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A

Background: Multiple genes have been provisionally associated with Alzheimer’s disease, including the
coding polymorphisms in exons 8 and 13 in the low density lipoprotein receptor gene (LDLR), situated on
chromosome 19p13.2.
Methods: The sample groups consisted of 180 AD patients and 141 control spouses. We carried out
genotyping of LDLR8 and LDLR13.
Results: The LDLR8 GG genotype was common, found in 84% of the unaffected control subjects and 91% of
the AD patients in our study. There was a ninefold elevation in risk associated with GG:CC versus A– and
T– among APOE4+ subjects when compared with APOE42 subjects (odds ratio 9.3; 95% confidence
interval 1.8 to 48.2). With the additional information on LDLR polymorphism, we defined an overall 12
fold elevation in risk for APOE4 in combination with LDLR GG:CC (11.9; 2.8 to 50.0; Fisher’s exact test,
p = 0.0002; standard power 0.999), compared with other subjects lacking all three of these
polymorphisms.
Conclusion: These results imply a functional interaction between ApoE and LDL receptor proteins that
determines risk for Alzheimer’s disease.

lzheimer’s disease (AD) is a common age related
progressive neurodegenerative disorder characterised
by severe cognitive impairment. The most prevalent
identified risk factor for the disease is the E4 allele of
apolipoprotein E (APOE) which accounts for a third or more
of the risk when considered as a single factor.1–3 ApoE binds
the Ab peptides that are found in plaques, one of the
neuropathological features of an Alzheimer’s brain. ApoE4
preferentially binds to the very low density lipoprotein in a
complex with cholesterol that binds to the LDL receptor,
allowing internalisation of cholesterol into glia.4 Binding
affinities and efficiencies differ according to isoform
(APOE4>APOE3.APOE2).5 The LDL receptor belongs to a
large family of endocytic receptors, which are found on the
neuronal surface and which include LDL receptor related
protein and very low density lipoprotein (VLDL). All
members of this family bind ApoE. It is thought that ApoE
may modulate neuronal plasticity by promoting (ApoE2,
ApoE3) or inhibiting (ApoE4) neurite outgrowth.6 The LDL
receptor gene (LDLR) is located on chromosome 19
(19p13.2), is 45 kb long, and has 18 exons. LDLR has seven
functional domains: the promoter translation signal sequence
(exon 1), the ligand binding domain (exons 2–6), the
epidermal growth factor precursor homology domain (exons
7–14), the O linked sugar domain (exon 15), the membrane
spanning domain (exons 16–17), and the cytoplasmic
domain (exons 17–18).7 More than 600 mutations that are
responsible for familial hypercholesterolaemia have been
identified in LDLR.8
Of relevance to this study, two polymorphisms in exons 8
and 13 in the internalisation EGF precursor homology
domain of LDLR have been associated with AD.9 The exon 8
polymorphism results in a loss of a StuI restriction site; it
involves an alanine/threonine (GRA) change at amino acid
370.10 11 A relative risk for AD of approximately 2 has been
associated with this substitution (1.7 for patients and 2.7 for
APOE4 carriers).9 The exon 13 polymorphism, introducing an
AvaII restriction site, involves a TRC substitution at position
632, with no amino acid change.12 This polymorphism (CC)

has been associated with increased total cholesterol, independent of APOE isoforms.12 We have investigated these
ligand receptor combinations of polymorphisms (LDLR8,
LDLR13, and APOE4) in association with the disease state.
There was a ninefold increased risk for the LDLR8 GG/
LDLR13 CC combination among APOE4 carriers, but no
increase in risk for other combinations.

