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Candidate Gene for the Chromosome 1 Familial
Alzheimer’s Disease Locus

Ephrat Levy-Lahad,* Wilma Wasco,* Parvoneh Poorkaj,
Donna M. Romano, Junko Oshima, Warren H. Pettingell,
Chang-en Yu, Paul D. Jondro, Stephen D. Schmidt, Kai Wang,
Annette C. Crowley, Ying-Hui Fu, Suzanne Y. Guenette,
David Galas, Ellen Nemens, Ellen M. Wijsman, Thomas D. Bird,
Gerard D. Schellenberg,T Rudolph E. Tanzi

A candidate gene for the chromosome 1 Alzheimer’s disease (AD) locus was identified
(8TM2). The predicted amino acid sequence for STM2 is homologous to that of the
recently cloned chromosome 14 AD gene (S182). A point mutation in STM2, resulting in
the substitution of an isoleucine for an asparagine (N141l), was identified in affected
people from Volga German AD kindreds. This N141] mutation occurs at an amino acid
residue that is conserved in human S182 and in the mouse S182 homolog. The presence
of missense mutations in AD subjects in two highly similar genes strongly supports the
hypothesis that mutations in both are pathogenic.

Alzheimer’s disease is the most common
cause of dementia in the elderly. The patho-
genic pathway leading to neurodegeneration
and AD is not well understood. However, at
least some forms of the disease have a genetic
etiology. For autosomal dominant, early-onset
(<65 years) AD, causative mutations have
been identified in the amyloid precursor pro-
tein (APP) gene on chromosome 21 (1), and
mutations that segregate with familial AD
(FAD) have been identified in S182, a strong
candidate gene for the chromosome 14 AD3
locus (2). In addition to these major gene
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effects, the €4 allele of the apolipoprotein E
(APQOE) gene modifies the risk of developing
some forms of AD, possibly by lowering the
age of onset (3). A third autosomal dominant
locus, responsible for AD in the Volga Ger-
man (VG) kindreds, has been recently local-
ized to chromosome 1g31-42 (4). ldentifica-
tion of this locus was complicated by the
overlap in the ages of onset of the affected VG
subjects with late-onset AD, which is a com-
mon disease; thus, potential phenocopies, pre-
sumably a result of etiologic (genetic and non-
genetic) heterogeneity, were observed among
the affected VG subjects (4).,

Nine VG families were used in this study
(Fig. 1). The ancestors of these, families im-
migrated from the Hesse region of Germany
to Russia in the [760s and subsequently to
the United States at the turn of the 20th
century (5). The families were ascertained as
part of our larger genetic linkage studies
because they contained multiple cases of au-
topsy-documented AD occurring in two or
more generations. Families with both early-
and late-onset AD cases were included. De-
tailed clinical, neuropathologic, and genetic
studies of these families have been published

elsewhere (6, 7).
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Fig. 1. Segregation of N141l, D1S479, and APOE genotypes in VG pedi-
grees. Genotypes given beneath the symbols (top to bottom) are as follows;
N141I status (+ indicates the presence of the mutation); APOE genotypes (2,
3, and 4 are the €2, €3, and €4 alleles, respectively); and D1S479 genotypes
(A, 126 bp, B, 124 bp; C, 122 bp; D, 120 bp; E, 118 bp; F, 116 bp; G, 114 bp;
H, 112 bp; I, 110 bp; J, 108 bp; K, 106 bp; L, 104 bp; and M, 102 bp). The
allele frequency for the 112-bp allele is 0.041 in Caucasian controls and 0.031
in VG spouses (4). Genotypes in parentheses were deduced from spouse and
offspring genotypes. The number above and to the right of the family mem-
bers is the age of onset for affected subjects, the current age for living
subjects, or the age at death for unaffected subjects. For each pedigree, the

mean age of onset * the standard deviation, the number of affected subjects
used to compute the mean in parentheses, and the age of onset range is
given. For the WFL pedigree, one affected subject had the 112-bp D1S479
allele. However, this subject’s haplotype, constructed from surrounding mark-
ers, was not consistent with the haplotype segregating with AD in the other
pedigrees (4). Solid symbols represent affected subjects, open symbols un-
affected subjects, and stippled symbols possible AD subjects. The pedigrees
have been altered to protect confidentiality, and not all subjects genotyped are
shown. Also, to further disguise the pedigrees, living and deceased individuals
are not distinguished, and some of the family members shown were not
available for sampling.

