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1 |  INTRODUCTION

Alzheimer's disease (AD) is the most common neurodegen-
erative disease worldwide. This progressive brain disease 

begins well before symptoms of cognitive impairment ap-
pear. The most common form of AD is late-onset AD which 
develops after 60  years of age and accounts for more than 
95% of AD cases. The neuropathological hallmarks of AD 
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Abstract
Background: The APOE-ε4 allele is an established risk factor for Alzheimer's dis-
ease (AD). TOMM40 located adjacent to APOE has also been implicated in AD but 
reports of TOMM40 associations with AD that are independent of APOE-ε4 are at 
variance.
Methods: We investigated associations of AD with haplotypes defined by three 
TOMM40 and two APOE single nucleotide polymorphisms in 73 and 71 autopsy 
cases with intermediate and high likelihood of AD (defined by BRAAK stages 
<V and V-VI), respectively, and in 150 controls without major neurodegenerative 
diseases.
Results: We observed eight haplotypes with a frequency >0.02. The two haplotypes 
encoding APOE-E4 showed strong associations with AD that did not differ between 
intermediate and high likelihood AD. In contrast, a TOMM40 haplotype encoding 
APOE-E3 was identified as risk haplotype of high- (p = .0186), but not intermediate 
likelihood AD (p = .7530). Furthermore, the variant allele of rs2075650 located in 
intron 2 of TOMM40, increased the risk of high-, but not intermediate likelihood AD 
on the APOE-ε3/ε3 background (p = .0230).
Conclusion: The striking association of TOMM40 only with high likelihood AD 
may explain some contrasting results for TOMM40 in clinical studies and may reflect 
an association with more advanced disease and/or suggest a role of TOMM40 in the 
pathogenesis of neurofibrillary tangles.
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are progressive accumulations of plaques containing protein 
fragments (<43 amino acids) of beta-amyloid (Aβ) outside of 
neurons and twisted strands of tau termed neurofibrillary tan-
gles (NFTs) inside neurons. These changes are accompanied 
by damage and death of neurons (Querfurth & LaFerla, 2010; 
Scheltens et al., 2016; Selkoe, 2011). Up to 80% of dementia 
cases are caused by AD. In 2015, over 46 million people were 
estimated to live with dementia worldwide. This number is 
estimated to increase to 131.5 million by 2050. The risk of 
AD increases with the number of affected first-degree rela-
tives and genetic factors are thought to account for 58%–79% 
of the risk of developing AD (Gatz et al., 2006).

Among an increasing number of genes implicated in AD, 
the APOE-ε4 allele confers the strongest and most often rep-
licated risk of AD; while the APOE-ε2 allele appears to be 
protective (Corder et  al.,  1993, 1994; Holtzman, Herz, & 
Bu, 2012; Strittmatter et al., 1993). At the APOE locus, three 
common alleles termed ε2, ε3, and ε4 exist that encode the 
three isoforms E2, E3, and E4 and specify six different geno- 
and phenotypes. The three isoforms differ by a single amino 
acid resulting from cysteine/arginine interchanges, encoded 
by two single nucleotide polymorphisms (SNPs) in exon 4 
of APOE.

APOE is located in a linkage disequilibrium (LD) block 
on chromosome 19 that also includes TOMM40, APOC1, 
APOC4, and APOC2. SNPs in both TOMM40 and APOC1 
have been linked with AD risk. Associations of rs4420638 
located within APOC1 and AD were entirely explained by 
its LD with APOE (Li et al., 2008). However, sequence 
variations within TOMM40, specifically rs2075650 and 
rs10524523, were suggested to afford AD risk stratification 
beyond the effects of the APOE-ε4 allele, as they showed 
significant risk differences for AD or related phenotypes 
on the APOE-ε3 allele background (Omoumi et al., 2014b; 
Roses et al., 2010). The latter results were confirmed in some 
(Case lli et al., 2012; Chung et al., 2013; Elias-Sonnenschein 
et  al.,  2013; He et  al.,  2016; Horwitz, Lam, Chen, Xia, 
& Liu,  2019; Huang et  al.,  2016; Johnson et  al.,  2011; Li 
et  al.,  2013; Omoumi et  al.,  2014a; Potkin et  al.,  2009; 
Prendecki et al., 2018; Xiao et al., 2015; Yu et al., 2017) but 
not all studies (Cruchaga et al., 2011; Jun et al., 2012; Lyall 
et al., 2014).

It was suggested that allele A of TOMM40 rs2075650 poly-
morphism was a risk factor for AD (odds ratio [OR] = 2.87, 
95% confidence interval [CI]: 2.46–3.34, p-value  <  .001). 
Alleles A of CD33 rs3865444 and A of TOMM40 rs157580 
were both protective factors for AD onset (OR = 0.94, 95% CI: 
0.90–0.98, p-value = .003; OR = 0.62, 95% CI: 0.57–0.66, p-
value < .001) (Bao, Wang, & Mao, 2016). The presence of an 
association between TOMM40 SNPs and LOAD was reported 
in an Italian population (Bagnoli et al., 2013). Associations 
of three SNPs (rs157580, rs2075650, and rs11556505) with 

LOAD risk were observed in the investigated sample as well 
as in the non APOE ε4 carriers leading to the suggestion 
that TOMM40 polymorphisms may play a role in the patho-
genesis of LOAD in Han Chinese (Ma et al., 2013). In late 
onset AD (LOAD), SNPs near APOE gave highly significant 
results (e.g., rs2075650, p = 3.2 × 10−81), but no other ge-
nome-wide significant evidence for association was found 
(Wijsman et al., 2011).

