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The novel transcriptional repressor protein, R1 (JPO2/CDCA7L/RAM2), inhibits monoamine oxidase A (MAO A) gene expression and

influences cell proliferation and survival. MAO A is implicated in several neuropsychiatric illnesses and highly elevated in major depressive

disorder (MDD); however, whether R1 is involved in these disorders is unknown. This study evaluates the role of R1 in depressed

subjects either untreated or treated with antidepressant drugs. R1 protein levels were determined in the postmortem prefrontal cortex

of 18 untreated MDD subjects and 12 medicated MDD subjects compared with 18 matched psychiatrically normal control subjects.

Western blot analysis showed that R1 was significantly decreased by 37.5% (po0.005) in untreated MDD subjects. The R1 level in

medicated MDD subjects was also significantly lower (by 30%; po0.05) compared with control subjects, but was not significantly

different compared with untreated MDD subjects. Interestingly, the reduction in R1 was significantly correlated with an increase

(approximately 40%; po0.05) in MAO A protein levels within the MDD groups compared with controls. Consistent with the change in

MAO A protein expression, the MAO A catalytic activity was significantly greater in both MDD groups compared with controls. These

results suggest that reduced R1 may lead to elevated MAO A levels in untreated and treated MDD subjects; moreover, the reduction of

R1 has been implicated in apoptotic cell death and apoptosis has also been observed in the brains of MDD subjects. Therefore,

modulation of R1 levels may provide a new therapeutic target in the development of more effective strategies to treat MDD.
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INTRODUCTION

As a worldwide health burden, major depressive disorder
(MDD) is widely distributed among the population and has
a range of symptom severity and results in cognitive, social,
professional, and economic impairment. In the United
States, the treatment for MDD has a high recurrence rate;
50% of MDD patients are expected to have a subsequent
depressive episode within 2 years (Keller and Boland, 1998)
and 51.1% of functional disability cases are due solely to

MDD (Egede, 2004). A highly significant increase in
monoamine oxidase A (MAO A; an enzyme that degrades
monoamine neurotransmitters) has been discovered in
patients with MDD by positron emission tomography
(PET) (Meyer et al, 2006; Meyer et al, 2009). Since MAO
A metabolizes monoamines required for normative mood,
such as serotonin, norepinephrine, and dopamine (Choui-
nard et al, 1985; Reilly et al, 1997; Young et al, 1985;
Morilak and Frazer, 2004), elevated MAO A is viewed as a
pathological process in depressive disorders and in those
who are at risk for MDD (Meyer et al, 2006; Meyer et al,
2009; Sacher et al, 2010).
MAO can be differentiated into two types: MAO A and

MAO B; however, evidence shows that MAO A is more often
implicated in mental disorders (Cases et al, 1995; Shih and
Chen, 1999; Youdim et al, 2006), including depressiveReceived 4 February 2011; revised 5 May 2011; accepted 5 May 2011
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disorders (Du et al, 2004; Du et al, 2002; Fan et al, 2010;
Sacher et al, 2010). While one problematic implication for
elevated MAO A levels is excessive catalysis of neurotrans-
mitters (Goridis and Neff, 1971), a second problematic
implication for elevated MAO A is that as MAO A degrades
these neurotransmitters, reactive oxygen species such as
hydrogen peroxide (H2O2) are produced, and these reactive
oxygen species may lead to apoptotic cell death (De Zutter
and Davis, 2001; Ou et al, 2009b; Youdim and Bakhle, 2006;
Youdim et al, 2004). In vitro studies suggest that
mitochondrial dysfunction and apoptotic cell death may
be induced by MAO-dependent H2O2 production (Kundu-
zova et al, 2002). Importantly, signs of cell death and
oxidative damage have been observed in the brains of
depressed patients (Andreazza et al, 2010; Rajkowska et al,
2005; Schmidt and Duman, 2007), including patients with
MDD (Duman and Monteggia, 2006; Dwivedi et al, 2009;
Gawryluk et al, 2010; Kang et al, 2007). Hence, the increased
expression of MAO A may participate in the apoptotic
process seen in MDD, in addition to its primary mono-
amine-lowering activity that occurs during MDD.
MAO A is located on the X chromosome (Xp11.23-

