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Objective: Proinflammatory cytokines have recently received

considerable attention for their role in suicidal behavior; how-

ever, how the expression of cytokine genes is regulated is not

clearly known. The authors examined underlying mechanisms

of critical cytokine gene tumor necrosis factor–alpha (TNF-a)

dysregulation in the brains of individuals who died by suicide.

Method: TNF-a expressionwas examined in the dorsolateral

prefrontal cortex of the postmortem brains of personswith and

without major depressive disorder who died by suicide and of

personswithmajordepressivedisorderwhodiedofcausesother

than suicide. The role of putative microRNAs targeting TNF-a

and RNA-binding protein Hu antigen R (HuR) was tested with

in vitro and in vivo approaches and by examining expression of

transactivation response RNA binding protein (TRBP). Genetic

influence on TNF-a expression was determined by expression

quantitative trait loci analysis and by genotyping three single-

nucleotidepolymorphisms in thepromoter regionof theTNF-a

gene. Promotermethylationof TNF-awas determined by using

methylated DNA immunoprecipitation assay. Expression of

miR-19a-3pandTNF-awasalsodetermined in theperipheral

bloodmononuclear cells of 12 healthy control subjects and

12 currently depressed patients with severe suicidal ideation.

Results: TNF-a expression was significantly higher in the

dorsolateral prefrontal cortex of individuals who died by

suicide, regardless of psychiatric diagnosis. Its expression

level was also increased in individuals with major depressive

disorder who died by causes other than suicide. On the other

hand, expression of miR-19a-3p was upregulated specifi-

cally in individuals who died by suicide. In a preliminary ob-

servation, similar upregulationof TNF-a andmiR-19a-3pwas

observed in the peripheral blood mononuclear cells of de-

pressed patients with suicidal ideation. Despite its ability to

directly target TNF-a in vitro, miR-19a-3p showed no in-

teraction with TNF-a in the dorsolateral prefrontal cortex.

HuR potentially stabilized TNF-a transcript, presumably by

sequestering its 3: untranslated region from miR-19a-

3p–mediated inhibition. Furthermore, decreased TRBP ex-

pression supported abnormality in the interaction between

miR-19a-3p and TNF-a. Additionally, TNF-a transcriptional

upregulationwas associatedwith promoter hypomethylation,

whereasnogenetic influenceonalteredTNF-aormiR-19a-3p

expression was observed in individuals who died by suicide.

Conclusions: The data in this study provide mechanistic

insights into thedysregulationof theTNF-agene in thebrains

of individuals who died by suicide, which could potentially be

involved in suicidal behavior.
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Approximatelyonemillionpeoplediebysuicideeveryyear (1,
2). Thus, it is critical to examine the risk factors associated
with suicidality. Several lines of evidence suggest that ab-
normalities in proinflammatory cytokines may be important
contributory risk factors in suicidality (3, 4). Tumor necrosis
factor–alpha (TNF-a), a member of the TNF superfamily, is
one of the most important proinflammatory cytokines and
plays a critical role in innate and adaptive immune responses
(5). Studies have shown that TNF-a is increased in the serum
of depressed individuals who attempt suicide (6) and that
CSF TNF-a levels can serve as a predictor of suicidal ideation
(7). This is supported by another study showing that a com-
posite score of the inflammatorymarkers, includingTNF-a, is
associated with high suicidal ideation among patients with

major depressive disorder (8). Early-life adversity, a signifi-
cant risk factor for suicidal behavior (9), is also associated
with persistent high levels of TNF-a (10). We previously
reported that expression of TNF-a is significantly increased
in the prefrontal cortex of adolescents who died by sui-
cide (11).

Despite evidence of increased TNF-a expression in in-
dividuals with suicidal behavior, the underlying regulatory
mechanisms are not well understood. Recent evidence sug-
gests the involvement of several genetic and epigenetic
mediators in the regulation of TNF-a expression (12, 13). For
example, a genetic association study showed that frequency
of the G/G polymorphic locus at position –308 of TNF-awas
increased among depressed individuals who died by suicide
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(14), as well as among depressed patients who attempted
suicide (15). Furthermore, DNAmethylation in the promoter
region of TNF-a appears to be crucial in neurodegenerative
disorders (12). An additional layer of epigenetic regulation
in TNF-a expression may occur at the posttranscriptional
level. This is evidenced by studies showing that microRNAs
(miRNAs) are involved in the regulation of proinflammatory
cytokines in cancer, age-related macular degeneration, and
hemochromatosis (16–18). The repressive interaction me-
diated by miRNAs on target genes is governed by several fac-
tors (19). One of these factors is derived from transactivation
responseRNAbindingprotein (TRBP), anmiRNAprocessing
protein (20, 21). TRBP is an integral component of the RNA-
induced silencing complex (RISC). One of the functions of
TRBP is to transfer the miRNA/miRNA* duplex from Dicer
to RISC, which eventually guides miRNA binding to the 3:

untranslated regionof targetgenes (20, 22).Anemergingcon-
cept of cis-acting structural RNAmotif containing adenylate-
uridylate–rich sequence elements on certain transcripts has
also gained credence due to regulatory effects (23). Adenylate-
uridylate–rich elements stabilize transcripts by preventing
immature decay while interacting with specific sets of RNA-
binding proteins, such asHuantigenR (HuR) (24, 25). In fact,
enhanced expression of TNF-a has been shown to be associ-
ated with stabilization of its transcripts containing adenylate-
uridylate–rich elements in the 3: untranslated regionmediated
by HuR (26). Endogenous depletion of HuR reverses this
stabilization (27).