Significant SNPs associated with the Aβ1-42 levels in cere-
brospinal fluid (CSF) included rs2075650 in the intron region 
of TOMM40 with a p-value ≥ 1 × 10–16 (Souza, Araújo, Costa, 
& Oliveira, 2016). Significant differences in Minor allele fre-
quency (p < .05, uncorrected) were seen for CR1 (rs1408077; 
OR, 1.59; 95% CI, 1.01–2.49), PICALM (rs541458; OR, 
0.68, 95% CI, 0.47–0.98), TOMM40 (rs2075650; OR, 4.30; 
95% CI, 2.61–7.06); and possession of 1 or more APOE ε4 al-
leles (OR, 9.84; 95% CI, 5.48–17.67) using CSF to replicate 
genetic associations in AD (Schott, 2012).

The effects of TOMM40 rs2075650 on cognition have 
been described. Although variants of this SNP were not as-
sociated with poor cognitive performance (Cruz-Sanabria 
et al., 2018), rs2075650 was associated with residualized de-
layed recall level at the genome-wide level (p = 5.0 × 10−8) 
(Arpawong et al., 2017). SNP rs2075650 also correlated 
with the percentile of Rey Complex Figure Test copy score 
(β = 14.005, p corrected = 0.021) and the percentile of total 
score in phonemic fluency (β = 11.052, p corrected = 0.035) 
(Chung et al., 2014). In addition, SNP rs2075650 had a ge-
nome-wide significant association with cognitive aging 
(p = 2.5 × 10–8) (Davies et al., 2014).

Neuro-Imaging studies revealed that on structural mag-
netic resonance imaging, rs2075650 (TOMM40) was asso-
ciated with changes of the right caudate (Moon et al., 2015) 
as well as with smaller HV hippocampal volume (HV) 
(p = .0054) (Chauhan et al., 2015), and with various imag-
ing phenotypes in multiple regions of interests (Xu, Shen, 
& Pan, 2014). There was no effect of APOE and TOMM40 
on episodic memory performance and HV (Ferencz 
et al., 2013).

With regard to longevity three SNPs (rs2075650 
[TOMM40], rs4420638 [APOC1], and rs429358 [APOE]) 
were significantly associated with survival to 90  years 
after correction for multiple testing (p  <  .001) (Shadyab 
et  al.,  2017). A haplotype analysis suggested that indi-
viduals carrying the haplotype A-A-A-A-T-A-T-G-C-A 
(rs7254892-rs157580-rs2075649-rs2075650-rs157582-
rs8106922-rs1160985-rs405697-rs439401-rs445925) 
tended to have longer lifespan than those carrying the most 
common haplotype G-G-A-A-C-A-C-A-T-G (OR  =  1.59, 
95% CI  =  1.19–2.12, p  =  .0018, Pc  =  0.0216). These 
findings indicated that variants in the TOMM40/APOE/
APOC1 region might be associated with human longevity 
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(Lin et  al.,  2016). Rs2075650 in TOMM40, rs405509 in 
APOE and rs519825 in PVRL2 showed a significant asso-
ciation with human longevity in a replication cohort (Lu 
et  al.,  2014). The TOMM40 locus (rs2075650) showed 
compelling evidence of association with human life span 
(p  =  5.27  ×  10–4) (Shi et  al.,  2012). The linked G allele 
in rs2075650 of TOMM40 was associated with increased 
mortality (Schupf et al., 2013).

The role of TOMM40 was investigated in another neu-
rodegenerative disorder, that is, Fronto-temporal lobe de-
mentia. LD (r2  =  .35) between TOMM40 (rs2075650) and 
APOC1 (rs1064725) was observed in primary progressive 
aphasia (PPA), but not in controls and in behavioral variant 
fronto-temporal dementia (bvFTD). Within this region of 
26.9 kb, LD (r2 ≥ .50) between TOMM40 (rs2075650) and 
APOE (rs429358) linkage was observed in bvFTD and in 
controls, but not in PPA (Seripa et al., 2012).

The TOMM40 rs2075650 G allele was a significant risk 
factor for lifetime depression (p = .00006) and, in depressed 
subjects, was a significant predictor of low extraversion 
(p  =  .009). The results suggest that TOMM40 rs2075650 
may be a risk factor for the development of depression char-
acterized by reduced extraversion, impaired executive func-
tion, and decreased positive emotional recall, and reduced 
top-down cortical control during sad emotion processing 
(McFarquhar et al., 2014).

In stroke, the rs2075650 (G → A) (p = .0102) of TOMM40 
(p =  .0443; recessive model; OR = 0.50) and rs273909 of 
SLC22A4 (p = .0123; dominant model; OR = 0.45) were sig-
nificantly associated with ischemic stroke with the minor G 
and C allele, respectively, being protective against this condi-
tion (Yamase et al., 2015).

