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Background: The function of KLF11/TIEG2 under stressful conditions is undefined.
Results: KLF11 increases brain MAO expression through its promoter and a chromatin partner, which can be enhanced by

stress.

Conclusion: This is the first elucidation of mechanisms underlying stress-induced KLF11-MAO up-regulation.
Significance: This novel KLF11-MAO pathway may play an important role in stress-related brain disorders.

Chronic stress is a risk factor for psychiatric illnesses, includ-
ing depressive disorders, and is characterized by increased
blood glucocorticoids and brain monoamine oxidase A (MAO
A, which degrades monoamine neurotransmitters). This study
elucidates the relationship between stress-induced MAO A and
the transcription factor Kruppel-like factor 11 (KLF11, also
called TIEG2, a member of the Sp/KLF- family), which inhibits
cell growth. We report that 1) a glucocorticoid (dexamethasone)
increases KLF11 mRNA and protein levels in cultured neuronal
cells; 2) overexpressing KLF11 increases levels of MAO A
mRNA and enzymatic activity, which is further enhanced by
glucocorticoids; in contrast, siRNA-mediated KLF11 knock-
down reduces glucocorticoid-induced MAO A expression in
cultured neurons; 3) induction of KLF11 and translocation of
KLF11 from the cytoplasm to the nucleus are key regulatory
mechanisms leading to increased MAO A catalytic activity and
mRNA levels because of direct activation of the MAO A pro-
moter via Sp/KLF-binding sites; 4) KLF11 knockout mice show
reduced MAO A mRNA and catalytic activity in the brain cortex
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compared with wild-type mice; and 5) exposure to chronic social
defeat stress induces blood glucocorticoids and activates the
KLF11 pathway in the rat brain, which results in increased MAO
A mRNA and enzymatic activity. Thus, this study reveals for the
first time that KLF11 is an MAO A regulator and is produced in
response to neuronal stress, which transcriptionally activates
MAO A. The novel glucocorticoid-KLF11-MAO A pathway may
play a crucial role in modulating distinct pathophysiological
steps in stress-related disorders.

Chronic stress increases the levels of blood glucocorticoids
(1-3) and brain monoamine oxidase (MAQO)3 A (4, 5). Monoa-
mine oxidases (MAO) are catalytic enzymes prevalent in the
brain and peripheral tissue (6). Present as two structurally dis-
tinct isoforms, MAO A and MAO B both degrade monoamine
neurotransmitters and produce hydrogen peroxide as a toxic
byproduct (7). MAO A primarily deaminates serotonin, norepi-
nephrine, and dopamine and, therefore, is implicated in several
psychiatric diseases. Elevated brain MAO A levels are present
in living patients and post-mortem human subjects with de-
pressive disorders, including major depressive disorder (8 —12)
and in mothers during postpartum depression (13), supporting
the theory that an imbalance in biogenic amines can influence
the affective state (14, 15). Such correlations suggest MAO A to
be a biochemical link for stress and depression, which often
exists comorbidly in clinical studies. Increasing efforts have
been made to understand the mechanism of stress-induced
MAO A expression (4, 5, 16 —18). Dexamethasone, a synthetic
glucocorticoid that induces cellular stress, has been shown to

3 The abbreviations used are: MAO, monoamine oxidase; GR, glucocorticoid
receptor; GRE, glucocorticoid response DNA element; KLF, Kruppel-like
factor; CSD, chronic social defeat; HAT, histone acetyl transferase.
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increase MAO A mRNA, protein, and enzymatic activity in
human skeletal muscle cells (19) and to increase MAO A
mRNA levels in the dorsal raphe nucleus in rats (20). In addi-
tion, dexamethasone treatment of neuroblastoma cells demon-
strated that activation and subsequent binding of glucocorti-
coid receptors (GR) to the glucocorticoid response DNA
element (GRE) sequence on the MAO A promoter-activated
MAO A transcription (21). In addition to three consensus GREs
in the distal promoter region, the core promoter of MAO A
contains four Sp/KLF-binding sites that have been implicated
in the transcriptional activation of MAO A (21). Kruppel-like
factor 11 (KLF11), a member of the Sp/KLF family of transcrip-
tion factors, has been shown to up-regulate MAO B transcrip-
tion via similar Sp/KLF-binding sites (22). However, possible
involvement of KLF11 in MAO A transcriptional activation has
not been studied. KLF11 is also referred to as transforming
growth factor B-inducible early gene 2 (TIEG2). It is currently
better known because of its role in metabolism. Indeed, publi-
cations from our group demonstrate that KLF11 (TIEG2) reg-
ulates genes involved in the metabolism of lipids, glucose, pros-
taglandins, neurotransmitters, and alcohol/drugs (23-25). We
have also published that KLF11 is linked to three types of dia-
betes (a metabolic disease) (26—28). Thus, a more in-depth
investigation of how stress hormones, such as glucocorticoids,
affect the function of KLF11, as shown here, is of substantial
biomedical relevance. Here we report that KLF11 acts as a
direct transcriptional activator in stress-induced MAO A
expression. First, cultured neuronal cells treated with dexam-
ethasone show increased KLF11 expression and nuclear trans-
location and increased MAO A expression and activity. Second,
the MAO A expression and activity after dexamethasone
administration is influenced by KLF11, as shown by both the
overexpression and knockdown of KLF11. Third, dexa-
methasone-induced KLF11 directly binds and activates tran-
scription of MAO A via the p300 pathway, independently of the
GR-induced transcriptional activation. Fourth, KLF11 knock-
out mice show decreased MAO A expression in brain. Fifth,
KLF11 and MAO A levels are increased in the brains of rats
exposed to chronic social defeat (CSD) stress, a well established
animal model for depression (29 —31). Together, these findings
suggest that KLF11 is a direct activator for MAO A and that the
novel stress-induced KLF11-MAO A pathway may modulate
behavioral traits associated with stress or depressive disorders.

