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Abstract

Nicotine stimulation regulates expression of a diversity of genes, but the underlying mechanisms are

largely unknown. MicroRNAs (miRNAs) are short endogenous RNAs known to post-transcriptionally

regulate gene expression. To test our hypothesis that miRNAs could mediate nicotine’s effect on gene

expression regulation, we profiled miRNA expression to explore to what extent miRNAs are modulated

by nicotine. Using a rodent miRNA microarray and rat PC12 cell model, we revealed that nicotine selec-

tively modulates expression of multiple miRNAs, indicating that the miRNA pathway is one of cellular

mechanisms involved in gene expression regulated by nicotine. Specifically, we demonstrated that nic-

otine increases expression of miR-140*, coordinated with the nicotine-augmented expression of its host

geneWWP2. Further, we demonstrated that miR-140* targets the 3k-untranslated region of dynamin 1 gene

(Dnm1), by direct base-pairing. This targeting represses gene translation in the luciferase reporter assay

and induces messenger RNA degradation in Dnm1 expression analysis. Consequently, our data indicate

that nicotine regulatesDnm1 expression via the miRNA pathway. Because dynamin 1 has an essential role

in synaptic endocytosis in the central nervous system, nicotine-induced miRNA-mediated dynamin 1

expression regulation may illustrate its importance in neural plasticity, which underlies a molecular

mechanism of nicotine addiction.
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Introduction

Programmes of gene expression are highly orches-

trated to shape the developing nervous system. This

tight regulation is mediated by a variety of transcrip-

tional and post-transcriptional events that control

the expression of individual genes. Exposure to nic-

otine, an agonist of nicotinic acetylcholine receptors

(nAChRs), can disrupt this finely programmed coor-

dination and alter gene expression regulation, leading

to persistent changes in the neural plasticity of the

brain. In our previous studies on messenger RNA

(mRNA) and protein expression profiling, we revealed

that chronic nicotine administration to animals alters

the expression of a diverse set of genes and proteins in

different brain regions (Hwang and Li, 2006 ; Konu

et al., 2001 ; Li et al., 2004). In cultured neuronal cells,

acute nicotine treatment also changes the expression of

various genes (Dunckley and Lukas, 2003 ; Konu et al.,

2004). However, microRNAs (miRNAs), an emerging

class of regulatory genes that post-transcriptionally

modulate expression of more than a third of coding

genes (Lewis et al., 2005), have not been documented

for nicotine stimulation.

miRNAs are about 20–25 nt, small, non-coding

RNAs, which are derived from primary transcripts

(pri-miRNAs) (Bartel, 2004). The pri-miRNAs are pro-

cessed by Drosha in the nucleus to yield hairpin

precursors (pre-miRNAs) and further by Dicer in the

cytoplasm to be mature miRNAs (Bartel, 2004). The

mature miRNAs engage with the specific sequences

in target mRNAs, usually in the 3k-untranslated region

(UTR), in imperfect base-pairing and induce either

degradation of target mRNAs or translational
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repression. One miRNA can modulate multiple cod-

ing genes, and one coding mRNA can be targeted by

multiple miRNAs (Bartel, 2004). The miRNA pathway

is one of the cellular mechanisms for gene expression

regulation.

The central nervous system is a rich source of

miRNA expression, with a diversity of miRNA func-

tions that affect a large number of neuronal genes (Kim

et al., 2004; Krichevsky et al., 2003; Sempere et al.,

2004). The abundant miRNAs in the central nervous

system play key roles in neuronal differentiation and

brain development, such as neural patterning, cell

specification (the establishment and maintenance of

cell identity), axonal pathfinding, andapoptosis (Kosik,

2006). In mature and polarized neurons, miRNAs

are probably important mediators of neuroplasticity

(Kosik, 2006). Most recent studies have shown that

miRNA can maintain the translational silencing of

mRNA until a synaptic input overrides the silencing

(Schratt et al., 2006) and that the 3k-UTR of mRNA, a

potential binding site of miRNA, is essential for den-

dritic translocation of mRNA (Ashraf et al., 2006).

Thus, the transport and translatability of mRNA in the

vicinity of synapses are closely linked to the miRNA

pathway (Ashraf and Kunes, 2006 ; Ashraf et al., 2006;

Kosik, 2006 ; Schratt et al., 2006).

As a drug of abuse, nicotine induces neural plas-

ticity leading to addiction. As a neural stimulus,

nicotine activates synaptic protein synthesis from

previously dormant mRNAs (Ashraf et al., 2006). To

identify the miRNAs regulated by nicotine that may

function in nicotine-induced neural plasticity, we

profiled the expression of miRNAs with a rodent

microRNA microarray.

