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Abstract
Tau pathologically aggregates in Alzheimer’s disease, and evidence suggests that reducing tau
expression may be safe and beneficial for the prevention or treatment of this disease. We sought to
examine the role of the 3’-untranslated region (3’-UTR) of human tau mRNA in regulating tau
expression. Tau expresses two 3’-UTR isoforms, long and short, as a result of alternative
polyadenylation. Using luciferase reporter constructs, we found that expression from these
isoforms is differentially controlled in human neuroblastoma cell lines M17D and SH-SY5Y.
Several microRNAs were computationally identified as candidates that might bind the long, but
not short, tau 3’-UTR isoform. A hit from a screen of candidates, miR-34a, was subsequently
shown to repress the expression of endogenous tau protein in M17D cells. Conversely, inhibition
of endogenously expressed miR-34 family members leads to increased endogenous tau expression.
Additionally, through an unbiased screen of fragments of the human tau 3’-UTR using a luciferase
reporter assay, we identified several other regions in the long tau 3’-UTR isoform that contain
regulatory cis-elements. Improved understanding of the regulation of tau expression by its 3’-UTR
may ultimately lead to the development of novel therapeutic strategies for the treatment of
Alzheimer’s disease and other tauopathies.
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Introduction
The microtubule-associated protein tau promotes the assembly and stability of microtubules
(Drubin and Kirschner, 1986; Weingarten, 1975). Tau is implicated in a number of
neurodegenerative diseases, collectively known as tauopathies (Lee et al., 2001). In
Alzheimer’s disease (AD)§, tau is a major component of intraneuronal protein aggregates
known as neurofibrillary tangles (NFTs) (Kosik et al., 1986; Nukina and Ihara, 1986; Wood
et al., 1986). While the presence of tau aggregates in AD and other tauopathies provides a
correlative association between tau and disease (Lee et al., 2001), the strongest evidence for
a causal relationship between tau and neurodegenerative disease comes from the presence of
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dominant mutations of the microtubule-associated protein tau (MAPT) gene in rare familial
cases of frontotemporal dementia with parkinsonism linked to chromosome 17 (FTDP-17)
(Hutton et al., 1998; Poorkaj et al., 1998; Spillantini et al., 1998).

In the amyloid cascade hypothesis of AD pathogenesis, altered tau protein and NFT
formation are considered to be downstream consequences of amyloid β (Aβ) toxicity (Hardy
and Higgins, 1992). Although alterations in tau are not considered the earliest event in AD
pathogenesis, several studies have provided strong evidence that tau plays a key role in this
process. Cultured hippocampal neurons from homozygous tau knockout mice failed to
develop Aβ-induced cytotoxicity (Rapoport et al., 2002) and axonal transport defects
(Vossel et al., 2010) seen in wild-type hippocampal neurons. Similarly, knock out of tau in
transgenic mouse models of AD results in improved learning and memory, increased
survival, and reduced excitotoxicity compared with littermates with wild-type tau (Ittner et
al., 2010; Roberson et al., 2007). Taken together, these studies suggest that a reduction of
tau expression may be an effective therapeutic strategy for treating AD. As a first step
toward identifying novel therapeutic strategies to reduce tau levels, our laboratory undertook
the present study to investigate the role of the human tau 3’-untranslated region (3’-UTR) in
regulating tau expression.

In general, 3’-UTRs have a variety of functions in regulating gene expression, such as 3’-
end processing, translational regulation, stability, and subcellular localization of the
transcript (Barrett et al., 2012). These regulatory roles are mediated by the interaction of cis-
elements in the 3’-UTR and trans-factors, which include proteins and microRNAs
(miRNAs), in the cell (Chen et al., 2006). miRNAs are endogenous, approximately 22
nucleotide (nt) long RNAs that regulate gene expression via translation repression or mRNA
cleavage (Bartel, 2004). An additional level of regulation results from alternative
polyadenylation (APA), which can occur in transcripts that contain two or more
polyadenylation signals (PASs). Transcripts that undergo APA express alternative 3’-UTR
isoforms, which can be differentially regulated by either the inclusion or exclusion of
regulatory cis-elements (Shi, 2012).

