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Abstract: KLOTHO-VS heterozygosity (KL-VShet+) promotes longevity and protects against cognitive
decline in aging. To determine whether KL-VShet+ mitigates Alzheimer’s disease (AD) progression,
we used longitudinal linear-mixed models to compare the rate of change in multiple cognitive mea-
sures in AD patients stratified by APOE ε4 carrier status. We aggregated data on 665 participants
(208 KL-VShet−/ε4−, 307 KL-VShet−/ε4+, 66 KL-VShet+/ε4−, and 84 KL-VShet+/ε4+) from
two prospective cohorts, the National Alzheimer’s Coordinating Center and the Alzheimer’s Disease
Neuroimaging Initiative. All participants were initially diagnosed with mild cognitive impair-
ment, later developed AD dementia during the study, and had at least three subsequent visits.
KL-VShet+ conferred slower cognitive decline in ε4 non-carriers (+0.287 MMSE points/year, p = 0.001;
−0.104 CDR-SB points/year, p = 0.026; −0.042 ADCOMS points/year, p < 0.001) but not in ε4 carriers
who generally had faster rates of decline than non-carriers. Stratified analyses showed that the
protective effect of KL-VShet+ was particularly prominent in male participants, those who were older
than the median baseline age of 76 years, or those who had an education level of at least 16 years.
For the first time, our study provides evidence that KL-VShet+ status has a protective effect on AD
progression and interacts with the ε4 allele.

Keywords: Alzheimer’s disease; KLOTHO; APOE; cognitive decline; aging

1. Introduction

Klotho is a transmembrane protein that is involved in promoting longevity in mam-
mals. The KLOTHO (KL) gene, which is found in chromosome 13q12, has major and minor
alleles [1]. The minor allele is a haplotype of two single nucleotide polymorphisms (SNPs),
with the IDs rs9536314 and rs9527025, which remain in perfect linkage disequilibrium and
result in F352V and C370S amino acid substitutions, respectively. Heterozygosity for the
minor allele (KL-VShet+) occurs in 18.7% to 25.7% of newborns across ethnically diverse
populations and has been associated with extended lifespan [2], while KL-VS homozygosity,
present in 3% of the population, has been paradoxically linked to survival disadvantage [3].
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The effects of klotho on lifespan depends on the concentration of its secretory fragment,
known as soluble klotho, which is produced by proteolytic cleavage of the transmembrane
holoprotein precursor. The level of secreted klotho is increased in KL-VS heterozygotes and
conversely reduced in KL-VS homozygotes compared to major allele homozygotes [2,4,5].
Transgenic overexpression of klotho in mice has been shown to extend life span [4], while
conversely, disruption of the KL gene has been associated with an accelerated aging pheno-
type, which includes atherosclerosis, emphysema, osteoporosis, infertility, and behavioral
impairment [5]. The longevity-promoting effects of soluble klotho have also been linked to
its antioxidant and anti-inflammatory functions [6,7].

Due to its high expression in the mammalian central nervous system (CNS), klotho
has been the subject of numerous studies investigating its potential role in cognitive
aging. Based on their study of three independent populations of cognitively normal
individuals, Dubal and colleagues linked KL-VShet+ with better cognitive performance in
aging individuals [4]. Transgenic overexpression of klotho in mice also improved their
behavioral testing performance, and this effect was associated with enhancement of the
long-term potentiation (LTP) and upregulation of the subunit GluN2B of the N-methyl-D-
aspartate receptor (NMDAR) in the hippocampus [4].

Alzheimer’s disease (AD) is a highly prevalent neurodegenerative disease, and its
primary risk factors include advanced age, the APOE ε4 allele [8], and being female [9,10].
AD is characterized by a progressive decline in cognitive function, which eventually results
in patients becoming non-ambulatory, non-verbal, and unable to express emotions [11].
The onset of cognitive deficits in AD is insidious. Many individuals are initially diagnosed
with mild cognitive impairment (MCI) and progress to dementia within a few years, when
they receive a formal AD diagnosis [12]. AD pathogenesis is set off by the deposition of
β-amyloid (Aβ) in the brain, which gives rise to the accumulation of hyperphosphorylated
tau protein inside neurons [13]. Hyperphosphorylated tau assembles into neurofibrillary
tangles (NFTs), and NFT-bearing neurons are then targeted by microglia expressing a
specific neurodegenerative phenotype. By creating a local microenvironment with high
levels of proinflammatory cytokines and oxidoreductive stress, these microglia further NFT
formation and precipitate neuronal death [14–16].

The rate of cognitive decline in AD patients is influenced by both the rate of neu-
rodegeneration and the individual’s cognitive reserve. Cognitive reserve is a complex
concept that is closely related to the strength of synaptic plasticity response, which acts as a
resilience mechanism to counteract the effects of neurodegeneration and protect individuals
from exhibiting symptoms of AD [17,18]. Since klotho is strongly implicated in synaptic
plasticity response and KL-VShet+ status has been found to protect against cognitive ag-
ing [4], we hypothesize that KL-VShet+ may slow the progression of cognitive symptoms
in AD. Recent studies suggest that KL-VShet+ protects against NFT pathology [19,20], in-
dicating that it is important to further investigate the effects of KL-VShet+ on the clinical
progression of AD. To this end, we compared the rate of cognitive decline in AD patients
enrolled in two prospective AD cohorts, the National Alzheimer’s Coordinating Center
(NACC) [21] and the Alzheimer’s Disease Neuroimaging Initiative (ADNI) [22], who were
stratified by KL-VShet+ and APOE ε4 carrier status. We selected the ε4 allele as a co-variate
and examined its interactions with KL-VShet+ on AD progression for our analysis, not
only because it is the strongest genetic risk factor for sporadic AD, but also because it is
known to increase the rate of dementia progression in an allele dose-dependent manner
in patients with established disease [23–25]. We utilized linear-mixed models (LMM) to
analyze longitudinal cognitive data during the MCI and dementia stages of AD. Our analy-
sis revealed a protective effect of KL-VShet+ on AD progression, and we also observed an
interaction between KL-VShet+ and the ε4 allele, which is a novel gene–gene interaction
specific to the disease.
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2. Materials and Methods
2.1. Participant Selection

Demographic information, longitudinal cognitive measures, clinical diagnosis (MCI
vs. AD dementia), and genetic information were retrieved from the NACC and ADNI
databases. Both the NACC and ADNI are independent, multicenter, prospective studies
that investigate the natural progression of AD and also provide neuropathological verifica-
tion of clinical diagnoses. The studies were approved by the Institutional Review Boards
of all institutions that contributed participants. Prior to the studies, participants or their
caregivers provided informed written consent. Participant information from the NACC
was retrieved via the Uniform Data Set (UDS), which includes longitudinal phenotype data,
from the June 2022 data freeze. The UDS is a data repository that contains annual clinical
evaluations of participants who were recruited by NIA Alzheimer’s Disease Researcher
Centers (ADRC) programs starting in 2005 and continuing to the present day. Each pro-
gram has its own protocol for referrals and recruitment, and a more detailed summary
of NACC data compilation is available at https://naccdata.org/requesting-data/data-
request-process#naccHandbook (accessed on 20 March 2023). From the ADNI, data was
extracted on 23 January 2022 and included data from its four consecutive studies: ADNI-
1 (2004–2009), ADNI-GO (2009–2011), ADNI-2 (2011–2016), and ADNI-3 (2016–present).
These are successive studies that emphasize participant rollover with additional recruitment
goals for each study. Complete ADNI criteria and data collection information are available
at http://adni.loni.usc.edu/data-samples/clinical-data/ (accessed on 23 January 2022)
and https://adni.loni.usc.edu/methods/documents/ (accessed on 23 January 2022).

Participants selected for the analysis met our previously published criteria, ensuring
they presented a cognitive decline that is consistent with clinical AD progression and had a
sufficient number of data points to allow for longitudinal modeling of the rate of cognitive
decline [23]. Specific criteria included: (1) entering the study with an MCI diagnosis and
transitioning to an AD dementia during the study, (2) having at least three follow-up
visits after receiving an AD dementia diagnosis, (3) not reverting the diagnosis from AD
dementia to MCI or normal, and also (4) having both known KL and APOE genotype
statuses. In the ADNI, subjects were diagnosed with MCI if there was a memory complaint
by either the participant or the study partner, memory loss measured by education-adjusted
scores on the Weschler Memory Scale (Logical Memory II subscale), a score between
24 and 30 (inclusive) on the MMSE, a score of 0.5 on the Global CDR, and preserved general
cognition and functional performance, as determined by the site physician. A diagnosis of
AD was recorded if participants scored between 20 and 26 (inclusive) on the MMSE, either
0.5 or 1.0 on the Global CDR, and met the NINCDS/ADRDA criteria for probable AD. In
the NACC, clinicians were instructed to assess cognition with neuropsychological testing
of their choosing, only providing commonly used cut-off points such as a score of 0.5 on
the CDR representing MCI and a score of 1.0 or above representing AD. Both the ADNI
and NACC also considered other neurological conditions that may contribute to or directly
cause MCI or dementia. Participants with these neurological co-morbidities were excluded
from analysis.

