
Absence of Duplication of Chromosome 21 Genes in 
Familial and Sporadic Alzheimer's Disease 

The possibility that Alzheimer's disease (AD) is caused by overexpression or duplica- 
tion of one or more genes on chromosome 21 has been raised by the observation of 
AD-like neuropathologic changes in individuals with Down syndrome and by the 
mapping of both the defect for familial AD and the amyloid P protein gene to this 
autosome. Possible duplication on chromosome 21 was investigated in both familial 
and sporadic AD by means of restriction fragment length polymorphisms for the 
amyloid and SODI loci, as well as for DNA markers in the vicinity of the familial AD 
defect and in the critical Down syndrome region of chromosome 21. No evidence of 
increased DNA dosage was observed in either brain or leukocytes of patients with 
inherited or sporadic forms of AD. Duplication of these regions is therefore not a 
frequent event in either form of AD. Furthermore, no significant allelic association was 
detected between AD and any of the loci, including the amyloid and SODI genes, 
providing no support for the hypothesis that defects in these specific genes are the 

easily addrcssed by examining genc dosagc 
in subjccts who are heterozygous for a re- 
striction fragment length polymorphism 
(RFLP) at thc locus in question. In the 
presence of an extra copy of chromosomc 
21, the signal intcnsities will bear at1 abnor-
mal ratio of approximately 2 : 1 compared to 
the 1: 1 ratio present in normal DNA sam- 
plcs. For both DS atid All, this should 
confer grcater sensitivity and reliability in 
the detection of extra chromosonic 21 mate- 
rial than the 50% diffcrcncc (3 :2) prcvious- 
1y employed (4). 

Incomplete digcstion of gcnomic DNA 
and variations in DNA transfer during 
Southern blotting can potentially lead to 
artifactual differences in signal intensities in 
gene dosagc cxpcrimcnts (9). To cnsurc 
complcte enzymatic digestion of the sam- 
ples, wc cxhaustivcly purified the high mo- 
lecular weight genomic DNA from both 
brain atid leukocytc samplcs (Fig. 1) and 
carried out restriction enzymc reactions in 
largc vol~imcs with cxccss enzyme (10- to 
30-fold). Unequal efficiency for transfer of 
DNA fragments with different molecular 
weights during blotting of agarosc gels can 
also be a source of variation in signal, and 
considerable differences in degrec of tratisfer 
are often cvidcnt from gcl to gel. To control 
for this, cach gel was loaded with sa~nplcs 
from all test groups, providing internal com- 
parisons in all cases. 

Genc dosagc mcasurcmcnts were per-
formed with DNA from frontoparictal ccre- 
bra1 cortex (42 sporadic All, 2 FAD, 20 
without AD) or from b u q  coat Ic~ikocytes 
or skin fibroblasts (21 sporadic AD, 13 
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primary cause of AD. 

ALZHEIMER'S DISEASE (AD) IS A DE-

generative disordcr of the human 
central nervous system involving 

progrcssivc irnpairmcnt of cognitive func- 
tions, leading to eventual death in mid- to 
latc adult life (I) .  Although AI) can result 
from an autosoma1 dominant inhcrited de- 
fect [familial AD (FAL))], it occurs most 
freq~ientlp as at1 apparently sporadic disor. 
der that may represent an incompletely pcn-
etrant gcnc defect (2). In four pedigrees 
with FAD, the genetic dcfects resides on 
chromosome 21 near thc DNA markers 
D21SliD21Sll and D21S16 ( 3 ) .The ob- 
senlation of at1 Alzhcimer-like illness in pa- 
tients with Down syndrome (13s) (trisohy 
21) has led to thc suggestion that duplica- 
tion of individ~al genetic loci, or of larger 
scgments of chromosomc 21, may form chc 
molecular basis of both typcs of AD (3,s). 
Reports showing duplication of thc anlyloid 
f3 peptide (AP) gcne, the ets2 proto-onco-
gene, and thc slperoxide dismutasc gene 
(SODI) in sporadic A11 (4, 5)  suggest that 
sporadic AD may result from an incomplctc- 
ly pcnetrant genetic defect (2) involving 
increased gene dosagc. 