TOMM40 and APOE variants are independently and ad-
ditively associated with body mass index (BMI) whereby 
TOMM40 (rs2075650) has an independent BMI-lowering 
effect (Kulminski et al., 2019). SNP rs2075650 of TOMM40 
(p  =  .0004, OR, 1.43; dominant model) was signifi-
cantly associated with hyper-LDL-cholesterolemia (Abe 
et  al.,  2015). Four additional AD risk SNPs were nomi-
nally associated with obesity (rs17125944 at FERMT2, 
pBMI = 4.03 × 10–5, pBMI corr = 2.50 × 10–3; rs3851179 
at PICALM; pBMI = 0.002, rs2075650 at TOMM40/APOE, 
pBMI = 0.024, rs3865444 at CD33, pBMI = 0.024) (Hinney 
et  al.,  2014). The minor allele (G) (CAD risk allele) of 
rs2075650 (TOMM40/APOE) was associated with lower 
levels of high-sensitivity C-reactive protein (Christiansen, 
2017).

We, therefore, addressed the issue of potential effects of 
TOMM40 alleles that are independent of the APOE-ε4 allele 
and compared the distributions of TOMM40/APOE haplo-
types in neuropathologically characterized Caucasian post-
mortem samples of both AD cases and controls free of major 
neurodegenerative disorders.

2 |  METHODS

2.1 | Autopsy samples and 
neuropathological examination

Human postmortem DNA samples from 144 AD cases and 
150 controls without neuropathological findings indica-
tive of neurodegenerative diseases were procured from the 
brain bank of the Division of Neuropathology, Neuromed 
Campus, Kepler University Hospital, Linz, Austria. 
Following federal law (BGBl. Nr. 1/1957, §25 KAKuG) 
and state regulation (LGBl.Nr. 40/1985), postmortem tis-
sue can be removed upon autopsy for diagnostic or sci-
entific purposes. Approval from the Ethics Committee of 
the State of Upper Austria for the use of postmortem tis-
sue for molecular analysis is available (EK Nr: 1028/2017). 
Brains were removed within 24 hr after death of the patient. 
Upon removal, the fresh brain was separated into the two 
hemispheres by a mid-sagittal cut which also allows the 
hemi-dissection of the cerebellum and the brain stem. One 
hemisphere of the brain was immediately fixed in 4% for-
maldehyde for 1 week prior to neuropathological dissection 
and diagnosis. After thorough gross-anatomical examina-
tion of the fixed hemisphere, 20 tissue blocks were cut for 
histopathological examination. For each block the follow-
ing staining was performed: Hematoxylin and eosin, Luxol 
Fast Blue, immunohistochemistry for beta A4 amyloid, tau, 
phosphorylated tau, tau 3 repeat, tau 4 repeat, α-synuclein, 
ubiquitin, p62, TDP-43, and FUS. The other hemisphere 
was fresh-frozen as follows: The brainstem with the cer-
ebellum was dissected at the level of the pons and midbrain. 
A slice containing the substantia nigra and nucleus ruber 
was generated cranialward and frozen. The cerebellum was 
removed from the brainstem by a cut through the cerebellar 
peduncles. The brainstem was cut into thin slabs perpen-
dicular to its main axis. Slices of the cerebellum were gen-
erated parallel to the vermis. The hemisphere was cut into 
1 cm thick coronal slabs and frozen.

For the diagnosis of AD, the neuropathological criteria 
reported by the National Institute on Aging and the Reagan 
Institute Working Group (Hyman & Trojanowski,  1997) 
were used. The Thal stages of amyloid deposition as 
proposed in the revised 2012 version of the NIA criteria 
(Hyman et al., 2012) were not assessed as the collection of 
brains began in 2007. The CERAD score (A, B, C) was de-
termined as well as the staging of NFTs following Braak & 
Braak (stage I-II, III-IV, and V-VI) (Braak & Braak, 1991). 
Finally, the likelihood that dementia was caused by amyloid 
deposits and NFTs, that is, AD, was determined as pub-
lished by the National Institute on Aging and the Reagan 
Institute Working Group (Hyman et  al.,  2012; Hyman & 
Trojanowski, 1997): (a) High likelihood with high density 
of neuritic plaques and NFTs, high CERAD score, Braak 
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& Braak V/VI; (b) Intermediate likelihood with moderate 
density of neuritic plaques and NFTs, moderate CERAD 
score, Braak & Braak III/IV, and (c) Low likelihood with 
limited neuritic plaques and NFTs, low CERAD score, 
Braak & Braak I/II. In our sample of 144 AD cases, 71 
and 73 brains fulfilled the criteria for high and intermediate 
likelihood, respectively.

2.2 | Genotyping

Single nucleotide polymorphisms in APOE (rs429358 and 
rs7412) were selected to distinguish the ε2, ε3, and ε4 alleles. 
TOMM40 SNPs (rs157580, rs2075650, and rs8106922) were 
chosen because of their frequent use in previous studies with 
positive outcomes (www.alzge ne.org) (Bertram, McQueen, 
Mullin, Blacker, & Tanzi, 2007).

