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MicroRNA-125b induces tau hyperphosphorylation
and cognitive deficits in Alzheimer’s disease
Julia Banzhaf-Strathmann1,*, Eva Benito2, Stephanie May1, Thomas Arzberger1,3,4, Sabina Tahirovic1,

Hans Kretzschmar3, André Fischer2,5 & Dieter Edbauer1,6,7,**

Abstract

Sporadic Alzheimer’s disease (AD) is the most prevalent form of
dementia, but no clear disease-initiating mechanism is known. Ab
deposits and neuronal tangles composed of hyperphosphorylated
tau are characteristic for AD. Here, we analyze the contribution of
microRNA-125b (miR-125b), which is elevated in AD. In primary
neurons, overexpression of miR-125b causes tau hyperphosphory-
lation and an upregulation of p35, cdk5, and p44/42-MAPK
signaling. In parallel, the phosphatases DUSP6 and PPP1CA and
the anti-apoptotic factor Bcl-W are downregulated as direct
targets of miR-125b. Knockdown of these phosphatases induces
tau hyperphosphorylation, and overexpression of PPP1CA and Bcl-W
prevents miR-125b-induced tau phosphorylation, suggesting
that they mediate the effects of miR-125b on tau. Conversely,
suppression of miR-125b in neurons by tough decoys reduces tau
phosphorylation and kinase expression/activity. Injecting miR-125b
into the hippocampus of mice impairs associative learning and is
accompanied by downregulation of Bcl-W, DUSP6, and PPP1CA,
resulting in increased tau phosphorylation in vivo. Importantly,
DUSP6 and PPP1CA are also reduced in AD brains. These data
implicate miR-125b in the pathogenesis of AD by promoting patho-
logical tau phosphorylation.
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Introduction

Although several mutations have been described that cause

Alzheimer’s disease (AD), the vast majority of AD cases occurs

sporadically with no known origin of disease (Bekris et al, 2010).

AD is clinically characterized by cognitive impairment leading to

dementia, immobility, and eventually death in affected patients

usually within a decade after the initial diagnosis (Thies & Bleiler,

2013). The histopathological hallmarks of AD are extracellular

aggregates of amyloid beta (Ab) plaques and intracellular aggrega-

tions of neurofibrillary tangles (NFTs), composed of hyperphosph-

orylated microtubule-associated protein tau (Ballatore et al, 2007).

The pathomechanisms leading to the formation of these proteina-

ceous aggregates are not yet completely understood, but all genetic

data point to an upstream role of Ab in familial cases (Querfurth &

LaFerla, 2010). However, the cortical spreading of NFTs correlates

better with clinical symptoms and disease progression and is used

for neuropathological stratification into different AD stages (Braak &

Braak, 1995). During the pathogenesis of AD, tau phosphorylation

levels increase and tau detaches from microtubules, resulting in

microtubule instability and depolymerization. Up to now, the causes

leading to elevated tau phosphorylation levels are only partially

resolved: tau kinases are upregulated in brains from AD patients,

while the expression of tau phosphatases is reduced (Patrick et al,

1999; Rudrabhatla & Pant, 2011). Further, elevated Ab levels and

reduced O-GlcNAcetylation of tau have been described to be causa-

tive of tau hyperphosphorylation (Liu et al, 2009).

Recently, several microRNAs (miRNAs) have been found that are

altered in brains of AD patients (Cogswell et al, 2008; Alexandrov

et al, 2012; Absalon et al, 2013; Dorval et al, 2013; Lau et al, 2013).

MiRNAs are small, non-coding RNAs, 22–24 nucleotides in size,

which typically bind to the 30 untranslated region (UTR) of an

mRNA and inhibit translation or cause mRNA degradation (Abe &

Bonini, 2013). MiRNAs typically target multiple mRNAs and can,

thus, alter several cellular pathways in parallel (Abe & Bonini,

2013). For example, deregulation of miR-29a/b-1 and miR-101 in

AD may promote Ab production by targeting amyloid precursor

protein (APP) and/or b-site APP cleaving enzyme (BACE-1; Hébert

et al, 2008; Hebert & De Strooper, 2009). Interestingly, blocking

maturation of all cellular miRNAs in the brain by conditional Dicer
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knockout causes tau hyperphosphorylation and progressive

neurodegeneration in mice (Shin et al, 2009; Hebert et al, 2010; Tao

et al, 2011), suggesting that balanced miRNA levels are crucial for

proper tau functioning and neuronal survival. How aberrant miRNA

levels might contribute to the development of neurodegenerative

diseases is not fully understood (Hebert et al, 2012; Absalon et al,

2013).

A twofold upregulation of miR-125b in AD is among the most

consistent findings between different studies (Lukiw, 2007; Cogs-

well et al, 2008; Sethi & Lukiw, 2009; Alexandrov et al, 2012;

Absalon et al, 2013). In primary hippocampal neurons, overexpres-

sion of miR-125b affects synaptic morphology and weakens their

strength and directly targets N-methyl-D-aspartate (NMDA) receptor

subunit NR2A (Edbauer et al, 2010). Moreover, miR-125b is one of

the most abundant miRNAs in the brain (Sempere et al, 2004), but

its role in AD is unknown so far.

Thus, we analyzed the effects of miR-125b overexpression in

primary neurons to understand the molecular consequences of

elevated miR-125b levels in AD brains. We focused on tau phos-

phorylation, as it correlates best with disease progression. We

demonstrate that overexpression of miR-125b causes significant tau

hyperphosphorylation at multiple sites, including T231/S235

(AT180 antibody), the site that relates best to disease progression

(Braak & Braak, 1995; Zhou et al, 2006). Furthermore, we show that

deregulation of this miRNA imbalances kinase/phosphatase activity,

ultimately leading to tau hyperphosphorylation. Importantly, we

demonstrate these effects both in vitro and in vivo, where miR-125b

overexpression leads to impaired associative memory, a hallmark of

AD. Finally, we also extend our findings to human postmortem

tissue, where miR-125b upregulation is associated with downregula-

tion of the primary targets uncovered in vitro. Thus, enhanced

miR-125b expression may promote progression of Alzheimer’s

disease.

