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Abstract

Monoamine oxidase B (MAO-B), a flavoenzyme located in the outer mitochondrial membrane, is involved in the
catabolism of monoamines. Altered levels of MAO-B are associated with cardiovascular/neuronal diseases.
However, molecular mechanisms ofMAO-B gene regulation are partially understood. We undertook a systematic
analysis of theMAO-B gene to identify the key transcriptional/post-transcriptional regulatorymolecules. Expression
ofMAO-B promoter–reporter constructs in cultured cells identified the −144/+25-bp domain as the core promoter
region.Stringent in silicoanalysis of this corepromoter predictedbinding sites for several transcription factors.Over-
expression/down-regulation of transcription factors Sp1/Egr1/CREB increased/decreased the MAO-B promoter–
reporter activity and endogenous MAO-B protein level. Electrophoretic mobility shift assays and ChIP assays
provided evidence for interactions of Sp1/Egr1/CREB with the MAO-B promoter. MAOB transcript level also
positively correlated with the transcript level of Sp1/Egr1/CREB in various human tissue samples. Computational
predictions using multiple algorithms coupled with systematic functional analysis revealed direct interactions of the
microRNAs miR-1224 and miR-300 with MAO-B 3′-UTR. Dopamine dose-dependently enhanced MAO-B
transcript and protein levels via increased binding of CREB to MAO-B promoter and reduced miR-1224/miR-300
levels. 8-Bromo-cAMP and forskolin augmented MAO-B expression, whereas inhibition of PKA diminished the
gene expression suggesting involvement of cAMP-PKA axis. Interestingly, Sp1/Egr1/CREB/miR-1224 levels
correlate withMAO-B expression in rodent models of hypertension/MPTP-induced neurodegeneration, indicating
their roles in governingMAO-B gene expression in these disease states. Taken together, this study elucidates the
previously unknown roles of the transcription factors Sp1/Egr1/CREB and microRNAs miR-1224/miR-300 in
regulating MAO-B gene expression under basal/disease states involving dysregulated catecholamine levels.

© 2019 Elsevier Ltd. All rights reserved.
Introduction

Monoamine oxidases (MAO-A and MAO-B) are a
family of ubiquitously expressed flavoenzymes local-
ized to the outer mitochondrial membrane and are
involved in the oxidative deamination of monoamines.
The genes encoding these enzymes lie adjacent to
each other on the X chromosome. MAOs are involved
in the degradation of monoamines including dopamine
which primarily acts via the cAMP-PKA-CREB axis
[1–3]. In addition, recent studies highlight the role of
MAO-B in the synthesis of gamma-aminobutyric acid
r Ltd. All rights reserved.
(GABA), an inhibitory neurotransmitter, fromputrescine
[4,5]. During development, MAO-A activity appears
prior to MAO-B and the activity does not change much
with age. Contrary to MAO-A, the enzymatic activity,
and mRNA and protein levels of MAO-B tend to
increase with age, which in turn leads to enhanced
generation of free radicals and subsequent oxidative
stress/neurodegeneration [6–8].
MAO-B knockout mice display elevated level of

phenylethylamine and increased reactivity to stress [9].
MAO-B level is also elevated in certain neurodegener-
ative diseases like Parkinson's [10], Alzheimer's [4,11],
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multiple-systematrophy, andprogressive supranuclear
palsy [12]. However, the activity ofMAO-B is reduced in
smokers, and they are less susceptible to Parkinson's
disease (PD) [13]. A transgenic mouse generated to
specifically induce MAO-B expression in astrocytes
could mimic several key features associated with PD
[14]. Administration of L-deprenyl to patients suffering
from PD and Alzheimer's disease is beneficial, and it
prevents parkinsonism induced in rodents by adminis-
tration of neurotoxin 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP) [15–17]. Furthermore, the
expression of MAO-B is reduced in beta cells of type 2
diabetic patients and db/db mice [18,19]. On the other
hand, under chronic hemodynamic stress, the activity
of MAO-B is enhanced leading to changes in cardiac
structure and function [20]. Thus, altered levels of
MAO-B are associatedwith various cardiovascular and
neuronal disease conditions. However, the molecular
mechanisms of MAO-B gene regulation remain incom-
pletely understood. Human MAO-B gene expression
has been reported to be regulated by TIEG-2
(transforming growth factor-beta-inducible early growth
response protein 2) [21], Egr1, c-Jun [22], and
specificity proteins Sp1/Sp3/Sp4 [23,24]. We hypothe-
sized that additional transcription factors might be
involved in the regulation of MAO-B under basal and
pathophysiological conditions.
Micro-RNAs (miRNAs) are small non-coding RNAs

which have emerged as important regulators of gene
expression via binding to the 3′-untranslated region (3′-
UTR) of mRNA leading to mRNA degradation or
translational inhibition. Altered levels of miRNAs are
associated with a variety of disorders including
cardiovascular diseases [25] and neuronal disorders
[26]. The role of miRNAs in MAO-B gene regulation,
however, remains unexplored. We hypothesized that
MAO-B might be regulated by certain miRNAs at the
post-transcription level. Accordingly, we undertook
systematic computational and experimental analyses
that revealed previously unknown roles of a proximal
promoter domain (−144/−78 bp) in cis and the
transcription factors Sp1/Egr1/CREB in trans to govern
the expression of MAO-B under basal and dopamine-
induced conditions. In addition, this study, for the first
time, provides evidence for regulation of MAO-B by
miR-1224/miR-300. This study also demonstrated
significant correlations between these molecular regu-
lators andMAO-B expression in various human tissues
as well as in rodent models of essential hypertension.
Results

Identification of crucial promoter motifs governing
MAO-B gene expression

In order to identify the proximal promoter domains
(cis-elements) that may govern MAO-B gene
expression, a series of progressive mouse MAO-B
5′-promoter deletion–reporter constructs (carrying
−1473, −1034, −695, −346, −286, −144, and −77
bp to +25-bp regions) and the promoter-less pGL3-
basic (as negative control) were transfected into HEK-
293, N2a, AGS, CHO, AML 12, and IMR-32 cell lines
(Fig. 1). Progressive deletion of the promoter region
from −1473 bp caused gradual enhancement in
luciferase activity till −144 bp, but further deletion to
−77 bp significantly reduced luciferase activity in all
the tested cell lines: 7.2-fold in HEK-293 (one-way
ANOVA: F = 90.35, p b 0.0001), 3.3-fold in N2a (one-
way ANOVA: F = 50.44, p b 0.0001), 5.6-fold in AGS
(one-way ANOVA: F = 13.42, p b 0.0001), 3.0-fold in
CHO (one-way ANOVA: F = 12.19, p b 0.0001), 2.5-
fold in AML 12 (one-way ANOVA: F = 49.75,
p b 0.0001), and 6.5-fold in IMR-32 (one-way
ANOVA: F = 38.31, p b 0.0001). Thus, the −144- to
−78-bp region appears to be crucial for basal
expression of MAO-B in various cell types. Hence,
subsequent experiments were carried out utilizing the
MAOB–pro-144 construct. A stringent analysis of the
proximal promoter region of MAO-B using in silico
tools (viz. ConSite, PROMO, and MatInspector)
predicted putative binding sites for Sp1 (at −108/
−99 bp and −45/−36 bp), Egr1 (at −108/−99 bp),
CREB (at −130/−119 bp and −81/−70 bp), and
AP2alpha (at −62/−54 bp) by at least two of these
programs (Fig. S1A), suggesting that the expression
of MAO-B gene may be regulated by these transcrip-
tion factors. Interestingly, alignment of the mouse, rat,
and human MAO-B promoters revealed that the
binding sites for Sp1, Egr1, and CREB are highly
conserved across these species; on the other hand,
the binding site for AP2alpha was only partially
conserved among these mammals (Fig. S1B).

