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Abstract

Objective: The objectives of this study were to define the clinical and bio-

chemical spectrum of spinal muscular atrophy with progressive myoclonic epi-

lepsy (SMA-PME) and to determine if aberrant cellular ceramide

accumulation could be normalized by enzyme replacement. Methods: Clinical

features of 6 patients with SMA-PME were assessed by retrospective chart

review, and a literature review of 24 previously published cases was performed.

Leukocyte enzyme activity of acid ceramidase was assessed with a

fluorescence-based assay. Skin fibroblast ceramide content and was assessed by

high performance liquid chromatography, electrospray ionization tandem mass

spectroscopy. Enzyme replacement was assessed using recombinant human

acid ceramidase (rhAC) in vitro. Results: The six new patients showed the

hallmark features of SMA-PME, with variable initial symptom and age of

onset. Five of six patients carried at least one of the recurrent SMA-PME vari-

ants observed in two specific codons of ASAH1. A review of 30 total cases

revealed that patients who were homozygous for the most common

c.125C > T variant presented in the first decade of life with limb-girdle weak-

ness as the initial symptom. Sensorineural hearing loss was associated with the

c.456A > C variant. Leukocyte acid ceramidase activity varied from 4.1%–
13.1% of controls. Ceramide species in fibroblasts were detected and total cel-

lular ceramide content was elevated by 2 to 9-fold compared to controls.

Treatment with rhAC normalized ceramide profiles in cultured fibroblasts to

control levels within 48 h. Interpretation: This study details the genotype–
phenotype correlations observed in SMA-PME and shows the impact of rhAC

to correct the abnormal cellular ceramide profile in cells.

ª 2022 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association.
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Introduction

Spinal muscular atrophy with progressive myoclonic epi-

lepsy (SMA-PME; OMIM 159950) is an autosomal reces-

sive lysosomal storage disorder caused by pathogenic

variations in ASAH1.1–3 This gene encodes the enzyme

acid ceramidase (AC), which catalyzes the breakdown of

ceramides into sphingosine and free fatty acids in the

lysosome.4 SMA-PME is a rare condition and, to date, a

total of 24 patients from 19 families have been reported

in detail in the literature with confirmed pathogenic vari-

ation in ASAH1.3,5–19 Reported patients commonly pre-

sent with proximal weakness in mid-childhood, followed

by progressive seizures and myoclonus.20 Mortality may

result from respiratory insufficiency in early adulthood or

from complications of refractory seizures. The isolated

neurological phenotype observed in SMA-PME contrasts

with the predominant peripheral symptoms associated

with Farber Lipogranulomatosis or Farber disease (FD;

OMIM:22800). FD is also a result of pathogenic variation

at ASAH1 and is characterized by a clinical triad of joint

disease presenting as arthritis and/or contractures, subcu-

taneous nodules, and a hoarse voice secondary to laryn-

geal involvement.21 Farber disease has a broad phenotypic

spectrum ranging from rapidly progressive disease leading

to death in the first years of life, to rarer forms character-

ized by slowly progressive adult-onset disease.22 While

peripheral symptoms predominate in Farber disease, there

have also been neurological symptoms reported to occur

in a subset of patients that includes seizures, hypotonia,

and lower motor neuron disease that can show in the late

stages of the disease.18,23

Here, we describe the clinical features of six patients

with SMA-PME (four previously unpublished and two

published with brief clinical data24,25). We analyze the

clinical features and relationship of genotype to pheno-

type in these 6 patients and the 24 previously

reported.3,5–17 We describe pathogenic nonsense, mis-

sense, or splice site variants in ASAH1 in each patient

combined with biochemical verification of AC loss of

function either by the detection of elevated ceramide

using high performance liquid chromatography, electro-

spray ionization, tandem mass spectrometry (LC–ESI–
MS/MS) or by AC deficiency assessed through enzyme

analysis. We further show that the cellular phenotype

of increased ceramide profile can be normalized by

treatment with recombinant human acid ceramidase

(rhAC). These observations provide insights into the

broad phenotypic spectrum observed in SMA-PME and

provide in vitro evidence for the impact of rhAC as a

potential treatment requiring further pre-clinical investi-

gation.

Methods

Standard protocol approvals, registrations,
and patient consents

Six patients were enrolled by informed consent from their

families and according to the following research ethics

board approvals: CHEO REB #11/04 E.