Given the multilayer regulation of the TNF-a gene, the
present study was undertaken not only to examine TNF-a
gene expression but also to understand the precisemolecular
mechanisms associated with this dysregulation in the brains
of individuals who died by suicide. We identified TNF-a
expression in the postmortem dorsolateral prefrontal cortex
of suicide subjects with major depressive disorder, suicide
subjectswith other psychiatric disorders, and normal control
subjects. The study was also performed in the dorsolateral
prefrontal cortex in another cohort consisting of depressed
suicide subjects, depressed subjectswhodied by causes other
than suicide, and normal control subjects. The underlying
mechanisms of dysregulated TNF-a expression were inves-
tigated at genetic and epigenetic levels by examining ex-
pression quantitative trait loci, genetic polymorphisms, DNA
methylation, miRNAs, TRBP, and HuR. Changes in expres-
sion of TNF-a and regulatory miRNAwere also examined in
a preliminary fashion in the peripheral blood mononuclear
cells of suicidal individuals.

METHOD

Methods are described and discussed in detail in the data
supplement accompanying the online version of this article.
Additionally, the overall experimental design is presented in
Table S1 in the online data supplement. The study was ap-
proved by the institutional review board of the University of
Alabama at Birmingham.

Human Postmortem Brain Studies

Subjects. The study was performed in two cohorts: the
Quebec Suicide Brain Bank (referred to as theMcGill cohort)
and the Maryland Brain Collection (referred to as the
Maryland cohort). The McGill cohort included the post-
mortem brains of 16 control subjects without psychiatric
disorders (referred to as the normal control group) and
43 brains of subjects who died by suicide (depressed suicide
subjects, N=21; suicide subjects with other psychiatric dis-
orders, N=22). The Maryland cohort comprised the brains
of 14 depressed subjects who died by suicide, 12 depressed
subjects who died by other means, and 12 normal control
subjects.Demographic andclinical characteristics of subjects
from the McGill and Maryland cohorts are presented in
Tables S2 and S3 in the online data supplement. Psychiatric
diagnoses were determined by using the psychological au-
topsymethod, as described in the data supplement. The study
was performed on the dorsolateral prefrontal cortex, since
several studies have implicated this brain region in suicidal
behavior (28–30), and we previously reported abnormalities
in the expression of cytokine genes in this region in the brains
of individuals who died by suicide (31).

Relative transcript quantification of TNF-a, TRBP, HuR,

miRNAs targeting TNF-a, and members of miR-17-92 cluster.

Total RNA was isolated by using the TRIzol method and
screened based on purity (260 nm/280 nm) and RNA in-
tegrity number (.7). Since RNA integrity may affect the
expression of genes and may pose a confounding factor, we
measured the pH and RNA integrity number in all the
samples included in this study. The mean pH and mean RNA
integrity number are provided in Tables S2 and S3 in the
online data supplement. All subjects had an RNA integrity
number .7. Coding gene complementary DNA (cDNA) syn-
thesis was performed with the Oligo (dT)18 Primer method
(Invitrogen,Waltham,Mass.),whereasmiRNA-specific cDNA
was synthesized by using the poly(A)-tailing method. Relative
transcript expressions of all genes were determined with
EvaGreen chemistry (Applied Biological Materials, Inc.,
Richmond, B.C.). The miR-17-92 cluster contains six miRNAs
(miR-17,miR-18a,miR-19a,miR-20a,miR-19b-1,andmiR-92a-1).
The coding units of these six miRNAs produce the following
12 mature miRNAs: miR-17-5p, miR-17-3p, miR-18a-5p, miR-
18a-3p, miR-19a-5p, miR-19a-3p, miR-20a-5p, miR-20a-3p,
miR-19b-1-5p, miR-19b-1-3p, miR-92-1-5p, and miR-92-1-3p.
According tomiRBase 21, expression ofmiR-19a-5p variant is
very low (the number of reads is 27 based on deep-sequencing
studies). Similar negligible expression of this variant has been
observed in human brain, as demonstrated inmiRmine (http://
guanlab.ccmb.med.umich.edu/mirmine/), a human miRNA
expression database (32), which appeared to be biologically
irrelevant (33). Therefore, we examined expression of all the
miRNAs from this cluster except miR-19a-5p. The primer se-
quences are presented in Table S4 in the online data supple-
ment. The results were calculated by using the 2-DDCt method
and reported as fold change.
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Genotyping. A case-control study including 35 control sub-
jects and 60 case subjects was conducted to determine the
genetic polymorphism in the TNF-a gene in the genomic
DNA isolated from the dorsolateral prefrontal cortex. The
TNF-a gene is located on the short arm of chromosome
6 within the major histocompatibility complex, where ge-
netic alterations in the TNF-a locus are directly involved in
high TNF-a production (34). Several polymorphisms have
been identified inside the TNF-a promoter (–1031 [T/C],
–863 [C/A], –857 [C/A], –851 [C/T], –419 [G/C], –376 [G/A],
–308 [G/A], –238 [G/A], –162 [G/A], and –49 [G/A]) (35). The
allelic frequencies of TNF-a have been reported in various
populations and are quite consistent (36), although the poly-
morphisms at –419, –163, and –49 are rare in Caucasians (35).
Three single-nucleotide polymorphisms (SNPs) (2308G/A:
rs1800629, –238G/A: rs361525, and –1031T/C: rs1799964)
were selected based on published studies on suicide or de-
pression (15, 37, 38). Polymerase chain reaction (PCR) am-
plification products were purified and sequenced with
the BigDye Terminator Cycle Sequencing kit (version 3.1;
ThermoFisherScientific,Waltham,Mass.).Theprimersequences
are summarized in Table S4 in the online data supplement.

