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Abstract While Post Traumatic Stress Disorder (PTSD) is as-
sociated with immune dysfunction, the underlying mechanisms
remain unclear. Studies suggest a role for involvement of epi-
genetic mechanisms and microRNAs (miRNAs). Here, we ex-
amined genome-wide histone and DNA methylation in the pe-
ripheral blood mononuclear cells (PBMCs) in PTSD. We noted
significant differences in histone H3 trimethylation at K4, K9,
K27 and K36 sites in PTSD when compared to control. While
overall DNA methylation level did not differ significantly be-
tween control and PTSD, the promoters of several individual
genes (e.g., Interferon gamma (/FNG) and Interleukin (/L)-
12B) were differentially methylated. ChIP-seq data revealed
that the promoter of /FNG and TBX-21 was associated with
the activation marker H3K4me3 in PTSD. The transcript levels
of both IFNG and TBX-21 were higher in PTSD correlating
well with the altered methylation patterns. Furthermore, PTSD
patients showed increased expression of /L-12 in their PBMCs.
Analysis of both histone and DNA methylation markers sug-
gested that the expression of /-2 was also possibly activated
through epigenetic modification. Knockdown of lysine (K)-
specific demethylase 5B (KDMS5B), or inhibition of DNA

Marpe Bam and Xiaoming Yang contributed equally to this work.

P4 Mitzi Nagarkatti
Mitzi.Nagarkatti@uscmed.sc.edu

Department of Pathology, Microbiology and Immunology, School of
Medicine, University of South Carolina, Columbia, SC 29209, USA

William Jennings Bryan Dorn Veterans Medical Center, 6439
Garners Ferry Road, Columbia, SC 29209-1639, USA

Present address: Institute for Tumor Immunology,
Ludong University School of Life Sciences,
Yantai, Shandong 264025, People’s Republic of China

@ Springer

(Cytosine-5-)-methyltransferase 1 (DNMT1) caused up-
regulation of /L-12. Furthermore, the expression of these cyto-
kines was also regulated by miRNAs. Our miRNA microarray
identified many downregulated miRNAs in PTSD that are pre-
dicted to target /FNG and /L-12. Consequently, we showed that
up-regulation of hsa-miR-193a-5p could decrease the expres-
sion of IL-12. Overall, the current study demonstrated that the
elevated expression of pro-inflammatory cytokines in PTSD
patients might be regulated by multiple epigenetic mechanisms
and miRNAs.

Keywords Post-traumatic stress disorder - Inflammation -
DNA methylation - Histone modification - miRNA - IL-12

Introduction

Post-traumatic stress disorder may develop following a traumat-
ic event such as military combat. It is reported that 10-20 % of
U.S. military service members suffer from PTSD after return
from deployment to Iraq (Thomas et al. 2010). Even in general
adult population, the prevalence rate of PTSD is about 3.5 % in
the U.S. alone (Kessler et al. 2005). Symptoms related to stress
usually are temporary for most people following a traumatic
event. However, for PTSD patients, the traumatic event is so
overwhelming that the stress symptoms may last for a very long
time, which significantly affects the quality of life.

Although PTSD is mainly characterized as a psychiatric
disorder, the symptoms of sustained stress not only affect ner-
vous system but also other biological functions. Increasing
evidence indicates that immune function is one of the dysreg-
ulated functions in PTSD patients. A broad spectrum of cyto-
kine abnormalities have been reported in the blood samples
from PTSD patients by us (Zhou et al. 2014) and others (Hoge
et al. 2009). In general, the levels of pro-inflammatory
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cytokines are increased while those of anti-inflammatory cy-
tokines are decreased (Smith et al. 2011; Sutherland et al.
2003; von Kanel et al. 2007). It has been hypothesized that
dysregulation in the hypothalamic-pituitary-adrenal (HPA)
axis contributes to the dysfunction of immune system in
PTSD patients (Rohleder and Karl 2006). Insufficient regula-
tion by cortisol has also been suggested as a possible reason
(Gill et al. 2009). Despite these implications, it is unclear how
the excessive inflammation is induced in PSTD patients. Our
previous study and those of others suggest that epigenetic
modifications and miRNAs play important roles in altering
gene expression in the immune system of PTSD patients.
For example, we have found that the level of IFNG is signifi-
cantly increased in the PBMCs in PTSD patients and the in-
creased IFNG is, at least in part, regulated by miRNAs (Zhou
etal. 2014). A recent study suggests that DNA methylation may
contribute to the altered expression of long non-coding RNA
transcript H19 and IL-18 in PBMCs from PTSD patients by
comparing their DNA methylation levels in military personnel
before and after deployment (Rusiecki et al. 2013).

