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Abstract
Alzheimer’s disease (AD) is the leading cause of dementia in the elderly. Extraneuronal plaque
consisting primarily of amyloid β peptide and intraneuronal tangles of hyperphosphorylated
microtubule–associated τ protein (τ, gene MAPT) are typical of AD. Misfolded τ is also
implicated in Parkinson’s disease and frontotemporal dementia. We aim to understand the
regulation of the human MAPT promoter by mapping its functional domains. We subcloned a
4868 base pair fragment from human BAC RPCI–11 100C5. Sequence analysis revealed an H2
haplotype MAPT promoter, 5′–UTR, and intronal fragment. Database analysis of the fragment
showed 50%–75% homology with mouse and >90% with rhesus monkey. Comparison with
human H1 sequences revealed differences that crossed predicted transcription factor sites. DNA–
protein interaction studies by electrophoretic mobility shift assay suggested an active specificity
protein 1 (SP1) site in the 5′–untranslated region and hypoxia response. Transfection of a series of
MAPT promoter deletions revealed unique functional domains. The distal–most had different
response in neuronal vs. non–neuronal cells. We have cloned, sequenced, and functionally
characterized a 4868 bp fragment of the human MAPT 5′–flanking region, including the core
promoter region (−302/+4), neurospecific domains (−4364/−1992 and +293/+504, relative to +1
TSS), and a hypoxia–inducible element (+60/+84). Our work extends functional analysis of the
MAPT sequence further upstream, and explores cell–type specificity of MAPT promoter activity.
Finally, we provided direct comparison of likely transcription factor binding sites, which are
useful to understand differences between H1/H2 pathogenic associations.
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1. Introduction
Alzheimer’s disease (AD) is the leading cause of dementia in the elderly (Thies and Bleiler,
2011). AD is characterized by neuropathological traits that include senile plaques consisting
primarily of amyloid–β peptide (Aβ) and neurofibrillary tangles consisting primarily of
hyperphosphorylated microtubule–associated protein τ. It has been predicted that over 113
million people will suffer from dementia by 2050 (Brodaty et al., 2011). We report the
structural and functional characteristics of H2 haplotype τ protein gene (MAPT) promoter,
and the identification of a distal neurospecific domain and a proximal hypoxia–inducible
element within the 5′–flanking region of the MAPT gene. Intracellular tangles of
microtubule–associated protein (MAP) τ also play an important role in the disorder (De
Strooper, 2010). Tauopathies (τ–related disorders) are not limited to AD, but also include
frontotemporal dementia (FTD) (Adamec et al., 2001) and over 20 other disorders
(Delacourte, 2008), particularly including Parkinson’s disease (PD) (Williams-Gray et al.,
2009). In AD, τ is hyperphosphorylated, and this hyperphosphorylated τ is the primary
component of the τ tangle (Iqbal et al., 2010). Generally, hyperphosphorylated τ
dysfunction is relegated to “secondary” status behind Aβ peptide in AD progression, but it
has been found that elevation of cerebrospinal τ levels and τ:Aβ ratio correlated with more
rapid cognitive decline in AD with mild dementia (Snider et al., 2009). Total neurofibrillary
tangles in the CA1 region of the hippocampus correlated better with cognitive decline than
did Aβ plaque deposition (Giannakopoulos et al., 2009). Furthermore, loss of medial septum
cholinergic neurons in a mouse AD model has been linked to τ pathology, and such loss
may mean a critical role for τ pathology in loss of cholinergic neurons typical of the disease
(Belarbi et al., 2011). It has been generally presumed that aberrant aggregation is the
primary etiological contribution of τ to the tauopathies. However, the possibility may exist
that the underlying pathologies could begin due to changes in τ function, with aggregation
following (Delacourte, 2008). Significant progress has been made in pre–mortem detection
and modulation of τ aggregates (Kim et al., 2010), and induction of τ disaggregation may
prove a promising therapy (Duff et al., 2010).

While it is a modified version of τ protein, i. e., hyperphosphorylated τ, that is usually
associated with neurological disorders, studies have shown that variations in the τ gene
(MAPT) and its expression levels may be associated with neuropathology. The C↔G
polymorphism at +347, within the intron between the 5′–UTR and exon 1, was associated
with upregulation of MAPT expression and greater AD risk (Sun and Jia, 2009). MAPT has
two known haplotypes, specifically H1 and H2 (Kwok et al., 2004). The haplotype
polymorphism has been variously claimed to only exist within MAPT (Kwok et al., 2004) or
to extend as much as 1.3 megabases (Oliveira et al., 2004). It has also been found to be part
of a 900 kb chromosomal H1 vs. H2 inversion (Stefansson et al., 2005), which also covers
the gene for corticotrophin releasing hormone receptor 1 (CRHR1). H1 consists of several
subhaplotypes, all of which are associated with some level of greater risk for PD (Kwok et
al., 2004; Seto-Salvia et al., 2011). H1 drives higher levels of MAPT gene transcription in
cell culture (Kwok et al., 2004). MAPT haplotype influence on PD risk is cumulative with
genetic and environmental factors such as APOE genotype, tobacco smoking, and coffee
intake (McCulloch et al., 2008). While specific association between overall onset risk for
AD and H1 has been rejected, (Seto-Salvia et al., 2011), progression from mild cognitive
impairment (MCI) to dementia is faster in patients with both MAPT H1 and the APOE ε4
allele (Samaranch et al., 2010). On the other hand, H2 is associated with 17q21.31
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microdeletion syndrome, a more common form of mental retardation (Rao et al., 2010).
Likewise, while H2 does not appear to alter absolute risk for FTD, it does reduce age at
onset and shows a more severe decline of frontal lobe glucose utilization (Laws et al., 2007)
and overall worse FTD prognosis once disease is diagnosed (Borroni et al., 2011). H2 has
been claimed to be under positive selective pressure in the Icelandic population (Stefansson
et al., 2005).

Early studies of AD molecular biology focused on protein sequence variations, such as
found in the now classic APPSWE (Mullan et al., 1992) and PSENdelE9 (Thinakaran et al.,
1996) familial AD (FAD) mutations. Unfortunately, FAD only represents a small minority
of AD cases (Thies and Bleiler, 2011), and age of onset, severity, and rate of progression
have all been linked to levels of apolipoprotein E (APOE), MAPT, and other AD–associated
genes (Yamagata et al., 2001; Sun and Jia, 2009). Specific promoter polymorphisms in the
APOE, APP, β–amyloid site cleaving enzyme 1 (BACE1), and MAPT genes have been
linked to AD risk (Lahiri et al., 2005b; Lv et al., 2008; Zuo and Jia, 2009; Maloney et al.,
2010; Wang and Jia, 2010). Therefore, both molecular biology and epidemiology point to
the vital importance of investigating promoter regulatory effects in AD etiology.

In our present work, we have cloned and sequenced a 4868bp fragment of a human
chromosome 17 BAC, containing 4364 bp of the 5′–flanking (promoter) sequence of the
MAPT gene, the sequence of the 5′–UTR exon, conventionally referred to as “exon 0”
(Sundar et al., 2007), and a portion of the intron between exons 0 and 1 (GenBank ID:
JF412354). Our structural analysis determined that it was an H2 lineage clone. We
compared JF412354 with other human MAPT 5′–flanking sequences and located both
proximal and distal H1 vs. H2 polymorphisms, several of which corresponded to predicted
transcription factor (TF) binding sites. A previous direct comparison of H1 and H2 covered
1039bp, of which 808 were considered to be the “promoter” sequence (Kwok et al., 2004),
with a single full–length expression clone constructed. No sequence from that analysis has
been deposited in available databases.

Our functional study of JF412354 included DNA protein interaction studies using the
electrophoretic mobility shift assay (EMSA). Double–stranded oligomer probes derived
from short sequences within the 5′–UTR were radiolabeled to probe mammalian cell
nuclear extracts. One of these probes, corresponding to +60/+84 from the +1 transcription
start site (TSS) had specific DNA–protein interaction activity in human neuroblastoma (NB)
nuclear extracts. Competition EMSA independently against unlabeled probes for SP1,
estrogen receptor (ER), progesterone receptor (PR), and retinoic acid receptor (RAR)
eliminated EMSA signal for this probe. Of these TF sites, a GC box/SP site was predicted to
exist within +60/+84.

