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Abstract

The variable length poly-T, rs10524523 (“‘523’) located within the TOMMA40 gene, was recently
associated with several phenotypes of cognitive function. The short (S) allele is associated with
later AD onset age and better cognitive performance, compared to the longer alleles (long and
very-long (VL)). There is strong linkage disequilibrium between variants in the TOMM40 and
APOE genes. In this study, we investigated the effect of ‘523’ on cognitive performance in a
sample of cognitively normal Jewish elderly with type 2 diabetes, a group at particularly high risk
for cognitive impairment. Using a MANCOVA procedure, we compared homozygous carriers of
the S/S allele (A=179) to carriers of the VL/VL allele (N=152), controlling for demographic and
cardiovascular covariates. The S/S group performed better than the VL/VL group (p=0.048),
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specifically in the executive function (p=0.04) and episodic memory (p=0.050) domains. These
results suggest that previous findings of an association of the TOMMA40 short allele with better
cognitive performance, independently from the APOE variant status, are pertinent to elderly with
diabetes.
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1. Introduction

Type 2 diabetes (T2D) is one of the most established cardiovascular risk factors for cognitive
compromise in aging (Beeri et al., 2009; McCrimmon et al., 2012). It is associated with
increased risk for several cognitive outcomes, ranging from cognitive impairment in healthy
individuals to dementia susceptibility (both Alzheimer’s disease (AD) and vascular
dementia) (Biessels et al., 2008; Luchsinger et al., 2001, 2007). For example, in a large
systematic review T2D was associated with 50-100% increased AD risk, and 100-150%
increased risk of vascular dementia (Biessels et al., 2006). Diabetic patients demonstrated
substantially greater rates of cognitive decline compared to non-diabetic patients
(Arvanitakis et al., 2004; Knopman et al., 2001), which is related to disease duration (Gregg
et al., 2000) and complications (Rotkiewicz-Piorun et al., 2006). Among the potential
mechanisms underlying these cognitive deficits are cerebrovascular diseases (white matter
disease and small infarcts), brain’s insulin resistance and hyperinsulinemia, as well as
accumulation of advanced glycation end products (Beeri et al., 2009; McCrimmon et al.,
2012). Therapeutic interventions (e.g. Rosigitazone) may have beneficial effects on
cognitive compromise (Luchsinger, 2012).

Recently, single nucleotide polymorphisms (SNPs) within the TOMMA40 (Translocase of the
outer mitochondrial membrane 40) gene were associated with a number of cognitive
phenotypes (Davies et al., 2014; Kim et al., 2011; Potkin et al., 2009). In addition, a variable
length deoxythymidine homopolymer (poly-T), rs10524523 (*‘523), located within intron 6
of the TOMMA40 gene (chr19:45,403,049-45,403,083, human genome reference assembly
GRCh37/hg19), was reported to be associated with cognitive decline, AD susceptibility and
age at onset (Caselli et al., 2012; Hayden et al., 2012; Johnson et al., 2011; Li et al., 2013;
Roses et al., 2010). A wide range of T-repeat lengths are observed for this variant (11 to
more than 50), but it is currently categorized as short (S) (21T<), long (L) (21-29T) or very
long (VL) (30T and more) (Hayden et al., 2012; Lutz et al., 2010). There is strong linkage
disequilibrium (LD) between variants in TOMMA40 and the near-by APOE gene, a major
genetic risk variant for AD (Corder et al., 1993). Among Caucasians, the APOE e3 allele is
linked with either a short or very long ‘523’ allele, while APOE &4 is linked usually to the
long allele (Linnertz et al., 2012; Lutz et al., 2010). Biologically, TOMMA40 encodes the
protein Tom40, an important component of a pore within the mitochondrial outer membrane,
through which proteins enter this organelle (Humphries et al., 2005). This channel is
essential for mitochondrial survival, a mechanism that may be involved in AD etiology
(Ferencz et al., 2012). It was suggested that the Tom40 pore enables passage of beta amyloid
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into the mitochondria, inducing oxidative stress and eventually leading to mitochondrial
damage and neurotoxicity (Ferencz et al., 2012).

