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The longevity gene Klotho (KL), specifically the functional KL-VS variant, has previously been associated
with cognition and rates of cognitive decline. This study aimed to determine whether KL-VS associations
with cognition were observable in preclinical Alzheimer’s disease (AD). The study also aimed to deter-
mine whether there was a combined influence of KL-VS, neocortical amyloid-$ (AB) burden, and carriage
of the apolipoprotein E (APOE) €4 allele on cognitive decline. This study involved 581 AB-imaged,
cognitively normal older adults, enrolled in the Australian Imaging, Biomarkers and Lifestyle Study of

gg:tvlzrds: Aging. Linear mixed effects models revealed no significant associations between KL-VS and cognitive
KL-VS decline independently or in combination with Af burden and APOE £4 genotype. Overall, previous as-
Cognition sociations reported between KL-VS and cognitive decline are not observed at the preclinical stages of AD.
Episodic memory Furthermore, the results do not support the hypothesis that KL-VS has a modifying effect on Ap burden
amyloid-B and APOE e4—driven cognitive decline in preclinical AD.

Preclinical © 2019 Elsevier Inc. All rights reserved.

Alzheimer’s disease

1. Introduction

Klotho is a transmembrane protein most notably associated with
aging-like phenotypes. Initial studies in mice reported that reduced
klotho expression resulted in the observation of a number of phe-
notypes similar to those seen in human aging (Kuro-o et al., 1997). A
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number of studies (see Supplementary Information, Section S1)
have validated these results in animal models and in humans. In the
latter, protein levels in serum (Xiao et al., 2004) and cerebrospinal
fluid (CSF) (Semba et al., 2014) decline with age and levels in plasma
have been reported to be associated with reduced connectivity in
brain regions impacted in aging and Alzheimer’s disease (AD)
(Yokoyama et al., 2017). Furthermore, decreased levels of CSF klotho
have also been reported in AD (Semba et al., 2014).

A functional variant in the klotho (KL) gene, being the KL-VS
variant (henceforth KLV®), has been shown to be associated with the
levels of secreted klotho (Arking et al., 2002). KLYS heterozygosity
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(KLVS*) is associated with high levels of klotho in serum (Dubal
et al.,, 2014; Yokoyama et al., 2017), improved longevity (Arking
et al, 2002; Di Bona et al., 2014), and healthy aging (Di Bona
et al., 2014) when compared to noncarriers (KLYS™). Carriage of
KLVS* has been reported to be associated with higher levels of
cognitive performance in young adults (Morar et al., 2017) and the
elderly (Dubal et al., 2014), slower cognitive decline (de Vries et al.,
2017; Deary et al., 2005), and increased brain volume in the frontal
lobe (de Vries et al., 2017), in particular, the prefrontal cortex
(Yokoyama et al., 2015). Although findings have been inconsistent
(see Supplementary Information, Section S1), it should be noted
that these associations are not observed in a gene
dosage—dependent manner, with homozygosity (KLYS™*) associ-
ated with reduced life expectancy and a negative influence on aging
phenotypes (Arking et al., 2002, 2005).

Variations in klotho expression and sequence are of particular
interest in AD, as aging is considered the greatest risk factor for the
development of the disease. AD-associated cognitive decline can be
observed in the asymptomatic stages of the disease, particularly
those at greatest risk of AD, that is, those with early pathological
brain changes (Lim et al, 2016) such as the accumulation of
neocortical amyloid-B (AB), a feature included in the National
Institute on Aging-Alzheimer's Association recommended criteria
for preclinical AD (Sperling et al., 2011). Furthermore, cognitive
decline at this preclinical AD stage can be genetically influenced, for
example, by the ¢4 allele of the apolipoprotein E (APOE) gene, the
Val66Met (rs6265) variant in brain-derived neurotrophin factor
(BDNF) gene and variation in the kidney and brain expressed pro-
tein (KIBRA) gene (Lim et al., 2015a,b; Porter et al., 2018). Consid-
ering the results from previous studies and biological evidence for
associations between KLYS and cognitive performance, it was hy-
pothesized that in cognitively normal (CN) older adults, KLV>*
would be more resilient to cognitive decline when compared to
KLYS~. As such, it was aimed to determine whether KLV® influences
measures of cognitive decline in CN older adults through analysis of
7.5 years of longitudinal cognitive and neuroimaging assessment
data from the Australian Imaging, Biomarkers and Lifestyle (AIBL)
Study of Ageing. Furthermore, we sought to investigate the inter-
actional effects of KIS and factors known to modify preclinical
AD—related cognitive decline, specifically AR burden and APOE &4
status.

