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ARTICLE OPEN ACCESS
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Abstract
Background and Objectives
Putative loss-of-function (pLOF) ABCA7 variants that increase Alzheimer disease (AD) risk
were identified; however, deep phenotypic characterization of these variants in mutation car-
riers is limited. We aimed to obtain deep clinical phenotypes of ABCA7 pLOFmutation carriers
from a large retrospectively reviewed series.

Methods
Genotypes were determined for 5,353 individuals evaluated at Mayo Clinic for 6 reported
ABCA7 pLOF variants (p.E709fs, p.Trp1214X, p.L1403fs, c.4416+2T>G, p.E1679X, and
c.5570+5G>C). Medical records of 100 mutation carriers were reviewed for demographics,
clinical phenotypes, and diagnoses. Eleven mutation carriers had autopsy-based neuropatho-
logic diagnoses.

Results
We confirmed that ABCA7 pLOF mutations confer AD risk in our series of 2,495 participants
with AD and 2,858 cognitively unaffected participants. Clinical review of 100 mutation carriers
demonstrated phenotypic variability of clinical presentations with both memory and non-
memory cognitive impairment and a subset presenting withmotor symptoms. There was a wide
range of age at onset of cognitive symptoms (ages 56–92 years, mean = 75.6). Ten of the 11
autopsied mutation carriers had AD neuropathology. ABCA7 pLOF mutation carriers had
higher rates of depression (41.6%) and first-degree relatives with cognitive impairment (38.1%)
compared with the general population.

Discussion
Our study provides a deep clinical review of phenotypic characteristics of mutation carriers
for 6 ABCA7 pLOF mutations. Although memory impairment was the most common initial
symptom, nonmemory cognitive and/or motor symptoms were present in a substantial
number of mutation carriers, highlighting the heterogeneity of clinical features associated
with these mutations. Likewise, although AD neuropathology is the most common, it is not
the only autopsy-based diagnosis. Presence of earlier ages at onset, higher rates of depression,
and first-degree relatives with cognitive impairment among mutation carriers suggest that
these genetic variants may have more aggressive clinical features than AD in the general
population. This deep phenotyping study of ABCA7 pLOF mutation carriers provides es-
sential genotype-phenotype correlations for future precision medicine approaches in the
clinical setting.

From the Department of Neurology (A.S.C., S.R.O., N.R.G.-R., N.E.-T.), and Department of Neuroscience (C.C.G.H., M. Atık, M. Allen, S.L., K.M., T.N., S.R.O., M.C., O.C., S.S., D.W.D., N.E.-
T.), Mayo Clinic, Jacksonville, FL; and Department of Neurology (R.C.P.), Mayo Clinic, Rochester, MN.

Go to Neurology.org/NG for full disclosures. Funding information is provided at the end of the article.

The Article Processing Charge was funded by the NIH.

This is an open access article distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivatives License 4.0 (CC BY-NC-ND), which permits downloading
and sharing the work provided it is properly cited. The work cannot be changed in any way or used commercially without permission from the journal.

Copyright © 2022 The Author(s). Published by Wolters Kluwer Health, Inc. on behalf of the American Academy of Neurology. 1
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In the past decade, genome-wide association studies have led to
the discovery of over 25 susceptibility loci for late-onset Alz-
heimer disease (AD).1,2 Rare, putative loss-of-function (pLOF)
mutations that confer AD risk were observed inABCA73–12 and
common AD risk variants.1,2,13 ATP-binding cassette, sub-
family A, member 7 (ABCA7) is a transporter protein coded by
the ABCA7 gene on chromosome 19p13.3 with high expres-
sion both peripherally and centrally in hippocampal CA1
neurons and glial cells in the brain. ABCA7 plays an important
role in brain lipid homeostasis, amyloid precursor protein
(APP) processing, and macrophage-mediated phagocytosis,
and it is believed to have a protective role against AD.14,15

Although exact pathogenic mechanisms of ABCA7 mutations
in AD are not entirely clear, experimental models have shown
that deficiency of ABCA7 can trigger the amyloid cascade
through multiple mechanisms including defective lipid me-
tabolism, promoting APP processing thereby accelerating
amyloid-beta deposition, and disrupting the phagocytic clear-
ance roles of the microglial network.16

A genetic study in an Icelandic population of 3,419 individuals
with AD and 151,805 controls discovered that rare ABCA7
variants, predicted to introduce a premature stop codon and
result in reduced protein levels, were associated with AD risk
independent of APOE.10 Follow-up studies confirmed these
risk associations across multiple cohorts from Europe and the
United States.5,8,10,11 Our group investigated the downstream
effects of 3 of the most common ABCA7 pLOF mutations
(E709fs, L1403fs, and c.5570+5G>C) to determine whether
lower messenger RNA (mRNA) and protein levels were in-
deed observed as predicted. The results demonstrated a lack
of correlation between brain ABCA7 mRNA and protein
levels, challenging the theory of loss of mRNA and protein as
the primary pathogenic mechanism for all pLOF variants.11

Another study also identified transcribed mRNA for 7 pLOF
mutations,7 including the 3 we reported,11 and the presence of
alternative transcripts for some mutation carriers, raising the
possibility of a rescue from potential nonsense-mediated de-
cay due to these mutations.

Despite numerous genetic studies on ABCA7 mutations and
their role in AD, there remains a gap in the literature of in-depth
clinical reviews of mutation carriers. To our knowledge, the
largest series of ABCA7 mutation carriers with clinical pheno-
typing comprised 22 individuals from a Belgian Alzheimer dis-
ease patient cohort,17 4 of whom also had autopsy evaluation.

This study described onset age, presenting symptoms, clinical
diagnosis, and, where available, imaging data from carriers of 7
types of mutations, where 15 individuals with p.E709fs and 2
with c.67-1G>A (p.0) were evaluated, with the remaining mu-
tations described each in 1 patient (p.V541fs, p.W1214*,
p.Q1401fs, p.R1564*, and p.A2045fs). This17 and other smaller
studies of ABCA7 mutation carriers5,18 revealed variability in
phenotypes, with clinical AD being the most common diagnosis,
in addition to Parkinson disease (PD).18 We reported the
identification of 12 carriers for 5ABCA7 pLOFmutation types in
an autopsy cohort of 381 patients with non-AD pathologies.11

These non-AD mutation carriers had pathologic diagnoses of
progressive supranuclear palsy (PSP), vascular dementia (VaD),
diffuse Lewy body disease (DLBD), and pathologic aging (PA)
with argyrophilic grain disease (AGD), in addition to 45 muta-
tion carriers with AD assessed in the same study.11

Collectively, these studies suggest clinical and pathologic
phenotypic variability for ABCA7 mutation carriers; however,
deep phenotyping of ABCA7 mutation carriers in sizable co-
horts is lacking due to the rarity of these mutations in well-
characterized clinical cohorts. In this study, we aimed to bridge
this knowledge gap: first, by the discovery of mutation car-
riers through genotyping of 5,353 participants to screen 6
ABCA7 pLOF variants3,5,10,11 (p.Trp1214X [rs201060968],
p.L1403fs, c.4416+2T>G [rs113809142], p.E1679X, p.E709fs,
and c.5570+5G>C [rs200538373]), followed by a retrospec-
tive chart review of 100 identified mutation carriers for deep
clinical phenotyping. Our study provides in-depth clinical
phenotyping in this large series of clinical participants that is
expected to guide current care and future precision medicine
approaches in the clinical setting.

Methods
Participants
This study included 5,375 individuals, 2,889 of whom had
been included in our prior study,11 and 2,486 new participants
were genotyped to expand the cohort. These 5,375 individuals
were recruited through Mayo Clinic, Jacksonville, FL (JS),
Rochester, MN (RS), or from the Mayo Clinic Brain Bank
(AUT) and genotyped for the 6 ABCA7 pLOF variants
(p.Trp1214X [rs201060968], p.L1403fs, c.4416+2T>G
[rs113809142], p.E1679X, p.E709fs, and c.5570+5G>C
[rs200538373]) previously evaluated by us11 and others.3,5,10

Glossary
ABCA7 = ATP-binding cassette, subfamily A, member 7; AD = Alzheimer disease; AGD = argyrophilic grain disease; APP =
amyloid precursor protein; AUT = autopsy-confirmed participants; CBS = corticobasal syndrome;DLBD = diffuse Lewy body
disease; FTD = frontotemporal dementia; JS = clinical participants from Mayo Clinic, Jacksonville, FL;MCI = mild cognitive
impairment;mRNA =messenger RNA;OR = odds ratio; PA = pathologic aging; PD = Parkinson disease; pLOF = putative loss
of function; PPA = primary progressive aphasia; PSP = progressive supranuclear palsy; QC = quality control; RS = clinical
participants from Mayo Clinic, Rochester, MN..
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Following genotype quality control (QC), a total of 5,353 par-
ticipants were retained for genetic analysis comprising 1,179
participants with autopsy-confirmed AD, 1,316 participants with
clinically diagnosed AD, and 2,858 clinically diagnosed control
participants. Clinical or neuropathologic diagnosis of possible/
probable or definite AD, respectively, was given according to
NINCDS-ADRDA criteria.19 One hundred individuals who
were mutation carriers and who also had clinical records were
evaluated further for their clinical characteristics by retrospective
chart review. Informed consent and approval by theMayo Clinic
Institutional Review Board were obtained for all participants.

Standard Protocol Approvals, Registrations,
and Patient Consents
Written informed patient consent and approval by the Mayo
Clinic Institutional Review Board were obtained.

Genotyping
Genotyping of ABCA7 pLOF mutations examined in our prior
study was performed as previously described11 using Custom
TaqMan SNP assays (Applied Biosystems, Foster City, CA) for
5 of the variants. Genotypes were analyzed on ABI Prism 7900
Detection System using SDS version 2.2.2 software (Applied
Biosystems). For p.E709fs, the presence of the 7bp deletion was
identified by generation of fluorescently labeled PCR products
and assessed using the ABI3730xl Genetic Analyzer (Applied
Biosystems) and GeneMapper Software 5.0 (Applied Bio-
systems). All ABCA7 pLOF mutations identified were validated
by sequence analysis as described previously11 with the exception
of rs20053873 (c.5570+5G>C), in which confirmation used
PCR primer sequences for exon 41 (forward sequence:
ctggggcctcactgagcacc; reverse sequence: gggcctggtccgcgtgtggg).
PCR products and sequencing reactions were purified and ran
using the Agencourt AMPure system (Beckman Coulter, Brea,

CA) and BigDye Terminator v3.1 Cycle Sequencing Kit (Ap-
plied Biosystems) and Agencourt CleanSEQ (Beckman Coul-
ter) and ABI3730xl Genetic Analyzer (Applied Biosystems),
respectively. Sequence analysis was performed using Sequencher
4.8 software (Gene Codes Corporation, Ann Arbor, MI).

GeneticQuality Control andAssociationAnalyses
Following genotyping, additional QC steps were performed. In-
dividuals who were (1) not of non-Hispanic White descent or of
unknown race, (2) not diagnosed as AD or control, or (3) have
an age of death (autopsy AD), age at first AD diagnosis (clinical
AD), or age at last diagnosis (clinical control) that was less than
60 years were excluded from the genetic association analyses for
late-onset AD risk. For the purposes of the clinical review de-
scribed in next section, we included such participants to capture
the full spectrum of race, age, and diagnoses for clinical pheno-
typing. Any individuals withmissingAPOE genotypes or sex were
excluded from further genetic or clinical analyses. The resulting
cohort comprising 2,495 participants with AD and 2,858 control
participants was used for genetic association analyses. AD risk
associations were tested for each of the 6ABCA7 pLOFmutation
individually and also in aggregate, within each series (JS, RS, and
AUT) and in all series combined, using 2-sided Fisher exact tests
or in an APOEe4 adjusted or unadjusted logistic regression
models. All statistical analyses were performed using StatsDirect
(version 3.3.4) or R statistical software (version 4.0.2).

Clinical Review
The medical records of 100 ABCA7 mutation carriers were
retrospectively reviewed while blinded to the mutation variant
of participants. Of these, 62 were seen by neurologists and 29
by internal or family medicine physicians at Mayo Clinic in
Rochester, MN, or Jacksonville, FL. Nine patients, who did not
have detailed clinical records, but had sex, age at first visit, and

Table 1 Genetic Association Study Participant Demographics

Series Diagnosis N Age, mean ± SD Female, n (%) APOE «4+, n (%)

AUT AD 1,179 81.47 ± 8.70 689 (58) 724 (61)

JS AD 761 75.83 ± 6.29 477 (63) 506 (66)

Control 869 80.05 ± 6.74 492 (57) 219 (25)

All 1,630 78.08 ± 6.86 969 (59) 725 (44)

RS AD 555 80.95 ± 7.90 325 (59) 277 (50)

Control 1,989 82.20 ± 5.91 1,075 (54) 453 (23)

All 2,544 81.92 ± 6.41 1,400 (55) 730 (29)

Combined AD 2,495 79.63 ± 8.25 1,491 (60) 1,507 (60)

Control 2,858 81.54 ± 6.25 1,567 (55) 672 (24)

All 5,353 80.65 ± 7.31 3,058 (57) 2,179 (41)

Abbreviations: AD = Alzheimer disease; AUT = autopsy-confirmed participants; control = cognitively unimpaired controls; JS = clinical participants fromMayo
Clinic Jacksonville, FL; RS = clinical participants from Mayo Clinic Rochester, MN; N = number of participants.
Sample demographics for 5,353 postquality control participants included in the genetic association analyses. Mean age (SD) was calculated based on the age
at death for AUT, age at first AD diagnosis for RS and JS AD patients, and age at last diagnosis for JS and RS controls.
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Table 2 Association of ABCA7 pLOF Mutations With Alzheimer Disease Risk

Variant Maj/Min Chr19 position (hg19) rs number

All AD (N = 2,495) All CON (N = 2,858) AUT AD (N = 1,179) JS AD (N = 761) JS CON (N = 869) RS AD (N = 555) RS CON (N = 1,989)

N n % MAF N n % MAF N n % MAF N n % MAF N n % MAF N n % MAF N n % MAF

p.E1679X G/T 1,058,154 NA 2,443 1 0.020 2,813 0 0.000 1,163 1 0.043 734 0 0.000 858 0 0.000 546 0 0.000 1,955 0 0.000

p.L1403fs T/del 1,055,907 NA 2,487 14 0.281 2,846 7 0.123 1,177 6 0.255 758 4 0.264 864 1 0.058 552 4 0.362 1,982 6 0.151

c.4416+2T>G T/G 1,056,244 rs113809142 2,483 3 0.060 2,845 1 0.018 1,172 1 0.043 759 2 0.132 864 1 0.058 552 0 0.000 1,981 0 0.000

c.5570+5G>C G/C 1,061,892 rs200538373 2,463 40 0.812 2,823 20 0.354 1,170 15 0.641 746 13 0.871 848 5 0.295 547 12 1.097 1,975 15 0.380

p.Trp1214X A/G 1,054,256 rs201060968 2,454 2 0.041 2,826 1 0.018 1,168 1 0.043 741 1 0.067 851 0 0.000 545 0 0.000 1,975 1 0.025

p.E709fs GGAGCAG/del 1,047,508–1,047,514 NA 2,303 18 0.391 2,641 9 0.170 1,170 12 0.513 588 3 0.255 736 3 0.204 545 3 0.275 1,905 6 0.157

Collapsed 2,495 78 1.563 2,858 38 0.665 1,179 36 1.527 761 23 1.511 869 10 0.575 555 19 1.712 1,989 28 0.704

Fisher exact OR = 2.34 (1.43–3.81)
p = 4.13E-04a

OR = 2.68 (1.22–6.34)
p = 8.05E-03b

OR = 2.48 (1.30–4.65)
p = 3.70E-03c

OR = 2.39 (1.60–3.64)
p = 7.60E-06d

OR = 2.45 (1.53–3.92)
p = 8.55E-05e

Abbreviations: AD = Alzheimer disease; AUT = autopsy-confirmed participants; Chr19 position (hg19) = position in chromosome 19 based off hg19 build; CON = cognitively unimpaired controls; JS = clinical participants from
Mayo Clinic, Jacksonville, FL; MAF =minor allele frequency; Maj/Min =major/minor allele; n = number of mutation carriers; N = number of participants; NA = not available; OR = odds ratio; pLOF = putative loss of function; RS =
clinical participants from Mayo Clinic, Rochester, MN.
Mutation annotation and frequencies split by diagnosis and recruitment site are described. Fisher exact 2-sided tests showing AD association for the collapsed mutation counts between groups are displayed. Difference in N
across variants is due to failed genotyping. Results are shown for the analyses as follows: aAUT AD vs all controls; bJS AD vs JS controls; cRS AD vs RS controls; dall AD vs all controls; and eJS + RS AD vs JS + RS controls.
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Table 3 ABCA7 pLOF Mutation Carrier Demographics

All (N = 100)
Cognitively impaired
(N = 67)

Cognitively unimpaired
(N = 33)

p.Trp1214X
(N = 4)

p.E1679X
(N = 1)

c.4416+2T>G
(N = 4)

c.5570+5G>C
(N = 48)

p.E709fs
(N = 24)

p.L1403fs
(N = 19)

Female, N (%) 62 (62) 43 (64.2) 19 (57.6) 2 (50) — 2 (50) 29 (60.4) 18 (75) 11 (57.9)

Age, mean ± SD (range)

First visit 76.78 ± 7.92 (56–95) 75.63 ± 8.23 (56–92) 79.12 ± 6.77 (62–95) 75.75 ± 11.18
(59–82)

76 78.75 ± 6.18
(72–87)

76.81 ± 7.71
(57–92)

76.63 ± 7.28
(59–86)

76.74 ± 9.65
(56–95)

Last visit 81.04 ± 8.68 (56–98)a 80.48 ± 9.04 (56–96)a 82.15 ± 7.93 (62–98) 79.5 ± 11.70
(62–86)

78 81.75 ± 6.18
(75–87)

81.04 ± 8.19
(62–94)

81.57 ± 7.59
(67–96)a

80.74 ± 11.58
(56–98)

Duration of follow-up, mean ± SD
(range)b

4.89 ± 4.77 (0–23) 5.26 ± 5.33 (0–23) 4.00 ± 2.99 (0–9) 4.00 ± 1.41 (2–5) 2 1.00 ± 1.41 (0–3) 4.84 ± 4.37 (0–17) 6.67 ± 6.53
(0–23)

4.41 ± 4.21
(0–15)

APOE «4 positive, N (%) 33 (33) 26 (38.8) 7 (21.2) 1 (25) 1 (100) — 16 (33.3) 6 (25) 9 (47.4)

Depression, n/N (%)c 37/89 (41.6) 29/63 (46.0) 8/26 (30.8) 3/4 (75) 1/1 (100) 2/4 (50) 16/45 (35.6) 8/20 (40) 7/15 (46.7)

First-degree relative, n/N (%)d 24/63 (38.1) 22/52 (42.3) 2/11 (18.2) 1/4 (25) 1/1 (100) 2/3 (66.7) 10/34 (29.4) 4/11 (36.4) 6/10 (60)

Abbreviations: N = number of participants; pLOF = putative loss of function.
Demographics for the 100 carriers of ABCA7 pLOF mutations who are included in the clinical chart review. Data are split by cognitively impaired and unimpaired participants, as well as by mutation type.
a Excludes 1 individual with missing data.
b Includes individuals with known follow-up durations.
c n = number of individuals with a history of depression, N = all individuals where depression history, whether present or absent, is available.
d n = number of individuals with a first-degree relative who is cognitively impaired, N = all individuals where first-degree relative history, whether present or absent, is available.
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APOE genotype data, were also included in the clinical review.
Ages at first and last visits with the neurologist were used for
mutation carriers diagnosed by a neurologist, and otherwise, ages
at first/last visits with the internal/family medicine physician
were used. Where available, presenting neurologic symptoms
were broadly categorized (amnestic, language, behavioral, par-
kinsonism, and unknown), and any nonmemory symptomswere
further cataloged (language, behavioral, parkinsonism, gait ab-
normalities, visuospatial, alien limb, unknown, or none).

Depression was noted for an individual if it was documented
in the medical record during any visit; however, it was not
specified if this diagnosis preceded or followed onset of
neurologic symptoms. A first-degree relative was defined as a
parent, sibling, or child. Clinical impairment was docu-
mented by such phrases: “history of memory problems,”
“cognitive impairment,” “Alzheimer disease,” or “dementia.”
Family history of other neurodegenerative disorders, such as
PD, was not recorded.

After clinical data were collected from the participants’medical
records, their mutation group was subsequently revealed for
analyses to determine descriptive statistics for the 6 mutations
and to perform comparisons with findings from the literature.

Data Availability
All data generated during this study are included in this
published article and its supplementary information files
(links.lww.com/NXG/A508). Original raw deidentified data
may be made available after a reasonable and well-justified
request to the corresponding author.

Results
Genetic Analysis
A total of 5,353 individuals were genotyped for 6 previously
reported ABCA7 pLOF variants and passed QC (Table 1 and
eTable 1, links.lww.com/NXG/A508)11 to conduct AD risk
associations. We previously assessed these 6 variants for

Table 4 ABCA7 pLOF Cognitively Impaired Mutation Carrier Clinical Features

All
(N = 67)

p.Trp1214X
(N = 3)

p.E1679X
(N = 1)

c.4416+2T>G
(N = 3)

c.5570+5G>C
(N = 33)

p.E709fs
(N = 15)

p.L1403fs
(N = 12)

Diagnosis, N (%)

AD 43 (64.2) 1 (33.3) — 2 (66.7) 26 (78.8) 9 (60) 5 (41.7)

MCI 10 (14.9) 1 (33.3) — — 3 (9.1) 4 (26.7) 2 (16.7)

Other 14 (20.9) 1 (33.3) 1 (100) 1 (33.3) 4 (12.1) 2 (13.3) 5 (41.7)

Presenting symptom, N
(%)

Amnestic 51 (76.1) 1 (33.3) — 2 (66.7) 27 (81.8) 12 (80) 9 (75)

Unknownd 9 (13.4) 1 (33.3) — — 5 (15.2) 2 (13.3) 1 (8.3)

Behavioral 3 (4.5) 1 (33.3) — — — 1 (6.7) 1 (8.3)

Parkinsonism 3 (4.5) — — 1 (100) 1 (3.0) — 1 (8.3)

Language 1 (1.5) — 1 (100) — — — —

Nonmemory symptom, N
(%)

None 36 (53.7) 2 (66.7) — 2 (66.7) 22 (66.7) 6 (40) 4 (33.3)

Unknown 11 (16.4) — — — 5 (15.2) 3 (20) 3 (25)

Behavioral 6 (9)a,b — — — 2 (6.1)a 2 (13.3) 2 (16.7)b

Language 5 (7.5)c — 1 (100) — — 3 (20) 1 (8.3)c

Parkinsonism 5 (7.5)b — — 1 (100) 2 (6.1) — 2 (16.7)b

Gait abnormalities 4 (6)c — — — 2 (6.1) — 2 (16.7)c

Visuospatial 3 (4.5)a,b — — — 1 (3)a 1 (6.7) 1 (8.3)b

Alien limb 1 (1.5) 1 (33.3) — — — —

Abbreviations: AD = Alzheimer disease; MCI = mild cognitive impairment; N = number of participants; pLOF = putative loss of function.
ABCA7 pLOF mutation carrier clinical features are shown for 67 cognitively impaired participants included in the clinical chart review. Data are shown for all
mutations combined and also for each mutation type. Three individuals with >1 nonmemory symptoms were included in counts for each corresponding
symptom: avisuospatial and behavioral; bvisuospatial, parkinsonism, and behavioral; clanguage and gait abnormalities; and dIncludes 2 individuals clinically
diagnosed with nonamnestic mild cognitive impairment.
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Table 5 ABCA7 pLOF Mutation Carrier Neuropathologic Features

Mutation Ethnicity Sex APOE

Age

Duration of follow-
up

Clinical Pathology

Onset
First
visit

Last
visit Death Diagnosis

Cognitively
impaired

Presenting
features

Nonmemory
symptoms Depression Diagnosis Braak

p.Trp1214X NHW M 33 54 59 62 64 4 CBS Yes Behavioral Alien limb Yes AD and LBD 6

c.5570+5G>C NHW M 33 N/A 83 83 84 0 NCI No Unknown Tremor No AD 4.5

c.5570+5G>C NHW M 33 57 60 65 65 5 AD Yes Amnestic None No AD and VaDis 6

c.5570+5G>C NHW F 33 73 75 82 84 7 AD Yes Amnestic Gait Yes AD, Fahr, and
VaDis

5.5

c.5570+5G>C AA F 34 73 77 77 78 0 AD Yes Amnestic None No AD, Fahr, and
VaDis

5

c.5570+5G>C NHW F 33 87 84 88 92 4 AD Yes Amnestic None No AD 5

p.E709fs NHW F 23 86 81 86 89 5 MCI Yes Amnestic None Yes AD and AGD 5

p.E709fs NHW M 33 70 78 83 84 5 PPA Yes Behavioral Language Yes AD and VaDis 5

p.E1679X NHW M 44 66 76 78 80 2 FTD Yes Language Language Yes AD and CVA 6

p.L1403fs NHW F 34 53 56 56 64 0 AD Yes Amnestic Behavioral Yes AD 6

c.4416+2T>G NHW F 33 78 78 87 87 1 PD; MCI Yes Parkinsonism Parkinsonism Yes VaDis 2.5

Abbreviations: AA =African American; AD =Alzheimer disease; AGD= argyrophilic grain disease; CBS = cortical basal syndrome; FTD = frontotemporal dementia; LBD= Lewy body disease;MCI =mild cognitive impairment; NCI =
no cognitive impairment; NHW = non-Hispanic White; PD = Parkinson disease; pLOF = putative loss of function; PPA = primary progressive aphasia; UNK = unknown; VaDis = vascular disease.
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association with risk for AD and other neurodegenerative
diseases in a cohort of 2,889 participants and explored their
impact on mRNA and protein levels in the brain.11 Here, we
have expanded the cohort to include an additional 2,486
participants and performed deep clinical phenotyping of mi-
nor allele carriers. Of these 5,353 participants, 116 (2.17%)
were carriers of at least 1 ABCA7mutation. The presence of at
least 1 of these mutations was significantly associated with AD
risk (odds ratio [OR] = 2.39, p = 7.60E-06), with 78 carriers of
2,495 participants with AD compared with 38 of 2,858 con-
trols (Table 2). This association persisted even when the
combined mutation counts for AD and control participants
were further split by recruitment site, clinical and autopsy
diagnosis (Table 2), and analysis was adjusted for APOEe4
tagging variant (rs429358) presence in a logistic regression
model (OR = 2.65, p = 4.11E-06).

Each mutation was also analyzed separately to elucidate the
underlying mutation driving AD association (eTable 2, links.
lww.com/NXG/A508). ABCA7 c.5570+5G>C mutation
conferred significant AD risk in the overall series (OR = 2.3, p
= 2.5 E-03) and in the subset of all clinically diagnosed par-
ticipants (OR = 2.8, p = 9.7 E-04), whether they were
recruited at Mayo Clinic in Jacksonville, FL (JS) (OR = 3.0, p
= 3.4 E-02), or Rochester, MN (RS) (OR = 2.9, p = 7.9 E-03).
Despite a trend for increased risk in participants with autopsy-
confirmed AD, the AD risk association for c.5570+5G>C did
not achieve statistical significance (OR = 1.8, p = 9.2 E-02).
ABCA7 p.E709fs was also significantly associated with risk in
the participants with autopsy-confirmed AD (OR = 3.0, p =
1.5 E-02). No other mutations had statistically significant
association with AD risk when tested individually.

Demographics and Clinical Characteristics
There were 100 mutation carriers with available clinical data.
Demographics and clinical characteristics are described in
Table 3. All participants were non-Hispanic White with the ex-
ception of 3 individuals who were African American (c.5570+5-
G>C), Asian (p.L1403fs), or Hispanic White (p.E709fs). The
majority of mutation carriers were female (62%). Based on
clinical review, 67 individuals were cognitively impaired, and 33
were cognitively unimpaired. The mean age at first visit was 76.8
years, with a wide age range of 56–95 years. Cognitively impaired
mutation carriers had a mean age at first visit of 75.6 (range:
56–92) years, and cognitively unimpaired had a mean age at first
visit at a later age of 79.1 (range: 62–95) years. Of 100 mutation
carriers, 87 had known duration of follow-up, and 63 of these had
greater than or equal to 2 years of follow-up (Table 3). APOE e4
was present in 26/67 (39%) of cognitively impaired individuals
compared with 7/33 (21%) of cognitively unimpaired.

There was information on history of memory problems in
first-degree relatives for 63 mutation carriers (Table 3). A
total of 38.1% (24/63) mutation carriers had a first-degree
relative with memory problems. The cognitively impaired
group had a substantially higher frequency of first-degree
relative with reported memory problems, 22/67 (42%),

compared with that for cognitively unimpaired mutation
carriers, 2/33 (18%). Frequency and age at onset of memory
problems are provided for the first-degree relative of each type
of mutation for the 63 carriers where these data were available
(eTable 3, links.lww.com/NXG/A508). As expected, the
highest numbers of first-degree relatives with memory prob-
lems were observed for carriers of the most common ABCA7
c.5570+5G>C mutation (10 first-degree relatives of 34 car-
riers with these data), followed by p.L1403fs (6 first-degree
relatives/10 carriers) and p.E709fs (4 first-degree relatives/11
carriers) mutations.

Information on depression was available for 89 of 100 mu-
tation carriers. Of these, 42% were diagnosed with depression.
Of the cognitively impaired group, 29/63 (46%) had de-
pression compared with 8/26 (31%) in the cognitively un-
impaired group.

The clinical phenotypic descriptions of cognitively impaired
mutation carriers are presented in Table 4. The clinical di-
agnoses of mutation carriers (n = 100) fell into the broad
categories of Alzheimer disease (n = 43), mild cognitive im-
pairment (MCI) (n = 10), cognitively unimpaired (n = 33),
and other (n = 14). The other category included 1 cortico-
basal syndrome (CBS), 1 frontotemporal dementia (FTD), 1
primary progressive aphasia (PPA), 2 posterior cortical atro-
phy, 1 PD with MCI, 3 dementia with Lewy bodies, 2 un-
specified dementia, and 3 VaD.

Of the 67 cognitively impaired mutation carriers, the ma-
jority presented with amnestic symptoms 51/67 (76%),
whereas 3/67 (4.5%) presented with parkinsonism, 3/67
(4.5%) behavioral disturbance, 1/67 (1.5%) language diffi-
culty, and 9/67 (13%) were unknown. There were 36/67
(54%) who displayed purely amnestic symptoms; however,
24/67 (36%) had additional nonmemory symptoms, in-
cluding 6/67 (9%) behavioral disturbances, 5/67 (7.5%)
language deficits, 5/67 (7.5%) parkinsonism, 4/67 (6%) gait
abnormalities, 3/67 (4.5%) visuospatial, and 1/67 (1.5%)
alien limb phenomenon. The remaining 11/67 (16.4%) were
unknown due to no further descriptive characteristics noted
in the medical record.

Mutation-specific demographics and phenotypes are pre-
sented in eTable 4 (links.lww.com/NXG/A508). Of the 6
mutations genotyped, observed carrier counts ranged from 1
to 48 in the individuals with available medical records, with
c.5570+5G>C (n = 48), p.E709fs (n = 24), and p.L1403fs (n
= 19) being the most common among these variants, as noted
in our previous cohort, and p.Trp1214X (n = 4), E1679X (n =
1), and c.4416+2T>G (n = 4) being rare. Across all 6 variants,
APOE e4 positivity, depression history and a positive first-
degree relative were higher among the cognitively impaired
individuals compared with the cognitively unimpaired.

There were 11 autopsies of mutation carriers, of whom 10 had
AD pathology and 1 had vascular PD (Table 5). Five of these
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had c.5570+5G>C, 2 had p.E709fs, and 1 each had
p.Trp1214X, p.E1679X, p.L1403fs, and c.4416+2T>G mu-
tations. The patient with ABCA7 c.4416+2T>G had vascular
parkinsonism with Braak of 2.5 and clinical diagnosis of PD
and MCI. This was a woman with age at onset of neurological
symptoms of 78 years, APOE e3/e3 genotype who died at age
87 years. All other mutation carriers had Braak of 4.5 or above
and AD pathology, although most also had other pathologies,
including vascular disease (n = 5), Lewy bodies (n = 1), AGD
(n = 1), and Fahr disease (n = 2).

The most common clinical diagnosis for these autopsied pa-
tients was AD (n = 5). These patients included 4 with ABCA7
c.5570+5G>C and 1 with p.L1403fs mutation. These 5 pa-
tients and a patient with MCI and p.E709fs mutation had
amnestic presentations. One ABCA7 c.5570+5G>C mutation
carrier, who died at age 84 years, had no cognitive impairment
and only tremors. This patient hadAPOE e3/e3 genotype and
early AD pathology with Braak of 4.5.

Of the 10 autopsy-confirmed mutation carriers with AD, 3
had atypical clinical presentations. One patient with the
ABCA7 p.Trp1214X mutation and APOE e3/e3 genotype
was a man with clinical diagnosis of CBS. He presented with
left alien limb phenomenon and behavioral problems at age 54
years. He had no family history of neurodegenerative disease.
His first clinical visit was at age 59 years and death occurred at
age 64 years. His diagnoses at autopsy were AD (Braak Stage
VI) and transitional LBD. Another patient with autopsy-
confirmed AD was a man with the ABCA7 p.E1679X muta-
tion and APOE e4/e4 genotype who presented with FTD. He
had word-finding difficulty, semantic aphasia, and memory
loss at age 66 years, as well as a family history of late-life
dementia in his mother. His first clinical visit was at age 76
years, and he died at age 80 years. His pathologic diagnoses
were AD (Braak Stage VI) with concurrent vascular disease.
The third patient with autopsy-confirmed ADwith an atypical
clinical presentation had ABCA7 p.E709fs mutation and
APOE e3/e3 genotype. This man with a clinical diagnosis of
PPA presented at age 70 years with progressive memory loss,
severe fluent aphasia, disinhibition, and myoclonus. There
was a family history of dementia in his mother, diagnosed at
age 74 years. He had his first clinical visit at age 78 years, and
he died at age 84 years. His diagnoses at autopsy were AD
(Braak Stage V) and concurrent arteriosclerotic leukoence-
phalopathy, most marked in the parietal lobe.

There was variability in the ages at onset of symptoms (53–87
years) and death (64–92 years). The youngest age at onset
was observed for the ABCA7 p.L1403fs carrier (age at onset/
death = 53/64) who also hadAPOE e3/e4 genotype. This was
followed by the ABCA7 p.Trp1214X carrier (age at onset/
death = 54/64 years) who had APOE e3/e3 genotype. One of
the ABCA7 c.5570+5G>C carriers, who had APOE e3/e3,
had the third youngest age at onset/death (57/65 years). Of
interest, there was a wide range for age at onset and age at
death, even for the same ABCA7 c.5570+5G>C mutation.

Discussion
In this study, we expanded the cohort from our previous study
of 2,889 individuals to 5,353 individuals genotyped for 6 rare
ABCA7 pLOF variants (p.E709fs, p.Trp1214X, p.L1403fs,
c.4416+2T>G, p.E1679X, and c.5570+5G>C).11 Our find-
ings validate the significant association of ABCA7 pLOF
mutations as risk variants for AD both collectively and also for
the relatively more common c.5570+5G>C and p.E709fs
variants, individually.

In addition, we performed a medical record review of 100
individuals with these rare variants to characterize their clin-
ical and where available also neuropathologic phenotypes. We
hypothesized that there would be clinical and neuropatho-
logic heterogeneity among the ABCA7 pLOF mutation car-
riers. Of these 100 deeply phenotyped mutation carriers, 67
had cognitive impairment, the majority of whom had clinical
AD and memory impairment as their clinical diagnosis and
presenting symptom, respectively. Nevertheless, other clinical
diagnoses (20%) and nonmemory presenting symptoms
(10%) were noted supporting clinical heterogeneity in clinical
presentation and diagnoses for ABCA7 pLOF mutation
carriers.

