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Summary

The neuronal ceroid lipofuscinoses (NCL; Batten disease) are a collection of autosomal recessive disorders
characterized by the accumulation of autofluorescent lipopigments in the neurons and other cell types.
Clinically, these disorders are characterized by progressive encephalopathy, loss of vision, and seizures. CLN3,
the gene responsible for juvenile NCL, has been mapped to a 15-cM region flanked by the marker loci D16S148
and D16S150 on human chromosome 16. CLN2, the gene causing the late-infantile form of NCL (LNCL), is
not yet mapped. We have used highly informative dinucleotide repeat markers mapping between D16S148 and
D16S150 to refine the localization of CLN3 and to test for linkage to CLN2. We find significant linkage
disequilibrium between CLN3 and the dinucleotide repeat marker loci D16S288 (x2(7) = 46.5, P < .005),
D16S298 (X2(6) = 36.6, P < .005), and D16S299 (X2(7) = 73.8, P < .005), and also a novel RFLP marker at the
D16S272 locus (X2(1) = 5.7, P = .02). These markers all map to 16pl2.1. The D16S298/D16S299 haplotype
"5/4" is highly overrepresented, accounting for 54% of CLN3 chromosomes as compared with 8% of control
chromosomes (X2 = 117, df = 1, P < .001). Examination of the haplotypes suggests that the CLN3 locus can be
narrowed to the region immediately surrounding these markers in 16pi2.1. Analysis of D16S299 in our LNCL
pedigrees supports our previous finding that CLN3 and CLN2 are different genetic loci. This study also indicates
that dinucleotide repeat markers play a valuable role in disequilibrium studies.

Introduction

Neuronal ceroid lipofuscinosis (NCL) is the most
common neurodegenerative disorder of childhood.
Clinically, this disorder is characterized by progressive
encephalopathy, loss of vision, and seizures. Histo-
chemically, this group of diseases is characterized by
the accumulation of autofluorescent lipopigments
within cytosomes found in the neurons and other cell
types (Dyken 1988). These cytosomes are generally visu-
alized as hallmark fingerprint or curvilinear bodies
(Wisniewski et al. 1988).
Marked clinical heterogeneity is observed in NCL.
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Four major subtypes are now recognized on the basis of
age at onset, clinical presentation, and ultrastructural
morphology: infantile NCL (INCL; Haltia-Santavuori
disease), found almost exclusively in Finland; late-in-
fantile NCL (LNCL; Jansky-Bielschowsky disease); ju-
venile NCL (JNCL; Batten disease, Spielmeyer-Vogt
disease); and adult NCL (ANCL; Kufs disease). The
mean age at onset is 1 year for INCL, 3 years for LNCL,
8 years for JNCL, and 25 years for ANCL (Boustany et
al. 1988). Approximately 10% of cases diagnosed as
NCL are variant or atypical forms and may represent
specific disease entities.
The childhood forms of NCL are inherited as auto-

somal recessive traits. Based on epidemiological stud-
ies, the incidence rate is estimated to be 1-5/100,000
(Rider and Rider 1988; Hofman 1990). This leads to an
estimated gene frequency of approximately 1/250 and
a carrier frequency of approximately 1/125.
DNA linkage studies have mapped the INCL locus
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CLN1 to chromosome 1 in Finnish families (Jarvela et
al. 1991) and theJNCL locus CLN3 to chromosome 16
in European (Eiberg et al. 1989; Gardiner et al. 1990;
Callen et al. 1991) and North American (Yan et al.
1993) pedigrees. The LNCL locus CLN2 has not yet
been mapped. Elsewhere (Yan et al. 1993), we have
presented data suggesting exclusion of the LNCL de-
fect from the CLN3 locus.
The fine localization of CLN3 on chromosome 16

has proved problematic. Linkage with the classical pro-
tein marker haptoglobin (16q22) was found with a
LOD score of 3 at 0 = .00 in males and 0 = .26 in
females (Eiberg et al. 1989). Multipoint analysis with
DNA RFLP markers confirmed the linkage to chromo-
some 16 (Gardiner et al. 1990) and assigned the gene to
a broad region of 15 cM, flanked by D16S150 and
D16S148, spanning the centromere. In a subsequent
fine mapping study, the same laboratory reported a new
localization for the gene, outside this region, in the 2.3-
cM interval between D16S148 and D16S67 on the
short (p) arm (Callen et al. 1991). Using a novel highly
polymorphic dinucleotide repeat marker D16S285
(Konradi et al. 1991), we placed CLN3 back between
D16S148 and D16S150 (Yan et al. 1993) and rejected
the finer localization suggested by Callen et al. (1991).
The absence both of recombination events and of

allelic association between D16S285 and the disease
gene motivated us to type other highly polymorphic
markers mapping between D16S148 and D16S150, to
refine the localization of CLN3. The data set yields
significant evidence for strong allelic association (link-
age disequilibrium) between CLN3 and the microsatel-
lite markers at D16S288 (Shen et al. 1991), D16S298,
and D16S299 (Thompson et al. 1992) and an RFLP
marker at the D16S272 locus (Lerner et al. 1992), all
residing in 16p12.1 (Callen et al. 1992). We also extend
our exclusion of CLN2 from this region.