Role of Sp1, Egr1, and CREB in MAO-B
transcriptional regulation

To ascertain the roles of the in silico predicted
transcription factors (viz. Sp1, Egr1, CREB, and
AP2alpha) in MAO-B gene regulation, we measured
the MAO-B promoter activity by modulating the levels/
binding of these transcription factors. Co-transfection
of the MAOB–pro-144 construct with Sp1, or Egr1, or
CREB expression plasmid dose-dependently aug-
mented the MAO-B promoter activities (one-way
ANOVA: F = 34.31, up to 2.5-fold, p b 0.0001; one-
way ANOVA: F = 40.29, up to 4.1-fold, p b 0.0001; or
one-way ANOVA: F = 25.83, up to 5.4-fold, p b 0.001,
respectively) (Fig. 2b–d). Conversely, co-transfection
of the MAOB–pro-144 construct with increasing doses
of Sp1-shRNA, Egr1-shRNA plasmid, or K-CREB
plasmid dose-dependently diminished the MAO-B
promoter activities (one-way ANOVA:F = 866.2, up to
125-fold, p b 0.0001; one-way ANOVA: F = 29.29, up
to 3.6-fold, p b 0.0001; or one-way ANOVA: F = 18.1,
up to 20-fold, p b 0.001, respectively) (Fig. 2e–g). The



Fig. 1. Identification of crucial cis-elements in the mouse MAO-B promoter. (a) Schematic representation of MAO-B
promoter deletion constructs generated by cloning into pGL3-Basic vector. (b-g) The promoter–reporter constructs or
pGL3-Basic vector were co-transfected with pCMV-β-galactosidase expression plasmid as transfection control for
normalization of promoter activities into HEK-293 (b), N2a (c), AGS (d), CHO (e), AML 12 (f), and IMR-32 (g). Promoter
activities were normalized with β-galactosidase, and the results are expressed as percentage over pGL3-Basic. The
results are mean ± SE of triplicate values. Statistical significance was determined by one-way ANOVA with Bonferroni's
multiple comparisons post-test. ****p b 0.0001 as compared to MAOB–pro-144 construct.
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over-expression of Sp1, Egr1, and CREB (Fig. 2b–d)
and down-regulation of Sp1 and Egr1 (Fig. 2e, f) were
confirmed by Western blotting. In addition to the
promoter activity, over-expression/down-regulation of
Sp1, Egr1, and CREB also resulted in a dose-
dependent increase/decrease in the endogenous
MAO-B protein levels (Fig. 2b–g). In corroboration,
down-regulation of endogenous CREB by CREB-
siRNA (confirmed by Western blotting) decreased the
promoter activity (Fig. S2A). On the contrary, co-
transfection of MAO-B promoter construct with varying
amounts of AP2alpha expression plasmid did not result
in significant change in the promoter activity (Fig. S2B),
suggesting that AP2alpha may not regulate MAO-B
expression. Together, these results indicate important
roles for Sp1, Egr1, and CREB in regulating MAO-B
gene expression under basal conditions.
To evaluate if Sp1, Egr1, and CREB act in concert
to regulate MAO-B gene expression, the MAO-B
promoter construct was co-transfected with various
combinations of Sp1, Egr1, and CREB expression
plasmids. Sp1 and Egr1 individually enhanced the
promoter activity by ~1.4-fold (p b 0.01) and ~2.7-fold
(p b 0.0001), respectively; the combination of both
Sp1 and Egr1 did not yield any additive/synergistic
effect in line with the in silico prediction that
Sp1 and Egr1 have a common binding site in the
MAO-B proximal promoter. Co-transfection of MAO-B
promoter with CREB augmented the promoter
activity by ~11.3-fold (p b 0.05), whereas CREB
together with Sp1 or Egr1 caused a further enhance-
ment in promoter activity by ~21.3-fold (p b 0.0001)
or ~26.3-fold (p b 0.0001). Furthermore, together Sp1,
Egr1, and CREB augmented the promoter activity



Fig. 2. Role of Sp1/Egr1/CREBon theMAO-Bpromoter activity andprotein levels. (a)Schematic representation ofSp1,Egr1,
and CREB binding sites in the MAO-B promoter. MAO-B promoter–reporter construct was co-transfected with increasing doses
of Sp1 (b), Egr1 (c), and CREB (d) expression plasmid into N2a cells. Over-expressions of Sp1, Egr1, CREB, and endogenous
increase in MAO-B protein levels were confirmed by Western blotting. MAO-B promoter–reporter construct was co-transfected
with increasing doses of Sp1-shRNA (e), Egr1-shRNA expression plasmid (f) or with KCREB plasmid (g). Down-regulations of
Sp1, Egr1, and endogenous decrease inMAO-B protein levels were confirmed byWestern blotting. Relative levels of Sp1, Egr1,
CREB, and MAO-B after normalization with vinculin are shown. For promoter–reporter assays, the promoter activities were
normalized with total protein and the results are expressed as percentage over control. The results are mean ± SE of triplicate
values. Statistical significance was determined by one-way ANOVAwith Bonferroni's multiple comparisons post-test. *p b 0.05,
**p b 0.01, ***p b 0.001, ****p b 0.0001 with respect to basal MAOB-promoter activity.
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by ~42.2-fold (p b 0.0001; Fig. S3). These results
suggest synergistic action of Sp1, Egr1, and CREB
to regulate MAO-B gene expression.

Effect of mutations at Sp1/Egr1 and CREB
binding sites on MAO-B promoter activity

To further validate whether Sp1, Egr1, and CREB
interact with the MAO-B promoter domains, mutations
were generated at the transcription factor binding sites.
The wild-type or mutant promoter constructs were co-
transfected with increasing amounts of Sp1, Egr1, or
CREB expression plasmid. Co-transfection of the wild-
type promoter construct with Sp1, Egr1, or CREB
expression plasmid dose-dependently augmented the
promoter activities (up to 8.1-fold, p b 0.0001; 15.5-
fold, p b 0.001; or 120-fold, p b 0.0001, respectively)
(Fig. 3a–c). On the other hand, co-transfection of the
mutant promoter constructs lacking the Sp1, Egr1, or
CREBbinding sitewithSp1, Egr1, orCREBexpression
plasmid led to drastically diminished response in
reporter activities (up to 49-fold, p b 0.0001; 128-fold,
p b 0.0001; or 3-fold, p b 0.0001, respectively)
(Fig. 3a–c). Thus, the cis-elements predicted by the
transcription factor prediction tools appear to be
functional and could be the actual binding sites for
Sp1, Egr1, and CREB. In each case, the over-
expression of transcription factors was confirmed by
Western blotting.

In vitro interactions of Sp1, Egr1, and CREB with
the MAO-B promoter: electrophoretic mobility
shift assays

In order to test the binding of Sp1/Egr1/CREB with
MAO-B promoter, we carried out electrophoretic



Fig. 3. Functional validation of Sp1/Egr1/CREB binding sites in the MAO-B proximal promoter domain. MAO-B wild-
type or mutant promoter–reporter construct were co-transfected with increasing doses of Sp1 (a), Egr1 (b), and CREB
(c) expression plasmid into N2a cells. Promoter activities were normalized with total protein, and the results are expressed
as percentage over control. The results are mean ± SE of triplicate values. Statistical significance was determined by one-
way ANOVA with Bonferroni's multiple comparisons post-test. *p b 0.05, **p b 0.01, ***p b 0.001, ****p b 0.0001 with
respect to basal MAO-B promoter activity. #p b 0.001, with respect to wild-type promoter activity. Over-expressions of
Sp1, Egr1, and CREBwere confirmed byWestern blotting. Relative levels of Sp1, Egr1, and CREB after normalization with
vinculin are shown.
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mobility shift assay (EMSA). Incubation of nuclear
protein extract from N2a cells with either the wild-type
oligo (harboring binding sites for Sp1/Egr1) or mutant
oligo (carrying mutations at the Sp1/Egr1 binding site)
(Fig. 4a) yielded several DNA–protein complexes. The
wild-type Sp1/Egr1 oligo yielded a specific complex
(lanes 4, Fig. 4b) as opposed to the mutant Sp1/Egr1
oligo (lanes 2, Fig. 4b). Moreover, addition of excess
unlabeled wild-type Sp1/Egr1 oligo caused a gradual
dose-dependent decline in the intensity of the specific
band (lanes5–7, Fig. 4b); in contrast, the intensity of the
specific band remained unaffected upon addition of
excess unlabeled mutant Sp1/Egr1 oligo (lanes 8–10,
Fig. 4b). Furthermore, to verify the involvement of these
transcription factors in the formation of specific
complexes, antibodies against Sp1 and Egr1 were
added to nuclear protein isolated from N2a cells
transfected with either Sp1 expression plasmid or
Egr1 expression plasmid. The intensity of the specific
complex diminished upon the addition of anti-Sp1/anti-
Egr1 antibody (lane 2, Fig. 4c, d). As a control in these
reactions (lane 3, Fig. 4c, d) IgG was used, which did
not alter the intensity of the specific band. Thus, Sp1
and Egr1 appear to interact with the MAO-B promoter
in vitro.
We also carried out EMSA to assess the in vitro

interaction ofCREBwith theMAO-Bpromoter (Fig. 4e).
Incubation of biotin-labeled CREB binding site harbor-
ingwild-type oligowith nuclear protein extract fromN2a
yielded a specific complex (lane 4, Fig. 4f), whereas
incubation of biotin-labeled oligos with mutated or
deleted CREB binding site and nuclear protein extract
from N2a did not result in specific complex formation
(lanes 5 and 6, Fig. 4f). Furthermore, to determine the
involvement of CREB in formation of the specific
complex, an antibody against CREB was added to
the reaction mixture. Addition of CREB antibody in the
reaction mixture led to decrease in intensity of the
specific band (lanes 2and3, Fig. 4g).Wealso used IgG
as a control which did not interfere with the intensity of