Functional expression studies were carried out by DNA transfection experiments in different
cell types. For this, a library of 8 forward and 4 reverse promoter deletion fusion clones was
constructed in a promoterless chloramphenicol acetyltransferase (CAT) expression vector.
Different recombinant MAPT promoter–reporter clones were transiently transfected into
human and rat cells. All cell transfection results indicated several active sites of significant
basal promoter activity. For assays with neuronal–type cultures, the core promoter lies
within −302/+4, and all extensions of the JF412354 sequence upstream of this increased
promoter activity. In addition, the inclusion of “exon 0”, which is exclusively in the 5′–
UTR, significantly increased apparent promoter activity in NB and PC12 cell cultures. We
used this data to determine functional domains within the JF412354 sequence, looking at
both k ratio (Bayesian) and pairwise g for each comparison. In short, when k ratio was 100
or greater and g was ≥ 1.0  (square root of mean square error for the ANOVA)
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between adjusted signals for compared clones, the clones were deemed to belong to different
“domains”.

Finally, we aligned JF412354 vs. H1 and H2 human MAPT sequences in GenBank, and
against corresponding sequences for chimpanzee, gorilla, orangutan, marmoset, mouse, and
rat to estimate a phylogenic tree. Our proposed phylogenic tree agreed with several already
published estimations that had set the divergence of human MAPT from chimpanzee before
any split between H1 and H2 haplotypes within humans.

2. Methods
2.1. Reagents

Unless otherwise specified, reagents were purchased from Sigma (St. Louis, MO) and were
of “molecular biology” or “analytic” quality. Restriction enzymes were purchased from New
England Biological (Ipswich, MA). Other enzymes were purchased from Roche
(Indianapolis, IN). Cell culture reagents were purchased from Invitrogen (Carlsbad, CA).

Statistical analysis
Data was analyzed with the R environment for statistical computing (R Development Core
Team, 2011), using the “nortest” (Gross, 2006) and “agricolæ” (de Mendiburu, 2010)
supplemental packages. In addition to statistical significance, omnibus ω2 (Olejnik and

Algina, 2003) effect sizes were calculated by  and unbiased Ψ (Harlow et

al., 1997) were calculated by . Within each experiment,
modified g (Hedges and Olkin, 1985) for pairwise effect sizes were calculated for clone

comparisons by the formula . This is modified from a two–sample g
by using  in place of pooled standard deviation, to reflect the overall ANOVA context
of a given pairwise comparison. In these equations, SST is the sums of squares for
treatments; dfT is the degrees of freedom for treatments; MSE is the mean square error (aka
MSwithin or MSresiduals), SSE is the sums of squares for the error, k is the number of
treatments; x̄j is the mean value for a specific clone’s adjusted CAT level within an
ANOVA; X̄ is the overall “grand mean” adjusted CAT level for an ANOVA; x̄1 is the mean
adjusted CAT level of one clone in a given pairwise comparison; x̄2 is the mean adjusted
CAT level of the other clone; Γ is the gamma function; and a is either (nj + k − 2) for
ANOVA or (n1 + n2 − 2) for pairwise comparisons, with nj as the number of replicates
within each clone for the ANOVA or n1 and n2 as the number of replicates for each clone,
respectively in a pairwise comparison. Results for Ψ and g were rounded to one decimal
place. The units of Ψ and g are  and these effect size estimates are analogous to
Cohen’s d, while ω2 estimates “variance explained” and is analogous to r2. The Γ function
factor adjusts for sample size induced bias in effect size estimation (Nakagawa and Cuthill,
2007); ω2 is considered to be a “less–biased” estimator of variance explained compared to
similar effect size measures (Olejnik and Algina, 2003).

2.2 Cloning of ~5kb MAPT 5′–flanking sequence from human BAC RPCI–11 100C5
The BAC RPCI–11 100C5 was acquired from Roswell Park Cancer Institute (RPCI)
(Buffalo, NY, USA). Two pairs of PCR primers (τD–F: 5′–
GATGACTTCTCTCTCATGCA–3′, τD–R: 5′–TAGGACGGGATTTCACCA–‘3, τP–F:
5′–TGAGCAAGAGAGTGACA–3′, τP–R: 5′–GTGCATCCCTTGCTCA–3′) were
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synthesized (Invitrogen) based on the human genome reference chromosome 17 sequence
(Sayers et al., 2010). Each pair was designed to cover approximately 2.5kb DNA sequence,
with the distal and proximal fragments partially overlapping (Fig. 1A). PCR was carried out
similarly to methods described elsewhere (Maloney et al., 2009). Briefly, the “FailSafe”
PCR buffer kit (Epicentre) was used with an initial Tanneal of 58.6 °C, reduced by 0.5 °C per
cycle for 15 cycles, followed by 20 cycles at Tanneal 51.6 °C. Reactions were then run on 1%
agarose–TAE gel. For the distal fragment reaction, FailSafe buffer “H” produced a strong
product at 2.5 kb, while FailSafe buffer “D” had a 2.5 kb product for the proximal fragment
reaction. Each respective band was gel purified and cloned into the pCR2.1–Topo
(Invitrogen) vector (Fig 1B, D). Clones were screened by EcoRI enzyme digest, and
candidates with inserts were subjected to end sequencing with M13–F and M13–R primers
(Macrogen USA). Four clones (two distal, pτTA–DF & pτTA–DR, and two proximal,
pτTA–PF & pτTA–PR, in each orientation) were then chosen for further subcloning and
sequencing. Sequencing was carried out using primers based on the human genome
reference chromosome 17 sequence (Table 1).

2.3. Analysis of MAPT BAC RPCI–11 100C5 sequence
DNA sequence contigs were assembled with CAP3 (Huang, 1996). The resulting 4868bp
fragment was submitted to GenBank and given the accession number JF412354. JF412354
was then used to BLAST or BLAT probe the genomic databases for human, chimpanzee,
gorilla, orangutan, rhesus monkey, marmoset, mouse, and rat. In addition, the “nr” database
of GenBank was probed with JF412354. Homologous sequences are summarized in Table 2.
JF412354 was analyzed for G+C content, CpG dinucleotides, and GG dinucleotides in a
100bp window. JF412354 was also probed with RepeatMasker (Chen, 2004) and Censor
(Jurka et al., 1996) to locate common repeat sequences, such as Alu. In addition, JF412354
was aligned separately to the human chromosome 17 genetic contig (GenBank ID:
NT_010738), the rhesus monkey chromosome 16 genetic scaffold (GenBank ID:
NW_001102974), and the mouse chromosome 11 genetic contig (GenBank ID:
NT_165773). Homologies in a 100bp window were calculated and graphed. Finally,
JF412354 human MAPT sequences were used to probe the TransFac database via
MatInspector (Quandt et al., 1995) and H1 vs. H2 predicted transcription factor sites were
compared.

2.3.1 Preparation of nuclear extracts for electrophoretic mobility shift assay
(EMSA)—Nuclear extracts from different cell lines, specifically human cervical epithelial
(HeLa), SK–N–BE human neuroblastoma (NB), rat adrenal pheochromocytoma (PC12), and
human glioblastoma–astrocytoma (U373), as well as nuclear extracts from mouse brain,
were obtained from commercial sources (ActiveMotif, Carlsbad, CA) or prepared as
described previously (Lahiri and Ge, 2000).

2.3.2 Electrophoretic mobility shift assay (EMSA) of 5′–UTR fragments of
JF412354—Double–stranded oligomer pairs with sequences from JF412354 (Table 3)
were synthesized (Invitrogen) and labeled with γ–32P–ATP (Amersham) with
polynucleotide kinase (Roche, Indianapolis). Reactions were purified by passing through the
G–25 minicolumn and activity was determined by β particle count. An activity of
10,000cpm/μl (approx. 60pg/μl) was used to react with human SK–N–BE (NB)
neuroblastoma cell nuclear extract and mouse brain nuclear extract. Reactions were carried
out at 8 °C in EMSA buffer (Tris HCl pH7.5, 10mM; NaCl, 50mM; Triton X–100, 0.05%;
DTT, 0.5mM; glycerol, 5%; poly dIdC, 100μg/ml). For some reactions, self–competition
against unlabeled pair was carried out. In that case, reactions were pre–incubated for 30
minutes with 200× molar excess unlabeled homologous oligomer pair. All reactions were
incubated for 30 minutes with labeled probe. Reactions were then analyzed in 5%
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polyacrylamide–TGE (50 mM Tris at pH 8.5, 0.384 mM glycine, and 2 mM EDTA) gel.
The gel was dried and exposed to X–ray film for autoradiography at −70 °C. Free unbound
oligonucleotides ran at the bottom of the gel, and different protein–DNA complexes were
detected as mobility–retarded bands as described previously (Ge et al., 2004a).