Materials and methods

Cell culture and drug treatment

Rat adrenal pheochromocytoma PC12 and human

neuroblastoma SH-SY5Y cell lines were purchased

from the American Type Culture Collection (Man-

assas, VA, USA). Rat PC12 cells were cultured in

Ham’s F12K medium (Invitrogen, Carlsbad, CA, USA)

with 15% horse serum and 2.5% fetal bovine serum

(FBS, Invitrogen), propagated on collagen IV-coated

flasks (BD Bioscience, San Jose, CA, USA), and then

maintained on collagen I-coated flasks (BD Bioscience)

for at least 4 d prior to the experiment. Human SH-

SY5Y cells were maintained in a 1 :1 mixture of Eagle’s

Minimum Essential Medium and Ham’s F12 medium

(Invitrogen) with 10% FBS. For nicotine treatment,

cells were cultured to about 90% confluence, and

nicotine (Sigma N3876, St Louis, MO, USA) was di-

luted in PBS (pH 7.4) and was added directly to fresh

culture medium at a final concentration of 100 mM. This

nicotine concentration, which causes maximum cell

responses in dopamine release and cAMP level, was

justified by previous report (Baizer and Weiner, 1985).

miRNA microarray analysis

Total RNA was isolated from rat PC12 cells without or

with treatment of 100 mM nicotine for 1 h, using the

mirVanaTM miRNA isolation kit (Ambion, Austin, TX,

USA). Differentially expressed miRNAs were then

profiled by LC Sciences (Houston, TX, USA) using a

rodent miRNA microarray (Sanger miRBase Release

8.0). Briefly, small RNAs (<200 nt) were further puri-

fied and labelled with fluorescent dyes, Cy5 for a

common reference sample and Cy3 for both the nic-

otine-treated and control (without nicotine treatment)

samples. The dual dye-labelled samples were applied

together for hybridization in the mParaFlo micro-

fluidics chips (LC Sciences). The hybridization signals

were collected by GenePix 4000B microarray scan-

ner (Molecular Devices, Sunnyvale, CA, USA). Each

miRNA had nine probe sets in the microarray for de-

tection. The intensity data of each probe spot were

corrected by subtracting the background and normal-

izing to the statistical median of all detectable tran-

scripts. The background was calculated from the

median of 15% of the lowest intensity spots. The dif-

ferential expression of miRNA was then analysed

using ANOVA. Type I error resulting from multiple

comparisons was controlled by false discovery rate at

5% (Benjamini and Yekutieli, 2001). Fold-change (%)

is calculated as : (Ŝtreatment/Ŝcontrolx1)r100 for up-

regulation and – (Ŝcontrol/Ŝtreatmentx1)r100 for down-

regulation. Here, Ŝ is the mean expression level for any

miRNA in the nicotine-treated sample (Ŝtreatment) or in

the control sample (Ŝcontrol) normalized to the miRNA

in the common reference sample. Triple microarray

experiments were performed for replication. miRNAs

that were modulated by nicotine greater than 25%-

fold change and had signal intensities at least 3-fold

higher than the background were considered signifi-

cant (Table 1).

Northern blot assay

Total RNA was isolated from cells using the mir-

VanaTM miRNA isolation kit as for the miRNA micro-

array analysis. Twenty micrograms of total RNA were

separated in a 15% denatured polyacrylamide gel

and transferred to a GeneScreen Plus membrane

(PerkinElmer, Waltham, MA, USA). The probe for
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miR-140* was radioactively labelled with the Starfire

Oligos labelling kit (IDT, Coralville, IA, USA) and

[a-32P]dATP (GE Healthcare, Piscataway, NJ, USA),

and hybridized overnight at 42 xC with the transferred

membrane. For quantification, the hybridization sig-

nals for miR-140* were normalized with the intensities

of 5.8S ribosome RNA (rRNA), which was stained

by ethidium bromide. The densitometric values of

bands were measured with ImageQuant software (GE

Healthcare) and analysed with Student’s t test.