The human tau 3’-UTR, as well as that of rodents, contains two PASs in tandem and can
undergo APA to produce transcripts of approximately 2 or 6 kb (Poorkaj et al., 2001).
Profiling of the tau 3’-UTR isoform expression pattern by Northern blot has shown that the
isoform expression pattern is tissue and cell type-specific (Goedert et al., 1988; Wang et al.,
1993). In the frontal cortex of normal subjects, the long tau 3’-UTR is more highly
expressed. However, in the frontal cortex of subjects with AD, levels of the short tau 3’-
UTR isoform are apparently increased, such that the levels of the short and long isoforms
are approximately equal (Goedert et al., 1988).

Despite these findings, the functional consequences of the APA of tau on its expression have
not been investigated. A few studies on the rat or mouse tau 3’-UTR have identified a
regulatory cis-element and trans-factors involved in the stability (Aranda-Abreu et al., 1999;
Aronov et al., 1999), translational efficiency (Atlas et al., 2007), and axonal localization
(Aronov et al., 2001; Behar et al., 1995; Larcher et al., 2004) of rodent tau mRNA. The 91-
nt T-rich regulatory cis-element identified in these studies of rodent tau 3’-UTR is not well-

§The abbreviations used are: 3’-RACE, Rapid Amplification of cDNA 3’-Ends; 3’-UTR, 3’-untranslated region; Aβ, amyloid β; AD,
Alzheimer’s disease; APA, alternative polyadenylation; BDNF, brain-derived neurotrophic growth factor; DMEM, Dulbecco’s
Modified Eagle Medium EMEM, Eagle’s Minimal Essential Medium; FBS, fetal bovine serum; FTDP-17, frontotemporal dementia
with parkinsonism linked to chromosome 17; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; HRP, horseradish peroxidase;
LDS-PAGE, lithium dodecyl sulfate PAGE; LNA, locked nucleic acid; MAPT, microtubule-associated protein tau; min, minutes;
miRNA, microRNA; NFTs, neurofibrillary tangles; nt, nucleotide; PAS, polyadenylation signal; qPCR, quantitative PCR; SIRT1,
sirtuin 1; TBS, tris-buffered saline; TBST, TBS with 0.1% Tween-20; WT, wild-type.
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conserved in humans (Poorkaj et al., 2001), making it difficult to infer the functional
regulatory cis-elements and trans-factors for the human tau 3’-UTR.

In this study, we sought to investigate the role of the human tau 3’-UTR in regulating tau
expression with the hope that a deeper understanding of these regulatory mechanisms may
lead to the identification of novel therapeutic approaches to treat AD and other tauopathies.
Here, we report that expression from the long and short tau 3’-UTR isoforms is differentially
controlled, suggesting a role of APA in regulating tau expression. Furthermore, we show
that miR-34a can bind the human tau 3’-UTR and reduce tau levels, whereas inhibition of
endogenous miR-34 family members results in increased tau levels. Finally, we present the
preliminary identification of additional regulatory cis-elements in the human tau 3’-UTR.

Experimental Procedures
3’-RACE

Rapid Amplification of cDNA 3’-Ends (3’-RACE) was performed on human frontal cortex
total RNA (Agilent Technologies) with the FirstChoice RLM-RACE Kit (Life
Technologies) using primers targeting the short and long human tau 3’-UTR isoforms
(Supplemental Table S1). The 3’-RACE products were sequenced and aligned with human
MAPT using ClustalW (Larkin et al., 2007).

Cloning and Site-Directed Mutagenesis
The wild-type human tau 3’-UTR sequence was amplified from genomic DNA derived from
primary human neonatal dermal fibroblasts (ATCC) by PCR using KAPA HiFi HotStart
ReadyMix (Kapa Biosystems). This sequence was inserted into the pmirGLO Dual-
Luciferase miRNA Target Expression Vector (Promega) between the XhoI and SalI
restriction sites using the In-Fusion HD EcoDry Cloning Kit (Clontech). Additional tau 3’-
UTR sequences were subcloned from the wild-type human tau 3’-UTR vector using the
same method. Primers used for cloning are listed in Supplemental Table S2. Site-directed
mutagenesis was performed using the QuikChange Lightning Site-Directed Mutagenesis Kit
(Agilent Technologies). Primers used for site-directed mutagenesis are listed in
Supplemental Table S3.