To clarifil these issues. we have exan~incd 
gene dosagc and allelic association in A11 at 
a number of chromosome 21 loci including 
the AP gene. Gene dosage was examined in 
leukocytes of affected individuals from four 
pedigrees with pathologically proven FA13 
(3) , as well as in periplicral leukocytes or 
brain tissue from 63 cases of sporadic AD. 
Thc diagnosis of "sporadic" AD was 
achieved by cither postmortem pathological 

confirmation of an antcmortem diagnosis 
(42 cascs) or by antcmortem diagnosis of 
AD using NIA and NINCDS critcria (6) in 
patients attending clinics at thc Massachu- 
setts Alzhcimcr's Disease Rcsearch Center 
(21 cases) (7).Gene dosage measuremcnts 
were also conductcd on 39 individuals with- 
out A11 and on 29 individuals with karyoty- 
pically proven DS. Kcca~ise of thc high 
incidence of AD in the elderly, we accepted 
a diagnosis of "without AD" only if rigor- 
ous criteria were mct. In the case of post- 
mortcm brain specimcns, a diagnosis of 
"without AD" was accepted if the neuro- 
pathological examination and the available 
clinical rccords showed no evidence of AD 
and if thc agc at death was morc than A0 
years (69 +- 7.8 pears, mean 2 SD). In sub- 
jects who contributed blood specimcns, a 
diagnosis of "without A D  was acceptcd if 
the age of the patient was more than 65 
years (77 + 8.8 years) and if he or she had 

verslty o Massa~husctts Mcdiwl Centcr, 55 Lake Ave- becn examincd by a ncurologist and f o ~ u ~ d  nue North, Worccstcr, MA 01605. 
to be normal. The greatest source of such 
individuals was spouses of affected mcmbcrs 
of FAD pedigrees and members of families 
with other ncurogenetic disorders being 
studied by this laboratory (8). 

The approach used previously to dctect 
increased dosagc of thc AP gene in AIl 
relied on measurement of the density of 
single autoradiographic bands from thc lo- 
cus in AD and nornlal individuals and the 
use of a second non-chromosome 21 bxid 
as a standard for intersample comparison 
(4).We rcasoncd that the question of dupli- 
cation on chromosome 21 could be more 
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Fig. 2. Densitometric analysis of chromosome 21 
loci in AD. A laser densitometer (LKB Ultroscan 
XL) was used to measure light absorbance of the 
band for each allelic fragment in sequential 50-pm 
by 3200-km fields, tracking vemcally through the 
center of each autoradiogram lane. The area under 
each signal peak was then calculated for each lane 
and used to assess the presence or absence of 
duplication. At each locus, dosage was measured 
in DNA from leukocytes from subjects without 
AD (NL), brains from subjects without AD 
(NB), AD leukocytes (AL), AD brain (AB), and 
DS leukocytes (DL). FAD cases are denoted by 
0. For each probe, the mean ratio of the absor- 
bances measured for the two allelic fragments in 
the two normal groups was computed and set at 1 
as a standard reference point for the purposes of 
this figure. Each dot represents the absorbance 
ratio for the two alleles in an individual sample, 
relative to this normal mean reference point. For 
the markers D21S1 and D21S17 each data point 
represents a single DNA sample from a different 
individual. For the remaining loci at which het- 
erozygotes are infrequent, an accurate measure of 
variability was achieved by performing one or 
more independent trials with inde ndent restric- 
tion d i p  and hybridizations o ~ D N A  samples 
from the following numbers of different individ- 
uals: D21S16--4NL, SNB, 9AL (6AD, 3FAD), 
7AB, 3DL; SODIANL, SNB, 9AL (6AD, 
IFAD), 7AB, 3DL; AP gene-6NL, 6NB, lOAL 
(7AD, %FAD), 8AB, 2DL. For comparison of the 
AP gene and the D4S10 locus, multiple indepen- 
dent mals were performed with the following 
samples: 9NL, lONB, 23AL (lSAD, 4FAD), 
42AB, 17DS. Multiple exposures of the autora- 
diograms were obtained to ensure comparable 
absorbances for the allelic fragments relative to a 
standard set of control Southern blots with DNA 
samples loaded at varying DNA concentrations to 
estimate the approximate linear response range of 

