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Types A and B Niemann-Pick disease (NPD) result from the deficient activity of acid sphingomyelinase (ASM), due to mutations
in the sphingomyelin phosphodiesterase 1 (SMPD1) gene. Here we report the identification, characterization and geno-
type/phenotype correlations of eight novel mutations in six unrelated NPD patients. These mutations included seven missense mu-
tations: ¢.631T > C (p.W211R), ¢.757G > C (p.D253H), ¢.940G > A (p.V314M), c.1280A > G (p.H427R), c.1564A > G (p.N522S),
c.15675G > C (p.Q525H) and c.1729A > G (p.H577R), and a novel frameshift mutation, ¢.1657delACCGCCT (fsT553). Each missense
mutation was expressed in 293T or COS-7 cells; mutant enzymes p.W211R, p.D253H, p.H427R and p.H577R had <1% of expressed
wild-type activity, whereas p.V314M, p.N522S and p.Q525H had 21.7%, 10.1% and 64% of expressed wild-type activity, respectively.
The c.1564A > G mutation obliterated a known N-glycosylation site and its p.N522S mutant enzyme had ~10% of expressed wild-
type activity. Western blot analysis revealed that each mutant protein was expressed at near wild-type amounts, despite their dif-
ferences in residual activity. The novel seven-base deletion occurred at codon 583, leading to a premature fruncation affer
residue 609. The expression studies predicted the clinical phenotypes of the six patients: two type A patients had genotypes with
only type A alleles (c.631T > C (p.W211R), ¢.757G > C (p.D253H) and c.1729A > G (p.H577R)), and the other four type B disease
patients had at least one neuroprotective mutant type B allele (¢.940G > A (p.V314M), c.1280A > G (p.H427R), c.1564A > G
(P.N522S) and ¢.1575G > C (p.Q525H)) that expressed >5% residual ASM activity. Thus, these new mutations provide novel geno-
type/phenotype correlations and further document the genetic heterogeneity in types A and B NPD.
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INTRODUCTION

Types A and B Niemann-Pick disease
(NPD) are autosomal recessive sphin-
golipidoses caused by mutations in the
sphingomyelin phosphodiesterase 1
(SMPD1) gene that results in the defi-
cient activity of lysosomal acid sphin-
gomyelinase (ASM, E.C. 3.1.4.12). Type A
NPD (MIM# 257200) is an infantile neu-
rodegenerative disease characterized by
massive hepatosplenomegaly, rapidly
progressive psychomotor deterioration,
and death in the first few years of life,
whereas type B NPD (MIM# 607616) is a
nonneurologic, visceral form with he-

patosplenomegaly, pulmonary disease
and survival into adolescence and /or
adulthood. An intermediate phenotype,
called type A/B, may include neurologic
involvement, mild developmental delay,
and cherry-red maculae, along with the
type B visceral manifestations (1). Note
that NPD type C (MIM# 257220) is a dif-
ferent disease caused by mutations in the
NPC1 or NPC2 genes, which are in-
volved in cholesterol transport (2).

The SMPD1 gene (MIM# 607608,
GenBank# M81780.1) is composed of six
exons and is located on chromosome
11p15.1-11p15.4 (1). The human ASM pro-
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tein is synthesized as a 75-kDa, glycosy-
lated prepolypeptide, which is converted
to a precursor 72-kDa form. The precursor
is subjected to two different processing
events. A minor portion is cleaved in the
endoplasmic reticulum-Golgi complex,
yielding a 57-kDa form, and the majority
is processed to a 70-kDa mature form (3).
Six N-glycosylation sites exist in the pro-
tein, of which five are occupied (4).