Cell Culture
All cells were cultured at 37 °C in a 5% CO2 atmosphere. Primary human neonatal dermal
fibroblasts (ATCC) were cultured in Fibroblast Basal Medium supplemented with Fibroblast
Growth Kit—Low Serum (ATCC). M17D human neuroblastoma cells (kind gift of Dennis
Selkoe) and HEK 293 cells (ATCC) were cultured in DMEM (Life Technologies)
supplemented with 10% heat-inactivated fetal bovine serum (FBS) (Sigma-Aldrich) and L-
glutamine (Life Technologies). SH-SY5Y human neuroblastoma cells were cultured in 1:1
Eagle’s Minimal Essential Medium (EMEM): Ham’s F-12 Medium (Sigma-Aldrich)
supplemented with 10% FBS (ATCC). SH-SY5Y cells were differentiated using a modified
version of a previously published protocol (Encinas et al., 2000). Briefly, SH-SY5Y cells
were plated on fibronectin-coated plates (BD-Biosciences) and treated with 10 µM retinoic
acid (Sigma-Aldrich) in 1:1 EMEM:Ham’s F-12 Medium supplemented with 10% FBS for 7
days. The SH-SY5Y cells were then treated with 50 ng/mL brain-derived neurotrophic
growth factor (BDNF) (Life Technologies) in 1:1 EMEM:Ham’s F-12 Medium (without
FBS) for 3 days.
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Prediction of miRNAs Binding the Human Tau 3’-UTR
microrna.org (Betel et al., 2007), PicTar (Krek et al., 2005), TargetScan (Lewis et al., 2005),
and DIANA-microT (Maragkakis et al., 2009) were searched for miRNAs predicted to bind
the human MAPT gene.

Transfections
M17D and HEK cells were transfected using Lipofectamine 2000 (Life Technologies), and
differentiated SH-SY5Y cells were transfected using Lipofectamine LTX (Life
Technologies) according to the manufacturer’s protocols. Plasmids were transfected at 1 µg
per well of a 24-well plate. Co-transfections included 200 ng plasmid and 30 nM Pre-miR
miRNA Precursor (Life Technologies) per well of a 24-well plate. Transfection of Pre-miR
miRNA Precursors was performed at a concentration of 50 nM. Transfection of miRCURY
LNA microRNA Inhibitors (Exiqon) was performed at a concentration of 20 nM per LNA.
Sequences of these oligonucleotides are listed in Supplemental Table S4.

Luciferase Assay
Firefly and Renilla luciferase activity was determined using the Dual-Luciferase Reporter
Assay System (Promega), which uses luciferin as a substrate for firefly luciferase, and
coelenterazine as a substrate for Renilla luciferase, according to the manufacturer’s protocol.
Luminescence signal was measured using a Synergy H1 Hybrid Multi-mode Microplate
Reader (BioTek).

RNA Isolation and Quantitative PCR
RNA was isolated using the Nucleospin RNA II kit (Macherey-Nagel). Containing DNA
was removed from the RNA by DNase treatment using the TURBO DNA-free Kit (Life
Technologies). The RNA was reverse transcribed to cDNA using Double Primed RNA to
cDNA EcoDry Premix (Clontech). Quantitative PCR (qPCR) was performed using TaqMan
chemistry (Life Technologies) using the absolute quantification method of analysis on the
ViiA 7 Real-Time PCR System (Life Technologies) using the pmirGLO vector as a standard
for the firefly luciferase gene luc2 and the Renilla luciferase gene hRluc and custom
GeneArt Strings DNA Fragments (Life Technologies) as standards for tau and
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (Supplemental Table S5). Custom
TaqMan probes (Life Technologies) were designed for the luc2 and hRluc genes in the
pmirGLO vector. TaqMan Gene Expression Assays (Life Technologies) were used for tau
and GAPDH. Additional information on the TaqMan probes is provided in Supplemental
Table S6.