EXPERIMENTAL PROCEDURES

Cell Line and Rat Primary Cortical Neurons—The SH-SY5Y
human neuroblastoma cell line was purchased from the ATCC.
Cells were cultured in DMEM supplemented with 10% FBS. Rat
brain cortex (E18, 19) neuronal cells were purchased from
Lonza (R-Cx-500) and cultured in poly-D-lysine-coated plates
with PNGM ™ BulletKit"™ medium following the instructions
of the manufacturer. After ~4 days in culture, cells were treated
with or without 100 nM dexamethasone for 48-72 h, as
described previously (21, 32, 33).

mRNA Extraction and Quantitative Real-time RT-PCR—
TRIzol reagent (Invitrogen) was used to extract RNA from
SH-SY5Y cells and rat brain tissue. Reverse transcription was
performed using the SuperScript III first-strand synthesis sys-
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tem (Invitrogen). Resulting cDNA was quantified using an
iCycler MyiQ real-time PCR detection system (Bio-Rad), as
described previously (22, 34). Specific primers for human,
mouse, and rat were used and designed as follows: human MAO
A, 5'-CGTGATCGGAGGTGGCATTTC-3' (sense) and 5'-
AAAGGCGCCCCGAAAGG-3' (antisense); human KLF11,
5'-CCTGTTGCGGATAAGACCCCTCAC-3' (sense) and
5'-AAAGCCGGCAATCTGGAGTCTGGA-3" (antisense);
mouse MAO A, 5'-CCGCTCCTTTTCCATGCCTCTCAA-3’
(sense) and 5'-CCCTTGTACCGCCCCTTGACTGAA-3'
(antisense); rat MAO A, 5'-ACGCTCAGGAATGGGAC-
AAGATG-3' (sense) and 5'-CCCACACTGCCTCACATACC-
ACA-3' (antisense); rat KLF11, 5'-CTCCTGCAGGGCCGTG-
ATGAC-3' (sense) and 5'-GGGGAACAGGCCACCAGAC-
TTG-3' (antisense). The 18 S ribosomal RNA primer was used
as an internal control (22, 34).

Western Blot Analysis—Whole-cell protein extracts were
obtained in radioimmune precipitation assay buffer (Sigma),
and the lysates were centrifuged at 4 °C (11,500 rpm) for 10 min
to pellet and eliminate the cell debris. Brain tissue from each
animal was homogenized in a 0.5-ml solution containing 1 mm
EDTA, 10 mm Tris-HCl, and fresh protease inhibitor (Sigma)
and centrifuged at 4 °C (3,500 rpm) for 10 min. Supernatants
were stored at —80 °C. Forty micrograms of total protein were
separated in 10.5% SDS-PAGE gel. After transfer, the mem-
branes were probed with primary and secondary antibodies. All
band intensities were normalized to those of B-actin using
Quantity One analysis software (8, 23).

Immunofluorescence—Cells were plated on a four-well
chamber slide (Nalge) with or without 100 nm dexamethasone
treatment for 48 h. Cells were then fixed with 4% paraformal-
dehyde and incubated with mouse anti-KLF11 (1:1000) anti-
body overnight at 4 °C. After incubation with secondary anti-
body, stained slides were mounted with Vectashield in the
presence of 4,6-diamino-2-phenylindole (DAPI nuclear stain,
Vector Lab, Inc.) (17).

Generation of KLF11 and pcDNA Stably Transfected Cell
Lines (Overexpressing KLF11)—Cells were plated at a density of
10° cells per 10-cm dish. The next day, the KLF11 expression
vector or pcDNA 3.1 control vector was transfected into cells
with SuperFect transfection reagent (Qiagen, Inc). After 24 h,
cells were treated with the antibiotic Geneticin (G418, 600
pg/ml). Resistant clones were isolated into separate dishes after
6 days and cultured under continuous G418 selection (35).

SiRNA-mediated Kif11 Gene Knockdown—Control siRNA or
KLF11 siRNA for human KLF11 (Santa Cruz) or for rat KLF11
(Qiagen) was transfected into SH-SY5Y cells or the rat primary
cortical neurons with the siPORT amine transfection agent
(Ambion) following the protocol of the manufacturer. Briefly,
siPORT amine transfection agent and Opti-MEM I medium
were mixed with each siRNA for 10 min with a final siRNA
concentration of 20 nM per 10-cm dish. The siRNA-siPORT
amine transfection agent complex was directly added to the cell
culture medium (34).

MAO A Catalytic Activity Assay—SH-SY5Y cells, the rat pri-
mary cortical neurons, and animal brain tissue were homoge-
nized in assay buffer (50 mm sodium phosphate buffer).
Approximately 100 ug of total protein were incubated with 100
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pMm [**C]5-hydroxytryptamine in assay buffer at 37 °C for 20
min. The reaction was terminated by addition of 100 ul of 6N
HCI. Reaction products were then extracted with benzene/
ethyl acetate, and its radioactivity was determined by liquid
scintillation spectroscopy (8, 21).

