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MicroRNA-21 (miR-21) is consistently up-regulated in various neurological disorders, including epilepsy. Here,
we show that the biogenesis of miR-21 is altered following pilocarpine-induced status epilepticus (SE) with an
increase in precursor miR-21 (pre-miR-21) in rats. We demonstrate that pre-miR-21 has an energetically favor-
able site overlappingwith themiR-21 binding site and competeswithmaturemiR-21 for binding in the 3′UTR of
TGFBR2mRNA, but not NT-3mRNA in vitro. This binding competition influences miR-21-mediated repression in
vitro and correlateswith the increase in TGFBR2 and decrease inNT-3 following SE. Polysome profiling reveals co-
localization of pre-miR-21 in the ribosome fraction with translating mRNAs in U-87 cells. The current work sug-
gests that pre-miR-21 may post-transcriptionally counteract miR-21-mediated suppression following SE and
could potentially lead to prolonged TGF-β receptor expression impacting epileptogenesis. The study further sup-
ports that the ratio of the pre to mature miRNA may be important in determining the regulatory effects of a
miRNA gene.

© 2016 Elsevier Inc. All rights reserved.
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1. Introduction

MicroRNAs (miRNAs) are short non-coding RNAmolecules (~20–25
nucleotides) that regulate gene expression of target messenger RNAs
(mRNAs) post-transcriptionally in diverse cellular pathways (Kim,
2005). MiRNAs bind to mRNAs blocking translation and/or enhancing
degradation, allowing for a large number of proteins to be concurrently
regulated. To date, there are hundreds of miRNAmembers identified in
higher eukaryotes targeting N60% of protein-encoding genes (Bartel,
2004; Friedman et al., 2009b; Kim, 2005). InmiRNA biogenesis, primary
miRNAs (pri-miRNAs) are first transcribed by RNA polymerase II and
cleaved into precursor miRNAs (pre-miRNAs) by the RNase III Drosha
in the nucleus; pre-miRNAs are then exported into the cytoplasm
where they are processed by another RNase III Dicer to produce a
short miRNA duplex consisting of a guide strand (mature miRNA) and
passenger strand (miRNA*). The mature miRNA and Argonaute
(Ago2) form a RNA-induced silencing complex to target and silence
mRNAs, whereas the miRNA* is often rapidly degraded (Ha and Kim,
yster Point Blvd, Ste. 100, South
2014; Kosik, 2006). The miRNA intermediates were merely considered
as by-products with no biological function until recent in vitro studies.
Trujillo et al. described function of pri-miRNAs in target recognition
and repression while Okamura et al. showed miRNA-type repression
of specific miRNA stem loops (Okamura et al., 2013; Trujillo et al.,
2010). Our previous study demonstrated competition between pre-
and mature miRNAs for binding to the 3′UTR of their target mRNAs
(Roy-Chaudhuri et al., 2014). However, the physiological consequences
of these additional layers of translational regulation bymiRNA interme-
diates have not been explored in epilepsy or other disease models.

Alterations in miRNA expression have been implicated in a wide va-
riety of neurological disorders, including epilepsy (Bian and Sun, 2011;
Bot et al., 2013; Jimenez-Mateos and Henshall, 2013; Kosik, 2006). Epi-
lepsy is one of the most common diseases of the nervous systemwith a
lifetime incidence of 3% and is associated with comorbid learning and
memory problems (de Boer et al., 2008; Hesdorffer et al., 2011;
Jimenez-Mateos et al., 2012; Pohlmann-Eden et al., 2006). Development
of epilepsy after a neurologic insult has been associated with a large
number of cellular andmolecular changes, such as neuronal loss, gliosis,
neurogenesis, synaptic organization, and alternation of gene expression
including miRNAs (Pitkanen and Lukasiuk, 2009). Indeed, miRNA dys-
regulation is observed in a variety of epilepsy models and in tissue
from patients undergoing surgery for medically refractory epilepsy
(Dogini et al., 2013; Henshall, 2014). Altered miRNA regulation has
been implicated in apoptosis, neurogenesis, synaptic functions,
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inflammation, and gliosis (Dogini et al., 2013; Jimenez-Mateos and
Henshall, 2013). However, further studies are needed to understand
how miRNAs regulate epileptogenesis and if they provide a novel ther-
apy to treat epilepsy.

Studies on epileptogenesis usemodels that have high rates of epilep-
sy following an initial insult. Treating rodents with pilocarpine, a
chemoconvulsant, is a widely used model to induce status epilepticus
(SE, a prolonged seizure) from which the animals initially recover but
go on to develop spontaneous seizures or epilepsy (Curia et al., 2008).
Animals present behavioral, electrographic, and neuropathologic fea-
tures in the limbic structures similar to those observed in patients
with temporal lobe epilepsy. MicroRNA-21 (miR-21), an evolutionarily
conserved miRNA, increases following a variety of brain insults includ-
ing head trauma, stroke, and SE that are associated with increased risk
of developing epilepsy (Buller et al., 2010; Gorter et al., 2014; Peng et
al., 2013).

Here, we observed differential expression of miR-21 precursors and
maturemiR-21 in the hippocampus following pilocarpine SE. To under-
stand the functional significance of differential levels of precursor and
mature miR-21 following SE, we carried out bioinformatics and bio-
chemical approaches to show that pre-miR-21 can compete with ma-
ture miR-21 for regulating mRNA levels of Transforming Growth
Factor β Receptor 2 (TGFBR2), but not Neurotrophin-3 (NT-3), both of
which are targets of mature miR-21. TGF-β is a master anti-inflamma-
tion cytokine controlling neurological and immune functions following
a neurologic insult and binds to TGF-β receptor 1 and receptor 2
(TGFBR1 and TGFBR2, respectively) resulting in a cascade of molecular
changes implicated in epileptogenesis (Cacheaux et al., 2009;
Friedman et al., 2009a; Okamoto et al., 2010). Together, our data suggest
that pre-miR-21 may compete with mature miR-21 and block miRNA-
mediatedmRNA degradation and/or translational repression in the hip-
pocampus following SE. This possibly contributes to the prolonged acti-
vation of TGF-β signaling with implications for epileptogenesis.

