
conditions were spray voltage 3500 V, auxiliary gas heater tempera-
ture 100 °C, and heated capillary temperature 320 °C. Nitrogen was
used for the sheath gas and auxiliary gas set at 35 and 5 (in arbitrary
units), respectively.

Calibration curves were constructed for all analytes using authentic
standards and the same amounts of ISTD as used for the serum
samples. The area ratio of analyte to ISTD was plotted versus the
amount of analyte and a linear regression was used to calculate the
amount of each analyte. Data analysis was done with Xcalibur soft-
ware, version 2.6 (ThermoFisher Scientific).
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Alternatively, for the data shown in supplemental Fig. S6, ROL was
quantified from 100 pl of serum using ultra HPLC/tandem MS, as
previously described (33, 34). Metabolites were measured using Agi-
lent 6495 QQQ MS using single reaction monitoring mode. The HPLC
column used was Zorbax eclipse XDB C-18, 1.8 micron, 4.6 x 100 mm
(Agilent Technologies). The mobile phases used were 0.1% formic
acid in water and acetonitrile in mobile phase A and B, respectively.
The initial gradient started with 50% of B and maintained until 3 min,
and it was ramped in a linear fashion to 80% of B until 13 min, at
13.10 min 50% B, and re-equilibration started until the end of gradient
at 20 min. The flow rate used was 0.7 ml/min. The injection volume
was 20 pl. Data were acquired using Agilent Mass hunter acquisition
software and analyzed using Agilent quantitative analysis software.

RESULTS

High-Throughput Measurement of FXN Protein Expression
in Primary Fibroblasts

RPPA was used to interrogate protein expression and post-
translational modification changes that are associated with
FRDA (Fig. 1A). A total of 217 proteins (supplemental
Table S1), including phosphorylated species, were profiled in
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Fic. 1. High-throughput detection of FXN protein expression in primary fibroblasts. A, schematic of RPPA workflow. B, principal
component analysis of the 62 fibroblast samples analyzed by RPPA. C, normalized FXN protein expression in 18 CTRL and 44 FRDA primary

fibroblast cell lines as measured on the RPPA. Significance was determined by Student's t test (***p

< 0.0001). D, XY scatter plot and linear

regression analysis of FXN expression values as measured by RNA-Seq (x-axis) or RPPA (y-axis). Results from correlation analyses (Pearson and
Spearman) are also presented. E, correlation scatter plot displaying FXN protein expression (y-axis) versus length of GAA1 tract for each FRDA
sample. Pearson's and Spearman's correlation coefficients (r) were calculated for each comparison. CTRL, control; FRDA, Friedreich's ataxia;
FXN, frataxin; GAA, guanine-adenine-adenine; RPPA, reverse phase protein array.
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fibroblast samples prepared from 18 apparently healthy CTRL
individuals and 44 individuals clinically diagnosed with FRDA.
Demographic information for the CTRL and FRDA cohorts is
summarized in Table 1, with additional clinical and molecular
annotations provided in supplemental Table S2. Sample
groups were matched for sex and age of sampling, and mo-
lecular characterization of the FRDA fibroblast samples
revealed the median lengths for the GAA repeat tracts in FXN
as 480 (GAA1) and 760 (GAA2) repeat units, with FXN mRNA
expression reduced by approximately 60% (Table 1). Finally,
the specificity of all antibodies included on the array was
validated (supplemental Fig. S1) (https://www.bcm.edu/
academic-centers/dan-I-duncan-comprehensive-cancer-center/
research/cancer-shared-resources/reverse-phase-protein-
array).

Principal component analysis of RPPA data showed
separation of the FRDA and CTRL sample groups (Fig. 1B)
indicating significant differences between FRDA and CTRL
cellular proteomes. FXN was significantly reduced in FRDA
fibroblasts compared with CTRL cells (Fig. 1C), and protein
expression levels were tightly correlated with FXN mRNA
expression as determined by next-generation RNA-Seq (14) in
the 17 CTRL and 18 FRDA fibroblast lines that were profiled in
both experiments (Pearson's r = 0.866; p < 0.0001; Fig. 1D
and supplemental Table S2), indicating a strong correlation in
FXN measurement between these different platforms. More-
over, a significant inverse correlation was observed between
FXN protein expression and the length of the shorter GAA
tract (GAA1) (Pearson's r = -0.43; p < 0.01; Fig. 1E), as

expected (3, 26). Taken together, these data indicate that
RPPA is a robust method for high-throughput FXN protein
quantification from a small amount of material and potentially
for uncovering underlying disease pathology and identifying
protein biomarkers.

