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ELP1 Splicing Correction Reverses
Proprioceptive Sensory Loss in Familial Dysautonomia

Elisabetta Morini,1,2 Dadi Gao,1,2 Connor M. Montgomery,1 Monica Salani,1 Chiara Mazzasette,3

Tobias A. Krussig,1 Brooke Swain,1 Paula Dietrich,4 Jana Narasimhan,5 Vijayalakshmi Gabbeta,5

Amal Dakka,5 Jean Hedrick,5 Xin Zhao,5 Marla Weetall,5 Nikolai A. Naryshkin,5

Gregory G. Wojtkiewicz,6 Chien-Ping Ko,3 Michael E. Talkowski,1,2 Ioannis Dragatsis,4

and Susan A. Slaugenhaupt1,2,*

Familialdysautonomia (FD) is a recessiveneurodegenerativedisease causedbya splicemutation inElongatorcomplexprotein1 (ELP1, also

knownas IKBKAP); thismutation leads to variable skipping of exon20 and to a drastic reductionof ELP1 in thenervous system.Clinically,

many of the debilitating aspects of the disease are related to a progressive loss of proprioception; this loss leads to severe gait ataxia, spinal

deformities, and respiratory insufficiency due to neuromuscular incoordination. There is currently no effective treatment for FD, and the

disease is ultimately fatal. Thedevelopmentof adrug that targets theunderlyingmolecular defect provideshope that thedrastic peripheral

neurodegeneration characteristic of FD can be halted. We demonstrate herein that the FD mouse TgFD9;IkbkapD20/flox recapitulates the

proprioceptive impairment observed in individuals with FD, and we provide the in vivo evidence that postnatal correction, promoted

by the smallmoleculekinetin,of themutantELP1 splicingcan rescueneurological phenotypes inFD.Daily administrationof kinetin start-

ing at birth improves sensory-motor coordination and prevents the onset of spinal abnormalities by stopping the loss of proprioceptive

neurons. These phenotypic improvements correlate with increased amounts of full-length ELP1 mRNA and protein in multiple tissues,

including in the peripheral nervous system (PNS). Our results show that postnatal correction of the underlying ELP1 splicing defect

can rescue devastating disease phenotypes and is therefore a viable therapeutic approach for persons with FD.
Introduction

Familial dysautonomia (FD), also known as Riley-Day syn-

drome or hereditary sensory and autonomic neuropathy

type III (MIM: 223900), is a congenital neurodegenerative

disease caused by a splice mutation in intron 20 of ELP1

(MIM: 603722).1–6 This mutation results in variable, tis-

sue-specific skipping of exon 20 and a corresponding

reduction of ELP1 (previously known as IKAP).7,8 In indi-

viduals with FD, the lowest amount of ELP1 is in the

nervous system.7 ELP1 is the scaffolding member of the

six-subunit human Elongator complex, which is a highly

conserved protein complex that participates in distinct

cellular processes including transcriptional elongation,

acetylation of cytoskeletal a-tubulin, and tRNA modifica-

tion.9–19 ELP1 function has been widely investigated and

has been implicated in exocytosis, cytoskeletal organiza-

tion, and axonal transport, as well as cellular adhesion

and migration.20–24 Importantly, recent in vitro and in vivo

studies emphasized the role of ELP1 in neurogenesis,

neuronal survival, and peripheral tissue innervation.25–31

FD occurs almost exclusively in Ashkenazi Jews and has a

carrier frequency of 1 in 32 in the general Ashkenazi Jewish

population and 1 in 19 in Ashkenazi Jews of Polish

descent.32,33 From birth, persons with FD display a com-

plex neurological phenotype that is consistent with wide-
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spread loss of somatosensory feedback and that worsens

over time.4,34–37 Individuals with FD have decreased

sensitivity to pain and temperature sensation, visual loss,

kyphoscoliosis, proprioceptive ataxia, and difficulties in

regulating body temperature.3,38–46 The lack of afferent

baroreceptor signaling causes complete failure of blood

pressure regulation and recurrent hypertensive vomiting

attacks referred to as ‘‘dysautonomic crises.’’2,47–50 Unex-

plained sudden death, aspiration pneumonias, and respira-

tory insufficiency remain the leading causes of death.34,39

Many of the debilitating symptoms of the disease are due

to progressive impairment of proprioception.34,45,46,51,52

A lack of afferent signaling from the muscle spindles ac-

counts for the absence of deep tendon reflexes and for

gait ataxia.46,51 Children with FD are uncoordinated and

have a tendency to fall. As they age, progressive impair-

ment in proprioception leads to severe gait ataxia, and

eventually they lose the ability to ambulate independently.

This is one of the most problematic features of the disease

because it severely affects their quality of life.46,51 Proprio-

ceptive deficits also contribute to the poor coordination of

chest wall movements and explain the skeletal deformities

such as early-onset kyphoscoliosis44,45,53–55 and abnormal

craniofacial development.52 Neuropathological analysis of

autopsy material from individuals with FD showed grossly

reduced volume and number of neurons in the dorsal root
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ganglia (DRGs).35 Interestingly, recent studies conducted

in Elp1-conditional-knockout mouse embryos wherein

Elp1 expression was selectively deleted in the neural crest

lineage, which gives rise to most of the PNS including

the DRGs, showed that although Elp1 was required for

the development of the pain- and temperature-receptive

neurons, proprioceptors arise and differentiate nor-

mally.25,26 Therefore, unlike nociceptors, the loss of propri-

oceptors in FD most likely occurs postnatally, making this

subpopulation of neurons an attractive target for therapeu-

tic intervention.