Xp22.1) (Shih, 1991), where the core promoter region
consists of two 90-base pair repeats with Sp1-binding
elements (Shih et al, 1993; Zhu et al, 1994). R1 (JPO2/
CDCA7L/RAM2), a 454-amino-acid protein that binds
directly to the MAO A promoter in vivo, has been identified
as an upstream, transcriptional repressor of MAO A (Chen
et al, 2005). R1-transfected neuroblastoma cells (SK-N-BE
(2)-C) yield an inhibition of the MAO A promoter and
enzymatic activity. The inhibition of MAO A afforded by R1
parallels the level of R1 protein expression (Chen et al,
2005). Regulation of MAO A expression by R1 occurs at the
Sp1-binding sites of the MAO A promoter (Chen et al,
2005), resulting in decreased cellular death rates. Further-
more, R1 (also known as JPO2) is a c-Myc-binding protein
that serves as a nuclear transcription factor (Huang et al,
2005). R1, which is widely present in the human brain and
other tissues, has also been implicated in the down-
regulation of MAO B (Chen et al, 2011) and in the
inhibition of human immunodeficiency virus-1 replication
(Bartholomeeusen et al, 2007; Maertens et al, 2006). While
over-expression of R1 in cultured cells decreases levels of
MAO A protein, it also increases cell proliferation, thereby
indicating a beneficial role for R1 in the promotion of cell
growth (Ou et al, 2006b). On the other hand, R1-knockdown
in cultured cells decreases cell proliferation but increases
MAO A and caspase-3, a cell death protein, suggesting
that reduced R1 may contribute to MAO A-mediated cell
death (Ou et al, 2006b).
We hypothesize that the MAO A-repressor protein, R1,

may be reduced in postmortem brain tissue from subjects
with MDD as increased MAO A levels have been implicated
in the pathogenesis of MDD (Meyer et al, 2006; Meyer et al,
2009; Sherif et al, 1991). A second reason why we
hypothesize that decreased R1 levels occur in MDD is
because lower R1 levels have been implicated in reduced cell
proliferation and increased apoptotic cell death (Ou et al,
2006b), and there is evidence for the latter in MDD (Duman
and Monteggia, 2006; Dwivedi et al, 2009; Gawryluk et al,
2010; Kang et al, 2007); however, R1 protein expression has
not been previously evaluated in human postmortem brains

of subjects with MDD. This study will constitute the initial
evaluation of R1 protein levels in human postmortem brain
tissue related to the molecular basis underlying the
pathology of MDD.

MATERIALS AND METHODS

Human Subjects and Tissue Collection

Brain samples (Brodmann area 8/9; right hemisphere) were
collected at autopsy at the Cuyahoga County Coroner’s Office
(Cleveland, Ohio) after acquiring informed written consent
from the legally defined next-of-kin of all subjects (Ou et al,
2009b; Stockmeier et al, 2009). Knowledgeable informants for
all subjects were interviewed and retrospective psychiatric
assessments were conducted in accordance with the declara-
tion of Helsinki (Stockmeier et al, 2009) and the Institutional
Review Board policies at University Hospitals of Cleveland
and the University of Mississippi Medical Center. Research
on informant-based assessment of Axis I disorders has
revealed that diagnoses from structured clinical interviews
with family members are in agreement with diagnoses
based on reviewing the subject’s medical records or
interviewing the subject (Deep-Soboslay et al, 2005; Dejong
and Overholser, 2009; Kelly and Mann, 1996). A trained
interviewer administered the structured clinical interview for
DSM-IV psychiatric disorders to knowledgeable next-of-kin
of the subjects to determine current and lifetime Axis I
psychopathology (First et al, 1996).
There are three groups in this study. Eighteen subjects

met the DSM-IV criteria for MDD (American Psychiatric
Association) and 18 psychiatrically normal control subjects.
An additional group (12 subjects) also met the DSM-IV
criteria for MDD; however, they were actively being treated
with antidepressant drugs (ADs) at the time of their deaths.
Demographic and clinical characteristics for all three
groups are listed in Table 1.

Eighteen (18) psychiatrically normal control subjects. For
the psychiatrically normal control subjects, the average age
(years, mean±SEM) was 49.6±3.4 and 11 subjects were
male (Table 1). Age, gender, race, smoking status,
postmortem interval (PMI), pH, freezer storage time,
prescribed medication, and toxicology reports are disclosed
for each healthy control subject (Supplementary Table 1a).
These healthy control subjects had postmortem toxicology
screenings that were negative for the presence of ADs. The
cause of death for the control subjects included cardiovas-
cular disease, bronchopneumonia, myocardial infarction,
carbon monoxide poisoning, blunt trauma, and homicide
(data not shown).

Eighteen (18) untreated subjects with MDD. MDD subjects
and psychiatrically normal controls were matched as closely
as possible (Supplementary Table 1b). The average age
(years, mean±SEM) for subjects with MDD was 54.6±4.7
and 12 MDD subjects were male (Table 1). Twelve subjects
were victims of suicide (67%); other causes of death for this
group included cardiovascular disease, homicide, and
chronic asthma (data not shown).
Thirteen untreated MDD subjects had no history

(inpatient or outpatient) of psychoactive drug treatment
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and two subjects had not taken ADs in the last 3 years
before death. Three subjects were given prescribed anti-
depressants within the last 30 days before death; however,
they were considered non-compliant (as indicated by the
negative report in ‘Toxicology’; Supplementary Table 1b).
In addition, two of the prescribed antidepressants are
primarily selective serotonin reuptake inhibitors (SSRIs),
which target monoamine transporters (Tatsumi et al, 1997)
and do not affect measures indicative of MAO A density
(Meyer et al, 2009).
Additional information pertaining to individual illness

characteristics is disclosed for subjects with MDD (Supple-
mentary Table 1c; Table 1). A family history of depression
was noted in 38.8% of the subjects with MDD (data not
shown).