Transient Transfection and Luciferase Activity Assay—
KLF11 interaction with the MAO A promoter was determined
by transient transfection and luciferase assays using the follow-
ing luciferase reporter gene constructs: 1) a segment of the
MAO A core promoter containing only Sp/KLE-binding sites,
2) the MAO A promoter containing only three GREs (deleted
Sp/KLE-binding sites), or 3) the MAO A 2 kb promoter (con-
taining both Sp/KLF-binding sites and GREs) (22). These MAO
A promoter-luciferase reporter gene constructs were cotrans-
fected with the KLF11 vector (or the pcDNA3.1 vector) (22) and
the p300-expression vector (28) in SH-SY5Y cells using Super-
fect transfection reagent (Qiagen) following the protocol of the
manufacturer (21, 22).

ChIP Assays—SH-SY5Y cells (150-mm dish) were cross-
linked by 1% formaldehyde for 10 min, scraped into PBS con-
taining protease inhibitors (Sigma), and centrifuged. Cells were
then resuspended in 350 ul of lysis buffer (1% SDS, 10 mm
EDTA, and 50 mm Tris-HCI (pH 8.1)). Nuclear protein-DNA
complexes were immunoprecipitated by incubation with anti-
KLF11 (with BioMag goat anti-mouse) antibody overnight at
4. °C. DNA was recovered from the beads by elution buffer (1%
SDS and 0.1 m NaHCO,) and analyzed by real-time PCR as
described previously (22).

KIf11~"~ Mice—The Kifl1 homozygous knockout model
was generated at the University of Washington, Seattle follow-
ing standard homologous recombination techniques to inacti-
vate the endogenous KiIf11 gene in embryonic stem cells, gen-
erating chimeras, and isolating colony founders carrying the
knockout gene (28, 36). This animal was originally generated in
a mixed background and subsequently transferred to the Mayo
Animal Facilities where it was crossed back into a pure
C57BL/6 background for more than 20 generations to produce
the inbred strain used in this study. In all of the experiments,
male KIf11~/~ animals were compared with age-matched male
KIf11*"™" littermates.

CSD Experiments—Twenty adult, male Wistar rats (weigh-
ing 180-220 g) were provided with free access to Purina rat
chow and water. Rats were housed in individual cages in a tem-
perature- and humidity-controlled room with a reversed
12:12-h light/dark cycle (1). The chronic social stress induced
in the experimental group was on the basis of the original resi-
dent-intruder paradigm (37, 38). Each rat (total = 10) was
transferred from its home environment to a cage holding one of
ten male, Long Evans “resident” rats (weighing 580 — 620 g, Har-
lan). Within 3 min, the intruder was attacked and defeated by
the resident, as indicated by freezing behavior and submissive
posture. The intruder and resident were then immediately sep-
arated, and the intruder was kept in a small plastic wire mesh
compartment within the cage of the resident for 1 h. Subse-
quently, the intruder was released from the small cage back into
its home habitat. This procedure was repeated once daily for 4
days during week 1, for 2 days for weeks 2 and 3, and for 4 days
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during week 4. The rats (control and stressed groups) were
sacrificed by decapitation on day 29 (1).

The control group (10 rats) was maintained and handled in
the same manner as the social defeated rats except for the
stress exposure (CSD). All animal protocols were performed
according to the Ethical Guidelines on Animal Experimen-
tation and approved by the Institutional Animal Care and
Use Committees.

Radioimmunoassay of Corticosterone Levels—Blood from
decapitated rats was collected for determination of individual
corticosterone levels by the Radioimmunoassay Laboratory at
the University of Mississippi Medical Center using the Coat-A-
Count rat corticosterone kit (Diagnostic Products Corp., Los
Angeles, CA) (1).

HPLC Measures for Serotonin Levels—Rat brain tissue (100
mg) was homogenized on ice with a 0.5 ml solution containing
0.1 m perchloric acid, 0.3 mm EDTA, and 0.01 mm ascorbic acid.
The resulting homogenate was stored on dry ice for ~10 min,
thawed, and centrifuged at 4 °C for 5 min (12,500 rpm). The
supernatant was then used to determine serotonin levels.

Serotonin was separated by HPLC analysis using an HPLC
system with a Waters 600 pump/controller, 717 autosampler,
Waters 2465 electrochemical detector and a PerkinElmer Life
Sciences C18 column with a guard column and a combination
of isocratic elution. The mobile phase contained 50 mm anhy-
drous citric acid, 50 mm sodium acetate, 50 mm sodium hydrox-
ide, EDTA, 1 mM sodium octyl sulfate, 7% methanol and 6%
acetonitrile (pH 4.5). Ten microliters of each supernatant was
injected per sample. The resulting pellets were dissolved in
0.1 M sodium hydroxide, and protein content was determined
using the bicinchoninic acid kit (Pierce Biotechnology, Inc).
Waters Millennium32 software was used for programming the
pump flow rate, controlling the autosampler, and for acquisi-
tion of data and analysis.

Statistical Analysis—Statistical significance was evaluated
using Student’s ¢ test for two group comparison or analysis of
variance followed by Bonferroni adjusted tests when comparing
more than two groups. A value of p < 0.05 was considered
significant.