Current treatments for FD are only supportive, and they

are aimed at treating symptoms rather than targeting the

cause of the disease.56 Previously, we identified the small

molecule kinetin (6-furfurylaminopurine) to be an orally

active enhancer of ELP1 splicing.57,58 Although in vitro

and in vivo studies have demonstrated the ability of kinetin

to improve ELP1 splicing,58–61 until recently there has not

been a way to evaluate the effect of splicing correction on

disease phenotype or progression. Here, we evaluated the

therapeutic potential of manipulating ELP1 splicing in vivo

in the TgFD9;IkbkapD20/flox mouse.62 This humanized

mouse model displays all the hallmarks of the human dis-

ease, and the evaluation of kinetin in this model demon-

strates that splicing correction can rescue neurological

phenotypes in FD. The pace of development of genetic

therapies, including targeted small molecules and anti-

sense oligonucleotides, is unprecedented. Our study shows

that increasing ELP1 after birth, regardless of the therapeu-

tic mechanism, will most likely rescue proprioceptive neu-

rons and improve neurologic symptoms in FD.
Material and Methods

Study Design
The aim of this study was to assess the therapeutic effectiveness of

the small-molecule splicing-modulator kinetin in ameliorating

neurological phenotypes in vivo. In this regard,weused the recently

developed FDmousemodelTgFD9;IkbkapD20/flox because it recapit-

ulates the same tissue-specific mis-splicing observed in individuals

with FD and displays the hallmark symptoms of the disease, thus

providing a powerful model for assessing the therapeutic efficacy

of potential therapies. Treatment was started at birth in order to

maximize the therapeutic value. At P0 (postnatal day 0), regular

mouse chow was replaced with vehicle diet (LabDiet 5P00) or

kinetin diet (LabDiet 5P00 with 2150 ppm kinetin), and the dam,

randomly assigned, continued to be fed these diets until the time

of weaning. At weaning, TgFD9;IkbkapD20/floxmicewere genotyped

and maintained in the same treatment groups. We formulated

kinetin chow to provide each mouse with a dose of 200 mg/Kg/

day because we have previously demonstrated that this dose was

sufficient to significantly improve ELP1 splicing and protein in vivo

in a phenotypically normal mouse.62

All animal experiments were designed with a commitment to

minimizing both the number of mice and their suffering. We de-

signed our preclinical animal trial on the basis of the published

recommendations.63 In order to calculate appropriate sample

sizes for the study, we performed a power analysis using the data
The Ame
generated from the phenotypic characterization of our TgFD9;

IkbkapD20/flox mice.62 Thus, for statistical validity we used

n ¼ 4–9 mice for phenotypic assessments, n ¼ 4–6 mice for histo-

logical analysis of the DRGs, and n¼ 13–14 mice for ELP1 splicing

and protein analysis. All of the analyses described in this study

were conducted by using animal samples from multiple litters;

therefore, each unit (animal, cage, litter) represents a biologic

replicate. The numbers were not altered during the course of the

study. The primary endpoints were predefined in advance on the

basis of our previous data.62 All data were included, and the criteria

were established prospectively. Animals were assigned randomly

to the vehicle- or kinetin-group via a randomization system

devised by the Massachusetts General Hospital (MGH) Biostatis-

tics Center. The system consists of a box containing cards with

either ‘‘vehicle diet’’ or ‘‘special diet’’ in random order, and the

animals were randomly assigned to the appropriate group by

drawing a card. Investigators conducting the experiments were

blind to genotype and treatment category.
Animals
Generating a mouse model for FD that recapitulated the pheno-

type and the tissue-specific mis-splicing seen in individuals

with FD represented a significant challenge. To generate the

TgFD9;IkbkapD20/flox mouse (C57BL/6J background) we used a

breeding scheme specifically designed to increase their Mendelian

ratio. Initially, we crossed the TgFD9 transgenic mouse line64 car-

rying the human ELP1 that had the FDmajor splicemutation with

themouse line heterozygous for the Ikbkapflox allele (Ikbkapflox/þ)65

to obtain mice carrying both the TgFD9 transgenic and Ikbkapflox

alleles (TgFD9;Ikbkapflox/þ). Then, TgFD9;Ikbkapflox/þ mice were

crossed with a mouse line heterozygous for the Ikbkapflox allele

(Ikbkapflox/þ) to obtain TgFD9;Ikbkapflox/flox mice. Finally,

TgFD9;Ikbkapflox/flox male mice were crossed with female mice

heterozygous for the IkbkapD20 allele (IkbkapD20/þ).65 The expected
Mendelian ratio of the TgFD9;IkbkapD20/flox mouse according

to this breeding scheme was 1 in 4 (25%). However, because

only about 60% of TgFD9;IkbkapD20/flox mice survive postna-

tally,62 the actual ratio was 1:8 (38/305; 12.5%).

