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Abstract
The gene encoding sortilin receptor 1 (SORL1) has been associated with Alzheimer’s disease risk.
We examined 15 SORL1 variants and SNP-set risk scores in relation to longitudinal verbal,
spatial, memory and perceptual speed performance, testing for age trends and sex-specific effects.
Altogether, 1609 individuals from three population-based Swedish twin studies were assessed up
to five times across 16 years. Controlling for APOE, multiple simple and sex-moderated
associations were observed for spatial, episodic memory and verbal trajectories (p = 1.25E-03 to p
= 4.83E-02). Five variants (rs11600875, rs753780, rs7105365, rs11820794, rs2070045) were
associated across domains. Notably, in those homozygous for rs2070045 risk alleles, males
demonstrated initially favorable performance but accelerating declines, while females showed
overall lower performance. SNP-set risk scores predicted spatial (Card Rotations, p = 5.92E-03)
and episodic memory trajectories (Thurstone Picture Memory, p = 3.34E-02), where higher risk
scores benefitted men’s versus women’s performance up to age 75 but with accelerating declines.
SORL1 is associated with cognitive aging, and may contribute differentially to change in men and
women.
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1. Introduction
The neuronal sorting receptor SORL1 (sortilin receptor 1) is involved in the trafficking of
APP (precursor of Aβ peptides) (Rogaeva, et al., 2009) and may bind with lipoproteins and
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mediate endocytotic processes (Wollmer, 2010). In 2007, variants of the SORL1 gene were
associated with Alzheimer’s disease (AD) risk (Rogaeva, et al., 2007). Subsequent
replication efforts, though mixed, have been predominantly positive (Alexopoulos, et al.,
2010,Bettens, et al., 2008,Cousin, et al., 2011,Feulner, et al., 2009,Kimura, et al.,
2009,Kölsch, et al., 2009,Lee, et al., 2007,Lee, et al., 2008,Li, et al., 2008,Liu, et al.,
2009,Meng, et al., 2007,Minster, et al., 2008,Patel, et al., 2010,Reitz, et al., 2011,Reynolds,
et al., 2010,Schjeide, et al., 2009,Tan, et al., 2009,Webster, et al., 2008). Recently, we
reported no significant association of six SORL1 markers with dementia risk, age-of-onset,
CSF Aβ or tau (Reynolds, et al., 2010). However, meta-analysis of our findings with prior
studies included in AlzGene (Bertram, et al., 2007) indicated a weak association for
dementia risk. Likewise, a subsequent meta-analysis of all variants published to date (Reitz,
et al., 2011) supports association with AD risk even when controlling for age, sex and
APOE. A study of Italian AD patients reported that sex and APOE e4 status may moderate
the association of SORL1 with AD risk (Cellini, et al., 2009). Although sex moderation may
be a source of disparate findings, it has not received additional attention.

SORL1 has less often been examined for association with cognitive performance in non-
demented adults, and to our knowledge never previously with change in cognition over time.
A study of 705 stroke- and dementia-free individuals from the Framingham study reported
two of seven SORL1 variants (rs1131497, rs726601) were associated with abstract verbal
reasoning performance (p = 3.2 × 10−6) but not verbal memory, visuospatial memory, or
attention composites (Seshadri, et al., 2007). A later study of the 1936 Lothian Birth Cohort
reported that one of two SORL1 variants (rs3824968) was associated with a spatial span task
(p = 0.029) (Houlihan, et al., 2009). Sex was statistically controlled for or residualized in
these studies and not directly considered as an effect moderator.

In the current report we examine associations of SORL1 variants with cognitive decline
trajectories, especially considering sex-specific trends. We note that this study, with up to 16
years of follow-up, is the first to report findings of SORL1 on longitudinal cognitive
performance across multiple domains in a population-based sample.