Gene expression assay

Real-time reverse transcriptase–polymerase chain re-

action (RT–PCR) analysis was used for assessing the

expression of WWP2, host gene of miR-140* in human

SH-SY5Y cells or dynamin 1 gene (Dnm1) in rat PC12

cells. Briefly, total RNA of each sample, isolated as for

the Northern blot assay, was reverse-transcribed into

complementary DNA with SuperScript II RNase Hx

and random hexamer (Invitrogen). Then a Taq-

Man probe for WWP2 (Hs00199693_m1) or Dnm1

(Rn00589865_m1) was used for the standard TaqMan

PCR procedures in the ABI Prism 7900HT sequence

detection system (Applied Biosystems, Foster City, CA,

USA). The standard PCR procedures were: 2 min at

50 xC and 10 min at 95 xC followed by 40 cycles of 25 s

at 95 xC and 1 min at 60 xC. The final gene expression

level was normalized to that of glyceraldehyde

3-phosphate dehydrogenase gene (human GAPDH or

rat Gapdh), an internal control which had little or no

response to nicotine stimulation in our previous ex-

periments. Each treatment was performed in triplicate

or quadruplicate, and data were analysed with the

comparative Ct method, also known as 2xDDCt meth-

od, and Student’s t test. Here, DDCt=DCt,treatmentx
DCt,control. DCt is the Ct value for any gene in the nic-

otine-treated sample (DCt,treatment) or in control sample

(DCt,control) normalized to the endogenous house-

keeping gene (GAPDH in human or Gapdh in rat).

Vector construct and mutagenesis

The target sequence of miR-140* in the 3k-UTR of

Dnm1was PCR amplified from rat genomic DNAwith

the following primers : 5k-atattctagatacatccaaatgtgat-
gttgg-3k (forward) and 5k-atattctagatgacagcgttcccttg-
tagttg-3k (reverse). The underlined nucleotides were

designed for XbaI cloning. The amplified fragment of

221 bp was subcloned into the XbaI site of pGL3-

Promoter vector (Promega, Madison, WI, USA) and

fused with the firefly luciferase gene. Mutations of two

sites in the 3k-UTR of Dnm1 complementary to miR-

140* seed sequence were realized by site-directed

mutations using the QuikChange II XL mutagenesis

kit (Stratagene, La Jolla, CA, USA) and the following

designed primers : 5k-ggtgaaaacttgtgcccctcacacgtattg-
ctcctgcgacattc-3k (forward) and 5k-gaatgtcgcaggagcaa-
tacgtgtgaggggcacaagttttcacc-3k (reverse) for seed site

1 mutation (labelled as m1) ; 5k-tgctgtccttgtggagtcca-
cacgtccaactacaagggaacg-3k (forward) and 5k-cgttcccttg-
tagttggacgtgtggactccacaaggacagca-3k (reverse) for seed
site 2 mutation (labelled as m2). The underlined

nucleotides are for site-directed mutation from ‘tgtg’

to ‘acac’. All constructs were verified by DNA se-

quencing.

Cell transfection and dual luciferase assay

Vector pRL-SV40 (Promega), which contains the same

SV40 promoter and SV40 later polyadenylation signal

as vector pGL3-Promoter, was used as a transfection

internal control. Vector pRL-SV40 was co-transfected

Table 1. List of microRNAs whose expression levels are

significantly altered by nicotine stimulation in PC12 cells

MicroRNA Fold change (%)

Up-regulation

miR-188 87.8¡22.3

miR-137 86.3¡15.6

miR-328 76.0¡20.6

miR-181b 50.9¡10.8

miR-503 48.1¡15.0

miR-140* 41.0¡11.9

miR-351 33.8¡16.6

miR-125b 33.2¡2.9

miR-93 29.0¡11.2

miR-26a 28.4¡9.7

miR-25 26.7¡9.8

Down-regulation

miR-301a x28.3¡2.2

miR-10b x31.6¡6.2

miR-30a-5p x36.9¡1.1

miR-186 x37.7¡8.7

miR-29c x39.0¡8.4

miR-101a x40.8¡3.6

miR-152 x41.0¡8.0

miR-21 x44.9¡1.3

miR-30c x48.4¡2.7

miR-374 x59.7¡15.8

miR-335 x61.4¡7.9

miR-210 x74.0¡12.6

miR-98 x75.1¡10.0

miR-352 x100.3¡14.1

Fold changes are shown with mean¡standard deviation

(S.D.) from three independent experiments.

Nicotine modulates miR-140*, which targets Dnm1 539

D
ow

nloaded from
 https://academ

ic.oup.com
/ijnp/article/12/4/537/657682 by guest on 22 M

ay 2023



with the Dnm1 3k-UTR-containing constructs in a ratio

of 1 :100. Mimic of miR-140* and its negative control

were purchased from Dharmacon (Lafayette, CO,

USA), Anti-miRTM miRNA inhibitor of miR-140* and

its negative control were purchased from Ambion.