RESULTS

Glucocorticoid Exposure Activates the Expression and Nu-
clear Translocation of KLF11 (TIEG2) in Human Neuronal
Cells—Both transcriptional activation and nuclear transloca-
tion are hallmarks of the activation of the KLF11 gene. Thus, we
initially used the well characterized brain-derived SH-SY5Y cell
line as a culture system for performing mechanistic studies to
determine whether KLF11 is a glucocorticoid-inducible gene
(Fig. 1). SH-SY5Y cells were treated with 100 nm dexametha-
sone (a synthetic glucocorticoid) for 48 h and KLF11 mRNA
levels were determined by quantitative real-time RT-PCR.
Approximately a 2.3-fold increase in KLF11 expression (p <
0.01, Fig. 1A) was observed following dexamethasone adminis-
tration. As detected by Western blot analysis, KLF11 protein
levels were increased similarly 1.8-fold in whole cell lysates (p <
0.05, Fig. 1B, lane 2 versus lane 1) upon dexamethasone treat-
ment. Moreover, dexamethasone increased KLF11 protein lev-
els 3.3-fold (p < 0.01, Fig. 1B, lane 4 versus lane 3) in the nuclear
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FIGURE 1. Effects of dexamethasone (a synthetic glucocorticoid) on KLF11 (TIEG2) levels and nuclear translocation in a human neuronal cell line
(SH-SY5Y). Cells were treated with or without dexamethasone (Dex) for either 48 h or 72 h as indicated. A, KLF11 mRNA levels were determined by quantitative
real-time RT-PCR. B, KLF11 protein levels from cell lysates and nuclear extracts were examined and quantified by Western blot analysis. C, nuclear KLF11 protein
expression was determined by immunofluorescence microscopy. KLF11 (red) and nuclear (blue, mounted in the presence of DAPI) staining and the superim-
position of the two are shown. In addition, the relative distribution of nuclear and cytosolic KLF11 was analyzed by an immunofluorescent microscope,
quantified by image analysis software (SlideBook), and expressed as the ratio of nucleus/cytosol as indicated with each group at the right. The cell number (n)

is shown for each group.

fraction, indicating that KLF11 translocated into the nucleus to
regulate dexamethasone-induced regulation of its target genes,
such as MAO A. We have documented previously that MAO A
expression and activity were increased similarly by dexameth-
asone (21).

Next, we visualized the translocation of KLF11 into the
nucleus (Fig. 1C) after treatment with dexamethasone using
immunofluorescence. The relative distribution of nuclear and
cytosolic KLF11 was semiquantified using image analysis soft-
ware (SlideBook) and expressed as the ratio of nucleus:cytosol.
As shown in Fig. 1C, the ratio of nucleus:cytosol for the
untreated control group was 1:3.75 and for the dexamethasone-
treated group the ratio was 1:1.18 (p < 0.01), indicating that
dexamethasone significantly increases KLF11 nuclear translo-
cation at least 3-fold, which is consistent with the Western blot
analysis (Fig. 1B). These results are the first to identify inducible
cytoplasmic-to-nuclear shuttling of KLF11 in response to cor-
ticosteroid treatment, demonstrating the dynamic regulation
of KLF11 localization in the nucleus that may underlie the
stress-induced regulation of target genes by this important
Kruppel-like transcription factor.

KLF11 Mediates Basal and Dexamethasone-induced MAO A
mRNA Levels and Enzymatic Activity—Although KLF11 has
been shown to up-regulate MAO B transcription (22), its action
on MAO A remains unknown. Addressing this question is of
significant medical relevance because both MAO isoforms par-
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ticipate in diseases and are targets of psychotropic therapy.
Therefore, we quantified the effects of KLF11 on MAO A
expression at both the mRNA and protein levels in SH-SY5Y
cells stably transfected with KLF11 versus control vector
(pcDNA), along with control-siRNA- and KLF11-siRNA-
transfected cells (Fig. 2). The overexpressed KLF11 (Fig. 2Aa)
(35) and siRNA-mediated KLF11 knockdown (Fig. 2Ba) (34)
have been confirmed by Western blot analysis. We find that
MAO A mRNA levels in KLF11-transfected samples were
increased significantly ~2-fold compared with pcDNA-
transfected cells (p < 0.02, Fig. 2Ab, lane 2 versus lane I). More-
over, this effect was further increased following 100 nm dexa-
methasone treatment, upon which KLF11-overexpressing cells
showed a 4.2-fold increase in MAO A mRNA levels compared
with controls (p < 0.02, Fig. 2Ab, lane 4 versus lane 3). Thus,
KLF11 overexpression significantly amplified the dexametha-
sone-induced increase in MAO A mRNA levels 4-fold com-
pared with untreated KLF11-overexpressing cells (p < 0.05,
Fig. 2Ab, lane 4 versus lane 2).

We complemented this investigation by analyzing the cata-
Iytic activity of MAO A in KLF11-overexpressing cells (Fig.
2Ac). Measurement of MAO A activity under steady-state con-
ditions show an increase of ~40% compared with control cells
(p <0.05, Fig. 2Ac, lane 2 versus lane I1). However, treatment of
these cells with 100 nm dexamethasone increased MAO A
activity even further, as KLF11-overexpressing cells exhibited
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FIGURE 2. Effects of KLF11 (TIEG2) on MAO A mRNA and catalytic activity in human neuroblastoma cells. A, levels of KLF11 protein (a), MAO A mRNA (b),
and catalytic activity levels (c) were determined by Western blot analysis, quantitative real-time RT-PCR, and enzymatic activity assays, respectively, in
KLF11-overexpressing SH-SY5Y cells with or without dexamethasone (Dex) treatment. Data are expressed as fold increase relative to the control. *, p < 0.02 or
** p < 0.05 compared with control in each group (for example, Ab, lane 2 versus lane 1 and lane 4 versus lane 3). Ac, p < 0.05 (shown at the top) compares
between KLF11-overexpressed groups (lane 4 versus lane 2). B, levels of KLF11 protein (a), MAO A mRNA (b), and catalytic activity (c) levels were determined by
Western blot analysis, quantitative real-time RT-PCR, and enzymatic activity assays, respectively, in KLF11-knockdown (siRNA) cells with or without Dex
treatment. Data are expressed as fold changes relative to the control group. *, p < 0.02 or **, p < 0.05 compared with the control in each group (Bb, lane 4 versus

lane 3).

