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A b s t r a c t  ~-Hexosaminidase gene mutations were ana- 
lyzed in two adult-onset Sandhoff disease Italian patients 
by PCR analysis of  a common known mutation (A5") and 
by heteroduplex analysis of  genomic and RT-PCR DNA 
fragments, covering the whole gene. The patients' geno- 
types were A5"/C 1214T, and G890A/C 1214T, respectively. 
As mutation C1214T (Pro405Leu) is also present in the 
other two late-onset cases so far described, we suggest 
that C1214T is a common mutation in this type of Sand- 
hoff disease. Mutation G890A (Cys297Tyr) is a novel 
mutation which presumably causes altered processing of 
the pro [3 chain. 

Introduction 

Sandhoff disease (MIM 268800) is an autosomal reces- 
sive disorder caused by [3-hexosaminidase (Hex) defi- 
ciency, which leads to storage of GM2-ganglioside and re- 
lated asyaloglycolipids in neurons. Hex is a lysosomal hy- 
drolase consisting of two major isozymes, Hex A and Hex 
B. Hex A is composed of an ot and a [3 subunit, whereas 
Hex B is a homodimer of [3 subunits (Mahuran et al. 1985). 
Both subunits undergo post-translational modification 
converting the dimeric pro-Hex isozymes to their mature 
forms. The proc~ and the pro[3 polypeptides are similarly 
cleaved to produce the o~p and [3p chains. In addition, 
there is an internal cleavage unique to the pro~ chain to 
produce the mature glycosylated polypeptides 13b and [3a, 
which are linked by a disulfate bond (Hasilik and Neufeld 
1980; Mahuran et al. 1982; 1988). The two Hex subunits 
are encoded by separate genes on different chromosomes. 
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The a subunit is encoded by the HEXA gene on chromo- 
some 15 (Gilbert et al. 1975) and the 13 subunit is encoded 
by the HEXB gene on chromosome 5 (Lalley et al. 1974). 
While mutations in the HEXA gene cause deficiency in 
Hex A and determine Tay-Sachs disease, mutations at the 
HEXB locus produce deficiency in both isozyme activi- 
ties and cause Sandhoff disease. Affected individuals dis- 
play a wide spectrum of clinical symptoms and are usu- 
ally classified as infantile, juvenile and adult forms, de- 
pending on the age of onset (Mahuran et al. 1985). Type I, 
the infantile form, is the most severe. It is characterized 
by the onset of symptoms during the first 6 months of  life. 
Death generally occurs before 4 years of  age. Type II, the 
juvenile form, is less severe. Symptoms appear later, at 
3-10 years of age, and patients may survive into adult- 
hood. A rare adult-onset form of the disease is also known 
(Oonk et al. 1979; Barbeau et al. 1984; Federico et al. 
1986; Rubin et al. 1988). The disorder in adult-onset pa- 
tients affects, at least at the beginning, mostly the motor 
neuron, cerebellar and autonomic functions. The human 
HEXB gene has been isolated and characterized; it is ap- 
proximately 40 kb long and its coding sequence is split 
into 14 exons (Proia 1988). A few different mutations 
which cause Sandhoff disease have been identified. The 
most common one, which presently accounts for about 
30% of the alleles (Bikker et al. 1990; Bolhuis and Bikker 
1992), is a deletion at the 5" end of the HEXB gene (A5 % 
This deletion removes approximately 16 kb of DNA in- 
cluding the HEXB promoter, exons 1-5 and part of intron 
5 (Bikker et al. 1989; Neote et al. 1990). The presence of 
A5" in the homozygous state determines an infantile onset 
of the disease. A C---)T transition in the homozygous state 
was shown to produce the juvenile-onset form of Sand- 
hoff disease in a Japanese patient. It is located at position 
1214 of the cDNA (Pro405Leu), eight nucleotides down- 
stream from the intron 10/exon 11 junction, and it inhibits 
proper mRNA splicing (Wakamatsu et al. 1992). The same 
mutation in heterozygosity with the A5" mutation was also 
observed in an adult French-Canadian patient, indicating 
that the phenotype associated with the C1214T transition 
can vary from one individual to another (Mclnnes et al. 
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1992).  H e r e  we  r e p o r t  the  c h a r a c t e r i z a t i o n  o f  t wo  unre -  
l a ted  a d u l t - o n s e t  I t a l i an  S a n d h o f f  d i s e a s e  p a t i e n t s  w h o  

w e r e  c o m p o u n d  h e t e r o z y g o t e s  f o r  the  C 1 2 1 4 T  m u t a t i o n .  