2.3.3 Competition EMSA of specific transcription factor–binding double–
stranded oligomers against the UTR1B probe—Double–stranded oligomer pairs for
the binding sites of transcription factors AP1, AP2, SP1, GATA, estrogen receptor (ER),
progesterone receptor (PR), and retinoic acid receptor (RAR) were used at 200× molar
excess to compete against radioactive UTR1B oligomer pair probe. Reactions were
separated electrophoretically on 5% polyacrylamide–TGE gel, dried, and exposed to X–ray
film as per 4.4.2.

2.4 Subcloning of MAPT 5′–flanking sequence into pBLCAT3 chloramphenicol
acetyltransferase (CAT) expression backbone and creation of promoter deletion series
library

Clone pτTA–PF was digested with XbaI and BamHI. A 2.5kb fragment was purified and
cloned into the XbaI/BamHI sites of expression vector pBLCAT3 to produce pτ2 (Fig. 1C).
The distal MAPT promoter fragment from pτTA–D was cut out from its backbone with
XbaI and BstEII and cloned into the XbaI and BstEII sites of pτ2 to produce pτ1 (Fig. 1E).
The promoter–reporter fusion clone pτ2 was digested with HindIII. A 738bp fragment was
gel purified and cloned into the HindIII site of pBLCAT3 to produce both pτ3 and pτ3R.
Orientation was checked by end sequencing. The same HindIII digestion of pτ2 was self–
ligated to produce pτ4. Clone pτ2 was also digested with PspXI and the backbone self–
ligated to produce pτ5. Clone pτ5 was digested with SalI and the 595bp fragment was
cloned into the SalI site of pBLCAT3 to produce both pτ6 and pτ6R. The SalI digested
backbone of pτ5 was self–ligated to produce pτ8. Finally, pτ6 was digested with EagI and
self ligated to produce pτ7.

2.5 Expression of transient transfections by a reporter chloramphenicol acetyltransferase
(CAT)–JF412354 deletion series library

Rat pheochromocytoma (PC12) and glioblastoma (C6) and human SK–N–SH
neuroblastoma (NB) cell cultures were acquired from ATCC and routinely cultured in our
laboratory according to ATCC instructions (Ghosh et al., 2000). Tissue culture reagents
were obtained from Invitrogen. PC12 cultures were grown in duplicate, one set treated with
30 ng/ml nerve growth factor (NGF) for 7–10 days. The NB and PC12 cell lines were
chosen as commonly–used representative neuronal cell cultures. PC12 was further treated
with NGF as PC12 + NGF cultures resemble differentiated neurons (Kim et al., 1994). C6
cells were chosen to represent non–neuronal cells that would otherwise be found in close
proximity to neuronal cells in the brain. C6, NB, PC12, and PC12 + NGF cell cultures were
transfected with empty pBLCAT3 vector or one of either 12 JF412354–CAT reporter
constructs (C6, NB, PC12) or 7 such constructs (PC12 + NGF) by Lipofectamine and Plus
reagent (Invitrogen), as described previously (Ghosh et al., 2000). DNA transfection was
carried out in 2×106 cells per 60mm plate in triplicate, with 2.7 μg of promoter–reporter
clone or pBLCAT3 DNA. To monitor transfection efficiency, cells were cotransfected with
0.3μg pSVβGAL (Promega) under the same conditions. Cells were harvested, extracts
prepared, protein concentration determined by modified Bradford assay (BioRad), CAT
reporter protein levels were measured by a sensitive enzyme–labeled immunosorbent assay
(ELISA), and β–galactosidase (β–gal) activity levels were measured colorimetrically. The
reporter CAT protein levels were adjusted by β–gal and total protein and adjusted data
further analyzed. This information was used to characterize 6 distinct regulatory domains
(domains I–V upstream of the +1 TSS, domain 0 downstream of the +1 TSS) within the
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JF412354 MAPT promoter sequence (Table 3, Fig. 10). All calculations and estimations
were performed on transformed data. Data was back–transformed for presentation.

2.6 Multiple alignment and phylogeny of JF412354 to selected mammalian and human
MAPT sequences

JF412354 was subject to multiple alignment with all non–human sequences extracted from
GenBank and ENSEMBL and with non–redundant human sequences from GenBank (Table
2) via PRANK (Fletcher and Yang, 2010). Gaps were then encoded with FastGap
(Borchsenius, 2009), which implements the algorithm of Simmons & Ochoterena (Simmons
and Ochoterena, 2000). Encoded gaps were appended to the end of the sequence alignment.
Alignment was then used as input to MrBayes (Ronquist and Huelsenbeck, 2003) for
maximum likelihood and to PARS (Fink, 1986) for parsimony phylogeny estimation. For
branch lengths, the PARS consensus tree was used as input to FITCH (Fink, 1986), with a
distance matrix generated by Tree–Puzzle (Schmidt et al., 2002), using the HKY nuclear
substitution model.

3. Results
3.1.1 Subcloning and Sequencing of a 4868 base–pair (bp) fragment of the MAPT 5′–
flanking region

BAC RPCI–11 100C5 was subject to parallel PCR as described herein. Two 2.5 kb DNA
fragments were isolated and cloned into pCR2.1–Topo PCR cloning vector (Fig. 1). These
clones were used as templates for simultaneous parallel DNA sequencing with primers
(Table 1) based on the human genome MAPT sequence. DNA sequencing revealed that the
RPCI–11 100C5 clone was 4868 bp between the τD–F and τP–R primers (Fig. 2A). This
sequence was deposited with GenBank and given the accession number JF412354, which
will be used for the remainder of this paper to indicate the 4868 bp RPCI–11 100C5–derived
sequence.

3.2 Structure of the JF412354 MAPT gene 5′–flanking sequence
Fragment JF412354 included the +1 TSS, exon zero (5′–UTR), and a portion of the first
intron, in addition to > 4kb of upstream promoter sequence. The sequence was screened for
known repetitive elements with RepeatMasker (Chen, 2004) and Censor (Jurka et al., 1996).
Fifteen separate repeats were found (Fig. 2B, Table 4). These included three Alu and two
L2b elements. Structurally, JF412354 is typical of a “housekeeping” promoter (Fig. 3), with
moderate (30%–50%) G + C content upstream of approximately −250 from the +1 TSS.
Total G + C proportion increased to about 75% for the remainder of the sequence. As would
be expected, CpG density was fairly low for most of the sequence. From −4364/−357, CpG
density was 2.5% or less in a 100bp window. CpG density then rose to as much as 10%,
peaking around the TSS. Density of GG dimers has three peaks that exceed 10% frequency
at −2112/−2051, −363/−292, and +434/>+454. GGG trimers rise above 5% frequency at
−2114/−2031, −364/−314, and +433/>+454. Dimer and trimer frequencies were calculated
in 100bp windows. The C in CpG dimers is the most common site of DNA methylation in
mammals (Grayson et al., 2005), while GGG and GG sequences are the most and second–
most likely sites of DNA oxidation (Lee et al., 2008). DNA methylation and oxidation are
both fundamental to gene–environment interaction models of idiopathic disease, such as the
“Latent Early–life Associated Regulation (LEARn) model for AD (Bales et al., 2000; Lahiri
and Maloney, 2010).

3.2.1. Structure of the JF412354 MAPT gene 5′–flanking sequence: homology
of JF412354 with selected mammalian 5′–flanking MAPT sequences—
Alignment with available human upstream MAPT sequences in GenBank (Table 2) revealed
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that JF412354 is in the H2 haplotype, a minority inversion polymorphism that covers MB on
chromosome 17. Homology comparison with BX544879 vs. the H1 sequences (AC010792,
NT_010783, AC091628, NG_007398) established several specific dimorphisms between H1
and H2 haplotype sequence groups (Fig. 4). Nevertheless, homology between JF412354 and
the reference human genome sequence (coincidentally H1 haplotype) was still high, above
95% throughout (Fig. 5A). Homology with rhesus monkey sequence was around 90% from
approximately −3750 to +500, but it fell off to 50% upstream of −3750 (Fig. 5B). Homology
with mouse sequence was not strong, generally between 50% and 75%, with several gaps.

