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Novel mutations in dystonin provide clues

to the pathomechanisms of HSAN-VI

ABSTRACT

Objective: To describe a second hereditary sensory autonomic neuropathy type VI (HSAN-VI) fam-
ily harboring 2 novel heterozygous mutations in the dystonin (DST) gene and to evaluate their
effect on neurons derived from induced pluripotent stem cells (iPSC).

Methods: The family consisted of 3 affected siblings from nonconsanguineous healthy parents.
All members underwent clinical and electrophysiologic evaluation and genetic analysis. Two pa-
tients underwent quantitative sensory testing (QST), cardiovascular reflexes, dynamic sweat test,
and skin biopsy to evaluate somatic and autonomic cutaneous innervation and to get fibroblast
cultures for developing iPSC-derived neurons.

Results: Onset occurred in the first decade, with painless and progressive mutilating distal ulcer-
ations leading to amputation and joint deformity. Sensation to pain, touch, and vibration was
reduced. Autonomic disturbances included hypohidrosis, pupillary abnormalities, and gastroin-
testinal and sexual dysfunction. Nerve conduction studies showed a severe axonal sensory neu-
ropathy. QST and autonomic functional studies were abnormal. Skin biopsy revealed a lack of
sensory and autonomic nerve fibers. Genetic analysis revealed 2 pathogenic mutations in the
DST gene affecting exclusively the DST neuronal isoform-a2. Neurons derived from iPSC
showed absence or very low levels of DST protein and short and dystrophic neuritis or no
projections at all.

Conclusions: Unlike the previous HSAN-VI family, our description indicates that DST mutations
may be associated with a nonlethal and nonsyndromic phenotype. Neuronal loss affects large and
small sensory nerve fibers as well as autonomic ones. Induced-PSC findings suggest that dysto-
nin defect might alter proper development of the peripheral nerves. Dystonin-a2 plays a major
role in the HSAN-VI phenotype. Neurology® 2017;88:2132-2140

GLOSSARY

CVR = cardiovascular reflexes; DRG = dorsal root ganglia; EVS = Exome Variant Server; FBS = fetal bovine serum; HSAN-
VI = hereditary sensory and autonomic neuropathy type VI; iPSC = induced pluripotent stem cells; PBS = phosphate-
buffered saline; gPCR = quantitative PCR; QST = quantitative sensory testing; TSS = transcription start sites.

Hereditary sensory and autonomic neuropathy type VI (HSAN-VI) was initially described in
2012 in a single family of 3 Ashkenazi infants presenting with severe dysautonomic symptoms,
distal contractures, severe psychomotor retardation, and early death.! These were associated with
a homozygous frameshift mutation in the dystonin (DS7) gene.! The report of the first AR
mutation in DS7 paralleled the earlier identification of mutations in the murine DS7 gene in
mouse strains with a neurodegenerative disease called dystonia musculorum (dt).>™

In the DST gene, 4 different promoters and many alternative splicing events result in
numerous isoforms, among which are the 3 major neuronal isoforms known as dystonin-al,
-a2, and -a3, the 3 muscular isoforms named dystonin-b1, -b2, and -b3, and one epithelial

isoform named dystonin-e.>"'® The 3 neuronal isoforms derive through the use of alternative
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transcription start sites (TSS) in the first exons
resulting in the specificity of the N-terminal
regions that determine cellular localizations
and functions.®'-1¢

We report the second HSAN-VI family
harboring 2 novel heterozygous mutations in
the DST gene. We provide clinical, electro-
physiologic, functional, and morphologic
characterization of this family. We also show
the effects of DS7 mutations in neurons
derived from induced pluripotent stem cells

(iPSC).

METHODS The family under study consisted of a healthy sis-
ter and 3 affected siblings from nonconsanguineous healthy pa-
rents (figure 1A) originating from a small village in Southern
Italy. All members underwent clinical and electrophysiologic eval-
uation and genetic analysis. Two patients underwent quantitative
sensory testing (QST), cardiovascular reflexes (CVR), dynamic
sweat test, and skin biopsy. Skin samples were taken to study

cutaneous innervation, to measure the expression of DS7 gene,
and to obtain fibroblast cultures for developing iPSC-derived

neurons.