The mice used for this study were housed in the animal facility

at MGH, provided with access to food and water ad libitum, and

maintained on a 12-hour light/dark cycle. All experimental proto-

cols were approved by the MGH institutional animal care and use

committee and were in accordance with National Institutes of

Health (NIH) guidelines.

For the routine genotyping of progeny, genomic DNA was

prepared from tail biopsies, and PCR was carried out with the for-

ward and reverse primers 50-TGATTGACACAGACTCTGGCCA-30

and 50-CTTTCACTCTGAAATTACAGGAAG-30 to discriminate the

Ikbkap alleles and the primers forward 50-GCCATTGTACTGTT

TGCGACT-30 and reverse, 50-TGAGTGTCACGATTCTTTCTGC-30

to detect the TgFD9 transgene.
Behavioral Assessment in Mice
Male control and TgFD9;IkbkapD20/flox mice were evaluated in

normal light conditions. On the day of the testing, the mice

were transported in their home cages from the colony room to

the behavioral testing room and allowed to acclimate to the exper-

imental room for at least one hour.

Rotarod

Motor coordination was assessed through the use of an acceler-

ating rotarod (Ugo Basile) and standard techniques.66 The day
rican Journal of Human Genetics 104, 638–650, April 4, 2019 639



before the session, each animal was trained in three consecutive

trials, during which the speed of the rod changed from 2 to

40 rpm (revolutions per minute) over a 5 min ramp duration

with a 45 min resting interval. The day of the session, each animal

was tested three times with the same acceleration scheme. The

latency to fall and the terminal speed (in rpm) were recorded,

and any mouse remaining on the rod for more than 5 min was

removed and returned to the cage. These trials resulted in a

maximum latency-to-fall value of 300 s and a speed of 40 rpm.

Data from the training trial were not included in the analysis.

Open Field

Open field testing was performed on naive mice.66 Each mouse

was placed in the center of a 27 3 27 cm2 Plexiglas arena, and

the activity in the horizontal and vertical dimensions was re-

corded by the Activity Monitor program (Med Associates). The

quantitative analysis of locomotor activity was measured as the

total distance traveled during the first 5 min in the arena.

Measurement of the Cobb Angle
Computed tomographic (CT) images were taken on the Siemen’s

Inveon system with 360 projections over 360 degrees by using

an 80 kVp 500 uA X-ray tube on a 125 mm detector while the

mice were under 1.5% to 2.5% isoflurane gas anesthesia. The

images were reconstructed into 110 mm isotropic voxels (512 3

512 3 768 matrix) by a modified Feldkamp reconstruction algo-

rithm (COBRA, Exxim Computer Corporation). A blinded

observer evaluated the severity of the spinal deformities by using

the Osirix image processing software program. The magnitude of

the curvature was measured on posteroanterior radiographs by

determining the Cobb angle (q), which is the angle derived from

the positions of the most-tilted vertebrae above and below the

apex of the curvature.67 This angle is formed by the intersection

of two lines plotted at the end vertebrae of the curve deformity.

One line is parallel to the endplate of the superior end vertebra

and the other is parallel to the endplate of the inferior end

vertebra.62,67

Immunohistochemistry
After euthanasia, L3 DRGs were dissected and fixed in 4% parafor-

maldehyde (PFA) overnight; afterward, the DRGs were washed for

24 h in PBS. The DRGs were then incubated in 30% sucrose over-

night, mounted in OCT compound, and stored at �80�C. 16 mm

serial cryosections that spanned the whole ganglia were per-

formed. Proprioceptive neurons were labeled with parvalbumin

(PV; Synaptic System, guinea pig, 1:200) and whole sensory

neurons were labeled with fluorescent Nissl staining (NeuroTrace,

Molecular Probes, 1:200). We calculated the volume of the DRG by

using ImageJ to measure, in every section, the area that was occu-

pied by neuronal cell bodies and thenmultiplying the area of each

section by its thickness (16 mm) to find the section volume. The

sum of all the section volumes provided the DRG volume, ex-

pressed inmm.3,62 We counted the number of total proprioceptive

neurons per DRG by counting the number of proprioceptive

neurons in every other section and then multiplying the average

by the number of sections of each DRG.62

RNA Isolation and RT-PCR Analysis of Wild-Type and

Mutant ELP1 Transcripts in Mouse Tissues
The mice were euthanized, and brain, DRG, liver, lung, kidney,

and heart tissues were removed and snap frozen in liquid nitrogen.

The tissues were homogenized in ice-cold TRI reagent (Molecular
640 The American Journal of Human Genetics 104, 638–650, April 4,
Research Center) with a TissueLyser (QIAGEN). Total RNA was

extracted via the TRI reagent procedure provided by the

manufacturer. The yield, purity, and quality of the total RNA

for each sample were determined with a Nanodrop ND-1000

spectrophotometer. Reverse transcription was performed with

1 mg of total RNA, Random Primers (Promega), and Superscript

III reverse transcriptase (Invitrogen) according to the manufac-

turers’ protocols.

