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Abstract

Introduction—We investigated the TOMM40-APOE genomic region that has been associated

with the risk and age of onset of late-onset Alzheimer's disease (LOAD) to determine if a highly

polymorphic, intronic polyT within this region (rs10524523, hereafter 523) affects expression of

the APOE and TOMM40 genes. Alleles of this locus are classified: short-S, long-L, very long-VL

based on the number of T-residues.

Methods—We evaluated differences in APOE-mRNA and TOMM40-mRNA levels as a function

of 523 genotype in two brain regions from APOEε3/3 Caucasian autopsy-confirmed LOAD cases

and normal controls. We further investigated the effect of the 523 locus in its native genomic

context using a luciferase expression system.

Results—The expression of both genes was significantly increased with disease. Mean

expression of APOE and TOMM40-mRNA levels were higher in VL-homozygotes compared to S-

homozygotes in temporal and occipital cortexes from Normal and LOAD subjects. Results of a
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luciferase reporter system were consistent with the human brain mRNA analysis: the 523-VL

polyT resulted in significantly higher expression than the S-polyT. While the effect of polyT

length on reporter expression was the same in HepG2 hepatoma and SH-SY5Y neuroblastoma

cells, the magnitude of the effect was greater in the neuroblastoma than in the hepatoma cells,

which implies tissue-specific modulation of the 523-polyT.

Conclusions—These results suggest that the 523 locus may contribute to LOAD susceptibility

by modulating the expression of TOMM40 and/or APOE transcription.
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1. BACKGROUND

A polymorphism in TOMM40 gene, which is adjacent to and in linkage disequilibrium with

APOE, is associated with late onset Alzheimer's disease (LOAD) risk and age of disease

onset [1, 2]. The putative risk locus in TOMM40 is an intronic, polyT tract (rs10524523),

referred to as 523, that is polymorphic with respect to the number of T residues. The ‘long’

(L) or ‘Very Long’ (VL) alleles refer to homopolymer lengths equal or greater than 20 and

30 T residues respectively, and are associated with earlier age of disease onset in APOE

ε3/4[1, 2] (~7 years) Caucasian LOAD patients. This locus has been examined in a number

of additional studies. Caselli et al. replicated the association between the longer 523 alleles

and earlier onset of LOAD (~9 years) in an independent group of APOE ε3/3 Caucasian

subjects drawn from a longitudinal study[3]. Furthermore, in a cognitively healthy, late

middle-aged cohort of APOE ε3/3 subjects drawn from a population enriched for family

history of LOAD[4], Johnson et al. discovered significant association of 523 with worse

performance on primacy retrieval from a verbal list learning task and with reduced gray

matter volume in ventral posterior cingulate and medial ventral precuneus, which are brain

regions known to be affected in early AD. In a cross sectional study of cognitively healthy

elderly, we have also observed APOE-independent associations between the 523

polymorphism and specific cognitive domains of memory and executive control that are

preferentially affected in early-stage AD[5]. Together with the original findings, these new

studies establish, in Caucasians, the association of 523 with LOAD pathogenesis,

particularly for APOE ε3 carriers. However, there is some disagreement in the literature.

Two studies do not replicate the association between 523 and age of AD onset[6] [7]. Based

on finding that APOE ε3/4 subjects who carried VL/L had earlier disease onset than those

who carried S/L[1, 2], the authors assumed that VL would be associated with earlier onset

than S in APOE ε3/3 carriers (e.g. S/S<VL/VL). However, while Cruchaga et al. replicated

the association between the 523 and AD in APOE ε3/3 subjects, they found that the S allele,

rather than the VL allele, was associated with risk of earlier age of onset AD. That is, APOE

ε3/3 subjects with the S/S genotype showed a trend towards earlier disease onset [8].

Similarly, Maruszak et. al. also observed a significant association between 523 and LOAD

risk in APOE ε3 homozygotes, but reported that the ε3-VL haplotype was significantly more

frequent among patients with a later age of onset (≥79 years) contrary to what might have

been anticipated based on the original results from APOE ε3/4 heterozygotes [9]. The
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association between later age of onset of cognitive impairment has now been confirmed for

a cohort of Caucasians with carefully ascertained age of onset of cognitive impairment or

probable AD[10, 11] (Figure 1, adapted from Crenshaw et al.[11]). Not only do these curves

provide age of onset risk information for >97% of Caucasians, and confirm that VL is

associated with later age of disease onset in APOE ε3 homozygotes [8] [9], but the study

confirms that VL is associated with earlier age of disease onset in APOE ε3/4 subjects, as

originally reported[1, 2]. There is, however, a small sub-set of very early onset AD patients

with the VL/VL genotype and preliminary data suggests the presence of another genetic

variant linked to the VL DNA strand that may result in an onset before age 59 years (Roses

et al., unpublished data). These patients are very uncommon and additional series are

currently being studied to confirm this finding. Studies of age of onset of this progressive

disease are challenging and replication of results is complicated by differences in methods

used to ascertain the age of onset (MCI, AD, or some other standardized definition), issues

associated with study design, e.g. prospective versus retrospective, longitudinal versus

cross-sectional[1, 3, 8, 9, 12, 13] and/or technical limitations and quality control of the 523

genotyping assay[10, 13].