Non-white and Latino individuals were excluded from the analysis since they rep-
resented less than 5% of the initially identified participants. This was done to increase
homogeneity in the analyzed cohort and reduce the potential confounding effect of popula-
tion stratification, which is consistent with similar studies [26,27]. After processing genetic
data as described below, 665 participants from the combined ADNI and NACC cohorts
were selected for final analysis. A total of 497 participants (74.7%) were homozygous for the
major KL allele, 18 (2.7%) were homozygous for the minor KL allele, and 150 (22.6%) were
heterozygous for the minor KL allele. APOE genotype frequency was as follows: 253 ε3/ε3
(38.0%), 285 ε3/ε4 (42.9%), 22 ε3/ε2 (3.3%), 90 ε4/ε4 (13.5%), and 15 ε4/ε2 (2.3%). Combin-
ing the groups, we found that 208 were KL-VShet/ε4− (31.3%), 307 were KL-VShet−/ε4+
(46.2%), 66 were KL-VShet+/ε4− (9.9%), and 84 were KL-VShet+/ε4+ (12.6%) (Table 1).

https://naccdata.org/requesting-data/data-request-process#naccHandbook
https://naccdata.org/requesting-data/data-request-process#naccHandbook
http://adni.loni.usc.edu/data-samples/clinical-data/
https://adni.loni.usc.edu/methods/documents/
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Table 1. Demographic and clinical characteristics in analyzed participants and grouped by KL-VShet

and APOE ε4 status.

Parameter All
(n = 665)

KL-VShet−/ε4−
(n = 208)

KL-VShet−/ε4+
(n = 307)

KL-VShet+/ε4−
(n = 66)

KL-VShet+/ε4+
(n = 84)

Number of visits 10.7 (4.1) 10.1 (3.8) 11.1 (4.0) 12.1 (5.9) 10.0 (4.3)

Baseline age (years) *** 75.5 (8.1) 77.9 (8.8) 74.0 (7.1) 77.7 (8.7) 73.2 (7.2)

Transition age (years) *** 77.7 (8.2) 80.1 (8.9) 76.1 (7.1) 80.3 (9.3) 75.3 (7.4)

Education (years) 16.2 (6.3) 16.8 (8.7) 15.8 (2.8) 15.6 (2.9) 16.8 (9.4)

% Male 53.4% 55.8% 51.8% 48.5% 57.1%

“Baseline age” refers to the age of participants at their baseline visit, whereas “Transition age” is the age during the
visit when they receive the diagnosis of AD dementia. All data are either presented as mean values with standard
deviation in parentheses or as percentages where applicable. *** indicates p < 0.001 from one-way analysis of
variance across KL-VShet−/ε4−, KL-VShet−/ε4+, KL-VShet+/ε4−, and KL-VShet+/ε4+ cohorts. Results of pairwise
post hoc analysis for parameters with significant one-way analysis of variance are described in Section 3.1.

2.2. Genetic Data Quality Control and Processing

Genomic datasets were analyzed using Plink 1.9 software developed by the Purcell
Lab in Boston, MA, and updated by Christopher Chang with support from the NIH-
NIDDK’s Laboratory of Biological Modeling in Bethesda, MD [28]. Genetic data for NACC
participants were provided by The National Institute on Aging Genetics of Alzheimer’s
Disease Data Storage Site (NIAGADS). Genetic data for ADNI participants were retrieved
from the Laboratory of Neuro Imaging (LONI) website hosted by the University of Southern
California. Both datasets were subject to basic quality control on all data pre-imputation,
filtering out variants with a minor allele frequency (MAF) < 1%, and excluding variants
with an imputation R2 < 0.04. Subjects were excluded if they had autosome missingness
≥5%, discrepancies between recorded sex and sex based on expected X chromosome
heterozygosity/homozygosity rates (>0.8 X chromosome homozygosity estimate for males,
<0.2 for females), and heterozygosity rates above or below three standard deviations of the
mean rate. SNPs were excluded for a call rate ≤ 95%, MAF ≤ 1%, and deviation from the
Hardy–Weinberg distribution with a significance threshold of p < 5 × 10−5. Identity by
descent was calculated with a threshold of 0.2, allowing us to detect and exclude subjects
who are second-degree relatives. Only one subject per relatedness group was randomly
included for analysis. Multidimensional scaling was then applied to correct for population
stratification, eliminating outliers with 10 main components used as covariates in the
association tests. KL-VS status was derived from the rs9536314 SNP ID and APOE status
from subject demographics.

2.3. Cognitive Measures

In both the ADNI and NACC datasets, participants underwent an initial evaluation
at baseline and were subsequently assessed annually. However, it should be noted that
the ADNI dataset includes an additional evaluation at 6 months after the baseline visit.
Both studies utilized the Mini-Mental State Examination (MMSE) (ranges from 0 to 30,
decreased score indicating worse cognition) and the Clinical Dementia Rating Scale Sum
of Boxes (CDR-SB) (ranges from 0 to 18, increased score indicating worse cognition). The
MMSE assesses cognitive function across several domains including orientation to time
and place, registration, attention and calculation, short-term recall, visuospatial functions,
and language skills to screen for cognitive impairment and to approximate its depth. The
test is performed by a trained healthcare professional who asks a battery of questions and
provides a series of tasks that take approximately 15 min to complete. The CDR serves a
similar purpose; however, it evaluates cognition across six domains (memory, orientation,
judgement and problem solving, community affairs, home and hobbies, and personal care)
based on a semi-structured interview that includes responses from the participant and the
participant’s caregiver. CDR-SB is then computed by summing the domain box scores.
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Participants in the ADNI additionally received the Alzheimer’s Disease Assessment Scale-
Cognitive Subscale (ADAS-Cog, also known as ADAS-11) (ranges from 0 to 70, increased
score indicating worse cognition), which evaluates cognition through a series of 11 tasks
and questions including word recall, orientation, and language comprehension. The ADAS-
11 also allows us to calculate the AD Composite Score (ADCOMS) in the ADNI cohort
alone. ADCOMS is a composite variable (ranges from 0 to 1.97, increased score indicating
worse cognition) derived from selected elements of ADAS-11, MMSE, and CDR-SB that
have demonstrated improved sensitivity to longitudinal cognitive decline and reduced
inter-testing variability compared to individual scales [29]. A total of 665 participants
representing the ADNI and the NACC combined had MMSE and CDR-SB measured, while
178 participants representing the ADNI alone had ADAS-11 measured and therefore had
ADCOMS computed.

2.4. Statistical Analyses

Demographic and clinical data across the KL-VShet+/ε4+, KL-VShet− /ε4+, KL-VShet+/ε4−,
and KL-VShet−/ε4− groups were analyzed using one-way analysis of variance (ANOVA)
followed by Least Significant Difference (LSD) test as a post hoc analysis (Table 1). The
frequency of each APOE was tabulated in Table 2 and compared between KL-VShet+ and
KL-VShet− groups for ε4 carriers and non-carriers using Fisher’s exact tests. This analysis
was done to determine whether the incidence of ε2 or ε4 alleles could account for observed
protective effects of KL-VShet+ in ε4 non-carriers or the lack of protective effects in ε4 carriers,
respectively (Table 2). Longitudinal LMM analysis was used to examine how KL-VShet+ and
ε4 carrier status affect cognitive measures over time. LMM analysis reduces non-random
attrition bias by clustering each subject’s repeated visits and modeling random intercepts.
This approach allows for the comparison of subjects with different numbers of evaluations by
predicting dependent variables based on fixed effects, including intercepts that vary between
groups. Time from baseline visit, sex, age at baseline, and years of education were used as
fixed effects. For each LMM analysis, we computed the p value and the regression coefficient
(β) ± standard error (SE).

Table 2. Total and relative, in parentheses, frequencies of particular APOE genotypes in groups
defined by KL-VShet and APOE ε4-carrier status.

APOE ε4− (p = 0.794) APOE ε4+ (p = 0.792)

APOEGenotype KL-VShet− KL-VShet+ KL-VShet− KL-VShet+

ε2/ε2 0 (0%) 0 (0%) - -
ε2/ε3 16 (7.7%) 6 (9.1%) - -
ε3/ε3 193 (92.3%) 60 (90.9%) - -

ε2/ε4 - - 12 (3.9%) 3 (3.6%)
ε3/ε4 - - 221 (72.2%) 64 (76.2%)
ε4/ε4 - - 73 (23.9%) 17 (20.2%)

A negative main effect of time suggests that there was significant cognitive decline
across the entire study cohort, while a main effect of KL-VShet+ and/or ε4 carrier status
indicates a baseline difference in cognitive performance across the groups. An interac-
tion between time and KL-VShet+ and/or ε4 carrier status means that there is a differ-
ence in the predicted rates of cognitive decline between sub-groups defined by their
KL-VS and APOE genotypes, with the β value representing the estimated direction and
amount of change. We also stratified LMM analyses in APOE ε4 allele non-carriers by the
median baseline age (≤76 years vs. >76 years), sex, and years of education (<16 years
vs. ≥16 years) for the combined ADNI and NACC cohort. Annual rates of change for
all cognitive measures stratified by KL-VShet+ and ε4 carrier status were determined by a
multiple linear regression model. Parameter estimates from LMM analysis were used as
the dependent regression variables while time was used as the independent variable.
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Unlike most prior studies where the exact age of initial AD diagnosis is usually
censored or interval censored, the present dataset has the advantage of precisely identifying
the age at which participants transitioned from MCI to AD. For all analyses, longitudinal
data from individual participants were aligned by assigning a time variable value of zero
to the first visit the diagnosis of AD dementia was made. Consequently, all visits under
an MCI diagnosis were given negative values and those under an AD diagnosis given
positive values. This approach allows us to precisely anchor any modifying genetic effects
to disease onset and eliminate the variance in age at baseline and time between baseline
visit and actual AD diagnosis. All statistical analyses were performed using IBM® SPSS®

Statistics 25 (IBM Corp., Armonk, NY, USA).