Fig. 4. Sp1, Egr1, and CREB interact with the proximal MAO-B promoter in vitro. (a) Sequence of wild-type and mutant
Sp1/Egr1 oligos. (b) EMSA for Sp1/Egr1: Lane 1, Biotin-labeled Sp1/Egr1 mutant oligo. Lane 2, N2a NPE incubated with
labeled Sp1/Egr1 mutant oligo. Lanes 3, Biotin-labeled Sp1/Egr1 wild-type oligo. Lane 4, N2a NPE incubated with labeled
Sp1/Egr1 wild-type oligo. Lanes 5–7, N2a NPE incubated with labeled Sp1/Egr1 wild-type oligo along with molar excesses of
unlabeledwild-typeoligo. Lanes8–10,N2aNPE incubatedwith labeledSp1/Egr1wild-typeoligo alongwithmolar excesses of
unlabeled mutant oligo. Lane 11, N2a NPE. (c) Antibody interference assay using Sp1 antibody. Lane 1, NPE fromSp1 over-
expressing N2a cells (Sp1 NPE) incubated with labeled Sp1/Egr1 wild-type oligo. Lane 2, Sp1 NPE incubated with labeled
Sp1/Egr1 wild-type oligo and anti-Sp1 antibody. Lane 3, Sp1 NPE incubated with labeled Sp1/Egr1 wild-type oligo and anti-
IgG antibody. (d) Antibody interference assay using Egr1 antibody. Lane 1, NPE from Egr1 over-expressing N2a cells (Egr1
NPE) incubatedwith labeled Sp1/Egr1wild-type oligo. Lane 2, Egr1 NPE incubatedwith labeled Sp1/Egr1 wild-type oligo and
anti-Egr1 antibody. Lane 3, Egr1 NPE incubatedwith labeled Sp1/Egr1 wild-type oligo and anti-IgG antibody. (e) Sequence of
wild-type, mutant, andCREBdeletion oligos. (f) EMSA for CREB: Lane 1, Biotin-labeledCREBwild-type oligo. Lane 2, Biotin-
labeled CREB mutant oligo. Lane 3, Biotin-labeled CREB site deleted oligo. Lane 4, N2a NPE incubated with labeled CREB
wild-type oligo. Lane 5, N2a NPE incubated with labeled CREBmutant oligo. Lane 6, N2a NPE incubated with labeled CREB
site deleted oligo. (g) Antibody interference assay usingCREBantibody. Lane 1, N2aNPE incubatedwith labeledCREBwild-
type oligo, Lanes 2–3, N2a NPE incubated with labeled CREBwild-type oligo and anti-CREB antibody, Lanes 4–5, N2a NPE
incubated with labeled CREB wild-type oligo and anti-IgG antibody, Lane 6, N2a NPE. NPE, nuclear protein extract; wt, wild
type; mut, mutant; L, labeled; UL, unlabeled; del, deletion.
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the specific complex (lanes 4 and 5, Fig. 4g). These
results provide evidence for in vitro interaction of CREB
with the MAO-B proximal promoter.

Binding of Sp1, Egr1, and CREB with the
endogenous MAO-B promoter: chromatin
immunoprecipitation assays

In view of our findings on interactions of Sp1, Egr1,
and CREB with the MAO-B promoter, we next
investigated whether these transcription factors bind
to the endogenous MAO-B promoter in the context of
chromatin in vivo using chromatin immunoprecipitation
(ChIP) assays. Antibodies specific to Sp1, Egr1, and
CREB were used to precipitate formaldehyde cross-
linked chromatin fragments from N2a cells. DNA
isolated from Sp1/Egr1/CREB immunoprecipitated
lysates yielded a ~224-bpPCRproduct encompassing
the MAO-B promoter domain (−144 bp/+82 bp) that
harbored binding sites for these transcription factors
(lanes 3–5, Fig. 5b). As a positive control, input DNA
gave a similar size amplicon (lane 2, Fig. 5b), while as a



Fig. 5. Sp1, Egr1, and CREB interact with the MAO-B core promoter in vivo in the context of chromatin. (a) Schematic
representation of Sp1, Egr1, and CREB binding sites in the MAO-B promoter and strategy employed for primer designing.
(b) End-point PCR using immunoprecipitated chromatin and specific primers. Input DNA served as positive control; IgG
and water served as negative for immunoprecipitation and end-point PCR, respectively. (c) Real-time PCR depicting fold
enrichment over IgG. Statistical significance was determined by one-way ANOVA with Bonferroni's multiple comparisons
post-test. *p b 0.05, **p b 0.01 with respect to IgG. (d) End-point PCR using primers specific to the MAO-B promoter
outside the Sp1, Egr1, and CREB binding domain did not result in any amplification confirming specificity of ChIP. Input
was used as positive control, while water was used as negative control for PCR.
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negative control, pre-immune IgG-precipitated chro-
matin did not yield significant amplification indicat-
ing specificity of the immunoprecipitation reactions
(lane 6, Fig. 5b). As a negative control for PCR,
water was used instead of the immunoprecipitated
DNA, which did not result in amplification (lane 7,
Fig. 5b). Next, qPCRwas carried out using the same
immunoprecipitated DNA, and there was a signifi-
cant enrichment of MAO-B promoter domain with
Sp1, Egr1, or CREB antibody (up to 2.6-fold,
p b 0.05; 3.2-fold, p b 0.01; or 3.5-fold, p b 0.01,
respectively) as compared to pre-immune IgG
immunoprecipitated chromatin (Fig. 5c). Another
primer pair designed outside the Sp1/Egr1/CREB
domain gave amplification with input chromatin
(lane 2, Fig. 5d), but did not yield amplification with
the immunoprecipitated DNA confirming the speci-
ficity of ChIP assays (lanes 3–6, Fig. 5d). These
results provide evidence for endogenous interaction
of Sp1, Egr1, and CREB with the MAO-B promoter
domain.

Prediction of putative miRNA binding sites in the
mouse MAO-B 3′-UTR

Since the role of miRNAs in regulating MAO-B
gene expression remains unknown, we utilized
various in silico miRNA binding site prediction tools
to predict the putative miRNAs that might interact
with the MAO-B 3′-UTR. miRNAs predicted by at
least four different programs were short-listed (Table
S5) for further consideration. Based on thermody-
namic values (i.e., ΔG and ΔΔG obtained using
RNAhybrid and PITA), we choose to validate the
roles of mmu-miR-532-3p, mmu-miR-300-3p, and
mmu-miR-1224-5p, which appeared to have the
highest affinities for the MAO-B 3′-UTR.

Effect of over-expression of microRNAs, mimics,
and inhibitors on the endogenous MAO-B protein
levels

In order to validate the roles of these in silico
predicted miRNAs, the MAO-B 3′-UTR reporter con-
struct was co-transfected with increasing amounts of
either themiR-1224 or miR-300 ormiR-532 expression
plasmid into N2a cells. There was a dose-dependent
decrease in the MAO-B 3′-UTR reporter activity
with increasing amounts of miR-1224 (one-way
ANOVA: F = 303.7, up to 2.1-fold, p b 0.0001) or
miR-300 (one-way ANOVA: F = 56.99, 2.0-fold,
p b 0.0001) (Fig. 6a and b); such a decrease in the
reporter activity was not observed with miR-532
expression plasmid (Fig. S4A). The over-expression
of miR-1224, miR-300 (Fig. 6c, d), and miR-532
(Fig. S4B) was confirmed by real-time PCR. In addition



Fig. 6. miR-1224 and miR-300 dampen MAO-B gene expression. Co-transfection of MAO-B 3′-UTR with increasing
doses of either miR-1224 (a) or miR-300 (b) expression plasmid and pMIR-Report beta-gal control vector into N2a cells
resulted in a dose-dependent decrease in the reporter activity. In both the cases, the reporter activities were normalized to
β-galactosidase activity, and the results are expressed as percentage fold change over basal. Total RNA isolated from
N2a cells co-transfected with MAO-B 3′-UTR and miR-1224 or miR-300 was reverse transcribed to cDNA. Real-time PCR
was carried out to confirm over-expression of miR-1224 (c) and miR-300 (d). All the results are mean ± SE of triplicate
values. Statistical significance was determined by one-way ANOVA with Bonferroni's multiple comparisons post-test.
**p b 0.01, ***p b 0.001, ****p b 0.0001 with respect to basal condition. Western blots confirming decrease in MAO-B
protein levels upon over-expression of miR-1224 (e) and miR-300 (f). (g) 50 nM miR-1224 mimic or miR-300 mimic
transfection into N2a cells diminished the endogenous MAO-B protein levels compared to control oligo. (h) 50 nM miR-
1224 antagomir or miR-300 antagomir transfection into N2a cells augmented the endogenous MAO-B protein levels
compared to control oligo. Relative levels of MAO-B after normalization with vinculin are shown.
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to the reporter activity, the endogenous MAO-B protein
levels also decreased upon over-expression of miR-
300 and miR-1224 (Fig. 6e, f). In corroboration, the
MAO-B protein levels significantly diminished upon
transfection of either miR-1224 mimic or miR-300
mimic (50 nM) compared to control oligo (Fig. 6g).
We also used miR-1224 or miR-300 inhibitors (50 nM)
to quench the endogenous microRNAs. The MAO-B
protein levels increased upon transfection of either
miR-1224 inhibitor or miR-300 inhibitor compared to
control oligo (Fig. 6h). These results demonstrate the
roles of miR-300 and miR-1224 in governing MAO-B
gene expression at the post-transcriptional level.

