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Introduction

MicroRNAs (miRNAs) are powerful regulators of neuronal gene
expression that contribute to both physiological and pathologi-
cal processes (1). These small noncoding RNAs bind recognition
motifs in multiple target mRNAs and silence expression through
post-transcriptional mechanisms, such as translational repression
or transcript destabilization, enabling them to serve as master
regulators of transcriptional networks (2). miRNAs are implicated
in diverse brain functions, including development, cognition, and
synaptic plasticity (3). Expression-profiling studies indicate that
alterations in miRNAs occur in the brains of Alzheimer’s disease
(AD) patients, but the functional implications of these changes
remain unclear (4). Here, we show that miR-219 is downregulated
in AD and primary age-related tauopathy, modulates tau toxicity
in vivo, and regulates tau expression at the post-transcriptional
level through direct interaction with the tau mRNA.

Results and Discussion

First, we investigated whether dysregulation of miRNA expression
is associated with neurofibrillary degeneration. Abnormal accumu-
lation of tau occurs in various pathological settings, with AD and
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Tau is a highly abundant and multifunctional brain protein that accumulates in neurofibrillary tangles (NFTs), most commonly
in Alzheimer’s disease (AD) and primary age-related tauopathy. Recently, microRNAs (miRNAs) have been linked to
neurodegeneration; however, it is not clear whether miRNA dysregulation contributes to tau neurotoxicity. Here, we determined
that the highly conserved brain miRNA miR-219 is downregulated in brain tissue taken at autopsy from patients with AD

and from those with severe primary age-related tauopathy. In a Drosophila model that produces human tau, reduction of
miR-219 exacerbated tau toxicity, while overexpression of miR-219 partially abrogated toxic effects. Moreover, we observed a
bidirectional modulation of tau levels in the Drosophila model that was dependent on miR-219 expression or neutralization,
demonstrating that miR-219 regulates tau in vivo. In mammalian cellular models, we found that miR-219 binds directly to the
3'-UTR of the tau mRNA and represses tau synthesis at the post-transcriptional level. Together, our data indicate that silencing
of tau by miR-219 is an ancient regulatory mechanism that may become perturbed during neurofibrillary degeneration and
suggest that this regulatory pathway may be useful for developing therapeutics for tauopathies.

primary age-related tauopathy being the most common (5). Using
an established small RNA-profiling protocol (6), we compared
miRNA expression in postmortem brain samples from control
patients with postmortem brain samples of either AD or severe
primary age-related tauopathy, often termed tangle-predomi-
nant dementia (TPD) (ref. 5 and Supplemental Table 1; supple-
mental material available online with this article; doi:10.1172/
JCI78421DS1). Patients with TPD share many features with AD
patients, including amnestic dementia, but develop neurofibrillary
tangles (NFTs) independently of amyloid-p peptide (AB) (7). Using
these cases, we sought to pinpoint changes that are associated
with neurofibrillary degeneration. We obtained an average of 12.9
million sequence reads for each sample (range = 3.8-47.2 million)
(Supplemental Table 2). All the small RNA classes showed a simi-
lar distribution of reads, and 86% of the reads mapped to known
miRNAs (Supplemental Figure 1A and Figure 1A). Regression anal-
ysis revealed a strong correlation among normalized read counts
(average r? = 0.88, range = 0.76-0.96) (Figure 1B).