For RT-PCR, the cDNA equivalent of 100 ng of starting RNA in

a 30 mL reactionwas used with the GoTaq greenmaster mix (Prom-

ega) and 30 amplification cycles (94�C for 30 s, 58�C for 30 s,

and 72�C for 30 s). The human-specific ELP1 forward and reverse

primers 50-CCTGAGCAG CAATCATGTG�30 and 50-TACATGG

TCTTCGTGACATC-30 were used for amplification of human

ELP1 isoforms expressed from the transgene. The PCR products

were separated on 1.5% agarose gels and stained with ethidium

bromide. The relative amounts of wild-type (WT) and mutant

(D20)-ELP1-spliced isoforms in a single PCR were determined

with ImageJ, and the integrated density value for each band was

determined as previously described.59,64 The relative proportion

of the WT isoform detected in a sample was calculated as a

percentage.
Meso-Scale Discovery Immunoassay for ELP1

Quantification in Mouse Tissues
Tissue samples were collected in Safe-Lock tubes (Eppendorf),

snap frozen in liquid nitrogen, weighed, and homogenized on

the TissueLyzer II (QIAGEN) in radioimmunoprecipitation assay

(RIPA) buffer (Tris-HCl 50 mM [pH 7.4]; NaCl 150 mM; NP-40

1%; sodium deoxycholate 0.5%; and SDS 0.1%) containing a cock-

tail of protease inhibitors (Roche) at a tissue weight-to-RIPA-buffer

volume of 50 mg/mL. The samples were then centrifuged for

20 min at 14,000 3 g in a microcentrifuge. The homogenates

were transferred to a 96-well plate and were diluted in RIPA

buffer to �1 mg/mL for ELP1-meso-scale discovery (MSD) and

�0.5mg/mL for total proteinmeasurementwith the bicinchoninic

acid (BCA)protein assay (Pierce). The sampleswere run in duplicate

and averaged. TheMSD sandwich immunoassaywas performed ac-

cording to the manufacturer’s (Meso Scale Diagnostics) protocol.

25 mL of the diluted tissue homogenates were transferred to a

96-well standard MSD plate coated with 0.5 mg/mL of capture

antibody (rabbit monoclonal anti-IKAP antibody from Abcam,

#ab179437) in PBS and incubated overnight at 4�C. 0.5 mg/mL of

primary detection antibody, mouse anti-IKAP (33) from Santa

Cruz Biotechnology #SC-136412, was incubated for 2–3 h at

room temperature. 0.5 mg/mL of Sulfo-Tag antibody, Goat anti-

mouse fromMSD#R32AC-1,was incubated for 1 h at room temper-

ature. The plates were read with Sector Imager S600 (Meso Scale

Diagnostics). The amount of ELP1 in the tissues from kinetin-

treated mice was normalized to the ELP1 amount in the control

tissues and plotted as n-fold change over controls.
RNA-Seq Experiment
Six different human fibroblast cell lines from individuals with FD

were obtained from Coriell Institute (Table S1) and cultured in

Dulbecco’s modified Eagle’s medium (DMEM; GIBCO) with 10%

fetal bovine serum (FBS; Sigma). We counted and plated the cells

in order to achieve semi-confluence after 8 days. 24 h after plating,

the medium was changed, and the cells were treated with kinetin

or DMSO until these reached a final concentration of 200 mM

and 0.5%, respectively. DMSO was used as vehicle, and the
2019



Figure 1. Daily Consumption of Kinetin Improves Kyphosis and Motor Coordination in a Phenotypic Mouse Model of FD
(A) An experimental timeline that was used for assessing the therapeutic effect of chronic kinetin administration on disease phenotype.
P0 ¼ postnatal day 0.
(B) Quantification ofmotor coordination via an accelerating rotarod test at 3months of age in vehicle-treated (n¼ 6) and kinetin-treated
(n¼ 5) control mice and vehicle-treated (n¼ 6) and kinetin-treated (n¼ 5) familial dysautonomia (FD) mice. Themedian for each group
is shown.
(C)Motor coordination assessed at 6months of age in vehicle-treated (n¼ 7) and kinetin-treated (n¼ 8) controlmice and vehicle-treated
(n ¼ 4) and kinetin-treated (n ¼ 5) FD mice. The median for each group is shown.
(D) Motor coordination assessed at 12 months of age in vehicle-treated (n ¼ 7) and kinetin-treated (n ¼ 13) control mice and vehicle-
treated (n ¼ 5) and kinetin-treated (n ¼ 9) FD mice. The median for each group is shown. In the box-and-whisker plots in B–D, for each
box, the central mark shows the median, the edges of the box represent the 25th and 75th percentiles, and the whiskers extend to the