Twelve (12) MDD subjects treated with ADs. Age, gender,
race, smoking status, PMI, pH, freezer storage time,
prescribed medication, toxicology reports, and additional
information pertaining to individual illness characteristics
are disclosed for MDD subjects treated with ADs (Table 1;
Supplementary Table 1d). The average age (years, mean±
SEM) of MDD subjects treated with antidepressants was
55.33±5.7 and eight subjects were male. Eight subjects
committed suicide (67%); other causes of death included
cardiovascular disease, hypertension, and cardiomyopathy
(data not shown).
Postmortem blood or urine from the MDD subjects

undergoing AD therapy revealed the presence of these drugs
by toxicological screenings (none of which were MAO
inhibitorsFSupplementary Table 1d). Related family his-
tories included depression and alcohol abuse; only 16.7% of
the medicated MDD subjects had a family history of
depression (data not shown). None of the subjects being

pharmaceutically treated for MDD had implications of
alcohol/drug abuse at or near their time of death. The
individual illness characteristics for MDD subjects treated
with ADs are shown in Supplementary Table 1e.

Tissue Preparation

Frozen tissues (300mg/subject) from the prefrontal cortex
were homogenized on ice in a 0.5ml solution containing
1mM EDTA, 10mM Tris–HCL (pH 7), and fresh protease
inhibitor. The homogenizing solution was placed at �80 1C
for 20min, thawed and centrifuged at 4 1C (2800–3000 rpm)
for 10min. The supernatant was then stored at �80 1C until
use. The protein concentrations of the homogenized
samples were assessed using the BCA Protein Assay kit
(Pierce).

Western Blot

A total of 50 mg (per well) of total proteins were analyzed by
10.5% sodium dodecylsulfate–polyacrylamide gel electro-
phoresis and transferred to polyvinylidene fluoride mem-
branes. After the transfer, membranes were blocked at room
temperature for 1 h in milk-blocking buffer. The mem-
branes were then incubated with rabbit anti-R1 antibody
(1 : 250; Bethyl Laboratories) or mouse anti-MAO A anti-
body (1 : 250; Santa Cruz Biotechnology) overnight at 4 1C.
These antibodies specifically recognize human R1
(B56 kDa) and human MAO A (B61 kDa) proteins,
respectively. The specificity of the anti-MAO A antibody
was confirmed by a western blot analysis comparing MAO A
protein detection in human brain tissues and human
embryonic kidney cells that do not contain MAO A protein
(Supplementary Figure 1). The membranes were then
incubated with the respective secondary antibody, and

Table 1 Demographical and Clinical Characteristics Data of Psychiatrically Normal Control (Healthy) Subjects, MDD Subjects, and MDD
Subjects with Antidepressant Drugs (AD)

Healthy (n¼18) MDD, no AD (n¼18) MDD, with AD (n¼12)

Age, year, mean (SEM) 49.6 (3.4) 54.6 (4.7) 55.3 (5.7)

Male, number (%) 11 (61.1) 12 (66.7) 8 (66.7)

Female, number (%) 7 (38.9) 6 (33.3) 4 (33.3)

Race, number (%)

African American 8 (44.4) 5 (27.8) 1 (8.3)

Caucasian 10 (55.6) 13 (72.2) 11 (91.7)

PMI (h), mean (SEM) 19.8 (2.0) 20.7 (1.6) 21.0 (2.1)

Tissue pH, mean (SEM) 6.6 (0.01) 6.6 (0.1) 6.6 (0.1)

Storage time in freezer (year), mean (SEM) 13.3 (0.9) 13.5 (1.2) 9.6 (1.1)

Smoker 9 (50.0) 7 (38.9) 4 (33.3)

Age of onset of MDD (year), mean (SEM) N/A 46.4 (4.7) 44.83 (6.8)

Number of depressive episodes, mean (SEM) N/A 1.6 (0.8) 2.92 (0.5)

One major depressive episode N/A 12 (67) 5 (41.7)

XTwo major depressive episodes (%) N/A 6 (33) 7 (58.3)

Number (%) of deaths due to suicide 0 12 (66.7) 8 (66.7)

Family history of depression, number (%) 0 7 (38.8) 2 (16.7)