Western Blot
Cells were lysed in M-PER Mammalian Protein Extraction Reagent (Thermo Scientific)
containing Halt Protease Inhibitor Cocktail (Thermo Scientific). The protein in the lysates
was quantified using the Pierce BCA Protein Assay Kit (Thermo Scientific) according to the
manufacture’s instructions. For each lysate, 3 µg total protein, NuPAGE Sample Reducing
Agent (Life Technologies), and NuPAGE LDS Sample Buffer (Life Technologies) were
combined and heated to 70 °C for 10 minutes (min). The samples were subjected to lithium
dodecyl sulfate polyacrylamide gel electrophoresis (LDS-PAGE) on a NuPAGE Novex 4–
12% Bis-Tris Gel (Life Technologies) in XT MES Buffer (Bio-Rad) at 200 V for 35 min.
The proteins were transferred to an Immobilon-P membrane (Millipore) in Novex Tris-
Glycine Buffer (Life Technologies) with 20% methanol at 180 mA for 75 min. The blots
were blocked in 5% milk in tris-buffered saline (TBS) with 0.1% Tween-20 (TBST) and
probed with primary antibodies (1:12,000 dilution) for total tau (Dako), sirtuin 1 (SIRT1)
(Abcam), and GAPDH (Novus Biologicals) in 5% milk in TBST for 1 h at room
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temperature or overnight at 4 °C. Secondary antibodies conjugated to horseradish peroxidase
(HRP) (GE Healthcare) were used as a dilution of 1:8,000 in 5% milk in TBST for 1 h at
room temperature. The HRP activity was visualized using Amersham ECL Prime Western
Blotting Detection Reagent (GE Healthcare Life Sciences), which uses luminol as a
substrate for HRP. Blots were stripped using Restore Plus Western Blot Stripping Buffer
(Thermo Scientific) according to the manufacturer’s instructions.

Quantification of western blots
Densitometry was carried out with ImageJ image processing software, using the gel analysis
method (http://imagej.nih.gov/ij/)(Abramoff et al. 2004). Loading variability was controlled
for tau and SIRT1 by normalizing to the GAPDH signal for the corresponding lane. All
values were expressed as a percentage of the average value for the corresponding negative
control condition. Analysis by t-test was carried out using GraphPad Prism.

Statistical Analysis
Data are presented as a mean of biological replicates, and variation is indicated as the SEM.
Comparisons of more than two groups were conducted using a one-way ANOVA followed
by a correction for multiple comparisons. Comparisons of two groups were conducted using
an unpaired Student’s t-test.

Results
3’-RACE and cloning of human tau 3’-UTR isoform constructs

In order to define the 3’-ends of the human tau 3’-UTR isoforms, total RNA from human
frontal cortex was subjected to 3’-RACE. The 3’-RACE products were sequenced and
aligned with the human MAPT gene to identify the site where cleavage and polyadenylation
occurs for each isoform. The short 3’-UTR isoform is 256 nt long beginning at the first
nucleotide after the stop codon, has a canonical AATAAA PAS, and has a canonical CA
cleavage site (Figure 1A). The long tau 3’-UTR isoform is 4163 nt in length, has a canonical
AATAAA PAS, and has a non-canonical TA cleavage site (Figure 1B). These data were
used to clone the wild-type and short tau 3’-UTR sequences into the pmirGLO luciferase
reporter construct. A construct that expresses the long only tau 3’-UTR was made by
mutating the proximal tau PAS (A233C) in the wild-type tau 3’-UTR constructs so that
cleavage and polyadenylation does not occur at this site. A schematic of these constructs is
shown in Figure 1C.