Two strategies were used to identify the
AD chromosome 1 gene. The first approach
was to use yeast artificial chromosomes
(YAGCs) to clone the chromosome 1 AD
locus region, as defined by linkage analysis
(4). A total of 60 YACs between flanking
markers D1S229 and D1S103 were isolated
(8) with the eventual goal of identifying
transcripts as new genes from this region.
The second strategy was to test for muta-

tions in known candidate genes in this in-
terval. The first candidate tested was a gene
at 1g31 that encodes cathepsin E (9), a
protease that is present in elevated amounts
in the brains of AD patients (10), and is
potentially capable of cleaving APP at the
B-secretase site. No mutations were identi-
fied in the open reading frame of this gene.

The second candidate tested was identified .

as a homolog to S182, the candidate AD3

Fig. 2. Mapping, DNA sequence analysis of AD4, and Sau 3A mutation detection. (A)
Polymerase chain reaction primers were designed from TO3796 to yield a 188-bp product
from a TO3796-equivalent cDNA clone (primers WWF and WWR) (77). Amplification of
genomic DNA produced a strong 1.3-kb band and a faint 2.5-kb band (markers on left) (lane
1). The 1.3-kb band was sequenced and did not contain the EST sequence. The 60
chromosome 1 YACs (8) were initially screened by PCR with primers EP1F and EP1R (3)
and subsequently with primers WWF and WWR; a single YAC (921D12) yielded a strong
2.5-kb product with both primer pairs. The three largest subclones of 921D12 (lanes 3 to 5)
contained the 2.5-kb fragment, whereas the smallest clone (lane 6) did not (72). Lane 2
contains Lambda Hind Il molecular weight standards. (B) DNA sequence analysis of
RT-PCR products from an affected VG subject and a control. RT-PCR products were
amplified with primers 5’-GATCGTGGTGGTAGCCACCA-3’ (nt 664 to 683) and 5'-TC-

CCAGACAGTCAGCAAGAG-3' (nt 995 to 977) (14) and sequenced with the same primers (76). The A to T substitution in the
affected person is the N1411 mutation. (C) The N141| mutation is detected by amplification of 60 to 100 ng of genomic DNA with
primers WWF (77) and INT1R (intronic primer 5'-GTGGGGCAGACGGAGAGAA-3', 40 ng of each primer), 1.5 mM MgCl,, and
deoxynucleotide triphosphates (200 wM). Amplification was performed with an initial incubation at 95°C for 3 min followed by 35
cycles of 45 s at 94°C, 45 s at 60°C, and 45 s at 72°C, with a final incubation for 10 min at 72°C. The 160-bp PCR product (in 20
wl) was digested with 10 U of Sau3A and the fragments resolved by electrophoresis in a nondenaturing 12% polyacrylamide gel.
Fragments were visualized by ethidium bromide staining. The N141| mutation results in fragments of 102 bp, 58 bp, 43 bp, and 15
bp (not shown), whereas noncarriers have only the 102- and 58-bp fragments. Lanes are as follows: 1, at-risk, 79 years; 2, affected,
onset 60 years; 3, at-risk, 67 years of age; 4, affected, onset 75 years (presumed phenocopy); 5, Boehringer Mannheim DNA size

25>
1.3m

A

standard V; 6, affected, onset 52 years; 7, affected, onset 46 years; and 8, affected, onset 49 years.
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gene (2). A 475-bp expressed sequence
tagged (EST) sequence (T03796) was iden-
tified in the translated EST database and
was 80.5% identical in amino acid sequence
to S182. A rodent-human somatic cell hy-
brid panel was used to map this EST to
chromosome 1 (11). T03796 was found on
a single chromosome 1 YAC (921D12)
(Fig. 2A) that also contained D15439 and
D1S479 (12). Previous work showed that
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normal sequence. The seven putative TMDs are indicated by lines at the top of the alignment. Abbreviations for the amino acid residues are: A, Ala; C, Cys; D,
Asp; E, Glu; F, Phe; G, Gly; H, His; |, lle; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, GiIn; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr.