Protein Expression Changes in FRDA

Expression values for all 217 proteins/phosphoproteins
were compared across the 62 samples to determine DE pro-
teins between the CTRL and FRDA groups. Seventy phospho-
specific antibodies were included in the validated set of 217
antibodies, testing a total of 83 unique phosphorylation sites.
Thirteen of these antibodies recognize two or more phos-
phorylation sites on the same protein, and 21 proteins were
probed for multiple phosphorylation sites using independent
phospho-specific antibodies recognizing single (but unique)
phosphorylation sites. Significant changes (o < 0.05) were
observed in the expression or phosphorylation state of 30
proteins between these sample groups, with ten down-
regulated and 20 upregulated in FRDA (Fig. 2, A and B). The
protein showing the highest upregulation of expression was
ALDH1A3 (Log2 fold change [FC] = 1.74; p < 0.0001). In
agreement with protein expression data, prior RNA-Seq ana-
lyses demonstrated significant upregulation of ALDH1A3
mMRNA levels in FRDA fibroblasts (14). As expected, FXN was
the most significantly downregulated protein analyzed (Log2
FC = -1.3; p < 0.0001).

The expression values for each of the 30 significantly
changed proteins/phosphoproteins were then compared with

TaBLE 1
Demographic summary of FRDA and CTRL sample sets

Characteristic FRDA CTRL p (FRDA versus CTRL)

Sample number 44 18
Sex Females 55% 50%

Males 45% 50%
Age at sampling (y) Minimum 13 1

Maximum 70 64

Median 31 26.5 ns; p = 0.267
Age of onset (y) Minimum 4

Maximum 43

Median 14 NA
Cardiomyopathy Present (+) 17

Absent (-) 21

Undetermined 6
GAAT1 length Minimum 110

Maximum 916

Median 480 NA
GAA2 length Minimum 216

Maximum 1470

Median 760 NA
FXN mRNA (RNA-Seq) Minimum 0.22

Maximum 0.83

Median 0.41 p = 5.25E-18

NA, not available; ns, not significant.

Clinical and molecular data for FRDA and CTRL subjects from which fibroblast cell lines were derived.
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CTRL and FRDA samples. A, heat map illustrating expression levels of 30 proteins
identified as significantly different (o < 0.05) between FRDA and CTRL groups. Shades of blue indicate lower expression, whereas shades of red
indicate increased protein levels. B, a summary of Log2 FC expression ratios along with p values is provided. Proteins are listed in descending
order based on expression change; shades of red indicate increased expression in FRDA, and shades of blue indicate reduced expression in
FRDA. C, Pearson correlation coefficients were calculated for significantly changed proteins using their RPPA expression values in FRDA
samples. Proteins and their correlation coefficients were organized by hierarchical clustering and are shown by the heat map (correlation matrix).
The color key indicates shades of red for positive correlation coefficients (r > 0) and shades of blue for negative correlation coefficients (r < 0).
CTRL, control; FC, fold change; FRDA, Friedreich's ataxia; RPPA, reverse phase protein array.
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TABLE 2
Expression of significantly changed proteins (CTRL versus FRDA) versus molecular and clinical features of FRDA

Protein Sampling age  Age of onset FARS score  GAA1 GAA2 FXN mRNA (RNA-Seq)
ALDH1A3 0.25 0.18 -0.17 -0.06 -0.02 0.06
Integrin b3 0.12 0.19 -0.24 -0.16  -0.06 0.02
KIT-c -0.17 -0.31 0.22 0.33 0.20 -0.28
p-p44/42MAPK (ERK1/2) (T202/Y204) 0.05 -0.02 0.09 0.05 0.04 -0.08
PHGDH 0.05 0.07 -0.12 -0.09 -0.07 0.40
AOX1 0.26 0.37 -0.33 -0.24 0.11 0.34
FOXO1 0.08 0.26 -0.36 -026  -0.17 0.18
p-BAD (S112) -0.04 -0.01 -0.18 -0.04 -0.04 0.03
BCL2 -0.13 -0.22 0.25 0.23 0.16 -0.08
Era -0.01 0.05 0.07 0.04 0.13 -0.01
p-AKT (T308) 0.04 0.03 0.07 0.10  -0.08 -0.04
BAD -0.03 -0.03 -0.17 -0.05 0.02 -0.05
p27/KIP1 0.02 0.09 -0.32 -0.32 -0.30 0.23
p-SRC (Y527) -0.10 0.06 -0.45 -0.03 0.17 0.11
p-STAT3 (S727) 0.11 0.18 -0.13 -0.08 0.03 0.12
IDH2 -0.03 -0.32 0.17 0.33 0.27 -0.42
STAT1 0.09 0.09 -0.05 -0.04 0.23 -0.03
p-p70S6K (T389) -0.05 0.01 -0.04 -0.25 0.02 0.12
ATM 0.07 0.14 -0.01 -0.02 0.17 -0.07
SIN3b -0.05 -0.05 -0.01 0.08 0.10 0.09
MED12 -0.16 -0.04 0.06 0.08 -0.07 0.06
AKT 0.06 0.20 0.06 0.09 0.26 0.01
EZH2 0.24 0.19 0.22 0.22 0.08 0.05
Integrin a4 0.10 0.34 -0.38 -0.09 0.01 0.43
RRM2 0.25 0.24 0.23 0.18 0.17 -0.03
p-Rb (S807/811) 0.09 0.06 0.33 0.20 0.19 -0.01
CHAF1A 0.25 0.18 0.14 0.22 0.14 0.03
DKK1 0.01 0.33 0.01 0.15 0.30 -0.08
WNT5a/b -0.16 -0.18 0.14 0.07 -0.12 -0.19
FXN 0.22 0.30 -0.24 -043 -0.23 0.62

