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Abstract
Mucopolysaccharidosis type IIIB (MPS
IIIB or Sanfilippo B disease) is an auto-
somal recessive storage disorder caused
by deficiency of the lysosomal enzyme
á-N-acetylglucosaminidase. Mutation
screening was performed on a group of 22
patients using a combination of SSCP/
heteroduplex analysis of amplified ge-
nomic fragments and direct sequencing of
cDNA fragments. Twenty-one diVerent
mutations were identified, 18 of them
novel. Together they account for 82% of
the disease alleles. The mutation spec-
trum consists of two small insertions, two
small deletions, three nonsense muta-
tions, and 14 diVerent missense muta-
tions, one of them (M1L) aVecting the
initiation codon. The vast genetic
heterogeneity seen in this disorder is
reflected by the fact that only three of the
mutations were identified in more than
one patient.
(J Med Genet 1999;36:28–31)
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Mucopolysaccharidosis type III (MPS III,
Sanfilippo disease) is caused by an impaired
ability of lysosomes to degrade heparan
sulphate and heparin owing to deficiency of
one of the four enzymes normally involved in
this process.1 Each of the four clinically quite
similar but biochemically distinguished sub-
types, A, B, C, and D, is inherited in an
autosomal recessive manner. Symptoms, that
become apparent between 2 and 6 years of age,
include delayed speech development, sleep dis-
turbance, and behavioural abnormalities like
hyperactivity and aggressiveness. The disease
leads to a severe central nervous system degen-
eration with death occurring usually between
the second and third decade. Sanfilippo disease
diVers from other mucopolysaccharidoses in
that patients usually exhibit only mild somatic
changes, especially skeletal changes being gen-
erally minimal.1 An incidence of 1:24 000 was
reported for MPS III2 with MPS IIIA being
more frequent in The Netherlands and Ger-
many, while MPS IIIB predominates in
Greece.3 In general, MPS IIIA is reported to be
more severe than MPS IIIB1 and MPS IIIB
shows more variation in clinical outcome2 even
among members of the same sibship.4

MPS IIIB (Sanfilippo B) is caused by
deficiency of á-N-acetylglucosaminidase
(NAG, EC 3.2.1.50). Recently, cDNA clones
coding for NAG have been isolated,5 6 the gene
has been located on chromosome 17q21.1, and
its exon-intron structure has been established.
Subsequently, several mutations causing MPS
IIIB have been published.5–8

We present here the results of a mutation
screening in a group of 22 patients with MPS
IIIB which led to the identification of 21 diVer-
ent mutations, most of them novel.

Material and methods
Skin fibroblasts of MPS IIIB patients were
obtained for enzyme diagnosis and stored at
the European Human Cell Bank in Rotterdam
(WJK) or at the University Children’s Hospital
in Mainz (MB). Genomic DNA was isolated
from cultured fibroblasts or whole blood
according to standard procedures and total
RNA was isolated from fibroblasts as described
elsewhere.9 Polymerase chain reaction (PCR)
of NAG exons including adjacent intronic
regions was done with the primers listed in
table 1. Exon 1 was amplified in two and exon
6 in five overlapping fragments. PCR reactions
contained 20 mmol/l Tris-HCl (pH 8.4), 50
mmol/l KCl, 1.5 mmol/l MgCl2, 0.2 mmol/l of
each dNTP, 0.4 µmol/l of each forward and
reverse primer, 1 unit Taq polymerase (Life
Technologies), and 100 ng template DNA. For
exon 1.1, 10% (v/v) DMSO was added. PCR
was done with a five minute initial denaturation
step, followed by 35 cycles of one minute at
94°C, one minute annealing, and 70 seconds
extension at 72°C. Annealing temperature was
58°C except for exon 1.2 (60°C), exon 2
(62°C), exon 3 (50°C), and exon 6.2 (54°C).
Non-radioactive screening for sequence altera-
tions was done combining SSCP/heteroduplex
analyses as previously described.9 Most frag-
ments were electrophoresed on 8% polyacryla-
mide gels containing 1 × TBE and 10%
glycerol at 22 W for 18 hours. Exon 1.1 and 1.2
fragments were separated on gels without glyc-
erol for six hours at 27 W. For exon 6.3, 5%
glycerol was used (17 W, 18 hours).