2. Material and methods
This study was undertaken in the AIBL Study of Aging focusing

on a CN subset (n = 581) of brain-imaged participants (Ellis et al.,
2009). Participants underwent AP imaging and cognitive testing,

methodology for which is described in detail in Supplementary
Material. Positron emission tomography standardized uptake
value ratios were calculated for all participants, with these then
classified as low (AB") or high (AB"8") based on tracer-specific
thresholds of >1.4, >1.05, and >0.55 for PiB, florbetapir, and flute-
metamol, respectively (Rowe et al.,, 2013). Three cognitive com-
posite scores such as global cognition, verbal episodic memory
(Burnham et al., 2015), and pre-Alzheimer’s cognitive composite
(Donohue et al, 2014), were calculated as described in
Supplementary Material, with 18-month follow-up data over
7.5 years utilized. For this study, APOE carrier status was defined as
the presence (APOE £4+ve) or absence (APOE e4-ve) of the APOE ¢4
allele. Multiple KL single nucleotide polymorphisms were geno-
typed to confirm results and ensure single nucleotide poly-
morphisms were in 100% linkage disequilibrium. KLYS homozygotes
(KLVS**+) were not included in this study (AIBL frequency, 3.9%) with
all analyses performed comparing KLYS* and KLVS~. Linear mixed
models were performed in R studio (Rstudio Team, 2015) Version
0.98.1103 for Macintosh (RStudio Team, 2015) as implemented in
the “nlme” package.

3. Results

Table 1 reports demographic information for the cohort inves-
tigated here, stratified by the KLY® genotype. Depressive sympto-
mology, as measured by the Geriatric Depression Scale, was the
only variable significantly different between the 2 groups. However,
due to the mean Geriatric Depression Scale values for each group
being well below the threshold for clinical relevance, the difference
was not further investigated. When investigating rates of cognitive
decline between groups stratified by the KL genotype (KLYS* n =
152, KLV~ n = 429), no significant differences were observed in any
cognitive composite measures (Supplementary Table 1).

Although significant differences between group rates of decline
were observed as a result of the interaction between A burden and
the KLYS genotype, they reflect differences driven by AB burden
status with no modification by KIS (Supplementary Table 2). That
is, ABW/KLYS* significantly differed from AB"E"/KLYS~ but ApMeh
KLVS* did not differ significantly from AB™8"/KLYS~ (Supplementary
Table 2). This pattern of results was observed for all cognitive
composites.

Finally, no significant modification of the effects of APOE ¢4
status on cognition was observed as a result of KLVS. This was
observed in both the AB” and AB"8" samples. All composites
recorded no significant differences between any group’s rates of
decline in the AB" sample (n = 331; Table 2). In addition, in the
AB"" sample (n = 250), significant differences in rates of decline

Table 1
Demographic information
Overall n = 581 KLVS* n =152 KLV~ n = 429 p
Age [years], mean (SD) 70.87 (6.45) 70.76 (6.81) 70.93 (6.26) 0.772
Female, n (%) 321 (55.25) 84 (55.26) 237 (55.24) 0.999
Years of Education, n (%) 0.82
0-8 46 (7.94) 12 (7.95) 34 (7.94)
9-12 211 (36.44) 53 (35.10) 158 (36.92)
13-15 121 (20.90) 29 (19.21) 92 (21.50)
15+ 201 (34.72) 57 (37.75) 144 (33.64)
Premorbid IQ [FSIQ], mean (SD) 108.00 (7.24) 108.26 (6.83) 107.90 (7.37) 0.604
Depressive Symptoms [GDS], mean (SD) 1.06 (1.27) 1.27 (1.45) 0.96 (1.18) 0.028
APOE &4 carriage, n (%) 160 (27.54) 49 (32.24) 111 (25.87) 0.161
High amyloid-f burden, n (%) 250 (43.03) 60 (39.47) 190 (44.29) 0.350

Baseline demographic and clinical characteristics of all imaged cognitively normal adults in the AIBL study and stratified by KL'S genotype (KLYS* and KLV%"). p-values represent

statistical significance when comparing the KLY genotype.