METHODS
Subjects
The sample groups consisted of 180 AD patients and 141
control spouses. The clinical diagnosis of probable AD was
made according to NINCDS-ADRDA criteria,17 following a
review of the medical records to verify a documented
progressive decline in cognition and appropriate blood tests
to rule out other medical conditions, including thyroid and
vitamin B12 deficiencies. We also included computed
tomography and/or magnetic resonance imaging of the brain,
which showed cortical atrophy but no evidence of strokes or
tumours. The patients were primarily of European descent.
As a group, spouses of patients and siblings had a similar age,
ethnic background, and environment, which controlled for
unmeasured risk factors in addition to age and race. All
participants or those who were the authorised representatives
for the patients gave consent for the study, in accordance
with institutional review board guidelines.
Patients and control spouses were from both Texas and
Georgia. There were 46 Georgian patients (33 women; 13
men) who had a mean (SD) age of onset of 72.04 (8.78) years
(range 52–88) and 98 Texan patients (76 women; 22 men);
mean (SD) age of onset 70.62 (8.03) years (range 50–92).
There were 36 patients (18 women; 18 men) from the
National Cell Repository; mean (SD) age of onset 69.58
(7.18) years (range 57–82), making a total of 180 patients
(127 women; 53 males); mean (SD) age of onset 70.78 (8.07).
Of this total, 144 had an age of onset .65 years. The three
Abbreviations: AD, Alzheimer’s disease; APOE, apolipoprotein E;
LDLR, low density lipoprotein receptor; VLDL, very low density lipoprotein
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Genotyping
APOE was genotyped as described previously.19

LDLR8
The primers for the polymorphisms in exon 8 were as
described by Retz et al.9 The conditions for the PCR reactions
were 1 ml 106reaction buffer, 2 ml ‘‘Q’’, 0.2 ml 10 mmol/l each
dNTP, 0.4 ml of 10 mmol/l each primer, 0.08 ml of 5 U/ml Taq
polymerase, 100 ng genomic DNA, and H2O to a final volume
of 10 ml. The PCR conditions for exon 8 were 95˚C for
5 minutes, 57˚C for 3 minutes, and 72˚C for 5 minutes for
one cycle, and then 30 cycles of 95˚C for 1 minute, 57˚C
for 1 minute, and 72˚C for 1 minute. There was an initial
incubation of 95˚C for 10 minutes and a final extension of
72˚C for 10 minutes. The PCR products were then digested
overnight with the restriction enzyme StuI (1 ml of 106
buffer, 0.25 ml of 10 000 U/ml StuI, and 3.75 ml of H2O plus
5 ml of PCR product). The DNA fragments were separated by
agarose gel (2.0%) electrophoresis and stained with ethidium
bromide. The undigested product had a size of 193 bp, and
the digested product had sizes of 144 and 49 bp.

LDLR13
The primers for exon 13 were: F: 59-CAGCCTGGGCAAC
AAAAGTGAAA and R: 59-TGGGGCAGAAGAAGCGGAGTC.
The PCR conditions were 95˚C for 5 minutes, 65˚C for
3 minutes, and 72˚C for 5 minutes for one cycle, and then
30 cycles of 95˚C for 1 minute, 65˚C for 1 minute, and 72˚C
for 1 minute. There was an initial incubation of 95˚C for
10 minutes and a final extension of 72˚C for 10 minutes. The
PCR products were then digested overnight with the
restriction enzyme AvaII.12 The DNA fragments were separated by agarose gel (1.5%) electrophoresis and stained with
ethidium bromide. The undigested product had a size of
422 bp, and the digested product sizes were 256 bp and
166 bp.
Analysis
Allele/genotype frequencies for case and control subjects were
estimated by counting alleles and compared using Fisher’s
exact or x2 tests. Odds ratios (OR) and 95% confidence
intervals (CI) were estimated to further quantify risk related
to specified combinations of polymorphisms for LDLR8,
LDLR13, and APOE. The analysis was implemented in
Statistica basic statistics and non-parametric analysis software (version 6.1; StatSoft, Tulsa, OK, USA). Linkage
disequilibrium (Arlequin20) and estimated power calculations21 were also performed.