3.2.2 Structure of the JF412354 MAPT gene 5′–flanking sequence: predicted
transcription factor (TF) sites in JF412354 that cross H1/H2 dimorphic regions
—JF412354 was used to probe the TransFac database with Genomatix/MatExplorer. A large
number of putative TF sites were found. These included but were not limited to activator
protein (AP)1, AP2, and related factors, CCAAT/enhancer binding protein (C/EBP), cAMP
responsive element binding proteins (CREB), Heat shock factors (HSF), Hypoxia–inducible
factors (HIF, HRE), Interferon regulatory factors, nuclear factor κ–B (NF–κ–B), and GC
box/SP1 family factors. A recently discovered Aβ interacting domain (AβID) decamer
(Bailey et al., 2011; Maloney and Lahiri, 2011) was predicted to occur four times in
JF412354, although none of the predicted AβID sites crossed an H1/H2 dimorphism. The
four H1 sequences were also used to probe TransFac, and a majority presence of a given site
was taken to mean that the site was “typical” of the H1 haplotype. Several putative TF
binding sites did differ between H1/H2 dimorphisms (Table 5). Of particular note is that
some of these sites differed at H1/JF412354 dimorphisms for all instances of a specific TF,
specifically the AP1–related factor neural retina leucine zipper (NRL), hypoxia–inducible
factor (HIF)1, and retinoic acid receptor–related orphan receptor α (RORα). In addition,
individual sites were present exclusively in H1 or JF412354, including cAMP–responsive
element binding proteins nuclear factor, interleukin 3 regulated (NFIL3) and x–box binding
protein (XBP)1; CCAAT/enhancer binding protein (C/EBP)α and C/EBPβ; E–box binding
factors activating transcription factor (ATF)6 and upstream stimulatory factor (USF); and
the NF–κ–B site binding protein zinc finger protein (ZFP)40. Other instances of these TF
sites also appeared in both JF412354 and H1. In addition, potential binding sites for TFs of
interest to AD and tauopathies in general were found in both H1 and JF412354 (Table 6).
These included AP1 (at −3853, −464), AP2 (at −1140, −350, −251, −69), GC Box (−4205,
77, 429), LXR (at −2267), Aβ/AβID (at −2352, −2069), SP1 (at −2654, −323, −318, −256,
+119, +217, +357, +452), STAT1 (at −2357, −975), and STAT3 (−4139, −1472, −686, 467).

3.3 Proximal EMSA of JF412354 reveals a potential active GC box/SP site
A set of six oligomer pairs (Table 3) that correspond to two regions within the MAPT 5′–
UTR were synthesized, radiolabeled, and used to probe nuclear extracts from neuronal and
glial cell lines and from mouse brain. Two regions, UTR1 (+35/+114) and UTR2
(+195/+306) (Fig. 6A) were chosen based on density of predicted TF sites (data not shown).
An initial screening vs. neuronal (SK–N–BE) nuclear extracts (Fig. 6B) suggested that a
specific DNA–protein interaction was occurring when UTR1B and UTR2B were used to
probe extracts. Some weaker specificity may have occurred with UTR1C. Probing of mouse
brain nuclear extracts (Fig. 6C) produced a single sharp band for UTR1B (lane 2) and strong
interaction for all UTR2 probes (lanes 4–6). It is possible that the specific nuclear proteins
differ between the NB cell culture and mouse brains. Likewise, the more complex
environment of whole brain may lead to protein degradation, resulting in smaller available
fragments for in vitro DNA–protein interaction.

When UTR1B was used as a probe in competition EMSA, its self specificity in PC12 (Fig.
7, lane 5), hypoxic PC12 (lane 12), and HeLa (lane 14) nuclear extracts was fairly apparent
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(Fig. 7). All interaction was eliminated by self competition in PC12 extract (lanes 1 vs. 2).
Band III interaction was reduced, if not eliminated with hypoxic PC12 (lanes 12 vs. 13) and
HeLa (lanes 14 vs. 15) nuclear extracts. Unexpectedly, competition with UTR1C also
eliminated UTR1B–PC12 interaction signal (lane 1 vs., 4) unlike UTR1A (lane 3).
However, this can be explained by the very strong competition offered by unlabeled SP1
binding oligomer pair vs. UTR1B (lanes 7 and 1). Both UTR1B and UTR1C are predicted to
have a GC box/SP family TF binding site. Thus, either of these two sites has the potential to
be active, synergistically or antagonistically, in vitro. In addition to SP1 competition,
unlabeled oligomer pairs for PR (lane 10) and RAR (lane 11) competed out the UTR1B
signal. Genomatix did not predict for either of these particular TFs to bind this sequence.
However, this does not exclude the possibility that a marginal PR or RAR site may be able
to bind DNA in an in vitro EMSA.

3.4 Chloramphenicol acetyltransferase (CAT) reporter gene expressing fusion clones
reveal different regulatory domains within JF412354 MAPT gene promoter

A library of JF412354–CAT gene reporter fusion clones was constructed as described
herein. Eight specific forward–orientation and four reverse–orientation clones were
constructed (Fig. 8). These clones were transiently transfected into NB, PC12, PC12 treated
with NGF, and C6 cell cultures as described herein. Cells were harvested and total protein
was measured by Bradford assay. CAT protein and β–gal levels were measured by ELISA.
CAT protein levels were adjusted for clone insert length, β–gal levels, and total protein.
Examination of residuals revealed significant non–normality by Anderson–Darling test for
each of the four cell line/treatment combinations. Data was adjusted by Box–Cox (NIST/
SEMATCH, 2005) transformation (Supplemental Figure). Transformed data was analyzed
by Waller–Duncan multiple range test (Steel et al., 1997) to separate values for each clone.
In each case, transformed data revealed acceptable differences in promoter activity
depending upon specific JF412354 fragment (Fig. 9, Table 7). We required both the
generally accepted minimum k ratio of 100 in our analysis for the Waller–Duncan test and a
minimum g of 1.0 to accept a difference as valid.

In NB and PC12 cells, highest activity occurred when only domain V (the distal–most
2.5kb) was removed (Fig. 9 τ2 construct). The presence of this distal fragment significantly
reduced promoter activity in both of the untreated neuronal cell lines (Fig. 9, τ1 vs. τ2
construct). By contrast, in the glial C6 line, highest promoter activity was detected only
when domain V was part of a reporter clone (Figs 9 and 10). For the three untreated cell
lines, inclusion of domain 0 (partial intron–containing fragment +293/+504) significantly
reduced apparent promoter activity. On the other hand, when PC12 cells were treated with
NGF, inclusion of domain 0 resulted in increased promoter activity. The “intron–only” clone
τ8 had no apparent promoter activity on its own except in PC12–NGF cell culture, in which
it had small but significant promoter activity vs. promoterless pBLCAT3. The core promoter
region appeared to be between −302/+4 for all three cell lines, although inclusion of the 5′–
UTR (+4/+293) significantly increased CAT protein levels in all three cell lines.

The reverse–orientation clones (τ1R, τ2R, τ3R, τ6R) drove CAT levels that were the same
as or lower than pBLCAT3 levels in C6, PC12, and PC12 + NGF cells. In none of these
cases did reverse–orientation JF12354 insert clones exceed the CAT levels produced by the
promoterless vector clone pBLCAT3. In NB cells, on the other hand, two of the reverse
clones, τ1R and τ2R differed from pBLCAT3, driving relative adjusted CAT levels of 2.04
and 1.56, respectively. Both of these clones contain the +293/+504 domain 0 intronic
fragment. No functional gene has been verified that would correspond to such promoter–like
activity. However, a hypothetical LOC100128977 has been reported immediately upstream
of and in opposite orientation to the MAPT gene (Strausberg et al., 2002).
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3.5 Phylogeny of the H2 haplotype agrees with an intermediate pre −H1/H2 sequence for
MAPT promoter regions

Rodent and primate MAPT sequences were aligned with non–redundant human MAPT
sequences, including JF412354 and gap–coded as described herein (Supplemental
Alignment). The alignment was then analyzed by maximum likelihood (Bayesian) and
parsimony phylogeny estimation (Fig. 11, Supplemental Trees). Both methods predicted that
the H1 and H2 sequences are more likely to share some common ancestor that diverged
from the ape lineage rather than either H1 descending from or being the ancestor of H2.
When aligned sequences were compared (chimpanzee vs. H1 and chimpanzee vs. H2) there
were 65 points of sequence difference that both H1 and H2 shared with chimpanzee. H2 had
a further 28 differences with chimpanzee while H1 had 18 (Supplemental Table,
summarized in Table 8). Fisher’s exact test reported p = 0.231 (odds ratio 1.552), indicating
that neither human haplotype has significantly more differences in primary DNA sequence
from chimpanzee than does the other in comparison to the number of shared differences. To
extend this analysis to a somewhat more functional model, we predicted transcription factor
binding sites on the chimpanzee sequence with MatInspector. Both H1 and H2 had 266
shared different predicted TF sites vs. chimpanzee. H2 had 85 unique predicted differences,
while H1 had 65. Fisher’s exact test reported p = 0.075 (odds ratio 1.416). As expected, the
result is similar, i.e., non–significant, to direct primary DNA sequence comparison.