For genotyping purposes, a small piece of tissue from 
the frontal pole was removed from which DNA was ex-
tracted. The QIAsymphony DSP Virus/Pathogen Mini 
Kit, Version 1 was used for DNA extraction on the fully 
automated QIAsymphony SP instrument (Qiagen) that per-
formed the purification of nucleic acids or proteins using 
magnetic-particle technology. DNA concentration was de-
termined with the NanoDropTM spectrophotometer (Thermo 
Fisher Scientific). Taqman Genotyping Assays were used to 
type rs429358 and rs7412, respectively, in exon 4 of APOE. 
APOE genotyping was performed on an ABI7500 Fast 
Real-Time PCR System (Applied Biosystems) using the 
allelic discrimination protocol according to the manufac-
turer's protocol. All runs included three nontemplate-con-
trols and a positive control sample for each genotype (ε2ε2, 
ε2ε3, ε3ε3, ε4ε4, ε4ε3, and ε3ε3 for rs429358 and rs7412) 
to assist with allele calling. Samples and controls were 
diluted to 10 ng/µl and a 2 µl sample was added to 18 µl 
Master Mix consisting of 10  µl 2x TaqMan Genotyping 
Master Mix, 0.5  µl 40x TaqMan Genotyping Assay and 
7.5  µl PCR-grade water (Applied Biosystems). Samples 
were amplified using the AB universal standard thermal 
cycling protocol (10  min activation at 95°C followed by 
40 cycles of 15 s denaturation at 95°C and 1 min anneal-
ing-extension at 60°C). After sample amplification, data 
collection for allelic discrimination was performed. Allele 
calling for ε4 and ε2 was done separately and the results 
of both calls were combined to determine the genotype. 
Samples that were inconclusive in one run were repeated. 
We also typed rs157580, 2075650, and rs8106922, all lo-
cated in intronic sequences of TOMM40. The respective 
TaqMan Genotyping Assays (Applied Biosystems) were 
C_11466079_1, C_3084828_20, and C_11711485_10. The 
accuracy of typing was verified by sequencing of five al-
leles and repeat assays in 30 samples.

2.3 | Statistical analysis

For comparison of categorical or continuous variables, we 
used a contingency χ2-test or ANOVA, respectively. Allele 
frequencies were estimated by gene counting. Agreement 
with Hardy–Weinberg equilibrium was ascertained using a 
χ2 goodness-of-fit test. Differences in allele frequency and 
genotype distributions between AD cases and controls were 
calculated using a χ2 distribution. To assess associations of 
genotypes with AD, we estimated ORs with CIs by univari-
ate logistic regression analysis. To provide separate ORs for 
each genotype, we used two dummy variables with the re-
spective wild-type as the reference as described (Esterbauer 
et al., 2001). Sex and age were included as covariates in mul-
tivariate logistic regression models. The THESIAS software 
was used to estimate standardized pair-wise linkage disequi-
libria (LD) expressed in terms of D’ (http://genca nvas.ec-
gene.net/downl oads). Haplotype frequencies and unadjusted 
and co-variate adjusted haplotype-phenotype parameters 
were estimated as ORs for each haplotype being present with 
a predicted frequency >2% by comparison to the most fre-
quent haplotype. Adjustment for the number of haplotypes 
is included for the calculation of statistical significance by 
the software. To compare statistical models for haplotypes 
based on APOE SNPs with models based on the combined 
TOMM40 and APOE SNPs, we used the log-likelihood ratio 
test. Two-sided p-values < .05 were considered statistically 
significant.

3 |  RESULTS

Single nucleotide polymorphisms were determined in 66 
male and 78 female AD postmortem cases and 92 male and 
58 female postmortem controls. The proportion of cases was 
higher in females than in males (p = .008). The average age 
(SD) at death was 85 (6) and 73 (15) in cases and controls, re-
spectively (p < .001). The genotypes associated with the five 
loci fulfilled Hardy–Weinberg expectations. Standardized 
pair-wise LD, expressed as D′, and R2 values ranged between 
−1.0 to 0.60 and 0.0146 to 0.3537, respectively (Table S1). 
Minor allele frequencies were 0.313 for rs157580, 0.150 for 
rs2075650, 0.433 for rs8106922, 0.141 for rs429358, and 
0.097 for rs7412. Minor allele frequencies differed between 
cases and controls for rs2075650 (0.208 vs. 0.093, p < .0001) 
and rs429358 (0.208 vs. 0.077, p <  .0001). Comparison of 
genotype frequencies between AD cases and controls re-
vealed significant differences for rs2075650 and rs429358 
(Table 1). Average ORs for heterozygosity of the rs2075650 
variant allele relative to common allele homozygosity more 
than doubled and the average OR for homozygosity of the 
variant allele was increased ~10-fold in both unadjusted and 
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adjusted analyses. Average ORs for heterozygosity and vari-
ant allele homozygosity at rs429358 were approximately 3 
and 11, respectively, in unadjusted analysis and increased 
even further in the adjusted analysis. ORs (95% CI) relative 
to the APOE-ε3/3 genotype were 2.45 (1.33–4.53) for the 
ε3/4 and 10.08 (1.33–88.66) for ε4/4 genotypes in univari-
ate analyses. Respective ORs were even higher in analyses 
adjusted for sex and age of death. ORs for the APOE-ε2/2 
and -ε2/3 tended to decrease, but the decrease was not sig-
nificant. (Table S2). We next determined possible effects of 
the TOMM40 SNPs on the APOE-ε3/3 background. While 
rs157580 and rs8106922 showed no significant effects, het-
erozygosity at rs2075650 was associated with a threefold 
increase in risk of AD, but significance was not maintained 
after adjustment for sex and age (Table S3).