the 112-bp allele of D1S479 (allele H in
Fig. 1) was observed in most affected people
in five of seven VG families (4) and is
potentially in linkage disequilibrium with
the chromosome 1 AD gene.

We cloned the gene corresponding to
T03796, designated F (full-length) T03796,
by screening human brain and fibroblast
complementary DNA (cDNA) libraries
with a probe derived from the EST se-
quence (13). Clones of approximately 2.3
kb were obtained from both cDNA librar-
ies. Sequence analysis of one brain and two
fibroblast clones (14) showed that each
contained the T03796 sequence and had a
448 -amino acid open reading frame (Gen-
Bank accession number 1L43964) that was
closely homologous to S182 (Fig. 3). North-

ern (RNA) blot analysis of RNA from a
variety of human tissues revealed two
F-T03796—related transcripts that were ap-
proximately 2.4 and 2.8 kb in size (15). The
larger transcript appears to be primarily ex-
pressed in placenta, skeletal muscle, and
heart, whereas the smaller transcript is de-
tected in heart, brain, placenta, liver, skel-
etal muscle, and kidney, but not lung. A
sequence-tagged site (STS) from the 3’ un-
translated region was used to confirm that
F-T03796 maps to chromosome 1 and to
YAC 921D12 (11).

The entire coding region of the
F-T03796 gene was screened for mutations
in four affected VG subjects from the HB,
HD, R, and W families (16). The affected

people were heterozygous at codon 141

Table 1. Lod scores for linkage of N141] to AD. For the APOE covariate sporadic model, a mean onset
of 80 was used for sporadic APOE e4/e4 cases. For all gene frequencies examined, the likelihood
maximized at an e4/e4 mean onset of 81. These results are quite insensitive to assumptions about the
N141I mutation frequency (over a range of 0.0001 to 0.015) and the e4/e4 mean onset age (over a range
of 70 to 100 years): the highest lod score was 8.51 at a gene frequency of 0.0001 and an e4/e4 mean
onset of 81 years, whereas the lowest was 8.04 at a gene frequency of 0.015 and a mean e4/e4 onset of

100 years. 6 indicates the recombination fraction at which Z,

« was obtained.

LLod scores for recombination fraction (6)

Model Z o (0)
0.0 0.001 005 0.10 0.15 020 0.30 0.40
Age-dependent penetrance 2.04 3.11 589 592 556 498 347 168 5.97(0.08)
General sporadic 791 790 750 6.90 6.18 538 360 1.68 7.91(0.0)
APOQE covariate sporadic 835 834 788 722 645 560 373 174 8.35(0.0)
SCIENCE ¢ VOL. 269 <« 18 AUGUST 1995

(AAC/ATC), which results in the substitu-
tion of an isoleucine for an asparagine
(N1411) (Fig. 2B). The substitution creates
a Sau 3A restriction site that permits rapid
genotyping of the N1411 mutation (Fig.
C). Affected people carrying the N1411
mutation were identified in five (H, HB,
HD, R, and W) of the seven VG families
initially screened. All people with the
N141I mutation also carried the D1S479
112-bp allele (allele H, Fig. 1). Subsequent-
ly, two additional VG families (E and BE)
were screened for the N1411 mutation.
These families had not been used in the
linkage study (4) because DNA was avail-
able from only one affected (BE family) or
one possible AD subject (E family). In both
kindreds, the affected people carried the
N1411 mutation and the D1S479 112-bp
allele. In total, the N14II mutation was
directly observed in 20 affelted subjects and
was inferred to be present from spouse-
children genotypes in an additional six AD
subjects; ages of onset for the 26 people
ranged from 44 to 75 years. The N1411
mutation was also observed in 15 at-risk
subjects (blood relatives of affected N1411
carriers), with ages ranging from 23 to 67
years. No VG spouse (n = 17) had the
N1411 mutation. Additional populations
screened included 84 normal Caucasians,
spouses, at-risk subjects, and affected sub-
jects from 67 late-onset familial FAD fam-
ilies (n = 223 affected people), and 48
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affected sporadic people from an AD clinic
population. No other N1411 mutation car-
riers were identified (17).