2. Results

2.1. Differential changes in expression of pri-miR-21, pre-miR-21, and ma-
ture miR-21 in the hippocampus following status epilepticus

Pri-miR-21, pre-miR-21 and mature miR-21 levels in the rat hippo-
campi were assayed using qRT-PCR and northern blot analysis 4, 12,
and 48 h after the animals had experienced a pilocarpine-induced Ra-
cine stage V seizure (Racine, 1972) (Supplementary Fig. 1). The SE ani-
mals exhibited substantial increases in each transcript compared to
controls, but each transcript displayed a unique time course (Fig. 1).
The qRT-PCR data showed that pri-miR-21 levels did not increase at
4 h post SE but increased by ~4.8-fold at 12 h post SE and thendecreased
at 48 h post SE (Fig. 1B). Pre-miR-21 levels increased at each time point
studied: 3.3-fold at 4 h, 11.8-fold at 12 h and 33.2-fold at 48 h post SE
(Fig. 1C). However, the change inmaturemiR-21 levelswas substantial-
ly delayed reaching a ~5.9-fold increase at 48 h after SE (Fig. 1D). Small
RNA northern blot analysis confirmed the differential changes of pre-
and mature miR-21 identified by qRT-PCR (Fig. 1E & F; see quantifica-
tion in Fig. 1G & H). Pri-miR-21 and mature miR-21 increased after SE
but the pre-miR-21 transcript increased as early as 4 h after SE and to
a greater extent than pri-miR-21 suggesting that processing of pre-
miR21 is altered following SE.

2.2. Pre-miR-21 potentially binds TGFBR2 mRNA 3′UTR to regulate its
translation

Wenext asked if therewas a biological significance of the changes in
pri-, pre-, and mature miR-21 levels over time in the pilocarpine-in-
duced seizure model. Our recent study (Roy-Chaudhuri et al., 2014)
has uncovered a novel regulatory role of pre-miRNAs inmiRNA-mediat-
ed target suppression. Previously, we showed that pre-miR-151 and
pre-miR-124 can compete with their mature counterparts in vitro for
binding to the miRNA-response elements (MREs) in the 3′ UTRs of se-
lected target mRNAs to regulate their expression using biochemical
analyses and bioinformatics (Roy-Chaudhuri et al., 2014). Furthermore,
the same pre-miRNA can have differential effects on the expression of
different target genes owing to its ability to compete with its mature
counterpart to bind to one target but not to others (Roy-Chaudhuri et
al., 2014).

Many miR-21 targets have been identified, including TGFBR2mRNA
and NT-3 mRNA (Kim et al., 2009; Mishra et al., 2014; Risbud et al.,
2011; Yu et al., 2012). TGFBR2 and NT-3 are part of the TGF-β signaling
and neurotrophin signaling pathways both of which have been impli-
cated in epileptogenesis (Cacheaux et al., 2009; Elmer et al., 1997;
Weissberg et al., 2015; Xu et al., 2002). Intriguingly, we found that the
mature miR-21 binding region in TGFBR2 3′UTR as shown previously
(Kim et al., 2009) and as predicted by TargetScan overlaps with the
most favorable binding region of pre-miR-21 to TGFBR2 3′UTR. Further-
more, thermodynamic consideration using RNAhybrid (Rehmsmeier et
al., 2004) favors the inter-molecular binding of pre-miR-21 to the
TGFBR2 3′UTR region (minimum free energy or ΔG = −54.0 kcal/mol
in humans and −52.4 kcal/mol in mice) over the combined intra-mo-
lecular folding energy of the pre-miR-21 and the target region in
TGFBR2 3′UTR (Fig. 2A & B). In contrast, the minimum ΔG for pre-miR-
21 to 3′ UTR of NT-3 are −37.4 kcal/mol and −41.1 kcal/mol in
human and mouse, respectively (Fig. 2C & D). Based on our previous
work (Roy-Chaudhuri et al., 2014), miRNA transcript (precursor or ma-
ture form) with ΔG of−50 kcal/mol or lower (more negative) exhibits
favorable binding to its corresponding 3′UTR of a target mRNA. Thus,
the 3′UTR of NT-3 does not contain a thermodynamically favorable re-
gion for pre-miR-21 binding. Together, it is likely that an increase in
the pre-miR-21 concentration in SE would favor de-repression of
TGFBR2 mRNA, and not NT-3 mRNA.

The bioinformatics analyses suggest the potential regulatory role of
pre-miR-21 in TGFBR2 mRNA but not in NT-3 mRNA. To determine if
the in vivomRNA levels of TGFBR2 and NT-3 correlate with these bioin-
formatics predictions, we measured TGFBR2 mRNA and NT-3 mRNA
levels at 12 h and 48 h after SE from the hippocampi of rats using
qRT-PCR. Therewas an increase in the TGFBR2mRNA level in the seizure
groups at both time points (Fig. 3A) with a statistically significant in-
crease at 48 h (p-value=0.040). Conversely, we detected a comparable
reduction of NT-3 mRNA at 12 h and 48 h after SE (Fig. 3B), consistent
with prior studies showing that NT-3mRNA is a putative miR-21 target
and is down-regulated following SE (Binder, 2007; Mudo et al., 1996;
Risbud et al., 2011). The results suggest that in vivo pre-miR-21 might
compete with mature miR-21 to prevent TGFBR2 mRNA repression by
mature miR-21 after SE.