Mutation screening analysis. Because rare mutations within
the seed sequence ofmiR-19a-3p or the TNF-a 3: untranslated
regionmay directly affect their canonical bindings,whichmay
lead to altered transcript expression, both the TNF-a 3:

untranslated region and miR-19a-3p were screened for the
presence of thesemutations. DNA fragments of the TNF-a 3:

untranslated region and miR-19a-3p genes were amplified
with PCR using specific primers (see Table S4 in the online
data supplement) and sequenced (as described in theMethod
section in the data supplement).

Methylated DNA immunoprecipitation (MeDIP) assay for

TNF-a promoter element. A potential CpG island was iden-
tified within a 1-kb upstream region of the TNF-a tran-
scription start site and analyzed with MeDIP assay by using
monoclonal 5-mC antibody. To determine the methylation
status, quantitative PCR (qPCR)was used to amplify the CpG
islandbasedonprimer sequences, as shown inTable S4 in the
data supplement, and analyzed after normalization with
input control.

Ribonucleoprotein immunoprecipitation assay for detecting

HuRinteractionwithTNF-aadenylate-uridylate–richelements

in the dorsolateral prefrontal cortex.Relative enrichment of the
TNF-a 3: untranslated region harboring adenylate-uridylate–
rich elements was assessed with the ribonucleoprotein im-
munoprecipitation method, as described in the online data
supplement. The primer sequences are discussed in Table S4
in the data supplement.

In Vitro Cell Line–Based Studies

Luciferase reporter assay for detecting miR-19a-3p interaction

with TNF-a 3: untranslated region. Luciferase reporter assay

was performed with pMIR-REPORT (ThermoFisher Sci-
entific, Waltham, Mass.). pMIR [pMIR-REPORT miRNA
Expression Reporter Vector, CMV promoter]–TNF-a plas-
mid, engineered with a 192-base-pair fragment from the 3:

untranslated region ofTNF-a containingmiR-19a-3pbinding
site, was cotransfected in human embryonic kidney (HEK)-
293 cells with miR-19a-3p mimics or negative controls,
pMIR-TNF-a, and pRL-TK (herpes simplex virus thymidine
kinase promoter–Renilla luciferase reporter plasmid). Firefly
and Renilla luciferase activities weremeasured after 48 hours.

Cell line–based TNF-a expression studies in response to miR-

19a-3p manipulation. Transient transfections of miR-19a-3p
mimic or scramble were performed on SH-SY5Y cells. Total
RNAs were isolated and reverse transcribed into first-strand
cDNA to determine the relative TNF-a expression after nor-
malization with glyceraldehyde-3-phosphate dehydrogenase.

Cell proliferation assay. Cell proliferation in transfected SH-
SY5Y cells with miRNA oligonucleotide was measured with
MTTassay(3-[4,5-dimethylthiazolyl-2]-2,5-diphenyltetrazolium
bromide). The formazan crystals formed were dissolved in di-
methyl sulfoxide, and absorbance was measured at 570 nm.

Transient transfection of HEK-293 cells for HuR over-

expression and knockdown. HuR small-interfering RNA
(siRNA), negative control siRNA, and HuR overexpression
vector were transfected with lipofectamine 2000. After
48 hours of transfection, expression of TNF-a and HuR
was analyzed at the messenger RNA (mRNA) level and the
protein level.

Luciferase reporter assay for HuR interaction with TNF-a

adenylate-uridylate-rich element. The pEZX [firefly/Renilla
Duo-Luciferase reporter vector]-TNF-3: untranslated region
containing 3: untranslated region full-length fragments and
HuR overexpression vector were cotransfected into HEK-
293 cells. Firefly and Renilla luciferase activities were mea-
sured after 48 hours.

Ribonucleoprotein immunoprecipitation assay detecting HuR

interaction with TNF-a adenylate-uridylate–rich element in

vitro. HEK-293 cell-derived lysates were immunoprecipi-
tatedwithHuR antibody. Immunocaptured RNAwas used to
prepare first-strand cDNA by using the Oligo (dT)18 method.
HuR-mediated TNF-a 3: untranslated region enrichment was
examinedincDNAfollowingqPCRassay.Theprimersequences
are presented in Table S4 in the online data supplement.

Gene Expression Studies in Peripheral Blood

Mononuclear Cells of Suicidal Patients

In a pilot study, we examined expression of miR-19a-3p and
TNF-a in12healthycontrolsubjectsand12currentlydepressed
patients with severe suicidal ideation. The demographic and
clinical characteristics of participants are summarized in
Table S5 in the online data supplement. All participants were
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evaluated with the Mini International Neuropsychiatric
Interview (39) or the StructuredClinical Interview forDSM-
IV-TR Axis I Disorders (40). Depression severity was de-
termined with the Montgomery-Åsberg Depression Rating
Scale (MADRS) (41). Depressed patients with suicidal ide-
ation had a mean score .4 on item 10 of the MADRS. None
of the depressed patients were receiving psychotropic drugs
prior to blood sampling. Healthy control subjects had no
lifetime history of any psychiatric disorder. Venous blood
was collected (between 9 a.m. and 11 a.m.) and processed
immediately for peripheral bloodmononuclear cell isolation.
Peripheral blood mononuclear cell pellets were processed
for RNA isolation with the TRIzol method. mRNA- and
miRNA-specific first-strand cDNA synthesis and PCR am-
plifications were performed by using the primer sequences
described in Table S4 in the online data supplement.