Effect of dopamine, forskolin, 8-Br-cAMP, and
protein kinase A inhibitor on MAO-B expression

Since MAO-B is involved in the catabolism of
dopamine, we sought to test whether dopamine
influences MAO-B promoter activity and protein
levels. N2a cells transfected with MAO-B promoter
were treated with various doses of dopamine. Indeed,
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dopamine dose-dependently (one-way ANOVA: F =
11.25, up to 2.1-fold, p b 0.001) (Fig. 7a) and time-
dependently (one-way ANOVA: F = 25.09, up to 1.5-
fold, p b 0.0001) (Fig. 7b) enhanced the MAO-B
promoter activity.
As dopamine has been reported to activate

expression of several genes via augmentation of
the intracellular cAMP levels, we tested the effect of
forskolin (an activator of adenylate cyclase) [27] and
8-Br-cAMP (a synthetic analogue of cAMP and an
activator of PKA) on the MAO-B expression.
Forskolin (Fig. 7c) and 8-Br-cAMP (Fig. 7d) treat-
ment resulted in a significant increase in MAO-B
promoter activity [one-way ANOVA: F = 29.07 (up to
1.7-fold, p b 0.001) and one-way ANOVA: F = 46.58
Fig. 7. Dopamine and cyclic AMP activate the expression
promoter–reporter construct were treated with increasing co
different time points (b), increasing concentrations of forskolin (
increase in promoter activity. (e) MAO-B promoter–reporter con
expression plasmid into N2a cells dose-dependently diminishe
was normalized with total protein, and the results are expressed
triplicate values. Statistical significance was determined by one
test. **p b 0.01, ***p b 0.001, ****p b 0.0001 with respect to
decrease in endogenous protein levels of MAO-B upon PKI ove
with vinculin are shown. (g) Real-time PCR following exposure
actin gene-specific primers. Statistical significance was
****p b 0.0001 with respect to untreated/control. (h) Western
MAO-B upon treatment with increasing concentration of dop
vinculin are shown.
(up to 22-fold, p b 0.0001), respectively] and endog-
enous protein levels (Fig. S5).
Consistent with these results, co-transfection of

MAO-B promoter with increasing doses of protein
kinase A inhibitor (PKI) plasmid resulted in a dose-
dependent, significant decrease in the MAO-B pro-
moter activity (one-way ANOVA: F = 26.13, up to 5.2-
fold, p b 0.0001) (Fig. 7e). Moreover, inhibition of
endogenous PKA resulted in diminished endogenous
MAO-B protein levels (Fig. 7f). Furthermore, dopa-
mine treatment resulted in a significant enhancement
in the endogenous MAO-B mRNA levels (24-fold,
p b 0.0001) (Fig. 7g) and a dose-dependent increase
in endogenous MAO-B protein levels (Fig. 7h). These
results suggest involvement of adenylate cyclase,
of MAO-B gene. N2a cells transfected with the MAO-B
ncentrations of dopamine (a), with 50 μM dopamine for
c), or 8-bromo-cyclic AMP (d) resulted in a dose-dependent
struct co-transfected with increasing concentrations of PKI
d the promoter activity. In each case, the promoter activity
as percentage over control. The results are mean ± SE of
-way ANOVA with Bonferroni's multiple comparisons post-
basal MAO-B promoter activity. (f) Western blot depicting
r-expression. Relative levels of MAO-B after normalization
to 50 μM dopamine was performed using MAO-B and β-

determined by Student's t test (unpaired, two-tailed).
blot depicting increase in endogenous protein levels of

amine. Relative levels of MAO-B after normalization with
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cAMP and PKA axis leading to augmented MAO-B
expression.

Role of miRNAs and CREB in mediating
dopamine-induced MAO-B expression

Considering that dopamine up-regulates MAO-B
protein levels and based on the observations that miR-
1224 and miR-300 are involved in MAO-B gene
expression, we quantified the endogenous levels of
these miRNAs upon dopamine (50 μM) treatment.
Indeed, dopamine treatment profoundly diminished
endogenous levels of both miR-1224 (14-fold,
p b 0.01) (Fig. 8a) and miR-300 (20-fold, p b 0.001)
(Fig. 8b) as compared to the control/untreated
condition. ChIP assays revealed that the affinity of
Fig. 8. Dopamine induces MAO-B by modulating endogeno
the MAO-B promoter. Real-time PCR was performed followi
specific primer (a) or with miR-300 and U6 snRNA-specific prim
t test (unpaired, two-tailed). **p b 0.01, ***p b 0.001 with respe
chromatin isolated from either control or dopamine-treated N2a
PCR was performed with chromatin purified from respective c
significance was determined by one-way ANOVA with B
***p b 0.001, ****p b 0.0001 as compared to the correspond
condition (bar graph, second bar). (d) N2a cells transfected w
absence of KCREB were treated with dopamine. The promoter
are expressed as percentage over control. The results are m
determined by one-way ANOVA with Bonferroni's multiple com
promoter activity. ##p b 0.01 with respect to MAO-B plus dopam
B protein in each case is shown. Relative levels of MAO-B aft
CREB to the MAO-B promoter is significantly en-
hanced upon dopamine treatment compared to control
(1.8-fold, p b 0.05); however, there was no significant
change in the binding of P-CREB to the MAO-B
promoter following dopamine treatment (Fig. 8c).
These results indicate the involvement of CREB in
dopamine-mediated MAO-B gene expression.
To further assess the role of CREB in dopamine-

mediated MAO-B gene expression, we transfected the
MAO-B promoter construct into N2a cells followed by
dopamine treatment. Dopamine caused a significant
increase in the MAO-B promoter activity (2.2-fold,
p b 0.01, Fig. 8d). Co-transfection of MAO-B promoter
construct with KCREB decreased MAO-B promoter
activity (5-fold, p b 0.05, Fig. 8d). Increase in MAO-B
promoter activity mediated by dopamine was blocked
us miR-1224 and miR-300 levels and binding of CREB to
ng dopamine treatment using miR-1224 and U6 snRNA-
er (b). Statistical significance was determined by Student's
ct to untreated/control. (c) ChIP assay was carried out with
cells using CREB, P-CREB, or IgG antibodies. Real-time

ocktails using MAO-B gene-specific primer pair. Statistical
onferroni's multiple comparisons post-test. *p b 0.05,
ing IgG. #p b 0.05 as compared to CREB under basal
ith MAO-B promoter–reporter construct in the presence or
activities were normalized with total protein, and the results
ean ± SE of triplicate values. Statistical significance was
parisons post-test. **p b 0.01 with respect to basal MAO-B
ine (bar graph, second bar). Western blot displaying MAO-
er normalization with vinculin are shown.
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by KCREB (11-fold, p b 0.01, Fig. 8d) suggesting the
involvement of CREB under dopamine-induced condi-
tion. In addition to the promoter activity, the increase in
endogenous MAO-B protein levels was also blunted
upon KCREB transfection (lane 4, Fig. 8d). Taken
together, these results underscore a regulatory role of
CREB in dopamine-induced MAO-B expression.