Importantly, our study included 11 mutation carriers who had
postmortem evaluation, 10 of whom had AD neuropathology
and 1 ABCA7 c.4416+2T>G carrier with vascular pathology
and clinical PD. Many of those with AD neuropathology had
additional neuropathologies, the most common of which was
vascular disease. The copathologies observed in the ABCA7
mutation carriers likely reflect the well-known pathologic
heterogeneity of AD, which is often mixed with vascular and
other neurodegenerative pathologies.20 Our findings on
autopsied patients in this and our prior study11 suggest that
deleterious effects of ABCA7 pLOF mutations may not be
specific to AD neuropathology, but that it may also pose risk
for other neuropathologies. In a prior study, we identified 12
autopsied individuals who were carriers of ABCA7 pLOF
mutations (p.E709fs, p.L1403fs, c.4416+2T>G, p.E1679X,
and c.5570+5G>C), who did not meet the neuropathologic
criteria for AD, but had non-AD pathologic diagnoses, in-
cluding PSP, VaD, DLBD, PA, and AGD.11 It is plausible that
pLOF mutations in ABCA7, a lipid transporter, have broad
effects on AD, other neurodegenerative diseases, and VaD
through disruptions in lipid metabolism and/or its interac-
tions with APOE.21

Given the rarity of ABCA7 pLOF variants, deep clinical and
neuropathologic phenotyping studies in mutation carriers are
limited. A retrospective review in a Belgian cohort charac-
terized the phenotypes of 22 rare ABCA7 pLOF mutation
carriers, 15 of whom had the p.E709fs variant17 and the
remaining patients had 6 other mutation types. All 22 indi-
viduals presented with memory impairment, except 1 patient
who presented with dopamine-responsive parkinsonism.
Seventeen of these patients had neuropsychological testing
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and imaging studies. Additional clinical findings in these 17
mutation carriers included behavioral disturbance (13/17),
language difficulties (10/17), visual hallucinations (3/17), and
delusions (4/17). Although all patients had a typical AD phe-
notype, 4 had an initial differential diagnosis of VaD, fronto-
temporal dementia, or dementia with Lewy bodies due to the
other clinical features present. Four patients from this Belgian
cohort who underwent autopsy had AD neuropathology.

Another study conducted in patients with clinical PD identi-
fied 4 ABCA7 variants (p.E709fs, p.Trp1214X, p.L1403fs, and
rs113809142) previously described in AD and 3 others not
previously reported in AD (p.R1754X, p.L737CfsX60, and
p.P1205fsX12).18 Two patients from this study who carried
either p.Trp1214X or p.L1403fs mutation came to autopsy,
and both had PD and AD pathologies.

Collectively, our current study and prior work by our group11 and
others17,18 underscore the clinical and neuropathologic hetero-
geneity of ABCA7 pLOF mutation carriers. Our deep pheno-
typing of 100 mutation carriers provides a detailed account of
presenting and accompanying clinical symptoms, as well as
neuropathologic findings in this cohort. Although memory
symptoms, as well as clinical and pathologic AD diagnosis are the
predominant features of ABCA7 pLOF mutation carriers, non-
memory presentations and non-AD pathologies, including par-
kinsonian and vascular copathologies, respectively, were also
present. These findings have implications for both research and
clinical purposes. The role of ABCA7 dysfunction should be
studied not only in ADmodels, but also in α-synucleinopathy and
vascular disease. In addition, non-AD clinical diagnoses or non-
memory symptoms should not rule out the presence of ABCA7
pLOF mutations.

Our study also provides information on other clinical aspects
of ABCA7 pLOF mutation carriers, including age of patients,
history of depression, and frequency of cognitive impairment
in first-degree relatives. In our study, we also observed a wide
range for age at first visit (56–92 years) and symptom onset
(53–92 years) for the cognitively impaired mutation carriers.
Notably, 18% of those had symptom onset before age 65
years. Of interest, there was an enrichment for ABCA7 pLOF
mutations in a European cohort of 928 patients with early-
onset AD (3%) compared with 980 controls (0.6%).7 Like-
wise, in a French study of 484 patients with early-onset AD,
there was an excess of ABCA7 pLOF mutations compared
with controls.9 Although these findings suggest a potential
role for screening patients with early onset of cognitive im-
pairment for ABCA7 pLOF mutations, the wide age range
underscores caution against excluding these mutations as
potential risk factors. Another conclusion from our study is
the likely presence of other factors that modify disease onset
or progression in ABCA7 pLOF mutation carriers. For ex-
ample, among our autopsy-confirmed patients, 5 had the same
c.5570+5G>C mutation with ages at onset and death ranges
of 57–87 and 65–92 years, respectively. APOE could not ex-
plain the differences in the ages because both the oldest and

youngest patient had the APOE «3/«3 genotype. Furthermore,
one of the c.5570+5G>C mutation carriers was cognitively
normal at death and had only mild AD neuropathology.
Studying specific ABCA7 pLOFmutation carriers with variable
clinical and pathologic phenotypes offers an opportunity to
uncover disease-modifying factors in AD.

In our study, we had information on cognitive impairment in
first-degree relatives for 63 mutation carriers. There was a
history of cognitive impairment in 22/52 (42%) of relatives of
mutation carriers and 2/11 (18%) without cognitively im-
pairment. These findings are in agreement with a positive
family history identified in 10/22 ABCA7 pLOF mutation
carriers (45.5%) in a Belgian study17 and with higher than the
estimated cumulative AD risk by age 85 years in non-Hispanic
Whites who had a first-degree relative with AD (26.9%).22 Of
interest, available paternal (4/24) vs maternal (17/24) first-
degree relative in our study showed a higher percentage for the
latter (71%), consistent with prior reports on stronger AD risk
with a positive maternal history.23,24 These findings should be
pursued in prospective studies by performing genetic screens of
ABCA7 pLOF mutations and obtaining detailed family history.

Another observation in our study was the high rate of depression
among mutation carriers in both the cognitively impaired (29/
63, 46%) and unimpaired groups (8/26, 31%). Depression has
been described frequently in patients with AD.The prevalence of
depression in adults over age 65 years ranges between 1 and
15%.25 In a longitudinal study of 27,776 individuals with de-
mentia, MCI, or normal cognition, rates of depression rates were
significantly higher among those with dementia (25%) andMCI
(22%) compared with those with normal cognition (10%).26

Depression affects approximately 20%–30% of patients with
AD.27 In our study, it is interesting to note that both cognitively
impaired and unimpaired individuals had a high frequency of
depression, suggesting a possible deleterious role of ABCA7
pLOF mutation for this debilitating condition.

With 5,353 participants screened for 6 ABCA7 pLOF muta-
tions, and 100 mutation carriers who underwent clinical and
neuropathologic phenotyping, our study provides in-depth
characterization of these variants with both clinical and re-
search implications. Nevertheless, there are several limitations
to this study. First, the clinical phenotyping is based on ret-
rospective medical record review, which could have in-
troduced bias in the collection of clinical data. Although 63 of
the mutation carriers had greater than or equal to 2 years of
follow-up, clinical data for some patients were based on only 1
visit. Mutation carriers were not evaluated by a neurologist
unless they had symptoms, which could have led to under-
diagnosis of subtle cognitive problems in those deemed to be
cognitively unimpaired. To date, the largest published deep
clinical phenotyping study of ABCA7 pLOF mutations in-
cluded 22 patients.17 A more recent mutation screen identi-
fied 67 AD and 18 controlABCA7mutation carriers.12 Both of
these studies were in the Belgian population. Although our
study is the largest to date investigating deep clinical
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phenotyping of ABCA7 pLOF mutations, there is still limited
power given the rarity of mutation carriers. We focused on 6
ABCA7 mutations previously reported,11 and future pheno-
typing studies on other rare and common variants implicated in
AD at this locus are needed. Moreover, although we found that
adjustment for APOE«4 presence did not affect the association
of ABCA7 pLOF mutations with AD, it will be important for
future studies to investigate this association in the context of
other known neurodegenerative disease mutations and their
impact on the clinical and phenotypic heterogeneity. In addi-
tion, future studies in large population-based cohorts will be
needed to estimate the penetrance of these rare ABCA7 pLOF
variants in AD. Finally, although we included ABCA7 pLOF
mutation carriers of any race/ethnicity in the phenotyping, all
but 3 of these were non-Hispanic Whites. We previously
identified ABCA7missense AD risk variants in a whole-exome
sequencing study of African Americans.28 Future studies on
different ethnic groups are necessary to understand the full
spectrum of phenotypes for ABCA7 pLOF mutations.

In conclusion, our study confirms ABCA7 pLOF for their risk
on AD in 5,353 individuals, provides deep clinical pheno-
typing on 100 mutation carriers, including 11 autopsied pa-
tients, and identifies features that are important for future
research studies and in the clinical setting. Future studies on
prospective cohorts of AD and non-AD patient populations,
as well as model systems, are necessary to elucidate the role of
ABCA7 in various neurodegenerative disease processes.

Although earlier age at onset of symptoms was more common,
there was a broad age range for ABCA7 pLOF mutation car-
riers, which should stimulate research on genetic and envi-
ronmental modifiers in these patients. Our findings on higher
frequency of first-degree relatives with cognitive impairment,
more commonly for mothers of mutation carriers, early age at
onset, and higher rates of depression support a role for genetic
screening of ABCA7 in the research setting, especially for pa-
tients with these clinical features. Such screens with careful
genetic counseling are expected to be useful in the clinical
setting in the near future when greater information on longi-
tudinal outcomes of mutation carriers or targeted therapies is
available. In conclusion, our deep phenotyping study on
ABCA7 pLOFmutation carriers represents an essential step for
future precision medicine approaches in the clinical setting.
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Abstract
Background and Objectives
To expand the phenotype and genotype associated with PCYT2-related disorder.

Methods
Exome sequencing data from a patient with molecularly undiagnosed complex spastic para-
plegia and axonal motor and sensory polyneuropathy were analyzed. Clinical data and nerve
conduction studies of the patient and his affected brother were collected, and their phenotype
and genotype were compared with previously reported patients with PCYT2-related disorder.

Results
A novel homozygous missense variant in PCYT2 (NM_001184917.2) c.88T>G; p.(Cys30Gly)
was identified. This variant is located in a highly conserved tyrosine kinase site and is predicted
damaging by several variant annotation tools. Both patients reported here and the previously
published patients share several phenotypic features, including short stature, spastic tetrapa-
resis, cerebellar ataxia, epilepsy, and cognitive decline. Axonal polyneuropathy, diagnosed in
both brothers, was not previously reported.

Discussion
This family with a novel PCYT2 variant expands the clinical spectrum of PCYT2-related disorder
to include axonal motor and sensory polyneuropathy and the genetic spectrum to include the
variant located in the first catalytic domain, whereas all previously reported variants are located in
the second catalytic domain. Further research is required to disentangle the underlying patho-
physiologic mechanisms, leading to the complex phenotype of PCYT2-related disorder.
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Lipid metabolic pathways play an important role in the eti-
ology of the motor neuron diseases, a group of clinically and
genetically heterogeneous disorders characterized by the
progressive degeneration of upper and/or lower motor neu-
rons.1 Biallelic pathogenic variants in PCYT2 encoding CTP:
phosphoethanolamine cytidylyltransferase (ET), the rate-
limiting enzyme in phosphoethanolamine biosynthesis, have
recently been associated with a clinical spectrum ranging from
pure to complex spastic paraplegia syndrome, characterized
by spastic tetraparesis, intellectual disability, short stature,
progressive cerebral and cerebellar atrophy, epilepsy, and
ophthalmologic abnormalities.2-6

Here, we report 2 patients, adult brothers, with a homozygous
missense variant in PCYT2who had axonal motor and sensory
polyneuropathy in addition to a mild form of complex he-
reditary spastic paraplegia.

Methods
Clinical Investigations
The index patient was referred to the neurology department
because of complex spastic paraplegia syndrome. Physical and
neurologic examination and motor and sensory nerve con-
duction studies were performed. For neuropsychological as-
sessment, we used the Repeatable Battery for the Assessment
of Neuropsychological Status Update, which includes 12 tests
across 5 domains of cognition, including immediate memory,
visuospatial/constitutional, language, attention, and delayed
memory.7

Genetic Analyses
Exome sequencing (ES) was performed on genomic DNA of
the index patient using the Illumina Nextera Rapid Capture
Expanded Exome Kit for exome enrichment and sequenced
on the Illumina NextSeq 550 sequencer and the data ana-
lyzed as previously described.8 Briefly, ES data were analyzed
in accordance with Genome Analysis Toolkit best practice
guidelines, using the bwa 0.7.2 algorithm for the alignment
of short sequencing reads and Genome Analysis Toolkit 3.5
toolkit for the detection of short sequence variation. The
variants were annotated and their impact predicted using
snpEff v4.3 software. Precomputed predictions of pathoge-
nicity were obtained from the dbNSFP v2.0 database. A
variety of predictors were used to predict the anticipated
effect of the identified variants, including classical predictors
(SIFT, PolyPhen2, and MutationTaster) and meta-
predictors (MetaSVM, CADD, and REVEL). Sanger se-
quencing was performed to confirm the PCYT2 variant in
the index patient and his affected brother and to test the
carrier status in the parents.

Standard Protocol Approvals, Registrations,
and Patient Consents
Genetic studies were performed in a diagnostic context after
written informed consent. Written informed consent in-
cluding consent to publish photographs was obtained.

Data Availability
Anonymized data not published within this article will be
made available by request from any qualified investigator.

Results
Clinical Findings
The patients are the only children of healthy, non-
consanguineous parents. There is no family history of neurologic
disease. Patient 1 (II:1) is a 41-year-old man (Figure 1A). He
first presented with balance problems at age 14 months when he
started walking. At 19 months, his gait was unsteady and wide
based, and he was diagnosed with spastic paraparesis. At age 12
years, he was diagnosed with epilepsy. His seizures were mostly
tonic-clonic and well controlled with carbamazepine. In his
teens, he was diagnosed with myopia. He attended mainstream
school, finished secondary school, and got a job. At age 25 years,
he was retired due to gait instability and inability to walk. He had
dysarthria and urinary urge incontinence. At the initial exami-
nation at our clinic, at age 25 years, he was dysarthric and had
horizontal nystagmus, marked intention tremor, spasticity in the
upper and lower limbs, and polykinetic patellar and Achilles
reflexes. In addition, he showed signs of neuropathy on lower
limbs. He had muscle atrophy and weakness distal to the knees
(feet dorsiflexion 3/5; plantar flexion 4/5), high-arched feet, and
hammertoes, and he reported poor vibration and position per-
ception in the distal parts of the lower limbs. By age 41 years, his
condition deteriorated significantly. He was completely wheel-
chair dependent and cachectic and had cognitive decline with
psychosis. He complained of chronic generalized pain, which
was unresponsive to pharmacologic and nonpharmacologic
treatment. The pain worsened after some analgesics, such as
piritramide, and after food intake, causing him to refuse it. On
examination, he was 150 cm tall (−4.1 SD), weighed 38 kg (body
mass index 16.89 kg/m2), and had a head circumference of 54.5
cm (−0.7 SD). He had pendular nystagmus in all directions. In
the upper limbs, the interosseous muscles were bilaterally
hypotrophic and weak, muscle tone was increased, and myotatic
reflexes were brisk. In the lower limbs, hip and knee flexion
contractures (Figure 1B-C) and minimal movement of the toes
were noted in addition to the abnormalities already reported. He
wore glasses for myopia but had no additional vision problems.
Nerve conduction studies showed evidence of axonal motor and
sensory polyneuropathy (Table). Neuropsychological assess-
ment revealed cognitive deficits in the domain of verbal memory,

Glossary
CTP = cytidylyltransferase; ES = exome sequencing; ET = CTP:phosphoethanolamine cytidylyltransferase.
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executive functions, and construction skills. The patient’s global
score was in the impaired range. His construction skills, semantic
fluency, and delayed recall of verbal information were impaired,
and perseveration errors were noted. List learning was in the
lower average range, whereas story memory was borderline
impaired. Visuospatial abilities, attention span, and delayed
memory were below average, whereas language ability was in the
average range. A brain MRI scan showed subtle, nonspecific T2
hyperintense, punctiform, frontoparietal white matter lesions
andmild parietal and cerebellar brain atrophy. In the last 2 years,
the number of generalized tonic-clonic seizures increased despite
treatment with topiramate and lacosamide. His EEG was ab-
normal with short periods of theta between alpha background
activity and with high-amplitude spike wave paroxysms, some-
times with frequencies of 4–5 Hz and paroxysms of polyspikes,
frontally or generalized.

Patient 2 (II:2) is a 53-year-old man, an older brother of patient
1, with milder clinical presentation. He presented with gait in-
stability at age 2 years and began using crutches at age 14 years.
At age 15 years, he had his first generalized tonic-clonic seizure.
The seizures were well controlled with methylphenobarbital.

His condition slowly deteriorated and by age 39 years, he was
wheelchair dependent. He did not complain of vision problems.
At age 53 years, he had a short stature (150 cm; −4.1 SD) and
weighed 50 kg, and his head circumference was 57 cm (+0.7
SD). Neurologic examination showed dysarthria, mild saccadic
eye movements, and nystagmus. Spasticity, distal muscle atro-
phy, and weakness were noted in the upper and lower limbs.
Patellar reflexes were brisk, and Achilles reflexes were weak. The
feet were high arched, and hammertoes were present. He could
not feel vibration even on the crista iliaca; otherwise, sensory
impairment was noted distal to the forearms and knees. He
could not perform active movements with the lower limbs.
Signs of cerebellar dysfunction (intension tremor, dysmetria,
dysdiadochokinesia, and mild truncal ataxia) were present. He
denied problems with urine retention. Cognitive impairment
was similar as in patient 1, although of milder degree. His EMG
was also consistent with axonal motor and sensory neuropathy
(Table).

Genetic Analyses
Analysis of ES data identified a novel homozygous missense
variant in PCYT2 (NM_001184917.2):c.88T>G p.(Cys30Gly)

Figure Genetic and Clinical Findings of the Investigated Individuals

(A) Family tree and electrophero-
grams of the identified PCYT2 vari-
ants. (B and C) Clinical photographs
of patient 1 at age 41 years. Muscle
wasting and hip and knee flexion
contractures (B). High-arched feet
and hammertoes (C). (D) Schematic
representation of the protein iso-
form PCYT2α and location of vari-
ants. PCYT2 protein is predicted to
have 2 cytidylyltransferase (CTP)
catalytic domains. The homozygous
missense variant (in red) identified
in this study is located in the first CTP
domain. Amino acid sequence
alignments across multiple species
reveal the well-conserved nature of
the affected amino acid residue. All
previously reported missense vari-
ants (in black) are located in the
second CTP domain.
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Table 1 Clinical Features of PCYT2 Patients and Summary of Motor and Sensory Nerve Conduction Studies

Patient 1 Patient 2
Ten previously reported
patients2-6

General information

Sex Male Male 8 male/2 female

Age at last assessment (y) 41 53 2.5–59

Age at onset (y) 1.2 2 0–17 (6 younger than 1)

The first sign of the disease Gait instability Gait instability Global DD (5)

Gait instability (3); congenital
nystagmus and cataract (1)

Retinal dystrophy (1)

Development

Independent walking Yes Yes Yes (7/10)

Speech delay No No Yes (4/10)

Regression Yes Yes Yes (4/8)

Neurologic features

Seizures Yes (TCS) Yes (TCS) Yes (7/10) TCS (5), FS (2)

Visual impairment Myopia No Yes (7/10)

Sensorineural hearing loss No No Yes (2/10)

Examination

Short stature Yes Yes Yes (3/4)

Spasticity Yes Yes Yes (9/10)

Hyperreflexia Yes Yes Yes (10/10)

Nystagmus Yes Yes Yes (9/10)

Ataxia Yes Yes Yes (9/10)

Dysarthria Yes Yes Yes (2/10)

Muscle atrophy Distal on upper
and lower limbs

Distal on upper
and lower limbs

No

Pes cavus and hammer toes Yes Yes No

Sensory deficits Yes Yes Yes (2/10)

Investigations

Brain MRI Abnormal n. d. Abnormal (8/10)

Nerve conduction studies Abnormal Abnormal Normal (2/2)

Patient 1 (at age 41 y) Patient 2 (at age 53 y)

Motor nerve conduction studies Motor nerve conduction studies

CMAP
latency (ms) CMAP (mV)

MNCV
(m/s)

F latency –

CMAP latency
CMAP
latency (ms) CMAP (mV)

MNCV
(m/s)

F latency –

CMAP latency

n. median 4.5 5.8 58 23 4.4 9 60 21.1

n. ulnar 3 5.3 64 22.8 3.7 7.2 50 22.3

Continued
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(Figure 1A). No significant homozygosity blocks were identified
in the ES data, and we did not detect pathogenic variants in other
polyneuropathy-related genes in the exome. Sanger sequencing
confirmed the homozygous state of the same PCYT2 variant in
the index patient and his affected brother. Both unaffected parents
were found to be heterozygous carriers of the variant (Figure 1A).
The identified variant was absent in databases (gnomAD and our
internal database). The nucleotide and amino acid position are
well conserved (Figure 1D), and theoretical predictors of path-
ogenicity consistently predicted a deleterious effect on protein
function for this amino acid substitution. MutationTaster, Poly-
Phen2, SIFT, and MetaSVM anticipated a likely or probably
damaging effect, and CADD and REVEL reported high patho-
genicity scores of 27.3 and 0.93, respectively. In addition, the
variant substitutes a cysteine residue that can form disulfide bonds
and thusmay be important for maintaining protein structure. The
substitution is located in a highly conserved tyrosine kinase site
(RVWCDGCY; 24–31 amino acids) 5 residuesN-terminal to the
HYGH catalytic motif (35–38 amino acids) in the first cytidy-
lyltransferase (CTP) catalytic domain (Figure 1D).9

Discussion
Recently, biallelic pathogenic variants in PCYT2 have been
reported in 10 members of 9 independent families.2-6 Two
patients, a 32-year-old and a 59-year-old man, had a pure form
of spastic paraparesis4,6; all the others presented with a complex
spastic paraplegia syndrome. The individuals reported here
share several phenotypic features, including short stature,
spastic tetraparesis, cerebellar ataxia, epilepsy, and cognitive
decline (Table). In addition, they showed progressive axonal
motor and sensory polyneuropathy, evident in the third decade
of life, a feature not previously observed in PCYT2-related
disorders. Of 5 previously reported adult patients (age range of
20–59 years),2-6 nerve conduction studies were performed in 2

of them and reported as normal.3,4 Clinically, one of them had
hypopallesthesia of the ankles,4 and the other had loss of vi-
bration sense in the lower limbs andmild loss of proprioception
in the feet.3

A wide phenotypic spectrum has been reported in patients
with PCYT2-related disorders with varying time of onset,
from birth to the second decade of life, different initial pre-
senting symptoms, and varying severity, ranging from normal
development to severe developmental delay and intellectual
disability. The phenotypic variability is partly associated with
the classical phenotypic variability in inborn errors of me-
tabolism but could also be due to the type and location of the
PCYT2 variant.

Ten variants in PCYT2 have been associated with PCYT2-
related disorders, and all were located in the second CTP
catalytic domain.2-6 Six of these were missense (Figure 1D).
The variant detected in this study is located in the first CTP
catalytic domain. No pathogenic variant has yet been de-
scribed in this domain, but there are several lines of reasoning
supporting its importance: (1) both CTP domains are im-
portant for enzyme activity,10 (2) the first CTP domain is
thought to contribute mainly to the catalytic reaction of ET,11

and (3) the first CTP domain is part of all 3 known isoforms,
whereas the second CTP domain, the hotspot of previously
reported variants, is present in 2 of them.10

In summary, we presented a family with biallelic variants in
PCYT2 and showed that not only missense variants in the
second CPT domain but also variants in the first CPT domain
lead to the PCYT2-related disorders. In addition, the patients
exhibited axonal motor and sensory polyneuropathy, which
represents a new phenotypic entity of PCYT2-related disorders
and expands the spectrum of the disease. Although poly-
neuropathy has not been previously reported in patients with

Table 1 Clinical Features of PCYT2 Patients and Summary of Motor and Sensory Nerve Conduction Studies (continued)

Patient 1 (at age 41 y) Patient 2 (at age 53 y)

Motor nerve conduction studies Motor nerve conduction studies

CMAP
latency (ms) CMAP (mV)

MNCV
(m/s)

F latency –

CMAP latency
CMAP
latency (ms) CMAP (mV)

MNCV
(m/s)

F latency –

CMAP latency

n. fibular 7.7 0.3 38 3.3 0.7 46 35.3

n. tibial 4.6 3.7 48 39.9 3.3 0.6 66 40.7

Sensory nerve conduction studies Sensory nerve conduction studies

SNAP (μV) SNCV (m/s) SNAP (μV) SNCV (m/s)

n. median 11 43 32 44

n. ulnar 11 53 28 45

n. sural 4 65 3 54

Abbreviations: CMAP = compound motor action potential; DD = developmental delay; FS = focal seizure; MNCV = motor nerve conduction velocity; n = not;
n. d. = not done; SNAP = sensory nerve action potential; SNCV = sensory nerve conduction velocity; TCS = tonic-clonic seizure.
Bold—lower or higher than 2 SD of normal values.
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PCYT2-related disorder, it has been associated with pathogenic
variants in genes involved in phosphatidylethanolamine bio-
synthesis such as PNPLA6.1,12 Further reports and studies are
needed to clarify whether polyneuropathy is a low penetrant
sign in PCYT2-related disorders or is related to a specific lo-
cation of variants in PCYT2.
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Abstract
Background and Objectives
We report the pathogenic sequence variant m.5789T>C in the anticodon stem of the mito-
chondrial tRNA for cysteine as a novel cause of neuropathy, ataxia, and retinitis pigmentosa
(NARP), which is usually associated with pathogenic variants in the MT-ATP6 gene.

Methods
To address the correlation of oxidative phosphorylation deficiency with mutation loads, we
performed genotyping on single laser-dissected skeletal muscle fibers. Stability of the mito-
chondrial tRNACys was investigated by Northern blotting. Accompanying deletions of the
mitochondrial genome were detected by long-range PCR and their breakpoints were de-
termined by sequencing of single-molecule amplicons.

Results
The sequence variant m.5789T>C, originating from the patient’s mother, decreases the stability
of the mitochondrial tRNA for cysteine by disrupting the anticodon stem, which subsequently
leads to a combined oxidative phosphorylation deficiency. In parallel, we observed a prominent
cluster of low-abundance somatic deletions with breakpoints in the immediate vicinity of the
m.5789T>C variant. Strikingly, all deletion-carrying mitochondrial DNA (mtDNA) species, in
which the corresponding nucleotide position was not removed, harbored the mutant allele, and
none carried the wild-type allele.

Discussion
In addition to providing evidence for the novel association of a tRNA sequence alteration with
NARP syndrome, our observations support the hypothesis that single nucleotide changes can
lead to increased occurrence of site-specific mtDNA deletions through the formation of an
imperfect repeat. This finding might be relevant for understanding mechanisms of deletion
generation in the human mitochondrial genome.
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Neuropathy, ataxia, and retinitis pigmentosa (NARP) syn-
drome is characterized by sensory neuropathy, ataxia, and
retinitis pigmentosa and is typically caused by mitochondrial
DNA (mtDNA) sequence variants leading to amino acid
substitutions in theMT-ATP6 gene that codes for a subunit of
the mitochondrial ATP synthase, complex V of oxidative
phosphorylation (OXPHOS).1,2 In addition, a combination
of ataxia and retinitis pigmentosa in a young adult was de-
scribed to be associated with the m.1606G>A variant in the
mitochondrial tRNA for valine.3

Here, we demonstrate that the novel m.5789T>C sequence
variant in the tRNACys gene of the mtDNA is also associated
with late-onset NARP syndrome. Previously reported cases of
pathogenic tRNACys variants are very rare and are usually
associated with mitochondrial encephalomyopathy4,5 and/or
hearing loss6-8 or MERRF syndrome (myoclonic epilepsy
with ragged-red fibers).9 Furthermore, we show that the
m.5789T>C variant, in combination with a silent homo-
plasmic allelic variant, contributes to an increased de novo
generation of somatic mtDNA deletions by stabilizing an
imperfect repeat.

Methods
Enzymatic Analysis
Activity of citrate synthase, NADH:ubiquinone oxidoreduc-
tase (complex I of the respiratory chain), and the cytochrome
c oxidase (complex IV) in skeletal muscle homogenate was
measured using a common spectrophotometry protocol
reported before.10

DNA Isolation
Biopsy specimen from M. vastus lateralis, urine sediment,
blood, and cultured skin fibroblasts were collected from the
patient. Furthermore, blood and urine sediment samples were
collected from all 3 unaffected siblings. No material was
available from the deceased parents. DNA was extracted from
tissue samples using the QIAamp DNA Mini Kit (Qiagen,
Hilden, Germany).

mtDNA Sequencing
Four large (4.5–5.8 kb) overlapping fragments of the mito-
chondrial genome were amplified, and PCR products were
purified using the QIAquick PCR Purification Kit (Qiagen,
Hilden, Germany). Sanger sequencing of the entire mito-
chondrial genome was performed by a commercial service
(Eurofins, Ebersberg, Germany) using 30 sequencing primers.

Whole-Exome Sequencing
Whole-exome sequencing (WES) was performed on DNA
isolated from the patient’s cultured fibroblast using an Agilent
SureSelect V6 enrichment. Paired-end 100-bp reads were
aligned to the GRCh38 assembly of the human genome.
Mean coverage of 92-fold (30-fold coverage for 83% and 10-
fold coverage for 95.7% of target sequences) was achieved.
Filtering and variant prioritization was performed using the
VARBANK database and analysis tool at the Cologne Center
for Genomics. In particular, we filtered for high-quality
(coverage > 15-fold; PHRED-scaled quality > 25), rare vari-
ants (minor allele frequency ≤ 0.01, according to the gnomAD
database v2.1.1,11 last accessed on November 15, 2021) with
predicted effects on protein sequence or splicing. We scored
potential functional effects of variants using the Combined
Annotation-Dependent Depletion (CADD) v1.612 (last
accessed November 15, 2021). Only variants with a CADD
score of >14 were considered. To identify previously reported
pathogenic or likely pathogenic sequence variants we checked
the list of variants against the ClinVar databank13 (last
accessed onNovember 10, 2021). To exclude pipeline-related
artifacts, we filtered (minor allele frequency ≤ 0.01) against
variants from in-house WES data sets from 511 patients with
epilepsy.

Mutation Detection by Restriction Fragment
Length Polymorphism Analysis
The m.5789T>C variant was detected by amplifying a 186-bp
PCR product using primers 5694F (59-AACAGCTAAG-
CACCCTAATCAACT-3’) and 5879R (59-GAGTGAAG-
CATTGGACTGTAAATCT-39). The PCRmix contained 10
ng of DNA, 0.2 U JumpStart Taq DNA polymerase, 0.1 mM
of each dNTP, 1× PCR buffer (Sigma-Aldrich, St. Louis),
2.5 mMMgCl2, and 250 nM of each primer in a total volume
of 25 μL. Amplification conditions were 95°C for 10 minutes;
35 cycles of 95°C for 15 seconds, 55°C for 30 seconds, and
72°C for 40 seconds; and finally 72°C for 7 minutes. Ampli-
fication products were digested with the restriction enzymes
TaqαI or Hpy188I (New England Biolabs, Ipswich,MA) using
the producer’s protocol. TaqαI cuts the wild-type molecules
into 2 fragments of 89 bp and 97 bp length, whereas it does
not cut the mtDNA molecules carrying the m.5789T>C
variant. Hyp188I cuts the wild-type mtDNA into 2 fragments
of 58 bp and 128 bp length and the mutated mtDNA into 3
fragments of 58 bp, 31 bp, and 97 bp length. Restriction
digestion fragments were separated on a 10% polyacrylamide
gel and visualized by SYBR Green I staining (Sigma-Aldrich)
and fluorescence detection using a GelDoc system (Bio-Rad
Laboratories, Hercules). Proportions of wild-type and mutant

Glossary
CADD = Combined Annotation-Dependent Depletion; COX = cytochrome c oxidase; CS = citrate synthase;MRC = Medical
Research Council; mtDNA = mitochondrial DNA; NARP = neuropathy, ataxia, and retinitis pigmentosa; NCS = nerve
conduction study; RFLP = restriction fragment length polymorphisms; SDH = succinate dehydrogenase; SDS = sodium
dodecyl sulfate; WES = whole-exome sequencing.
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mtDNA were estimated from band intensities using ImageJ
software. Heteroplasmy values from TaqαI and Hpy188I re-
striction digestions were averaged.

Laser Microdissection and Single-
Fiber Genotyping
Single muscle fibers were dissected using the P.A.L.M. Mi-
croBeam system, as previously described.14 Briefly, unstained
air-dried 10-μm skeletal muscle sections flanked on both sides
by cytochrome c oxidase (COX)/succinate dehydrogenase
(SDH)-stained sections were mounted on a membrane slide
(Zeiss, Oberkochen, Germany) and immersed sequentially in
70% ethanol, 95% ethanol, absolute ethanol, and xylene.

Skeletal muscle fibers were cut using a P.A.L.M. MicroBeam
system and catapulted into 0.2-mL microcentrifuge tube caps
containing 20 μL of magnesium-free PCR buffer, 10× diluted
Tris-EDTA buffer, 0.5% Tween 20, and 1 mg/mL Proteinase
K. After incubation at 55°C for 30 minutes and inactivation of
the Proteinase K at 95°C for 10 minutes, we used 8 μL of each
sample to quantify mutation loads by PCR and restriction
fragment length polymorphisms (RFLP) analysis as described
above. Identical fibers from 3 consecutive sections were
quantified and their values averaged.

Detection of mtDNA Deletions
We investigated the presence of deletions of the mtDNA by long-
range PCR. Primers 5462F (59-CCTTACCACGCTACTCC-
TACCTATCTCC-3’) and 638R (59-GGTGATGT-
GAGCCCGTCTAAAC-39) were used for amplification.
Reaction mixtures contained 20 ng DNA, 0.25 mM dNTPs,
0.2 μM of each primer, 0.6 U JumpStart AccuTaq LA DNA
Polymerase, and 1× AccuTaq PCR buffer (Sigma-Aldrich).
Amplification conditions were 95°C for 2 minutes 30 sec-
onds; 10 cycles of 92°C for 20 seconds and 68°C for 14
minutes; 20 cycles of 92°C for 25 seconds and 68°C for 16
minutes; and finally 72°C for 10 minutes. Amplification
products were separated on an ethidium bromide–
containing 1% agarose gel and visualized by fluorescence
using a GelDoc system (Bio-Rad Laboratories, Hercules).

Single-Molecule Genotyping
We used a single-molecule dilution technique for genotyping
mtDNA molecules.15 Before PCR, DNA samples were di-
luted to a degree at which not more than 30% of multiple
identical PCR amplifications resulted in a product. Under
these conditions, the majority of amplicons are expected to
originate from a single molecule according to the Poisson
distribution. The PCR mix contained 0.12 U of Takara HS
DNA polymerase, 1× PCR buffer, 0.2 mM dNTPs (TaKaRa
Bio, Kusatsu, Japan), 400 nM of each primer, and 0.5 μL of
diluted DNA in a final volume of 12.5 μL. Amplification
conditions were 95°C for 2 minutes 30 seconds; 10 cycles of
92°C for 20 seconds and 68°C for 14 minutes; 32 cycles of
92°C for 25 seconds and 68°C for 16 minutes; and finally
72°C for 10 minutes. Single mtDNA deletions were ampli-
fied using primers 5462F and 638R. Deletion breakpoints

were mapped by reamplification and direct sequencing of
single-deletion amplicons.

To detect low amounts of the m.5789T>C variant in DNA
extracted from urine and blood of the siblings, samples were
digested with TaqαI restriction endonuclease before single-
molecule PCR. This step was introduced to cut wild-type
mtDNA molecules, thus rendering them nonamplifiable.
Single-molecule amplification was then performed using pri-
mers 5462F and 5985R (59-CTCCAGCTCATGCGCC-
GAATAATAG-39) and amplification conditions: 95°C for 2
minutes 30 seconds; 10 cycles of 92°C for 20 seconds and
68°C for 2 minutes; 32 cycles of 92°C for 25 seconds and 68°C
for 2.5 minutes; and finally 72°C for 10 minutes. PCR prod-
ucts were sequenced by a commercial sequencing service
(Eurofins, Ebersberg, Germany).

Determination of mtDNA Copy Number by
Quantitative PCR
Quantitative PCR was performed using the Bio-Rad iCycler
iQ Real-Time PCR Detection System to determine the
mtDNA copy number in bulk skeletal muscle DNA of the
patient. Ten or 20 ng of template DNA was used for ampli-
fication together with SYBR Green qPCR Master Mix
(Bimake) and 250 nM of each primer. Primers 3150F (59-
TACTTCACAAAGCGCCTTCC-3’) and 3246R (59-
GGCTCTGCCATCTTAACAAACC-39) were used to am-
plify a short region in theMT-ND1 gene in the minor arc of the
mtDNA. Part of the single-copy nuclear gene KCNJ10 was
amplified using primers KirF (59-GCGCAAAAGCCTCCT-
CATT-3’) and KirR (59-CCTTCCTTGGTTTGGTGGG-
39). Amplification conditions were 95°C for 15 minutes, 45
cycles of 95°C for 15 seconds, and 62.5°C for 1 minute. Ex-
perimental data were fitted to a 4-parameter Chapman-
Richards growth curve, and the x parameter of the inflection
point of the sigmoidal curve was defined as CT value. MtDNA
copy number per nucleus was calculated using the formula 2^
(CT[nuclear] − CT[mitochondrial]) * 2. Quantification of deleted
mtDNA molecules was performed by comparing CT values
obtained by primers 3150F and 3246R for total mtDNA and
primers 12062F (59-ACCCTCATGTTCATACACCTA-39)
and 12135R (59-GAGGAAAACCCGGTAATGATGTC-39)
for nondeleted mtDNA.