Fragments showing mobility shifts of single
strands and/or heteroduplex formation were
sequenced directly using the ABI Prism Dye
Terminator Kit (PE Applied Biosystems) and
an ABI Prism Sequencer (model 377, PE
Applied Biosystems). In most cases, amplifica-
tion primers were used as sequencing primers.

Reverse transcription of RNA was per-
formed with random hexamer priming as
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described previously.9 The NAG coding region
was amplified in three overlapping fragments
using the primers listed in table 1. PCR condi-
tions were identical to those used for genomic
fragments, except that the reaction for c-NAG
1 contained 10% DMSO as well as 0.5 U of
Perfect Match (Stratagene) and annealing
temperature was 52°C. cDNA fragments were
sequenced without previous screening proce-
dures as described above.

All mutations were verified by restriction
analysis or by sequencing a second, independ-
ent PCR product. One hundred control
chromosomes were analysed for each mutation
using SSCP, restriction analysis, or allele
specific oligonucleotide (ASO) hybridisation.
ASO analysis was performed as described
previously10 and sequences of ASOs are avail-
able on request.

Results and discussion
All NAG gene exons were amplified in
fragments suitable in size for SSCP analysis
(<400 bp9). DNA fragments were analysed on
SSCP gels which allowed inspection of double
strands at the same time. Table 2 summarises
the mutations/sequence alterations identified
in 22 patients (note that nucleotides are num-
bered according to reference 5). As shown in
table 2, clear single strand mobility shifts were
detected for most of the mutations and were
accompanied, in many cases, by heteroduplex
formation. However, some mutations did not
produce clear mobility shifts of single strands
but were detectable by heteroduplex formation
only. This was unexpected, especially for
1006delAG with two very prominent heterodu-
plex bands but with an apparently unaltered
single strand pattern. One possible explanation
for this would be that the fragment with the
deletion has a great number of diVerent

conformations which do not produce any
defined single stranded bands under the
electrophoretic conditions used.

For those patients in whom either one or
both disease alleles could not be identified by
exon screening, sequencing of the entire cDNA
was performed. In this way, five more point
mutations were detected (table 2) which were
confirmed subsequently at genomic level. Even
with this combined screening method, only
82% of disease alleles were identified, a
proportion that is similar to that we obtained
for genes involved in other lysosomal storage
disorders, that is, the á-L-iduronidase gene
(88%11), the N-acetyl-galactosamine-6-
sulphatase gene (88.6%10), and the sulphami-
dase gene (86%12). It could be that some of the
mutations are located in regulatory sequences
of the NAG gene or in those parts of introns
that were not analysed.

Of the 18 point mutations reported here,
eight (G79C, R203X, G292R, R297X, E452L,
R482W, R565Q and R674H) aVect highly
mutable CpG dinucleotides. In the latter seven
cases, a C to T or G to A transition is present,
being in line with methylation mediated
deamination of 5-methylcytosine as one of the
possible mechanisms of mutagenesis. Two of
these mutations, R297X and R674H, have
been found previously in most likely unrelated
patients6 suggesting that the nucleotides in-
volved are more prone to mutation.