Results

MiR-125b regulates tau phosphorylation levels in vitro

Several reports show elevated miR-125b expression levels in vari-

ous brain regions of AD patients (Braak stages III-VI) compared to

healthy controls (Lukiw, 2007; Cogswell et al, 2008; Sethi &

Lukiw, 2009; Alexandrov et al, 2012; Absalon et al, 2013). To

confirm this finding, miR-125b expression was quantified by qPCR

in frontal cortex of 10 AD cases and five age-matched control

cases (Table 1). Relative miRNA levels were normalized to

miR-143 expression, which is not altered in AD brains compared

to controls (Supplementary Fig S1A), and to the reference gene

GAPDH using the DDCt method (Bustin et al, 2009). MiR-125b

expression was significantly increased by 1.6-fold in AD patients

compared to healthy controls. In contrast, several other miRNAs,

including miR-16, miR-23b, miR-127, and miR-134, were not

changed in AD patient’s brains. MiR-29a and 29b were signifi-

cantly downregulated in AD, as reported previously (Hébert et al,

2008; Fig 1A).

To further analyze the role of elevated miR-125b levels in AD

pathogenesis, we generated lentiviral vectors that express the

precursor miR-125b under the control of the ubiquitin promoter, co-

expressing mCherry as transduction control (Edbauer et al, 2010).

Lentiviral miR-125b transduction of rat primary hippocampal

neurons caused a robust, highly significant tenfold overexpression

of mature miR-125b after 5 days (Fig 1B). As negative control, we

used a miR-143 overexpression lentivirus, which does not affect

expression of neuronal proteins and neuronal morphology (Edbauer

et al, 2010) and did not influence miR-125b expression levels and

vice versa (Supplementary Fig S1B and C). To elucidate disease-

relevant downstream effects of miR-125b overexpression, we

analyzed tau phosphorylation levels by Western blot. Overexpression

Table 1. Clinical info of human brain samples used

Case
number Gender

Clinical
diagnosis

Braak &
Braak stage

Age at
death Cause of death

Postmortem
delay (h)

C1 Female Control II 77 Internal bleeding 20

C3 Female Control I 85 Cardial and renal insufficiency 20

C4 Female Control II 83 Gastric carcinoma 22

C5 Male Control I 70 Irreversible ventricular fibrillation 25

C6 Male Control II 75 Cardiac infarction 27

AD2 Male AD VI 76 No information 24

AD3 Female AD V 83 Marasmus 14

AD4 Female AD VI 85 Urosepsis 24

AD5 Male AD VI 84 Cardiac arrest 12

AD6 Male AD VI 82 Respiratory insufficiency 15

AD7 Female AD VI 70 Pneumonia 19

AD8 Female AD VI 75 Pneumonia 12

AD9 Male AD V 80 No information 13

AD10 Male AD V 76 No information 14

AD11 Male AD V 87 Cardiac arrest, reduced general condition 4

AD, Alzheimer’s disease; h, hours.
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of miR-125b in primary hippocampal neurons for 14 days signifi-

cantly increased tau phosphorylation at all phosphorylation sites we

tested: T231/S235 (AT180), S202/T205 (AT8), T181 (AT270), S262/

S356 (12E8), S202 (CP13), and S396/S404 (PHF1). Total tau levels

remained unchanged upon miR-125b overexpression (Fig 1C and D).

The negative control miR-143 did not affect tau phosphorylation

Figure 1. MiR-125b expression alters tau phosphorylation levels in vitro.

A Relative miRNA expression was quantified in frontal cortex of five healthy controls and 10 AD cases by TaqMan microRNA assays and normalized to the expression
of miR-143 and GAPDH using the DDCt method. N = 5 (controls) or 10 (AD). The box plot depicts the first and third quartile and the median, whiskers: 5–95%
percentile, *P < 0.05, Mann–Whitney U-test.

B Lentiviral miR-125b overexpression in primary hippocampal neurons (DIV12+5) analyzed by TaqMan microRNA assays and normalized to the expression of miR-143
using the DDCt method, n = 3, mean � SEM, ***P < 0.001, Student’s t-test.

E Transfection of tough decoy (TuD) 125b and a miR-125b sensor construct in primary hippocampal neurons (DIV5+3) analyzed by luciferase assays and normalized
to Renilla luciferase expression, n = 6, mean � SEM, ***P < 0.001, Student’s t-test.

C-G Immunoblots with indicated antibodies (two representative replicates) (C, F) and quantification (D, G) after normalization to total tau or b-actin levels (for total
tau). OE: n = 6, TuD: n = 7, mean � SEM, *P < 0.05, **P < 0.01, Student’s t-test. OE, overexpression; TuD, tough decoy.
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at different phosphorylation sites compared to the empty vector

control (Supplementary Fig S2A).

To determine whether miR-125b overexpression is neurotoxic,

we used Sulforhodamine B staining, which measures total cellular

protein content (Vichai & Kirtikara, 2006). Fourteen days after

lentiviral transduction miR-125b reduced cell viability significantly

by 20% compared to miR-143 (Supplementary Fig S3A). This find-

ing was confirmed in an activated caspase-3/7 assay in which

miR-125b overexpression for 14 days significantly increased

caspase-3/7 activity by 66% (Supplementary Fig S3B), suggesting

that prolonged miR-125b overexpression induces mild neurotoxicity.

Since it has been previously shown that miR-125b directly targets

the NR2A subunit of the NMDA receptor (Edbauer et al, 2010), we

analyzed whether NR2A knockdown would mediate the neurotoxic-

ity and tau phosphorylation phenotype observed upon miR-125b

overexpression. Upon nearly complete lentiviral knockdown of

NR2A for 7 days, cell viability was unaffected (Supplementary Fig

S4A) and we even observed a ~40% and 60% reduction in tau phos-

phorylation at the AT180 and AT8 phosphorylation sites, respec-

tively (Supplementary Fig S4B and C). Thus, we conclude that other

miR-125b targets than NR2A have a dominant effect regarding tau

phosphorylation in primary neurons.

To test whether downregulation of miR-125b levels would

conversely reduce basal tau phosphorylation in neurons, we used

miR-125b tough decoys (TuD) to sequester neuronal miR-125b,

which prevents binding to endogenous targets (Haraguchi et al,

2009). Co-expression of miR-125b TuD and a luciferase-based

miR-125b sensor construct (Edbauer et al, 2010) in primary hippo-

campal neurons caused an eightfold increase in luciferase activity

demonstrating strong functional inactivation of miR-125b (Fig 1E).