Pearson correlation coefficient values (r) are shown for each comparison. Values of r > 10.3| are highlighted in bold and r > 10.5] are highlighted

in italics.

clinical and molecular features of FRDA: age of onset, Func-
tional Assessment Rating Scale (FARS) score, number of re-
peats in GAA1, number of repeats in GAA2, and RNA
expression by RNA-Seq (Table 2). The protein most strongly
correlated with age of disease onset was the aldehyde oxi-
dase 1 (AOX1) (r = 0.37). AOX1 protein expression also
inversely correlated with FARS score (r = —0.33), a measure of
disease progression, suggesting AOX1 levels as a potential
monitoring biomarker for FRDA. The strongest correlations
observed for FARS scores were with p-SRC(Y527) (r = —0.45)
and Integrin a4 (r = -0.38), suggesting their potential also as
prognostic markers. Importantly, no protein expression
changes were associated with sampling age (Table 2) or sex
(supplemental Table S3), indicating that these variables did
not confound our analyses.

As an approach to uncover additional proteins poten-
tially associated with various clinical presentations of
FRDA, all 217 proteins/phosphoproteins profiled on the
RPPA, irrespective of their differential expression status
between FRDA and CTRL cohorts, were analyzed for
correlation with clinical features of FRDA (supplemental
Fig. S2). Continuous variables, including age of onset,

FARS, FXN protein expression by RPPA, and sampling
age, were considered. Expression of five proteins showed
a significant correlation with sampling age (p-p70S6K
(T412), LDH A, hypoxia-inducible factor 1 subunit alpha,
p-AuroraA (T288)/B (T232)/C (T198), and cyclooxygenase-
2) (supplemental Fig. S2A), indicating that any observed
associations with these proteins might not necessarily be
related to FRDA pathophysiology. Expression of various
integrin receptor subunits was significantly associated with
age of onset (integrin a4), FARS score (integrins a4, a5,
aV, and b1), FXN protein expression (integrins a4 and b3)
(supplemental Fig. S2, B-D), suggesting a role for integrin
signaling in disease manifestation and progression.
Particularly, expression of integrin a4, which also is
significantly downregulated in FRDA compared with CTRL
samples (Fig. 2B), was directly correlated with age of
onset (Pearson's r = 0.34; supplemental Fig. S2B) and
FXN protein expression (Pearson's r = 0.39; supplemental
Fig. S2D) and inversely correlated with FARS score
(Pearson's r = -0.38; supplemental Fig. S2C), indicating
that this protein may be an important player in the mo-
lecular pathology of FRDA.
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Correlation Matrix Identifies Clusters of Coregulated
Proteins

To determine if any coregulatory mechanisms exist for the
30 proteins/phosphoproteins significantly changed in FRDA,
a Pearson correlation matrix was calculated based on pro-
tein expression values across FRDA samples (Fig. 2C). Hi-
erarchical clustering revealed a major cluster consisting of
five proteins/phosphoproteins (p-BAD [S112], BAD, p-STAT3
[S727], p-AKT [T308], p-p44/42MAPK [ERK1/2 (T202/Y204)))
and a second cluster of three (RRM2, CHAF1A, and EZH2).
The first group contains proteins functioning predominately
in the initial phases of the intrinsic apoptosis pathway
(85-37). All these proteins are significantly upregulated in
FRDA cells (Fig. 2B), which might indicate a disruption in
balance of early proapoptotic and antiapoptotic signaling.
Interestingly, expression of late apoptosis effectors, such as
caspase 3, cleaved caspase 3, and cleaved caspase 7 (36,
38) (supplemental Table S1), is not different between the
FRDA and CTRL cohorts (supplemental Fig. S3, A-C). In
addition, no changes were observed in growth characteris-
tics between FRDA and CTRL fibroblasts in the conditions
used to culture these cells for RPPA analyses (PDTs: CTRL =
31.3 + 4 h, FRDA = 34.5 + 4 h) (supplemental Fig. S3D). This
suggests that FRDA cells cultured in optimal conditions are
primed for apoptosis; however, when unchallenged, the
process of programmed cell death is not fully initiated. In
agreement with previous findings, FRDA fibroblasts showed
increased sensitivity compared with CTRL fibroblasts when
treated with H,O,, as demonstrated by higher measured
cytotoxicity (supplemental Fig. S3E) (39, 40).

