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Abstract

Heart disease is an integral part of Friedreich ataxia (FA) and the most common cause of death in this autosomal
recessive disease. The result of the mutation is lack of frataxin, a small mitochondrial protein. The clinical and
pathological phenotypes of FA are complex, involving brain, spinal cord, dorsal root ganglia, sensory nerves,
heart, and endocrine pancreas. The hypothesis is that frataxin deficiency causes downstream changes in the
proteome of the affected tissues, including the heart. A proteomic analysis of heart proteins in FA cardiomyopa-
thy by antibody microarray, Western blots, immunohistochemistry, and double-label laser scanning confocal im-
munofluorescence microscopy revealed upregulation of desmin and its chaperone protein, aB-crystallin. In nor-
mal hearts, these two proteins are co-localized at intercalated discs and Z discs. In FA, desmin and aB-crystallin
aggregate, causing chaotic modification of intercalated discs, clustering of mitochondria, and destruction of the
contractile apparatus of cardiomyocytes. Western blots of tissue lysates in FA cardiomyopathy reveal a truncated
desmin isoprotein that migrates at a lower molecular weight range than wild type desmin. While desmin and aB-
crystallin are not mutated in FA, the accumulation of these proteins in FA hearts allows the conclusion that FA
cardiomyopathy is a desminopathy akin to desmin myopathy of skeletal muscle.
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Introduction

Heart disease in Friedreich ataxia (FA), hereaf-
ter called FA cardiomyopathy, is the most common
cause of death in this otherwise rather neurological
disease. FA cardiomyopathy was introduced as an
integral part of FA by Russell (1946), and there is no
doubt that the cardiac lesion is due to frataxin defi-
ciency (Perdomini et al., 2014). Under the micro-
scope, sections of FA heart show multiple abnormal-
ities, including fiber hypertrophy (Koeppen et al.,
2015), fiber necrosis, fibrosis, inflammatory infiltra-
tion, chaotic disorganization of intercalated discs,
and accumulation of iron in a small percentage of
cardiomyocytes without iron excess in the whole
heart (Ramirez et al., 2012; Kruger et al., 2016).

The reason for the highly variable pathological
phenotype of FA as it affects heart, central and pe-
ripheral nervous systems, eyes, and endocrine pan-
creas has not been fully established. The current hy-
pothesis is that structural and signaling proteins are
affected downstream from cellular frataxin defi-
ciency. On antibody microarrays and Western blots,
desmin and its chaperone, aB-crystallin, are upregu-
lated in FA cardiomyopathy. Desminopathy is well
known from the study of desmin-related skeletal
myopathies, in which cardiomyopathy is frequent
(Dalakas et al., 2000; Goldfarb et al., 2004; Hnia et
al., 2015). Desmin mutations cause aggregation in
skeletal muscle, and some experiments have sug-
gested that posttranslational modifications of des-
min, such as phosphorylation and proteolytic frag-
mentation, make the protein amyloidogenic (Ag-
netti et al., 2014; Kedia et al., 2015). Based on the
observations detailed in this report, the authors pro-
pose that FA cardiomyopathy is a protein aggrega-
tion myopathy involving desmin and aB-crystallin.

Inits BioGRID data base of protein, genetic, and
chemical interactions (version 4.3.196), Uniprot
(2021) lists 96 desmin-interacting proteins. Among
them, aB-crystallin is prominently recognized as a
desmin partner or “chaperone”. Indeed, aB-crystal-
lin mutations cause “desmin” myopathy (Goldfarb
and Dalakas, 2009). While desmin is an abundant cy-
toskeletal protein, it also has signaling properties,
and the term “mechanochemical” may be applicable
(Hnia et al., 2015).
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Material and methods