Upon 14 days of lentiviral miR-125b TuD transduction, phospho-tau

levels (AT180, AT8, AT270, 12E8, and CP13) were significantly

reduced in primary hippocampal neurons compared to miR-143

TuD-transduced neurons, indicating that miR-125b is a physiological

regulator of tau phosphorylation without affecting total tau levels

(Fig 1F and G). Upon functional inactivation of miR-125b by miR-125b

TuD transduction, neuronal cell viability was enhanced by 23%

after 2 weeks in culture, and caspase activity was significantly

reduced by 22% compared to miR-143 TuD, suggesting that inhibi-

tion of miR-125b in primary hippocampal neurons might be neuro-

protective (Supplementary Fig S3).

In summary, we demonstrate that miR-125b overexpression, as

seen in Alzheimer’s disease, induces tau phosphorylation and

impairs cell viability in primary hippocampal neurons.

MiR-125b regulates tau kinases and phosphatases

To elucidate the mechanism of how miR-125b alters tau phosphory-

lation levels, we analyzed whether induction of miR-125b would

induce changes in tau kinase expression and activity. Upon 14 days

of lentiviral miR-125b transduction, we detected a significant

increase in cdk5 and p35 protein expression (Fig 2A and B). Addi-

tionally, phosphorylated p44/42-MAPK (p-p44/42, p-Erk1/2) and

total p44/42-MAPK (Erk1/2) protein levels were significantly

elevated, indicating that increased kinase expression and activity

might contribute to tau hyperphosphorylation upon miR-125b over-

expression. In contrast, GSK-3b phosphorylation and protein expres-

sion remained unchanged (Fig 2A and B). Other tau kinases, such

as p38 and SAPK/JNK, could not be reliably detected in rat primary

hippocampal neurons (not shown). MiR-143 overexpression was

again used as negative control, as it did not alter kinase phosphory-

lation/expression levels (Supplementary Fig S2B). To further

confirm elevated MAPK activity, we used an antibody that

specifically recognizes phosphorylated MAPK substrate motifs (Pro-

X-pThr-Pro, PXTP). As expected, MAPK targets were significantly

hyperphosphorylated, corroborating increased MAPK activity upon

miR-125b overexpression (Supplementary Fig S5). Additionally, we

could rule out that the miR-125b target NR2A mediates elevated

p-p44/42-MAPK (p-Erk/2) as well as total p44/42-MAPK (Erk1/2)

levels (Supplementary Fig S4B and C), which is in line with previ-

ous studies (Kim et al, 2005). This suggests that other miR-125b

targets account for this effect.

In contrast, 14 days of lentiviral sequestration of endogenous

miR-125b by miR-125b TuD in primary neurons significantly

repressed cdk5 and p35 protein expression, as well as p-44/42-

MAPK (p-Erk1/2) and p44/42-MAPK (Erk1/2) expression (Fig 2C

and D). Phosphorylation of MAPK substrates was also reduced

(Supplementary Fig S5), suggesting that downregulation of miR-125b

reduces tau phosphorylation via inhibition of kinase activity/

expression. GSK-3b phosphorylation and protein expression were

not altered upon miR-125b repression (Fig 2C and D).

We validated several predicted miR-125 targets (www.target-

scan.org) that regulate phosphorylation and apoptosis using dual

luciferase reporter assays. MiR-125b significantly reduced the

expression of luciferase reporters containing the 30UTRs of dual-

specific phosphatase 6 (DUSP6), protein phosphatase 1 catalytic

subunit alpha isoform (PPP1CA), and Bcl-2-like protein 2 (Bcl-W)

by ~50% (Fig 3A). In contrast, human protein phosphatase 2 catalytic

subunit alpha isozyme (PPP2CA) was not altered upon miR-125b

overexpression in primary cortical neurons (Fig 3A), although it

contains a predicted miR-125b target site. Inhibiting neuronal

miR-125b using miR-125b TuD enhanced expression of the Bcl-W,

DUSP6, and PPP1CA reporters in primary cortical neurons, further

confirming specific interaction of miR-125b with the respective

30UTRs (Fig 3B). Importantly, endogenous Bcl-W, DUSP6, and

PPP1CA protein levels were significantly downregulated upon

14 days of lentiviral miR-125b overexpression by approximately

50%, which is in line with the results from the luciferase assays

(Fig 3C and D).

Taken together, our data indicate that miR-125b directly inhibits

the expression of Bcl-W and the phosphatases DUSP6 and PPP1CA

and results in increased expression of p35, cdk5, and p44/42-MAPK,

which both may lead to elevated tau phosphorylation levels.

Knockdown of Bcl-W, DUSP6, and PPP1CA phenocopies
miR-125b overexpression

Next, we analyzed whether these novel miR-125b targets contribute

to the tau hyperphosphorylation phenotype upon downregulation.

Seven days after lentiviral shRNA transduction, the protein levels of

Bcl-W, DUSP6, and PPP1CA were specifically reduced to approxi-

mately 10–25% of control expression levels (Fig 4A and B). Strik-

ingly, individual knockdown of all three genes caused a highly

significant four- to fivefold increase in tau phosphorylation at sites

T231/S235 (AT180 antibody), while total tau levels remained

unchanged (Fig 4C and D). Further, knockdown of Bcl-W and
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PPP1CA significantly elevated tau phosphorylation at sites S202/

T205 and S262 (AT8 and 12E8 antibodies) by 2- to 3.5-fold, while

DUSP6 knockdown led to a significant increase in tau phosphoryla-

tion at sites T181/S356 (AT270 antibody) by twofold (Fig 4C and D).

In addition, we demonstrate that knockdown of Bcl-W signifi-

cantly increased p35 and cdk5 expression levels by 1.5-fold. In

contrast, knockdown of PPP1CA and DUSP6 significantly elevated

levels of p-p44/42 (p-Erk1/2) by 6.2- and 4.9-fold, respectively

(Fig 4E and F). Thus, tau hyperphosphorylation upon miR-125b

expression may be due to inhibition of its target genes Bcl-W,

DUSP6, and PPP1CA.