The *523’ variant has been shown to contribute to AD susceptibility and is associated with
the age at onset (AAO) of late onset AD (Crenshaw et al., 2013; Roses et al., 2010). Among
APOE e3/4 carriers, the shorter allele was associated with later AAO, compared to the very
long allele (Roses et al., 2010). Johnson found that among healthy middle aged (mean age
55 years) APOE £3 homozygous individuals, ‘523’ genotype is associated with impaired
cognition (when comparing the S/S homozygous group to the VL/VL group), and also to
decreased brain gray matter volume, for example in the ventral posterior cingulate region
(Johnson et al., 2011). These findings are consistent with those reported by Hayden et al.,
where the ‘523’ S/S group was associated with better performance in cognitive domains of
memory and executive control, compared to other genotypes (Hayden et al., 2012). The
523’ effect of age-related memory decline was also supported by findings in a large APOE
e4 enriched cohort of normal individuals with a large range of ages (Caselli et al., 2012).
However, other studies based on meta analysis of very large cohorts have failed to confirm
an APOE-independent effect of ‘523’ on cognitive related phenotypes, mainly for AD AAO
(Cruchaga et al., 2011; Jun et al., 2012). This inconsistency may be explained by several
technical and methodological differences between studies (reviewed in Roses et al. (2013)).
The biological influence of the ‘523’ variant is still unclear, but significant higher TOMM40
mMRNA expression in human temporal and occipital cortices was shown among the VL/VL
homozygous group, compared to the S/S carriers group, among healthy and AD patients
(Linnertz et al., 2014). Similar results were also observed in cell based (neurobalstoma and
hepatoma) luciferase reporter system (Linnertz et al., 2014).

Due to the previous findings regarding the association of the TOMMA40 Poly-T variant ‘523’
with both cognitive decline in non-demented elderly individuals and AD AAO, we
investigated the effect of ‘523" on cognitive performance in our sample of cognitively
normal diabetic elderly, a group at high risk for cognitive impairment. Following Johnson et
al. (2011), Caselli et al. (2012) and Linnertz et al. (2014) findings, and in order to observe
the most detectable effect, independent of APOE e4, we decided a-priori to contrast
cognitive function in those homozygous for the ‘523’ S allele, compared to individual
homozygous for the ‘523’ VL allele. We hypothesized that the S/S group will have better
cognitive performance than the VVL/VL group.

2. Experimental procedures

2.1. Sample

Subjects are participants of the Israel Diabetes and Cognitive Decline (IDCD) study, a
longitudinal study assessing the relationship of T2D characteristics and cognitive decline.
Methods and procedures were described in detail previously (Ravona-Springer et al., 2013).
In short, our sample consists of elderly (=65 years old) Israeli Jewish T2D individuals,
cognitively normal at study baseline (based on a multidisciplinary consensus committee).
Subjects were randomly selected from the diabetes registry of the Maccabi Healthcare
Services (MHS), the second largest Israeli HMO. Entry criteria to the registry are any of the
following: (1) HbAlc >7.25%, (2) Glucose >200 mg/dl on two exams more than three
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months apart, (3) purchase of diabetic medication twice within three months supported by a
HbA1c >6.5% or Glucose >125 mg/dl within half a year, (4) clinical diagnosis of T2D by
the primary or secondary practitioner, supported by a HbAlc >6.5% or Glucose >125 mg/dl
within half a year.

The IDCD includes individuals from Israel’s central region, who did not suffer from major
medical, psychiatric, or neurological conditions that affect cognitive performance. All
participants speak Hebrew fluently, and informed consent to participate was given from
each. For additional details, see Ravona-Springer et al. (2013).

2.2. Cognitive assessment

All eligible patients underwent cognitive evaluation (described below), by a
neuropsychologist who administered a comprehensive cognitive battery, and additional
questionnaires to the subject and informant, on cognitive and functional impairment. All
subjects’ cognitive data are discussed by a multidisciplinary team in order to define the
subjects’ cognitive status (normal, mild cognitive impairment (MCI) or dementia), and only
cognitively normal participants are included at baseline. The first follow up wave is ongoing
and this study presents results pertinent to the first cognitive assessment only.