knowledge that this polymorphism is associated with
elevation in plasma cholesterol levels. The component alleles,
G and C, were in linkage disequilibrium, (that is, often found
together) for the AD patients (x2 = 15.6; p = 0.035, 4 df), but
not for the control subjects (x2 = 1.1; p = 0.89, 4 df),
implying that the double homozygous genotype designated
GG:CC may be relevant to disease risk.
APOE4 and LDLR GG:CC
We next considered whether the designated double homogygous GG:CC genotype for LDLR was a risk factor for AD
among APOE4+ subjects (table 2). There was a ninefold
elevation in risk associated with GG:CC versus A– and T–
among APOE4+ subjects (OR 9.3; 95% CI 1.8 to 48.2). This
elevation was statistically significant, as the 95% CI did not
include the reference value of 1 (that is, no difference in risk
for GG:CC versus other possibilities). Moreover, APOE4+
patients carried GG:CC more frequently than did APOE4+
control subjects (Fisher’s exact test, p = 0.008). These
findings indicate that the LDLR polymorphisms strongly
modify the risk of AD when APOE4 is present. Specifically,
APOE4 in combination with LDLR GG:CC poses high risk.
The LDLR GG:CC genotype did not, however, elevate risk
for APOE42 subjects (OR 0.9; 95% CI 0.3 to 2.5). If anything,
LDLR GG:CC was mildly protective when APOE4 was not
present. Interestingly, subgroup analysis indicated that
APOE4+ women who carried the GG:CC combination may
be at higher risk compared with men. In addition, those with
age of onset .65 years may be more vulnerable. Larger
samples are needed to verify these findings.
Overall odds ratio
Some 44% of the patients and 14% of the controls carried at
least one APOE4 allele, an approximate threefold elevated
risk, on a par with other studies reported in the literature.
However, the additional information on LDLR polymorphism
defined an overall 12 fold elevation in risk—that is, APOE4 in
combination with LDLR GG:CC (OR 11.9; 95% CI 2.8 to 50.0;
p = 0.0002; standard power 0.999), compared with other
subjects lacking all three of these polymorphisms. This
further indicates that information on specific LDLR polymorphisms refines information on APOE4 alone when
considering the risk for AD.

DISCUSSION
It seems reasonable that particular functional combinations
of APOE and receptor isoforms may together modify the risk
for AD. The few reports for the LDL family of genes have
focused on the oxidised LDLr1 gene13 and on the LDL receptor
related protein (LRP) gene,14 both on chromosome 12. Coding
polymorphisms for the ligand ApoE and its receptor LDLr,
genes that facilitate cholesterol entry into cells, may together
serve as risk factors for AD. While there is little evidence as
yet of epistasis, there is considerable evidence that genetic
variations in APOE and LDLR contribute to the LDL

Table 1

RESULTS
LDLR8 GG and LDL13 CC
The LDLR8 GG genotype was common, found for 84% of the
unaffected control subjects and 91% of the AD patients
(table 1; supplementary tables online). Hence, subjects were
divided according to whether or not the LDLR8 GG genotype
was present—that is, GG versus A. They were also divided
according to whether or not the LDLR13 CC genotype was
present—that is, CC versus T, based on the modest elevation
of LDLR13 CC among patients (24% v 18%) and prior
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Exon 8
GG
AG
AA
Exon 13
TT
TC
CC

LDLR genotypic frequencies
Patients

Controls

161 (90.5%)
17 ( 9.5%)
0

116 (84.1%)
21 (15.2%)
1 (0.7%)

55 (30.9%)
80 (44.9%)
43 (24.2%)

38 (27.3%)
76 (54.7%)
25 (18.0%)
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groups were analysed separately for population stratification
with Structure 2.1 software, and no significant differences
were found,18 thus they were combined for the analysis.
There were 141 spouse controls from both patients and
siblings (83 women; 58 male) with an average age at
ascertainment of 72.27 (8.42) years (range 51–89). Some
121 spouses were .65 years of age at the reference point. The
two or three samples that did not amplify were not used in
the analysis.
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GG:CC
A2:T2

ApoE4+ subjects

ApoE4– subjects

Patients

Patients

Controls

28 (90.3%)
3 ( 9.7%)
6 (50%)
6 (50%)
OR 0.9; 95% CI 0.3 to
2.5; Fisher’s exact test
p = 0.83; SP 0.06

Controls

14 (41.2%)
20 (58.8%)
11 (44%)
14 (56%)
OR = 9.3; 95% CI = 1.8 to
48.2; Fisher’s exact test
p = 0.008; SP = 0.98