3. Results
3.1. Descriptive Statistics

Participants in our study were 53.4% male, with an average baseline age of 75.5 years
± 8.1 years (mean ± standard deviation), an average transition age of 77.7 years ± 8.2 years,
and 16.2 years ± 6.3 years of education (Table 1). One-way ANOVA analysis indicated a
significant difference in age at baseline (F = 14.263, p = 0.000, df = 3, mean square = 872.252)
and age at transition from MCI to AD (F = 13.728, p = 0.000, df = 3, mean square = 869.222)
across groups defined by KL-VShet+ and ε4 carrier status. LSD post hoc tests found that
the baseline age of participants who were either KL-VShet−/ε4− (77.9 years ± 8.8 years) or
KL-VShet+/ε4− (77.7 years ± 8.7 years) was significantly greater than the baseline age of
participants who were KL-VShet−/ε4+ (74.0 years ± 7.1 years) or KL-VShet+/ε4+ (73.2 years
± 7.2 years) (p < 0.05). Similarly, the age at transition for participants who were either
KL-VShet−/ε4− (80.1 years ± 8.9 years) or KL-VShet+/ε4− (80.3 years ± 9.3 years) was sig-
nificantly greater than the baseline age of participants who were KL-VShet−/ε4+ (76.1 years
± 7.1 years) or KL-VShet+/ε4+ (75.3 years ± 7.4 years). No effect of KL-VShet+ status alone
was observed on baseline age (F = 0.244, p = 0.621, mean square = 15.849) or transition age
(F = 0.498, p = 0.480, mean square = 33.402). We found no differences in the prevalence of
particular APOE genotypes both between KL-VShet+/ε4+ and KL-VShet−/ε4+ groups and
between KL-VShet+/ε4− and KL-VShet−/ε4− groups (Table 2). There were also no significant
differences in sex composition or years of education across the four groups defined via
cross-classification by KL-VShet+ and ε4 carrier status (Table 1).

3.2. KL-VS Heterozygosity Has a Protective Effect on the Rate of Cognitive Decline in ε4
Non-Carriers

The analysis using longitudinal LMM was conducted on a cohort consisting of both
male and female participants, with roughly equal numbers of each sex. This initial cohort
was divided based on KL-VShet+ and ε4 carrier status, as detailed in Table 1. The analysis
revealed a main effect of time on each cognitive measure (p < 0.001) (Table 3). There were
no significant differences across groups for either MMSE or CDR-SB baseline values. In the
ADNI participants, there was a significant difference in baseline ADCOMS score where
KL-VShet− had a higher score than KL-VShet+ in ε4 non-carriers (β = 0.137, p = 0.023) and
KL-VShet− in ε4 carriers had a higher score than KL-VShet+ in ε4 non-carriers (β = 0.145,
p = 0.012), where the β values represent the estimated difference in baseline scores.

In all measures, ε4 carriers showed a faster rate of cognitive decline compared to ε4
non-carriers. KL-VShet+ status slowed the rate of progression compared to KL-VShet− but
only in ε4 non-carriers. In MMSE, we found that ε4 carriers had greater rates of decline than
ε4 non-carriers in both KL-VShet+ (ε4+ at −1.358 MMSE/year, ε4− at −0.735 MMSE/year,
p = 0.000) and KL-VShet− (ε4+ at -1.423 MMSE/year, ε4− at -1.067 MMSE/year, p = 0.000)
individuals (Table 4). Importantly, within ε4 non-carriers, KL-VShet+ participants had a
slower rate of decline than KL-VShet− participants (β =+0.287 point/year, p = 0.001). This
remains significant even after Bonferroni correction for multiple testing. This effect was not
seen in ε4 carriers (β = −0.036, p = 0.659). Considering CDR-SB, ε4 carriers also declined
faster than ε4 non-carriers in both KL-VShet+ (ε4+ at +1.312 CDR-SB/year, ε4− at +0.903
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CDR-SB/year, p = 0.000) and KL-VShet− (ε4+ at +1.216 CDR-SB/year, ε4− at +1.056 CDR-
SB/year, p = 0.000) groups. Again, KL-VShet+ status conferred a slower rate of decline within
ε4 non-carriers (β = −0.104 point/year, p = 0.026) but not within ε4 carriers (β = −0.041
point/year, p = 0.362). Similarly, in the ADNI cohort alone, the rate of change in ADCOMS
was greater in ε4 carriers within the KL-VShet+ (ε4+ at +0.122 ADCOMS/year, ε4− at +0.047
ADCOMS/year, p = 0.000) and KL-VShet− (ε4+ at +0.112 ADCOMS/year, ε4− at +0.082
ADCOMS/year, p = 0.000) participants. Those with KL-VShet+ status showed significantly
slower rates of progression within ε4 non-carriers (β = −0.042 point/year, p = 0.000) but
again not within ε4 carriers (β = −0.009 point/year, p = 0.243). These interactions between
KL-VShet+ and APOE ε4 allele are illustrated for the entire mixed-sex cohort in three linear
regression plots divided by cognitive measure in Figure 1A–C. Fisher’s exact tests showed
no significant differences in the frequency of APOE genotypes between KL-VShet+ and
KL-VShet− subjects in either ε4 carriers (p = 0.224) or ε4 non-carriers (p = 0.616). This analysis
suggests that the differences in the incidence of the ε4 or ε2 alleles do not account for the
observed protective effects of KL-VShet+ in ε4 non-carriers and the lack of protective effects
in ε4 carriers (Table 2).

Table 3. Longitudinal LMM examining the predictive values of the KL-VShet and APOE ε4 status on
the yearly rate of cognitive decline in MMSE and CDR-SB scores in all participants (N = 665) and
ADCOMS in ADNI participants (n = 178) with baseline age, sex, and years of education as covariates.

Cognitive
Measure Factor β (SE) p †

MMSE

Time
VShet−/ε4− v. VShet−/ε4+
VShet+/ε4− v. VShet−/ε4−
VShet+/ε4+ v. VShet−/ε4−
VShet+/ε4− v. VShet−/ε4+
VShet+/ε4+ v. VShet−/ε4+
VShet+/ε4+ v. VShet+/ε4−

VShet−/ε4− v. VShet−/ε4+ x Time
VShet+/ε4− v. VShet−/ε4− x Time
VShet+/ε4+ v. VShet−/ε4− x Time
VShet+/ε4− v. VShet−/ε4+ x Time
VShet+/ε4+ v. VShet−/ε4+ x Time
VShet+/ε4+ v. VShet+/ε4− x Time

−1.535 (0.007)
+0.169 (0.276)
+0.027 (0.429)
+0.027 (0.393)
+0.197 (0.415)
+0.196 (0.368)
−0.001 (0.501)
+0.290 (0.055)
+0.287 (0.089)
−0.325 (0.085)
+0.577 (0.000)
+0.036 (0.080)
−0.613 (0.106)

0.000
0.540
0.949
0.945
0.635
0.594
0.999
0.000
0.001
0.000
0.000
0.659
0.000

CDR-SB

Time
VShet−/ε4− v. VShet−/ε4+
VShet+/ε4− v. VShet−/ε4−
VShet+/ε4+ v. VShet−/ε4−
VShet+/ε4+ v. VShet−/ε4−
VShet+/ε4+ v. VShet−/ε4+
VShet+/ε4+ v. VShet+/ε4−

VShet−/ε4− v. VShet−/ε4+ x Time
VShet+/ε4− v. VShet−/ε4− x Time
VShet+/ε4+ v. VShet−/ε4− x Time
VShet+/ε4− v. VShet−/ε4+ x Time
VShet+/ε4+ v. VShet−/ε4+ x Time
VShet+/ε4+ v. VShet+/ε4− x Time

+1.352 (0.040)
−0.013 (0.187)
−0.131 (0.286)
+0.282 (0.267)
−0.144 (0.276)
+0.269 (0.251)
+0.413 (0.336)
−0.167 (0.031)
−0.104 (0.046)
+0.208 (0.047)
−0.271 (0.045)
+0.041 (0.045)
+0.312 (0.057)

0.000
0.944
0.648
0.290
0.603
0.283
0.220
0.000
0.026
0.000
0.000
0.362
0.000

ADCOMS

Time
VShet−/ε4− v. VShet−/ε4+
VShet+/ε4− v. VShet−/ε4−
VShet+/ε4+ v. VShet−/ε4−
VShet+/ε4+ v. VShet−/ε4−
VShet+/ε4+ v. VShet−/ε4+
VShet+/ε4+ v. VShet+/ε4−

VShet−/ε4− v. VShet−/ε4+ x Time
VShet+/ε4− v. VShet−/ε4− x Time
VShet+/ε4+ v. VShet−/ε4− x Time
VShet+/ε4− v. VShet−/ε4+ x Time
VShet+/ε4+ v. VShet−/ε4+ x Time
VShet+/ε4+ v. VShet+/ε4− x Time

+0.128 (0.007)
−0.008 (0.032)
−0.137 (0.060)
+0.020 (0.046)
−0.145 (0.058)
+0.029 (0.042)
+0.117 (0.066)
−0.033 (0.006)
−0.042 (0.009)
+0.024 (0.009)
−0.075 (0.008)
+0.009 (0.008)
+0.066 (0.010)

0.000
0.791
0.023
0.662
0.012
0.500
0.080
0.000
0.000
0.005
0.000
0.243
0.000

(SE) = standard error. † p = 0.000 means p < 0.0005.
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Table 4. Averaged annualized rates of cognitive decline along with standard error given in parenthesis
in participants grouped via cross-classification by KL-VShet and APOE ε4 status. Rates of yearly
cognitive decline are derived from a multiple linear regression model.