Subjects and Methods

NCL Pedigrees
Patients with JNCL and LNCL were identified as

described elsewhere (Yan et al. 1993). In all cases, diag-
nosis was confirmed by a single physician (R.-M.N.B.)
using standard criteria (Boustany et al. 1988). A total of
20 JNCL and 8 LNCL pedigrees (as described in Yan et
al. 1993), along with 2 additional LNCL pedigrees,
were used in the analyses. Seven of theJNCL and five of
the LNCL families had at least two affected children.
For disequilibrium studies, an additional 16 unrelated

affected individuals were included. Eighty-six percent
of the JNCL families and 79% of the LNCL families
were of northern European origin.

Blood from the patients and all available family
members was used to initiate lymphoblastoid cell lines
(Anderson and Gusella 1984). DNA was extracted from
cell lines or directly from blood samples by using stan-
dard methods.

DNA Marker Typing
Analysis of the dinucleotide repeat polymorphisms

for D16S298, D16S299, and D16S300 was carried out
using oligonucleotide primers previously described by
Thompson et al. (1992). Primers for the D16S288 locus
were described by Shen et al. (1991), and those for
D16S285 locus were described by Konradi et al. (1991).
Reaction volumes were 10 gl and contained 5 ng lym-
phoblast cell line DNA, 0.2 mM each dATP, dCTP, and
dTTP; 2.5 ,uM dGTP; 4 ng each primer; 0.08 gl (a-
32P)dGTP (3,000 mCi/mM); 0.05 gl Taq polymerase
(Boehringer-Mannheim); and 1 X reaction buffer (Boeh-
ringer-Mannheim). For DI 6S288, DI 6S298, DI 6S299,
and D16S300, the reaction mixture also included 0.1 pl
Perfect Match (Stratagene). For all primer sets, anneal-
ing was carried out at 55°C. To ensure consistent allele
assignment from film to film, three DNA samples ex-
hibiting different alleles for a given marker were in-
cluded on each gel as controls.

Analysis of the D16S272 RFLP was done using con-
ventional procedures (Sambrook et al. 1989). The two-
allele PvuII RFLP (PIC = .49) at D16S272 and the
corresponding probe 16-129 have been reported to the
Genome Data Base (Lerner et al. 1992). The order of
the relevant markers is shown in the ideogram of chro-
mosome 16 in figure 1 (Callen et al. 1992).

Linkage Analysis
All linkage analyses were performed using the LINK-

MAP subprogram of the LINKAGE (version 4.9) pack-
age (Lathrop et al. 1984). CLN3 was modeled as a com-
pletely penetrant autosomal recessive trait with an allele
frequency of .003. No new-mutation rate was assumed.
All individuals used in the analysis were either clearly
affected or normal and beyond risk of affection. We
had previously observed no recombination events with
D16S285 in these families (Yan et al. 1993), and we
observe no new ones here. Since all these markers have
been mapped by somatic cell hybrids within the
D16S150-D16S148 interval (Callen et al. 1992), multi-
point analysis was unnecessary and was not performed.
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Comparison of Control Populations for D16S299

CEPH Non-CLN3
Allele Chromosomes Chromosomes

1 ........ 2 4
2 ........ 1 2
3 ........ 10 12
4 ........ 12 8
5 ........ 21 22
6 ........ 9 8
7 ........ 2 0
8 ........ 3 0

Total ...... 60 56

A

For haplotype frequencies, only chromosomes where
phase could be determined unambiguously were used.HP

Results

qtcr

Figure I Ideogram of human chromosome 16, showing local-
ization of markers used in this study. The relative order of the
markers is based on the genetic linkage map (J. Mulley, personal
communication) and the cytogenetic map (Callen et al. 1992) of chro-
mosome 16. D16S272 has not been genetically mapped but maps to

the same subregion of 16pl2.1 as do D16S288, D16S298, and
D16S299. "A" indicates the CLN3 candidate region based on recom-
bination analysis, and "B" indicates the CLN3 candidate region

based on disequilibrium analysis.