Correlation between MAO-B levels and regulatory
molecular factors in human tissues and rodent
models of essential hypertension

Since the binding sites for Sp1, Egr1, and CREB are
conserved across human, rat, and mouse, we next
investigated if there is any correlation between the
transcript levels ofMAO-Band the factors involved in its
regulation. For correlation analysis between the tran-
script levels of human MAO-B and Sp1/Egr1/CREB
across various tissues, RNA-seq data from the GTEx
portal (https://www.gtexportal.org/home/) were utilized
(Table S10) [28]. Notably, there was a significant
positive correlation between the transcript levels of
MAO-BandSp1 (Pearson r = 0.35, p = 0.02) (Fig. 9a),
MAO-B and Egr1 (Pearson r = 0.38, p = 0.01)
(Fig. 9b), and MAO-B and CREB (Pearson r = 0.34,
p = 0.03) (Fig. 9c) across various tissues (n = 38),
suggesting that these transcription factors could play
important roles in regulating MAO-B gene expression.
Such a correlation, however, was not observed
between MAO-B and AP2alpha (Fig. S8).
Next, we estimated MAO-B levels in spontaneously

hypertensive rat (SHR) versus normotensive Wistar
Kyoto (WKY) rat tissues. Interestingly, the MAO-B
mRNA level was lower (2.2-fold, p b 0.05) (Fig. 9d) in
the brain tissues of SHR compared to WKY.
Furthermore, mRNA levels of Sp1 and CREB were
lower (2-fold, p b 0.05, and 1.6-fold, p b 0.05), while
there was no significant difference in the mRNA level
of Egr1 between SHR and WKY brain tissues. These
results suggest that lower levels of Sp1 and CREB
may account for lower MAO-B expression in SHR
brain tissues. In the heart tissues, mRNA level of
MAO-B was ~16-fold lower in SHR compared to
WKY, but the difference did not reach statistical
significance (p = 0.11) (Fig. 9d). However, theMAO-B
protein level was significantly diminished in SHR
compared to WKY (Figs. 9f and S6A). Moreover, the
mRNA level of Sp1 was 4.6-fold (p b 0.05) lower in
SHR compared toWKY, whereas the mRNA levels of
Egr1 and CREB did not significantly differ between
SHR and WKY (Fig. 9d).
We also quantified the mRNA level of MAO-B in a

mousemodel of human essential hypertension; MAO-
B transcript level was higher in the BPL mouse
liver when compared to BPH mouse (3.3-fold,
p b 0.05) (Fig. 9e). Moreover, the protein level of
MAO-B tends to be higher in BPL as compared to BPH
mouse (Figs. 9g and S6B). Since our in vitro results
suggest that miR-1224 and miR-300 regulate the
expression of mouse MAO-B, we also quantified the
levels of these miRNAs in BPH and BPL liver tissues.
The level of miR-1224 was significantly higher in BPH
liver tissue as compared to BPL liver tissue (2.6-fold,
p b 0.001), whereas there was no significant differ-
ence in the miR-300 level (Fig. 9e), suggesting that
increased level of miR-1224 might contribute to
diminished MAO-B expression in BPH liver tissue.
Discussion

Monoamine oxidase inhibitors are routinely used to
treat depression, PD, and other neurological disorders.
Although it is well documented that the expression of
MAO-B increases with age [7] and numerous reports
strongly suggest that altered levels of MAO-B are
associated with various pathological conditions includ-
ing neurodegenerative diseases [10], metabolic disor-
ders [19], and cardiac diseases [20], the molecular
factors governing MAO-B gene regulation remain
incompletely understood. Hence, in this study, we set
out to identify the key motifs in the regulatory regions
(i.e., the promoter and 3′-UTR) of MAO-B, transcription
factors, and miRNAs that might regulate MAO-B gene
expression both under basal and pathological
conditions.

Transcription factors involved in regulating
MAO-B gene expression

There are very few reports on regulation of MAO-B
gene expression. Ethanol consumption in humans and
rats leads to increase in MAO-B expression, which is
mediated by GAPDH (glyceraldehyde 3-phosphate
dehydrogenase) and TIEG-2 (transforming growth
factor-beta-inducible early growth response protein 2)
[21]. The transcription factors c-JunandEgr1playa key
role in phorbol 12-myristate 13-acetate (PMA)-induced
MAO-B activation [22]. Sp1 and Sp4 enhance human
MAO-Bexpression,while Sp3 represses its expression
[23,24]. Our stringent computational analysis and
promoter/reporter assays suggest that the promoter
domain (−144 to −78 bp) harboring putative binding
sites for Sp1, Egr1, and CREB is crucial for MAO-B
gene expression (Fig. 1). Consistently, over-
expression/down-regulation of these factors (Sp1/
Egr1/CREB) augmented/diminished the promoter–
reporter activity and endogenousMAO-B protein levels
(Fig. 2). In corroboration, mutations to abrogate the
transcription factor binding sites (Fig. 3), EMSA and
ChIP assays provided further evidence for in vitro and
in vivo interaction of these transcription factors with the
MAO-B promoter (Figs. 4 and 5). These findings
suggest that Sp1, Egr1, and CREB regulate MAO-B
gene expression under basal conditions. Of note, the
binding sites for these transcription factors (Sp1, Egr1,
and CREB) are conserved across the human, rat, and
mouse MAO-B promoters (Fig. S1B). Consistently,



Fig. 9. MAO-B levels correlate with the regulatory molecular factors governing its expression in human tissues and rodent
models of hypertension. Correlation between the transcript levels of MAO-B and Sp1 (a), MAO-B and Egr1 (b), and MAO-B
and CREB (c) in various human tissue samples (n = 38; the identity of the tissue samples [indicated numerically in this figure]
is given in the Supplemental Table S10) using data from GTEx portal. (d) The endogenous transcript levels of MAO-B, Sp1,
Egr1, and CREB in the heart and brain tissues of SHR/WKY (n = 5) normalized with respect to β-actin. (e) The endogenous
mRNA levels of MAO-B, microRNA levels of miR-1224, and miR-300 in the liver tissues of BPH/BPL (n = 4) normalized with
respect to β-actin (for MAO-B) and U6 snRNA (for miR-1224 and miR-300). Western blot depicting the endogenous protein
levels of MAO-B in the heart tissues from SHR andWKY rats (f) and in the liver tissues fromBPH and BPLmice (g). Statistical
significance was determined by Student's t test (unpaired, two-tailed). *p b 0.05 with respect to corresponding SHR or BPH
mRNA/miRNA levels (ns, not significant).
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Sp1 and Egr1 have been previously reported to
regulate human MAO-B gene expression [22]. Co-
transfection of the humanMAO-B promoter with CREB
expression plasmid resulted in significant increase in
the promoter activity (Fig. S7), suggesting a similar
role for CREB in regulating human MAO-B gene
expression.
Do these three transcription factors regulate MAO-B

gene in a co-ordinated manner? Consistent with our
computational prediction and previous reports for other
genes [29,30], results of our co-transfection experi-
ments (using equimolar amounts of the three tran-
scription factors in various combinations) suggest that
Sp1 and Egr1 compete with each other for binding to
theMAO-B proximal promoter and that Sp1, Egr1, and
CREB regulate MAO-B gene expression synergisti-
cally (Fig. S3).
Sp1 is also involved in regulating MAO-A expression

(the index member of the monoamine oxidase family
and a catecholamine-catabolizing enzyme) [31]. Nota-
bly, this study, for the first time, demonstrates an
important role for CREB in regulating MAO-B gene
expression. Interestingly, several genes responsible for
catecholamine biosynthesis (i.e., tyrosine hydroxylase,
dopamine beta-hydroxylase, phenylethanolamine N-
methyltransferase) [32–38] and storage (viz., chromo-
granin A and chromogranin B) [39,40] have also been
reported to be regulated by Sp1, Egr1, and CREB.
Taken together, these findings indicate vital roles of
Sp1, Egr1, and CREB in modulating catecholamine
homeostasis (biosynthesis/storage/catabolism).

Post-transcriptional regulation of MAO-B gene
expression

miRNAs may play a crucial role in governing gene
expression at the post-transcriptional level under
pathophysiological conditions. However, there are
no reports on the role of miRNAs in regulating MAO-
B gene expression. Our stringent computational
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analysis combined with experimental validation
revealed roles for miR-1224 and miR-300 in MAO-
B gene regulation. Of note, the levels of miR-1224 in
mouse liver are augmented following ischemia/
reperfusion (I/R) injury [41]. H2O2 produced as a
by-product of MAO-B catalysis could potentially
contribute to I/R injury, which is supported by the
observations that MAO inhibitors offer protection
against I/R injury [42] and against oxidative stress in
rats [43]. A recent report indicated that Ang II/LPS-
induced enhancement of MAO-A/MAO-B contribut-
ed to endothelial dysfunction inmouse [44]. Notably,
LPS induces miR-1224 expression, which negative-
ly regulates Sp1 [45]; miR-1224 also down-
regulates CREB expression by binding to its 3′-
UTR [46]. We speculate that the increase in miR-
1224 could be a compensatory mechanism to
suppress the deleterious effects of MAO-B expres-
sion under I/R injury. In addition, in silico analysis of
the 3′-UTR of Egr1 revealed putative binding sites
for miR-300. Perhaps, there could be cross-talks
between the transcription factors (Sp1/Egr1/CREB)
and miRNAs (miR-1224 and miR-300) in regulating
MAO-B gene expression. Further studies are
required for experimental validation of this
speculation.