Functional analyses will assist with assessing the contribution of the 523 locus to LOAD

risk. Bekris et al. recently showed that a synthetic construct containing the 523 locus acts as

an enhancer/silencer of TOMM40 promoter activity in cultured neuronal, but not hepatocyte,

cell lines [14]. Our study was designed to determine whether the 523 polyT tract regulates

transcription in vivo. We evaluated the association of the 523 genotypes with mRNA

expression of TOMM40 and APOE in two different brain regions affected in LOAD from

AD cases and controls. In addition, we tested the effect of the 523 locus in its native

genomic environment on transcription regulation using a cell based reporter system.

2. MATERIALS AND METHODS

2.1. Brain Samples

Temporal (TC) and occipital (OCC) cortexes, from APOE ε3/3 neurologically healthy

controls (n=42) were obtained through the Kathleen Price Bryan Brain Bank (KPBBB) at

Duke University, the Brain and Tissue Bank for Developmental Disorders at the University

of Maryland, and the Layton Aging & Alzheimer's Disease Center at Oregon Health and

Science University. The healthy control brain samples were obtained from postmortem

tissues of clinically normal subjects examined in most instances one year prior to death and

found to have no cognitive disorder and no neuropathological evidence of PD, AD or other

neurodegenerative disorders. TC and OCC from APOE ε3/3 LOAD patients (Braak&Braak

stage III-VI; n=69) were obtained through the KPBBB at Duke University. All post mortem

intervals (PMI) were <24 hours. All brain tissues donors were Caucasians. Demographics

for these samples are summarized in Table 1.

2.2. DNA Extraction and Genotyping

Genomic DNA was extracted from brain tissues using the standard Qiagen protocol. DNA

concentration and the quality of purification were determined spectrophotometrically. APOE

genotypes were determined using a TaqMan-based allelic discrimination assay (Applied
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Biosystems). Briefly, APOE genotypes were established using two separate SNPs,

rs429358334T/C (ABI assay ID: C_3084793_20), and rs7412 472T/C (ABI assay ID:

C_904973_10). The assay was conducted using the ABI 7900HT and genotype analysis was

performed by the SNP auto-caller feature of SDS software. APOE genotype assignments

were as described previously[15].

TOMM40 523 polyT genotypes were determined using a method described previously39,40.

In summary, the 523 region of each genomic DNA sample was PCR-amplified using a

fluorescently labeled primer. Size of the PCR fragment was determined using an ABI 3730

DNA Analyzer and GeneMapper, version 4.0 software (Applied Biosystems, Foster City,

CA). The 523 allele was assigned according to the length of the PCR product and the

convention established by Roses et al.: Short (S), ≤19; Long (L) −20-29; Very Long (VL)

≥30[16].

2.3. RNA extraction and cDNA synthesis

Total RNA was extracted from brain samples (100 mg) using TRIzol reagent (Invitrogen,

Carlsbad, CA) followed by purification with an RNeasy kit (Qiagen, Valencia, CA)

according to the manufacturer's protocol. RNA concentration was determined

spectrophotometrically at 260nm, while the quality of the purified RNA was determined by

260nm/280nm ratio. All of the RNA samples were of acceptable quality having ratios

between 1.9 and 2.1. Sample quality and the absence of significant degradation products

were confirmed by establishing that every sample had a RNA Integrity Number (RIN),

measured on an Agilent Bioanalyzer, of greater than 7. cDNA was synthesized using

MultiScribe RT enzyme (Applied Biosystems, Foster City, CA) under the following

conditions; 10 min at 25°C and 120 min at 37°C.

2.4. Real time PCR

Real-time PCR was used to quantify the levels of human TOMM40 mRNA and APOE

mRNA. Duplicates of each sample were assayed by relative quantitative real-time PCR

using the ABI 7900HT to determine the level of TOMM40 and APOE messages relative to

the mRNAs for the housekeeping genes glyceraldehyde-3-phosphate dehydrogenase

(GAPDH) and cyclophilin A (PPIA). ABI MGB probe and primer set assays were used to

amplify TOMM40 cDNA (ID Hs01587378_mH, 146bp), APOE cDNA (ID

Hs00171168_m1, 108bp); and the two RNA reference controls, GAPDH (ID

Hs99999905_m1, 122bp) and PPIA (ID Hs99999904_m1, 98bp)(Applied Biosystems,

Foster City, CA). Each cDNA (10 ng) was amplified in duplicate in at least two independent

runs (overall ≥ 4 repeats), using TaqMan Universal PCR master mix reagent (Applied

