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ABSTRACT
Posttraumatic stress disorder (PTSD) is a pathologic response to trauma that impacts w8% of the population and is
highly comorbid with other disorders, such as traumatic brain injury. PTSD affects multiple biological systems
throughout the body, including the hypothalamic-pituitary-adrenal axis, cortical function, and the immune system,
and while the study of the biological underpinnings of PTSD and related disorders are numerous, the roles of noncoding RNAs (ncRNAs) are just emerging. Moreover, deep sequencing has revealed that ncRNAs represent most of
the transcribed mammalian genome. Here, we present developing evidence that ncRNAs are involved in critical
aspects of PTSD pathophysiology. In that regard, we summarize the roles of three classes of ncRNAs in PTSD and
related disorders: microRNAs, long-noncoding RNAs, and retrotransposons. This review evaluates ﬁndings from both
animal and human studies with a special focus on the role of ncRNAs in hypothalamic-pituitary-adrenal axis abnormalities and glucocorticoid dysfunction in PTSD and traumatic brain injury. We conclude that ncRNAs may prove
to be useful biomarkers to facilitate personalized medicines for trauma-related brain disorders.
Keywords: Glucocorticoids, Long-noncoding RNA, MicroRNA, Noncoding RNA, PTSD, Retrotransposons, Stress,
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Posttraumatic stress disorder (PTSD) is the simultaneous
presentation of four symptom clusters—intrusions, avoidance,
negative cognitions, and hyperarousal—initiated after the
experience of a traumatic event (1). It is a common condition
with prevalence rates of 4% to 8% (2) and is highly comorbid
with other psychiatric diagnoses and traumatic brain injury
(TBI), particularly in military populations (3,4). The clinical
deﬁnition is not rooted in biology, yet molecular (5,6) and
circuit-deﬁned (7,8) subtypes have been proposed, elucidating
its biological heterogeneity. Historically regarded as a brain
disease, PTSD affects whole body health (9,10), and its effects
can potentially be measured peripherally (e.g., blood). In pursuit of biomarkers and a deeper understanding of PTSD
pathophysiology, the role of noncoding RNAs (ncRNAs) is
prime for exploration and should be studied together with alterations in coding RNAs (11).
The majority of the genome is transcribed, but until recently,
research focused only on the 2% of the genome encoding
proteins (12). The remainder constitutes the noncoding
genome, which is widely transcribed into ncRNAs. In this
review, we consider the role of three classes of ncRNAs in
PTSD: the well-characterized microRNAs (miRNAs), which
are 21 to 23 nucleotides in length; long-noncoding RNAs
(lncRNAs), classiﬁed as RNA longer than 200 nucleotides; and
retrotransposons, which range between 400 and 6000 nucleotides in length.
Functionally, the primary role of miRNAs is to regulate RNA
stability and translation (13) (Figure 1A). lncRNAs interact with
DNA, other ncRNAs, and proteins, and they are implicated in
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processes covering a wide range of transcriptional (e.g., guide,
decoy, scaffold), posttranscriptional (e.g., miRNA sponges,
RNA splicers), and posttranslational modiﬁcations (e.g.,
messenger RNA [mRNA] decay, cellular localization of RNA- or
DNA-binding proteins) (14) (Figure 1B). Contrastingly, the
function of most retrotransposons remains poorly understood.
Many have been shown to regulate transcription and maintenance of heterochromatin structure and likely represent a bank
of regulatory elements, such as alternative promoters. Also,
due to their high interindividual variance, retrotransposons may
represent useful biomarkers of disease susceptibility. ncRNAs
are often classiﬁed as epigenetic mechanisms together with
DNA methylation and histone modiﬁcations. This kind of molecular mechanism may be retained through meiosis and can
lead to transgenerational or intergenerational epigenetic
transmission, where epigenetic information transmits from
parents to offspring (15,16).
The number of functional RNA units in mammalian genomes
has been estimated as high as w4 million (17). The number of
annotated ncRNA genes exceeds that of protein-coding genes
(18) (Table 1) and is constantly increasing as RNA sequencing
identiﬁes previously undetected RNA transcripts across
various tissues. These estimates imply that most genomic
functional complexity lies in genes that are largely unexplored.
The prevailing theory is that the noncoding genome may be
central to the evolution and development of multicellular organisms and cognition (19). The complexity of higher-level
organisms seems to be driven by a more sophisticated
regulatory architecture, relying on functional ncRNAs rather
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Figure 1. Noncoding RNA (ncRNA) mechanisms.
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(A) Processing of small ncRNAs from doublestranded RNA (dsRNA) by the Dicer and Drosha ribonucleases. A number of sources produce dsRNA,
such as viruses (either endogenous or exogenous),
microRNA (miRNA) genes, or the piwi RNA (piRNA)
genomic cluster. Small ncRNAs are then able to
target RNAs for cleavage or degradation, act as
miRNAs on protein or RNA stability, as well as direct
inhibition of transcription. [Adapted with permission
from Sarkies and Miska (142).] (B) Known regulatory
functions of long-noncoding RNAs (lncRNAs)
include (clockwise from top right) interactions with
the adenosine deaminase acting on RNA (ADAR)
RNA editing complex, which converts adenosine to
inosine; lncRNAs may interact directly with nascent
messenger RNA (mRNA) to prevent splicing (and
may be spliced in itself to produce hybrid transcripts); they may act as an miRNA sink or block
miRNA from interacting with target RNAs (either
regulatory or mRNA); they may regulate the degradation and transport of other RNAs through interactions with Staufen proteins; lncRNAs might
also interact with mRNAs and ribosomes during
translation to alter the efﬁciency of that process;
lncRNA may help form scaffolds for epigenetic
modiﬁcation machinery, assist in targeting transcription factors to target sites in the genome, or
repress transcription or activate it (143–145).
[Adapted with permission from Yang et al. (143).]
AAA, poly adenosine tail; AGO, argonaute; Me,
methyl group; miRNAi, miRNA-mediated RNA
interference; Pri-miRNA, primary miRNA; PTGS,
posttranslational gene silencing; RISC, RNAinduced silencing complex; RNAi, RNA interference; RNAP, RNA polymerase; SF, splicing factor;
SINE, short interspersed nuclear elements; siRNA,
small interfering RNA; 5mCNG, methylated CpG
site; 7mG, 7-methylguanine.
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than an expansion of protein-coding genes. In contrast to
protein-coding genes, ncRNAs are selected more by structure
than sequence (20). The noncoding genome shows higher
levels of interindividual (21), between-tissue (22), and
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interspecies (22) variability than the protein-coding genome
does. Indeed, the difference between the noncoding genome
of humans and chimpanzees is at least twice that found in their
coding genome (23). Thus, pathophysiological research and
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Table 1. Landscape of Noncoding RNAs
No. Gene/Sequences
ncRNA Species
miRNA
lncRNA (lncRNA and antisense)
Retrotransposons (LINE/LTR/SINE)a

