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Brief communication

Genetic variability at the LXR gene (NR1H2) may contribute
to the risk of Alzheimer’s disease
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bstract
We have initiated a systematic analysis of the role of cholesterol metabolizing genes as risk factors for Alzheimer’s disease pathogenesis.
s part of this analysis, we have assessed the NR1H2 gene on chromosome 19 and report here a modest association with the locus in sibpairs
ith late onset disease.
2005 Elsevier Inc. All rights reserved.
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Apolipoprotein �4 allele (ApoE) is the only established
isk variant for occurrence of late onset Alzheimer’s disease
AD) [2,6]. While the mechanism by which it increases risk
s not clear, one likely possibility is that it does so through
ts effect on cholesterol metabolism [19]: circumstantial evi-
ence for this suggestion has come from the observations that
holesterol lowering drugs reduce A�42 production [20] and
hat statin use has been associated with reduced incidence of
D in retrospective studies [23]. With this background, we
ave been assessing other genes whose products may affect
rain cholesterol metabolism to see whether genetic variabil-
ty within them may influence risk for developing AD [5,13].

A number of nuclear receptors have been identified as key
egulators of cholesterol homeostasis and one that has been
hown to also play a role in regulation of A� production is
he liver X receptor (LXR) encoded by the nuclear receptor

type H2 (NR1H2) [8,21]. The NR1H2 gene is located on
hromosome 19 at ∼80 cM. Genome screen on AD series

ave, of course, shown a high-LOD score for chromosome
9 [3,10] close to the ApoE [6] gene at 85 cM as well as
ne on the ‘p’ arm at about 30 cM [22]. It is likely that the
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a
A
N
C
U
g

197-4580/$ – see front matter © 2005 Elsevier Inc. All rights reserved.
oi:10.1016/j.neurobiolaging.2005.08.010
eak at 85 cM is not entirely explained by the protein encod-
ng variability at the ApoE locus (authors’ unpublished data).
hus, NR1H2 gene is a potential candidate gene for AD.
XR is expressed in two isoforms, LXR� and LXR�, of
hich only LXR� is expressed in the brain [7]. Oxidized

holesterol activates LXR to form a heterodimer with the
etinoid X receptor and in turn regulates ATP-binding cas-
ette transporters (ABCA1), which mediate cholesterol efflux
nd secretion of excess cholesterol from cells to lipid-poor
polipoproteins such as ApoE [14]. Some studies have shown
hat in NR1H2 knockout mice, there was a failure to adapt
etabolically when challenged with high cholesterol diets

1]. Other studies have also shown that treatment of mice
ith LXR activators resulted in a decrease of A� formation

21]. Since LXR� plays such a key role in A� and cholesterol
odulation [15], variation in its cognate gene could have an

ssociated functional implication for the risk of AD. Thus, we
nvestigated the allelic polymorphisms of NR1H2 and their
ssociation to AD risk in sibpairs with late onset form of
D (age at onset after 60 years old), samples provided by the

ational Institute of Mental Health (NIMH) and the National
ell Repository for Alzheimer’s Disease (NCRAD; grant no.
24 AG21886). This series contains a large subset which we
enotyped in our stage II genome screen [16], in addition we
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ncluded supplementary families that became available since
his analysis.

The NCBI database search was used to identify four single
ucleotide polymorphisms (SNP) at the NR1H2 locus (tran-
cript# ENST00000253727); LXR1 = rs1052533 in intron 5,
XR2 = rs1405655 in intron 7, LXR3 = rs1802589 in the 3′
TR and LXR4 = rs2695121 in intron 2. PCR assay was

hen performed on our DNA series consisting of 458 nuclear
amilies, giving a total of 1327 persons. Among those were
31 patients with an average age at onset of 73 years old
73% female) and their unaffected sibling when available
he primers we used were: 5′-CCTACAGGCGTCCTTT-
TGA-3′ (forward) and 5′-TCCCACAGGTCGATTGTCG-
′(reverse) for LXR 1; 5′-ACAGATGCTGGGAGCAGAGT-
′(forward) and 5′-CCGCGATAACGTCTCTTTTC-3′ (rev-
rse) for LXR2; 5′ACCTATCGGCTCTCATCCCT-3′ (for-
ard) and 5′-CGGAAGGAGAAGGAGACGAA-3′(reverse)