MMSE CDR-SB ADCOMS

VShet−/ε4− −1.067 (0.049) +1.056 (0.028) +0.082 (0.005)
VShet−/ε4+ −1.423 (0.038) +1.216 (0.022) +0.112 (0.004)
VShet+/ε4− −0.735 (0.081) +0.903 (0.041) +0.047 (0.004)
VShet+/ε4+ −1.358 (0.087) +1.312 (0.046) +0.122 (0.008)
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Figure 1. KL-VShet+ status significantly reduces rate of cognitive decline in AD patients who are
APOE ε4 allele non-carriers but not in those who carry the ε4 allele. Shown are nonparallel linear
regression plots with distinctive slopes reflecting the interaction between KL-VShet+ status and APOE
ε4 allele carrier status in the complete, sex-mixed cohort on Mini-Mental State Examination (MMSE)
(A), Clinical Dementia Rating Sum of Boxes (CDR-SB) (B), and AD Composite Score (ADCOMS) (C).
Solid colored lines represent lines of best fit through individual data points in a scatterplot. Negative
time variable values represent the number of years before transition from MCI to AD dementia, and
positive values represent the number of years after the transition to AD dementia. The 0 values
represent the clinical visit a participant for the first time received a diagnosis of AD dementia.

3.3. The Protective Effect of KL-VS Heterozygosity Is Observed in Males, in Individuals with an
Older Age of Cognitive Decline Onset, and in Those with 16 or More Years of Education

Longitudinal LMM analyses were repeated to assess KL-VShet+ effect in ε4 non-carriers,
who were stratified by sex, age of the baseline visit, and years of education (Table 5). To
conduct these analyses, we selected VShet+/ε4− individuals based on the demographic
of interest and compared them to the entire VShet−/ε4− cohort, which was used as the
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reference group. Stratified analyses were performed for MMSE and CDR-SB but not
for ADCOMS because of limited number of participants with longitudinal ADCOMS
data. Male participants with KL-VShet+ status showed a significantly slower rate of de-
cline compared to the average decline rate in the KL-VShet−/ε4− cohort both in MMSE
(β = +0.368 point/year, p = 0.001) and CDR-SB (β = −0.196 point/year, p = 0.001). There
was no significant effect in KL-VShet+ females on either MMSE (β = +0.039 point/year,
p = 0.795) or CDR-SB (β = +0.015 point/year, p = 0.834). These interactions between KL-
VShet+ and APOE ε4 allele for MMSE and CDR-SB are illustrated separately for female and
male participants using linear regression plots in Figure 2A–D.
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350 VShet+/ε4− −0.029 (0.175) 0.867 +0.047 (0.095) 0.621 
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Figure 2. Protective effect of the KL-VShet+ status is clearly appreciated in male but not in female
participants, who are APOE ε4 allele non-carriers. Shown are nonparallel linear regression plots
with distinctive slopes reflecting the interaction between KL-VShet+ status and APOE ε4 allele carrier
status on Mini-Mental State Examination (MMSE) (A,C), and Clinical Dementia Rating Sum of Boxes
(CDR-SB) (B,D) separately in female (A,B) and male (C,D) participants. Solid colored lines represent
lines of best fit through individual data points in a scatterplot. Negative time variable values represent
the number of years before transition from MCI to AD dementia, and positive values represent the
number of years after the transition to AD dementia. The 0 values represent the clinical visit a
participant for the first time received a diagnosis of AD dementia.
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Table 5. Longitudinal LMM analyses investigating the effect of KL-VShet+ status for annualized rates
of cognitive decline in ε4 non-carriers stratified by sex, median baseline age, and median education
level. For all comparisons, the reference group was KL-VShet−/ε4−.

MMSE CDR-SB

Stratification n β (SE) p β (SE) p

Female 310 VShet+/ε4− +0.039 (0.152) 0.795 +0.015 (0.070) 0.834
Male 355 VShet+/ε4− +0.368 (0.109) 0.001 −0.196 (0.061) 0.001 **

Baseline age ≤ 76
yr. 350 VShet+/ε4− −0.029 (0.175) 0.867 +0.047 (0.095) 0.621

Baseline age > 76
yr. 315 VShet+/ε4− +0.520 (0.101) 0.000 −0.285 (0.055) 0.000 **

Education < 16
years 231 VShet+/ε4− −0.025 (0.177) 0.885 +0.136 (0.087) 0.117

Education ≥ 16
years 434 VShet+/ε4− +0.287 (0.089) 0.001 −0.104 (0.046) 0.026

** indicates significance (p < 0.01) after Bonferroni correction for multiple testing.

Similarly, within ε4 non-carriers, the KL-VShet+ status was protective in the participants
who were older than 76 years at the baseline visit, significantly slowing progression on
MMSE (β = +0.520 point/year, p < 0.000) and CDR-SB (β = −0.285 point/year, p < 0.000)
but had no significant effect in participants who were 76 years or younger at baseline
(MMSE β = −0.029 point/year, p = 0.867 and CDR-SB β = +0.047 point/year, p = 0.621).
KL-VShet+ status also was significantly protective in participants with 16 years of education
or higher (MMSE β = +0.287 point/year, p = 0.001 and CDR-SB β = −0.104 point/year,
p = 0.026) but not in participants with less than 16 years of education (MMSE β = −0.025
point/year, p = 0.885 and CDR-SB β = +0.136 point/year, p = 0.117). We used the median
value of 16 years for years of education, but it should be noted that exactly 202 participants
had this same level of education. It is also worth noting that the NACC and ADNI datasets
generally include highly educated individuals.

4. Discussion

Previous studies have shown that KL-VShet+ status is associated with extended lifespan
and protection against age-related cognitive decline [2–4]. Our study demonstrates, for
the first time, that KL-VShet+ status also slows down the progression of cognitive decline
related to AD, and this effect is dependent on the absence of the APOE ε4 allele. The LMM
analysis, utilizing the advantage of longitudinal measures, revealed a strong protective
effect of KL-VShet+ on MMSE and CDR-SB scales, even with a sample size as small as
274 APOE ε4 non-carriers. This effect was confirmed on the ADCOMS scale with a smaller
sample of 64 ε4 non-carriers. However, the protective effect was not observed in ε4 carriers,
indicating a previously under-appreciated gene–gene interaction between these prominent
genetic factors in aging. As previously observed, AD progression was faster in ε4 carriers
compared to non-carriers, regardless of their KL-VShet+ status [23].

Klotho and apolipoprotein (apo) E are involved in multiple biological processes both
outside and inside the CNS. The apoE4 isoform is uniquely modified by the presence of
arginine in positions 112 and 158, resulting in an intramolecular domain interaction absent
in other apoE isoforms [30–32]. There are several biological mechanisms associated with
KL-VShet+ status that could improve clinical outcomes in AD but the presence of the ε4 allele
is known to adversely affect these mechanisms. One potential mechanism concern oppos-
ing effects of KL-VShet+ and the ε4 allele on cognitive reserve. Several studies have shown
that older, cognitively normal individuals with KL-VShet+ perform better on a number of
cognitive tasks compared to individuals with KL-VShet− [4,20,27], while the opposite effect
is true of the ε4 allele, where carriers perform worse than non-carriers [33,34]. The cognitive
benefits linked to elevated klotho levels in KL-VShet+ subjects have been examined using
transgenic rodent models. Dubal and colleagues demonstrated that transgenic overexpres-



Genes 2023, 14, 917 11 of 17

sion of klotho in mice enhances behavioral testing performance through augmentation of
NMDAR-related effects, including upregulated FOS expression after learning and memory
tasks, amplified LTP response in the hippocampus, and upregulated expression of the
NMDAR subunit GluN2B both in the hippocampus and cortex [4]. Conversely, research on
mice with disrupted KL genes has shown significant behavioral deficits associated with
synaptic and cytoskeletal dysfunction [35–37]. Examples of ε4–related mechanisms that
are detrimental to cognitive performance during aging and AD include hyperexcitability
of hippocampal networks [38], age-related loss of hippocampal interneurons [39,40], and
dysfunctional endosomal trafficking, resulting in reduced surface expression of NMDAR
subunits [41,42]. Interestingly, Dubal and colleagues have noted that the protective effects
of KL-VShet+ on cognition during normal aging are independent of ε4 allele status [4].
This observation suggests that in the absence of AD pathology, KL-VShet+-related bene-
fits can counteract various otherwise detrimental ε4-related effects on synaptic plasticity
during aging.

The second group of biological effects antagonistically driven by KL-VShet+ status and
the ε4 allele includes oxidative stress and neuroinflammation. The klotho protein has an
anti-aging effect, particularly in the hippocampus, by protecting against the oxidation of
DNA and membrane lipids [6,7,43]. Mice with a disrupted KL gene exhibit a pathological
phenotype that includes behavioral deficit, as demonstrated by worse performance on
the novel object recognition test, a hippocampal-dependent task. This deficit can be
dramatically improved by treatment with the antioxidant α-tocopherol [37]. Klotho also
has a direct anti-inflammatory property by counteracting the effects of TNFα, which is
a potent proinflammatory cytokine [44]. Upregulation of the TNFα level is associated
with normal aging, while in AD pathogenesis, TNFα is a key driver of microglia and
astrocyte inflammatory activation [15,45]. In AD, glia-driven inflammation is associated
with substantial levels of oxidative injury. Both neuroinflammation and oxidative stress
are leading mechanisms promoting NFT formation and neuronal death [25]. Therefore,
the mitigating effect of KL-VShet+ on cognitive decline we observed in ε4 non-carriers can
be partly attributed to klotho’s anti-oxidant and anti-inflammatory effects. In contrast,
apoE4 has been recognized as a catalyst of neuroinflammation, with its high expression
level being a hallmark of microglia that assume a neurodegenerative phenotype [14,15,25].
Therefore, it is plausible that in KL-VS heterozygotes, the strong proinflammatory effects of
apoE4 counteract anti-inflammatory and anti-oxidant effects endowed by increased levels
of secreted klotho.