(legend continued on next page)
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concentration of kinetin was chosen on the basis of our previous

studies because at this concentration kinetin induces robust

splicing changes. After seven days of treatment, cells were

collected, and RNA was extracted via the TRI reagent procedure

provided by the manufacturer. The Genomics and Technology

Core (GTC) of MGH prepared RNA-seq libraries by using a

strand-specific deoxyuridine triphosphate (dUTP) method.68 In

brief, the RNA sample quality (based on the RNA integrity number,

or RIN) and quantity were determined with the Agilent 2200

TapeStation, and between 100–1000 ng of total RNA were used

for library preparation. Each RNA sample was spiked with 1 ml of

diluted (1:100) External RNA Controls Consortium (ERCC) RNA

Spike-In Mix (4456740, Thermo Fisher Scientific), alternating

between mix 1 and mix 2 for each well in the batch. The samples

were then enriched for mRNA via polyA capture and then

subjected to stranded reverse transcription and chemical shearing

to make appropriate stranded-cDNA inserts. The libraries were

finished by adding Y-adapters with sample specific barcodes and

then between 10–15 rounds of PCR amplification. The libraries

were evaluated for final concentration and size distribution by

Agilent 2200 TapeStation and/or qPCR with the Library Quantifi-

cation Kit (KK4854, Kapa Biosystems), and for multiplexing,

equimolar amounts of each library were pooled prior to

sequencing. The pooled libraries were paired-end sequenced on

the Illumina HiSeq 2500, which produced 50 bp paired reads.

Real-time image analysis and base calling were performed on

the HiSeq 2500 instrument with the HiSeq Sequencing Control

Software (HCS), and FASTQ files were demultipled with CASAVA

software version 1.8.

In order to estimate gene expression levels, we mapped paired-

end RNA-seq reads to human transcriptome Ensembl GRCh37

version 75 by STAR v2.5.3a, allowing unique mapping and up to

5% mismatching (reference: PMID 23104886). To assess exon

splicing changes, we first defined exon triplet structure as any

three consecutive exons along each transcript annotated by

Ensembl GRCh37 version 75. We then evaluated the c levels of

the middle exon for each triplet, as described by Katz et al.69 To

estimate the treatment effect on splicing, we applied a generalized

linear model (GLM) on the expression of splice junctions of each

triplet.69

Statistical Analysis
The analysis of the rotarod data was carried out with a generalized

linear mixed model (GLMM), in which treatment and genotype

were considered fixed effects and the Wald test was applied to

test the significance of corresponding contrasts. For the open field
most extreme data points. There was a * p < 0.05 difference betwee
difference was detected between vehicle-treated and kinetin-treated
(E) Quantification of locomotor activity as assessed by an open field te
(n ¼ 5) control mice and in vehicle-treated (n ¼ 7) and kinetin-treat
(F) Locomotor activity assessed at 6 months of age in vehicle-treated (
(n ¼ 6) and kinetin-treated (n ¼ 7) FD mice. The median for each gr
(G) Locomotor activity assessed at 12 months of age in vehicle-trea
treated (n ¼ 4) and kinetin-treated (n ¼ 5) FD mice. The median f
with a two-tailed, unpaired Student’s t test.
(H) A quantification of spinal deformity in 6-month-old mice. Repre
shown in vehicle-treated control mice (top) and in vehicle-treated (c
(I) Cobb angle measurements in vehicle-treated (n ¼ 8) and kinetin-tr
treated (n ¼ 9) FD mice. Means and SEM are shown, and each data
difference between vehicle-treated control and vehicle-treated FD
kinetin-treated FD mice determined via a two-tailed, unpaired Stud
significant.
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data, we applied the Welch test was to assess the statistical differ-

ences between two groups. To determine the statistical differences

between two groups in all the remaining analyses, we performed

an unpaired Student’s t test in GraphPad Prism 7 software.

When one group was compared to more than one other group,

we corrected for multiple comparisons by applying the false-dis-

covery rate (FDR) correction, and we report the FDR-adjusted

p values. For differential gene expression and splicing analyses

of the RNA-seq data, we used a GLM on gene counts or junction

counts, respectively. We used the Wald test to estimate the raw

significance of gene expression and c changes. We considered

differentially expressed genes to be all the genes that met an

FDR <0.05 and exhibited an absolute R2-fold change (log2 R1

or %�1). We considered significant every splicing change

with c R0.2 or %�0.2 and FDR <0.05. For all experiments, a

criterion a level was set at 0.05.
Results

Daily Consumption of Kinetin Improves Kyphosis and

Motor Coordination in FD Mice

To assess the therapeutic efficacy of increasing ELP1 by

splice correction, we administered kinetin orally to the

phenotypic FD mouse model TgFD9;IkbkapD20/flox.62 Spe-

cial chow was formulated so that each mouse received

200 mg/kg/day. At birth, pups were randomly assigned to

vehicle- or kinetin-treated groups and were maintained

in the same treatment regime for the entire trial.We started

the treatment at birth in order tomaximize the therapeutic

value, and a preliminary study to assess correction of

splicing in transgenic pups showed that kinetin can pass

from dam to pups through lactation and increase the

full-length ELP1 mRNA amounts in the pups (Figure S1).

The treatment was well tolerated, and no weight loss or

reduction in the ratio of pups with FD was observed in

the kinetin-treated group (Figure S2).