Participants

We report here six patients with SMA-PME and their

genotypes. Clinical information was collected retrospec-

tively. Additional literature reviews were performed for 24

previously reported cases with molecularly confirmed

SMA-PME.3,5–17 Criteria for inclusion were: an isolated

neurological presentation, an adequate description of the

clinical phenotype, and confirmed pathogenic variants in

ASAH1. We excluded reports of cases that lacked clinical

data26 and historical reports of SMA-PME that lacked

molecular confirmation. Because several transcripts have

been used in the literature when describing variants in

ASAH1, we have converted variants to nomenclature cor-

responding to the NM_177924.5 transcript.19

Acid ceramidase activity and
immunoblotting

Fibroblast cell lines were generated from a punch biopsy

by standard methods. Leukocyte AC activity was assayed

in patients and their parents. Lymphocytes were isolated

from whole blood and AC activity was determined in the

cell lysates using a fluorescence-based assay with minor

modifications.27,28 Fibroblast AC activity before (0 h) and

after rhAC treatment (24 and 48 h) was assayed in three

patients compared to seven controls (age- and sex-

matched) by LC-ESI-MS/MS as described below.

Immunoblotting was performed as previously described.29

Primary antibodies were rabbit anti-ASAH1a, 1/500

(gifted by Professor Konrad Sandhoff, Universit€at Bonn)

and rabbit anti-ASAH1b, 1/400, (Sigma, cat# HP005468).

Secondary antibodies were HRP-Donkey anti-Rabbit IgG,

1:5000, (Jackson ImmunoResearch, cat# 711-035-152).

In vitro treatment with rhAC and LC–ESI–MS/
MS analysis of cellular ceramide content

Primary fibroblasts were cultured in Dulbecco’s Modified

Eagle Medium: Ham’s Nutrient mixture 12 (D-MEM/F-

12) (Gibco, cat# 12400-016) supplemented with 10% fetal

bovine serum (Sigma Aldrich, F0926), and 2 mmol/L L-

glutamine (Gibco, cat# 25030–081). Recombinant human

acid ceramidase (rhAC) is derived from CHO-M cells

2 ª 2022 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association.
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transfected with a DNA plasmid vector expressing wild-

type human AC. It was produced at a contract manufac-

turing facility and was provided under material transfer

agreement (MTA) originated under Enzyvant and cur-

rently with Aceragen. Development for potential clinical

use is continuing under Aceragen as ACG-801. Where

treatment with rhAC is indicated, cultures were treated

with 10 lg/mL of rhAC in complete media similarly to

the work in Farber patient cells.30 Media + rhAC was

refreshed every 24 h. Lipids were extracted according to a

modified acidified Bligh and Dyer lipid extraction previ-

ously described in detail.31,32 Briefly, cells were trypsi-

nized, counted via hemocytometer, washed with

phosphate buffered saline (BioShop, cat# PBS404), and

pelleted. Pellets were resuspended in 0.1 mol/L sodium

acetate (Sigma, cat# S-2889, in LC/MS grade water; J.T.

Baker, cat# 9831–03), acidified methanol (2% acetic acid,

Fisher, A38-212 in methanol; Fisher, cat#BP1105, (v/v))

was added, along with 235 pmol of Cer(d18:1/16:0-d31)

(Avanti Polar Lipids, cat# 868516). Lipids were extracted

by addition of chloroform (Fisher, cat# C298) to a ratio

of 1.6:2:1.4 sodium acetate:acidified methanol:chloroform

(v/v/v). The organic phase was collected, and the samples

were back-extracted three times, with the organic phases

being collected and pooled. Samples were dried under a

constant stream of nitrogen gas. Dried lipid extracts were

re-dissolved in ethanol, stored under nitrogen gas in

amber glass vials (Chromatographic Specialties, cat#

C779100AW) and kept at �80°C until use.

Ceramide content was quantified by LC-ESI-MS/MS

using an Agilent 1290 LC and a triple quadrupole-linear

ion trap mass spectrometer QTRAP 5500 (AB SCIEX).

LC separation was achieved on a 100 mm 9 250 lm
(i.d.) capillary column packed with ReproSil-Pur 120 C8

beads (particle size of 3 lm and pore size of 120 �A, Dr.

A. Maisch, Ammerbruch, Germany) with 5 lL sample

injections by an autosampler maintained at 4°C with a

flow rate of 10 lL/min. The binary solvent gradient con-

sisted of LC/MS grade water with 0.1% formic acid

(Fisher, 56302) and 10 mmol/L ammonium acetate

(OmniPur, 2145) (solvent A), and acetonitrile (J.T. Baker

cat#9829–03)/isopropanol (Fisher, cat# A416-4) (5:2; v/v)

with 0.1% formic acid and 10 mmol/L ammonium acet-

ate (solvent B). Gradient elution started with 30% B,

ramping to 100% B over 5 min. After 30 min at 100% B,

the gradient dropped to 30% B over the course of a min-

ute, where it remained for the time remaining in the run

to re-equilibrate the column. Data acquisition was per-

formed in positive ion mode using multiple reaction

monitoring (MRM) monitoring the product ion of 264.3,

corresponding to di-dehydrated d18:1 sphingosine back-

bone. Instrument control and data acquisition were per-

formed with Analyst software (v. 1.6.2, AB SCIEX).

