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A Brief History of Alzheimer’s Disease Gene
Discovery
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Abstract. The rich and colorful history of gene discovery in Alzheimer’s disease (AD) over the past three decades is as complex
and heterogeneous as the disease, itself. Twin and family studies indicate that genetic factors are estimated to play a role in at
least 80% of AD cases. The inheritance of AD exhibits a dichotomous pattern. On one hand, rare mutations in APP, PSEN1, and
PSEN? are fully penetrant for early-onset (<60 years) familial AD, which represents <5% of AD. On the other hand, common
gene polymorphisms, such as the &4 and €2 variants of the APOE gene, influence susceptibility for common (>95%) late-onset
AD. These four genes account for 30-50% of the inheritability of AD. Genome-wide association studies have recently led to
the identification of additional highly confirmed AD candidate genes. Here, I review the past, present, and future of attempts to
elucidate the complex and heterogeneous genetic underpinnings of AD along with some of the unique events that made these
discoveries possible.
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THE BEGINNING

In 1906, Dr. Alois Alzheimer’s presented the brain
autopsy results of Auguste Deter, a 55 year-old woman
who had presenile dementia. Alzheimer described her
as “a patient who was kept under close observation dur-
ing institutionalization at the Frankfurt Hospital and
whose central nervous system had been given to me
by director Sioli for further examination”. He then
boldly proposed that her psychiatric problems were
due to abnormal pathological lesions in her brain: mil-
iary bodies (senile plaques) and fibrils inside of her
neurons (neurofibrillary tangles). Alzheimer stated this
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was a “distinctive disease process” described by the
correlation of clinical findings and pathological fea-
tures. The esteemed audience was unimpressed by
the idea that physical lesions could cause psychiatric
symptoms. Nonetheless, Emil Kraeplin, Alzheimer’s
mentor, named presenile (onset <65 years) dementia
“Alzheimer’s disease” (AD). In the 1960 s and 1970s,
it became apparent that the same pathology littered the
brains of patients who suffered from garden-variety,
age-related dementia.

As a student in the neuroscience graduate program
at Harvard Medical School in 1985, I had developed
a keen interest in AD. In fact, I had already spent
1983-1984 testing for linkage of AD to some of the
very first single nucleotide polymorphisms (SNPs; at
that time, restriction fragment length polymorphisms;
RFLPs) identified in the human genome. My mentor
and doctoral advisor, Jim Gusella, together with Paul
Watkins and I had identified these in the process of
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localizing the Huntington’s disease gene to chromo-
some 4. Huntington’s disease was the first autosomal
disease to be identified using SNPs, in this case RFLPs
[1]. Soon afterward, my own research focused on
whether the same could be accomplished for AD. So,
I began testing our RFLPs for genetic linkage with
early-onset familial AD (EO-FAD) (reviewed in [2]).

As a graduate student, I had also been reading with
great interest about the heroic efforts of George Glen-
ner and Colin Masters to purify the central core of
amyloid-3 (AB) in senile plaques and cerebrovascular
deposits and determine the amino acid sequence of the
A protein. In their seminal study in 1984, Glenner
and Wong [3] became the first to successfully purify
and analyze cerebral AP deposits. They published the
partial amino acid sequence of the peptide that they
named the “B-protein”. A year later, Colin Masters and
colleagues confirmed and extended that “B-protein”
sequence [4].

In his seminal paper [3], George Glenner also first
proposed that AD is a cerebral amyloidosis and that
cerebral AP drives all subsequent pathology in AD.
This was the first reported formulation of what would
later become known as the “amyloid hypothesis™ of
AD. George Glenner boldly proposed that the amy-
loid “B-protein” initiates the entire neuropathological
process underlying AD. The same concept was reinter-
preted and renamed the “amyloid cascade hypothesis”
of ADin 1992 [5]. While this review is often referenced
as the origin of the “amyloid hypothesis”, from a his-
torical perspective, it was actually George Glenner who
had already put forward this hypothesis eight years ear-
lier [3]. This hypothesis was still further refined in the
years to come [6, 7]. Shortly after Glenner’s report,
Colin Masters and colleagues confirmed and extended
the amino acid sequence of the A protein [4], which
he and Konrad Beyreuther referred to as “A4”. Later,
the combination of the names A4 and amyloid-f3 pro-
tein were combined and abbreviated to “Af”. Glenner
and Wong [3] also predicted that the gene responsible
for making A in senile plaques and cerebrovascu-
lar deposits, would be on chromosome 21 and that it
would carry mutations causing AD. Their prediction
was based on the observation that middle-aged and
older Down syndrome (trisomy 21) patients exhibit AD
neuropathology.