Abbreviations: AD, antidepressant drugs; MDD, major depressive disorder; n, number of subjects; N/A, not applicable; PMI (h), post-mortem interval in hours; SEM,
standard error of the mean.
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subjected to chemiluminescent procedures (SuperSignal
West Pico Chemiluminescent Substrate) and visualized
with a Bio-Rad imaging system (Ou et al, 2009a; Ou et al,
2001).
An equal number of samples from the healthy control,

MDD, and medicated MDD groups were immunoblotted on
the same gel. Duplicate, independent preparations were also
made and immunoblotted on separate gels. Protein bands
were visualized by the Molecular Imager ChemiDoc XRS+
System (Bio-Rad). For analysis, the band intensities for R1
and MAO A were calculated and normalized to the band
intensities for b-actin using the Quantity One analysis
software associated with the ChemiDoc System. Indepen-
dently, a standard curve was established for R1 or MAO A
using increasing concentrations of total protein from a
human control subject. The optical densities for R1 and
MAO A displayed a linear relationship relative to the total
protein concentration (Supplementary Figure 2).
Expression levels of b-actin were also measured as

described above using ChemiDoc System and analyzed by
Quantity One software to establish loading controls. b-Actin
is a reliable protein marker that is commonly used as a
loading control for western blot experiments because it is
very abundant in cells (Greer et al, 2010). b-Actin was
obtained by stripping each membrane used for the
determination of R1 or MAO A. The stripped blot was
incubated overnight with anti-b-actin antibody (1 : 10 000;
MAB1501, Millipore) and was subsequently incubated with
goat anti-mouse antibody IgGFHRP (1 : 2500, Santa Cruz
Biotechnology). Therefore, the final protein levels for R1
or MAO A are normalized as a ratio of R1/actin or MAO
A/actin (Dwivedi et al, 2003).

MAO A Catalytic Activity Assay

Brain tissue was used to determine MAO A catalytic
(enzymatic) activity. After homogenization, 100 mg of total
protein of each sample were incubated with 100 mM
[14C]serotonin in the assay buffer (50mM sodium phos-
phate buffer, pH 7.4) at 37 1C for 20min, and the reaction
was terminated by the addition of 100 ml of 6N HCl.
Subsequently, the reaction products were extracted with
benzene/ethyl acetate (1 : 1) and centrifuged at room
temperature for 7min. The organic phase containing the
reaction product with radioactivity was transferred to a
scintillation vial and 5ml of scintillation fluid was added to
the vial (Beckman Coulter Ready Safe Liquid Scintillation
Cocktail). Liquid scintillation spectroscopy was then used to
determine its radioactivity (Ou et al, 2006a).
Supplementary Figure 3 demonstrates the reliability of

the MAO A assay involving frozen postmortem human
tissues as linear responses were established as a function of
protein concentration. An additional study (Supplementary
Figure 4) also indicates that there is no significant
difference in MAO A catalytic activities of mice brain
specimens with different frozen storage times, which further
suggests the feasibility and reliability of this assay for our
current study with human subjects. Furthermore, the
specificity of the MAO A assay related to postmortem brain
tissue was evaluated using different concentrations of an
MAO A inhibitor (M30) with fresh mice cortex as a
positive control and human platelets as a negative control

(Supplementary Figure 5). These additional data suggest
that the assessment of MAO A catalytic activity in the
current study with human postmortem brain tissue is
specific and reliable.

Statistical Analysis

One-way ANOVA and Dunnett adjusted tests were used for
comparing the three groups (healthy controls, untreated
MDD, and MDD with ADs). The data are reported as
mean±SEM, and a value of po0.05 was considered
statistically significant. The potential influence of age, sex,
race, smoking habit, PMI, tissue pH, tissue storage time on
R1 and MAO A, duration of illness, number of depressive
episodes, and suicide were examined by Student’s t-test, w2

tests, or Fisher’s exact tests and no effect was detected in
relation to these variables and protein expression levels.
Multivariate linear regression analyses yielded results
statistically similar to the independent t-tests (data not
shown).

RESULTS

R1 Was Significantly Decreased in Untreated MDD
Subjects and MDD Subjects Undergoing AD Therapy
Compared with Healthy Controls