W e  a l so  r e p o r t  t he  d i s c o v e r y  o f  a n o v e l  H E X B  g e n e  m u -  

t a t i on  w h i c h  m o d i f i e s  a C y s  r e s i d u e  w h i c h  is e s s e n t i a l  for  

the  f o m m t i o n  o f  an  i n t r a m o l e c u l a r  l o o p  i n v o l v e d  in the  
m a t u r a t i o n  o f  the  pro[~ cha in .  

DNA and RNA preparations 

DNA was isolated from fibroblast cultures or peripheral blood by 
standard procedures. Total RNA was prepared from dermal fibrob- 
last cultures by the guanidinium isothiocyanate method (Sambrook 
et al. 1989). 

Detection of the A5" mutation 

Materials and methods 

Patients 

Patient 1 was previously described (Salviati et al. 1989). This 35- 
year-old man was evaluated at age 30 years because of slowly pro- 
gressive lower limb weakness and diffuse fasciculations. He was 
an executive secretary and had been a rock climber until a year be- 
fore, when lower limb weakness began. On neurological examina- 
tion, moderate reduction of strength, slight bilateral wasting of hy- 
pothenar and thigh muscle, widespread spontaneous fasciculations 
and hyperactive tendon reflexes were observed. Intelligence was 
normal. CT scan of brain was normal. After 5 years of follow-up, 
the clinical picture is presently almost unmodified. Total Hex activ- 
ity was reduced in serum and in leukocytes to 29.9 nmol/h per ml 
and 40.6 nmol/h per mg, respectively (normal values: > 350 
nmol/h per ml and > 500 nmol/h per mg, respectively), the propor- 
tion of Hex A was pathologically elevated: 83.3% of total activity 
in serum and 77.8% in leukocytes (normal values: 53-75% in serum 
and 57-75% in leukocytes): Thin layer chromatography of urine 
revealed, alter orcinol staining, small amounts of disaccharide. 
Rectal biopsy demonstrated, in autonomic neurons, the presence of 
storage material represented by membranous cytoplasmic bodies. 
Hex activity determinations revealed some carriers in the patient 's  
family. 

Patient 2 was also previously described (Federico et al. 1986). 
This patient was seen when he was 47 years old. At that age he 
presented a complex neurological syndrome, characterized by 
signs and symptoms of upper and lower motor neuron dysfunction, 
cerebellar ataxia, peripheral polyneuropathy, dysautonomia. Intel- 
ligence was normal. CT scan of brain was normal. Initial symp- 
toms were represented by nmscle fasciculations at about 20 years 
of age, l'ollowed, at age 32 years, by gait difficulties, cramps and 
paraesthesias. At the age of 34 years he noticed a decrease of li- 
bido, followed by autonomic nervous system dysfunction, with 
chronic diarrhea, hypohydrosis, impotentia and orthostatic hy- 
potension. Total Hex activity was 79.9 nmol/h per ml in serum 
(Hex A = 99.5%) and 39.9 nmol/h per nag in leukocytes (Hex A = 
95%). No oligosaccharides were present in urine, after thin layer 
chromatography and orcinol staining. Ultrastructural aspects of au- 
tonomic neurons in rectal biopsy were typical of gangliosidosis. 

~-Hexosaminidase assay 

Hex activity was determined using the artificial fluorogenic sub- 
strate 4-methyl-umbelliferyl-2-deoxy-2-acetamido-[3-D-glucopy- 
ranoside (4-MU-GlcNAc) (Sigma). Heat-labile (Hex A) and heat- 
stable (Hex B) activities were determined in serum and in leuko- 
cytes by heat denaturation at 49 _+ 0. I~  (Johnson et al. 1982). 

Cell lines 

Dermal fibroblast cultures were maintained at 37~ in Dulbecco's  
modified Eagle 's  medium supplemented with antibiotics and 10% 
fetal calf serum. 

The mutant k5"  allele in Sandhoff  cell lines was detected by the 
polymerase chain reaction (PCR) procedure as described. Amplifi- 
cation of  the deleted allele was achieved with primers flanking the 
deletion. The alleles not carrying the deletion were detected using 
primers located within the deletion in exons 4 and 5 (Neote et al. 
1990). 

