Infantile Spinal Muscular Atrophy with
Respiratory Distress Type 1 (SMARDI1)
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Autosomal recessive spinal muscular atrophy with respiratory distress type 1 (SMARD]) is the second anterior horn cell
disease in infants in which the genetic defect has been defined. SMARD]1 results from mutations in the gene encoding
the immunoglobulin p-binding protein 2 (IGHMBP2) on chromosome 11q13. Our aim was to review the clinical
features of 29 infants affected with SMARD1 and report on 26 novel JIGHMBP2 mutations. Intrauterine growth retar-
dation, weak cry, and foot deformities were the earliest symptoms of SMARD1. Most patients presented at the age of 1
to 6 months with respiratory distress due to diaphragmatic paralysis and progressive muscle weakness with predomi-
nantly distal lower limb muscle involvement. Sensory and autonomic nerves are also affected. Because of the poor
prognosis, there is a demand for prenatal diagnosis, and clear diagnostic criteria for infantile SMARDI1 are needed. The
diagnosis of SMARD1 should be considered in infants with non-5q spinal muscular atrophy, neuropathy, and muscle
weakness and/or respiratory distress of unclear cause. Furthermore, consanguineous parents of a child with sudden infant

death syndrome should be examined for /GHMBP2 mutations.
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In 1974, Mellins and colleagues described two previ-
ously asymptomatic infants with an “unusual variant”
of severe spinal muscular atrophy type 1 (SMAL1). They
presented with respiratory distress caused by diaphrag-
matic paralysis at the age of 1 and 2 months." This
distinguishes diaphragmatic SMA from classic SMA, in
which paralysis of the diaphragm is not a presenting
sign.”™"!" We mapped the gene locus of one form of
diaphragmatic SMA with noncongenital onset of respi-
ratory distress to chromosome 11q13-q21, referred to
this disorder as spinal muscular atrophy with respira-
tory distress type 1 (SMARD1), and identified the re-
sponsible gene /GHMBP2 which encodes immuno-

globulin p-binding protein 2.'*'? In patients who had
“severe infantile axonal neuropathy with respiratory
failure” '>'* or “early-onset severe axonal polyneurop-
athy with respiratory failure and autonomic involve-

ment”'> (this study), we also have identified

IGHMBP2 mutations. In addition, SMARD1 has been
designated “distal hereditary motor neuronopathy type
VI”.'° This nosological heterogeneity reflects not only
confusion in terminology and the broad spectrum of
clinical features in a previously undiagnosable neurop-
athy but may also mask a relatively high incidence of
SMARDI. As in SMA1, the prognosis of SMARD1 is
poor because of acute life-threatening respiratory dis-
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tress. Clearly, a better understanding of the spectrum
of clinical symptoms in this disorder will facilitate the
diagnosis of SMARD1. This is important in being able
to offer accurate genetic counseling and to assist in the
decision-making process for the initiation of mechani-
cal ventilation of an affected infant. Here, we describe
the clinical features of 29 infants affected with
SMARDI1 and 26 novel /GHMBP2 mutations.

Subjects and Methods

DNA samples from 65 unrelated infants with SMA-like dis-
ease or neuropathy of unclear cause with respiratory distress
were analyzed for mutations in the /GHMBP2 gene. Details
of the clinical findings in patients were documented accord-
ing to a standard questionnaire. In all patients, a SMNI gene
deletion was ruled out before our investigations. In 36 pa-
tients with a SMARD1-like phenotype including respiratory
distress (male to female ratio 19:17) no mutations were
found in the coding region or the exon—intron boundaries of
the JGHMBP2 gene. Another 29 infants (male to female ra-
tio 15:14) showed /GHMBP2 mutations, and mutations in
six of these patients have been published previously.'? In
seven consanguineous SMARD1 families, one or more sib-
lings were affected, and in one family the first two deceased
infants had been suspected to be affected by sudden infant
death syndrome. All parents provided written informed con-
sent for participation of their child in this study and publi-
cation of results according to the Declaration of Helsinki.

Genetic Analysis

DNA was extracted from peripheral blood lymphocytes ac-
cording to standard protocols. Polymerase chain reactions
and sequencing analyses of the 15 exons including exon—in-

Table 1. Symptoms of SMARDI Infants and Age of Onset

tron boundaries of the /GHMBP2 gene were performed as
previously described.'” Missense mutations were distin-
guished from polymorphisms by denaturing high-
performance liquid chromatography analysis of 120 alleles
from 60 unrelated individuals.