Next, we tested whether co-transduction of HA-tagged Bcl-W,

DUSP6, and PPP1CA constructs that do not contain miR-125b target

sites and the miR-125b overexpression construct would rescue the

tau hyperphosphorylation phenotype. Fourteen days of lentiviral

transduction led to a robust increase in tau phosphorylation by miR-

125b. This increase was attenuated to almost control levels, detected

at multiple tau phosphorylation sites (AT180, AT8, and AT270) after

overexpression of HA-Bcl-W and HA-PPP1CA lacking miR-125b

target sites (Fig 4G and H). Unfortunately, attempts to lentivirally

overexpress HA-DUSP6 failed most likely due to negative effects of

DUSP6 on lentivirus packaging.

We then examined whether knockdown of these newly identified

miR-125b targets would induce neurotoxicity as it was observed

upon miR-125b overexpression. We used Sulforhodamine B staining

to demonstrate that neither knockdown of Bcl-W, DUSP6, or

PPP1CA nor combined knockdown of all three miR-125b targets

induced significant neurotoxicity upon 14 days of lentiviral shRNA

transduction (Supplementary Fig S6). This indicates that other

miR-125b targets or potentially tau phosphorylation itself may

account for the toxicity observed.

Therefore, we conclude that our newly identified mir-125b

targets are crucial for the observed tau hyperphosphorylation

phenotype observed upon miR-125b overexpression.

The miR-125b targets DUSP6 and PPP1CA are reduced in AD
brains, and kinase levels are increased

Then, we analyzed whether Bcl-W, DUSP6, and PPP1CA are altered

in AD brains. We prepared whole frontal cortex lysates from AD

Figure 2. MiR-125b regulates tau kinases.
Primary hippocampal neurons (DIV12+14) were infected with lentivirus expressing miR-125b or miR-143 as control or tough decoys (TuD) against miR-125b or miR-143.

A–D Immunoblots with indicated antibodies (two representative replicates) (A, C) and quantification (B, D) after normalization to either the respective total protein
levels (p-p44/42, p-GSK-3b) or b-actin (p35, cdk5, p44/42, GSK-3b). OE: n = 8, TuD: n = 6, mean � SEM, *P < 0.05, Student’s t-test. OE, overexpression; TuD, tough
decoy.
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cases and age-matched neurologically healthy controls and analyzed

protein expression levels by Western blot. As expected, tau phos-

phorylation (AT180 antibody) is strongly increased in AD brains

(Fig 5A and C). Strikingly, DUSP6 and PPP1CA protein levels were

reduced by ~50% in AD brains (Fig 5A and C). Bcl-W protein

expression levels could not be reliably detected in brain tissue by

Western blotting using commercially available antibodies.

Further, we analyzed whether kinase phosphorylation and

expression levels are altered in the AD brain samples used. As

depicted in Fig 5B and C, p35 protein expression was significantly

increased in AD brains compared to healthy controls. Cdk5 and p25

protein expression levels as well as the p25/35 ratio were also

increased in AD brains, though not reaching statistical significance.

Strikingly, p-p44/42 MAPK as well as total p44/42 MAPK levels

were also elevated in AD. In contrast to previous reports (Hoshi

et al, 1996; Takashima et al, 1996), we found no change in GSK-3b
and p38 phosphorylation levels, but the expression of SAPK/JNK

kinases was significantly increased.

Thus, enhanced miR-125b levels may cause tau hyperphosphory-

lation via inhibition of its target genes DUSP6, PPP1CA, and Bcl-W,

which in turn might activate kinases in AD.

High levels of miR-125b impair learning and memory

To test whether miR-125b overexpression is a bona fide causative

mechanism of AD-associated cognitive impairment, we tested the

effect of chronic overexpression of miR-125b on tau phosphoryla-

tion and learning and memory formation in two behavioral assays

in mice. We expected that elevating miR-125b levels in the brain of

wild-type mice would lead to tau hyperphosphorylation and thereby

recapitulate some of the cognitive deficits observed in AD, such as

learning and memory deficits. To this end, we injected miR-125b

mimics (Qiagen) into the dentate gyrus (DG) of 2- to 3-month-old

C57BL/6 wild-type mice every 12 h for 12 days in total. During that

time course, mice were subjected to a Morris Water Maze training

paradigm on eight consecutive days to test for spatial learning

(Supplementary Fig S7A). Mice from mock- and miR-125b mimic-

injected groups showed no differences in latency, indicating equal

learning ability (Supplementary Fig S7B). However, on day 9,

miR-125b mimic-injected mice spent less time in the target quadrant

compared to mock-injected animals, suggesting slightly impaired

recall of stored memory, without reaching statistical significance

(Supplementary Fig S7C).

After 11 days of bi-daily miR-125b mimic injection, the animals

were further tested in a contextual fear conditioning paradigm

(Fig 6A). This is a type of associative learning heavily dependent

on the hippocampus (Langston et al, 2010). Mice learn to associate

a neutral stimulus (=conditioned stimulus, in this case a novel

context) to a noxious event (=unconditioned stimulus, in this case

a foot shock) and will show an innate freezing behavior character-

ized by almost complete immobility upon re-exposure to the

conditional context. Mice that received miR-125b mimic injections

Figure 3. MiR-125b regulates tau phosphatases.

A, B Relative luciferase activity of Bcl-W, DUSP6, PPP1CA, and PPP2CA reporter constructs co-transfected with (A) microRNA-expressing vectors and (B) TuD expressing
constructs in primary cortical neurons (DIV5+3). N = 3 with 6 replicates each, mean � SEM, ***P < 0.001, one-way ANOVA.

C, D Immunoblots with indicated antibodies (two representative replicates) and quantification after normalization to b-actin levels, n = 6, mean � SEM, *P < 0.05,
***P < 0.001, Student’s t-test. OE, overexpression; TuD, tough decoy.
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showed significantly reduced freezing behavior compared to

mock-injected mice when placed in the original context in the

absence of the aversive stimulus (Fig 6B, left panel), indicating

that increased miR-125b levels impair the learning processes in

these mice. This effect was not due to a general effect of

miR-125b overexpression on mobility, since the average motion

Figure 4. Knockdown of Bcl-W, DUSP6, and PPP1CA phenocopies miR-125b overexpression. Primary hippocampal neurons (DIV12+7) were infected with
lentivirus to knock down Bcl-W, DUSP6, PPP1CA (shBcl-W, shDUSP6, shPPP1CA), or a non-targeting control (shControl).