Human (hg38)

Mouse (mm10)

Rat (rn6)

1890

2254

1588

24,229

11,544

3,379

1,570,523/754,264/1,852,583

989,435/973,534/1,533,283

1,007,640/914,902/1,517,721

This table reports the number of the three noncoding RNA (ncRNA) classes considered in this review according to release 91 of Ensembl Genes
Database for Human, Mouse and Rat species (useast.ensembl.org/biomart). There are several other databases that report different numbers of
ncRNAs, although some are species-speciﬁc, such as lncRNAdb (www.lncrnadb.org/), LNCipedia (https://lncipedia.org/), FANTOM CAT (fantom.
gsc.riken.jp/cat/), and MiTranscriptome (mitranscriptome.org/), while other are more comprehensive, such as NONCODE (www.noncode.org/).
hg38, Homo sapiens reference genome version 38; LINE, long interspersed nuclear elements; lncRNA, long-noncoding RNA; LTR, long terminal
repeat; miRNA, microRNA; mm10, Mus musculus reference genome version 10; rn6, Rattus norvegicus reference genome version 6; SINE, short
interspersed nuclear elements.
a
Repbase: www.girinst.org/repbase/.

the pursuit of biomarkers and novel therapeutics for stressrelated disorders, which present with substantial interindividual variation in susceptibility, would beneﬁt by the inclusion
of ncRNAs.
The role of ncRNAs in the pathophysiology of neuropsychiatric disorders has been thoroughly reviewed elsewhere
(24–28). Despite compelling results implicating biological
pathways such as the hypothalamic-pituitary-adrenal (HPA)
axis and glucocorticoid receptor (GR) signaling, the genetic
determinants of PTSD and the molecular mechanisms underlying PTSD pathophysiology remain poorly understood
(29). Here, we will consider evidence emerging from animal
and clinical studies of trauma-related disorders and PTSDlike syndromes to illustrate the potential role of ncRNAs in
PTSD pathophysiology. Evidence that GR signaling, along
with other biological pathways, might be regulated by
ncRNAs underscores their attractive potential as risk factors,
diagnostic biomarkers, and drug targets, which have been
successfully exploited in cancer, cardiovascular, and immune
conditions (14).