We determined whether R1 levels would be lower in
autopsied brains from untreated and treated MDD subjects
compared with psychiatrically normal control subjects
based on the observation that R1 is decreased in
synthetically induced cellular stress in human neuroblasto-
ma cells (Chen et al, 2005; Ou et al, 2006b). Figure 1aA
shows a representative western blot for the immunolabeling
of R1 in individual prefrontal cortex specimens from three
psychiatrically normal control subjects (healthy controls),
three MDD subjects, and three antidepressant-treated MDD
(MDD+AD) subjects. Statistical analysis of the western
blotting by the global ANOVA revealed the differences
among the three groups (F2, 34¼ 5.77, p-valueo0.01). The
Dunnet’s post hoc procedure identified a significant
difference between healthy control group and MDD group
(diff¼ 1.00, 95% CI (0.29, 1.70); po0.005). We also found a
significant difference between healthy control group and
MDD+AD group (diff¼ 0.80, 95% CI (0.02, 1.59); po0.05),
and the difference is of a similar magnitude for both of the
MDD and MDD+AD groups compared with healthy
control group (Figure 1a, columns MDD+AD vs MDD).
The R1/actin ratio was 2.64±0.28 (mean±SEM, N¼ 18) for
healthy control subjects, 1.65±0.18 (mean±
SEM, N¼ 18) for untreated MDD subjects, and 1.84±0.19
(mean±SEM, N¼ 12) for MDD subjects treated with ADs
(Figure 1aB), while no change was detected for b-actin
levels. Therefore, R1 was significantly decreased in un-
treated MDD subjects by 37.5 and 30.3% for medicated
MDD subjects in comparison with healthy control subjects,
respectively. Based on this statistical analysis, R1 levels were
not significantly correlated with age, sex, race, smoking
status, PMI, storage time (Table 2), or features of MDD
(duration of illness and number/duration of episodes; data
not shown).
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MAO A Protein Levels Are Significantly Elevated in
Untreated MDD Subjects and MDD Subjects with
Antidepressant Treatment as Compared with Healthy
Controls

In parallel with the reduction of the MAO A-repressor, R1,
we also determined the protein levels of MAO A in the
prefrontal cortex of the depressed and psychiatrically
normal control subjects. As expected, MAO A protein levels
were significantly increased in MDD subjects (Figure 1b;
po0.02). Figure 1bA shows a representative western blot for
the immunolabeling of MAO A in individual prefrontal
cortex specimens from three psychiatrically normal control
subjects (healthy controls), three MDD subjects, and
three antidepressant-treated MDD subjects. Statistical
analysis of the western blotting by the global ANOVA
revealed differences among the three groups (F2, 34¼ 4.03,

p-valueo0.03). The Dunnet’s post hoc procedure identified
a significant difference between healthy control group and
MDD group (diff¼ 1.09, 95% CI (0.11, 2.07); po0.02). We
also found a significant difference between healthy control
group and MDD+AD group (diff¼ 1.052, 95% CI (0.02,
1.86); po0.05), and the difference is of a similar magnitude
for both MDD and MDD+AD groups compared with
healthy control group (Figure 1bB, columns MDD+AD vs
MDD). The MAO A/actin ratio was 2.72±0.34 (mean±
SEM, N¼ 18) for the healthy control group, 3.82±0.27
(mean±SEM, N¼ 18) for the untreated depressed group,
and 3.78±0.28 (mean±SEM, N¼ 12) for the MDD subjects
treated with antidepressants. Therefore, the expression of
MAO A was significantly increased by 40.4% in untreated
MDD subjects and by 39% in medicated MDD subjects
(MDD+AD), respectively. Similar to R1 levels, MAO A
levels were not significantly correlated with age, sex, race,

a p< 0.05
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Figure 1 Quantitative analysis of protein expression was examined by western blot analysis. (a, b) Protein expression levels of R1 and MAO A in the
postmortem prefrontal cortex of 18 psychiatrically normal control (Healthy) subjects, 18 subjects with MDD and 12 MDD subjects treated with ADs (MDD
+AD). Representative western blots showing the immunolabeling of R1 (aA), MAO A (bA) and b-actin in individual postmortem prefrontal cortex
specimens of three healthy control subjects, three subjects with MDD, and three antidepressant-treated MDD subjects. (aB) R1 expression is plotted for
individual subjects with the mean±SEM represented by the long and two short horizontal lines, respectively. Each R1 protein band was evaluated from two
independent preparations by measuring its relative intensity and normalizing that value to the density of b-actin. (bB) MAO A protein levels in the prefrontal
cortex of healthy controls, untreated and treated MDD subjects were plotted for individual subjects with the mean±SEM represented by the long and two
short horizontal lines, respectively. Each MAO A protein band was evaluated from two independent preparations by measuring its relative intensity and
normalized to the density of b-actin. (c) Graphic representation of the negative correlation between R1 and MAO A levels in psychiatrically normal control
subjects (black), subjects with MDD (red), and MDD subjects treated with AD therapy (green).
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smoking status, PMI, storage time (Table 2), or features of
MDD (duration of illness and number/duration of episodes;
data not shown).

Reduction in R1 Protein Is Negatively Correlated with
the Significant Increase in MAO A Protein Levels

A correlation analysis was performed between R1/actin and
MAO A/actin expression levels in each subject because R1 is
a transcriptional repressor of MAO A gene expression. As
expected, the result shows a highly significant negative
correlation between R1/actin and MAO A/actin (as R1 levels
decrease, MAO A protein expression increase; MAO A
Pearson’s r¼�0.385, p¼ 0.0005; Figure 1c) when all three
groups (healthy control subjects, untreated MDD subjects,
and MDD subjects undergoing AD therapy) were combined
together. Combining only the subjects with MDD (untreated
and treated with ADs), R1 protein expression also exhibited
a significant negative correlation with MAO A protein levels
(r¼�0.24, p¼ 0.048; Supplementary Figure 6).