2.3. Pre-miR-21 competes with mature miR-21 to regulate TGFBR2 mRNA
at the post-transcription level in vitro

To determine whether pre-miR-21 can bind and compete with ma-
ture miR-21 for the overlapping binding sites within the identified
TGFBR2 3′UTR region, we performed a dual-luciferase reporter assay in
HEK 293 cells that have negligible miR-21 expression (Supplementary
Fig. 2) (Li et al., 2009). Reporter construct (PsiCheck2) containing the
human TGFBR2 3′UTR (about 1 kb) was co-transfected with a miR-21
overexpression construct. Ectopic expression of miR-21 was driven ei-
ther by a polymerase (Pol) III-based small hairpin (Sh) system that
expressed mature miR-21 (Sh-21) or a Pol II-based system that
expressed both pre-miR-21 andmaturemiR-21 (CMV-21). A scrambled
control (Sh-S) and vector expressing GFP (CMV-ctl) were the controls
for Sh-21 and CMV-21, respectively. In the presence of overexpressed
mature miR-21 (from Sh-21 construct), we observed an approximately
40% repression of TGFBR2 3′UTR-luciferase expression compared to Sh-S
(Fig. 4A; grey shaded). This repression, however, was significantly de-
repressed in the presence of CMV-21 (Fig. 4A; light grey) that expressed



Fig. 1. Levels ofDmiR-21 transcripts at different time points in rats after SE. (A) A schematic diagram of miR-21 biogenesis. MiR-21 is transcribed as a long primary transcript (~3400 bp),
pri-miR-21, from its own promoter. Drosha cleaves pri-miR-21 into a precursor transcript (~70 bp), pre-miR-21. Dicer further cleaves pre-mi-21 into short strands of ~22 nt, containing
guide/maturemiR-21 (green) and passengermiR-21 (miR-21*) (magenta). (B–D) qRT-PR showing changes of pri-, pre-, andmaturemiR-21 levels at 4, 12, and 48 h after SE. Both pri- and
maturemiR-21 levels show significant increase only at 12 h and 48 h, respectively (B&D), whereas pre-miR-21 levels are elevated at all time points (C). Relative fold change is normalized
to PPIA (cyclophilin)mRNA expression for pri-miR-21 and to 4.5S (ribonuclear small RNA) expression for pre-miR-21 and formaturemiR-21. Shownaremean±SEM. Kruskal-Wallis test,
*p b 0.05, **p b 0.01, ***p b 0.001. (E & F) Small RNA northern blots detecting pre-miR-21 andmaturemiR-21 at 12 and 48 h post SE. The blots used LNA probe that detected both pre-miR-
21 (red arrowhead) and mature miR-21 (red circle). At 12 h time point, the intensity of the pre-miR-21 bands in the SE groups was stronger than that in the control group, but the
intensities of the mature miR-21 bands were comparable between the SE and control groups (E). At 48 h time point, the levels of pre-miR-21 and mature miR-21 in the SE group were
higher than that in the control group (F). (G & H) Quantification for northern blots. L = ladder for RNA sizes in nucleotides. U6 serves as a loading control. For pri-miR-21: 4 h (Control
N = 10, SE N = 12), 12 h (Control N = 7, SE N = 8), 48 h (Control N = 11, SE N = 10). For pre-miR-21: 4 h (Control N = 7, SE N = 11), 12 h (Control N = 7, SE N = 9), 48 h
(Control N = 5, SE N = 6). For mature miR-21: 4 h (Control N = 6, SE N = 6), 12 h (Control N = 4, SE N = 5), 48 h (Control N = 6, SE N = 6).
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both the precursor and mature forms of miR-21. This suggests that the
presence of pre-miR-21 binding to TGFBR2 3′UTR antagonized the bind-
ing and activity of mature miR-21 on TGFBR2 3′UTR-luciferase expres-
sion. To test the specificity of the competition between pre-miR-21
and mature miR-21, we also performed a similar reporter assay using
human NT-3 3′UTR. The thermodynamic calculation predicted that the
most favorable binding region of pre-miR-21 to NT-3 3′UTR (predicted
by RNAhybrid) did not overlap with the putative binding site of mature
miR-21 to NT-3 3′UTR. The human NT-3 3′UTR was also co-transfected
with Sh-21 or CMV-21 expression plasmids in HEK 293 cells. In the lu-
ciferase assay, Sh-21 expression provided 60% suppression of NT3 3′
UTR-luciferase expression, and CMV-21 showed the comparable sup-
pressive activity on NT-3 (Fig. 4B). To validate further the competition
between pre- and mature miR-21 for binding to TGFBR2 3′UTR, we