It is worth mentioning that two mutations
described here are located very close to muta-
tions reported earlier. The insertion 338ins24
is situated only four nucleotides downstream of
233ins247 (diVerent numbering of nucleotides
according to reference 6). As these insertions
both involve a GC rich area with four perfect
GGC and three imperfect GCG repeats, and as
388ins24 occurred in two probably unrelated

Table 1 Oligonucleotide PCR primers used in this study

Primer cDNA fragment/ exon
Fragment size
(bp) Primer position* Sequence

C-NAG 1F c-NAG 1 785 78 to 97 5' CGCGGGACCCGCAGGACTGA 3'
C-NAG 1R 862 to 843 5' GTGACAGCCTCGGGAACATG 3'
C-NAG 2F c-NAG 2 869 860 to 879 5' CACCAGGGTGTTCCCTCAGG 3'
C-NAG 2R 1728 to 1709 5' GCAGCCGCCAGGCCTCAAAC 3'
C-NAG 3F c-NAG 3 787 1596 to 1615 5' CGGAGTGTGTACAACTGCTC 3'
C-NAG 3R 2383 to 2364 5' GAATCTGCCCTGGAATTAGC 3'
NAG 1.1F ex 1.1 367 −194 to −175 5' GGAGCCGGGGTCACACGCTC 3'
NAG 1.1R 274 to 255 5' GCAGCCAGAGCGCGCTCCAC 3'
NAG 1.2F ex 1.2 326 255 to 274 5' GTGGAGCGCGCTCTGGCTGC 3'
NAG 1.2R +96 to +77 5' GCCAGCGCTCCCCGCTCAGC 3'
NAG 2F ex 2 320 −82 to −66 5' TAGGTGGGGGATGGGGGAT 3'
NAG 2R +91 to +72 5' GAGACACTGCGCCCATGCTG 3'
NAG 3F ex 3 377 −80 to −61 5' CAATGAGTGAATGGTTGTTG 3'
NAG 3R +150 to +130 5' CACTGCTGTCCTATGAGAAG 3'
NAG 4F ex 4 247 −70 to −51 5' CCTGGGAGATGAGGGCCTTC 3'
NAG 4R +91 to +72 5' CCCGGCCCAGAGCTTAAGTT 3'
NAG 5F ex 5 393 −52 to −33 5' GTGAACACTATGGCGGCTTC 3'
NAG 5R +84 to +65 5' CCCTCTGCCTACCCCTACTG 3'
NAG 6.1F ex 6.1 389 −32 to −13 5' TCTTCTCTGTTCCCCCTACC 3'
NAG 6.1R 1479 to 1460 5' CAGCCATGAGGGAATAGACC 3'
NAG 6.2F ex 6.2 336 1412 to 1431 5' CATGGTAGGCACGGGCATGG 3'
NAG 6.2R 1747 to 1728 5' GAGGGAGCAGATGTGAGCAG 3'
NAG 6.3F ex 6.3 390 1660 to 1679 5' GGCCGTCCCTACAGATGAAT 3'
NAG 6.3R 2049 to 2030 5' CCCACAAGGTCAGCTGGTAG 3'
NAG 6.4F ex 6.4 271 1978 to 1997 5' GAGCAGCGGCAGTCAGTGAG 3'
NAG 6.4R 2248 to 2229 5' GGGTACCTCTGCTTGCTGAG 3'
NAG 6.5F ex 6.5 319 2170 to 2189 5' TCCCTTTCCAACAGCACCAG 3'
NAG 6.5R 2488 to 2469 5' AGGTCATTTCCCTCCAATCC 3'

*Primers located in exonic regions are numbered according to ref 5, those located in introns are numbered from each intron/exon
border.
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patients, this region may be a “hot spot” for
slipped mispairing replication errors. The dele-
tion 1006delAG starts four nucleotides down-
stream of 901delAA8 (numbering of nucle-
otides according to reference 6). In both cases,
the mutations may have quite similar molecular
consequences.

One of the two more frequent mutations in
our sample, Y140C, was identified on three
alleles (6.8%). As the patients harbouring this
mutation originate from Germany, Italy, and
the Czech Republic, respectively, the gene
alterations are probably of independent origin.
Y140C was also identified in other patient
groups.7 8 R565Q was seen on 6.8% of the alle-
les (two German and one Turkish patients) and
338ins24 occurred in two patients from Iran
and Turkey. All other mutations were found in
one patient only. There was a high incidence
(45%) of homozygosity. Consanguinity of par-
ents was known in three cases (B7 from
Turkey, B18 and B19 from Iran), but some
other patients may also originate from consan-
guineous marriages, especially those from Iran
and Turkey. However, we cannot exclude that
some of the patients with apparent homozygos-
ity for a given mutation are in fact heterozygous
with another mutation which escaped PCR
amplification, for example, owing to a larger
deletion.