MICRORNAs
miRNAs inhibit translation of 50% of the transcriptome and are
highly conserved and abundant (13). There are speciﬁc chromosomes observed in each species where the numbers of
miRNA genes are high; in humans, w29% of miRNAs map on
chromosomes 1, 2, 19, and X. After transcription, miRNAs
undergo transcript-speciﬁc maturation steps (by Drosha in the
cell nucleus; by Dicer in the cytoplasm) to become functional
(Figure 1A). They bind to 3’ untranslated region or non-3’ untranslated regions of their target mRNAs to repress protein
expression through a combination of translation silencing and
mRNA destabilization (13) (Figure 1A).

miRNA Expression Proﬁles in Healthy Versus
Pathologic States
miRNA expression proﬁles are widely distributed across
human tissues, and while single miRNAs are not unique to
individual tissues or cell types, they are more highly expressed
in a subset of tissues (30–32), including different brain regions
(33). This information is readily available through databases of
miRNA target predictions and expression proﬁles (e.g., www.
microrna.org) (34). In abnormal or dysfunctional tissue, individual miRNAs, usually retained in healthy tissue, can be

selectively released (35). Since they can pass through the
blood-brain barrier, due to their small size, and are stable in
blood (36), they are relevant targets for peripheral measurement and have been a topic of recent interest in neuropsychiatry (24,26,28).

miRNA in Animal Studies
Validating animal models of PTSD with translational value has
been challenging, similarly to most psychiatric disorders,
where the primary focus has been face validity rather than
etiologic or construct validity (37). Most models investigate
biological responses to stressful stimuli (restraint stress, social
defeat stress, predator exposure, foot shock, etc.), but they do
not focus on individual differences of stress response (37).
PTSD-speciﬁc models, such as single prolonged stress, have
not measured ncRNAs, while models of anxiety, depression,
and fear have reported on ncRNAs (Table 2). However, distinctions between animal models of speciﬁc psychiatric outcomes are likely artiﬁcial (38). All models probably map broadly
onto stress-related psychopathology, including not only PTSD,
but also depression, anxiety, addiction, and aggression, which
often co-occur.
Prolonged activation of the HPA axis after chronic restraint
stress (CRS), occurring only in Fischer 344 inbred rats, and not
in control Sprague Dawley outbred rats, was associated with
miR-18a-dependent GR downregulation (39). In stressresponsive regions of the rodent brain, acute restraint stress
(ARS), compared with CRS, differentially affects the miRNA
transcriptome. Meerson et al. (40) demonstrated miR-134 and
miR-183 upregulation in the central nucleus of the amygdala
(CeA) following ARS, compared with unstressed control animals, while CRS downregulated miR-134 in both the CeA and
hippocampal CA1 region.
In adult mice, Dicer1 ablation in CeA increased anxietylike behavior, but it did not change the corticosterone
response to ARS. ARS shifted the miRNA expression proﬁle
in the amygdala of wild-type mice and upregulated miR-34c.
Subsequently, amygdala miR-34c overexpression prevented
ARS-induced anxiety, possibly through downregulation of
Crhr1, encoding corticotropin-releasing hormone receptor 1
(41). Another study revealed that ARS downregulates
amygdala levels of miR-135a and miR-124 in parallel with
upregulation of one of their target genes, Nr3c2, encoding
the mineralocorticoid receptor, the other receptor for glucocorticoids (GCs) (42).
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Table 2. Noncoding RNA Findings in Animal Stress Studies
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No. of
Hits Measured

Statistical
Cutoff

Main Findings

Experiment
for Causal
Evidence

Ref.

GEO No.

miRNA
miR-18a
upregulated in
F344 rats
prestress and
poststress

Transfected
with miR-18a
expression
vector in
SH-SY5Y cells

(39)

None

200

p , .05 and
LR . 0.25

None

200

p , .05 and
LR . 0.25

Overexpression
or knockdown
of miR-183 in
CHO cells

(40)

16

Central amygdala Customized
spotted
array

28

200

p , .05 and
LR . 0.25

Naïve: pool of 3 or 4
Stress: pool of 3 or 4

Hippocampal CA1 Customized
spotted
array

22

200

p , .05 and
LR . 0.25

ARS differentially
affects the
miRNA
transcriptome
(miR-132,
miR-134,
miR-183,
let-7a-a,
miR-9-1,
miR-124a-1)
when compared
with CRS

Mouse

Naïve: 2
Stress: 3

Amygdala

miRNA
microarray
(Agilent);
miRNA
microarray
(Affymetrix);
qRT-PCR
validation

NR

350

p , .05 and
LR . 0.20
for Agilent,
p , .05 and
LR . 0.40
for Affymetrix

miR-15a, miR-15b,
miR-34c, miR-34a,
miR-92a, and miR100 were
upregulated across
platforms

Overexpression of
miR-34c in
the CA

(41)

None

ARS

Mouse

Naïve: pool of 12
Stress: pool of 12

Amygdala

Customized
miRNA
microarray;
qRT-PCR
validation

14

288

LR . 1 and log
intensity .8
and ,14

miR-135a and
miR-124 were
downregulated

Overexpression
of miR-135a and
miR-124 in N2a cells

(42)

None

CSDS

Mouse

GFP_Naïve: 12
GFP_Resilient: 12
GFP_Susceptible: 4
b-cateninCre_Naïve: 12
b-cateninCre_Susceptible: 8

NAc

Small-RNASeq
(Illumina)

p , .05 and
foc . 1.3 (in
any of the
pairwise
comparisons)

b-catenindependent
microRNA
regulation
associated
with
resilience

For cell-type speciﬁc
overexpression,
an HSV carrying
b-catenin in a
lox-stop cassette
was used in
conjunction with
D1- and D2-Cre
transgenic mouse
lines. Viral-Cre
was used for local
knockdown of
b-catenin or
Dicer1
in conditional
ﬂoxed mice.