Of the mutations in the SPMD1 gene
causing types A and B NPD (see the
Human Gene Mutation Database:
http:/ /www.hgmd.org/), only a few
have been found to occur frequently in
specific ethnic or demographic groups.
Most mutations are “private,” occurring
in one or a few families. For newly diag-
nosed infants and children, mutation
analysis and subsequent expression stud-
ies can be used to predict the patient’s
NPD subtype. Frameshift mutations due
to splicing, small and large insertions



and deletions and splicing defects typi-
cally have little or no residual ASM ac-
tivity and are called type A alleles. Mis-
sense and other lesions (such as in-frame
codon deletions and splicing mutations)
that retain significant residual activity
(>5% of in vitro—expressed wild-type ac-
tivity) are neuroprotective and are called
type B alleles (5). Inheritance of two type
A alleles predicts a type A phenotype
with a neurodegenerative disease course.
In contrast, inheritance of one type B al-
lele will be neuroprotective and is pre-
dictive for a type B phenotype, even if
the other allele has a type A lesion.

Although many mutations have been
reported in patients with the types A and
B phenotypes, expression studies are the
most accurate way to predict which mis-
sense mutations have residual enzyme
activity and may be neuroprotective. To
date, however, expression studies have
been performed for only a small number
of missense mutations (6,7). Here we
present the clinical and molecular find-
ings for six unrelated type A and B NPD
patients. Seven novel missense mutations
and one novel frameshift mutation were
identified. The missense mutations were
expressed in vitro, providing genotype/
phenotype correlations for these patients
that were consistent with their clinical
phenotypes.

SUBJECTS AND METHODS

Subjects

Patients with NPD were admitted to
the Mount Sinai General Clinical Re-
search Center for evaluation. The diag-
nosis of each child was previously con-
firmed by the demonstration of reduced
ASM activity in isolated leukocytes
and/or cultured skin fibroblasts. Of the
six patients in this study, two were
identified as having significant, rapidly
progressive neurologic symptomatol-
ogy, consistent with type A or the inter-
mediate type A /B phenotype. The other
four patients were normal neurologi-
cally and classified as having the type B
phenotype. The clinical findings in these
patients are summarized in Table 1. All

Table 1. Clinical findings in the NPD patients.
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Age at  Current
Patient  diagnosis, age, Developmental  Clinically based
no./sex years years Heptosplenomegaly delay® NPD type
1/M Infancy 2 Massive + A
2/M Infancy 3 Massive +/- A/B
3/F 2 6 Moderate - B
4/M 9 12 Mild - B
5/F 3 25 Moderate - B
6/M 3 8 Moderate - B

“Developmental delay was assessed by standard clinical evaluation and determined to
be normal (+), abnormal (<), or infermediate (+/-).

patients and/or their guardians pro-
vided written informed consent for the
evaluation and genotype/phenotype
studies, which were approved by the
Mount Sinai Institutional Review
Board.

DNA Extraction and Mutation
Identification

Genomic DNA was extracted from the
patients’ leukocytes or cultured fibrob-
lasts by using standard protocols. Each
exon, 50 flanking intronic nucleotides,
1750 nucleotides upstream of the first
initiation codon, and 310 nucleotides into
the 3'-untranslated region of the SMPD1
gene were amplified by use of poly-
merase chain reaction (PCR) as previ-
ously described (8). The PCR products
were directly sequenced in the forward
and reverse directions by using the Big
Dye Terminator Cycle Sequencing v3.1
kit (Perkin Elmer Applied Biosystems,
Foster City, CA, USA), and an ABI
PRISM 3730x]1 DNA analyzer (Perkin
Elmer Applied Biosystems), according to
the manufacturer’s instructions.

SMPD1 nucleotides were numbered
according to sequence RefSeq
NM_000543.3, with +1 being the A of the
ATG start codon. Similarily, the ATG
start codon was designated +1 for amino
acid numbering, according to the prepro-
tein sequence NP_000534.3.