For transient transfection, cells were seeded at 90%

confluency, and transfections were carried out in

24-well plates using Lipofectamine 2000 reagent (In-

vitrogen) according to the manufacturer’s protocol.

Each transfection was replicated four times. For co-

transfection of miRNA mimics or inhibitors with the

Dnm1 3k-UTR-containing constructs, a final concen-

tration of 50 nM miRNA mimic or 100 nM miRNA in-

hibitor was applied. Two days after transfection, the

activities of firefly and Renilla luciferase in the trans-

fected cells were analysed using the Dual-Luciferase

Reporter assay kit with the 20/20n luminometer

method (Promega).

Results

Expression of miRNA is selectively sensitive

to nicotine exposure

Exposure of nicotine, acting via nAChRs, alters the

expression of a diversity of genes in cultured cells and

brain regions (Dunckley and Lukas, 2003 ; Hwang and

Li, 2006 ; Konu et al., 2001, 2004 ; Li et al., 2004). To

investigate whether nicotine influences the expression

of miRNAs and modulates the expression of coding

genes through the miRNA pathway, we examined the

expression profile of miRNAs in rat PC12 cells with or

without nicotine stimulation. It has been shown pre-

viously that PC12 cells have significant responses to

nicotine stimulation (Baizer and Weiner, 1985 ; Konu

et al., 2004), although the nerve growth factor (NGF)-

induced PC12 cells are more neurotypic and have

greater responses (Baizer and Weiner, 1985). In the

consideration of the primary objective of this study

and potential expression variations of miRNAs that

might be caused by NGF induction, we chose to per-

form our expression profile study for miRNAs using

PC12 cells without NGF induction. We employed a

rodent miRNA microarray platform, which contained

238 probe sets for rat miRNAs and 266 probe sets for

mouse miRNAs, a total of 334 probe sets based on

Sanger miRBase Release 8.0. Among these miRNAs

examined, miR-23, miR-29, miR-16 and miR-375 were

the most highly expressed miRNAs in rat PC12 cells,

along with the let-7 family miRNAs. Of most import-

ance, we identified 25 miRNAs whose expressions

were sensitive to nicotine stimulation, 11 up-regulated

and 14 down-regulated by nicotine (Table 1). The data

indicate that nicotine modulates the expression of

specific miRNAs, by either activation or suppression,

just as nicotine regulated the expression of specific

mRNAs in our previous gene expression profiling

(Konu et al., 2004).

Nicotine up-regulates the expression of miR-140*

and its host gene WWP2

Of the 25 miRNAs modulated by nicotine, miR-140*

appeared to be of most interest. First, its potential

targets, predicted from the MIRANDA algorithm in

Sanger miRBase Targets database, include genes en-

coding several synaptic vesicle-related proteins in-

volved in endocytosis and exocytosis (dynamin 1,

synapsin 1, syntaxin 7, etc.), neurotransmitter re-

ceptors, ion channels and transporters (such as GABAA

receptor b subunits, serotonin receptor 5A, sodium

and potassium channels), and kinases and phospha-

tases for signal transduction (Table 2). This suggests

that nicotine-modulated miR-140* is involved in the

regulation of multiple downstream genes that may be

related to nicotine-induced neural activities. Second,

miR-140* is predicted to target the 3k-UTR of Dnm1

(Table 2), which encodes a large GTPase dynamin 1

important for synaptic endocytosis (Ferguson et al.,

2007 ; Praefcke and McMahon, 2004). In our previous

proteomics study, we have shown that expression of

dynamin 1 is modulated by nicotine in the mesocorti-

colimbic regions of rat brain (Hwang and Li, 2006).

Third, dynamin 1 is revealed in a protein interaction

analysis to bind the b2 subunit of nAChRs, a crucial

component for the most abundant and high-affinity

a4b2* nAChRs (Kabbani et al., 2007). Finally, we re-

cently revealed that human dynamin 1 gene,DNM1, is

significantly associated with nicotine dependence in

our genetic association study (Xu et al., in press). Thus,

we were curious as to whether nicotine modulates

dynamin 1 expression via miR-140*.

Prior to investigating miR-140* function, we vali-

dated the microarray data of miR-140* with Northern

blot assay (Figure 1a). The quantification analyses re-

vealed that nicotine treatment of PC12 cells increased

miR-140* expression, which was consistent with the

microarray data (Figure 1b).