Genomic and RT-PCR 

First-strand cDNA was synthesized from 5 tag of total RNA with 
reverse transcriptase (RT; BRL) and 100 pmol of the pertinent re- 
verse primer. An aliquot of the reaction mixture was used for PCR 
amplification through 25 cycles using Taq polymerase (Cetus 
Perkin Elmer). Four overlapping segments were amplified cover- 
ing the coding sequence from part of exon 5 to exon 14 using 
primers described elsewhere (Dlott et al. 1990). Exons 1-5 were 
amplified from genomic DNA using primers described elsewhere 
(Zhang et al. 1994). Each cycle consisted of denaturation at 94~ 
for 1 rain, annealing for 30 s between 50~ and 62~ depending 
on the primer set, and extension at 72~ for 30 s, IMlowed by a fi- 
nal extension at 72~ for 5 min. In particular, for mutation 
C1214T detection, the amplified product included part of exon 8 
(from nucleotide 894) to part of exon 11 (to nucleotide 1335); for 
mutation G890A detection, the amplified product was from part of 
exon 5 (from nucleotide 538) to part of exon 8 (to nucleotide 978): 
nucleotides are numbered according to Proia (1988). 

Heteroduplex analysis 

The PCR product from each patient was mixed in a 1 : 1 ratio with 
the PCR product from a normal individual. The mixture was heated 
to 95~ for 5 rain, then cooled slowly to 37~ and incubated for 3 
h at that temperature. Five microliters of this mixture were mixed 
with 1 gl of loading, buffer and separated by electrophoresis in a 
40-cm long and 0.8-mm thick Hydrotink-MDE gel. 

Sequence determination 

PCR products were adequately diluted and directly ligated to a 
PCR 1000 cloning vector (TA:A cloning system, lnvitrogen), ac- 
cording to the manufacturer 's  instructions. Several independent 
clones were isolated and sequenced with the dideoxy chain-termi- 
nation method using an Auto Read Sequencing kit (Phamlacia) on 
an A.L.F. DNA sequencer (Pharmacia). 

Screening of mutations by restriction analysis 

Genomic DNA from peripheral blood was prepared according to 
standard methods. A PCR product of 128 bp, containing the muta- 
tion C1214T, was obtained using primers F 5" CATCTACT- 
GTTCTAGGCCTA 3" in intron 10, and R 5" CAGATGCTGT-  
GACTCTACTG 3" in exon 11. The mutation abolishes a restric- 
tion site for the enzyme ScrF1. Restriction of the PCR product 
was for 3 h at 37 ~ C. The mutation G890A of the HEXB coding se- 
quence abolishes a restriction site for the enzyme NlalII. Genomic 
DNA was amplified using primers F 5"CCAGATCTTTATAAT- 
GAGT 3" in intron 7, and R 5" AGAGTCCAACTTGTTTTGTC 3" 
in exon 8. Restriction was at 37~ for 3 h. DNA was analyzed in 
15% polyacrylamide gels. 



Fig. 1 A Detection of the A5" 
of the HEXB gene in patient 1. 
Genomic DNA amplification 
using primers flanking the 
deletion. Lanes 1 and 2, two 
infantile-onset Sandhoff dis- 
ease patients; 3 and 4, patients 
2 and 1, respectively. C, con- 
trol DNA; m, ~)X174 RF DNA 
digested with HaelII (BRL). 
B Genomic DNA amplification 
using primers within the dele- 
tion. Same samples as in A ex- 
cept m: 1 kb ladder, BRL. 
DNA fragment lengths in bp 
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Fig.3 Heteroduplex analysis 
of the RT-PCR product con- 
taining exons 8-11 of the 
HEXB gene in Sandhoff dis- 
ease patients. Lanes 1 and 2, 
patients 1 and 2, respectively; 
3, infantile-onset Sandhoff pa- 
tient; 4, a normal control 

Fig.2 Segregation analysis of A5" in the family of patient 1 (ar- 
row). Genomic DNA amplification, using primers flanking the dele- 
tion. Lane m, molecular weight marker V (Boehringer Mannheim). 
The 534-bp amplified fragment indicates the presence of the dele- 
tion in the proband and his father 