Fig. 1. Representative autoradiograms of the A NL DL AL NB AB DL FL B DL NL AL FL NB AB DL C DL AL FLNLNBABDL 
chromosome 21 loci in AD. Autoradiograms 
assessing dosage for (A) D21S16 (detected by 
probe E9) (3.11 ); (B) D21 S1 (probe pPW228C) - - a 
(3, 16); (C) SODI (probe SOD4A) (17); (D) 
D21S17 (probe H8) (1 1 ); and (E) the AP gene 
(probe FB63) (10). In the case of the AP gene, a 
fragment from the D4S10 locus on chromosome 
4 (probe R7) (12) was h y b r i d i i  to the filters 
simultaneously with the AP probe to allow direct - - - - - -  
comparison with a n o ~ h r o m o s o m e  21 locus. 
DNA samples were from leukocytes from subjects 
without AD (NL), brains from subjects without 
AD (NB), sporadic AD leukocytes (AL), sporadic 
AD brain (AB), FAD leukocytes (FL), and DS 
leukocytes (DI,). Cell nuclei were obtained from D DL NL AL FL NB AB DL 
frozen cerebral cortex (18) or from fresh butfv 
coat leukocytes by lysis of the cells in sucrose plus 
Triton X-100 solution with gentle homogeniza- At - - - - - - - 
tion in a Potter homogenizer, and DNA was A2- - - - ' 
prepared by sequential proteinase K digestion and 
multiple phenol-chloroform extractions (19). Re- 
smction endonuclease (New England Biolabs, 
Beverly, Massachusetts) digestion was carried out 
with a 10- to 30-fold excess of restriction enzyme 
in the buffer recommended by the supplier. Five 
micrograms of DNA were digested to completion with the appropriate probes were labeled and hybridized for 48 hours to the filters, which were 
restriction endonuclease, and the resultant fragments were separated accord- then washed to high stringency and exposed to x-ray film (3). 
ing to size and bound to a nylon membrane by Southern blotting (3). DNA 

FAD. 19 without AD. and 29 DS). We 
monitored duplication of the AP gen; with 
an Eco RI RFLP detected by the AP com- 
plementary DNA (cDNA) clone FB63, con- 

A l -  - 

NL NB AL AB DL NL. NB AL AB DI 
Tissue 

the film. A critical internal control on each experi- 
mental filter was the observation of a 2 : 1 ratio for 
the allelic fragments in DS individuals. 

taining the coding sequence of amvloid P 
peptide (10). Possible duplication in the 
vicinity of the FAD defect was examined 
with two DNA markers, D21S16 and 

D21S1, which have shown linkage to FAD 
(3). DNA dosage in the critical DS region of 
chromosome 21 was examined with an 
RFLP for SODI and the anonymous DNA 
marker D21S17 ( l l ) ,  which is located near 
the ets-2 locus (12). 

Contrary to previous reports (4, 5), we 
found no evidence of gene duplication in 
either sporadic AD or in FAD at any of the 
genetic loci or in any of the tissues examined 
(Figs. 1 and 2). All loci were heterozygous 
and therefore informative for a minimum of 
13 independent sporadic cases (range of 13 
to 28 cases) and at least three independent 
FAD cases. Visual inspection of the autora- 
diograms or densitometric analysis revealed 
no evidence for increased dosage in either 
form of AD. However, duplication was 
readily detected in DS at all loci, both 
visually (Fig. 1) and by densitometry (Fig. 
2). Two-way analysis of variance with the 
raw ratios of signal intensities for the allelic 
fragments revealed no significant difference 
between leukocyte and brain DNA for any 
of the probes (P  > 0.05). Multivariate anal- 
ysis across diagnostic groups and tissue ori- 
gin showed no significant difference be- 
tween normal and AD (P > 0.05) but 
showed a highly significant difference be- 
tween AD and DS (P < 0.0001) and be- 
tween normal and DS (P  < 0.0001) at all 
five'chromosome 21 loci tested. We calculat- 
ed that the statistical power of this analysis 
was sufficient to detect a difference between 
AD and normal of 20 to 40% with an 80% 
probability (a = 0.05). These results sug- 
gest that duplications in the AP gene, the 
SODI gene, the FAD region, and the DS 
region are not a common event in either 

30 OCTOBER 1987 REPORTS 665 



~ ~ ~ ~ ~ ~ ~ ~ t ~ ~ ~ ~ l ~ ~ , ~ ~ ~ ~ ~ ~ ~ ~ ~ t ~ ~ ~ ~ ~ 

-- - - 

sporadic or FAD. Furthcrmorc, no uniquc 
pattern of d~~plication was obscrvcd at these 
loci in four clinically demented 1)s patients 
(mcan agc 5 Sl), 61 2 5.4 years), comparcd 
to fc~ur nondcrnentcd DS patients (59 t 5.4 
ycars). 