In Jim Gusella’s laboratory, we already had sev-
eral EO-FAD pedigrees that I had begun testing for
genetic linkage to some of the original human SNPs,
isolated in our laboratory. Also, beginning around
1983, we began isolating chromosome-specific SNPs,
focusing on chromosome 21 [8]. We used these SNPs

as genetic markers to build a complete “end-to-end”
genetic linkage map of chromosome 21 [9]. We then
used our linkage map of chromosome 21 to assess
genotype-phenotype correlations in Down syndrome
and recombination patterns as parents age. For exam-
ple, we tested whether recombination was altered
in older mothers perhaps leading to mitotic non-
disjunction and trisomy 21. We found that as mothers
got older, recombination breakpoints on chromosome
21 moved from the telomeres to the middle of chromo-
some 21 while recombination frequencies were also
reduced [10]. But, our main focus was to use the chro-
mosome 21 markers and map to test for genetic linkage
to EO-FAD.

On the heels of Glenner’s bold prediction that the
gene responsible for the 3-protein would be on chro-
mosome 21 and carry mutations causing AD, I decided
to focus my doctoral studies in the Neuroscience Pro-
gram at Harvard Medical School. I set out to test this
hypothesis by attempting to isolate the (3-protein gene
and test it for genetic linkage to EO-FAD. We hoped
that by identifying the gene for A we could discover
some of the first molecular clues to the cause of AD.
Up to this point, guesses about what causes AD ranged
from viral infections to leakage of unknown pathogens
into the brain from a compromised blood brain barrier
in the elderly. So, in 1984, I embarked on a project to
isolate AR gene. What I did not know was that I had
also entered into an “undeclared” race with laborato-
ries around the world that had likewise resonated with
Glenner’s prediction that AR drove AD and that the
A gene would be an AD gene [3]. To isolate the gene
responsible for producing the A3 protein, we used the
amino acid sequences for A3 reported by the laborato-
ries of Glenner and Masters [3, 4]. This was, in essence,
the first AD candidate gene search.

THE EARLY-ONSET ALZHEIMER’S
DISEASE GENES

In 1983, in Jim Gusella’s laboratory, I had begun
testing a large Canadian EO-FAD family for linkage to
the markers (RFLPs) comprising our full genetic link-
age map of chromosome 21. Our AD linkage results
for all RFLPs spanning our chromosome 21 genetic
linkage map were entirely negative for the Canadian
EO-FAD family. Jim Gusella’s laboratory then col-
lected a second FAD family of Italian origin with the
help of Robert Feldman (Boston University) and Jean-
Francois Foncin (La Salpetriere Hospital, Paris). In
1985, I tested all of our chromosome 21 markers in
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the Italian EO-FAD family. But once again, all of the
signals were negative; we found no evidence of genetic
linkage to AD on chromosome 21 after testing the first
two multi-generational EO-FAD families. A short time
later, Peter St. George-Hyslop had joined Jim Gusella’s
laboratory as a postdoctoral fellow. As I headed off to
David Kurnit’s laboratory at Boston Children’s Hospi-
tal (for my doctoral thesis at Harvard) to try to isolate
the A3 gene, Peter St. George-Hyslop assumed respon-
sibility for the FAD-chromosome 21 linkage study. By
this time, Jim Gusella’s laboratory had added two addi-
tional EO-FAD kindreds, one from Germany and one
from Russia bringing the total to four and Peter St.
George-Hyslop continued testing our chromosome 21
markers in those families.