Northern Blot Analysis
RNA samples from the patient’s and 3 controls’ skeletal
muscle pieces as well as from 106 human osteosarcoma
143B cells were extracted using a common TRIzol protocol.
RNA pellets were dissolved in 0.3 M sodium acetate (pH 5.0) +
1 mM EDTA buffer. Part of the 143B RNA sample was treated
with 0.5 M Tris-HCl (pH 9.0) at 75°C for 15 minutes to
deacylate tRNA molecules. Gel electrophoresis and Northern
blotting was performed as previously described.16 Briefly, aliquots
of 2 μg total RNAwere run on a denaturing 6.5% polyacrylamide
gel containing 8 M urea in 0.1 M sodium acetate buffer. After
electroblotting to a nylon membrane (GeneScreen, NEN Life
Science Products, Boston, MA), samples were hybridized with
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[γ-32P]-ATP 59 end labeled oligonucleotides 5761F (59-
AAGCCCCGGCAGGTTTGAAGCTGC-39) for tRNACys and
7478F (59-GGTTTCAAGCCAACCCCATGGCCTC-39 for
tRNASerUCN.Hybridizationwas performedovernight at 65°C in a
buffer containing 1MNaCl, 10% dextran sulfate, and 1% sodium
dodecyl sulfate (SDS). Themembranewas thenwashed twice for
10minutes in 2× SSC+ 0.1% SDS buffer and once in 0.1× SSC+
0.1% SDS buffer at 65°C. Signals were detected using a phos-
phoimager device and quantified with ImageJ software.

Standard Protocol Approvals, Registrations,
and Patient Consents
Experiments on samples of human individuals were approved
by the ethical committees of the University of Bonn (128/09)
and the University of Magdeburg (06/09). Written informed
consent was obtained from all participants in the study.

Data Availability
The patient’s complete mtDNA sequence can be accessed
from GenBank (accession number OM132208).

Results
Patient Description
A 59-year-old Caucasian male patient presented with marked
walking and visual difficulties. The previously healthy man
with an uninformative family history (Figure 1A) noticed a
rapidly progressive gait instability at age 51 years. An in-
flammatory polyneuropathy (Guillain-Barré syndrome vari-
ant, acute motor axonal neuropathy) was diagnosed. The
patient was subsequently admitted to an intensive care unit
because mechanical respiratory support was needed for some
days. The muscle strength was graded 1–2/5 according to the
Medical Research Council (MRC) scale for the proximal and
2–3/5 for the distal upper and lower limbs. Tendon stretch
reflexes were absent. The motor strength gradually recovered
in the following months, and the patient was able to walk
without support more than 1,000 m. He did not require
specific neurologic support in the following years.

At age 58 years, he developed a progressively broad-based gait
with a tendency to fall as well as a slurred speech. He observed
mild memory deficits, which, however, did not significantly
interfere with daily life and usual activities. In addition, he
experienced visual problems, first noticed through the in-
ability to pick up small objects from the table. With increasing
physical impairment, his condition was classified grade III out
of V in the state long-term care insurance. Clinical examina-
tion at age 59 years revealed mild dysarthria with occasional
word repetitions, swallowing difficulties especially for crum-
bling foods, and slowed saccadic horizontal and vertical eye
movements but no ophthalmoparesis or ptosis. Visual acuity
was reduced to the examiner’s finger movements at 20 cm
distance, and confrontation visual field testing was not feasi-
ble. The patient had severe cerebellar limb ataxia more pro-
nounced in the legs and mild muscle weakness (arms 4+/5

and legs 4−/5 proximally and 4+/5 distally on theMRC scale)
but no marked muscular atrophy. Tendon stretch reflexes
were preserved. Apart from bilateral slightly reduced vibratory
sense at the ankles (4/8), examination of sensation was en-
tirely normal, and no autonomic symptoms like edema, dis-
coloring of skin, or skin temperature differences were present.
Furthermore, the patient showed marked postural tremor of
the head and the arms. He walked with a wide base and used a
walker; also, he was unable to stand with feet together.

A detailed neuropsychological examination revealed executive
function deficits consistent with a diagnosis of mild cognitive
impairment. Deficits included reduced verbal fluency and
flexibility performances (Regensburg Verbal Fluency Test17),
a reduced working memory capacity (revised Wechsler
Memory Scale18), and an encoding deficit while learning an
unstructured word list (episodic memory; Rey Auditory
Verbal Learning Test19). The retrieval of previously encoded
information (late and delayed recall, and recognition), as well
as semantic memory of past and current events were intact.
The personal, spatial, and temporal orientation was preserved.
A self-rating scale assessment of psychiatric symptoms (Ge-
riatric Depression Scale20) revealed minor depressive signs
consistent with the patient’s report of sleep disturbance and
rumination. The complete neuropsychological profile in-
cluding percentiles can be found in eFigure 1, links.lww.com/
NXG/A515.

Laboratory tests focusing on metabolic or inflammatory dis-
ease gave no evidence for abnormalities. Serum creatine ki-
nase activity (CK) was normal. Repeated CSF examinations
showed normal cell counts but markedly increased protein
(2.7–3.4 g/L; reference value < 0.5 g/L) and lactate levels
(4.5–6.4 mmol/L; reference value < 2.5 mmol/L) in com-
parison to serum lactate (1.5–2mmol/L; reference value < 2.5
mmol/L). An MRI (1.5 T) scan of the brain revealed poste-
rior predominant white matter changes and pontocerebellar
atrophy (eFigure 2, links.lww.com/NXG/A515). 1H-MR-
spectroscopy confirmed elevation of lactate accompanied
with decreased N-acetylaspartate within the affected brain
regions. Nerve conduction studies (NCSs) were compatible
with a mild to moderate chronic axonal motor neuropathy
(eTable 1). Needle EMG studies of clinically affected muscles
demonstrated typical chronic neuropathic changes consisting
of an increased proportion of long-high-amplitude motor unit
potentials with weak voluntary contraction but no sponta-
neous electrical activity in a relaxed resting muscle. EEG
showed diffuse continuous slowing consisting of fast theta
activity. Ophthalmologic examination revealed a mottled
macular pigment epithelium and midperipheral salt-and-
pepper retinopathy compatible with retinitis pigmentosa.

Impairment of Mitochondrial Function
Skeletal muscle biopsy fromM. vastus lateralis at age 59 years
showed only little variations in fiber size and only sporadically
clumps of nuclei but no significant neurogenic or myopathic
changes. COX/SDH double staining of skeletal muscle slices
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demonstrated that 3% of fibers were COX deficient
(Figure 1C). No fibers with intense SDH staining were ob-
served, indicating the lack of mitochondrial proliferation. In
accordance with this, no ragged-red fibers were detected on
Gomori trichrome staining.

Spectrophotometric measurements of mitochondrial enzyme ac-
tivities in skeletal muscle homogenates indicated elevated levels of
the mitochondrial marker enzyme citrate synthase (CS) and
strongly reduced complex I/CS and complex IV/CS ratios
compatible with a combined OXPHOS impairment (Figure 1B).

Heteroplasmic Variant m.5789T>C Leads to
COX Deficiency and Destabilizes tRNACys

Whole-exome sequencing of DNA isolated from the patient’s
cultured fibroblast revealed no pathogenic or likely pathogenic
sequence variant in nuclear genes that have been associated
with disorders compatible with the phenotype of the patient.
Particularly, no pathogenic variants in known nuclear-encoded
mitochondrial proteins (as listed in MitoCarta 3.021), ataxia-
associated gene, or genes associated with retinitis pigmentosa

were observed. Sanger sequencing of the patient’s skeletal
muscle mtDNA revealed the presence of the heteroplasmic
variant m.5789T>C in the MT-TC gene coding for the mito-
chondrial tRNACys (Figure 2A). This sequence variant is nei-
ther present in Mitomap’s collection of 52,633 human mtDNA
sequences nor listed there as known pathogenic variant.22

RFLP analysis confirmed the presence of the mutation and
displayed heteroplasmy levels of 44% in skeletal muscle, 11% in
blood, 28% in urine sediment, and 12% fibroblasts (Figure 2B).
Position 5789 of the human mitochondrial genome corre-
sponds to nucleotide 43 of the tRNACys and the alteration
m.5789T>C turns a perfect base-pairing between nucleotides
27 and 43 in the anticodon stem into a wobble pair
(Figure 2C). Although position 43 of the mitochondrial tRNA
for cysteine itself is not highly conserved in mammals, a perfect
Watson-Crick pair with nucleotide 27 can be found in most
species. All species harbor at least 1 perfect pair at the first 2
base pairs of the anticodon stem. The alteration m.5789T>C
results in 2 wobble pairs in human, thus potentially decreasing
the stability of the anticodon stem (eFigure3, links.lww.com/
NXG/A515).

Figure 1 Mosaic Mitochondrial Impairment in Skeletal Muscle of a Patient Having Neuropathy, Ataxia, and Retinitis
Pigmentosa Syndrome

(A) Pedigree of the patient’s family. The
patient is indicated by an arrow. (B)
Spectrophotometric measurements of
mitochondrial enzyme activities in skele-
tal muscle homogenate of the patient
and controls. NADH:ubiquinone oxido-
reductase (complex I) and cytochrome c
oxidase (complex IV) activities were nor-
malized to citrate synthase activities.
Mean values of 3 independent mea-
surements are shown for the patient,
whereas control values indicateaverages
of 3 healthy individuals. Error bars rep-
resent standard deviations. For signifi-
cance, the t test was performed; *p <
0.05; ***p < 0.001. (C) COX/SDH double
staining of the patient’s skeletal muscle.
Brown color indicates functional COX,
whereas blue color results from SDH ac-
tivity in the absence of COX activity. Scale
bar, 200 μm. COX = cytochrome c oxi-
dase; SDH = succinate dehydrogenase.
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No mutant m.5789C allele was detectable in urine sediments
and blood samples from the patient’s siblings by RFLP, but
increasing the sensitivity using single-molecule sequencing of
mutant-enriched mtDNA demonstrated the presence of the
sequence alteration in all healthy siblings, thus indicating that
the variant originated from the maternal germ line (eFigure 4,
links.lww.com/NXG/A515). In addition, the previously
reported22 homoplasmic variant m.5785T>C, located 4 nu-
cleotides upstream of the heteroplasmic variant, was detected
in all available family members.

Mutation loads of the m.5789T>C variant showed a strong
correlation with COX deficiency in single skeletal muscle fi-
bers (Figure 2D). Fibers harboring at least 78% mutant
mtDNA displayed a loss of COX activity. This threshold value
is comparable with other pathogenic tRNA sequence
variants.14

Because the m.5789T>C variant turns a Watson-Crick base
pair in the anticodon stem of the mitochondrial tRNACys into
a wobble pair (Figure 2C), it is predicted to alter tRNA
structure and stability. Therefore, we performed Northern
blotting experiments and found that the amount of the mi-
tochondrial tRNACys in the patient’s skeletal muscle was 56%

of the mean value of 3 control samples when normalized to
the mitochondrial tRNASerUCN (p < 0.01). No alteration of
amino acid charging of tRNACys was observed (Figure 2E).

m.5789T>C Colocalizes With Low-Abundance
mtDNA Deletions and Alters
Hypothetical Annealing
Long-range PCR showed the presence of a prominent
mtDNA deletion cluster in the patient’s skeletal muscle
(Figure 3A, lane 2). These deletions, however, represented
less than 5% of mtDNA molecules as determined by qPCR.
Sequencing of single mtDNA deletion species revealed that 59
breakpoints of these deletions were located in the immediate
vicinity of the m.5789T>C variant, near to the replication
origin oriL (Figure 3B and eTable 2, links.lww.com/NXG/
A515). 39 breakpoints clustered at a well-known deletion
hotspot around position 16070, near to the replication-
relevant D-loop region. In 30% of deletion-carrying mole-
cules, the position 5789 was retained (eTable 2). Strikingly, all
these molecules carried the m.5789C mutated allele and none
the wild-type allele. The Fisher exact test indicated that the
m.5789C allele and deletions occur not independently (p =
0.003). In silico alignment of np5764–np5796 to np16010–
np16075 displayed a short hypothetical stretch of hybridization

Figure 2 Detection and Functional Effects of the m.5789T>C Sequence Variant

(A) Sequencing chromatograms from the patient’s skeletal muscle and blood. Filled arrow indicates the heteroplasmic m.5789T>C variant, whereas empty
arrows show the homoplasmic m.5785T>C variant. (B) Restriction fragment length polymorphism (RFLP) analysis of the patient’s skeletal muscle biopsy
sample (MB), blood (BL), urine (UR), and fibroblasts (FB). M, molecular weight marker. wt, wild type; mut, mutant. (C) Secondary structure of the human
mitochondrial tRNA cysteine adapted from the Mamit-tRNA database.23 Filled arrow indicates the position of the novel m.5789T>C variant. Note that the
replacement of aWatson-Crick base pair by a U-G base pair generates 2 adjacent wobble base pairs in the anticodon stem. Stars indicate the anticodon. Dash,
Watson-Crick base pair; dot, wobble base pair. (D) Bee swarm diagram ofm.5789T>Cmutation loads in COX-negative and COX-positive single skeletal muscle
fibers as determined by RFLP. Note that fibers with 78% mutation load or less show COX activity. (E) Northern blot analysis of skeletal muscle RNA of the
patient (P) and 3 controls (C1–3) as well as aminoacylated (AC) and deaminoacylated (deAC) human osteosarcoma cells 143B RNA. The overall intensity of the
tRNACys signal is decreased in comparison to tRNASerUCN, whereas the proportions of aminoacylated and deaminoacylated RNA species are similar in the
patient and in controls. COX = cytochrome c oxidase.
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in the presence of the wild-type m.5785T and m.5789T alleles
(Figure 3C). The mutant alleles m.5785C and m.5879C to-
gether resulted in a substantial extension of the hybridizing
region. Breakpoints of the observed prominent deletions
clustered at the 2 ends of the extended hybridization stretch
(Figure 3D).

Discussion
In accordance with previously published pathogenicity
scores,26 we provide evidence for the causative role of the
novel heteroplasmic m.5789T>C variant in a patient having a
mitochondrial disorder phenotypically resembling NARP
syndrome. The following findings support the pathogenicity
of the sequence variant: (1) the variant was present in het-
eroplasmic state (>10%) in all investigated tissues of the pa-
tient but was only detected in traces (<1%) in the unaffected
siblings. (2) Combined oxidative phosphorylation deficiency
was confirmed in skeletal muscle homogenate, and (3) COX
deficiency was restricted to fibers with high (>78%) mutation
loads. (4) Northern blot analysis showed reduced steady state

amounts of tRNACys. The total score of 14 classifies the se-
quence variant as definitely pathogenic.26 Using a sensitive
single-molecule sequencing technique, we confirmed its
presence in family members, which has important implica-
tions for genetic counseling.

Previously reported pathogenic sequence variants in the mi-
tochondrial tRNACys were found to be present in skeletal
muscle samples of patients at homoplasmic or nearly homo-
plasmic levels (representing >90% of total mitochondrial
genomes).4-9 The fact that the mutation load was much lower
in the patient described in this study is in accordance with
the late onset of the disease. Very high mutation loads in other
reported patients often lead to a disease manifestation in early
childhood; the 44% mutation load in our patient's skeletal
muscle was associated with an onset in the sixth decade of life.
Notably, in previously reported cases of pathogenic mito-
chondrial tRNACys sequence variants, high mutation loads
were detected also in blood samples of patients4-9 and even
in maternal relatives with mild unspecific symptoms or
no symptoms at all.5,7,8 Accordingly, many of these mutations
have also been described as mitochondrial haplogroup-defining

Figure 3 Prominent Cluster of mtDNA Deletion Detected in the Patient’s Skeletal Muscle

(A) Multiple mtDNA deletions in the patient’s skeletal muscle and in 5 controls. M indicates a molecular weight marker. Note the single major band in the
patient’s DNA sample. (B) Sequencing chromatograms of the 2most abundant deletions species in the patient’s skeletal muscle, m.5791_16071 andm.5787_
16034. Empty arrows point at the m.5785T>C homoplasmic variant, whereas the filled arrow marks the position of the m.5789T>C variant (upper panel),
which is lost in the second deletion (lower panel). (C and D) In silico prediction of hybridization between nucleotides 5764–5796 (orange) and 16010–16075
(blue) in the presence of wild-type alleles (C) andmutant alleles (D) at positionsm.5789 (filled arrow) and positionm.5785 (empty arrow). Colored arrowheads
indicate deletion breakpoints clustering at the ends of the extended hybridizing stretch. Annealing of the H-strand of the 5,790 region to the L-strand of the
16070 region was simulated using the Hybrid-min operator in UNAFold 3.7 software24 at default settings for DNA, as previously described.25 C = controls
(numbers indicate ages in years); del = deletion-carrying mtDNA species; mtDNA = mitochondrial DNA; P = patient; wt = full-length wild-type mtDNA.
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polymorphisms present in the general population (m.5814T>C,
haplogroups L2b and B4a5; m.5783G>A, haplogroup M3a2;
m.5780G>A, haplogroupH1ap).27 In opposite, the m.5789T>C
variant was present to amuch less extent in proliferative tissues of
the patient than in skeletal muscle, only in traces in unaffected
family members, and absent in human mtDNA sequences
reported so far.22 These features are typical for many hetero-
plasmic pathogenic mitochondrial tRNA sequence variants.3,14

NARP syndrome is caused by pathogenic point sequence
variants of the mtDNA, and it is characterized by a variable
combination of peripheral neuropathy, ataxia, pigmentary
retinopathy, epilepsy, and dementia.1 Except epilepsy, all
these features were present in the patient described in this
study. Of interest, the most prominent abnormality on MRI
was pontocerebellar atrophy and bilateral occipital leu-
koencephalopathy. A similar pattern of tissue injury has
been previously reported in a 49-year-old man with NARP
syndrome and the most common pathogenic mtDNA se-
quence variant m.8993T>G.28 However, in this patient,
minor putaminal signal changes were detectable in the basal
ganglia on one side only, which were not clearly evident in
our case at the time of MRI examination. Heterogeneous
areas of neuronal loss in NARP syndrome have been also
reported in other brain imaging studies.28 Cognitive im-
pairment in mitochondrial disorders is increasingly recog-
nized. Similar to our patient, reduced processing speed,
memory, verbal fluency, and affective symptoms have been
reported in NARP syndrome.29 EMG-NCSs revealed evi-
dence of a chronic motor axonal neuropathy generally
compatible with NARP syndrome, but also with the pre-
vious history of inflammatory polyneuropathy. Of interest,
sural sensory nerve action potential amplitudes in our case
were relatively well preserved for NARP syndrome (eTa-
ble 1, links.lww.com/NXG/A515). However, patterns of
peripheral nerve involvement have been reported to be
heterogeneous even between members of the same NARP
family.29

Ataxia and neuropathy are also prominent features of another
group of mitochondrial diseases that are characterized by the
presence of multiple mtDNA deletions. In these disorders,
disturbed maintenance of mtDNA is due to pathogenic se-
quence variants in nuclear genes that play a role in replication
of the mitochondrial genome, most prominently the mtDNA
polymerase γ.30 The general term ataxia neuropathy spectrum
includes a number of syndromic manifestations of disturbed
mtDNA maintenance, among others SANDO (sensory ataxic
neuropathy with dysarthria and opthalmoparesis). Although
dysarthria was present in our patient, ataxia was pre-
dominantly cerebellar, and no opthalmoparesis was observed.
Furthermore, we did not detect a typical heterogeneous
mixture of multiple mtDNA deletions that is a hallmark of
maintenance disorders. Instead, we observed a single prom-
inent cluster of deletions with one of the breakpoints lo-
cated in the close vicinity of the heteroplasmic sequence
variant. The low overall amount of deletions and the lack of

the typical pattern of multiple mtDNA deletions suggest that
mtDNA deletions do not play a causative role in the patient’s
condition.

The class of somatic mtDNA deletions that were identified
in the patient’s skeletal muscle spanned the whole major arc
of the mitochondrial genome between the oriL region and
the D-loop. Misannealing between separate regions of the
mitochondrial genome due to sequence similarities is a key
element of present models of mitochondrial deletion gen-
eration.31 In concert with this, in silico analysis suggested
that the heteroplasmic m.5789T>C variant in combination
with the homoplasmic m.5785T>C variant may facilitate a
misannealing between the oriL and D-loop regions through
creating an extended imperfect repeat. The colocalization of
the mutated m.5879C allele with deletions on the same
mtDNA molecules further supports this hypothesis. The
effect of a single-base exchange on deletion formation was
demonstrated in the mitochondrial haplogroup N1b.25 In
this haplogroup, the m.8472C>T variant interrupts the 13-
nucleotide-long direct repeat that flanks the frequently ob-
served common deletion (8470–13447), which results in a
reduced occurrence of this deletion. In contrast to this sit-
uation, we propose that the m.5789T>C variant (in com-
bination with the m.5785T>C variant) increases the
probability of annealing between oriL and D-loop, thus
promoting mtDNA deletion generation.

In conclusion, we provide an example of phenotypical overlap
between pathogenic mtDNA sequence variants that act through
different molecular mechanisms. The novelMT-TCm.5789T>C
variant destabilizes tRNACys structure, causes a combined oxi-
dative phosphorylation defect, and leads to similar symptoms as
amino acid substitutions in the protein-coding MT-ATP6 gene,
which are typical causes of the NARP syndrome. Deletions that
were observed in association with the m.5789T>C variant are
unlikely to substantially contribute to the pathogenicity, but their
presence strengthens the hypothesis that the generation of spe-
cific somatic mtDNA deletions might depend on hybridization
between different regions of the mitochondrial genome.
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Abstract
Background and Objectives
Mucolipidosis type IV (MLIV) is an ultra-rare lysosomal disorder initially described as a static
neurodevelopmental condition. However, patient caregivers frequently report progressive mus-
cular hypertonicity and functional decline. We evaluated a cohort of patients with MLIV to
determine whether neurologic disability correlates with age.

Methods
We performed a cross-sectional, observational study of 26 patients with MLIV in the United
States and Israel ranging in age from 2 to 40 years. Medical history was obtained from caregivers,
and patients underwent a full neurologic examination. The Brief Assessment of Motor Function
(BAMF), Gross Motor Function Classification System, and modified Ashworth scales were
applied. Caregivers identified developmental skills on the Oregon Project for Visually Impaired
and Blind Children checklist that their child had lost the ability to perform.

Results
Three patients were clinically classified as mildly affected and the remaining 23 patients as
typical, severely affected cases. Timing of first symptom onset ranged from 1.5 months to 8
years of age (median 7.25 months). Across typical patients, modified Ashworth scores dem-
onstrated a positive age dependence illustrating worsening spasticity across the lifespan. Signs
of extrapyramidal motor dysfunction were also qualitatively observed. In parallel, gross and fine
motor function assessed with the BAMF and Gross Motor Function Classification System
scales declined across age. All typical patients had restricted tongue mobility and lacked rotary
jaw movement when chewing, but BAMF scores for deglutition declined only in the oldest
patients. In contrast, scores for articulation were low in all patients and did not correlate with
age. Finally, loss of developmental skills frequently occurred in early adolescence.

Discussion
This cross-sectional natural history study of MLIV demonstrates worse motor function in older
patients. These data support a neurodegenerative component of MLIV that manifests as de-
velopmental regression in the second decade of life. Whether the emergence of functional decline
results from the cumulative, nonlinear interactions of steadily progressive neurodegenerative
processes or reflects an inflection from impaired CNS development to degeneration is uncertain.
However, understanding the relationship between CNS pathology and clinical course of disease
will be imperative to guiding future interventional trials and optimizing patient care.
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Mucolipidosis type IV (MLIV) is an inherited lysosomal
disorder characterized by hypomyelination, severe neu-
rodevelopmental delay, progressive visual impairment,
and achlorhydria.1 The true prevalence is unknown, but
MLIV is considered an ultra-rare condition with approx-
imately 100 identified patients worldwide (personal
communication from the ML4 Foundation).2-4 Low pa-
tient numbers limit our understanding of the natural
history of disease, but early cohort studies have provided
seminal data on the phenotypic spectrum of MLIV,5-7 and
severe (typical) and mild (atypical) forms have been
described.8

MLIV is an autosomal recessive disorder caused by pathologic
variants inMCOLN1, the gene encoding the lysosomal cation
channel TRPML1.2,9,10 TRPML1 regulates multiple lyso-
somal and late endosomal functions, including membrane
trafficking, exocytosis, and autophagy.11,12 These processes
play important roles in CNS development, and patients with
MLIV typically reach a developmental plateau equivalent to
the 18–21-month level in healthy children. Other signs of
neurologic dysfunction associated with MLIV include axial
hypotonia, bilateral pyramidal tract signs, cerebellar dys-
function, and retinal degeneration.5-7,13,14

Whether MLIV is solely a static neurodevelopmental dis-
order or includes a neurodegenerative component remains
unclear. Early case series and natural history studies esti-
mated that only 15% of patients exhibit progressive neuro-
logic symptoms and highlighted the unclear timing and
extent of progression.5-7 However, a recent prospective brain
MRI study identified signs of the cerebral white matter de-
generation that correlated with worsening scores of motor
function in 5 patients with MLIV.15 Furthermore, caregivers
of our patients consistently report worsening muscular hy-
pertonicity and gradual functional deterioration, suggesting
that a neurodegenerative component may be more prevalent
than currently appreciated. Now that gene replacement16

and small molecule therapies are under preclinical de-
velopment for MLIV, defining the natural history is critical
for informing future clinical trial design.

Herein, we report the results of an observational cross-
sectional cohort study with the primary objectives of de-
termining whether patients with MLIV exhibit worsening
motor impairment across the lifespan and defining when
functional regression emerges. Our study contributes to the
understanding of the natural history of MLIV and will help
guide prognostic discussions with caregivers and inform the
design of future clinical trials.

Methods
Standard Protocol Approvals, Registrations,
and Patient Consents
This study was approved by the Mass General Brigham Hu-
man Research Committee Institutional Review Board (Fed-
eral Wide Assurance Number: 00003136). Written consent
was obtained from the legal guardians or the patient if ap-
propriate, and patient assent obtained when possible.

Inclusion and Exclusion Criteria
Patients with MLIV were made aware of our study through the
ML4 Foundation from July 2018 to July 2019. Twenty-six pa-
tients contacted our team for further information and possible
enrollment. Inclusion criteria included a diagnosis of MLIV
established by one of the following: (1) clinical or research-
based sequencing of MCOLN1 and identification of 2 known
pathogenic variants or the (2) presence of the expected con-
stellation of clinical symptoms associated with MLIV and doc-
umentation of elevated gastrin levels, or a tissue biopsy with
evidence of lysosomal inclusions consistent with MLIV. Exclu-
sion criteria included the inability of the caregivers to give in-
formed consent or inability of patients to undergo examination.

Patient Evaluations
A board-certified pediatric neurologist (the corresponding
author) interviewed caregivers and patients, examined all
patients, and applied the functional scales. Patients were ex-
amined at the Massachusetts General Hospital, the ML4
Foundation Conference, or the Tel HaShomer Hospital.
When an age range was given for age at first symptom onset,
the average was used as an estimate. Spasticity, defined as a
velocity-dependent increase in muscle tone, was graded with
the modified Ashworth scale.17 Spasticity was assessed at least
3 times for each patient over the course of approximately 1
hour and differentiated from velocity-independent rigidity
that was variably present between evaluations or affected by
changes in positioning. Scores on the Brief Assessment of
Motor Function (BAMF)18-21 and Gross Motor Function
Classification System (GMFCS)22 scores were assigned based
on patient performance during the examination and caregiver
report of the most consistent level of function over the pre-
vious 3 months. To quantify the number of developmental
skills a patient had lost by the time of evaluation, items on the
Oregon Project skill inventory, organized into gross motor,
fine motor, cognitive, language, social, compensatory, and
self-help skills, were given to caregivers or one atypical patient
who indicated whether the patient was able to perform the
skill or had previously been able to perform the skill but lost
the ability. Items were presented in order, from the least to

Glossary
BAMF = Brief Assessment of Motor Function;Cr = creatine-phosphocreatine;GMFCS = Gross Motor Function Classification
System; MLIV = mucolipidosis type IV; NAA = N-acetylaspartate.
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most advanced developmental level. When a caregiver in-
dicated that a patient had never attained the ability to perform
any skill listed under a particular age category, the interview
for that functional domain was terminated.

Statistics
Spearman rank correlation coefficients or Pearson correlation
coefficients were calculated using Prism 8 software (Graph-
Pad Software Inc). For calculation of Spearman rank corre-
lation coefficients with the modified Ashworth scale, scores of
1+ were collapsed to a numerical score of one. BAMF or
GMFCS scores were used in linear regression analyses using
Prism 8 software.Mild or atypical patients were removed from
this analysis as confounding variables.

Data Availability
The data used in this study will be made freely available on
request to the corresponding author (A.L.M.) for 7 years after
the date of publication.

Results
Cohort Characteristics
We identified and evaluated 26 patients with MLIV for en-
rollment eligibility, all of whom met the inclusion criteria and
were consented into our IRB-approved study. Patients ranged
in age from 2 to 40 years. Forty-two percent of patients were
male, and 58% were female. Fifteen patients (58%) were of
Ashkenazi Jewish descent, whereas 8 (31%) were Caucasian,
and the remaining 3 were of Asian, Latin American, or mixed
African American and Caucasian descent. All 26 patients were
examined by a board-certified pediatric neurologist and
evaluated with the BAMF scales,18-21 the GMFCS,22 and the
modified Ashworth scale.17 Because of limitations associated
with patient access and cost, our study was limited to a single
evaluator. Caregivers of 16 patients reviewed a developmental
skills inventory from theOregon Project for Visually Impaired
and Blind Children23 and indicated which skills patients were
able to perform or had been able to perform in the past but
lost the ability later in life. The skills inventory was available
only in English precluding review by the caregivers of 9 pa-
tients who primarily spoke Hebrew. One mildly affected pa-
tient reported no functional decline and was not given the
skills inventory.

A diagnosis of MLIV was confirmed in 24 patients by identifi-
cation of 2 known disease-causing MCOLN1 allelic variants
(Table 1). No novelMCOLN1 variants were identified. Of these
patients, 9 (37%) were homozygotes, and 15 (62%) were
compound heterozygotes. The 16 unique allelic variants repor-
ted among the cohort included splice site (3), nonsense (2),
frameshift-nonsense (2), frameshift (1), insertion (1), deletion
(1), and single nucleic acid variants (6). One patient had a single
disease-causing MCOLN1 allele identified but were diagnosed
based on clinical presentation and elevated serum gastrin levels.
Diagnosis based on clinical presentation and corneal biopsy was
made in the remaining patient.

Prenatal history and neonatal development were unremarkable
in all patients. Timing of the first symptom onset ranged from
1.5 months to 8 years of age (median 7.25 months). The first
symptom(s) reported by parents included inability to roll
(stomach to back) or sit unsupported by 6 or 9 months of age,
respectively (21 patients), strabismus (6 patients), hypotonia
(5 patients), impaired vision (4 patients), inability to crawl
(3 patients), weak grasp (1 patient), or inability to stand (1 pa-
tient). The mean time from symptom onset to diagnosis was 21
± 20 months (range: 2.5 months to 7 years).

Three patients (Table 1) in our cohort exhibited a milder
degree of neurologic impairment and symptom severity. Al-
though mild phenotypic variants ofMLIV have been described,
formal nomenclature and classification criteria have not been
established.1 Based on the authors’ combined experience with

Table Patient Cohort Characteristics

ID Phenotype Age (y) MCOLN1 alleles

1 Mild 10–20 c.406-2A>G; homozygous

2 Mild 10–20 c.236_237ins93; c.1207C>T

3 Mild 20–40 c. 920delT; c.1615delG

4 Typical 1–10 c.429C>T; c.1405A>G

5 Typical 1–10 c.406-2A>G; homozygous

6 Typical 1–10 c.406-2A>G; c.1336 G>A

7 Typical 1–10 c.1017_1020delACGG; c.877 G>A

8 Typical 1–10 c.1135-1 G>C; g.511_6943del

9 Typical 1–10 c.984 +1 G>A; c.406-2A>G

10 Typical 1–10 c.406 -2A>G; c.964C>T

11 Typical 1–10 c.694A>C; c.785T>C

12 Typical 1–10 c.406-2A>G; homozygous

13 Typical 10–20 c.406-2A>G; homozygous

14 Typical 10–20 c.406-2A>G; g.511_6943del

15 Typical 10–20 c.406-2A>G; homozygous

16 Typical 10–20 c.406-2A>G; g.511_6943del

17 Typical 10–20 c.406-2A>G; 2nd variant unidentified

18 Typical 10–20 c.236_237ins93; c.694A>C

19 Typical 10–20 c.406-2A>G; homozygous

20 Typical 20–40 Unidentified

21 Typical 20–40 c.406-2A>G; g.511_6943del

22 Typical 20–40 c.406-2A>G; homozygous

23 Typical 20–40 c.406-2A>G; homozygous

24 Typical 20–40 c.406-2A>G; homozygous

25 Typical 20–40 c.406-2A>G; g.511_6943del

26 Typical 20–40 c.406-2A>G; g.511_6943del
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the MLIV population, patients were classified as mild if they
had achieved independent ambulation at any point in life. The
remaining 23 patients were classified as typical.

Muscle Tone Assessments
Decreased strength with volitional muscle activation,
hyperreflexia, and muscular hypertonicity were frequently
observed across typical patients with MLIV and appeared
qualitatively worse in older patients. On examination, in-
creased appendicular muscle tone consisted of 2 compo-
nents, a velocity-dependent resistance to passive movement
(spasticity) and a velocity-independent resistance to passive
movement, which was variably present (rigidity). The
quality of rigidity varied between patients and included
cogwheel rigidity and paratonia. We quantitatively evalu-
ated the velocity-dependent component of hypertonicity
that was consistently present on repeat examination and
scored the severity using the modified Ashworth scale, an
ordinal measure of spasticity. Across typical patients,
worsening hypertonicity correlated with increasing age at all
joints tested (Figure 1). Spearman rank correlation coeffi-
cients were estimated between ages and modified Ashworth
scores across typical patients at the elbows (r = 0.880, 95%
CI = 0.728 to 0.949), wrists (r = 0.771, 95% CI = 0.518 to
0.900), knees (r = 0.828, 95% CI = 0.631 to 0.924), and
ankles (r = 0.664, 95% CI = 0.348 to 0.845) and demon-
strated a positive age dependence of spasticity.

Motor Function Evaluations
Gross motor development was impaired in all patients except 1
mildly affected patient who had lost vision but was otherwise
developmentally normal (patient 3). Across typical patients,
Pearson correlation coefficients between age and BAMF gross
motor function scores (r = −0.658, 95%CI = −0.841 to−0.337)
or upper extremity gross motor scores (r = −0.646, 95% CI =
−0.836 to −0.320) showed a negative age dependence, con-
sistent with worsening function across time (Figures 2, A–B).
GMFCS scores demonstrated a positive age dependence (r =
0.691, 95% CI = 0.390 to 0.859), also consistent with wors-
ening grossmotor function (Figure 2C). Scores were then fit to
a linear model to estimate the rate of decline across age in the
entire cohort (Figure 2, A–C). Among atypical patients, gross
motor function varied ranging from a normal gait with the use
of a white cane to ambulating only with assistance at the time of
examination.

Similar to gross motor function scores, BAMF scores for fine
motor function showed a negative age dependence (r = −0.644,
95% CI = −0.835 to −0.316), consistent with worse function in
older typical patients (Figure 2D). Finger articulation was
impaired in all typical patients, and none demonstrated a su-
perior pincer grasp, 14 (61%) an inferior pincer grasp, 1 (4%) a
tripod grasp, and 8 (35%) could not grasp objects with their
fingers. Among atypical cases, only 1 demonstrated a superior
pincer grasp and normal fine motor function. The remaining 2

Figure 1 Muscular Hypertonicity in Patients With Mucolipidosis Type IV Is Positively Correlated With Age

Modified Ashworth scores of tone at the elbows (A), wrists (B), knees (C), and ankles (D) suggest worsening hypertonicity across age.
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used an inferior pincer grasp, although both hadmore advanced
fine motor control compared with typical patients and were
able to eat with normal utensils.