Key: APOE, apolipoprotein E; GDS, Geriatric Depression Scale; FSIQ, Wechsler Adult Intelligence Scale 3rd Edition (WAIS-III) Full Scale Intelligence Quotient; SD, standard

deviation.
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Table 2

Mean slopes for cognitive composites in cognitively normal adults stratified by amyloid-p status and APOE &4 interaction

APOE g4-ve KLVS*

APOE g4-ve KLVS~

APOE ¢4+ve KLYS* APOE g4+ve KLVS~

B B B B

ABPw n=71 n =205 N =21 n=34
Global 0.055 0.047 0.011 0.057
Verbal episodic memory 0.066 0.046 0.008 0.056
PACC 0.030 0.033 —0.043 0.111
ABhish n=32 n=113 N =28 n=77
Global 0.001 0.032 —0.033 —0.085*"
Verbal episodic memory —0.017 0.042 —0.025 —0.070°
PACC 0.063 0.124 —0.026 —0.222%°

Mean slopes for cognitive composites (presented in SD/year) in cognitively normal participants with low amyloid-Bburden (AB"; n = 331) or high amyloid-p burden (Ap"&";

n = 250).

Key: APOE, apolipoprotein E; PACC, pre-Alzheimer’s cognitive composite; KLYS*, KLVS heterozygosity; KLYS~, noncarriers.

3 p < 0.05 when comparing to the APOE e4-ve KLYS* group.

b p < 0.05 when comparing to the APOE e4-ve KLVS™ group, ¢ p < 0.05 when comparing to the APOE e4-+ve KLVS* group.

were only observed between the APOE e4+ve/KLYSgroup and the 2
APOE e4-ve groups.

4. Discussion

The results reported here suggest that KIV® has no influence on
cognitive decline in preclinical AD in the AIBL Study of Ageing.
These findings fail to support the hypothesis of this study being that
KLYS* would confer increased resilience to cognitive decline as
compared to KL[YS™. Independent of Ap and APOE 4 status, KLY was
not associated with longitudinal measures of global cognition, the
pre-Alzheimer’s cognitive composite, or verbal episodic memory. In
addition, KLV® did not influence cognitive decline driven by high Ap
burden and modified by APOE &4 carrier status.

Previous animal (Dubal et al., 2014, 2015; Laszczyk et al., 2017;
Leon et al., 2017; Nagai et al., 2003) and human (de Vries et al.,
2017; Deary et al., 2005; Dubal et al., 2014; Morar et al., 2017)
studies have identified an association between klotho levels or
KLVS* and increased levels or improvements in cognitive function.
In particular, in mouse models of AD, increasing klotho expression
reduced cognitive decline (Dubal et al., 2015), whereas klotho
deficiency further impaired cognition (Nagai et al., 2003). These
results could be due to an effect of klotho on A toxicity. In primary
neuronal cultures of mice and rats, those overexpressing klotho
have been reported to be more resistant to AP toxicity when
compared to the wild type (Masso et al., 2015). Furthermore, a
study in mice reported klotho’s influence on cognition could be in
part due to its regulation of hippocampal synaptic plasticity (Li
et al.,, 2017).

Despite the in vivo evidence of the protective effects of klotho
in mouse models, no such benefits are evident in human cohort
studies, where either no significant effect of KLY® or an actual
detrimental effect of KLVS* has been reported (Mengel-From
et al., 2016; Morar et al., 2017; Yokoyama et al., 2015). Further-
more, it has been previously reported that APOE and KLY® inde-
pendently influence cognitive decline. De Vries et al. reported
independent effects of both APOE and KLYS on cognition; how-
ever, these effects were lost after combining the genes (de Vries
et al., 2017).

It has been suggested previously that the cognitive advantage
observed as a result of carriage of KLV>* may only be present in
very late life (de Vries et al., 2017). The average ages of the par-
ticipants investigated in the present study, ~70 years of age
(yoa), however, are in line with the ages observed in studies
where significant KLVS* associations with cognition have been
reported [58-85 yoa (Dubal et al., 2014), ~70 yoa (de Vries et al.,
2017), ~79 yoa (Deary et al., 2005)]. Furthermore, in AD, signif-
icant decline in cognitive performance occurs with age. The lack

of significant associations reported in this study could be due to
an overwhelming effect of preclinical AD pathology on cognition
during the ages at which the influence of klotho on cognition is
most pronounced. With respect to statistical power, the present
study was similarly powered to previous studies reporting on
cognition. The largest of these from Dubal et al (2014) reported a
cross-sectional association between VS carriage and global
cognition in their study that had ~89% power to see their effect
size of 0.3. The present study observed no cross-sectional dif-
ferences in cognition (data not shown) although had ~85% po-
wer to detect a similar 0.3 effect size.