The expression of human tau 3’-UTR isoforms is differentially regulated
We used the luciferase reporter constructs to investigate the potential role of alternative
polyadenylation in regulating tau expression. The tau 3’-UTR isoform constructs or empty
pmirGLO vector were transfected into two human neuroblastoma cells lines, M17D and
differentiated SH-SY5Y cells. In the pmirGLO-based constructs, firefly luciferase, which
has the tau 3’-UTR isoforms cloned downstream of it, serves as the experimental reporter,
whereas the Renilla luciferase serves as a normalization control for transfection efficiency.
After 48 h, expression of the firefly and Renilla luciferase reporters was determined at the
protein level by a dual luciferase assay and at the mRNA level by qPCR, which revealed that
the expression of the short isoform construct is significantly higher than that of the long
isoform construct in both cell lines at the level of both protein and mRNA (Figure 2). In
general, the wild-type tau 3’-UTR reporter, which contains both PASs, had intermediate
expression levels (Figure 2). Since M17D cells and differentiated SH-SY5Y cells gave
similar results, we elected to perform most future experiments in M17D cells since they
were transfected with much higher efficiency (data not shown).
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Identification of miR-34 family members as regulators of tau expression
Since miRNAs often bind 3’-UTRs and regulate gene expression, we considered whether
one or more miRNAs might contribute to the control of tau expression. As a first step in
exploring this question, we searched microrna.org (Betel et al., 2007), PicTar (Krek et al.,
2005), TargetScan (Lewis et al., 2005), and DIANA-microT (Maragkakis et al., 2009) for
miRNAs predicted to bind the human tau 3’-UTR. We narrowed the list of candidate
miRNAs by selecting those with conserved seed regions and/or previous reports of
dysregulation in AD (Cogswell et al., 2008; Maes et al., 2009) (Table 1). In order to screen
the four candidate microRNAs for functional effects on constructs expressing the tau 3’-
UTR, we co-transfected HEK 293 cells with the Pre-miR precursor miRNA mimic
corresponding to the candidate miRNA or a non-targeting negative control Pre-miR and a
luciferase reporter vector containing a fragment of the human tau 3’-UTR predicted to
contain the miRNA binding site. As a control for specificity, co-transfections of Pre-miRs
and the empty pmirGLO vector were also performed. In this screen, a specific reduction in
the tau 3’-UTR luciferase reporter activity was observed for Pre-miR-34a and Pre-miR-132;
however, no effect was seen with Pre-miR-181c or Pre-miR642 (Figure 3).

In a follow-up experiment, the seed regions of miR-34a and miR-132 were mutated in the
luciferase reporter constructs by site-directed mutagenesis (Figures 4A & 4B). Co-
transfection of Pre-miR-34a with the luciferase reporter construct containing the wild-type
miR-34a binding site in HEK 293 cells resulted in lower normalized luciferase reporter
expression compared with the non-targeting negative control Pre-miR (Figure 4C). In
contrast, the miR-34a seed region mutant luciferase reporter vector was insensitive to Pre-
miR-34a (Figure 4C), demonstrating that miR-34a does indeed interact specifically with this
seed region. A similar experiment was performed with Pre-miR-132. In this case, Pre-
miR-132 repressed the expression of both the wild-type and mutated miR-132 seed region
tau 3’-UTR luciferase reporter constructs (Figure 4D), indicating that the observed effect
was not due to binding of miR-132 to its predicted binding site in the human tau 3’-UTR. As
the effect of miR-132 appears to be indirect, we decided to focus on exploring the role of
miR-34a in regulating tau expression.

In order to test the effect of miR-34a on the luciferase reporter constructs in a system more
relevant to the nervous system, the co-transfections with Pre-miR-34a were repeated in
M17D neuroblastoma cells. After 48 h, the cells were lysed and a dual luciferase assay was
performed, which yielded the same result in M17D cells (Figure 5A) as was seen in HEK
293 cells (Figure 4C). In order to examine the effect of Pre-miR-34a on the luciferase
reporters at the mRNA level, the co-transfections were repeated in M17D cells, and the
expression levels of firefly and Renilla luciferase mRNAs were measured by qPCR. Again,
the construct with wild-type miR-34a seed region was sensitive to Pre-miR-34a, whereas the
miR-34a seed region mutant was not (Figure 5B). These results indicate that miR-34a can
affect the expression of reporter constructs containing the miR-34a binding site at both the
level of protein and mRNA.

