
Proc. Natl. Acad. Sci. USA
Vol. 92, pp. 12180-12184, December 1995
Neurobiology

Identification and expression analysis of a potential familial
Alzheimer disease gene on chromosome 1 related toAD3
JINHE LI*, JUNLI MAt, AND HUNTINGTON POTTER*t
*Department of Neurobiology, Harvard Medical School, 220 Longwood Avenue, Boston, MA 02115; and tWhitehead Institute for Biomedical Research, Nine
Cambridge Center, Cambridge, MA 02142

Communicated by Edward A. Kravitz, Harvard Medical School, Boston, MA, September 19, 1995 (received for review August 16, 1995)

ABSTRACT The inheritance of much early-onset Alzhei-
mer disease (AD) has been linked to a dominant-acting locus
on chromosome 14. Recently, the gene likely responsible for
this genetic linkage has been identified and termed AD3. Five
mutations have been found in AD3 that segregate with the
disease phenotype in seven AD families and are not present in
unaffected individuals. Here we report the existence of a gene
encoding a seven transmembrane domain protein very similar
to that encoded by AD3 in structure and sequence. This gene
is located on chromosome 1, is expressed in a variety of tissues,
including brain, and is predicted to harbor mutations causing
nonchromosome 14 familial AD. The presence of several
S/TPXX DNA binding motifs in both the AD3 protein and the
AD3-like protein/AD4 protein suggests a possible role in
intracellular signaling and gene expression or in linking
chromatin to the nuclear membrane. Ways in which mutations
in either gene could lead to AD are discussed.

Alzheimrer disease (AD) is a neurodegenerative disorder of the
central nervous system characterized by progressive deficits in
memory and cognition and by certain neuropathological le-
sions-extracellular amyloid plaques and intracellular neuro-
fibrillary tangles-that serve to define the disease at autopsy
(1). Of the two AD lesions, amyloid deposition is the most
definitive, since neurofibrillary tangles also occur in other
neurodegenerative disorders and are a common feature of
dying neurons.
The major component of the AD amyloid deposits is an

-42-amino acid peptide, termed AP3, which is derived by
proteolytic cleavage from the much larger amyloid precursor
protein (APP) (2, 3). In addition to AP, AD amyloid deposits
also contain several other proteins, in particular antichymo-
trypsin (ACT) (4-8) and apolipoprotein E (apoE) (9, 10).
These amyloid-associated proteins have been shown to bind to
two specific regions of the AP peptide in vitro and to promote
its polymerization into neurotoxic amyloid filaments (11-18).

Despite a uniformity in clinical and neuropathological fea-
tures, AD appears to be genetically heterogeneous. At least
20% of cases are due to the inheritance of one of several
autosomal dominant mutations located on several different
chromosomes (19-24). Another 30% of cases reflect the
activity of a few known genetic risk factors (13, 25-27), and the
remainder are apparently sporadic and under no identifiable
environmental or genetic influence.
Thus far, four genes have been identified in which nucleotide

changes correlate with the inheritance of familial AD. The
gene encoding the APP resides on chromosome 21 and can
carry mutations in several positions that cause early-onset
inherited AD with virtually 100% penetrance (19). These
mutations have been shown to affect the synthesis, the pro-
cessing, or the amyloidogenicity of the A,B peptide (28-31).
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Mutations in the APP gene (now termed AD1) account for
2-3% of early-onset AD and <1% of all cases (32, 33).
The E4 allele of the apoE gene, located on chromosome 19

and termed AD2, has been linked by genetic and epidemio-
logical studies to the late-onset (>65 years of age) form of
familial AD (13, 25, 26). The apoE4 protein binds more
strongly to the A,B peptide in vitro than do the nonpathogenic
E2 and E3 isoforms (13) and is a strong promoter ("patho-
logical chaperone") of amyloid filament formation in vitro (10,
15-17).
The protease inhibitor ACT is associated with the AD

amyloid deposits in vivo and, like apoE, binds to the A,B
peptide in vitro and promotes its polymerization into amyloid
filaments (4-8, 11, 12, 15). Preliminary linkage analysis of the
ACT gene on chromosome 14 and familial AD was weakly
positive (H.P., unpublished results) and helped prompt further
genetic investigation of AD and chromosome 14. Position q24
of chromosome 14 was first identified by Schellenberg et al.
(20) and was rapidly confirmed by others (21-23) as harboring
a mutation causing >70% of early-onset AD. Recently, the
gene likely most responsible for the chromosome 14 linkage to
early-onset AD has been identified and termedAD3 (24). Five
mutations in AD3 segregate with the disease phenotype in
seven AD families, while being absent from normal individu-
als. AD3 encodes a membrane protein whose function in AD
and normal physiology is unknown and will be discussed below.
A common allele ofACT itself has also recently been shown