Factor analysis revealed four cognitive domains, which were then scored as totals of z
scores: episodic memory factor (included word list immediate and delayed recall, and
recognition from the CERAD neuropsychological battery) (Beeri et al., 2006), semantic
categorization factor (Fernaeus and Almkvist, 1998) (included the letter (Spreen and Benton,
1977) and category fluency (Cauthen, 1978), and similarities (Wechsler, 1981)), attention/
working memory factor (included the diamond cancellation test, digit span forward and
backward (Wechsler, 1987)), and an executive factor (included the trails making A and B
(Reitan, 1955) and the digit symbol test (Wechsler, 1981)). In addition, an overall cognition
measure was created by summarizing the four domains.

2.3. SNPs selection and genotyping

Samples were genotyped for APOE and TOMMA40 “523’ at Polymorphic DNA Technologies
(Polymorphicdna.com, Alameda, CA). The APOE genotype (e2/3/4) was defined by the
rs429358 and rs7412 SNPs. The homopolymer poly-T rs10524523 was genotyped as
described elsewhere (Caselli et al., 2012; Johnson et al., 2011; Roses et al., 2010). Alleles of
the ‘523’ variant were classified as accepted in literature (Hayden et al., 2012; Roses et al.,
2010), according to the length of the poly-T repeats: short (S) (<21T), long (L) (21-29T)
and very long (VL) (>29 T). Each sample was genotyped twice using different primer sets to
account for the presence of rare variants in the flanking sequence. The consensus calls of the
‘523’ genotypes based on the replicate assays were used for the genetic analysis.

2.4. Data analysis

We compared the ‘523’ S/S group with the VL/VL group. 7-tests and the chi-squared tests
were used to compare the demographic and cardiovascular characteristics between groups.
Separate evaluations for each of five cognitive outcomes would introduce a problem of
increased probability of Type | error due to multiple tests of significance. To reduce this,
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multivariate analysis of covariance (MANCOVA) was employed to evaluate the association
of the ‘523’ genotype on cognitive performance in the four domains of interest (executive
function, episodic memory, attention and semantic categorization). As a comprehensive
evaluation of significance for multiple domains, an advantage of MANCOVA over
Bonferroni-based adjustment for multiple tests is that it takes into account the covariate
structure of the cognitive measures. In a secondary analysis, we included the S/VL genotype
carriers group, and repeated the analysis using MANCOVA. For post-hoc analysis, we used
the least significant difference (LSD) procedure.

As we have previously done (Ravona-Springer et al., 2013), and based on evidence that
these factors are associated with cognitive decline and dementia (Beeri et al., 2009), we
included in the model all relevant socio-demographic and cardiovascular covariates. The
socio-demographic covariates were age at the time of cognitive assessment, years of
education, sex, number of follow-up years in the registry (a surrogate of duration of disease)
and ancestry (Ashkenazi vs. non-Ashkenazi). The cardiovascular covariates were
Hemoglobin Alc (HbA1c), body mass index (BMI), creatinine, diastolic and systolic blood
pressure, total cholesterol, triglycerides, low and high density lipoprotein (LDL and HDL).
For the cardiovascular covariates, we used the average of all the subject’s measurements
available in the MHS Diabetes Registry. Lastly, we included the APOE status (APOE &2 vs.
APOE &3 allele carriership) to account for a possible effect on cognition of the rarer APOE
e2 allele over the more common APOE e3. Note that APOE &4 carriers (APOE e3/4, APOE
e2/4 and APOE e4/4) individuals were not included in the analysis in order to remove the
effect of the APOE &4 allele.

A p value of 0.05 (two sided) was used to determine statistical significance level. For
analysis, we used SPSS 19.0 (SPSS Inc., Chicago, IL, USA).

3. Results

3.1. Genotyping

In the whole sample genotyped for TOMM40 (A=841), aged between 65 and 88, the
following ‘523" TOMMA40 genotypes were observed: S/S (AM=194, 23.06%), S/L (=56,
6.65%), S/VL (N=365, 43.4%), L/L (N=7, 0.83%), L/VL (N=55, 6.54%), VL/VL (N=164,
19.5%); 113 were carriers of the APOE &4 allele. Data regarding the ‘523’ allele frequencies
(S/L/VL) in the whole sample and in the Ashkenazi subset sample, as well as the Poly-T
length, is shown in Table 1. Focusing on the S/S and the VL/VL groups of interests, 24
individuals were excluded due to missing cognitive, demographic or cardiovascular data, or
lack of APOE genotype. In the VL/VL group, 3 individuals were carriers of the APOE ¢4
allele. Due to the well established effect of APOE e4 genotype on cognition, they were also
excluded from the final analysis — allowing determination of the TOMM40 independent
association with cognition.