4. Discussion
Molecular mechanisms that underlie AD pathological findings and the clinical symptoms are
still poorly understood (Holtzman et al., 2011). The amyloid cascade hypothesis posits that
accumulation of Aβ initiates a cascade of molecular events leading to neurodegeneration
and dementia (Hardy and Selkoe, 2002); however, Aβ–based drugs have recently failed in
clinical trials (Sambamurti et al., 2011). Inflammatory responses, mitochondrial dysfunction,
oxidative stress, calcium dysregulation, impaired axonal transport, membrane damage and τ
based neurotoxicity, among others mechanisms, are likely to participants in this cascade
(Sambamurti et al., 2006; Querfurth and LaFerla, 2010). A great deal of work investigating
amyloid plaque and τ tangle hypotheses emphasizes the role of protein products. Our
premise is to understand the regulation of several genes important to AD, such as APOE
(Maloney et al., 2010), APP (Lahiri and Robakis, 1991; Lahiri et al., 2005a; Lahiri et al.,
2005b), BACE1 (Ge et al., 2004b; Sambamurti et al., 2004; Lahiri et al., 2006a), and
BACE2 (Lahiri et al., 2006b). This present work further reinforces the role of functional
domains present in these gene promoters.

Microtubule associated protein τ (gene MAPT) is indispensible for normal neuronal
function. Diseases as diverse as Parkinson’s disease (PD), frontotemporal dementia,
progressive supranuclear palsy, Pick disease, and several other tauopathies also have well–
known association with aberrant τ deposition or activity (Delacourte, 2008; Borroni et al.,
2011; Seto-Salvia et al., 2011), although some forms of frontotemporal dementia are
associated with mutations in the gene for progranulin with no associated MAPT genetic
abnormality (Baker et al., 2006). Many tauopathies have been traced to aberrant post–
transcriptional processing, especially selection of specific τ isoforms (Goedert et al., 1989).
However, the possibility exists that even moderate alteration of overall τ expression levels
regardless of isoform may also contribute tauopathies and even to disorders not specifically
characterized as tauopathies simply because τ’s normal function includes regulation of
intraneuronal transport by dynein and kinesin (Dixit et al., 2008). It is prone to be found in
axons, and has been long known to be the primary component of intraneuronal fibrillary
tangles (Goedert et al., 1989) in AD. Normal τ function is to interact with tubulin in the
cytoskeleton, and disruption of this function contributes to cellular degeneration in AD
(Alonso et al., 1996).
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The τ protein has a fundamental role in AD progression. Intraneuronal tangles of
hyperphosphorylated τ are one of the two archetypal molecular markers of the disorder. Of
particular note, τ load is pronounced in the inferior colliculus of AD brains when compared
to control brains (Dugger et al., 2011). Antioxidant capacity (a measure of oxidative stress),
directly correlates with Braak τ tangle stage in AD (Tayler et al., 2010). While it has been
shown that aberrations in τ mRNA splicing contribute to AD and other tauopathies (Chen et
al., 2010), several studies indicate MAPT gene regulatory contributions to pathogenesis. For
example, the C allele of a MAPT SNP at +347 (G→C) was significantly associated with
AD, as was the C/C genotype. When stratified for ApoE status, these associations persisted
at the same significance level for non–ApoEε4 subjects. In addition, this SNP corresponded
to greater levels of MAPT promoter activity in cell culture (Sun and Jia, 2009). Greater
understanding of the MAPT promoter would, therefore, contribute to progress against AD
and other tauopathies.

Structure and function of the MAPT promoter has been previously investigated to some
extent (Andreadis et al., 1996). A six clone deletion series derived from a HindIII/SalI
fragment of an H1 MAPT promoter, corresponding to −1255/+293 on JF412354, was
subcloned and transfected into human cervical epithelial (HeLa) and neuroblastoma SK–N–
SH (NB) cells. Andreadis et al concluded that the promoter region upstream of “exon 0” was
not neuron specific, given that NB and HeLa expression levels only differed twofold
(Andreadis et al., 1996). However, they did allow the possibility that a more distal sequence
may confer some level of neuronal specificity. On the other hand, a deletion series based on
MAPT fragments from −2869/+66 suggested that the entirety of the MAPT promoter is cell
type specific, exercising strong neuronal preference throughout its length (Sadot et al.,
1996). We reconcile this apparent contradiction as follows:

Comparison of Andreadis et al with our own promoter deletion series leads us to agree that
the sequence from HindIII to SalI (−1255/+293) does not appear to have neuronal
preference when NB cells are the neuronal cell line. However, when we compared our
transfected PC12 cell culture results to our C6 results over a longer promoter region that
roughly corresponds to Sadot et al’s deletion series (Sadot et al., 1996), we find that the
MAPT promoter does have “neuronal preference” throughout the length that corresponds to
Sadot et al’s experiments. Reporter protein levels from MAPT–transfected cell extracts were
higher vs. promoterless vector in neuronal (PC12) vs. glial (C6) cells from the same species.
This occurs both on the basis of relative adjusted CAT levels and pairwise effect size (g).
This trend is for PC12 cells that were untreated and those treated with NGF. Interestingly
enough, when we tested sequences more distal form the +1 TSS than those surveyed by the
other groups, such sequences actually suppressed promoter activity in both NB and PC12
cells, while increasing activity in C6 cells. The presence of a distal regulatory element
within the APP gene (Lahiri et al., 1999) and a distal APP single–nucleotide polymorphism
associated with AD (Lahiri et al., 2005b) both raise the possibility of distal sequence
participation in a broader regulatory environment in other AD–associated genes. Of interest
to questions of neuropathology is that induced differentiation of PC12 cells by NGF
reversed the apparent activity of a proximal (+293/+504) intronic fragment. Bringing this all
together, we conclude that neuronal specificity for MAPT is most likely to lie in the “more
global context for correct expression” (Andreadis et al., 1996), which relies on the activities
of cells within tissues, tissues within organs, organs within an organism, all within an
environment.

Also of note, our work suggests an additional possibility. Specifically, comparing clones τ5
with τ6 shows that the presence of short intronic fragment 0 (+293/+504) functions to
significantly reduce expression levels in unstimulated cell lines. This reduction in occurred
in all three untreated cell lines we tested, but in PC12 cells, adjusted CAT protein levels
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were still significantly higher than promoterless vector. When we treated PC12 cells with
NGF, the 0 region acted to upregulate promoter activity. Regulation of gene transcription
through introns is known (Jones et al., 2011), and in some cases, this process is mediated
through transcription factors such as NF–κ–B and SP1 (Deshane et al., 2010; Ying et al.,
2010), both of which have association with neurodegenerative disorders (Du et al., 2005;
Dosunmu et al., 2009). Therefore, our examination of both MAPT distal promoter sequences
and a fragment of its first intron, along with differing results that depend upon what one
accepts as a “neuronal” cell model, leads us to suggest that both distal promoter and
elements downstream of the +1 TSS may work to confer neuronal specificity on MAPT
expression, and that this specificity may be particularly sensitive to the overall context of
expression.

One variable that has not been taken into account is that our MAPT sequence was H2, and
the earlier studies used H1 sequences. One direct comparison of H1 vs. H2 promoter activity
has been done. This consisted of a comparison of ~1kb MAPT promoter/5′–UTR fragments
fused to a luciferase reporter vector. The H2 clone in that study had 20% to 25% lower
luciferase activity than did the H1 clone (Kwok et al., 2004). However, no deletion series of
the promoter was constructed to establish if any differences in specific domains existed. Our
current experiments were to provide a broad analysis of the specific H2 clone. While a side–
by–side H1/H2 cloning series would have been most ideal, it would have also been beyond
the scope of a single manuscript. Therefore, any functional conclusions drawn between H1
and H2 MAPT promoters are tentative and useful for generating hypotheses for further
investigation.