twice the level of MAO A catalytic activity compared with con-
trol cells (p < 0.02, Fig. 2Ac, lane 4 versus lane 3). The dexa-
methasone-induced increase in MAO A catalytic activity was
amplified significantly 2-fold compared with KLF11-overex-
pressing cells without dexamethasone treatment (p < 0.05, Fig.
2Ac, lane 4 versus lane 2). To better define the role of KLF11 in
basal and dexamethasone-induced MAO A regulation, cells
were treated with KLF11-siRNA to deplete endogenous KLF11
and compared with cells treated with control siRNA (Fig. 2B).
Without dexamethasone treatment, MAO A mRNA levels
were unchanged in KLF11 siRNA-transfected cells compared
with control cells (Fig. 2Bb, lane 2 versus lane I). However,
dexamethasone-induced MAO A mRNA levels in KLF11
siRNA-transfected cells were decreased by ~30% compared
with control siRNA-treated cells (p < 0.05 Fig. 2Bb, lane 4 ver-
sus lane 3). Furthermore, MAO A enzymatic activity was not
altered significantly with or without dexamethasone exposure

ACEEVEN
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in KLF11 siRNA-transfected cells compared with control
siRNA-transfected cells (Fig. 2Bc, lane 4 versus lane 3 and lane
2 versus lane 1). Thus, these combined experiments, using a
well characterized cell model for studying stress responses in
SH-SY5Y cells, demonstrate that KLF11 mediates corticoid-
induced up-regulation of MAO A at the mRNA, protein, and
enzymatic activity levels.

Subsequently, we examined whether this pathway is opera-
tional in primary neuronal cell culture. We find that the gluco-
corticoid-KLF11-MAO A pathway is activated in rat primary
cortical neurons in a similar fashion to that observed in cell line
models (Fig. 3). KLF11 mRNA levels were increased ~2.6-fold
(p < 0.01 Fig. 3Aa) following dexamethasone administration.
KLF11 protein levels doubled in the cell lysate from rat primary
cortical neurons upon this treatment (p < 0.02, Fig. 34D, lane 2
versus lane 1), and the nuclear KLF11 level was increased more
than 3-fold (p < 0.01, lane 4 versus lane 3). Also, the catalytic
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FIGURE 3. Effects of KLF11 (TIEG2) on MAO A mRNA and catalytic activity in rat primary cortical neurons. A, levels of KLF11 protein (a), mRNA (b),and MAO
A (c) catalytic activity levels were determined by Western blot analysis, quantitative real-time RT-PCR, and enzymatic activity assays, respectively, in rat primary
cortical neurons with or without dexamethasone (Dex) treatment. Data are expressed as fold increase relative to the control. B, levels of KLF11 protein (a), MAO
A mRNA (b), and MAO A (c) catalytic activity levels were determined by Western blot analysis, quantitative real-time RT-PCR, and enzymatic activity assays,
respectively, following siRNA-mediated KLF11 knockdown in rat primary cortical neurons with or without Dex treatment. Data are expressed as fold changes
relative to the control group. *, p < 0.02 or **, p < 0.05 compared with the control in each group.

activity of MAO A was significantly increased with the treat-
ment (p < 0.01, Fig. 3Ac, lane 2 versus lane I). On the other
hand, KLF11 siRNA treatment of the rat primary cortical neu-
rons depleted endogenous KLF11 (Fig. 3Ba). Without dexa-
methasone treatment, MAO A mRNA levels were decreased by
33% in KLF11 siRNA-transfected cells compared with control
cells (Fig. 3Bb, lane 2 versus lane 1, p < 0.05). Dexamethasone-
induced MAO A mRNA levels in KLF11 siRNA-transfected
cells were decreased by ~47% compared with control
siRNA-treated cells (p < 0.05, Fig. 2Bb, lane 4 versus lane 3,p <
0.01). In addition, MAO A enzymatic activity was reduced by
~27% (3Bc, lane 2 versus lane 1, p < 0.08) without dexameth-
asone treatment and even more reduced (by ~36%, lane 4 ver-
sus lane 3, p < 0.05) in KLF11 knockdown cells exposed to
dexamethasone compared with control siRNA-transfected
cells. These results suggest that dexamethasone has more effect
on rat primary cortical neurons than on the SH-SY5Y cell line.
Our data also demonstrate that KLF11 participates in the dexa-
methasone-induced transcriptional activation of MAO A.
Identification of a p300-KLF11 Pathway That Activates MAO
A Transcription at the Promoter Level—To determine whether
the KLF11-induced increase in MAO A mRNA is the result of
promoter activation, we assessed the activity of luciferase