The final sample included 331 cognitively normal Israeli Jewish T2D patients. 179 were
523’ S/S, and 152 ‘523’ VL/VL homozygous; 114 (34.4%) of the sample were females.
The average age at cognitive assessment was 71.98 years, and 221 (63.7%) of them were
from Ashkenazi origin. Forty seven (14.2%) were carriers of the APOE &2 allele. Additional
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demographic and cardiovascular details are shown in Table 2. Subjects carrying the S/S and
VL/VL genotype did not differ in any of the potential covariates (see Table 2). In the
secondary analysis, 345 S/VVL participants were included (after exclusion of individuals with
missing data).

To evaluate the effect of the ‘523" S/S genotype compared to VL/VL genotype, we
performed a MANCOVA procedure controlling for demographic and cardiovascular
covariates (see methods). The overall model Wilk’s lambda was statistically significant
(H4,310)=2.42; p=0.048). To examine the contributions of each cognitive domain and
overall cognition to the MANCOVA results, parallel univariate analyses of covariance were
performed for those outcomes. The S/S group had statistically better performance than the
VL/VL group in executive function (H1,313)=4.24; p=0.04) and episodic memory
(H1,313)=3.87; p=0.050). A trend was observed in the overall cognitive performance
(A1,313)=2.29; p=0.13). There were no statistically significant differences between the
groups in attention (A1,313)=0.06; p=0.8)) and semantic categorization (A1,313)=0.12;

0=0.72)).

Although APOE 2 carriership status was controlled in the analysis above, we repeated the
same analysis in a smaller sample of homozygous APOE £3/3 subjects (151 S/S and 133
VL/VL). Results were consistent with the former analysis although not reaching significance
level (probably due to smaller sample size). The overall model Wilk’s lambda was nearly
significant (H4,264)=1.99; p=0.096), and the S/S group had better performance than the
VL/VL group in executive function (A1, 267)=2.83; p=0.094), episodic memory (A1,
267)=3.75; p=0.054) and overall cognitive measure (A1, 267)=1.79; p=0.182). In a sub-
analysis including only the Ashkenazi origin participants (A=211), the MANCOVA model
was not statistically significant. In a univariate analyses of covariance, the S/S (A=118)
group had better episodic memory performance at a near significance level compared to the
VL/VL group (N=93) (H1,195)=3.62; p=0.059). Results were not significant for the other
domains (executive and overall), but the pattern of better performance among S/S carriers
compared to VL/VL was preserved, in line with the findings for the primary analysis.

In a secondary analysis, in order to evaluate the possible additive effect for the three
genotype levels (S/S, S/VL, VL/VL) on cognitive performance, we repeated the analysis,
including also the ‘523’ S/VL genotype carriers, controlling for the same demographic and
cardiovascular covariates, including ancestry and carriership status of APOE &2 allele (see
description in Supp. Table 1). The overall MANCOVA was not statistically significant, but
the ‘523" genotype effect on executive function, demonstrated near significance level
(H2,657)=2.94; p=0.053). The post-hoc analysis demonstrated that the effect was driven by
differences in effect between the ‘523’ S/S and VL/VL groups (p=0.017). The adjusted
(estimated) mean for executive function of the S/VL group was, as expected, at intermediate
level, between S/S and VL/VL (Table 3). In the MANCOVA, the ‘523" genotype effect on
episodic memory and overall cognition was similar in trend, but not statistically significant
(H?2,657)=1.86; p=0.16; H2,657)=1.92; p=0.15 respectively). Nevertheless, the adjusted
mean for the S/VL group was again at intermediate level between the two extreme genotypes
(Table 3). These results support the conclusion that the ‘523’ effect on cognitive
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performance is rendered by the effect of the homozygous extreme alleles (S/S and VL/VL),
mainly on executive function.