Two frameshift mutations (274ins4 and
1006delAG) and three nonsense mutations
(R203X, R297X, and W404X) are likely to
lead to instability of the mRNA. Moreover, any
protein translated from these transcripts would
be largely truncated with most probably no
enzyme function. A duplication of eight amino
acids (338ins24) as well as the deletion of one

amino acid (F142del) may also have a major
impact on the protein structure and function.

In exon 1, a point mutation was found in the
initiation codon which changed methionine to
leucine. Initiation codon mutations have been
described occasionally and some were proven
to abolish translation.13 A Met→Leu initiation
codon mutation was also described for the
sphingolipid activator protein gene and pro-
duced no detectable protein.14 As there is no
other ATG in the vicinity of the initiation
codon of the NAG gene, it seems that no alter-
native initiation of translation can take place.

The majority of the mutations identified here
predict the replacement of only one amino acid
(table 2). In each case, 100 control chromo-
somes were screened for the absence/presence
of the missense mutations. Only G737R was
found on two out of 100 control chromosomes
in heterozygous state. Glycine at position 737 is
not conserved between the human and mouse
NAG genes, which have 82% identity at the
amino acid level, the mice having glutamine at
this position. It is worth noting that three of the
four patients with G737R have R565Q. Family
analyses will be necessary to prove if these two
alterations are indeed located on one allele.
G737R may be more frequent among patients
(9%) than among controls (2%) because
R565Q occurred on a G737R allele in a com-
mon ancestor.

All other missense mutations presented here
were not detected on control chromosomes,
aVect amino acid residues conserved between
human and mouse NAG, and were, therefore,
considered most likely pathogenic. The only
exception is R100H where the mouse protein
bears glutamine. The facts that most missense

Table 2 Mutations/sequence alterations identified in patients with MPS IIIB

Exon

Exonic fragment
cDNA
sequencing

Mutation/sequence
alteration Nucleotide alteration Protein alteration

Patients/origins‡ (second allele in
brackets)SS* HD†

Ex 1 − + M1L ATG→TTG Met→Leu B9 DE het (C277F)
+ + 274ins4 dupl 271-274 fs, 132 altered aa, term B25 DE het (R565Q)
+ + 338ins24 dupl 315-338 dupl aa 72-79 B13 TR het (R565Q)

B18 IR hom
− − + G79C GGC→TGC Gly→Cys B20 TK hom
− − + R100H CAC→CGC Arg→His B19 IR hom

Ex 2 + + Y140C TAC→TGC Tyr→Cys B1 DE het (NI)
B5 CZ het (W404X)
B11 IT het (NI)

+ + F142del TTC→ – Deletion of one aa B2 DE het (NI)
Intron 2 + (+) pol: IVS2+50G→C G→C None Frequencies: G:0.33, C:0.67
Ex 3 + − R203X CGA→TGA Term B10 DE het (NI)
Ex 4 − − + P243L CCT→CTT Pro→Leu B21 TR hom
Ex 5 + − C277F TGC→TTC Cys→Phe B9 DE het (M1L)

+ − L280P CTT→CCT Leu→Pro B6 PL het (NI)
+ −(NE) G292R GGG→AGG Gly→Arg B14 IR hom
+ −(NE) R297X CGA→TGA Term B23 DE hom
− + 1006delAG GAG→G– fs, 14 altered aa, term B4 DE het (NI)