Statistical Analysis

Data were analyzed with SPSS (version 23; IBM, Armonk,
N.Y.). Comparison between normal control subjects and those
with suicidal behavior was performed by using independent-
sample t tests.CorrelationsbetweenmiRNAsandmRNAswith
covariates were determined with Pearson product-moment
correlation analyses. Multiple group comparisons were per-
formed with one-way analysis of variance (ANOVA) followed
by Bonferroni corrections. We report only data that were
normally distributed. For comparisons of genotypic and al-
lelic frequencies and Hardy-Weinberg equilibrium among
individualswith suicidal behavior and control subjects, chi-
square tests were conducted with SHEsis software (42).
Expression quantitative trait loci analysis, which accounted
for sex and age as covariates, was performed with Matrix
eQTL software on theRplatform. To statisticallymeasure the
genotype effect on TNF-a expression, ANOVAwas performed
byusing function“aov” inR.Allpvalues#0.05wereconsidered
statistically significant.

RESULTS

TNF-a Expression Studies

TNF-a expression in the dorsolateral prefrontal cortex: effect

of suicide and major depressive disorder. In the McGill post-
mortem cohort, a statistically significant 2.5-fold greater
expression (p=0.004) was found in the dorsolateral pre-
frontal cortex of the postmortem brains of individuals who
died by suicide compared with the postmortem brains of
normal control subjects (Figure 1A). When the suicide group
was divided into subjects with major depressive disorder
and subjects with other psychiatric disorders, a significant
overall difference was observed (F=4.35, df=2, 56, p=0.017).
Individual comparisons showed that expression of TNF-a
was significantly higher in both depressed suicide subjects
(p=0.009) and suicide subjects with other psychiatric
disorders (p=0.014), compared with normal control subjects,
without any significant difference between the two suicide
groups (p=0.83) (Figure 1B).

To further test whether TNF-a increase was specifically
associated with suicide, we examined its expression in the
postmortembrainsofdepressedsubjectswhodiedbysuicide,
depressed subjects without suicidal behavior, and normal
control subjects in theMarylandpostmortemcohort.Overall,
ANOVA showed a significant difference in the expression of
TNF-a (F=3.3, df=2, 35, p=0.04). When compared separately,
the brains of depressed subjectswho died by suicide (p=0.03)
and the brains of depressed subjects without suicidal be-
havior (p=0.027) were significantly different from the brains
of normal control subjects, but the two groups of depressed
subjects were not significantly different from each other
(p=0.83) (Figure 1C).

In both the McGill and Maryland cohorts, the expression
of TNF-a was not related to postmortem interval, brain pH,
gender, antidepressant treatment, alcohol use, or substance
abuse at the time of death. However, TNF-a showed sig-
nificant correlation with age in the Maryland cohort but
not in the McGill cohort (for further details, see Figures S1
and S2 and Table S6 in the online data supplement).

We combined the data sets from both cohorts and ana-
lyzed the expression of TNF-a. A statistically significant
(p=0.001;4.6-fold) increase inTNF-aexpressionwasobserved
in the brains of suicide subjects (N=57) compared with the
brains of normal control subjects (N=28) (for further details,
see Figure S3A in the data supplement).

TNF-a expression in peripheral blood mononuclear cells of

depressed patients with suicidal behavior. In the pilot study,
expression levels of TNF-a were significantly higher (43%)
(p=0.02) in the peripheral blood mononuclear cells of cur-
rently depressed patients with severe suicidal ideation com-
paredwithhealthycontrol subjects (Figure1D),whichwasnot
related to age, gender, or race/ethnicity (for further details, see
Figure S4 in the data supplement).

miRNA Expression Studies

Expression analysis of TNF-a targeting miRNAs and miRNA

members frommiR-17-92 cluster in the dorsolateral prefrontal

cortex. Based on the bioinformatics analysis and target pre-
diction scores, six miRNAs (miR-130a-3p, miR-143-3p, miR-
187-3p, miR-203a-3p, miR-452-5p, and miR-19a-3p) were
selected as potential repressors of TNF-a expression. qPCR
analyses did not show any significant alteration in any
miRNA except miR-19a-3p, which was significantly higher
(approximately fivefold) among suicide subjects (p=0.008)
(Figure 2A).

Because miR-19a-3p is part of the miR-17-92 cluster, ex-
pression levels of 10 other miRNAs (miR-17-5p, miR-17-3p,
miR-18a-5p, miR-18a-3p, miR-20a-5p, miR-20a-3p, miR-19b-
1-5p, miR-19b-1-3p, miR-92-1-5p, and miR-92-1-3p) associ-
ated with this cluster (miR-17-92) were also examined. No
significant changes in the expression of any of the cluster
miRNAs were observed in the dorsolateral prefrontal cortex
of suicide subjects except miR-20a-5p and miR-92a-1-3p, for
which expression levels were significantly downregulated
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(miR-20a-5p: p=0.037; miR-92a-1-3p: p=0.041) by approxi-
mately 77% (0.23-fold) and 73% (0.27-fold), respectively
(Figure 2B).

To examine whether observed changes in miR-19a-3p
were related to suicide,we separated individualswhodied by
suicide into twogroups: thosewithmajordepressivedisorder
and those with other psychiatric disorders. Overall, a sig-
nificant group difference was shown with ANOVA (F=3.74,
df=2, 56, p=0.03). When examined individually, the expres-
sion of miR-19a-3p was significantly higher in both the de-
pressed suicide group (p=0.015; approximately 6.2-fold) and
the suicide group with other psychiatric disorders (p=0.024;
approximately 4.7-fold) compared with normal control
subjects. There was no significant difference between the
two suicide groups (p=0.80) (Figure 2C).