It is known that environmental factors can regulate gene
expression through epigenetic modifications and the effect
can last for a long time. Gene expression can be regulated
epigenetically at the transcriptional level by DNA methylation
and histone modifications and at the post-transcriptional level
by miRNA and other non-coding RNA (Flintoft 2013; He and
Hannon 2004; Rothbart and Strahl 2014). Among these epi-
genetic mechanisms, histone modification is probably the
most complicated one. Histones can be phosphorylated,
ubiquitinated, acetylated and methylated (Zhou et al. 2011),
and methylation can be mono-, di- or tri-methylation (Greer
and Shi 2012). Depending on the type and the site, these
histone modifications have a very diverse regulatory function
in gene expression. For example, trimethylation at lysine 4 in
histone H3 (H3K4me3) in the promoter is usually associated
with gene activation while trimethylation at lysine 27
(H3K27me3) is associated with gene repression (Bernstein
et al. 2006; Roh et al. 2007; Wei et al. 2009). Trimethylation
at lysine 9 in histone H3 (H3K9me3) is linked to gene silenc-
ing and trimethylation at lysine 36 (H3K36me3) is involved in
transcription elongation (Bannister et al. 2005; Mikkelsen
et al. 2007; Vakoc et al. 2005). As for DNA methylation, the
modification usually occurs at 5-cytosine in the CpG region.
A high degree of DNA methylation in the promoter area is
believed to suppress transcription. On the other hand, DNA
methylation level may be increased within the transcript body
of active genes (Muers 2013). Furthermore, DNA methylation
and histone methylation are interconnected. For instance, it
has been shown that histone trimethylation at H3K9 and
H3K?27 facilitates DNA methylation because the methyltrans-
ferases catalyzing H3K9 and H3K27 methylation bind to
DNA methyltransferases and facilitates their recruitment to
the target loci (Lehnertz et al. 2003; Vire et al. 2006). Thus,

the complex mechanism of epigenetic modifications is impor-
tant for the regulation of gene expression in response to envi-
ronmental stimuli including traumatic events.

Another level of gene regulation is played by miRNAs.
MicroRNAs are ~22 nucleotides, non-coding RNAs which
regulate gene expression post transcriptionally by inhibiting
mRNA translation or degradation (Ambros 2004). Many pre-
vious reports have showed the role of miRNAs in influencing
the expression of genes involved in immune function. For
example, in PTSD patients, our lab has shown that [IFNG level
is altered and this alteration correlated with the down regula-
tion of the hsa-miR-125a (Zhou et al. 2014).

To determine whether epigenetic modifications play a role
in the altered immune function in PTSD patients and to iden-
tify potential biomarkers for PTSD diagnosis, we first com-
pared genome-wide histone methylation and DNA methyla-
tion patterns in PBMCs from a healthy control and a PTSD
patient using ChIP-seq and MeDIP-seq methods.
Furthermore, we compared the DNA methylation levels of
specific genes using the data available on NCBI’s GEO
datasets (GSE21282) of whole genome DNA methylation
from 77 controls and 23 PTSD cases (Uddin et al. 2010).
Overall, we found a significant alteration in H3K4me3,
H3K27me3, H3K36me3 and H3K9me3 patterns, while the
overall DNA methylation did not change significantly. In ad-
dition, the expression of pro-inflammatory cytokines, /IFNG
and /L-12 was increased in PTSD patients and their expression
correlated with their associated epigenetic markers. To deter-
mine that the altered expressions of /FNG and /L-12 were
truly regulated by those epigenetic markers, we used methyl-
ation specific PCR and qRT-PCR in more PBMC samples,
and the results were consistent with our ChIP-seq and
MeDIP-seq data. Furthermore, knocking down H3K4me3 de-
methylation enzyme KDMJ5 B, or inhibiting DNA methylation
enzyme DNMT1, caused upregulation in the expression of /-
12B, suggesting that the above discussed epigenetic mecha-
nisms could probably regulate the expression of IL-12 and
IFNG. As another level of gene regulation, we identified al-
tered expression of many miRNAs that are predicted to target
the above mentioned genes. Consequently, we showed that
miR-193a-5p, predicted to target /L-12B, was downregulated
in PTSD and up-regulation of its expression in cultured cells
decreased the expression of IL-12.

In summary, to show that epigenetic mechanisms can in-
fluence gene expression and with special attention to PTSD,
we used ChIP-seq and MeDIP-seq data from one each control
and PTSD PBMCs as a screening tool to identify potential
target genes. Then, we confirmed our results in PBMCs from
PTSD patients by increasing the sample size and, by
performing in vitro experiments. In addition, we also showed
that pro-inflammatory gene expression could be regulated at
post transcriptional level by miRNAs. Our report has opened
future directions to look further into understanding the
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mechanisms involved in the initiation and sustenance of the
chronic inflammation in PTSD and developing therapeutic
strategies in managing the disorder.