Standard protocol approvals, registrations, and patient
consents. All participants signed an informed consent approved
by the local ethical board of University Federico II.

Quantitative sensory testing. Six sensory modalities were
tested on right dorsum, thigh, leg, and foot as previously

described.!”

Cardiovascular reflexes. We evaluated heart rate variability at
rest and during deep breathing, Valsalva ratio, 30/15 ratio, and

blood pressure response to standing and to sustained handgrip.'®

Dynamic sweat test. Activated sweat gland density per cm?” and
sweat volume per gland and per cm? were calculated analyzing

sweat drop imprints on serial frames from digital recording."

Skin biopsy. Skin samples from fingertip (III finger), thigh, and
leg (union of middle third with the lower third) of patients were

used to evaluate somatic and autonomic cutaneous innervation.?

Genetic analysis. Conventional Sanger sequencing of RAB7
and WINKT genes was performed in the probands using standard

[ Figure 1 Pedigree and genetic features
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(A) Pedigree of the family with segregation analysis. (B) Pictures from patients show acromutilation and joint deformities. (C) Schematic diagram of DST gene.
The putative promoters for the 3 neuronal isoforms (Dst-al, -a2, -a3) are indicated by curved arrows. Blue boxes indicate the unique exons of isoform-a2, the
red box indicates the unique exon of isoform-al, and the green box indicates the unique exon of isoform-a3. The blue line represents the transcript of
isoform-a2, the red line represents the transcript of isoform-al, and the green line represents the transcript of isoform-a3. Full arrows show the position of
mutations in our family, the empty arrow shows the mutation (exon 83, c.14865delA) previously reported in hereditary sensory and autonomic neuropathy
type VI. (D) Chromatograms show the sequence of exon 4 and exon 5 from the affected members of the family.
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methodologies as previously reported. DNA specimens of the
family members were further analyzed by whole exome sequenc-
ing following standard protocols on the Illumina (San Diego, CA)
HiSeq platform using the Agilent (Santa Clara, CA) capture Sure
Select Human All Exon V4 design at the Hussman Institute for
Human Genomics, Miller School of Medicine, Miami, Florida.
Raw data were aligned with BWA and variants were called with
GATK as previously described.”” All variant data were then ana-
lyzed on the GENESIS platform.*® Pathogenic variants, identified
in the DST gene, were confirmed by direct Sanger sequencing
(figure 1D) that was also used to determine whether the patho-

genic variants cosegregated with disease (figure 1A).

Fibroblast cultures. Fibroblasts, derived from skin samples ob-
tained from the dorsum (10th dorsal dermatome), were cultured
up to 4-5 passages in DMEM with 2 mM L-glutamine, 20% fetal
bovine serum (FBS), 100 U/mL penicillin, and streptomycin at

37°C in 5% CO, atmosphere.

Generation and differentiation of iPSC. Retroviral vectors
expressing Oct4, Sox2, Myc, and Klf4 (all gifts from Shinya Ya-
manaka; Addgene [Cambridge, MA] plasmid #17,217, #17,218,
#17,220, #17,219;*induction of pluripotent stem cells from
adult human fibroblasts by defined factors)*® were transfected
into Plat-A cells (Cell Biolabs Inc., San Diego, CA) using Lip-
ofectamine 2000 (Invitrogen, Carlsbad, CA) following in-
structions. Supernatants of transfected cells containing viruses
were mixed at a ratio of 1:1:1:1. Normal and affected dermal
fibroblasts were plated on a mouse feeder layer and after 24 hours
and 2 rounds of infection were performed with virus mix con-
taining polybrene (8 wg/mL). The medium was replaced after 48
hours with the following human iPSC medium: DMEM/F12
containing 20% knockout serum replacement, 10 ng/mL bFGF,
1 mM 1-GIn, 100 mM nonessential aminoacids, 100 mM 2-
mercaptoethanol, 1 X penicillin/streptomycin (all from In-
vitrogen). The medium was changed every other day. Starting
from 21 days, iPSC clones were picked to isolate and expand
them in human iPSC medium on mouse feeder layer. The
stemness of isolated clones was verified for the presence of
stemness markers and for the absence of differentiated markers.
For differentiation, the human iPSC were pretreated with 10 uM
ROCK inhibitor. After 1 hour, the medium was removed and
cells were treated with DMEM/F12 containing 1 mg/mL colla-
genase IV for 5 minutes at 37°C. After 5 minutes, the cells were
washed with iPSC medium, scraped, and harvested by centrifu-
gation. Then cells were plated at high density (2—4 X 105 cells
per cm?) on Matrigel-coated plates in iPSC medium containing
ROCK inhibitor. The following day, the medium was switched
to neuronal inducing medium containing DMEM/F12 (Life
Technologies, Carlsbad, CA), 25 pg/mL insulin (Sigma, St.
Louis, MO), 50 pg/mL transferrin (Sigma), 30 nM sodium sel-
enite (Sigma), 20 nM progesterone (Sigma), 100 nM putrescine
(Sigma), and penicillin/streptomycin. After 7 days of differenti-
ation, B27 (Life Technologies) was added and kept for the fol-
lowing 7-15 days, changing the medium every 23 days.