Fig. 2. Putative binding site and thermodynamics of pre-miR-21 to TGFBR2mRNA 3′UTR and toNT-3mRNA 3′UTR. (A & B) A schematic shows the energetically favorable binding sties (in
green for mature miR-21 andmagenta for miR-21*) of pre-miR-21 to TGFBR2mRNA for human (A) and formouse (B). The minimum free energy change (ΔG) of human andmouse pre-
miR-21 binding to TGFBR2 3′UTR are−54.0 kcal/mol and−52.4 kcal/mol, respectively. (C & D) A schematic shows the energetically favorable binding sties (in green for mature miR-21
andmagenta for miR-21*) of pre-miR-21 to NT-3mRNA for human (C) and inmouse (D). The ΔG of human andmouse pre-miR-21 binding toNT-3 3′UTR are−37.4 kcal/mol and−41.1
kcal/mol, respectively.
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modified the TGFBR2 3′UTR putative target site such that the modified
target region lost the ability to bind to pre-miR-21 but retained the abil-
ity to bind to mature miR-21. We hypothesized that in the presence of
modified target, repression levels by reporter assay would be similar
using Sh-21 or CMV-21. To create a modified TGFBR2 3′UTR target
which might lose the ability to bind to pre-miR-21 without affecting
mature miR-21 binding, we constructed the target region in two
ways: i) by deleting the region in TGFBR2 3′UTR that was predicted to
bind to miR-21* (TGFBR2-del) (see schematics in Fig. 4C) and ii) by re-
placing the predicted miR-21* binding region with a scrambled se-
quence that has the identical length and GC content (TGFBR2-3p-scr)
(see schematics in Fig. 4E). The thermodynamic calculation showed an
increased ΔG (less favorable) for the binding of pre-miR-21 to either
of these modified TGFBR2 3′UTR targets, indicating no thermodynamic
advantage for pre-miR-21 relative to the mature form for binding to
the target (Supplementary Fig. 3). In the presence of overexpressedma-
ture miR-21 from the Sh-21 construct, the modified TGFBR2 reporter
constructs exhibited 30–35% repression of luciferase expression com-
pared to Sh-S (Fig. 4D & F; left two bars). Interestingly, we found a sim-
ilar level of suppression in TGFBR2 expression in the presence of CMV-
21 (Fig. 4D & F; right two bars). This suggests that in the absence of
pre-miR-21 binding to TGFBR2 3′UTR, mature miR-21 resulted in a sim-
ilar amount of repression. The luciferase assay data, taken together,
demonstrated that pre-miR-21 can compete with mature miR-21 for
binding to TGFBR2 3′UTR and thereby impede the repression activity
of mature miR-21. The data suggests that the elevated pre-miR-21



Fig. 3. TGFBR2mRNA andNT-3mRNA levels at 12 and 48 h post SE. Quantitative RT-PCR of
TGFBR2mRNAandNT-3mRNA from the rat hippocampal lysate at 12 and 48h after SE. (A)
The TGFBR2mRNA level in SE groupwas elevated by 1.7-fold at 12 h and 2.14-fold at 48 h
compared to the control group. The 48 h SE group showed statistically significant increase.
(B) The NT-3 mRNA level was significantly reduced at both 12 h (0.4 ± 0.089) and 48 h
(0.46 ± 0.076) post SE compared to the control group. Relative fold change was
normalized to housekeeping PPIA (cyclophilin) mRNA expression. Shown are mean ±
SEM. Control N = 7 samples and SE N = 9 samples. One-way ANOVA, Kruskal-Wallis
test. *p b 0.05, **p b 0.01, N.S. = not significant.
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after SE may have a biological function via regulation of TGFBR2 during
epileptogenesis.

2.4. Polysome profiling revealed that pre-miR21 binds to translatingmRNAs

Previous studies have shown that miRNAs associate with actively
translating mRNAs (Maroney et al., 2006a; Maroney et al., 2006b). Var-
iousmiRNAs includingmiR-21 have been shown to co-purifywith poly-
somes generated by velocity sedimentation in sucrose gradient (Kim et
al., 2004;Maroney et al., 2006a;Molotski and Soen, 2012; Nottrott et al.,
2006). Our luciferase assay data suggests that pre-miR-21 base-pairs
with the TGFBR2 3′UTR, which overlaps with mature miR-21 binding
(miR-21-5p). Hence, we asked if, along with miR-21-5p, pre-miR-21
also co-localizes with translatingmRNAs in polysomes. Northern analy-
sis showed that pre-miR-21 accumulated to high levels in human glio-
blastoma cell line, U-87, compared to other cell lines (Supplementary
Fig. 2). Lysates from U-87 cells treated with cycloheximide, which
freezes all ribosomes on translating mRNAs, were subjected to sucrose
gradient fractionation to generate polysome profiles with distinct
peaks representing 40S subunits, 60S subunits, 80S monosomes and
polysomes (Fig. 5A, bottom panel; black arrows). As expected, we
found co-localization of mature miR-21 in the polysome fraction as
well as in the ribonucleoprotein (RNP) faction of the profile by northern
analysis. The presence of mature miRNAs in the RNP fractions is not un-
common (Kim et al., 2004; Nottrott et al., 2006) because mature
miRNAs are not always associated with actively translating mRNAs. In-
terestingly, pre-miR-21 and mature miR-21 also co-localized in the
polysome fractions (Fig. 5A, top panel; red arrowhead; see quantifica-
tion in Fig. 5C &D). To rule out the possibility of non-specific localization
of pre- andmaturemiR-21 in the polysomes, we treated U-87 cells with
puromycin, a molecule that mimics acyl-tRNA and terminates polypep-
tide chain elongation. In cells treated with puromycin, we observed loss
of polysomes and an accumulation of the 80S monosomes (Fig. 5B, bot-
tom panel; black arrowhead). Northern analysis and quantification
showed that localization of both pre- and mature miR-21 were dissoci-
ated from polysomes after puromycin treatment (Fig. 5B, top panel; see
quantification in Fig. 5C & D), confirming that the sedimentation of pre-
miR-21 in the polysome fraction in cycloheximide-treated cells was in-
deed a bona-fide interaction with translating mRNAs.