Using the dorsolateral
prefrontal cortex from post-
mortem brains in the Mary-
land cohort, we examined
whether the changes in miR-
19a-3p expression were sui-
cide specific. Overall, ANOVA
showed significant differ-
ences in the expression of
miR-19a-3p when the brains
of depressed individuals
who died by suicide, de-
pressed individuals without
suicidal behavior, and nor-
mal control subjects were
compared with each other
(F=3.3, df=2, 35, p=0.04). In-
dividually, miR-19a-3p was
significantly higher only in
the brains of depressed in-
dividuals who died by sui-
cide (p=0.015; approximately
4.6-fold), not in the brains
of depressed individualswith
no suicidal behavior (p=0.61),
compared with normal con-
trol subjects. On the other
hand, statistical significance
was observed when the de-
pressed suicide group was
comparedwith thedepressed
nonsuicidal group (p=0.04)
(Figure 2D).

Thechanges inexpression
of miR-19a-3p in both post-
mortem cohorts were not
associated with postmortem
interval, brain pH, and an-
tidepressant toxicology, except
that there was a significant
correlationwith age andmiR-

19a-3p (r=0.26, p=0.05) in the McGill cohort (for further de-
tails, see Figures S1 and S2 and Table S6 in the data
supplement).

Combining the data sets from the Maryland and McGill
cohorts showed similar significant upregulation (p=0.0001;
approximately 4.8-fold) of miR-19a-3p in the dorsolateral
prefrontal cortex of individuals who died by suicide com-
pared with normal control subjects (for further details, see
Figure S3B in the data supplement).

Expression of miR-19a-3p in peripheral blood mononuclear

cells of depressed individuals with suicidal behavior. When
peripheral blood mononuclear cells were examined in the
pilot study, the expression of miR-19a-3p was significantly
higher in depressed patients with severe suicidal ideation

FIGURE 1. Tumor Necrosis Factor–Alpha (TNF-a) Expression Profile in the Dorsolateral Prefrontal

Cortex (dlPFC) and Peripheral Blood Mononuclear Cells (PBMC) of Individuals Who Died by Suicide

and Normal Control Subjectsa
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a A) TNF-a expression in the dlPFC of normal control subjects (N=16) and suicide subjects (N=43). The level of

significance was determined with independent-sample t tests (suicide subjects compared with normal control

subjects: t=2.97, df=57, p=0.004). B) Effect of psychiatric disorders on the expression of TNF-a in the dlPFC of

suicide subjects. Suicide subjectsweredivided into thosewhohad a diagnosis ofmajor depressive disorder (MDD)

(N=21) and those with other psychiatric disorders (N=22), as described in Table S1 in the online data supplement.

Overall one-wayanalysisofvariance (ANOVA)between the threegroupswasF=4.35,df=2,56,p=0.017;depressed

suicidesubjectscomparedwithnormalcontrol subjects,p=0.009;suicidesubjectswithotherpsychiatricdisorders

comparedwithnormal control subjects, p=0.014; anddepressed suicide subjects comparedwith suicide subjects

with other psychiatric disorders, p=0.83.C) TNF-amRNAexpression in the dlPFCbetweendepressed nonsuicidal

subjects, depressed suicide subjects, and normal control subjects. Overall ANOVA between the three groupswas

F=3.3, df=2, 35, p=0.04; when depressed suicide subjects were comparedwith normal control subjects: p=0.03;

whendepressednonsuicidal subjectswerecomparedwithnormalcontrol subjects,p=0.027;andwhendepressed

suicide groupwas comparedwith depressed nonsuicide group, p=0.83. D) TNF-amRNAexpression in the PBMC

of normal control subjects (N=12) and depressed suicidal subjects (N=12). The level of significance was de-

terminedbyusing independent-sample t tests (t=2.46, df=22, p=0.02). All data are representedas themeanand

the standard error of the mean. dCt=delta crossing of threshold.
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FIGURE 2. MicroRNA (miRNA) Expression Profile in the Dorsolateral Prefrontal Cortex (dlPFC) and Peripheral Blood Mononuclear Cells

(PBMC) of Individuals With Suicidal Behavior and Normal Control Subjectsa
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compared with healthy control subjects (63%; p=0.001)
(Figure 2E). The changes in miR-19a-3p expression were
not correlated with gender, age, or race/ethnicity (for fur-
ther details, see Figure S4 in the data supplement).

In Vitro Validation of TNF-a 39 Untranslated Region

Interaction With miR-19a-3p and Its Effects in the

Dorsolateral Prefrontal Cortex of Individuals With

Suicidal Behavior

To examine whether miR-19a-3p directly interacts with the
TNF-a 3: untranslated region, HEK-293 cells were trans-
fectedwithclonedTNF-a3:untranslated regiondownstream
of a luciferase reporter gene (Figures 3A and 3B). Luciferase
activity of HEK-293 cells co-transfected with miR-19a-3p
mimic was significantly decreased compared with vector
alone (approximately 0.49-fold; p=0.0004) or negative con-
trols (0.5-fold; p=0.001) (Figure 3C). This suggests that TNF-
a is adirect targetofmiR-19a-3p.Under the invitro condition,
functional regulation of miR-19a-3p on the TNF-a gene was
determined in SH-SY5Y cells by transfecting miR-19a-3p
mimic or negative controls and quantifying TNF-a expres-
sion. Transfection of miR-19a-3p significantly decreased
the expression of TNF-a (p,0.0001), whereas transfection
with negative controls had no effect (Figure 3D). We next ex-
aminedwhetheroverexpressionofmiR-19a-3phadproliferative
potential for SH-SY5Y cells. MiR-19a-3p overexpression sig-
nificantlystimulatedcellgrowthcomparedwithcells transfected
with negative controls (p=0.016) (Figure 3E).