Thirdly, KL-VShet+ and the APOE ε4 allele show opposing effects on the progression
of NFT pathology. Recent work by Driscoll and colleagues found lower levels of total
and phospho-tau in the cerebrospinal fluid (CSF) of older, cognitively normal KL-VShet+

individuals [20]. Meanwhile, Neitzel and colleagues demonstrated that KL-VShet+ individ-
uals who develop symptomatic AD have lower NFT burden, controlled for Aβ load [19].
Their study was based on the assumption that initial Aβ deposition gives rise to NFT
pathology and becomes its effective driver, at least in the early stage of the process [46]. In
contrast to KL-VShet+, the ε4 allele has been associated with a more aggressive course of
NFT pathology, evidenced in neuroimaging studies in AD patients [47–49] and transgenic
animal model experiments [25,50]. Interestingly, two independent studies have found that
KL-VShet+ protective effects in Aβ-induced NFT pathology benefits ε4 carriers relatively
more than non-carriers, despite the fact that the former have greater NFT loads [19,51].
The mechanisms responsible for the protective effect of KL-VShet+ against NFT pathology
have not yet been fully analyzed in AD transgenic mouse models and remain speculative.
However, they may include klotho’s pro-autophagic effect [52], which has been shown to
be involved in the clearance of intracellular tau aggregates [53]. As previously discussed,
klotho’s anti-oxidant and anti-inflammatory properties naturally mitigate NFT pathology,
while the APOE ε4 allele has been well documented to be involved in several mechanisms
that promote NFT pathology. These include impaired autophagy of hyperphosphorylated
tau [54], redistribution of hyperphosphorylated tau from axons to cell bodies, which propa-
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gates NFT formation within neurons [27], and the previously highlighted faciliatory effect
of APOE ε4 on the transformation of resting microglia to a neurodegenerative phenotype,
which is an eminent driver of neuroinflammation and neurodegeneration [14–16].

Lastly, the potential influence of the APOE genotype on the level of secreted klotho
protein should be taken into consideration. Secreted klotho is abundant in the serum, where
its main source are the kidneys, and in the CSF, where it is produced by the choroid plexus.
To what extent klotho level correlates in these two compartments is unknown. Klotho
concentration in the serum decreases with advancing age, and it also inversely varies with
renal function parameters such as creatinine and blood urea nitrogen levels [55]. Similarly,
its level in the CSF also decreases with advanced age, and in AD patients, CSF klotho levels
have been found to be markedly suppressed [56]. Unfortunately, there is a lack of data
on whether the severity of AD pathology, which is associated with the APOE genotype,
correlates inversely with CSF klotho concentration. Therefore, further studies are necessary
to clarify the changes in CSF klotho levels during the course of AD. These studies should
stratify participants based on their APOE ε4 allele status to determine whether the ε4 allele
intensifies the AD-associated reduction in CSF klotho levels.

Our stratified analyses suggest that AD-protective effects of KL-VShet+ in ε4 non-
carriers are associated with male sex, later onset of cognitive impairment, and education
exceeding 16 years. Several factors could explain the lack of KL-VShet+ protection in
women, including increased vulnerability to NFT pathology, the adverse effect of post-
menopausal hormonal deficiency on cognitive reserve, and lower levels of secreted klotho
protein. Compared to males, female AD patients tend to accumulate more NFTs [49,57,58]
and experience more severe NFT-associated brain atrophy [59]. A recently identified
explanation for this sexual dimorphism involves the higher level of ubiquitin-specific
peptidase 11 in women as compared to men. Ubiquitin-specific peptidase 11 is an X-
linked enzyme responsible for tau deubiquitination, and therefore more ubiquitin removal
promotes tau aggregation [60]. The postmenopausal drop in sex hormone levels has been
well-established as detrimental to cognitive reserve in aging females, as these hormones are
strongly implicated in hippocampal plasticity mechanisms [61]. This has been confirmed by
several cross-sectional studies documenting worse performance on a number of cognitive
tasks in older females who are at risk of AD compared to age-matched males [62–64].
Additionally, female subjects have been found to exhibit lower concentration of secreted
klotho in the CSF compared to male subjects [56]. The reasons for sexual dimorphism
in CSF klotho level is unclear, but similar effects have been observed in transgenic mice
overexpressing klotho, where concentrations of the transgenic protein were lower in females
than in male animals. These differences had a measurable impact on rodent lifespan, which
was extended by 20% in females compared to 30% in males [65].

Our analysis revealed that the protective effect of KL-VShet+ among ε4 non-carriers
is associated with later onset of cognitive impairment. We used the median baseline
visit age, which was 76 years, to divide participants into older and younger cohorts who
had MCI but not dementia due to AD. This is not to suggest that the KL-VShet+ effect is
sharply demarcated at 76 years. However, our limited sample size precluded more granular,
step-wise, age-dependent stratification. The effect of KL-VShet+ on older participants is
likely related to the more indolent course of AD pathology in comparison to younger
individuals, who have a more aggressive disease progression. This is consistent with our
previous finding that the ε4 allele accelerates AD progression in individuals who transition
to dementia before the age of 76.1 years, but not in those who transition later than that [23].
Similarly, the KL-VShet+ protective effect associated with 16 or more years of education can
be reasonably explained as an interaction with greater cognitive reserve capacity among
higher-educated individuals [66].

In addition to the effects of klotho on cognitive reserve, neuroinflammation, and
NFT pathology discussed earlier, Belloy and colleagues have provided evidence that KL-
VShet+ status may modulate overall risk of AD [67]. They found that KL-VShet+ status
is associated with reduced AD risk in individuals carrying the APOE ε4 allele, with the
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effect being most pronounced between ages of 60 and 80 years. They also showed that
KL-VShet+ status is associated with an attenuated accumulation of Aβ in the brains of
cognitively normal ε4 carriers but not in ε4 non-carriers, providing a plausible explanation
for the mitigating effect of KL-VShet+ on the disease risk in the individuals carrying the
ε4 allele [26,67]. Although the biological mechanisms underpinning klotho’s effect on
Aβ pathology remain hypothetical, they may include the regulatory effect of soluble
amyloid precursor protein on klotho protein expression [68] and klotho’s activating effect
on autophagy [52], which protects against the accumulation of misfolded proteins in
AD [53]. However, the mechanisms underlying the favorable interactions between klotho
and the apoE4 isoform on Aβ deposition remain yet to be ascertained.

5. Conclusions

Our work reveals that KL-VShet+ status enhances resilience to AD-related cognitive
decline in male patients who do not carry the APOE ε4 allele. This protective effect is
not observed in female ε4 non-carriers and is nullified by the presence of the ε4 allele
in both male and female subjects. Klotho and apoE have complex, opposing effects on
many mechanisms implicated in AD pathogenesis. We propose that the sum of these
effects is balanced in KL-VShet+ individuals carrying the APOE ε4 allele, resulting in no
protective effect. While biomarker studies suggest that KL-VShet+ status benefits ε4 allele
carriers relatively more than non-carriers with respect to Aβ and NFT accumulation, the
negative effects of the ε4 allele on cognitive reserve, neuroinflammation, and oxidative
stress ultimately outweigh any benefits conferred by KL-VShet+. The lack of a KL-VShet+

benefit in female subjects who are ε4 non-carriers suggests that females may be more
vulnerable to the mechanisms of neurodegeneration in AD.

Author Contributions: X.R.C., Y.S. and M.J.S. conceived of the project and designed the experiments.
X.R.C. carried out statistical analyses with guidance from Y.S. X.R.C. and M.J.S. wrote the manuscript.
All authors have read and agreed to the published version of the manuscript.

Funding: This work has been funded in part by grants from the National Institute on Aging R01
AG053990 (M.J.S.), R01 AG075840 (M.J.S.), P30 AG066512 (Y.S.), and P01 AG060882 (Y.S.), from the
Center for Disease Control and Prevention U01 OH012486 (Y.S.), and from the Fisher Center for
Alzheimer’s Research Foundation (M.J.S.).

Institutional Review Board Statement: This study has been exempted from review by the Institu-
tional Review Board of the New York University Grossman School of Medicine as it met criteria for
exemption 4.

Informed Consent Statement: Informed consents were obtained from all participants whose per-
sonal, clinical, and genetic data contributed to the National Alzheimer’s Coordinating Center and the
Alzheimer’s Disease Neuroimaging Initiative by participating institutions.

Data Availability Statement: Demographic, cognitive, clinical, and genetic datasets of ADNI par-
ticipants, which were analyzed in this study, are accessible from the Laboratory of Neuro Imaging
(LONI) website at https://adni.loni.usc.edu (accessed on 23 January 2022). Demographic, cognitive,
and clinical datasets of NACC participants, which were analyzed in this study, are accessible from the
NACC website at https://naccdata.org (accessed on 5 July 2022), while corresponding genetic data
are accessible from the website of the National Institute on Aging Genetics of Alzheimer’s Disease
Data Storage Site at https://dss.niagads.org (accessed on 27 January 2022).

Acknowledgments: The NACC database is funded by NIA/NIH Grant U24 AG072122. NACC
data are contributed by the NIA-funded ADRCs: P30 AG062429 (PI James Brewer), P30 AG066468
(PI Oscar Lopez), P30 AG062421 (PI Bradley Hyman), P30 AG066509 (PI Thomas Grabowski), P30
AG066514 (PI Mary Sano), P30 AG066530 (PI Helena Chui), P30 AG066507 (PI Marilyn Albert), P30
AG066444 (PI John Morris), P30 AG066518 (PI Jeffrey Kaye), P30 AG066512 (PI Thomas Wisniewski),
P30 AG066462 (PI Scott Small), P30 AG072979 (PI David Wolk), P30 AG072972 (PI Charles DeCarli),
P30 AG072976 (PI Andrew Saykin), P30 AG072975 (PI David Bennett), P30 AG072978 (PI Neil
Kowall), P30 AG072977 (PI Robert Vassar), P30 AG066519 (PI Frank LaFerla), P30 AG062677 (PI
Ronald Petersen), P30 AG079280 (PI Eric Reiman), P30 AG062422 (PI Gil Rabinovici), P30 AG066511

https://adni.loni.usc.edu
https://naccdata.org
https://dss.niagads.org


Genes 2023, 14, 917 14 of 17

(PI Allan Levey), P30 AG072946 (PI Linda Van Eldik), P30 AG062715 (PI Sanjay Asthana, MD, FRCP),
P30 AG072973 (PI Russell Swerdlow), P30 AG066506 (PI Todd Golde), P30 AG066508 (PI Stephen
Strittmatter), P30 AG066515 (PI Victor Henderson), P30 AG072947 (PI Suzanne Craft), P30 AG072931
(PI Henry Paulson), P30 AG066546 (PI Sudha Seshadri), P20 AG068024 (PI Erik Roberson), P20
AG068053 (PI Justin Miller), P20 AG068077 (PI Gary Rosenberg), P20 AG068082 (PI Angela Jefferson),
P30 AG072958 (PI Heather Whitson), P30 AG072959 (PI James Leverenz). Data for this study were
prepared, archived, and distributed by the National Institute on Aging Alzheimer’s Disease Data
Storage Site (NIAGADS) at the University of Pennsylvania (U24-AG041689), funded by the National
Institute on Aging.