4. Discussion

The aim of this study was to investigate the association of the TOMMA40 ‘523’ poly-T
variant with cognitive performance among a sample of elderly individuals with T2D, who
are at particularly high risk for cognitive decline and dementia (Beeri et al., 2009;
McCrimmon et al., 2012). In agreement with previous reports, we demonstrated that in this
population, carriers of the ‘523’ S/S genotype performed significantly better than individuals
who have the ‘523’ VL/VL genotype on executive function and episodic memory tasks,
when controlling for multiple relevant demographic and cardiovascular variables.
Importantly, the effect of ‘523’ was independent from the APOE genotype, since no APOE
e4 carriers were included (therefore excluding the known, strong effect of APOE 4 on
cognition) and since APOE &2 carriage was included as a covariate in the statistical model.
Our results suggest that among individuals who are carriers of the APOE &3 and €2 alleles,
including ‘523 genotype may be beneficial when estimating the association between genetic
factors (including APOE) and cognitive performance, and potentially to enhance the
accuracy of cognitive status prediction.

In this study, to enable comparisons with previous findings (Caselli et al., 2012; Hayden et
al., 2012; Johnson et al., 2011), we decided a-priori to contrast the ‘523’ S/S and VL/VL
homozygous genotype groups. Since six ‘523’ genotypes are present in the population,
including all of them in the statistical analysis would create multiple testing burden. In
addition, the L allele is in high LD with the APOE ¢4 allele, making it difficult to
disentangle the independent effect of TOMM40 ‘523 on cognitive performance, as
discussed above. Moreover, it is biologically reasonable to expect that the most prominent
differences in cognitive phenotypes are found when comparing individuals who carry the
two homozygous genotypes. Similar to our study, several previous studies investigating the
effect of ‘523’ on cognition among healthy individuals found that the most noticeable
cognitive differences were detected by comparing S/S to VL/VL (Caselli et al., 2012;
Johnson et al., 2011). In addition, in a secondary analysis we included the S/VL genotype
group, and found similar results concerning the ‘523’ genotype effect on executive function
(0=0.053), supporting the primary analysis. In the three genotypes model, post-hoc analysis
demonstrated that the effect was primarily driven by differences in effect between the S/S
and the VL/VL genotypes. Notably, the effect observed in the S/VL genotype was
intermediate between the two homogeneous genotypes, as would have been expected.

Interestingly, the ‘523 S/L/VL allele frequency data (48.1%, 7.4%, 44.5% among the whole
sample and 48.2%, 8.8%, 43% among Ashkenazi ancestry), as well as the Poly-T lengths
range (12-39), is very similar to those previously reported in White and Hispanic population
within the United States (Linnertz et al., 2012). As expected, the allele frequency
distribution in our Jewish population is different from those observed among African
American (where allele S frequency is 65% and VL only 25%), or population from Far
Eastern ethnicity (enriched for the VL allele (52-72%) with reduced frequency of the S
allele (20-38%)) (Linnertz et al., 2012). In addition, the Poly-T range in the African
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American population is much longer (from 14 to 54T residues) compared to other
populations, including our Jewish sample, the US white and Hispanic (14-39 residues) and
Far eastern populations(Linnertz et al., 2012). Taking together, this data emphasize the
important influence of ethnicity on distribution of the ‘523’ allele frequency and the Poly-T
lengths.

A limitation of this study is the relatively small sample size (7=331). However, the sample
participants were cognitively normal, and despite a narrow range of cognitive functions
(compared to the larger ranges found in samples including participants with cognitive
impairment), ‘523’ associations with executive function and episodic memory were
statistically significant (albeit modest), after accounting for numerous potential
demographic, genetic (APOE), and cardiovascular confounders. Our findings are consistent
with previous reports concerning the same genetic variant (‘523’) in terms of the direction of
association (Caselli et al., 2012; Hayden et al., 2012; Johnson et al., 2011) in healthy elderly
subjects.