(43)

GSE61295

Rat

Naïve: 6
Stress: 6

PVN

ARS

Rat

Naïve: pool of 3 or 4
Stress: pool of 3 or 4

ARS

Rat

CRS

qRT-PCR

1

1

Central amygdala Customized
spotted
array

10

Naïve: pool of 3 or 4
Stress: pool of 3 or 4

Hippocampal CA1 Customized
spotted
array

Rat

Naïve: pool of 3 or 4
Stress: pool of 3 or 4

CRS

Rat

ARS

400

NR
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CSDS

Mouse

Naïve: 10–11
Resilient: 10–11
Susceptible: 10–11

PFC

qRT-PCR

CSDS

Mouse

Naïve: 4 pools
of 3
Stress: 6 pools
of 3

Amygdala

CSDS

Mouse

Naïve: 4 pools
of 3
Stress: 6 pools
of 3

CSDS

Mouse

Subchronic
variable
stress

Mouse

No.
of
No. of
Hits Measured

Statistical
Cutoff

Experiment
for Causal
Evidence

Ref.

GEO No.

miR-218
downregulation
in susceptible
mice

Transfection
with a
synthetic
miR-218 in
IMR-32 cells

(44)

None

miR-19b
upregulated

Overexpression
or knockdown
of miR-19b
in the BLA

(45)

None

p , .01 and
foc . 1.75

miR-15a
upregulated

Overexpression
of miR-15a in
the BLA

(46)

GSE87488

2383

FDR , 0.1
and foc .
1.5

3 miRNAs
(miR-29b,
miR-302a,
and let-7d)
downregulated
in the short
exposure and
short rest
group

Transcriptome
analyses on
a mouse
ﬁbroblast cell
line that was
transfected
with a miR-29
miRNA mimic

(48)

GSE52869;
GSE52872

NR

p , .05 and
foc . 1.3 (in
any of the
pairwise
comparisons)

Male and female
mice show
different NAc
miRNA proﬁles
following
subchronic
variable stress

None

(146)

GSE90962

p , .05

Pri-miR-132
upregulated

Kinetics of
pri-miR-132
induction

(49)

None

2383

p , .05 and FDR
correction

miR-3559-3p and miR- None
1971 were
downregulated by
ﬂuoxetine in
shocked mice

(57)

None

2383

p , .01 and
dLMR = 0.5

miR-34a and miR-187 Knockdown of
upregulated
miR-34a
in the BLA

(51)

GSE59072

1

1

miRNA
microarray
(Affymetrix);
qRT-PCR
validation

NR

1412

Amygdala

miRNA
microarray
(Affymetrix);
qRT-PCR
validation

NR

1412

4 per group

Heart

miRNA
microarray
(Exiqon); qRTPCR validation

3

Naïve: 3 per
gender
Stress: 3 per
gender

NAc

Small-RNASeq
(Illumina)

70

Shock,
Mouse
odorexposure

Naïve: 12
Shock/stress: 5–6

Hippocampus

qRT-PCR

1

1

Shock

Mouse

No shock 1
vehicle: 6
No shock 1
ﬂuoxetine: 6
Shock 1
vehicle: 6
Shock 1
ﬂuoxetine: 6

PFC

miRNA
microarray
(Exiqon);
qRT-PCR
validation

2

FC

Mouse

Naïve: 4
FC: 4

Amygdala

miRNA
microarray
(Exiqon);
qRT-PCR
validation

2

p , .05

Main Findings
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Sample Size

Tissue

Methods

FC

Mouse

Naïve: 2
(in triplicate)
FC: 2
(in triplicate)

Dorsal
hippocampus

miRNA microarray
(Exiqon);
qRT-PCR
validation

FC

Mouse

Naïve: 8
FC: 30 min: 8
FC: 2 hours: 8

Hippocampus

qRT-PCR

FC

Rat

Naïve: 4 pools of the
same 8
Unpaired: 4 pools of
the same 8
Paired: 4 pools of the
same 8

Lateral amygdala miRNA
microarray
(Affymetrix);
qRT-PCR
validation

FC

Rat

Naïve: 4
FC: 4

Hippocampus

miRNA
microarray
(Miltenyi);
qRT-PCR
validation

Mouse

Naïve: 5
FE: 5

Infralimbic PFC

qRT-PCR

SEFL

Rat

Naïve: 10
Stress: 10

Hippocampus

RNA microarray

FC

Mouse

Naïve: 6
Context only: 6
FC: 5

mPFC

RNAseq

Fear
extinction

No.
of
No. of
Hits Measured

Statistical
Cutoff

Experiment
for Causal
Evidence

Ref.

