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Abstract

Background—The biochemical pathways underlying alcohol abuse and dependence are not well
understood, although brain cell loss and neurotoxicity have been reported in subjects with alcohol
dependence. Monoamine oxidase B (MAO B, which catabolizes neurotransmitters such as
dopamine) is consistently increased in this psychiatric illness. MAO B has been implicated in the
pathogenesis of alcohol dependence, neurodegenerative diseases and alcohol-induced brain
neurotoxicity. Recently, the cell growth-inhibitor protein, Kruppel-like factor 11 (KLF11), has
been reported to be an MAO-transcriptional activator. KLF11 is also known as TIEG2
(transforming growth factor-beta-inducible early gene 2) and mediates apoptotic cell death. This
study investigates the protein expression of KLF11 and its relationship with MAQO B using human
postmortem prefrontal cortex from subjects with alcohol dependence.

Methods—Twelve subjects with alcohol dependence and the respective psychiatrically-normal
control subjects were investigated. Expression of KLF11 and MAO B proteins in the prefrontal
cortex were measured by Western blot analysis. A correlation study between KLF11 and MAO B
protein expression was also performed.

Results—Levels of KLF11 protein were significantly increased by 44 percent (p<0.03) in the
postmortem prefrontal cortex of subjects with alcohol dependence as compared to age- and
gender-matched, psychiatrically-normal control subjects. In addition, KLF11 levels were
significantly and positively correlated with the increased MAO B protein levels associated with
alcohol dependence.

Conclusions—This novel study shows the important role of KLF11, an MAO-transcriptional
activator, in human alcohol dependence. It further supports that the KLF11-MAO B cell death
cascade may contribute to chronic alcohol-induced brain damage. This argues a case for KLF11-
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MAQ B inhibition as a novel therapeutic strategy that may impact this highly prevalent, often
treatment resistant, illness.
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INTRODUCTION

Alcohol use disorders including alcoholism are a major psychiatric condition because long
term heavy ethanol consumption results in brain cell injury and neuropsychological
difficulties. In general, alcohol use disorders are highly prevalent as 8.5% of American
adults meet criteria for these disorders (Kogoj et al., 2010). According to the 2008 National
Epidemiologic Survey on Alcohol and Related Conditions, approximately one-fourth of
Americans partook in binge drinking within the 30 days prior to the survey and 6.9%
Americans admitted to heavy drinking habits (Gold and Aronson, 2010). Because of the
detrimental effects that alcohol dependence has on society, a further in-depth understanding
of the pathogenesis of this illness is warranted (Gold and Aronson, 2010).

Alterations in brain monoamine oxidase (MAO) levels have been implicated in the
pathogenesis of psychiatric disorders. As such, MAO B protein levels have been found to be
significantly increased in human subjects with alcohol dependence (Carlsson et al., 1980;
Ou et al., 2010b). Recently, a transcription factor, Kruppel-Like Factor 11 (KLF11), has
been discovered to activate the gene expression of MAO B.

KLF11, also referred to as transforming growth factor-beta-inducible early gene 2 (TIEG2),
is expressed ubiquitously in the body and up-regulates overall MAO B transcription via the
overlapping Spl-binding sites located at the MAO B promoter region. This promoter region
has been identified as the upstream regulatory DNA segment of the MAO B coding region
(Ou et al., 2004). Sequence analysis demonstrates that KLF11, along with the homologous
KLF, belongs to an Sp1-like family of transcription factors containing the typical three zinc
finger C-terminal array characteristic of several DNA-binding proteins (Fernandez-Zapico et
al., 2003; Zhang et al., 2001). KLF11 is not only an activator of MAO B expression, but it
also reduces exocrine cell growth and behaves as a tumor suppressor in pancreatic cancer
(Buck et al., 2006; Cook et al., 1998; Fernandez-Zapico et al., 2003; Lomberk et al., 2012;
Tachibana et al., 1997). KLF11 mediates the cellular apoptotic pathway in a caspase-3-
dependent manner and decreases anti-apoptotic protein (Bcl-XL) levels in humans (Wang et
al., 2007). KLF11 also impedes cell growth and stimulates apoptosis by binding to certain
sequences in the promoter region of several genes, including MAO (Cook et al., 1998;
Fernandez-Zapico et al., 2011; Ou et al., 2004; Tachibana et al., 1997).