Autopsy specimens: The Institutional Review
Board of the Veterans Affairs Medical Center in Al-
bany, NY, USA has approved this investigation. Heart
autopsy specimens were obtained from 35 patients
with FA through a national FA tissue repository in Al-
bany, NY. Thirty-three patients had homozygous
guanine-adenine-adenine (GAA) trinucleotide re-
peat expansions, and two were compound hetero-
zygotes (Becker et al.,, 2017). Thirty-four patients
had clinical heart disease or FA cardiomyopathy by
histology. One FA patient had no heart disease dur-
ing life or under the microscope. Normal hearts
were made available by National Disease Research
Interchange (Philadelphia, PA, USA). At the time of
autopsy, a transverse slice weighing approximately
50 g, was made midway between the apex and atri-
oventricular groove, and immediately frozen at -
20°C or, if available, at -80°C. The remainder of the
heart was fixed in cold phosphate buffered formalin
(pH 7.4). Samples of formalin-fixed left ventricular
wall (LVW) were embedded in paraffin and sec-
tioned at 6 um for routine stains, immunohisto-
chemistry, laser scanning confocal Congo Red fluo-
rescence microscopy, and double-label immunoflu-
orescence with antibodies to desmin and aB-crystal-
lin, or desmin and ATP synthase F1 subunit B
(ATP5B), a mitochondrial marker.

Antibody microarray: The principles of this pro-
teomic method, advantages, and pitfalls were de-
scribed previously in detail (Yue and Pelech, 2018).
Tissue samples were homogenized by sonication at
ice temperatures in a lysis buffer containing (con-
centrations in parentheses) 3-morpholinopropane-
1-sulfonic acid buffer pH 7.2 (20 mM), ethylene gly-
col-bis (B-aminoethyl ether), N,N,N’,N’-tetra acetic
acid (2 mM), ethylenediaminetetraacetic acid (2
mM), sodium fluoride (50 mM), B-glycerophosphate
(60 mM), sodium pyrophosphate (25 mM), sodium
orthovanadate (5 mM), phenyl arsine phosphate (50
nM), Triton X-100 (1%), and sodium dodecylsulfate
(0.05%). The lysis buffer also contained a protease
inhibitor cocktail of aprotinin (0.5 uM), benzamidine
(3 mM), 4(2-aminoethyl) benzene sulfonyl fluoride
hydrochloric acid (1 mM), leupeptin (10 uM); and di-
thiothreitol (1 mM) to disrupt disulfide bonds. Pro-
tein concentrations were determined by Bradford’s
method (1976). Proteins were cleaved at cysteine
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residues by the addition of tris (2-carboxyethyl)
phosphine hydrochloride (10 mM) to the lysis
buffer, followed by 2-nitro-5-thiocyanatobenzoic
acid (100 mM) after sonication. Pooled lysates were
biotinylated (Yue et al., 2017) and layered over 2 mi-
croarrays displaying, respectively, 900 and 1150 an-
tibodies to a total of 2,050 antibodies (Kinexus Bio-
informatics, Vancouver, BC, Canada). Proteins
bound to the antibody spots were detected by incu-
bation with a 1:1 mixture of Cy3- and Alexa 546-la-
beled anti-biotin. The fluorescent signals from the
scanned microarrays were captured in a TIF file im-
age. Signals were then quantified with ImaGene 9.0
microarray image analysis software (BioDiscovery, El
Segundo, CA, USA) and normalized according to the
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average was typically ~10%. Processing lysates of FA
and control hearts in triplicate allowed statistical de-
termination of significant up- or down-regulation of
proteins in FA by the Student t-test.

Sodium dodecylsulfate polyacrylamide gel
electrophoresis (SDS-PAGE) and Western blots: The
authors selected proteins for SDS-PAGE, mass spec-
trometry, immunohistochemistry and fluorescence
based on the intensity of fluorescence on antibody
microarrays (figure 1). For these techniques, an al-
ternate method of tissue extraction was employed.
The composition of the lysis buffer was optimized
for the extraction of frataxin from tissues (Condo et
al., 2006). Antibodies applied to detect reactions on

Western blot were also used for immunohistochem-
istry and immunofluorescence microscopy.

sum of all the recorded signals per field. The values
for duplicate measurements were averaged, and the
mean value for the difference in duplicates from the

