CALHM1 P86L Polymorphism Modulates CSF Ap Levels in
Cognitively Healthy Individuals at Risk for Alzheimer’s Disease
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The calcium homeostasis modulator 1 (CALHMT) gene codes for a novel cerebral calcium channel controlling intracellular cal-
cium homeostasis and amyloid-g (Ap) peptide metabolism, a key event in the etfiology of Alzheimer’s disease (AD).The P86L poly-
morphism in CALHM1 (rs2986017) initially was proposed to impair CALHM1 functionally and to lead to an increase in Ap accu-
mulation in vitro in cell lines. Recently, it was reported that CALHM1 P86L also may influence AR metabolism in vivo by increasing
AB levels in human cerebrospinal fluid (CSF). Although the role of CALHM1 in AD risk remains uncertain, concordant data have
now emerged showing that CALHM1 P86L is associated with an earlier age at onset of AD. Here, we have analyzed the associa-
fion of CALHM1 P86L with CSF AB in samples from 203 AD cases and 46 young cognitively healthy individuals with a positive fam-
ily history of AD. We failed to detect an association between the CALHM1 polymorphism and CSF A levels in AD patients. Our
data, however, revealed a significant association of CALHM1 P86L with elevated CSF A42 and AB40 in the normal cohort at risk
for AD. This work shows that CALHM1 modulates CSF AR levels in presymptomatic individuals, strengthening the notion that
CALHMT1 is involved in AD pathogenesis. These data further demonstrate the utility of endophenotype-based approaches focus-
ing on CSF biomarkers for the identification or validation of risk factors for AD.
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INTRODUCTION

Alzheimer’s disease (AD) is a progres-
sive neurodegenerative disorder charac-
terized by the presence of senile plaques
in different brain regions of the neocor-
tex and hippocampus (1,2). Senile
plaques result from the deposition of
amyloid-f (Af), a series of peptides pro-
duced by sequential endoproteolysis of
the amyloid precursor protein (APP) by

B-secretase/ BACE1 and y-secretase (3,4).
The etiology of the sporadic non-
Mendelian forms of the disease, which
represent nearly 99% of all the AD cases,
is still poorly understood. Although
there is clear evidence that genetic varia-
tion strongly influences the risk of devel-
oping sporadic AD, the only robust and
unequivocally identified AD risk factor is
the €4 allele of the apolipoprotein E
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(APOE) gene (5,6). Meta-analyses and
genome-wide association studies, how-
ever, have revealed recently that multiple
independent loci show significant associ-
ation with AD risk, indicating that other
genes are involved in the disease etiol-
ogy (7-10).

There is evidence suggesting that AD
neuropathology may precede clinical
symptoms by more than a decade
(11-15). Future interventions may be tar-
geted to those at increased risk, before
clinical symptoms are manifested. The
use of protein biomarkers from cere-
brospinal fluid (CSF) as quantitative en-
dophenotypes may be a helpful tool not
only for identifying individuals at risk
for AD but also for providing an unpar-
alleled opportunity to increase the power
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of association studies to identify risk al-
leles (16-19). The use of quantitative en-
dophenotype also may give important
biological information in regards to
when and by what mechanisms a given
gene variant begins to exert a disease-
associated impact. Additionally, in the
future it may be prudent to follow CSF
biomarkers in those at increased genetic
risk to time future interventions.

It is well established that decreased
AP42 in CSF is associated with AD
(20-25), perhaps related to increased
deposition of insoluble A in brain
parenchyma (26). In a sample composed
of predominantly non-demented individ-
uals, alterations in CSF levels of Ap were
associated with several putative genetic
risk variants, supporting the further in-
vestigation of CSF Ap as an early preclin-
ical marker and endophenotype of AD
for studying risk genes (17).

Altered calcium metabolism may be a
critical component of the pathogenic pro-
cess leading to the development of AD
(27-32). Recently, our group identified
calcium homeostasis modulator 1
(CALHMT1) as a gene coding for a novel
cerebral calcium channel component con-
trolling cytosolic calcium homeostasis
and AB metabolism (33). Increased
CALHMI1 expression in cell culture sys-
tems was found to enhance intracellular
calcium concentration (33-35) and to re-
duce AP accumulation (33). The P86L
polymorphism in the CALHM1 gene
(rs2986017) has been associated with in-
creased risk for late-onset AD in some
(33,36-38), but not all studies (39-43).
Three independent studies, in addition to
our initial report (33), also have shown
association between an earlier age at
onset of AD and homozygosity of the
rare allele in CALHM!1 P86L (36,40) or a
marker in the vicinity of the CALHM1
gene (44). A recent meta-analysis of
available data from 24 centers in Europe
and the United States of America by
Lambert et al. concluded that while the
P86L polymorphism may not be an inde-
pendent risk factor for AD in the cohorts
tested, it has a significant impact on the
age at onset of AD (45), supporting the
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notion that CALHM1 controls AD
pathogenesis.