A

Z-score

45 30 -15 00 15 30 45
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CTRL FRDA

The second cluster includes three proteins associated
with  DNA metabolism (synthesis, repair, and chromatin
modification) (41-43). Expression levels of all these pro-
teins are decreased in FRDA cells and may indicate a
global trend toward decreased DNA/RNA metabolic activity
caused by reduced FXN levels, confirming our initial
observation based on comprehensive FRDA transcriptome
analyses (14).

Phosphorylation State Changes of Key Signaling Molecules
in FRDA

We next analyzed changes in phosphorylation states asso-
ciated with FRDA by calculating the phospho-to-total protein
ratios (24) for 49 unique phosphorylated proteins probed on the
RPPA. Expression data from antibody pairs (phosphorylated
and nonphosphorylated) recognizing only the same protein
targets (e.g., matching Swiss IDs) were analyzed. All antibodies
are listed in supplemental Table S1, with phospho-specific
antibodies denoted by the “phospho” prefix and the 49
phospho-specific antibodies included in the phospho-ratio
analysis indicated by gray shading. Of these, 13 phosphopro-
tein/protein ratios were significantly different between FRDA
and CTRL samples, with five showing upregulation and eight
being reduced in FRDA (Fig. 3). Despite overall decreased levels
of the AKT kinase in FRDA samples (Fig. 2), phosphorylation at
two activating sites (T308 and S473) is enriched (Fig. 3).
Reduced levels of phosphorylated species of BAD (at S136 and
S155) and BCL2 (T56 and S70) proteins were observed in FRDA
compared with CTRL cells (Fig. 3), whereas the unmodified
forms of these proteins were upregulated in FRDA samples
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Fic. 3. Altered phospho-to-total protein ratios in FRDA fibroblasts. A, heat map displaying expression changes of phosphorylated forms
versus total level of proteins that were significantly different (p < 0.05) between FRDA and CTRL samples. B, a summary of the 13 significantly
changed phosphoproteins with their calculated Log2 FC in expression and associated p value. CTRL, control; FC, fold change; FRDA, Frie-

dreich's ataxia.
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(Fig. 2, B and C), again suggesting an altered homeostasis in
apoptosis signaling. Moreover, levels of p27 (KIP1) phosphor-
ylated at both T187 and T198 are decreased in FRDA cells
(Fig. 3), in agreement with the inverse relationship that exists for
the phosphorylation status and total levels of p27/KIP (Fig. 2, A
and C) (44, 45). This result also indicates a potential effect of
FXN downregulation on cell cycle progression. Taken together,
these protein expression and phosphorylation changes sug-
gest that FRDA cells are “stress-primed” and render FXN-
depleted cells sensitive to insults that are tolerated by CTRL
(supplemental Fig. S3).

Protein Expression Signature Correlated With HL in FRDA

One of the most critical tasks in combating a heterogeneous
disease such as FRDA is identifying predictive biomarkers for
the nonfully penetrant symptoms, such as hearing and vision
impairment or CMP (46). To identify a potential protein
expression signature associated with HL, the FRDA sample
group was divided into patients who had been diagnosed with
HL prior to skin biopsy (HL+; n = 14) or those without (HL—; n =
24) (supplemental Table S2), and expression of all 217 pro-
teins/phosphoproteins was analyzed for differences between
these groups. The expression of four proteins was found to be
significantly decreased in patients with FRDA diagnosed with
HL: HER2/c-ERBB2, CTBP2, integrin b3, and integrin a5
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(Fig. 4A), with integrin a5 showing the most significant FC
between the groups (Fig. 4B). Analysis of RNA-Seq data
showed similar mRNA expression for the ERBB2, CTBP2,
ITGB3, and ITGA5 genes between FRDA HL+/- samples,
suggesting post-translational mechanisms are likely respon-
sible for downregulating levels of these four proteins
(supplemental Fig. S4).

In addition to lower expression of integrin a5 in FRDA pa-
tients with HL, expression of both integrin a5 and b1 was
inversely correlated with FARS scores (Fig. 4, C and D).
Integrin a5 heterodimerizes with integrin b1 (a5/b1) to form a
cell surface receptor for fibronectin (47, 48). Moreover, integrin
aV and integrin b3 also heterodimerize (aV/b3) and serve as
receptors for fibronectin and vitronectin (48, 49). Decreased
integrin b3 expression was associated with HL in FRDA (Fig. 4,
A and B), whereas decreased integrin aV expression was
correlated with increased FARS scores (Fig. 4E). Taken
together, these data suggest a potential for altered integrin
signaling in HL and overall progression in FRDA.