In human genome organization, miR-140* is located

in an intron ofWWP2, which encodes the WW domain

containing E3 ubiquitin protein ligase 2, a member of

the Nedd4-like family with ubiquitin-protein ligase

activity (Woelk et al., 2006 ; Xu et al., 2004) (Figure 2a).

The predicted stem-loop precursor of miR-140* is

highly conserved among multiple species, as are the

exons of WWP2. Moreover, miR-140* and WWP2 have

the same direction of transcription. In most cases,
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Table 2. List of genes that are predicted to be targeted by miR-140* and are likely to be associated with nicotine modulation

Gene name Gene description Score Energy p value

Synaptic vesicle related

Dnm1 dynamin 1 16.84 x20.43 0.0001

15.93 x20.43 0.0030

Ap1g2 adaptor protein complex AP-1, gamma 2 subunit 15.92 x16.28 0.0290

Ap1g2 adaptor protein complex AP-1, gamma 2 subunit 15.92 x16.28 0.0290

Ap2s1 adaptor-related protein complex 2, sigma 1 subunit 16.71 x16.50 0.0209

Dapp1 dual adaptor for phosphotyrosine and 3-phosphoinositides 1 15.90 x23.49 0.0013

Gga1 golgi associated, gamma adaptin ear containing,

ARF binding protein 1

16.60 x22.39 0.0042

Lcn9 lipocalin 9 19.22 x22.88 0.0018

Snx25 sorting nexin 25 16.12 x17.75 0.0304

Stx7 syntaxin 7 15.37 x19.55 0.0378

Syn1 synapsin 1 15.16 x20.98 0.0423

Receptors or transporters

Folr1 folate receptor 1 16.37 x16.90 0.0013

Gabrb1 gamma-aminobutyric acid (GABA-A) receptor, subunit beta 1 15.85 x15.22 0.0026

Gabrb2 gamma-aminobutyric acid (GABA-A) receptor, subunit beta 2 15.27 x27.16 0.0267

Gpr149 G protein-coupled receptor 149 16.63 x16.82 0.0149

Htr5a 5-hydroxytryptamine (serotonin) receptor 5A 16.82 x26.43 0.0035

Kcnb1 potassium voltage gated channel, Shab-related subfamily,

member 1

16.68 x19.38 0.0036

Pgr progesterone receptor 16.60 x16.52 0.0233

Ptch1 patched homolog 1 15.37 x22.24 0.0343

Scn1a sodium channel, voltage-gated, type I, alpha 16.57 x24.01 0.0096

Slc37a4 solute carrier family 37 (glycerol-6-phosphate transporter),

member 4

16.33 x17.66 0.0301

Slco1a5 solute carrier organic anion transporter family, member 1a5 17.56 x15.84 0.0030

Trpv6 transient receptor potential cation channel, subfamily V,

member 6

16.77 x18.45 0.0198

Signal transduction

Dusp22 dual specificity phosphatase 22 16.25 x16.80 0.0327

Inppl1 inositol polyphosphate phosphatase-like 1 16.86 x24.21 0.0012

Mark3 MAP/microtubule affinity-regulating kinase 3 16.49 x19.38 0.0030

16.48 x19.38 0.0261

Ppp1ca protein phosphatase 1, catalytic subunit, alpha isoform 16.55 x18.23 0.0244

Ppp2r5c protein phosphatase 2, regulatory subunit B (B56),

gamma isoform

15.43 x20.98 0.0218

Rps6kl1 ribosomal protein S6 kinase-like 1 15.34 x22.81 0.0314

Stk23 serine/threonine kinase 23 16.71 x19.78 0.0209

Stk25 serine/threonine kinase 25 (yeast) 16.35 x22.59 0.0227

Stk32c serine/threonine kinase 32C 15.13 x25.91 0.0432

Others

Cldn1 claudin 1 15.55 x24.62 0.0047

Ctsd cathepsin D 18.41 x28.64 0.0032

18.07 x28.64 0.0055

Nrp1 neuropilin 1 15.78 x24.56 0.0073

Peli1 pellino 1 16.65 x16.65 0.0167

Plxnb1 plexin B1 15.40 x27.65 0.0185

Plekhg3 pleckstrin homology domain containing, family G member 3 15.39 x25.59 0.0304

Plekhj1 pleckstrin homology domain containing, family J member 1 16.94 x21.62 0.0167