In addition to detailed molecular and functional anatomy of the MAPT promoter, we have
undertaken some exploration of potential specifics of its proximal regulation. The presence
of putative SP1 sites in the proximal MAPT promoter has been previously reported
(Andreadis et al., 1992; Andreadis et al., 1996; Sadot et al., 1996), and we also predict GC
box/SP family sites in the proximal MAPT region, specifically the 5′–UTR coded by “exon
0”. We began our investigation of potential proximal transcription factor binding by running
EMSA with selected oligomer pairs synthesized from short sequences near the JF412354
3′–end. Of the six probes tested, one sequence (+60/+84) showed self–specificity in DNA–
protein interaction. We further tested this specificity by competition EMSA against several
unlabeled (cold) oligomer pairs that contain specific transcription factor binding sites.
Interestingly, we observed that SP1, ER, GR, and RAR oligomer pairs all successfully
competed against the +60/+84 probe, as did an unlabeled oligomer pair that corresponded to
+85/+114. This competitor has a fragmentary GC box site at its 5′–most end, which may
explain the competition. TransFac prediction of TF sites within JF412354 did not predict
active ER, GR, or RAR sites within +60/+84. The presence of a potentially active SP1 site
in JF412354 is worth interest in light of our findings that closely associate SP1 levels with
mRNA levels of the AD–associated genes APP and β–secretase enzyme (BACE1) over the
lifespan of rodents and monkeys (Dosunmu et al., 2009).

Characterization of the MAPT promoter indicates that our sequence is of the H2 haplotype,
which spans over 1 megabase (Oliveira et al., 2004) and includes a 900kb inversion
(Stefansson et al., 2005). The H1 haplotype of MAPT is associated with several tauopathies,
including PD and to faster progression to dementia in AD (Wider et al., 2010; Seto-Salvia et
al., 2011). The H2 allele has been associated with 17q21.31 microdeletion mental
retardation and more severe decline in FTD (Rao et al., 2010; Borroni et al., 2011). H2 is
found primarily in European–originating populations (Stefansson et al., 2005; Donnelly et
al., 2010). Hypotheses based on recent mutation of H2 from H1 have been generally
discounted, and both H1 and H2 are accepted as ancient lineages (Stefansson et al., 2005;
Zody et al., 2008). Likewise, the suggestion that H2 was somehow infused from Neanderthal
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contact with archaic H. sapiens has been rejected in light of available Neanderthal sequence
information (Pennisi, 2009). A case has been made that H2 is the ancestral lineage (Zody et
al., 2008). Alternatively, others grant neither lineage ancestral status, based on roughly equal
distance each haplotype has vs. chimpanzee (Cruts et al., 2005; Stefansson et al., 2005). Our
own data tends to agree with the latter hypothesis, that H1 and H2 are each descendents of a
third, ancestral sequence.

However, the ancestral status of H1 vs. H2 is not as immediately important as functional
differences between the two. Our present analysis has concentrated on bringing the state of
detailed knowledge for the H2 MAPT promoter region up at least to the level of H1. Now
that specific regulatory domains have been mapped out for the H2 MAPT promoter, it can
be compared “head to head” with the same or at least very similar analysis of H1 MAPT
sequences to elucidate detailed, specific functional differences that could be amenable to
direct pharmaceutical intervention. The presence of two well–defined MAPT lineages with
distinct effects on neurodegenerative disorders ought to be an excellent workbench for
elucidating the specific mechanistic traits of each that contribute to or protect from
respective diseases. In addition to our promoter functional analysis and EMSA data highly
suggestive of a functioning proximal SP1 site, we have come across several predicted TF
recognition sequences that cross H1/H2 points of dimorphism. Most notably, these include
C/EBPβ, CMYC, HIF1, and NF–κ–B, all of which are associated with inflammatory
response, often a key element in etiology of neurodegenerative disorders. In addition, C/EBP
and CREB signaling are intimately involved in memory persistence, AD progression, and
neuronal plasticity (Saura and Valero, 2011). These particularly putative sites exclusively
cross H1/H2 dimorphic sites. These sites offer particularly inviting specific targets for
further research. Several GC box/SP factor sites also cross H1/H2 dimorphism locations.
SP1 is strongly implicated in models of gene–environment interaction for AD etiology,
particularly models that differentiate among familial and sporadic AD (Bales et al., 2000;
Lahiri and Maloney, 2010). NF–κ–B activity generally functions in neuroinflammation
(Bales et al., 2000) and specifically acts to enable Aβ–mediated upregulation of APOE gene
expression (Du et al., 2005). The SP1 TF also has been important in development of the
“latent early–life associated regulation” (LEARn) model of sporadic disease etiology (Lahiri
and Maloney, 2010). In short, the LEARn model proposes that transcription factor sites can
be “hot spots” for disease etiology due to containing CpG (DNA methylation) or GG (DNA
oxidation) sites. Early–life exposure or stress induces epigenetic DNA changes in the form
of DNA methylation and/or oxidation. These epigenetic markers have latent effect until an
additional trigger event occurs, at which time effects exceed a clinical threshold, resulting in
disease.

We have extended specific knowledge of MAPT promoter activity and structure further
upstream than previous publications have. Our functional promoter deletion series has
explicitly laid out challenges inherent in model cell cultures for MAPT promoter analyses
and suggests that MAPT regulation is as much a matter of in vivo context as local DNA
sequence/TF interaction. We also have opened up the possibility of intronic regulation of
MAPT expression, and that this regulation may be cell type specific. Our extension of the
understanding of MAPT has been both physical and conceptual and points to mechanistic–
oriented studies with definable and useful results. We have determined that a potentially
active SP1 site exists in the 5′–UTR of the sequence. Finally, we have identified several
potential TF binding sites that cross H1/H2 haplotype dimorphisms. Given the well–
established differences in disease risk posed by H1 vs. H2, these specific TF sites are good
candidates for rationally targeted tauopathy research.
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List of Abbreviations

AD Alzheimer’s disease

AP activator protein

APOE apolipoprotein E gene

APP amyloid β peptide precursor gene

Aβ amyloid β peptide

bp base–pair

C/EBP CCAAT/enhancer binding protein

C6 rat glioblastoma cells

CAT chloramphenicol acetyltransferase protein

CAT chloramphenicol acetyltransferase gene

CMYC myelocytomatosis viral oncogene homolog

CREB cyclic AMP responsive element binding proteins

CRHR1 corticotrophin releasing hormone receptor 1

E2F4 E2F transcription factor 4

EMSA electrophoretic mobility shift assay or gel shift assay

ER estrogen receptor

FTD frontotemporal dementia

HIF hypoxia–inducible factor

HRE hypoxia responsive element

MAPT microtubule–associated τ gene

MARE musculoaponeurotic fibrosarcoma oncogene homolog recognition element

NB human neuroblastoma SK–N–BE extract or human neuroblastoma SK–N–SH
cells

NF–κ–B nuclear factor κ B

NRL neural retina leucine zipper

PC12 rat pheochromocytoma/neuronal cells

PD Parkinson’s disease

PDEF prostate derived Ets transcription factor

PR progesterone receptor
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RAR retinoic acid receptor

SP specificity protein

TF transcription factor

TSS hnRNA transcription start site

U373 human glioblastoma–astrocytoma

UTR mRNA untranslated region

τ microtubule–associated τ protein
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Highlights

We cloned a previously unpublished 4kb tau (MAPT) gene promoter region.

We further analyzed the 4kb sequence via EMSA and CAT reporter gene clone
series.

The MAPT sequence was for the less common H2 haplotype.

EMSA showed potentially important transcription factor interactions.