In order to investigate the ability of miR-34a to regulate the expression of endogenous tau,
we transfected Pre-miR-34a or a non-targeting negative control Pre-miR into M17D cells.
After 48 h, the cells were lysed, and a Western blot probing for total tau, SIRT1, and
GAPDH was performed. SIRT1 was included as a positive control, as it is a known target of
miR-34a (Yamakuchi et al., 2008), and GAPDH was included as a loading control. Cells
transfected with Pre-miR-34a had reduced expression of tau and SIRT1 compared to cells
transfected with the negative control Pre-miR (Figure 6A; quantification in Fig. S1),
demonstrating that miR-34a can control endogenous tau protein expression. To determine
the ability of endogenous miRNAs to regulate endogenous tau expression, we co-transfected
locked nucleic acid (LNA) microRNA inhibitors of miR-34a, -34b, and -34c into M17D
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cells and performed the western blot analysis as described above. We used a combination of
LNA inhibitors of all miR-34 family members to prevent possible compensation by other
family members if an inhibitor of only one family member were used. The western blot
analysis revealed that inhibition of endogenous miR-34 family members led to a moderate
increase in endogenous tau protein expression (Figure 6B; quantification in Fig. S2). SIRT1
levels did not appear to be affected, suggesting that the role of endogenous miR-34 family
members in regulating SIRT1 expression in this cell line may be marginal compared with
other SIRT1-regulating trans-factors. We then examined the effect of Pre-miR-34a or LNA
inhibition of miR-34 family members on the expression of endogenous total tau mRNA in
M17D cells using qPCR, with GAPDH mRNA serving as a normalization control. In
agreement with the western blot data, Pre-miR-34a reduced tau mRNA expression (Figure
6C), whereas inhibition of miR-34 family members led to an increase in tau mRNA
expression (Figure 6D). Taken together, these data indicate that endogenous miR-34 family
members regulate tau expression at both the protein and mRNA levels.

Unbiased search for additional regulatory cis-elements in the human tau 3’-UTR
Recognizing that there may be additional regulatory cis-elements in the human tau 3’-UTR
besides the miR-34 family binding site, we decided to take an unbiased approach to identify
additional cis-elements by cloning sequential fragments of approximately 1,000 bp of the
human tau 3’-UTR into the pmirGLO vector. We transfected these constructs, along with the
empty pmirGLO vector into M17D cells and differentiated SH-SY5Y cells. After 48 h, a
dual luciferase assay was performed. While several fragments had a normalized luciferase
activity that was significantly different from the empty pmirGLO vector in M17D cells
(Figure 7A), we chose to focus on fragments containing nucleotides 954–1869 and 2770–
3729 in the human tau 3’-UTR since these fragments also consistently showed a similar
pattern of decreased normalized luciferase activity compared to empty pmirGLO vector in
differentiated SH-SY5Y cells (Figure 7B) and HEK 293 cells (data not shown). In order to
further define the regulatory cis-elements in these fragments, smaller sub-fragments were
cloned into the pmirGLO vector, which were tested in the same manner as the larger
fragments. For the sub-fragments of the 954–1869 fragment, a relatively small, but
statistically significant, difference in the normalized luciferase activity of the sub-fragment
containing the miR-34a binding site (1114–1279) compared to empty pmirGLO vector was
observed (Figure 7C). Additionally, a substantial and significant decrease in normalized
luciferase activity was observed for sub-fragment 1259–1869 (Figure 7C). For the sub-
fragments of the 2770–3729 fragment, the normalized luciferase activity of sub-fragments
2770–3259 and 3499–3729 was significantly decreased compared to empty pmirGLO
vector, whereas the normalized luciferase activity of sub-fragment 3232–3501 was
significantly increased (Figure 7D).

Discussion
Because of its role in neurodegenerative diseases, tau has been extensively investigated in
the past few decades. However, the role of the tau 3’-UTR in regulating tau expression has
been relatively understudied, especially in humans. Here, we present the first evidence that
the expression of the two human tau 3’-UTR isoforms is differentially regulated, with
effects at the level of both protein and mRNA. This indicates that APA is a mechanism by
which tau expression can be modulated. Because APA is spatially and temporally regulated,
it is an important determinant of gene expression profiles in different tissues and in different
developmental stages (Shi, 2012). Additionally, changes in APA have been associated with
disease. For example, global shifts toward the use of proximal PASs have been observed in
cancer (Lin et al., 2012) and cardiac hypertrophy (Park et al., 2011). Since APA is an
important mechanism of regulating gene expression, further investigations of the
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physiological and/or pathological contexts in which the APA of tau is involved are
warranted.