to constitute a genetic risk factor for developing inherited AD
(27). The A allele of the ACT gene encodes an Ala residue (in
place of Thr) in the signal peptide of ACT and may lead to
enhanced secretion of this amyloid-promoting factor or patho-
logical chaperone. The increased risk associated with the A
allele of ACT is particularly striking when combined with the
E4 allele of the apoE gene: the odds ratio increases from 4.4
for individuals with an apoE4/E4-ACT-T/T genotype to 34
for those with apoE4/E4-ACT-A/A. If it is confirmed, this
result, with the amyloid-promoting activity of ACT, will make
it reasonable to refer to ACT as "AD5."

In this paper we report on a gene on chromosome 1, which
is highly homologous to AD3 and may become "AD4"§ if
mutations in it are found in families with nonchromosome 14
inherited AD.

MATERIALS AND METHODS
Identification of T03796 and Cloning of the Full-Length

cDNA. All nucleotide sequences in the GenBank data base
were translated into amino acid sequences in all six reading

Abbreviations: AD, Alzheimer disease; APP, amyloid precursor pro-
tein; ACT, antichymotrypsin; apoE, apolipoprotein E; EST, expressed
sequence tag; RACE, rapid amplification of cDNA ends; UTR,
untranslated region; YAC, yeast artificial chromosome; AD3LP, AD3-
like protein.
*To whom reprint requests should be addressed.
§The sequence reported in this paper has been deposited in the
GenBank data base (accession no. U34349).
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FIG. 1. Derived protein sequence of a cDNA corresponding to the T03796 EST (AD3LP/AD5) compared to the protein sequence ofAD3 (24).
The two proteins are almost identical over large stretches and both include seven putative transmembrane domains (underlined). Mutations inAD3
that lead to inherited AD are indicated below the AD3 line. Putative DNA-binding motifs of the form S/TPXX are shown in boldface type in both
proteins. The sequence of the AD3LP/STM2/AD4 gene was derived partly from the T03796 clone and partly from 5' RACE-derived cDNA clones.

frames and then compared to the published protein sequence
(24) of AD3 (S182), by using TBLASTN (National Center for
Biotechnology Information server). The expressed sequence
tag (EST) sequence (T03796) whose encoded protein was most
highly homologous to AD3 was thus identified, and the
corresponding cDNA clone was obtained from the Lawrence
Livermore National Laboratory (IMAGE Consortium). After
we had determined the full sequence of T03796 (see below),
additional EST sequences identical to T03796 (GenBank
accession nos. R16831 and R05822) were also identified.
Because all of these EST clones were partial, 5' rapid ampli-
fication of cDNA ends (RACE) was used to complete the
full-length cDNA corresponding to T03796.

Sequencing and Analysis of DNA and Encoded Proteins.
The T03796 sequence in GenBank consists of 476 nt, with
some errors. We resequenced the reported region and then
sequenced the rest of T03796 and the 5' RACE clones for a
total of 2.4 kb. DNA sequencing was carried out by the
dideoxynucleotide chain-terminating procedure with fluores-
cent-tag-labeled deoxynucleotides by the Biopolymer Labora-
tory, Harvard Medical School. Oligonucleotide primers used
for sequencing were also synthesized by the Biopolymer Lab-
oratory. Sequences were compared for homology to other
sequences in the GenBank, GenEMBL, and dbest data bases,
by using FASTA (GCG software package from the Wisconsin
Genetics Computer Group) and by BLASTN and BLASTP (Na-
tional Center for Biotechnology Information server).
Chromosome Localization. Primers in the 3' untranslated

region (UTR) of T03796 were used in a PCR assay of DNA
samples from panels of human-rodent somatic cell hybrid cell
lines (Mapping panels 1 and 2, Coriell Institute for Medical
Research, Camden, NJ). The same primers were also used to
establish a yeast artificial chromosome (YAC) contig to link
the T03796 [AD3-like protein (AD3LP)] gene to sequence
target sites. Primer pairs were 5'-CTTTGTCCATGATGTC-
CTTG-3 '/5'-ATTAAGCCACTTCCCAGCAG-3' and 5'-
ACGGACAGGAAGCACAGCAG-3 '/5'-ACACTCTTT-
GCGCATCTCAG-3'.
Northern Blot Analysis. A single-stranded probe corre-

sponding to the 3' UTR ofAD3LP (T03796) was radiolabeled
with [a-32P]dCTP by using an asymmetric PCR from the M13
universal primer. The primer was hybridized to a multitissue
Northern (MTN) blot (Clontech) containing 2 ,tg of poly(A)+
RNA per lane. The blot was hybridized at 42°C and washed at
650C in 0.1x SSC/0.1% SDS according to manufacturer's

instructions. The blot was then exposed to x-ray film overnight
with double intensifying screens at -70°C.