Linkage Disequilibrium
Linkage disequilibrium was calculated as a X2 with

correction for continuity. The expected observations
were based on the allele or haplotype frequencies of 56
non-CLN3-bearing chromosomes in the families, as

well as of a set of 60 unrelated control chromosomes
(CEPH parents) in the case of D16S299. Alleles that
were not present in the control population were not
included in the X2 analysis. The calculations were

carried out in two ways: the first included every allele
class separately, while the second grouped rare alleles
into classes so that no fewer than five observations
were expected in any one class. There was little differ-
ence in the significance of the results. No differences
between the two control populations were observed
for D16S299, either when all alleles were used (X2(7)
= 6.0, P > .50) or when the rare alleles were collapsed
into a single category (X2(4) = 1.57, P = .85) (table 1).

Linkage Studies with CLN3
We analyzed 20 families with a total of 115 individ-

uals, including 30 patients with JNCL. Table 2 shows
the two-point LOD scores for these five markers and
for D16S285 (Yan et al. 1993), with respect to CLN3.
All markers display significant linkage with CLN3, with
no recombination (LOD > 3 at 0 = 0).

Four marker loci, D16S288, D16S298, D16S299,
and D16S272, showed significant allelic association
with CLN3 (table 3). For D16S298, the "5" allele (180
bp) was overrepresented, despite being the most com-
mon allele in the control population. For D1 6S299, the
"4" allele (118 bp) was strikingly overrepresented, and

Table 2

Pairwise LOD Scores of Chromosome 16 Markers with NCL

LOD SCORE AT 0 =
DISEASE AND
MARKER .00 .05 .10 .20 .30 .40

JNCL:
D16S288 ...... 8.06 6.95 5.79 3.68 1.81 .50
D.16S298 ...... 3.98 3.37 2.72 1.62 .78 .20
D16S299 ...... 7.50 6.67 5.76 3.74 1.87 .52
D16S272 ...... 3.51 3.05 2.54 1.65 .82 .21
D16S300 ...... 6.51 5.72 4.91 3.26 1.69 .48
D16S285 ...... 7.41 6.35 5.32 3.40 1.72 .47

LNCL:
D16S299 ...... - oo -3.25 -1.76 -.60 -.18 -.01
D16S285 ...... - oo -1.75 -.81 -.15 .02 .02

13.3
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Table 4

Summary of Allelic Association Data

Marker X2 df P

D)16S288 ...... 46.5 7 <.005
D16S298 ...... 36.6 6 <.005
D16S299 ...... 73.8 7 <.005
D16S272 ...... 5.7 1 .02
D1 6S.300 ...... 8.5 7 .30
D I 6S28S ...... 11.2 8 .20

for D16S288, the "12" (142 bp) allele was overrepre-

sented. Although only a simple two-allele system, the
RFLP marker at D16S272 also shows significant dis-
equilibrium with the "1" allele (8 kbp). There was no

evidence of allelic association between CLN3 and al-
leles at the marker loci D16S300 and D16S285. These
data are summarized in table 4.

Further investigation of disequilibrium was per-

formed by examining the haplotypes. As expected, the
D16S298/D16S299 haplotype "5/4" was very highly
overrepresented, accounting for 25/46 (54%) of CLN3
chromosomes as compared with 8% of control chro-
mosomes. The X2(1) value of 117 is highly significant (P
< .0001). No other haplotype was overrepresented.
There is no evidence of linkage disequilibrium between
D16S298 and D16S299 in the control population, as

the predicted equilibrium frequency is 6%. When we

extend the haplotype to include D16S288, 9 of 42
CLN3 chromosomes carry the "12/5/4" haplotype.
The "12" allele is not observed on any other CLN3
haplotype.

Exclusion of CLN2 from the CLN3 Candidate Region
Analysis of D16S299 in our 10 pedigrees with LNCL

excludes linkage of this marker and CLN2 to 7 cM
(LOD = -2.00) (table 2).