Articulation and deglutition (swallowing) are 2 separate
oromotor functions that share common anatomic structures.
Articulation encompasses all motor processes involved in
the production of sounds, whereas deglutition starts with
mastication and includes all subsequent motor processes
involved in moving food or liquid from the mouth to
stomach. In contrast to gross and fine motor function,
BAMF scores for articulation did not show a significant
correlation with age (r = −0.0389, 95%CI = −0.690 to 0.030)
(Figure 2E). BAMF scores for deglutition did show a

significant correlation (r = −0.451, 95% CI = −0.728 to
−0.047) (Figure 2F), but this was largely driven by the low
scores of the 2 oldest patients and was interpreted as an
outlier effect. Scores for articulation were consistently in the
lower half of the range among all patients except for the most
mildly affected atypical patient. In contrast, scores for de-
glutition were consistently in the upper half of the range
except for the 2 oldest patients who were completely de-
pendent on a gastric tube for feeding. With the exception of
the 2 oldest patients, aspiration of thin liquids or foods was
not reported. All typical patients lacked rotary jaw move-
ments while chewing, exhibited limited lateral tongue
movement, and had poor control of oral secretions. These
findings were also observed in 2 mildly affected patients.

Figure 2 Gross and Fine Motor Function Decline Across Age in a Cohort of Patients With Mucolipidosis Type IV

Linear regression analysis performed with BAMF scores of gross motor function (slope = −0.102, 95% CI = −0.155 to −0.050) (A), BAMF scores of upper
extremity (UE) gross motor function (slope = −0.164, 95% CI = −0.252 to −0.076) (B), and Gross Motor Function Classification System levels (slope = 0.041, 95%
CI = 0.021 to 0.060) (C) demonstrated deteriorating gross motor function across age. BAMF scores for fine motor function also declined with age (slope =
−0.106, 95% CI = −0.163 to −0.489) (D). In contrast, BAMF scores for articulation did not significantly vary (slope = −0.045, 95% CI = −0.094 to 0.003) (E). Linear
regression analysis of BAMF scores for deglutition suggested a decline with age (slope = −0.106, 95% CI = −0.202 to −0.011) (F), but the significance was heavily
influenced by the low scores of the 2 oldest patients, which created an outlier effect. All linear regression analysis excluded atypical patient scores. BAMF =
Brief Assessment of Motor Function.
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Timing of Developmental Regression in MLIV
Given the suggestion of declining motor function with age, we
sought to identify the range of ages during which patients with
MLIV loose specific developmental skills across different
functional domains. Caregivers reviewed a developmental
skills inventory from the Oregon Project for Visually Impaired
and Blind Children and for each listed skill, indicated whether

1) the patient was able to perform that skill at the time of
exam, 2) the patient had never been able to perform the skill,
or 3) the patient had performed the skill in the past but lost
that ability by the time of exam. In all domains except for
language, functional regression emerged early in the second
decade of life (Figures 3, A–F). In contrast, language skills
were lost across the age range (Figure 3G).

Figure 3 Loss of Functional Skills in Patients With MLIV Begins in Adolescence

Caregiver-reported numbers of lost functional skills suggest that patients with MLIV begin to exhibit functional regression in gross motor (A), fine motor (B),
cognitive (C), social (D), self-help (E), and compensatory (F) skills during adolescence. In contrast, caregivers reported loss of language skills at various times
across age (G). Dotted arrows label the youngest patient to have lost skills in each domain. MLIV = mucolipidosis type IV.
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Discussion
We report a cross-sectional, observational study of 26 patients
with MLIV that demonstrates a positive correlation between
age and worsening motor function and developmental re-
gression beginning in the second decade of life. Although
MLIV has been primarily described as a static neuro-
developmental condition,5 our data highlight a neurodegen-
erative component that should be considered in prognostic
discussions and the design of future clinical trials. In our study,
patients most commonly presented with delayed motor de-
velopment in the first year of life. Across the first decade, the
severity of appendicular spasticity positively correlated with
age, whereas measures of gross and fine motor function
negatively correlated with age. However, caregivers did not
report loss of developmental skills until early adolescence.
Based on our current study and the existing published data, we
postulate that the natural history of MLIV can be described in
3 general stages. First, patients make slow developmental
gains in the first years of life while exhibiting signs of CNS
dysfunction (i.e., abnormal muscle tone and impaired vision).
Second, patients reach a developmental plateau while mus-
cular hypertonicity worsens, and motor function gradually
declines. Third, in early adolescence, the compounding effects
of worsening hypertonicity, motor function, and visual im-
pairment result in functional regression.

Although limited, the available radiographic data on patients
with MLIV support the existence of a late-onset neurode-
generative component in corroboration with our clinical
findings. In the early stages of MLIV, brain MRI studies
typically demonstrate a profound paucity of subcortical white
matter, hypoplasia of the corpus callosum, and iron de-
position in the basal ganglia with relative preservation of the
cortical gray matter.15,24 This constellation of findings is
consistent with a hypomyelinating leukodystrophy and brain
iron accumulation, which conceptually align with younger
patients’ impaired neurodevelopment and extrapyramidal
signs, respectively. Although cortical gray matter atrophy is
absent in younger patients, a study using MR spectroscopy in
11 children and 3 adults with MLIV suggests that loss of
TRPML1 channel activity does impair neuronal function in
the CNS across all stages of disease.25 In this study, a diffuse
reduction in the N-acetylaspartate (NAA) to creatine-
phosphocreatine (Cr) ratio was measured in most gray and
white matter regions. NAA is a neuron-specific metabolite,
and a decreased NAA/Cr ratio is indicative of dysfunction or
damage in the neuronal cell bodies or axons. A subsequent
prospective study in 5 patients younger than 20 years dem-
onstrated stable or increasing cortical gray matter volumes,
but decreasing subcortical white matter and cerebellar vol-
umes with age.15 Taken together, these data suggest that loss
of TRPML1 compromises the function of cortical neurons
(decreased NAA/Cr in the cortex and axonal tracts) without
causing neuronal death (preserved gray matter volume) in the
early stages of disease. Degeneration of axonal tracts (sub-
cortical white matter volume loss) and cerebellar atrophy

develop latter around the time that functional regression
emerges in adolescent patients.

Progressive visual impairment due to retinal degeneration is a
well-documented feature of MLIV13,14,26,27 that likely con-
tributes to the functional decline in patients. Although the rate
of progression has not been delineated, in our experience,
most patients are legally blind by the second decade of life.
The nadir of visual function coincides with the emergence of
functional regression that we demonstrate in the current
study. Our study design was unable to accommodate the as-
sessment of visual function, but we assume that degree of
visual impairment contributes to functional regression. As
engaging the environment becomes more challenging with
loss of vision, a vicious cycle of decreased engagement and
worsening motor function likely ensues.

We found that patients withMLIV in our cohort demonstrated
appendicular hypertonia that consisted of both pyramidal
(spasticity) and extrapyramidal (rigidity) qualities. Extrapyra-
midal motor signs inMLIV are not conspicuously documented
in the literature. However, ferric iron deposition in the basal
ganglia of patients with MLIV appears similar to that demon-
strated in neurodegeneration with brain iron accumulation
disorders where extrapyramidal signs are prominent.28

Whether iron deposition and extrapyramidal dysfunction
worsen across age in MLIV is not known. In our older patients,
the prominent and persistent spasticity observed may have
masked extrapyramidal features that were easier to discern in
younger patients with milder spasticity. Further characteriza-
tion of pyramidal and extrapyramidal features in MLIV merits
further investigation as patients would benefit from appropri-
ately targeted medical interventions.

Our study has limitations that need to be acknowledged. First,
limited patient access and cost permitted only a single evalua-
tion of each patient by one evaluator, precluding an analysis of
intrarater and interrater variability. Next, all typical patients
scored low on the BAMF and GMFCS scales, suggesting that
these instruments lack the sensitivity to track disease pro-
gression in the MLIV population. Clinical scales with higher
resolution in the lower functional range may avoid floor effects
and could be tested in future studies. Alternatively, disease-
specific scales, which have been highly successful in defining the
natural history of other rare diseases,29-31 could be developed
for MLIV. Finally, the low number of participants limits the
significance of our results. However, the 26 patients in our
cohort represent roughly 25% of all patients currently identified
through the ML4 Foundation, the only international patient
advocacy group and registry for patients with MLIV.

Despite our studies limitations, our results provide quantita-
tive clinical measurements demonstrating a positive correla-
tion between worsening neurologic disability and age in
patients with MLIV. The results of our study support a neu-
rodegenerative component of MLIV that manifests as de-
velopmental regression in the second decade of life. Whether
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the emergence of functional decline results from the cumu-
lative, nonlinear interactions of steadily progressive neuro-
degenerative processes or reflects an inflection from impaired
CNS development to degeneration is uncertain. However,
understanding the relationship between CNS pathology and
clinical course of disease will be imperative to guiding future
interventional trials and optimizing patient care. Further in-
vestigations into the molecular mechanisms connecting ly-
sosomal dysfunction and late-onset neurodegeneration are
also merited and may provide new insights into the impor-
tance of TRPML1 function in the disease relevant de-
velopmental contexts of MLIV. Finally, our study highlights
the need for identifying or developing suitable clinical in-
struments to track disease progression and aid in the de-
velopment of clinical trial end points for future therapeutics
targeting MLIV.
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Abstract
Background and Objectives
Hereditary spastic paraplegias (HSPs) are a group of inherited rare neurologic disorders char-
acterized by length-dependent degeneration of the corticospinal tracts and dorsal columns, whose
prominent clinical feature is represented by spastic gait. Spastic paraplegia type 4 (SPG4, SPAST-
HSP) is themost common form.We present both clinical andmolecular findings of a large cohort
of patients, with the aim of (1) defining the clinical spectrum of SPAST-HSP in Italy; (2)
describing their molecular features; and (3) assessing genotype-phenotype correlations to identify
features associated with worse disability.

Methods
A cross-sectional retrospective study with molecular and clinical data collected in an anony-
mized database was performed.
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From the Dipartimento di Neuroscienze Università Cattolica del Sacro Cuore, Facoltà di Medicina e Chirurgia, and Dipartimento di Scienze dell’Invecchiamento, Neurologiche,
Ortopediche e della Testa-Collo, UOC Neurologia, Fondazione Policlinico Universitario A. Gemelli IRCCS, Rome (Salvatore Rossi, V.R., Gabriella Silvestri); IRCCS Fondazione Stella Maris
(A.R., M.B., R.B., I.R., A.T., R.T., F.M.S.), Calambrone, Pisa; Laboratorio di Biologia Molecolare (M.T.B.), IRCCS E. Medea, Bosisio Parini, Lecco; Dipartimento di Medicina Clinica e
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Results
A total of 723 Italian patients with SPAST-HSP (58%men) from 316 families, with a median age at onset of 35 years, were included.
Penetrance was 97.8%, with men showing higher Spastic Paraplegia Rating Scale (SPRS) scores (19.67 ± 12.58 vs 16.15 ± 12.61, p =
0.009). In 26.6% of patients with SPAST-HSP, we observed a complicated phenotype, mainly including intellectual disability (8%),
polyneuropathy (6.7%), and cognitive decline (6.5%). Late-onset cases seemed to progress more rapidly, and patients with a longer
disease course displayed a more severe neurologic disability, with higher SPATAX (3.61 ± 1.46 vs 2.71 ± 1.20, p < 0.001) and SPRS
scores (22.63 ± 11.81 vs 12.40 ± 8.83, p < 0.001). Overall, 186 different variants in the SPAST gene were recorded, of which 48 were
novel. Patients with SPAST-HSP harboring missense variants displayed intellectual disability (14.5% vs 4.4%, p < 0.001) more
frequently, whereas patients with truncating variants presentedmore commonly cognitive decline (9.7% vs 2.6%, p= 0.001), cerebral
atrophy (11.2% vs 3.4%, p = 0.003), lower limb spasticity (61.5% vs 44.5%), urinary symptoms (50.0% vs 31.3%, p < 0.001), and
sensorimotor polyneuropathy (11.1% vs 1.1%, p < 0.001). Increasing disease duration (DD) and abnormal motor evoked potentials
(MEPs) were also associated with increased likelihood of worse disability (SPATAX score>3).

Discussion
The SPAST-HSP phenotypic spectrum in Italian patients confirms a predominantly pure form of HSP with mild-to-moderate
disability in 75% of cases, and slight prevalence of men, who appeared more severely affected. Early-onset cases with intellectual
disability were more frequent among patients carrying missense SPAST variants, whereas patients with truncating variants
showed a more complicated disease. Both longer DD and altered MEPs are associated with worse disability.

Hereditary spastic paraplegias (HSPs) are a group of rare
inherited neurologic disorders characterized by length-
dependent degeneration of the corticospinal tracts and dor-
sal columns, with spastic gait being their prominent clinical
feature.1,2 Globally, HSPs have a prevalence of 1–5/100,000
individuals worldwide.3 They can be inherited as autosomal
dominant (AD), autosomal recessive, recessive X-linked, or
mitochondrial traits, and current genetic classification relies
on sequential numbering of loci or genes using a spastic
paraplegia gene (SPG) designation.1 To our knowledge, 85
different disease loci have been identified in 79 known caus-
ative genes.4

The SPG type 4 (SPG4, also known as SPAST-HSP, OMIM
#182601) is the most common form, accounting for about 40%
of AD-HSPs and 20% of sporadic HSPs.3,5 SPAST-HSP has
long been considered the prototype of pure HSP, yet other
neurologic features may be also part of its phenotype.6 SPAST-
HSP is caused by heterozygous variants in the SPAST gene
(OMIM# 604277), encoding spastin, a protein of 616 amino
acids that is a member of the ATPases Associated with diverse
cellular Activities (AAA) protein family.6 The microtubule-
severing activity represents the main function of spastin, which
hydrolyzes adenosine tri-phosphate (ATP) to sever microtu-
bules.7 Four isoforms of spastin are known, comprising the full-
length protein (M1), a shorter isoform (M87) lacking the first
86 amino acids of theM1, and 2 splice variants of these, derived
from the exclusion of the exon 4.8,9 Spastin shows a modular

structure, including an N-terminal domain, a microtubule
interacting and trafficking domain, a microtubule-binding do-
main, and an AAA ATPase cassette.10,11

More than 250 pathogenic variants of the SPAST gene have
been reported, most of them located in the tripleA protein
domain. Missense changes, mostly clustering in the AAA
domain, represent the most frequent variants, followed by
frameshift, splice site, nonsense variants and deletions, that
have been found to be scattered throughout the whole gene.12

The characterization of large cohorts of patients with HSP
usually offers a significant contribution to clinical research
regarding rare disorders. Herein, we present clinical and
molecular findings of 723 patients with SPAST-HSP gathered
by several neurologic centers throughout Italy, with the aim of
(1) defining the clinical spectrum of SPAST-HSP in Italy;
(2) describing their molecular characteristics; and (3) assessing
genotype-phenotype correlations to identify potential features
associated with worse disease severity.

Methods
We retrospectively collected in an anonymized database both
molecular and clinical cross-sectional data from a total of 723
Italian patients with SPAST-HSP from 316 families, referred to
23 Italian centers with a specific expertise on neurogenetic

Glossary
AAA = ATPases Associated with diverse cellular Activities; AAE = age at the last available examination; AAO = age at onset;
AD = autosomal dominant;DD = disease duration;HSP = hereditary spastic paraplegia;MEP =motor evoked potential; SPG =
spastic paraplegia gene; SPG4 = SPG type 4; SPRS = Spastic Paraplegia Rating Scale; SSEP = somatosensory evoked potential;
TCC = thin corpus callosum; UL = upper limb.
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diseases from the Disease Alliance for Italian Spastic Paraplegia
centered for You (DAISY) network.Only patientswith confirmed
molecular diagnosis of SPAST-HSP were included. Data were
collected from July 2020 to December 2020. Eight pedigrees
included in this study had been already described elsewhere.13-20

Strengthening the Reporting of Observational Studies in Epide-
miology cross-sectional reporting guidelines were used.21

DNA Collection and Mutation Analysis
Blood samples were collected at each referral center for both
diagnostic and research purposes, according to the protocols of
the respective Institutional Ethical Committees, and sent for
genomic DNA extraction from peripheral leukocytes and mo-
lecular analyses and/or confirmation to 1 of the 2 major di-
agnostic participating centers (IRCCS Fondazione Stella
Maris, Pisa, and Ospedale Pediatrico Bambino Gesù, Rome).
Targeted sequencing and Sanger sequencing were used to
detect point mutations in SPAST. Multiplex ligation-dependent
probe amplification analysis was used to identify large deletions
and/or duplications.22 Due to themethods employed, it cannot
exclude that deep intronic changes or less typical structural
variants could have been missed.

Variant classification was based on the American College of
Medical Genetics and Genomics published guidelines.23 To
define the impact of missense variants on protein function,
we used an in silico pipeline encompassing 19 prediction
tools including Mutation Assessor,24 FATHMM,25 LRT,26

Deo-gen2,26 Eigen,27 Eigen PC,27 Sorting Intolerant From
Tolerant (SIFT),28 SIFT4G,29 Provean,30 Minimum Viable
Product,26 Revel,26 Primate AI,26 MetaSVM,26 MetalR,26

Genomic Evolutionary Rate Profiling,26 PolyPhen-2 Hum-
Dir,31 PolyPhen-2 HumVar,31 UMD Predictor,32 and
CADD.33 Splicing variants and synonymous variants close to
splicing sites were also tested using Human Splicing Finder
3.134 and NNSPLICE 0.9.35 We included variants with minor
allele frequency <0.1% in the ExAC,36 gnomAD,37 1000 Ge-
nomes Project,38 and dbSNP39 databases. Nevertheless, syn-
onymous, intronic and other noncoding variants were
considered only if they have already been described as path-
ogenic in previous literature. Whenever possible, segregation
of specific variants was performed in family members
(affected and not affected).

Clinical Features
Both demographic and phenotypic data were retrospectively
collected from medical records for each patient with SPAST-
HSP. A multicenter electronic, standardized sheet was used to
reduce sources of bias in data entry, that was performed on a
shared anonymized database.

Medical history data included family history for the same
disorder, age at the last available examination (AAE) (years),
age at onset (AAO) (years), and symptom of onset of SPAST-
HSP. Findings of brain and spinal cord MRI, nerve conduc-
tion studies, and motor evoked (MEP) and somatosensory
evoked potentials (SSEP) were recorded. Finally, current use

of symptomatic antispastic drugs was also detailed. Overall
penetrance was assessed by dividing the number of symp-
tomatic patients by the total number of SPAST pathogenic
variants’ carriers.

Patients were classified as early- or late-onset forms if their
AAO was below or above 10 years, respectively. Disease du-
ration (DD) was calculated as AAE-AAO (years). Patients
were divided into 2 groups (short- or long-lasting disease
forms), using the median value of DD as threshold.

Pure forms were defined for patients manifesting signs of spastic
paraplegia, characterized by pyramidal signs and weakness in the
LL, and sphincter involvement and/or decreased sense of vi-
bration at the ankles as additional features. Complex phenotype
was defined for patients manifesting spastic paraplegia plus at
least one other symptom, which could not be otherwise
explained, including polyneuropathy, cerebellar ataxia, dysar-
thria, intellectual disability, parkinsonism, and cognitive decline.
Patients were considered affected by cognitive decline if scored
below 24 at Mini-Mental State Examination. Intellectual dis-
ability was defined if either children scored <70 at Wechsler
Intelligence Scale for Children IV or they were delayed at Gross
Motor Function Classification System or if they needed support
while in school. Pes cavus, presence of Hoffmann sign, and/or
brisk deep tendon reflexes in the upper limbs (UL) were con-
sidered as part of the pure phenotype, if not accompanied by
muscle wasting.2,40 Disease severity was assessed using the
Spastic Paraplegia Rating Scale (SPRS)41 and disease disability
using the SPATAX disability score.12,42

Because of the cross-sectional study design, we estimated the
rate of disease progression by the disability progression index
(current SPATAX disability score divided by DD) and the
disease progression index (current SPRS score divided by
DD).43 For patients with available disease progression index
values, tertiles were used to identify 3 groups: rapidly, typi-
cally, and slowly progressing forms.

To assess whether there was a significant reduction of AAO in
subsequent generations, families with at least 2 affected
members in the context of longitudinal transmission and with
established AAO were included. A pseudo-longitudinal as-
sessment of disease progression was possible in a subset of
patients with multiple evaluations and SPRS scores.

Statistical Analysis
The sample was characterized in its clinical and demographic
features using descriptive statistics techniques. Quantitative
variables were described using mean and SD. Qualitative
variables were summarized with absolute and percentage
frequency tables. Normality of continuous variables was
checked using the Kolmogorov-Smirnov test. One-way anal-
ysis of variance (ANOVA) was performed to compare AAO
among the generations. N-value was specified for each vari-
able. Patients with some missing values have been included in
the study and maintained as missing.
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Table 1 Demographic, Clinical, Diagnostic, andMolecular Findings of theWhole SPAST–Hereditary Spastic Paraplegias Cohort

Count (%) N

Demographics

Males 419 (58.0%) 723

Family history +ve 619 (86.9%) 712

Probands 316 (43.7%) 723

Clinical features

Symptomatic 676 (97.8%) 691

Symptom of onset Gait disorder: 582 (90.9%), motor delay:
43 (6.7%), sphincter disturbances: 8 (1.3%), other: 7 (1.1%): LL pain

642

Spastic gait 619 (93.9%) 659

LL hyperreflexia 636 (98.6%) 645

Babinski sign 461 (71.9%) 641

Rest spasticity 366 (57.1%) 641

LL proximal weakness 345 (54.2%) 637

Pes cavus 181 (29.6%) 612

Hypopallesthesia at ankles 179 (29.6%) 604

UL hyperreflexia 135 (21.3%) 634

Hoffmann sign 57 (9.6%) 595

Saccadic intrusions 11 (1.8%) 596

Nystagmus 27 (4.4%) 617

Urinary disturbances (overall) 271 (43.7%) 620

Urgency 178 (28.7%), frequency 23 (3.7%), incontinence 81(13.1%), and dysuria 11 (1.8%) 620

Complicated forms 177 (26.6%) 665

Intellectual disability: 48 (8.0%; n = 600); polyneuropathy: 31 (6.7% n = 466); cognitive decline 39
(6.5% n = 601); other neurologic manifestations 45 (6.9% n = 654): Dysarthria (4), intention tremor (1),
parkinsonism (2), depression (3), UL hypotonia (1), ataxia (6), hypoacusia (3), psychosis (1), ptosis (3),
epilepsy (18), distal muscle wasting (17), and scoliosis (4)

Diagnostic findings

MRI brain alterations (overall) 102 (20.0%) 509

Cerebral atrophy 41 (8.1%); cerebellar atrophy 7 (1.4%); TCC 7 (1.4%); WMH 32 (6.3%); other 37 (7.3%):
cystic pineal gland (2), congenital arachnoid cyst (18), hippocampal sclerosis (14), hippocampal
atrophy (1), Arnold-Chiari type 1 malformation (1), and pyramidal tract hyperintensities (1)

509

MRI spinal cord atrophy 13 (3.1%) 420

MEP central altered 340 (73.9%) 460

SSEP central altered 65 (18.2%) 357

Therapy (overall) 325 (66.7%) 487

Baclofen 270 (83.1%), eperisone 7 (2.2%), cannabinoids 7 (2.2%), botulin toxin 44 (13.5%),
gabapentin/pregabalin 4 (1.2%), benzodiazepines 2 (0.6%), and tizanidine 38 (11.7%)

487

Molecular findings

Variant type Missense 280 (39.4%), splicing 72 (10.1%), nonsense 103 (14.5%),
frameshift 137 (19.3%), deletions 108 (15.2%), and duplications 10 (1.4%)

710

Abbreviations: LL = lover limb; MEP: motor evoked potential; SSEP = somatosensory evoked potential; TCC = thin corpus callosum; UL = upper limb; WMH =
white matter hyperintensity.

4 Neurology: Genetics | Volume 8, Number 2 | April 2022 Neurology.org/NG

http://neurology.org/ng


TheMann-WhitneyU test was used to evaluate the presence of
any associations between specific features and various SPAST-
HSP groups of patients (males/females, probands/family
members, early-onset/late-onset cases, short-/long-DD cases,
and missense variant carriers/truncating-variant carriers). The
Kruskal-Wallis test with pairwise comparisons was used to
compare qualitative variables when >2 subgroups of patients
were analyzed (slowly vs typically vs rapidly progressing cases).
The χ2 test (or Fisher 2-tailed exact test when required) was
used to compare categorical variables between the groups. A
logistic regression was performed to identify any factors asso-
ciated with worse disability (identified by SPATAX score >3) or
worse disease severity (SPRS score ≥26). Significance level was
set at p < 0.05. Statistical analysis was performed by SPSS
(Statistical Package for Social Science, IBM SPSS Statistics,
Version 24.0. Armonk, NY: IBM Corp).

Standard Protocol Approvals and
Patient Consents
The study was conducted according to the criteria set by the
Declaration of Helsinki, and each patient or family member, in
case ofminors, signed an informed consent. The study protocol
was approved by the Ethical Committee of the Fondazione
Policlinico Universitario A. Gemelli IRCCS (Ethical Board
approving number: ID 3998).

Data Availability
Anonymized patients’ data are available on reasonable
request.

Results
AAO, Clinical Signs, Disease Severity, and
Diagnostic Findings
Clinical and demographic characteristics of the DAISY cohort
are detailed in Tables 1 and 2. The whole cohort included 723
patients with SPAST-HSP (419 men, 58%) (Table 1) from
316 families, with a male-to-female ratio of 1.38. AAO was
reported for 634 symptomatic patients, and it ranged from
0 to 80 years, with a mean age of 32.46 ± 17.41 years and a
median of 35 years; the mean AAO was similar in the cohort

including only the SPAST-HSP index cases (285/634,
44.95%, 31.91 ± 18.25 years), and it did not differ from the
meanAAOof their affected relatives (349/634, 55.05%, 32.91 ±
16.72 years, p = 0.793) (eTable 1, links.lww.com/NXG/A516).
The AAO followed a bimodal distribution (Figure 1), with the
first peak observed in the first decade and the second between
the fourth and the fifth decades. Fewer cases (13.1%, 83/634)
had AAO ≤8 years.

Considering only families with at least 2 affected relatives
from different generations (n = 46), themeanAAOwas 39.77 ±
15.7 years (n = 56, median 41.5 years) in the first generation,
25.7 ± 15.6 years (n = 69, median 30 years) in the second
generation, and 21.18 ± 15.3 years (n = 28, median 20.5 years)
in the third generation. Such differences resulted statistically
significant (p < 0.0005) by ANOVA (eFigure 1, links.lww.com/
NXG/A516). Penetrance of the disease was 97.8%, with
complete penetrance at age 80 years (Table 1).

The mean AAE (n = 631) was 45.25 ± 17.70 (range 2–95,
median 47) years. AAO and AAE were both available for 599
patients, and the resulting mean DDwas 12.87 ± 13.68 (range
0–64, median 7) years (Table 2). Regarding symptoms of
onset, the most common presentation was gait difficulties
(90.9%), followed by delayed motor milestones (6.7%) and
sphincter disturbances (1.3%) (Table 1).

Most common clinical neurologic features included LL
hyperreflexia (93.9%), spastic gait (93.9%) and Babinski sign
(71.9%), then LL rest spasticity (57.1%), LL proximal weak-
ness (54.2%), and urinary disturbances (43.7%), either pre-
senting as urgency (28.7% of cases), incontinence (13.1%),
frequency (3.7%), and/or dysuria (1.8%). Decreased vibration
sense at ankles, pes cavus, UL hyperreflexia, Hoffmann sign,
and gaze-evoked nystagmus occurred less frequently (Table 1,
Figure 2).

In 26.6% of patients with SPAST-HSP (177/665), we observed
a complicated phenotype: the most common associated fea-
tures were intellectual disability (8%), cognitive decline (6.5%),
and polyneuropathy (6.7%); other neurologic manifestations,
including tremor, parkinsonism, distal muscle wasting, ataxia,
and/or epilepsy, were variably present only in a minority of the
SPAST-HSP cases (overall 6.9%) (Table 1). In most patients,
we assume that the complicating features were related to the
underlying SPAST variant, as we excluded the most common
concurrent diseases (i.e., diabetes in case of polyneuropathy).
However, we could not exclude that some rarer associated
conditions explaining the complex phenotype, especially in
singletons, might have been overlooked.

The mean SPATAX disability score was 3.15 ± 1.59 (n = 393),
and the mean SPRS score was 18.22 ± 12.69 (n = 339), re-
spectively (Table 2, Figure 3). Most of the patients with
SPAST-HSP assessed by SPATAX had either moderate
(SPATAX score = 3–5, 209/393, 53.18%) or mild (SPATAX
score = 0–2, 142/393, 36.13%) functional impairment, and

Table 2 Age at Onset, Age at Examination, Disease
Duration, and Severity Scales

n Median min Max Mean SD

Age at onset (y) 634 35 0 80 32.46 17.41

Age at examination (y) 631 47 2 95 45.25 17.70

Disease duration (y) 593 7 0 64 12.87 13.68

SPATAX disability scale 393 3 0 7 3.15 1.59

SPRS score 339 16 0 50 18.22 12.69

Abbreviation: SPRS = Spastic Paraplegia Rating Scale.
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about 11% of them (42/393) manifested with a very severe
motor disability (SPATAX score 6 and 7), causing loss of
ambulatory capacity.

Data regarding therapy were available for 487 patients and docu-
mented that 66.7% of them assumed at least one of the following
antispastic therapies: baclofen (8.1%), botulinum toxin (13.5%),
tizanidine (11.7%), eperisone (2.2%), cannabinoids (2.2%),

pregabalin/gabapentin (1.2%), and/or benzodiazepines (0.6%)
(Table 1). The subjective impression on the efficacy of drug
therapies was not recorded in our multicenter proforma sheet.

Globally, 20.0% of the patients with SPAST-HSP who un-
derwent at least 1 brain MRI showed some alterations: some
degree of cerebral atrophy was reported in 8.1% of cases and
aspecific white matter hyperintensities in 6.3% of cases, whereas

Figure 1 Histogram Showing the Distribution of Age at Onset in the Study Cohort (n = 634)

Figure 2 Frequency of Neurologic Features in the Whole SPAST-Hereditary Spastic Paraplegias Cohort
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cerebellar atrophy and thin corpus callosum (TCC) were ob-
served in 1.4% of cases each. Only 13 of 420 patients (3.1%)
showedmild tomoderate spinal cord atrophy atMRI (Table 1).
Of note, peculiar brain MRI findings included 2 distinct com-
plicated SPAST-HSP pedigrees previously reported. In the first
family, all the affected carriers (c.1841C>T/p.T614I) showed a
congenital pontocerebellar arachnoid cyst,15 whereas in the
second (c.961dupG/p.D321Gfs*6), all patients with SPAST-
HSP had signs of frontotemporal atrophy associated with
temporal lobe epilepsy.17

Peripheral nerve involvement was reported only in 6.7% of
patients with SPAST-HSP (31 of 466), mainly with features of
sensory-motor axonal polyneuropathy. MEP displayed im-
paired central conduction time in 73.9% of examined patients,
whereas SSEP revealed altered central sensory pathway con-
duction in 18.2% of cases (Table 1).

Sex Differences and Factors Associated With
AAO, Severity, and Progression of the Disease
In our cohort, males with SPAST-HSP showedmore frequently
spastic gait (96.6%, 373/386 vs 90.1%, 246/273, p = 0.001) and
higher SPRS score (19.67 ± 12.58 vs 16.15 ± 12.61, p = 0.009,
eFigure 2, eTable 2). Antispastic treatments also resulted more
frequent among male compared with female patients (71.6%,
204/285 vs 59.9%, 121/202, p = 0.007) (eTable 2). Any of
these sex differences neither depended on the AAO (32.75 ±
17.11 vs 32.04 ± 17.87, p = 0.855) nor on the DD (12.98 ±
13.38 vs 12.70 ± 14.15, p = 0.307). Penetrance was also slightly
higher in males, yet not reaching the statistical significant values
(98.8%, 396/401 vs 96.6%, 280/290, p = 0.064) (eTable 2).

To assess if AAO could influence the severity of the neurologic
phenotype, we divided the whole SPAST-HSP cohort in early
(≤10 years-old) and late-onset (>10 years-old) cases according
to the age of patients at their initial symptoms. Both neurologic

disability and disease severity, assessed by SPATAX and by
SPRS scores, respectively, were similar in the 2 groups (eTa-
ble 3, links.lww.com/NXG/A516); however, late-onset cases
seemed to progress more rapidly. This observation is supported
by both their higher disability progression (0.38 ± 0.49 vs 0.26
± 0.27, p = 0.014) and disease progression indices (1.87 ± 2.13
vs 1.18 ± 1.18, p < 0.001) (eTable 3). Moreover, late-onset
patients were more likely undergoing antispastic treatment
(72.2% vs 39.4%, p < 0.001) (eTable 3).

Conversely, early-onset cases more often presented with
complicated forms (46% vs 24.8%, p < 0.001) and mainly
associated with intellectual disability (35.6% vs 3.4%, p < 0.001)
(eTable 3, links.lww.com/NXG/A516). Moreover, missense
variants were more frequent among early-onset cases (56.7% vs
40.7%, p = 0.005).

Patients with SPAST-HSP were also compared according to
their DD, and the median value of 7 years was the cutoff to
classify them into short- and long-duration cases, respectively.
Long-DD SPAST-HSP patients displayed a more severe neu-
rologic disability, with higher SPATAX (3.61 ± 1.46, n = 252 vs
2.71 ± 1.20, n = 91, p < 0.001) and SPRS scores (22.63 ± 11.81,
n = 211 vs 12.40 ± 8.83, n = 73, p< 0.001), and as expected, they
had a lower AAO (29.39 ± 17.32, n = 294 vs 36.15 ± 17.04, n =
299, p < 0.001) (eTable 4, links.lww.com/NXG/A516). Of
interest, they were also more frequently carriers of truncating
variants (63.1%, 154/244 vs 51.2%, 144/281, p = 0.006) and
showed more often associated signs of UL involvement (eTa-
ble 4). Finally, long-DD SPAST-HSP patients more frequently
displayed MRI alterations and cognitive decline (eTable 4).

Based on tertiles of the values of disease progression index
(0.83 and 1.7 points/y), available for 278 patients, we iden-
tified the group of slowly (≤0.83 points/y), typically (>0.83
and ≤1.7 points/y), and rapidly evolving (>1.7 points/y)
patients with SPAST-HSP (eTable 5, links.lww.com/NXG/
A516). Rapidly evolving patients had later AAO (38.91 ±
18.88 years vs 32.94 ± 16.61 years in typically evolving pa-
tients and 23.09 ± 17.52 years in slowly progressing patients, p
< 0.0005), more often displayed impaired central MEPs
(62.3% vs 43.6% in typically evolving vs 34.0% in slowly
progressing patients, p = 0.012), and more frequently were
complicated forms (36.7% vs 16.2% in typically evolving vs
12.6% in slowly progressing patients, p < 0.0005). No sub-
stantial differences regarding class of SPAST-HSP pathogenic
variant were found between slowly and rapidly evolving
SPAST-HSP cases in our cohort (eTable 5).

Type and Distribution of Variants and
Genotype-Phenotype Correlations
Overall, 186 different variants in SPAST were recorded among
316 SPAST-HSP families included in this study (Figure 4).
Forty-eight variants (25.8%) have not been reported elsewhere,
and 8 of 186 were present in the gnomAD polymorphic data-
base, though all at a very low frequency (<0.1%) (eTable 6,
links.lww.com/NXG/A516). The most common types were

Figure 3 Histogram Showing the Distribution of the SPRS
Score in the Study Cohort (n = 339)

Marked vertical black line shows the mean value, whereas red lines repre-
sent standard deviation values. SPRS = Spastic Paraplegia Rating Scale.

Neurology.org/NG Neurology: Genetics | Volume 8, Number 2 | April 2022 7

http://links.lww.com/NXG/A516
http://links.lww.com/NXG/A516
http://links.lww.com/NXG/A516
http://links.lww.com/NXG/A516
http://links.lww.com/NXG/A516
http://links.lww.com/NXG/A516
http://neurology.org/ng


missense (41.40%, 77/186), followed by frameshift (20.43%,
38/186), deletions (14.52%, 27/186), nonsense (13.98%, 26/
186), splice site (8.06%, 15/186), and duplications (1.61%, 3/
186). Most of the missense variants (87.01%, n = 67/77) clus-
tered in the AAA domain, between amino acids 342 and 599.

The c.131C>T/p.S44L, previously reported as a modifier se-
quence variation,64 was reported in a single male individual with
symptom onset at the age of 45 years, who manifested a mod-
erately severe disease (SPRS of 23 after 12 years of disease) and
showed an associated cognitive decline. This patient harbored
the c.1634C>G/p.S545* on the other allele. Of interest, the
131C>T/p.S44L sequence variation was the unique variant
detected in a 84-year old woman displaying a very-late-onset
(74 years) spastic paraparesis, associated with TCC and signs of
cerebellar atrophy at the brainMRI. However, we did not include
her in the study cohort, as pathogenic SPAST variants were not
found in association with such modifier.