Accession numbers are as follows: OMIM, http://www.
ncbi.nlm.nih.gov/Omim/searchomim.html, for IGHMBP2
[*600502], SMA1 [#253300], and SMARD1 [#604320].

Results

Clinical Features of SMARDI Infants
The main clinical features of the infants affected with
SMARDI can be subdivided systematically (Table 1).

PRENATAL FEATURES. In 23 of 24 SMARDI patients,
prenatal features of the disease were described retro-
spectively. Three quarters of the infants showed intra-
uterine growth retardation (birth weight below 10th
percentile), and more than one third were born prema-
turely (<37 weeks gestational age) and/or showed de-
creased fetal movements.

RESPIRATORY SYSTEM. Life-threatening respiratory dis-
tress was the most prominent presenting symptom in
infants affected with SMARD1, and inspiratory stridor
and/or weak cry were its first indicators. All affected
infants showed respiratory failure (Fig 1). In compari-
son with SMA1 patients who frequently have a bell-
shaped thorax deformity due to intercostal muscle pa-
ralysis, SMARD1 patients showed eventration of the
right or both hemidiaphragms without any thorax de-

No./Total No. Median Interquartile
Feature (infants) (%) (mo) Range Range
Respiratory system
Inspiratory stridor 7114 (50) 0.5 2.8 0.0-5.1
Weak cry 21/21 (100) 1.0 2.6 0.0-5.6
Respiratory distress 29/29 (100) 3.0 3.2 0.1-12.0
Poor feeding 15/26 (58) 3.0 3.4 0.0-6.6
Respiratory failure 29/29 (100) 3.5 3.7 1.0-13.2
Neuromuscular system
Foot deformities 19/22 (86) 1.5 6.3 0.0-24.3
Muscular hypotonia 22/27 (82) 1.8 6.0 0.0-10.1
Limb weakness distally marked 19/22 (86) 4.0 4.4 0.0-13.2
Tendon reflexes absent 18/21 (86) 4.0 3.8 0.0-42.6
Finger contractures 7117 (41) 4.5 9.1 0.0-16.2
Cranial nerves
Facial weakness 5/16 (31) 10.1 16.1 3.0-24.3
Tongue fasciculations 6/17 (35) 11.4 16.4 6.0-32.6
Sensory and autonomic nervous systems
Decreased pain perception 3/11 (27) 6.6 — 5.0-10.1
Excessive sweating 7/12 (58) 5.0 1.0 3.0-68.2
Constipation 8/15 (53) 5.0 19.1 0.0-48.7
Bladder incontinence 5/10 (50) 12.0 10.2 2.0-16.2
Cardiac arrhythmia 517 (71) — — —
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Fig 1. Kaplan—Meier analysis of overall sufficient spontaneous
breathing in the study of SMARDI infants. The latest time
point, ar which long-term artificial ventilation was initiated,

was at day 395.

formity due to predominance of diaphragmatic paraly-
sis (23 of 25 patients; Fig 2A).

NEUROMUSCULAR SYSTEM. Initially, affected infants
showed weakness predominantly of distal muscles, usu-
ally starting in the lower limbs. Later, the upper limbs
also were affected, and the progression led to a com-
plete paralysis of limb and trunk muscles. As a result,
infants developed foot deformities before finger con-
tractures. Marked distal muscular weakness and atro-
phy with replacement by adipose tissue and no anti-
gravity movements are characteristic features of hands
and fingers (see Fig 2B). Corresponding to the clinical
features, neurogenic changes in electromyography (22
of 25 patients), decrease in motor nerve conduction ve-
locity (16 of 20 patients), and absent motor response
after maximum stimulation (11 of 12 patients) were
reported. In muscle biopsy specimens, neurogenic
changes with fiber hypertrophy and atrophy were
found (21 of 22 patients).

CRANIAL NERVES. Cranial nerve involvement was re-
ported after permanent mechanical ventilation had
been initiated and is not a presenting symptom in

SMARDI.

SENSORY AND AUTONOMIC NERVOUS SYSTEMS. The
same applies to the involvement of the sensory and au-
tonomic nervous systems. Like in SMA, investigations

Fig 2. Features of infants with SMARDI. (A) Eventration of
the right hemidiaphragm (arrow) on chest x-ray indicated
diaphragmatic paralysis in a G-week-old girl. (B) No antigrav-
ity movements, marked muscle atrophy, and fatty pads (arrow)
are characteristic features of hands and fingers in SMARDI
patients.

of sural nerve biopsy specimens showed axonal degen-
eration (10 of 15 patients).