16.92 x21.62 0.0171

Pscd2 pleckstrin homology, Sec7 and coiled-coil domains 2 15.62 x21.57 0.0316

Rab11fip5 RAB11 family interacting protein 5 (class I) 15.61 x26.43 0.0169

[continues overleaf]
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intronic miRNAs are expressed coordinately with

their host gene, implying that intronic miRNAs and

their host gene mRNA generally derive from a com-

mon transcript (Baskerville and Bartel, 2005). To in-

vestigate whether miR-140* is co-expressed with its

host gene WWP2, we examined the nicotine-induced

expression levels of WWP2 and miR-140* in human

SH-SY5Y cells using real-time RT–PCR and Northern

blot assay separately. Our reasons for using human

SH-SY5Y cells instead of rat PC12 cells were : (1) we

had difficulty in finding an appropriate TaqMan probe

for expression analysis of Wwp2 in rat PC12 cells and

(2) we wanted to compare the nicotine-altered miR-

140* expression in rat PC12 cells with that in human

neurotypic cells. Our results showed that nicotine in-

creased the expression levels of both WWP2 and miR-

140* (Figure 2b), which provided further support for

our microarray and Northern blot results regarding

the expression of miR-140* in rat PC12 cells (Figure 1).

Dnm1 is one of the targets for miR-140*

A diverse set of genes are predicted to be potential

targets for miR-140* (Table 2). Dnm1 is one of them. In

the 3k-UTR of Dnm1, there exist two remarkable bind-

ing sites for miR-140*, with very low predicted mini-

mum free energies of hybridization (Figure 3). To

investigate this targeting, we cloned the predicted

miR-140* target sequence from rat Dnm1 3k-UTR and

fused it with firefly luciferase reporter gene to form a

chimeric luciferase construct. Reporter assays with co-

transfection of miRNA mimics in PC12 cells revealed

that miR-140*, compared with a negative control, re-

pressed translation of the chimeric reporter bearing

the Dnm1 3k-UTR (Figure 4a, left). Further, we em-

ployed Anti-miR-140*, an RNA-based inhibitor of

miR-140*, to suppress endogenous miR-140* function

in PC12 cells. In contrast, we observed that introduc-

tion of Anti-miR-140*, compared with a negative con-

trol, increased luciferase activities in the chimeric

reporter co-transfection (Figure 4a, right).

To determine the direct effects of miRNA mimics

and inhibitors on the expression of Dnm1, we ex-

amined mRNA levels of Dnm1 in miRNA mimic- and

inhibitor-transfected PC12 cells using the quantitative

real-time RT–PCR. Compared with their negative

Table 2 (cont.)

Gene name Gene description Score Energy p value

Rab21 RAB21, member RAS oncogene family 15.68 x18.59 0.0240

Rabl2a RAB, member of RAS oncogene family-like 2A 16.51 x21.57 0.0022

Rasip1 Ras interacting protein 1 16.71 x15.17 0.0209

Rhot2 ras homolog gene family, member T2 15.94 x16.52 0.0228

Smurf1 SMAD specific E3 ubiquitin protein ligase 1 15.50 x20.23 0.0267

The listed score, energy and p value, obtained from MIRANDA in Sanger miRBase database (http://microrna.sanger.ac.uk/),

are parameters used to predict miR-140* targeting of each gene.

5.8S rRNA

miR-140*

C1 N1 C2 N2 C3 N3(a)

microRNA array Northern blot
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1.4

1.6

Control
Nicotine

***

(b)

Figure 1. miR-140* is up-regulated by nicotine in rat PC12

cells. (a) Northern blot analysis of miR-140* (top panel) in

control samples without nicotine treatment (C1–C3) and in

nicotine-treated samples (N1–N3). The 5.8S rRNA, stained

with ethidium bromide, was used as a loading control

(bottom panel). The same starting RNA samples were used as

in microarray analysis. (b) Northern hybridization data of

miR-140* are compared with the microarray data. In

Northern blot quantification, densitometric values of miR-

140* were normalized by their corresponding 5.8S rRNA.

Data are shown as mean¡S.D. (* p<0.05, ** p<0.01, paired

Student’s t test).
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controls, miR-140* attenuated, whereas Anti-miR-140*

increased, theDnm1mRNA level (Figure 4b), the same

trends as in the above luciferase reporter assays but

with less significant changes.