24200 JOURNAL OF BIOLOGICAL CHEMISTRY

reporter constructs by a MAO A promoter fragment ligated
upstream of this luciferase reporter gene vector (Fig. 4). Cells
were transiently cotransfected with the MAO A-luciferase
reporter construct and KLF11 or control vector (pcDNA3.1).
Dexamethasone exposure increased luciferase activity, which is
indicative of MAO A promoter activity, 1.8-fold compared with
untreated control cells (p < 0.05, Fig. 4A, lane 2 versus lane I).
KLF11 overexpression doubled luciferase activity/MAO A pro-
moter activity (p < 0.05, Fig. 44, lane 3 versus lane 1). Activa-
tion of the MAO A promoter was increased ~3.4-fold in KLF11
cotransfected cells treated with dexamethasone compared with
untreated control cells (p < 0.01, Fig. 44, lane 4 versus lane 1).
MAO A promoter activity was also increased ~1.8-fold follow-
ing dexamethasone treatment of KLF11 cotransfected cells
compared with transfected cells without dexamethasone treat-
ment (p < 0.02, Fig. 44, lane 4 versus lane 3). This study was
complemented by ChIP assay to define whether the MAO A
promoter is a direct target of KLF11 in vivo. Indeed, our results
demonstrated that dexamethasone significantly increased the
recruitment of KLF11 to the MAO A core promoter, which
contains Sp/KLF binding sites (Fig. 4B), suggesting that activa-
tion of the MAO A promoter occurs, at least in part, via KLF11
recruitment. However, how KLF11 couples to distinct chroma-
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expression construct (or empty control vector, pcDNA3.1) with or without dexamethasone (Dex) treatment as indicated. Luciferase activity was then deter-
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SH-SY5Y cells. A schematic representation of the MAO A promoter is shown in the top panel. Real-time PCR-targeted regions containing the core promoter
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samples of three independent experiments (22). KLF11 binds to the Sp1-binding sites in the natural promoter of MAO A, and this association is enhanced by

dexamethasone (lane 4 versus lane 3; *, p < 0.005).

tin remodeling machines to regulate this gene remains
unknown. Histone acetyl transferases (HATs), such as p300,
have been shown to couple to KLF11 and other KLF transcrip-
tion factors to regulate transcription in different cell systems
(26, 36, 39) However, not much is known about the effect of
these HATs in the central nervous system. The potential regu-
lation of MAO A by p300 is of significant clinical relevance
because patients who present with mutations in this gene
(Rubinstein-Taybi syndrome) are affected by severe mental ill-
nesses (40) and other central nervous system abnormalities
(41). Therefore, we investigated the effect of p300 on the
KLF11-MAO A pathway using transient cotransfection of the
MAO A promoter-luciferase reporter with a p300 and KLF11
expression construct (Fig. 5). Activation of MAO A by KLF11
was greatly increased when cotransfected with p300 (Fig. 5,
lane 4 versus lane 2, p < 0.01), revealing that this HAT aug-
ments KLF11-mediated transcriptional activation of MAO A.
Thus, these results, combined with the rest of our cell biological
studies, outline a new pathway that is initiated by glucocortico-
ids and acts through KLF11 to bind and activate MAO A via a
p300-dependent mechanism.

Both Sp/KLF-binding Sites and GREs Independently Contrib-
ute to Dexamethasone-induced MAO A Promoter Activity—To
elucidate additional mechanisms underlying glucocorticoid-in-
duced MAO A expression, the effects of dexamethasone on the
MAO A core promoter (which only contains putative Sp/KLF
binding sites), the MAO A promoter (which only contains three
GREs) with deleted Sp/KLF-binding sites and the MAO A 2-kb
promoter (containing both Sp/KLF-binding sites and GREs)
were assessed independently by transient transfection and
luciferase assays (Fig. 6, A and B). As shown in Fig. 6B, dexa-
methasone exposure increases Sp/KLF11-mediated activation
of MAO A core promoter activity by 50% (lane 3 versus lane 2,

JULY 29, 2012+VOLUME 287 +NUMBER 29

SH-SY5Y cells
o p<0.01
° [
E T ®7
o —
- B«u
o S c
o= 9 44
x0°
Q
N2
e o *
W 2
o - 1
g
1 2 3 4
KLF11 - + - +
p300 - - + +

FIGURE 5. The effect of a histone acetyltransferase, p300, on KLF11
(TIEG2)-induced MAO A transcriptional activity was determined by tran-
sient transfection and luciferase assays. Cells were cotransfected with the
MAO A 2-kb promoter-luciferase reporter gene, KLF11 expression construct
(or empty control vector, pcDNA3.1), and the wild-type p300-expression con-
struct. Following 48 h incubation, cells were harvested and then assayed for
luciferase activity. *, p < 0.02 (lane 2 versus lane 1); p < 0.01 (shown at the top)
compares lane 4 to lane 2.

p <0.05) and MAO A promoter containing the activity of three
GREs 2-fold (lanes 7 versus 6; p < 0.05), respectively.
However, transfection of KLF11 did not increase the GRE-
containing MAO A promoter activity (Fig. 6B, lane 6 versus
lane 5), further supporting that KLF11 regulates MAO A gene
expression through Sp/KLF-binding sites. Transfection of the
GR increased dexamethasone-induced GRE-containing pro-
moter activity 2.0-fold (Fig. 6B, lane 8 versus lane 7, p < 0.02).
Conversely, the addition of GR did not significantly increase
MAO A core promoter activity (Fig. 6B, lane 4 versus lane 3).
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Furthermore, when cells were transfected with the MAO A
2-kb promoter (containing both Sp/KLF-binding sites and
three GREs) and treated with dexamethasone, the 2-kb pro-
moter activity was increased by 80% (Fig. 6B, lane 11 versus lane
10. p < 0.05). Following the transfection of GR, the MAO A
2-kb promoter activity was increased further 2.0-fold compared
with cells treated with dexamethasone alone (Fig. 6B, lane 12
versus lane 11, p < 0.02), which also showed an additive effect
compared with those of MAO A promoters only containing
either Sp/KLF-binding sites (lane 12 versus lane 4) or GREs
alone (lane 12 versus lane 8). These results suggested that both
Sp/KLEF sites and GREs exist independently to activate MAO A
expression, although quantitatively, GR-induced MAO A
expression is regulated via GREs more than through Sp/KLE-
binding sites (Fig. 6B, lane 8 versus lane 7, p < 0.02; lane 12
versus lane 11, p < 0.02; and lane 12 versus lane 4, p < 0.02).