Processing of quantitative MRM data was performed

using MultiQuant software (v. 3.0.2, AB SCIEX). Cera-

mide abundances were expressed as pmol equivalents of

Cer(d18:1/16:0-d31) per million cells. Percent activity,

defined as the change in ceramide content at 0, 24, and

48 h following rhAC treatment, was expressed relative to

untreated age- and sex-matched controls. Total ceramide

content was analyzed statistically using a one-way

ANOVA with Holm-�Sid�ak post-hoc tests. Changes in the

abundances of individual ceramide species were deter-

mined statistically by multiple t-tests with false discovery

rate (FDR) set at 1% using two-stage linear step-up FDR

procedure of Benjamini, Krieger and Yekutieli33 without

assuming consistent standard deviation. The change in

percent activity was assessed 0–48 h after treatment with

rhAC and time needed to correct ceramide levels deter-

mined by linear regression. Statistical analyses were per-

formed using GraphPad Prism version 9.41 (GraphPad

Software).

Data availability

Anonymized data not published within the article will be

made available upon request from a qualified investigator(s).

Results

Case reports

Patient 1 is a 21-year-old female, briefly reported previ-

ously at age 15 years,25 who presented with seizures,

weakness, and involuntary movements at age 9 years. Her

non-consanguineous parents were of South Asian ances-

try. Following normal early childhood development, her

reported first symptom was mild learning difficulties at

age 7 years (Table 1). At age 9 years, she developed brief

and sudden drop attacks, and separate episodes of eye

rolling and staring. An EEG showed generalized epilepti-

form discharges and a diagnosis of myoclonic seizures

was made. Treatment with sodium valproate was initi-

ated. At age 10 years, she developed difficulty rising from

the floor due to muscle weakness, “limb shaking,” and

torticollis (head turn to the left). At age 12 years, she

developed generalized tonic–clonic seizures. Neurological

examination at age 13 years revealed hypotonia and sym-

metrical, proximal upper and lower limb muscle atrophy

and weakness with relatively preserved distal limb

strength. Tendon reflexes were brisk with spread. Hoff-

man’s sign was present bilaterally. She had cervical and

foot dystonia. There were frequent brief, small amplitude

multifocal jerks in the hands and arms at rest that

increased with action, and in the legs upon standing, con-

sistent with cortical myoclonus. Gait was independent,

ª 2022 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association. 3
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normal-based and steady. Her weakness progressed and

she lost the ability to walk independently at age 14 years.

At age 16–17 years, her seizure burden worsened and

there was accompanying cognitive decline, leading to a

homebound state. At age 21 years, she has severe general-

ized weakness and is tracheostomy- and ventilator-

dependent due to chronic respiratory failure. Trio-exome

sequencing showed biallelic variants in ASAH1;

c.536C > T, p.(Thr179Ile) and c.124A > G, p.(Thr42Ala)

(Table 1).

Patient 2 was a 26-year-old male who presented at age

22 years with seizures, myoclonus, and weakness. His

early childhood medical and developmental history were

normal. At age 5 years he was diagnosed with sensorineu-

ral hearing loss (Table 1). At age 12 years, he began to

have difficulty keeping up with peers in sports. He

nonetheless continued to play sports until age 16 years.

At age 15 years, he had his first generalized tonic–clonic
seizure. After a second seizure, he was treated with pheny-

toin and then valproate. He was seizure-free until age

18 years, when he experienced a prolonged generalized

tonic–clonic seizure after starting college. These continued

every few weeks with subsequent daily staring spells. Mild

cognitive difficulties (short term memory and processing

speed impairments), limb myoclonus, and anxiety were

apparent by age 18 years and progressed. He continued

to experience dozens of myoclonic seizures per day that

were refractory to medications. Placement of a vagal

nerve stimulator at age 21 years did not improve seizure

frequency. On examination at 22 years of age, Montreal

Cognitive Assessment (score 18/30) revealed impaired

executive function, spatial construction, memory, and

attention. He had mild proximal upper and lower limb

weakness, prominent facial myoclonus, and myoclonus in

both arms that worsened with action. Tendon reflexes

were reduced in the arms, normal in the legs, and plantar

reflexes were flexor. Gait was wide-based and unsteady.