Vector Construction and Site-Directed
Mutagenesis

All mutations were introduced into the
wild-type full-length SMPD1 cDNA
cloned in pBluescript by PCR-based site-

directed mutagenesis by using the
QuickChange II XL Site-Directed Muta-
genesis kit (Stratagene, La Jolla, CA,
USA) according to the manufacturer’s in-
structions. All constructs were rese-
quenced to ensure that no spurious mu-
tation had been introduced by the
mutagenesis procedure. For protein ex-
pression, the mutant and wild-type
cDNAs were subcloned into the
pcDNAB3.1(-) expression vector.

Cell Culture and Transient Transfection

COS-7 and 293T cells were grown in
100-mm tissue-culture dishes with
Dulbecco’s modified Eagle’s medium
(Sigma-Aldrich, Poole, UK) supple-
mented with 10% fetal bovine serum
and antibiotics (Gibco, Grand Island,
NY, USA). For the transfection, 30 x 10°
cells were split in antibiotic-free medium
and transfected 24 h later (when cells
were at 90% confluence) with 3 ug of
wild-type or mutant plasmid, by using
the FuGENE 6 transfection reagent
(Roche, Indianapolis, IN, USA). As a
negative control, we used cells trans-
fected with an empty pcDNA3.1(-) vec-
tor, and 48 h after transfection, cells
were harvested by scraping and cen-
trifuging. Cell pellets were washed twice
with phosphate buffered saline (PBS)
and stored at —-80°C before ASM activity
determinations. After thawing, trans-
fected cells were disrupted by five
freeze-thaw cycles in Tris buffer, pH 7.0,
containing 0.2% Igepal to prepare cell
extracts. Approximately 10% of each cel-
lular extract volume was used for West-
ern blotting.
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Enzymatic Analysis

ASM activity was measured in the
transfected cells by using the BODIPY-
conjugated C12 sphingomyelin (cat
#D7711; Molecular Probes, Carlsbad, CA,
USA) substrate as previously described
(9). Protein concentrations were deter-
mined by the Lowry method. In every
expression experiment, transfections
were performed three times for the wild-
type and each mutant construct. An
empty vector was used as a negative
control. The residual enzymatic activity
of each mutant allele was expressed as a
percentage of the mean expressed activ-
ity of the wild-type construct transfected
in the same experiment. The ASM activ-
ity of the negative control was subtracted
from the expressed activity.

Sodium Dodecyl
Sulfate-Polyacrylamide Gel
Electrophoresis and Western Blot
Analysis

Protein extracts from transfected
COS-7 cells (35 ug of protein/lane)
were subjected to sodium dodecyl
sulfate-polyacrylamide gel electrophore-
sis (12.5% polyacrylamide) and elec-
trophoretically transferred onto nitrocel-
lulose membranes. Each membrane was
blocked with 5% nonfat milk in PBS, con-
taining 0.2% Tween 20 (PBST). The blot-
ted membranes were probed with poly-
clonal antihuman ASM antibody for 4 h
in 3% nonfat milk in PBS with 0.1%
Tween, washed four times with PBST,
and then four times with PBS. Antirabbit
IgG antibody (Sigma-Aldrich) was used
as a secondary antibody, and the im-
munoreactive bands were detected by
incubation of the membrane for 2 min
in the following solution: 10 mL of
100 mmol /L Tris-HCI pH 9.0, 50 uL
of 45 mmol /L p-coumaric acid, 50 uL of
luminal, and 10 uL of 30% H,O,.

RESULTS

Mutation Analyses

SMPD1 mutation analyses were per-
formed on genomic DNA isolated from
the six unrelated NPD patients (Table 1).

Table 2a. Novel SMPD1 mutations identified in the type A and B NPD patients.

Mutation® Exon/codon Predicted amino acid substitution
c.6317>C 2/211 Pp.W211R Tryptophan — Arginine
c.757G > C 2/253 p.D253H  Aspartate — Histidine
C.940G > A 2/312 p.V314M Valine — Methionine
c.1280A > G 4/427 p.H427R  Histidine — Arginine
C.1664A > G 6/522 p.N522S  Asparagine — Serine
c.1575G > C 6/525 pP.Q525H Glutamine — Histidine
c.1729A > G 6/577 p.G577R  Histidine — Arginine
c.1657del7 6/553 p.fsT663  deletion of ACCGCCT

“Numbered according to the first in-frame ATG in reference sequence NM_000543.3.