Materials and Methods
Patients and Cell Preparation

Informed consent was obtained from all individual participants
included in the study. PTSD patients were Veterans of either the
1991 Persian Gulf war, or of the recent Iraq or Afghanistan
wars, recruited from the local VA hospital, as described earlier
(Zhou et al. 2014). Controls were age-matched healthy volun-
teers without any history of immunological disorders. Ten mL
of peripheral blood was processed immediately using Ficoll-
Paque (GE Healthcare, Uppsala, Sweden) centrifugation to iso-
late PBMCs and plasma. Viability of PBMC was determined
by trypan-blue exclusion. We included 17 controls and 16
PTSD patients for the present study.

ChIP-Seq

Isolated PBMCs were treated with formaldehyde (at a final con-
centration of 1 %) to crosslink histone and DNA. After formal-
dehyde was quenched by adding glycine, cells were then
pelleted and washed with cold PBS for 2 times. Chromatin
was then digested with Micrococcal Nuclease. After nuclear
membrane was disrupted by brief sonication, the sample was
centrifuged and the supernatant was used for chromatin immu-
noprecipitation with Simple ChIP-enzymatic Chromatin IP Kit
(Cell signaling, #9003, Danvers, MA). The ChIP antibodies,
H3K4me3 (ab1012), H3K27me3 (ab6002), H3K9me3
(ab8898) and H3K36me3 (ab9050) were purchased from
Abcam (Cambridge, MA). The cross link was reversed by
treating the immunoprecipitated chromatin with proteinase K.
DNA was then purified and quantified. The sequencing library
was constructed using [llumina’s Chip Sequencing sample prep-
aration kit (#1003473, Illumina Inc., San Diego, CA) according
to the manufacturer’s instruction and sequenced by Illumina
HiSeq2000 at Tufts University Genomic core facility.

MeDIP-Seq

Purified genomic DNA was treated with dsSDNA Shearase
(Zymo Research, Irvine, CA). DNA fragments with size from
200 to 400 bp were purified to construct sequencing library
using [llumina Chip-seq library preparation kit. dsSDNA was
then denatured and immunoprecipitated with anti 5-
methylcytosine antibody using a MeDIP kit from Diagenode
(Denville, NJ). Precipitated DNA was purified and sequenced.
The sample before immunoprecipitation was also sequenced
as input control.
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Data Analysis

Both ChIP-seq and MeDIP-seq libraries were sequenced with
single-end reads of 50 bp. Raw sequencing reads were
mapped to human genome build hg19 using Bowtie software
by allowing two mismatches in the read (Langmead et al.
2009). The mapped reads were then filtered and only uniquely
mapped reads were used for the downstream analysis. For
ChIP-seq data, SICER was used for the peak calling
(Blankenberg et al. 2010; Zang et al. 2009). The peak calling
parameters were 200 bp window size and 600 bp gap size
except for H3K4me3 in which 200 bp window size and
200 bp gap size were used. The peaks were visualized in the
UCSC genome browser (http://genome.ucsc.edu/). The
correlation heat map of these signals was generated using
DiftfBind software (Ross-Innes et al. 2012). Distribution of
signal in various genomic features was calculated using
CEAS software (Shin et al. 2009). Promoter region was de-
fined as 3 kb upstream and downstream of transcription start
site (TSS). For MeDIP-seq data, mapped reads were analyzed
with MEDIPS software (Lienhard et al. 2014). The location of
1 kb upstream and downstream of TSS was generated using
UCSC table browser. The DNA methylation signal was ex-
tracted and the correlation was analyzed. The miRNA regula-
tion of IL-12 and IFN-y pathway was analyzed using
Ingenuity Pathway Analysis (IPA; Qiagen, Redwood city,
CA). To analyze the DNA methylation levels of specific genes
using the data from NCBI database, the average 3 values were
obtained for each gene and compared between control (n=77)
and PTSD (n=23). The 3 values correspond to the values
obtained after performing microarray to detect the DNA meth-
ylation level at specific CpG islands.