Results 

The A5" mutation was amplified using primers flanking 
the deletion which frame a 534-bp sequence; the alleles 
not carrying the deletion were detected using primers con- 
tained within the deletion segment which give a product 
of 385 bp. In this way we have detected the presence of 
the A5" deletion in patient 1 and we demonstrated that he 
is a genetic compound, since both the 534 (Fig. 1A, lane 
4) and the 385-bp fragments were amplified (Fig. 1B, lane 
4). Studying the patient's family we found that the A5" al- 
lele was inherited from his father (Fig. 2). Sequence de- 
termination of the amplified product showed an exact cor- 
respondence of the deletion boundaries with the published 
sequence (Neote et al. 1990). 

cDNAs from the patients and a normal control were 
amplified as described (Dlott et al. 1990) in four overlap- 

ping fragments, covering the coding sequence from exon 
5 to exon 14. Exon 1-5 were directly amplified from ge- 
nomic DNA according to Zhang et al. (1994). Amplified 
fragments from each patient and the control individual 
were mixed and subjected to heteroduplex analysis. In 
both patients, a 444-bp PCR product containing exons 
8-11 produced heteroduplex bands (Fig. 3). This fragment 
was cloned and five or six independent clones were se- 
quenced from each patient, respectively. Both patients 
were shown to carry one copy of the C1214T transition in 
exon 11, in all and in two clones, respectively (Fig. 4). In 
patient 1, the wild-type sequence was not present since 
the A5" mutation does not lead to any transcript. No other 
discrepancy with the published sequence was observed in 
either patient. We observed that the mutation abolishes a 
ScrFI site in the HEXB gene: a DNA restriction analysis 
of some family members of patient 1 could be done to de- 
termine which of them carried the C 1214T transition. Ge- 
nomic DNA was amplified obtaining a 128-bp fragment. 
Restriction with ScrFI normally yields two fragments of 
60 and 68 bp, respectively. Figure 5 indicates that the 
proband inherited the mutation from his mother and trans- 
mitted it to his son. 
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Fig.4 Sequence determination of mutation C1214T of patient 1. 
The arrow indicates the nucleotide transition which determines the 
substitition of Pro405 with Leu in HexB 
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Fig. 6 Sequence analysis of the mutation G890A of patient 2. The 
arrow indicates the transition which substitutes Cys297 with Tyr 
in Hex B 

chromosomes from healthy individuals showed the pres- 
ence of the transition G890A (data not shown). 

Six unrelated infantile-onset Sandhoff patients (five 
Italian and one German) were also screened by restriction 
analysis for the C1214T or the G890A transition: none of 
them carried either mutation (data not shown). 

The t rans position of the two mutations present in pa- 
tient 2 was demonstrated by amplification, cloning and 
sequencing of a 526-bp cDNA fragment including both 
mutation sites. 

Fig.5 Segregation analysis of the C1214T mutation in the family 
of patient 1 (arrow). SerF1 restriction of RT-PCR products. Lane 
M, molecular weight marker V (Boehringer Mannheim), C, normal 
control. The presence of the 128-bp fragment indicates heterozy- 
gosity for the mutation in the proband, his mother, and his child 

Heteroduplex analysis of patient 2 showed an addi- 
tional band in the fragment including exons 5-8 (data not 
shown). Sequence analysis of this fragment revealed a 
novel G890A transition (exon 8), which changes the 
triplet TGT corresponding to cysteine 297 into TAT, tyro- 
sine (Fig. 6). To further exclude the possibility that this 
new alteration could represent a DNA polymorphism, ge- 
nomic DNA was prepared from 50 healthy non-related in- 
dividuals and a fragment of 111 bp of the HEXB gene, in- 
cluding the single-base mutation site, was amplified by 
PCR. The base substitution would result in the loss of the 
NlaI I I  recognition site which normally yields two frag- 
ments of 83 and 28 bp, respectively. None of the 100 

Discussion 

In this study we report the complete genomic characteri- 
zation of the HEXB gene mutations present in two unre- 
lated Italian adult-onset Sandhoff patients, and indicate a 
possible common mutation in late-onset patients. Both pa- 
tients were compound heterozygotes for the C 1214T tran- 
sition. This mutation inhibits normal HEXB mRNA splic- 
ing. Its causative role in Sandhoff disease has been de- 
monstrated (Wakamatsu et al. 1992). in patient 1 ( A 5 7  