GEO No.

19

2383

foc . 0.5

5 miRNAs (miR-33,
miR-381-5p, miR136-5p, miR-14439, miR-494-3p)
predicted to target
mRNAs encoding
GABAA receptors

Overexpression
or knockdown
of miR-33
in the dorsal
hippocampus

(52)

None

NA

NA

p , .05

miR-132 was
upregulated
30 min after FC
and returned to
baseline in 2 hours

Knockdown
of miR-132
in the
hippocampus

(53)

None

Overexpression of miR- (50)
182 in the lateral
amygdala

None

1

350

21

2063

2

Main Findings

miR-182
miRNAs predicted
downregulated
to target $1 of
several ARPs and
downregulated 2.0fold in the paired
group
relative to naïve
group
p , .05 and
foc . 1.5

Vesicular transport and Overexpression
or knockdown
synaptogenesis
of miR-153
pathways as the
in the
major targets of
hippocampus
the fear-induced
miRNAs

(147)

GSE84262

3

p , .05

miR-128b
upregulated

(55)

None

769

38237

p , .05

143 lncRNAs and 167 No
mRNAs were
upregulated and 150
lncRNAs and 309
mRNAs were
downregulated

(90)

None

53

w30545

p , .03

Knockdown
53 loci were altered
of Gomafu
in either contextexposed or FC mice; in mPFC
Gomafu
downregulated
after FC

(91)

None

Overexpression
or knockdown
of miR-128b
in the ILPFC

lncRNA
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ARP, actin regulatory proteins; ARS, acute restraint stress; BLA, basolateral amygdala; CA, central amygdala; Cre, Cre recombinase transgene; CRS, chronic restraint stress; CSDS,
chronic social defeat stress; dLMR, difference in average expression levels between sample groups, log2 scale; ERV, endogenous retrovirus; FDR, false discovery rate; FC, fear
conditioning; FE, fear extinction; foc, fold change; GABAA, gamma-aminobutyric acid A; GEO No., Gene Expression Omnibus accession number; GFP, green ﬂuorescent protein; HSV,
herpes simplex virus; IAP, intracisternal-A particle; ILPFC, infralimbic prefrontal cortex; lncRNA, long-noncoding RNA; LR, log ratio; LTR, long terminal repeat; miRNA, microRNA; mPFC,
medial prefrontal cortex; mRNA, messenger RNA; NA, not applicable; NAc, nucleus accumbens; NR, not reported; PFC, prefrontal cortex; qRT-PCR, quantitative real-time reverse
transcription polymerase chain reaction; RNAseq, RNA sequencing; SEFL, stress-enhanced fear learning; SINE, short interspersed nuclear element.

None
(117)
No
L1 transposase
transcript
upregulation by
SEFL
p , .05 and
FDR correction
22500
1
RNA microarray
(Illumina); qRT-PCR
validation
Amygdala
Rat
SEFL

Naïve: 8
Stress: 8

qRT-PCR
Hippocampus
Naïve: 12
Stress: 12
Rat
ARS

Species

Retrotransposon RNA
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2

2

No.
of
No. of
Hits Measured

p , .005

Statistical
Cutoff

Main Findings

No
Acute stress
downregulation of
IAP-ERV/LTR and
B2 SINE RNA in the
hippocampus but
not other brain
regions examined

Experiment
for Causal
Evidence

Ref.

(111)

GEO No.