To evaluate disease progression as well as the treatment

effect over time, we evaluated independent cohorts at

3, 6, and 12months of age (Figure 1A). Because propriocep-

tive gait ataxia is a major morbidity in FD46,51 and is

evident in our mice,62 we measured the effect of treatment

on motor coordination. Motor coordination has tradition-

ally been assessed in mice with the rotarod test.70–72 In this
n vehicle-treated and kinetin-treated FD mice, but no significant
control mice (p ¼ 0.4), determined with the Wald test.
st at 3 months of age in vehicle-treated (n¼ 8) and kinetin-treated
ed (n ¼ 5) FD mice. The median for each group is shown.
n ¼ 8) and kinetin-treated (n¼ 8) control mice and vehicle-treated
oup is shown.
ted (n ¼ 5) and kinetin-treated (n ¼ 8) control mice and vehicle-
or each group is shown. No significant differences were detected

sentative coronal CT scans and the correspondent Cobb angle are
enter) and kinetin- treated (bottom) FD mice.
eated (n ¼ 6) control mice and vehicle-treated (n ¼ 9) and kinetin-
point represents an individual animal. There was a *** p < 0.001
mice and a * p < 0.05 difference between vehicle-treated and
ent’s t test with false discovery rate (FDR) correction. NS ¼ not

2019



analysis, increased latency to fall is indicative of better co-

ordination.70,71 Our results show that the kinetin-treated

FD mice exhibit improvement in motor coordination at

all time points tested (Figures 1B–1D). For each time point,

the kinetin-treated FD mice remained on the accelerating

rotarod for a significantly longer period than did the

vehicle-treated FD mice. No treatment effect on coordina-

tion was observed in kinetin-treated control mice (Figures

1B–1D). As expected, we see an age-dependent decline in

rotarod performance in all groups. In order to confirm

that the difference in time spent on the accelerating

rotarod between the treatment groups was not due to

differential locomotion, we used the open field test to

perform a standard evaluation of locomotor activity.73,74

No differences were detected between vehicle-treated

control and vehicle-treated FD mice or between vehicle-

treated and kinetin-treated FDmice (Figures 1E–1G). These

data suggest that the locomotor function of the FD mice

is normal, as it is in individuals with FD,34,37 and that

the improvement in rotarod performance observed in

kinetin-treated FD mice is most likely due to an improve-

ment in coordination.

By the age of 10 years, 52% of persons with FD have

scoliosis, and 21% have kyphosis. By the age of 20, 83%

of them have spinal deformities.44,53–55 To quantitatively

assess the effect of kinetin treatment on spinal deformities,

we performed CT to measure the magnitude of the spinal

curvature via the Cobb angle.62,67 By 6 months of age,

FDmice develop severe kyphosis, confirmed by an increase

in the Cobb angle (Figures 1H and 1I). Remarkably, kinetin

treatment prevented the onset of these skeletal abnormal-

ities (Figures 1H and 1I). The Cobb angle in kinetin-treated

FDmice was lower than in the vehicle-treated FDmice and

was comparable with that of their control littermates

(Figure 1I). Taken together, these results show that kinetin

prevented kyphosis and significantly improved motor co-

ordination in our phenotypic FD mouse model, strongly

suggesting that increasing production of full length ELP1

early in post-natal life can improve proprioception.

Kinetin Treatment Rescues Proprioceptive Sensory Loss

in the FD Mice

In individuals with FD, fetal development and postnatal

maintenance of DRG neurons is highly compromised,

resulting in DRGs of grossly reduced size and signifi-

cantly reduced neuronal number.35,75 Within the

DRGs, proprioceptors are the subpopulation of neurons

responsible for sensory-motor coordination and posture

maintenance.76,77

To confirm that our observed kinetin-mediated pheno-

typic improvement is correlated with changes in the

neuropathological hallmarks of disease, we evaluated the

volume of the DRGs, as well as the number of propriocep-

tive afferent neurons. Consistent with the observed propri-

oceptive deficits, FD mice showed a significant reduction

in the volume of the DRG and in the number of proprio-

ceptive neurons when compared with their control litter-
The Ame
mates (Figure 2A). The DRG volume in the FD mouse was

66% of the controls (Figure 2B) and the number of propri-

oceptive neurons was reduced to 57% compared with the

number in their control littermates (Figure 2C). Notably,

the treatment was able to rescue both neuropathological

aspects of the disease. Kinetin-treated FD mice showed a

normal number of proprioceptive neurons and a normal

DRG volume (Figures 2B and 2C), demonstrating that

starting the treatment at birth is sufficient to prevent the

loss of this neuron subpopulation that plays a critical

role in disease progression.

Kinetin Treatment Increases Full-Length ELP1 Transcript

and Protein Amounts in the PNS

Next, we confirmed that the phenotypic and neuropatho-

logical improvement observed in the treated FD mice

correlated with the correction of the underlying FD

splicing defect. ELP1 splicing and protein amounts were

analyzed in different tissues from vehicle- and kinetin-

treated FD mice. As shown in Figure 3, kinetin treatment

significantly increases ELP1 exon 20 inclusion in DRG

(Figure 3B), lung (Figure 3C), liver (Figure 3D), heart

(Figure 3E) and kidney tissues (Figure 3F). Importantly,

the improvement of exon 20 inclusion in the ELP1 tran-

script results in higher protein production (Figures 3A–F).