We next used haplotype analyses, as their information 
content is superior to that of SNPs. This has been demon-
strated in numerous studies (Barendse, 2011; Khankhanian, 
Gourraud, Lizee, & Goodin, 2015; Shim, Chun, Engelman, 
& Payseur, 2009).

Out of the 32 possible haplotypes, eight haplotypes with 
an estimated frequency >0.02 were observed (Table  2). 
Univariate and sex-adjusted analyses revealed a highly sig-
nificant global haplotype effect in both the unadjusted and 
adjusted analyses (χ2 = 29.8 and 35.2, 7 DF, p = .0001). As 
expected, ORs of haplotypes 11121 and 12121, both coding 
for E4, were increased in both unadjusted and adjusted anal-
yses. The OR for haplotype 12111 encoding E3 was also sig-
nificantly increased to ~3 in the unadjusted analysis, but the 
significance of the 12111 haplotype was not maintained after 
adjustment for sex and age. For each of the eight haplotypes, 
the squared correlation between true and predicted haplotype 
dose was >0.8. We next compared a model containing only 
the three occurring APOE haplotypes as predictors with the 

full model containing the eight TOMM40/APOE haplotypes. 
These analyses showed no significant superiority of the full 
model (p = .0905).

Approximately one half of the AD cases fulfilled the cri-
teria for intermediate- and the other half for high likelihood 
AD (Table S4). To gain further insight into the association of 
TOMM40 and AD, we compared geno- and haplotypes be-
tween controls and each of the two AD strata (Tables 3 and 
4). In the comparison with intermediate likelihood cases, only 
the distribution of genotypes associated with rs429358 was 
different between cases and controls (p = .0015, Table S5). 
However, in the comparison with high likelihood cases, 
differences in the distribution of genotypes associated with 
rs2075650 (p < .00003) and rs429358 (p = .0002) were ob-
served (Table S6). On the APOE-ε3/3 background, genotypes 
associated with rs2075650 differed in the comparison with 
high- (p = .0022), but not with intermediate likelihood AD 
(p = .6155) (Tables S7 and S8) and ORs for carriers of the 
2075650 G allele were 5.25 (1.98–14.29) in crude and 3.55 
(1.19–10.56) in the age and sex adjusted analyses. Unadjusted 
and adjusted analyses of haplotypes revealed that the frequen-
cies of the two E4 encoding haplotypes (11121 and 12121) 
were increased in cases with intermediate likelihood AD (OR 
4.93, p =  .0043 and OR 11.08, p =  .0018, respectively) as 
well as in cases with high likelihood AD (OR 4.23, p = .0125 
and OR 4.71, p = .0043) in comparison to controls. The fre-
quencies of the ε2 encoding haplotypes 11112 and 21112 
were not different. Furthermore, frequencies of haplotypes 
11121 and 12121 did not differ between cases with interme-
diate and high AD likelihood (p = .9691 and 0.4130, respec-
tively). However, the frequency of the E3 encoding haplotype 
12111 was similar between controls and cases with inter-
mediate likelihood of AD (OR 1.39, p = .6602), but higher 
than in controls in the comparison with high likelihood AD 

T A B L E  2  TOMM40/APOE haplotypes and risk of AD

Haplotype

Frequencies (%) Odds ratio (95% CI)

Control 
(N = 150)

AD cases 
(N = 144) Univariate analysis p Multivariate analysisa p

11211 0.4523 0.3558 1.00 reference 1.00 reference

11111 0.0363 0.0259 0.96 (0.31–2.93) .9359 1.33 (0.37–4.78) .6588

11112 0.0584 0.0373 0.82 (0.34–1.95) .6477 0.87 (0.34–2.22) .7755

11121 0.0204 0.0773 4.35 (1.62–11.68) .0035 8.65 (2.09–35.73) .0029

12111 0.0227 0.0628 3.20 (1.18–8.72) .0227 2.80 (0.92–8.59) .0710

12121 0.0562 0.1310 2.72 (1.38–5.37) .0040 5.10 (2.24–11.63) .0001

21111 0.2901 0.2275 0.91 (0.59–1.39) .6536 1.21 (0.72–2.03) .4558

21112 0.0354 0.0440 1.57 (0.58–4.26) .3737 1.43 (0.45–4.51) .5394

Note: For haplotype designation, 1 or 2 refers to the major or minor alleles, respectively, in the following order: rs157580, rs2075650, rs8106922 (all within TOMM40) 
and rs429358, rs7412 (within APOE); global haplotype effects for univariate and multivariate analyses p < .0001.
Abbreviation: AD, Alzheimer's disease; CI, confidence interval.
aAdjusted for sex and age. 
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cases (OR 5.62, p =  .0021) (Figure 1a–c) and significance 
was maintained after adjustment for age and sex (OR 4.45, 
p = .0186) and also by further adjustment for the comparison 
between intermediate and high likelihood by the Bonferroni 
correction (p = .0372). In addition, the model containing the 
eight TOMM40/APOE haplotypes was superior in predicting 
global haplotype effects than the model containing only the 
three haplotypes defined by the APOE SNPs (χ2 = 18.442, 5 
DF, p < .0032).