Given the evidence in vitro of a rela-
tionship between the presence of
CALHM1 P86L and increased extracel-
lular AB concentrations (33), investiga-
tion of CSF A concentrations with re-
spect to the CALHM1 genotypes is
warranted. To date, two studies have
analyzed the association of CSF Ap con-
centrations with CALHM1 P86L. In a
sample of subjects with AD and other
cognitive disorders, no association was
found between CALHM1 P86L and CSF
AP concentrations (46). In contrast, in a
mixed sample of subjects with and with-
out AD, a statistically significant effect
of the minor allele in CALHM1 P86L in
the direction of increased CSF AB42 was
detected (47). The current study was de-
signed to reassess whether the
CALHM]1 P86L polymorphism modu-
lates CSF AP concentrations in indepen-
dent populations, and to test the hy-
pothesis that this effect may be more
apparent in presymptomatic individuals
unaffected by the CSF AB42 drop ob-
served during the disease process.

MATERIALS AND METHODS

STUDY POPULATION

Non-demented subjects (n = 46) were
recruited to the Litwin-Zucker Research
Center as part of a longitudinal study in-
vestigating CSF biomarkers in cognition
and AD. The research was approved by
the institutional review board, and all
subjects provided informed consent.
Nearly all of these subjects had a positive
family history of AD (as defined by the
presence of a first-degree relative with
AD) and were enrolled for longitudinal
follow up, but did not have cognitive
complaints at the time of examination,
and none met criteria for dementia. AD
patients (n = 203) were recruited at the
memory clinic of the Department of Psy-
chiatry, University of Munich, Germany.
Subjects diagnosed with AD-type de-
mentia fulfilled the National Institute of
Neurological and Communicative Disor-
ders and Stroke and the Alzheimer’s Dis-
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ease and Related Disorders Association
(NINCDS-ADRDA) criteria (48).

CSF Sampling

After routine medical and physical as-
sessments, lumbar puncture was per-
formed in a sitting or lateral decubitus po-
sition. Following sterile preparation and
local anesthesia with 4% lidocaine topical
cream and 1% lidocaine subcutaneous in-
jection, a 4-cm-long 20-gauge cutting-tip
needle was used as an introducer in the
L3-L4 or L4-L5 interspace. Next, a 25-
gauge Whiteacre-point spinal needle was
inserted through the introducer and
placed in the thecal sac. After fluid return
was established, the spinal catheter was
connected to a 5- or 10-mL syringe via a
polypropylene tube. Gentle negative pres-
sure sufficient to remove CSF at a rate of
approximately 2 mL/min was then ap-
plied by syringe and approximately
25-30 mL of clear spinal fluid was re-
moved from each subject. CSF was then
frozen and stored at —-80°C. At the Munich
center, samples of CSF were acquired via
lumbar puncture between 9 am and 11 am
according to a routine protocol.

Genotyping

APOE genotyping. Genetic variation
at the APOE locus was determined by re-
striction isotyping using PCR amplifica-
tion and subsequent digestion with Hhal
(49). The PCR reaction was performed
with 0.5 ymol/L primer F4 and F6 (49)
and 1.5 mmol /L MgCl, under the follow-
ing cycle condition: 3 min denaturation
at 95°C and 35 cycles with 1 min at 95°C,
1 min at 60°C, 1 min at 70°C and a final
extension at 70°C for 10 min. PCR prod-
ucts were digested with Hhal overnight
and the fragments separated on a 3%
Metaphor agarose gel.

CALHM1 genotyping. The rs2986017
variant in CALHM1 was determined by
sequencing CALHM1 exon 1. Exon 1 was
amplified by PCR using FX1US and
FX1DSa primers (33) in the presence of
1.5 mmol/L MgCl, under the following
amplification conditions: Initial denatu-
ration for 3 min at 94°C and 35 cycles of
30 s at 94°C, annealing for 30 s at 54°C
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Table 1. Sample characteristics.