Dopamine-induced MAO-B gene expression:
role of CREB, miRNA-1224 and miRNA-300

Dopamine is a substrate for MAO-B [3] and
extracellular dopamine signals via the cAMP-PKA-
CREB axis to modulate the expression of several
genes [2]. Furthermore, MAO-B-dependent dopamine
catabolism causes apoptosis in renal epithelial cells,
which is prevented by MAO-B inhibitor [47]. In view of
these reports, we sought to investigate the effect of
dopamine on MAO-B expression and the potential
mechanisms. Dopamine augmented the MAO-B
promoter activity, and mRNA and protein levels (Fig.
7a, b, g, h). Moreover, forskolin and 8-Br-cAMP
increased the promoter activity (Fig. 7c, d) and
endogenous MAO-B protein levels (Fig. S5). Inhibition
of PKA, on the other hand, attenuated the promoter
activity and endogenous MAO-B protein levels (Fig.
7e, f), suggesting involvement of adenylate cyclase,
cAMP and protein kinaseA inMAO-B gene regulation.
These results are in agreement with an increase in the
MAO-B enzyme activity upon exposure to agents that
augment intracellular cAMP levels [48]. MAO-B gene
expression has also been reported to be enhanced by
PKC and MAPK signaling pathways [22]. Moreover,
CREB is a downstream target of PKC and MAPK [49].
Indeed, dopamine treatment significantly enhanced
the binding of CREB to the MAO-B promoter and
inhibition of CREB function profoundly diminished the
dopamine-induced MOA-B expression (Fig. 8c, d).
Thus, dopamine-induced MAO-B gene transcription is
likely to involve multiple pathways.
Of note, this study, for the first time, revealed that
dopamine caused a significant down-regulation in
the endogenous miR-1224 and miR-300 levels (Fig.
8a, b).Our data suggest that there could bea feed-back
loop between CREB and miR-1224/miR-300 under
dopamine-stimulated MAO-B gene regulation. Inter-
estingly, levodopa, a precursor of dopamine, is used for
treatment of PD [50]; MAO-B inhibitors used in
combination with levodopa appear to be more effec-
tive/beneficial than levodopaasamonotherapy [51,52].
These results offer molecular insights into the benefits
of using MAO-B inhibitors as an adjunct to levodopa in
PD management and prevention of apoptosis in renal
epithelial cells.

Molecular basis for differential expression of
MAO-B under pathophysiological conditions

Is there any correlation between the MAO-B levels
and the factors involved in its regulation in different
mammalian species and tissue types? To address
this, we mined the transcriptomics data of MAO-B,
Sp1, Egr1, and CREB fromGTEx portal. As shown in
(Fig. 9a–c), there was a significant positive correla-
tion between the MAO-B transcript levels and the
transcription factors across various tissues of human
origin, suggesting that these transcription factors
could regulate MAO-B expression in human tissues.
Based on previous reports that document dimin-

ished transcript levels of MAO-B in the adrenal gland
[53] and heart tissues of SHR compared to WKY
[54], we quantitated the transcript level of MAO-B in
brain tissues from SHR and WKY. SHR is a routinely
sought model for understanding pathological condi-
tions such as essential human hypertension and
attention-deficit hyperactivity disorder [55]. Consis-
tent with previous reports, we found that the MAO-B
transcript levels were lower in the heart tissue of
SHR compared to WKY. A similar trend was also
observed in the brain (Fig. 9d). Notably, the protein
levels were also lower in the SHR heart compared to
WKY (Fig. 9f). Could the transcription factor(s)
involved in MAO-B regulation account for this
observation? Indeed, the Sp1 mRNA level was
significantly lower in the heart and brain tissues of
SHR compared to WKY, suggesting lower levels of
Sp1 could contribute to lower MAO-B transcript
levels in SHR compared toWKY (Fig. 9d). In addition
to the diminished expression of Sp1 in SHR brain,
the transcript level of CREB was also significantly
lower, which might account for, at least partly, the
lower MAO-B expression in SHR brain (Fig. 9d).
A microarray analysis using various tissues from

BPH/BPL mouse models revealed that the MAO-B
mRNA levels were higher in liver and heart tissues of
BPL compared to BPH mouse [Gene Expression
Omnibus database (accession number GSE19817)]
[56]. In view of this report and the observation that
miR-1224 is expressed in mouse liver [41], we
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estimated the levels of MAO-B and miRNAs in BPH/
BPL liver. Indeed, in corroboration with the previous
results, the transcript levels of MAO-B were signif-
icantly higher in the liver tissues of BPL compared to
BPH (Fig. 9e). In addition, the protein levels of MAO-
B were also higher in the BPL liver compared to BPH
(Fig. 9g). In contrast, the miR-1224 levels are
significantly lower in BPL (Fig. 9e), suggesting that
lower levels of miR-1224 could contribute to higher
MAO-B transcript levels in BPL mice. These results
suggest roles of Sp1, CREB, and miR-1224 in
regulating MAO-B gene expression in these rodent
models of hypertension (BPH and SHR) wherein
these molecular factors may diminish the MAO-B
level, which in turn may result in elevated catechol-
amine levels (that can increase the blood pressure in
these animals).
It is well known that MAO-B plays a central role in

the conversion of neurotoxin MPTP to MPP+ leading
to dopaminergic neuronal cell death [57], which is
prevented by administration of MAO-B inhibitors
prior to MPTP injection [58]. In corroboration, MAO-B
knockout mice are resistant to MPTP-induced
neurotoxicity [9]. Strikingly, Sp1 is predicted to play
a central role in MPTP toxicity [59] and the levels of
Sp1 increase following MPP+ treatment in PC12 and
SH-SY5Y cells [60,61]. Moreover, Egr1 expression
is also significantly up-regulated in MPTP mouse
model and Egr1 knockout mice are resistant to the
MPTP-induced loss of dopaminergic neurons [62].
Consistently, mithramycin A and its analogues, by
interfering with the binding of Sp1 to the promoter
and by inhibiting the transcriptional activity of Egr1,
offer neuroprotection against MPTP [60,63]. Thus,
the regulatory mechanisms of MAO-B expression,
as per our data, are in agreement with these reports
suggesting possible roles for these factors in
neurodegenerative diseases (such as PD).
Conclusions and Perspectives

This systematic study identified the crucial cis-
elements and transcription factors that govern MAO-B
gene expression under basal and dopamine-induced
conditions. It revealed the synergistic role for Sp1/Egr1/
CREB in regulating MAO-B at the transcriptional level.
The study also identified miR-1224 and miR-300 as
novel regulators of MAO-B at the post-transcriptional
level. A schematic presentation of our proposed
mechanism of MAO-B regulation by these factors is
presented in Fig. 10. Notably, the expression pattern of
MAO-B and Sp1/Egr1/CREB corelated well in various
human tissues. The molecular mechanisms of MAO-B
regulation also might hold true under several cardio-
vascular (viz. in rodent models of human hypertension)
and neuronal (viz. in MPTP-induced neurodegenera-
tion) pathological conditions. The identified molecular
regulators (including the miRNAs) may be targeted
(after careful evaluation for off-target effects) for
development of novel therapeutic agents in patholog-
ical conditions associated with dysregulated MAO-B
expression.
Materials and Methods

Generation of mouse MAO-B promoter–reporter,
MAOB-3′-UTR-reporter constructs, andmicroRNA
expression plasmids

Varying lengths of MAO-B promoter (−1473,
−1034, −346, −286, and −144 bp to +25 bp)
regions were amplified using Blood Pressure Normal
mouse genomic DNA (obtained from the Jackson
Laboratory, USA) as template, Phusion® High-
Fidelity DNA polymerase (Finnzymes, USA) and
primers specific to the MAO-B promoter (NCBI
reference number: NM_172778.2) (Table S1).
PCR-amplified DNA segments were cloned at MluI
and XhoI sites in the promoter-less firefly luciferase
reporter vector pGL3-Basic (Promega, USA). These
constructs were named as MAOB–pro-1473,
MAOB–pro-1034, MAOB–pro-346, MAOB–pro-286,
and MAOB–pro-144, respectively. MAOB–pro-695
and MAOB–pro-77 constructs were generated by
digesting MAOB–pro-1473 construct with KpnI and
SacI restriction enzymes, respectively, followed by
gel purification and self-ligation of the larger frag-
ment. Similarly, MAO-B 3′-UTR region was amplified
using mouse genomic DNA as template, Phusion®
High-Fidelity DNA polymerase and MAO-B 3′-UTR
specific primer (Table S2). The resulting amplicon
was cloned at XhoI and NotI sites in the pMIR-
REPORT vector (Life technologies, USA). The mmu-
miR-1224, mmu-miR-300, and mmu-miR-532 ex-
pression plasmids were generated by using mouse
genomic DNA as template, Phusion® High-Fidelity
DNA polymerase and primers to amplify regions
flanking the pre-miRNA-1224, 300, and 532 se-
quences (Table S3). The PCR products were cloned
at BamHI and XhoI sites in pcDNA3.1 vector
(Invitrogen, USA). The sequence and orientation of
all these DNA segments were confirmed by
sequencing.