RESULTS
Recently, a gene on chromosome 14 (AD3) was identified and
shown to harbor mutations that cosegregated with inherited
AD in several affected families (24). In an attempt to obtain
cDNA (or EST) sequences and clones corresponding to AD3,
and potentially additional related genes, we computer-
translated all of the known nucleotide sequences in GenBank
in all six reading frames and compared the resulting protein
sequences to the published protein sequence of AD3. This
search revealed a particular EST (accession no. T03796) whose
putative translation product was very similar to that of
AD3-an apparent seven transmembrane domain protein.
Examination of areas of difference in the two protein se-
quences indicated that T03796 was likely to be a partial cDNA.
We then used 5' RACE to complete the cloning of the
corresponding gene. Fig. 1 shows a comparison of the protein
sequences of AD3 and of the gene corresponding to T03796.
The two encoded proteins of 442 and 467 amino acids,

Establishment of a YAC Contig (WC-516) that links AD3LP gene to STS Markers
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FIG. 2. Chromosome localization of T03796. Human-hamster
somatic cell hybrid DNAs were screened by PCR to identify chromo-
some 1 as the locus of T03796. Further localization was carried out by
PCR screening of a YAC contig library. Four YACs mapping to
chromosome 1 were so identified and are indicated with the map
positions of the sequence target site (STS) sequences that they
encompass.
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respectively, are almost identical in some regions but com-
pletely diverge in others. In particular, the regions between the
sixth and seventh transmembrane domains are a different size
and sequence in the two proteins. Evidently, the human
genome harbors a second gene that is similar to AD3 at the
nucleotide level and encodes a highly homologous protein.
The structural similarity between AD3 and the translation

product of the T03796 gene suggests that the two proteins may
have related functions. One possibility would be to serve as
membrane receptors. Also, examination of the protein se-
quences of AD3 and T03796 revealed the presence of several
DNA-binding motifs of the form S/TPXX (34). These are
indicated in Fig. 1. Such motifs suggest that a normal function
of these two proteins may involve the control of gene expres-
sion or the movement or organization of chromatin.
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FIG. 3. Northern blot analysis. Two micrograms of poly(A)+ RNA
from the indicated tissues was electrophoresed, blotted, and probed
with a radiolabeled PCR fragment. Transcripts of 2.4, 3.0, and 7.0 kb
were detected that were expressed in different patterns in different
tissues. Expression in the brain was relatively uniform in different
regions and was restricted primarily to the 2.4-kb transcript.

The final confirmation that T03796 corresponds to a gene
related to the chromosome 14 AD gene,AD3, was obtained by
genomic mapping and Northern blot analysis. For genomic
mapping, two pairs of oligonucleotide primers were designed
on the basis of the T03796 sequence and used for PCR analysis
of genomic DNAs isolated from panels of human-rodent
somatic cell hybrid cell lines. Chromosome 1 rather than
chromosome 14, where AD3 resides, was unequivocally iden-
tified as the site of the gene corresponding to T03796. Sublo-
calization with PCR of YAC libraries placed the gene corre-
sponding to T03796 on the long arm of chromosome 1, -290
centimorgans from the centromere. The four YACs encom-
passing T03796 sequences are shown in Fig. 2, with the
corresponding sequence target site locations.

Northern blot analysis of various tissues was carried out
using a radiolabeled PCR fragment from the 3' UTR of
T03796 as a probe (Fig. 3). All tissues analyzed, including
brain, expressed this gene. Three bands corresponding to 7.0
kb, 3.0 kb, and 2.4 kb were observed, with different tissues
expressing different levels of the three transcripts. The two
transcripts of 7.0 kb and 3.0 kb are similar in size to those
corresponding to AD3 but are not due to cross-reaction
because the PCR probe was chosen to be specific for T03796.
The pattern of AD3 gene expression is fairly uniform, with
reduced expression in the liver (24). In contrast, T03796 is very
highly expressed in skeletal muscle and pancreas, where, unlike
in other tissues, the 3.0-kb transcript is particularly prominent.
T03796 is expressed uniformly throughout the brain, including