Between age 22 and 24 years, he had daily myoclonic and

absence seizures and tonic–clonic seizures every

6 months. Despite mild cognitive impairment, he was

able to complete college level courses online. At age

24 years, he required a wheelchair and 24-h support for

activities of daily living. From age 25 to 26 years, he had

multiple hospitalizations for aspiration pneumonia. He

died at age 26 years due to respiratory failure. Sanger

sequencing of ASAH1 identified the splicing variants

c.125 + 1G > A and c.456A > C (Table 1).

Patient 3 is an 11-year-old female with a background

history of sickle cell disease who presented at age 5 years

with early-onset, progressive weakness. A maternal half-

brother had died at age 9 years, with a diagnosis of a

“spinal muscular atrophy-like illness” associated with sei-

zures that had manifested initially with weakness at

2.5 years of age. Her first reported symptom, at age

2 years, was muscle weakness that caused falls and diffi-

culty climbing stairs (Table 1). Neurological examination

at age 5 years revealed age-appropriate speech and cogni-

tive function. She had tongue fasciculations and limb-

girdle weakness with milder distal limb weakness. Tendon

reflexes were normal in the arms and brisk in the legs

with bilateral ankle clonus. She had a waddling gait, and

Gowers’ sign was present. At age 6 years she developed

myoclonic seizures characterized by brief head drops. By

age 10 years progressive weakness led to impaired head

control, inability to lift her arms above shoulder-height,

and loss of independent ambulation. At age 10–11 years

her seizures worsened; she developed frequent seizures

with altered responsiveness, refractory to multiple medi-

cations (levetiracetam, valproic acid, lacosamide, peram-

panel) and regression of cognitive function. A

gastrostomy tube was inserted at age 11 years and initia-

tion of the ketogenic diet led to subsequent improvement

in seizure frequency and duration, although multiple daily

myoclonic seizures persisted. Exome sequencing at age

5 years identified a homozygous pathogenic variant in

ASAH1, c.125C > T, p.(Thr42Met) (Table 1).

Patient 4 was a 19-year-old male, briefly reported by

Courage et al,24 who first presented at age 3–4 years with

speech delay (Table 1). He was found to have mild to

moderate high frequency bilateral sensorineural hearing

loss. Otherwise, his perinatal and early childhood medical

and developmental history were normal. There were no

significant concerns about his cognition though parents

reflected post-diagnosis that he had lost some specific

skills during childhood (for example, the ability to read

the hands of a clock). At age 10 years, he presented with

“muscle twitching” and was initially diagnosed with a tic

disorder. The abnormal movements progressed in fre-

quency (up to once every 30 s) and included head drops.

An EEG at age 12 years demonstrated frequent general-

ized epileptiform activity with an occipital emphasis,

marked photosensitivity, and revealed the ‘twitches’ to be

myoclonic jerks, leading to a diagnosis of progressive

myoclonic epilepsy. He remained active in sports until

age 15 years when leg weakness prevented athletic activi-

ties. Subsequent motor deterioration was rapid. He

became fully wheelchair-dependent by age 16 years due to

progressive proximal weakness and frequent falls, and

developed recurrent tonic–clonic seizures at that age.

Speech became slurred and, at age 18 years, he lost the

ability to speak, coincident with onset of hallucinations

and clear cognitive decline. Due to progressive weight loss

and concerns for choking, and recurrent respiratory infec-

tions, a gastrostomy tube was inserted at age 18 years and

he required night-time non-invasive ventilation. His sei-

zure burden became increasingly severe and he died at
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age 19 years due to status epilepticus. Exome sequencing

identified the ASAH1 variant, c.918-2A > G that is sus-

pected to impact splicing, and the known splicing variant,

c.456A > C (Table 1).

Patient 5 is a 10-year-old female who first presented at

age 3 years with frequent falls (Table 1). At age 4 years,

episodes progressed to include head drops. EEG showed

generalized spike–wave epileptic discharges with central-

parietal predominance. Brain MRI was normal and a

metabolic work up was non-diagnostic. At age 5.5 years,

seizures occurred several times per day with tonic exten-

sion of upper limbs followed by a cry and expression of

fear. On examination, she had tongue fasciculations, ver-

tical downgaze palsy, distal myoclonus of the limbs, lower

limb hyperreflexia, and muscle weakness. A second brain

MRI at age 6 years revealed generalized cerebral atrophy.