Biosystems, Foster City, CA) and the following conditions: 2 min at 50 °C, 10 min at 95 °C,

40 cycles; 15 sec at 95 °C; and 1 min at 60°C. As a negative control for the specificity of the

amplification, we used RNA control samples that were not converted to cDNA (no-RT) and

no-cDNA/RNA samples (no-template) in each plate. No amplification product was detected

in control reactions. Data were analyzed with a threshold set in the linear range of

amplification. The cycle number at which any particular sample crossed that threshold (Ct)

was then used to determine fold difference, whereas the geometric mean of the two control

genes served as a reference for normalization. Fold difference was calculated as 2−ΔΔCt;
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where ΔCt=[Ct(target)-Ct (reference)] and ΔΔCt =[ΔCt(sample)]-[ΔCt(calibrator)]. The

calibrator was a particular brain RNA sample used in every plate for normalization within

and across runs. The variation of the ΔCt values among the calibrator replicates was less

than 10%. For assay validation, we generated standard curves for TOMM40, APOE and each

reference assay, GAPDH and PPIA using different amounts of human brain total RNA

(0.1-100 ng). In addition, the slope of the relative efficiency plot for TOMM40 and APOE

with each internal control (GAPDH and PPIA) was determined to validate the assays. The

slope in the relative efficiency plot for TOMM40 and APOE and the reference genes were

<0.1, showing a standard value required for the validation of the relative quantitative

method.

2.5. Luciferase Reporter Constructs

The 523 polyT locus and surrounding genomic regions was contained within a 6.874-kb

DNA fragment upstream of the APOE translation start site which was amplified from human

BAC RP11-47010 (positions 45402974-45409848) using the forward 5’

TGTAACGCGTTGCTGACCTCAAGCTGTCCT 3’ and the reverse 5’

AGCTCGTACGAGAAACTGTCAATCAACCGCCAG 3’ primers that include the MluI

and BsiWI restriction sites, respectively. The PCR product was cloned into the pCR-XL-

TOPO vector. pGL4.10 (Promega Corporation, Madison, WI), which contains the firefly

luciferase coding sequence but lacks eukaryotic promoter or enhancer elements, was

modified to include the MluI-BsiWI restriction sites by ligation of synthetic oligos

(idtDNA). The ~7-kb DNA, containing the 523 locus, excised by restriction digestion at the

MluI- BsiWI sites of pCR-XL-TOPO and cloned into the MluI- BsiWI engineered sites of

the pGL4.10 vector. The original BAC used to generate the insert for the first plasmid

includes the short allele, T=15, at the 523locus. This pGL4.10 plasmid containing the short

allele was designated as p523S. A second plasmid that includes a 523 VL allele (T=34) was

constructed using a synthetic vector which contained the 231 bp fragment complimentary to

the 5’ sequence of the BAC with T=34 at the 523 locus and the MluI-PmlI restriction sites

(idtSMART). The insert was cut at the MluI-PmlI sites of the synthetic vector and was

cloned into these sites in p523S, thus replacing the complimentary DNA fragment

containing the 523 S allele and generating a new plasmid with the 523 VL allele designated

p523VL. Sequencing confirmed the p523S and p523L constructs and the length of their

polyT.

2.6. Cell culture and Transfection

The human liver hepatocellular carcinoma cell line, HepG2and the human neuroblastoma

cell line,SH-SY5Y, were from American type tissue culture collection. HepG2 cells were

grown in Minimum Essential Medium (MEM) (glucose at 4.5 g/liter) / and SH-SY5Y cells

were grown in high glucose DMEM/F-12 (1:1). Both media were supplemented with 10%

fetal bovine serum, 2 mM glutamine, 1 mM pyruvate, 0.1 mM Non-essential Amino Acids,

100 units/ml penicillin and 100 mg/ml streptomycin. Cells were maintained at 37°C in a

humidified, 5% CO2 incubator. 2 ×105 Hep G2 cells or 2×105 SH-SY5Y cells were plated

onto each well of a 24-well dish the day prior to transfection. We conducted co-transfection

experiments to test expression of each construct. One μg of the empty pGL4.10 vector or 2.5

μg (the molar equivalent to the empty vector) of one of the pGL4.10 derivatives, p523S or
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p523VL, were mixed with 5 ng of the reference plasmid, pGL4.74, harboring the HSV

thymidine kinase promoter upstream of Renilla luciferase, and added to the cells in the

presence of Lipofectamine™ 2000 (Life Technologies), according to the manufacturer's

instructions. Cells were incubated for 24 hr at 37°C, washed once with phosphate-buffered

saline, and then incubated in fresh medium for an additional 24 hr.