Friedreich’'s Ataxia (FA) 9 Pooled Heart Lysates Composite: FA = Red Colored; Control = Blue Colored
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Figure 1. Antibody microarray of pooled heart lysates of 9 FA patients (left upper panel) and 9 normal controls (left lower panel). In the
smaller panels, pseudocolors represent high fluorescence (red) and lower fluorescence (blue). Intermediate fluorescence intensity is rep-
resented by green and yellow, in that order. The larger image was created by overlaying the FA and control images (FA on top). All spots
of the control image were made blue, and all FA spots were made red. Using Adobe Photoshop technology, the FA images on top were
rendered 50% transparent so that the bottom spots are white. If FA intensity was higher than that of the matching control, the spot
appears as red. If the composite signal is blue, the signal in FA was lower than that of the control. Pooling of lysates was intended to
control for between-samples variability, and performance in triplicate allowed statistical analysis by t-testing. The next step in the exper-
iment was SDS-PAGE and Western blotting of proteins in pooled and individual lysates.
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Frataxin assay by enzyme-linked immuno-
sorbent assay (ELISA): Details of frataxin ELISA were
published before (Koeppen et al., 2015), but the am-
plifying steps with biotinylated anti-rabbit IgG and
horse radish peroxidase-labeled streptavidin were
omitted. The reason for the change was the pres-
ence of biotin in non-fat dry milk that was used as a
suppressor protein. Briefly, heart lysates obtained
by the method of Condo et al. (2006) were diluted
10-fold in phosphate-buffered saline (pH 7.2) (PBS)
to reduce the concentration of nonionic detergents
to less than 0.1%. The diluted lysates were centri-
fuged through membrane filter units with a molecu-
lar mass cutoff of 30 kDa (Millipore Sigma, Burling-
ton, MA, USA). Wells of polystyrene ELISA plates
were coated with a layer of monoclonal anti-frataxin
(Abcam, Cambridge, MA, USA, cat. No. ab268063),
followed by aliquots of filtered lysates (correspond-
ing to 4 mg original tissue) or human recombinant
frataxin (10 pg to 1 ng; Abcam, cat. No. ab95502).
The sequence of subsequent additions (washing
steps omitted) was polyclonal anti-frataxin (Abcam,
cat. No. ab175402) and horseradish peroxidase-la-
beled goat anti-rabbit gamma globulin (Sigma, St.
Louis, MO, USA, cat. No. A4914). The chromogenic
solution contained ortho-phenylenediamine (2 mM)
and 0.01% hydrogen peroxide in sodium phosphate-
citric acid buffer (pH 5). Absorbances at 492 nm
were determined in an ELISA plate reader manufac-
tured by Molecular Devices (San José, CA, USA).
Frataxin levels were expressed as ng/g wet weight.

Coimmunoprecipitation: Pooled tissue lysate
of 6 FA hearts, corresponding to 150 mg wet tissue
in a volume of 150 pL, were mixed with 5 pg rabbit
polyclonal anti-desmin and 50 pL of a slurry of pro-
tein A on Sepharose beads (Thermo Scientific, Rock-
ford, IL, USA, cat. No. 29333). After overnight incu-
bation at 4 °C, the Sepharose particles were col-
lected by brief centrifugation and washed with
phosphate-buffered saline (PBS). Bound proteins
were released from protein A-Sepharose by
Laemmli’s sample buffer and heating at 100°C for 15
min. After cooling, the remaining Sepharose parti-
cles were precipitated by brief centrifugation, and
24 ulL aliquots were electrophoresed on 10% poly-
acrylamide gels. At the end of the electrophoresis,
proteins were transferred by electroblotting onto
polyvinyledenefluoride (PVDF) membranes. The
PVDF membranes were cut into longitudinal strips
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for the detection of established or putative desmin-
associated proteins (frataxin, aB-crystallin; a-ac-
tinin, ankyrin 1, a-spectrin, plectin, and ZASP [cy-
pher]).