To generate miRNA signatures, we compared the read fre-
quencies between brain samples from AD, TPD, and control sub-
jects (Supplemental Figure 1B). When ranked by significance,
we found differences in 25 miRNAs among AD, TPD, and con-
trol brain samples (Figure 1C). Eleven miRNAs were different
between TPD and control samples, 20 between AD and control
samples, and 6 between TPD and AD samples. We focused on
miR-219-5p (abbreviated hereafter as miR-219), as it showed the
most dramatic difference between samples from patients and

jci.org  Volume125 Number2  February 2015



BRIEF REPORT

A Control B %‘ 0
unmapped
snRNA & s B
snoANA 1RNA ,-'3'94’{’ other E,__ -5
0.50% 443% )  192% _§
fRNA__ gv
2.98% =~ -10
PIRNA % -
0.20% o oe—
Q -15+ T T T 1
® e e 5 0
—— miRNA
85.73% Average, Eﬁg;)frequency
TPD »
SnANA & unmapped §
snoRNA 1RNA /a'emother &~ -5
059%.387% / 190% Eg
ANA_ et I '§§
2.97% £ -0
piRNA ]
0.17% ,@ —
[ I
——— miRNA Average, read frequen
86.89% ° (log,) eauency
AD 3 0
unmaj
snRNA & 4.11%]:,% 3 y
snoRNA tHNf / other g"‘ 5
oso%. 594% /  182% E _§
rANA__ g"’ 104
1.24% -
iRNA | ——
b 2 =
—15 Ll L Ll L
[ I
—_ miRNA Average, read frequenc
85.91% ° (log,) sauency
c D
HE TPD AD
*%k
miR-381 o)
E miR-410 ? =
= N
miR-495 T
% miR-708 E 60
= miR-149 S l
2 miR-139 £
miR-30d 5
miR-181d ‘0 i
miR-222 @ 40
-23 miR-409-3p a
miR-127-3p 3
miR-125b-2% @
| miR-126 o 201
- miR-29a c
let-7f E
miR-99b o
miR-151-5p 2 0O
miR-23b 3 = E
miR-185 o s F
miR-125b-1% O
miR-340
miR-574-3p
miR-584

miR-219-5p
miR-219-2-3p

controls. Intriguingly, miR-219 is highly enriched in the brain
(8). Further, miR-219 is a highly conserved “ancient” miRNA
(9), showing 100% sequence identity among numerous species
(Supplemental Figure 2). miR-219 can arise from 2 distinct pre-
cursors, miR-219-1 or miR-219-2, that produce identical mature
5p species but diverge in their 3p forms (Supplemental Figure
2). Since we observed negligible levels of miR-219-1-3p in our
profiles, we inferred that differences in the miR-219-2 precursor
might be responsible for the changes in miR-219 (Supplemental
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Figure 1. miR-219 is downregulated in autopsy brain tissue from AD
and TPD patients. (A) Pie charts showing the proportion of RNA-
sequencing reads mapping to noncoding RNA subgroups (average in
each comparison group). piRNA, piwi-interacting RNA; snoRNA, small
nucleolar RNA; tRNA, transfer RNA. (B) Correlations of the normal-
ized read frequencies of all detected miRNAs between representative
subjects and the average from all profiles demonstrate a high degree
of correlation. (C) Heatmap diagram with unsupervised hierarchi-

cal clustering showing changes in the levels of the most significant
miRNAs identified in AD (n = 6) and TPD (n = 3) brain tissue samples
relative to those of controls (n = 7). Statistical analysis was performed
using 1-way ANOVA (P < 0.05, unadjusted). Data are shown as a
pseudocolored heatmap (log,-transformed relative expression values
of the normalized read frequency). (D) gPCR confirmed decreased
levels of miR-219in TPD (n = 19) and AD (n = 7) brain tissue samples
compared with those of controls (n = 20). SNORD24 levels were used
for normalization. **P < 0.01 by 2-tailed Student’s t test.

Table 3). Notably, we did not detect a difference in neuro-
nal miR-124, suggesting that our observed differences might
not be secondary to neuronal loss, but that compensatory
changes may play a role. To validate our findings, we used
quantitative PCR (qPCR). Once again, we observed a sig-
nificant downregulation of miR-219 in both AD and TPD
samples when compared with those from controls (Fig-
ure 1D). While there is currently no consensus as to which
miRNAs are altered in AD, this finding is consistent with
those of other studies (10-12).