Table 2b. Comparison of the partial nucleotide and predicted amino-acid sequences of
the wild-type and deletion mutation c.1657del7.¢

Nucleotide sequence, from c.1655

Wild type ...cCT [BCC _GCC TGG CAC AAC CTG GTA TAT CGC ATG CGG GGC GAC
c.1657del7 ...CCT GGC ACA ACC TGG TAT ATC GCA TGC GGG GCG ACA TGC AAC

ATG CAA CTT TTC CAG ACC TTC TGG TTT CTC TAC CAT AAG GGC CAC CCA CCC TCG
TTT TCC AGA CCT TCT GGT TTC TCT ACC ATA AGG GCC ACC CAC CCT CGG AGC CCT

GAG CCC TGT GGC ACG CCC TGC CGT CTG GCT ACT CTT TGT GCC CAG CTC TCT GCC
GTG GCA CGC CCT GCC GTC TGG CTA CTC TTT GTG CCC AGC TCT CTG CCC GTG CTG

CGT GCT GAC AGC CCT GCT CTG TGC CGC CAC CTG ATG CCA GAT GGG AGC CTC CCA
ACA GCC CTG CTC TGT GCC GCC ACC TGA

Protein, from residue 552
Widtype ..PTAWHNLVYRMRGDMQLFQTFWFLYHEKGHTP

clé657del7 ...P GTTWYIACGATCNFSRPSGFSTIRATHPR

PSEPCGTPCRLATLCAQLSARADSPALCRHLMPDG®GS
SPVARPAVWLLFVPSSLPVLTALLCAAT *

LPEAQSLWPRPLTFC*

“The seven-base deletion (boxed in the wild-type sequence) occurred after nucleotide
1657 in the SMPD1 gene.
* Indicates premature termination.

Ten mutations were identified, eight of
which were novel mutations, including

through 609 of the 631-residue wild-type
enzyme, with premature truncation after
residue 609. In patient 6 the second allele
was not found by sequencing 1750 nu-
cleotides upstream of the initiation ATG,
all exons, at least 50 intronic nucleotides at
each intron/exon boundary, and 310 nu-
cleotides into the 3'-untranslated region.

seven missense mutations and one seven-
nucleotide deletion (c.1657delACCGCCT,
designated fsT553) (Table 2). The novel
missense mutations were: c.631T > C
(p-W211R), ¢.757G > C (p.D253H),

c.940G > A (p.V314M), c.1280A > G
(p.-H427R), c.1564A > G (p.N522S),
¢.1575G > C (p.Q525H), and ¢.1729A > G
(p-H577R). The seven-nucleotide deletion
occurred in codons 553 and 554 of exon 6,
and caused a frameshift that introduced
57 different amino acids in residues 553

Transient Expression and Western Blot
Analysis of Wild-Type and Mutant ASM
Enzymes

To evaluate the functional effect of the
novel missense mutations on ASM activ-
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ity, we performed transient expression
studies. The wild-type SMPDI1 cDNA
and/or cDNAs bearing each mutation
were inserted into the pcDNA3.1(-) vec-
tor and transiently transfected into 293T
or COS-7 cells. As a negative control,
cells were transfected with an empty
pcDNA vector. After transfection, cell ex-
tracts were assayed for ASM activity by
using BODIPY-conjugated C12 sphin-
gomyelin as substrate (Table 3). Mutant
enzymes p.V314M, p.N522S and
p-Q525H each had significant residual
ASM activity in vitro (21.7%, 10.1% and
63.9% of expressed wild-type activity, re-
spectively), whereas p.W211R, p.D253H,
p-H427R and p.H577R had less than 1%
of expressed wild-type activity.