At age 6.5 years she presented with myoclonic seizures

and suspected lower motor neuron disease. Exome analy-

sis revealed a paternally inherited heterozygous variant

c.109C > A, p.(Pro37Thr) in ASAH1. A second variant

was not identified at that time. An EMG confirmed neu-

ronopathy and enzyme activity of AC was significantly

reduced in leukocytes (Table 3), confirming the diagnosis

of SMA-PME. At last follow-up at age 10 years, she had

significant muscle weakness, ptosis, and moderate sen-

sorineuronal hearing loss. Her memory and cognition

were preserved. She continued to experience 20–50 sei-

zures per day with short myoclonic jerks, head drop, and

episodes of behavioral arrest, refractory to multiple medi-

cations. Sequencing of ASAH1 performed by the Care4R-

are Canada Consortium subsequently identified a second,

maternally inherited variant in ASAH1, c.410_411del,

p.(Tyr137*) (Table 1).
Patient 6 is a 14-year-old typically developing female

who first presented at age 13 years with abnormal jerking

movements of her legs and arms. (Table 1; Table S1). Her

prior medical history was unremarkable and she was ini-

tially diagnosed with tics by her primary physician. Neu-

rologic examination demonstrated decreased muscle bulk

and hyporeflexia in the upper extremities, and bursts of

upper limb myoclonus. A brain MRI and nerve conduc-

tion study were both normal. An EEG demonstrated poly-

spike and wave discharges and multiple episodes of

epileptic myoclonus, and she was diagnosed with juvenile

myoclonic epilepsy. Treatment with levetiracetam was ini-

tiated, with a good response. An epilepsy next-generation

sequencing panel revealed two pathogenic variants in

ASAH1, c.186G > A, p.(Trp62*) and the splicing variant

c.456A > C, each inherited from an unaffected carrier

parent (Table 1). EMG subsequently demonstrated

chronic neurogenic changes of proximal and bulbar mus-

cles. Audiology evaluation revealed sensorineural hearing

loss, which was asymptomatic. Two of her three siblings

have also inherited both pathogenic variants. At ages 13

and 11 years, both siblings are typically developing and

asymptomatic, but did have evidence of high frequency

hearing loss on audiology screening.

Clinical features of the 6 patients indicate a well-

defined spectrum but broad phenotypic variability in

terms of age at onset, individual symptom severity and

outcome (Table 1; Table S1). Consistently observed fea-

tures were: gradually progressive proximal limb weakness

due to lower motor neuron involvement, myoclonic sei-

zures, and persistent myoclonus that worsened with

action and was typically most evident in the arms and

hands. In all patients, symptom onset was in childhood–
adolescence (age 2–13 years) but initial symptoms were

variable with weakness (n = 1), subtle cognitive dysfunc-

tion (n = 1), seizures (n = 2), or sensorineural hearing

loss (n = 2). Loss of ambulation due to progressive weak-

ness occurred during the second decade of life in 3 cases;

two patients became unable to walk before age 10 years,

and another had seizures only. Cognitive decline became

apparent during the course of the disease for patients 1–
4. Cervical and foot dystonia, not previously reported as

manifestations of SMA-PME,19 were uniquely observed in

patient 1.

Five of the six patients had previously reported patho-

genic variants (Table 2).3,5–19 Patient 3 was homozygous

for the most frequent SMA-PME variant, c.125C > T

p.(Thr42Met). Alterations at the same codon at

c.124A > G p.(Thr42Ala) and the adjacent nucleotide

(c.125 + 1) in Patients 1 and 2, respectively, suggest that

this is an important locus for SMA-PME. Another recur-

rent variant, c.456A > C, was observed in patients 2, 4,

and 6. The splice variant within intron 11 (c.918-2A > G)

was previously reported in Patient 4, and in a patient

with a mixed presentation of SMA and Farber disease.24,34

The c.410_11del p.(Tyr137*) variant in Patient 5 was pre-

viously reported in a patient with SMA without epilepsy

who later developed systemic features of FD17. Two

entirely novel variants were identified: ASAH1,

c.109C > A, p.(Pro37Thr) (in Patient 5), and ASAH1,

c.186G > A, p.(Trp62*) (in Patient 6) (Table 1).

Literature review and phenotype:genotype
correlations

We analyzed these genotypes and natural histories

together with the 24 cases of SMA-PME previously

reported in the literature from 19 families3,5–17 (Table 2;