Quantitative Real Time PCR (qRT-PCR) and Methylation
Specific PCR

Complementary DNA was synthesized using miScript II RT
kit (Qiagen, Valencia, CA) according to the manufacturer in-
structions. All the qRT-PCR reactions for the detection of gene
transcripts were performed using iQ™ universal SYBR®
Green supermix (Bio-Rad Inc., USA) with 25 ng of the
cDNA as template. For the detection of mature miRNA(s),
miScript SYBR® Green PCR kit (Qiagen, Valencia, CA)
was used with 3 ng of the cDNA template. For methylation
specific PCR, primers were designed employing software
available online on http://www.urogene.org/cgi-bin/
methprimer/methprimer.cgi (Li and Dahiya 2002). We used
the sequence of the promoter region including the
transcription start site (TSS) of IL-12B gene for designing
the primers. The primer sequences provided by the software
are as follows: Methylated (MSP) forward- AGTTGTT
GGGGTAGTATATTAACGG, reverse- TATTTCAAA
ACCATTAAACTCTCCG, Unmethylated (USP) forward-
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TGTTAGTTGTTGGGGTAGTATATTAATG, reverse-
ATTTCAAAACCATTAAACTCTCCAT. As per UCSC ge-
nome browser, there is one CpG island within 1Kb upstream
of the TSS of IL12-B gene. The genomic location of human
IL-12B gene spans from nucleotides 159314783 to
159330473 on chromosome 5. Thereafter, the DNA samples
were treated using a Bisulfite conversion kit (EpiTect Bisulfite
kit, Qiagen) according to the manufacturer instructions.
Subsequently, PCR was performed with the bisulfite convert-
ed DNA samples. The amplified product was examined in a
2 % agarose gel.

Plasma Cytokine Assay

Plasma samples stored in —80 °C after collection, as per
method described above, were used for the detection of
IL-12 (p70) and 26 other cytokines by using Bioplex assay
kit from Bio-Rad (Bio-Rad Inc., CA, USA) following man-
ufacturer’s instructions and the protocol previously de-
scribed by Zhou et al. 2014.

In Vitro Inhibition of DNMT1 with 5-Azacytidine
(5-AZA)

THP-1 cells were cultured in complete RPMI1640 medium
containing 50 ml FBS, 5 ml HEPES, 5 ml Penicillin-
Streptomycin and 0.9 ul 3-Mercaptoethanol every 500 ml
medium. Two million cells in exponential phase were then
treated with 1 uM 5-AZA in 1 ml medium for 2—4 days.
Every 24 h, half of the medium was replaced with fresh me-
dium and 5-AZA added. Total RNA was isolated from the
cells after the mentioned duration of treatment and used for
qRT-PCR to detect IL-12B transcripts.

Knockdown of KDM5B with siRNA

KdmS5b was knocked down in THP-1 cells by transfecting
siRNA specific for it. The siRNA, with the following se-
quence, was procured from Integrated DNA Technologies
(IDT, Towa, USA); sense: rGrCrCrArCrCrArUrUrUr
GrCrArUrGrUrGrArUdTdT and antisense:
rArUrCrArCrArUrGrCrArArArUrGrGrUrGrGrCdTdT. First,
2x10° THP-1 cells were seeded in 24 well plates in 500 pl
complete RPMI medium. After 24 h, 60 % of the medium was
removed and the cells were transfected with siRNA encapsu-
lated in Lipofectamine® RNAi MAX (Life Technologies,
USA) at a final concentration of Spmol following the instruc-
tions available with the transfection reagent. This was follow-
ed by addition of fresh medium equal to the volume removed
before transfection. Twenty four hours after transfection, re-
combinant human IFNG (100 ng/ml, Biolegend, USA) and
bacterial LPS (1 pg/ml, SIGMA, USA) were added to stimu-
late THP-1 cells to induce IL-12 expression. After stimulation

for 24 hours, the cells were harvested and total RNA extracted
for qRT-PCR determination of IL-12B and KDMS5B
transcripts.

miR-193a-5p and Anti-miR-193a-5p Transfection

Fresh PBMCs (1x10°) isolated from a healthy control were
transfected with either pre-miR or inhibitor (50nM final con-
centration) encapsulated in HiPerFect® Transfection reagent
(all from Qiagen, Valencia, CA) following the manufacturer
instructions. Control/mock transfection was performed with
only transfection reagent but no miRNA. After transfection
and making up the final volume for culture at the end of 6 h,
human recombinant IFNG (100 ng/ml) and bacterial LPS
(1 pg/ml) were added. The cells were then incubated for
24 hin a 5 % CO, incubator. After incubation for the men-
tioned duration, total RNA was isolated and used for qRT-
PCR estimation of IL-12B transcripts.

Results
Genome-Wide Histone H3 Trimethylation in PBMC

To determine whether the overall histone methylation status
was altered in immune cells from PTSD patients, we isolated
PBMC:s from the peripheral blood and performed ChIP-seq.
Four relatively well studied histone markers, H3K4me3,
H3K27me3, H3K36me3 and H3K9me3 were examined.
The signal intensity obtained from ChIP-seq of these markers
along the 23 chromosomes is shown as a Circos plot in
Fig. 1a. Overall, there were more regions in the PTSD sample
associated with H3K4me3, H3K36me3 and H3K9me3
markers. However, the numbers of genomic regions associat-
ed with H3K27me3 were similar between the control and
PTSD. This was further illustrated in the correlation analysis
as shown in Fig. 1b. It is known that these histone markers are
not evenly distributed across the genome (Mikkelsen et al.
2007; Roh et al. 2006). Their distribution patterns were also
compared based on genomic features. The signal distribution
profile of those 4 markers differed significantly between the
control and PTSD patient (Fig. 2a—d), suggesting a shift in the
location of these histone markers in the genome.