C1214T) the disease began at age 29 years with lower 
motor neuron dysfunction as the only clinical manifesta- 
tion. Up to now, after 5 years of follow-up, neither other 
symptoms, nor signs of nervous system involvement have 
appeared. In patient 2, the other allele was a previously 
unreported G890A transition which causes a Cys297Tyr 
substitution. Given the correlation between the residual 
activity of the enzyme and the severity of the disease 
(Leinekugel et al. 1992), we propose that this mutation is 
severe, as it prevents the formation of a hydrophilic disul- 
fide-loop structure between Cys297 and Cys348. Inside 
this loop, the proJ3 polypeptide is cleaved internally to pro- 
duce the mature J3b and J~,, chains (Sagherian et al. 1993). 
Loss of one disulfide bond in aspartyl-glucosaminidase, 
another lysosomal enzyme, results in early intracellular 
degradation of the enzyme (Ikonen et al. 1991). 
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The biochemical phenotype in patient 2 indicated an 
almost  complete  absence of  Hex B activity, at least 95% of  
the res idual  Hex  act ivi ty  be ing  represented  by  heat  labi le  
enzyme  (Hex A and Hex  S). In  both patients ,  some cat- 
alyt ic  act ivi ty  in the Hex  [3 subunit  act ive site was proba-  
b ly  present ,  s ince o l igosacchar ides  were not  de tec ted  in 
the urine o f  pat ient  2, and only a smal l  amount  o f  disac-  
char ide  was present  in pat ient  1 (o l igosacchar ide  hydro ly-  
sis is p r imar i ly  accompl i shed  by  the act ive site of  the [3 
subunit  of  Hex  A and Hex  B). 

This  s tudy conf i rms that the C1214T al lele  is associ-  
ated with different  la te-onset  phenotypes .  This mutat ion 
was prev ious ly  de tec ted  in two patients.  The pheno type  of  
a C 1 2 1 4 T / C I 2 1 4 T  39-year -o ld  Japanese  pat ient  (Waka-  
matsu  et al. 1992) was charac ter ized  by  a very  s low clini-  
cal course,  with onset  in juven i l e  age of  menta l  re tarda-  
t ion and local  panatrophy,  p robab ly  the resul t  o f  auto- 
nomic  nervous  sys tem dysfunct ion.  In a F rench-Canad ian  
pat ient  (Mclnnes  et al. 1992), a C1214T compound  het- 
e rozygote ,  as well  as the two cases  here descr ibed,  onset  
was in adul thood,  and in te l l igence was normal .  In the 
Canadian  pat ient  at age 57 years  symptoms  and signs 
were  res t r ic ted exc lus ive ly  to the au tonomic  nervous  sys- 
tem. In both our patients ,  the d isease  began  c l in ica l ly  with 
signs of  motor  neuron dysfunct ion,  loss o f  strength and 
fasciculat ions .  At  the same age, 34 years,  however ,  pat ient  
2 presented,  in addit ion,  severe  signs of  cerebel la r  dys-  
function,  dysau tonomia  and per iphera l  polyneuropathy,  
while  pat ient  1 showed only an a lmost  static lower  motor  
neuron disorder.  

It is diff icult  to expla in  these var ia t ions in phenotyp ic  
express ion:  genet ic  dif ferences  in the overal l  spl ic ing effi- 
c iency be tween  indiv iduals  have  been  p roposed  (Mclnnes  
et al. 1992). In addit ion,  smal l  var ia t ions in GM2-ga ng l i o -  
side concentra t ion  or dis t r ibut ion in different  neuronal  
groups  may  be present ,  due to different  rates of  synthesis  
(Kracun et al. 1984). Other  unknown heredi tary  or envi-  
ronmenta l  factors may  contribute.  

In conclus ion,  the C1214T al lele  is present  in a total of  
four  out of  four  present ly  geno typed  la te-onset  Sandhof f  
d isease  patients ,  suggest ing that this may  be the most  fre- 
quent  adul t  Sandhof f  d isease  allele.  A new muta t ion  in the 
HEXB gene,  GT890A,  which  p robab ly  des t roys  a disul-  
f ide bond,  has been  detected.  We propose  that this muta-  
t ion has severe  effects on enzyme  act ivi ty  and that the ac- 
t ivi ty  of  the enzyme  product  o f  the C1214T al lele  in the 
genet ic  compound  is enough to ensure the late onset  of  the 
disease.  
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