Conflicts of Interest: X.R.C. and Y.S. have no conflict of interest to disclose. M.J.S. has been the site
PI for ADNI studies 2, 3, and 4 at the NYU Grossman School of Medicine.

References
1. Tohyama, O.; Imura, A.; Iwano, A.; Freund, J.N.; Henrissat, B.; Fujimori, T.; Nabeshima, Y. Klotho is a novel beta-glucuronidase

capable of hydrolyzing steroid beta-glucuronides. J. Biol. Chem. 2004, 279, 9777–9784. [CrossRef] [PubMed]
2. Arking, D.E.; Krebsova, A.; Macek, M., Sr.; Macek, M., Jr.; Arking, A.; Mian, I.S.; Fried, L.; Hamosh, A.; Dey, S.; McIntosh, I.; et al.

Association of human aging with a functional variant of klotho. Proc. Natl. Acad. Sci. USA 2002, 99, 856–861. [CrossRef] [PubMed]
3. Di Bona, D.; Accardi, G.; Virruso, C.; Candore, G.; Caruso, C. Association of Klotho polymorphisms with healthy aging:

A systematic review and meta-analysis. Rejuvenation Res. 2014, 17, 212–216. [CrossRef] [PubMed]
4. Dubal, D.B.; Yokoyama, J.S.; Zhu, L.; Broestl, L.; Worden, K.; Wang, D.; Sturm, V.E.; Kim, D.; Klein, E.; Yu, G.; et al. Life extension

factor klotho enhances cognition. Cell Rep. 2014, 7, 1065–1076. [CrossRef]
5. Kuro-o, M.; Matsumura, Y.; Aizawa, H.; Kawaguchi, H.; Suga, T.; Utsugi, T.; Ohyama, Y.; Kurabayashi, M.; Kaname, T.; Kume, E.;

et al. Mutation of the mouse klotho gene leads to a syndrome resembling ageing. Nature 1997, 390, 45–51. [CrossRef]
6. Kuro, M. Klotho as a regulator of oxidative stress and senescence. Biol. Chem. 2008, 389, 233–241. [CrossRef]
7. Zeldich, E.; Chen, C.D.; Colvin, T.A.; Bove-Fenderson, E.A.; Liang, J.; Tucker-Zhou, T.B.; Harris, D.A.; Abraham, C.R. The

neuroprotective effect of Klotho is mediated via regulation of members of the redox system. J. Biol. Chem. 2014, 289, 24700–24715.
[CrossRef]

8. Corder, E.H.; Saunders, A.M.; Strittmatter, W.J.; Schmechel, D.E.; Gaskell, P.C.; Small, G.W.; Roses, A.D.; Haines, J.L.; Pericak-
Vance, M.A. Gene dose of apolipoprotein E type 4 allele and the risk of Alzheimer’s disease in late onset families. Science 1993,
261, 921–923. [CrossRef]

9. Nichols, E.; Steinmetz, J.D.; Vollset, S.E.; Fukutaki, K.; Chalek, J.; Abd-Allah, F.; Abdoli, A.; Abualhasan, A.; Abu-Gharbieh, E.;
Akram, T.T.; et al. Estimation of the global prevalence of dementia in 2019 and forecasted prevalence in 2050: An analysis for the
Global Burden of Disease Study 2019. Lancet Public Health 2022, 7, e105–e125. [CrossRef]

10. Rajan, K.B.; Weuve, J.; Barnes, L.L.; McAninch, E.A.; Wilson, R.S.; Evans, D.A. Population estimate of people with clinical
Alzheimer’s disease and mild cognitive impairment in the United States (2020–2060). Alzheimer Dement. 2021, 17, 1966–1975.
[CrossRef] [PubMed]

11. Sclan, S.G.; Reisberg, B. Functional Assessment Staging (FAST) in Alzheimer’s disease: Reliability, validity and ordinality.
Int. Psychogeriatr. 1992, 4, 55–69.

12. Petersen, R.C.; Stevens, J.C.; Ganguli, M.; Tangalos, E.G.; Cummings, J.L.; DeKosky, S.T. Practice parameter: Early detection
of dementia: Mild cognitive impairment (an evidence-based review). Report of the Quality Standards Subcommittee of the
American Academy of Neurology. Neurology 2001, 56, 1133–1142. [PubMed]

13. Selkoe, D.J.; Hardy, J. The amyloid hypothesis of Alzheimer’s disease at 25 years. EMBO Mol. Med. 2016, 8, 595–608. [PubMed]
14. Butovsky, O.; Weiner, H.L. Microglial signatures and their role in health and disease. Nat. Rev. Neurosci. 2018, 19, 622–635.
15. Shi, Y.; Holtzman, D.M. Interplay between innate immunity and Alzheimer disease: APOE and TREM2 in the spotlight. Nat. Rev.

Immunol. 2018, 18, 759–772. [PubMed]
16. Krasemann, S.; Madore, C.; Cialic, R.; Baufeld, C.; Calcagno, N.; El Fatimy, R.; Beckers, L.; O’Loughlin, E.; Xu, Y.; Fanek, Z.; et al.

The TREM2-APOE Pathway Drives the Transcriptional Phenotype of Dysfunctional Microglia in Neurodegenerative Diseases.
Immunity 2017, 47, 566–581.

17. Song, S.; Stern, Y.; Gu, Y. Modifiable lifestyle factors and cognitive reserve: A systematic review of current evidence. Ageing Res.
Rev. 2022, 74, 101551. [PubMed]

18. Stern, Y. Cognitive reserve in ageing and Alzheimer’s disease. Lancet Neurol. 2012, 11, 1006–1012.
19. Neitzel, J.; Franzmeier, N.; Rubinski, A.; Dichgans, M.; Brendel, M.; Alzheimer’s Disease Neuroimaging Initiative (ADNI);

Malik, R.; Ewers, M. KL-VS heterozygosity is associated with lower amyloid-dependent tau accumulation and memory impair-
ment in Alzheimer’s disease. Nat. Commun. 2021, 12, 3825. [PubMed]

20. Driscoll, I.; Ma, Y.; Gallagher, C.L.; Johnson, S.C.; Asthana, S.; Hermann, B.P.; Sager, M.A.; Blennow, K.; Zetterberg, H.; Carlsson,
C.M.; et al. Age-Related Tau Burden and Cognitive Deficits Are Attenuated in KLOTHO KL-VS Heterozygotes. J. Alzheimer Dis.
2021, 79, 1297–1305.

https://doi.org/10.1074/jbc.M312392200
https://www.ncbi.nlm.nih.gov/pubmed/14701853
https://doi.org/10.1073/pnas.022484299
https://www.ncbi.nlm.nih.gov/pubmed/11792841
https://doi.org/10.1089/rej.2013.1523
https://www.ncbi.nlm.nih.gov/pubmed/24164579
https://doi.org/10.1016/j.celrep.2014.03.076
https://doi.org/10.1038/36285
https://doi.org/10.1515/BC.2008.028
https://doi.org/10.1074/jbc.M114.567321
https://doi.org/10.1126/science.8346443
https://doi.org/10.1016/S2468-2667(21)00249-8
https://doi.org/10.1002/alz.12362
https://www.ncbi.nlm.nih.gov/pubmed/34043283
https://www.ncbi.nlm.nih.gov/pubmed/11342677
https://www.ncbi.nlm.nih.gov/pubmed/27025652
https://www.ncbi.nlm.nih.gov/pubmed/30140051
https://www.ncbi.nlm.nih.gov/pubmed/34952208
https://www.ncbi.nlm.nih.gov/pubmed/34158479


Genes 2023, 14, 917 15 of 17

21. Morris, J.C.; Weintraub, S.; Chui, H.C.; Cummings, J.; Decarli, C.; Ferris, S.; Foster, N.L.; Galasko, D.; Graff-Radford, N.; Peskind,
E.R.; et al. The Uniform Data Set (UDS): Clinical and cognitive variables and descriptive data from Alzheimer Disease Centers.
Alzheimer Dis. Assoc. Disord. 2006, 20, 210–216. [PubMed]

22. Weiner, M.W.; Aisen, P.S.; Jack, C.R., Jr.; Jagust, W.J.; Trojanowski, J.Q.; Shaw, L.; Saykin, A.J.; Morris, J.C.; Cairns, N.; Beckett, L.A.;
et al. The Alzheimer’s disease neuroimaging initiative: Progress report and future plans. Alzheimer Dement. 2010, 6, 202–211.
[CrossRef] [PubMed]

23. Chen, X.R.; Shao, Y.; Sadowski, M.J.; Alzheimer’s Disease Neuroimaging Initiative. Segmented Linear Mixed Model Analysis
Reveals Association of the APOEε4 Allele with Faster Rate of Alzheimer’s Disease Dementia Progression. J. Alzheimer Dis. 2021,
82, 921–937. [CrossRef]

24. Cosentino, S.; Scarmeas, N.; Helzner, E.; Glymour, M.M.; Brandt, J.; Albert, M.; Blacker, D.; Stern, Y. APOE epsilon 4 allele predicts
faster cognitive decline in mild Alzheimer disease. Neurology 2008, 70, 1842–1849. [CrossRef]

25. Shi, Y.; Yamada, K.; Liddelow, S.A.; Smith, S.T.; Zhao, L.; Luo, W.; Tsai, R.M.; Spina, S.; Grinberg, L.T.; Rojas, J.C.; et al. ApoE4
markedly exacerbates tau-mediated neurodegeneration in a mouse model of tauopathy. Nature 2017, 549, 523–527. [CrossRef]
[PubMed]

26. Belloy, M.E.; Napolioni, V.; Han, S.S.; Le Guen, Y.; Greicius, M.D. Association of Klotho-VS Heterozygosity with Risk of Alzheimer
Disease in Individuals Who Carry APOE4. JAMA Neurol. 2020, 77, 849–862.