The study reported herein utilized a well-characterized longi-
tudinal cohort of preclinical AD to explore the independent and
interactional influence of KLY® on measures of cognitive decline.
However, there are acknowledged limitations of the present study.
Due to the absence of tau imaging or CSF data, this study defined
preclinical AD based on National Institute on Aging-Alzheimer's
Association-recommended criteria (Sperling et al., 2011) and not
updated criteria that include amyloidosis, tau, and neuro-
degeneration. Participation in the AIBL Study is on a voluntary basis
rather than through random participant selection. This may result
in higher levels of education than typically observed in a
community-based study. This high level of education, particularly
in the CN subset of the cohort, investigated in this study, could
reduce the ability to discern subtle influences of KLYS on cognition
and cognitive decline mediated by an elevated AP and APOE ¢4
carriage.

The study reported here is the first to investigate the combina-
tory effect of KLVS, AP, and APOE &4 on preclinical AD—related
cognitive decline. The results presented do not support the previ-
ous findings of associations between KLY and cognitive decline, in
particular, decline in global cognition and verbal episodic memory.
Furthermore, the results imply no interactional influence of KLV®,
AP, and APOE ¢4 on longitudinal cognitive measures.

Disclosure

CLM is an advisor to Prana Biotechnology Ltd and a consultant to
Eli Lilly. PM is a full-time employee of Cogstate Ltd. DA has served
on scientific advisory boards for Novartis, Eli Lilly, Janssen, and
Pfizer Inc. RNM is a consultant to Alzhyme. CCR has served on sci-
entific advisory boards for Bayer Pharma, Elan Corporation, GE
Healthcare and AstraZeneca, has received speaker honoraria from
Bayer Pharma and GE Healthcare, and has received research sup-
port from Bayer Pharma, GE Healthcare, Piramal Lifesciences and
Avid Radiopharmaceuticals. VLV served as a consultant for Bayer
Pharma and received research support from a NEDO grant from
Japan. All other authors have nothing to disclose.



T. Porter et al. / Neurobiology of Aging 76 (2019) 162—165 165

Acknowledgements

The authors thank all those who took part as subjects in the
study for their commitment and dedication to helping advance
research into the early detection and causation of AD. The authors
kindly thank all AIBL Research Group members (http://aibl.csiro.au/
about/aibl-research-team/). Funding for the AIBL study was pro-
vided in part by the study partners [Commonwealth Scientific and
Industrial Research Organisation, Australia, Edith Cowan University,
Australia, Mental Health Research institute (MHRI), National Ageing
Research Institute (NARI), Austin Health, CogState Ltd]. The AIBL
study has also received support from the National Health and
Medical Research Council, Australia and the Dementia Collaborative
Research Centres program (DCRC2), as well as funding from the
Science and Industry Endowment Fund, Australia and the Cooper-
ative Research Centre (CRC) for Mental Health—funded through the
CRC Program (Grant ID:20100104), an Australian Government
Initiative.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at https://doi.org/10.1016/j.neurobiolaging.2018.
12.014.

References

Arking, D.E., Atzmon, G., Arking, A., Barzilai, N., Dietz, H.C., 2005. Association be-
tween a functional variant of the KLOTHO gene and high-density lipoprotein
cholesterol, blood pressure, stroke, and longevity. Circ. Res. 96, 412—418.

Arking, D.E., Krebsova, A., Macek Sr., M., Macek Jr., M., Arking, A., Mian, LS., Fried, L.,
Hamosh, A., Dey, S., McIntosh, L., Dietz, H.C., 2002. Association of human aging
with a functional variant of klotho. Proc. Natl. Acad. Sci. U. S. A. 99, 856—861.