The oxidation of neurotransmitters by MAO leads to the production of reactive oxygen
species (ROS) such as hydrogen peroxide, the excess of which can cause oxidative stress
resulting in a decline in cellular function (Maurel et al., 2003). MAO B, which degrades
neurotransmitters such as phenylethylamine and dopamine (Bach et al., 1988), is involved in
the pathogenesis of alcohol dependence (Carlsson et al., 1980; Ou et al., 2010b).
Furthermore, KLF11 has already been identified as a transcriptional activator of MAO B
(Luetal., 2008; Ou et al., 2004), and also been reported to be increased upon chronic
alcohol exposure in the rat brain prefrontal cortex (Ou et al., 2010a). Though other factors
may be involved in the increased expression of MAO B, such as activation of retinoic acid
response elements in the MAO B promoter region by retinoic acid receptor a and retinoid X
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receptor a (Wu et al., 2009), the KLF11-MAO B cell death pathway may play a crucial role
in alcohol-induced brain malfunction and cytotoxicity.

This study was designed to determine 1) whether KLF11 protein levels are elevated in
human subjects with alcohol dependence and 2) whether KLF11 expression correlates with
levels of MAO B protein in the same human alcohol dependent subjects.

MATERIALS AND METHODS

Human Subjects and Tissue Collection

The study was conducted in accordance with the declaration of Helsinki and Institutional
Review Board policies at University Hospitals of Cleveland and the University of
Mississippi Medical Center. Samples of prefrontal cortex (Brodmann area 8/9; right
hemisphere) were collected at autopsy at the Cuyahoga County Coroner’s Office
(Cleveland, Ohio). Written consent was obtained from the next-of-kin for all subjects
(Miguel-Hidalgo et al., 2006; Ou et al., 2010b; Stockmeier et al., 2009). A trained
interviewer administered the Structured Clinical Interview for DSM-1V Psychiatric
Disorders to knowledgeable informants for all subjects. Results of the interview, together
with medical records and records from the coroner were used by a clinical psychologist and
psychiatrist to determine current and lifetime Axis | psychopathology (First MB, 1996). The
validity of diagnoses resulting from retrospective, informant-based interviews is in good
agreement with diagnoses based on reviewing subject medical records or interviewing the
subject (Deep-Soboslay et al., 2005; Dejong and Overholser, 2009; First MB, 1996; Johnson
etal., 2011; Kelly and Mann, 1996).

Two groups of subjects were examined: Twelve subjects that met DSM-IV criteria for
alcohol dependence (Table 1 and Supplemental Data Table 1B) (Ou et al., 2010b) and 12
psychiatrically-normal control subjects were matched to the alcohol dependent subjects
(Table 1 and Supplemental Data Tables 1A) (Johnson et al., 2011). Criteria for matching are
provided below. Control subjects did not ever meet criteria for an alcohol use disorder
during their lifetimes.

a. Psychiatrically-normal control subjects

Twelve psychiatrically-normal control subjects: The average age (years, mean+SEM) of
this control group was 49.25+3.03, eight subjects were male and eight subjects were
smokers (Table 1 and Supplemental Data Table 1A). Four subjects were African American
and eight subjects were Caucasian. The average postmortem interval (PMI, time between
death and freezing tissue) was 20.29+2.24 (hours, mean+SEM). The average pH of the brain
tissue for this group was 6.64+0.09 (mean+SEM). The average freezer storage time during
this investigation was 11+0.76 (years, mean+SEM). Assessment of postmortem blood and
urine for the normal control subjects did not reveal the presence of psychoactive drugs.
These control subjects were matched as closely as possible to the twelve subjects with
alcohol dependence taking into account age, sex, race, PMI, pH, toxicology, smoking status
and freezer storage time (Supplemental Data Table 1).

b. Alcohol dependent subjects

Twelve subjectswith alcohol dependence: The average age (years, mean+SEM) for this
group was 48.92+2.62 and nine subjects were male (Table 1 and Supplemental Data Table
1B). Each subject was diagnosed with alcohol dependence for at least seven years and the
average duration of illness was 24.9 years. The average age of onset of alcohol dependence
was 21.3 years of age for this group. One alcohol dependent subject was prescribed
psychoactive medication within the last 30 days of life but was considered non-compliant as
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the medication was not detected in the postmortem toxicology screen. Based on the
postmortem blood and urine analyses, none of the alcohol dependent subjects had taken
psychoactive substances of abuse other than alcohol immediately prior to their death
(Supplemental Data Table 1B).