phenotype.15 Genetic studies in familial hypercholesterolaemia patients have identified over 600 mutations in the LDLR
gene.8 Only two polymorphisms thus far have been associated
with AD. In a study of 63 Alzheimer’s patients and 162
controls, Retz et al found no association of either the exon 8
or the exon 13 polymorphisms in the LDLR gene with late
onset AD.9 They did find that the relative risk for the LDLR
Thr (exon 8) polymorphism was 1.74 alone and increased to
2.68 when combined with at least one APOE4 allele.
The LDL receptors supply cholesterol to cells and also
remove cholesterol rich lipoprotein particles from the bloodstream to prevent their accumulation. The ligand binding
domain of the LDL receptor is involved in interactions with
lipoproteins containing ApoE. The two polymorphisms in
exons 8 and 13 are in the EGF precursor homology domain
and are involved with internalisation of the bound ligand
with subsequent release in the acidic endosome.8 The
polymorphisms may prevent the release in the endosome
and the subsequent recyling of the receptor. It is interesting
to note that APOE4 binds to the LDL receptor with higher
affinity than APOE3.5 Thus it has been speculated that the
receptor may trap APOE4 and reduce its transfer to
lipoproteins for clearance, resulting in an increase of
cholesterol rich particles in plasma. High levels of cholesterol
are thought to increase Ab formation. Moreover, elderly
people with increased plasma cholesterol levels are at higher
risk for dementia.16 The role of these mutations in the LDL
receptor and the interaction with ApoE4 in the brain warrant
further investigation.
Thus, we found that there was a ninefold increase in risk
for AD for APOE4+ people homozygous for both LDLR8 G and
LDLR13 C. Considered individually, homozygous LDLR8 G
and homozygous LDLR13 each presented a relative risk of
about 3 for APOE4+ subjects. Hence, the combination of the
two genotypes was highly informative. ApoE4 carriers who
carried the double homozygous LDLR genotype had a 12 fold
increased risk compared with those lacking the components
of this tripartite risk factor. These provocative findings need
to be investigated in larger samples in conjunction with
information on age, sex, race, and clinical features such as
cholesterol levels, to potentially become a useful clinical tool.

ACKNOWLEDGEMENTS
We thank the Texas and Georgia families for their active participation
in the DNA Bank. DNA was also obtained from the National Cell
Repository for Alzheimer’s Disease. This research was supported by
MCG startup funds, an MCG Dean’s summer research fellowship, VA
VISN 7 service line career development award, and by a cooperative
agreement grant U24AG21886 from the National Institute of Aging
for the National Cell Repository.
.....................

Authors’ affiliations

D Cheng, R Huang, I S Lanham, H M Cathcart, M Howard, S E Poduslo,
Institute of Molecular Medicine and Genetics, Medical College of
Georgia, Augusta, GA, USA

S E Poduslo, Department of Neurology, Medical College of Georgia,
Augusta, GA, USA
S E Poduslo, VA Medical Center, Augusta, GA, USA
E H Corder, Center for Demographic Studies, Duke University, Durham,
NC
Competing interests: there are no competing interests.