Burnham, S.C,, Raghavan, N., Wilson, W., Baker, D., Ropacki, M.T,, Novak, G.,
Ames, D., Ellis, K., Martins, R.N., Maruff, P., Masters, C.L., Romano, G., Rowe, C.C.,
Savage, G., Macaulay, S.L., Narayan, V.A., Alzheimer’s Disease Neuroimaging, 1.,
Group, A.R,, 2015. Novel statistically-derived composite measures for assessing
the efficacy of disease-modifying therapies in prodromal Alzheimer’s disease
trials: an AIBL study. J. Alzheimers Dis. 46, 1079—1089.

de Vries, C.F, Staff, R.T,, Harris, S.E., Chapko, D., Williams, D.S., Reichert, P., Ahearn, T.,
McNeil, CJ., Whalley, LJ., Murray, A.D., 2017. Klotho, APOEepsilon4, cognitive
ability, brain size, atrophy, and survival: a study in the Aberdeen Birth Cohort of
1936. Neurobiol. Aging 55, 91-98.

Deary, 1J., Harris, S.E., Fox, H.C., Hayward, C., Wright, A, Starr, .M., Whalley, L].,
2005. KLOTHO genotype and cognitive ability in childhood and old age in the
same individuals. Neurosci. Lett. 378, 22—27.

Di Bona, D., Accardi, G., Virruso, C., Candore, G., Caruso, C., 2014. Association of
Klotho polymorphisms with healthy aging: a systematic review and meta-
analysis. Rejuvenation Res. 17, 212—-216.

Donohue, M.C,, Sperling, RA., Salmon, D.P,, Rentz, D.M., Raman, R,, Thomas, R.G.,
Weiner, M., Aisen, P.S., Australian Imaging, B., Lifestyle Flagship Study of, A.,
Alzheimer’s Disease Neuroimaging, I., Alzheimer’s Disease Cooperative, S., 2014.
The preclinical Alzheimer cognitive composite: measuring amyloid-related
decline. JAMA Neurol. 71, 961-970.

Dubal, D.B., Yokoyama, J.S., Zhu, L., Broestl, L., Worden, K., Wang, D., Sturm, V.E.,
Kim, D., Klein, E., Yu, G.Q., Ho, K., Eilertson, K.E., Yu, L., Kuro-o, M., De Jager, P.L.,
Coppola, G., Small, G.W., Bennett, D.A., Kramer, J.H., Abraham, C.R., Miller, B.L.,
Mucke, L., 2014. Life extension factor klotho enhances cognition. Cell Rep. 7,
1065—1076.

Dubal, D.B., Zhu, L., Sanchez, P.E., Worden, K., Broestl, L., Johnson, E., Ho, K., Yu, G.Q.,
Kim, D., Betourne, A., Kuro, O.M., Masliah, E., Abraham, C.R., Mucke, L., 2015. Life
extension factor klotho prevents mortality and enhances cognition in hAPP
transgenic mice. ]. Neurosci. 35, 2358—-2371.

Ellis, KA., Bush, A.IL, Darby, D., De Fazio, D., Foster, ]., Hudson, P., Lautenschlager, N.T.,
Lenzo, N., Martins, R.N., Maruff, P., Masters, C., Milner, A., Pike, K., Rowe, C.,
Savage, G., Szoeke, C., Taddei, K., Villemagne, V., Woodward, M., Ames, D.,
Group, A.R., 2009. The Australian Imaging, Biomarkers and Lifestyle (AIBL) study

of aging: methodology and baseline characteristics of 1112 individuals recruited
for a longitudinal study of Alzheimer’s disease. Int. Psychogeriatr. 21, 672—687.

Kuro-o, M., Matsumura, Y., Aizawa, H., Kawaguchi, H., Suga, T., Utsugi, T., Ohyama, Y.,
Kurabayashi, M., Kaname, T, Kume, E., Iwasaki, H., lida, A., Shiraki-lida, T.,
Nishikawa, S., Nagai, R., Nabeshima, Y.I., 1997. Mutation of the mouse klotho
gene leads to a syndrome resembling ageing. Nature 390, 45—51.

Laszczyk, A.M., Fox-Quick, S., Vo, H.T., Nettles, D., Pugh, P.C., Overstreet-Wadiche, L.,
King, G.D., 2017. Klotho regulates postnatal neurogenesis and protects against
age-related spatial memory loss. Neurobiol. Aging 59, 41-54.

Leon, J., Moreno, AJ., Garay, B, Chalkley, R]., Burlingame, A.L, Wang, D.,
Dubal, D.B., 2017. Peripheral elevation of a klotho fragment enhances brain
function and resilience in young, aging, and alpha-synuclein transgenic mice.
Cell Rep. 20, 1360—1371.