It is conccivablc that in An, sonlatic cells 
may suffcr nondisjunction or some other 
event that would randornly duplicate either 
copy of chromosomc 21. Undcr these cir- 
cumstanccs, t l ~ c  signal intensities of the two 
allelic fragments fc~r a given RF1,P in DNA 
from large numbers of cells might be expcct- 
cd to bc approximately equal, although both 
would be increased relative to normal. To 
rule out this possibility, we asscsscd the 
summed signal intcnsities of both alleles at 
the AP locus relative to the hybridization 
signal of a control locus on chrirnosome 4, 
1>4S10 (Fig. 1) (13). Again, the analysis 
(Figs. 1and 2) revealed no significant diffcr- 
encc bctwcen DNA frorn AD and normal 
individuals (P > 0.05) but readily yicldcd 
cvidcncc of incrcascd dosage in 1)s relative 
to A11 (P  < 0.0001) and normal 
(P < 0.0001) (14). 

Sincc gene duplication is only onc of 
several mechanisms by which putativc inhcr- 
itcd defects on chron,osomc 21 might cause 
sporadic Al), wc also examined the possibil- 
ity of allclic association bctwcen sporadic 
Al) and RPLPs at cach of the genetic loci 
discusscd abovc. Allclic association, which 
often results frorn linkage disequilibrium, 
prc)vidcs a potential strategy to detcrmine 
tile proximity of polymorphic DNA seg- 
ments to thc sites of disease-producing mu- 
tations. In t l ~ c  case of sporadic An, the 
dcmonstration of a significant allclic associa- -
tion at onc of thc chromosome 21 loci, 
cspccially t l ~ c  AP gcnc, would provide a 
persuasive argument for both a gcnetic etiol- 
ogy in sporadic AD and a prirnasy role for 
this region of the chrornosome in t l ~ c  patho-
genesis of AD. This approach has been used 
to idcntifji a candidate gcne for cystic fibro- 
sis (15). However, when the frequency of 
individual allelcs in thc 63 A13 patients, all 
of whorn were Caucasian, was comparcd to 
the frequency of the same alleles in thc 
norrnal Caucasian population, no significant 
difircncc was observed for any of tile chro- 
mosorne 21 loci (P  > 0.10 in all cases). The 
lack of an allclic association for RFLPs at the 
AP and SOD1 loci with AD docs not sup- 
post the vicw that either of these genes plays 
a S O ~ Cin predisposition to the disorder. In 
the casc of the anonymous rnarkcrs linked to 
FAD, thc lack of allclic association with AD 
is not surprising, bccausc thcse markers are 
not located precisely at the sitc of the FA13 
mutation and arc not in apparent linkage 
disequilibrium with FAD (3 ) .  

The absence of either gene duplication or 

allelic association, togctl~cr with the deps i -  
tion of anlyloid in nc)m~al a g d  brain and 
the observation that FAD is not tightly- ,  
linked to RFLPs in either the AP gclle or 
the SOL11 gcne (2, lo) ,  indicatcs that ncitl~cr 
gene is the site of the primasy defect causing 
AD. It rcmains unclear if the appearancc of 
amyloid in An brain is merely a by-product 
of neuronal dcatl~ or if this protein plays an 
active but secondary role in the pathogcncsis 
of the disordcr. 
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The Amyloid Protein Gene Is Not Duplicated in 
Brains from Patients with Alzheimer's Disease 
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Complementary DNAs (cDNAs) encoding portions of the amyloid P protein were 
used to investigate possible amyloid gene duplication in sporadic AL~heimer's disease. 
A strategy employing two Eco RI restriction fragment length polymorphisms 
(RFLPs) detected by the amyloid cDNAs was used. RFLPs allow the detection of a 2:1 
gene dosage in the DNA of any individual who is heterozygous for a particular RFLP. 
The amyloid gene regions homologous to the cDNAs used were not duplicated in the 
DNA from brains of individuals with sporadic disease. Similar results 
were also obtained with a strategy employing a test for 3:2 gene dosage. 

TIJE AMYLOID P PROTEIN (AP) IS A 

4.2-kD peptide prescllt in anl~loid 
plaqLlcs, llcurofibrillary tangles, and 

cerebrovascular deposits in the brains of 
individuals affected with Alzheimer's discasc 
(AD) (1, 2)  and in older patients with 
Down syndromc (1)s) (trisomy 21) (2). 
G~mplementary DNAs (cDNAs) encoding 
AP have been isolated and mapped to thc 
chromosomal region 21q11.2-21q21 (3, 
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