2. Methods and Materials
2.1 Participants

Participants were drawn from three similarly-designed population-based studies originating
from the Swedish Twin Registry (Lichtenstein, et al., 2002): the Swedish Adoption/Twin
Study of Aging (SATSA) (Finkel and Pedersen, 2004,Pedersen, et al., 1991), the Origins of
Variance in the Oldest-Old (OCTO-Twin) (McClearn, et al., 1997), and the Sex Differences
in Health and Aging Study (GENDER) (Gold, et al., 2002). Across these studies, SORL1
genotypes, APOE genotype, covariates and cognitive outcomes were available for 1,609
individuals (680 males, 929 females) dementia-free at baseline, representing 919 pairs (690
complete, 229 incomplete). Eighty-three MZ twins without genotyping (17.0%) were
assigned their cotwin’s SORL1 genotypes. Incident dementia was evaluated (Gatz, et al.,
2005) and any cognitive data obtained post-onset were excluded from the current analyses.
The median age at initial testing was 72.3 years (interquartile range = 15.9, range= 50.1 to
93.0) and the median follow-up time was 7.8 years (interquartile range = 6.0, range = 0 to
17.8).

The study was conducted with approvals from the Swedish Regional Ethical Review Board
at the Karolinska Institute, and from the relevant local Institutional Review Boards of the
investigators’ institutions.
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2.2 Genotyping
All DNA samples underwent whole genome amplification (WGA) using standard kits
(Phi29 DNA polymerase, Amersham). All subsequent genotyping was conducted at the
Uppsala University SNP technology platform (http://www.medsci.uu.se/molmed/
snpgenotyping/methods.htm). We previously reported high concordance (> 98%) for three
ABCA1 genotypes obtained from these same amplified and non-amplified samples under
different genotyping platforms (Reynolds, et al., 2009). These results are comparable to
studies on the fidelity of WGA with respect to SNP genotyping published by other groups
(Tzvetkov, et al., 2005,Xing, et al., 2008). Initially, seven SORL1 markers were typed using
the Illumina GoldenGate assay system on Illumina BeadStation 500GX. Markers were
selected based upon prior association findings, functional candidature, linkage
disequilibrium (LD), and Illumina SNP design scores (Rogaeva, et al., 2007): rs668387,
rs689021, rs641120, rs2070045, rs1699102, rs3824968, and rs2282649. SNP rs1699102 was
excluded from analysis due to genotyping failure. Additional SORL1 markers were obtained
from a custom designed Illumina iSelect array (Metabochip) with an analysis set of 184,189
SNPs. Additional markers were imputed using IMPUTE (Marchini, et al., 2007), retaining
those with > 0.9 posterior probability estimates and missingness of ≤ 0.1, resulting in
528,184 total SNPs. Altogether, 49 markers in the SORL1 region were available (chr11:
120,828,171-121,009,681; NCBI36/hg18 build). Of these, 24 markers had minor allele
frequencies > 1%. After accounting for perfect LD (i.e. perfect proxies with r2 = 1),
including two previously typed markers, 10 markers remained: rs11600875, rs4631890,
rs923893, rs17245976, rs12364988, rs753780, rs7105365, rs12285364, rs11512475, and
rs11820794.

Hardy-Weinberg equilibrium (HWE) tests of all SORL1 SNPs were performed (Table S1).
We dropped rs4631890, which did not achieve HWE (p = 0.0247). Thus, there were a total
of 15 SORL1 makers, 6 from the first and 9 from the second genotyping.

APOE markers (rs7412, rs429358) were genotyped separately using Illumina GoldenGate
assays and were in HWE (p > 0.07).

2.3 Cognitive measures
The primary cognitive measures for the present analysis included: (a) Synonyms,
representing the verbal domain; (b) Block Design, representing the spatial domain; (c)
Thurstone Picture Memory, a test of episodic recognition memory; and (d) Symbol Digit, a
measure of perceptual speed. Models were fitted to the four primary cognitive tests first.
Additional cognitive tests were available for only two of the three studies and were followed
up in analysis if a primary measure of a cognitive domain indicated possible association.
These included: (a) verbal, Information (SATSA & OCTO-Twin); (b) spatial, Figure Logic
(SATSA & OCTO-Twin) and Card Rotations (GENDER & SATSA); and (c) memory, Digit
Span (SATSA & OCTO-Twin). All tests were rescaled to percent correct for comparability.
Descriptive statistics are presented in Table 1.