The following subjects were excluded from the current study: 1) subjects with evidence of
neurological disorders, including Korsakoff’s psychosis or Wernicke’s encephalopathy,
based on neuropathological or clinical assessment; 2) subjects with other psychiatric
disorders; 3) subjects with other psychoactive substance abuse (except nicotine); 4) subjects
dying with prolonged hospitalization or life support measures prior to death; and 5) subjects
with HIV, Hepatitis A, B or C infections.

Western Blot Analysis

Brain tissue from each subject 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 (550
x g) for 10 min in a microcentrifuge. The supernatants were recovered and stored at —80°C.
Forty micrograms (40 pg) of total protein were separated by 10.5 percent SDS-
polyacrylamide gel electrophoresis. After transfer, the membranes were incubated with
mouse anti-KLF11 antibody (1:500; BD Transduction Laboratory; 611402) or goat
polyclonal anti-MAO B antibody (1:500; Santa Cruz, sc-18401) overnight at 4°C, followed
by incubation with their respective secondary antibodies.

An equal number of matched samples from each group (control and alcohol-dependent
subjects) were immunoblotted in duplicate on separate membranes. Protein bands were
visualized by the ChemiDoc XRS+ Imaging System (Bio-Rad). Expression of $-actin was
also measured by stripping each membrane immunoblotted for the determination of KLF11
and MAO B to establish loading controls. The band intensities for KLF11 were calculated
and normalized to the band intensities for f-actin using Quantity One analysis software.
Independently, a standard curve was established for KLF11 or MAO B using increasing
concentrations of total protein from a human control subject; the optical densities for KLF11
or MAO B displayed a linear relationship relative to the total protein concentration as
described previously (Johnson et al., 2011; Ou et al., 2010b).

Statistical Analysis

RESULTS

Statistical significance was evaluated using Student’s t test for two group comparisons. The
data are reported as mean+SEM, and a value of p<0.05 is considered statistically significant.
The potential influence of age, sex, race, smoking, PMI, tissue pH and tissue storage time,
age of onset, and duration of illness on KLF11 was examined by linear regression and these
variables had no significant effect on protein levels (Table 2).

Increased Expression of KLF11 (TIEG2) Protein in the Prefrontal Cortex of Subjects with
Alcohol Dependence

MAOQ B, a subtype of MAO, has been implicated in alcohol dependence (Ou et al., 2010b).
Whether or not its transcriptional activator, KLF11, also plays a regulatory role in this
psychiatric illness has not been investigated. To better characterize the function of this
enzyme activator, KLF11 protein expression levels were analyzed in the postmortem
prefrontal cortex of twelve alcohol-dependent subjects and twelve matched, psychiatrically-
normal control subjects (Figure 1). Western blot analysis revealed that KLF11 levels were
significantly increased by 44 percent (p<0.03) in alcohol-dependent subjects compared to
controls (Figure 1A and B).
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The potential influence of age, sex, race, smoking habit, PMI, tissue pH, tissue storage time,
age of onset and duration of illness on KLF11 were examined by linear regression. KLF11
levels were not significantly correlated with any of these variables (Tables 2).

Increased MAO B Protein Expression Correlates with KLF11 Expression in the Prefrontal
Cortex of Subjects with Alcohol Dependence

To better establish KLF11-MAO B as a pathway related to alcohol use disorders, protein
expression levels of MAO B were also determined in the prefrontal cortex of same alcohol-
dependent subjects and twelve matched, psychiatrically-normal control subjects (Figure 2).
Western blot analysis indicated that MAO B levels were significantly increased by 29
percent (p<0.05) in the prefrontal cortex of alcohol dependent subjects compared to controls
(Figure 2A). This result is consistent with our previous findings (Ou et al., 2010b).