For each plasmid (pGL4.10, p523S and p523VL) in each cell line (HepG2, SH-SY5Y), one

experiment consisted of performing the transfection and expression assay in triplicate using

three wells of cultured cells that were independently transfected in parallel with three

individually prepared aliquots of transfection reaction. Each triplicate experiment was

repeated four times on separate days.

2.7. Luciferase Assay

Forty-eight hours after transfection the Hep G2 and SH-SY5Y cells were washed with a

physiological salts solution and lysed in 100 μl of Passive Lysis Buffer (Promega

Corporation, Madison, WI). Firefly luciferase and Renilla luciferase activities were

measured in 20 μl of Hep G2 or SH-SY5Y cell lysate using the Dual-Luciferase Reporter

assay system (Promega Corporation, Madison, WI) in a luminometer (Turner Biosystems

Veritas Microplate Luminometer). “Relative activity” was defined as the ratio of firefly

luciferase activity to Renilla luciferase activity and was calculated by dividing luminescence

intensities for firefly luciferase by that for Renilla luciferase. “Fold expression” was

calculated by dividing the average value of relative activity of each construct with a 523

allele to the relative activity of the pGL4.10 without any insert.

2.8. Statistical analysis

Statistical analyses of brain mRNA were carried out using SAS statistical software, Version

9.1 (SAS Institutes, Cary, NC). Relative TOMM40 mRNA and APOE mRNA expression

levels of each sample were measured in replicates and the results of all replicates were

averaged. All average values were expressed as mean±SE. Associations of 523 genotypes

with TOMM40 and APOE genes expression were assessed using the Generalized Linear

Models procedure (PROC GLM). A log transformation (log2) was performed on all mRNA

levels to assure normal distribution [17]. Genotypes were coded in the additive model, and

also as a dominant model pooling homozygous for VL allele and heterozygous genotypes

(S/VL). All models were adjusted for gender, age, PMI, Braak&Braak stage and tissue

source. To further control for RNA integrity, analyses were repeated including RIN as a

covariate in the models. Correction for multiple testing employed the Bonferroni method.

For the luciferase reporter experiments, statistical significance of differences in expression

between the two different 523 allele constructs were analyzed by pairwise comparisons

using the Tukey-Kramer HSD test.
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3. RESULTS

3.1. The effect of disease status on TOMM40 and APOE mRNAs

TOMM40 and APOE mRNA fold levels [TOMM40/(GAPDH, PPIA); APOE/(GAPDH,

PPIA)] were measured in 137 brain tissue samples [temporal cortex (TC), n=66; occipital

cortex (OCC), n=69] obtained from 69 AD cases; and in 76 brain tissues (TC, n=42; OCC,

n=34) from 42 normal subjects. All brain tissues donors were Caucasians and homozygous

for APOE ε3. Table 1 summarizes the demographics of the tissue donors.

We first tested for associations with confounding factors that might affect RNA levels.

Expression levels for TOMM40 and APOE mRNAs decreased with age, but this effect was

not statistically significant and we did not detect significant associations of TOMM40 or

APOE mRNA levels with sex or postmortem interval (PMI) in TC and OCC (data not

shown). All of the subsequent analyses were adjusted for age, sex, and PMI.

Next, we assessed the effect of disease state on TOMM40 and APOE genes expression.

TOMM40 mRNA levels were significantly increased in TC of AD-affected compared to

healthy control (p=0.0003; Figure 2A). In OCC there was a small average increase in

TOMM40 mRNA in samples from AD cases, however this effect was not significant

(p=0.08; Figure 2B). The effect of disease status was much greater for APOE mRNA than

TOMM40 mRNA levels. APOE mRNA levels were nearly threefold higher in TC and OCC

from AD brains compared to healthy controls (p<0.0001) (Figure 2 C and D). These

findings were replicated when adjusting also for RIN.

3.2. The effect of 523 on TOMM40 and APOE mRNA levels

To rule out the possibility that the effect of the 523 genotype on TOMM40 and APOE

mRNA levels was associated with APOE genotype, due to the high LD between these genes,

we restricted the analysis of TOMM40 and APOE mRNA levels to APOE ε3/3 subjects.

When APOE ε3/3 AD cases and controls are pooled, length of the TOMM40523 poly-T

locus was associated with TOMM40 mRNA expression levels in the TC and OCC (n=108

p=0.03; n=103 p=0.05, respectively). Of these subjects, the VL homozygotes had the highest

mean TOMM40 mRNA levels. When the APOE ε3/3 group is stratified by disease status, the

effect of 523 on TOMM40 mRNA expression was still detectable. In normal TC (n=42),

carriers of the VL allele (VL/VL and S/VL) had higher average expression levels of

TOMM40 mRNA than the non-carriers (S/S), and significant differences were observed

between the S/S and the VL/VL groups (p=0.03; Figure 3A). A similar trend of effect on

expression, VL>S, was observed in the Normal OCC, though it did not reach statistical

significance (p=0.2, n=34; Figure 3B). In LOAD samples, the 523 VL allele was associated

with higher TOMM40 mRNA levels in the OCC (n= 69, S/S vs. S/VL, VL/VL p=0.03); a

similar trend, that did not reach statistical significance, was also observed in the TC (n=66,

p=0.34) (Figure 3C and D).