2.4 Analyses
Multilevel growth models were fitted to the cognitive data using SAS PROC MIXED 9.3
(SAS Institute, Inc., Raleigh, NC) with full information maximum likelihood estimation
(Reynolds, et al., 2005). The model parameters included the expected cognitive performance
level at 75 years (i.e., intercept, I), the linear slope at age 75 years (S) reflecting the ‘tilt’ of
the curve at age 75, and the quadratic trend across age (Q), representing accelerating change.
Participant ages were divided by five so that a 1-unit difference would reflect 5 elapsed
years. Estimation included the average trajectory and variation in trajectories, respectively,
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by allowing for fixed and random effects for I, S, and Q. Between- and within-pair random
effects were estimated to account for dependencies.

A baseline model (M1) was fitted with the covariates sex (−0.5 = male, +0.5 = female),
study cohort (GENDER, OCTO-Twin, and SATSA as the referent), APOE genotype (e22,
e23, e24 = −1; e33 = 0; e34, e44 = 1), educational attainment, and an illness sum score (cf.
Reynolds, et al., 2011); hypertension, diabetes, angina, myocardial infarction, congestive
heart failure, stroke, Parkinson disease, rheumatoid arthritis, emphysema and bronchitis) as
predictors of I, S, and Q parameters. Lastly, we captured potential retest effects given
exposure to cognitive testing (baseline = 0, other waves = 1). In the next model (M2), each
SORL1 SNP was entered as a predictor of the set of I, S, and Q parameters, where the
growth parameters for each of two genotypes were compared to those of a third referent
genotype (e.g., Q C/C vs QT/T, QC/T vs QT/T). The last model (M3) included interaction
terms of the SORL1 marker and sex as predictors of trajectory parameters. Model
comparisons were conducted by calculating difference chi-square tests to evaluate (1) the
simple association of the SNP with the I, S, and Q parameters (M1 vs M2; df = 6), (2) the
addition of sex by SNP interaction terms to predict I, S, and Q (M2 vs M3; df=6), and (3)
full association of the SNP plus sex by SNP interaction terms (M1 vs M3; df=12). For
markers with minor allele frequencies (MAF) less than 10%, we collapsed the rare
homozygote with the heterozygote to allow for sufficient data to test for sex moderation;
thus, the degrees-of-freedom for model comparisons were halved (3 df, 3df, and 6 df,
respectively).

We evaluated the overall contribution of SORL1 by estimating genotype risk scores,
adapting a nested random effects pathway approach (Houwing-Duistermaat, et al.,
2011,Tsonaka, et al., 2011). For purposes of this analysis, we limited the SNPs to 11 out of
the 15 that tagged the SORL1 gene with r2 ≥ 0.89. SNPs were recoded to reflect the number
of ‘risk’ alleles contributed (see Table S1). The SNP sets evaluated were based on the LD
structure observed in Haploview 4.2 (Barrett, 2009,Barrett, et al., 2005) (Figure S1). We
evaluated the number of SNP sets to be estimated from the 11 tag SNPs using the ‘lme’
package (Bates, et al., 2011) in R (R Development Core Team, 2011), fitting a multilevel
logistic regression model, using data from one MZ and both DZ twins where available (N=
1,462). The nested random effects logistic model accounted for nesting of SNPs,
individuals, and pairs (Houwing-Duistermaat et al., 2011;Tsonaka et al., 2012). The
empirical Bayes estimates of the SNP risk sets generated from the best-fitting model were
used as predictors of cognitive trajectories in SAS PROC MIXED, with evaluations similar
to models M1-M3 above but where the risk set scores were treated as continuous. Higher
risk score values are indicative of carrying a greater number of ‘risk’ alleles (cf. Houwing-
Duistermaat, et al., 2011,Tsonaka, et al., 2011).