RegulationofTNF-aExpressionbyTRBPandHuRin the

Dorsolateral Prefrontal Cortex

mRNAexpression of TRBPwas determined in the sameRNA
fraction inwhichmiR-19a-3p andTNF-awereexamined.We
observed that expression of TRBP was significantly lower in
the suicide group compared with the normal control group
(p=0.007; approximately 0.45-fold) (Figure 4A). This decrease
was present in both depressed individuals who died by suicide
(p=0.021; approximately 0.44-fold) and individuals with other
psychiatricdisorderswhodiedbysuicide(p=0.012;approximately
0.45-fold) compared with normal control subjects (Figure 4B).

Next, mRNA expression of HuR was examined in the
dorsolateral prefrontal cortex of depressed individuals with
nonsuicidal behavior. The expression of HuR was signifi-
cantly higher (approximately 1.8-fold; p=0.04) in the de-
pressed nonsuicide group comparedwith the normal control
group (Figure 4C).

In order to examine the role of HuR protein in protecting
the TNF-a transcript from repressive effect of miR-19a-3p,
endogenous recruitment of HuR on the putative adenylate-
uridylate–rich element of the TNF-a 3: untranslated region
was determinedwith ribonucleoprotein immunoprecipitation
assay. Differential binding analysis showed approximately
50% enrichment of HuR protein binding with 3: untranslated
region of TNF-amRNA in depressed individuals who died by
suicide compared with normal control subjects (p=0.028)
(Figure 4D).

To further validate the protecting effect ofHuRprotein on
TNF-a expression, HEK-293 cells were used. HuR mRNA
was significantly upregulated (p=0.0008; approximately
15-fold) in theHuR overexpression group comparedwith the
negative control group, whereas HuR mRNA in the siRNA
group was significantly decreased (p=0.001; approximately
0.3-fold)whencomparedwith thenegative control group (for
further details, see Figure S5A in the data supplement). In-
terestingly, the TNF-a mRNA level in the overexpression
group was increased corresponding to the upregulated HuR
expression (p=0.005; approximately 14-fold). Contrarily, the
TNF-amRNA level was decreased (p=0.004; approximately
0.6-fold) in the HuR knockdown group due to the down-
regulation of HuR mRNA. This in vitro assay reveals that
TNF-a is positively regulated byHuR (for further details, see
Figure S5B in the data supplement).

To further confirm the transient effect of HuR overexpres-
sion and knockdown in the HEK-293 cell line, the endogenous
protein level of HuR was detected with immunoblotting. The
overexpression group showed increased expression of endoge-
nous HuR, whereas the knockdown group showed depleted
HuR compared with the nontransfection control group (for
further details, see Figure S5C in the data supplement).

Next, in vitro luciferase reporter assay was used to de-
termine the HuR-mediated direct regulation of the TNF-a 3:

untranslatedregion intheHEK-293cell line.AsshowninFigure
S5D in the online data supplement, TNF-a 3: untranslated
region-mediated luciferase reporter activitywas significantly
increased in the HuR overexpression group compared with
the HuR null-transfected group (p=0.0002).

To assess HuR-mediated TNF-a transcript interaction,
both ectopically expressed and endogenously depletedHEK-
293 cells for HuR protein were used to measure HuR in-
teraction with TNF-a adenylate-uridylate–rich elements.
Following the HuR-mediated ribonucleoprotein immuno-
precipitation approach, approximately sevenfold enrichment
of the TNF-a 3: untranslated region was observed in the over-
expression group compared with the no-transfection control
group, whereas a decrease of approximately 50% was observed
intheknockdowngroup(forfurtherdetails, seeFigureS5Einthe
data supplement).

TNF-a Promoter Methylation in the Dorsolateral

Prefrontal Cortex

To examine the methylation-associated epigenetic modifi-
cationas aputativecauseofTNF-aupregulation, aCpGisland
comprising 99 bases and approximately 50% GC contents
was identified in the TNF-a gene promoter (Figure 5A) and
analyzedwith theMeDIPmethod.As shown inFigure 5B, the
TNF-a promoter was significantly hypomethylated (approx-
imately 0.7-fold less methylation enrichment) in the suicide
group compared with the control group (p=0.039).

Genetic Studies

To examine whether genetic factors were involved in in-
creased TNF-a expression in suicide subjects, three SNPs
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(rs361525, rs1800629, and rs1799964) in TNF-a gene pro-
moterswerestudied.Because therewasnopolymorphismfor
rs361525 in the TNF-a gene, we excluded this SNP and fo-
cused only on rs1800629 and rs1799964. These two SNPs
were in Hardy-Weinberg equilibrium. The allelic and ge-
notypic frequencies are presented in Table S7 in the data
supplement. There were no significant discrepancies in al-
lelic or genotypic frequencies between individuals who died
by suicide and normal control subjects (p.0.05) (for further
details, see Table S7 in the data supplement).

To detect the effect of each genotype on mRNA abun-
dance, expression quantitative trait loci analysis was per-
formed. The data revealed no significant difference between
the three genotypes for both SNPs (rs1799964, p=0.19;
rs18000629, p=0.54) (for further details, see Figure S6 in the
data supplement).

To examine whether increased expression levels of miR-
19a-3p and TNF-awere associated with duplications or rare
mutations, the TNF-a 3: untranslated region andmiR-19a-3p
seedDNA sequences were screened for structural variations.

FIGURE 3. In Vitro Validation of Tumor Necrosis Factor–Alpha (TNF-a) 39 Untranslated Region (39UTR) Interaction With miR-19a-3pa
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As shown in Figures S7A and S7B in the data supplement, no
sequence differences for both miR-19-a-3p and TNF-a were
observed between suicide subjects and normal control
subjects.