The prevalence of individual neurological manifestations was
compared between SPAST-HSP carriers of truncating (namely
frameshift, nonsense, splice site, and small deletions) vs mis-
sense variants (eTable 7, links.lww.com/NXG/A516).

Carriers of missense and truncating changes did not differ re-
garding the AAO (eTable 7, links.lww.com/NXG/A516). Pa-
tients with SPAST-HSPwithmissense variants had shorter DD
(10.16 ± 12.34, n = 227 vs 14.31 ± 14.54, n = 298, p < 0.001),
but higher SPATAX score (3.56 ± 1.69, n = 114 vs 3.05 ± 1.49,
n = 204, p = 0.009, eTable 7). Also, they displayed more
frequently intellectual disability (14.5%, 34/243 vs 4.4%, 13/
297, p < 0.001) (eTable 7).

Conversely, patients with truncating variants more commonly
presented cognitive decline (9.7%, 29/299 vs 2.6%, 6/232, p =

0.001) and showed cerebral atrophy at the brain MRI (11.2%,
29/259 vs 3.4%, 6/178, p = 0.003) (eTable 7, links.lww.com/
NXG/A516). Moreover, they more frequently had LL spas-
ticity at rest (61.5%, 198/322 vs 44.5%, 106/238, p < 0.001),
LL proximal weakness (59.6%, 190/319 vs 44.1%, 105/238, p <
0.001), urinary symptoms (50.0%, 157/314 vs 31.3%, 73/233,
p < 0.001), polyneuropathy (11.1%, 25/226 vs 1.1%, 2/177, p <
0.001) and pes cavus (36.1%, 110/305 vs 23.1%, 54/234, p =
0.001) (eTable 7, links.lww.com/NXG/A516).

Factors Associated With Worse Disability and
Disease Severity
A binomial logistic regression was performed to ascertain the ef-
fects of DD, phenotype (pure or complicated), presence of altered
MEPs, intellectual disability or cognitive impairment, and class of
variant on the likelihood that patients had worse disability (SPA-
TAX score >3). The logistic regression model was statistically
significant, χ2(2) = 31689, p< 0.0005. Themodel explained 19.8%
(Nagelkerke R2) of the variance in SPATAX and correctly classi-
fied 64.0% of cases. Sensitivity was 46.3%, and specificity was
76.3%. Of the 6 predictor variables, only 2 were statistically sig-
nificant:DDand impairedMEPs (as shown inTable 3). Increasing
DD was associated with an increased likelihood of exhibiting
SPATAX>3. Patients with increased central motor conduction
time at MEPs had 2.72 times higher odds to exhibit a SPATAX
score >3 than patients with normal MEPs. Longer DD was also
associatedwith an increased likelihood of exhibiting aworse disease
severity, i.e., SPRS ≥26 (eTable 8, links.lww.com/NXG/A516).

Pseudo-longitudinal assessment of disease progression was
feasible in 28 patients from 16 families in whom more than
4 clinical evaluation and SPRS scoring were possible over
on average a 3.4 ± 2.2 year period. Median disease pro-
gression was 0.5 (range −1 to −6.35, mean 0.78 ± 1.40)
point/yr.

Figure 4 Schematic Representation of the Molecular Data

The pie chart (A) illustrates the relative prevalence of different variants found (total number: 186). The histogram (B) schematizes their relative prevalence in
the whole SPAST-HSP cohort (n = 710).
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Discussion
This study provides a detailed clinical and genetic character-
ization of a wide Italian SPAST-HSP cohort, which, to our
knowledge, is one of the largest cohorts reported.12,40,44,45

This work represents the first achievement of the DAISY
network, created to support collaborative research onHSPs in
Italy. Our data confirm a predominant association of SPAST-
HSP with pure HSP forms,12 often characterized by mild or
moderate motor disability, supporting the relatively benign
course of SPAST-HSP when compared with other HSPs.1

In patients with SPAST-HSP manifesting with complicated
forms, peripheral nerve and/or cognitive involvement were
prevalently associated with spasticity: in this regard, our
SPAST-HSP cohort shows a mildly higher prevalence of
cognitive involvement than others,12,40,45,46 whereas psychi-
atric manifestations were rare. Our findings are supported by
the results of a small cross-sectional study assessing cognitive
involvement in SPAST-HSP, evidencing signs of cognitive
impairment in more than 80% of the 31 adults and low av-
erage IQ scores in 60% of the 5 children tested.47

Regarding potential neuroanatomic correlates of cognitive in-
volvement in SPAST-HSP, routine brain MRI is often
normal,48,49 with peculiar abnormalities anecdotically reported
only in some families.50-52 In our cohort, similar to what pre-
viously reported,45 signs of cortical atrophy and/or WMH were
detected in about 20% of patients with available brain MRI data.
Nonetheless, more advanced MRI techniques have allowed to
reveal widespread signs of CNS involvement also in patients with
SPAST-HSP,53,54 and accordingly data from a knock-down
zebrafish SPAST-HSP model support a role for spastin on

maintenance not only of the longest central axons but also of
otherCNS pathways.55 Advanced neuroimaging studies on larger
patients’ cohorts using standardized protocols are needed to
better define the pattern of brain involvement in SPAST-HSP
and the functional role of spastin in the CNS.

As in previous similar studies, we observed and documented an
age-related penetrance and a bimodal distribution regarding
AAO in our SPAST-HSP cohort too,12,44,45,56 with 1 peak in the
first decade and the second during mid-adulthood. However,
the mean AAO of our patients (about 32 years) was slightly
higher compared with other SPAST-HSP cohorts,12,40,46,57-59

likely because the DAISY network mostly involves neurologic
centers for adult patients (19/23 centers).

Moreover, as already observed by some authors,40,56 we assessed
a pseudo-anticipation of parental transmission in some SPAST-
HSP pedigrees included in our study. This might actually result
from earlier detection of clinical HSP signs in children of adult
probands assessed for genetic counseling. Yet, the occurrence of
pseudo-anticipation has been proposed in other genetic disor-
ders not caused bymicrosatellite expansions, possibly due to still
unknown genetic or epigenetic mechanisms.60 Therefore, we are
planning to conduct prospective studies on available large
SPAST-HSP pedigrees with affected probands of 2 or more
generations to definitely clarify this issue.

Differently from previous studies documenting either a slight
male excess12 or no specific sex prevalence,44 we found a definite
higher male prevalence in our SPAST-HSP cohort (M:F ratio
;1.4). Two systematic literature reviews59,61 also indicated a
higher male prevalence in SPAST-HSP, supporting our findings.
Furthermore, our SPAST-HSP male group manifested worse

Table 3 Binomial Logistic Regression to Identify Variables Associated With SPATAX Score >3

B SE Wald df Sig Exp (B)
95% CI for
EXP (B) lower

95% CI for
EXP (B) upper

Disease duration 0.065 0.014 20.707 1 <0.001 1.067 1.038 1.098

MEP central impaired −0.937 0.391 5.739 1 0.017 0.392 0.182 0.843

Complicated phenotype −0.362 0.497 0.530 1 0.467 0.697 0.263 1.844

Intellectual disability −0.864 0.673 1.647 1 0.199 0.422 0.113 1.577

Cognitive impairment −0.202 0.588 0.118 1 0.731 0.817 0.258 2.587

Class of variant — — 4.615 5 0.465 — — —

Missense 0.783 1.249 0.392 1 0.531 2.187 0.189 25.319

Spice site 0.814 1.396 0.340 1 0.560 2.257 0.146 34.794

Nonsense 0.208 1.395 0.022 1 0.882 1.231 0.080 18.944

Frameshift −0.059 1.298 0.002 1 0.964 0.943 0.074 12.007

Deletion 0.839 1.304 0.414 1 0.520 2.314 0.180 29.784

Constant −0.503 1.398 0.129 1 0.719 0.605 — —

Significant p values are highlighted in bold.
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motor disability, i.e., showed higher mean SPRS score and more
frequent use of antispastic drugs comparedwith the female group.
These findings might support a protective effect of estrogens in
female carriers of SPAST pathogenic variants, as proposed by
some authors,61 and, in our opinion, this topic should be further
addressed in experimental SPAST-HSP models.

According to the literature,12,40,44 our study confirmed that
longer duration and faster disease progression were both asso-
ciated with worse functional motor outcome; of further note,
pathologic MEP responses were also associated with worse
motor disability, suggesting the potential role of MEPs as
prognostic predictor in SPAST-HSP. A recent systematic review
about MEP studies in HSPs62 confirmed a similar prevalence of
MEP abnormalities in patients with SPAST-HSP (;60%–70%
vs 74%of our cohort), but it could not draw definite conclusions
about their prognostic role. In this regard, longitudinal studies
on large patients’ cohorts could help to definitively address the
prognostic value of MEPs in SPAST-HSP.

By comparing early- and late-onset SPAST-HSP forms within
our cohort, both groups showed a similar disease burden, as we
did not find differences regarding either degree of disability or
global disease severity. These findings are in contrast with those
obtained in a large French-German SPAST-HSP cohort12 and,
conversely, agree with those obtained in another research
study40: such discrepancies could be either related to different
criteria used to classify early and late-onset forms40 or to a bias
due to the retrospective design of the studies.12,40

Revision of genetic data evidenced 186 distinct SPAST
pathogenic variants in our families, of which 48 have never
been reported. As in other SPAST-HSP cohorts, we found
predominance of truncating variants12,40,45,58,63 and overall
comparable frequency of missense pathogenic variants.40,45

In one of our patient with SPAST-HSP, we also found the
heterozygous S44L (p.Ser44Leu) variant, a known genetic
modifier in SPAST-HSP, in association with a pathogenic
SPAST variant. This specific variant, with an allele frequency
between 0.6%64 and 3.1%65 in controls, was reported to nega-
tively affect AAO and/or disease severity when associated with
pathogenic SPAST variants, likely by downregulating the ex-
pression of theM87 isoform or increasing the stability of theM1
isoform.6,64 Of interest, a patient with sporadic pure HSP not
included in this SPAST-HSP cohort, who had a very late
symptom onset, only resulted carrier of the heterozygous S44L
at SPAST molecular testing. It is debated whether the S44L
might play per se a detrimental role on upper motor neurons
function under specific conditions.45 However, given the evi-
dence of age-related penetrance of SPAST-HSP pathogenic
variants, this case suggests that it could also exert a milder yet
detrimental effect on the longest pyramidal axons manifesting
only at a very advanced age.

Genotype-phenotype correlations confirmed that intellectual
disability was more frequent among carriers of SPAST

missense variants,12 but instead, no associations were found
with disease severity. The association of missense SPAST
variants with both early-onset cases and the occurrence of
intellectual disability in SPAST-HSP suggests that these class
of pathogenic variants might affect brain development possi-
bly through a dominant negative gain of function.7 Indeed,
microtubule-severing spastin activity is also relevant during
neurodevelopment.6

On the other hand, signs or symptoms of a more widespread
neurologic involvement, such as polyneuropathy, cognitive
decline and/or cerebral atrophy, were more frequently associ-
ated with truncating variants, supporting that reduced levels of
spastin expression could also affect other pathways besides the
dorsal columns and corticospinal axons.40

The main limitation of our study consists in the retrospective
and largely cross-sectional design, which might have yielded
bias in data collection. Some data, as approximation of pen-
etrance, unquestionably need more accurate family studies to
be clearly established. Moreover, some discrepancies between
our results and those of previous similar retrospective studies
on SPAST-HSP might depend either on the differences in the
sample size or in the applied diagnostic protocols.

In conclusion, we have characterized in detail the clinical and
molecular spectrum of a wide Italian cohort of patients with
SPAST-HSP, being among the largest described in the litera-
ture. Our results point out to DD, evidence of MEP alterations,
and possibly male sex, as predictors of worse disability.

A recent study involving both animal- and patient-derived
SPAST-HSP neuronal cell models supported the feasibility of
spastin-elevating therapeutic approaches to rescue neurite
defects8,66: thus, the establishment of this Italian network will
hopefully carry on contributing in the HSP research field
sharing large patients’ cohorts for further collaborative studies
aiming to assess reliable biomarkers of disease severity and/or
progression in SPAST-HSP, a still unmet need in view of
forthcoming clinical trials to test disease-modifying therapies.
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Abstract
Background and Objectives
To analyze the frequencies of major genetic variants and the clinical features in Finnish patients
with amyotrophic lateral sclerosis (ALS) with or without the C9orf72 hexanucleotide repeat
expansion.

Methods
A cohort of patients with motor neuron disease was recruited between 1993 and 2020 at the
Helsinki University Hospital and 2 second-degree outpatient clinics in Helsinki. Finnish an-
cestry patients with ALS fulfilled the diagnosis according to the revised El Escorial criteria and
the Awaji-criteria. Two categories of familial ALS (FALS) were used. A patient was defined
FALS-A if at least 1 first- or second-degree family member had ALS, and FALS-NP, if family
members had additional neurologic or psychiatric endophenotypes.

Results
Of the 815 patients, 25% had FALS-A and 45% FALS-NP. C9orf72 expansion (C9pos) was
found in 256 (31%) of all patients, in 58% of FALS-A category, in 48% of FALS-NP category,
and in 23 or 17% of sporadic cases using the FALS-A or FALS-NP definition. C9pos or SOD1
p.D91A homozygosity was found in 328 (40%) of the 815 patients. We compared demographic
and clinical characteristics between C9pos and patients with unknown cause of ALS (Unk). We
found that the age at onset was significantly earlier and survival markedly shorter in theC9pos vs
Unk patients with ALS. The shortest survival was found in bulbar-onset male C9pos patients,
whereas the longest survival was found in Unk limb-onset males. Older age at onset associated
consistently with shorter survival in C9pos and Unk patients in both limb-onset and bulbar-
onset groups. There were no significant differences in the frequencies of bulbar-onset and limb-
onset patients in C9pos and Unk groups. ALS-frontotemporal dementia (FTD) was more
common in C9pos (17%) than in Unk (4%) patients, and of all patients with ALS-FTD, 70%
were C9pos.

Discussion
These results provide further evidence for the short survival of C9orf72-associated ALS. A
prominent role of the C9orf72 and SOD1 variants was found in the Finnish population. An
unusually high frequency of C9pos was also found among patients with sporadic ALS. The
enrichment of these 2 variants likely contributes to the high incidence of ALS in Finland.
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Introduction
The most common genetic cause of amyotrophic lateral
sclerosis (ALS) in European populations is the hexanucleo-
tide repeat expansion in the C9orf72 gene.1,2 In these pop-
ulations, up to 50% of patients with familial ALS (FALS) and
about 5% of patients with sporadic ALS (SALS) carry this
expansion (C9pos).3 The variant is much less common among
Asian populations.4

Frontotemporal dementia (FTD) is another common phe-
notype associated with the C9orf72 expansion; it accounts for
about 25% of familial FTD in Europeans3 and up to 86% of
familial patients having both FTD and ALS. The C9pos pa-
tients may rarely have other clinical presentations than ALS or
FTD such as movement disorders, psychiatric symptoms, and
idiopathic normal pressure hydrocephalus.5,6 A younger than
average age at onset and shorter survival have been relatively
uniformly reported among the C9pos patients with ALS, al-
though the penetrance of this expansion is variable.7 A higher
proportion of bulbar onset has been inconsistently reported.8–16

Finland is among the countries with the highest incidence of
ALS in the world.17–19 We aimed to study the frequencies of
the major genetic variants and compare the clinical features
of ALS in Finnish patients with the C9orf72 expansion
(C9pos) and in patients with unknown cause of ALS (Unk).

Methods
Study Design and Participants
Between 1993 and 2020, we recruited 836 patients with
motor neuron disease attending the Neurology Department
at the Helsinki University Hospital or 2 private neurology
outpatient clinics in Helsinki. The clinics serve the population
of the Helsinki and Uusimaa health care district (population
size 1,634,319 on December 31, 2016). These units also re-
ceived referrals from other parts of the country. We excluded
patients where both parents were of non-Finnish descent
(n = 15), patients with spinal and bulbar muscular atrophy
variant in androgen receptor gene20 (n = 2), and patients with
Jokela-type spinal muscular atrophy variant in the CHCHD10
gene21 (n = 4). Of the remaining 815 patients, 74% lived in
the province of Uusimaa in southern Finland. eFigure 1 (links.
lww.com/NXG/A517) illustrates the geographic distribution
of the patients and the frequencies of the C9orf72 and SOD1
variants in Uusimaa and other regions. Four hundred five
patients were included in the discovery study of the C9orf72
expansion1 and a subsequent population frequency analysis of
the expansion.3 We excluded homozygotes for SOD1 p.D91A

and heterozygotes for SOD1 p.A90V from the clinical data
analysis of the present study because patients with these
variants differ from classical ALS.22,23 The details of the pa-
tients with the SOD1 p.A90V variant have been previously
reported.23 We also excluded patients with respiratory onset
and patients with incomplete clinical data. The final statistical
analysis for phenotypic comparisons included 707 patients
with ALS (Figure 1).

Diagnosis
Patients were assessed by H.L. and at least 1 other neurologist.
The patients fulfilled the criteria of definite or probable ALS
according to the El Escorial criteria,24 and from 2001 onward,
according to the revised version. From 2008, the Awaji-criteria
(electroneuromyography, ENMG) were combined to the
clinical criteria. The last day of follow-up was June 21, 2021.

Clinical Variables and Familiality
Data on the age at onset, age at death, duration of disease, site of
onset, sex, family history, and comorbid neurodegenerative and
psychiatric diseases were gathered by interview and from the
patients’ charts and death certificates. Death certificates were
obtained from Official Statistics of Finland.25 The date of death
was confirmed from the Digital and Population Data Services
Agency of Finland using a unique personal id-code available at
reference 26, ensuring that no patients were lost to follow-up.
The age at symptom onset was defined as the age at which the
patient first experienced motor dysfunction that led to the ALS
diagnosis. The disease duration was defined as the number of
years starting from the year of onset to the year of death or
mechanical ventilation required for more than 12 hours per day.

In C9pos ALS families, an increased frequency of neurologic
and psychiatric disorders has been reported.27,28 We used 2
definitions of FALS. A patient was defined as FALS-A if at
least 1 first- or second-degree family member had ALS and
FALS-NP if 1 or more first- or second-degree family member
had neurologic or psychiatric entities as confirmed from the
index patient’s chart, interview, or from relatives’ hospital
records, or death certificate in equivocal cases. The family
history interview was conducted by H.L. and the information
came from the patient and family members. Systematic
questionnaires were not used. Our FALS-NP category (de-
scribed in Figure 1) had slightly broader criteria than the
definite and probable categories proposed by Byrne,29 but for
FALS-A, we did not count in family members with pure FTD
without evidence of motor symptoms. ALS patients’ comor-
bid disorders were coded as present or absent if they had been
observed during the course of ALS. FTDwas coded separately
from other dementias and cognitive deficits. Comorbid cog-
nitive deficit was a widely defined variable, which includes

Glossary
ALS = amyotrophic lateral sclerosis; AUC = area under the curve; FALS = familial ALS; FTD = frontotemporal dementia;
GWAS = genome-wide association study; MST = mean survival time; OR = odds ratio; SALS = sporadic ALS.
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Alzheimer disease and other dementias or cognitive deficits
not linked to vascular or traumatic etiology. Riluzole, lithium,
and gabapentin were used by some patients during the study
period, but because the dose and length of use varied, we did
not include these treatments in survival analysis.

Standard Protocol Approvals, Registrations,
and Patient Consents
The study protocol was approved by the Institutional Review
Boards at theHaagaNeuroClinic (December 10, 1993) and the
Helsinki University Hospital (Drno 299/E9/2001, Drno 401/
13/03/01/2009, HUS/1720/2019). Written informed consent
was obtained from each patient or a close relative, depending on
whether the patient was physically able to give a written consent.

Genotyping
DNA was extracted using standard methods from peripheral
blood leukocytes. The C9orf72 repeat expansion was newly

genotyped in 2019–2020 in all samples with DNA available
(796 of the 815). We assessed the C9orf72 hexanucleotide
repeat expansion as previously described; samples with more
than 45 repeats and the typical sawtooth pattern in repeat-
primed PCR, which only produced the smaller amplicon in
over-the-repeat PCR, were categorized as expansions.30 In 2
patients, the expansion status was based on the discovery
study,1 and in 17, it was based on clinical genetic diagnostics at
the University of Turku or University of Tampere, Finland.
Seven patients had 2 copies of the C9orf72 intermediate-
length alleles and a genotype (7–45/17–45 repeats), which is
a risk factor for ALS.31 Six of these patients were included in
the Unk group. One was SOD1 p.D91A homozygote and was
excluded from phenotype analysis. The SOD1 p.D91A variant
was verified as a diagnostic service in 72 samples at the Uni-
versity of Turku, Finland, and 799 samples were also screened
for this variant using genome-wide association study (GWAS)
data that allowed reliable calling or imputation of the SOD1

Figure 1 Flowchart of the Study

ALS = amyotrophic lateral sclerosis; C9pos = carrier of the hexanucleotide repeat expansion in the C9orf72 gene; FALS-A = familial ALS, only first- and second-
degree relatives with ALS (A) were considered in the definition of FALS; FTD = frontotemporal dementia; SALS-A = sporadic ALS; SBMA = spinobulbarmuscular
atrophy; SMAJ = spinal muscular atrophy Jokela type; Unk = noncarrier. SALS-NP/FALS-NP = broad definition, first- and second-degree relatives with various
neurologic and psychiatric (NP) disorders were included in FALS-NP. FALS-Awas classified in 158 families, C9pos in 91 (58%),Unk in 41 (26%), and SOD1 p.D91A
in 26 (16%) families. FALS-NP was classified in in 326 families, of which 167 (51%) families were C9pos, 126 (39%) Unk, and 33 (10%) SOD1 p.D91A. Respiratory-
onset cases were considered outliers in survival and were excluded from the phenotype analysis. FALS-NP categorization included the following neurologic
disorders: ALS, FTD, Alzheimer disease, Lewy body disease, other dementia or cognitive deficit not linked to vascular or traumatic etiology, Parkinson disease,
and Huntington disease. Neurodegenerative conditions such as corticobasal degeneration and multiple system atrophy as well as disorders causing
muscular weakness or stiffness such as polyneuropathies, myasthenia gravis, myasthenic syndromes, and Stiff-person syndrome were grouped. We did not
include mild cognitive deficits, unspecified memory problems, tremors, ataxias, seizures, epilepsies, stroke, severe trauma, post-polio syndrome, multiple
sclerosis, migraine, congenital disorders, metastases, primary tumors of the nervous system, anecdotal recollections of autism-type disorders, and very late-
onset dementias, i.e., when the relative was known or suspected to develop dementia at age 80 years or over. FALS-NP categorization included the following
psychiatric conditions: schizophrenia, psychosis, delusions, bipolar disorder, significant alcohol or narcotics abuse/dependence, and suicide. Mood disorders
were grouped (anxiety and depression when severe and diagnosed before the index patient was diagnosed with ALS). We did not include anecdotal mental
problems, character disorders, obsessive-compulsive disorder, unspecified apathy, and recital faux pas.
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p.D91A variant. Of these, 772 samples were genotyped by
FinnGen ThermoFisher Axiom custom array v2 (finngen.fi/
fi/node/59) and 27 samples as described.32 The SOD1
p.D91A genotype was missing in 16 patients, but none of
these had a clinical course compatible with this subtype of
ALS. CHCHD10 p.G66V variant rs730880031 was screened
in 772 samples using the FinnGen array, but none of the
patients had this variant. The SOD1 p.A90V was discovered in
1 patient along with neuropathologic and exome-wide anal-
ysis and in 6 patients by the imputation of this variant in the
772 genotyped patients (rs1280042397, IMPUTE2 INFO
score 1.0 indicating reliable imputation) and confirmed by
sequencing. We assessed possible cryptic relatedness in the
patients with ALS using the GWAS data using a threshold of
>0.185 proportion identity by descent between 2 patients to
define relatedness.

Statistical Analysis
Survival, age at onset, and age at end point were expressed in
years. Univariate comparisons were made with the Mann-
Whitney U test. We used binary logistic regression to analyze
which phenotypes were associated with C9pos or Unk status.
Cox proportional hazards models were built to analyze the
hazard ratios associated with clinical variables. The Efron
likelihood was used for estimation, coding of factors was
sigma restricted, and models included all effects. The pro-
portionality assumption was tested for all factors using
Schoenfeld residual plots. We added an interaction term
familiality × genotype on the assumption that familial C9pos
patients might have a disproportionately severe presentation.
Both complete and censored cases were included in the mean
survival time (MST) analysis33,34 and were expressed in years
and calculated as the area under the curve (AUC) of a Kaplan-
Meier curve. The AUC can be viewed as the definite integral
of a curve that describes variation with time. For this calcu-
lation, we smoothed the survival data by adding a 2-decimal
random number between −0.5 and 0.5. The same jittered data
are used in figures for clarity. For MST, data from living (66/
707) patients were excluded from analysis.33,34 Statistical
analysis was performed using Statistica version 13.3 software
(StatSoft, Inc., 2013). AUC was calculated in Microsoft Excel
using the trapezoidal rule.

Data Availability
Anonymized data not published within this article will be
made available by request to a qualified investigator with in-
stitutional review and approval.

Results
Frequencies of the C9orf72 and SOD1
Variant Carriers
We identified 815 Finnish patients with ALS over the 27-year
study period. Of these, 256 patients (31%) carried the
C9orf72 repeat expansion (C9pos), 79 (9.7%) had a SOD1
variant, and 480 (59%) had an unknown cause of ALS (Unk)

(Figure 1). Overall, the 2 most common variants C9orf72 or
SOD1p.D91A homozygosity were found in 328 (40%) of the
patients.

Familiality
We used 2 definitions of FALS (see Methods: Clinical vari-
ables and familiality). Using the FALS-A definition, 203
(25%) of all patients were familial and were distributed in 158
unique families: 91 families were C9pos (58%), 41 families
Unk (26%), and 26 families had SOD1 p.D91A (16%). Using
the broader FALS-NP definition, 369 (45%) of all patients
were familial. These were distributed in 326 unique families,
of which 167 (51%) were C9pos, 126 (39%) wereUnk, and 33
(10%) had SOD1 p.D91A. The distribution of the neurologic
and psychiatric endophenotypes among relatives ofC9pos and
Unk FALS-NP cases is shown in eFigure 2A and eFigure 2B
(links.lww.com/NXG/A517).

Demographics andClinical Features of Patients
With ALS With and Without the
C9orf72 Expansion
Here, we focus on the characteristics of the C9pos and Unk
patients with ALS. Patients with SOD1 variants, respiratory-
onset disease (outliers in survival), or incomplete clinical data
were removed from the subsequent analysis, as shown in
Figure 1. Familiality was categorized only as FALS-A in this
analysis.

Table 1 shows the demographic and clinical characteristics of the
C9pos and Unk patients with ALS. The median age at onset in
the C9pos and Unk patients with ALS was 58.0 and 61.0 years,
respectively (Mann-Whitney U Z = 3.6025, p = 0.0003). The
observed age at onset varied according to the site of onset and
sex (eTable 1, links.lww.com/NXG/A517). The most pro-
nounced effect was found in ALS Unk limb-onset vs bulbar-
onset patients; the median age at onsets were 57 vs 66 years (p =
4.6 × 10−12). Limb-onset patients had slightly, but significantly,
earlier age at onset also in the C9pos group (p = 0.048), and
males had earlier age at onset in the Unk group (p = 0.018).
The median survival was 2.0 years (0.5–13.0) in the C9pos
vs 3.0 years (0.5–26.0) in the Unk group (Mann-Whitney U
−3.6021, p = 0.0003). We did not find any significant dif-
ferences in the demographic or clinical features in com-
parisons between C9pos FALS-A and SALS-A. However,
among the Unk group, the patients with FALS-A had a
significantly lower age at onset than SALS-A (Table 1).
ALS-FTD was significantly more common in the C9pos
(17%) than in the Unk (4%) group (Fisher exact test p =
2.27 × 10−8). ALS-FTD with bulbar onset was slightly more
common than bulbar onset in pure ALS (46% vs 36%), but
the difference was not statistically significant (p = 0.13).

The distribution of the age at onset and survival in theC9pos and
Unk patients is shown in Figure 2. These data demonstrate that
the age at onset modulates survival more in the Unk than in the
C9pos patients. As expected, the Unk group is more heteroge-
neous in survival and age at onset distributions. TheC9pos group
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was relatively homogeneous and did not includemany outliers in
either survival or age at onset; there were only 5 patients (2%)
with survival longer than 8 years, and only 16 (6%) patients had
an age at onset outside the age band 40–70 years (Figure 2). The
cumulative incidence by age of C9pos ALS in males/females,
bulbar-/limb-onset, and SALS-A/FALS-A dichotomies is shown
in eFigure 3 (links.lww.com/NXG/A517).

Association of Clinical Variables With
C9pos ALS
We analyzed features that differentiate C9pos from Unk ALS
using binary logistic regression. We found a significant asso-
ciation of C9pos with FALS-A, earlier age at onset, and shorter
survival (Table 2). The effect size33 was large in survival (odds
ratio [OR] 10.7–14.4) and FALS-A (OR 8.9) andmedium for
the age at onset (OR 5.3–5.4). The site of onset was not
associated with C9 status.

Effects of the Expansion, Age at Onset, Site of
Onset, Sex, and MST
Next, we analyzed features modulating survival. Figure 3
shows the MST of C9pos and Unk patients grouped by age at
onset, site of onset, and sex. First, the MST of the C9pos
patients was shorter than the cohort’s average, regardless of
whether the onset site was bulbar or in the limbs. Second,
bulbar-onsetUnk patients had almost equally short survival as
C9pos patients, whereas limb-onset Unk patients survived
longer than the cohort on average. Third, the MST was
slightly longer in females than males with bulbar onset,
whereas the opposite was found in limb-onset patients.
Fourth, the age at onset had a clear impact on the patient’s
survival. In all groups, there was a progressive shortening in
the MST with later age at onset.

Cox Regression Hazard Ratios for Death
Using a Cox proportional hazard model of the whole cohort,
we found that the genotype C9pos, bulbar onset, and late age

at onset statistically significantly increased the risk of death by
a factor of 1.5–2.0 (Table 3). FALS-A and sex did not have a
significant effect on survival.

C9orf72 Intermediate-Length Alleles in
C9pos Patients
We have previously provided evidence that the carriership
of 2 copies of the intermediate-length alleles (7–45 re-
peats) increases the risk of ALS when the longer allele is
≥17 repeats.31 Therefore, we tested whether the carrier-
ship of an intermediate-length allele in C9pos patients
would modulate the age at onset or survival. Five C9pos
patients had ≥17 repeat alleles (3 were FALS-A, and 5 were
FALS-NP). Forty-two C9pos patients had 7–16 repeat al-
leles, 22 (52%) were FALS-A, and 31 (74%) FALS-NP. We
did not find a statistically significant association between
survival or age at onset and carriership of an intermediate-
length allele. The median survival was 3.0 years in carriers
of ≥17 repeat allele, 3.0 years in carriers of 7–16 repeat
allele, and 2.0 years in carriers of 2–6 repeat allele
(Kruskal-Wallis test: H = 0.657, p = 0.719). The mean age
at onset was 50.8 years in carriers of ≥17 repeat allele, 56.5
years in carriers of 7–16 repeat allele, and 57.0 years in
carriers of 2–6 repeat allele (1-way analysis of variance F =
1.39; p = 0.25).

Discussion
We describe the major genetic variant frequencies, familiality,
and clinical features of a large cohort of patients with ALSwith
the C9orf72 hexanucleotide repeat expansion collected within
a single country. The frequency of the C9orf72 repeat ex-
pansion was 31% in the whole cohort, 48%–58% among FALS
families, and 17%–23% in SALS depending on the FALS
criteria used. Survival was shortest in bulbarC9pos and longest
in limb-onset Unk patients.

Table 1 Demographic and Clinical Characteristics of the Patients According to the Carriership of the C9orf72
Hexanucleotide Expansion (C9pos/Unk)

All patients (n = 707)

C9pos Unk

Total (n = 252) FALS (n = 115) SALS (n = 137) Total (n = 455) FALS (n = 44) SALS (n = 411)

Female, n (%) 366 (52) 138 (55) 64 (56) 74 (54) 228 (50) 19 (43) 209 (51)

Median AOO, y (range) 59.0 (27–88) 58.0 (35–79) 59.0 (41–76) 57.0 (35–79) 61.0 (27–88) 57 (31–87) 62.0 (27–88)

Median survival, y (range) 3.0 (1–26) 2.0 (0.5–13) 3.0 (0.5–13) 2.0 (0.5–7) 3.0 (0.5–26) 3.0 (1–23) 3.0 (0.5–26)

N alive (June 2021) 66 14 6 8 52 1 51

Bulbar onset, n (%) 265 (37) 89 (35) 40 (35) 49 (36) 176 (39) 19 (43) 157 (38)

Limb onset, n (%) 442 (63) 163 (65) 75 (65) 88 (64) 279 (61) 25 (57) 254 (62)

FTD, n (%) 60 (8) 42 (17) 27 (23) 15 (11) 18 (4) 4 (10) 14 (3)

Cognitive deficit, n (%) 51 (7) 28 (11) 10 (9) 18 (13) 23 (5) 3 (7) 20 (5)

Abbreviations: ALS = amyotrophic lateral sclerosis; AOO = age at onset; FALS = familial ALS; FTD = frontotemporal dementia; SALS = sporadic ALS.
SOD1p.D91A homozygotes and SOD1p.A90V heterozygotes were excluded.
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The 2 most common variants (C9orf72 and SOD1 p.D91A)
were found in 40% of the 815 patients; 31% wereC9pos, and 9%
were SOD1 p.D91A homozygous. These data suggest an ex-
ceptional enrichment of these 2 variants in Finland. However, it
should be noted that these percentages do not represent the true
population rate because of possible referral bias, which usually
increases the proportion of FALS. It has been reported that
hospital-based studies have more SOD1 but fewer C9orf72
variants in FALS than population-based studies.4 Also, referral
bias of unusually prolonged clinical course is possible, whichmay
increase the proportion of SOD1 p.D91A. Although the per-
centages probably have an upward bias compared with the
genuine population-based frequencies, these referral biases

cannot be the sole cause for the high variant frequencies. When
we excluded patients from outside referrals (which may have
most bias), the frequencies of C9pos and SOD1 p.D91A patients
were 30.3% and 5.5%, respectively. A significant increase of the
SOD1 p.D91A (from 5.5% to 18.5%, eFigure 1, links.lww.com/
NXG/A517) but not of C9pos patients was observed in outside
referrals. This is expected given the high carrier frequency of
SOD1p.D91A in Northern Finland. In systematic comparisons
of worldwide studies (excluding isolates in the Western Pacific),
Finland has had the highest17 or second highest18 age-adjusted
incidence of ALS in the world. We conclude that the high in-
cidence of ALS is contributed by the enrichment of the C9orf72
expansion and, to a lesser extent, the SOD1 p.D91A.

Figure 2Distribution of Finnish PatientsWith the C9orf72 Expansion (A) C9pos and PatientsWith Unknown Cause of ALS (B)
Unk Plotted Against Age at Onset and Survival

The regression line between age at onset and survival is given in red.