KLF11 Knockout Mice Have Reduced MAO A mRNA Levels
and Enzymatic Activity—To verify the importance of KLF11 as
a novel transcriptional activator for MAO A gene expression,
we investigated whether this pathway is operational in mice
carrying a germ line inactivation of KLF11 (KIf11~"~ mice).
The levels of both MAO A mRNA and catalytic activity were
determined in the brain cortex of KIfI1 ~/~ mice and compared
with KIf11*"* littermates (Fig. 7). The mRNA level of MAO A
was reduced by 43% in KLF11 knockout mice compared with
mice expressing wild-type KLF11 (p < 0.05, Fig. 7A). The enzy-
matic activity of MAO A was decreased by 26% in the brain
cortex of knockout mice compared with the wild type (p < 0.07,
Fig. 7B). Together, this data provides in vivo evidence for the
role of KLF11 as an upstream transcriptional activator of MAO
A gene expression in the central nervous system. These findings
are also congruent with the studies in rat primary cortical neu-
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FIGURE 7.MAO A activity in KLF11 (TIEG2) knockout mouse brains. MAO A
mRNA (A) and MAO A catalytic activity levels (B) were evaluated by real-time
RT-PCR and enzymatic activity assays, respectively, in brain cortex from
knockout (KIf11 ~/~) and wild-type (KIf11 */*) male mice. Data represent the
mean * S.E. of eight male mice (n = 8) in each group.

rons that were depleted of endogenous KLF11 by siRNA, which
resulted in reduced MAO A mRNA levels (Fig. 3Bb, lane 2
versus lane 1, p < 0.05) and MAO A enzymatic activity levels
(Bc, lane 2 versus lane 1, p < 0.08) without dexamethasone
treatment.

Activation of the Glucocorticoid-KLF11-MAO A Pathway
during CSD Stress—Previous studies have amply demonstrated
that many of the effects underlying CSD stress proceeds pri-
marily via corticosteroids (glucocorticoids in rats), making this
model an optimal tool to validate whether the new KLF11-
MAO A pathway is operational under conditions that simulate
the psychosocial stress commonly observed in humans with
depression and other stress-related mood disorders. For this
purpose, rats were subjected to CSD stress, and MAO A RNA
and protein levels were measured. To confirm that the CSD
stress was conducted effectively, the levels of blood corticoster-
one (glucocorticoids) in these rats were determined. As shown
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FIGURE 9. Effects of chronic social stress on MAO A mRNA and catalytic
(enzymatic) activity in the brain tissue of rats exposed to CSD stress (an
animal model for depression) compared with unexposed control rats.
Stressed rats were exposed to CSD for 28 days. MAO A levels from the brain
cortex (A) or brain thalamus (B) were determined by quantitative real-time
RT-PCR (for MAO A mRNA levels) (a) and by enzymatic activity assay (for MAO
A catalytic activity levels) (b), respectively. Data represent the mean = S.E. of
10 rats (n = 10) in each group.

in Fig. 8, serum corticosterone levels in rats treated with CSD
stress were elevated ~2.8-fold compared with untreated rats
(p <0.002, Fig. 84). Because MAO A oxidizes serotonin, brain
levels of serotonin were also determined. As expected, sero-
tonin levels were decreased significantly in both the cortex (by
29%, p < 0.001) and thalamus (by 45%, p < 0.03) (Fig. 8B) of
CSD-treated rats compared with respective controls. Together,
these results demonstrate that the biochemical and physiolog-
ical parameters of CSD stress are recapitulated in our animal
model system. Thus, using this validated model, we measured
mRNA and activity levels of MAO A from the brain cortex and
thalamus of control and CSD rats (Fig. 9). Our results show that
MAO A mRNA expression and catalytic activity were increased
significantly in the prefrontal cortex of CSD rats compared with
controls, ~3.2-fold (p < 0.01, Fig. 94a) and ~1.5-fold (p <
0.02, Fig. 9Ab), respectively, in the cortex. Likewise, MAO A
mRNA and catalytic activity were increased 3-fold (p < 0.02,
Fig. 9Ba) and ~2-fold (p < 0.05, Fig. 8Bb), respectively, in the
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FIGURE 10. Effects of chronic social stress on KLF11 (TIEG2) levels in the
brain tissue of rats after a 28-day exposure to CSD stress (an animal
model for depression). KLF11 levels were determined from the brain cortex
(A) or brain thalamus (B). a, KLF11T mRNA levels were quantified by real-time
RT-PCR. b, quantitative Western blot analysis of KLF11. Each KLF11 band was
evaluated by its relative intensity and normalized to the density of B-actin.
Representative Western blot analyses from three untreated controls and
three stressed rats are shown in the bottom panels.