As APOE has been identified as a longevity locus (Deelen 
et al., 2011), we also determined associations of the 5 SNPs 
with age of death in AD cases. Genotypes associated with 
rs429358 and harboring one or two variant alleles decreased 
the age of death (Table 5). Haplotype analysis revealed a sig-
nificant global effect (p = .0007). Haplotype 12121 (coding 

for E4) was associated with a 3.9 year earlier age of death 
per haplotype dose in comparison to the reference haplotype 
11211 (χ2, 7 DF, p < .0001), while haplotype 11121, the other 
E4 encoding haplotype, was associated with a 1.7 year reduc-
tion of age of death (p = .3312).

4 |  DISCUSSION

Our study strongly suggests that the TOMM40 locus con-
tributes to the risk of AD. Carriers of the rs2075650 vari-
ant allele increased the risk of high likelihood AD in cases 
with APOE-ε3/3 genotype. In addition, a risk haplotype for 
high likelihood AD defined by three SNPs within TOMM40 
and coding for the APOE-E3 isoform was identified. In the 

T A B L E  3  TOMM40/APOE haplotypes and intermediate likelihood of AD

Haplotype

Frequencies (%) Odds ratio (95% CI)

Control 
(N = 150)

Intermediate AD risk 
cases (N = 73) Univariate analysis p

Multivariate 
analysisa p

11211 0.4521 0.3606 1.00 1.00

11111 0.0364 0.0041 0.48 (0.01–17.36) .6862 0.65 (0.02–20.76) .8122

11112 0.0582 0.0474 1.06 (0.37–3.02) .9073 1.17 (0.39–3.47) .7778

11121 0.0204 0.0731 4.93 (1.65–14.77) .0043 11.08 (2.44–50.19) .0018

12111 0.0228 0.0241 1.39 (0.32–5.96) .6602 1.30 (0.25–6.68) .7530

12121 0.0563 0.1186 2.66 (1.22–5.7) .0137 5.13 (2.08–12.66) .0004

21111 0.2905 0.2743 1.18 (0.69–2.01) .5356 1.50 (0.81–2.77) .2018

21112 0.0352 0.0535 2.02 (0.67–6.12) .2107 1.71 (0.47–6.18) .4118

Note: For haplotype designation, 1 or 2 refers to the major or minor alleles, respectively, in the following order: rs157580, rs2075650, rs8106922 (all within 
TOMM40), and rs429358, rs7412 (within APOE); global haplotype effects p < .013 and p < .0002 for univariate and multivariate analyses.
Abbreviation: AD, Alzheimer's disease; CI, confidence interval.
aAdjusted for sex and age. 

T A B L E  4  TOMM40/APOE haplotypes and high likelihood of AD

Haplotype

Frequencies (%) Odds ratio (95% CI)

Controls 
(N = 150)

High AD risk cases 
(N = 71) Univariate analysis p Multivariate analysisa p

11211 0.4531 0.3506 1.00 1.00

11111 0.0360 0.0523 2.40 (0.73–7.91) .1499 3.01 (0.70–12.98) .1370

11112 0.0585 0.0248 0.54 (0.16–1.88) .3343 0.59 (0.16–2.20) .4302

11121 0.0204 0.0799 4.23 (1.36–13.11) .0125 8.14 (1.25–52.92) .0281

12111 0.0227 0.1013 5.62 (1.87–16.86) .0021 4.45 (1.28–15.43) .0186

12121 0.0563 0.1454 2.98 (1.29–7.02) .0122 4.71 (1.62–13.63) .0043

21111 0.2898 0.1770 0.66 (0.36–1.19) .1633 1.01 (0.51–1.97) .9851

21112 0.0360 0.0363 1.30 (0.31–5.50) .7177 1.08 (0.22–5.28) .9190

Note: For haplotype designation, 1 or 2 refers to the major or minor alleles, respectively, in the following order: rs157580, rs2075650, rs8106922 (all within TOMM40) 
and rs429358, rs7412 (within APOE); global haplotype effects p < .0001 for univariate and multivariate analyses.
Abbreviation: AD, Alzheimer's disease; CI, confidence interval.
aAdjusted for sex and age. 
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comparison of controls with all AD cases, similar associa-
tions were found in the crude analyses, but were not main-
tained after adjustment for sex and age of death. These results 
confirm and extend other reports showing an APOE-ε4 allele 
independent effect of TOMM40 in AD or related phenotypes 
(Li et al., 2013; Omoumi et al., 2014b; Roses et al., 2010; Yu 
et al., 2017). However, the transcriptional regulation of both 
TOMM40 and APOE is complex and includes cis-regulatory 
elements as well as epigenetic modifications in adjacent 
genes (Bekris, Lutz, & Yu, 2012; Shao et al., 2018). Hence, 
our data do not entirely exclude an effect of APOE expres-
sion. Interestingly, an integrated analysis of GWAS data 