Additionally, a multivariate analysis showed that R1 and
MAO A levels are not significantly different for gender, race,
PMI, and storage time (Table 2). Features of MDD such as
duration of illness and number/duration of episodes did not
exhibit any correlation with R1 or MAO A protein
expression levels. Similarly, R1 and MAO A levels did not
correlate with smoking status (possibly due to mild nicotine
exposure (Beck et al, 1981), which is consistent with a
previous report in regards to the effect of long-term
cigarette smoking on the human locus coeruleus (Klimek
et al, 2001)). Other studies by Fowler et al (1996) and Leroy
et al (2009) show that MAO A levels are decreased in the
brains of individuals with chronic, excessive nicotine
exposure; however, in the current study, the magnitude of
cigarette smoking in most of the subjects was considered to
be mild (one pack or less per day; data not shown) in
comparison to the Fowler and Leroy study. For the relation
of R1 or MAO A with suicide, the statistical analysis showed
no differences in the protein expression of R1 or MAO A
between suicide and non-suicide groups (Supplementary
Table 2).

Table 2 Summary of Statistic Analyses Among Psychiatrically Normal Control Subjects (Healthy), Subjects with Major Depressive Disorder
(MDD) and MDD Subjects with Antidepressant Drugs (MDD+AD)

Healthy (n¼18) MDD (n¼ 18) MDD+AD (n¼ 12) Statistica p-value

Age 49.61±3.36 54.61±4.66 55.33±5.65 0.50 0.6100

Gender (% male) 61.1 % 66.7% 66.7% 0.15 0.9269

Race (% AAb) 44.4% 27.8% 8.3% 4.57 0.1017

PMI 20.04±1.87 20.66±1.64 21.03±2.08 0.07 0.9334

pH 6.60±0.080 6.56±0.066 6.58±0.074 0.07 0.9339

Storage time 13.28±0.85 13.50±1.16 9.64±1.16 3.35 0.0443

Smoker (% yes) 50.0 % 38.9% 33.3% 0.91 0.6331

R1/actin 2.64±0.28 1.65±0.18 1.84±0.19 5.77 0.0059

MAO A/actin 2.72±0.34 3.82±0.27 3.78±0.28 4.03 0.0202

aContinuous data compared with F-statistic with 2 (num) and 34 (den) df categorical data compared with w2 test with 1 df.
bAA, African American.
Methods: Categorical data are reported as proportions and analyzed using w2 tests. Bivariate associations between continuous variables are reported as either Pearson’s
correlation coefficient if assumptions of normality seemed tenable; otherwise, Spearman’s nonparametric correlations are reported. In addition to univariate tests, a
multivariate model was used to compare the R1/actin ratio between MDD and healthy controls or between MDD+AD and healthy controls, while adjusting for
potentially confounding factors. Similar tests were also performed for the MAO A outcomes. We considered Po0.05 evidence of statistical significance.
1. General outcomes
There are no significant differences in demographic variables (age, gender, race, PMI, pH, and smoker) between the groups. There is a difference in storage time;
however, after using a multivariate linear regression model, adjusting for storage time, there is a significant difference between MDD and controls and between
MDD+AD and controls for both R1 and MAO A as described below.
2. The detailed analysis for R1
There is not a significant correlation between the R1/actin ratio and PMI (r¼ 0.08, p-value¼ 0.6085), storage time (r¼�0.02, p-value¼ 0.9130), pH (r¼ 0.23,
p-value¼ 0.1112), or age (r¼�0.23, p-value¼ 0.1157).
The R1/actin ratio is not significantly different for race (t¼ 1.61, df¼ 46, p-value¼ 0.1142), gender (t¼�0.16, df¼ 46, p-value¼ 0.8715), or smoking status
(t¼�1.21, df¼ 46, p-value¼ 0.2317).
In a multivariate linear regression model, adjusting for age, race, gender, pH, storage time, and PMI, the difference between groups remains significant for R1
(F2, 38¼ 4.71, p-value¼ 0.0148). Dunnett’s post hoc procedure identifies differences between MDD and control subjects (diff¼ 1.00, 95% CI (0.31, 1.69)) and also
between MDD+AD and controls (diff¼ 0.93, 95% CI (0.14, 1.72)).
3. The detailed analysis for MAO A
There is not a significant correlation between the MAO A/actin ratio and PMI (r¼�0.10, p-value¼ 0.4994), storage time (r¼�0.13, p-value¼ 0.4003), pH
(r¼�0.10, p-value¼ 0.4899), or age (r¼ 0.01, p-value¼ 0.9292).
The MAO A/actin ratio is not significantly different for race (t¼�0.63, df¼ 46, p-value¼ 0.5326) or gender (t¼ 0.065, df¼ 46, p-value¼ 0.5188). The difference is
also not significant for smoking status (t¼ 0.49, df¼ 46, p-value¼ 0.6272).
In a multivariate linear regression model, adjusting for age, race, gender, pH, storage time, and PMI, the difference between groups remains significant for MAO A
(F2, 38¼ 3.50, p-value¼ 0.0402). Dunnett’s post hoc procedure identifies differences between MDD and control subjects (diff¼ 1.09, 95% CI (0.08, 2.10)) and also
between MDD+AD and controls (diff¼ 1.12, 95% CI (0.07, 2.38)).
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With regard to past antidepressant treatment among the
18 untreated MDD subjects, 13 of these MDD subjects had
never been treated with antidepressants. We have also
compared the protein levels of R1 and MAO A in these 13
MDD subjects with those of 18 healthy control subjects. The
result showed that, like the entire group of MDD subjects
(n¼ 18), R1 levels were significantly decreased (the average
R1/actin ratio: 1.516±0.21), while MAO A protein expres-
sion was significantly increased (the average MAO A/actin
ratio: 3.84±0.23) in these 13 MDD subjects who had no
antidepressant history compared with those in 18 healthy
control subjects; furthermore, the differences are even
slightly more robust in these 13 medication-free MDD
subjects than those in the entire untreated MDD group (R1/
actin ratio: 1.65±0.18 and MAO A/actin ratio: 3.82±0.27).
Therefore, the past antidepressant treatment in some MDD
subjects did not affect the current findings.