Next, in order to examine the requirement of direct

base-pairing between miR-140* and the Dnm1 3k-UTR,

we purposely mutated the two miR-140* target sites

that are complementary to the seed sequence of

WWP2

WWP2

WWP2

miR-140*

R
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iv

e 
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p
re

ss
io

n
 le

ve
l

0.6

0.8
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1.2

1.4

miR-140*

ExonExon

Probe for
RT–PCR

Human
Mouse
Rat

miR-140*

Precursor of miR-140*

miR-140*

Conservation
in species

1.6

(b)

(a)

**

Figure 2. miR-140* is expressed coordinately with host gene WWP2. (a) miR-140* is located in an intron of WWP2 in human

genome, with the same transcription direction. The exons of WWP2 and the precursor of miR-140* are conserved in multiple

species [for more detail, see Genome Browser (http://genome.ucsc.edu/)]. Provided at the bottom is a comparison of miR-140*

precursor sequences of human, mouse, and rat. Green arrows indicate the location of the probe used forWWP2 expression assay

(Hs00199693_m1; Applied Biosystems). (b) Expression of WWP2 is compared with that of miR-140* in human SH-SY5Y cells.

Cells were treated with 100 mM nicotine for 1 h (%, control ; , nicotine). Expression of WWP2 was analysed by quantitative

real-time RT–PCR with a probe bridging two exons near miR-140* (panel a). Expression of mature miR-140* was analysed by

Northern blot in the same way as in rat PC12 cells (Figure 1). Data are shown as mean¡S.D. (* p<0.05, paired Student’s t test).
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Figure 3. Predicted target sites of miR-140* on the 3k-UTR of rat Dnm1. Target sites of miR-140* were predicted by MIRANDA in

miRBase Targets database (http://microrna.sanger.ac.uk/). Minimum free energies of pairing with miR-140* (in red) were

calculated by RNAhybrid (http://bibiserv.techfak.uni-bielefeld.de/rnahybrid/). The 3k-UTR of rat Dnm1 (NM_080689) was

aligned with the counterparts of human DNM1 (NM_001005336) and mouse Dnm1 (NM_010065), showing that target sites of

miR-140* are highly conserved in human, mouse, and rat. Notably, between the two target sites, there exist two repeats of

conservative AU-rich sequence (in blue), which is complementary to the conserved AU-rich element (ARE) sequence. Two

framed ‘tgtg’ in rat Dnm1 3k-UTR, complementary to the seed sequence of miR-140*, are designed sites for the site-directed

mutation into ‘acac’ (m1 and m2).
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miR-140* (labelled as m1 and m2 in Figure 3). Our lu-

ciferase reporter assays revealed that compared with

the reporter bearing the wild-type Dnm1 3k-UTR, the

reporter with one mutation, either m1 or m2 site, ex-

hibited a little less translation repression effect of

miR-140*. On the other hand, the reporter carrying

both m1 and m2 mutants did not undergo translation

repression of miR-140* significantly (Figure 4c). The

results indicate that both target sites of miR-140* in the

3k-UTR of Dnm1 have direct base-pairing with miR-

140* seed sequence, but with little accumulation effect

on translation repression of miR-140*. Taken together,

we provide evidence that Dnm1 is one of the miR-140*

target genes.

Discussion

In the present study, utilizing a miRNA microarray,

we identified multiple miRNAs selectively modulated

by nicotine in a rat PC12 cell model. Since miRNAs

are actively involved in post-transcriptional regulation

of gene expression, we demonstrate here, for the

first time to our knowledge, that the miRNA path-

way represents one of molecular mechanisms by

which nicotine regulates gene expression at the post-

transcriptional level. Such regulatory changes may

occur subtly. However, because one miRNA can target

and modulate more than 200 coding genes (Krek et al.,

2005 ; Lewis et al., 2003), we believe that collectively,

these expression alterations can impact the long-term

neural adaptation that underlies nicotine addiction.

Of more than 200 miRNAs we examined, 11 were

up-regulated and 14 were down-regulated signifi-

cantly by nicotine stimulation (Table 1). Interestingly,

expressions of miR-21 and miR-335 that are co-

ordinately down-regulated by nicotine in our rat PC12

cell model are also coordinately suppressed by ethanol

in a neurosphere culture model derived from the fetal

mouse cerebral cortex (Sathyan et al., 2007). The syn-

ergy of miR-21 andmiR-335 regulated by both nicotine

and ethanol indicates that miR-21 and miR-335 are

probably two important miRNAs involved in addic-

tion to drugs of abuse.

We demonstrate here that miR-140* is one of the

miRNAs significantly up-regulated by nicotine (Fig-

ure 1). This up-regulation is correlated with the

expression of its host gene, WWP2 (Figure 2), sug-

gesting they are derived from a common transcript
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Figure 4. The 3k-UTR of rat Dnm1 is targeted by miR-140*.