Genetic Results

Table 2 provides a list of the mutations in [GHMBP2
of all 29 SMARDI patients. Mutations in six patients
have been previously published by our group.'” Subse-
quently, we examined an additional 23 SMARDI in-
fants and found 26 novel mutations in the coding re-
gion of IGHMBP2, including 14 missense and 6
nonsense mutations, 4 frameshift and 1 in-frame dele-
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Table 2. 1GHMBP2 Mutations in 29 SMARDI Infants (M:F =
Onset of Respiratory Distress

15:14) Arranged according to Age at

Age at
Onset of
Respiratory

Patient  Geographic Distress Amino Acid

(sex) Origin (days) Mutations Substitutions Class of Mutation Exons

1(M) Australia 3 1488C—A/1488C—A C496X/C496X  Nonsense/nonsense 10/10

2(F) Israel 21 114delA/114delA —f— Frameshift deletion/frame-  2/2
shift deletion

3(M) Bangladesh 28 983delAAGAA/983delAAGAA —/— Frameshift deletion/frame-  7/7
shift deletion

4* (M)  South Italy 30 1540G—A/1540G—A E514K/E514K  Missense/missense 11/11

5(F) Ghana 35 575T—C/1277T—C L192P/L426P Missense/missense 5/9

6(M) Ghana 42 388C—T/1144G—A R130X/E382K  Nonsense/missense 3/8

74(F) Turkey 42 1738G—A/1738G—A V5801/V5801 Missense/missense 12/12

8(M) Austria 42 1714delAAG/2922T—G K572del/D974E  In-frame deletion/missense  12/15

I(M) Germany 45 2362C—T/— R788X/— Nonsense/— 13/—

10%(F)  Lebanon 60 638A—G/638A—G H213R/H213R  Missense/missense 5/5

11(M)  Germany 60 1082T—C/1730T—C L361P/L577P Missense/missense 8/12

12(F) Australia 60 1488C—A/1808G—A C496X/R603H  Nonsense/missense 10/13

13(M)  Australia 63 1488C—A/1748A—T C496X/N5831 Nonsense/missense 10/12

14(F)  Germany 91 138T—A/1649insC C46X/— Nonsense/frameshift 2/12
insertion

15(F)  Spain 91 439C—T/1488C—A R147X/C496X  Nonsense/nonsense 3/10

16(M)  Germany 91 707T—G/1540G—A 1236X/E514K Nonsense/missense 5/11

17MM) UK. 91 1488C—A/1488C—A C496X/C496X  Nonsense/nonsense 10/10

18*(F)  Germany 106 121C—T/675delT Q41X/— Nonsense/frameshift 2/5
deletion

19*°(M) Lebanon 106 707T—=G/707T—=G 1.236X/1.236X Nonsense/nonsense 5/5

20(F)  Germany 106 707T—G/721T—=C L236X/C241R  Nonsense/missense 5/6

21(F)  Hungary 121 121delC/388C—T —/R130X Frameshift deletion/ 2/3
nonsense

22(F)  Belgium 121 983del AAGAA/— —/— Frameshift deletion/— 7l—

23(M)  Morocco 152 1000G—A/1000G—A E334K/E334K  Missense/missense 717

24(M)  Turkey 152 1091T—C/2436delT L364P/— Missense/frameshift 8/13
deletion

25%F)  Sicily 152 IVS13 + 1G—>T/ —/— Splice donor/splice donor ~ —/—

IVS13+1G—T

26(F)  Germany 167 1693G—A/1730T—C D565N/L577P  Missense/missense 12/12

27°(M)  Africa 182 1756G—T/1909C—T G586C/R637C  Missense/missense 12/13

28(F)  Germany 182 439C—T/2362C—T R147X/R788X  Nonsense/nonsense 3/13

29(M)  Australia 365 661A—G/1813C—T T221A/R605X  Missense/nonsense 5/13

Nucleotide numbering refers to the translated part of the /GHMBP2 mRNA beginning with A of ATG.

Phenotypes of Patients 10 and 18 and /GHMBP2 mutations of P
PPhenotypes of Patients 19 and 27 have been published previously.

atélents 4, 7, 10, 18, 19, and 25 have been
14,15

Discussion

published previously.'>'?

tions, and 1 frameshift insertion. The mutations are
distributed over all exons of the gene except the Ist,
4th, and 14th (Fig 3). In two patients (Table 2, Pa-
tients 9 and 22), only one allele appeared to be mu-
tated. Because only the coding region and the exon—
intron boundaries of the IGHMBP2 gene were
analyzed, intron or promotor mutations of the second
allele cannot be excluded.