Protein Expression Signature Correlated With CMP in
FRDA
CMP is a leading cause of death in FRDA (50); therefore,
efforts to improve cardiac function as well as to identify
presymptomatic markers of CMP are of critical importance.
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Fic. 4. Proteins significantly changed in patients with FRDA diagnosed with hearing loss (HL). A, heat map illustrating differentially
expressed proteins (p < 0.05) between FRDA HL+/- groups. B, bar plot of Log2 FC ratios for HL+/HL— FRDA groups. C-E, correlation scatter
plots displaying integrin a5 (C), integrin b1 (D), or integrin aV (E) protein expression versus FARS scores for all FRDA samples analyzed by RPPA.
Pearson and Spearman correlation coefficients (r) were calculated for each comparison. FARS, Functional Assessment Rating Scale; FC, fold
change; FRDA, Friedreich's ataxia; HL, hearing loss; RPPA, reverse phase protein array.
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To determine a protein expression signature associated with
CMP, the FRDA sample group was divided into patients
who had been diagnosed with hypertrophic CMP (CMP+;
n = 17) at the time of skin biopsy or those reported without
(CMP—-; n 21) (Table 1 and supplemental Table S2).
Expression of all 217 proteins was analyzed for comparison

between the two groups. Five proteins were significantly
changed, with most showing decreased expression in FRDA
CMP+ samples (Fig. 5, A and B). The most significant dif-
ference in expression was observed for the ALDH1A3 (Log2
FC = -0.98; p = 0.006). We also analyzed potential re-
lationships between expression of the five proteins with
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Fic. 5. Proteins significantly changed in patients with FRDA diagnosed with cardiomyopathy. A, heat map illustrating differentially
expressed proteins (p < 0.05) between FRDA CMP+/- groups. B, bar plot of Log2 FC ratios for FRDA CMP+/— groups. C-E, correlation scatter
plots displaying AOX1 (C), ALDH1A1 (D), or vimentin (E) protein expression versus age of disease onset for all FRDA samples analyzed by RPPA.
Pearson's and Spearman's correlation coefficients (r) were calculated for each comparison. F, correlation scatter plot displaying vimentin protein
expression versus FARS score for all FRDA samples analyzed by RPPA. Pearson's and Spearman's correlation coefficients (r) were calculated.
G and H, phospho-to-total protein ratios were calculated between FRDA CMP+ and CMP- samples and plotted for p-STAT6 (Y641) and pEGFR
(Y1045). Asterisks indicate significant differences: *p < 0.01 and “p < 0.05, using Student's t test. CMP, cardiomyopathy; FARS, Functional

Assessment Rating Scale; FC, fold change; FRDA, Friedreich's ataxia; RPPA, reverse phase protein array.
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demographic and clinical features of FRDA. Expression of
AOX1, ALDH1A1, and VIM was positively associated with
age of onset (Fig. 5, C-E), whereas AOX1 and VIM
expression were inversely related to disease progression
(FARS score) (Table 2 and Fig. 5F). Finally, by analyzing the
phosphorylation ratio data generated by RPPA, we found
that levels of phosphorylated STAT6 (Y641) and epidermal
growth factor receptor (Y1045) were enriched relative to the
unmodified forms of these proteins in FRDA CMP+ samples
compared with the CMP- group (Fig. 5, G and H), sug-
gesting altered activation of their respective signaling net-
works, despite similar levels of the unphosphorylated forms
of these proteins between the groups.

Interestingly, analysis of RNA-Seq data revealed that
ALDH1AS levels were significantly lower in CMP+ samples (in
agreement with protein levels), but mMRNA expression of the
other CMP-associated proteins was not significantly different
between the groups (supplemental Fig. S5). This indicates that
altered regulation of ALDH1A3 levels likely plays a role in
FRDA pathology.

Altered Retinoid Metabolism Associated With FRDA CMP
Status

ALDH1A3 protein level was observed as significantly
increased across the FRDA sample group compared with the
CTRL group, albeit at variable levels (Figs. 2A and G6A).
Furthermore, patients with FRDA without a diagnosis of CMP
tended to have higher levels of ALDH1A3 than those diagnosed
with CMP (Figs. 5 and 6A), suggesting that higher expression of
this enzyme may have a protective role under conditions
of decreased FXN levels. To confirm the RPPA measurement of
ALDH1A3 protein levels in FRDA fibroblasts, Western blots
were performed on lines selected for low (3 and 4), medium (6
and 39), and high (51) ALDH1A3 expression. The results
correspond to levels observed by RPPA and independently
validate ALDH1AS protein expression in FRDA cells as well as
CTRL cells (Fig. 6, A-C). Western blotting also confirms that
FXN levels are uniformly reduced in all FRDA samples, as ex-
pected (Fig. 6, B and D). ALDH1A3 mRNA expression as
measured by RNA-Seq was tightly associated with protein level
as determined by RPPA in each sample (Pearson's r = 0.6086;
p = 0.016) and showed significantly lower expression in FRDA
CMP+ samples (Fig. 6, A and E). Moreover, we observed a
fourfold “correction” of ALDH1A3 expression in FRDA CMP+
induced pluripotent stem cell-differentiated cardiomyocytes
(FRDA line 58) from which expanded GAA repeats had been
removed from one allele (52) (Fig. 6F).