A, B Immunoblots with indicated antibodies (two representative replicates) (A) and quantification of Bcl-W, DUSP6, and PPP1CA (B) after normalization to b-actin
levels. N = 6, mean � SEM, *P < 0.05, Student’s t-test.

C, D Immunoblots with indicated antibodies (two representative replicates) (C) and quantification of phospho-tau (D) after normalization to total tau levels. Total tau
levels were normalized to b-actin. N = 4, mean � SEM, *P < 0.05, ***P < 0.001, one-way ANOVA.

E, F Immunoblots with indicated antibodies (two representative replicates) (E) and quantification of kinase expression (F) after normalization to b-actin or p44/42 (for
p-p44/42) levels, n = 4, mean � SEM, **P < 0.01, one-way ANOVA.

G Co-expression of miR-125b and HA-Bcl-W/HA-PPP1CA, lacking miR-125b target sites, rescues tau phosphorylation phenotype. Immunoblots with indicated
antibodies (two representative replicates).

H Quantification of phospho-tau levels from (G) after normalization to total tau, which is normalized to b-actin. N = 6, mean � SEM, *P < 0.05, **P < 0.01,
***P < 0.001, one-way ANOVA.
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index measured prior to conditioning was equal among both

groups (Fig 6B, right panel).

After the behavioral tests, we analyzed the levels of miR-125b in

the hippocampus to confirm effective delivery of miRNA mimic.

MiR-125b levels were significantly increased in the dentate gyrus

(DG) of treated animals compared to mock-injected animals, indicat-

ing successful and locally restricted delivery of miR-125b mimic,

since no alteration of miR-125b levels were observed in hippocam-

pal CA1 region and frontal cortex (Fig 6C). The twofold increase is

comparable to the changes seen in AD patients (Fig 1). Moreover,

protein expression levels of Bcl-W, DUSP6, and PPP1CA were signif-

icantly reduced by 30–75%, indicating that these genes are also

targeted by miR-125b in vivo (Fig 6D and F). Importantly, miR-125b

mimic injection enhanced tau phosphorylation at the AT180 site

threefold (Fig 6D and F). Strikingly, kinase expression was also

altered in miR-125b mimic-injected mice: p35 levels significantly

increased, while p25 and cdk5 were slightly elevated without reach-

ing statistical significance (Fig 6E and F). These results are in

accordance with significantly elevated p35 levels observed in

human AD samples (Fig 5). Total p44/42-MAPK (Erk1/2) levels

were significantly elevated, as well as GSK-3b levels. P-p44/42-

MAPK (p-Erk1/2) levels were elevated in miR-125b mimic-injected

mouse brains as well, but remained unchanged when normalized to

total p44/42-MAPK (Erk1/2) levels, again confirming elevated p44/42

levels in human AD samples (Fig 5). Phosphorylation of p38 was

increased twofold, while phosphorylation of SAPK/JNK was

reduced (Fig 6E and F).

These results confirm some of the molecular effects of miR-125b

observed in vitro and recapitulate the cognitive deficits observed in

AD patients.

Discussion

In the present study, we confirm previous reports that miR-125b

levels are increased in brains of AD patients and link these findings

to increased tau phosphorylation. We identify several novel miR-125b

target genes that cause these effects and validate this new

pathomechanism in vivo. MiR-125b injection into the hippocampus

induces tau phosphorylation and impairs learning in mice, suggest-

ing that elevated miR-125b may contribute to AD pathogenesis.

The role of miRNAs in AD pathogenesis

Deregulated miRNAs affect multiple signaling pathways that

promote AD progression. Numerous miRNAs are downregulated in

Figure 5. Novel miR-125b targets DUSP6 and PPP1CA are reduced in AD brains while kinase levels are elevated.
Whole protein lysates from frontal cortex tissue of healthy controls and aged-matched AD patients were analyzed.

A, B Representative immunoblots with indicated antibodies. * indicates cross-reactivity with GSK-3a.
C Quantification of immunoblots from (A, B) after normalization to either unphosphorylated protein (for AT180, p-p44/42, p-GSK-3b, p-p38, p-SAPK/JNK) or b-actin

(for DUSP6, PPP1CA, p35, cdk5, p44/42, GSK-3b, p38, SAPK/JNK). N = 5 (controls), n = 10 (AD), mean � SEM, *P < 0.05, **P < 0.01, Mann–Whitney U-test.
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AD, including the miR-29a/b-1 cluster, the miR-106 family, and the

miR-15 family. The miR-29a/b-1 cluster and the miR-106 family

promote Ab metabolism directly by targeting amyloid precursor

protein (APP) and/or b-site APP cleaving enzyme (BACE-1; Hebert

& De Strooper, 2009; Hébert et al, 2008), while miR-15 family

members modulate tau phosphorylation levels by targeting Erk1

kinase (Hebert et al, 2010). MiR-26b is elevated in AD brains and

induces tau phosphorylation changes by inducing cdk5 shuttling

from the nucleus into the cytosol (Absalon et al, 2013). We show

for the first time that elevated miR-125b levels induce tau hyper-

phosphorylation in primary hippocampal neurons and in the mouse

dentate gyrus and, thus, may contribute to AD pathogenesis, since

tau phosphorylation relates best with clinical AD symptoms (Braak

& Braak, 1995). Interestingly, phosphorylation at the AT180 epitope

(T231/S235) correlates best with disease progression and is most

strongly induced by miR-125b (Zhou et al, 2006). In contrast, block-

ing endogenous miR-125b with tough decoys reduces basal tau

phosphorylation levels in primary neurons (Fig 1). Hence, reducing

Figure 6. High levels of miR-125b impair learning and memory.

A Experimental design for administration of miR-125b mimic and the respective negative control (mock) into the dentate gyrus (DG) of wild-type C57BL/6J mice
(black arrows) and subsequent fear conditioning (FC) and testing.

B C57Bl/6J mice were subjected to contextual fear conditioning, and freezing behavior was analyzed 24 h later. Freezing levels were significantly reduced in
miR-125b-injected mice (left panel). The average (avg.) motion index was unchanged (right panel). n = 15–17.

C Relative miR-125b expression was quantified in DG, hippocampal CA1 region, and cortex (Ctx) of injected mice by TaqMan microRNA assays and normalization to
the expression of miR-143 using the DDCt method.