27. Tank, R.; Ward, J.; Celis-Morales, C.; Smith, D.J.; Flegal, K.E.; Lyall, D.M. Testing for Interactions Between APOE and Klotho
Genotypes on Cognitive, Dementia, and Brain Imaging Metrics in UK Biobank. J. Alzheimer Dis. 2021, 83, 51–55. [CrossRef]
[PubMed]

28. Purcell, S.; Neale, B.; Todd-Brown, K.; Thomas, L.; Ferreira, M.A.R.; Bender, D.; Maller, J.; Sklar, P.; de Bakker, P.I.W.; Daly, M.J.;
et al. PLINK: A tool set for whole-genome association and population-based linkage analyses. Am. J. Hum. Genet. 2007, 81,
559–575. [PubMed]

29. Wang, J.; Logovinsky, V.; Hendrix, S.B.; Stanworth, S.H.; Perdomo, C.; Xu, L.; Dhadda, S.; Do, I.; Rabe, M.; Luthman, J.; et al.
ADCOMS: A composite clinical outcome for prodromal Alzheimer’s disease trials. J. Neurol. Neurosurg. Psychiatry 2016, 87,
993–999.

30. Weisgraber, K.H.; Rall, S.C., Jr.; Mahley, R.W. Human E apoprotein heterogeneity. Cysteine-arginine interchanges in the amino
acid sequence of the apo-E isoforms. J. Biol. Chem. 1981, 256, 9077–9083. [CrossRef]

31. Frieden, C.; Wang, H.; Ho, C.M.W. A mechanism for lipid binding to apoE and the role of intrinsically disordered regions coupled
to domain-domain interactions. Proc. Natl. Acad. Sci. USA 2017, 114, 6292–6297. [CrossRef]

32. Chen, Y.; Strickland, M.R.; Soranno, A.; Holtzman, D.M. Apolipoprotein E: Structural Insights and Links to Alzheimer Disease
Pathogenesis. Neuron 2021, 109, 205–221. [CrossRef]

33. Di Battista, A.M.; Heinsinger, N.M.; Rebeck, G.W. Alzheimer’s disease genetic risk factor APOE-ε4 also affects normal brain
function. Curr. Alzheimer Res. 2016, 13, 1200–1207. [CrossRef] [PubMed]

34. Yamazaki, Y.; Zhao, N.; Caulfield, T.R.; Liu, C.C.; Bu, G. Apolipoprotein E and Alzheimer disease: Pathobiology and targeting
strategies. Nat. Rev. Neurol. 2019, 15, 501–518.

35. Shiozaki, M.; Yoshimura, K.; Shibata, M.; Koike, M.; Matsuura, N.; Uchiyama, Y.; Gotow, T. Morphological and biochemical signs
of age-related neurodegenerative changes in klotho mutant mice. Neuroscience 2008, 152, 924–941. [CrossRef] [PubMed]

36. Uchida, A.; Komiya, T.; Tashiro, T.; Yorifuji, H.; Kishimoto, T.; Nabeshima, Y.; Hisanaga, S. Neurofilaments of klotho, the mutant
mouse prematurely displaying symptoms resembling human aging. J. Neurosci. Res. 2001, 64, 363–370. [CrossRef] [PubMed]

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

38. Nuriel, T.; Angulo, S.L.; Khan, U.; Ashok, A.; Chen, Q.; Figueroa, H.Y.; Emrani, S.; Liu, L.; Herman, M.; Barrett, G.; et al. Neuronal
hyperactivity due to loss of inhibitory tone in APOE4 mice lacking Alzheimer’s disease-like pathology. Nat. Commun. 2017,
8, 1464. [CrossRef]

39. Li, G.; Bien-Ly, N.; Andrews-Zwilling, Y.; Xu, Q.; Bernardo, A.; Ring, K.; Halabisky, B.; Deng, C.; Mahley, R.W.; Huang, Y.
GABAergic interneuron dysfunction impairs hippocampal neurogenesis in adult apolipoprotein E4 knockin mice. Cell Stem Cell
2009, 5, 634–645. [CrossRef] [PubMed]

40. Knoferle, J.; Yoon, S.Y.; Walker, D.; Leung, L.; Gillespie, A.K.; Tong, L.M.; Bien-Ly, N.; Huang, Y. Apolipoprotein E4 produced in
GABAergic interneurons causes learning and memory deficits in mice. J. Neurosci. 2014, 34, 14069–14078. [CrossRef]

41. Chen, Y.; Durakoglugil, M.S.; Xian, X.; Herz, J. ApoE4 reduces glutamate receptor function and synaptic plasticity by selectively
impairing ApoE receptor recycling. Proc. Natl. Acad. Sci. USA 2010, 107, 12011–12016. [CrossRef] [PubMed]

42. Holtzman, D.M.; Herz, J.; Bu, G. Apolipoprotein E and apolipoprotein E receptors: Normal biology and roles in Alzheimer
disease. Cold Spring Harb. Perspect. Med. 2012, 2, a006312. [CrossRef]

43. Abraham, C.R.; Mullen, P.C.; Tucker-Zhou, T.; Chen, C.D.; Zeldich, E. Klotho Is a Neuroprotective and Cognition-Enhancing
Protein. Vitam. Horm. 2016, 101, 215–238. [PubMed]

https://www.ncbi.nlm.nih.gov/pubmed/17132964
https://doi.org/10.1016/j.jalz.2010.03.007
https://www.ncbi.nlm.nih.gov/pubmed/20451868
https://doi.org/10.3233/JAD-210434
https://doi.org/10.1212/01.wnl.0000304038.37421.cc
https://doi.org/10.1038/nature24016
https://www.ncbi.nlm.nih.gov/pubmed/28959956
https://doi.org/10.3233/JAD-210181
https://www.ncbi.nlm.nih.gov/pubmed/34219715
https://www.ncbi.nlm.nih.gov/pubmed/17701901
https://doi.org/10.1016/S0021-9258(19)52510-8
https://doi.org/10.1073/pnas.1705080114
https://doi.org/10.1016/j.neuron.2020.10.008
https://doi.org/10.2174/1567205013666160401115127
https://www.ncbi.nlm.nih.gov/pubmed/27033053
https://doi.org/10.1016/j.neuroscience.2008.01.032
https://www.ncbi.nlm.nih.gov/pubmed/18343589
https://doi.org/10.1002/jnr.1087
https://www.ncbi.nlm.nih.gov/pubmed/11340643
https://doi.org/10.1096/fj.02-0448fje
https://www.ncbi.nlm.nih.gov/pubmed/12475907
https://doi.org/10.1038/s41467-017-01444-0
https://doi.org/10.1016/j.stem.2009.10.015
https://www.ncbi.nlm.nih.gov/pubmed/19951691
https://doi.org/10.1523/JNEUROSCI.2281-14.2014
https://doi.org/10.1073/pnas.0914984107
https://www.ncbi.nlm.nih.gov/pubmed/20547867
https://doi.org/10.1101/cshperspect.a006312
https://www.ncbi.nlm.nih.gov/pubmed/27125744


Genes 2023, 14, 917 16 of 17

44. Degaspari, S.; Tzanno-Martins, C.B.; Fujihara, C.K.; Zatz, R.; Branco-Martins, J.P.; Viel, T.A.; Buck, H.S.; Orellana, A.M.M.; Böhmer,
A.E.; de Sá Lima, L. Altered KLOTHO and NF-κB-TNF-α Signaling Are Correlated with Nephrectomy-Induced Cognitive
Impairment in Rats. PLoS ONE 2015, 10, e0125271. [CrossRef]

45. Decourt, B.; Lahiri, D.K.; Sabbagh, M.N. Targeting Tumor Necrosis Factor Alpha for Alzheimer’s Disease. Curr. Alzheimer Res.
2017, 14, 412–425. [CrossRef]

46. Busche, M.A.; Hyman, B.T. Synergy between amyloid-β and tau in Alzheimer’s disease. Nat. Neurosci. 2020, 23, 1183–1193.
[CrossRef]

47. Therriault, J.; Benedet, A.L.; Pascoal, T.A.; Mathotaarachchi, S.; Chamoun, M.; Savard, M.; Thomas, E.; Kang, M.S.; Lussier, F.;
Tissot, C.; et al. Association of Apolipoprotein E ε4 With Medial Temporal Tau Independent of Amyloid-β. JAMA Neurol. 2020,
77, 470–479. [CrossRef]

48. Therriault, J.; Benedet, A.L.; Pascoal, T.A.; Mathotaarachchi, S.; Savard, M.; Chamoun, M.; Thomas, E.; Kang, M.S.; Lussier, F.;
Tissot, C.; et al. APOEε4 potentiates the relationship between amyloid-β and tau pathologies. Mol. Psychiatry 2021, 26, 5977–5988.
[CrossRef]

49. Yan, S.; Zhen, C.; Paranjpe, M.; Li, Y.; Li, W.; Wang, X.; Benzinger, T.; Lu, J.; Zhou, Y. Sex modifies APOE ε4 dose effect on brain
tau deposition in cognitively impaired individuals. Brain 2021, 144, 3201–3211. [CrossRef]

50. Shi, Y.; Manis, M.; Long, J.; Wang, K.; Sullivan, P.M.; Serrano, J.R.; Hoyle, R.; Holtzman, D.M. Microglia drive APOE-dependent
neurodegeneration in a tauopathy mouse model. J. Exp. Med. 2019, 216, 2546–2561. [CrossRef] [PubMed]

51. Muhammad, A.; Sung, Y.J.; Wang, F.; Fernández, M.V.; Morris, J.C.; Fagan, A.M.; Blennow, K.; Zetterberg, H.; Heslegrave, A.;
Johansson, P.M.; et al. Leveraging large multi-center cohorts of Alzheimer disease endophenotypes to understand the role of
Klotho heterozygosity on disease risk. PLoS ONE 2022, 17, e0267298.