Ex 6 − + W404X TGG→TAG Term B5 CZ het (Y140C)
+ −(NE) E452L GAA→AAA Glu→Leu B7 TR hom
− − + R482W CGG→TGG Arg→Trp B16 TR hom
+ −(NE) L561R CTG→CGG Leu→Arg B17 BG hom
+ + R565Q CGG→CAG Arg→Gln B3 DE het (NI)

B13 TR het (338ins24)
B25 DE het (274ins4)

− − + R674H CGC→CAC Arg→His B15 TR hom
+ − E705L GAG→AAG Glu→Leu B8 PL het (NI)
+ + pol: G737R GGC→CGC Gly→Arg B1 DE het

B3 DE het
B13 TR het
B25 DE het

*SS: mobility shift of single strand(s), †HD: heteroduplex formation, +: visible, −: not visible, NE: not expected (patient homozygous); ‡BG: Bulgaria, CZ: Czech
Republic, DE: Germany, IT: Italy, IR: Iran, PL: Poland, TR: Turkey; aa: amino acids, del: deletion, dupl: duplicated, fs: frameshift, het: heterozygous, hom: homo-
zygous, ins: insertion, NI: not identified, pol: polymorphism, term: termination. Numbering of amino acids and nucleotides is according to ref 5.
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mutations aVect conserved residues and that
most of them are non-conservative changes
make their pathogenic nature probable, but
enzyme function impairment should be proven
by expression studies.

One polymorphic nucleotide exchange was
detected in intron 2 (IVS2+50G→C) with
allele frequencies of 0.67 (C) and 0.33 (G) in
patients. Screening of 100 control chromo-
somes showed similar allele frequencies (0.7
and 0.3). The absence of linkage disequilib-
rium is not unexpected as no common disease
allele was identified. The polymorphism may
help to identify disease alleles in families in
which the pathological mutations have not yet
been detected. Carrier testing was done in the
past by measuring enzyme activities, but a con-
siderable overlap was present between obligate
heterozygotes and controls.16 Identification of
primary gene lesions now allows unambiguous
carrier testing and will help in counselling the
families concerned. This is especially impor-
tant in populations with a tradition of consan-
guineous marriages (for example, families from
Iran and Turkey in this study).

The more pronounced clinical heterogeneity
in MPS IIIB compared to MPS IIIA2 is
probably because of the genetic variability
found. In our patient sample, nearly all affected
subjects had a typical, severe course of the dis-
ease with symptoms present as early as 2 to 4
years of age and enzyme deficiency diagnosed,
in most cases, between 2 and 8 years of age.
Only one patient (B3, R565Q, other allele not
identified) had an attenuated form of MPS
IIIB; at the age of 15 she was still able to speak.
In two patients, one from Germany (B9, geno-
type C277F/M1L) and the other from Iran
(B19, genotype R100H/R100H), a very severe
course of the disease was described with onset
at birth. The fact that many of the missense
mutations described here are associated with a
severe clinical picture in homozygotes may help
to pinpoint amino acids essential for enzyme
function.

In summary, the vast genetic diversity seen in
MPS IIIB was unexpected and unlike some
other autosomal recessive inherited mucopoly-
saccharidoses. For MPS I, two very common
mutations were found in the á-L-iduronidase
gene11 15 and for MPS IIIA common mutations
exist in the sulphamidase gene.12 17 In contrast,
extensive genetic heterogeneity was found in

MPS IVA,10 which resembles that emerging
now for MPS IIIB. Other groups have
previously identified 24 diVerent mutations of
the NAG gene, none of them common.5–8 The
results presented here almost double the
number of mutations identified for this gene.

We thank the patients’ families for their support. Referral of
patient cell lines by various clinical colleagues is greatly appreci-
ated. This study is based in part on work for an MD by AK at
the Faculty of Medicine, University of Hamburg, Germany, and
was financially supported by the Deutsche Forschungsgemein-
schaft (Bu930/2-1).

1 Neufeld E, Muenzer J. The mucopolysaccharidoses. In:
Scriver CR, Beaudet AL, Sly WS, Valle D, eds. The
metabolic and molecular bases of inherited disease. 7th ed. New
York: McGraw-Hill, 1995:2465-94.