Reporter clone series revealed promoter regulatory domains.
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Fig. 1. Generation of MAPT 5′–flanking DNA sequence clones from clone RPCI–11 100C5
A) BAC RPCI–11 100C5 was subjected to PCR with two primer pairs, τD–F/τD–R (distal)
and τP–F/τP–R (proximal), as described in the text. PCR produced partially overlapping
~2.5kb fragments. PCR products were cloned into the pCR2.1–Topo vector (Invitrogen) in
random orientation. Inserts and orientations were confirmed by digestion with appropriate
restriction enzymes, and pCR2.1–Topo backbone clones were used for sequencing and
subcloning into expression vectors. The proximal PCR fragment was used to produce B)
pτTA–P in both orientations (the “pτTA–PF” forward orientation clone is shown). C) Clone
pτTA–PF was digested with XbaI and BamHI. A 2.5kb fragment was purified and cloned
into the XbaI/BamHI sites of expression vector pBLCAT3 (Promega) to produce pτ2. D)
The distal MAPT promoter PCR fragment from RPCI–11 100C5 was cloned into pCR2.1–
Topo to produce pτTA–D in both orientations (the “pτTA–DF” forward orientation clone is
shown). E) Clone pτTA–DF was digested with XbaI and BstEII and the 2.5kb MAPT
fragment was cloned into the XbaI and BstEII sites of pτ2 to produce pτ1. The BstEII site
was native to the RPCI–11 100C5 BAC, making the pτ1 clone is a reconstruction of the
original BAC sequence fragment. In addition, pτ2 was used in further digests, as described
in the text, to produce clones pτ3 to pτ8. The “R” (reverse) orientation clones were
produced in a similar fashion, starting with opposite–oriented pCR2.1–Topo backbone
clones. Restriction enzyme names in the figure are abbreviated as follows: Ba, BamHI; Bs,
BstEII; Xb, XbaI.
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Fig. 2. Sequence diagram of the 4868bp MAPT 5′–flanking region fragment, JF412354
A) The 4868 bp sequence, showing +1 transcription start site, locations of PCR primers, and
restrictions enzymes used in subsequent subcloning of CAT gene reporter expression clones.
A partial intron at the 3′–end of the sequence is also shown. A CpG island is indicated. B)
Positions of repeats found by RepeatMasker (Chen, 2004) and Censor (Jurka et al., 1996).
Specific repeat positions by bp are in Table 4. C) Sequencing “walk”, showing all
overlapping progress of sequencing progression for JF412354.
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Fig. 3. Sequence of the 4868bp MAPT 5′–flanking region fragment, JF412354
Clones of a DNA fragment containing 4868 bp were sequenced in both directions, as
described in the text. DNA sequence was aligned with MAPT upstream sequences from both
H1 and H2 haplotypes. Bases where H2 sequences (including JF412354) disagreed with the
majority of H1 sequences have “*” beneath them. The locations of six oligonucleotide pairs
(UTR1A–C, UTR2A–C) used for EMSA analysis of nuclear protein–proximal promoter
interactions (Table 3, Fig. 6–7) are indicated. Two predicted GC box/SP1 sites in the 5′–
UTR region with possible activity as identified by EMSA (Fig. 7) are indicated. The
locations of oligomer pairs used for EMSA analysis are indicated. A potential distal
neurospecific promoter region at −4364/−1992 (Figs 9–10) is italicized. The +1 TSS base is
boldface and italic. Functional domains (Fig. 10) are indicated.
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Fig. 4. GC content and structural attributes JF412354
A) Percent GC content of JF412354 (4868 bp) in a 100bp window. B) Percent of sequence
dimers in 100bp window that are “CpG” (potential DNA methylation) sites. C) Percent of
sequence dimers in 100bp window that are “GG” (DNA “oxidation hotspots”). CpG and GG
dimers are relevant in explaining the biological basis of AD etiology as per the previously
proposed “LEARn” model of gene–environment interactions behind sporadic disorders
(Lahiri et al., 2009).
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Fig. 5. Sequence homology of JF412354 with selected MAPT 5 ′–flanking regions in different
species
DNA sequences from human, mouse, and rhesus monkey genomic reference databases were
aligned with JF412354 as described in the text. Homology was calculated, ignoring gaps, in
a 100bp window, for each alignment. A) Homology with the human reference MAPT
genomic sequence (H1 haplotype). B) Homology with the rhesus monkey MAPT reference
genomic sequence. C) Homology with the mouse MAPT reference sequence.
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Fig. 6. Electrophoretic mobility shift (EMSA/gel shift) assay of 5′–UTR fragments of JF412354
in human neuroblastoma cell nuclear extracts
A) Oligomer pairs corresponding to positions +35/+59 (UTR1 A), +60/+84 (UTR1B),
+85/+114 (UTR1C), +195/+230 (UTR2A), +231/+268 (UTR2B), and +269/+306 (UTR2C)
were synthesized according to the JF412354 sequence and independently used as radioactive
probes in SK–N–BE (NB) and mouse brain (MB) cell nuclear extract EMSA. B)
Autoradiogram of EMSA results in NB cell nuclear extracts. Probes used were UTR1A
(lanes 1–2), UTR1B (lanes 3–4), UTR1C (lanes 5–6), UTR2A (lanes 7–8), UTR2B (lanes
9–10), and UTR2C (lanes 11–12). Lanes 4–6 were loaded out of order and have been re–
ordered in the figure. Original loading order was 6, 5, 4. All lanes are from a single
experiment and gel. Each reaction was incubated without competition (lanes 1,3,5,7,9,11)
and with autocompetition against non–radioactive probe (lanes 2,4,6,8,10,12). Major bands
are indicated by roman numerals. Autocompetition with UTR1B or with UTR2B resulted in
elimination of strong EMSA bands at “I” and “III”/”IV”, respectively. C) EMSA in mouse
brain nuclear extracts. Probes used were UTR1A (lane 1), UTR1B (lane 2), UTR1C (lane 3),
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UTR2A (lane 4), UTR2B (lane 5), and UTR2C (lane 6). All lanes are from a single
experiment and gel. Major bands are indicated by arrows. UTR1B produced a faint but
distinct band in MB nuclear extract, while all UTR2 probes produced a, presumably
nonspecific, band in MB nuclear extract.
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Fig. 7. Competition EMSA of UTR1B oligomer pair vs. specific transcription factor–binding
oligomer pairs or in multiple cell nuclear extracts
EMSA was performed with the UTR1B probe in nuclear extracts from PC12 (lanes 1–11),
PC12 under hypoxia (lanes 12–13), or HeLa (lanes 14–15). All lanes are from a single
experiment and gel. All reactions were run uncompeted (lanes 1,12,14) and autocompeted
against unlabeled UTR1B (lanes 2,13,15). In addition, PC12 reactions were run in
competition against UTR1A (lane 3), UTR1C (lane 4), and commercial unlabeled oligomer
pairs that bound known transcription factors AP1 (lane 5), AP2 (lane 6), SP1 (lane 7),
GATA (lane 8), ER (lane 9), PR (lane 10), and RAR (lane 11). In addition to self–
competition in PC12 (band I), PC12/hypoxia and HeLa (band III), and U373 (bands I, II,
and III), UTR1 and oligomers to SP1, PR, and RAR competed out signal in the PC12–
UTR1B reaction.
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Fig. 8. MAPT–CAT reporter vector deletion series cloning
A) Scale diagram of MAPT promoter sequence JF412354. B) The CAT reporter gene fusion
vector pBLCAT3 was cloned to MAPT 5′–fragments as described in the text, producing
successive forward deletion clones from pτ1 through pτ8. In addition, reverse cloning
produced pτ1R, pτ2R, pτ3R, and pτ6R.

Maloney and Lahiri Page 30

Gene. Author manuscript; available in PMC 2013 June 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 9. MAPT–CAT reporter functional assay by transient expression of clones in three cell lines
MAPT–CAT fusion reporter clones were transfected into A) NB human neuroblastoma, B)
PC12 rat pheochromocytoma, C) PC12 +NGF, and D) rat C6 glioma, along with pSVβGAL
as a transfection efficiency control vector. Cells were harvested as described in the text. The
CAT reporter protein levels were measured by ELISA and then adjusted for β gal levels and
total protein content. Residuals were normalized with Box–Cox transformation and Waller–
Duncan multiple range test was used to separate means. Letters to right of each graph
indicate Waller–Duncan categories. Clones that share a Waller–Duncan category are not
significantly different. Transformed data were back–transformed for presentation purposes.
Relative clone expression levels are shown. Effect size estimates (ω2 for variance and Ψ for
standard magnitude) are indicated for each experiment.
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Fig. 10. Functional domains of MAPT 5′–flanking 4.9kb region
Data from reporter clone transfection studies was used to determine how various segments
of the JF412354 sequence influenced CAT reporter protein levels. Assays were assessed
separately for A) NB, B) PC12, C) PC12 treated with NGF, and D) C6 cells. Effect size was
calculated for selected pairwise comparisons (Table 7). The result was rounded to one
decimal place and is represented as “+” or “−“ in the figure. NB and PC12 cells were
approximately in agreement. Treatment of PC12 cells with NGF reversed the effect of
domain 0 (intronic +293/+504) from negative to positive. C6 cells had a similar expression
profile to NB and untreated PC12 cells, except for the distal–most 2.5kb (−4364/−1992),
which had positive effects upon CAT protein levels in C6 cells, in contrast to unstimulated
neuronal cell cultures, in which it had a negative effect. Distal regions of this MAPT
promoter may have neurospecific activity and the proximal region of the first intron may
have further specificity within different neuronal tissues or brain regions.
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Fig. 11. Phylogeny of H2 vs. H1 MAPT haplotype sequences in context of other primates and
rodents
Sequences of mouse, rat, marmoset, rhesus monkey, orangutan, gorilla, chimpanzee, our
own JF412354 MAPT sequence, an additional H2 haplotype MAPT promoter sequence, and
promoter sequences from three H1 haplotype sources were aligned by MUSCLE and, gaps
coded, and phylogenies inferred by A) maximum likelihood (MrBayes) and B) discrete
character parsimony (PHYLIP PARS). Non–ape branches are trimmed from larger trees for
clarity of illustrating H1/H2 vs. chimpanzee relationship. Of particular note, both
phylogenies indicate that the human H2 and H1 sequences, regardless of chromosomal
orientation, descend from an intermediate sequence, with neither ancestral to the other.
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Table 2