DISCUSSION

To our knowledge, this is the first study to examine TNF-a
expression regulation in the brains of people who died by
suicide. We examined TNF-a expression in two different
cohorts of postmortem brain samples and found that ex-
pression of TNF-a in the dorsolateral prefrontal cortex was
consistently increased in all suicide subjects, regardless of
psychiatric diagnosis. A similar change was also observed in
depressed individuals who died by causes other than suicide.

Interesting results em-
ergedwhenwe examined the
molecular mechanisms as-
sociated with increased
expression of TNF-a. We
first examined the possible
regulation of TNF-a by
miRNAs, which belong to
a novel class of small non-
coding RNAs that regulate
the gene expression at the
posttranscriptional level by
binding to the 3: untranslated
region of the target genes
guided by RISC. RISC com-
prises TRBP, Dicer, and
argonaute 2 and is function-
ally responsible for miRNA
processing and gene silenc-
ing (22). On the basis of
sequence complementarity,
prediction score, and an ex-
perimentally validated target
database, we selected six
putative miRNAs (miR-130a-
3p, miR-143-3p, miR-187-3p,
miR-203a-3p, miR-452-5p,
and miR-19a-3p) potentially
regulating TNF-a expres-
sion. When examined in-
dividually, miR-19a-3p was
found to be the only miRNA
that showed significant upreg-
ulation in the dorsolateral
prefrontal cortex in those
who died by suicide. In-
terestingly, this upregulation
was confined only to those
individuals who died by sui-
cide and not observed in
those who died by causes

other than suicide when compared with normal control
subjects. This suggests that change in miR-19a-3p expres-
sion in the dorsolateral prefrontal cortex is specific to suicide.

MiR-19a-3p is a member of the miR-19a family, which is
encodedby themiR-17-92cluster.Recently, it hasbeenshown
that the miR-17-92 cluster is involved in inflammatory re-
sponse in malignant human cancers, primarily mediated by
miR-19a-3p via TNF-a (17). Our in vitro luciferase 3: un-
translated region reporter assay in HEK-293 cells and miR-
19a-3p mimic transfection assay in neuroblastoma cells
ascertain a direct binding of miR-19a-3p with the TNF-a 3:

untranslated region. However, contrary to our in vitro study,
we found that the conventional putative interaction was
not observed under in vivo conditions, as expression levels
of both TNF-a and miR-19a-3p were upregulated in the

FIGURE 4. Posttranscriptional Regulation of the Tumor Necrosis Factor–Alpha (TNF-a) Gene by

Transactivation Response RNA Binding Protein (TRBP) and Hu Antigen R (HuR)a
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aA) TRBP expression between normal control subjects (N=16) and suicide subjects (N=43). The two groups were

compared by using independent-sample t tests. The group differences were t=2.8, df=57, p=0.007. B) Effect of

psychiatric disorders on the expression of TRBP in the dorsolateral prefrontal cortex (dlPFC). Suicide subjects

were divided into thosewhohad a diagnosis ofmajor depressive disorder (MDD) (N=21) and thosewith other

psychiatric disorders (N=22), as described in Table S1 in the online data supplement. Overall one-way

analysis of variance between the three groups was F=3.94, df=2, 56, p=0.025; when depressed suicide

subjects were compared with normal control subjects, p=0.021; when suicide subjects with other psy-

chiatric disorders were compared with normal control subjects, p=0.012; when suicide subjects with other

psychiatric disorders were compared with depressed suicide subjects, p=0.84. C) HuRmRNA expression in

the dlPFC for the depressed nonsuicide group and control subjects. The group differences were t=2.16,

df=22, p=0.04. D) Interaction between HuR and TNF-a in the dlPFC in normal control subjects (N=8) and

depressed suicide subjects (N=9), examined with ribonucleoprotein immunoprecipitation assay. Relative

3: untranslated region enrichment was determined after normalizing with 10% input. Data were analyzed

byusing independent-sample t test (p=0.028). All data are represented as themean and the standard error of

the mean. IP=immunoprecipitation.
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dorsolateral prefrontal cor-
tex in suicide subjects. This
indicates the possibility of
sequestration of theTNF-a 3:

untranslated region from the
inhibitory effect of miR-19a-
3p under in vivo conditions.

MiR-19a-3p belongs to the
evolutionarily conserved miR-
17-92 cluster, which is located
within a locus of the non–
protein-codinggeneMIR17HG
(also referred to as C13orf25)
on chromosome 13. In order
to test whether upregulation
inmiR-19a-3pwas consistent
with other members of the
miR-17-92 cluster, we exam-
ined theexpressionofmature
miRNAs belonging to this
cluster. We found that none
of the miRNAs were altered
except miR-20a-5p and miR-
92-1-3p, which showed sig-
nificant downregulation. This
downregulation was in con-
trast to the observed change
in miR-19a-3p, which was
upregulated in suicide sub-
jects. This suggests that miR-
19a-3p expression is primarily
governed by independent
regulatorymechanismsdespite
being influenced by transcrip-
tional mediators at themiR-17-
92 cluster. It is pertinent to
mention that mapping of the
3: untranslated region, even with a less conservative target
prediction scheme with TargetScan (version 7.1; http://www.
targetscan.org/vert_71/), did not show any putative binding
site for the TNF-a gene for any of the miRNAs belonging to
themiR-17-92 cluster exceptmiR-19a-3p (for furtherdetails,
see Figure S8 in the online data supplement).