3. Results
Significant model comparisons (testing SNP, Sex*SNP, or Full association) were observed
across the 15 SORL1 SNPs for three of the four primary cognitive tests: Synonyms,
Thurstone Picture Memory, and Block Design (p = 6.13E-03 to p = 4.51E-02; Table 2).
Model comparisons were not significant for Symbol Digit (not shown). For the additional
cognitive tests, significant comparisons were observed for Card Rotations and Figure Logic
(p = 1.25E-03 to p = 4.83E-02; Table 2), whereas significance was not observed for
Information or Digit Span (not shown). Altogether, 35 of 360 model comparisons (9.7%)
were significant, with 17 of these observed for Card Rotations alone (37.8%; see Table 2).
Patterns observed in tests of single markers were: (1) markers towards the 5’ region tended
to be associated with verbal trajectories while markers towards the 3’ end tended to be
associated with episodic memory trajectories (Table 2); (2) spatial trajectories were
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associated with markers both towards the 5’ region and the 3’ end (Table 2); and (3) sex
moderation was evident particularly for markers towards the 3’ end (Table 2, Figures 1–2).

Model comparisons for SNP variants rs11600875, rs753780, rs7105365, rs11820794,
rs2070045 were significant across multiple cognitive domains (Tables 2, S3). The majority
of significant effects on particular growth parameters were on the change parameters, i.e., S
and Q (Table S3). For markers rs11600875 (men and women) and rs753780 (women),
common homozygous C/C individuals showed earlier performance decrements in tests of
verbal (Synonyms) and spatial abilities (Card Rotations, or Block Design & Figure Logic,
respectively) than T carriers, who showed later decrements such that their advantage
diminished in late life (Tables S3-S4). For markers rs7105365 and rs11820794, carrying the
C risk allele was initially advantageous to spatial (Card Rotations) and memory performance
(Thurstone Picture Memory) but detrimental in later life due to accelerating declines (cf.
Table S3, Figure 1). Lastly, marker rs2070045 showed association across four tests from
three cognitive domains: verbal (Synonyms), spatial (Block Design, Card Rotations) and
memory (Thurstone Picture Memory). Specifically, males homozygous for the rare allele (C/
C) initially showed a performance advantage over A/A and A/C males, but their advantage
diminished with faster rates of decline; C/C and A/C females tended to show lower
performance across age compared to A/A females, although C/C performance plateaus after
age 75 (Figure 2; Tables S3-S4). Altogether for these 5 markers, the largest absolute effect
size differences among genotypes for change in performance were observed for Card
Rotations (M = |0.39|) and Thurstone Picture Memory (M = |0.61|) (Table S4) (Feingold,
2009).

We examined the summative effect of SORl1 SNPs by considering the association of
empirical Bayes estimates of SORL1 risk scores for Card Rotations and Thurstone Picture
Memory. The best-fitting model according to AIC and BIC fit criteria suggested that three
risk sets best fitted the 11 tag markers (Table S2). The three risk set scores were entered
simultaneously in growth models for Card Rotations, and sex moderation and full
association were evaluated via model comparisons. Collectively, the risk set scores
demonstrated significant sex-moderation [Δχ2(9)=21.24, p =1.16E-02] and full association
[Δχ2 (18)=36.59, p =5.92E-03]. A similar result followed for Thurstone Picture Memory for
sex-moderation [Δχ2 (9)=18.15, p = 3.34E-02], while the full association test was not
significant [Δχ2(18)=25.84, p = 1.03E-01], consistent with single marker analyses. Final
model results suggest that an accumulating number of SORL1 risk alleles across the three
risk sets are relatively advantageous to men’s versus women’s longitudinal performance up
to age 75, but with accelerating declines (Table 3).

4. Discussion
Our findings support the conclusion that SORL1 is related to cognitive change trajectories
across multiple domains and furthermore may contribute differentially to change in men and
women. Several SORL1 SNPs were associated with cognitive trajectories in adults aged 50
to 93 with up to 16 years of follow-up, primarily in the spatial domain but also episodic
memory and verbal abilities. Five SNPs were significant across more than one cognitive
domain (rs11600875, rs753780, rs7105365, rs11820794, and rs2070045). Eight additional
SNPs were significant but specific to single cognitive tests or domains. Lastly, the analysis
of three SNP-set risk scores suggests unique and cumulative effects of SNPs spanning
SORL1.