Because KLF11 is a transcriptional activator for MAO B, it was hypothesized that the
increased KLF11 levels may positively correlate with the elevated MAO B levels. Indeed,
there was a significant positive correlation between the protein expression levels of KLF11
and MAO B (p=0.018, Figure 2B).

DISCUSSION

Since altered regulation of monoamine oxidase levels have been associated with several
psychiatric and neurodegenerative diseases including alcohol dependence (Du et al., 2004;
Meyer et al., 2006; Ou et al., 2010b; Shih et al., 1999; Youdim et al., 2006), it is critical to
determine the molecular mechanisms underlying the expression and enzymatic function of
this enzyme. This study in postmortem human brain tissue reports new and robust insights
into the role of a potentially important factor that may be crucial in the manifestation of
human alcohol dependence and also provides additional insight into the underlying
pathogenesis of alcohol dependence.

Recent in vitro and in vivo work demonstrates a role for KLF11 in alcohol use disorders. For
example, exposure of neuronal cells to ethanol augments KLF11-mediated MAO B
activation (Lu et al., 2008) and the KLF11-MAO B cell death cascade is increased in rat
brains following exposure to ethanol (Ou et al., 2010a). These observations emphasize the
important role of KLF11 as a transcriptional activator of MAO B (Ou et al., 2004).
Likewise, the current study is the first to validate a role for KLF11 by examining the
expression levels of this transcription protein in postmortem brain tissue from human
alcohol-dependent subjects. Our study reveals that the expression of KLF11 protein is
significantly increased in alcohol-dependent subjects as compared to normal control
subjects. The noted increase of KLF11 protein in alcohol dependence is positively correlated
with the increase in MAQO B protein expression in the brains of these same subjects. These
results in postmortem tissue are consistent with our previous observations in rats exposed to
chronic ethanol (Ou et al., 2010a) and suggest that the elevated KLF11 levels in alcohol
dependent subjects may be a pathobiological marker for alcohol-induced brain toxicity.

Examining the KLF11-MAO B pathway in alcohol dependence may provide more accurate
insight into brain cytotoxicity underlying this disorder. Compounds that reduce KLF11-
MAO B-mediated oxidative stress or apoptotic cell death by targeting the transcriptional
activator at the gene, post-transcriptional, or protein level may promote neuroprotection,
neuroplasticity and synaptic activities. By maximizing therapeutic effects upon these targets,
more comprehensive treatments may be developed for ethanol-induced and frequently
treatment-resistant alcohol-related disorders (Barr et al., 2004; Beasley et al., 2005; Dwivedi
et al., 2006; Frazer, 1997; Mitchell et al., 2012; Sanacora, 2008; Sawada et al., 2005;
Silberman et al., 2009; Wallace et al., 2007). Previous studies in human neuronal cell lines
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and rat brains have supported the existence of a KLF11-MAOQO B cell death cascade and its
association with glyceraldehyde-3-phosphate dehydrogenase (GAPDH), a metabolic
enzyme. GAPDH, up-regulated by exposure to ethanol, is translocated into the nucleus and
binds to KLF11, thereby forming a complex that mediates transcription of the MAO B gene
(Ou et al., 2010b).

In summary, expression of KLF11 (TIEG2) protein was significantly elevated in
postmortem prefrontal cortex associated with alcohol dependence in human subjects.
Furthermore, the levels of KLF11 protein expression were positively correlated with
increased MAO B expression in alcohol dependence. This relationship suggests a novel role
for KLF11 as an MAO B transcriptional activator in human alcohol related disorders.
Therefore, understanding the interactions between the transcriptional activator KLF11 and
its target MAO B may reveal a new direction for treatment strategies to normalize levels of
MAQO B. Inhibiting expression of KLF11-MAO B cell death cascade could enhance
neuroprotection and reduce alcohol-induced brain tissue injury.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Quantitative analysis of KLF11 (TIEG2) protein expression in the postmortem prefrontal
cortex of twelve subjects with alcohol dependence (Alcohol) and twelve matched,
psychiatrically-normal control subjects was examined by Western blot analysis. (A) KLF11
protein levels. A representative immunoblot for 4 control subjects and 4 subjects with
alcohol dependence is shown. B-actin was used as the loading control. (B) Quantitative
analysis. Each KLF11 band was evaluated by its relative intensity and normalized to the
density of B-actin. Graphs of the average optical density of KLF11/actin for the individual
subjects (circles or squares) and mean values (horizontal lines) are shown.
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Figure 2.