To isolate the first AD candidate gene, that respon-
sible for the production of AP, George Glenner’s
B-protein [3] and Colin Masters’ A4 [4], we employed
a “reverse genetics” strategy. As a graduate student, I
was doing a rotation in the laboratory of the late Dr.
David Kurnit, arenowned Down’s syndrome geneticist
at Boston Children’s Hospital. He had me collabo-
rate with his postdoctoral fellow, Rachael Neve, who
was making various high quality fetal human cDNA
libraries. My close collaborator on the chromosome 21
mapping study, Paul Watkins, then helped design and
synthesized our two oligonucleotides corresponding to
the -protein/A4 amino acid sequences published by
the groups of Glenner and Masters [3, 4]. We used
two non-overlapping oligonucleotides corresponding
to the B-protein/A4 amino acid sequence as probes:
one was a 21-mer corresponding to amino acids 1-7,
and the second was a 48-mer corresponding to amino
acids 9-24.

To clone the AP gene, Paul and I devised a strategy
we called the “genomic window” approach. The strat-
egy utilized Southern blots with six different human
DNAs cleaved with 15 different restriction enzymes,
run in separate lanes. These Southern blots were sim-
ilar to those we had originally used to identify the
first RFLPs, which were used to localize the Hunt-
ington’s disease gene [1]. We first determined which
restriction fragments the two non-overlapping oligonu-
cleotides detected in common on the Southern blots
containing human DNA cleaved with various restric-
tion endonucleases. We then argued that the most
promising candidate AP gene clones detected by the
two oligonucleotides would detect most of these same
common restriction fragments on the Southern blots.

We screened human fetal brain, eye, and liver
cDNA libraries with the two non-overlapping oligonu-
cleotides and picked cDNA clones that hybridized

independently to both oligonucleotide probes. Next,
we asked which cDNA clones detected highly similar
sets of human restriction fragments as the two non-
overlapping oligonucleotides. Then, in a true leap of
faith, betting that Glenner’s prediction [3] was correct,
we also tested whether any of the AR cDNA clones
meeting the above criteria also hybridized to human-
rodent somatic cell hybrid cell lines, which contained
only human chromosome 21 as their human genetic
material. Using this method, we found cDNA clones
that met all these criteria, including one that was con-
sidered to be our top candidate A} cDNA clones.

That Fall, as a graduate student, I attended the
1986 Society for Neuroscience meeting with my new
B-protein/A4 data and Southern blots in my brief-
case. At one of the AD sessions, we had learned
that the chairperson was permitting an unscheduled
speaker to make a slide presentation. The speaker was
Dmitry Goldgaber, who we learned had also been
attempting to find the AP gene at the NIH, work-
ing under Nobel laureate, Carlton Gajdusek. Dmitry
Goldgaber presented evidence that he had isolated
a cDNA encoding the amino acids in the published
AP protein sequence. After the session, I met Dmitry
Goldgaber and informed him that I was a graduate stu-
dent who had also been screening for the 3-protein/A4
gene, and that our top cDNA contained the same sized
~1.1kb EcoRI fragment as the cDNA clone he had
just presented. Like me, Dmitry Goldgaber was eager
to find out whether the gene responsible for A was
linked to EO-FAD. So, he invited me to his labora-
tory at the NIH. There, I met with his collaborator,
geneticist, Wesley McBride. When Wesley McBride
and I compared the human DNA restriction fragments
detected by our respective AR cDNAs on Southern
blots, we concluded that our cDNA clones were identi-
cal, albeit from different cDNA libraries. Nonetheless,
Dmitry Goldgaber requested that I take his clone back
to Boston, just in case. A few months later, when we
reported the identification and characterization of our
respective B-protein/A4 (AB) cDNA clones in back-
to-back papers in Science, we both acknowledged the
pre-publication comparison in our reports [11, 12].

In our B-protein/A4/AB gene (later renamed the
APP gene) cloning paper [12], we showed that our
cDNA was derived from a single copy gene on chro-
mosome 21 based on hybridization to a whole genome
somatic cell hybrid panel. We also determined that the
APP gene corresponded to a 3.2 kb message ubiqui-
tously expressed in the body with highest levels in
the brain, heart, kidney, spleen, and pancreas. In the
brain, we observed the highest mRNA levels in A40,
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A44, A20/21, A10, and cerebellar cortex [12]. We also
observed that an extra copy of the gene led to excessive
amounts of mRNA in Down syndrome patients [12].
This nicely supported Glenner’s original prediction
that Down syndrome patients accumulate excessive
amounts of AP protein owing to an extra copy of the
gene on chromosome 21.