or LXR3; 5′-GAAAAAGCAGGTGGATTGGA-3′ (for-
ard) and 5′-TAAGATGTCCGAGGCAC-3′ (reverse) for
XR4 (all the reverse primers are biotinylated). Five micro-

iters of amplified DNA was then genotyped for the four
R1H2 SNPs via pyrosequencing procedure as we have pre-
iously described [18], using primers GTGACTGTGACTC-
TG for LXR1, AAAATTGAGGATCAGGC for LXR2,
CACTGACCCTTCCC for LXR3, and GGCTGAGAG-
AGGGTCT for LXR4. Based on the genotyping data,
tatistical analysis using the Family Based Association
est program (FBAT; version 1.5.1) was then performed
n only the most polymorphic of the four NR1H2 SNPs
LXR2 and LXR4). Indeed, all samples were homozy-
otes for LXR1 and LXR3. The FBAT statistical analy-
is (http://www.biostat.harvard.edu/∼fbat/default.html) was

one as three, two point analyses: analysis of sibpair genotype
n total dataset, segregation analysis based on the presence
r absence of ApoE-�4 allele and haplotype association anal-
sis also in relation to the presence or absence of ApoE-�4

w
s
o
d

able 1
enotype frequency in USA sibpair series

Total (Nf = 458) ApoE-�4− (Nf

Fam# Freq p-Value Fam#

XR2
T/T 132 0.396 0.94 30
T/C 152 0.556 0.22 36
C/C 50 0.048 0.05* 11

XR4
T/T 89 0.142 0.50 18
T/C 167 0.598 0.24 38
C/C 121 0.260 0.05* 31

xon6
Ins/Ins 40 0.880 0.50 9
Ins/WT 40 0.120 0.50 9
WT/WT 0 0 NA 0

am#: number of informative families, Freq: frequency, Ins: CAG insertion compa
* Significant p-value.
Aging 27 (2006) 1431–1434

llele. We analyzed the sample by using an additive model
s a whole and two strata based on ApoE-�4 carrier status.
iven that there have been several reports of linkage in this

egion on chromosome 19 [10,16,22], we used the empiri-
al variance calculation for the estimation of p-values which
djusts for the correlation among sibling marker genotypes
nd for different nuclear families within a single pedigree.
he association test is done under the null hypothesis of “no
ssociation in the presence of linkage” (Table 1).

To analyze the haplotype transmission, we used the same
oftware which is able to deal with multilocus haplotypes,
ven in the presence of phase uncertainty and missing parental
enotypes. We used the haplotype permutation test in order to
ccount for haplotypes with a frequency of less than 5%. Mul-
iple nuclear families from extended pedigrees were allowed
Table 2).

Results of the FBAT statistical analysis on the genotype
esults are illustrated in Table 1. Within the total sibpair series
opulation there were significant p-values for the C/C geno-
ype of LXR2 and LXR4 (p = 0.05 for both). Segregation
nalysis of the sibpair series population according to the pres-
nce or absence of ApoE-�4 allele showed that in the ApoE-
4 allele positive population, there was a significant LXR4
/C genotypic association (p = 0.02). Because we obtained

ignificant associations, DNA sequencing using Big Dye
erminator Cycle sequence (Applied Biosystems) was then
erformed in NR1H2 exonic regions in twelve random AD
ases to further search for any undescribed polymorphisms.
uring this analysis we identified an insertion/deletion poly-
orphism of a CAG (glutamine) residue at codon 175 in exon
obtained from sequencing these 12 AD cases. The reference

equence (NCBI 56699414; transcript# ENST00000253727)

as, in fact the minor allele and ∼95% Caucasians chromo-

omes have the extra CAG (unpublished data). A duplication
f 16 nucleotides, 23 bp before exon 9 was also observed but
id not seem to affect splicing, therefore it most likely does