GSE41217
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miRNA biogenesis in the nucleus accumbens appears
crucial for differences in the behavioral response to chronic
social defeat stress (CSDS) as Dicer1-deﬁcient animals were
vulnerable to milder versions of this stress paradigm (43).
Upregulation of Dcc, encoding for deleted in colorectal cancer,
and reduced levels of miR-218 in the prefrontal cortex (PFC)
are molecular signatures of murine CSDS susceptibility (44).
CSDS-exposed mice showed miR-19b and miR-15a upregulation. These are both essential elements of the RNA-induced
silencing complex–Ago2 complex in the amygdala concomitant with protein reduction of their putative target genes, Adrb1
(45), encoding the adrenergic receptor beta-1, and FKBP51
(46), encoding FK506 binding protein 5. Also, miR-135a
upregulation in the raphe nuclei was involved in the prevention of post-CSDS social avoidance, by imipramine, a selective
serotonin reuptake inhibitor (47). Post-CSDS behavioral phenotypes were also associated with heart injury and downregulation of miR-29b, miR-302a, and let-7d (48).
In the context of fear conditioning (FC), hippocampal premiR-132 was upregulated after contextual FC (49). Arraybased analyses identiﬁed miR-182 downregulation in the
lateral amygdala 1 hour after auditory FC in rats and its overexpression disrupted long-term, but not short-term, fear
memory (50). miR-34a upregulation in mouse basolateral
amygdala, which targets Crhr1, 30 minutes after auditory FC,
was reversed by inhibition of Notch signaling, producing an
impairment of fear memory (51). Array-based discovery of miR33 upregulation 24 hours after auditory FC was validated with
overexpression and knockdown experiments (52). Mature miR132 is upregulated and peaks at 30 minutes after trace FC and
returns to the baseline in 2 hours, while pre-FC hippocampal
knockdown impairs memory acquisition (53). In another study,
infralimbic PFC miR-128b increased after extinction learning,
and its knockdown impairs extinction recall, while miR-144-3p
decreases in mice with fear extinction deﬁcits and its overexpression can prevent those deﬁcits (54,55). Mice lacking
SIRT1 catalytic activity in a brain-speciﬁc manner (SIRT1D)
showed decreased freezing and CA1 synaptic plasticity linked
to hippocampal differential expression of brain-enriched miRNAs. Reversing the upregulation of miR-134 in SIRT1D
rescued the behavioral and neuronal phenotypes (56). Finally,
in a mouse model of PTSD that distinguishes between
conditioned and sensitized fear 4 weeks after conditioning,
ﬂuoxetine in shocked mice was associated with a miR-1971
downregulation in PFC (57).

Putative Role of miRNAs in Early-Life and
Transgenerational Stress Effects
Early-life trauma is a risk factor for PTSD and other behavioral
disorders. Many studies of early-life stress in rodents reveal
long-lasting effects, depending on both genetic background
and adult stress exposures, likely conferring epigenetic
changes in genes involved in the stress circuitry (58).
Uchida et al. (59) reported that rats that underwent maternal
separation for 3 hours in the ﬁrst 2 postnatal weeks, compared
with nonrestrained rats with and without early-life stress,
showed increased depression-like behaviors in adulthood
following CRS. Furthermore, the maternally separated rats
exhibited medial PFC upregulation of Rest4, a neuron-speciﬁc
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splicing variant of the transcriptional repressor element-1
silencing transcription factor, and a variety of repressor
element-1 silencing transcription factor target mRNAs and
miRNAs (59).
Maternal separation for 6 hours in the ﬁrst postnatal week
induced depression-like behaviors and downregulation of Bdnf,
encoding for brain derived-neurotrophic factor, and miR-16
upregulation in the hippocampus (60). After chronic unpredictable stress in adulthood, maternally separated rats displayed
depressive-like phenotypes along with upregulation of miR504, linked to a downregulation of dopamine receptor genes
(Drd1 and Drd2) in the nucleus accumbens, and miR-9 downregulation, linked with Drd2 upregulation, in the striatum (61).
Emerging evidence in animal models of stress reveals that
stress-induced changes in miRNA expression can be transmitted from one generation to another, opening the possibility of
transgenerational epigenetic inheritance. In the sperm of male
mice exposed to prenatal or chronic stress, either in puberty or
as adults, speciﬁc miRNAs were altered and were predictive of
offspring with HPA-axis dysregulation (62,63). Similarly, another
study showed that postnatal maternal separation increased
anxiety and depression-like behavior; altered blood glucose and
insulin levels; and modiﬁed sperm, hippocampal, and hypothalamic RNA levels—including miRNA proﬁles—in male mice.
Furthermore, injecting sperm miRNA from a stressed male into
oocytes fertilized by nonstressed parents generated the stressinduced phenotype in offspring, who exhibited altered metabolism and behavior akin to those observed in the stressed father (64). The review by Chan et al. (65) provides an overview of
the intergenerational stress effects.

miRNA in Human Studies
While animal studies of stress measure miRNAs in the brain,
human studies rely primarily on blood. Four cross-sectional
miRNAs studies in PTSD patients and control subjects and
one array-based total RNA study yielded divergent results,
with little overlap in modulated miRNAs between studies
(Table 3). First, a miRNA signature in military PTSD, comprising
8 signiﬁcant multiple-comparison corrected hits, was discovered, with hits associated with biological pathways involved in
axonal guidance and cancer (66). Second, 71 miRNAs,
exhibiting differential regulation in control subjects versus
PTSD patients, some of whom also had depression, were reported (67). Pathway analysis revealed an association with
inﬂammation. Third, downregulation of miR-3130-5p in PTSD
across two independent populations was reported (68). Fourth,
an additional study revealed 190 dysregulated miRNAs in
PTSD subjects, many with comorbid depression, versus control subjects (69). Fifth, miR-21 upregulation in veterans with
PTSD was reported in a non-miRNA-speciﬁc microarray study
(70). Among these studies, miR-15b downregulation was reported by two studies (66,67). miR-15b is also associated with
multiple cancers (71); is a potential biomarker for Alzheimer’s
disease (72), which is interesting as PTSD increases risk for
dementia (73); and is involved in GC signaling (see Putative
Role of ncRNAs in GR Signaling in PTSD). The divergent results above may be due to differences in study design and
assays as well as to inadequate statistical power due to relatively small sample sizes (74).
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DICER1 expression decreases in PTSD (68), perhaps related
to the increased vulnerability described in the animal model
above (43), leading to lower concentrations of miRNAs in case
versus control subjects overall when measured via RNA
sequencing. Supporting this, the majority of PTSD bloodbased miRNA studies report reduced miRNA expression in
PTSD (Table 3). Reduced DICER1 expression levels are also
associated with positive affect (75), which is indicative of the
cross-disorder role of DICER and possible reduced miRNA
concentration across multiple psychiatric disorders (75).
Functionally, miRNAs regulate posttranscriptional gene
expression, and while any single miRNA’s inﬂuence is small,
the overall reduction in miRNAs may lead to “decreased
buffering” of gene expression, allowing large ﬂuctuations in
transcript levels and downstream protein expression, potentially permitting pathogenic processes to take over.