MAO A Enzymatic Activity Is Significantly Increased in
Both Untreated MDD Subjects and Subjects Treated
with ADs

Catalytic (enzymatic) activity of MAO A was also assessed
in the prefrontal cortex revealing that MAO A enzymatic
activity was comparably increased in MDD subjects treated
with ADs by 19% (p-valueo0.04), as in untreated MDD
subjects by 24.5% (p-valueo0.05), when compared with
healthy control subjects as shown in Figure 2. The global
ANOVA found differences among the three groups
(F2, 6¼ 6.118, p-valueo0.0356) with no statistically signifi-
cant difference between the two depressed groups. In this
statistical analysis, levels of MAO A enzymatic activity were
not significantly correlated with age, sex, race, suicide,

smoking status, PMI, storage time, or features of MDD
(duration of illness and number/duration of episodes). This
result is consistent with a previous report (Sherif et al,
1991), in which the MAO A catalytic activity was
significantly increased in the human postmortem hypotha-
lamic region of suicide victims with depressive disorders
compared with psychiatrically normal control subjects.

DISCUSSION

This study provides greater insight into the mechanisms
involved in the manifestation of MDD by examining R1
protein levels in human postmortem brain tissues for the
first time. The protein expression levels of R1 and MAO A
were examined by western blot analysis in the prefrontal
cortex of three groups of subjects: (1) MDD with no
antidepressant medications, (2) MDD with antidepressant
medications, and (3) age- and gender-matched healthy
controls. R1 levels were significantly decreased by 37.5% in
untreated MDD subjects, whereas MAO A levels were
significantly increased by 40%. R1 levels in depressed
subjects taking medications at the time of death were
similarly decreased compared with non-medicated
depressed subjects, demonstrating that current antidepres-
sants do not increase R1 protein expression. These findings
may have major implications for (1) identifying the
mechanism underlying the manifestation of greater MAO
A levels in MDD; (2) identifying a mechanism to explain the
cell loss associated with MDD; and (3) identify a new target
(R1) of drug therapy for the treatment of MDD.
R1 has been identified as an upstream repressor of MAO

A (Chen et al, 2005), and the roles of R1 and MAO A in cell
growth and the apoptotic signaling pathway have been
previously examined as well. After serum starvation-
induced apoptosis in SK-N-BE(2)-C cells, R1 expression
decreased, whereas MAO A expression increased. Further-
more, the over-expression of R1 (or pharmaceutical
inhibition of MAO A) prevents apoptosis and decreases
MAO A activity, suggesting that the function of R1 in cell
growth may be mediated by the inhibition of MAO A
activity (Ou et al, 2006b). Our current study shows that this
reduction of R1 expression may contribute to increased
MAO A levels in individuals with MDD. Therefore, this
study is fundamental to the development of novel
therapeutic strategies because R1 protein expression is
inversely correlated with MAO A protein levels in MDD
subjects. The MAO A enzyme activity levels were also
significantly increased in MDD subjects compared with
those in healthy control subjects, although the increase in
enzyme activity levels (by 24.5%) was less than the increase
in MAO A protein levels (by 40.4%); this may be due to a
preferential effect of PMI to reduce enzyme activity. Given
the role of R1 in apoptotic cell death, drugs that directly
target this MAO A-repressor should be investigated because
R1 not only inhibits MAO A gene expression (Chen et al,
2005) but also enhances cell growth and prevents apoptosis
(Huang et al, 2005; Ou et al, 2006b). A new drug that targets
R1 may have more beneficial effects than drugs that only
target MAO A.
Moreover, the manipulation of R1 by compounds that will