Next, we asked whether miR-219 influences tau toxicity
in vivo. Transgenic Drosophila that express human tau are
useful for modeling fundamental mechanisms of tau biology
and tauopathy (13). Furthermore, many cellular mechanisms
are conserved between Drosophila and humans, including
miRNA regulation (14). Using a conditional expression sys-
tem, we overexpressed either miR-219 or a miR-219-inhib-
iting sponge, a recombinant transcript containing multiple
tandem miR-219 binding sites that significantly reduces
miRNA levels (15). When human tau was expressed in the
Drosophila eye alone or was coexpressed with a scrambled
miR-219 control, a severe rough eye phenotype was pro-
duced (Supplemental Figure 3 and Figure 2A). When human
tau and miR-219 were coexpressed, a partial reversal of the
rough eye phenotype was observed, consistent with a protec-
tive role (Figure 2B). In contrast, coexpression of human tau
and a miR-219-inhibiting sponge resulted in an exacerbation
of the phenotype, demonstrating bidirectionality (Figure 2,
C and D). Quantitative assessment of these phenotypes
revealed that these findings are highly significant (Figure 2E
and Supplemental Figure 4), indicating that miR-219 influ-
ences tau toxicity in this system.

This finding prompted us to investigate how miR-219 might
regulate tau toxicity. In theory, this could occur either directly
by altering tau levels, or indirectly through other factors. Using
algorithms based on sequence homology, we found that among
all the significantly downregulated miRNAs identified in our
profiling studies, only miR-219 is predicted to target tau. The
mature miR-219-2-3p is not predicted to target tau. Notably, the
predicted miR-219 interaction with the tau mRNA is broadly
conserved among species (Figure 2F). A conserved miR-219 rec-
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Figure 2. In vivo regulation of tau toxicity and expression by miR-219. (A and B) Coexpression of miR-219 partially suppressed the human tau-induced rough eye
phenotype compared with that seen in the scrambled miR-219. (C and D) Coexpression of the miR-219 sponge with human tau exacerbated the phenotype com-
pared with that observed in the scrambled sponge. Scale bar: 100 um. (E) Semiguantitative assessments of the rough eye phenotype (n = 38/group). (F) miR-219
recognition element in the tau 3'-UTR. (G) Schematic illustrating regulation of tau by miR-219 and de-repression with the sponge. (H and I) Quantitative immu-
noblot of extracts from flies expressing miR-219 in the brain revealed decreased Drosophila tau protein levels compared with those detected in the scrambled
control. Expression of the miR-219 sponge shows increased tau protein levels compared with those in the scrambled control (noncontiguous from the same gel).
(J)) gPCR shows that the tau mRNA levels were unchanged in the miR-219-expressing flies, but there was an increase in tau mRNA levels in flies expressing the
miR-219 sponge compared with that observed in the scrambled control. (K) Flies that coexpress miR-219 and luciferase fused to the human tau 3'-UTR showed
reduced activity compared with that seen in the scrambled control. Conversely, the miR-219 sponge significantly increased 3'-UTR activity compared with that in

the scrambled control. Flies expressing a GAPDH 3'-UTR fused to luciferase were used for normalization. Data are representative of 3 experiments. *P < 0.05,
**P < 0.01, and ***P < 0.001 by 2-tailed Student’s t test; ****P < 0.0001 by Mann-Whitney U test.

ognition element is not contained in the 3'-UTR of other micro-
tubule-associated proteins, including MAPla, MAP1b, MAP2,
and MAP4, suggesting a relative selectivity for MAPT-derived
transcripts. Thus, miR-219 is the only highly conserved, brain-
enriched miRNA predicted to target tau that we observed to be
downregulated in AD and TPD.