Fluorescence microscopy. For fluorescence analysis, the cells
were treated with 4% paraformaldehyde for fixing, with
50 mM NHCI for quenching, and with phosphate-buffered
saline (PBS) containing 0.2% Triton X-100, 10% FBS, and
1% bovine serum albumin to permeabilize them. The staining
was performed with specific antibodies: anti-Nanog (Cell
Signaling Technology, Beverly, MA), anti-Oct4 (Santa Cruz
Biotechnology, Dallas, TX), anti-B-tubulin (Sigma), and anti-
dystonin (catalogue number AB15065; Merck Millipore, Bill-
erica, MA). Secondary antibodies conjugated with Alexa 488 or

Neurology 88 May 30, 2017

546 (Life Technologies) were used. Nuclei were visualized by
staining with DAPI. Images were collected using epifluorescence
microscopy (DMI 4000B; Leica, Newcastle, UK) equipped with
a Plan Fluotar X20 (NA 0.4) objective lens with a cooled
monochrome CCD camera (DFC365 FX, Leica Microsystems)
or scanning confocal microscope (LSM 510 META, Carl Zeiss
Microimaging, Jena, Germany) equipped with a Plan Neofluar
X20 (NA 0.5) objective lens, by utilizing Argon (488 nm) and
HeNe (546 nm) lasers.

Western blotting. Cells, grown adhesion, were washed with
ice-cold PBS and lysed in JS buffer (Hepes pH 7.5 50 mM,
NaCl 150 mM, glycerol 1%, Triton X-100 1%, MgCl, 1.5 mM,
EGTA 5 mM) including 15 pg/mL of protease inhibitor (Anti-
pain, Pepstatin, and Leupeptin from Sigma). Cell lysates were
centrifuged for 20 minutes at 10,000 g Protein concentration
was determined by the Bradford method. Protein extracts were
resolved through sodium dodecyl sulfate polyacrylamide gel
electrophoresis and transferred onto polyvinylidene difluoride
membranes. Specific primary antibodies, anti-dystonin and anti-
GAPDH (Cell Signaling), were used and detected with the
appropriate horseradish peroxidase—conjugated secondary anti-
bodies (GE Healthcare, Cleveland, OH).

Extraction of RNA and quantitative PCR. The extraction of
total RNA from biopsies was performed using Trisure (Bioline,
London, UK) and following instructions. cDNA was obtained
using M-MLV RT kit (New England Biolabs, Ipswich, MA).
Quantitative PCR (qPCR) was carried out using the Fast SYBR
Green PCR Master mix and QuantStudio 7 Flex PCR system
(both from Applied Biosystems, Foster City, CA). The house-
keeping GAPDH mRNA was used for normalization; the mRNA
levels were calculated using the comparative 2-ACt method. The
primers used for amplification are as follows:

DST-al: forward 5'-ACGTGGAGGAGCAGGAGTAT-3';
reverse 5'-TGTCCCGTTCATCTTTGTACCT-3’

DST-a2: forward 5'-GATTCAAGGGGGCTCAGTGC-3';
reverse 5 -ACTTTGTCCCGTTCATCTGCT-3’