Heat-inactivation studies were per-
formed to determine whether the three
mutations expressing residual ASM ac-
tivity were thermolabile. As shown in
Table 3, after 30 min at 55°C, pH 7.0, the
wild-type and p.N522S mutant enzymes
retained ~56% and ~45% of initial activ-
ity, respectively, whereas the p.V314M
and p.Q525H mutant enzymes were ther-
molabile, having 18.2% and 19.9% of ini-
tial activity, respectively.

Western blot analysis was performed
to determine the relative stability of the
mutant enzymes (Figure 1). Notably, de-
spite differences in residual ASM activity,
each of the mutations expressed essen-
tially wild-type amounts of the mutant
ASM polypeptide, which migrated to a
position of ~72 kDa, with the exception
of the p.N522S enzyme, which migrated
to a slightly lower position (~69-70 kDa),
a finding consistent with the loss of its
N-glycosylation site (4).

DISCUSSION

By performing mutation analysis of six
unrelated NPD patients, we identified
eight novel SMPD1 gene lesions; seven
of these were missense mutations and
the eighth was a seven-nucleotide dele-
tion in exon 6 that caused a frameshift
mutation inserting 57 different amino
acids from residues 553 through 609, fol-
lowed by premature termination of the
631-residue wild-type enzyme.

RESEARCH ARTICLE

Table 3. Transient expression of novel SMPD 1 missense mutations in 293-T cells.

Construct/ Mean ASM activity, % Wild-type Stability,® Predicted
mutation U/mg protein activity % initial activity phenotype
ASM (wild type) 546 100 55.9 WT
W2T1R 2.34 0.43 ND® A
D253H 0.13 0.02 NDP A
V314M 118 21.7 18.2 B
H427R 0.10 0.02 NDP A
N522S 55.1 10.1 45 B
Q525H 349 63.9 19.9 B
H577R 2.66 0.49 NDP A

“For stability studies, 24 h after transfection cell extracts were prepared and incubated af
55°C, pH 7.0, for 30 min prior fo enzyme assay.

®ND: thermostability was not determined for these alleles, because the expressed activities
were already at the lower limit of detectability.

The identification and characterization
of these mutations provided geno-

little, if any residual activity. Of note, pa-
tient 2 was 3 years old when NPD was
diagnosed, and clinically had an interme-
diate A/B phenotype. The expression
data would indicate a more severe type A
phenotype.

The other four patients had type B dis-
ease. Patient 3 had missense mutation
€.940G > A (p.V314M) and the previously
reported deletion, 573delT, which re-
sulted in early termination of the ASM
polypeptide (10). The fact that the
p-V314M mutant enzyme had significant
residual activity when expressed pro-

type/phenotype correlations that were
consistent with the clinical findings in
each of these patients. Two patients had a
type A phenotype (Table 1). Patient 1,
who was homozygous for the ¢.631T > C
(p.-W211R) mutation that expressed less
than 0.5% of wild-type activity, was a se-
verely affected male with type A disease
(massive hepatosplenomegaly and severe
psychomotor retardation). Patient 2 was

heteroallelic for missense mutations
c.757G > C (p.D253H) and ¢.1729A > G
(p-H577R), both mutant enzymes having
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vided sufficient neuroprotective activity

Wild-Type
V132A
R602P
Wild-Type
W211R
D253H
H427R
N522S8
Q525H
H577R
V314M

ASM

Actin

Figure 1. Western blot analysis of wild-type and mutant ASM enzymes following transient
expression in COS-7 cells. Each of the seven novel missense mutations was infroduced into
the full-length SMPDT cDNA. Below each lane the predicted phenotype of the mutations
(based on fransient expression data in COS-7 or 293T cells; see Table 3) is shown. As con-
frols, the wild-type cDNA also was used, along with mutant constructs representing two
known mutations (V132A and R602P). f-actin was used as a loading control. The mock
fransfection included the empty pcDNA vector. The immunoblot is representative of three
independent experiments.
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Table 4. Genotype/phenotype correlations in NPD patients.®