increase R1 levels in depression may (1) overcome excessive

p< 0.04

p< 0.05

18 12

18

6

4

2

0

M
A

O
 A

 C
at

al
yt

ic
 A

ct
iv

it
y

(n
m

o
l/2

0 
m

in
/m

g
)

Healthy MDD MDD + AD

Figure 2 MAO A catalytic (enzymatic) activity levels in the postmortem
prefrontal cortex of psychiatrically normal control subjects (Healthy),
subjects with MDD and MDD subjects treated with ADs (MDD+AD).
The enzymatic activity of MAO A from four independent preparations was
determined by MAO A catalytic activity assay. The average catalytic
activities are graphically shown for 18 healthy control subjects, 18 subjects
with MDD, and 12 MDD subjects treated with ADs. Each bar represents
the mean MAO A catalytic activity for the group and the SEM is indicated
by the horizontal line.
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MAO A synthesis associated with current treatment
resistance; (2) prevent the recurrence of depressive episodes
because commonly prescribed drugs (such as SSRIs) neither
inhibit MAO A levels nor specifically target R1 (Meyer et al,
2009); (3) reduce MAO A-mediated apoptotic cell death,
increase neuroprotection, and promote neuroplasticity;
maximizing these effects is also relevant to the treatment
of depressive disorders (Dwivedi et al, 2006; Sanacora,
2008). Subsequent studies should also address the applica-
tion of R1 levels as a potential diagnostic marker for
depressive disorders and treatment assessment by measur-
ing blood levels of this protein in current and future
patients.
An additional study by Thalmeier et al (2008) involving

11 suicide victims (seven of which had depression) analyzed
the expression of over 23 000 transcripts in the orbitofrontal
cortex (Brodmann area 11), and identified R1 (also called
CDCA7L) as one of nine more prominent transcripts
associated with suicide. They reported that R1 mRNA levels
were decreased significantly in suicide victims (pp0.01) as
determined by quantitative real-time polymerase chain
reaction. Interestingly, five of the depressed subjects in
their study were being treated with AD therapy at the time
of death as indicated by toxicological screenings (Thalmeier
et al, 2008). With a hypothesis driven approach, our study is
consistent with Thalmeier and demonstrates that R1 protein
levels are strongly reduced (37.5% lower) in MDD.
This study characterizes the possible pathways elucidat-

ing the role of R1-MAO A in the pathology of MDD. New
insights into the monoamine theory of depression have
come from PET studies revealing increased levels of MAO A
in the prefrontal cortex (Meyer et al, 2006; Meyer et al,
2009); our current report of enhanced levels of MAO A is
consistent with this research. MAO A levels of medication
free, depressed individuals were assessed in a recent study
by PET scans using [11C]harmine, a radiotracer for MAO A;
the average MAO A binding was elevated by 34% in
individuals with MDD (Meyer et al, 2006). A subsequent
study replicated this finding and evaluated the relationship
between MAO A binding and state of illness. MAO A
binding was elevated in major depressive episodes prior to
antidepressant treatment, remained elevated for 6 weeks
after SSRI treatment (reflecting a resistant pathological
process); and subjects in recovery from MDD had
significantly higher prefrontal and anterior cingulate cortex
MAO A binding, which was most prominent in those who
subsequently had recurrence of their major depressive
episodes (Meyer et al, 2009). Current treatment options
neither achieve adequate remission rates nor adequately
prevent recurrence (Kessler et al, 2003); as a result,
identification of pathological molecular mechanisms resis-
tant to common antidepressants is important to successfully
treat MDD.
In summary, this study identified strongly diminished

levels of R1, an upstream transcriptional repressor of MAO
A, and highly elevated levels of MAO A in subjects with
MDD. These results argue that, in MDD, diminished levels
of R1 lead to an enhanced expression of MAO A. Our data
also demonstrate that the treatment of depression with an
SSRI will neither suppress MAO A levels, nor significantly
enhance levels of R1 in the prefrontal cortex. Given the
associations of lower R1 with reduced cell proliferation and

increased apoptosis, lower R1 may be an important factor in
the pathophysiology of depression; therefore, the develop-
ment of new medications to restore brain levels of R1 and
decrease MAO A levels may provide therapeutic benefits for
patients with MDD.
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