We also used our chromosome 21 genetic linkage
map [9] to localize the APP gene near the chromo-
some 21 RFLP marker D21S1 [12]. This was very
interesting because back in 1983—-1984, I had not been
able to detect any significant genetic linkage of EO-
FAD to the markers on my chromosome 21 map in
the first two (of four) EO-FAD families being studied
in Jim Gusella’s laboratory at Massachusetts Gen-
eral Hospital. However, Peter St. George-Hyslop had
continued the linkage studies in four total EO-FAD
families together with Jonathan Haines; in the Sum-
mer 1986, they claimed to find genetic linkage of FAD
to the region of chromosome 21 around the same poly-
morphic marker, D21S1, which we had mapped close
by APP [12]. Most of their evidence for linkage of
EO-FAD to the D21S1-APP region of chromosome 21
came from the Italian EO-FAD family, which I had
tested two years earlier with negative results. The dif-
ference was that they carried out multi-locus genetic
linkage analysis including additional chromosome 21
markers, while I only carried out single locus analyses
on fewer markers back in 1983-1984.

Our paper [12] describing the cloning of the APP
gene, its mapping to chromosome 21, its expression
profiles in body and brain, and overexpression in Down
syndrome, was published in February 1987 in Science
back-to-back with St. George-Hylop’s paper claiming
linkage of EO-FAD to chromosome 21 in the region
near APP [13], and also back-to-back with Dmitry
Goldgaber’s APP cloning paper [11]. Another study
published in Nature the same week reported a full-
length APP cDNA [14]. Later, in 1988, we and others
also reported an alternatively spliced form of APP con-
taining a Kunitz protease inhibitor (KPI) domain [15].

By early 1987, I had also completed the experiments
aimed at testing whether the APP gene was linked to
FAD in the four Massachusetts General Hospital EO-
FAD pedigrees by analyzing the segregation of APP
gene RFLPs in all four families. The genetic linkage
results were all strikingly negative. APP was clearly
not the genetic culprit in these four FAD kindreds
[16]. This finding meant that even if there were a gene
on chromosome 21 responsible for FAD in these four
pedigrees, as purported in the St. George-Hyslop et
al. [13], it was not APP. (Later, these same four FAD

pedigrees were shown to actually be linked to chro-
mosome 14 and, ultimately, to contain mutations in
the presenilin 1 (PSENI) gene [17]). Christine Van
Broeckhoven, John Hardy, and colleagues also found
lack of linkage of EO-FAD to APP in their families
[18]. In both of our papers [16, 18], APP was ruled
from linkage in the specific EO-FAD families tested,
but was not ruled out as a candidate gene for all of AD.

Ironically, the spurious linkage of these EO-FAD
families to chromosome 21 [13] ended up serving
an important role. The publication motivated other
groups, most notably that of John Hardy, to test their
own FAD families for linkage to chromosome 21.
Inspired by the St. George-Hyslop et al. study [13],
Hardy soon identified EO-FAD families that actually
were linked to chromosome 21. Later, in 1990, the first
pathogenic mutation in APP was reported by Levy et
al. in 1990 [19]. By sequencing of exons 16 and 17
of APP, encoding the A3 portion, they found a muta-
tion in APP responsible for Dutch hereditary cerebral
hemorrhage with amyloidosis, sometimes referred to
as “vascular AD”. Following up on the APP mutation
discovered by Levy et al. [19], Hardy and colleagues
then re-sequenced the same two exons (16 and 17)
of APP in the EO-FAD families that they had previ-
ously linked to chromosome 21 (based on the report
by St. George-Hyslop et al. [13]), and found the EO-
FAD APP mutation known as the “London mutation”
(V7171) [20].

Meanwhile, our own attempts to find EO-FAD muta-
tions in APP were futile. None of the 50 or so EO-FAD
families for which we re-sequenced exons 16 and 17 of
APP between 1987 and 1988 revealed mutation [21].
Soon after the four EO-FAD families reported ear-
lier to be linked to chromosome 21 [13] were found
to actually harbor mutations in the PSENI gene [17],
we collaborated with Jerry Schellenberg to identify a
homolog of PSENI called presenilin (PSEN2) [22]. It
was mapped to chromosome 1 and in June 1995, we
showed that it harbored the N141I mutation causing
AD Volga-German EOFAD families [22]. This finding
subsequently confirmed [23].