Another limitation to be acknowledged is that the study was based on the baseline cognitive
assessment of participants. This measure provides a single time point snapshot of cognitive
performance. A recent longitudinal study in Caucasians showed that fraction of individuals
with dementia who possess the ‘523" S/S and VL/VL genotypes rapidly increases in the time
frame of ages 75 to mid-90s (Crenshaw et al., 2013). Since the current study is limited to
cognitive test results obtained at a single age, it is not possible to study the transition from
normal cognition to dementia over an extended period of time or to place the results from
the current report in context of the age of onset curves from the Crenshaw and collaborators
study. Interestingly, there is a shift in the relative proportions of S/S and VL/VL individuals
in the oldest members of our cohort in comparison to the youngest that occurs at ages in the
mid 70s. At younger ages (65—74), the proportions of individuals carrying the two genotypes
(S/S and VL/VL) are approximately equal. At older ages (75-84 and older), there is an
approximately 8% enrichment for the S/S genotype compared to the VL/VL genotype.
Longitudinal follow-up of the IDCD cohort is ongoing, and will enable investigating the
influence of ‘523’ on the rate of the cognitive decline and onset of AD and dementia, and
characterize how age modulates it.

A clear advantage of the current study is the exquisitely well-characterized IDCD sample.
All subjects were Israelis from Jewish ancestry, with validated T2D diagnosis and normal
cognition (ascertained by a multidisciplinary consensus conference), and a broad cognitive
assessment. In addition, we accounted for multiple potential confounders, including
glycemic control and duration of T2D, that have been associated with T2D, cognitive
decline and AD. Importantly, we used averages of multiple measurements of the
cardiovascular risk factors representing more closely the course of T2D then single risk
factor measurement.

The TOMMA40 gene encodes the Tom40 protein, a translocase of the outer mitochondrial
protein (Humphries et al., 2005). Mitochondria play a significant role in brain aging and AD
processes (Garcia-Escudero et al., 2013; Swerdlow and Kish, 2002). Ferencz et al. (2012)
suggested that TOMMA40 affects the mitochondrial dysfunction cascade in AD, which leads
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to structural and functional changes in the medial temporal lobes (in particular the
hippocampus), and changes in connectivity patterns of this area with other brain regions.
According to their model, TOMMA40 regulates influx of amyloid beta into the mitochondria,
both independently and in interaction with APOE dependent mechanisms (Ferencz et al.,
2012). The net result is insertion of the neurotoxic amyloid into mitochondria, generation of
reactive oxygen species and eventually apoptosis.

Several studies have investigated the potential functional effect of the ‘523’ poly-T variant.
Based on brain voxel-based morphometry, the ‘523’ VL allele was associated with
decreasing gray matter volume in several brain regions which are affected early in AD, such
as ventral posterior cingulate and medial ventral precuneus (Johnson et al., 2011). Li et al.
(2013) used human brain tissue taken from APOE &3/3 carriers, and found that a longer
poly-T allele (similar to our category of VL) was associated with high level of neuritic
tangles and increased frequency of pathologically defined AD. The fact that among ‘523’
VL homozygous carriers, the TOMMA40 transcript expression was significantly higher
compared to ‘523’ S homozygous carriers (but not compared to the S/VL group) (Linnertz et
al., 2014) may suggest that higher TOMMA40 expression is a risk factor for AD, both
pathologically (decreased brain volume and neuropathological changes) and clinically
(lower cognitive functioning and earlier AD onset).

In addition to the ‘523" variant, several other SNPs within the TOMM40 gene were
associated with AD and phenotypes related to it, such as nonpathological cognitive function
in cohorts of older adults, or bilateral hippocampal and left amygdalar volumes (Davies et
al., 2014; Potkin et al., 2009; Shen et al., 2010). The biological contribution of additional
SNPs within the TOMMA40-APOE region to cognition should be further investigated.

To conclude, we were able to confirm previous reports regarding the contribution of the
TOMMA40 *523’ poly-T variant to cognitive function in a cognitively normal sample of
elderly with T2D. We showed that carriers of the TOMM40 ‘523" VL/VL genotype
performed significantly worse than carriers of the TOMMA40 ‘523’ S/S genotype. This effect
was independent from the influence of the APOE ¢4 allele. Future genetic studies (in larger
samples, including longitudinal ones, from various ethnic groups) as well as a better
biological understanding of the TOMMA40 role in cognitive decline and AD are required.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Appendix A. Supplementary material

Supplementary data associated with this article can be found in the online version at http://
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