Trisomy 21 APP(AD1) Mutations AD3 Mutations AD4 Mutations
Chr. 21 Chr. 14 Chr. 1

A[B
production

Pathological Chaperones

g apoE4 (A22) Chr. 19

ACT (ADS) Chr. 14

amyloid

NEUROTOXICITY

FIG. 4. Genetic mutations implicated in AD. At least 50% of AD
cases are caused or strongly influenced by one or more genetic
alterations in the affected individuals. In addition to the striking effect
of trisomy 21, which leads to AD in virtually 100% of Down syndrome
patients (51), five genes (AD1-5) have been identified that can harbor
point mutations that cause or contribute to AD in otherwise-normal
individuals. Mutations in three of these genes (APP, now termedAD1)
(19), AD3 (20-24), and AD3LP/STM2/AD4 (reported here and in
refs. 52-54) are dominant and lead to AD with 100% penetrance, while
inheritance of certain alleles of the apoE (AD2) and ACT (AD5) genes
strongly increases the risk of developing AD (4, 5, 10-18, 26, 27). The
points at which these various alterations are currently believed to
function in the AD pathogenic pathway are indicated. Trisomy 21 and
mutations inAD] act by increasing the production or amyloidogenicity
of the A,B peptide (28-31, 36). Recent studies of fibroblast cultures and
sera from individuals carrying mutations inAD3 and STM2/AD4 (55,
56) suggest that these genes may act indirectly to effect the same result,
as shown by the dotted lines in the figure. The apoE and ACT proteins
function in the next step in the pathway, as amyloid promoting factors
or "pathological chaperones."
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areas prone to AD pathology. The 2.4-kb transcript is most
prominent.

DISCUSSION
Sequence comparison, chromosome localization, and expres-
sion analysis have demonstrated the existence of a gene related
toAD3-the familial AD gene on chromosome 14. In contrast
to AD3, this gene is located on the long arm of human
chromosome 1 and, like AD3, is expressed in a wide range of
tissues, including various regions of the brain.
The fact that the proteins encoded byAD3 and its chromo-

some 1 homologue represented by the T03796 EST clone are
nearly identical in certain regions and share an overall struc-
tural organization indicates a likely similarity of function.
Thus, mutations in this gene, like those found in AD3, may
similarly lead to some cases of familial AD. In this vein it is
noteworthy that each of the five known mutations inAD3 that
lead to AD change amino acids that are identical in the
T03796-encoded AD3LP.

Several families with early-onset inherited AD, in particular
the Volga Germans, do not show linkage to chromosome 14
(32) and might be predicted instead to harbor mutations in the
T03796/AD3LP gene sequence, putatively AD4 (see Note).

Neither AD3 nor STM2/AD4 show sufficient homology to
other proteins of known function to allow their roles in normal
physiology or AD to be clearly deduced by analogy. However,
several sequence motifs can be recognized in both proteins that
provide hints as to their possible function. For example, both
AD3 and STM2/AD4 appear to encode integral membrane
proteins with seven transmembrane domains. Many such pro-
teins have been identified and perform a number of physio-
logical functions (35). These include serving as receptors, often
coupled to G proteins, acting as ion channels, and functioning
as links between the cytoskeleton or nucleoskeleton and the
particular membrane in which the protein is localized. Any of
these functions could, if changed by mutation, lead to altered
expression or processing ofAPP to yield increased amounts of
the amyloidogenic A,B peptide. For instance, by influencing
the intracellular trafficking of membrane-bound vesicles con-
taining the APP protein, AD3 or STM2/AD4 may alter the
processing in the A,B peptide (24).

Interestingly, most of the mutations in AD3 that cause
familial AD reside in or near the transmembrane domains. The
other known genetic mutations that contribute to AD are also
related to lipid-binding functions of their host proteins: the
APP mutations are in a membrane protein, often within the
transmembrane segment; apoE4 is a lipid carrier protein
involved in membrane recycling; the A allele of the ACT gene
involves the membrane-targeting signal sequence of the ACT
protein. Perhaps the required intramembrane processing of
APP at the -y-secretase site is exquisitely sensitive to changes
in both APP and in other membrane-associated proteins, such
as apoE, ACT, AD3, and STM2/AD4.
Another protein motif of potential interest, which occurs