Sources of antibodies were as follows: anti-des-
min (polyclonal, Invitrogen, Rockford, IL, USA. cat
No. PA5-16705); anti-aB-crystallin (monoclonal,
Santa Cruz Biotechnology, Dallas, TX, USA. cat. No.
sc-137129); anti-a-actinin (monoclonal, Abcam,
Waltham, MA, USA, cat. No. AB62298); anti-ankyrin
1 (monoclonal, Santa Cruz Biotechnology, cat. No.
sc-12719); anti-a-spectrin (monoclonal, Santa Cruz,
cat No. sc-48382); anti-plectin (monoclonal, Santa
Cruz Biotechnology, cat. No. 37649); anti-ZASP (cy-
pher) (monoclonal, Santa Cruz Biotechnology, cat.
No. sc-374359); and anti-frataxin (monoclonal,
Abcam, Branford, CT, USA; cat. No. ab268063).

Mass spectrometry: Protein bands of interest
on Coomassie Blue-stained SDS-PAGE gels were
manually excised and minced. The pieces were de-
hydrated with acetonitrile for 10 min, vacuum dried,
rehydrated with 5 mM triphosphine hydrochloride
in 25 mM ammonium bicarbonate (pH 8.5) at 37 °C
for 1 hand then alkylated with 100 mM iodoacetam-
ide in 25 mM ammonium bicarbonate (pH 8.5) at
room temperature for 1 h. The pieces were washed
twice with 50% acetonitrile in 25 mM ammonium bi-
carbonate (pH 8.5) for 15 min, dehydrated with ace-
tonitrile for 10 min, dried, and digested in sequenc-
ing grade modified trypsin (25 ng/uL; Sigma, St.
Louis, MO, USA, cat. No. T8658) in 25 mM ammo-
nium bicarbonate (pH 8.5) at 37 °C overnight. Fol-
lowing digestion, tryptic peptides were extracted
three times with 50% acetonitrile containing 5% for-
mic acid for 15 min each time while being vortexed.
The extracted solutions were pooled and evapo-
rated to dryness under vacuum. Liquid chromatog-
raphy-tandem mass spectrometry (LC-MS/MS) was
performed on an integrated micro-LC-Orbitrap Ve-
los system (Thermo), comprising a Waters CapLC mi-
croscale chromatography system (Waters Corp.,
Milford, MA) with an auto-sampler, a stream-select
module configured for pre-column plus analytical
capillary column, and an Orbitrap Velos mass spec-
trometer fitted with an H-electrospray ionizer probe
operated under Xcalibur 2.2 control. Injected sam-
ples (30 uL) were first trapped and desalted isocrat-
ically on a home-packed C18 pre-column cartridge
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(Everest C18, 5 um particle diameter; column di-
mensions: internal diameter, 500 um; length, 15 mm
[Grace, Deerfield, IL]) for 6 min with 0.1% formic acid
delivered by an auxiliary pump at 40 puL/min. The
peptides were then eluted from the pre-column and
separated on an ACE C18 capillary column (15 cm x
500 um internal diameter) packed with ACE C18-300
particles (5 um resin, Advanced Chromatography
Technologies, Aberdeen, Scotland). The C18 column
was connected in-line with the mass spectrometer
and eluted at a flow rate of 20 uL/min with a 40-min
gradient of 5-t0-80% acetonitrile in 0.1% formic
acid. Tandem spectrum data was processed using
Mascot 2.7 (Matrix Science, Boston, MA). The lists of
peaks were used to query a human protein database
downloaded from National Center of Biotechnology
Information by setting the following parameters:
peptide mass tolerance, 10 ppm; MS/MS ion mass
tolerance, 0.1 Da; allowing up to one missed cleav-
age; considering variable modifications such as me-
thionine oxidation, cysteine carboxyamidomethyla-
tion, and deamidation. Only significant hits as de-
fined by Mascot probability analysis was considered
for a positive protein identification.