Table S1). While the overall number of reported patients

are few, there is some evidence of a genotype:phenotype

correlation for specific recurrent variants that have been

observed in at least 3 families (Table 2). Patients who

were homozygous for the most common variant,
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c.125C > T p.(Thr42Met) (n = 11, including Patient 3 in

the current report), typically developed weakness in the

first decade of life as the initial symptom, with one excep-

tion of a patient whose initial symptom was tremor

(Table 2; Table S1). The splicing variant c.456A > C was

associated with sensorineural hearing loss in 6 of 7

patients with this variant, including 3 of the patients in

this series. It was the initial symptom in Patients 2 and 4,

and was detected after diagnosis on audiology assessment

in patient 6. Initial symptoms were variable in this group

(Table 2). A recurrent c.124A > G p.(Thr42Ala) variant

was detected in four patients, three of whom did not

develop seizures at all by ages 17, 30, and 45 years,

respectively (Table 2; Table S1). Reported clinical features

in the fourth group without any recurrent variant

(Table 2) were variable, with myoclonus or tremor in

only 50%, although the small numbers preclude statistical

comparison.

hAC processing, activity, and function

Human AC enzyme levels were assessed by immunoblot-

ting of lysates extracted from fibroblasts derived from

patients 1, 2, and 4. In all three patients, levels of the beta

subunit (40 kDa) were reduced and levels of the alpha

subunit were barely detectable compared to unrelated age

and sex-matched controls (Fig. 1). Cellular AC activity

was assessed in leukocytes from patients 1, 2, 3, and 5.

Activity ranged from 4.1% to 13.1% compared to either

unaffected carrier parents or unrelated controls (Table 3).

AC function was further assessed in fibroblasts from

patients 1, 2, 4, and 5 by directly quantifying cellular cer-

amide content by LC-ESI-MS/MS. Total cellular ceramide

content was significantly elevated in each patient confirm-

ing loss of AC function and thus pathogenicity of the

ASAH1 variants (Fig. 2A–D, left panel). In total, 18 differ-

ent ceramide species with a d18:1 sphingosine backbone

were detected. Abundances of 11 species were significantly

elevated in patient 1 (Fig. 2A, right panel). All species

were significantly elevated in patients 2, 4, and 5 regard-

less of N-acyl chain length or degree of unsaturation

(Fig. 2B–D, right panel).

Rescue of the cellular phenotype by rhAC

To assess whether enzyme replacement could normalize

cellular ceramide levels in SMA-PME cells, dermal fibrob-

lasts cultures from patients 1, 2, and 4 were treated for 0,

24, and 48 h with wild-type rhAC (10 lg/mL) (Fig. 3).

Administration of rhAC significantly reduced total cera-

mide abundance (Fig. 3A). Assessment of the rate of

change in activity indicated that 58 h of treatment would

Table 2. Clinical characteristics by ASAH1 genotype

Homozygous or

compound heterozygous

for most frequent variant,

c.125C>T p.(Thr42Met) Carriers of c.456A>C

Carriers of

c.124A>G p.(Thr42Ala)

Remaining

genotypes

Number of patients 13 (11 homozygous) 7 4 (2 homozygous) 6

Age of onset – mean (range) 4.8 y (2–10 y) 6.7 y (3–13 y) 5.7 y (3–7 y) 3.2 y (0.8–8 y)

Initial symptom

Weakness Y (12/13) Y (2/7) Y (3/4) Y (4/6)

Seizures N Y (2/7) N Y (2/6)

Myoclonus Y (1/13) Y (3/7) N Y (1/6)

Sensorineural hearing loss N Y (2/7) N N

Learning/developmental difficulties N Y (1/7) Y (1/4) N

Clinical features during disease course

Weakness Y (13/13) Y (6/7) Y (4/4) Y (6/6)

Time from weakness onset

to loss of ambulation

9.8 y (6–13 y; N = 6) 9.8 y (1–15 y, N = 4) 4.0 years (N = 1)

3 patients remained

ambulatory into

adulthood

9.0 y (N=1)

Seizures Y (13/13) Y (7/7) Y (1/4) Y (5/6)

Onset age of seizures 8.0 y (3–12 y; N = 13) 11.5 y (8–15 y, N=6) 9 y (N = 1) 4 y (3 and 5 y;

N = 2)

Myoclonus Y (13/13) Y (7/7) Y (2/4) Y (3/6)

Hearing loss NR (0/13) Y (6/7) NR (0/4) Y (1/6)

Age at death 16.5 y (13–19 y; N = 4) 20.7 y (17–26 y; N = 3) None have died None have died

Mixed (FD) clinical course N N Y (N = 1) Y (N=1)

Y, yes; N, No; NR, not reported.
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be required to completely correct ceramide levels in vitro

(Fig. 3B).

Discussion

SMA-PME remains an ultra-rare condition that now

encompasses 30 reported patients with molecularly con-

firmed variation in ASAH1. Our series of 6 patients from

different families, examined in the context of the 24 pre-

viously reported patients, illustrate the significant variabil-

ity of symptom onset and progression of SMA-PME.