Database MAPT Sequences from GenBank and Ensembl.

Accessiona Clone/Name Haplotypeb Notes

AC010792 2524N8 H1

NT_010783 Chr. 17 genomic contig, GRCh37.p2 H1

AC217771 RP11–105N13 H1 incorp. into NT_010783

CR936218 RP11–669E14 H1 incorp. into NT_010783

CR932417 XX–D_24I13 H1 incorp. into NT_010783

AC091628 chromosome 17 map 17q21.1 H1

AC003662 CTB–104N19 H1 incorp. into NG_007398

NG_007398 MAPT, RefSeqGene H1

BX544879 RP11–769P22 H2

NT_165773 mouse chr 11 genomic contig, MGSCv37 C57BL/6J

NW_047340 rat chr 10 genomic scaffold, RGSC_v3.4

NW_003183508 marmoset chr 5 genomic scaffold, Callithrix jacchus–3.2

NW_001102974 rhesus chr 16 genomic scaffold, Mmul_051212

NW_002888732 orangutan chr 17 genomic scaffold, P_pygmaeus_2.0.2

gorGor3:5c gorilla chromosome 5

NW_001226917 chimpanzee chr 17 genomic contig, reference assembly (based on Pan_troglodytes–2.1)

a
Italic indicates human sequence.

b
Haplotype only applies to human sequences.

c
Gorilla sequence is from Ensembl.
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Table 4

Repeat Sequences in JF412354.

Starta End Repeat Orientationb

−4166 −3780 MLT1J2 forward

−3690 −3580 MIR3 reverse

−3195 −3126 MER59C forward

−3047 −3026 (CA)n forward

−3012 −2944 MLT1I reverse

−2943 −2644 AluSz reverse

−2643 −2480 MLT1I reverse

−2292 −1960 L2b reverse

−1959 −1650 AluSx forward

−1649 −1494 L2b reverse

−1463 −1189 AluJr forward

−902 −807 MamRep1879 reverse

−890 −807 MamRep488 forward

+101 +386 TAR1 forward

+147 +296 (CCG)n forward

a
Start and end positions are relative to the +1 TSS.

b
Orientation is relative to the MAPT reading frame.
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Table 5

Transcription Factors that Differ between JF412354 and Majority of H1 Sequence.

TF Family Factor Positiona

cAMP–responsive element binding proteins NFIL3 −3699, −3698, −3557,b −3205, −3071, −2477, −2010,c 295

XBP1 −612, −296

CCAAT/Enhancer Binding Protein C/EBPα −3555, −3069, −2961, −1997, −1084, −616

C/EBPβ −2890, −2753, [−1864]

Cellular and viral myb–like transcriptional regulators c–myb −3715, −2022, −1503, −595, −529, 185

v–myb [−3359], −3276, −3219, −529, −468

E–box binding factors ATF6 33, [180]

USF −4082, −2626, −1902, [−292]

Estrogen response elements ER −1098, 169, 458

Hypoxia inducible factor, bHLH/PAS protein family HIF1 −295

MAF and AP1 related factors NRL −2838

Nuclear factor κ B/c–rel HIVEP1 −2307, [−1775]

Peroxisome proliferator–activated receptor PPAR/RXR −3421, [−1761]

Retinoic acid receptor/RXR heterodimer binding sites RAR/RXR −3661, [−2889], −2728, −2077, −202

v–ERB and RAR–related orphan receptor α REv–ERBα −4277, −4084, −3311

RORα −1101

RORγ −3445, [−1622]

a
Position is relative to +1 TSS of JF412354 sequence, H1 MAPT sequences aligned to this for comparison.

b
Boldface indicates a specific site appears in JF412354 (H2) but not the majority of H1 sequences.

c
Italic indicates a reverse–orientation site.

d
Square brackets indicate a site that appears in the majority of H1 sequences but not in JF412354.
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Table 6

Transcription Factor Sites Shared between JF412354 and Majority H1 Sequences.

TF Family Factor Positiona

Activator protein 1 AP1 −3853, −464

Activator protein 2

AP2 −1140,b −350, −251, −69

AP2α −3934, −3934, −371, −371

AP2β 84

AP2ε −747, −747, −251, −69

Aβ interacting domain AβID −2352, −2069

Calsenilin/presenilin binding protein CSEN −1181

cAMP–responsive element binding proteins
CREB −540

CREB2 −1986, −537

CCAAT/Enhancer Binding Protein C/EBP −4215, −3793, −2392

E–box binding factors

c–myc −293, −292

MAX −609

MYCMAX −4083, −2803, −2619, −184

EGR/nerve growth factor induced protein C & related factors

CKROX −4293, −58, 78, 369

EGR1 −4210, −4202, −348, −162, 74, 162, 237

EGR3 −297, −96

WT1 −4208, −4206, −4200, −166, −56, 76

Estrogen response elements

ERR −2742, −210

ESRRα −1220

ESRRβ −3651, −1194, −983

GATA binding factors
GATA1 −3432, −3271, −3153, −1528

GATA3 −3156, −2591, −2590, −1616

GC–Box related factors

GC Box −4205, 77, 429

SP1 −2654, −323, −318, −256, 119, 217, 357, 452

SP2 −2071

SP4 −2560, −345, −300, −66, 71

TIEG −4213, −4211, −3037, −3035, −165

Glucocorticoid responsive and related elements
ARE −3507

GRE −1494

Heat shock factors
HSF1 −3291

HSF2 −3534, −3430, −1179, 38

Hypoxia inducible factor, bHLH/PAS protein family ARNT −2749, −507
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TF Family Factor Positiona

HRE −294

NeuroD, β2, HLH domain

NEUROD1 −3640, −843

NEUROG −4083

NGN/NEUROD −3074, −2791

Nuclear factor κ–B/c rel NFκB −2756, −1861

p53 tumor suppressor p53 −4256, −3951, −3560, −1554, −1543, −209

Peroxisome proliferator–activated receptor
PPARα −2013, −1533

PPARγ −2207, −2202, −1203, −992, −240, −49

Retinoic acid receptor/RXR heterodimer binding sites

CAR/RXR −3806, −3651, −3486, −2226, −1913, −1190

LXRE −2595, −2267

PXR/RXR −3471

THR −1907

VDR/RXR −3587, −1893, −993, −838, 267, 367, 427

v–ERB and RAR–related orphan receptor α

RORα1 −1197, −986

RORα2 −3455, −1989, −423

v–ERBα −3654, −2725, −1900

Serum response element binding factor SRF −3713, −3675, −3549, −2795, −2794, −2496, −2495,
−1589

Signal transducer and activator of transcription
STAT1 −2357, −975

STAT3 −4139, −1472, −686, 467

a
Position is relative to +1 TSS of JF412354 sequence.

b
Italic indicates a reverse–orientation site.
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Table 8

Count of Shared vs. Unique Differences between Chimpanzee and Human H1 or H2 MAPT Promoter
Sequences.

Category H1 H2

Shared Single Differences 65a 65

Differences Unique by Haplotype 18 28

Total within Each Haplotype 83 93

a
Counts are of individual differences, not percentages, with a substitution counting as 1 and a single indel of any length counting as 1. Counts were

analyzed by Fisher’s exact test, with no significant difference (p = 0.231).
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