four times in STM2/AD4 and twice in AD3, is a DNA-binding
sequence of the form S/TPXX (34). Some of these sequences
are also potential sites of phosphorylation by the p34cdc2 kinase
involved in cell cycle control, and one such sequence occurs in
the identical position in the two proteins. The presence of
potential DNA-binding regions in AD3 and STM2/AD4 in-
dicates that these proteins may be involved in the control of
gene expression. If mutations in AD3 or STM2/AD4 were to
increase expression of APP, it could lead to AD just as
overexpression of APP likely underlies the AD neuropathol-
ogy seen in Down syndrome (36) and some APP transgenic
mice (37, 38). Alternatively, changes in the expression of APP
processing enzymes might cause AD through the overproduc-
tion of amyloidogenic forms of the A,B peptide. Interestingly,

the ACT (AD4) protein also binds DNA and has been found
localized in the nuclei of neurons and other cells (4, 6, 39-42).

Their DNA-binding motifs also suggest a possible role for
AD3 and STM2/AD4 in linking chromatin to the nuclear
membrane during the cell cycle. Several nuclear membrane
proteins appear to have such a function and at least two-the
lamin B receptor and NDCJ-have seven or eight transmem-
brane domains and several S/TPXX DNA-binding motifs
(43-46). The lamin B receptor does, in fact, bind DNA (46)
and, when mutant, NDC1 leads to aberrant chromosome
segregation (45). The seven transmembrane protein that is
most homologous to AD3 (Caenorhabditis elegans spe-4) is also
located in an organelle double-membrane (like the nuclear
double-membrane) and is required for correct spermatid
formation and segregation during meiosis (24, 47). Examina-
tion of the spe-4 sequence reveals three S/TPXX DNA-
binding motifs. AD3 and STM2/AD4 may share with these
structurally similar membrane proteins responsibility for the
correct organization and segregation of chromosomes.
A potential chromatin-binding function for AD3 and

STM2/AD4 is of interest in the light of growing evidence that
chromosome nondisjunction and trisomy 21 may play a role in
AD (48-51). The most recent support of such a model is our
finding that AD and Down syndrome individuals share, in
addition to a similar dementia and neuropathology, a marked
hypersensitivity to the pupil-dilating effect of cholinergic
antagonists such as tropicamide (50). Moreover, when fluo-
rescence in situ hybridization was used to study fibroblasts from
AD and control individuals, the AD cells were found to have
an increase in trisomy 21 (ref. 51; L. Geller and H. P.,
unpublished results). If the AD3 and STM2/AD4 AD-related
proteins are indeed present in the nuclear membrane and
involved in the organization of chromatin, then mutations in
these genes could lead to chromosome nondisjunction, trisomy
21, and AD neuropathology.
AD results from a series of steps-.a pathogenic pathway-

that leads to amyloid formation and neurodegeneration in key
areas of the brain involved in cognition and memory. Bio-
chemical studies and the identification of several genes in
which nucleotide changes can lead to AD have provided much
information about this pathway (ref. 51 and Fig. 4). The future
elucidation of the normal and pathological functions of the
proteins encoded by AD3, and its relative, STM2/AD4, re-
ported herein and in refs. 52-54, should provide additional
insights and may aid in the rational design of AD therapies.

Note. While this paper was being reviewed, Schellenberg and Levy-
Lahad and colleagues (52, 53) and St. George-Hyslop and colleagues
(54) published important related studies. The first (52) showed linkage
of a 15-centimorgan region of chromosome 1 to the inheritance ofAD
in the Volga German pedigrees. The closest linked marker in that
study, D1S479, is adjacent to the small region of chromosome 1 to
which we have localized the T03796 sequence. In the second (53) and
third (54) reports, the similarity of a differently spliced transcript of the
T03796 gene [variously termed STM2, for the second seven trans-
membrane gene associated with AD or PS2, for presenilin 2] to AD3
is presented with a single point mutation in the gene that is present in
affected individuals in five of seven Volga German families. The
combined results are most consistent with the T03796 gene being
responsible for the chromosome 1 linkage and the disease phenotype
in these nonchromosome 14 families. Thus T03796/AD3LP/STM2/
PS2 is the fourth gene (AD4) to be causally associated with inherited
AD.

Note Added in Proof. Recently, the proposition discussed here that
AD3 and AD4 are involved in intracellular signaling and control of
gene expression and/or chromosome localization and segregation has
received support from the genetic studies of Levitan and Greenwald
(57), who identified the Caenorhabditis elegans homologue ofAD3 and
AD4 (termed sel-12) by virtue of its ability to suppress or enhance the
activity of lin-12, a member of the Notch family of cell surface
receptors.

Neurobiology: Li et al.
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