Regardless of disease states, 523 genotype influenced APOE mRNA expression in APOE

ε3/3 homozygotes. Homozygotes for the VL allele demonstrated significantly higher levels

of APOE mRNA compared to S allele carriers (S/S and S/VL) in the TC (n=107, p=0.01)
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and OCC (n=102, p=0.06). Analysis of the Normal group showed increased expression in

the TC and OCC (n=42 and 33, respectively) for VL/VL homozygotes, but these results

were not statistically significant (p=0.19 and 0.6, respectively, Figure 4A and B). The

strongest effect of the 523 on APOE mRNA levels was observed in the LOAD samples

(Figure 4 C and D). Carriers of the VL allele (S/VL, VL/VL) showed significantly higher

levels of APOE mRNA compared to non-carriers (S/S) in the TC (n=65, 20% increase,

p=0.0025; Figure 4C) and OCC (n=69, 25% increase p=0.007; Figure 4D) regions. These

results remain when RIN was also included in the analyses as covariate.

3.3. The effect of 523 on luciferase expression in HepG2 and SH-SY5Y cells

These results suggest the TOMM40 523 region plays a regulatory role in TOMM40 and

APOE gene expression in human brain. To further test this hypothesis, we investigated the

effect of the 523 locus in its native genomic context using a luciferase expression system. A

~7 kb fragment that includes the 523 locus was amplified from a human BAC and cloned

into a luciferase reporter construct as shown in Figure 5A. The poly-T in the native BAC

contained 15 T residues and therefore represents the S allele; and the VL allele was

introduced by replacing the original sequence of the S allele with a stretch of 34 T residues

and the constructs were verified by sequencing. We designated the respective constructs as

p523S and p523VL. Luciferase activities as a result of expression from the p523S and

p523VL reporter constructs were measured relative to empty vector. We employed two

human cell lines, HepG2 cells and the neuronal SH-SY5Y cells, to learn if tissue origin

modulated the 523 effect on gene expression. In both cell lines, expression of the p523S and

the p523VL constructs, as measured by fold expression of luciferase activity, differed

significantly. In HepG2 cells, fold expression of the VL construct was more than 30%

greater than expression of the S construct (p=0.0058, Figure 5B). The VL effect was even

more pronounced in the SH-SY5Y cells where the p523VL reporter construct yielded ~ 3-

fold higher luciferase fold expression compared to the p523S construct (p<0.0001; Figure

5C). The direction of the effect on gene expression, i.e. VL>S, is similar to the effect

observed in the analysis of the human brain tissues described above. That the effect was

greater in the SH-SY5Y cells than in the hepatoma cells suggests modulation of TOMM40

and APOE expression by the 523 polyT enhancer may be tissue specific.

4. DISCUSSION

Our data demonstrated elevated levels of TOMM40 and APOE transcripts in the brains of

LOAD-affected individuals compared to unaffected control brains. Further, the TOMM40

523 genotype was associated with TOMM40 and APOE mRNA levels in two different brain

regions that are affected by AD.

Genetic studies on autopsy-confirmed LOAD patients originally reported that the 523 VL

allele of TOMM40 is associated with earlier age of LOAD onset relative to the 523 S allele

in APOE ε3/4 subjects, i.e. in the context of haplotypes where the 523 L allele is linked to an

APOE ε4 allele and the 523 VL or S allele is linked to an APOE ε3 allele[1-3]. This finding

was anticipated to generalize to an earlier onset of LOAD onset for VL/VL carriers relative

to S/VL and S/S carriers in APOE ε3/3 subjects. However, subsequent studies in
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longitudinal late-life cohorts showed that 523 VL/VL genotype is associated with later age

of LOAD onset relative to 523 S/VL and S/S [10, 11]. Other studies have investigated the

association between the 523 VL allele and LOAD-related phenotypes. In a sample of

cognitively normal middle-aged APOE ε3/3 subjects, significant association was reported

between 523 VL and a reduction in the primacy effect on word list learning task, consistent

with impaired consolidation in episodic memory[4]. In these same subjects there was also a

reduction in gray matter volume in the ventral posterior cingulate gyrus and the medial

ventral precuneus, both areas known to be affected in early AD[4]. We also reported, in a

sample of cognitively normal aging subjects, APOE-independent associations between the

523 VL and decline in specific cognitive domains of memory and executive control that are

preferentially affected in early stage AD[5]. Furthermore, Bruno et al. showed an increase in