Amino acids affected by missense mutations are con-
served between human, mouse, rat, and golden ham-
ster (data not shown). None of the missense mutations
was detected in 120 alleles of 60 unaffected unrelated
individuals, indicating that these mutations do not re-
flect common polymorphisms.
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Both infantile distal spinal muscular atrophy with respi-
ratory distress type 1 (SMARD1) and infantile proximal
spinal muscular atrophy type 1 (SMA1) are autosomal
recessive disorders. They are characterized by degenera-
tion of a-motoneurons in the anterior horns of the spi-
nal cord, leading to neurogenic muscular atrophy with
subsequent symmetrical muscle weakness of trunk and
limbs in infancy."*>*>7®1>17 Despite a substantial
overlap in clinical features, the phenotypes of SMARD1
versus SMAL infants can be distinguished.

In a retrospective study such as this, the findings on
the age of onset cannot be regarded as definitive because
not all infants were examined periodically from the time
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Fig 3. Position of murations within the IGHMBP2 protein. The coding region of the IGHMBP2 gene is drawn to scale. The nu-
cleotide numbering refers to the translated part of the IGHMBP2 mRNA beginning with A of ATG. The exons are depicted as
arrows. Most of the missense mutations occur within the DEXDc andfor AAA domains. A second hotspot is located between nucleo-
tides 1693 and 1758. In this region, no specific functional domain has been identified so far. No mutations were located in the
R3H and ZnF AN1 domains. DEXDc = DEAD-like helicases superfamily; AAA = ATPases associated with diverse cellular activi-
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ture research rool; hutp:/fsmart.embl-heidelberg.de). The single intron mutation (IVS13+1G—> T, Patient 25, see Table 2) is nor
shown. The mutations at position nt752 and nt1730 have been described by Viollet and colleagues.™

of birth. Nonetheless, prenatal features like intrauterine
growth retardation were observed in almost all
SMARDI1 infants. This is in accordance with case re-
ports on infantile diaphragmatic SMA.">”** It therefore
is clear that a history of these problems is in keeping
with this diagnosis and that features indicating such po-
tential prenatal problems should be carefully assessed in
pregnant women of affected families. In contrast with
these less specific features, the onset of respiratory dis-
tress can be definitively recognized. Before the onset of
frank respiratory distress, a weak cry and congenital foot
deformities resulting from early involvement of the distal
muscles of the lower limbs may have been noted. In
other cases, respiratory failure appears without any indi-
cation of prior limb muscle weakness. The first presen-
tation with respiratory failure may be mistaken for acute
respiratory infection”®”® or near-miss sudden infant
death.’ In one of our families, the first two affected sib-
lings were reported to have died from sudden infant
death syndrome. Later, the upper limbs are involved and
muscle weakness rapidly progresses to generalized and
symmetrical weakness of limb and trunk muscles.

Early involvement of the diaphragm and predomi-

nance of distal muscle weakness clearly distinguishes
SMARDI1 from SMAL. Essentially, in SMAIL, symp-
toms manifest in reverse order. Infants with SMA1 will
become floppy because of weakness of the proximal
limb muscles and assume a frog leg position before
they suffer from respiratory failure. In contrast with
SMARDI1, SMALI1 infants have intercostal recessions
and develop inefficient respiration due to paralysis of
intercostal muscles.'”

Although these clinical features may be discrimina-
tory, indications of axonal type of degeneration as re-
ported in SMARD1'*'® also have been reported in
SMA."®** Not only the motor and sensory nervous
systems but also the autonomic nervous system appears
to be involved in SMARD1."%

SMARDL is caused by mutations of the gene encoding
immunoglobulin p-binding protein 2 (IGHMBP2)." So
far, nine /GHMBP2 mutations in seven families have
been 1'eported.13’23 The mutations previously described
and those presented in this publication are distributed
over 12 exons of JGHMBP?2 (see Table 2; Fig 3). Most
of the missense mutations were found in a protein do-

main DEXDc that is common to DEAD box helicases.
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A second hot spot is located between amino acids 565
and 586. The clustering of missense mutations in this
area might indicate a fifth so far unidentified function-
ally important domain of the protein (see Fig 3). The
localization and type of mutations could not be corre-
lated to the severity of the clinical features.

In conclusion, spinal muscular atrophy with respira-
tory distress type 1 is characterized by diaphragmatic pa-
ralysis and peripheral neuropathy. The phenotype has
some consistent features that should alert the clinician to
the possibility of this diagnosis. Patients with non-5q
SMA or unknown neuropathy and the consanguineous
parents of a child with sudden infant death syndrome
should be examined for /GHMBP2 mutations.
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