Initial symptoms include weakness due to motor neuron

disease, seizures, or myoclonus. These features, which

may vary in the order of onset, constitute the core clinical

features of this condition. The small-amplitude, twitchy

movements of cortical myoclonus may mimic tremor,

especially in the hands. This may explain the description

of tremor in several previously reported cases (Table S1).

In addition, sensorineural hearing loss was the presenting

symptom in two of our patients, who both carried the

c.456A > C variant.

The disease course of our 6 patients illustrate the clini-

cal spectrum of this disorder, from which certain patterns

of genotype:phenotype correlation emerge. (Table 2;

Table S1). First, individuals who are homozygous for the

common recurrent c.125C > T variant characteristically

present with proximal limb weakness during early child-

hood (between ages 2 and 6 years in all but one patient),

followed within a few years by the development of sei-

zures, and progressive motor and cognitive functional

decline thereafter. The time from symptom onset to loss

of the ability to walk ranged from 6 to 13 years in those

reported, and the age of death was typically in the teen

years. However, it should be emphasized that some indi-

viduals continued to walk independently and survived

into their late teens and early 20s. Second, the recurrent

heterozygous c.456A > C variant was associated with sen-

sorineural hearing loss in 6 of 7 reported patients (3 in

this series and 3 in the literature).5,8,11,24 Hearing loss was

the first symptom in 2 of our patients, presenting years

before the onset of either seizures or weakness. The hear-

ing of the last patient with this variant was not described

in the report describing their symptoms.7 Five of these

seven patients experienced a later onset of seizures and

weakness than patients homozygous for ASAH1,

c.125C > T, p.(Thr42Met), manifesting during the second

decade of life. Further study will be required for definitive

conclusions regarding any genotype:phenotype correla-

tion.

There are only 6 patients who do not carry at least one

copy of the recurrent variants, and they show a higher

degree of symptom variability than those with the recur-

rent variants (Table S1). For example, 2 siblings homozy-

gous for c.1078A > G experienced onset of weakness at

age 10 months,15 which is the youngest age of onset

reported. Another patient without a recurrent variant car-

ries a homozygous change at c.1157G > A.15 This patient

had optic atrophy, not previously associated with SMA-

PME, in addition to weakness and seizures. Lastly, Patient

5 in the current series with a substitution at c.109C > A,

p.(Pro37Thr) and a small deletion at c.410_411del,

p.(Tyr137*) had an extremely early onset of intractable

seizures at age 3 years that occurred prior to onset of

weakness.

When we review the genotypes of the 24 reported cases

and the current 6 cases, it becomes apparent that 20/30

(66%) carry at least one copy of the recurrent variants
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Figure 1. Assessment of AC enzyme processing by immunoblotting.

Levels of the acid ceramidase b- and a-subunit are reduced compared

to controls in Patient #1, #2, and #4. Loading controls are stain-free

signal of total protein assessed using the PROTEAN TGX Stain-Free

system.

Table 3. Acid ceramidase activity in leukocytes (nmol/mg/hour)

Unrelated

control Patient Mother Father

Patient

% of

parent(s)

Patient

% of

control

Family 1 0.117 1.846 1.466 7.1 –

Family 2 – 0.110 1.551 1.331 7.6 –

Family 3 3.380 0.162 1.238 – 13.1 4.8

Family 5 0.225 4.919 6.039 4.1
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c.125C > T, p.(Thr42Met), and c.124A > G, p.(Thr42Ala)

or the immediately adjacent c.125 + 1 (thought to impact

the splice at the exon 2 boundary26). When the other

recurrent variant is considered (c.456A > C), 25/30

(83%) carry at least one of the variants at these two loci.

The c.456A > C variant does not induce a p.(Lys152Asn)

substitution, but rather alters exon splicing.5 The other 3

variants located near exon/intron boundaries

(c.125C > T, p.(Thr42Ala), c.124A > G, p.(Thr42Met)

and c.125 + 1) have not been assessed for their impact on

splicing in lymphocytes, and detection programs provide

mixed results. Ceramidase activity has been reported for

some, but not all, of the 24 cases in the litera-

ture3,5,8,10,13,14 and the activity was highly variable from

4.7% to 32% of controls. The enzyme activity of the four

cases reported here (4.1–13.1%) was consistent with pre-

vious reports.

Acid ceramidase deficiency may present with isolated

neurologic features (SMA-PME, predominant PME

alone,5 SMA alone10,14), isolated systemic features (forms

of FD,18 progressive osteolysis,22 familial keloid scars35),

or a combination.18 The development of systemic symp-

toms in adulthood following childhood-onset SMA has

been reported.16 The pathophysiological mechanisms that
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Figure 2. Molecular profiling by LC-ESI-MS/MS of fibroblast ceramides. Levels of the individual profiled ceramide species in controls and in (A)

Patient #1, (B) Patient #2, (C) Patient #4, and (D) Patient #5. Data represents mean abundance (pmol/1E6 cells) � SEM. In control cultures, data

represent n = 3–4 cultures from two different control (wild-type) biopsies. In patient cultures, data are n = 4 cultures from the same patient.