Table 2 Association of Variables With C9pos ALS Using Binary Logistic Regression

Effect Compared with effect Odds ratio 95% CI p Value

Sex Female Male 1.30 0.90–1.87 0.170

Familial FALS SALS 8.91 5.74–13.85 <0.0001

Site of onset Limb Bulbar 1.23 0.83–1.82 0.315

Age at onset, y 27–52 68–88 5.26 2.90–9.56 0.003

53–59 5.41 3.00–9.76 0.002

60–67 3.98 2.23–7.09 0.205

Survival, y 1–2 10–32 14.37 4.05–51.0 <0.0001

3–4 10.69 3.00–38.09 0.001

5–9 5.59 1.53–20.49 0.891

Abbreviations: ALS = amyotrophic lateral sclerosis; bulbar = bulbar onset; CI = confidence interval; FALS = familial ALS; limb = limb onset; SALS = sporadic ALS.
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An explanation for the high frequency of the C9orf72 and
SOD1 variants as well as the high incidence of ALS in Finland
could be the Finnish population structure, which is featured
with genetic isolation and genetic bottlenecks resulting in
geographically clustered founder populations.35 This distinc-
tive history has led to an enrichment of rare, mainly recessive
Mendelian diseases among the population, collectively known
as the Finnish disease heritage.36 The enrichment of certain
variants can also be seen in adult-onset autosomal dominant
neurologic disorders. For example, adult-onset spinal mus-
cular atrophies are caused mainly by 2 founder variants in
Finland: the X-linked Kennedy disease and SMA Jokela type
by CHCHD10 variant.20,21 Enrichment of certain ALS

variants has also been reported in Sardinia, another pop-
ulation with genetic founder effect, where 41% of the 375
studied patients with ALS had variants (in decreasing order)
in TARDBP, C9orf72, SOD1, or MATR3 genes.37

Our FALS-A definition follows the traditional dichotomy de-
fining a case FALS if there are 2 or more ALS cases in first- or
second-degree relatives. At the beginning of our study (1993),
there was some evidence about the link between ALS and FTD,
but knowledge of other endophenotypes was limited. The in-
formation obtained in this study comprised of interviews and
document reviews rather than direct examinations of relatives.
We conducted the whole study uniformly and used the same

Figure 3 Mean Survival Time of 641 Patients With ALS (66 Were Alive in June 2021)

The dotted vertical line indicates themean value of all groups.
ALS = amyotrophic lateral sclerosis.
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information-gathering methods throughout. Today the some-
what anachronistic definition of FALS can be questioned in
many ways, and the knowledge of the various endophenotypes

has changed the picture. Our broader FALS-NP category in-
cluded neuropsychiatric variables, and this resulted as a sig-
nificant change from FALS-A (25%) to FALS-NP (45%). An

Table 3 Hazard Ratios for Death in Cox Proportional Hazards Regression Analysis

Level of effect Compared with effect Hazard ratio 95% lower CL 95% upper CL p Value

Case C9pos Unk 1.50 1.03 2.18 0.03

Sex Female Male 1.01 0.86 1.19 0.88

Familial FALS SALS 0.98 0.79 1.22 0.88

Site of onset Bulbar Limb 1.55 1.30 1.85 <0.0001

Age at onset, y 53–59 23–52 0.89 0.68 1.15 0.24

Age at onset, y 60–67 1.46 1.17 1.83 0.51

Age at onset, y 68–88 2.02 1.59 2.56 <0.0001

Abbreviations: ALS = amyotrophic lateral sclerosis; bulbar = bulbar onset; CL = confidence limit; FALS = familial ALS; limb = limb onset; SALS = sporadic ALS.
All patients with ALS.

Table 4 C9pos Patients With ALS in Different Cohorts of FALS and SALS

Population

FALS SALS

Referencen C9pos (%) n C9pos (%)

Finnish (FALS-A) 203 58 612 23 This study

Finnish (FALS-NP) 369 48 446 17 This study

Israel (AJ) 10 80 339 11 38

Belgian 62 52 461 9.6 12

United States (Hispanic) — — 72 8.3 3

Sardinian 100 39 275 7.3 35

English 98 46 916 6.8 3

Dutch 78 37 1422 6.1 13

United States (White) 163 36 890 5.4 3

Australian — — 263 5.3 3

German 69 22 421 5.2 3

Irish 49 41 386 5.0 9

Italian 90 38 465 4.1 3

United States (Black) — — 49 4.1 3

Spanish 155 27 781 3.2 10

Turkish 116 18 361 3.1 39

Indian 28 11 565 2.8 40

Russian 20 15 238 2.5 41

Taiwanese 22 18 102 2.0 42

Japanese 11 0 552 0.4 43

Chinese — — 1092 0.3 15

Abbreviations: AJ = Ashkenazi Jews; FALS-A and FALS-NP definitions presented in Figure 1 footnote.
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Irish population-based study38 found that inclusion of the
presence of neuropsychiatric endophenotypes within kindreds
increased the FALS incidence rate to 30%. Our study also
resulted in a slight change in the proportions of SALS/FALS in
C9pos patients. The sensitivity to capture all these endophe-
notypes by interview is much more difficult than an established
ALS diagnosis in a relative. Hence, we may have under-
estimated the amount of patients with FALS-NP.

A recent review39 on the prevalence of SOD1 andC9orf72 in 22
countries (Finland not included) suggested that the majority of
patients with ALS with these variants may be found within the
SALS group. Our results parallel this, and the high rate ofC9pos
among patients with SALS in Finland is interesting. Table 4
showsC9pos frequencies in patients with FALS and SALS from
different countries and suggests that the Finnish population is
an outlier in the frequency of the C9pos SALS. Several inter-
pretations for this finding should be considered. First, the
studies differ in FALS definition, case ascertainment (pop-
ulation based vs second or tertiary clinic based), and by in-
cluding or excluding other variants. Not all studies report the
version of El Escorial criteria used. Also, life expectancy and
different family sizes among the countries may have influenced
the recognition of FALS. Second, we might have misclassified
some cases as SALS due to missed recognition of endophe-
notypes among relatives. On the other hand, we were able to
monitor cryptic relatedness between patients using the GWAS
data, which increased the sensitivity to detect patients with
FALS-A. Third, the penetrance of theC9orf72 repeat expansion
could be reduced in Finland, which would imply unknown
protective factors in family members of the C9pos patients with
SALS. This view is supported by the observed expansion carrier
frequency 0.19% in the older Finnish population without ALS
or FTD diagnosis; the expansion carriers were aged 68–79
years.33 Fourth, frequent de novo mutations could be 1 con-
tributing factor. The frequency of the C9orf72 hexanucleotide
repeat intermediate-length alleles of ≥20 repeats is about 2
times higher in Finland than in other European countries.30

Some of the ≥20 repeat alleles may represent unstable pre-
mutation alleles that could generate expansions. A larger pool
of premutation alleles could partially explain the more signifi-
cant proportion of C9pos SALS in Finland. Large intermediate-
length alleles as the source of expansion have been previously
shown in the Huntington disease CAG repeats.46,47

Several factors modified the age at onset of ALS in our data.
Limb onset was the most decisive factor associated with ear-
lier onset in the Unk group; the site of onset had a much
smaller effect in the C9pos group (eTable 1, links.lww.com/
NXG/A517). The C9pos patients overall had 3 years earlier
onset than the Unk patients, which is in line with most pre-
vious reports.9–11,13 Our results also indicate that the survival
of C9pos was significantly shorter than in Unk, and corre-
sponding results have been reported in previous studies but
occasionally with a broader age range.12–14 We did not ob-
serve an excess of bulbar onset in our C9pos group. This
agrees with many studies,10,11,13,14 but bulbar-onset

phenotype has dominated in others.8,9,16 Logistic regression
analysis revealed that it is likely for C9pos patients to have
relatives with ALS and an earlier age at onset and shorter
survival than Unk patients. These findings confirm previous
results reported in a large European population-based
cohort.13

Although concomitant FTD indicates the existence of the
C9orf72 expansion, this is not absolute. In our study, 70% of
the patients with ALS-FTD were C9pos, divided into 64%
familial and 36% sporadic patients (Table 1). This partly
corresponds to the results of a study that combined 5 Euro-
pean populations15 and reported C9pos frequency in 72%
C9pos patients with familial ALS-FTD and 17% in C9pos
patients with sporadic ALS-FTD.

Risk factors for shorter survival in a Cox regression model
including the total cohort indicated that the C9pos genotype,
bulbar onset, and higher age at onset shortened survival,
which is in agreement with previous data.48 The hazard ra-
tios were in the range of 1.5–2, which represent relatively
small effect sizes. A small effect size of a hazard ratio has been
proposed to be in the range of >1.3, a medium effect size of
>1.9, and a high effect size >2.8.49 Most studies report hazard
ratios that are small to medium, which may explain why risk
profiles have sometimes been inconsistent in different
studies.

TheMST is often used as a point estimate in comparing survival.
The AUC of a survival curve is an intuitive measure of survival
and allows direct comparison between groups. The analysis of
MST revealed a clear pattern of how the age at onset affects the
survival in bothC9pos andUnk groups, with earlier age providing
a more favorable survival, and this is consistent with a recent
systematic meta-analysis of C9orf72-linked disease survival and
prognosis.48 Another finding is themonotonic survival pattern in
the bulbar-onset groups of both C9pos andUnk. The limb-onset
C9pos group had an almost equally poor prognosis. In contrast,
limb-onset Unk patients lived substantially longer (Figure 3). It
has been suggested50 that the reduced survival in the C9orf72
expansion carriers is accountable on male sex, and especially on
the limb-onset male patients, but this intriguing observation was
not confirmed in a recent meta-analysis,48 in a population-based
study51 or in our study. In our study, males tended to survive
longer if they had limb onset and shorter if they had bulbar onset.
There are many reasons for divergent results which are probably
due to complex interactions between genes, environment, and
lifestyle. Modifiable causal relationships like alcohol use and
smoking have been shown to link to genetically determinedALS,
primarily to C9orf72 noncarriers.52

Our study has several strengths. The cohort is large and
originates from a relatively homogeneous population. As a
result, we described a relatively uniform clinical picture of
C9pos ALS in a Nordic population. The patients were traced,
and their survival and course of the disease could be followed
reliably due to the unique individual id-code used in Finland.
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In addition, GWAS data helped to detect cryptic relatedness
between patients. The main limitation is that this is not a
population-based study. Another limitation associates with
the context of FALS. Our FALS-A definition likewise repre-
sents the traditional clinical situation, where ALS family his-
tory is considered either positive or negative, but the
expanded FALS-NP is far from complete as well.53

The confirmation of the uniform clinical outcome of C9orf72
expansion carriers facilitates the design and result interpre-
tations of trials using symptomatic and neuroprotective
therapies. The better perception of C9orf72 characteristics
also helps the clinician to estimate the prognosis and treat-
ment challenges of a single patient. The connection with
neuropsychiatric endophenotypes expands the consequences
of the expansion. Accordingly, there is a need to rethink the
concepts of sporadic and familial ALS.
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Abstract
Background and Objectives
CDKL5 deficiency disorder (CDD) is a neurodevelopmental encephalopathy characterized by
early-onset epilepsy and impaired psychomotor development. Variations in the X-linked
CDKL5 gene coding for a kinase cause CDD. Molecular genetics has proved that almost all
pathogenic missense substitutions localize in the N-terminal catalytic domain, therefore
underlining the importance for brain development and functioning of the kinase activity.
CDKL5 also features a long C-terminal domain that acts as negative regulator of the enzymatic
activity and modulates its subcellular distribution. CDD is generally attributed to loss-of-
function variations, whereas the clinical consequences of increased CDKL5 activity remain
uncertain. We have identified a female patient characterized by mild epilepsy and neurologic
symptoms, harboring a novel c.2873C>G nucleotide substitution, leading to the missense
variant p.(Thr958Arg). To increase our comprehension of genetic variants in CDKL5-associ-
ated neurologic disorders, we have characterized the molecular consequences of the identified
substitution.

Methods
MRI and video EEG telemetry were used to describe brain activity and capture seizure. The
Bayley III test was used to evaluate the patient development. Reverse transcriptase PCR was
used to analyze whether the identified nucleotide variant affects messenger RNA stability and/
or splicing. The X chromosome inactivation pattern was analyzed determining the DNA
methylation status of the androgen receptor (AR) gene and by sequencing of expressed alleles.
Western blotting was used to investigate whether the novel Thr958Arg substitution affects the
stability and/or enzymatic activity of CDKL5. Immunofluorescence was used to define whether
CDKL5 subcellular distribution is affected by the Thr958Arg substitution.

Results
Our data suggested that the proband tends toward a skewed X chromosome inactivation
pattern in favor of the novel variant. The molecular investigation revealed that the
p.(Thr958Arg) substitution leads to a significant increase in the autophosphorylation of both
the TEY motif and residue Tyr171 of CDKL5, as well as in the phosphorylation of the target
protein MAP1S, indicating an hyperactivation of CDKL5. This occurs without evidently af-
fecting the kinase subcellular distribution.
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Discussion
Our data provide a strong indication that the c.2873C>G nucleotide substitution represents an hypermorphic pathogenic
variation of CDKL5, therefore highlighting the importance of a tight control of CDKL5 activity in the brain.

CDKL5 variations are responsible for a large spectrum of
neuropsychiatric disorders among which CDKL5 deficiency
disorder (CDD) (OMIM 300203) represents the most
common one. CDD is a severe X-linked early infantile epi-
leptic encephalopathy, representing one of the most common
genetic causes of epilepsy in early childhood associated with a
full host of comorbidities.1 The epidemiology of CDD is not
well documented, but the estimated incidence is 1 in
40,000–60,000 live births.2,3 Epilepsy occurs within the first 3
months of life (median age at onset at 6 weeks) in over 90% of
the patients, although age at seizure onset may vary from 1 to
78 weeks of life.4 Epilepsy in CDD is characterized by dif-
ferent seizure types, such as absences and tonic andmyoclonic
seizures, which are invariably refractory to antiepileptic
medications.5 With time, global psychomotor delay, profound
hypotonia, and stereotypical behaviors ensue, often

accompanied with diverse comorbidities,4,6 namely dysregu-
lation in breathing (hyperventilation and breath holding
spells), dysautonomia, gastrointestinal problems, and cortical
visual impairment.7,8

CDD is caused by variations in the X-linked CDKL5 gene,
encoding a serine/threonine kinase expressed in multiple
tissues, including the brain.9 CDKL5 gene structure and the
exon composition of the coding isoforms have been exhaus-
tively characterized in the mouse, rat, and human.10,11 Human
CDKL5 (hCDKL5) gene contains 27 distinct exons that
through alternative splicing generate 5 different transcrip-
tional isoforms (Figure 1, A and B). The first 4 isoforms are
widely expressed in various tissues including the brain,
whereas hCDKL5_5 is expressed in the adult testes and fetal
brain.10 hCDKL5_1 encodes a protein of 960 amino acids

Figure 1 hCDKL5 Gene, Transcript Isoforms, and Protein Containing the c.2873C>G Substitution

(A) Schematic representation of the human CDKL5 gene displaying the position of c.2873C>G substitution. Coding exons are indicated by colored boxes,
whereas noncoding exons are in white. The c.2873C>G variant is contained in the coding portion (striped) of exon 19. Dotted lines within exons 1b, 11, and 19
indicate alternative splicing sites. Asterisks above exon number highlight where different mRNA isoformsmight diverge. Exons forming the catalytic domain
are represented in orange, whereas the C-terminus is depicted in light blue. (B) Diagrams of the 4 transcript isoformsmainly expressed in the human brain10

(hCDKL5_1 to hCDKL5_4). hCDKL5_1 and hCDKL5_3 lack the portion codified by exon 17, which is instead present in hCDKL5_2 and hCDKL5_4. All these isoforms
present a long 39-UTR codified by exon 19. UTR regions are depicted in black. (C) Schematic representation of CDKL5 isoform_1 (107 kDa) displaying the
position of the p.(Thr958Arg) variant. The catalytic domain is shown in orange, with its functional domains highlighted in red (ATP-binding site (aa 19–43); S/T:
Ser/Thr kinase active site (aa 131–143); TEYmotif: Thr/Glu/Tyr motif (aa 169–171). The C-terminus domain is depicted in light blue, with the NLSs (aa 312–315
and aa 784–789) and the NES (aa 836–845) shown in blue. Thr958Arg variant is indicated in the last portion of the C-terminal domain. aa = amino acid; NES =
nuclear export signal; NLS = nuclear localization signal.

Glossary
aa = amino acid; AR = androgen receptor; CDD = CDKL5 deficiency disorder; cDNA = complementary DNA; GFP = green
fluorescent protein; gnomAD = Genome Aggregation Database; hCDKL5 = human CDKL5; MAPK = mitogen-activated
protein kinase;mRNA =messenger RNA;RFP = red fluorescent protein;RT-PCR = reverse transcriptase PCR; SIFT = Sorting
Intolerant From Tolerant; WT = wild type; XCI = X chromosome inactivation.
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(aa) (CDKL5107) and represents the most abundant isoform
in the brain, whereas transcripts hCDKL5_2–4 account for
less than 15% of brain CDKL5 messenger RNAs (mRNAs).
CDKL5 expression is developmentally regulated with low
levels in the human fetal brain and high levels in the adult
brain.10 All CDKL5 isoforms have a N-terminal catalytic do-
main, containing an ATP-binding region, a serine/threonine
kinase active site, and a Thr-Xaa-Tyr (TEY) motif, whose
phosphorylation plays an active role; a long C-terminal do-
main plays a crucial role in regulating the catalytic activity, the
interaction with interactive partners, and subcellular distri-
bution of CDKL5 protein9,12 (Figure 1C).

Numerous pathogenic variants have been reported so far, in-
cluding missense, nonsense, and frameshift variations,12,13

mainly in females. CDD is caused byCDKL5 haploinsufficiency
in females, whereas CDKL5 variants in males are scarcer, often
linked with a more severe phenotype unless somatic mosaicism
has occurred.14–17 Missense substitutions are mainly distributed
in the catalytic domain, highlighting the importance of CDKL5
activity for brain development and function; conversely, non-
sense and frameshift variations are scattered across the gene.9 As
the quest to correlate genotypes and phenotypes continues,
some reports suggest that C-terminal vaiants cause milder
phenotypes, whereas others imperceptibly report that no cor-
relation exists between the nature of the variation and the
clinical severity. Yet, most of the pathogenic variants are loss-of-
function variations, leading to the lack or reduction of functional
CDKL5 protein. In contrast, the clinical consequences of in-
creased dosage of CDKL5 remain poorly understood. Few
studies reported neurologic features in patients with CDKL5
duplications. However, the involved large-sized duplications
made it difficult to understand to what extent CDKL5 con-
tributes to the observed phenotypes.18–21 By describing the
phenotypes of 7 patients with a CDKL5 duplication smaller
than 1 Mb, it has been established that increased dosage of
CDKL5 affects neurodevelopment.17

We report the identification of a novel c.2873C>G nucleotide
substitution in a female patient affected by a mild phenotype
with regard to both epilepsy and psychomotor development.
The alteration leads to the p.(Thr958Arg) missense variant in
the very last C-terminus of CDKL5. We demonstrate that this
missense variant leads to a hypermorphic kinase, thus pro-
viding evidence of an activating CDKL5missense substitution
and reinforcing the importance of a tight control of CDKL5
activity in the brain.

Methods
Antibodies
Used primary antibodies were used: mouse monoclonal anti-
GFP (1814460; Roche Diagnostics, Basel, Switzerland); poly-
clonal serum (rabbit) recognizing themitogen-activated protein
kinase (MAPK) phosphorylated TEY motif (V8031; Promega,
Madison, WI)13; sheep polyclonal anti-phosphoTyr171

CDKL522 and sheep polyclonal anti-phosphoSer900 MAP1S22

(both obtained from MRC-PPU Reagents, University of Dun-
dee, Dundee, United Kingdom); monoclonal anti-CDKL5
(mouse; sc-376314; Santa Cruz Biotechnologies, Dallas, TX);
and polyclonal anti-RFP (rabbit; PM005; MBL International,
Woburn, MA).

Generation of the Mutated CDKL5
Expression Vectors
The pGFP-CDKL5-Thr958Arg vector was generated by
inserting the human variation into the pEGFPC1-hCDKL5107
vector, expressing the hCDKL5_1 isoform.10,23 Site-directed
mutagenesis was performed using the Q5 site-directed mutagen-
esis kit (New England Biolabs, Ipswich, MA) using the following
primers: forward 59-TTAAAAGAGAGAGCCTTGTAAATG-3;
reverse 59-ATCATTCAGATTTGGCATTC-39. To obtain the
pCMV-FLAG2B-hCDKL5-Thr958Arg vector, a fragment con-
taining the Thr958Arg variant was excised using EcoRI from
pGFP-CDKL5-Thr958Arg and subcloned into an EcoRI digested
pCMV-FLAG2B-hCDKL5 vector.23

The kinase dead pCMV-FLAG2B-Lys42ArgCDKL5-Thr958Arg
was obtained through site-directed mutagenesis of the pCMV-
FLAG2B-hCDKL5-Thr958Arg vector using the following
primers: forward 59-GTGGCGATCAGGAAATTCAAG-39;
reverse 59-AATTTCATGTGTTTCCTTGTG-39. All PCR-
generated constructs were verified by sequencing.

RNA Isolation and cDNA Synthesis
Total RNA was extracted from human whole blood collected
into PAXgene Blood RNA tubes and purified using the
PAXgene Blood RNA Kit (Qiagen, Hilden, Germany). RNA
concentration was spectroscopically quantified and integrity
assessed on agarose gel. Complementary DNA (cDNA) for
quantitative reverse transcriptase PCR (RT-PCR) was
obtained by reverse transcribing 1 μg of RNA (Thermo
Fisher, Waltham, MA).

Analysis of Splicing
The presence of putative cryptic splice sites was evaluated by
exploiting the Human Splicing Finder tool (umd.be/HSF/).
Splicing was evaluated by standard PCR with the following
primers: forward 59-ATGTGTCCTCTGTGACCAGGAG-
39; reverse 59-CCACTGGCTTGTCTGTCCAC-39. PCR
conditions were: 94°C for 2 minutes for the initial de-
naturation, 94°C for 30 seconds, 56°C for 30 seconds, 72°C
for 20 seconds for 40 cycles, and 72°C for 2 minutes for the
final extension. PCR products were resolved on 3% aga-
rose gel.

XCI Analysis
X chromosome inactivation (XCI) was tested through 2 dif-
ferent approaches that led to comparable results. Canonical
XCI was performed analyzing the methylation status of the
androgen receptor (AR) locus. Briefly, whole blood was col-
lected into EDTA blood tubes, and the genomic DNA was
isolated with the DNeasy Blood & Tissue Kit (Qiagen,
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Germantown, MD). One hundred fifty nanograms of geno-
mic DNA was digested for 16 hours with HpaII, and one-
tenth of the resulting digestion, heat inactivated at 80°C
for 20 minutes, was used for PCR amplification of the
CAG-repeat-containing AR locus. The resulting products
were run on an ABI 373A automated sequencer and an-
alyzed by GeneScan software (Applied Biosystems,
Waltham, MA). Comparison of the peak areas and anal-
ysis of the CAG-repeat length of the 2 AR alleles allowed
the determination of the X-inactivation as well as allele
origin, respectively.

Furthermore, by RT-PCR, we amplified a CDKL5 fragment of
596 bp spanning the substitution site. The following primers
were used: forward 59-AGCAGCAGACCAAAGGAGTGGC-
39 and reverse 59-TCAACGGCCCCAACACATGCAA-39.
PCR products were cloned into the pGEM-T Easy Vector
(Promega). Insert was PCR amplified and gel extracted from 36
independent colonies using the Zymoclean Gel DNA Recovery
Kit (Zymo Research, Irvine, CA) and sequenced with a canonical
T7 primer. The ratio of colonies expressing thewild-type (WT) vs
variant allele reflected the inactivation status of the CDKL5 locus.

Quantitative RT-PCR
Quantitative RT-PCR was performed using SYBR Selected
Master Mix (Applied Biosystem) and the following CDKL5
primers: forward 5ʹ-GGGTTGTAGGTGAAGGAGCC-3ʹ
and reverse 5ʹ-CCTCCGACGAAATGCTTCCT-3ʹ.13 Each
sample was analyzed in triplicate; GAPDH served as internal
standard (forward primer 59-CCACATCGCTCAGACAC-
CAT-39; reverse primer 59-CCAGGCGCCCAATACG-39)
as internal standard. Fold change in gene expression was
calculated using the 2−DDCt method.13

Cell Cultures and Transfection
HEK293T and HeLa cells were maintained as described in refer-
ence 13. HEK293T were seeded in 12-well plates for Western
blotting, and HeLa (50,000 cells/well) were seeded on glass cov-
erslips in 24-well plates for immunofluorescence experiments.
Seventy percent to 80% confluent cells were transfected with 600
ng of plasmid DNA for HEK293T and 350 ng for HeLa using
Lipofectamine 3000 (Life Technologies, Carlsbad, CA). Trans-
fection efficiency was estimated by cotransfecting a pcDNA3-
mCherry-XhoI-XbaI vector kindly donated by Professor Giacomo
Consalez (San Raffaele Scientific Institute, Milan, Italy).

Western Blotting
Transfected HEK293T cells were lysed in sample buffer
(120 μL) and sonicated at 30% amplitude for 10 seconds.
Proteins were resolved on a 10% SDS-PAGE before blotting
on nitrocellulose membrane using the TransBlot SD appa-
ratus from Bio-Rad (Hercules, CA). Filters were blocked for 1
hour in 5% nonfat dry milk in TBS-T (Tris-buffered saline,
0.1% Tween-20), followed by an overnight incubation (4°C)
with the following antibodies: anti-active MAPK (1:2,000 in
0.1% BSA in TBS-T),13 anti-phosphoTyr171 CDKL5 (1:1,000
in 5% milk in TBS-T),22 anti-CDKL5 (1:1,000 in 5% milk in

TBS-T),13 anti-phosphoSer900 MAP1S (1:1,000 in 5%milk in
TBS-T),22 and anti-RFP (1:1,000 in 5% milk in TBS-T).
Total CDKL5 was detected by stripping the phospho-TEY
signal using the StripAblot solution (Euroclone; 15 minutes at
room temperature) and reprobing with anti-CDKL5 anti-
body. Immunocomplexes were visualized as described in
reference 13.

The mean value derived from the control group was set at
100% and data presented as percentage of control value. As an
index of CDKL5 activity, both the signal intensity of phospho-
TEY or -Tyr171 divided by the corresponding signal of CDKL5
and the phosphorylation level of its target MAP1S Ser900

(reference 22) normalized to total protein content (visualized
by TGX stain-free technology; Bio-Rad) were measured.

Immunofluorescence
Immunofluorescence on transfected HeLa cells was performed
as described in reference 13 with the exception of anti-CDKL5
primary antibody dilution (1:100). Confocal fluorescence mi-
croscope (excitation wavelength of 488 nmwith a 63× objective;
Nikon, Tokyo, Japan) was used to acquire images from at least 3
coverslips for experimental group. Fiji software was used to
evaluate CDKL5 subcellular distribution.

Statistical Analysis
GraphPad software 7.0 was used to statistically analyze data
that are expressed as mean ± SE. Normal distribution of data
was verified by the D’Agostino-Pearson normality test, and
the significance of results was assessed by the Student t test
or Mann-Whitney test, considering the p value <0.05 as
significant.

Patient Consent
Standard protocol approvals, registration and patient con-
sents were obtained from the parents of the patients.

Data Availability
Data will be made available on request to qualified
investigators.

Results
One 6-week-old White Caucasian British female patient pre-
sented with clusters of focal onset seizures with secondary
generalization, each cluster lasting several seconds. Episodes
of excessive startle were also noted, and glabellar tap sign was
negative. Apart from an intermittent limb hypertonia, neu-
rologic and developmental examinations were normal. Pre-
natal and perinatal history was uneventful, parents are
nonconsanguineous, and there is no family history of epilepsy
or intellectual disability. The child responded partially to IV
levetiracetam, and subsequently, carbamazepine, biotin, and
pyridoxine were added due to ongoing seizures. Brain MRI
with dedicated sequences for epilepsy (volume fluid-
attenuated inversion recovery and volume T1) was normal
at 8 weeks, whereas routine interictal EEG showed normal
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organization, with faster activity and occasional sharp waves
over central regions. Video EEG telemetry study captured 4
episodes of focal-onset seizures. Bifrontal and central dis-
charges were noted during each episode. Abdominal ultra-
sound and ophthalmologic evaluation were normal. Further
blood investigations with copper, ceruloplasmin, serum vita-
min B12, folate, and ammonia were all normal. Complete
neurometabolic workup in serum and CSF, including amino
acids, organic acids, VLCFA, carnitine, acylcarnitine, and
neurotransmitters, was also negative. Evaluation of visual
evoked potentials and electroretinography was normal.

Exome sequencing was used to investigate 569 genes (EPI-
DASD569 Panel) associated with epilepsy, intellectual disability,
or autism spectrum disorder; rare or low-frequency variants were
evaluated according to the ACMG guidelines, also including
literature and database searches such as the Human Genome
Mutation Database and the Genome Aggregation Database
(gnomAD, release 2.0.1). A CDKL5 variant in heterozygous
state was identified. The genetic finding was within the alter-
native CDKL5 transcript NM_001323289.2 described as a
c.2873C>G missense variation, leading in the hCDKL5_1 iso-
form10 to the missense substitution p.(Thr958Arg).

The prediction software MutationTaster and PolyPhen-2
Polymorphism Phenotyping v2 indicated a damaging effect of
the variant, whereas Sorting Intolerant FromTolerant (SIFT)
was unable to provide a prediction on the current transcript.
Based on the bioinformatic evaluation, the variant was clas-
sified into class IV: likely pathogenic. Parental analysis
(Sanger sequencing) revealed a de novo appearance of the
variant.

The child had 6 monthly developmental assessments using
the Bayley III test, which revealed cognitive, language, and
motor scores close to the normative mean. By age 4 months,

she was able to hold her head against gravity when in the
prone position, was fixing on and following objects with her
eyes, responding to sounds, and even beginning to grab at toys
and interact socially. By 5 months, she was sitting un-
supported; at 7, she was crawling; and at 9, she was able to
pick up toys and transfer them from hand to hand and to pick
up very small objects between the thumb and first finger.
Babbling consonants and vowels were present. By age 18
months, the child was walking and running and could throw
and kick a ball. At 21 months, she had mild delay on fine and
gross motor areas and in some behavioral scores (Home
Living, Self-care, and Social interaction). Since 24months, she
scored normally in all areas of development, i.e., she could
walk up stairs and was able to say 10–20 words and un-
derstand more complex phrases. Her latest assessment was at
the chronological age of 41months. At that time, the cognitive
scale was at a developmental age of 42 months. The language
scale, expressive and receptive, was as expected for her age of
41–42 months. She stammered a little, but this was not
consistent. She is being brought up trilingual. Concerning fine
motor skills, she was not very keen on activities with hands and
was functioning at the level of a 35 months. Gross motor skills,
despite her flexibility, hypermobility, and hypotonia, were at
39–40 months. The score for emotional development was well
above her own age of 41 months at home. At school, her scores
were consistently low, with an age equivalent of 15 months.
Some subtle sensory processing issues (visual, tactile, and audi-
tory) were described at school but not at home (Table 1).

Seizures persist, once per week during light sleep with eye
opening, versive eye movements to either side with blinking,
clenching fist, flexion of the arms, and symmetrical rhythmic
jerking movements of the hands lasting up to 45 seconds. She
may make a heaving sound or grind her teeth or cycle the
limbs. During 10%–25% of seizures, she alerts from sleep and
cries briefly in distress. She remains on monotherapy with

Table 1 Developmental Scores of Our Patient Through Time

Age,
mo

Developmental assessments

Motor Language Emotional Vision Hearing

4 Holds head in prone position — Interacts socially Fixes eyes on objects Responds to loud
sounds

7 Sits unsupported: crawling Babbling (ba-ba/da-da) Cries when play stops Turns head to view
objects

Responds to her
name

9 Picks up toys: transfers from hand to
hand

Babbling consonants and
vowels

Imitates facial expression Favors certain colors Makes noise when
talked to

18 Walks: runs No further progress Delay in behavioral scores Crawls to reach
distant objects

No further
progress

21 Mild delay in fine motor skills Word with meaning: “dada” Shy with strangers No further progress Understands “no-
no”

24 Walks up stairs 10–20 words/understands
complex phrases

Recognizes herself-imitates
others’ behavior

Recognizes self in
mirror

No further
progress

41 Mild delay of gross and fine motor
skills: hypermobility

Well-developed language/
trilingual

Well-established emotional
development

Subtle sensory processing issues
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levetiracetam. She is proportionately growing (weight 78th
percentile, height 77th percentile, orbifrontal cortex (OFC)
69th percentile, and body mass index 67th percentile).

Her latest (at age 3 years) interictal video telemetry EEG
shows quite frequent interictal epileptiform discharges mainly
over the left hemisphere and with a central or fronto-central
field (3 years). The previous telemetry, performed at 16
months, also showed moderately frequent interictal epilepti-
form discharges over both hemispheres, involving the fronto-
central or centro-parietal fields. In that earlier study, there
were more right-sided or bilateral discharges than in the
subsequent telemetry where they were mainly left sided. In-
deed, the 2 studies are quite similar in terms of morphology of
the spike and wave discharges, but in the most recent study,
they predominantly involved the left hemisphere (Table 2).

With respect to the hCDKL5_1 isoform described by refer-
ence 10, the identified nucleotide variation, that leads to the
de novo p.(Thr958Arg) missense substitution, occurs just 3
residues before the canonical translational termination codon
and has never been reported in the gnomAD v3 database nor
in almost 140,000 exomes containing CDKL5. This sub-
stitution modifies the CDKL5 C-terminus of all brain iso-
forms (Figure 1B), but not the tail of the testis-specific
hCDKL5_5 isoform that diverges before the mutant residue.

Because missense variations are generally found in the kinase
domain of CDKL5,13 we found it relevant to investigate the
molecular consequences of this substitution. Initially, we
tested whether the nucleotide variant might affect mRNA
stability and/or splicing. Quantitative RT-PCR, performed on
blood RNA extracted from the proband, her non-
consanguineous parents, and an unrelated control, did not
reveal any significant difference inCDKL5mRNA abundance,
suggesting that the identified transversion is not affecting
mRNA stability (Figure 2A). Bioinformatic prediction of
splice sites revealed that the c.2873C>G nucleotide variant
potentially creates a new 39 acceptor splice site (predicted
score 70/100 based on HSF tool at umd.be/HSF/) that, if
used, would lead to a transcript lacking most of the CDKL5
exon 19. However, inspection of splicing pattern by RT-PCR
did not reveal any effect on exon 19 alternative splicing
(Figure 2B).

Because a skewed XCI pattern might contribute to the clinical
manifestations of the patient, by determining the DNA
methylation status of theAR gene, we deduced a 30:70 ratio of
expression of the WT allele vs the variated one. However, it
has been proposed that this assay does not always properly
reflect XCI24; we thus exploited sequencing of the expressed
alleles (see Methods) to confirm the result. In this case, we
measured a 25:75 ratio of expression in favor of the novel

Table 2 Features Manifested by the Patient Recorded in Our Case

Clinical and radiologic features Yes No

Psychomotor regression N

Severe intellectual disability N

Infantile spasms N

Epilepsy Y

Gait abnormalities (dyspraxic) N

Limited hand skills N

Stereotypic hand movements N

Autistic features N

Sleep disorders N

Autonomic features (breathing and peripheral vasomotor disturbances and small cold hands and feet) N

Bruxism N

Speech disturbance N

Hypotonia Y

Microcephaly N

Uneventful prenatal and perinatal history Y

Dysmorphic features (prominent forehead, deep set eyes, and fingers proximally puffy) N

Abnormal MRI N

Abnormal EEG Y
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allele. Because XCI ratios of 50:50 to 79:21 are generally
considered indicative of random XCI, our data suggest a trend
of the patient’s pattern of XCI toward a skewed one. Then, we
analyzed whether the C-terminal p.(Thr958Arg) missense
variant affects CDKL5 activity and/or subcellular distribution.

Previously, we demonstrated that CDKL5 activity can be
tested measuring its TEY motif phosphorylation.25 Thus, we
expressed the CDKL5-Thr958Arg derivative in human cells
and evaluated the phosphorylation level of its TEY motif with
respect to the WT protein (Figure 3, A and C). Quantitative
analyses demonstrated that the variant leads to a significant
hyperactivation of CDKL5 kinase activity (Figure 3C). It has
been recently proposed that CDKL5 Tyr171 represents a
major site of CDKL5 autophosphorylation.22 We confirmed
the increased activity of the CDKL5-Thr958Arg variant using
the phospho-specific Tyr171 antibody (Figure 3, A and D).
Furthermore, normalization of the CDKL5 signal to the
cotransfected RFP showed a tendency toward increased
protein levels of the mutant CDKL5, although it did not reach
statistical significance (Figure 3, A and E). By introducing the
missense variant into the kinase dead CDKL5 Lys42Arg
mutant, we also proved that the observed hyperactivation was
not caused by an aberrant interaction of the mutated kinase
with an unknown kinase25 (Figure 3F). Altogether, these data
suggested that the CDKL5-Thr958Arg variant might repre-
sent a gain-of-function substitution. To confirm this hypoth-
esis, we compared the phosphorylation level of MAP1 Ser900,
a recently identified substrate of CDKL5.22 Importantly,
Western blotting analyses indicated a significant increase in
phosphorylation of the CDKL5 substrate in cells transfected
with the mutated construct relative to the WT one (Figure 3,
A and G).

Eventually, we verified whether the Thr958Arg missense
variant of CDKL5 affects the kinase subcellular distribution.
For this purpose, as previously performed, we transfectedWT
GFP-CDKL5 and its Thr958Arg derivative into HeLa cells
and assessed their relative distribution between nucleus and
cytoplasm.13,25 As shown in Figure 4, A and B, the WT and

Thr958Arg CDKL5 proteins manifested a coinciding sub-
cellular distribution.