In silico analysis of mouse MAO-B core promoter
and MAO-B 3′-UTR regions

The putative transcription factors binding sites in
the MAO-B core promoter (viz., −144- to +1-bp
region, which gave the highest reporter activity) were
identified using three transcription factor prediction
tools (as mentioned in Table S4). Various miRNA
binding site prediction tools (as mentioned with
Table S5) were used to predict the putative miRNAs
that might interact with the MAO-B 3′-UTR similar to



Fig. 10. Plausible mechanisms modulating MAO-B gene expression under basal and dopamine-induced conditions.
While the transcription factors Sp1, Egr1, and CREB regulate MAO-B gene expression at the transcriptional level, miRNAs
—miR-1224 and miR-300—are involved at the post-transcriptional level. Dopamine-induced MAO-B expression is
mediated by (a) enhanced binding of CREB to the MAO-B promoter, and (b) down-regulation of endogenous miR-1224/
miR-300 and consequent diminished interactions at the MAO-B 3′-UTR. DA, dopamine; D1R, dopamine receptor D1; AC,
adenylate cyclase. Up-regulation and down-regulation of MAO-B and miRNAs are shown by upward and blunted arrows,
respectively.
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our previously described approach in the case of
renalase gene [64]. These in silico analysis revealed
putative binding sites for several transcription factors
and miRNAs. Transcription factors predicted by at
least two programs and miRNAs predicted by at
least four programs were short-listed (Tables S4 and
S5, respectively) for experimental validation.

Cell culture, transfection, and reporter assays

Authenticated HEK-293, N2a, AGS, CHO, AML 12,
and IMR-32 cell lines were obtained from the Indian
national repository for cell lines and hybridomas at the
National Center for Cell Sciences, Pune, India. Cells
were cultured in Dulbecco's modified Eagle's medium
with high glucose and glutamine (HyClone, USA),
supplementedwith 10% fetal bovine serum (Invitrogen,
USA), penicillin G (100 U/mL), and streptomycin
sulfate (100 mg/mL) (Invitrogen,USA) in 25-cm2 tissue
culture flasks (Nalgene-Nunc International, USA) at
37 °Cwith 5%CO2asdescribedpreviously [65]. These
cell lines were routinely tested for mycoplasma
infection and treated with BM-Cyclin (Merck, USA) to
eliminate mycoplasma, if detected. Transient transfec-
tions of the MAO-B promoter-reporter constructs
(500 ng/well) were carried out in these cell lines by
calcium-phosphate method [66]. A β-galactosidase
expression plasmid (125 ng/well) was co-transfected
as an internal control for transfection efficiency [67]. In
some experiments, the MAO-B core promoter-reporter
construct (viz., MAOB–pro-144; 500 ng/well) was co-
transfected with increasing doses (0, 125, 250, and
500 ng/well) of Sp1 expression plasmid (containing the
human full-length Sp1 cDNA fused to the CMV
promoter) or Egr1 expression plasmid (pCMV-Egr1
containing the entire human Egr1 cDNA under the
control of CMV promoter obtained from Dr. Dona Lee
Wong, Harvard Medical School, Boston) [68] or CREB
expression plasmid (CREB-VP16, which contains
basic-leucine zipper domain of CREB, and the
transcriptional activation domain of the herpes virus
VP16 protein was obtained from Dr. David Ginty,
Howard Hughes Medical Institute) [69] or with Sp1-
shRNA plasmid (obtained from Dr. Guido Marcucci,
Ohio State University, Ohio) [70] or Egr1-shRNA
plasmid (obtained from Dr. Weihua Xiao, University of
Science and Technology of China, Hefei) [71] or
KCREB (a dominant repressor of CREB, which has a
singlemutation, Arg → Leu, in theDNAbinding domain
compared to wild-type was obtained from Dr. Richard
H. Goodman, Oregon Health Sciences University,
Portland) [72] into N2a cells. Similarly, the MAO-B
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core promoter construct (250 ng/well) was co-
transfected with 250 ng of various combinations of
Sp1, Egr1, and CREB expression plasmids. Likewise,
the MAO-B core promoter-reporter construct
(500 ng/well) was co-transfected with 5 nM of either
control siRNA or CREB siRNA. In another set of
experiments, N2a cells were transfected with the
MAO-B core promoter-reporter construct (300 or
500 ng/well); following 12 h post-transfection, cells
were treated with 8-Br-cAMP (0, 1, 2.5, and 5 μM) or
forskolin (0, 1, 5, and 10 μM) or dopamine (0, 5, 10, 20,
25, and 50 μM). To check the time-dependent effect of
dopamine on the promoter activity, N2a cells trans-
fected with the MAO-B core promoter-reporter con-
struct were treated with 50 μM dopamine for different
time points (0, 3, 6, 9, and 12 h). Cells treated with 8-
Br-cAMP/forskolin and dopamine were lysed 24 and
12 h post-treatment, respectively, for luciferase and
Bradford's assays (for total protein estimation). In order
to assess the effect of inhibiting PKA on the MAO-B
promoter activity, N2a cells were co-transfected with
MAO-B promoter-reporter construct (500 ng/well) and
increasing doses (0, 125, 250, 500, and 1000 ng/well)
of PKI expression plasmid [pRSV-PKI-v2generated by
Dr. Richard Maurer was obtained from Addgene
(Plasmid No. 45066)]. Similarly, MAOB–3′UTR report-
er construct (500 ng/well) was co-transfected with
increasing concentrations (0, 250, 500, and 1000 ng/
well) of miR-1224, miR-300, or miR-532 expression
plasmids and pMIR-Report beta-gal control vector
(125 ng/well) (Life technologies, USA). For all the co-
transfection experiments, following 24 h of transfec-
tion, cells were lysed for luciferase and either beta-gal
assays or total protein estimation as described
previously [67]. In all these experiments, the reporter
activities were either normalized to β-galactosidase
activity or total protein, and the results are expressed
as percentage fold change over basal.

Generation of mutations in the putative
transcription factor binding sites in mouse
MAO-B promoter

Mutations were generated at the Sp1/Egr1 and
CREB binding sites by site-directed mutagenesis
using wild-type promoter–reporter plasmid as template
and a primer pair with the desired mutation (Table S6).
The resulting plasmids were named MAOB–pro-Sp1/
Egr1-mut and MAOB–pro-CREB-mut. Next, N2a cells
were co-transfectedwith either thewild-type orMAOB–
pro-Sp1/Egr1-mut promoter-reporter constructs
(500 ng/well) and increasing doses (0, 125, 250, and
500 ng/well) of eitherSp1orEgr1expressionplasmids.
Similarly, N2a cells were also co-transfectedwith either
the wild-type or MAOB–pro-CREB-mutant promoter-
reporter constructs (500 ng/well) and increasing doses
(0, 125, 250, and 500 ng/well) of CREB expression
plasmid. Cells were lysed 24 h after transfection and
assayed for luciferase activity. The protein contents
were measured in cell lysates using Bradford's assay
reagent (Bio-Rad, USA). Luciferase activities in cell
lysates were normalized with total protein, and the
results were expressed as percentage over control.

Western blotting for MAO-B, Sp1, Egr1, and CREB
protein levels in N2a cells and rodent tissues