In this longitudinal study with a larger sample that included more SORL1 SNPs, we found
greater evidence of association compared to two previous cross sectional studies of
cognitive performance (Houlihan, et al., 2009,Seshadri, et al., 2007). The results for the
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intercept, i.e. performance at age 75, are most comparable to those studies. Markers
rs3824968 and rs2282649 represent the marker or a nearby marker associated previously
with spatial span (Houlihan, et al., 2009) or a verbal reasoning performance (WAIS
Similarities) (Seshadri, et al., 2007), respectively. In our study, the rare alleles for these
markers were associated with better Card Rotations (spatial) performance among men and
relatively poorer performance among women. The current study offers important insights on
the impact of SORL1 on age-related change in cognitive abilities, not simply performance
differences: SNP associations were observed twice as often with cognitive change than with
performance level (cf. Tables S3, S5).

Our results further suggest that sex moderation of SORL1 may be important, although rarely
considered. A female-specific effect of SORL1 markers and AD risk has been reported
(Cellini, et al., 2009), particularly rs661057, not typed in the current study, and weaker
effects for rs12364988 and rs641120. Limited sex moderation of a marker between
rs12364988 and rs641120 was observed in the current study, i.e., rs753780. Sex moderation
was most evident for rs2070045, with similar patterns for downstream markers rs3824968
and rs2282649. Possible protective effects of the rs2070045 rare homozygote were observed
for men’s verbal, episodic memory and spatial performance at least before age 75, but
detrimental effects for women’s performance. A recent study reported that a SORL1
haplotype in the 3' gene region, formed from rs1699102 (unavailable to the current study)
and rs2070045, alters transcription of SORL1 and results in differential efficiency of
receptor expression in the brains of AD patients (Caglayan, et al., 2012). While sex
moderation was not evaluated, it may be important to note that 67% of the autopsied brains
were from female AD patients and that the correlation between genotype and expression
reportedly increased when statistically adjusting for main effects of sex, age and APOE
genotype (Caglayan, et al., 2012).

Our findings for variant rs11600875 and nearby markers with verbal and spatial trajectories
are particularly interesting given recent findings of the rs11600875 association with exon2-
skipping in human frontal cortex (McCarthy, et al., 2010). Carriers of the rarer rs11600875
allele (+T) were observed to have twice the delta-2 SORL1-mRNA levels in frontal cortex
than common homozygotes. A similar but non-significant pattern was observed in
hippocampal tissue. Other 5’ variants, not typed in the current study, were associated with
temporal cortex mRNA levels but not rs11600875. Moreover, mRNA expression in the
frontal and temporal cortices was uncorrelated. Thus, different SORL1 variants are likely to
be important to region-specific SORL1 expression (McCarthy, et al., 2010).

Our findings are broadly consistent with findings of MRI measured cerebrovascular and
neuropathological changes (Bralten, et al., 2011,Cuenco, et al., 2008). White matter
hyperintensities were associated with markers towards the 5’ region (Cuenco, et al., 2008),
while markers towards the 3’ region were associated with cerebral (Cuenco, et al., 2008) and
hippocampal atrophy (Bralten, et al., 2011,Cuenco, et al., 2008). We observed that SORL1
variants differentially overlap in their associations across cognitive domains, i.e. markers
towards 5’ with verbal and spatial processing and markers toward 3’ with episodic memory
and spatial processing.

Limitations of the current study include multiple testing concerns. Considering the LD
structure among SNPs would suggest significance thresholds of 6.39E-03 (Li and Ji, 2005).
In this case five SNPs would survive testing (Synonyms: rs11600875, rs17245976; Card
Rotations: rs923893, rs11820794, rs2282649). We note that the findings of the SNP set
analyses, which evaluated SORL1 contributions across the region genotyped, support unique
and cumulative effects of SNPs spanning SORL1.
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In summary, using a large sample with longitudinal data assessed on multiple occasions
spanning more than 16 years, we observed associations of SORL1 variants with verbal,
spatial and episodic memory trajectories. Moreover, we extended earlier findings reporting
sex moderation of SORL1 and AD risk, with results suggesting that sex-specific effects of
SORL1 may be important to maintenance or decline in cognitive abilities in latelife. Lastly,
unique contributions of markers across the SORL1 region to cognitive trajectories were
evident. Future studies are warranted on sex-moderation and patterns of SORL1 effects on
cognitive abilities in earlier adulthood periods.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
SNP variant effects on trajectory patterns for Card Rotations.
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Figure 2.
Trajectory patterns for rs2070045 across cognitive domains.
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