rat brain thalamus exposed to CSD stress. Therefore, chronic
stress induced by CSD increases MAO A gene expression and
enzymatic activity in the rat brain cortex and thalamus.
Expression of the Transcription Factor, KLF11 (TIEG2), Is
Increased Significantly in the Rat Brain Cortex and Thalamus
by CSD Stress—Because changes in MAO expression rely on
the activity of certain transcription factors, we reasoned that a
key regulatory protein may be altered under stressful condi-
tions. To investigate whether the increase of MAO A by CSD
was due to changes in KLF11 levels, we determined mRNA and
protein levels of KLF11 by quantitative real-time RT-PCR and
Western blot analysis, respectively. As shown in Fig. 10, KLF11
mRNA and protein levels were elevated in the cortex of rats
exposed to CSD stress compared with controls, ~3.5-fold (p <
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0.005, Fig. 10Aa) and ~1.7-fold (p < 0.03, Fig. 10A4b), respec-
tively. As expected, KLF11 mRNA and protein levels were also
increased in the brain thalamus ~3-fold (p < 0.01, Fig. 10Ba)
and ~2-fold (p < 0.04, Fig. 10Bb), respectively, compared with
unexposed control rats. Thus, these results, which are congru-
ent with our in vitro investigation using isolated neuronal cell
lines and primary culture, help to establish that the activation of
the glucocorticoid-KLF11-MAO A pathway is operational in
the brain cortex and thalamus and is activated under conditions
that model the chronic social stress observed in humans.

DISCUSSION

Abnormalities of MAO A levels and activity have been asso-
ciated with a number of psychiatric disorders (8 =13, 42, 43). It
is critical to explore the molecular basis for regulation of
MAO A expression and enzymatic function. Through data
from relevant cell culture systems under cellular stress, a
KLF11-deficient mice model and a rat model for depression
(generated by CSD stress), this study reports a novel pathway
of stress-induced, KLF11-p300-mediated activation of MAO
A expression.

We first found that MAO A and KLF11 expression levels
showed a positive correlation. Dexamethasone exposure fur-
ther augments MAO A activity, which correlates with increased
KLF11 expression. ChIP assay results suggest that this up-reg-
ulation occurs by the preferential binding of KLF11 to Sp/KLF
cis-regulatory sites within the MAO A core promoter, trigger-
ing p300-mediated chromatin remodeling and promoter
activation.

Our data suggest that both KLF11 and GR contribute to glu-
cocorticoid-induced activation of MAO A through Sp/KLE-
binding sites and GREs, respectively. These independent but
redundant MAO A transcriptional activation pathways, by
KLF11 and GR, may ensure faster and/or greater activation
(GR-mediated) in the presence of elevated glucocorticoid levels
and may also ensure the long lasting maintenance of MAO A
expression (KLF11-mediated) once glucocorticoid levels have
decreased during exposure to chronic social stress. Further
investigation is needed to fully understand the dynamics of this
feed-forward loop.

In rats exposed to CSD stress, this study documents the sig-
nificant increase in serum corticosterone (glucocorticoids)
level along with increased MAO A and KLF11 expression, sup-
porting the results from in vitro experiments. Considering the
fact that KLF11 regulates a large number of target genes
involved in different processes, such as metabolism, cell cycle,
and apoptosis, in addition to MAO A as shown here, this find-
ing implies that stress and stress hormones can alter the expres-
sion pattern of a gene network, therefore causing fundamental
changes in the cells.

Our model is further reinforced by the observation that dexa-
methasone-induced nuclear translocation of KLF11 facilitates
activation of its target genes. Notably, the translocation of
KLF11 into the nucleus parallels the nuclear translocation of
the multifunctional protein GAPDH, which has been impli-
cated in cellular apoptosis (44, 45). KLF11 has been shown to
associate intranuclearly with GAPDH and to promote neuronal
cell degeneration and death via the GAPDH-KLF11-MAO B
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cascade (23, 34). This interaction may also occur in the cytosol,
similar to the complex of the ubiquitin ligase Siah1 and GAPDH
(45, 46). Like Siahl, KLF11 contains a putative translocation
signal that may facilitate GAPDH-nuclear translocation. KLF11
knockout mice (KIfI1 ") were further used to investigate
MAO A mRNA and catalytic activity, which supports the sub-
stantial role of KLF11 in the up-regulation of MAO A. These
findings are congruent with the decrease in MAO A expression
following KLF11 knockdown in primary cortical neurons com-
pared with controls (Fig. 3). Interestingly, the differences in
MAO A expression were readily amplified after dexamethasone
exposure. Thus, effects of CSD stress in KLF11 knockout mice
would need to be investigated in the future. It is expected that
KLF11 knockout mice exposed to chronic social stress would
exhibit reduced MAO A induction as compared with the wild-
type mice.

Additionally, the consistent results of increased KLF11 and
elevated MAO A in the CSD chronic stress rat model and in
dexamethasone-treated cells (14) validated the importance of
stress-mediated KLF11 up-regulation of MAO A in chronic
biological stress and depression as it parallels other recent pub-
lications using the CSD stress paradigm in rats or mice as a
model for depression (1, 29-31).

In summary, our study, using relevant cellular and molecular
approaches in models ranging from cells to laboratory rodents,
suggests that KLF11 (TIEG2) is a novel transcriptional activator
for MAO A gene expression. We have shown that stress
increases KLF11 expression and induces its nuclear transloca-
tion both in vivo and in vitro and contributes to increase in
MAO A expression. Thus, future studies of the interactions of
MAO A and its transcription factors could provide insight into
novel psychotherapies. Finally, we have demonstrated that
KLF11 couples to a HAT, p300, to regulate MAO A. This
knowledge, combined with the existence of HAT inhibitors
already in advanced phases of clinical trials, suggests that the
activity of this transcriptional pathway could be manipulated
pharmacologically to combat stress-related disorders such as
depression.
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