Because of the very limited amount of material available

in the DRGs, the amount of ELP1 for the PNS was assessed

in the trigeminal ganglia. The treatment effect on ELP1

splicing and protein amounts reflected kinetin distribution

in the different tissues, and the lack of splicing correction

in the cortex is consistent with the low amounts of kinetin

present in the brain (Figure S3). Together, these results pro-

vide the in vivo evidence that kinetin increases the amount

of ELP1 in the PNS, thereby rescuing a primary neurologic

FD phenotype.

Kinetin Demonstrates High Selectivity when Assessed by

RNA-Sequencing

Because our ultimate goal is to move a splice-modulating

therapy to the clinic, we evaluated kinetin splicing selec-

tivity in human cell lines. We performed transcriptome

profiling to compare gene expression changes as well as

mRNA splicing alterations in six FD human fibroblast cell

lines treated with kinetin or vehicle (DMSO) for 7 days

(Table S1). We specifically chose fibroblast lines because

they are the primary choice for assessing the splicing selec-

tivity of small molecules.78,79 Our evaluation of the gene-

expression analysis conservatively restricted interpretation

to genes that met an FDR <0.05 and exhibited an absolute

R2-fold change (log2 R1 or %�1). Similar to previously

reported splicing modulator compounds,78–80 kinetin

treatment had minimal effect transcriptome-wide; only

118 of 18,156 (0.006%) genes were differentially expressed

(DE) (Figure 4A and Table S2). We determined splicing

alterations by considering the three junctions in triplets

of consecutive exons and calculating the c levels of

the middle exon, then we considered splicing changes at
rican Journal of Human Genetics 104, 638–650, April 4, 2019 643



Figure 2. Kinetin Treatment Rescues
Proprioceptive Sensory Loss in the FD
Mice
(A) Representative confocal images of pro-
prioceptive (PVþ) neurons (red), whole
sensory (Nisslþ) neurons (green), and the
merged image (bottom) in L3 dorsal root
ganglia (DRGs) from vehicle-treated and
kinetin-treated control mice and vehicle-
treated and kinetin-treated familial dysau-
tonomia (FD) mice at 6 months of age.
The scale bar represents 200 mm.
(B) The total volume of the L3 DRGs
measured in vehicle-treated (n ¼ 5) and
kinetin-treated (n ¼ 6) control mice and
vehicle-treated (n ¼ 6) and kinetin-treated
(n ¼ 6) FD mice at 6 months of age. There
was a * p < 0.05 difference between
vehicle-treated control and vehicle-treated
FD mice and a * p < 0.05 difference be-
tween vehicle-treated and kinetin-treated
FD mice determined by a two-tailed, un-
paired Student’s t test with false discovery
rate (FDR) correction.
(C) The total number of PVþ propriocep-
tive neurons per DRG counted in vehicle-
treated (n ¼ 4) and kinetin-treated (n ¼ 5)
control mice and vehicle-treated (n ¼ 6)
and kinetin-treated (n ¼ 6) FD mice
at 6 months of age. There was a * p <
0.05 difference between vehicle-treated
control and vehicle-treated FD mice and a
** p < 0.01 difference between vehicle-
treated and kinetin-treated FD mice deter-
mined by a two-tailed, unpaired Student’s
t test with FDR correction. In (B) and (C),
the means and SEM are shown, and each
data point represents an individual animal.
c R0.2 or %–0.2 and FDR <0.05 (Figure 4B).81,82 As a

proof-of-principle, we observed a c change of 0.57 for

ELP1 exon 20 splicing after kinetin treatment. We detected

42 additional exon-usage differences in response to

kinetin; 11 of these differences promoted inclusion of

the middle exon, and 31 induced skipping of the middle

exon. Given the low frequency of splice changes after

treatment (0.0002%), combined with the modest changes

observed in c when compared to the magnitude of

ELP1 exon 20 inclusion post-treatment (Figure 4B and

Table S3), we concluded that kinetin exhibits selective

splicing modulation activity.
Discussion

FD is a devastating neurodegenerative disease, and targeted

therapeutics are desperately needed. The nature of the

mutation that causes FD provides a platform for the

development of disease-modifying therapies that directly

target the underlying genetic mechanism. The goal

of such a therapy would be to halt the progressive periph-

eral neurodegeneration that characterizes FD—this would

revolutionize patient care. Although previous studies
644 The American Journal of Human Genetics 104, 638–650, April 4,
have shown that kinetin can improve ELP1 splicing

in vitro,58,61 in vivo,59 and even in individuals with FD,60

the current study proves that postnatal ELP1 splicing

correction can rescue neurological phenotypes and pro-

vides the critical proof of in vivo efficacy needed to move

a splice-modulating therapy toward the clinic.