Immunohistochemistry: To visualize desmin, its
chaperone protein aB-crystallin, and known desmin-
linked intermediate filament proteins (a-spectrin;
ankyrin-1; plectin; ZASP [cypher]; and a-actinin), 6-
pm thick paraffin sections were rehydrated by se-
guential incubation in a series of xylene, absolute
ethanol, 95% ethanol, 80% ethanol, and deionized
water. Endogenous peroxidase activity was sup-
pressed by incubation in methanol containing 3%
aqueous hydrogen peroxide. Antigen retrieval, back-
ground suppression, incubation with polyclonal or
monoclonal antibodies, secondary biotinylated anti-
rabbit 1gG (for rabbit polyclonal primary antibodies)
or anti-mouse 1gG (for primary mouse monoclonal
antibodies), and chromogenic solutions of diamino-
benzidine and hydrogen peroxide were as described
(Koeppen et al., 2020).

Double-label fluorescence and immunofluores-
cence: To examine possible amyloidogenicity of des-
min in FA cardiomyopathy, immunofluorescence of
desmin and fluorescence of Congo Red were com-
bined. Slide processing for immunofluorescence was
as described before (Koeppen et al., 2020), and the
fluorophore for desmin was Alexa Fluor 488-labeled
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goat anti-mouse IgG (Jackson ImmunoResearch,
West Grove, PA, USA, cat. No. 115-545-003). After
washing, the sections were incubated in a solution
of high pH Congo Red, as described by the supplier
(IHC World, Woodstock, MD, USA), washed in water,
covered by PBS containing 50% glycerol (by vol), and
cover-slipped. Excitation by laser light at 488 nm was
suitable for the fluorescence of both Alexa Fluor 488
(desmin) and Congo Red. Images were collected in a
Zeiss LSM 880 laser scanning confocal microscope
(Oberkochen, Germany) set to a band pass of 507-
544 nm for Alexa Fluor 488 and 560-600 nm for
Congo Red. Double-label immunofluorescence of
the pairs desmin/aB crystallin and desmin/mito-
chondrial ATP5B followed a published protocol
(Koeppen et al., 2020). ATP5B, the B subunit of ATP
synthase F1, was detected by a polyclonal antibody
(Santa Cruz Biotechnology, Dallas, TX, USA, cat. No.
sc 33618) and Cy3-labeled secondary goat anti-rab-
bit IgG (Jackson ImmunoResearch, cat. No. 111-165-
003).

Results

Antibody microarray of heart lysates: Each dot
in the panels of figure 1 represents a unique vali-
dated antibody, and the legend describes how fluo-
rescent signals of FA and controls were superim-
posed and analyzed. Thirteen proteins were upreg-
ulated to variable degrees on the 900-antibody mi-
croarray. When expressed as percent change from
control (%CFC), the following proteins stood out: ad-
ducin, %CFC 210; aB-crystallin, %CFC 194; insulin re-
ceptor substrate, %CFC 324; serine/threonine ki-
nase type 4, %CFC 103; ribosomal protein S kinase
alpha 3, %CFC 149. The 1150-antibody microarray of
Kinexus (Yue, et al, 2018) yielded modest upregula-
tion of 23 other proteins that were not further ana-
lyzed. The up-regulation of aB-crystallin prompted a
more detailed study of this protein and its partner,
desmin, by SDS-PAGE, Western blots, mass spec-
trometry, and double-label immunofluorescence
(figs. 2-8).

Frataxin levels: The frataxin level in 12 FA heart
lysates (mean + standard deviation) was 23.3%3.5
ng/g wet weight. In 4 control heart lysates the level
was 522.5 + 35 ng/g wet weight. The difference was
significant at p=0.022.
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Figure 2. Western blot of desmin and frataxin in 6 pooled FA heart lysates and mass spectrometry of a proteolytic desmin fragment. Lane
1: Prestained proteins of known mass. Lane 2: Western blot of frataxin (Fxn). Pooling of heart lysates allows the detection of residual
frataxin in FA. Lane 3: Western blot of desmin. The canonical desmin migrates at 53 kDa (des), but a second, strongly reactive desmin
band (arrow) is located at approximately 45 kDa. Lane 4: Mass spectrometry of the truncated desmin fragment in lane 3 (arrow). The
amino acids in red were identified by liquid chromatography-tandem mass spectrometry. The sequences represent signature peptides of

desmin.