To date, well over 200 EO-FAD mutations (plus
duplications) have been reported for APP, PSENI, and
PSEN2 (http://www.molgen.ua.ac.be/ADMutations).
While the EO-FAD mutations in APP, PSENI, and
PSEN2 and duplication of APP are all considered
fully penetrant, recently we reported the first case of
non-penetrant duplication of APP [24]. Most of the
EO-FAD mutations are in PSEN1 and the majority of
them, in all three of the genes, lead to an increase in the
ratio of AB42 : ABao [7, 25]. Based on this knowledge,
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v-secretase modulators aimed at reversing this ratio
are being developed in my laboratory and that of Steve
Wagner at UCSD. These APP-selective vy-secretase
modulators carry great promise for treating and pre-
venting AD [26]. And, their development was made
possible by the identification and characterization of
the three EO-FAD genes.

While the chromosome 21 genetic linkage map was
primarily being used to investigate Down syndrome
and EO-FAD, it was also used to help establish link-
age of familial amyotrophic lateral sclerosis (ALS) to
chromosome 21 [27]. This led to our collaboration
with the laboratory of Bob Brown, who discovered the
first familial ALS mutations in the gene for superox-
ide dismutase 1 (SODI). This discovery was facilitated
by an international collaboration aimed at physically
mapping chromosome 21 using yeast artificial chromo-
somes (YACs). The effort was being coordinated out
of my laboratory in the early- to mid-1990s and was
aimed at producing a combined physical and genetic
map of chromosome 21. Since this was all before email,
we distributed the updated physical mapping informa-
tion of chromosome 21 in various YACs by fax in a
weekly report called “The Fax on the YACs”. When the
Brown laboratory discovered strong genetic linkage
with no recombination events for familial ALS and the
chromosome 21 RFLP, DB1, Sandy Gaston, a postdoc-
toral fellow in my laboratory, mapped DB1 to a YAC
that contained SOD1 as its only gene. Subsequently,
SOD1 was sequenced in the DB1-linked familial ALS
families leading to the first ALS mutations in this gene
in 1993 [28].

In 1993, we also reported that one of the non-APP
cDNA’s originally pulled out with the oligonucleotides
designed against the A3 protein amino acid sequence
in 1986 was the gene for Wilson’s disease, a neurode-
generative disorder characterized by copper toxicity
[29]. Based on this finding, I had my postdoctoral fel-
low, Ashley Bush, test for the ability of the A3 protein
to bind various metals, including copper and zinc. We
then reported that copper and zinc aggressively drove
the aggregation of the AP protein [30]. Based on that
finding, in 1997, Ashley and I, together with Geof-
frey Kempler, co-founded a company in my laboratory
called Prana Biotechnology. The goal of Prana was
to develop novel therapeutics for AD drugs based on
their ability to prevent the interaction of copper and
zinc with the A protein. This was based on what we
called “The Metal Hypothesis of AD” [31]. In 2001,
Prana Biotechnology, for which I serve as chief scien-
tific advisor, moved to Australia, and is now developing
a highly promising metal chaperone drug called PBT2

as a therapeutic for AD. The drug dramatically ame-
liorated AD pathology in transgenic AD mice and
successfully improved cognition in a Phase ITA clinical
trial [31]. PBT2 is being further developed for the treat-
ment of both AD and Huntington’s disease in ongoing
clinical trials.

THE LATE-ONSET ALZHEIMER’S
DISEASE GENES

Late-onset Alzheimer’s (LOAD) is the most com-
mon form of the disease with onset age >65 years.
LOAD is characterized by a genetically complex and
heterogeneous pattern of inheritance. It is generally
assumed that for most cases of LOAD, genetic factors
work together with lifestyle and environmental factors
to determine one’s risk for AD. The best-established
LOAD risk factor is the g4 variant of the apolipopro-
tein E gene (APOE) on chromosome 19 [32]. The
identification of APOE as an AD gene came from the
combination of genetic linkage of LOAD to chromo-
some 19 near APOE and the finding that ApoE was
bound to AB in cerebrospinal fluid [32]. One copy of
the e4-allele of APOE increases AD risk by ~4-fold
and two copies, greater than ten-fold; the £2-allele of
APOE is protective for AD [33]. Functionally, APOE
maintains lipid metabolism and transport, but in AD
pathogenesis is believed to play a role in the clearance
of cerebral Ap.