No one in the KS or WFL families had
the N1411 mutation. These two families are
thought to represent genetic heterogeneity
within the VG families for the following
reasons. (i) Neither family had previously
yielded positive linkage evidence to chro-
mosome 1 markers. (ii) Affected members
of these families did not share the same
haplotype as observed in affected members
of other VG families (4) (Fig. 1). (iii) The
age of onset is higher for the WFL and KS
kindreds compared to other VG families
(Fig. 1). In the seven families in which most
of the affected subjects had the N1411 mu-
tation (BE, E, H, HB, HD, R, and W), there
were two affected subjects (one in the R
family and one in the HD family) who did
not have the N1411 mutation. The HD
subject had onset of AD at 75 years of age
and was APOE €3/e4, and the R subject had
onset of AD at 67 years and was an APOE
€4/e4 homozygote. Neither had the 112-bp
D1S479 allele that segregates with the ma-
jor AD gene in the VG families (4) (Fig. 1).

To evaluate the evidence that the non-
mutation carriers may be phenocopies, log-
arithm of the likelihood ratio for linkage
(lod) scores for linkage of N1411 to AD in
the seven VG families (H, HB, HD, KS, W,
and WFL) were computed under three
models (18) (Table 1). Results from the
standard age-corrected penetrance method
were compared to lod scores computed with
two different phenocopy correction models.
The general sporadic correction model as-
sumes that the probability that a subject is a
phenocopy increases with age of onset. The
APQOE covariate sporadic model adds the
assumption that APOE e4/e4 sporadic sub-
jects have an earlier age of onset than non-
€4/e4 sporadic subjects. Both phenocopy
correction models yielded higher values for
the peak lod score (Z,,,,) compared to the
standard model, with the highest value ob-
tained from the APOE-covariate sporadic
model (Table 1). Also, for both phenocopy
correction models, maximum lod scores
were at 0% recombination, as compared to
8% for the standard model. Accurate spec-
ification of parameters in a genetic model
generally produces lower and more accurate
estimates of the recombination fraction and
higher lod score estimates when compared
to results from models where inaccurate
parameters are used (19). Thus, these re-
sults support the hypothesis that there are
phenocopies in the VG pedigrees, particu-
larly subjects who are APOE e4/e4. This
interpretation is further supported by the
fact that non-N1411 carrier AD subjects
appear to have a higher age of onset com-
pared to N1411 carriers (mean = 66 years, n
= 11, range = 57 to 75 versus mean = 54
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years, n = 26, range = 44 to 75, respective-
ly). Also, noncarriers had a higher €4 allele
frequency (0.59, n = 22 alleles) compared
to carriers (0.19, n = 46 alleles).