Western blot analysis of MAO B protein levels in the postmortem prefrontal cortex of
twelve subjects with alcohol dependence (Alcohol) and twelve matched, psychiatrically-
normal control subjects was examined by Western blot analysis. (A) Quantitative analysis.
Each KLF11 band was evaluated by its relative intensity and normalized to the density of -
actin. Graphs of the average optical density of KLF11/actin for the individual subjects (solid
circles or solid squares) and mean values (horizontal lines) are shown. (B) Graphic
representation of the positive correlation between KLF11 and MAQ B levels in control
subjects (black crosses) and subjects with alcohol dependence (red crosses).
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Demographics, Sample Conditions, and Clinical Characteristics Data of Subjects with Alcohol Dependence
and Corresponding Psychiatrically-Normal Control Subjects

Control n=12  Alcohol Dependent n=12

Age, y, mean (SEM) 49.25 (3.0) 48.92 (2.62)
Male, Number (%) 8 (66.7) 9 (75.0)
Female, Number (%) 4(33.3) 3(25.0)
Race, Number (%)

African American 4(33.3) 3(25.0)
Caucasian 8 (66.7) 9 (75.0)
PMI (h), mean (SEM) 20.29 (2.2) 23.36 (2.2)
Tissue pH, mean (SEM) 6.64 (0.09) 6.49 (0.1)
Storagetimein freezer (y), mean (SEM) 11.0 (0.76) 10.83 (1.37)
Smoker 8 (66.7) 6 (50.0)
Age of onset (y), mean (SEM) NA 21.3(1.77)
Duration of Dependence (y), mean (SEM) NA 24.9 (2.43)

Abbreviations: n, number of subjects; y, years; SEM, Standard Error of the mean; PMI (h), post-mortem interval in hours; NA, not applicable
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Table 2
Statistical analysis of control subjects and subjectswith alcohol dependence (Alcohol)

Summary of statistical analysis of KLF11 protein levels between human psychiatrically-normal control
subjects and subjects with alcohol dependence (Alcohol)

Control (n=12)  Alcohol (N=12)  gatigic@ P-value

Age 49.25 +3.03 48.53 +2.37 0.083 0.934
Gender (% Male)  66.7 % 75.0 % 0.43 0.670
Race (%AAb) 33.3% 25.0% 0.432 0.670
PMI 202922 23.36+2.2 -0.975 0.339
Tissue pH 6.64 = 0.09 6.49+0.1 1.12 0.276
Storage Time 11.0+0.76 10.83 +1.37 0.12 0.916
Smoker (%Yes) 66.7 % 50.0 % -0.215 0.430
KLF1l/actin 1.16 £ 0.25 2.09+0.28 -2.45 0.0227

Categorical data compared with chi-square test with 1 degree of freedom
aContinuous data compared with t-statistic with 22 degrees of freedom.

bAA, African American.

1.  General outcomes

There were no significant differences between cohorts for demographic variables (Age, Gender, Race, PMI, pH, Storage Time and
Smoking history).

2. The detailed analysis for KLF11

In the univariate analysis using Student’s t-test and KLF11/actin ratio as the outcome, the mean value for subjects with alcohol
dependence was significantly greater than control subjects (t=—-2.45, df=10, p-value=0.0227).

KLF11 was not significantly correlated with age, PHI, pH or storage time, nor was there a significant effect of gender, race or smoking
status on KLF11 levels.

There was no significant correlation between KLF11 and the age of onset or duration of alcohol dependence.

Alcohol Clin Exp Res. Author manuscript; available in PMC 2014 March 08.