CSF cortisol concentration, which suggests hippocampal damage, in individuals who carry

two copies of the longer 523 alleles[18]. In another study, they also showed that the CSF

levels of neurofilament light proteins, markers of neuronal damage that are elevated in

LOAD patients, were significantly higher in subjects with two copies of the longer 523

alleles[19]. Recently, Crenshaw and colleagues thoroughly discussed the observation of

variable effects of the 523 VL allele [11]. The authors proposed that the VL/VL genotype

(i.e., in APOE ε3/3 subjects) may be associated with pre-clinical stages of AD that are most

evident at younger ages (<60 year old) when subtle signs of cognitive decline are not

masked by later pathological symptoms and that, in the presence of APOE ε4 (i.e., in APOE

ε3/4 subjects), this early effect of VL is worsened. The studies that reported non-replication

of the early discovery of the association between 523 genotype and age of LOAD onset are

discussed previously[10, 11] and in the introduction.

Here we report data showing that 523 genotype affects expression of the APOE and

TOMM40 genes, which provides a possible explanation for the genetic association of the

locus with age of LOAD onset and other disease related phenotypes. We demonstrate that

the LOAD risk allele, VL, is associated with increased levels of both APOE and TOMM40

transcripts in Normal and AD-affected human brain tissues and a cell-based luciferase

reporter system. These results suggest that the increased expression of these genes, driven by

the longer 523 allele, may underlay the observed associations between the 523 VL and risk

for LOAD-related phenotypes. Furthermore, molecular changes in gene expression occur

years before the onset of the disease. Thus, we speculate that the effect of 523 genotype on

APOE and TOMM40 expression may reflect presymptomatic AD molecular events and that

genetic influence on gene expression remains throughout the development of the disease.

The association trend of the VL allele and higher expression of TOMM40 and APOE

mRNAs is evident in two AD relevant cortical areas examined, temporal and occipital

neocortex. In particular, the VL/VL genotype group was consistently associated with higher

mRNA expression levels compared to the S/S genotype group. Although this is a small

sample, differences in mean expression for both TOMM40 and APOE mRNAs approached

statistical significance in a number of our experiments. However, only the associations

between 523 and APOE mRNA levels in AD-affected temporal and occipital cortexes

remain significant after Bonferroni correction (p=0.005 and 0.028, respectively). These

observations warrant further investigation in a larger number of samples. A cell-based
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luciferase reporter system that mimics the effect of the 523 alleles, in their native genomic

context, recapitulates the gene expression trends that we observe in the brain tissues, i.e. the

VL construct drove significantly higher expression compared to the S construct. This

provides additional support for an effect of this locus on transcription of the TOMM40 and

APOE genes.

Our results confirm and extent a recent study that revealed a complex transcriptional

regulatory region for TOMM40 and APOE expression that extends throughout both genes

and is influenced by multiple polymorphisms including the 523 locus[14]. In that study,

Bekris et al. fused a promoter DNA fragment with a relative short putative enhancer

sequence that contained the 523 locus and demonstrated that 523 length influenced

TOMM40 promoter activity. The current study extends their observations in three ways: 1) It

demonstrates the transcriptional enhancer activity of 523 in vivo using human brain tissues

relevant to disease pathogenesis. 2) A reporter system, with the intact native genomic

context of the 523 preserved, mimics the in vivo effect of 523 on gene expression. 3) It

shows that the TOMM40-523 effect is regional, that it also influences the transcription of the

neighbor gene, APOE.

Two other studies have investigated the association between 523 and TOMM40 mRNA

expression in human tissues. The first study used human fibroblast cell lines derived from

cognitively-healthy, APOE ε3/4 donors and found no significant differences in TOMM40

mRNA expression[20]. A second group analyzed the expression of TOMM40 and APOE in

parietal cortex from subjects chosen without regard to APOE genotype and also did not

detect an association between 523 and TOMM40 or APOE mRNA levels[8]. That, these

experiments did not detect an association may be explained by the different tissues types

assayed, very small sample size (especially when the analysis was repeated using a specific

APOE genotype), and differences in the RNA analysis methodologies and study designs.

Thus, our study showed for the first time the functional significance of the 523 locus in vivo

in human tissues.

mRNA levels are regulated through transcription and posttranscriptional pathways. The 523

polymorphism is a long deoxythymidine homopolymer. It has been proposed that genomic

poly-T sequences act as transcriptional enhancer elements[21] [22]. Poly-T sequences may

cause nucleosome depletion, which increases the accessibility of the DNA in the region to

the transcription machinery or regulatory factors [22]. The results that we report here

suggest that the 523 locus does function as an enhancer to regulate the transcription of

theTOMM40 and APOE genes.