The amino acid sequence predicted by
F-T03796 exhibits similarity to S182 (2)
(Fig. 3). At the amino acid level, the two
genes were 67% identical. A similar degree
of homology was found between the chro-
mosome 1 gene and the mouse S182 ho-
molog; the three mammalian genes also
displayed similarity to the Caenorhabditis
elegans spe4 gene (20). The N1411 mutation
reported here and all five mutations report-
ed in S182 (2) occur at residues conserved
between the chromosome 1 gene, S182, and
the mouse S182 homolog. Like S182 and
spe4, hydropathy plots from the F-T03796
sequence predict that the encoded protein
has seven transmembrane domains and is
thus referred to as STM2 (the second seven
transmembrane gene associated with AD).
Within the putative transmembrane do-
mains (TMDs), the sequence similarity be-
tween STM2 and S182 is striking, with an
identity of 84%. For STM2, all the putative
transmembrane helices are capped at the
COOH-terminal end by a lysine residue,
found either at the very end or within a few
residues of the end of the TMDs. The
N1411 mutation constitutes a change from
a hydrophilic asparagine residue to a hydro-
phobic isoleucine residue at a position di-
rectly adjacent to the first predicted TMD
(Fig. 3). Likewise, one of the reported S182
familial AD mutations occurs immediately
before a putative TMD and three others
occur within the first three residues of pre-
dicted TMDs. These mutations may all,
therefore, adversely affect the insertion or
anchoring of these proteins in membranes.
The non-TMD regions show less conserva-
tion between STM2 and S182; the regions
of greatest divergence are the 80 amino
acids at the NH,-terminal end and the se-
quence in the hydrophilic loop between the
sixth and seventh TMD. In this latter re-
gion, STM2 is shorter than S182 by 24
residues.

The normal cellular functions of STM2
and S182 are unknown. If these proteins are
functionally similar to those encoded by
spe4, potentially functioning in the cytoplas-
mic partitioning of proteins, mutations in
S182 and STM2 could alter intracellular
protein trafficking of APP and ultimately
lead to altered APP processing and increased
production of amyloid precursor proteins
AB 40 or APy, Consistent with this idea,
recent work with fibroblast cell lines from
AD?3 carriers has shown that secretion of AR
ending at position 42 is increased relative to
noncarrier cell lines (21). It is also conceiv-
able that the STM2 and the S182 gene
products may function as G protein—coupled
receptors or as ion channels.
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lonic Mechanisms of Neuronal Excitation by
Inhibitory GABA, Receptors

Kevin J. Staley,” Brandi L. Soldo,T William R. Proctor

Gamma-aminobutyric acid A (GABA,) receptors are the principal mediators of synaptic
inhibition, and yet when intensely activated, dendritic GABA , receptors excite rather than
inhibit neurons. The membrane depolarization mediated by GABA, receptors is a result
of the differential, activity-dependent collapse of the opposing concentration gradients of
chloride and bicarbonate, the anions that permeate the GABA, ionophore. Because this
depolarization diminishes the voltage-dependent block of the N-methyl-D-aspartate
(NMDA) receptor by magnesium, the activity-dependent depolarization mediated by
GABA is sufficient to account for frequency modulation of synaptic NMDA receptor
activation. Anionic gradient shifts may represent a mechanism whereby the rate and
coherence of synaptic activity determine whether dendritic GABA,, receptor activation is

excitatory or inhibitory.

T ransient decreases in inhibition are neces-
sary for the induction of plasticity at Heb-
bian synapses (I). High-frequency stimula-
tion, which mimics the in vivo firing fre-
quencies of the interneurons that release
GABA (2), is the most robust method of
increasing synaptic strength (1). GABA,
receptor activation, which is normally inhib-
itory (3), becomes excitatory at these high
frequencies because the postsynaptic mem-
brane is depolarized rather than hyperpolar-
ized (4—6). The mechanism of this depolar-
ization is unknown but should involve the
flux of chloride (Cl7) and bicarbonate
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(HCO;™) because the GABA , ionophore is
selectively permeable to these anions (7, 8).
Although some classes of neurons maintain a
resting Cl™ reversal potential (E) that is
more positive than the resting membrane
potential (RMP) (3, 9, 10), in neurons such
as pyramidal cells that maintajn E(; negative
to the RMP, regional (11) and activity-de-
pendent (12) differences in the gytoplasmic
CI™ concentration ([CL7],) are not sufficient
to explain the activity-dependent GABA ,
receptor—mediated depolarization (13, 14).
The HCO;™ reversal potential (Ejjco,) is
much more positive than the RMP (15), but
efforts to define a role for HCO;™ in the
GABA-mediated depolarization have been
inconclusive (16), as it has not been possible
to reconcile a depolarizing HCO;™ efflux
with the salient characteristics of the
GABA-mediated depolarization: activity de-
pendence, slow kinetics, and dendritic local-
ization (4-06).
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