Global DNA Methylation in PBMC

Inasmuch as DNA methylation also plays an important role
in regulating gene expression, we compared global DNA
methylation pattern in PBMCs from a control and a PTSD
patient using MeDIP-seq. Reads that align to several posi-
tions in the genome are common in our MeDIP experi-
ments, because of high abundance of methylation at repet-
itive regions. Here, we used only uniquely mapped reads.
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Fig. 1 Genome-wide histone
methylation in PBMCs. PBMCs
from a control and a PTSD patient
were isolated and histone
methylation was examined by
ChIP-seq as described in
Methods. a) Circos plot showing
histone trimethylations in the 23
chromosomes in control and
PTSD. Starting from the
outermost circle, the circles
represent H3K4me3, H3K36me3,
H3K27me3 and H3K9me3,
respectively, in control and
PTSD. b) The heat map of overall
correlation of histone markers
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About 70-80 % of total sequence reads were uniquely
mapped to the genomes. In contrast to histone methylation,
the overall level and pattern of DNA methylation did not
differ dramatically between the control and PTSD. The
DNA methylation levels for the 23 chromosomes in both
the control and PTSD patient are shown as a Circos plot in
Fig. 3a. Many genes have CpG islands in their transcrip-
tion start site (TSS) and DNA methylation signal is usually
enriched in CpG islands. Enrichment analysis indeed
showed that DNA methylation signal was highly enriched
within 1 kb of TSS in both samples (Fig. 3b). Since DNA
methylation in the promoter region is known to regulate
gene activity, we performed signal correlation within 1 kb
of TSS of all genes. The overall DNA methylation level in
the promoter region correlated well between the control
and PTSD (Fig. 3c¢), indicating that most genes had similar
DNA methylation level near the TSS in these two samples.
However, the signal density was significantly different for
some individual genes, suggesting that the expression of
those genes might be altered through DNA methylation in
PBMCs from PTSD patients.
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Expression of IFNG and its Associated Histone and DNA
Methylation

In our previous study, we showed that the protein level of
IFNG was significantly increased in PBMCs from PTSD pa-
tients (Zhou et al. 2014). To determine whether the increased
protein was due to the enhanced transcription, we examined
the expression of /FNG and its transcription factor 7BX-21 by
real time PCR. The expression of both 7BX-21 and IFNG was
significantly increased in PTSD samples compared with the
control samples (Fig. 4c), suggesting that the transcription of
IFNG might be enhanced in PTSD. Examining the histone
methylation from our ChIP-seq data revealed that [FNG gene
in PTSD was associated with the activation marker H3K4me3
while this marker was absent in the control (Fig. 4a).
Similarly, more H3K4me3 marker was found in 7BX-21 gene
in PTSD (Fig. 4a). In addition, we also found that the DNA
methylation level near TSS of /FNG was lower in PTSD com-
pared to that in the control (Fig. 4b). However, no significant
difference in DNA methylation in 7BX-2/ promoter was
found (data not shown).
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Fig. 3 Genome-wide DNA
methylation pattern in PBMCs.
Genomic DNA was isolated from
PBMCs of a control and a PTSD
patient. DNA methylation was
examined by MeDIP-seq. a)
Circos plot showing DNA
methylation observed in the 23
chromosomes with controls
depicted in the outer circle and
PTSD patient in the inner circle.
The colored lines connect
location of miRNAs in different
chromosomes and the location of
the predicted or known targets of
the miRNAs. b) The relative
enrichment profile of DNA
methylation signal near the TSS.
¢) Correlation of DNA
methylation signal within 1 kb of
TSS between control and PTSD
sample
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Expression of IL-12 and its Associated DNA and Histone