Discussion
CDKL5 variations are generally investigated in patients having
drug-resistant epileptic seizures and severe psychomotor and
intellectual delay. Indeed, the clinical features of CDD include
epilepsy that typically develops within the first 3 months of
life, hypotonia, hand stereotypes, and severe psychomotor
retardation. Gastrointestinal problems, bruxism, breathing,
and sleep disorders are less common features that should also
be considered in the diagnosis.26,27 However, some clinical
variability in the degree of impairment and disability is gen-
erally recognized, with females generally less severely affected
than males. Furthermore, although rare, the absence of epi-
lepsy has also been reported.4,28,29 The nature of the CDKL5
alteration, its position in the gene, and the pattern of XCI in
female patients seem to affect clinical severity of CDD. Epi-
genetic and environmental factors might also be involved.27 It
has been suggested that genetic variations beyond aa 938 in
human CDKL5 protein may have minor or no significance.30

A more recent study suggested that compared with patients
with no functional CDKL5 protein, those with truncating
variants after aa 781 show milder symptoms.4 Analysis of
CDKL5 functions and the involved molecular domains might
provide an explanation for these observations.

CDKL5 encodes for a serine-threonine kinase widely
expressed, but with the highest expression level in the brain,
particularly in neurons.12,31 Although the exact roles of the
kinase remain to be identified, the protein is certainly involved
in neuronal migration, axon outgrowth, dendritic morpho-
genesis, and synaptogenesis.32 Its functions appear regulated
by the kinase subcellular localization, its autophosphorylation,
synthesis, and degradation. CDKL5 protein is distributed in
both cytoplasmic and nuclear compartments, and its nuclear
export and subsequent degradation in neurons are modulated
by specific stimuli, such as glutamate treatment.9 Importantly,

Figure 2 c.2873C>G Substitution Does Not Affect mRNA Stability and Splicing

(A) Quantitative RT-PCR reported no al-
teration in the expression levels of CDKL5
mRNA in the blood of the patient com-
paredwith that of her unaffectedmother
and father and an unrelated control. The
graph shows the fold change of CDKL5
mRNA, calculated using the 2−DDCt (B)
CDKL5 splicing patterns in leukocytes.
Primers (indicated by arrows) amplifying
themissense variant (in capital letter) are
used to evaluate the splicing pattern in-
cluding exon 19. Gray box indicates the
CDKL5 coding sequence. Amplified prod-
ucts were separated on 3% agarose gel.
M = 100-bp molecular-weight marker.
mRNA = messenger RNA; RT-PCR = re-
verse transcriptase PCR.
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cytoplasmic CDKL5 affects neuronal arborization, whereas
the nuclear protein might affect gene expression including
splicing.33 At the molecular level, CDKL5 contains an ATP-
binding domain followed by a catalytic portion and a TEY

motif, which together constitute the first 297 residues. The
autophosphorylation of the TEY motif on the conserved ty-
rosine 171 appears to be associated with an active confor-
mation of the kinase. The remaining 663 aa, that are expressed

Figure 4 Thr958Arg Substitution Does Not Affect CDKL5 Subcellular Distribution

(A) Representative immunofluorescence of CDKL5 dem-
onstrating its subcellular distribution in HeLa cells trans-
fected with a plasmid expressing theWT GFP-hCDKL5 or its
Thr958Arg variant (green). Nuclei are labeled by DAPI
staining (blue). Scale bar 20 μm. (B) Histograms depict the
nuclear/cytosol distribution of WT and Thr958Arg-mutant
CDKL5, calculated by measuring the integrated density of
GFP fluorescence signal in the 2 cellular compartments and
presented as mean ± SE. DAPI = 49,6-diamidino-2-phenyl-
indole; WT = wild type.

Figure 3 Thr958Arg Substitution Leads to a Hyperfunctional CDKL5 Kinase

(A) Representative Western blotting of
phospho-TEY, CDKL5, RFP, phospho-
Tyr171 CDKL5, and phosphoSer900

MAP1S in HEK293T cells transfected
with the WT hCDKL5_1 cDNA or its
Thr958Arg variant. NT: untransfected
control cells. (B) Total protein content,
visualized by a TGX stain-free tech-
nology (Bio-Rad). (C–E) Histograms
show themean ± SE of the percentage
of TEY phosphorylation of WT and
Thr958Arg-mutant CDKL5, calculated
as ratio of phospho-TEY or phospho-
Tyr171 to total CDKL5 normalized to
WT CDKL5 (C, D), and CDKL5 expres-
sion levels relative to RFP normalized
to WT CDKL5 (E). *p < 0.05, ***p <
0.001 by the Mann-Whitney test and
$p = 0.06 by the Student t test. (F) No
phosphorylation of the TEY motif of
Thr958Arg CDKL5 is detected when
the missense substitution is inserted
into a cDNA coding for a kinase dead
CDKL5 (Lys42Arg-Thr958Arg CDKL5).
Representative Western blot of phos-
pho-TEY and CDKL5 in HEK293T cells
transfected with a plasmid expressing
the Thr958Arg or Lys42Arg-Thr958Arg
hCDKL5_1 variant. (G) Histogram
shows the mean ± SE of the percent-
age of phosphoSer900 MAP1S expres-
sion levels normalized to total protein
content, visualized by TGX stain-free
technology. *p < 0.05 by the Mann-
Whitney test. cDNA = complementary
DNA; WT = wild type.
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by all main brain CDKL5 isoforms, define the C-terminal
domain that acts as negative regulator of the kinase activity
and modulator of its subcellular localization. The most
C-terminal portion of the kinase is required to localize it into
the cytoplasm; indeed, the pathogenic Leu879X and Arg781X
CDKL5 truncations have been found exclusively localized into
the nucleus.12 This result, together with the aforementioned
evidence that truncating variations downstream of aa 781 are
less severe, highlights the importance of CDKL5 cytoplasmic
localization. Similarly, the importance of the kinase activity is
underlined by the distribution of pathogenic missense sub-
stitutions that almost exclusively localize in the catalytic do-
main. CDKL5 variants are generally considered loss of
function; however, few studies reporting pathogenic dupli-
cations of X chromosome regions including CDKL517 have
led to debate if deregulation of the levels of CDKL5 activity
can lead to neurologic symptoms.

In this work, we have described a new case of female patient
harboring a hypermorphic CDKL5missense variant that resides
in a fully conserved domain of 15 residues among mammals,
reptiles, and birds, a strong indication for its biological relevance.
The patient is characterized by mild neurologic symptoms that
do not meet common clinical characteristics of patients with
CDD.2 She was referred to us when she was 6 weeks old because
of focal seizures. She is now 4 years old. Although seizures
persist, she presents normal cognitive and fine motor skills and
little alterations in social, emotional, and adaptive behaviors.
Milder defects in gross motor skills together with hypotonia and
stereotypic hand movements are present. Molecular testing has
identified the de novo CDKL5 c.2873C>G nucleotide sub-
stitution, which has never been described before and not iden-
tified in more than 100,000 exomes containing CDKL5; we thus
considered it a potential novel pathogenic mutation. In keeping
with the mild clinical symptoms, the identified genetic alteration
causes themissense variant p.(Thr958Arg) occurring in themost
extreme portion of the C-terminal domain, a region that is
generally not taken into account for understanding CDKL5
molecular functions. Our molecular data suggest that the iden-
tified variation modifies CDKL5 protein properties, with no
effect on splicing and mRNA abundance. In particular, the
Thr958Arg CDKL5 variant exhibits an evident increment in the
phosphorylation of both the TEY motif and Tyr171, therefore
suggesting the acquirement of a more active enzymatic activity.22

Accordingly, we used endogenous MAP1S, a recognized target
of CDKL5 activity, as a molecular readout of the hypermorphic
functions of the mutated kinase,22 to reveal higher phosphory-
lation in cells expressing the mutant CDKL5 relative to the WT
control. Furthermore, the mutated CDKL5 exogenously
expressed in cultured cells exhibited a trend toward an increase of
protein levels, which might mirror a slight increase in protein
stability. No effect on the subcellular distribution of CDKL5 was
observed, possibly suggesting that the most extreme portion of
the protein is involved in regulating the catalytic activity.

Collectively, our data provide a strong indication that the
Thr958Arg missense variant is causative of the child’s

symptoms. Although this hypothesis could only be confirmed
by identifying additional patients with similar variants and
clinical presentations, we believe that our data provide strong
indication of a hypermorphic CDKL5 pathogenic variant,
therefore corroborating the hypothesis that although loss-of-
function variants are expected to be more severe for neuro-
development, gain-of-function variations might also be
detrimental. The demonstration that in the patient the pattern
of XCI leads the variant allele to be more frequently expressed
than the WT also suggests that gain-of-function variations
might be particularly detrimental in the male hemizygous
brain, a hypothesis that will have to be supported by additional
cases.
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Abstract
Background and Objectives
Isolated paroxysmal kinesigenic dyskinesia (PKD) is mainly caused by PRRT2 variants and
TMEM151A variants. Patients with proximal 16p11.2 microdeletion (16p11.2MD) (including
PRRT2) often have neurodevelopmental phenotypes, whereas a few patients have PKD.Here, we
aimed to identify 16p11.2MD in patients with PKD and describe the related phenotypes.

Methods
Whole-exome sequencing and bioinformatics analysis of copy number variant (CNV) were
performed in patients with PKD carrying neither PRRT2 nor TMEM151A variant. Quantitative
PCR and low-coverage whole-genome sequencing verified the CNV.

Results
We identified 9 sporadic patients with PKD and 16p11.2MD (;535 kb), accounting for 9.6%
(9/94) of our patients. Together with 9 previously reported patients with PKD and 16p11.2MD,
we found that 16p11.2MDwas de novo in 11 of 12 tested patients and inherited from a parent in
the other patient. And 80% (12/15) of these patients had a mild language delay, 64.3% (9/14)
had compromised learning ability, 42.9% (6/14) had a mild motor delay, and 50% (6/12) had
abnormal neuroimaging findings. No severe autism disorders were observed.

Discussion
Mild developmental problems may be overlooked. A detailed inquiry of developmental history
and CNV testing are necessary to distinguish patients with 16p11.2MD from isolated PKD.
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Paroxysmal kinesigenic dyskinesia (PKD; MIM #128200) is a
rare disorder manifesting as recurrent and brief episodes of
choreoathetosis or dystonia triggered by sudden voluntary
movements. Variants in the gene PRRT2 located on chromo-
some region 16p11.2 were identified to cause PKD in 2011.1 To
date, PRRT2 variants account for 77%–93% of familial PKD and
21%–45% of sporadic PKD.2 TMEM151A variants were re-
cently identified to cause PKD.3 The proximal ;600 kb
breakpoints 4 and 5 16p11.2 microdeletion (16p11.2MD)
(29.6–30.2 Mb–hg19, including PRRT2) could be a cause of
PKD accompanied by other clinical features.4 The 16p11.2MD
is one of the most common etiologies of neurodevelopmental
disorders, including motor/language developmental delay, au-
tism spectrum disorder (ASD), intellectual disability (ID),
congenital dysmorphism, and/or obesity, with an incidence of
0.25%–2.9%.5 To date, more than 400 16p11.2MD carriers have
been reported, among which 9 cases have been reported to
have PKD.5,6 Here, we report 9 new patients with PKD and
16p11.2MD.

Methods
Standard Protocol Approvals, Registrations,
and Patient Consents
This study was approved by the ethics committee of the
Second Affiliated Hospital of Zhejiang University School of
Medicine, and all participants provided informed consent.

Clinical and Genetic Analysis
Patients were enrolled between January 2015 and July 2021.
Whole-exome sequencing and bioinformatics analysis of copy
number variants (CNVs) were performed in patients who
were negative for both PRRT2 and TMEM151A variants. For
details, please see eMethods.

Data Availability
The original data that support the findings are available from
the corresponding author on reasonable request.

Results
Among 94 enrolled patients, 9 sporadic patients (9.6%) were
identified with 16p11.2MD (eTable 1, links.lww.com/NXG/
A513). Quantitative PCR confirmed deletions in PRRT2, which
were de novo in 4 patients (P1, P5, P6, and P9), inherited from a
father in P8, and could not be tested in parents of the other 4
patients (Figure 1A). Paternity was confirmed by microsatellite
analysis (eFigure 1). Low-coverage whole-genome sequencing
further confirmed 16p11.2MD in all 9 patients and the father of
P8, with a span of;535 kb (chr.16:29649997-30185157, GRCh
37) containing 30 genes from SPN toMAPK3 (Figure 1B). The
father with 16p11.2MD had obesity (bodymass index 33.41 kg/
m2) with a head circumference of 61 cm, but denied PKD and
developmental disorders, and neurologic examinations were
normal. Variants in other paroxysmal dyskinesia-related genes
were not detected in these 9 patients.

The clinical data of the 9 newly identified patients (P1–P9)
with PKD and 16p11.2MD and the previously published 9
cases (P10–P18) were summarized in Table 1 (average onset
age of PKD, 9.6 years; males/females/unknown, 14/3/1).
Features of kinesigenic attacks were typical in all patients
except that durations extended to several minutes in 3 patients
(P1, P6, and P13).

Regarding the 16p11.2MD-related phenotype, 80% (12/15) of
these patients had mild speech delay, and 4 patients developed a
lisp. Learning abilities were compromised in 64.3% (9/14) of
patients, among whom 2 received additional educational sup-
port, and 7 had a poor academic performance. In addition, mild
motor delays were present in 42.9% (6/14) of patients. The
average age of walking was 16.50 ± 5.95 months in P1–P9.
Uncommonly, ASD, subtle dysmorphism, and obesity were each
found in 1 patient. Notably, brain MRI revealed anomalies in
50% (6/12) of patients. The cerebellum was frequently affected,
including suspected dermoid cysts (P3, Figure 1C), arachnoid
cysts (P7, Figure 1D, P11), and cerebellar atrophy (P10).
Neuroimaging findings were usually normal in isolated PKD.

Discussion
The developmental delay in patients with PKD and
16p11.2MD is similar butmilder than that in other 16p11.2MD
carriers. In other deletion carriers, language delay was present at
high rates (83%), intellectual ability varied with;30% falling in
the normal range and 10.3%–28.1% having ID, and motor
delay was common (37.6%–57.1%) with an evaluated mean
age of walking of 20.5 ± 8.6months.5,7 BrainMRI abnormalities
in 16p11.2MD patients mostly are related to posterior fossa
and/or craniocervical junction,7 consisted with our findings.

To our knowledge, neurodevelopmental disorders have been
rarely reported in patients with PKD carrying heterozygous
PRRT2 frameshift/missense variants. A few patients with
biallelic PRRT2 variants were reported to have cognitive
problems.4 Neurodevelopmental phenotypes in 16p11.2MD
are related to other genes in this region. For example,MAPK3
is a key component of MAPK/ERK pathway associated with
ASD-related features in mice models.5 Deficiency of the
KCTD13 ortholog in zebrafish resulted in macrocephaly.5 And
both Kctd13-deficient and Taok2-deficient mice displayed
cognitive problems.5

The 16p11.2MD is characterized by a broad spectrum of
neurodevelopmental phenotypes with varying penetrance.5

Here, 16p11.2MD accounted for 9.6% of patients with PKD
carrying neither PRRT2 nor TMEM151A variant. De-
velopmental features of 16p11.2MDmay be mild; therefore, a
detailed inquiry of developmental history and CNV testing
are necessary to distinguish these patients from isolated PKD.
The WES-based CNV testing is cost-effective while has lim-
itation in detecting small CNVs (<100 kb). High-resolution
chromosomal microarray could be a precise tool.
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Figure 1 Genetic Findings and Brain Images

(A) The copy number of PRRT2 detected by qPCR in 9 patients with PKD and available parents. C1 and C2 are controls, P1–P9 represent patients, 1 F/M is the
father/mother of patient 1, and so on. The relative copy number of PRRT2 was calculated with CopyCaller software v2.1, and subject C1 was selected as the
calibrator sample with a copy number of 2. (B) Black arrows indicate the 16p11.2microdeletions detected with low-coverage whole-genome sequencing. The
associated genes were generated with the NCBI Genome Browser (GRch37.p13) and displayed under the graphic structure of chromosome 16. (C) MRI of
patient 3 showing a lesion at the left edge of the cerebellum (white arrows, left: T2 weighted, right: T1 FLAIR). (D) MRI of patient 7 showing an arachnoid cyst at
the cerebellar vermis (white arrows, left: T2 weighted, right: T1 FLAIR). FLAIR = fluid-attenuated inversion recovery; PKD = paroxysmal kinesigenic dyskinesia.
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Table 1 Clinical and Genetic Features of Patients With PKD And 16p11.2 Microdeletion

Patient
Age,
AAO/sex

Trigger
of
attacks

Duration of
attacks

Type of
attacks Response tomedication Comorbidity/age

Interictal
EEG Brain MRI

BMI (kg/
m2)/age Motor/language development and learning ability CNV

P1 22y,11y/M SM, R 20–40 s
(occasionally
lasts minutes)

C Complete control on CBZ
50 mg/d

FS/3 y Mild
changes

N 17.5/15 y Walking and speaking first words at 16 mo; attending normal schools
with poor performance

535 kb
De novo

P2 29y,10y/M SM, S NA M NA NA NA NA NA NA 535 kb
NA

P3 17y,10y/M SM, S 10–30 s D Incomplete control on
OXC 150 mg/
d (occasional attacks)

NO NA A lesion at the left edge
of the cerebellummay be
a dermoid cyst or a
teratoma.

18.4/17 y Walking at 13mo; speaking relatively clearly at 24mo; slurred speech;
attending regular schools with poor performance.

535 kb
NA

P4 21y,15y/M SM 10–30 s C Complete control on CBZ
100 mg/d

IC/<1 y N N 18.6/17 y Walking at 14mo; speaking relatively clearly at 3 y; slurred speech that
cannot be corrected by surgery; attending normal schools with poor
performance.

535 kb
NA

P5 21y,13y/M SM, S, R 5–20 s D Incomplete control on
CBZ 100mg/d (occasional
attacks)

NO N A benign nodule
containing
lipids at the left parietal
skull

20.3/17 y Walking at 12 mo; speaking relatively clearly at 24 mo; attending
regular schools with poor performance.

535 kb
De novo

P6 12 y, 4 y/F SM 30–40 s
(occasionally
lasts minutes)

C Incomplete control on
CBZ 100mg/d (occasional
attacks)

IC/6 mo, 10 mo N A lesion at the right
frontal
lobe, may be glial
hyperplasia or ischemia

15.6/12 y Walking and speaking first words at 16 mo; attending regular schools
with average performance.

535 kb
De novo

P7 25y,12y/M SM, S 10–30 s M Incomplete control on
CBZ 50 mg/d (occasional
attacks)

IC/6 mo–4 y N Arachnoid cyst at the
cerebellar vermis

NA Walking and speaking at around 30 mo; slurred speech; attending
normal schools with poor sports and academic performance.

535 kb
NA

P8 13 y, 9 y/F SM, S 5–6 s D Complete control on CBZ
50 mg/d

IC/4 mo N NA 19.4/12 y Walking at 19mo; speaking relatively clearly at 24mo; slurred speech;
poor expressive language; attending normal schools with average
performance.

535 kb
Paternally

P9 25y,13y/M SM 10–30 s M Incomplete control on
OXC 150 mg/
d (occasional attacks)

NO N N 22.0/24 y Walking and speaking at around 12 mo; attending a regular school
with poor performance

535 kb
De novo

P108 NA/M SM NA C CBZ responsive IC/NA,
parkinsonism/17 y

N Cerebellar atrophy NA Motor development was normal. First words were spoken at 18–20
mo; verbal learning disabilities; received educational support.

544 kb
De novo

P119 NA, 7 y/M SM <10 s M Complete control on CBZ
400 mg/d

IC/11 mo N Arachnoid cyst in the
cerebellopontine angle

NA Walking at 18 mo; slightly slow language development; struggling at
school, but never requiring additional school support.

660 kb
De novo

P1210 NA, 6 y/NA SM NA PKD CBZ responsive NO NA NA NA Speech delay; mild orobuccal dyspraxia 430 kb
De novo

P1311 NA, 5 y/M SM, R <30 s
(occasionally
lasts minutes)

M Complete control on CBZ
400 mg/d

Tics and subtle
dysmorphism

NA NA NA NA 525 kb
NA

P1412 NA, 5 y/M SM <60 s D NA IC/infancy–3.5 y NA NA NA Finemotor skills andbalance compromised; speech delay; attending a
special school; limited vocabulary and learning disabilities.

895 kb
NA

Continued
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Abstract
Objectives
To report a novel association between pathogenic variants in the SEPSECS gene and complex
movement disorder with thin corpus callosum (TCC).

Methods
Clinical exome sequencing was performed in an adult patient with a genetically unsolved
neurodegenerative disorder. The main clinical, neuroimaging, and genetic data were
described.

Results
The c.865C > T (p.P289S) and c.1297T > C (p.Y433H) missense variants in SEPSECS (NM_
016,955.3) were discovered.

Discussion
This case represents a novel form of early-onset pyramidal syndrome with optic nerve hypo-
plasia, which slowly evolved to extrapyramidal syndrome featuring dystonia-parkinsonism,
associated with TCC, caused by SEPSECS pathogenic variants. This form enlarges the group of
the so-called pyramidal-extrapyramidal syndromes, as well as complex hereditary spastic par-
aparesis with TCC.
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Selenoprotein deficiency is caused bymutations in SECISBP2,
SEPSECS, and TRU-TCA1-1, which are 3 crucial components
of the selenocysteine (Sec) amino acid insertion pathway into
at least 25 human selenoproteins.1 SEPSECS, located at
4p15.2, consists of 12 exons and codes for the Sep (O-
phosphoserine) tRNA:Sec tRNA synthase, a 501-amino acid
protein that catalyzes the last step in the conversion of Sep-
tRNA to Sec-tRNA.We describe a novel phenotype caused by
recessive SEPSECS pathogenic variants.

Case Description
A 48-year-old man, the offspring of nonconsanguineous par-
ents, had a history of normal birth and development in the
first year of life. At age 13 months, he manifested head titu-
bation and ocular nystagmus. He started walking in-
dependently at age 14 months and manifested toe walking
from the age of 2 years. Language developed normally. In-
vestigations performed over years at several Italian centers
included routine biochemistry, metabolic screening, neuro-
physiology tests, and karyotype that were all unremarkable
except for selective IgA deficiency. A brain CT performed at
age 18 years indicated mild atrophy of frontal lobes. An
ophthalmologic examination documented bilateral optic
nerve hypoplasia. Given the constellation of his signs, a di-
agnosis of spastic paraparesis with nystagmus was considered.
Over time, his motor abilities slowly worsened, although he
was able to complete high school and work as a school as-
sistant until beginning of the Covid-19 pandemic. Brain MRI
performed at age 41 years showed mildly increased fronto-
temporal subarachnoid spaces and thin corpus callosum
(TCC) (Figure). At our first neurologic examination at age 48
years (Video 1), he exhibited normal comprehension with
mild bradyphrenia. His language was understandable though
dysarthric. A rotatory and horizontal subcontinous ocular
nystagmus was evident, as well as microcephaly (occipito-
frontal circumference 52 cm). Bradykinesia and mild dystonic
cervical and feet posturing were evident, as well as mild

extrapyramidal rigidity at the upper limb. Deep tendon re-
flexes were abolished at lower limbs. He was able to walk
autonomously with mild wide-based and festinating gait.
Neurophysiologic studies showed abnormal motor-evoked
and visual-evoked potentials. Nerve conduction studies and
electroretinogram were normal.

The study was conducted in accordance with the Declaration
of Helsinki. The patient signed consent forms for genetic
analysis and for data publication.

All procedures followed were in line with the journal’s ethics
policy, and the subject gave consent to be videoed for publi-
cation both in print and online.

Results
Clinical exome sequencing discovered compound heterozy-
gous c.865C > T (p.P289S) and c.1297T > C (p.Y433H)
missense variants in SEPSECS (NM_016955.3). The 2 vari-
ants were both absent in controls (i.e., Exome Sequencing
Project, 1000 Genomes Project, Exome Aggregation Con-
sortium) (PM2 criteria) and were in trans because they were
inherited from heterozygous parents (PM4 criteria). In silico
prediction programs supported a deleterious effect on the
gene product (25 of 25 and 24 of 25 programs on VarSome
[varsome.com/] indicate the 2 variants as pathogenic, re-
spectively) (PP3 criteria); in addition, patient’s phenotype is
highly specific for a disease with a single genetic etiology (PP4
criteria), and missense variants are a common mechanism of
disease in SEPSECS-related disorders (PP2 criteria). According
to the abovementioned American College of Medical Genetics
criteria,2 the 2 variants were classified as likely pathogenic (V).

Discussion
Selenoproteins are involved in several biological processes as
antioxidant defense, regulation of gene expression, control of

Figure Brain Magnetic Resonance Imaging, Sagittal T2-Weighted and Axial T2-FLAIR Images, Performed at Age 41 Years

Mildly increased frontotemporal subarachnoid spaces (A)
and thin corpus callosum (B), with no basal ganglia (A),
white matter (A), cerebellum, and midbrain anomalies (B).
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protein folding, and metabolism of thyroid hormones.1 Sys-
temic selenoproteins deficiencies due to SECISBP2 and TRU-
TCA1-1 recessive pathogenic variants are characterized by
multiorgan defects, including abnormal thyroid hormone me-
tabolism, myopathy, hearing loss, and male infertility.1 Patho-
genic variants in SEPSECS cause pontocerebellar hypoplasia
(PCH) type 2D (PCH2D, OMIM #613811). PCH are rare
prenatal-onset neurodegenerative disorders characterized by
progressive microcephaly, spasticity, profound mental impair-
ment, and progressive pontocerebellar (and neocortical) atro-
phy. Dyskinetic movement disorder characterizes the subgroup
type 2. PCH2D may span axonal neuropathy, myopathy, epi-
lepsy or epileptic encephalopathy featuring West syndrome,
optic nerve hypoplasia, and high blood lactate.3-5 In addition,
milder neurodegenerative phenotype characterized by early-
onset ataxia with microcephaly and progressive cerebellar at-
rophy has been described in 3 patients.6,7

Our patient had a unique combination of pyramidal-
extrapyramidal syndrome and optic nerve hypoplasia with
TCC without basal ganglia, cerebellum, and midbrain
anomalies. Pyramidal features clinically predominated in the
first 2 decades, while extrapyramidal symptoms appeared over
disease’s course in the form of dystonia-parkinsonism with a
very slow degenerative course.

Parkinsonian-pyramidal syndromes include neurodegenerative
diseases as complex hereditary spastic paraparesis (HSP) (e.g.,
SPG10, SPG11, SPG15), young-onset parkinsonism, neuro-
degeneration with brain iron accumulation, primary familial
brain calcifications, inborn errors of metabolism (e.g., mito-
chondrial diseases, Wilson disease, neuronal ceroid lip-
ofuscinosis, manganese transport disorders, Gaucher disease
type 3, Niemann-Pick type C, GM1 gangliosidosis type 3).8

Most of these conditions have biochemical and/or neuro-
imaging diagnostic clues, which in our case were limited to
TCC, a feature observed in few HSP. Association with optic
neuropathy is mainly confined to mitochondrial diseases. In
this regard, shared features between mitochondrial and sele-
noprotein disorders may be related to the role of selenopro-
teins in themaintenance of redox potential, regulation of redox-
sensitive biochemical pathways, and protection from oxidative
damage.1 Other authors suggested that cells with high mito-
chondrial activity may be affected by SEPSECS deficiency be-
cause mitochondria are one of the main sources of cellular
reactive oxygen species.3 In conclusion, we describe a patient
with early-onset and slowly progressive complex movement
disorder caused by novel biallelic SEPSECS pathogenic vari-
ants. Our case increases the clinical, mutational, and neuro-
imaging spectrum of SEPSECS-related phenotypes. An analysis
of the few published pathogenic SEPSECS variants indicated
that different types of mutations are spread along the gene, thus
not clarifying the genotype-phenotype correlations.3-7 Reasons
for phenotypic variability remain to be explained.
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Bambino Gesù Children’s
Hospital, IRCCS, Rome, Italy

Drafting/revision of the article
for content, including medical
writing for content, and
analysis or interpretation of
data

Enrico
Bertini,
MD

Genetics and Rare Diseases
Research Division, Unit of
Neuromuscular and
Neurodegenerative
Disorders, Department of
Neurosciences, Bambino
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Gesù Children’s Hospital,
IRCCS, Rome, Italy

Drafting/revision of the article
for content, including medical
writing for content;major role
in the acquisition of data;
study concept or design; and
analysis or interpretation of
data

Neurology.org/NG Neurology: Genetics | Volume 8, Number 2 | April 2022 3

http://ng.neurology.org/lookup/doi/10.1212/NXG.0000000000000661
http://neurology.org/ng


2. Richards S, Aziz N, Bale S, et al. Standards and guidelines for the interpretation of
sequence variants: a joint consensus recommendation of the American College of
Medical Genetics and Genomics and the Association for Molecular Pathology. Genet
Med 2015;17(5):405-424.

3. Agamy O, Ben Zeev B, Lev D, et al. Mutations disrupting selenocysteine formation
cause progressive cerebello-cerebral atrophy. Am J Hum Genet 2010;87(4):
538-544.

4. Anttonen AK, Hilander T, Linnankivi T, et al. Selenoprotein biosynthesis defect
causes progressive encephalopathy with elevated lactate. Neurology 2015;85(4):
306-315.

5. Pavlidou E, Salpietro V, Phadke R, et al. Pontocerebellar hypoplasia type 2D and optic
nerve atrophy further expand the spectrum associated with selenoprotein biosynthesis
deficiency. Eur J Paediatr Neurol 2016;20(3):483-488.

6. Iwama K, Sasaki M, Hirabayashi S, et al. Milder progressive cerebellar atrophy caused
by biallelic SEPSECS mutations. J Hum Genet 2016;61(6):527-531.

7. van Dijk T, Vermeij JD, van Koningsbruggen S, Lakeman P, Baas F, Poll-The BT. A
SEPSECS mutation in a 23-year-old woman with microcephaly and progressive
cerebellar ataxia. J Inherit Metab Dis 2018;41(5):897-898.

8. Tranchant C, Koob M, Anheim M. Parkinsonian-Pyramidal syndromes: a systematic
review. Parkinsonism Relat Disord 2017;39:4-16.

4 Neurology: Genetics | Volume 8, Number 2 | April 2022 Neurology.org/NG

http://neurology.org/ng


VIEWS & REVIEWS OPEN ACCESS

Therapy Trial Design in Vanishing White Matter
An Expert Consortium Opinion

Marjo S. vander Knaap,MD, PhD, Joshua L. Bonkowsky,MD, Adeline Vanderver,MD, Raphael Schiffmann,MD,
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Abstract
Vanishing white matter (VWM) is a leukodystrophy caused by recessive variants in the genes
EIF2B1-EIF2B5. It is characterized by chronic neurologic deterioration with superimposed
stress-provoked episodes of rapid decline. Disease onset spans from the antenatal period
through senescence. Age at onset predicts disease evolution for patients with early onset,
whereas disease evolution is unpredictable for later onset; patients with infantile and early
childhood onset consistently have severe disease with rapid neurologic decline and often early
death, whereas patients with later onset have highly variable disease. VWM is rare, but likely
underdiagnosed, particularly in adults. Apart from measures to prevent stressors that could
provoke acute deteriorations, only symptomatic care is currently offered.With increased insight
into VWM disease mechanisms, opportunities for treatment have emerged. EIF2B1-EIF2B5
encode the 5-subunit eukaryotic initiation factor 2B complex, which is essential for translation
of mRNAs into proteins and is a principal regulator of the integrated stress response (ISR). ISR
deregulation is central to VWM pathology. Targeting components of the ISR has proven
beneficial in mutant VWM mouse models, and several drugs are now in clinical development.
However, clinical trials in VWM pose considerable challenges: low numbers of known patients
with VWM, unpredictable disease course for patients with onset after early childhood, absence
of intermediate biomarkers, and novel first-in-human molecular targets. Given these challenges
and considering the critical need to offer therapies, we have formulated recommendations for
enhanced diagnosis, drug trial setup, and patient selection, based on our expert evaluation of
molecular, laboratory, and clinical data.
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Pediatrico BambinoGesù, Rome 00146, Italy; Departments of Neurology andNeurosurgery (G.B.), Pediatrics andHumanGenetics,McGill University; Department SpecializedMedicine
(G.B.), Division of Medical Genetics, McGill University Health Center; Child Health and Human Development Program (G.B.), Research Institute of the McGill University Health Center,
Montreal, Canada; Kennedy Krieger Institute (S.A.F.), Johns Hopkins University, Baltimore, MD; Research Department (E.S.-V.), European Leukodystrophies Association International
and European Leukodystrophies Association France, Paris, France; United Leukodystrophy Foundation (R.R.), DeKalb, IL; Vereniging Volwassenen, Kinderen en Stofwisselingsziekten
(H.D.), Zwolle, the Netherlands; Industry Alliance Office (P.v.B., P.S.L.), Amsterdam Neuroscience, Amsterdam University Medical Centers; and Department of Epidemiology and Data
Science (P.v.d.V.), Amsterdam University Medical Centers, Vrije Universiteit, Amsterdam, the Netherlands.

Go to Neurology.org/NG for full disclosures. Funding information is provided at the end of the article.

The Article Processing Charge was funded by the authors.

This is an open access article distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivatives License 4.0 (CC BY-NC-ND), which permits downloading
and sharing the work provided it is properly cited. The work cannot be changed in any way or used commercially without permission from the journal.

Copyright © 2022 The Author(s). Published by Wolters Kluwer Health, Inc. on behalf of the American Academy of Neurology. 1

http://dx.doi.org/10.1212/NXG.0000000000000657
mailto:ms.vanderknaap@vumc.nl
https://ng.neurology.org/content/8/2/e657/tab-article-info
http://creativecommons.org/licenses/by-nc-nd/4.0/


Vanishing white matter (VWM), or childhood ataxia with CNS
hypomyelination, was recognized in the 1990s (Online Mendelian
Inheritance of Men (OMIM) 603896).1-3 Initially, VWM was de-
scribed as an early childhood–onset devastating encephalopathy
with chronic deterioration, superimposed episodes of stress-
provoked decline, and early fatality.1-3 Once the 5 genes associ-
atedwith VWMwere identified, it became apparent that VWMhas
a pleomorphic natural history, with disease onset ranging from the
antenatal period through senescence and an extremely variable
disease course ranging from rapid progression and early death to
minimal involvement over decades.4

Considering the almost exclusive involvement of the CNS
white matter in VWM, it was unexpected that the genetic
cause resides in the ubiquitously expressed eukaryotic initia-
tion factor 2B (eIF2B).5 eIF2B is essential for initiation of
translation of mRNAs into proteins.6 It is also a central reg-
ulator of mRNA translation rate and principal component of
the integrated stress response (ISR), a molecular pathway
responsive to different types of stress.6 Deregulated ISR is
central to the pathophysiology of VWM,7 and ISRmodulation
can reduce disease severity in VWM mouse models.7-9

These insights have opened an exciting new era of potential drug
therapies for VWM. However, the constitutive biologic pro-
cesses involved in VWM pathophysiology6 and inherent vari-
ability of its natural history4 make clinical development of
therapies challenging. The need for unbiased assessment of
safety, tolerability, and efficacy of several promising drugs is
additionally challenged by the low numbers of known patients
with VWM. Initiation of simultaneous competing drug trials
may limit the ability to assess drug efficacy with sufficient power.

Consortium of Clinical Experts
on VWM
Recognizing these challenges, an international independent
consortium of 9 clinician-scientists, expert in VWM, was foun-
ded in 2019.10 They were selected for clinical and research ex-
pertise in leukodystrophies, including VWM, as measured by
publications and clinical trials in leukodystrophies, and for geo-
graphic representation of countries that follow the International
Council for Harmonization–Good Clinical Practice guidelines.
Patient and family organizations on leukodystrophies from those
countries were invited to form an advisory board. The Industry

Alliance Office of Amsterdam Neuroscience provided expertise
on clinician-industry interactions and trial setup.

The mission of the VWM Consortium is to improve patient
identification, enable biomarker studies, develop guidelines
for clinical trials, and support development of therapeutics.
This consensus statement aims to provide evidence-based
guidelines for trial design and biomarker considerations to
enable and accelerate therapeutic developments and address
recruitment challenges.