To understand the underlying mechanism of no in-
teraction ofmiR-19a-3pwith TNF-a, we tested whether there
were duplications or mutations in the 3: untranslated re-
gion of TNF-a or whether there were mutations in the seed
sequences of precursor-miR-19a. Sequencing of the TNF-a 3:

untranslated region revealed no mutations. Additionally,
no mutationsorduplicationswereobserved in theseedsequences
of precursor-miR-19a. These results rule out the possibility
that mutations or variations in TNF-a or precursor-miR-19a
played a role in preventing the interaction between these two
molecules.

Next, we investigated the role of TRBP. We found
that expression of TRBP was significantly lower in the

dorsolateral prefrontal cortex in suicide subjects. This raises
an interesting possibility that less availability of TRBP may
be critical in preventing miR-19a-3p binding to TNF-a. It is
pertinent to note that we previously reported that pre-
treatment of rats with a fluoroquinolone compound, which
stabilizes the complex between Dicer and TRBP and en-
hances Dicer-mediated precursor processing and/or loading
onto RISC, can ameliorate depressive symptoms (43), sug-
gesting that aberrant TRBP expression may have phenotypic
consequences.

We further tested the possibility that miRNA response
may be part of a homeostatic mechanism attempting to pull
down TNF-a expression but is thwarted by changes in the
accessibility of the TNF-a untranslated region through HuR
binding. HuR stabilizes specific transcripts by interacting with
adenylate-uridylate–rich elements present in the 3: untranslated
regions of protein coding genes (44). Interestingly, involvement
of target mRNAs of HuR in inflammatory responses has been
reported in studies on various disorders (45). In the present

FIGURE 5. In VivoDNAMethylation-Mediated Epigenetic Regulation of TumorNecrosis Factor–Alpha

(TNF-a) Transcription in the Brains of Individuals Who Died by Suicidea
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study, HuR antibody-mediated ribonucleoprotein immunopre-
cipitation assay was used to examine the interaction between
HuRand the 3: untranslated regionofTNF-a transcripts in vivo.
We observed that this interaction was highly enriched in the
dorsolateral prefrontal cortex in suicide subjects comparedwith
normal control subjects, suggesting that increased interaction of
HuR with TNF-a could be associated with its increased ex-
pression. This was further implied in our study of in vitroHEK-
293cells, inwhichsimilarHuRTNF-a transcript interactionwas
noted under ectopic overexpression of HuR protein, whereas a
reduction in HuR-mediated TNF-a transcript interaction was
identified in theHuRknockdownmodel. Thismechanismcould
be critical in preventing the binding of miRNAs to target genes.
Thus, HuR can potentially hinder and competitively eliminate
miR-19a-3p–mediatedrepressiveeffectonTNF-a transcriptdue
to induction of a conformational change in RNA structure and
subsequent obstruction of RISC-mediated interaction of miR-
19a-3p with TNF-a.

In addition to miRNA and HuR-mediated modifications,
we examined other epigenetic and genetic factors for their
possible roles in TNF-a upregulation in the brains of suicide
subjects. ForDNAmethylation,we identified apotential CpG
island within the TNF-a promoter region and performed
MeDIP analysis. We found that the TNF-a gene was hypo-
methylated in the dorsolateral prefrontal cortex in suicide
subjects compared with normal control subjects, suggesting
that altered promoter methylation may be involved in
upregulation of TNF-a in the brains of suicide subjects. For

genetic analysis, a case-control studywas designed. Based on
the literature, three SNPs (2308G/A: rs1800629; 2238G/A:
rs361525; and21031T/C: rs1799964) in the TNF-a promoter
were selected for genotyping. No significant differences of
allelic and genotypic frequency were found between suicide
subjects and normal control subjects, suggesting that genetic
polymorphisms may not be critical in TNF-a expression
changes in the brains of suicide subjects.

Our study shows not only that TNF-a is significantly
upregulated in thedorsolateral prefrontal cortex in thebrains
of suicide subjects but that there is a complex epigenetic
regulatorymechanism that governs this increase. A summary
of theseresultsandaputativehypothesisofTNF-aupregulation
arepresented inFigure6. Itappears thatseveralmolecules, such
as miR-19a-3p, TRBP, and HuR, may significantly contribute
to this upregulation. HuR may affect TNF-a expression
independently of miR-19a-3p. Epigenetic modification me-
diated by hypomethylation of the promoter region of TNF-a
appears to participate in this upregulation. Genetic factors
presumably do not play a role in the regulation of TNF-a.
Interestingly, in a pilot study (similar to our examination of
the dorsolateral prefrontal cortex) we observed that ex-
pression of both TNF-a and miR-19a-3p were significantly
increased in the peripheral blood mononuclear cells of de-
pressed individualswho had severe suicidal ideation. This
indicates that both TNF-a and miR-19a-3p can be exam-
ined in blood tissues, which might be associated with
suicidality. However, this is a very preliminary observation

FIGURE 6. Putative Model Depicting the Regulation of the Tumor Necrosis Factor–Alpha (TNF-a) Gene in the Brains of Individuals

Who Died by Suicidea
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presumably bedue todecreased transactivation-responseRNAbindingprotein (TRBP)expressionand/or its possibleelimination frombinding toTNF-a

by Hu antigen R (HuR). HuRmay affect TNF-a expression independently ofmiR-19a-3p. Additional transcriptional activationmay be attributed to DNA

hypomethylation of the promoter region of TNF-a. ARE=adenylate-uridylate–rich elements; CDS=coding DNA sequence; RISC=RNA-induced si-

lencing complex.
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that has limitations, such that the power of the study is quite
low. Furthermore, depressed patients without suicidal
ideation were not included in the analyses. Overall, our
study provides a novel concept in understanding the mo-
lecular basis of altered expression of TNF-a in suicidal
behavior.
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