We next tested the hypothesis that miR-219 ameliorates tau
toxicity by direct silencing of tau expression through the highly
conserved recognition element in the tau 3'-UTR (Figure 2G). The
Drosophila tau gene encodes a protein with 66% amino acid simi-
larity to human tau and shares many critical features, including

microtubule-binding domains (16). Examination of the Drosoph-
ila genome revealed that the fly tau gene has a previously incom-
pletely annotated 3'-UTR that extends for 1,439 bp and contains
a single miR-219 recognition element (Supplemental Table 4). In
fact, of all the miRNAs predicted to target human tau, the miR-219
recognition element is the only one present in Drosophila, suggest-
ing a striking evolutionarily conserved relationship. This finding
allowed us to ask whether tau is regulated by miR-219 in vivo in
Drosophila. Our expression system enabled us to increase miR-219
levels 8.7-fold over baseline in the fly brain, whereas the sponge
reduced miR-219 levels by 31.7% (Supplemental Figure 5, A and
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Figure 3. miR-219 directly regulates tau expression and attenuates neurite outgrowth in mammalian cell cultures. (A) Cotransfection of human
neuroblastoma cells (SH-SY5Y) with a miR-219 mimic and a dual-luciferase human tau 3'-UTR reporter demonstrated reduced expression compared
with that seen in the scrambled miRNA control. Mutagenesis of the miR-219 recognition element abrogated silencing. (B) Immunofluorescence on
rat pheochromocytoma (PC12) cells using antisera targeting total tau (tauC) showed extension of processes following treatment with 100 nM NGF.
Scale bar: 25 pm. (C) Immunoblot using tauC demonstrated increased tau protein levels following NGF treatment. (D) An increase in tau mRNA levels
was observed following NGF treatment. (E) A transient decrease in miR-219 levels (normalized to SNORD24) occurred 3 days after NGF treatment
and returned to baseline levels by day 7. (F and G) Quantitative immunoblot analysis using PC12 cells transduced with the lentiviral miR-219 vector
revealed reduced tau protein levels compared with those detected in the scrambled miRNA control when differentiated for 7 days. (H) gPCR showed
reduced tau mRNA levels in PC12 cells transduced with the lentiviral miR-219 vector. (I) Immunofluorescence microscopy using tauC (red) showed
neurite outgrowth in untransduced PC12 cells, but cells transduced with lentiviral miR-219 (green) failed to extend neurites, as judged by the merged
image (lower panel; yellow). (J) Quantification of neurite extension revealed a significant decrease in the numbers of tau-positive neurites in cells
transduced with miR-219 compared with that observed in untransduced cells. Data are representative of 3 experiments. *P < 0.05, **P < 0.01, and

***P < 0.001 by 2-tailed Student’s t test.

B). When miR-219 was overexpressed in the fly brain, we found a
highly significant reduction in tau protein levels (63.8%; P < 0.001)
compared with those in the scrambled miRNA control (Figure
2, H and I). Depletion of miR-219 levels with the sponge inhibi-
tor resulted in a significant increase in tau protein levels (23.1%;
P < 0.05) compared with those in controls (Figure 2, H and I).
Expression of the miR-219 sponge resulted in a significant increase
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(22%; P < 0.05) in tau mRNA levels (Figure 2]). However, the tau
mRNA levels were unchanged following expression of miR-219,
suggesting effects on both mRNA stability and translation.

We extended our analysis to confirm that miR-219 regulates
human tau 3'-UTR activity in vivo. We generated transgenic Dro-
sophila that express luciferase fused to the human tau 3'-UTR.
Overexpression of miR-219 significantly reduced the luciferase
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activity of the human tau 3'-UTR constructs compared with that
observed in the scrambled control (P < 0.01; Figure 2K). In con-
trast, the miR-219 sponge inhibitor significantly increased lucifer-
ase activity (P < 0.01; Figure 2K), further supporting the presence
of an evolutionarily conserved mechanism of tau regulation.