3. Discussion

To our knowledge, this is the first study focusing on precursor
miRNA expression and its novel regulation of miRNA activity in status
epilepticus. In our prior study we showed that complementary se-
quences exist for both the miR-151-5p and -3p sequences within the
3′UTR of the transcription factor E2f6 gene (Roy-Chaudhuri et al.,
2014). Pre-miR-151 binds to and competes with mature miR-151
(miR-151-5p) binding to the overlapping 3′UTR region of E2f6. In con-
trast, only mature miR-151 is capable of regulating an endogenous tar-
get present in the 3′UTR of RhoGDIA, a tumor suppressor gene,
demonstrating how one miRNA can differentially regulate different
mRNA targets. However, to date, such regulatory role of pre-miRNA in
vivo or in a disease model has not been demonstrated.

We previously published a 4-fold increase of expression in miR-21*
compared to mature miR-21 in the rat hippocampus following pilocar-
pine-induced SE, using a commercially available qRT-PCR assay that uti-
lizes a hairpin primer (Risbud and Porter, 2013). While not confirmed
the commercial assay for miR-21* may also recognize pre-miR21 as
they share the same primer sequence used for the initial PCR reaction
possibly explaining the divergent finding. Here using both a novel pre-
miR-21 qRT-PCR assay and northern blot analysis, we show that the
pre-miR-21 increase is more significant and is earlier than the mature
miR-21 increase following pilocarpine-induced SE. Initially of unclear
functional significance, pre-miRNAs may have a role in de-repressing
mature miRNA repression of mRNAs. The degree of target mRNA trans-
lation repression can thus be altered by the pre/mature miRNA ratio.
This mode of gene regulation provides a mechanism by which a single
miRNA can differentially regulate unrelated mRNAs within a cell to in-
crease target specificity (Roy-Chaudhuri et al., 2014).

The differential expression of pre- and mature miR-21 in a temporal
fashion observed in our status epilepticus model prompted us to deter-
mine if pre-miR-21 could regulate the activity ofmaturemiR-21 in a tar-
get specific manner. Using bioinformatics we identified two miR-21
targets that showed differential responses to the presence of pre-miR-
21. NT-3 mRNA has a minimum free energy change (ΔG) considerably
greater (less favorable) than that of TGFBR2 for binding of pre-miR21.
Wewere able to corroborate the bioinformatic resultswith in vitro stud-
ies showing that pre-miR-21 can directly compete with mature miR-21
in the 3′UTR of TGFBR2 but not the 3′UTR of NT-3. Mutations in the pu-
tative pre-miR-21 binding site of TGFBR2 3′UTR were able to abolish its
ability to compete with mature miR-21, strongly suggesting that pre-
miR-21 can suppress degradation or silencing of an mRNA targeted by
its mature counterpart or possibly other miRNAs that share nearby
binding sites.

Consistent with several prior studies, we found that NT-3 mRNA is
down-regulated in the hippocampus following SE (Kim et al., 1998;



Fig. 4.Binding competition between pre-miR-21 andmaturemiR-21 to TGFBR23′UTR. (A&B)Dual-luciferase assay inHEK 293 cells in thepresenceofmaturemiR-21 (Sh-21) or both pre-
miR-21 and mature miR-21 (CMV-21) to measure binding competition between pre-miR-21 and mature miR-21 to target mRNAs. (A) For binding to TGFBR2 3′UTR, mature miR-21
showed 40% suppression of TGFBR2 3′UTR-luciferase expression, and this suppression was alleviated to 20% in the presence of pre-miR-21 (p-value= 0.0009). (B) For binding to NT3
3′UTR, mature miR-21 showed 60% suppression of NT3 3′UTR-luciferase expression, and this suppression was comparable in the presence of pre-miR-21 (p-value = 0.19, not
significant). Normalization was done with respect to a scramble control (Sh-S) for Sh-21 and to a CMV-driven GFP control (CMV-ctl) for CMV-21. Two-tailed Student's t-test, and
values are mean ± SEM. N = 8; data points from two independent experiments measured in quadruplicate. (C & E) Schematics of the predicted loss of competition between pre-miR-
21 and mature miR-21 for binding to TGFBR2 3′ UTR due to the deletion of the miR-21* binding site (TGFBR2-del) or the replacement of the miR-21* binding site by a scramble
sequence (TGFB2R-3p-scr). (D & F) Dual-luciferase assay of the modified psiCHECK TGFBR2 constructs (TGFBR2-del and TGFB2R-3p-scr) in presence of Sh-21 and CMV-21. m = mature
miR-21 and p = pre-miR-21.
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Mudo et al., 1996; Risbud et al., 2011). Conversely, TGFBR2 mRNA was
increased following SE in spite of being a known miR-21 target (Kim
et al., 2009; Mishra et al., 2014) and an eventual observed increase in
miR-21. Here we demonstrated similar changes in mRNA levels of NT-
3 and TGFBR2 in the hippocampus of our pilocarpine-induced SE rats.
To date in an epilepsymodel there are noproteinmeasurements report-
ed of NT-3 and TGFBR2 that will allow for a direct comparison of the
protein, mRNA, miRNA and precursor miRNA concentrations. While
technically challenging, protein measurements will be important to so-
lidify our understanding the role that pre-miRNA-mediated regulation
might play in epilepsy. While we do not have direct evidence that pre-
miR-21 is competing with miR-21 in vivo, the reporter assays suggest
a competition between pre- andmature miR-21 for binding to overlap-
ping region in TGFBR2 3′UTR. Moreover, we found pre-miR-21 co-local-
izingwith translatingmRNAs in polysomes.We conjecture that after SE
the elevated pre-miR-21 competes with mature miR-21 for binding to
3′UTR of TGFBR2 mRNA and thereby preventing degradation or silenc-
ing of TGFBR2 mRNA. This could explain the higher level of TGFBR2
mRNAwe observed after SE, though in vivo expression studies are need-
ed to confirm causality. It is also possible that pre-miR-21 may have
other 3′UTR binding sites that compete with miR-21 and prevent
those mRNAs from degradation or silencing during epileptogenesis. Fu-
ture studies are needed to understand the extent of in vivo competition
between pre- and mature miR-21 in epilepsy model. Additionally, it
would be important to determine if there are other pre-miRNAs, includ-
ing miR-146a (Aronica et al., 2010; Omran et al., 2012) and miR-132
(Nudelman et al., 2010) that are elevated following SE and their puta-
tive targets to understand the breadth of this novel form of mRNA reg-
ulation as these miRNAs are shown to play a role in epileptogenesis.