It has been suggested that alteration of the expression of specific genes may be an important

mechanism in the etiology of neurodegenerative disorders including AD[23]. Our data

indicate that APOE mRNA levels are increased in LOAD-affected brain tissues compared to

controls. Our observation is consistent with other reports of elevated levels of APOE mRNA

in AD brains. For example, Zarow et al. report increased APOE mRNA levels in the

hippocampus of AD cases compared to controls[24] and Matsui et al. report increased

APOE mRNA levels in temporal cortex of AD donors compared to controls[25].

Furthermore, Akram et al. have recently demonstrated that APOE mRNA and protein levels
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in the inferior temporal gyrus and the hippocampus are strongly, positively correlated with

the progression of cognitive dysfunction[26].

We also provide evidence that TOMM40 levels are increased in AD versus control brain.

However, there are inconsistent reports in the literature regarding the relationship between

LOAD status and TOMM40 expression. TOMM40 mRNA is reduced in whole blood

samples from AD subjects compared to matched controls[27]. Another study detected a

correlation between TOMM40 mRNA levels and LOAD progression, but was inconclusive

regarding the direction of the change, i.e. TOMM40 mRNA levels were higher in the frontal

cortex of the majority of LOAD patients, however in the rest of the LOAD samples

TOMM40 mRNA was down-regulated[28]. We would like to note here that gene expression

comparisons between AD versus control using whole brain tissues might have a limitation

due to differences in the cell type composition resulted from neuronal cell loss in AD brains.

Thus, disease related changes in gene expression may reflect, in part, differences in the

numbers of each cell type (i.e. neurons and glia).

Mitochondrial dysfunction is widely considered to be a key component of the

pathophysiology of AD[29, 30]. TOMM40 encodes the central, pore-forming subunit of the

Translocation of the Outer Mitochondrial Membrane (TOM) complex, which is the

mitochondrial protein import machinery in the outer membrane. The gene product, Tom40,

is essential for mitochondrial function and reducing Tom40 elicits cell death[31]. Therefore,

an association between increased TOMM40 mRNA expression and LOAD seems

paradoxical. However, both the amyloid precursor protein, APP, and its proteolytic, Aβ,

products, disrupt mitochondrial function and this is mediated, at least in part, through their

respective interactions with Tom40[32, 33]. It is conceivable that by mass action elevated

levels of Tom40 accelerate APP and/or Aβ-mediated mitochondrial damage. Alternatively,

uncoupled expression of TOMM40 from expression of the genes encoding other members of

the TOM complex could either disrupt de novo assembly of new TOM complexes, or the

function of pre-existing complexes.

In this study we elucidated the mechanism of action of TOMM40 523, a genetic risk factor

for LOAD. Our data provides functional support for the role of the 523 genetic locus in the

pathogenesis of LOAD
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Figure 1. Alzheimer's disease age of onset curves by TOMM40-523 genotypes
The figure is adapted from Crenshaw et al.[11] Kaplan-Meyer survival curves, where the Y

axis shows the percent survival without cognitive impairment, and the X axis represents age.

Data was obtained from the Duke Bryan ADRC cohort N=438 subjects: 106 diagnosed with

dementia, 332 cognitively normal. N for each genotype: L,L:23; VL,L:54; S,L:72; S,S:100;

S,VL:138; VL,VL:51. TOMM40 genotypes and the corresponding APOE genotypes are

indicated on the figure. The red line corresponds to APOE ε4/4; the two green lines

correspond to APOE ε3/4, and the three blue lines correspond to APOE ε3/3. The data for

individuals who carried an APOE ε2 allele are indicated as points on the appropriate

TOMM40 genotype curve; open arrowheads and filled diamonds indicate the age at onset of

symptoms in the APOE ε2/4 and APOE ε2/3 groups, respectively.

Linnertz et al. Page 14

Alzheimers Dement. Author manuscript; available in PMC 2015 September 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 2. The effect of disease state on TOMM40 and APOE mRNAs expression levels in human
brain tissues from APOE ε3/3 donors
The study cohort consisted of LOAD and control brain tissues from Caucasian donors with

APOE ε3/3 genotype. Fold levels of human TOMM40 mRNA (A and B) and APOE mRNA

(C and D) in the temporal (A and C) and occipital (B and D) cortexes were assayed by real-

time RT-PCR using TaqMan technology and calculated relative the geometric mean of

GAPDH- and PPIA mRNAs reference control using the 2−ΔΔCt method (i.e. results

presented are relative to a specific brain RNA sample). The values presented here are means

levels± SE adjusted for age, gender, PMI, and source. TC, temporal cortex; OCC, occipital

cortex; Normal, clinically and neuropathologically healthy; LOAD, late onset Alzheimer's

disease.
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Figure 3. The effect of 523 genotypes on TOMM40 mRNA expression levels in human brain
tissues from APOE ε3/3 donors
The study cohort consisted of brain tissues from Caucasian donors with APOE ε3/3

genotype. Cases and control subjects were genotyped for 523. Fold levels of human