PTSD and TBI Comorbidity and miRNA Regulation
PTSD is highly comorbid with depression and mild TBI (mTBI)
(76). For an overview of miRNAs in PTSD and depression, we
refer readers to a recent review by Giridharan et al. (77). mTBI is
a head injury leading to brief loss of consciousness and
changes in mental status that can lead to headaches, sleep
disruption, and neurocognitive symptoms, sometimes lasting
years. Many mTBI symptoms overlap with aspects of PTSD
(78). Notably, PTSD and TBI are frequently studied in parallel in
military cohorts but generally are not considered together in
civilian studies. For instance, only two of the ﬁve PTSD miRNA
studies discussed herein reported TBI status of subjects.
mTBI patients with neurocognitive deﬁcits exhibited an
overall decrease in miRNA expression (79), similar to the PTSD
studies described above. The downregulation of 4 of 13 miRNAs was replicated in an independent sample of mTBI patients
with neurocognitive deﬁcits (80). Notably, both case and
control subjects could be PTSD positive, and the signature
was not translatable to TBI alone. Another hallmark of PTSD
and mTBI is dysregulation of the HPA axis (81). Taheri et al. (82)
explored predictors of hypopituitarism in TBI subjects, as
determined by low cortisol levels in acute TBI cases, and found
two miRNAs systematically upregulated at multiple time
points. Notably, peritraumatic low cortisol is associated with
higher risk for PTSD (81). Given how closely related hypocortisolemia is to both PTSD-associated and TBI-associated
hypopituitarism, it is possible that the identiﬁed miRNAs are
also suggestive of PTSD risk. Supplemental Table S1 summarizes miRNA studies in human TBI, beyond what is discussed here.

Future Directions for miRNA Studies
miRNA characterization may shed light on the joint pathogenic
processes of PTSD and mTBI and yield biomarkers for disease
diagnosis and monitoring (e.g., see www.google.com/patents/
US20140073524). Current data is difﬁcult to interpret for
several reasons. Firstly, studies are underpowered, and power
is critical for robust results. Collaborative, large, well-powered
discovery studies of miRNAs and other blood-based biomarkers are necessary to uncover reliable, reproducible hits for
translation into clinically signiﬁcant biomarkers. Secondly, it is
difﬁcult to compare across miRNA studies because different
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blood preparations and assays were used. For instance, PTSD
studies primarily use whole blood while TBI studies focus on
cell-free portions of blood. Understanding which blood fractions exhibit the best signal to noise for abnormal miRNA
measurement is key. Moreover, understanding which miRNAs
are highly expressed in dysfunctional neural circuits in PTSD
and mTBI postmortem brains will elucidate biological mechanisms and reveal putative biomarkers to measure in the
cell-free portions of blood. Lastly, biomarker studies are
correlational and must be validated through functional studies.
A key divide between preclinical and human studies is the
divergence in tissues of study—preclinical studies generally
focus on brain tissues while human research is limited to
blood. Bridging between the two spheres by pursuing animal
studies of brain and blood and then pursuing brain-enriched
candidate markers in human studies, may lead to biomarkers
of PTSD pathophysiology.

They also reported stress reactivity and anxiety-like behaviors
in knockdown of this lncRNA. Gomafu downregulation in the
cortex was previously reported in schizophrenia (92). In this
study, the authors showed the regulatory function of Gomafu,
through recruitment of the BMI1 proto-oncogene, associated
with polycomb repressive complex 1, to the site of transcription of Crybb1, repressing its expression at basal conditions. In
response to FC, downregulation of Gomafu led to BMI1–
polycomb repressive complex 1 release and upregulation of
Crybb1 in fear-conditioned mice. This adds to the emerging
evidence that lncRNAs are key epigenetic modiﬁers of gene
expression and, for the ﬁrst time, implicates this mechanism in
anxiety-related phenotypes.
Additionally, Dicer1 knockout in mouse embryonic stem
cells resulted in lower expression of hundreds of lncRNAs (93),
implicating DICER not only in the biogenesis of miRNAs but
also in downstream activation of lncRNAs.