Methylation

In our MeDIP-seq data, we found that the DNA methyla-
tion in the promoter of /L-/2B gene was significantly lower
in PTSD than that in the control (Fig. 5a). To determine
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whether the differential DNA methylation level in /L-/2B
gene was because of individual variation or PTSD, DNA
methylation specific PCR was performed using DNA iso-
lated from PBMCs from several controls and PTSD pa-
tients. The methylated bands were much stronger than the
unmethylated bands in the control samples, while the
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marker in /FNG and TBX-21. b) DNA methylation level within the
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intensities of methylated and unmethylated bands in PTSD
samples were similar (Fig. 5b). Furthermore, the promoter
region of /L-12B gene was associated with the activation
histone marker H3K4me3 in PTSD sample while a sup-
pressive marker, H3K9me3, was found in the control sam-
ple (Fig. 5¢). Both histone and DNA methylation markers
suggested that the expression of this pro-inflammatory cy-
tokine was activated through epigenetic modification.
Indeed, the expression of /L-12B transcript was higher in
PBMCs from PTSD samples than in control samples as
determined by real time PCR (Fig. 5e). The expression of
IL-124 gene, encoding the p35 subunit of IL-12, was also
slightly increased in PTSD (Fig. 5d). However, no differ-
entially associated histone marker or DNA methylation
was identified in our ChIP-seq and MeDIP-seq data (data
not shown), suggesting that /L-/24 gene might be regulat-
ed by other mechanisms. Comparison of the DNA methyl-
ation levels in the CpG islands corresponding to /L-12B,
using the NCBI’s GEO datasets, we found that the average
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change) of IFNG and TBX-21 transcripts in PBMCs from controls (n=17)
and PTSD patients (n=16) as determined by real time PCR, respectively.
Each square in the PTSD group represents one human subject. Level in
the control was set as 1

{3 values of PTSD was slightly lower than that of controls
(data not shown), indicating a lower DNA methylation
trend in PTSD.

Knockdown of KDM5B or Inhibition of DNMTI1
Up-Regulated the Expression /L-12B

KDMSB is a histone demethylating enzyme and is known
to demethylate lysine 4 of H3K4me3 specifically.
H3K4me3 type of methylation is associated with up-
regulation of the target genes. After transfection with
siRNA for KDM5B, the transcript level of IL-12B in-
creased significantly when compared to control (Fig. 6c¢).
In line with the transfection to knockdown, the transcript
level of KDMS5B was less in the transfected cells (Fig. 6d).
DNMT]1 is one of the enzymes responsible for methylation
of DNA and, at low dose 5-AZA is known to inhibit this
enzyme. Upon treatment with 1 uM concentration of 5-
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Fig. 5 Elevated expression of /L- a b
12 in PBMCs from PTSD
patients. PBMCs from control
and PTSD patients were isolated Control M‘“‘Mm
as described in Fig. 1. a) DNA
methylation in the promoter
region of IL-12B. b) Results of
DNA methylation specific PCR Control
from representative controls and PTSD
PTSD patients (M: methylated ‘h Rl “ALNL 'm I" o
DNA, U: unmethylated DNA). ¢) PTSD
Associated histone methylation
markers in IL-12B gene. d, e) gene @ 1 T N
Relative abundance (expressed as EEEE
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AZA, the transcripts of IL-12B was significantly higher
compared to THP-1 cells that were not treated (Fig. 6b).

Role of miRNA in the Expression of Pro-Inflammatory
Cytokines

We reported previously that increased IFNG in PBMCs from

PTSD patients was, at least in part, regulated by miRNAs
(Zhou et al. 2014). In that study, we also identified many

@ Springer

miRNAs whose expression was significantly down-
regulated in PTSD samples. To assess whether those altered
miRNAs were related to the increased expression of pro-
inflammatory cytokines, IFNG and IL-12, we performed a
miRNA-gene interaction analysis using Ingenuity Pathway
Analysis (IPA; Qiagen, Redwood city, CA). As shown in
Fig. 6e, several miRNAs directly target /L-12, IFNG or
TBX-21. Thus, we selected hsa-miR-193a-5p as it was shown
to be down regulated in our array data and also predicted to
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Fig. 6 [L-12B expression is
influenced by multiple epigenetic
mechanisms and miRNAs. a)
IL12 (p70) level in serum of
control and PTSD subjects as
analyzed by Bioplex assay. For
the in vitro studies, THP-1 cells
were treated with 5-AZA @1 pM
concentration in one type of
experiment, and transfected with
siRNA for KDM>5B in another,
followed by quantification of IL-
12B transcript by real time PCR.
b) Transcript level of IL-12B after
treatment with 5-AZA for 48 h. ¢)
Transcript level of IL-12B after
knockdown of KDMS5B. d)
Transcript level of KDM5B after
it was knocked down by siRNA.
e) MiRNA-gene interactive
network generated in IPA for the
dysregulated miRNAs and some
of the select targets. Green
indicates down regulated
miRNAs and red is for up
regulated. The solid arrows
indicate direct interaction and
broken for indirect. Subsequently,
hsa-miR-193a-5p was
up-regulated in THP-1 cells by
transfection with its pre-miR as
described in methods to see its
effect on IL-12 expression. f)
Level of hsa-miR-193a-5p in the
PBMC:s of PTSD detected by
qRT-PCR (control 17 and PTSD
16 subjects). g) Level of IL-12B
transcripts in the PBMCs from a
healthy control after transfection
with pre-miR-193a-5p or its
inhibitor. h) IL-12 (p70) detected
by ELISA in the culture
supernatant after transfection of
PBMCs from a healthy control
with pre-miR-193a-5p. (R4
relative abundance, RE relative
expression)
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target /L-12B. Our qRT-PCR analysis for the hsa-miR-193a-
5p showed that the miRNA was expressed at least 50 percent
less in PTSD (Fig. 6f). Upon transfection of THP-1 cells with
pre-miR-193a-5p, the transcript level of IL-12B was clearly
less in mimic-transfected group (Fig. 6g). Furthermore, upon
performing ELISA, with the culture supernatant for IL-12, we
could not detect it in the mimic-transfected group (Fig. 6h).