D–F Immunoblots of DG lysates with indicated antibodies (D, E) and quantification (F) after normalization to either unphosphorylated protein (for AT180, p-p44/42,
p-GSK-3b, p-p38, p-SAPK/JNK) or b-actin (for Bcl-W, DUSP6, PPP1CA, p35, cdk5, p44/42, GSK-3b, p38, SAPK/JNK). N = 6–8, mean � SEM, *P < 0.05, **P < 0.01,
Mann–Whitney U-test.
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the elevated miR-125b levels might be beneficial in AD mouse

models or AD patients, if this also leads to reduced phospho-tau

levels as observed in cultured neurons.

Currently, the mechanisms that cause aberrant miR-125b expres-

sion in AD patients’ brains are unknown. The expression of some

miRNAs is regulated by specific transcription factors, for example,

miR-29a/b-1 and miR-9 are regulated by RE-1 silencing transcription

factor (REST-1; Tsang et al, 2007). Further, it has been shown that

treating primary neurons with Ab causes a significant reduction of

multiple miRNAs, including miR-9, miR-181c, and let-7i, which are

also downregulated in AD brains (Schonrock et al, 2010). Ab treat-

ment of primary neurons slightly reduced miR-125b expression

(Schonrock et al, 2010), although miR-125b levels are elevated in

AD brains (Cogswell et al, 2008; Pogue et al, 2010; Alexandrov et al,

2012; Absalon et al, 2013). It has been demonstrated in human carci-

noma cell lines that miR-125b expression is regulated by DNA meth-

ylation in its promoter region (He et al, 2012). Since global DNA

hypomethylation occurs in sporadic AD (Wang et al, 2008), it is

tempting to speculate that DNA hypomethylation is instrumental for

elevated miR-125b expression levels in brains from AD patients.

MiR-125b alters the expression of tau kinases and phosphatases

Multiple kinases, including cdk5 in a complex with its activator p35,

GSK-3b, and kinases of the MAPK signaling pathway, show elevated

kinase activity in AD brains (Patrick et al, 1999; Su & Tsai, 2011).

We demonstrate that miR-125b overexpression leads to elevated

p35 expression and MAPK signaling (Fig 2), which was partially

replicated in miR-125b injected mice (Fig 6). Cdk5/p35 phosphory-

lates tau at 11 different phosphorylation sites, and Erk1/2 have been

shown to phosphorylate tau at 15 individual phosphorylation sites,

including multiple sites recognized by the antibodies we used in our

present study (AT180, AT8, 12E8, PHF1; reviewed in (Martin et al,

2013)). This suggests that upregulation of kinase expression and

kinase activity by miR-125b contributes to tau pathology in AD. In

fact, we could demonstrate that overexpressing either cdk5 or p35

in primary hippocampal neurons is sufficient to induce AT180 phos-

phorylation by two- and threefold, respectively (Supplementary Fig S8),

implying that elevated cdk5 and p35 levels form active complexes

with their free endogenous partners.

MiR-125b-induced upregulation of kinase expression and activity

is most likely due to disinhibition of kinases, for example, of Erk1/2.

We identified DUSP6, which is also called MAPK phosphatase 3, as

a novel miR-125b target in vitro and in vivo. DUSP6 is a negative

feedback regulator of Erk1/2 that dephosphorylates and, thus, inac-

tivates Erk1/2 (Kim et al, 2003; Zhang et al, 2010). Consequently,

by miR-125b-induced DUSP6 downregulation, this negative regula-

tion is reduced, leading to elevated Erk1/2 activity (Fig 4). Further,

we demonstrate in time-course experiments that miR-125b-induced

Erk1/2 as well as p35 kinase expression precedes tau hyperphosph-

orylation in primary hippocampal neurons, implying that kinase

disinhibition is the initial event (Supplementary Fig S9). Strikingly,

we found elevated p44/42 MAPK levels in our samples from AD

frontal cortex, too (Fig 5). Since Erk1/2 activity has been shown to

induce cdk5 (Harada et al, 2001), miR-125b-induced Erk1/2 activa-

tion through DUSP6 downregulation might ultimately stimulate

aberrant cdk5/p35 activation and, consequently, enhance pathologi-

cal tau phosphorylation at multiple sites (Figs 2 and 4).

Furthermore, we identified two additional miR-125b targets, the

tau phosphatase PPP1CA and the anti-apoptotic protein Bcl-W, and

demonstrated that PPP1CA is downregulated in brains of AD

patients (Figs 3 and 5). Most importantly, shRNA-mediated knock-

down of Bcl-W and PPP1CA induces cdk5/p35 and p44/42 levels,

respectively, and causes a highly significant increase in tau phos-

phorylation at the cdk5/p44/42 target sites AT180, AT8, and 12E8

(Fig 4).

In AD, total phosphatase activity is reduced by approximately

50% (Liu et al, 2005). PPP2CA is the most efficient phosphatase

acting on hyperphosphorylated tau (Liu et al, 2005). Although

previous studies reported direct regulation of PPP2CA by miR-125b

(Le et al, 2011), PPP2CA protein levels are not downregulated upon

miR-125b overexpression in primary rat neurons under our condi-

tions (Fig 3A). In contrast, we identify PPP1CA as a direct target of

miR-125b, which is consistent with findings in mice and zebra fish

(Le et al, 2011). PP1 dephosphorylates tau at five different sites in

frontal lobe tissue. We show that PPP1CA levels are significantly

reduced by 50% in frontal cortex of AD cases (Fig 5), which is

consistent with previous transcriptome data of neurodegenerative

diseases, including AD (Courtney et al, 2010). Importantly, knock-

down of PPP1CA in primary hippocampal neurons strongly

increased tau phosphorylation, most likely by activating Erk1/2

[Fig 4; compare (Omerovic et al, 2010) who identified PPP1CA as

an Erk1/2 activator in human lung cancer cells].