After the report of association of LOAD with APOE,
many hundreds of genes were tested for association
with AD leading to thousands of studies reporting
positive associations, lack of association, replica-
tions, and refutations. To keep track of these studies,
Lars Bertram and I started the online database, Alz-
Gene.org (http://www.alzgene.org) [34, 35]. AlzGene
provides meta-analysis results for all AD candidate
genes that have been tested in at least four inde-
pendent case-control samples. Currently, AlzGene.org
meta-analyses reveal over three-dozen loci that show
nominally significant association with risk for AD and
ten with nominal p-values <107>. The ten loci with
the strongest evidence for association with AD are
APOE and nine more that derived from genome-wide
association studies (GWAS) [34, 35].

In 2008, my laboratory reported the first genes to
exhibit genome-wide significant association with AD
based on “family-based” GWAS [36]. At that time, we
reported three novel AD genes candidates including
ataxin 1 (ATXNI), siglec 3 (CD33), and a locus on
chromosome 14 (GWA_14q31.2). ATXNI can contain
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an expanded poly-glutamine repeat causing spinocere-
bellar ataxia type 1. We have since shown that ATXN/
affects AP levels by modulating [3-secretase levels and
cleavage of APP [37]. CD33 is a sialic acid-binding,
immunoglobulin-like lectin that regulates the innate
immune system [38]. This is interesting given our
recent discovery that AP possesses the properties of
an antimicrobial peptide, suggesting that it may play a
role in the brain’s innate immune system [39].

In 2009, a case-control-based GWAS reported asso-
ciation of AD with CLU (clusterin; apolipoprotein
J), CRI (complement component (3b/4b) receptor 1),
and PICALM (phosphatidylinositol binding clathrin
assembly protein) [40, 41]. In 2010, BINI (bridging
integrator 1) was reported to exhibit genome-wide sig-
nificance for association with LOAD [42]. And in
2011, two more case-control-based GWAS reported
four more AD genes: CD2AP, MS4A6A/MS4A4E,
EPHAI, and ABCA [43, 44]. These same GWAS
further supported our genome-wide significant associ-
ation of CD33 with AD, which we had reported three
years earlier [36]. The 2011 GWAS studies identified
an additional SNP (~1400 bp away from ours) in CD33
as arisk factor AD. Overall, these confirmed AD gene
candidates coming out of GWAS roughly fall into four
categories: AP metabolism, lipid metabolism, innate
immunity, and cell signaling.

More recently, our laboratory has found two rare,
highly penetrant mutations for in ADAM10, which
encodes the major a-secretase in the brain. a-secretase
cleaves APP within the AR to preclude AR [45].
We reported two rare (7 of 1000 LOAD families)
ADAM 10 LOAD mutations, Q170H and R181G, both
of which are located in the prodomain region. We
showed that both mutations dramatically impair the
ability of ADAMIO to cleave APP at the a-secretase
site of APP in vitro [45] and in vivo (unpublished obser-
vations). This study [45] is the first (and to date, only) to
report rare highly penetrant mutations for LOAD. The
existence of these two mutations in ADAM 10 under-
scores the importance of the future employment of
whole genome or whole exome sequencing to find
rare variants causing LOAD, in addition to common
variants.

CONCLUSIONS

Most would agree that prior to the identification of
the AD genes our understanding of the causes of AD
was minimal. Thanks to the efforts of dozens of labo-
ratories over the past three decades, genetics has taught

us volumes about the etiology and pathogenesis of AD
along with clues for treatment and prevention [7, 46].
The 1980 s and 1990 s can be considered a golden age
for AD genetics based on the oft-times circuitous elu-
cidation of the established AD genes, APP, PSENI,
PSEN2, and APOE. While, the field of AD genetics
then experienced a relative lull in genetic discovery
between 1995 and 2005, GWAS, which screens the
entire human genome for novel AD loci [46, 47] has
ushered in a new era of AD genetics over the past five
years. Now, with affordable whole genome sequenc-
ing close on the heels of GWAS, a new golden era of
AD gene discovery will hopefully soon be upon us, and
deliver new clues regarding the causes of AD as well as
the most effective means for treatment and prevention.
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