Discussion

Stress is a known factor that can induce epigenetic changes
and contribute to the pathogenesis of various disorders. Most
evidence of epigenetic regulation in the development of
PTSD-like symptoms comes from studies using animal
models, and those studies usually focus on the epigenetic
mechanisms in PTSD-related psychiatric effects. Very few
studies have investigated the role of epigenome in immune
dysfunction in PTSD patients. In this study, we first examined
global histone and DNA methylation status in PBMCs. For
this, we included only one sample each from the control and
PTSD groups because our goal was to use it as a screening tool
for identifying target genes. Significant changes in overall
level and genomic regions of 4 histone markers, particularly
those involved in H3K4me3, H3K36me3 and H3K9me3, sug-
gested that the activity of histone methyltransferases and
demethylases might be altered in PTSD. These results further
suggested that expression of significant number of genes
might be altered by histone methylation modification in
PTSD. However, we are very cautious to interpret these data
because individual variation may contribute to the altered his-
tone marks greatly. Nevertheless, stress-induced global chang-
es in histone methylation have been implicated in rodents. It
has been reported that in the rat brain, acute stress causes
changes in global levels of H4K9me3 and H3K27me3 with
minor changes in H3K4me3, while chronic stress reduces
H3K9me3 level and increases H3K4me3 level (Hunter et al.
2009). Histone deacetylases (HDACs) has been implicated in
memory formation and PTSD development. Reduced level of
HDAC?2 has been found in PTSD patients (Sun et al. 2013).
Despite the lack of the mechanistic link between PTSD and
altered expression of HDAC, these observations have raised
the possibility that the activity of histone modification en-
zymes can affect PTSD susceptibility and development. In
the future, we will examine whether the activities or expres-
sion of histone methyltransferases and demethylases are al-
tered in PBMCs with a large number of samples from healthy
control and PTSD patients.

As for DNA methylation, a couple of studies have shown
that the expression of some immune function genes in PBMCs
from PTSD patients is regulated by DNA methylation. Using
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microarrays to analyze methylation status of CpG sites in cells
from peripheral blood, Uddin et al.,(2010) have shown that
immune function related genes are overrepresented among
unmethylated genes in PTSD. Another study also showed
altered global as well as gene-specific DNA methylation pat-
tern associated with immune function (Smith et al. 2011). For
example, the expression of pro-inflammatory cytokine, IL-18
is increased in PBMCs from PTSD patients, and this increased
expression correlates with a decrease in DNA methylation in
the gene (Rusiecki et al. 2013). We found that the promoter
region in many genes in PBMCs of PTSD has different DNA
methylation levels when compared to control, even though the
overall methylation profile does not change significantly.
Thus, our data suggest that the expression of many of the
genes involved in the pathogenesis of PTSD and the inflam-
mation associated with it could be modified because of altered
DNA methylation in specific genes.

IL-12 is a pro-inflammatory gene whose role in PTSD-
related immune dysfunction has not been reported.
Functionally, IL-12 (p70) has IL-12A (p35) and IL-12B
(p40) subunits, which are combined as a heterodimer. Our
screening for altered gene expression indicated that /L-12B
expression is probably deregulated in PTSD. Correlating with
this observation, qRT-PCR analysis with bigger sample size
indeed showed that IL-12B gene transcript was more in
PTSD. Our histone methylation data showed a higher level
of H3K4me3 around /L-12B promoter in PTSD, which is
indicative of a higher transcription of the gene. Thus, to con-
firm that /L-12B transcription is influenced by H3K4me3
methylation, we knocked down KDMS5B by using siRNA.
KDMS5B is the enzyme responsible for demethylation of
H3K4me3 (Klein et al. 2014). We hypothesized that knocking
down KDM5B will result in decreased demethylation of
H3K4me3 leading to a higher transcription of /L-/2B gene.
Indeed, we saw higher transcript level of /L-12B after siRNA
knockdown of KDMS5B. Moreover, upon confirmation by
qRT-PCR, the level of KDM5B was less in the siRNA
transfected cells compared to vehicle indicating that the
knockdown was effective. These data indicated that IL-12B
gene expression is influenced by H3K4me3 methylation.