Background
VWMNatural History,MRI, andGenetic Etiology
Recently, an international natural history study described a
wide range of phenotypes in 296 patients with VWM.4 In 90%
of patients, age at onset is <18 years, and in 60%, it is <4 years.
In 85%, the disease course is chronic with episodic deteriora-
tions; in 15%, it is only chronic. The most common provoking
factors are febrile and afebrile infections and head trauma.
Rapid neurologic decline is often accompanied by lowered
consciousness. As age at onset predicts prognosis in VWM,11 6
groups were defined: onset <12 months, between 12 and <24
months, 2 and <4 years, 4 and <8 years, 8 and <18 years, and
≥18 years.4 For onset <4 years, the exact age at onset correlates
with disease severity, earlier onset being associated with more
rapid decline and higher mortality, whereas for onset ≥4 years,
the clinical course is generally milder, with a wide variation in
severity, not correlating with exact age at onset (Figure 1).
Episodic deteriorations are important predictors for more se-
vere disease course (Figure 2), independent of age at onset.4

Details per onset category are given in Table 1. Antenatal or
early infantile onset (<12 months) is invariably associated
with rapid deterioration and early death.6 Patients often dis-
play severe generalized encephalopathy with irritability and
intractable epilepsy. Involvement of organs outside the CNS
is common.4 Patients with onset between 12 and <24 months
show rapid decline with loss of ambulation within months to a
few years and early death.6 In the classic phenotype, disease
manifests between age 2 and 4 years.1-4 A stress-provoked
episode often marks disease onset. Ataxia and spasticity pre-
dominate, whereas cognition is relatively spared. Mild epi-
lepsy is common. Clinical evolution is more variable, but
typically associated with early severe disability, even when

Glossary
ATF4 = activating transcription factor 4; CHOP = C/EBP homologous protein; DTI = diffusion tensor imaging; eIF2B =
eukaryotic initiation factor 2B; ER = endoplasmic reticulum; FDA = Food and Drug Administration; FLAIR = fluid-attenuated
inversion recovery; GADD34 = growth arrest and DNA damage protein 34; GSK3β = glycogen synthase kinase 3β; ISR =
integrated stress response; mcDESPOT = multicomponent driven-equilibrium single-pulse observation of T1/T2; MLD =
metachromatic leukodystrophy;MRS =magnetic resonance spectroscopy;MTR =magnetization transfer ratio;MWF =myelin
water fraction;NODDI = neurite orientation dispersion and density imaging;OMIM = Online Mendelian Inheritance in Men;
VWM = vanishing white matter.
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patients reach adulthood.4 Onset ≥4 years is associated with
extremely variable disease evolution.4 Stress-provoked epi-
sodic deterioration is less prominent.4 Decline is often slow,
but sudden deterioration and death may occur.4 Patients with
adult onset typically present with dementia or psychiatric
symptoms and often no or mild motor involvement.4 Patients
with onset after infancy have exclusive CNS involvement,
except for ovarian failure, which is common in females.3,4

Brain MRI in affected individuals is often pathognomonic for
VWM (Figure 3).3,12 T2 signal is increased throughout the
cerebral white matter; the directly subcortical white matter
may initially be spared.13 Fluid-attenuated inversion recovery
(FLAIR) images show progressive rarefaction and cystic de-
generation of the cerebral white matter. Radiating stripes are
present, indicating better preserved white matter tissue
strands.12 The cerebral white matter abnormalities worsen
over time and never reverse.14 Cerebellar white matter is

normal or less severely affected.12 Gray matter structures
mostly retain a normal appearance.12

MRI features are dependent on age at onset.12,14White matter
rarefaction is more rapid with earlier onset. In antenatal or
early infantile onset, the cerebral white matter is initially T2
and FLAIR hyperintense and appears swollen and may dis-
appear completely in a few months.14 The cystic white matter
may collapse or retain a swollen appearance.14 With late in-
fantile or early childhood onset, the cystic white matter may
look highly swollen and be associated with increasing mac-
rocephaly.14 In adolescents and adults, the abnormalities are
often nonspecific. Only the periventricular cerebral white
matter may be abnormal, with no or little rarefaction, but with
pronounced atrophy.12,14

VWM is caused by biallelic pathogenic variants in EIF2B1–
EIF2B5, encoding the α–e subunits of eIF2B.5,12 There is

Figure 1 Disease Progression in Relation to Age at Onset

Kaplan-Meier plots for survival (A), walkingwith or without support (B), and cognition (C) in relation to disease duration, per the age at onset group. In all plots,
censored patients (alive at last follow-up, still ambulant, or absence of cognitive decline) are indicated by crosses. Modified from Figure 3, Hamilton et al., Ann
Neurol 2018, with permission.

Figure 2 Effect of Stress-Provoked Episodes

Survival (A) and walking with or without support (B) in relation to disease duration, grouped by disease course with and without episodic deterioration. In all
plots, censored patients (alive at last follow-up or still ambulant) are indicated by crosses. Modified from Figure 3, Hamilton et al., Ann Neurol 2018, with
permission.
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clear genotype-phenotype correlation, with mild and severe
variants.4,11,15,16 If a mild and a severe variant are compound
heterozygous, disease severity is intermediate.15 Although pa-
tients with the same variants tend to have a similar disease
course, variation may be considerable, especially in onset ≥4
years, even within families.4

Disease Mechanisms
eIF2B is an enzyme with guanine exchange factor activity, re-
quired for translation of mRNAs into proteins,17,18 and central
to regulation of mRNA translation rate by the ISR.19 The ISR
(Figure 4) is an evolutionarily highly conserved homeostatic
pathway, activated by different stressors, including fever, amino
acid deprivation, viral infection, heme deficiency, reactive ox-
ygen species, and endoplasmic reticulum (ER) overload with

unfolded or misfolded proteins.20 Stressors activate kinases,
which phosphorylate eIF2. Phosphorylated eIF2 inhibits
eIF2B, thereby reducing mRNA translation rate. Inhibition of
eIF2B also activates activating transcription factor 4 (ATF4)
transcription response, which has numerous downstream ef-
fects, including cell survival or apoptosis, cell cycle arrest or
proliferation, differentiation, and maturation.20 C/EBP ho-
mologous protein (CHOP), downstream effector of ATF4, is
proapoptotic and through a feedback loop sensitizes the ER for
further stress. Growth arrest and DNA damage protein 34
(GADD34), downstream effector of CHOP, dephosphorylates
eIF2, thereby restoring eIF2B activity and abating the ISR.20

VWM pathogenic variants reduce eIF2B activity,21 causing
constitutive activation of the downstream ISR. Activation of the

Table 1 Clinical Characteristics

Age at onset groups <12 mo 1–<2 y 2–<4 y 4–<8 y 8–<18 y ≥18 y

Disease onset provoked by trigger 43% 66% 72% 40% 54% 21%

Exacerbating disease course 84% 88% 93% 76% 68% 59%

Delayed early cognitive development 63% 21% 9% 9% 11% 3%

Achieved walking without support 0% 74% 100% 100% 100% 100%

Median age of loss of walking without support n.a. 2 y 3 y 14 y 25 y 44 y

Median time to loss walking without supporta n.a. 2 mo 1 y 8 y 15 y 7 y

Median age of full wheelchair dependency n.a. 3 y 7 y 18 y 33 y 56 y

Median time to full wheelchair dependencya n.a. 1 y 4 y 13 y 20 y 20 y

Median time to cognitive declinea n.a. 2y 8 y 17 y 19 y 0 y

Median age of death [quartiles] 9 [6–14] mo 4 [2–8] y 9 [6–15] y 13 [9–23] y 29 [16–34] y 37 [29–50] y

Median disease duration at death [quartiles] 7 [3–10] mo 2 [1–6] y 7 [3–13] y 6 [5–17] y 14 [4–22] y 10 [4–14] y

Abbreviations: mo = months; n.a. = not applicable; y = years.
The information in this table is obtained from Hamilton et al., Ann Neurol 2018; 84:274-288.
a Calculated from disease onset.

Figure 3 MRI in Vanishing White Matter

FLAIR images in a patient at clinical presentation at 7months and follow-up at 24months (A) show that initially, the cerebral white matter is abnormal but not
rarefied, whereas at 24 months, all cerebral white matter has vanished, but still looks swollen. FLAIR images in a patient at clinical presentation at 4½ years
and follow-up at 6 years (B) show abnormal cerebral white matter that is increasingly rarefied and cystic. Note the radiating stripes representing better
preserved tissue strands. FLAIR images in a patient at clinical presentation at 48 years and follow-up at 55 years (C) show that the cerebral white matter is
abnormal, but the directly subcortical white matter is spared. There are minimal signs of rarefaction, and there is some cerebral atrophy. At follow-up, the
atrophy has progressed.
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ATF4 transcription response is observed in VWM mouse and
patient brain tissue.7 eIF2 phosphorylation is decreased, in-
dicating activation of the GADD34 feedback loop, which is,
however, insufficient to restore the downstream ISR to nor-
mal.7 Activation of conflicting cell fate drivers (proliferation,
proapoptosis, and antiapoptosis) is seen in patient brain tis-
sue.22 Modulation of the ISR at different levels affects disease
severity in VWM mice and patients: ISR stressors, including
fever and infections, exacerbate clinical deterioration in patients
with VWM and negatively affect outcome (Figure 2),3,4

whereas drugs enhancing eIF2B activity or modulating the
GADD34 feedback loop improve the disease in VWMmice.7-9

Deregulated ISR in astrocytes is a key cause of pathology. At
autopsy, the cerebral white matter is rarefied and cystic and
lacks reactive astrocytes.23 Astrocytes have highly abnormal
morphology with few, short, thick processes.23 Premyelinating
oligodendrocyte precursor cells are increased in number, but
mature cells are lacking.24 Oligodendrocytes and astrocytes fail
in their mature functions, including formation and mainte-
nance of myelin and astrogliotic scar, explaining the lack of
myelin and cystic white matter degeneration.23,24 Coculture
studies show that VWM astrocytes inhibit oligodendrocyte

maturation andmyelination by secreted factors, whereas VWM
oligodendrocytes do not have an intrinsic defect in myelin
formation.25,26 Strikingly, the ISR is almost exclusively activated
in astrocytes.7

Therapy Targets and Compounds
Considering the central role of the ISR in the pathophysiology of
VWM, drugs targeting the ISR are of high therapeutic interest. A
novel compound called ISRIB (abbreviation of ISR inhibitor)
enhances eIF2B activity.27 ISRIB treatment of different VWM
mice (2b5ho and 2b4ho2b5he) reduced expression of the ATF4
transcriptome, ameliorated white matter pathology, and im-
proved motor skills, more so in the more severely affected
2b4ho2b5he than in 2b5ho mice.7 ISRIB stabilizes the eIF2B
complex through interaction with the eIF2Bδ:eIF2Bβ interface
and its effect may be influenced by individual gene variants.7 A
derivative compound, 2BAct, has better pharmacologic proper-
ties and highly favorable results in 2b5ho mice.9 At present,
several eIF2B activators are in preclinical development.

Glycogen synthase kinase 3β (GSK3β) phosphorylates
eIF2Be, thereby reducing eIF2B activity.28 Antidepressant
trazodone inhibits GSK3β and thereby ISR activation.29 Its

Figure 4 Integrated Stress Response, Drug Targets, and Drugs

The ISR is activated by 4 kinases (PKR, HRI, GCN2, and PERK), each a sensor for a particular stress type. ER stress activates the unfolded protein response (UPR),
which has 3 arms,mediated by PERK, ATF6, and IRE1. The PERK pathway is shared by the ISR andUPR. Activated kinases phosphorylate eIF2α, which binds and
inhibits eIF2B. Pathogenic variants in EIF2B1-EIF2B5 also decrease eIF2B activity. Decreased eIF2B activity lowers overall mRNA translation and activates the
activating transcription factor 4 transcription response, which hasmajor effects on cell fates as cell death, recovery, survival, proliferation, differentiation, and
maturation. GADD34 dephosphorylates eIF2α, thereby restoring eIF2B activity. C/EBP homologous protein sensitizes the ER for stress. eIF2B activators
stabilize and activate eIF2B directly. Glycogen synthase kinase 3β inhibitors decrease eIF2B phosphorylation, thereby increasing its activity. Guanabenz
inhibits GADD34, therebymodulating eIF2α phosphorylation and thus eIF2B activity. ER chaperones decrease ER stress. Modified from box 1, links.lww.com/
NXG/A512, Scheper et al., Nat Rev 2007, with permission. eIF2B = eukaryotic initiation factor 2B; ER = endoplasmic reticulum; GADD34 = growth arrest and
DNA damage protein 34; ISR = integrated stress response; UPR = unfolded protein response.
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effects on VWMmice are being studied. Lithium also inhibits
GSK3β. In a zebrafish VWM model,30 lithium effects were
promising, but safe doses in VWM mice appeared ineffective
(unpublished data).

GADD34 is the entry of the feedback loop to reduce eIF2 phos-
phorylation. Guanabenz and sephin1 inhibit GADD34.31,32 Gua-
nabenz is an old, Food andDrug Administration (FDA)-approved
α2-adrenergic antihypertensive drug. Sephin1 has FDA orphan
drug designation for Charcot-Marie-Tooth disease. As GADD34
inhibitors, they are expected to prolong ISR activation. Instead, for
unknown reasons, both reduce ISR activation in mouse models of
neurodegeneration.31,32 A recent trial shows some efficacy of
guanabenz in patients with amyotrophic lateral sclerosis.33 Gua-
nabenz had beneficial effects in VWM mice on neuropathology8

andmotor performance (unpublished data). The effects of sephin1
on VWM mice are under study.

ATF4 and components of the ATF4 transcription response
are a third target. It is clear that their overexpression is central
in the pathophysiology of VWM. Reducing the expression of
ATF4 or components of the ATF4 transcriptome by antisense
oligonucleotides is of potential therapeutic interest, and a
study on the subject is set up.

A fourth target are stressors provoking the ISR. Although it is
difficult to prove the effect of preventive measures to avoid
stressors,12 it is clear that occurrence of stress-provoked episodic
decline is associated with poorer outcome.4 In addition, pro-
teotoxic ER stress can potentially be reduced by compounds, like
ursodiol and several other similar chaperone molecules.34 As-
sessment of their potential in VWM mice is ongoing.

Mitochondrial dysfunction may play a role in VWM disease
mechanisms35 and could be favorably influenced by sigma1

receptor agonists.35 Sigma1 receptors function at the ER–
mitochondrial interface. Several sigma1 receptor agonists are
available, and studies of their effect in VWMmice are ongoing.

During rapid neurologic decline, steroids have been applied
with unclear benefit.36 Steroids decrease levels of high-
molecular-weight hyaluronan, which has been implicated in
VWM pathomechanisms.24 A study in VWM mice failed to
show beneficial effects (unpublished data).

Currently, eIF2B activators and guanabenz are most promising,
showing improved motor performance and brain pathology in
VWM mice. They are ready for clinical development. Similar
results are not yet available for other compounds. Multiple ISR
modulating compounds are undergoing preclinical de-
velopment. Sigma1 receptor agonists and steroids affect path-
ways further away from eIF2B, whereas ER chaperones only
affect ER stress, leaving the other ISR activating stressors un-
touched. So far, only isolated effects of compounds are available;
ongoing studies in VWM mice address the question whether a
combination of drugs could prove more efficacious.

Patient Numbers
VWM is one of the more common leukodystrophies; US-based
data from exome sequencing approaches indicate that VWM is
fifth in relative incidence of leukodystrophies.37 Assessment of
large genomic databases suggests an incidence of 1 per 715,000.38

Centralized diagnostics in the Netherlands for 2 decades yield an
incidence of 1 per 80,000–100,000 live births and prevalence of
1.4 per 1,000,000 without evidence of founder effects.4 So, VWM
is an ultra-rare disease, but clinical observations suggest a higher
incidence than estimations based on databases.

Although disease incidence is highest at young ages, preva-
lence is mainly attributable to adolescent and adult patients.

Figure 5 Numbers of Patients With Vanishing White Matter

(A) Histogram representing the number of patients per age at onset (years) for 291 patients with VWM. Modified from Figure 1, Hamilton et al., Ann Neurol
2018, with permission. (B) Histogram representing the number of patients per current age (years) for 272 living patients with VWM known to the consortium
(236 living patients in the international VWM registry and 36 living patients outside the registry followed by consortiummembers). (C) Histogram representing
the number of patients per age group and region of residency for 272 living patients with VWMknown to the consortium, showing thatmost living patients are
≥16 years and diagnosed in Europe. VWM = vanishing white matter.
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Although two-thirds of the patients in the natural history
study have an onset <6 years (Figure 5A),4 two-thirds of the
known living patients are ≥16 years (Figure 5B). Epidemiol-
ogy varies greatly for different geographic areas (Figure 5C).
No important consanguinity or founder effects were ob-
served, suggesting that the higher incidence observed in
Europe may reflect the actual incidence and that VWM may
be underdiagnosed outside Europe, especially in adults
(Figure 5C).

Enhanced awareness of VWM and improved access to genetic
testing will increase diagnosis. Although MRI diagnosis is
typically straightforward in pediatric patients, it is more dif-
ficult in adults, in whom cerebral white matter abnormalities
are often nonspecific: more limited in extent, inhomogeneous,
and characterized by atrophy rather than cystic decay, leading
to misdiagnosis as atypical multiple sclerosis and vascular
dementia.14 In the experience of consortium members, adult
patients are mostly referred from multiple sclerosis or de-
mentia centers.

Biomarkers
Only a few biomarkers have been identified for VWM, including
elevated CSF glycine and decreased CSF asialotransferrin.39,40

Their sensitivity and proportionality have not been assessed. In
view of emerging trials, there is an urgent need for biologically
relevant biomarkers for VWM.

Biomarkers reflecting VWM pathomechanisms may be relevant
to monitor target engagement of therapies. The ATF4 tran-
scriptome provides excellent candidates, which can be assessed at
RNA level in blood.7 In addition, VWMpatients andmice display
consistent evidence of metabolic derangement with altered
amino acids,7,39 making metabolomics of interest. Biomarkers
may also reflect tissue damage. Excellent candidates in this respect
are neurofilament light (marker of axonal degeneration) and glial
fibrillary acidic protein (marker of astrocytic degeneration).41

Identifying biomarkers in VWM mouse and patient samples
and testing their longitudinal proportionality with disease se-
verity are critical for implementing therapeutic trials. VWM
mice can be tested for sensitivity to target engagement. Banked
and ongoing VWM patient sample collections can be used to
assess correlation of biomarkers with disease presence or ab-
sence, disease progression rate including acute exacerbations,
and current disease severity, thereby revealing proportionality.

MRI also supplies possible biomarkers. Techniques providing
quantitative parameters of white matter microstructure are
particularly valuable and include diffusion tensor imaging
(DTI), magnetization transfer ratio (MTR), myelin water
fraction (MWF), multicomponent driven-equilibrium single-
pulse observation of T1/T2 (mcDESPOT), neurite orienta-
tion dispersion and density imaging (NODDI), magnetic
resonance spectroscopy (MRS), and quantitative suscepti-
bility mapping.42 Volumetry with assessment of normal, ab-
normal but present, and rarefied or cystic white matter is

another critical technique.14 MRI quantitative parameters are
being assessed for their contribution in VWM.

Clinical Trials in VWM
Expert Consensus
The 9 consortium members had regular video meetings to
discuss VWM pathophysiology, natural history, biomarkers,
and clinical trial design. Recommendations were determined
through rounds of voting. These votes are represented below
by number of votes in favor (n) out of the 9 votes: consortium
n/9. In addition, for recommendations regarding end points
and scales for trials, a real-time Delphi, an expert-based con-
sensus procedure,43 was executed among the 9 consortium
members. Expert opinion on trial design and statistics was
provided by the nonclinical advisors of the consortium and
discussed within the consortium. Patient and family organi-
zations on leukodystrophies were invited for comments.

General Considerations
and Recommendations
In ultra-rare diseases, clinical trials are challenging.44 Very low
patient numbers hamper meeting statistical standards for
showing safety and efficacy of new drugs.45 Here, we discuss
topics specifically pertinent to VWM.

The extremely heterogeneous clinical presentation and disease
course challenge trial development in VWM. Age at onset is the
best predictor of clinical course,4,11 and trials should either select
specific age at onset groups or stratify for onset, thus creating
more homogeneous subgroups (consortium 9/9). Despite a
consistent genotype-phenotype correlation, the genotype does
not add extra predictive information16 and does not require
further stratification. In early-onset cases, motor decline is pre-
dominant; in late-onset cases, cognitive decline is predominant.4

We recommend separate trials for early and late onset (con-
sortium 9/9). Although incidence of VWM is highest in infants
and children, its prevalence is mostly attributable to adolescent
and adult patients. Trials targeting patients with early onset will
largely depend on newly diagnosed cases. Considering the var-
iable and largely unpredictable disease course in VWM,4 follow-
up needs to be sufficiently long for a trial to be informative.

Traditionally, the ideal setup for therapy trials, preferred by
the FDA, Health Canada, and EuropeanMedicines Agency, is
randomized, double blind, and placebo controlled, although
particularly for ultra-rare disorders, novel trial designs have
been adopted.46,47 In the adolescent and adult VWM pop-
ulation, progression is generally slow, and given the absence of
other treatment options, double-blind placebo-controlled
trials are preferable (consortium 9/9). With early onset, the
disease course is more predictable and generally fast. In un-
treated patients with onset of 1–<2 years, ;65% lose ambu-
lation, and;30% die within 4 years, whereas the numbers are
;50% and ;10%, respectively, for patients with onset of
2–<4 years.6 These figures explain why parents of patients
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with early-onset VWMdeem double-blind placebo-controlled
trials unacceptable. The consortium (7/9) suggests that
considering the predictable disease course of patients with
early onset,4 existing natural history data may serve as control.
Two consortium members would accept a placebo arm in
trials for early-onset patients, on the condition that the
double-blind study period would be less than 6 months, the
treatment effect likely large, the number of patients receiving
placebo small, and there would be an open-label extension.

Inclusion and Exclusion Criteria
The diagnosis of VWMneeds to be genetically confirmed, and
significant comorbidities, especially other genetic diseases,
should be excluded (consortium 9/9). For trial participation,
patients need to be clinically symptomatic (consortium 8/9).
Presymptomatic patients, with genetically confirmed VWM
but without neurologic signs, have unclear age at onset. Even
for familial cases, considerable intrafamilial variation hampers
prediction of onset.4 When suitable biomarkers have been
developed that are proportionate to disease evolution, either
biochemical or MRI parameter, inclusion of clinically pre-
symptomatic patients can be considered.

Stage of disease progression is an important consideration in
choosing pivotal trial populations. Multiple studies in other
leukodystrophies have shown that therapies are effective only
early in the disease.48 As long as the general white matter
structure is largely preserved, damage may be reparable, but
cystic white matter cannot be repaired. Halting further clinical
disease progression under therapy is measurable early in the
disease, but in far advanced stages, arrest of further pro-
gression may not be discernible. For these reasons, trials
should focus on patients early in the disease (consortium 8/9,
see text below for specifics). One consortium member voted
for inclusion of patients with more advanced disease.

Strict criteria are acceptable to enhance the chance of a de-
finitive trial outcome (consortium 8/9), but leave numerous
patients with VWM noneligible for efficacy trials. Compas-
sionate use and expanded access programs should be con-
sidered for such patients and their data should be analyzed
separately and used for additional refinement of treatment
criteria (consortium 9/9).

Recommendations per Age at Onset
Patients with onset <1 year have a severe encephalopathy,
often multiorgan involvement, and early death.4 Even with
prenatal diagnosis, the brain is already severely affected at
birth. Damage is thus likely irreparable at trial entry and
hampers detection of treatment effects. The consortium (7/
9) would advise to not include them in upcoming efficacy
trials, but consider compassionate use or expanded access
programs.

Patients with late infantile and early childhood onset have a
rapid and rather predictable course.4 Relatively small and
short trials may suffice to show efficacy of an intervention

(consortium 9/9; see below for statistical calculations). Re-
sults of the natural history study indicate that for early onset,
ambulation and survival are sensitive parameters to assess
efficacy (Figure 1).4 In analogy with trial design in late in-
fantile metachromatic leukodystrophy (MLD),49 ambulation
without or with minimal support of one hand (10-step-walk
test, item of the GMFM-88) is suitable as inclusion criterion
(consortium 9/9).

For patients with onset after early childhood, disease course
and life span are unpredictable.4 Therefore, double-blind
placebo-controlled trials are highly preferable (consortium
9/9). Childhood presentation is predominantly motor, and
adult presentation is predominantly behavioral and cognitive,
whereas the presentation is variable or mixed for ages in be-
tween. Inclusion criteria and outcome parameters should re-
flect those issues. Patients should be included early, while
ambulant and having relatively preserved cognitive functions
(consortium 9/9).

Recommendation on Scales and End Points
Clinical end points must be meaningful, assessable in a stan-
dardized manner, preferably with established instruments,
and should ideally be validated or at least previously used in
VWM. The instruments should cover different functional
domains, in particular motor, cognitive, emotional, and be-
havioral domains and should ideally be usable for different
ages. Currently, no single instrument meets all criteria.

Optimal inclusion of the limited number of patients with
VWM eligible for trials requires sharing of data, which ne-
cessitates open access to control data across trials and stan-
dardized core end points, which allow pooling of data from
control arms and compare efficacy of therapies tested in dif-
ferent trials. Therefore, the 9 consortium members defined a
core set of instruments for trials in VWM. To reach consen-
sus, a modified real-time (rt) Delphi procedure was executed,
using EDELPHI 2021 software.43 This online software tool
allows participants to give and revise their opinion within a
predefined period. A systematic literature review on VWM
and a recently performed Delphi procedure among experts on
MLD served as input; consortium members could add scales
and questionnaires, based on individual experience. In total,
24 clinical scales and questionnaires were reviewed. The 16
recommended instruments that comprehensively assess all
relevant clinical domains are presented in Table 2 and sup-
plementary file, links.lww.com/NXG/A512.

Currently, body fluid biomarkers, discussed above, and quanti-
tative MRI parameters relevant to brain white matter integrity
provide exploratory outcome measures. The standard MRI
protocol to assess white matter integrity should comprise a high-
resolution T1-weighted sequence (magnetization-prepared
rapid gradient echo sequence) and T2-weighted and FLAIR
sequences. All sequences should cover the entire intracranial
cavity for segmentation and volumetry. To investigate white
matter microstructure, a multimodal MRI protocol at higher
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field strength (3 T) is recommended, including sequences as
DTI, MTR, NODDI, MWF, mcDESPOT, MRS, and quanti-
tative susceptibility mapping.42

Trial Safety Considerations
Given that the ISR is a protective response, an important
question is whether eIF2B activity can still be adequately
modulated in the context of stress. A reassuring finding is that
cells are insensitive to ISRIB during acute ISR activation and
that cytoprotective ISR effects remain intact.50 Another
concern may be that enhanced eIF2B activity stimulates

growth and may be associated with an increased long-term
risk of cancer.51,52

Innovative Trial Design
Given that VWM is ultra-rare and that potentially different
drugs will need to be assessed in trials that overlap in time,
trial strategies should be extremely well planned andmaximize
the contribution of the few eligible patients. We propose the
use of (1) statistical methods that incorporate historical data
in the assessment of efficacy and (2) platform trials or other
trial designs using a common, shared core protocol.

Table 2 Outcome Measures

Validated for
age range (y)

Specifically validated for
leukodystrophies

Previously applied in
leukodystrophies Applied in VWM Reported by

Clinically
meaningful

QoL and level of
functioning

HUI3 1 scale, ≥1 No Yes Yes P&P or clinician Yes

PedsQL 4 scales, 2-18 No Yes Yes (unpublished) P&P Yes

EQ5D5L 3 scales, ≥4 No No Yes (unpublished) P&P Yes

Motor scales

GMFM-88 1 scale, ≥½ No Yes Yes (unpublished) Trained expert Limited

10MWT/
10SWT

≥2 No Yes Yes (unpublished) Clinician Yes

GMFC-MLD 1 scale, ≥1½ Yes Yes Yes (unpublished) Clinician Yes

GMFCS 1 scale, ≥1½ No Yes Yes (unpublished) Clinician Yes

(Mini-)MACS 2 scales, ≥1 No Yes (unpublished) Yes (unpublished) Clinician Yes

SARA 1 scale, ≥8 No Yes (unpublished) No Clinician Limited

BARS 1 scale, ≥4 No No No Clinician Limited

Eating and
drinking

EDACS 1 scale, ≥2 Yes (unpublished) Yes (unpublished) Clinician Yes

Communication

CFCS 1 scale, ≥2 No No Yes (unpublished) Clinician Yes

ELFC-MLD 1 scale, ≥1½ Yes Yes Yes (unpublished) Clinician Yes

Cognitive scales

LIPS ≥2 No No Yes (unpublished) Trained expert Limited

Wechsler
scales

≥2a No Yes No Trained expert Limited

Adaptive
behavior scales

Vineland-3 0–90 No No No Parent, teacher, or
partner

Yes

Abbreviations: 10MWT = 10 m walk test; 10SWT = 10-step-walk test; BARS = Brief Ataxia Rating Scale = EDACS = Eating and Drinking Ability Classification
System; CFCS = Communication Function Classification System; ELFC-MLD = Expressive Language Function Classification for MLD; EQ5D5L = EuroQol 5D/5L;
GMFC-MLD = Gross Motor Function Classification for MLD; GMFCS = General Motor Classification System; GMFM = Gross Motor Function Measure; HUI3 =
Health Utilities Index Mark 3; LIPS = Leiter International Performance Scale; MACS = Manual Ability Classification System; P&P = patients and/or proxies;
PedsQL = Pediatric Quality of Life Inventory; QoL = quality of life; SARA = Scale for Assessment and Rating of Ataxia (SARA); VWM = vanishing white matter.
References for all scales are presented in the supplementary file, links.lww.com/NXG/A512.
a Different tests for different age ranges; a selection of subtests can be used focused on cognitive impairment in leukodystrophies.
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In settings of general consensus that placebo-controlled trials are
considered unethical, for instance because of high death rates
without therapy and highly promising preclinical studies, single-
arm trials should be considered. Data fromnatural history studies
may serve as an indirect comparator for such single-arm trials by
providing an external control group that received standard of
care. Furthermore, historical data may augment control arm data
in 2-arm trials, thereby allowing a lower number of patients
randomized to the control arm. The latter is generally referred to
as historical borrowing.53 Historical control information may
allow single-arm studies in patients with VWMwith late infantile
and early childhood onset. As soon as the first efficacious drug
has been identified, subsequent trials can use this drug as active
control arm.Data from the single-arm trial for the first efficacious
drug could potentially be used as historical control data to enrich
subsequent trials and increase power.

Platform trials use a single master protocol to simultaneously
evaluate multiple experimental treatments.54,55 The master
protocol defines the inclusion and exclusion criteria. On in-
clusion, a patient is randomized to the control arm or one of
the experimental treatment arms. As the control arm can be
used as a comparator for multiple experimental treatments,
the number of participants that needs to be allocated to
control treatment is substantially reduced compared with a
standard setting, in which separate placebo-controlled trials
are run for each experimental drug. Platform trials can be
adaptive in nature, allowing treatments to be declared futile or
efficacious at interim analyses. Platform trials using a single
master protocol also provide a durable infrastructure for
treatment evaluation, in which new experimental treatments
can be evaluated as soon as they become available.

If separate trials are run for different dugs, sharing data of
patients in control arms allows a larger proportion of patients
to be randomized to experimental therapies. A limited core
protocol can be designed, in which only the inclusion and
exclusion criteria, a limited set of outcome measures and as-
sessment intervals, are determined to allow sharing of control
data. Outside the core protocol, each trial can decide on
numbers and trial duration, prioritize and add outcome
measures, and plan studies on biomarkers and pharmacoki-
netics. Different core protocols can be designed for patients
with early- and late-onset VWM.

Sample Size and Statistics
In single-arm trials with historical control data, adequate
matching or use of analyses adjusting for confounding variables is
essential. Historical controls and trial participants should be
matched for age at onset. Matching for genotype is not advisable
because of the very high number of different pathogenic variants
and because the genotype does not add predictive information in
addition to age at onset. Depending on the number of patients in
the natural history cohort satisfying the trial inclusion criteria,
different methods can be considered to reduce bias in estimates
of treatment effects. Appropriate methods include one-to-many
matching, propensity score matching, or adjustment for age at

onset and other possible confounders in a regression framework.
Statistical methods should take into consideration the nature of
the matching, with weighted least squares analysis typically re-
quired when one-to-many matching is used.

Single-arm trials can be adequately powered for detection of
large treatment effects. The current single-arm trial in-
vestigating the efficacy of guanabenz in ambulatory patients
with VWMwith age at onset <6 years (clinicaltrialsregister.eu/
ctr-search/trial/2017-001438-25/NL) uses time until loss of
ambulation as the primary efficacy outcome measure. To es-
timate the number of patients needed, we determined that in
the absence of treatment, based on the VWM natural history
study,4 the proportion of ambulatory patients 2 years after
disease onset is estimated to be approximately 60%. For a
power of 80% and a 2-sided significance of less than 5%, a
single-arm trial with 34 patients and an equal number of his-
torical controls allows detection of an absolute increase of 25%
of ambulatory patients. This calculation assumed that both the
accrual time and the minimum follow-up time are 2 years.

In the adolescent and adult VWM population, randomized
controlled trials can likely be adequately powered for detection
of large treatment effects. Based on data from the VWM natural
history study,4 the average decline in HUI cognition score in
patients with an onset ≥16 years in the 2 years after onset was
estimated to be 0.12 points with an SD of 0.15. Under the
assumption that the experimental treatment stops the cognitive
decline, a sample size of 26 patients per arm would suffice to
demonstrate a difference in mean 2-year cognitive decline rel-
ative to placebo, with 80% power assuming 2-sided testing at a
5% significance level. Use of repeatedly measured outcomes
could increase power and allows detection of smaller effects.

Conclusions and Recommendations
VWM is a fatal disease with serious morbidities. Apart from
measures to prevent stressors provoking acute deteriorations,
only symptomatic care is available. This grim situation is shifting.
Different molecular targets have been identified, and several
drugs are in clinical development. Efficacy trials are, however,
challenged by the low number of known patients with VWM,
clinical variability, and unpredictable disease course for onsets
after early childhood. Given these challenges and the critical need
to offer therapies, we have formulated recommendations based
on evaluation of available clinical, laboratory, and molecular data:

1. Increase the diagnostic rate of VWM. Undiagnosed
patients have no access to promising new drugs and
cannot contribute to their evaluation in trials.

2. Develop biomarkers that can be used in therapy trials.
Both body fluid and MRI biomarkers are promising.
Their responsiveness to intervention and proportionality
should be explored in initial trials to provide evidentiary
criteria for future interventional trials.

3. For patients with late infantile and early childhood disease, a
single-armopen-label study is recommended until an effective
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therapy is determined. In this group, disease course is
predictable, and matching with historical controls is possible.
After demonstrating the efficacy of the first drug, subsequent
studies can be double blind and controlled, with the use of
platform design or core protocols to maximize the number of
patients treated with new drugs. Pivotal populations should
consider disease stage; preserved ambulation or other motor
function could serve as inclusion criterion. Stabilization or
improvement of motor skills can serve as primary outcome
measure.

4. For patients with onset after early childhood, disease course
and life span are variable and unpredictable. Therefore,
double-blind placebo-controlled trials are preferable and
must be of sufficient duration. Inclusion criteria and outcome
measures should reflect the variable age-dependent presen-
tations. Patients should be included early in the disease, while
ambulant and having relatively preserved cognitive function.
Use of platformdesign or core protocols with shared controls
for different drugs helps minimize the number of patients on
placebo and maximize the patients on trial drugs, facilitating
unbiased comparison of different drugs.

5. Data from all trials should be shared. Therefore, all trials
should use a minimum common set of outcome measures
(Table 2).

6. Compassionate use and expanded access programs for trial
drugs should be considered for patients not fulfilling the
inclusion criteria.

The opportunity to advance therapy for VWM will depend on
collaboration of patients and families, clinicians, industries, and
regulatory agencies, with the aim to coordinate and successfully
execute trials, to ensure rapid drug assessments, and to deliver
treatments to patients.
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Hospital Tübingen, Germany

Drafting/revision of the
manuscript for content,
including medical writing
for content; major role in
the acquisition of data;
study concept or design;
and analysis or
interpretation of data

Enrico
Bertini, MD,
PhD

Department of
Neuroscience, Unit of
Neuromuscular and
Neurodegenerative
Diseases, Laboratory of
Molecular Medicine,
Genetics and Rare Diseases
Research Division, IRCCS
Ospedale Pediatrico
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CORRECTION

Migraine, Stroke, and Cervical Arterial Dissection
Shared Genetics for a Triad of Brain Disorders With Vascular Involvement
Neurol Genet 2022;8:e663. doi:10.1212/NXG.0000000000000663

In the Article “Migraine, Stroke, and Cervical Arterial Dissection: Shared Genetics for a Triad of
Brain Disorders With Vascular Involvement” by Daghlas et al.,1 the first author’s name should
be listed as “Iyas Daghlas,” and the last author’s name should be listed as “Daniel I. Chasman” in
the byline and in Appendix 1. The authors and editorial staff regret the errors.
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