In examining the regulatory cis-elements and trans-factors responsible for the differential
regulation of the human tau 3’-UTR isoforms, we identified a miR-34a binding site in the
long tau 3’-UTR isoform and demonstrated that miR-34a can inhibit the expression of
endogenous tau. miR-34a is one of three members of the miR-34 family and is processed
from a primary transcript encoded on human chromosome 1p36. The other two members of
the miR-34 family, miR-34b and miR-34c are co-transcribed from the same locus on human
chromosome 11q23 (Yang, 2011). Because they are transcribed from different loci, the
miR-34 family members can have different expression profiles, with the expression of
miR-34a being highest in the brain and the expression of miR-34b and miR-34c being
highest in the lungs (Bommer et al., 2007). miR-34a has been found to regulate neuronal
differentiation and neurite outgrowth (Agostini et al., 2011a; 2011b; Aranha et al., 2011),
and miR-34a expression is upregulated in brain tissue (Cogswell et al., 2008) and blood
mononuclear cells (Schipper et al., 2007) from patients with AD. Our findings that miR-34a
can regulate the expression of tau, a key player in AD pathogenesis, together with the
alteration of miR-34a expression in AD raise the questions if and how the changes in
miR-34a expression relate to the pathophysiology of AD. One possibility is that the
upregulation of miR-34a may act as a compensatory mechanism to decrease the expression
of tau as tau protein accumulates and aggregates. This idea, however, is speculative, and
miR-34a would presumably be only one of many factors conspiring to control overall tau
expression.

During the preparation of this manuscript, Wu and colleagues published a report that
exogenous miR-34c can bind the human tau 3’-UTR and repress tau expression in gastric
cancer cells (Wu et al., 2013). While their study was focused on understanding mechanisms
underlying paclitaxel resistance in gastric cancers and their miRNA of interest was miR-34c
(Wu et al., 2013), their findings are consistent with our identification of miR-34a as a
regulator of tau expression. As members of the same miRNA family, miR-34a and miR-34c
have the same seed region, and they are predicted to bind to the same region of the tau 3’-
UTR. Taken together, our finding that LNA inhibition of endogenous miR-34 family
members leads to an increase in tau expression and the findings of Wu and colleagues
indicate a role for miR-34 family members in regulating tau expression.