Discussion

Localization of CLN3
Numerous "positional cloning" techniques have

been developed to move from a linked DNA marker to
a gene, and these have now been employed to clone
many inherited diseases. With the notable exceptions
of cystic fibrosis (Kerem et al. 1989), myotonic dys-
trophy (Aslanidis et al. 1992), and Huntington disease
(Huntington's Disease Collaborative Research Group
1993), these cloning efforts have been aided by the pres-

ence of detectable chromosomal deletions or rearrange-
ments in the affected individuals, which served to de-
lineate the target candidate region. In the absence of
chromosomal aberrations, genetic recombination map-
ping has been the primary source of localization infor-
mation. Since finer localization of CLN3, based on
classical recombination analysis, has proved not to be
feasible in our current collection of families, we have
pursued an alternative strategy based on the study of
linkage disequilibrium and haplotype analysis.
The strong linkage disequilibrium we observe with

the D16S298/D16S299 haplotype suggests that CLN3
lies closer to these markers in 16p12.1 than to
D16S288. D16S298 and D16S299 lie approximately
0.2 cM (sex-averaged) apart on the genetic map and
about 1 cM from D16S288 U. Mulley, personal com-
munication), but their relative order is still unknown.
The fact that no disequilibrium exists with D16S300
indicates that it is an effective proximal boundary for
the CLN3 gene.

Although we cannot draw definitive conclusions, we
can speculate that CLN3 resides most closely to
D16S298. Since the rare "12" allele at D16S288 occurs
on only the disequilibrium "5/4" haplotype but is seen
on only a minority of those chromosomes, it is likely to
have recombined, on or off this chromosome, early in
the dissemination of CLN3. When the non-"5/4"
JNCL chromosomes are examined, no suggestion of
disequilibrium remains with D16S288 or D16S299, but
a nonsignificant increase in the "5" allele is seen with
D16S298, suggesting that it resides closest to the CLN3
mutation. Our approach may be complicated by two
factors. The absence of linkage disequilibrium between
D16S298 and D16S299 in the control population sug-
gests that these polymorphisms have been around a
long time and that they are relatively stable. The finding
of disequilibrium between JNCL and these and other
markers in the region supports the notion that the
CLN3 mutation is a relatively recent event and that the
dilution of linkage disequilibrium is still minimal. Con-
sequently, the target CLN3 region may be significantly
more than the 500 kbp found, e.g., in Huntington dis-
ease (MacDonald et al. 1992), and may encompass 2-3
cM. Although the genetic/physical distance in this re-
gion is not well characterized, recombination does
seem to be repressed, since the markers D16S148 and
DJ6S150 are only 15 cM apart yet span approximately
one-third of the chromosome. Physical mapping stud-
ies using pulsed field gel electrophoresis are in progress
to determine the actual physical distance between the
markers D16S298, D16S299, and D16S288.
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The detection of allelic and haplotype association
between the CLN3 locus and closely linked markers is
consistent with a small number of mutations in JNCL.
Our families were collected throughout the United
States, but the majority (89%) are of northern European
origin and may have arisen from a common founder(s).
In our study, all the families with the "5/4" haplotype
are of northern European descent. No specific north-
ern European subgroup is overrepresented in our
sample.

After we submitted the present paper, Mitchison et
al. (1993) reported linkage disequilibrium between
CLN3 and the markers D16S288, D16S298, and
D16S299, in their collection of 70 JNCL families. Our
142-bp D16S288 "12" allele corresponds to their 142-
bp "7" allele; our 180-bp D16S298 "5" allele to their
180-bp "6" allele; and our 118-bp D16S299 "4" allele
to their 118-bp "5" allele.
The finding of linkage disequilibrium between

CLN3 and the D16S298/D16S299 haplotype allows
us to narrow our search for the JNCL gene. We plan to
evaluate linkage disequilibrium between CLN3 and
novel microsatellite markers within this new target re-
gion. The generation of an extended haplotype encom-
passing additional highly informative markers will al-
low us to localize more precisely the CLN3 gene.

Because of the somewhat higher mutation rate with
microsatellite markers (Kwiatkowski et al. 1993) and
the large number of alleles, the usefulness of these
markers in disequilibrium studies has been in question.
Our results demonstrate that genetic disequilibrium
analysis based on microsatellite markers is not only fea-
sible but can also lead to a substantial reduction in the
candidate gene region despite a relatively small family set.

Exclusion of CLN2 from the CLN3 Candidate Region
It had been suspected that LNCL and JNCL might

be allelic forms of the same disorder because they share
many clinical similarities. In an earlier linkage study of
North American LNCL pedigrees with the dinucleo-
tide marker at DI 6S285 (Yan et al. 1993), we were able
to exclude CLN2 from most of the D16S150-
D16S148 candidate region, with a small region at the
distal end not formally excluded. Since our refined lo-
calization of CLN3 lies at the distal end of this region,
we sought to strengthen our result by analysis of a
marker in strong disequilibrium with CLN3. Our re-
sults further support nonallelic heterogeneity for
CLN2 and CLN3. A genomewide search is currently
underway to localize CLN2.
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