Cognitively healthy AD

Female Male Female Male
Number of patients 34 12 141 62
CALHMT1 152986017 C/C 16 5 73 35
CALHMT rs2986017 C/T 15 6 62 22
CALHMT rs2986017 T/T 3 1 6 5
APOE £2/3 4 2 ND° ND
APOE £2/4 1 0 ND ND
APOE ¢3/3 16 6 ND ND
APOE ¢3/4 11 4 ND ND
APOE £4/4 2 0 ND ND
Age at sample (average) 62.9 64.3 73.4 70.4
MMSE (+ SD) 29.8 (+0.5) 29.8 (+0.4) 21.1(x5.6) 227 (x50)
AB1-40 pg/mL (average + SD) 8732 + 3568 8696 + 3816 ND ND
AB1-42 pg/mL (average + SD) 381 + 196 336 =177 475 + 221 518 + 278

°ND: not determined.
SD: standard deviation.

and extension for 1 min at 72°C for 35
cycles. PCR products were sequenced by
GeneWiz (South Plainfield, NJ, USA).

ApB ELISA

CSF AB1-40 and Ap1-42 concentra-
tions were determined by enzyme-linked
immunosorbent assays (ELISAs) using
kits from Covance (f-Amyloid 1-40 and
B-Amyloid 1-42 ELISA; Princeton, NJ,
USA) for the Manhasset samples or from
Innogenetics INNOTEST B-amyloid
1-42; Gent, Belgium) for the German
samples, according to the manufacturers’
instructions. Please note that the use of
different ELISA kits could potentially
lead to inconsistencies between the re-
sults of the two kits in terms of the ab-
solute values of measured Af levels and
thus does not allow the comparison of
the results obtained in the two centers.
Our methodology, however, was de-
signed to measure relative CSF Ap level
changes within diagnostic groups.

BACE1 Western Blot (WB) Analyses
BACET1 levels were analyzed by WB
using ab2077 antibody (Abcam, San
Francisco, CA, USA). Twenty microliters
of a 1:100 dilution of CSF were analyzed
by SDS-PAGE and WB. A standard ECL
detection procedure was then used.

Statistical analysis

Normal cohort. We performed multi-
ple linear regression to predict the level
of each endophenotype (AB40 or Ap42)
with factors including APOE genotype
(coded as a nominal variable with value
€4/4,€3/4,€3/3, €2/4, or €2/3); age of
the patient at CSF collection time; gen-
der; or BACEI1 levels, and CALHM1
genotype coded to reflect the hypothe-
sized transmission mechanism (that is,
recessive model compares CC or CT
versus TT; additive model codes the
number of T allele(s): 0 for CC, 1 for
CT, and 2 for TT; dominant model com-
pares CC versus CT or TT). Reported

Table 2. CSF AB levels by CALHM1 P86L genotype (rs2986017).

P values were estimated with JMP ver-
sion 8.01.

AD cohort. We performed multiple lin-
ear regression to predict the level of AB42
(adjusted for age of the patient at CSF
collection time) and CALHM1 genotype
coded to reflect the hypothesized trans-
mission mechanism, as described above.

RESULTS

The CALHM1 P86L Polymorphism
(rs2986017) Shows Association with
CSF AB Levels in Young Cognitively
Healthy Individuals at Risk for AD, but
Not in AD Patients

CSF samples from 46 cognitively
healthy individuals with a positive fam-
ily history of AD and 203 individuals
with AD were collected. Patient charac-
teristics and genotype distributions in
each group are shown in Table 1. CSF
concentrations (pg/mL) of AB1-40 (nor-
mal cohort) and AB1-42 (normal and AD
cohorts) were measured and rs2986017
genotypes were determined in these pa-
tients (Table 1, Table 2).

Table 3 shows the results of test of as-
sociations between rs2986017 genotype
and AB1-40 or AB1-42 in the normal co-
hort under the recessive, additive and
dominant genetic transmission models
(tests are performed with multiple re-
gression and controls for several genetic
and biological covariates, see Methods).
These tests indicated that in the cogni-
tively healthy cohort, CALHM1 geno-
type has a significant effect on AB1-42
levels under the additive (P = 0.0036)
and dominant (P = 0.0099) models, and
shows a trend effect under the recessive
model (P = 0.0669, Table 3). A significant
effect of CALHM1 genotype also was

CC (N = 21; 46%)

Mean AB1-40 (pg/mL + SD)
Mean AB1-42 (pg/mL + SD)

8146 + 3767
284 + 148

Cognitively healthy AD
CT(N=21;46%) TI(N=4,8%) CC(N=108;53%) CT(N=84;41%) TI(N=11;5%)
8522 + 3148 12800 + 2833 ND° ND ND
420 + 199 555 + 136 5563 + 322 487 + 205 410+ 213

“SD, standard deviation.
PND: not determined.
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Table 3. Association between CALHM1
P86L genotype (rs2986017) and CSF Ap
levels in the cognitively healthy cohort.®

Genetic
transmission
model AB1-40 Ap1-42
Dominant P=0.1656 P =0.0099
Additive P=0.0237 P =0.0036
Recessive P=0.0123 P =0.0669

“Adjusted for APOE genotype, age of the
patient at CSF collection time, gender, and
BACE]1 levels.

found for AB1-40 levels under the reces-
sive (P = 0.0123) and additive models
(P =0.0237, Table 3).