In addition to the miR-34 binding site, we have sought to identify other regulatory cis-
elements in the human tau 3’-UTR. Our preliminary investigations have identified several
regions containing cis-elements, most of which are repressive. In these experiments, the
fragment containing the miR-34a binding site (1114–1279) had a small but significant
reduction in expression compared with the pmirGLO vector. The relatively small magnitude
of this effect may be due to the fact that the overexpression of the luciferase reporter makes
the levels of the luciferase reporter mRNA relatively high compared with the expression
levels of endogenous miR-34 family members. We plan to continue these studies in order to
identify the minimal regulatory cis-elements present in the human tau 3’-UTR. Additionally,
we plan to identify the trans-factors that bind these cis-elements and regulate tau expression.
Ultimately, we hope the increased understanding of the regulation of tau expression by its
3’-UTR from this and future studies will lead to the identification of new therapeutic
approaches for the prevention or treatment of AD and other tauopathies.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Human tau 3’-UTR isoforms. A and B. ClustalW alignment of the 3’-UTR of the human
MAPT gene with (A) the short 3’-RACE product and (B) the long 3’-RACE product. The
numbering begins at the first nucleotide of the human tau 3’-UTR. The PAS is indicated by
a dashed line, and the cleavage site is indicated by a solid line. C. Diagram of the luciferase
reporter constructs containing WT, long, and short tau 3’-UTRs. * indicates a PAS. X
represents mutation of the proximal PAS.
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Figure 2.
Expression of human tau 3’-UTR isoforms is differentially regulated. The indicated
constructs were transfected into (A and C) M17D cells or (B and D) differentiated SH-
SY5Y cells. After 48 h, luciferase expression was determined at the protein level by (A and
B) dual luciferase assay or at the mRNA level by (C and D) qPCR. For each experiment, n =
3 biological replicates. Error bars represent SEM. Data analyzed by one-way ANOVA
followed by Tukey test. *,**,***,****, adjusted p < 0.05, 0.01, 0.001, 0.0001, respectively.
Note that in (A), comparisons of pmirGLO with Tau3UTR_WT and Tau3UTR_long
reached statistical significance and in (B), all comparisons with pmirGLO reached statistical
significance. These comparisons with pmirGLO are not indicated on the graph for the sake
of clarity. No comparisons with pmirGLO are indicted in (C) with the vector control because
no comparisons were significant with vector control.
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Figure 3.
Screening candidate miRNAs for effects on luciferase reporter activity from tau 3’-UTR
construct expression. The indicated luciferase reporter constructs and Pre-miRs were co-
transfected into HEK 293 cells. After 48 h, luciferase protein levels were determined by a
dual luciferase assay. For each experiment, n = 3 biological replicates. The error bars
indicate SEM. Data were analyzed by unpaired t-test. *,***, p < 0.05, 0.001, respectively.
Luciferase assays performed on lysates from cells treated with (A) Pre-miR-34a, (B) Pre-
miR-132, (C) Pre-miR-181c, and (D) Pre-miR-642.
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Figure 4.
Effect of mutating the miR-34a and miR-132 seed regions in tau 3’-UTR luciferase
constructs. A and B. Alignment of the mutated (A) miR-34a or (B) miR-132 seed region tau
3’-UTR construct with the wild-type human MAPT sequence. The numbering begins at the
first nucleotide of the human tau 3’-UTR. The mutated nucleotides of the seed regions are
underlined. C and D. The indicated luciferase reporter constructs and Pre-miRs were
cotransfected into HEK 293 cells. After 48 h, luciferase expression was determined by a
dual luciferase assay. n = 3 biological replicates. Error bars indicate SEM. Data analyzed by
unpaired t-test. *,**, adjusted p < 0.05 and 0.01, respectively.
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Figure 5.
The Pre-miR-34a mediated repression of expression from a tau 3’-UTR luciferase reporter
construct is miR-34a seed region-dependent in M17D cells. The indicated luciferase reporter
constructs and Pre-miRs were co-transfected into M17D cells. After 48 h, luciferase
expression was determined at the protein level by (A) dual luciferase assay or at the mRNA
level by (B) qPCR. For each experiment, n = 3 biological replicates. Error bars indicate
SEM. Data analyzed by unpaired t-test. *,****, adjusted p < 0.05 and 0.0001, respectively.
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Figure 6.
miR-34 family members regulate the expression of endogenous tau. The indicated
oligonucleotides were transfected into M17D cells. After 48 h, the cells were lysed. A and
B. Western blot analysis was performed using primary antibodies for tau, SIRT1, and
GAPDH. See Supplemental Figures S1 and S2 for quantification by densitometry. C and D.
qPCR was performed using TaqMan probes for tau and GAPDH. For each experiment, n = 3
biological replicates. Error bars indicate SEM. Data analyzed by unpaired t-test. *, adjusted
p < 0.05.
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Figure 7.
Identification of regulatory cis-elements in the human tau 3’-UTR. The indicated constructs
were transfected into the indicated cells, and after 48 h, a dual luciferase assay was
performed. A. Analysis of fragments from the entire human tau 3’-UTR in M17D cells. B.
Analysis of fragments from the entire human tau 3’-UTR in differentiated SH-SY5Y cells.
C. Analysis of fragments within nucleotides 954 to 1869 of the tau 3’-UTR in M17D cells.
D. Analysis of fragments within nucleotides 2770 to 3729 of the tau 3’-UTR in M17D cells.
For each experiment, n = 3 biological replicates. The error bars indicate SEM. Data were
analyzed by a one-way ANOVA followed by Dunnett’s test, compared with pmirGLO.
*,**,***,****, adjusted p< 0.05, 0.01, 0.001, and 0.0001, respectively.
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Table 1

Candidate miRNAs Predicted to Target the Human Tau 3’-UTR.

miRNA Prediction Program Identifying this miRNA Location of Predicted
Binding Site in 3’-UTR

hsa-miR-34a microRNA.org, PicTar, TargetScan, DIANA-microT 1172–1194

hsa-miR-132 microRNA.org, DIANA-microT 4104–4121

hsa-miR-181c microRNA.org, DIANA-microT 4056–4074

hsa-miR-642 DIANA-microT 4019–4036
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