In order to confirm the over-expression or down-
regulation of transcription factors and their effect on
endogenous levels of MAO-B, N2a cells (seeded in 6-
well plates)were co-transfectedwithMAO-Bpromoter-
reporter construct (500 ng/well) and increasing doses
(0, 125, 250, and 500 ng/well) of Sp1 or Egr1 or CREB
expression plasmids or with increasing doses (0, 125,
250, and 500 ng/well) of Sp1-shRNA or Egr1-shRNA
expression plasmid or KCREB plasmid using Targe-
fect F2 transfection reagent (TargetingSystems,USA).
N2a cells were also co-transfected with MAO-B
promoter-reporter construct and with either 5 nM
control or CREB siRNA (Integrated DNA Technolo-
gies, Belgium). Similarly, to ascertain the effect of
over-expression of miRNAs on the endogenous
levels of MAO-B, MAOB–3′UTR reporter construct
(500 ng/well) was co-transfected with increasing con-
centrations (0, 250, 500, and 1000 ng/well) of miR-
1224 or miR-300 expression plasmids using Targefect
F2 transfection reagent. In another set of experiments,
50 nM of control oligo, miR-1224, andmiR-300mimics
or inhibitors (Exiqon, Denmark) were transfected into
N2a cells using Targefect F2 transfection reagent. To
check the effect of inhibiting PKA on endogenous
MAO-B levels, N2a cells (seeded in 6-well plates) were
co-transfected with MAO-B promoter-reporter con-
struct (500 ng/well) and increasing doses (0, 500,
and 1000 ng/well) of PKI expression plasmid using
Targefect F2 transfection reagent. In each case,
following 24 h post-transfection, cells were lysed in
RIPA buffer [50 mM Tris–HCl (pH 7.2), 150 mMNaCl,
1% (v/v) Triton X-100, 1% (w/v) sodium deoxycholate
and 0.1% (w/v) SDS] with PMSFand protease inhibitor
cocktail (Sigma, USA) for Western blot analysis. Total
protein was also isolated from N2a cells transfected
with MAO-B promoter-reporter construct (500 ng/well)
and treated with dopamine (0 to 50 μM) for 12 h and
forskolin (1, 5, and 10 μM) or 8-Br-cAMP (2.5 μM) for
24 h. Similarly, total proteins were isolated from heart
tissues of SHR/WKY rats and liver tissues of BPH/BPL
mice. Protein concentrations in the cell lysates were
estimated using Bradford assay (Bio-Rad). About 30–
40 μg of proteins was separated on a 10% SDS-
polyacrylamide gel and transferred to a PVDF mem-
brane (Pall Life Sciences, Mexico). Pre-stained protein
ladder (Abcam) was used as amolecular marker. After
blockingwith 3%of BSA or 5%of non-fat milk for 1 h at
room temperature, the membranes were incubated
with specific primary antibody [Sp1 (Santa Cruz
Biotechnologies, sc-59x) at 1:3000 dilution, Egr1
(Cell Signaling Technology, No. 4153) at 1:1500
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dilution, CREB (Santa Cruz Biotechnologies, sc-186x)
at 1:3000 dilution, MAO-B (Santa Cruz Biotechnol-
ogies, sc-18401) at 1:5000 dilution, Vinculin (Sigma,
V9131) at 1:7500 dilution, and β-Actin (Sigma, A5441)
at 1:10000 dilution] overnight at 4 °C. After washing
with 1× TBST, the membrane was incubated with
HRP-conjugated secondary antibody specific for either
rabbit (Jackson Immunoresearch No. 111-035-003 at
1:5000 dilutions for detection of Sp1, Egr1, and CREB)
ormouse (Jackson ImmunoresearchNo. 115-035-003
at 1:5000 dilution for detection of Vinculin and β-Actin)
or goat (Abcam, ab6741 at 1:5000 dilution for detection
of MAO-B) for 1 h. The protein bands were detected
using chemiluminescent ECL Detection System
(Pierce, USA). The intensities of bandswere quantified
using NIH Image Lab 3.0.

Electrophoretic mobility shift assays

Nuclear protein extracts from N2a cells and N2a
cells transfected with either Sp1 or Egr1 expression
plasmid were prepared using nuclear protein extrac-
tion kit (Thermo-scientific, USA) as described by the
manufacturer and stored in aliquots at −80 °C until
use. Wild-type (harboring binding sites for specific
transcription factors), mutant (harboring mutations at
the binding sites for specific transcription factors), or
CREB binding site deleted oligos and their comple-
mentary strands were synthesized by Bioserve
Technologies, India (Table S7). The single-stranded
oligomers were biotinylated using the Biotin 3′-End
Labeling Kit (Pierce, USA) and annealed. For EMSA,
10 μg of nuclear protein extract was incubated with
the binding buffer (10 mM Tris, 50 mM KCl, and
1 mM dithiothreitol at pH 7.5), 50 ng/μl poly-dI-dC,
and 25 fmol of biotinylated oligo as described
previously [67]. For competitive EMSA, increasing
amounts of unlabeled wild-type/mutant oligos were
added 1 h prior to the addition of the constant
amount of the labeled wild-type oligos into the
reaction mixture. In some EMSA experiments,
specific antibodies against Sp1 (Santa Cruz Bio-
technologies, sc-59x), Egr1 (Cell Signaling Technol-
ogy, No. 4153), CREB (Santa Cruz Biotechnologies,
sc-186x), and rabbit pre-immune IgG antibody
(I5006, Sigma) were added 1 h prior to the addition
of labeled oligos. The reaction mixtures were
resolved on 1.5-mm-thick 5% non-denaturing poly-
acrylamide gels and transferred to Hybond-N+
membranes (Amersham, USA). The complexes
were UV cross-linked to the membrane and the
labeled probes were detected using the LightShift
Chemiluminescent EMSA Kit (Pierce, USA).

ChIP assays

ChIP assays were carried out as described earlier
[67]. In brief, exponentially growing N2a cells were
cross-linked using 1% formaldehyde, lysed, and nuclei
pellets were collected by centrifugation and re-
suspended in nuclei lysis buffer. Sonicationwas carried
out to fragment the chromatin, and sheared chromatin
was used for subsequent immunoprecipitation. Pre-
cleared chromatin supernatants were subjected to
immunoprecipitation at 4 °C overnight using 4 μg
ChIP-grade antibodies against Sp1 (Santa Cruz
Biotechnologies, sc-59x) or CREB (Santa Cruz Bio-
technologies, sc-186x), or Egr1 (Cell Signaling Tech-
nology, No. 4153), in 1× ChIP buffer supplemented
with protease inhibitor cocktail. As a negative control,
an equal amount of chromatin was precipitated with
rabbit pre-immune IgG antibody (I5006, Sigma).
Specific antibody–chromatin complexes were then
precipitated by incubation with ChIP-grade protein-G-
coated Sepharose beads (Invitrogen, USA) for 4 h at
4 °C. DNA samples were eluted, and supernatants
were used for reverse cross-linking protein/DNA
complexes to free DNA. The purified DNA was
subjected to PCR amplification using specific primer
pair encompassing the transcription factor binding
domain or a primer pair outside this domain that served
as a control (Table S8).
In another set of experiments, chromatin was

isolated from N2a cells with or without 50 μM
dopamine exposure. Immunoprecipitation of chroma-
tin fragments was carried out using ChIP-grade
antibodies against CREB (Santa Cruz Biotechnol-
ogies, sc-186x) and P-CREB (No. 9198, Cell Signaling
Technology, USA). Pre-immune IgG was used as a
negative control. Enrichment of the MAO-B promoter
domains in the immunoprecipitated chromatin from
basal or dopamine induced condition was determined
by real-time PCR using DyNAmo™ Flash SYBR
Green qPCR Kit (No. F416 L, Finnzymes, USA) and
specific primers (Table S8). Data were represented as
fold change over IgG antibody.

Mouse and rat strains and tissue samples

Liver tissue samples from 5- to 7-week-old male
BPH (Blood Pressure High strain BPH/2J at inbred
generation F66, n = 4) and BPL (Blood Pressure
Low strain BPL/1J at inbred generation F65, n = 4)
mouse models of essential hypertension were
obtained from Jackson Laboratory, USA. Brain and
heart tissues were harvested from 4- to 6-week-old
male SHR (n = 5) and normotensive control rats
WKY (n = 5). To minimize the effect of age-related
confounding factors on gene expression, rodents of
early age were selected for this study. The animal
experiments were approved by Institute Animal
Ethics Committee of IIT Madras.

RNA isolation and quantitative real-time PCR

Total RNAwas isolated fromN2acellswith orwithout
dopamine treatment using Trizol (Invitrogen, USA).
cDNA was synthesized using 2 μg RNA, random
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hexamers and High Capacity cDNA Reverse Tran-
scription Kit (Applied Biosystems, USA). Similarly, total
RNAwas isolated frommouse/rat tissue samples using
TRIzol and NuceloSpin miRNA kit (Macherey-Nagel,
USA) and were subjected to cDNA synthesis. In order
to determine the mRNA levels, quantitative real-time
PCR (qPCR) was carried out using DyNAmo™ Flash
SYBR Green qPCR Kit and MAO-B, Sp1, Egr1, and
CREB transcript-specific primer pairs (Table S9). The
mRNA levels of β-actin were quantified for normaliza-
tion of gene expression using actin-specific primer pair
(Table S9).
In order to quantify the miRNA levels, total RNA was

isolated from liver tissues of BPH and BPL mice using
TRIzol andNuceloSpinmiRNA kit. Total RNAwas also
isolated from N2a cells with or without exposure to
50 μM dopamine for 12 h using TRIzol. Two micro-
grams of RNA sample was used to synthesize cDNA
using high-capacity cDNA synthesis kit, miR-1224/
miR-300 and U6-specific stem–loop reverse transcrip-
tion primers (Table S9). qPCR was carried out using
DyNAmo™ Flash SYBR Green qPCR Kit, miR-1224/
miR-300 and U6 forward primers, and universal
reverse primer (Table S9). The relative abundance in
each sample was determined by calculating 2(−ΔΔCt) as
described previously [65].

Statistical analysis

For MAO-B promoter or 3′-UTR-reporter transient
transfections, co-transfection experiments were car-
ried out at least three times, and results were
expressed as mean ± SEM of triplicates from repre-
sentative experiments. Statistical significance was
determined by Student's t test (unpaired, two-tailed)
and one-way ANOVA with Bonferroni's multiple
comparisons post-test, as appropriate, by using the
Prism 5 program (GraphPad Software, USA).
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