Patient Mutant allele 1/ Mutant allele 2/ Predicted/known
no. expression phenotype expression phenotype phenotype

1 W211R/A W211R/A A/A

2 D253H/A H577R/A A/A/B

3 W314M/B 573dell/A B/B

4 H427R/A R230H°/B B/B

5 N522S/B 1657del7/A B/B

6 Q525H/B Not determined ?/B

°New mutations are shown in italics. Predicted phenotypes are based on fransient

expression data in Table 3.

PR230H previously reported in type B patient with genotype g.1149G > A (7).

in this clinically diagnosed 6-year-old pa-
tient, consistent with her type B pheno-
type. Patient 4 had the novel missense
mutation, c.1280A > G (p.H427R), and the
previously reported ¢.689G > A (p.R230H)
mutation (8). Although the p.H427R mu-
tant enzyme had little to no residual ac-
tivity when expressed in vitro, the previ-
ously reported p.R230H enzyme had
sufficient activity to account for the type B
phenotype (7). Patient 5 had the novel
N-glycoslyation mutation, c.1564A > G
(p.N522S), and the novel seven-base dele-
tion in exon 6, c.1657delACCGCCT
(fsT553). The p.N522S mutation occurred
at one of the five functional N-glycoslyation
sites in ASM, and previous site-directed
mutagenesis at this site (introducing a
glycine instead of the asparagine residue)
resulted in ~5% residual ASM activity in
vitro (4). These findings are consistent
with the expression data reported here,
which demonstrate that the p.N522S mu-
tant protein had ~10% residual ASM ac-
tivity in vitro. Patient 5 had type B NPD
with moderate hepatosplenomegaly and
no neurological involvement (Table 4).
Because the fsT553 frameshift mutation
presumably does not express residual
ASM activity, these data indicate that the
~10% in vitro activity of the p.N522S en-
zyme was neuroprotective in this patient.
In patient 6, only one lesion was identi-
fied, the missense mutation c.1575G > C
(p-Q525H), which had the highest ex-
pressed activity in vitro (~64% of expressed
wild-type activity), but was thermolabile,
which resulted in ~20% of its initially ex-
pressed activity after 15 minutes at 55°C,

pH 7.0. The other mutant allele in this pa-
tient was not detected, indicating that it
likely resulted from within an intron that
was not included in our PCR and se-
quencing reactions, or resulted from an
intronic lesion that deleted a whole exon
or exons, created a cryptic splice site or
was due to deletion of the entire gene,
and so on.

To determine whether the mutations
identified resulted in reduced levels of
the ASM polypeptide, we carried out
Western blot analysis following transient
expression in COS-7 cells. Of note, each
of the seven novel missense mutations
expressed near normal levels of the ASM
polypeptide, although four of the seven
mutant proteins (p.W211R, p.D253H,
p-H427R and p.H577R) had little, if any,
residual ASM activity in vitro. These
findings are consistent with other re-
ported results showing that near-normal
levels of mutant ASM were present in
cells from type A NPD patients (11). As
expected, each of the three missense mu-
tations expressing residual ASM activity
also had near-normal levels of their re-
spective mutant enzyme proteins. How-
ever, results of heat inactivation studies
indicated that two of these proteins
(pV314M and pQ525H) were less stable
than the wild-type enzyme.

In summary, eight new mutations
causing types A and B NPD in six unre-
lated patients were identified and char-
acterized by in vitro expression assays.
These findings predicted the clinical phe-
notypes of these six patients. These re-
sults further underscore the genetic het-
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erogeneity of the mutations causing
types A and B NPD, and provide addi-
tional information for predicting the clin-
ical phenotypes in newly diagnosed in-
fants and children with this disease.
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