52. Fernández, Á.F.; Sebti, S.; Wei, Y.; Zou, Z.; Shi, M.; McMillan, K.L.; He, C.; Ting, T.; Liu, Y.; Chiang, W.; et al. Disruption of the
beclin 1-BCL2 autophagy regulatory complex promotes longevity in mice. Nature 2018, 558, 136–140. [CrossRef] [PubMed]

53. Uddin, M.S.; Stachowiak, A.; Mamun, A.A.; Tzvetkov, N.T.; Takeda, S.; Atanasov, A.G.; Bergantin, L.B.; Abdel-Daim, M.M.;
Stankiewicz, A.M. Autophagy and Alzheimer’s Disease: From Molecular Mechanisms to Therapeutic Implications. Front. Aging
Neurosci. 2018, 10, 1–18.

54. Simonovitch, S.; Schmukler, E.; Bespalko, A.; Iram, T.; Frenkel, D.; Holtzman, D.M.; Masliah, E.; Michaelson, D.M.; Pinkas-
Kramarski, R. Impaired Autophagy in APOE4 Astrocytes. J. Alzheimer Dis. 2016, 51, 915–927. [CrossRef]

55. Yamazaki, Y.; Imura, A.; Urakawa, I.; Shimada, T.; Murakami, J.; Aono, Y.; Hasegawa, H.; Yamashita, T.; Nakatani, K.; Saito, Y.;
et al. Establishment of a sandwich ELISA for soluble alpha-Klotho measurements: Age-dependent change of soluble alpha-Klotho
levels in healthy subjects. Biochem. Biophys. Res. Commun. 2010, 398, 513–518. [CrossRef]

56. Semba, R.D.; Moghekar, A.R.; Hu, J.; Sun, K.; Turner, R.; Ferrucci, L.; O’Brien, R. Klotho in the cerebrospinal fluid of adults with
and without Alzheimer’s disease. Neurosci. Lett. 2014, 558, 37–40. [CrossRef]

57. Buckley, R.F.; Mormino, E.C.; Rabin, J.S.; Hohman, T.J.; Landau, S.; Hanseeuw, B.J.; Jacobs, H.I.L.; Papp, K.V.; Amariglio, R.E.;
Properzi, M.J.; et al. Sex differences in the association of global amyloid and regional tau deposition measured by positron
emission tomography in clinically normal older adults. JAMA Neurol. 2019, 76, 542–551. [CrossRef]

58. Liu, M.; Paranjpe, M.D.; Zhou, X.; Duy, P.Q.; Goyal, M.S.; Benzinger, T.L.S.; Lu, J.; Wang, R.; Zhou, Y. Sex modulates the
ApoE epsilon4 effect on brain tau deposition measured by (18)F-AV-1451 PET in individuals with mild cognitive impairment.
Theranostics 2019, 9, 4959–4970. [CrossRef] [PubMed]

59. Holland, D.; Desikan, R.S.; Dale, A.M.; McEvoy, L.K.; Alzheimer’s Disease Neuroimaging Initiative. Higher rates of decline for
women and apolipoprotein E epsilon4 carriers. AJNR Am. J. Neuroradiol. 2013, 34, 2287–2293. [CrossRef] [PubMed]

60. Yan, Y.; Wang, X.; Chaput, D.; Shin, M.; Koh, Y.; Gan, L.; Pieper, A.A.; Woo, J.A.; Kang, D.E. X-linked ubiquitin-specific peptidase
11 increases tauopathy vulnerability in women. Cell 2022, 185, 3913–3930. [CrossRef]

61. Mosconi, L.; Berti, V.; Quinn, C.; McHugh, P.; Petrongolo, G.; Varsavsky, I.; Osorio, R.S.; Pupi, A.; Vallabhajosula, S.; Isaacson,
R.S.; et al. Sex differences in Alzheimer risk: Brain imaging of endocrine vs chronologic aging. Neurology 2017, 89, 1382–1390.
[CrossRef] [PubMed]

62. Fleisher, A.; Grundman, M.; Jack, C.R., Jr.; Petersen, R.C.; Taylor, C.; Kim, H.T.; Schiller, D.H.; Bagwell, V.; Sencakova, D.; Weiner,
M.F.; et al. Sex, apolipoprotein E epsilon 4 status, and hippocampal volume in mild cognitive impairment. Arch. Neurol. 2005, 62,
953–957. [CrossRef]

63. Hobel, Z.; Isenberg, A.L.; Raghupathy, D.; Mack, W.; Pa, J.; Alzheimer’s Disease Neuroimaging Intiative; Australian Imaging
Biomarkers and Lifestyle Flagship Study of Ageing. APOEε4 gene dose and sex effects on Alzheimer’s disease MRI biomarkers
in older adults with mild cognitive impairment. J Alzheimer Dis. 2019, 71, 647–658. [CrossRef] [PubMed]

64. Farlow, M.R.; He, Y.; Tekin, S.; Xu, J.; Lane, R.; Charles, H.C. Impact of APOE in mild cognitive impairment. Neurology 2004, 63,
1898–1901. [CrossRef]

65. Kurosu, H.; Yamamoto, M.; Clark, J.D.; Pastor, J.V.; Nandi, A.; Gurnani, P.; McGuinness, O.P.; Chikuda, H.; Yamaguchi, M.;
Kawaguchi, H.; et al. Suppression of aging in mice by the hormone Klotho. Science 2005, 309, 1829–1833. [CrossRef]

66. Wei, X.; Yu, J.; Tan, M.; Tan, L. Cognitive reserve and Alzheimer’s disease. Mol. Neurobiol. 2015, 51, 187–208.

https://doi.org/10.1371/journal.pone.0125271
https://doi.org/10.2174/1567205013666160930110551
https://doi.org/10.1038/s41593-020-0687-6
https://doi.org/10.1001/jamaneurol.2019.4421
https://doi.org/10.1038/s41380-020-0688-6
https://doi.org/10.1093/brain/awab160
https://doi.org/10.1084/jem.20190980
https://www.ncbi.nlm.nih.gov/pubmed/31601677
https://doi.org/10.1038/s41586-018-0162-7
https://www.ncbi.nlm.nih.gov/pubmed/29849149
https://doi.org/10.3233/JAD-151101
https://doi.org/10.1016/j.bbrc.2010.06.110
https://doi.org/10.1016/j.neulet.2013.10.058
https://doi.org/10.1001/jamaneurol.2018.4693
https://doi.org/10.7150/thno.35366
https://www.ncbi.nlm.nih.gov/pubmed/31410194
https://doi.org/10.3174/ajnr.A3601
https://www.ncbi.nlm.nih.gov/pubmed/23828104
https://doi.org/10.1016/j.cell.2022.09.002
https://doi.org/10.1212/WNL.0000000000004425
https://www.ncbi.nlm.nih.gov/pubmed/28855400
https://doi.org/10.1001/archneur.62.6.953
https://doi.org/10.3233/JAD-180859
https://www.ncbi.nlm.nih.gov/pubmed/31424388
https://doi.org/10.1212/01.WNL.0000144279.21502.B7
https://doi.org/10.1126/science.1112766


Genes 2023, 14, 917 17 of 17

67. Belloy, M.E.; Eger, S.J.; Le Guen, Y.; Napolioni, V.; Deters, K.D.; Yang, H.; Scelsi, M.A.; Porter, T.; James, S.; Wong, A.; et al. KL∗VS
heterozygosity reduces brain amyloid in asymptomatic at-risk APOE∗4 carriers. Neurobiol. Aging 2021, 101, 123–129. [CrossRef]

68. Li, H.; Wang, B.; Wang, Z.; Guo, Q.; Tabuchi, K.; Hammer, R.E.; Südhof, T.C.; Zheng, H. Soluble amyloid precursor protein (APP)
regulates transthyretin and Klotho gene expression without rescuing the essential function of APP. Proc. Natl. Acad. Sci. USA
2010, 107, 17362–17367. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.neurobiolaging.2021.01.008
https://doi.org/10.1073/pnas.1012568107
https://www.ncbi.nlm.nih.gov/pubmed/20855613

	Introduction 
	Materials and Methods 
	Participant Selection 
	Genetic Data Quality Control and Processing 
	Cognitive Measures 
	Statistical Analyses 

	Results 
	Descriptive Statistics 
	KL-VS Heterozygosity Has a Protective Effect on the Rate of Cognitive Decline in 4 Non-Carriers 
	The Protective Effect of KL-VS Heterozygosity Is Observed in Males, in Individuals with an Older Age of Cognitive Decline Onset, and in Those with 16 or More Years of Education 

	Discussion 
	Conclusions 
	References