2 van de Kamp JJP, Niermeijer MF, von Figura K, Giesberts
MAH. Genetic heterogeneity and clinical variability in the
Sanfilippo syndrome (types A, B, and C). Clin Genet 1981;
20:152-60.

3 Beratis NG, Sklower SL, Wilbur L, Matalon R. Sanfilippo
disease in Greece. Clin Genet 1986;29:129-32.

4 Andria G, Di Natale P, Del Giudice E, Striscuiglio P,
Murino P. Sanfilippo B syndrome (MPS IIIB): mild and
severe forms within the same sibship. Clin Genet 1979;15:
500-4.

5 Weber B, Blanch L, Clements PR, Scott HS, Hopwood JJ.
Cloning and expression of the gene involved in Sanfilippo
B syndrome (mucopolysaccharidosis IIIB). Hum Mol Genet
1996;5:771-7.

6 Zhao HG, Hong HL, Bach G, Schmidtchen A, Neufeld EF.
The molecular basis of Sanfilippo syndrome type B. Proc
Natl Acad Sci USA 1996;93:6101-5.

7 Zhao HG, Aronovich EL, Whitley CB. Genotype-
phenotype correspondence in Sanfilippo syndrome type B.
Am J Hum Genet 1998;62:53-63.

8 Schmidtchen A, Greenberg D, Zhao H, et al. NAGLU
mutations underlying Sanfilippo syndrome type B. Am J
Hum Genet 1998;62:64-9.

9 Bunge S, Fuchs S, Gal A. Simple and nonisotopic methods
to detect unknown mutations in nucleic acids. In: Adolph
KW, ed, Methods in molecular genetics. Vol 8. Human molecu-
lar genetics. San Diego: Academic Press, 1996:26-39.

10 Bunge S, Kleijer WJ, Tylki-Szymanska A, et al. Identification
of 31 novel mutations in the N-acetylgalactosamine-6-
sulfatase gene reveals excessive allelic heterogeneity among
patients with Morquio A syndrome. Hum Mutat 1997;10:
223-32.

11 Bunge S, Kleijer WJ, Steglich C, Beck M, Schwinger E, Gal
A. Mucopolysaccharidosis type I: identification of 13 novel
mutations of the á-L-iduronidase gene. Hum Mutat
1995;6:91-4.

12 Bunge S, Ince H, Steglich C, et al. Identification of 16
sulfamidase gene mutations including the common R74C
in patients with mucopolysaccharidosis type IIIA (San-
filippo A). Hum Mutat 1997;10:479-85.

13 Cooper DN, Krawczak M. Human gene mutation. Oxford:
BIOS Scientific Publishers, 1994:285-7.

14 Schnabel D, Schröder M, Fürst W, et al. Simultaneous defi-
ciency of sphingolipid activator proteins 1 and 2 is caused
by a mutation in the initiation codon of their common
gene. J Biol Chem 1992;267:3312-15.

15 Scott HS, Bunge S, Gal A, Clarke LA, Morris CP, Hopwood
JJ. Molecular genetics of mucopolysaccharidosis type I:
diagnostic, clinical and biological implications. Hum Mutat
1995;6:288-302.

16 Vance JM, Conneally PM, Wappner RS, Yu PL, Brandt IK,
Pericak-Vance MA. Carrier detection in Sanfilippo syn-
drome type B: report of six families. Clin Genet 1981;20:
135-40.

17 Weber B, Guo XH, Wraith JE, et al. Novel mutations in
Sanfilippo A syndrome: implications for enzyme function.
Hum Mol Genet 1997;6:1573-9.

Sanfilippo B mutations 31

 on M
ay 23, 2023 by guest. P

rotected by copyright.
http://jm

g.bm
j.com

/
J M

ed G
enet: first published as 10.1136/jm

g.36.1.28 on 1 January 1999. D
ow

nloaded from
 

http://jmg.bmj.com/