(a) Reporter assay results of Dnm1 3k-UTR in co-transfection

with miR-140* mimic (50 nM) and miR140* inhibitor (100 nM).

Firefly luciferase activities in transfected rat PC12 cells were

normalized to the activities of co-transfected Renilla luciferase

reporter. Effects of miR-140* mimic and inhibitor in luciferase

activities were compared with those of their negative

controls, separately. (b) Quantitative RT–PCR results ofDnm1

expression in PC12 cells transfected with miR-140* mimic

(50 nM) and miR140* inhibitor (100 nM). Effects of miR-140*

mimic and inhibitor in Dnm1 expression were normalized

with those of their negative controls, separately. (c) Reporter

assay results of Dnm1 3k-UTR and its mutants in

co-transfection with miR-140* mimic (50 nM). Effect of

miR-140* mimic in gene repression was compared with that

of a miRNA mimic negative control. WT, wild-type of Dnm1

3k-UTR; m1, mutant of seed 1 site ; m2, mutant of seed 2 site ;

m1 & m2, mutant of both seed 1 and 2 sites (Figure 3). Data

are shown as mean¡S.D. (* p<0.05, ** p<0.001, paired

Student’s t test).
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and regulated by the cis-transcriptional elements of

WWP2. Of note, at the 5k-end of the miR-140* precur-

sor, there exists another miRNA, miR-140. However,

in our miRNA expression profile we only found

background level of miR-140 expression in rat PC12

cells, suggesting that miR-140 and miR-140*, with the

same precursor, are probably processed differentially

to become mature.

Dnm1 is one of the miR-140* targets. Expression of

Dnm1 and translation of the chimeric reporter bearing

the Dnm1 3k-UTR can be repressed by miR-140*. The

associations of miR-140* with two miR-140* target

sites in the 3k-UTR of Dnm1 appear to be specific, by

direct base-pairing between miR-140* seed sequence

and complementary Dnm1 3k-UTR regions (Figures 3

and 4). Curiously, between two miR-140* target sites

within Dnm1 3k-UTR, there exists an AU-rich repeat

sequence which is complementary to the AU-rich el-

ement (ARE) (Figure 3). AREs in the 3k-UTR of a var-

iety of mRNAs have been identified as a cis-acting

element for mRNA stability regulation (Bhattacharyya

et al., 2006 ; Jing et al., 2005). We thus suspect that the

AU-rich repeats in the Dnm1 3k-UTR are an additional

element involved in the regulation of Dnm1 trans-

lation.

Dynamin 1 is one of the key components involved

in endocytosis and may play an important role in

neural plasticity induced by nicotine and other drugs

of abuse. In rat striatum, the long-term depression

(LTD)-associated neural activity has been reported to

augment expression of dynamin 1 (Napolitano et al.,

1999). Blocking the recruitment of dynamin 1 has been

shown to prevent LTD in the nucleus accumbens

(Brebner et al., 2005). Previously, we showed that

nicotine up-regulates dynamin 1 in the nucleus ac-

cumbens and prefrontal cortex (Hwang and Li, 2006),

which strikingly correlates with neuronal morpho-

logical changes in these areas, including long-lasting

increases in dendritic arborization and dendritic

spine density (Robinson and Kolb, 2004). Confined to

the central nervous system, dynamin 1 is particularly

enriched in nerve terminals (Ferguson et al., 2007 ;

Praefcke and McMahon, 2004 ; Robinson et al., 1994).

Since miRNA can also mediate the transport and

translatability of mRNA in polarized neurons to re-

gulate synaptic protein expression (Ashraf et al., 2006 ;

Kosik, 2006), we speculate that miR-140*, acting in

combination with other miRNAs binding to the

3k-UTR of Dnm1, may contribute to dynamin 1 synap-

tic enrichment. Recently, a synaptic proteomics ap-

proach in morphine-administered rats revealed an

enriched post-synaptic localization of dynamin 1 in

the hippocampus (Moron et al., 2007), demonstrating a

potential role of dynamin 1 in drug-induced neural

plasticity.

Nicotine induces increased expression of miR-140*,

which targets Dnm1 and modulates dynamin 1 ex-

pression. Our evidence in this report shows that

nicotine can selectively modulate the expression of

miRNAs, which post-transcriptionally regulate the

translation of coding genes. This nicotine-induced

miRNA-mediated gene regulation pathway may sig-

nificantly contribute to the molecular mechanisms

underlying nicotine addiction.
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