Li, Q., Vo, H.T,, Wang, ]., Fox-Quick, S., Dobrunz, L.E., King, G.D., 2017. Klotho regu-
lates CA1 hippocampal synaptic plasticity. Neuroscience 347, 123—133.

Lim, Y.Y., Laws, S.M., Villemagne, V.L., Pietrzak, R.H., Porter, T., Ames, D., Fowler, C.,
Rainey-Smith, S., Snyder, PJ., Martins, R.N., Salvado, O., Bourgeat, P.,, Rowe, C.C.,
Masters, C.L., Maruff, P., 2016. Abeta-related memory decline in APOE epsilon4
noncarriers: implications for Alzheimer disease. Neurology 86, 1635—1642.

Lim, Y.Y., Villemagne, V.L., Laws, S.M.,, Pietrzak, R.H., Snyder, PJ., Ames, D., Ellis, K.A.,
Harrington, K., Rembach, A., Martins, R.N., Rowe, C.C., Masters, C.L., Maruff, P.,
2015a. APOE and BDNF polymorphisms moderate amyloid beta-related cogni-
tive decline in preclinical Alzheimer’s disease. Mol. Psychiatry 20, 1322—1328.

Lim, Y.., Villemagne, V.L, Pietrzak, R.H., Ames, D., Ellis, K.A., Harrington, K.,
Snyder, PJ., Martins, R.N., Masters, C.L., Rowe, C.C., Maruff, P, Australian Imag-
ing, B., Lifestyle Research, G., 2015b. APOE epsilon4 moderates amyloid-related
memory decline in preclinical Alzheimer’s disease. Neurobiol. Aging 36,
1239-1244.

Masso, A., Sanchez, A., Gimenez-Llort, L., Lizcano, J.M., Canete, M., Garcia, B., Torres-
Lista, V., Puig, M., Bosch, A., Chillon, M., 2015. Secreted and transmembrane
alphaKlotho isoforms have different spatio-temporal profiles in the brain during
aging and Alzheimer’s disease progression. PLoS One 10, e0143623.

Mengel-From, J., Soerensen, M., Nygaard, M. McGue, M., Christensen, K.,
Christiansen, L., 2016. Genetic variants in KLOTHO associate with cognitive
function in the oldest old group. ] Gerontol. A. Biol. Sci. Med. Sci. 71, 1151—-1159.
https://doi.org/10.1093/gerona/glv163.

Morar, B., Badcock, J.C., Phillips, M., Almeida, O.P,, Jablensky, A., 2017. The longevity
gene Klotho is differentially associated with cognition in subtypes of schizo-
phrenia. Schizophr. Res. 193, 348—353.

Nagai, T, Yamada, K., Kim, H.C,, Kim, Y.S., Noda, Y., Imura, A., Nabeshima, Y.,
Nabeshima, T., 2003. Cognition impairment in the genetic model of aging klotho
gene mutant mice: a role of oxidative stress. FASEB ]J. 17, 50—52.

Porter, T., Burnham, S.C,, Dore, V., Savage, G., Bourgeat, P.,, Begemann, K., Milicic, L.,
Ames, D., Bush, Al, Maruff, P, Masters, C.L., Rowe, C.C.,, Rainey-Smith, S.,
Martins, R.N., Groth, D., Verdile, G., Villemagne, V.L., Laws, S.M., 2018. KIBRA is
associated with accelerated cognitive decline and hippocampal atrophy in APOE
epsilon4-positive cognitively normal adults with high Abeta-amyloid burden.
Sci. Rep. 8, 2034.

Rowe, C.C., Bourgeat, P, Ellis, K.A.,, Brown, B., Lim, Y.Y.,, Mulligan, R., Jones, G.,
Maruff, P., Woodward, M., Price, R., Robins, P., Tochon-Danguy, H., O'Keefe, G.,
Pike, K.E., Yates, P., Szoeke, C., Salvado, O., Macaulay, S.L., O'Meara, T., Head, R.,
Cobiac, L., Savage, G., Martins, R., Masters, C.L., Ames, D., Villemagne, V.L., 2013.
Predicting Alzheimer disease with beta-amyloid imaging: results from the
Australian imaging, biomarkers, and lifestyle study of ageing. Ann. Neurol. 74,
905-913.

RStudio Team, 2015. RStudio: Integrated development for R. RStudio, L., Boston, MA.