Protein gene product 9.5: forward 5'-CAGAGGACACCC-
TGCTGAAG-3'; reverse 5'-AAGCGGACTTCTCCTTGCTC-3’

GAPDH: forward 5'- GTCGGAGTCAACGGATTTGG-3';
reverse 5'- AAAAGCAGCCCTGGTGACC-3'

RESULTS Clinical, electrophysiologic, functional, and
morphologic features. The 3 affected brothers since
infancy had severely impaired pain sensitivity result-
ing in poor healing of distal ulcerations, amputations
of fingers or toes, and joint deformities (figure 1B).
Developmental milestones were reached normally
and no signs of mental retardation were observed.
On neurologic examination, the sensations to pain,
touch, and vibration were reduced and deep tendon
reflexes were altered. Muscle weakness was limited to
intrinsic foot muscles. All patients complained of
autonomic disturbances, including reduced sweating
with heat intolerance, pupillary abnormalities (absent
light reflexes), chronic diarrhea, and sexual dysfunc-
tion (erectile dysfunction) (table 1). Nerve conduc-
tion studies showed a severe generalized axonal
sensory neuropathy while motor abnormalities
(absent/reduced amplitude of compound muscular
action potentials) were limited to intrinsic foot



[ Table 1 Clinical features

Clinical features
Age, y, sex, onset

Onset symptoms/signs

Gait

Weakness

DTR

Light-touch reduction
Pinprick reduction
Vibration reduction
CMTNS

Osteomyelitis/amputation

Joint deformities
MMSE
Autonomic disturbances

Pupil

Sweating

Sexual

Gastrointestinal

Patient II-1
47, male, infancy

Distal sensory loss and
ulcerations of fingers and toes

Autonomous but impaired by
knee and ankle deformities and
toe mutilation

Intrinsic foot muscles

Absent in LL

Above elbow and knee

Above elbow and knee

Above knee

14

Distal phalanx of right thumb
and left great toe

Knee and ankle

30/30

Normal

Severe hypohidrosis (heat
intolerance)

No

Chronic diarrhea

Patient I-2
45, male, infancy

Distal sensory loss and
ulcerations of fingers and toes

Autonomous but impaired by
knee and ankle deformities
Intrinsic foot muscles
Absent in UL and LL

Above wrist and ankle
Above wrist and ankle
Above knee

i3

Distal phalanges of fingers
bilaterally

Knee and ankle

30/30

Mydriasis and absent light
reflex

Severe hypohidrosis (heat
intolerance)

Erectile dysfunction

Chronic diarrhea

Patient 1I-4
40, male, infancy

Distal sensory loss and
ulcerations of fingers

Normal

Intrinsic foot muscles
Absent in LL

Above wrist and knee
Above wrist and knee
Above ankle

13

Distal phalanges of fingers
bilaterally

None

30/30

Anisocoria and absent light
reflex

Severe hypohidrosis (heat
intolerance)

No

Chronic diarrhea

Abbreviations: CMTNS = Charcot-Marie-Tooth neuropathy score; DTR = deep tendon reflexes; LL = lower limbs; MMSE =

Mini-Mental State Examination score; UL = upper limbs.

muscles (table e-1 at Neurology.org). Needle EMG
revealed mild chronic neurogenic changes in distal
muscles of the lower limbs.

QST was altered for all tested modalities (table 2).
In particular, patients were unable to perceive noxious
thermal stimuli and innocuous warm stimuli. Very
high intensity stimuli were necessary for the percep-
tion of cold, touch, and mechanical pain sensory
modalities. CVR showed abnormalities of 30/15 ratio
and blood pressure response to standing consistent
with both sympathetic and parasympathetic system
impairment (table 2). Sudomotor function was mark-
edly impaired. Sympathetic skin response was absent
in all patients as well as dynamic sweat test, which
showed a severe reduction of sweat production in
both upper and lower limbs (table 2).

The immunohistochemical study of skin innerva-
tion showed the lack of myelinated and unmyelin-
ated somatic and autonomic nerve fibers. Notably,
somatic innervation study revealed a loss of Meissner
corpuscles, myelinated fibers, and epidermal nerve fi-
bers in both proximal and distal sites. Likewise, auto-
nomic innervation studies revealed a complete nerve
fiber loss around sweat glands and arteriovenous
anastomoses (figure 2). The other members of the
family, including the parents (I-1 and 1-2) and the

sister (II-3), were clinically and electrophysiologically
unaffected.