along with expression and methylation quantitative trait loci 
(QTL) data revealed associations of AD with TOMM40 that 
likely was mediated by effects on its expression and methyla-
tion (Marioni et al., 2018). In addition, an APOE independent 
role of TOMM40 is supported by pathway analyses of GWAS 
data in a French AD case-control study (Hong, Alexeyenko, 
Lambert, Amouyel, & Prince,  2010). Enrichment of genes 
annotated as being involved in intracellular protein transport 
was observed in AD. A total of 18 genes including genes 
encoding nucleoporins and several mitochondrial proteins 
contributed to the gene signature of AD. Among the genes 
in LD with APOE, only TOMM40, but not APOE showed 

F I G U R E  1  Plots showing the frequencies (a), Odds ratios (b), and p-values (c) for the critical haplotype 12111 in the comparison between 
controls and intermediate or high likelihood of AD. AD, Alzheimer's disease

Gene/SNP

Age of Deatha 

pHomozygous Heterozygous Variant

TOMM40/rs157580 84.9 (6.8) 85.7 (5.7) 89.9 (4.6) .0546

TOMM40/rs2075650 86.2 (5.8) 84.8 (6.8) 81.2 (8.0) .0834

TOMM40/rs8106922 84.8 (7.2) 85.8 (5.1) 86.9 (6.9) .3876

APOE/rs429358 86.7 (6.0) 84.3 (5.9) 79.0 (6.6) .0009

APOE/rs7412 86.0 (6.3) 85.0 (6.3) 88.6 (0) .7144

Abbreviation: AD, Alzheimer's disease; SNP, single nucleotide polymorphisms.
aResults are means (SD) of years; ANOVA, adjusted for sex. 

T A B L E  5  Associations of SNPs in 
TOMM40 and APOE with age of death in 
AD
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significant direct and indirect connectivity to several genes in 
the protein transport pathway. Moreover, a recent study iden-
tified an association of the PPARGC1A encoding PGC-1α 
with AD (Baker et  al.,  2019). PGC-1α is a transcriptional 
co-activator that controls mitochondrial biogenesis and func-
tion and activates genes involved in ROS defense. We have 
preliminary evidence that it also coactivates the transcription 
of TOMM40 in neuroblastoma cells. (Kwik M., Patsch W., 
Soyal S.M., unpublished observation).

A striking finding of our study was the strong associa-
tion of the TOMM40/APOE haplotype 12111 encoding the 
APOE-E3 isoform with high likelihood AD (as defined by 
Braak stages V/VI), while a significant association with in-
termediate likelihood AD was not observed. This is in stark 
contrast with the TOMM40/APOE-E4 encoding haplotypes 
that were associated with both intermediate and high like-
lihood AD and may reflect the deficient clearance of Aβ 
by the E4 protein (Holtzman et  al.,  2012). Importantly, an 
association of the TOMM40 intron 6 poly-T polymorphism 
rs10534523 with increased neuritic tangles and a higher like-
lihood of pathologically diagnosed AD in 168 autopsy cases 
with the APOE-ε3/3 genotype has been reported previously 
(Li et al., 2013). Our data are in line with this report and ex-
tend its findings in that the TOMM40 haplotype 12111 was 
predictive for high likelihood AD in a sample containing all 
common APOE genotypes. These results may help to explain 
the contrasting results on the link of TOMM40 with clini-
cally diagnosed AD, in whom Braak & Braak stages were 
not ascertained. Our study outcome may simply reflect more 
advanced disease. However, like the study by Li et al. (2013), 
our data may implicate TOMM40 in the pathogenesis of 
NFT and may, therefore, be relevant for the pathogenesis 
of AD. According to the amyloid cascade hypothesis, the 
aggregation of Aβ peptides is thought to trigger the forma-
tion of insoluble tau aggregates (Hardy & Selkoe,  2002). 
Indeed, several pathways whereby Aβ facilitates tau pathol-
ogy have been proposed (Stancu, Vasconcelos, Terwel, & 
Dewachter, 2014), but in the absence of a clear mechanism, 
the relevance of studies in cell and animal models has not 
been established in humans. We propose that TOMM40 may 
contribute to the connection between Aβ and tau pathology. 
TOMM40 encodes a beta-barrel protein that forms the cen-
tral pore in the outer mitochondrial membrane and is essen-
tial for the translocation of nuclear encoded proteins (Shiota 
et al., 2015). Aβ peptides and their precursor protein accumu-
late in mitochondria of AD patients and AD mouse models 
(Caspersen et al., 2005; Manczak et al., 2006). Several mech-
anisms whereby Aβ which is devoid of a canonical mito-
chondrial targeting sequence is translocated to mitochondria 
have been suggested (Cenini, Rub, Bruderek, & Voos, 2016; 
Hansson Petersen,  2008). Recently, recognition of Aβ1-42 
by TOMM22 and translocation via TOMM40 has been re-
ported (Hu, Wang, & Zheng, 2018). As the recognition by 