Semba, R.D., Moghekar, AR, Hu, J., Sun, K, Turner, R., Ferrucci, L., O'Brien, R., 2014.
Klotho in the cerebrospinal fluid of adults with and without Alzheimer’s dis-
ease. Neurosci. Lett. 558, 37—40.

Sperling, RA. Aisen, PS. Beckett, LA, Bennett, D.A, Craft, S., Fagan, A.M.,,
Iwatsubo, T., Jack Jr, CR. Kaye, ], Montine, TJ., Park, D.C., Reiman, E.M.,
Rowe, C.C., Siemers, E., Stern, Y., Yaffe, K., Carrillo, M.C., Thies, B., Morrison-
Bogorad, M., Wagster, M.V., Phelps, C.H., 2011. Toward defining the preclinical
stages of Alzheimer’s disease: recommendations from the National Institute on
Aging-Alzheimer’s Association workgroups on diagnostic guidelines for Alz-
heimer’s disease. Alzheimer’'s Dement. 7, 280—292.

Xiao, N.M,, Zhang, Y.M., Zheng, Q., Gu, J., 2004. Klotho is a serum factor related to
human aging. Chin. Med. ]J. 117, 742—747.

Yokoyama, J.S., Marx, G. Brown, J.A., Bonham, LW. Wang, D., Coppola, G.,
Seeley, W.W., Rosen, H.J., Miller, B.L., Kramer, ].H., Dubal, D.B., 2017. Systemic
klotho is associated with KLOTHO variation and predicts intrinsic cortical
connectivity in healthy human aging. Brain Imaging Behav. 11, 391—400.

Yokoyama, ].S., Sturm, V.E., Bonham, L.W., Klein, E., Arfanakis, K., Yu, L., Coppola, G.,
Kramer, ].H., Bennett, D.A., Miller, B.L., Dubal, D.B., 2015. Variation in longevity
gene KLOTHO is associated with greater cortical volumes. Ann. Clin. Transl.
Neurol. 2, 215—230.


http://aibl.csiro.au/about/aibl-research-team/
http://aibl.csiro.au/about/aibl-research-team/
https://doi.org/10.1016/j.neurobiolaging.2018.12.014
https://doi.org/10.1016/j.neurobiolaging.2018.12.014
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref1
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref1
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref1
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref1
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref2
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref2
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref2
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref2
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref3
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref3
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref3
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref3
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref3
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref3
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref3
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref4
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref4
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref4
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref4
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref4
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref5
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref5
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref5
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref5
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref6
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref6
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref6
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref6
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref7
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref7
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref7
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref7
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref7
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref7
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref8
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref8
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref8
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref8
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref8
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref8
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref9
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref9
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref9
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref9
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref9
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref10
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref10
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref10
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref10
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref10
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref10
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref10
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref11
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref11
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref11
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref11
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref11
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref12
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref12
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref12
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref12
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref13
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref13
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref13
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref13
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref13
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref14
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref14
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref14
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref15
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref15
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref15
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref15
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref15
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref16
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref16
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref16
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref16
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref16
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref17
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref17
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref17
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref17
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref17
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref17
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref18
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref18
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref18
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref18
https://doi.org/10.1093/gerona/glv163
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref20
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref20
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref20
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref20
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref21
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref21
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref21
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref21
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref22
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref22
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref22
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref22
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref22
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref22
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref23
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref23
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref23
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref23
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref23
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref23
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref23
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref23
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref24
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref25
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref25
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref25
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref25
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref26
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref26
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref26
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref26
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref26
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref26
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref26
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref26
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref27
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref27
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref27
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref28
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref28
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref28
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref28
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref28
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref29
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref29
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref29
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref29
http://refhub.elsevier.com/S0197-4580(18)30454-8/sref29

	Klotho allele status is not associated with Aβ and APOE ε4–related cognitive decline in preclinical Alzheimer's disease
	1. Introduction
	2. Material and methods
	3. Results
	4. Discussion
	Disclosure
	Acknowledgements
	Appendix A. Supplementary data
	References