The mechanistic link between Bcl-W and tau phosphorylation is

not known so far. We demonstrated that lentiviral knockdown of

Bcl-W induces cdk5 expression which leads to aberrant phospho-tau

levels (Fig 4). The fact that Bcl-W knockdown was not toxic (see

Supplementary Fig S6) suggests that redundancy among Bcl-2 family

proteins can prevent apoptosis in neurons with reduced Bcl-W

levels, implying that it is not the major cause of neurotoxicity in

miR-125b overexpressing cells. It has been demonstrated before that

Bcl-W levels are elevated in the hippocampus from AD patients

compared to younger and aged-matched controls (Zhu et al, 2004),

further implying neuroprotective functions of Bcl-W. In contrast, in

the present study, miR-125b overexpression reduced Bcl-W levels in

primary hippocampal neurons as well as in miR-125b mimic-

injected mouse brains. Due to very low expression levels in human

frontal cortex, we could not reliably detect Bcl-W expression in

patient frontal cortex tissue. Thus, future studies will be needed to

address the precise role of Bcl-W in the pathology of AD.

MiR-125b impairs learning and memory

MiRNAs have been implicated in synaptic plasticity and neurogene-

sis (Bredy et al, 2011). Expression of miR-125b weakens synaptic

strength and inhibits the expression of NMDA receptor NR2A

subunit (Edbauer et al, 2010). The upregulation of individual

miRNAs in AD brains, for example, miR-34c and miR-206, has been

shown to impair associative learning in transgenic mouse models of

AD (Zovoilis et al, 2011; Lee et al, 2012). To test whether the

molecular effects of miR-125b overexpression are recapitulated in

vivo and to determine its effect on learning and memory, we injected

miR-125b mimics into the DG of wild-type mice. Chronic elevation

of miR-125b levels in this hippocampal subregion impaired associa-

tive learning in a fear conditioning paradigm (Fig 6), but did not

significantly impair spatial memory in the Morris Water Maze
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(Supplementary Fig S7). Importantly, our injection accuracy was

very high, demonstrated by the sole upregulation of miR-125b in the

DG of the hippocampus and not in the neighboring CA1 region

(Fig 6C). Since the DG is known to be crucial for associative learning

and memory (Ohm, 2007) and the CA1 region encodes spatial and

temporal information (Langston et al, 2010), it is not surprising that

we could detect such a robust effect on fear conditioning learning,

but hardly any effect on spatial learning in the Morris Water Maze.

MiR-125b mimic injection in wild-type mice is associated with

downregulation of the miR-125b target genes Bcl-W, DUSP6, and

PPP1CA. Importantly, miR-125b injection causes increased

phospho-tau levels in vivo confirming our earlier findings in

cultured neurons (Fig 6). Fly and mouse models of tauopathies

show impaired learning and memory, which is accompanied by tau

tangle formation in mice, while drosophila models predominantly

display neurotoxicity (Van der Jeugd et al, 2011; Gistelinck et al,

2012). Strikingly, overexpression of miR-125b is slightly neurotoxic

in primary neurons, while blocking miR-125b action with miR-125b

TuD is neuroprotective (Supplementary Fig S3). Multiple target

mRNAs have been identified for miR-125b, including mRNAs play-

ing a role in neuronal plasticity, as well as mRNAs that are crucial

for proliferative and apoptotic signaling cascades, such as the p53

network (Le et al, 2011) and Bcl-2 (Willimott & Wagner, 2012).

Depending on the tissue type analyzed, miR-125b exerts either pro-

apoptotic or pro-proliferative properties (reviewed in Banzhaf-

Strathmann & Edbauer, 2014). In neurons, miR-125b modulates

neuronal plasticity by directly targeting NR2A, which, however,

does not mediate the tau phosphorylation phenotype observed in

our present study. In contrast, NR2A knockdown even reduced

basal tau phosphorylation levels in our primary neuron culture

system (Supplementary Fig S4). The neurotoxic effects upon

miR-125b overexpression are also not mediated by NR2A downregu-

lation (Supplementary Fig S4). This finding is in accordance with

previous studies showing that NR2A knockout mice are viable and

have no signs of neurodegeneration (Sakimura et al, 1995). Further,

the knockdown of our newly identified miR-125b targets Bcl-W,

PPP1CA, and DUSP6 does not account for the neurotoxicity

observed in our study either (Supplementary Fig S6). Thus, other

miR-125b targets most likely mediate the neurotoxic effects.

However, our results confirm the pro-apoptotic nature of miR-125b

(Cui et al, 2012; Gong et al, 2013), as we found that miR-125b also

targets Bcl-W, an anti-apoptotic protein that regulates induced cell

death (Pritchard et al, 2000). This suggests that approaches which

block enhanced miR-125b activity might be promising future thera-

peutic strategies for AD. Nevertheless, potential adverse side effects

by reducing miR-125b levels under basal conditions need to be

considered and addressed in future experiments. The so-called

antagomiRs that block individual miRNAs in vivo (Krutzfeldt et al,

2005) have been shown to be neuroprotective in a mouse model of

ischemic stroke (Selvamani et al, 2012) and could also be useful

in AD.

In summary, we elucidated the mechanism how elevated

miR-125b levels promote pathological tau phosphorylation.

Increased miR-125b expression disturbs the balance of phosphatase

and kinase activity in cultured neurons and in mice. These changes

may directly impair learning and memory in sporadic AD patients

with elevated miR-125b levels, as seen in miR-125b injected mice.

Thus, miR-125b may be a novel regulator of AD progression.

Materials and Methods

Human brain samples

Brain tissue samples were provided by the Neurobiobank Munich,

Ludwig-Maximilians-University Munich, Germany. Frontal cortex of

Brodmann areas 6 and 8, which are severely affected in AD, but

show less neurodegeneration than hippocampal brain sections and,

thus, less side effects due to neuronal loss, was taken from 10 indi-

viduals with neuropathologically confirmed AD (Braak & Braak

stages V-VI; average age at death 79.8 � 5.4 years, postmortem

delay 15.1 � 6.0 h), and from five neurologically and psychiatri-

cally healthy individuals with only minor neurodegenerative

alterations (Braak & Braak stages I-II; average age at death

78.0 � 6.1 years, postmortem delay 22.8 � 3.1 h). More detailed

information is summarized in Table 1. Brains were collected accord-

ing to the guidelines of the ethics commission of the Ludwig-

Maximilians-University Munich, which approved of using human

postmortem brain samples for the present study.