Markedly elevated expression of pre-miR-21 independent of pri-
and mature miR-21 levels suggest altered rates of miR-21 processing
or stabilization of pre-miR-21 following SE in our pilocarpine model.



Fig. 5. Pre-miR-21 is associatedwithmRNAs engaged in active translation. (A & B) Representative northern blots of ribosome profiles generated from lysate of U-87 cells that were treated
with either cycloheximide (A) or puromycin (B) as described inMaterials andmethods. (A) Top: northern analysis to detect pre-miR-21 (red arrowhead) andmaturemiR-21 (red circle)
in each of the fractions across the profile. Bottom: tracing of the profile at 254 nm shows distinct peaks for ribosome subunits, monosome and polysome as indicated (arrows). (B) Top:
northern analysis to detect pre-miR-21 and mature miR-21 (red arrowhead) and mature miR-21 (red circle) in each of the fractions across the profile. Bottom: tracing of the profile at
254 nm shows loss of polysomes and an accumulation of the 80S monosomes (arrow). Quantification of the levels of pre-miR-21 (C) and mature miR-21 (D) in three independent
polysome profiles. Unbound = fractions 1–5, 80S = fraction 6, polysome = fractions 7–14. Percentage calculated is relative to the sum of fractions 1–14. Black, magenta, and green
data points represent three independent polysome profiling experiments.
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To date, miRNA processing has not been investigated sufficiently in ep-
ilepsy to offer an explanation to the observed high levels of pre-miR-21.
On the other hand, the differential expression profile of pre- andmature
miR-21 could in part be explained by a non-canonical processing of
miRNA mediated by TGF-β1 signaling (Davis et al., 2008; Davis et al.,
2010). TGF-β1 is a pleiotropic cytokine universally up-regulated in re-
sponse to brain injuries, including SE. TGF-β1 expression is elevated in
the hippocampal astrocytes of SE-experienced rats (Aronica et al.,
2000) and in the neurons of amygdala-kindled rats (Plata-Salaman et
al., 2000). Upon activation TGF-β1 binds TGFBR2 to recruit TGFBR1 for
direct phosphorylation and nuclear translocation of the transcription
factors Smad2 and Smad3 (Smad2/3) to regulate target gene expression
(Massague andWotton, 2000; Shi and Massague, 2003). Davis and col-
leagues demonstrated that TGF-β1 increased a subset of pre- and ma-
ture miRNAs, including miR-21 through a post-transcriptional step of
processing pri-miRNAs. Specifically, Smad2/3 bind to R-SBE, a consen-
sus sequence within the stem region of the pri- and pre-miRNA tran-
scripts, to promote miRNA processing by Drosha (Davis et al., 2008;
Davis et al., 2010). It is possible that during the early phase of
epileptogenesis, activated TGF-β1 signaling results in Smad2/3 binding
to pri-miR-21 for increased production and processing of pre-miR-21.

A number of miRNA expression profiling studies using different ep-
ilepsy models employed bioinformatics to predict the target mRNAs of
the identified miRNAs (Bot et al., 2013; Gorter et al., 2014; Hu et al.,
2011; McKiernan et al., 2012); however, few studies have validated
these predicted epilepsy-associated miRNA targets (Jimenez-Mateos
et al., 2012; Sano et al., 2012). To date no seizure studies have looked
at pre-miRNA levels and their possible role in epileptogenesis. MiR-21
is an evolutionarily conserved miRNA (Krichevsky and Gabriely, 2009)
and is consistently up-regulated in epilepsy samples and following
other neurological injuries leading to epilepsy (Bot et al., 2013; Gorter
et al., 2014; Risbud and Porter, 2013). The possibility of competitive
binding of pre-and mature miRNAs for mRNA targets suggests that
pre- andmaturemiRNAs need to bemeasured and the thermodynamics
of each target mRNAmay be needed to understand transcriptional reg-
ulation in epilepsy.MiR-21 has been implicated in neuronal survival fol-
lowing an insult and has many experimentally validated mRNA targets;
however, none have been shown in an in vivo epilepsy model to be reg-
ulated by miR-21. Prolonged TGF-β signaling via infusion of TGF-β into
the brain has been shown to be sufficient to induce epilepsy (Cacheaux
et al., 2009). We speculate that the elevation in pre-miR-21 may allow
for elevation of TGFBR2 mRNA levels, potentially leading to increased
TGF-β signaling and epileptogenesis (Fig. 6).

In summary, we propose that for a subset of mRNAs (TGFBR2 and
E2f6) translation suppression and/or degradation is regulated by the
ratio of precursor to mature miRNA. To fully understandmiRNA regula-
tion of mRNA translation, analysis requires quantification of pre- and
mature miRNA. To date miR-151, miR-124 and miR-21 have been



Fig. 6. A schematic model depicts the novel regulation of increased pre-miR-21 through competing with mature miR-21 to bind to 3′UTR of TGFBR2mRNA and to regulate its expression
following SE.

144 K. Chak et al. / Experimental Neurology 286 (2016) 137–146
implicated in the precursor/mature competition mechanism of gene
regulation but more studies are needed to understand the scope of
this process in epilepsy and other disease models.