= 127) ApoE-�4+ (Nf = 311)

Freq p-Value Fam# Freq p-Value

0.399 0.51 82 0.405 0.12
0.529 0.23 89 0.553 0.40
0.072 0.30 27 0.043 0.28

0.138 0.62 52 0.157 0.13
0.599 0.87 99 0.576 0.42
0.263 0.85 71 0.266 0.02*

0.858 0.87 25 0.868 0.41
0.142 0.87 25 0.132 0.41
0 NA 0 0 NA

red to the database, Nf: nuclear families, WT: wild type.

http://www.biostat.harvard.edu/~fbat/default.html
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Table 2
Haplotype permutation test in the USA sibpair series

LXR2 LXR4 Exon6 Total (Nf = 458) ApoE-�4− (Nf = 127) ApoE-�4+ (Nf = 311)

Fam# Freq p-Value Fam# Freq p-Value Fam# Freq p-Value

T T Ins 171.8 0.397 0.19 42.0 0.399 0.84 109.7 0.394 0.01*

C C Ins 154.3 0.282 0.11 37.3 0.291 0.97 96.3 0.271 0.0006*

T C Ins 137.9 0.274 0.89 34.5 0.262 0.97 88.9 0.285 0.77
T T WT 24.6 0.031 0.70 2.3 0.017 0.44 19.5 0.035 0.84
C C WT 5.4 0.010 0.34 1.7 0.015 0.57 3.4 0.009 0.98
T C WT 4.2 0.005 0.28 4.1 0.016 0.93 4.3 0.005 0.007*

C T Ins 1.1 0.001 0.74 NA NA NA 1.1 0.001 0.79
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am#: number of informative families, Freq: frequency, Ins: CAG insertion
* Significant p-value.

ot affect LXR� protein function. We added the data from our
AG insertion/deletion analysis and redid our FBAT analy-

is for the haplotypes using all the polymorphisms (LXR2,
XR4 and Exon6) (see Table 2).

Interestingly, there were significant associations for the
aplotype C-C-Insertion (for SNP LXR2–LXR4–Exon6)
p = 0.0006), as well as a more moderate association for the
aplotype T–T–insertion (p = 0.01: in ApoE-ε4+ population).
o note, the T–C–wild type haplotype in the ApoE-ε4+ pop-
lation also shows a significant result (p = 0.007) but the low
umber of informative families (4.3) indicates that this result
s probably a false positive.

These data suggest that genetic variability at the NR1H2
ocus may be a risk factor for AD. This risk is not encoded
t the ins/del polymorphism and we did not find any other
oding changes in the gene in our sequencing of 12 indi-
iduals affected with late onset AD. This suggests that any
ffect must either be modulated by genetic variability in the
xpression levels of LXR or by alterations in the alterna-
ive splicing which seems to be the case for LXR4. EST
lignment of BI771247, BQ932071 and BX338682 against
uman reference assembly shows that LXR4 SNP resides
n either the coding region or the splicing junction. There-
ore, it is likely that LXR4 is a functional SNP. LXR2 does
ot seem to have any known biological function. However,
t may be in linkage disequilibrium with some functional
lement nearby. Of course, all these predications remain to
e validated with RT-PCR and/or other relevant functional
ssays. Nevertheless, we believe such mechanisms are plau-
ible given that LXR activators have been shown to reduce A�
roduction [4,11,12,21]. One hypothesis is that low express-
ng NR1H2 haplotypes would be more susceptible to AD.
nother suggestion is that induction of the LXR system
ay increase the risk of amyloid deposition associated with

igh cholesterol [9,17] since LXR can effectively mediate
holesterol homeostasis in astrocytes [14]. Indeed, activa-
ion of LXR leads to a dramatic increase in ApoE mRNA

nd protein expression; with ApoE-�4 allele being a risk
actor for AD. In such a scheme, LXR maybe upstream
f ApoE and potentiates the risk associated effects of the
4 allele.