ALDH1A3 is an intracellular cytoplasmic enzyme, and
measuring its level would be rather difficult in a clinical setting.
ALDH1AS catalyzes the irreversible oxidation of retinaldehyde
(retinal) to RA (583, 54). ROL (vitamin A), the precursor of RAL,
circulates in the bloodstream as the transport retinoid for de-
livery to various tissues and can be measured in serum (55, 56).
Therefore, serum ROL levels were quantified as a surrogate for

retinoid metabolism and found to be significantly decreased in
FRDA compared with CTRL samples (360.1 + 141.3 ng/ml
versus 681.3 + 294 ng/ml, respectively, p = 0.0041; Fig. 6G). A
second independent study confirmed the significant reduction
in ROL levels in FRDA compared with CTRL serum samples
(supplemental Fig. S6). Finally, separating the FRDA group into
samples obtained from CMP+ or CMP- individuals revealed an
increase, although not significant, of serum ROL in CMP-
compared with CMP+ groups (436.8 + 162.7 ng/ml versus 283.4
+57.49 ng/ml, respectively, p = 0.054; Fig. 6H). Taken together,
these results suggest that serum ROL levels could be evaluated
as a potential predictive biomarker for the development of CMP
in individuals diagnosed with FRDA.

DISCUSSION

Quantitative proteomics analyses of disease states offer
significant advantages over transcriptome studies. DE mRNAs
may not directly reflect protein changes and consequent in-
fluences on phenotype. Frequently, cellular compensation
mechanisms or redundant pathways can counteract tran-
scriptome differences and alleviate potential changes at the
proteome level. Another significant advantage of proteomics
approaches is the possibility of detecting not only DE proteins
but also changes in their post-translational modifications that
may better represent protein activity. Although significant
progress has been made to increase sensitivity and robust-
ness of protein expression profiling approaches, especially in
detecting low-abundance proteins, most proteomic-based
methods are not yet comparable to contemporary methods
used to define transcriptome signatures.

Thus far, only a few proteomics studies were reported using
FRDA patient-derived material, performed using small
numbers of patient samples and using MS-based approaches
(15-18). Here, for the first time, we compared protein
expression signatures of a large cohort of FRDA primary fi-
broblasts, known to express molecular hallmarks of the dis-
ease, with a representative group of age- and sex-matched
CTRL cells. To gain on sensitivity and throughput, we selected
RPPA as our method and profiled expression of 217 proteins/
phosphoproteins in a total of 62 primary cell lines. Results
showed that expression of 30 proteins was significantly
changed in FRDA fibroblasts compared with CTRL cells (p <
0.05). In addition to changes at the protein level, the phos-
phorylation status of a subset of proteins differed between the
FRDA and CTRL cohorts. Detailed clinical information
accompanying the FRDA samples allowed us to identify re-
lationships between protein expression levels and clinical
features of the disease, including HL and CMP.

Results of our RPPA analyses contribute toward decipher-
ing the disease mechanism and identification of potential
FRDA biomarkers. Correlation matrix data highlighted
expression changes of groups of proteins potentially acting in
the same pathway. One of the two clusters revealed by this

SASBMB

Mol Cell Proteomics (2021) 20 100094 11



Friedreich's Ataxia Protein Biomarkers

A

40000-
38000+
36000+
34000+
32000+
30000+
28000
26000 i
24000+

22000+

20000+ ]

18000+

1+

16000+ -

ALDH1A3 expression (RPPA)

1+

14000+

1+
1

1+

12000+ -

] ALDH1A3 - FRDA High
[ ALDH1A3 - FRDA Moderate
[ ALDH1A3 - FRDA Low

Il ALDH1A3 - CTRL

FRDA median

10000+

8000+

6000+

4000+

LRI

2000+

o

lllllllllllllllléééllll
NOOAMONANNTONDONOM®M ~NOWULAN
N <10 TSI ® LOLMOMOHNT

L]
i
~N

L L LN N L L)
NOOTTVNONDNODRTODO
Dels Dl o N~ ©

CTRL median

B C 10 ALDH1A3 : D 2.0q9 FXN
S I I A S S S = M- =
JR—— IE & E
-— S W | 1B: ALDH1A3 E o 5"
S0 . Q09
|.----—— — ||B:FXN 932 §‘>t 10
T2, es .
|---_-—--—-|IB:GAPDH gg E%
4% m© 0.5 M
CTRL FRDA <E 2 e |—| |—|
|_| 0.0 [0
o T T T T T ok T T T L] J
3844 20553157 6 3 4 39 9844 20595150 6 3 4 39
CTRL FRDA CTRL FRDA
40000- 1.50- G p=0.004 H p=0.0074
®60 p=0.04 05 "
E— * 1200+ 1200+
_ § 1,25 —r T
£ 30000 g 1000- 1000
L o € 100 - 8
E 20000-] 4y E5 075 2 2 2 =
g 2 g g o e a oo .
J 3 4004
< 10000 2 3 S 400 v
® 30+ c 65
4 3 0.25+ 200 — 200 ?é -
0 0% ear 00
T T T T 1 o T
0 2000 4000 6000 8000 10000 FRDA_58  Edited FRDA CTRL oM+ CMP- CTRL

ALDH1A3 expression (RNASeq)

r (Pearson) = 0.6087; p=0.016
r (Spearman) = 0.6286; p=0.0141
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analysis showed changes in the apoptosis-related proteome
in FRDA cells. This analysis was supported by differential
expression of phosphorylated forms of several apoptosis-
regulating proteins including AKT, BCL, and BAD. While in-
duction of apoptosis has been reported in various FRDA
models, especially those generated by sudden externally
induced depletion of FXN (i.e., via siRNA or shRNA), these
changes were typically associated with decreased cell viability
or proliferation (51, 57-59). Moreover, appearance of
advanced or late apoptosis markers, such as increased Ca®*
release and caspase cleavage, was observed in these studies
(57-59).