4. Materials and methods

4.1. Animals and induction of status epilepticus

Adultmale Sprague Dawley rats (Charles River Laboratories Interna-
tional, CA) between 60 and 90 days of age were provided with unre-
stricted access to food and water in temperature and humidity
controlled housing with a 12 h light–12 h dark cycle (lights on
7:00 AM). The rats were injected with 1 mg/kg methyl-scopolamine
(Sigma-Aldrich,MO) intraperitoneally (IP) to block peripheral choliner-
gic effects 30 min prior to pilocarpine-induced status epilepticus (SE).
385 mg/kg pilocarpine hydrochloride (Sigma-Aldrich Corp., MO) was
administrated IP to the SE rats, and control rats were given 1/10th
dose (38.5 mg/kg) of pilocarpine. Rats were monitored for appearance
of stage V Racine seizures and received 6 mg/kg diazepam (Hospira
Inc., IL) one hour after the induction of SE. The seizure group received
an additional half dose (3 mg/kg) every two hours after the initial diaz-
epam injection until all behavioral seizures resolved. The Stanford Insti-
tutional Animal Care and Use Committee approved all the protocols
used.

4.2. Tissue collection and RNA extraction

Both SE and control groupswere sacrificed at 4, 12, and 48h after the
induction of SE. The animals were anesthetized with isoflurane, and the
hippocampal tissuewas dissected out, frozen on dry ice, and stored at−
80 °C until RNA extraction. For qRT-PCR and northern blots, total and
small RNAswere extracted from the rat hippocampi using themirVANA
isolation kit according to the protocol (Thermo Fisher Scientific, MA).
Total RNAwas isolated from cell lines using Trizol (ThermoFisher Scien-
tific, MA) (48 h after transfection if transfected). RNA extractions of su-
crose gradient fractions were carried out by phenol: chloroform:
isoamylalcohol (Sigma-Aldrich, MO). The RNA concentration of extract-
ed RNAs was measured and the A260/280 ratio was determined using
Nanodrop spectrophotometer (Thermo Scientific NanoDrop, DE). The
extracted RNAs were stored at−80 °C until use.

4.3. Quantitative real-time PCR

Total RNA and random hexamers were used for pri-miR-21, TGFBR2
mRNA, NT-3 mRNA; small RNA and specific stem loop primers were
used for pre- and mature miR-21. All RNA concentrations were deter-
minedfirst, and reverse transcriptionwas performed using TaqMan®Re-
verse Transcription Reagents (Thermo Fisher Scientific, MA). For pre-
miR-21, small RNA and reverse transcription primers (designed by Ther-
mo Fisher Scientific based on rat pre-miR-21 sequence) were incubated
at a denaturing step (85 °C for 5 min and 65 °C for 5 min) before reverse
transcription (25 °C for 10 min, 48 °C for 30 min, 95 °C for 5 min). Real-
time PCR reactions were carried out in 96-well OptiAmp fast plates and
the StepOnePlus™ Real-Time PCR System (Stanford PAN Facility). The re-
actionmix in eachwell contained 10 μl of the TaqMan®UniversalMaster
Mix II (Thermo Fisher Scientific, MA), 1 μl of the FAM-MGB probe/primer
mix (20×) for gene of interest (purchased from Thermo Fisher Scientific,
MA; pri-miR-21: Rn03464993_pri; TGFBR2: Rn00579682_m1; NT-3:
Rn00579280; pre-miR-21: CS51000; mature miR-21: 000,397), 9 μl of
cDNA/ddH2O. For pri-miR-21, TGFBR2 mRNA, NT-3 mRNA and mature
miR-21, 25 ng cDNA/well was used; for pre-miR-2, 125 ng cDNA/well
was used. PPIA/cyclophilin (Rn00690933) (Kinjo et al., 2016; Risbud et
al., 2011; Risbud and Porter, 2013) was used as housekeeping gene for
pri-miR-21, TGFBR2mRNA, NT-3mRNA; 4.5S RNA(H) (001716) (Risbud
et al., 2011; Risbud and Porter, 2013) was used as housekeeping gene
for pre- andmature miR-21. The housekeeping genes did not vary across
treatment groups for any of the timepoints. A relative standard curvewas
used to calculate the fold changes of pri-miR-21 in SE samples. Compara-
tive CT Method (ΔΔCt) was used to calculate the fold changes of other
genes of interest. Each sample was run in triplicates.

4.4. Small RNA northern blots

For small RNA northern blots, 3 μg of mirVana extracted small RNA
from hippocampal tissues or 10 μg of Trizol extracted RNA from cell cul-
ture was electrophoresed on 15% (w/v) acrylamide/7 M urea gel and
transferred onto a Genescreen Plus (Perkin Elmer, MA) membrane.
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Hybridization was done overnight in PerfectHyb Plus (Sigma-Aldrich,
MO) buffer at 65 °C using 32P labeled hsa-miR-21-5p probe (miRCURY
LNA™Detection probe)(Exiqon, Vedbaek, Denmark) or at 35 °CwithU6
probe (IDT, CA) (Li et al., 2016; Roy-Chaudhuri et al., 2014).
4.5. Thermodynamic calculation

Minimum free energy of binding of pre-miR-21 to the target 3′UTRs
(TGFBR2 and NT-3) and to the modified TGFBR2 3′UTRs was calculated
using RNAhybrid. Minimum free energy of folding of the pre-miR-21
and TGFBR2 3′UTR was calculated using Mfold.
4.6. Cell culture and plasmid constructs

HEK 293, U87, HeLa, and Neuro2A cell lines were grown in
Dulbecco's modified Eagle's media (Thermo Fisher Scientific, MA) sup-
plemented with 10% heat-inactivated fetal bovine serum (FBS), 1% L-
Glutamine, 1% Non-essential amino acids and 1% Pen-strep (Thermo
Fisher Scientific, MA).