Statistics are multiple unpaired t-tests with Welch t-test correction and false detection rate of 1% according to Benjamini, Krieger, and Yeukuteli.

**q < 0.01.
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underlie this phenotypic variability are not yet under-

stood. Residual AC activity, while overall reduced in the

ASAH1 disease spectrum, does not correlate, entirely, with

either SMA-PME or FD. Pathogenic variants in the alpha

and beta subunit of the enzyme also appear to occur in

both disorders so an obvious effect of the protein subunit

is not apparent. There are recurrent variants observed in

Farber disease alone (c.998G > A, c.505T > C) as well as

the previously mentioned recurrent variants in SMA-PME

(c.125C > T, c.124A > G, c.456A > C). Importantly, the

only published variants shared in both disorders are

c.918-2A > G and c.410_411del, each observed in one

patient in this series (Patients 4 and 5, respectively) and

in one other individual with a mixed presentation of

SMA and FD.17,34 This highlights the potential impor-

tance of the patients’ genotype in predicting the clinical

manifestations and disease course. Increasing knowledge

of the biology of AC, particularly its catalytic mechanism

and the importance of specific amino acid residues for its

activation and function, should lead to improved under-

standing of how the dysfunction can result in such dis-

parate presentations. The use of mass spectrometry to

characterize the metabolomic signature in patients is a

key means of understanding how phenotypes may be sim-

ilar or differ from one another in a predictive fashion.

Management of SMA-PME is supportive and multidis-

ciplinary with no curative treatments available. Alayoubi

et al. generated a mouse model of systemic AC deficiency,

and it has been shown that AC enzyme replacement (ei-

ther by direct injection or gene therapy with a lentivirus

vector) leads to reduced cellular infiltrations, reduced cer-

amide in target tissues, and increased lifespans in Farber

mice.30,36 Hematopoietic stem cell transplant has resulted

in a resolution of the peripheral symptoms in some Far-

ber patients, which is also a promising indication of the

potential of enzyme replacement in human patients, but

there does not appear to be an effect on CNS symp-

toms.37
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Figure 3. Loss of ASAH1 function in fibroblasts of patient#1, #2, and #4 can be rescued by treatment with rhAC. (A) Total ceramide levels,

quantified by LC-ESI-MS/MS, are significantly increased in fibroblasts cultures of SMA-PME patients relative to control (wild-type ASAH1). Treat-

ment for 48 h with wild-type rhAC (10 lg/mL) normalizes ceramide levels. Levels in all rhAC-treated cultures were comparable to control levels

and significantly lower than in untreated cultures. Data represents mean � SEM. In control cultures, data represent n = 3–4 replicate cultures

from four different control (wild-type) biopsies. Note the controls compared to patient#1 and patient#2 are fibroblast cultures from a 26-year-old

male and a 9-year-old female; controls compared to patient#4 were fibroblasts from a 6 year old male and a 7 year old male. In patient cultures,

n = 4 replicate cultures from the same patient. Statistics are one-way ANOVA. ***p < 0.001, post-hoc Holm-�Sid�ak correction for multiple compar-

isons. (B) The time required to correct ceramide levels in patient fibroblasts was determined by establishing the rate of change in percent activity

at 0, 24, and 48 h following treatment with rhAC relative to all controls and performing linear regression. 58 h of treatment with 10 ug/ml rhAC

would be required to normalize fully ceramide content in vitro.
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Our study is the first preclinical study to demonstrate

the effects of recombinant enzyme replacement (currently

in development as ACG-801) in cells from patients with

an SMA-PME phenotype resulting from acid ceramidase

deficiency, including demonstration that the ceramide

accumulation in cultured fibroblasts can be rescued by

treatment with rhAC. This has been performed with suc-

cess in a mouse model of Farber disease.30 Our work rep-

resents a preliminary study that requires replication and

further preclinical study but does point to restoration of

homeostasis by administration of wild-type enzyme over

time. It is reasonable to expect that delivery of rhAC into

the central nervous system will be required to be effective

as a treatment for neurologic manifestations of AC defi-

ciency although this will represent a significant obstacle

to overcome given the enzyme’s inability to cross the

blood–brain barrier. The therapeutic window of opportu-

nity to halt or even potentially reverse clinical progression

in SMA-PME also remains to be determined.
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