No differences in expression of late apoptosis markers were
detected between FRDA and CTRL cells in our study. In
addition, when FRDA and CTRL fibroblasts were cultured in
identical conditions, no gross growth differences that could be
attributed to the FRDA status were observed. Thus, based on
protein profiing data and changes in expression of early
proapoptotic markers, including key apoptotic sensors such
as AKT, BCL, or BAD, we define a phenotype of FRDA primary
cells as “susceptible to intrinsic apoptosis.” The apoptosis-
primed signature defined by our protein expression data in
FRDA fibroblasts is consistent with results of a previous study
demonstrating increased sensitivity of FRDA fibroblasts to
acute oxidative stress that could be prevented by pretreat-
ment of the cells with antiapoptotic agents (39). These results
strongly suggest that the low level of FXN expression in pa-
tient cells renders them vulnerable to any potential further
insult. Somatic expansion of the GAA repeats resulting in the
lowering of FXN expression, accumulation of ROS, or cellular
age—related accumulation of mitochondrial/nuclear genome
damage and any other cellular stressor can tip the fragile
balance and promote further changes in the apoptotic pro-
gram. This discovery opens a potential therapeutic opportu-
nity at the cellular level by presymptomatically targeting the
metabolism of a cell to delay preapoptotic changes and defer
degenerative processes.

A second cluster identified in our RPPA data included three
proteins functionally involved in DNA/chromatin metabolism.
Interestingly, RRM2, CHAF1A, and EZH2 were all down-
regulated in the FRDA cohort. Although chromatin changes
reported in FRDA were localized to the FXN gene, specifically
proximal to the GAA repeats (60-64) without spreading toward
neighboring upstream or downstream genes (26),

transcriptome profiling of FRDA cells indicates significant
global effects on pathways governing gene expression (14,
65). Chromatin modifiers such as histone methyltransferases
(EZH2) or chromatin assembly proteins (CHAF1) may repre-
sent the effectors responsible for global changes of the
chromatin environment in FRDA cells contributing to the
subsequent transcriptome remodeling observed in FRDA
cells.

Hearing impairment observed in patients with FRDA has
been studied from a clinical perspective (10, 66-69). A
consensus exists that the ability to detect sound is relatively
unaffected in FRDA while auditory processing is compromised
as a consequence of auditory neuropathy (10, 67). On the
other hand, no data exist related to the molecular mechanisms
or pathways contributing to the development of hearing defi-
cits in FRDA. Also, it is unclear why this symptom affects only
a small subset of the patients. Here, we identified four pro-
teins: HER2/c-ERBB2, CTBP2, integrin b3, and integrin a5
that were significantly downregulated in patients with FRDA
diagnosed with HL.

The downregulation of integrins in this cohort of patients
with FRDA is especially interesting as integrin b3 has been
associated with differentiation of inner ear cells (70). Also,
appropriate expression of integrins is necessary for organi-
zation and function of hair cells in the mammalian inner ear
(71, 72), and several members of this protein family are con-
nected to genetic causes of HL (73). Further studies on mo-
lecular mechanisms will be necessary to evaluate specific
contributions of integrins to FRDA-related HL. Finally, in the
context of general FRDA pathophysiology and progression, it
is important to consider that integrins are transmembrane
receptor proteins that are involved in numerous aspects of cell
to matrix and cell-to-cell interactions, and their functions are
essential for the development and regeneration of central and
peripheral nervous systems (48, 49, 74).

Our RPPA screen conducted in primary fibroblast cells
identified RA signaling as a pathway affected in FRDA.
Expression of the enzymes ALDH1A3 and AOX1, essential for
regulation of RA levels, was increased in FRDA cells, resulting
in changes in serum ROL concentration in FRDA samples
relative to CTRL. Even though patients with FRDA express
higher levels of ALDH1A3 and AOX1 proteins than CTRLs,
patients with diagnosed CMP express significantly less
ALDH1A3 and AOX1 than patients without cardiac symptoms.