Genetic analysis. Whole exome sequencing was per-
formed on 2 affected family members: 1I-1 and
11-2. Filtering for population allele frequency (Exome
Variant Server [EVS]: minor allele frequency<<0.01)
under both homozygous and compound heterozy-
gous models revealed 5 candidate genes: DS7,
FNDC3B, GNG7, PEG3, and ZIM2. All but DST
carried missense variants without loss of function
effects and did not reach a threshold of polyphen
>(0.5. Given the phenotypic overlap with the mouse
model for DST, analysis focused on the variants in
DST isoform 2 (NM_001144769): c.616C>T,
p-R206W (exon 4; chr6:56716204), and c.687+1
G>A, p.K229£sX21 (exon 5; chr6:56600025).
Sanger sequencing was performed in DS7 and con-
firmed full cosegregation with the phenotype (figure
1A). The p.R206W change was rare (EVS 1/10,299
chromosome), conserved (polyphen 1, phastcons
0.69), and predicted to be damaging by SIFT. The
p-K229£sX21 variant constitutes a loss of function
frameshift mutation, which disrupts the canonical
splice donor site of exon 5 mRNA. Translation is
predicted to read into the intron for another 21
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[ Table 2 Quantitative sensory testing and autonomic functional findings ]

Quantitative sensory testing Patient II-1

Cold sensation thresholds, °C

Hand 11.8°
Thigh 7.6°

Leg 8.0°

Foot Insensitive®

Pinprick (% of stimuli perceived as painful)

Hand o®
Thigh 0
Leg o®
Foot o®

Tactile threshold, mN

Hand >1,2252
Thigh 24517
Leg 490.2°
Foot >1,2252

Cardiovascular reflexes

HRV at rest, ms 34
HRV during deep breathing, bpm 235
30/15 ratio 0.98°
Valsalva ratio 112
DBPV to sustained handgrip, mm Hg 20
MBPV to standing, % -6.2°

Dynamic sweat test
Forearm-leg, sweat glands/cm? 0-0°

Forearm-leg, pL/min/cm? 0-0?

Patient I-2 Patient 1I-4 Normal values
14.5% NP <2.0

9.0? NP <23
20.42 NP <3.0
Insensitive® NP <29

0® NP >80

102 NP >80

0® NP >80

(o) NP >80
784.32 NP <5.9
490.2 NP <10.8
>1,2252 NP <18.6
>1,225° NP <10.8

25 NP 11.5-90
325 NP 7.9-38
0.90° NP >1.03
1.43 NP >1.2

15 NP =15
-12.5° NP -6 =28
37-42 NP >100->64
0.16-0.012 NP >0.624->0.417

Abbreviations: DBPV = diastolic blood pressure variation; HRV = heart rate variability; MBPV = mean blood pressure

variation; NP = not performed.
2 Abnormal values.

residues before encountering a termination codon.
Likely, the affected transcript will undergo nonsense
mediated decay given its proximal premature stop.
The observed base change is very rare (EVS not
observed in 10,299 chromosomes; GENESIS not
observed in 12,500 chromosomes) and the nucleotide
is highly conserved (phastcons 1). Given the complete
segregation in 3 affected and 1 unaffected meioses, we
calculated the simple probability that the 2 observed
variants cosegregate independently by chance using
the methods of Jarvik and Browning®® adapted to
a recessive trait. We found that probability N equals
(1/2)? (affected meiosis) X 3/4 (unaffected meiosis)
= (1/5.3) X (1/5.3) (for 2 independent segregating
variants) = 1/~28. According to ACMG Pathoge-
nicity Classification, N < 1/16 in more than one
family supports strong evidence for pathogenicity.””