Because CSF BACEI levels and activity
were found in several studies to be ele-
vated in MCI (mild cognitive impair-
ment) and AD patients (50,51), we also
measured CSF BACE1 levels in the nor-
mal cohort to determine whether BACE1
levels could influence the effect of
CALHMI1 P86L on Ap levels. Western
blot and densitometry analyses were
conducted to measure BACE] levels (Fig-
ure 1). BACE1 levels were not associated
with CALHM1 genotype (see Figure 1)
and models fitted to AB levels that con-
trolled for CSF BACEI levels (Table 3)
showed significant association between
CALHMI1 genotype and A levels, indi-
cating that the effect of CALHMI geno-
type on A levels could not be explained
by changes in CSF BACE1 levels.

In contrast to the normal cohort, we
found that levels of AB1-42 were not af-
fected by rs2986017 genotype in the AD
cohort. The additive model for a
CALHM]I effect yielded a P value of 0.34.

DISCUSSION

The use of quantitative endopheno-
types such as CSF A levels to evaluate
candidate genes in late-onset AD has
emerged recently as a promising ap-
proach (17,26,47,52-54). For instance, the
APOE ¢4 allele has been found to predict
in some (55,56), but not all studies
(57,58), changes in CSF Ap concentra-
tions in non-demented individuals, po-
tentially as an early marker of evolving
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disease. Another example is the gene
coding for angiotensin-converting en-
zyme (ACE), a protease involved in Af
degradation (59), for which a haplotype
associated with an increased risk of AD
has been reported in association with ele-
vated levels of CSF Ap (60).

In this study, an association was ob-
served between the CALHM1 P86L poly-
morphism and elevated levels of CSF
AP42 and ApP40 in a small sample of
young, cognitively healthy individuals
with a positive family history for AD.
This association was not observed in in-
dividuals suffering from dementia, albeit
in a large sample. Elevated levels of CSF
Ap were predicted in association with
CALHM1 P86L based on its in vitro ef-
fects on AP metabolism. Indeed,
CALHMI1 was found to repress A accu-
mulation in a calcium-dependent man-
ner in cell lines, and expression of mu-
tated P86L-CALHM]1 resulted in a partial
loss of CALHM]1 control on cytosolic cal-
cium levels and Ap repression, resulting
in an elevation of extracellular A levels
(33). While the CALHM1 P86L polymor-
phism has not been established conclu-
sively as an AD risk allele, its impact on
the age at onset of AD has now been
demonstrated in four independent stud-
ies (33,36,40,45) and may be related di-
rectly to its effect on A metabolism (33).
The association of CALHM1 P86L with
CSF Ap observed here in cognitively
healthy individuals at risk for AD, but
not in AD patients, may be related to the
reduction in circulating Ap42 that accom-
panies the presumed parenchymal depo-
sition in AD (20-24). Thus, the effect of
the CALHM1 P86L polymorphism on
CSF AB may be the most apparent before
the first clinical manifestations of the
disease.

The design of the current study had
several limitations. First, the sample size
of the cognitively healthy cohort was
small, limiting the power of the study.
However, significant differences for
both AB42 and AB40 levels were found
within this group, suggesting that the
effect of CALHM1 on CSF A levels in
young cognitively healthy individuals is
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Figure 1. CSF BACE] levels by CALHM1
P86L genotype (rs2986017). CSF BACET lev-
els in the normal cohort were analyzed by
WB (A). Graph in (B) shows BACET level
quantification by CALHM1 genotype
(rs2986017) in the normal cohort.
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large enough to be seen in a sample
group of this size. Second, the study in-
cludes two independent cohorts. Longi-
tudinal studies in normal cohorts will
be required to determine whether
CALHM]1 P86L, co-occurring with early
elevations in CSF A levels, influences
the disease onset.

In summary, we show that the
CALHM1 P86L polymorphism is associ-
ated with elevated CSF Ap in normal in-
dividuals at risk for AD, supporting
previous reports suggesting that
CALHMI1 controls Af metabolism in
vitro in cell lines (33) and in vivo in
human CSF (47). These data further
strengthen the notion that CALHM1 is
involved in AD pathogenesis by modu-
lating the age of disease onset
(33,36,40,45), and this, via a mechanism
implicating early deregulation in Ap
metabolism. Finally, this work provides
support for the use of CSF A measure-
ments as a quantitative endophenotype
for identifying or validating AD risk
genes in populations of individuals with
preclinical AD.
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