expressing FRDA samples (A) and CTRL samples. C, quantification of ALDH1A3 Western blot from (B). A significant difference as calculated by
Student's t test (p < 0.05) is denoted by the asterisk. D, quantification of FXN Western blot from (B). A significant difference as calculated by
Student's t test (p < 0.05) is denoted by the asterisk. E, XY scatter plot and linear regression analysis of ALDH1A3 expression values as
measured by RNA-Seq (x-axis) or RPPA (y-axis). Results from correlation analyses (Pearson's and Spearman's) are also presented. F, gene
expression data generated by RNA-Seq analysis of iPSC-differentiated cardiomyocytes derived from an FRDA CMP+ fibroblast line (RPPA ID
58) before and after GAA repeat excision (edited). G, retinol concentration (nanomolars) measurements in CTRL (n = 8) and FRDA (n = 10) serum
samples. A significant difference as calculated by Student's t test is denoted by asterisks. H, retinol concentration (nanomolars) measurements in
FRDA CMP+ (n = 5) and FRDA CMP- (n = 5) samples. A significant difference as calculated by Student’s t test is denoted by asterisks.
ALDH1AS3, aldehyde dehydrogenase family 1 member A3; CTRL, control; FRDA, Friedreich's ataxia; FXN, frataxin; GAA, guanine-adenine—
adenine; iPSC, induced pluripotent stem cell; RPPA, reverse phase protein array.
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Fic. 7. Model of ALDH expression and retinol association with
FRDA cardiomyopathy. Expression of several enzymes necessary for
biosynthesis of RA is altered in FRDA fibroblasts. ALDH1A3 expres-
sion is higher in FRDA samples than in age- and sex-matched controls
and is especially increased in FRDA samples derived from individuals
without a CMP diagnosis. ALDH, aldehyde dehydrogenase;
ALDH1AS3, aldehyde dehydrogenase family 1 member A3; CMP, car-
diomyopathy; FRDA, Friedreich's ataxia; RA, retinoic acid.

ALDH1A3 expression

Furthermore, our RNA-Seq results also showed lower levels of
ALDH1A3 mRNA in CMP+ patients (14). Interestingly, one
more enzyme involved in retinoid metabolism, ALDH1A1, was
significantly decreased (p = 0.03) in the CMP+ subpopulation
of FRDA samples despite that its expression was not signifi-
cantly changed between FRDA and CTRL cohorts. Together,
these data suggest that retinoid metabolism might be related
to the development of cardiac defects in FRDA (Fig. 7).

The mechanistic connection between expression of ALDH
enzymes and FRDA, or CMP status in FRDA, is not immedi-
ately clear. High expression levels of ALDH1A3 enhance the
self-renewal and proliferative potential of human cardiac atrial
appendage progenitor cells (75) and mouse neural progenitor
cells (76). Results from these studies support the idea that
increased expression of ALDH1A3 could be advantageous in
terms of proliferation and regenerative capacity of cells in the
context of low FXN protein levels (e.g., FRDA cells). Further
work will be necessary to define the role of ALDH1A3
expression and activity in FRDA pathophysiology, especially
in cell-type specific contexts.

As none of the RA pathway proteins can be readily
measured in peripheral tissues, such as blood or plasma, we
decided to focus directly on a circulating RA precursor that
can be reliably measured, ROL (55, 56). We quantified the
levels of ROL in serum samples as a surrogate measure for
ALDH1A3/ALDH1A1/AOX1 expression and detected a signif-
icant decrease in ROL concentration in FRDA serum samples
compared with CTRL, with samples collected from FRDA
CMP- patients showing the lowest levels. As ROL is the
precursor to RAL, a substrate of ALDH1A1, ALDH1A3, and
AOX1, this result is consistent with the observed increased

levels of these enzymes in FRDA fibroblast samples (Fig. 7). It
is likely that increased levels of these enzymes, catalyzing
oxidation of RAL to RA, drives the RA synthesis reaction for-
ward, thereby depleting the pool of circulating ROL. Irre-
spective of the mechanism responsible for the increased level
of serum ROL in FRDA, especially in CMP+ patients, this
measurable metabolite could be further evaluated as a prog-
nostic indicator for CMP in FRDA.

FRDA is a progressive, debilitating, and life-shortening
condition. Inevitable disease advancement can be monitored
by standardized ataxia scales such as FARS/mFARS or In-
ternational Cooperative Ataxia Rating Scale (77). From a
practical drug discovery perspective, relatively slow progres-
sion as determined by a change in the FARS/International
Cooperative Ataxia Rating Scale score necessitates lengthy
clinical trials on relatively large patient cohorts. These condi-
tions are increasingly difficult to meet considering the rare
disease status of FRDA and the growing number of clinical
trials, underscoring the urgent need for predictive and moni-
toring biomarker identification. Moreover, another utility of
predictive biomarkers is stratification of cohorts for clinical
trials, especially if certain interventions are targeting specific
symptoms. Therefore, in addition to discovering novel aspects
of disease pathogenesis, identifying potential symptom bio-
markers and uncovering reliable surrogate end points for
clinical trials is of critical importance in FRDA (46). Advances
of modern -omics approaches, especially pertaining to
quantitative proteomics and metabolomics platforms, are
likely to facilitate that process.
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