Western blots: Figure 2 shows a Western blot
of desmin and frataxin in pooled FA heart lysates.
The pooled lysates represent equal additions of the
first 6 FA cases shown in figure 3. The polyclonal an-
tibody to desmin revealed a low intensity band at 53
kDa which represents the canonical protein. The
strongest desmin signal occurred from a fragment of
approximately 45 kDa. Mass spectrometric analysis
of this fragment (fig. 2) confirmed its derivation from

Control heart lysates ‘ FA heart lysates

100
75

desmin. While pooling of 12 heart lysates was useful
in the control of inter-sample variability in FA, the
Western blot in figure 3 shows that the desmin frag-
ment is shared by all FA samples. The qualitative in-
tensity of the desmin band did not correlate with the
length of the GAA trinucleotide repeat expansions in
the shorter allele of the frataxin gene (fig. 3). Acom-
parable desmin isoprotein is also present in one nor-
mal control (fig. 2, left panel, subject F,62).

Figure 3. Western blots of desmin
in 6 normal control and 12 FA heart
lysates. All wells received a total
protein load of 50 pg. The arrows
show the location of canonical des-
min at 53 kDa, a desmin fragment,

— —_ — Y <+—desmin d GAPDH (as a loading control).
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Figure 4 displays the result of desmin co-im-
munoprecipitation. Protein A technology and elu-
tion of bound proteins followed by Western blotting
confirms the interaction of aB-crystallin and desmin
in FA heart lysates. There is no convincing enhanced
interaction of desmin with frataxin, ankyrin 1, plec-
tin, ZASP, a-actinin or a-spectrin.

Immunohistochemistry: In normal hearts, anti-
bodies to desmin and aB-crystallin revealed reaction
product in intercalated discs and Z-discs. Anti-aB-
crystallin also showed M bands on longitudinal sec-
tions of heart fibers that were desmin negative (fig.
5f). In FA, desmin and aB-crystallin reaction product
showed abnormally wide, thickened, and hypercon-
voluted intercalated discs and aggregates in the sar-
coplasm (fig. 5). Desmin and aB-crystallin reaction
product in the two compound heterozygous FA
cases showed a similar degree of protein aggregate
myopathy. Reaction product for B-spectrin, ankyrin,
plectin, and ZASP (cypher) was less informative,
though a-spectrin immunohistochemistry displayed
the chaotic disorganization of intercalated discs. a-

a-spectrin
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Figure 4. Desmin co-immunoprecipitation.
Desmin in pooled lysates of 6 FA hearts was
precipitated by anti-desmin, and the pro-
tein-antibody complex was recovered on
protein A Sepharose. Desmin and other
proteins were released from protein A by
heating in Laemmli’s sample buffer contai-
ning B-mercaptoethanol. Aliquots were
electrophoresed by SDS-PAGE, electroblot-
ted onto PVDF membranes, and visualized
by immunochemistry with antibodies to
the stated proteins. The Western blot
shows desmin bands at approximately 53
kDa and between 40 and 45 kDa, respec-
tively. A distinct band of aB-crystallin is also
present. Other lighter bands at 45 kDa, 25
kDa and 15 kDa are considered preparative
artifacts.

Actinin reaction product showed the striation of car-
diomyocytes by reacting with Z-discs but was not
useful to assess the state of intercalated discs.