Neurons derived from iPSC. To explore the possible al-
terations of neurons bearing the mutations present in
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the family under study, we isolated dermal fibroblasts
from skin biopsies from 2 patients. In one case, we
were able to develop a primary fibroblast culture;
these cells were reprogrammed by transducing them
with the Yamanaka cocktail.® Many iPSC clones
were isolated and compared with iPSC derived from
a healthy control. The DST iPSC appeared identical
to the control cells and expressed the normal profile of
pluripotency markers (figure 3A). Both normal and
DST iPSC were differentiated into neurons. The dif-
ferentiation of iPSC derived from normal fibroblasts
led to the formation of neurons with the expected
phenotype, with long neurites and a normal distribu-
tion of microtubular structures. On the contrary, the
differentiation of DST iPSC resulted in the expres-
sion of neuron-specific $3-tubulin, but the pheno-
type of the B3-tubulin-positive cells was different
from that of the neurons derived from normal iPSC.
The most striking difference concerned the length of



[ Figure 2 Immunohistochemical study of skin innervation ]

Confocal images from fingertip (A, B, G, H) and leg (C, D, E, F) in a control (A, C, E, G) and in
patient II-1 (B, D, F, H); and in green nerve fibers (protein gene product 9.5), in red basement
membranes and vessels (COLIV), and in blue epidermis and endothelia (ULEX). In patient skin
Meissner corpuscles (B compared to A), epidermal nerve fibers (D compared to C), nerves
around sweat glands (F compared to E), and arteriovenous anastomosis (H compared to G)
are absent. Scale bar = 100 um.

the neurites, which were always shorter than those
observed in control cells. Indeed, in most cases,
despite the robust expression of the neuron-specific
marker 33-tubulin, no clear slender projections were
seen protruding from the cell body (figure 3B).
Then we addressed the expression and the distri-
bution of dystonin in the neurons generated from
iPSC. As shown in figure 3C, neurons derived from
control iPSC expressed a clearly detectable dystonin
signal, mostly located around the nucleus and in a few
cases in the proximal part of projections (figure e-1).

On the contrary, in the cells obtained from DST
iPSC, the dystonin antibody failed to detect any
signal, thus indicating that the protein is expressed
at low levels, if any, compared to control cells. To
further address this point, we prepared total extracts
from control and DST neurons and examined them
by Western blotting. Considering the very large size
of the various dystonin isoforms, the precise identi-
fication of the cognate bands in the Western blotting
is challenging. However, there are several bands
migrating more slowly than the larger molecular
marker (higher than 245 kD) that represent good
candidates. In the extract from DST neurons these
bands were absent or, in some cases, barely detect-

able (figure 3D).

Dystonin gene expression. The levels of the mRNAs
encoding DST-al and -a2 isoforms were measured
by qPCR in the RNA isolated from skin biopsies of
a patient and a healthy donor. Dystonin-a2 was the
most represented isoform in these 2 samples and the
amount of this mRNA was similar in the patient and
the control specimen (figure e-2).

DISCUSSION We report the second family with an
autosomal recessive defect in the neuronal iso-
forms of dystonin in humans. Our description
broadens the clinical spectrum of HSAN-VI and
hence will guide clinical genetic testing going
forward. The reported Southern Italian family
carried 2 novel compound heterozygous mutations
in the proximal and N-terminal part of DST
whereas the previous report of HSAN-VI in an
Ashkenazi Jewish family described a homozygous
mutation in the distal and C-terminal portion of
DST. Both our mutations fall within the neuronal
isoform-a2 of DST (figure 1C).

The phenotype of our family was milder than in
the previous report. Though the clinical picture was
dominated by severe sensory and autonomic neurop-
athy leading to ulceration, amputations, and joint de-
formities, the neuronal dystonin defect was eventually
compatible with adult lifespan. We did not observe
neonatal hypotonia or psychomotor retardation.
Neurophysiologic and histopathologic data revealed
a severe axonal sensory neuropathy and were consis-
tent with a degenerative process primarily affecting
sensory neurons. This is in congruence with d# mice,
where main pathologic features included severe
degeneration of sensory neurons in the dorsal root
ganglia (DRG) and at late stages of motor neu-

28-34 These observations fit well with our electro-

rons.
physiologic data that revealed mild involvement of
motor nerve fibers.