Because FD is causedby amutation that results in aberrant

splicing, small-molecule splicing modulators that specif-

ically promote splicing correction and thereby increase the

amount of full-length mRNA offer an excellent therapeutic

alternative for individuals with FD. First, because FD is

characterized by a complex neurological phenotype that

involves multiple organs, therapies must act systemically

and reach all tissues. Second, all persons with FD possess at

least one copy of the major FD splice mutation, and 99.5%

of them are homozygous for this mutation,8,83 thus the

development of targeted splicing therapies will benefit all

individuals with FD. Third, the recent progress in the devel-

opment of therapies for spinal muscular atrophy (SMA),

another genetic disorder caused by a splicing alteration,

has validated the utility of splicing modification as a valu-

able therapeutic strategy for neurologic diseases.84,85

The loss of proprioceptors in FD accounts for many

debilitating disease aspects, including gait ataxia, spinal
2019



Figure 3. Kinetin Treatment Increases Full-Length ELP1 Transcript and Protein Amounts in Several Tissues, Including in the Periph-
eral Nervous System, of the Phenotypic FD Mouse Model
A representative splicing analysis of human ELP1 transcripts (left), the percentage of exon 20 inclusion (middle), and amounts of ELP1
(right) from vehicle-treated (n ¼ 13–14, dark gray) and kinetin-treated (n ¼ 13, light gray) familial dysautonomia (FD) mice at 6 months
of age in cortex (A), peripheral nervous system (PNS) (B), lung (C), liver (D), heart (E), and kidney tissues (F).
(A) In cortex tissue, no significant differences were detected in the percentage of exon 20 inclusion (p ¼ 0.24) and the amounts of ELP1
(p ¼ 0.39) between vehicle-treated and kinetin-treated FD mice, determined by a two-tailed, unpaired Student’s t test.

(legend continued on next page)
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Figure 4. Kinetin Demonstrates High
Selectivity as Assessed by RNA-
Sequencing
(A) A volcano plot showing changes in
gene expression after treatment with
kinetin in fibroblasts from individuals
with familial dysautonomia (FD). Each
dot represents one of 18,156 expressed
genes in FD fibroblasts. The x axis
represents log2-fold change (log2 trans-
formed, Log2FC) of gene expression after
treatment, and the y axis represents
the false discovery rate (FDR) (log10
transformed, Log10FDR). The horizontal
dashed line indicates the FDR ¼ 0.05.
The two vertical dashed lines indicate a
0.5-fold change and a 2-fold change,
respectively. The red and blue dots
represent genes with significant changes,

an FDR < 0.05, and R2-fold changes (red) or %0.5-fold changes (blue), respectively.
(B) Percent-spliced-in (PSI, c) changes in exon triplets of kinetin-treated versus vehicle-treated fibroblasts. Each dot represents one of
184,445 expressed exon triplets. The y axis represents c changes. The red and blue dots represent exon triplets with significant changes,
an FDR < 0.05, and c changesR 0.2 (red) or c changes% �0.2 (blue). See also Tables S1 and S2. See Material and Methods for details of
the statistical analysis.
and craniofacial deformities, and respiratory insufficiency

due to neuromuscular incoordination. As individuals

with FD age, progressive impairment in proprioception

leads to severe gait ataxia46,51 and worsening skeletal defor-

mities.44,45,53–55 Here, we show that increasing ELP1

amounts starting at birth not only improved motor coordi-

nation but also prevented the onset of the spinal abnor-

malities in a phenotypically accurate FD mouse model.

Kinetin-treated FD mice showed increased DRG volume

and increased number of proprioceptive neurons, indi-

cating that increasing ELP1 expression at birth is sufficient

to prevent the loss of this subpopulation of neurons that

play a critical role in disease progression. Finally, we

confirm that the phenotypic improvement promoted by

kinetin correlates with a significant increase of full-length

ELP1 mRNA and protein in multiple tissues, including in

the PNS, and that its activity on splicing is highly specific.

Together, our results provide the critical proof of principle

that increasing full-length ELP1 RNA through splicing

modulation can halt the progressive neurodegeneration

that characterizes this devastating disease.

Importantly, several promising therapeutic strategies

that target the splice defect and increase ELP1 amounts

have recently been reported for FD; these strategies include

small molecules,17,58 antisense oligonucleotides,86 and
(B) In PNS tissue, dorsal root ganglia (DRGs) were used for splicing an
There was a *** p < 0.001 difference in the percentage of exon 20 inc
by a two-tailed, unpaired Student’s t test.
(C) In lung tissue, there was a ** p < 0.01 difference in the percentage
ELP1 determined by a two-tailed, unpaired Student’s t test.
(D) In liver tissue, there was a **** p < 0.0001 difference in the per
amounts of ELP1 determined by a two-tailed, unpaired Student’s t te
(E) In heart tissue, there was a *** p < 0.001 difference in the percent
amounts of ELP1 (p ¼ 0.06) determined by a two-tailed, unpaired St
(F) In kidney tissue, there was a **** p < 0.0001 difference in the pe
amounts of ELP1 determined by a two-tailed, unpaired Student’s t te
an individual animal.

646 The American Journal of Human Genetics 104, 638–650, April 4,
exon-specific U1 small nuclear RNAs (snRNAs).87 None,

however, have demonstrated phenotypic efficacy. Our

demonstration that increasing ELP1 amounts postnatally

rescues proprioceptive neurons and improves phenotype

clearly validates the therapeutic value of all splice-modu-

lating therapies for FD and highlights the need for rapid

translation of these targeted, disease-modifying treatments

to the clinic.
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