Next, we confirmed that miR-219 silences tau expression in
human cells and asked whether this occurs through a direct inter-
action with the tau 3-UTR. We inserted the full-length human tau
3'-UTR into a dual-luciferase reporter construct downstream of
the Renilla luciferase and transiently cotransfected this construct
along with a miR-219 miRNA mimic into human neuroblastoma
cell cultures and compared them with control cells. We found that
the miR-219 mimic significantly reduced luciferase activity when
compared with that in the scrambled control (P < 0.05), while
site-directed mutagenesis of the miR-219 recognition element
abrogated silencing (Figure 3A). These findings demonstrate that
silencing of tau expression by miR-219 occurs through a direct
interaction with the predicted and highly conserved recognition
element in the tau 3'-UTR.

Given that miR-219 caninteract with the tau 3'-UTR, it was next
necessary to validate these findings in a more physiological con-
text. Functional trend analysis (17) suggests that miR-219 plays a
role in neuron differentiation, axon development, and gene expres-
sion (Supplemental Table 5). Previous work indicates that tau plays
afunctional role during neurite outgrowth (18, 19). Using PC12 cells
exposed to nerve growth factor (NGF), a well-established neurite
outgrowth model (20), we confirmed that NGF induces differen-
tiation into neuron-like cells with concomitant increases in tau
mRNA and protein levels (Figure 3, B-D). Intriguingly, we also
found that NGF induced a transient but significant downregulation
of miR-219 that returned to baseline levels once the cells had fully
differentiated (P < 0.05), demonstrating an inverse correlation
between tau protein synthesis and miR-219 levels (Figure 3E). To
determine whether changes in miR-219 influence tau expression,
we expressed miR-219 in PC12 cells that were exposed to NGF and
measured tau levels. Lentiviral expression of miR-219 resulted in a
significant reduction in both tau protein and mRNA levels (Figure
3, F-H). While we observed a 26.2% decrease in tau mRNA levels
following miR-219 treatment (P < 0.05), we detected a dispropor-
tionally large 76.7% reduction in tau protein levels (P < 0.001). In
addition, cells transduced with miR-219 failed to extend tau-posi-
tive processes compared with those that were transduced with the
scrambled control (Figure 3, I and ]). Altogether, these results sug-
gest that NGF-induced tau synthesis is regulated by miR-219.

In conclusion, these results suggest that tau toxicity is modu-
lated by miR-219 through direct regulation of tau synthesis. This
conclusion is based on the fact that miR-219 specifically binds the
tau 3'-UTR in vitro and is bidirectionally regulated by miR-219 over-
expression and inhibition in vivo. Our findings are consistent with
miR-219 influencing tau expression at the post-transcriptional level,
either through mRNA destabilization or translational repression, but
this may differ depending on the experimental context. Further vali-
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dationin other disease models and behavioral studies would be valu-
able. It is unlikely that miR-219 is alone among miRNAs in its ability
to regulate human tau, but the role of miR-219 is of critical interest,
given the extraordinary and unique conservation of its recognition
element in the tau 3-UTR. Further studies will provide a better
understanding of the regulation of tau and advance our understand-
ing of the pathogenesis of neurofibrillary degeneration and may
guide us toward the development of novel therapeutic strategies.

Methods
Detailed Supplemental Methods are available online.

Small-RNA profiling. RNA-sequencing data sets were deposited
in the NCBI’s Gene Expression Omnibus database (GEO GSE63501).

Statistics. Statistical significance was determined by 1-way ANO-
VA and Tukey’s test or by a 2-tailed Student’s ¢ test using GraphPad
Prism software (GraphPad Software). A P value of less than 0.05 was
considered significant. For all figures in which error bars are shown,
data represent the mean + SEM. Statistical outliers and specimens
with measurement errors were excluded.

Study approval. Studies using autopsy tissue were approved by the
IRB of Columbia University. Written informed consent was provided
by the next of kin. Drosophila studies are not subject to IRB oversight.
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