TOMM40 mRNA in the temporal (A and C) and occipital (B and D) cortexes from normal

(A and B) and LOAD (C and D) donors were assayed by real-time RT-PCR using TaqMan

technology and calculated relative the geometric mean of GAPDH- and PPIA mRNAs

reference control using the 2−ΔΔCt method (i.e. results presented are relative to a specific

brain RNA sample). The values presented here are means levels± SE adjusted for age,

gender, PMI, source, and Braak&Braak stage. TC, temporal cortex; OCC, occipital cortex;

Normal, clinically and neuropathologically healthy; LOAD, late onset Alzheimer's disease.
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Figure 4. The effect of 523 genotypes on APOE mRNA expression levels in human brain tissues
from APOE ε3/3 donors
The study cohort consisted of brain tissues from Caucasian donors with APOE ε3/3

genotype. Cases and control subjects were genotyped for 523. Fold levels of human APOE

mRNA in the temporal (A and C) and occipital (B and D) cortexes from normal (A and B)

and LOAD (C and D) donors were assayed by real-time RT-PCR using TaqMan technology

and calculated relative the geometric mean of GAPDH- and PPIA- mRNAs reference

control using the 2−ΔΔCt method (i.e. results presented are relative to a specific brain RNA

sample). The values presented here are means levels± SE adjusted for age, gender, PMI,

source, and Braak&Braak stage. TC, temporal cortex; OCC, occipital cortex; Normal,

clinically and neuropathologically healthy; LOAD, late onset Alzheimer's disease.
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Figure 5. The Luciferase reporter system for the TOMM40 523 locus
(A) Schematic representation of the luciferase reporter construct map. The constructs

include a ~7 kb human region upstream of the APOE gene translational start site and

extending 5’ of the 523 locus. The relative position of the 523 locus is marked in vertical

line. The green boxes represent TOMM40 exons (7-10), the blue boxes represent APOE

exons (1-2), the solid black line represents introns and intergenic region. The 5’ and 3’

indicate the human genes’ orientation. The arrow above indicates the transcription start site

and direction for APOE. The translational start site is marked by ATG. The open box

indicates the position of the luciferase reporter gene.

The fold expression of luciferase activity derived by the constructs harboring different 523

alleles in (B) HepG2, and(C) SH-SY5Y cells. Cells were cotransfected with each of the 2

constructs harboring the different 523 alleles, S (p523S) or VL (p523VL), or pGL-4.10 and

the Renilla reference control, pGL4.74. For each construct four experiments were performed

each in triplicate. The relative activity with each construct was calculated by dividing the

luminescence intensity of the Firefly luciferase by that of the cotransfected Renilla

luciferase in each independent aliquot of cells and then averaging the three relative

luciferase activities seen in each experiment. The fold expression for each construct, p523S

and p523VL, was then determined by dividing the average relative activity of each construct

to that of the average obtained with pGL-4.10. The average of the ‘fold expression’ of the

four independent experiments performed on separate days was calculated. The data

represented here are the ‘Fold Expression’ mean± SE. Tukey-Kramer HSD test comparing

the ‘fold expression’ of each of the p523S and p523VL constructs revealed p= 0.0058 and

<0.0001, in HepG2 (B) and SH-SY5Y (C) cells, respectively.
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We investigated the TOMM40-APOE genomic region that has been associated with the risk

and age of onset of late-onset Alzheimer's disease (LOAD) to determine the functional effect

of a polymorphic, intronic polyT within this region (rs10524523, hereafter 523). Differences

in APOE-mRNA and TOMM40-mRNA levels as a function of 523 genotype were evaluated

in two brain regions from APOEε3/3 Caucasian autopsy-confirmed LOAD cases and normal

controls. The expression of both genes was significantly increased with disease. Mean

expression of APOE and TOMM40-mRNA levels were significantly higher in VL-

homozygotes compared to S-homozygotes in temporal and occipital cortexes from Normal

and LOAD subjects. Results of a luciferase reporter system, in both in HepG2 hepatoma and

SH-SY5Y neuroblastoma cells, were consistent with the human brain mRNA analysis: the

523-VL polyT resulted in significantly higher expression than the S-polyT. These results

suggest that the 523 locus may contribute to LOAD susceptibility by modulating the

expression of TOMM40 and/or APOE transcription.
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Table 1

Demographic description of the brain samples

LOAD Normal

Total subjects (N) 69 42

        †TC (N) 66 42

        ‡OCC (N) 69 34

Male % 40 50

Age (yr) mean±SD 76.9±13.3 78.2±15.1

§PMI (hr) mean±SD 12.3±12.1 11.4±7.7

Caucasians % 100 100

†
TC- temporal cortex

‡
OCC- occipital cortex

§
PMI- post mortem interval
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