Double-label laser scanning confocal immuno-
fluorescence: Figure 6 shows the colocalization of
desmin and aB-crystallin in Z-discs and intercalated
discs. In FA, intercalated discs are wider at approxi-
mately 50 um than normal (approximately 23 pum)
and have undergone chaotic disorganization (fig.
6d). A more advanced fiber destruction is illustrated
in figure 7. Two adjacent fibers display accumulation
of desmin and aB-crystallin, obliterating the con-
tractile apparatus of the cardiomyocytes. A search
for amyloid by polarizing light for apple-green bire-
fringence and Congo Red fluorescence did not reveal
amyloid deposits. Figure 8 shows double-label im-
munofluorescence of desmin and ATP5B. All fibers
in FA contain clusters of mitochondria, visualized by
green fluorescence of ATP5B, and one cluster is sur-
rounded by a rim of desmin. In normal cardiomyo-
cytes, mitochondria occur in rows of delicate gran-
ules between heart fibrils (fig. 8, top row).
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Figure 5. Immunohistochemistry of desmin and aB-crystallin in left ventricular wall. a-b, desmin; c-f, aB-crystallin. a and c, normal left
ventricular wall; b, d-f, FA. In normal myocardium, desmin (a) and aB-crystallin (c) are localized in intercalated and Z discs. In FA, desmin
reaction product reveals accumulation in or near disorganized intercalated discs (b, arrow). aB-crystallin immunohistochemistry shows
wide and fragmented intercalated discs (d and e). Enlargement of the square in e displays aB-crystallin reaction product in M bands (f,
arrow, M). M bands are desmin-negative. Bars; a-e, 10 um; f, 3 um. FA patients: b, F, 67 GAA 621/766; d-f, F, 69, GAA 560/560.

Figure 6. Double-label laser scanning confocal immunofluorescence microscopy of desmin and aB-crystallin. Desmin immunofluorescence
(a, d) is Alexa Fluor 488 green, aB-crystallin (b,e) Cy3 red. Merged images appear in ¢ and f. The top panel (a-c) represents a normal
control, the bottom panel (d-f) FA (man, 24, GAA 700/1050). Desmin and aB-crystallin fluorescence colocalize at intercalated discs (ar-
rows) and Z discs. In FA, an intercalated disc has undergone chaotic modification. Bars, 10 um.
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Figure 7. Desmin and aB-crystallin overload in FA cardiomyopathy (same patient as in fig. 6). Desmin is shown as Alexa Fluor 488 green,
aB-crystallin as Cy3 red, The merged image on the right shows extensive colocalization of these protein and destructive aggregation in
two fibers (arrows). Bars, 10 pum.

Figure 8. Double-label laser scanning confocal immunofluorescence microscopy of desmin and ATP5B. Top row, normal control; bottom
row, FA (same patient as in fig. 5). Desmin is shown as Cy3 red, ATP5B as Alexa Fluor 488 green. In the normal control, mitochondria
appear as rows of punctate green organelles aligned along fibrils. In FA, green mitochondria appear in clusters (arrows). The upper cluster
is surrounded by a desmin deposit. Bars, 20 um.
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Discussion

Frataxin levels in FA hearts: The detection limit
of the described ELISA is 10 pg. We followed bio-
chemical tradition by expressing frataxin levels as
mass per gram wet weight, which is at variance with
the current practice of FA investigators to express
frataxin as ng/total protein. The data must be inter-
preted with some caution because we assumed that
the wet weight of normal and FA heart tissues was
close to its water content. Tissue lysates contained
inhibitory substances that interfered with ELISA. Fil-
tration through membranes with a molecular mass
cutoff of 30 kDa removed the interference but may
have introduced an additional error in the calcula-
tion of corresponding wet weight.

Desmin in FA cardiomyopathy: Uniprot (2021)
identifies 36 natural variants of human desmin, of
which some are pathogenic mutations. None are
listed that could account for the deletion of an esti-
mated 80 amino acids that would explain the high
signal desmin isoprotein of 45 kDa in FA hearts (figs.
2 and 3). Clemen et al. (2008) attributed pathogenic-
ity in patients with skeletal muscle desminopathy to
the presence of a low-abundance truncated desmin.
It is unknown whether this pathological mechanism
is analogous to the prominent desmin band on our
Western blots of FA patients (fig.3). Desmin is not
mutated in FA, and FA patients have no skeletal my-
opathy. Arbustini et al. (1998) presented Western
blots of heart and muscle lysates from patients with
desmin-related cardiomyopathy that showed two
isoforms of desmin of about the same intensity at
masses of 55 and 53 kDa, respectively. A truncated
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