REFERENCES
1 Corder EH, Saunders AM, Strittmatter WJ, Schmechel DE, Gaskell PC,
Small GW, Roses AD, Haines JL, Pericak-Vance MA. Gene dose of
apolipoprotein E type 4 allele and the risk of Alzheimer’s disease in late onset
families. Science 1993;261:921–3.
2 Corder EH, Saunders AM, Risch NJ, Strittmatter WJ, Schmechel DE,
Gaskell PC Jr, Rimmler JB, Locke PA, Conneally PM, Schmader KE,
Small GW, Roses AD, Haines JL, Pericak-Vance MA. Protective effect of
apolipoprotein E type 2 allele for late onset Alzheimer disease. Nat Genet
1994;7:180–4.
3 Farrer LA, Cupples A, Haines JL, Hyman B, Kukull WA, Mayeux R, Myers RH,
Pericak-Vance MA, Risch N, van Duijn CM, for the APOE and Alzheimer
Disease Meta Analysis Consortium. Effects of age, sex, and ethnicity on the
association between apolipoprotein E genotype and Alzheimer disease. A
meta-analysis. JAMA 1997;278:1349–56.
4 Mahley RW. Apolipoprotein E: cholesterol transport protein with expanding
role in cell biology. Science 1988;240:622–30.
5 Malloy SI, Altenburg MK, Knouff C, Lanningham-Foster L, Parks JS, Maeda N.
Harmful effects of increased LDLR expression in mice with human APOE*4 but
not APOE*3. Arterioscler Thromb Vasc Biol 2004;24:91–7.
6 Beffert U, Stolt PC, Herz J. Functions of lipoprotein receptors in neurons. J Lipid
Res 2004;45:403–9.
7 Hobbs HH, Brown MS, Goldstein JL. Molecular genetics of the LDL receptor
gene in familial hypercholesterolemia. Hum Mutat 1992;1:445–66.
8 Nimpf J, Schneider WJ. From cholesterol transport to signal transduction:
low density lipoprotein receptor, very low density lipoprotein receptor,
and apolipoprotein E receptor-2. Biochim Biophys Acta
2000;1529:287–98.
9 Retz W, Thome J, Durany N, Harsanyi A, Retz-Junginger P, Kornhuber J,
Riederer P, Rosler M. Potential genetic markers of sporadic Alzheimer’s
dementia. Psychiatr Genet 2001;11:115–22.
10 Gudnason V, Patel D, Sun X-M, Humphries S, Soutar AK, Knight BL. Effect of
the StuI polymorphism in the LDL receptor gene (Ala 370 to Thr) on lipid levels
in healthy individuals. Clin Genet 1995;47:68–74.
11 Kotze MJ, Langenhoven E, Warnich L, Marx MP, Retief AE. Molecular
characterization of a low-frequency mutation in exon 8 of the human lowdensity lipoprotein receptor gene. S Afr Med J 1989;76:402–5.
12 Ahn YI, Kamboh MI, Aston CE, Ferrell RE, Hamman RF. Role of common
genetic polymorphisms in the LDL receptor gene in affecting plasma
cholesterol levels in the general population. Arterioscler Thromb
1994;14:663–70.
13 Lambert J-C, Luedecking-Zimmer E, Merrot S, Hayes A, Thaker U, Desai P,
Houzet A, Hermant X, Cottel D, Pritchard A, Iwatsubo T, Pasquier F, Frigard B,
Conneally PM, Chartier-Harlin M-C, DeKosky ST, Lendon C, Mann D,
Kamboh MI, Amouyel P. Association of 39-UTR polymorphisms of the oxidised
LDL receptor 1 (OLR1) gene with Alzheimer’s disease. J Med Genet
2003;40:424–30.
14 Kang DE, Saitoh T, Chen X, Xia Y, Masliah E, Hansen LA, Thomas RG, Thal LJ,
Katzman R. Genetic association of the low-density lipoprotein receptor-related
protein gene (LRP), an apolipoprotein E receptor, with late-onset Alzheimer’s
disease. Neurology 1997;49:56–61.
15 Knoblauch H, Bauerfeind A, Toliat MR, Becker C, Luganskaja T, Gunther UP,
Rohde K, Schuster H, Junghans C, Luft FC, Nurnberg P, Reich JG. Haplotypes
and SNPs in 13 lipid-relevant genes explain most of the genetic variance in
high-density lipoprotein and low-density lipoprotein cholesterol. Hum Mol
Genet 2004;13:993–1004.
16 Jarvik GP, Wijsman EM, Kukull WA, Schellenberg GD, Yu C, Larson EB.
Interactions of apolipoprotein E genotype, total cholesterol level, age, and sex
in prediction of Alzheimer’s disease: a case-control study. Neurology
1995;45:1092–6.
17 McKhann GM, Drachman D, Folstein M, Katzman R, Price D, Stadlan E.
Clinical diagnoses of Alzheimer’s disease: Report of the NINCDSADRDA work group under the auspices of Department of Health and
Human Services Task Force on Alzheimer’s disease. Neurology
1984;34:939–44.
18 Falush D, Stephens M, Pritchard JK. Inference of population structure using
multilocus genotype data: Linked loci and correlated allele frequencies.
Genetics 2003;164:1567–87.
19 Poduslo SE, Neal M, Herring K, Shelly J. The apolipoprotein CI A allele as a
risk factor for Alzheimer’s disease. Neurochem Res 1998;23:361–7.
20 Schneider S, Roessli D, Excoffier L. Arlequin: A software for population
genetics data analysis, version 2.000. Geneva: Genetics and Biometry
Laboratory, Department of Anthropology, University of Geneva, 2000.
21 Ambrosius WT, Lange EM, Langefeld CD. Power for genetic association
studies with random allele frequencies and genotype distributions. Am J Hum
Genet 2004;74:683–93.

www.jmedgenet.com

J Med Genet: first published as 10.1136/jmg.2004.024968 on 2 February 2005. Downloaded from http://jmg.bmj.com/ on August 16, 2022 by guest. Protected by copyright.

Table 2 LDLR GG:CC and risk for AD
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