DNA constructs

Genomic miR-125b and miR-143 precursor sequences were ampli-

fied by PCR and cloned into the 30UTR of mCherry driven by the

human ubiquitin promoter of FUW (Mellios et al, 2011). These

constructs were used for transfection and lentiviral expression. Viral

particles were packaged as described elsewhere (Mellios et al,

2011). Specific miRNA tough decoys (TuD) were cloned as previ-

ously described (Haraguchi et al, 2009) and expressed in the 30UTR
of mCherry (Edbauer et al, 2010). shRNAs against Bcl-W (human,

rat, and mouse GTTCACAGCTCTATACGAA), DUSP6 (human, rat,

and mouse CCCAATAGTGCAACGGACT), PPP1CA (human, rat, and

mouse TGACATCCATGGCCAGTA), and NR2A (see Kim et al, 2005)

were initially cloned into pSuper and subcloned into a lentiviral

expression vector (Edbauer et al, 2010). 30UTR fragments of puta-

tive miRNA targets were cloned from rat brain or HEK293FT cDNA

into a modified pGL3-control vector (Promega; see Supplementary

Table S1). The rat cDNA sequences of Bcl-W (ENSR-

NOT00000020409), PPP1CA (ENSRNOT0000002528), p35 (ENSR-

NOT00000031746), and ckd5 (ENSRNOT00000011052) were cloned

into a lentiviral vector, driven by the human synapsin promoter.

Primary hippocampal and cortical neuron cultures

Hippocampal and cortical neurons were cultured from embryonic

day 19 rat embryos as described previously (Edbauer et al, 2010;

Orozco et al, 2012).

RNA isolation and quantitative Real-Time PCR

Total RNA was isolated using TRIzol (Invitrogen) following the

manufacturer’s instructions. cDNA synthesis was carried out using

the TaqMan MicroRNA Reverse Transcription Kit (Applied Biosys-

tems) following the manufacturer’s instructions using random

hexamer primers (Sigma Aldrich). Quantitative Real-Time PCR for

microRNA expression was performed using TaqMan probes (Invitro-

gen). All samples (five controls and 10 AD cases) were run in tripli-

cates and normalized to the reference genes miR-143 and/or
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GAPDH (forward: CTGCACCACCAACTGCTTAG, reverse: GTCTTC

TGGGTGGCAGTGAT) using the DDCt method (Bustin et al, 2009).

The Normfinder software (Andersen et al, 2004) was used to iden-

tify miR-143 and GAPDH as suitable reference genes among the

tested miRNAs that had previously not been linked to AD.

Protein isolation and Western blot

Human frontal cortex samples were homogenized, and protein was

isolated from the TRIzol protein fraction. Proteins were denatured

with 2× Laemmli-buffer and analyzed by Western blot following stan-

dard protocols. The following antibodies were used: AT180, AT8,

AT270 (Pierce, all 1:1,000), 12E8 (a gift from P. Seubert, Elan Pharma-

ceuticals, San Francisco, California, USA, 1:1,000), CP13, PHF1 (a gift

from P. Davies, Albert Einstein College of Medicine, New York, New

York, USA, both 1:1,000), p35/25, cdk5, p-p44/42, p44/42, PXTP,

p-GSK-3b, GSK-3b, p-p38, p38, p-SAPK/JNK, SAPK/JNK, and Bcl-W

(Cell Signaling, all 1:1,000), DUSP6 and PPP1CA (both Abcam, both

1:1,000), total tau KJ9A (DAKO, 1:5,000), b-actin (Sigma Aldrich,

1:5,000). Anti-mouse/anti-rabbit IgG HRP-conjugate (Promega, both

1:5,000) was used as secondary antibodies and detected using ECL

(GE Healthcare) or ECL plus (Thermo Scientific).

Cytotoxicity assays

To assess cell viability, a Sulforhodamine B assay was performed

using standard protocols (Vichai & Kirtikara, 2006). Activated

caspase-3 and 7 was measured using the Caspase-3/7 Glo kit

(Promega).

Luciferase assays

Cortical neurons (DIV5) were co-transfected with FF-luc 30UTR
reporters and constructs expressing RR-luc and miRNA/TuD at a

DNA ratio of 60:40:40 using Lipofectamine 2000 (Invitrogen). All

experiments were performed in 96-well plates on three individual

days with six replicates for each condition. Three days after trans-

fection, luciferase activity was quantified using the Dual-Glo Lucifer-

ase Assay (Promega). Relative expression of the reporter constructs

was determined by normalizing the ratio of FF-luc and RR-luc activi-

ties to the control miR-143 and the effect of miR-125b on a control

FF-luc reporter (without the heterologous 30UTR).

Cannula implants, hippocampal injections, and fear conditioning

Cannula implants and hippocampal injections were performed as

described previously (Zovoilis et al, 2011). Briefly, 2- to 3-month-

old wild-type C57Bl/6J mice were operated to implant the cannula

specifically into the dentate gyrus (DG) and were then left to recover

for at least 1 week prior to the start of injections and behavioral

experiments. Mice then received bilateral (1 ll) injections of

miR-125b mimic or mock (AllStars Negative Control, Qiagen,

dissolved in water at a concentration of 100 lM) every 12 h. For

every injection, 10 ll of mimic/mock was mixed with 1.35 ll of

HiPerfect reagent (Qiagen) as described in (Zovoilis et al, 2011) and

incubated at room temperature for 5 min prior to injection. Starting

on day one, mice were trained in the Morris Water Maze for eight

consecutive days. Briefly, mice were placed in a circular pool filled

with opaque water and allowed to navigate for 60 s in search of the

platform, which was submerged ~1 cm below water level. Mice were

introduced consecutively from all four coordinates of the pool in a

random manner. If mice did not find the platform, they were gently

guided to it and allowed to stay there for 15 s prior to proceeding

with the next trial. The latency to reach the platform was recorded

with a video camera and the Videomot software (TSE Systems). On

day nine, the pool was removed and mice were introduced opposite

the original location and allowed to navigate for 60 s. The percent-

age of time spent in the target quadrant was recorded.

On day 11, mice were subjected to contextual fear conditioning.

In short, mice were allowed to explore a novel context for 3 min,

after which they received a mild electric foot shock (0.5 mA,

constant current, 2 s). Twenty-four hour later, after the last injec-

tion of miR-125b mimic/mock, the memory test was performed by

reintroducing the mice into the conditioning chamber (Med Associ-

ates Inc.). The percentage of freezing time was recorded. Mice were

sacrificed 2 h after the test, and DG, CA1 region, and frontal cortex

tissue were isolated and snap-frozen for further analysis.

Supplementary information for this article is available online:

http://emboj.embopress.org
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