TOMM22 involves a C-terminal helical region of Aβ1-42, not 
present in Aβ1-40, the uptake may be selective for the more 
amyloidogenic peptide. Aβ1-42 interacts with many mitochon-
drial proteins resulting in mitochondrial dysfunction and the 
generation of reactive oxygen species (Hernandez-Zimbron 
et al., 2012). Transport of mitochondria along microtubules 
and removal of dysfunctional mitochondria are essential for 
proper energy metabolism of neurons (Sheng, 2014). Indeed, 
mitochondrial dysfunction and defective mitochondrial trans-
port is an established pathology in AD (Calkins, Manczak, 
Mao, Shirendeb, & Reddy,  2011; Du et  al.,  2010). As tau, 
but not phosphorylated tau inhibits axonal transport of mito-
chondria, its hyperphosphorylation may reflect a futile and 
deleterious rescue mechanism to maintain elimination of de-
fective mitochondria. Indeed, defective mitochondrial quality 
control induced by deletion of the protease subunit AFG3L2 
causes hyperphosphorylation of tau in murine cortical neu-
rons (Kondadi et al., 2014) and loss of axonal mitochondria 
resulting from ablation of Milton increases tau phosphoryla-
tion at an AD-relevant site (Iijima-Ando et al., 2012).

Bioinformatic analyses showed that rs2075650 is con-
served and is part of three signatures of promoter histone 
marks and enhancer histone markers in six cell types (Kraja 
et  al., 2014), has been identified as regulatory SNP, and is 
positioned in the binding site for Ras-Responsive Element-
Binding Protein 1 (RREB1). RREB1 is a zinc finger tran-
scription factor that binds to the RNA polymerase II core 
promoter and enhances the expression of NeuroD (Ray, 
Nishitani, Petry, Fessing, & Leiter,  2003). Moreover, pre-
dicted binding motifs for eight additional transcription fac-
tors are altered by this SNP (Farre et  al.,  2003). The other 
TOMM40 SNPs included rs157580, also located in intron 2, 
and rs8106922, located in intron 6. The sequence harboring 
rs8106922 is only preserved in rhesus monkeys, but not in 
other higher vertebrates. In silico analysis identified no tran-
scription factor binding site in this region. rs157580 is posi-
tioned in a sequence that is not at all conserved. It is adjacent 
to putative conserved binding sites for PPARγ and ERRγ, and 
the variant allele causes loss of one of two predicted binding 
sites for NRF2. NRF2 is a transcriptional target of PGC-1α 
and plays a major role in mitochondrial biology. Deficiency 
of NRF2 has been shown to recapitulate transcriptomic 
changes in AD patients and to worsen APP and TAU pathol-
ogy (Rojo et al., 2017). Furthermore, rs157580 is contained 
in a putative SMAD binding site (Khan et al., 2018).

Consistent associations of APOE with longevity have 
been observed (Christensen, Johnson, & Vaupel,  2006). 
rs2705650 was associated with longevity in a GWAS 
study (Deelen et  al.,  2011). Additional typing of the two 
SNPs defining the allele status of APOE was included and 
showed that APOE accounted for the effect of rs2705650 
on aging. APOE-ε4 carriers have an increased risk of 
cardiovascular disease (Eichner et  al.,  1993) that may 



10 of 13 |   SOYAL et AL.

contribute to earlier death. In our study, the APOE allele 
status was also a predictor of age of death in AD. However, 
our haplotype analysis suggested that only one of the two 
E4 encoding haplotypes was associated with lower age of 
death. Interestingly, this haplotype was also defined by the 
TOMM40 risk allele 121. If confirmed in additional larger 
studies, this result would suggest that TOMM40 may have a 
modulating effect on age of death.

The strengths of the paper include use of genetic anal-
ysis of haplotypes, an understudied area for AD and use of 
autopsy confirmed phenotypes. Limitations of our study 
include the modest sample size and the lower age at death 
in controls. Even though comparable results have been re-
ported (Li et al., 2013), the lack of a replication data set lim-
its the interpretations of the study results. In addition, our 
data provide no information as to which TOMM40 SNPs (or 
SNPs in strong LD with the typed SNPs) is/are the causative 
polymorphism(s).

5 |  CONCLUSION

This study replicates and refines results on a role of TOMM40 
in AD and found an association of a TOMM40/APOE haplo-
type encoding the E3 isoform with high-, but not with in-
termediate likelihood AD in autopsy cases. In contrast, the 
two TOMM40/APOE haplotypes encoding the E4 isoprotein 
revealed comparably strong associations with both high- and 
intermediate likelihood AD. Furthermore, the ε4 allele was 
a predictor of earlier death in AD cases. These results may 
help to explain the disagreement of earlier clinical studies 
on TOMM40 as an independent risk factor and may be rel-
evant for the pathogenesis of AD. However, additional stud-
ies are needed to confirm our results and provide mechanistic 
insight.
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