Additionally, our screening result indicated that DNA
methylation was lower in the promoter of /L-/2B in PTSD.
Thus, we performed methylation specific PCR with primers
encompassing the CpG island around the /L-/2B promoter
after including more samples. We found that the methylated
bands were much stronger than the unmethylated bands in the
control samples, while the intensities of methylated and
unmethylated bands in PTSD samples were similar. DNA
methylation around promoter region is associated with lower
transcription of the corresponding gene (Muers 2013). Thus,
our results indicated that the promoter of /L-/2B gene was
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heavily methylated in the control individuals and the expres-
sion of this gene might be suppressed. On the other hand,
DNA methylation on /L-12B promoter was lower in PTSD
and thereby the methylation-mediated suppression might be
lifted in PTSD. To confirm that /L-/2B gene expression is
influenced by DNA methylation as well, we set to alter
DNA methylation in THP-1 cells. We treated the cells with
5-Azacytidine (5-AZA) to inhibit DNA methyltransferase. 5-
AZA is believed to inhibit DNA methyltransferase at a lower
concentration (Christman 2002). Our treatment results
showed that /L-12B transcript was significantly more in the
treated group compared to vehicle controls. This observation
indicated that lower DNA methylation can enhance the ex-
pression of /L-12B and thus could possibly be another mech-
anism that leads to its altered expression in PTSD.

IFNG is a hallmark cytokine produced by Thl cells and its
expression is elevated in PBMCs from PTSD patients as shown
in our previous study (Zhou et al. 2014). IL-12 is known to
induce IFNG expression (Puddu et al. 1997) via the JAK-STAT
signaling pathway (Schroder et al. 2004). In this study, we
found that both histone marks and DNA methylation associated
with IL-12B and IFNG are altered, consistent with the fact that
their expression is increased in PBMCs from PTSD patients.
Based on this, we hypothesize that activation of /FNG produc-
ing cells in PTSD is probably through the IL-12 signaling
which involves the JAK-STAT pathway. Interestingly, our other
data (not published) on JAK and STAT molecules also show
that they are up regulated in PTSD compared to controls.
Moreover, TBX-21, the transcription factor that binds to
IFNG promoter (Djuretic et al. 2007; Collier et al. 2014) is also
up-regulated in PTSD as per our qRT-PCR analysis. The
H3K4me3 marker on 7BX-21 was found to be more prominent
in the PTSD sample as evidenced in Fig. 4a. This result sug-
gests that the observed up-regulation of the TBX-21 gene in
PTSD could be because of a higher H3K4me3 methylation.

Post-transcriptional regulation of gene expression by
miRNAs is another layer of gene regulation (Bartel 2004).
For example, we have already shown the relationship between
dysregulated IFNG in PTSD and altered expression of
miRNAs that target it (Zhou et al. 2014). In our ongoing study,
employing microarray, we have identified that the expression
of many miRNAs is down regulated in PBMCs from PTSD
patients (data not shown). Many of the downregulated
miRNAs are predicted to directly target /L-12, as shown in
Fig. 6e, suggesting that the expression of the pro-
inflammatory cytokine will be further increased. Thus, we
sought to further study the effect of hsa-miR-193a-5p in con-
text of /L-12B expression. We transfected pre-miR-193a-5p
into PBMC:s collected from healthy donor. Our results showed
that transfection with miR-193a-5p lowered the level of both
IL-12B transcripts and IL-12 p70. These data clearly indicated
that IL-12B could be a target of hsa-miR-193a-5p and altered
expression of the miRNA can influence the expression of IL-

12B at the post transcriptional level. However, we understand
that further study has to be performed to prove that hsa-miR-
193a-5p directly interacts with /L-12B.

In summary, the current study demonstrates that the pro-
inflammatory cytokine IL-12, is up-regulated in the PBMCs
of PTSD, thereby suggesting a role for IL-12 in the increase in
IFNG seen in these patients. Also, we provide evidence that
multiple epigenetic mechanisms and miRNAs can influence
the expression of pro-inflammatory genes. As a proof, we
demonstrate that the expression of /L-12 and /FNG could be
influenced by multiple epigenetic mechanisms (histone meth-
ylation, DNA methylation) and by miRNAs. Nonetheless, we
understand that a bigger sample size and cell specific study is
needed to gather more information on the genome-wide ef-
fects of PTSD on these epigenetic markers and the expression
of miRNAs. A recent large study showed that men and wom-
en with PTSD had a higher incidence of infectious disease,
endocrine-metabolic, neurologic, digestive, autoimmune, and
numerous other disorders (Frayne et al. 2011). It is interesting
to note that inflammation serves as the underlying cause of
most of such clinical disorders. Thus, our studies aimed at
understanding the role of epigenome and miRNA in triggering
heightened inflammation in PTSD may lead to development
of novel strategies to prevent and treat PTSD but also several
of the PTSD-associated clincial disorders.
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