Interestingly, in dr mice, sensory degeneration in-

volves large and medium-sized proprioceptive DRG
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Figure 3

Analysis of dystonin in normal and affected differentiated induced

pluripotent stem cells (iPSC)

A Nanog

Ctr

Dst

B B3-tubulin

Ctr

C pB3-tubulin Dystonin D Ctr Dst

245 - <Dystonin

180 -

75 -

48 -
35 -

GAPDH

(A) Normal and affected undifferentiated iPSC were checked for the expression of stemness
markers Oct4 and Nanog by immunostaining before differentiation. Scale bar, 100 pm. (B)
Normal and affected differentiated iPSC were stained with a specific antibody against
B-tubulin revealed by Alexa-488 conjugated secondary antibody. Images were collected
by fluorescence microscopy. Scale bar, 50 um. (C) Confocal images of normal and affected
differentiated iPSC stained with B-tubulin (green) and dystonin (red). Scale bar, 10 um. (D)
Western blotting of dystonin in normal and affected differentiated iPSC. GAPDH is used as
loading control. Molecular weight markers are indicated.
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neurons whereas small-caliber nociceptive DRG neu-
rons are relatively spared.>>*® However, skin biopsies
obtained from our patients showed a loss of large-
caliber fiber as well as a complete loss of small somatic
nerve fibers. Consistent with this finding, clinical
examination and quantitative sensory testing demon-
strated a severe impairment of nociception. Since dr
mice typically die around 4 weeks of age, it is conceiv-
able that the full phenotypic representation has not
fully developed. Thus the described Italian family,
presumably with a residual DST activity, provides
an insight into the effects of neuronal dystonin on
small nerve fibers in adulthood. Finally, our patients
exhibited a widespread involvement of the parasym-
pathetic and sympathetic autonomic nervous system.
The spectrum of clinical disturbances included
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sudomotor, gastrointestinal, genitourinary, and ocu-
lar symptoms. Our pathologic findings resembled
those observed in footpad skin of young adult 4¢ mice
that showed a marked impairment of sweat gland
sympathetic innervation.””

Within the nervous system, the 3 major neuronal
isoforms (dystonin-al, -a2, -a3) are characterized by
unique N-terminal regions that depend on alternative
use of TSS in the first exons.'”> The uniqueness of
each isoform dictates cellular localization and func-
tion.”" Our data add interesting insights as to which
isoforms are implicated in the pathogenesis of
HSAN-VI in humans. The first description of
HSAN-VI reported a homozygous frameshift muta-
tion starting at Glu4995 and thus leading to the loss
of a functional domain common to all major neuronal
dystonin isoforms.! Instead, in our family the occur-
rence of both pathogenic mutations in the region of
gene that is unique to neuronal isoform-a2 strongly
supports the possibility that dystonin-a2 defects rep-
resent the key transcript in HSAN-VI. We hypothe-
size that the milder phenotype in our family is due to
a hypomorphic effect of the missense variant
p-R206W, limiting the functional consequences of
a severe loss of function. However, we cannot exclude
that dystonin-al may partially compensate for the loss
of the isoform-a2. Supporting this assumption is the
mouse model ##¢* characterized by a loss of the actin-
binding domain that is common to both dystonin-al
and -a2 isoforms. The experimental restoration of
dystonin-a2 expression reduces sensory neuron
degeneration and dramatically extends lifespan,
though mice do eventually manifest the disease.’®
This also holds the promise of a potential therapeutic
strategy if future studies can confirm this compensa-
tory effect.

Our analysis of neurons derived from DST iPSC
showed evident abnormalities. In comparison to not-
mal iPSC-derived neurons, immunostaining of
patient iPSC indicated absence or very low levels of
DST protein (figure 3C). This was confirmed by
Western blot analysis (figure 3D). Since the levels
of mRNA encoding DST-a2 were similar in patients
and controls (figure e-2), our results may suggest that
mutations present in the patients hamper the expres-
sion of a normal amount of protein at post-
transcriptional level.

Finally, while neurons derived from normal iPSC
have long and branched neurites, those derived from
the DST iPSC have short and dystrophic neuritis, or
no projection at all (figure 3B). These observations
suggest the possibility that phenotypes observed
in vivo, i.e., the absence of myelinated fibers and
epidermal nerve fibers in the skin, could be the con-
sequence of developmental defects affecting the abil-
ity of neurites to reach the epidermis.
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