[

ed to the database, Nf: nuclear families, WT: wild type.
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10] Kehoe P, Wavrant-De Vrièze F, Crook R, Wu WS, Holmans P, Fenton
L, et al. A full genome scan for late onset Alzheimer’s disease. Hum
Mol Genet 1999;8:237–45.

11] Koldamova RP, Lefterov IM, Staufenbiel M, Wolfe D, Huang S, Glo-
rioso JC, et al. The liver X receptor ligand T0901317 decreases amyloid
beta production in vitro and in a mouse model of Alzheimer’s disease.
J Biol Chem 2005;280(6):4079–88.

12] Koldamova RP, Lefterov IM, Ikonomovic MD, Skoko J, Lefterov
PI, Isanski BA, et al. 22R-hydroxycholesterol and 9-cis-retinoic acid
induce ATP-binding cassette transporter A1 expression and cholesterol
efflux in brain cells and decrease amyloid beta secretion. J Biol Chem

2003;278:13244–56.

13] Li Y, Tacey K, Doil L, van Luchene R, Garcia V, Rowland C, et al. Asso-
ciation of ABCA1 with late-onset Alzheimer’s disease is not observed
in a case–control study. Neurosci Lett 2004;366(3):268–71.



1 logy of

[

[

[

[

[

[

[

[

434 O. Adighibe et al. / Neurobio

14] Liang Y, Lin S, Beyer TP, Zhang Y, Wu X, Bales KR, et al. A liver X
receptor and retinoid X receptor heterodimer mediates apolipoprotein E
expression, secretion and cholesterol homeostasis in astrocytes. J Lipid
Res 2002;43(12):2037–41.

15] Murthy S, Born E, Mathur SN, Field J. LXR/RXR activation
enhances basolateral efflux of cholesterol in CaCo-2 cells. J Lipid Res
2002;43:1054–64.

16] Myers A, Wavrant De-Vrieze F, Holmans P, Hamshere M, Crook R,
Compton D, et al. Full genome screen for Alzheimer disease: stage
II analysis. Am J Med Genet (Neuropsychiatric Genet) 2002;114:
235–44.
17] Notkola IL, Sulkava R, Pekkanen J, Erkinjuntti T, Ehnholm C, Kivinen
P, et al. Serum total cholesterol, apolipoprotein E epsilon 4 allele, and
Alzheimer’s disease. Neuroepidemiology 1998;17(1):14–20.

18] Pittman AM, Myers AJ, Duckworth J, Bryden L, Hanson M, Abou-
Sleiman P, et al. The structure of tau haplotype in controls and

[

[

Aging 27 (2006) 1431–1434

in progressive supranuclear palsy. Hum Mol Genet 2004;13:1267–
74.

19] Poirier J. Apolipoprotein E, cholesterol transport and synthesis in spo-
radic Alzheimer’s disease. Neurobiol Aging 2005;26(3):355–61.

20] Refolo LM, Pappolla MA, LaFrancois J, Malester B, Schmidt SD,
Thomas-Bryant T, et al. A cholesterol-lowering drug reduces beta-
amyloid pathology in a transgenic mouse model of Alzheimer’s disease.
Neurobiol Dis 2001;8(5):890–9.

21] Sun Y, Yao J, Kim TW, Tall AR. Expression of liver X receptor target
genes decreases cellular amyloid beta peptide secretion. J Biol Chem
2003;278:27688–94.
22] Wijsman EM, Daw EW, Yu C, Payami H, Steinbart EJ, Nochlin D,
et al. Evidence for a novel late-onset Alzheimer’s disease locus on
chromosome 19p13.2. Am J Hum Genet 2004;75:398–409.

23] Wolozin B. Cholesterol and biology of Alzheimer’s disease. Neuron
2004;41:7–10.


	Genetic variability at the LXR gene (NR1H2) may contribute to the risk of Alzheimers disease
	References