For cloning of the TGFBR2 reporter construct, the 3′UTR of TGFBR2was
PCR amplified (primers used:5′-TAGGCGATCGCTCGAGCTCTTCTGGGGCA
GGCTG-3′ and 5′-CCGCGTCGACACTAGTGCCAAACTGTGCTTGAGCAATC-
3′) from human genomic DNA and cloned downstream of the Renilla lu-
ciferase gene in XhoI and SpeI digested psiCHECK-2 vector (Promega,
WI) using Infusion Cloning HD kit (Clontech, CA). Similarly, the NT-3 re-
porter vector was constructed by PCR amplifying the 3′UTR of human
NTF3 using primers (5′-TAGGCGATCGCTCGAGATTGGCATCTCTCCCC
ATAT-3′ and 5′-CCGCGTCGACACT AGTACAACAGTCATGGCCTTG AC-3′).

Site-directedmutagenesis using QuikChange II XL Site-DirectedMu-
tagenesis Kit (Agilent Technologies, CA) was carried out on psiCheck-
TGFBR2 construct to first generate the TGFBR2-del reporter construct
and then on psiCheck-TGFBR2-del construct to generate the TGFBR2-
3p-scr reporter construct. Primers for the TGFBR2-del construct were
5′-GCTGTGGGGATAAGCAGA AACAACATAGAGCATTCTATGCC-3′ and
5′-GGCATAGAATGCTCTATGTTGTT TCTGCTTATCCCCACAGC-3′. Primers
for the TGFBR2-3p-scr construct were 5′GCTGTGGGGATAAGCAGAAAC
AGATGGGAGTAGAGC GGGCACACATAGAGCATTCTATGCCTTTG-3′ and
5′-CAAAGGCATAGAATGCTCTAT GTGTGCCCGCTCTACTCCCATCTGTTTC
TGCTTATCCCCACAGC-3′.

To generate the pSh-21 construct for robust expression of mature
hsa-miR-21, sense oligonucleotides (5′-GATCTCAACATCAGTCTGATAA
GCTACTCCTGACCCAAGTAGCT TATCAGACTGATGTTGATTTTTGTAC-3′)
and antisense oligonucleotides (5′AAAAATCAA CATCAGTCTGATAAGC
TACTTGGGTCAGGAGTAGCTTATCAGACTGATGTTGA) were chemically
synthesized (IDT, CA); both strands annealed and inserted between
BglII and KpnI sites downstream of the U6 Pol III promoter. To generate
the pCMV-21 construct overexpressing precursor and mature hsa-miR-
21, a ~500 nt human genomic region harboring miR-21 locus was PCR
amplified. Primers used were FW: 5′-GACAAGCTTGCGGCCGCCCTTTAG
GAGCATT ATGAGCAT-3′ and RV: 5′-ATCCTCTAG AGTCGACGAAGG
TCAAGTAACAGTCATAC-3′. The PCR amplicon was inserted into a
digested CMV expression vector (Pol II promoter) using Infusion Clon-
ing HD kit (Clontech, CA).
4.7. Reporter assays

Dual-luciferase assay (Promega,WI)was performed 24h after trans-
fection according tomanufacturer's protocol and detected by aModulas
Microplate Luminometer (Turner Biosystems, CA). For transfection in a
24-well plate, 125 ng of psiCHECK reporter plasmid was co-transfected
with 125 ng of miR-21 overexpression plasmids (pSh-21 or pCMV-21)
in HEK 293 cells using Lipofectamine 2000 (Thermo Fisher Scientific,
MA). Cell seeding was performed at a concentration of 5 × 104 cells
for HEK 293 per well in a 24-well plate.
4.8. Ribosome profiles and polysome fractionation

U-87 cells (~6 × 107) grown in 15 cm dish for ~36 h were treated
with either cycloheximide (100 μg/ml) for 5 min or puromycin
(200 μg/ml) (Sigma-Aldrich, MO) for half hour before harvesting. Lysis
was carried out in a buffer containing 150 mM KCl, 15 mM Tris pH 7.5,
5 mM MgCl2, 100 μg/ml cycloheximide, 1% Triton X-100 and 500
units/ml RNasin Plus (Promega, WI). Velocity sedimentation was car-
ried out at 35,000 rpm for 2 h 45 min in a 10–50% sucrose gradient.
The absorbance profilewas obtained at 254 nmbyusing a Foxy gradient
fractionator (Brandel, MD).

4.9. Statistics and quantification

Statistical analysis was performed using two-tailed Student's t-Test
or one-way ANOVA with Kruskal-Wallis (Prism 6.0). A p-value of 0.05
or lower was considered statistically significant. The qRT-PCR assays
were performed in triplicate. The luciferase assays were done indepen-
dently at least twice with each experiment done in 4 replicates to gen-
erate individual data points that were all used to calculate SEM. In
northern blots, the pre-miR-21 andmaturemiR-21 levels were normal-
ized to U6 using ImageJ software. In polysome profiling, the fractions
were grouped into unbound (fractions 1–5), 80S (fraction 6) and poly-
some (fractions 7–14). Quantification of pre-miR-21 or mature miR-21
in each group was presented as percentage of the total signals of pre-
miR-21ormaturemiR-21 (sumof pre-miR-21ormaturemiR-21 signals
in all fractions after background subtraction from northern blots using
Bio-Rad Quantify One ®).

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.expneurol.2016.10.003.
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