LONG-NONCODING RNAs

lncRNAs in Human Studies

Most lncRNAs are RNA species characterized by polyadenylation, splicing of multiple exons, promoter trimethylation
of histone H3 at lysine 4, and transcription by RNA polymerase
II (83). lncRNAs are transcripts that lack protein-coding potential, characterized by the presence of open-reading frame
length .100 amino acids. Although generally lncRNAs are
generated and processed in the nucleus, most lncRNAs
function in the cytoplasm, but some operate in the nucleus
such as XIST (X inactive speciﬁc transcript) (83,84). Functional
conservation across species (Table 1) is emerging to be a key
feature of lncRNAs akin to protein-coding genes (83,85,86). To
date, ,50 lncRNAs have been functionally characterized, most
in the context of cancer (87). These examples provide the
foundational landscape of lncRNA-mediated biology and its
implications in a variety of processes, including differentiation,
apoptosis, development, and neurogenesis (88).
The role of lncRNAs in trauma-related mental disorders remains poorly characterized, despite their high expression in
the brain (89). Here, we review the limited evidence of lncRNAs
association with stress and PTSD-like disorders in animal and
human studies (Tables 2 and 3, respectively).

To date, there are three genome-wide studies reporting a
correlative link between lncRNAs and PTSD. First, Guffanti
et al. (94) reported an lncRNA-associated single nucleotide
variant (SNV) mapping to a novel RNA gene, lncRNA
LINC01090 (previously called AC068718.1), which reached
genome-wide signiﬁcance in a genome-wide association
study (GWAS) of PTSD in .400 African American women.
Second, Almli et al. (95) reported a GWAS–thresholdsigniﬁcant SNV, mapping to a regulatory region likely in linkage disequilibrium with SNVs mapping to ncRNA RP1179E3.2 (previously called BC036345) of unknown function, in
association with PTSD in combat-exposed veterans. Third, in
another veteran cohort, Logue et al. (96) identiﬁed LINC01137
(LOC728431) to be downregulated in the blood by PTSD,
although it did not replicate in two independent samples. In
each case, the identiﬁed lncRNAs are not yet functionally
characterized, making it difﬁcult to understand the pathogenic contribution of lncRNAs. An additional gene-based
GWAS analysis from a civilian trauma study of African
American women uncovered a PTSD association with the
antisense lncRNA, ZNRD1-AS1, although this did not replicate in an independent sample. ZNRD1-AS1 is located in the
major histocompatibility complex locus, which has been
associated with schizophrenia (97). lncRNA ﬁndings have
been mostly coincidental to date, but as more evidence
emerges, focused studies are warranted.
Apart from genome-wide studies, Rusiecki et al. (98)
explored methylation of the well-characterized lncRNA, H19,
in military personnel before and after deployment to combat
zones. They found the percentage of methylation decreased
postdeployment in individuals who never received a PTSD
diagnosis (98). H19 is an imprinted gene that might inﬂuence
trauma response through multiple mechanisms given its
involvement in a multitude of functions from embryogenesis
(99) to tumor growth (100) and miRNA regulation (101).

lncRNAs in Animal Studies
In 2015, two studies reported a correlational link between
lncRNAs and PTSD-like syndromes in rats (90) and mice (91).
Microarray analysis in rats exposed to stress-enhanced fear
learning (SEFL), a PTSD model, showed differential hippocampal expression of lncRNAs in SEFL rats versus control rats
(90). Enrichment analysis implicated many biological functions,
including neuroactive ligand-receptor interaction, calcium
signaling, PI3K-Akt pathway, and Ras signaling. Speciﬁcally,
Fos gene-associated lncRNA MRAK159688 was downregulated and lncRNA EU056364.1, associated with calciumcalmodulin kinase II (Camk2a), was upregulated in SEFL rats.
Because FOS and CAMK2A are strongly associated with
learning and memory, one may hypothesize a role for lncRNAs
in memory regulation.
Spadaro et al. (91) used RNA sequencing to proﬁle lncRNAs
expression in the medial PFC and detected a signiﬁcant
downregulation of lncRNA Gomafu in adult mice after FC (91).

RETROTRANSPOSONS
Transposable elements compose roughly 45% of the human
genome, and .90% of these are retrotransposons (102).
Transposons are a class of genomic elements capable of
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Table 3. Noncoding RNA Findings in Human PTSD Studies
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Focus/Study
Design

No. of
No. of
Case
Control
Subjects Subjects

Tissue

Methods

No.
of
No.
Hits Measured

Statistical
Cutoff

Replicated
in Distinct
Cohort?

Main Findings

Ref.

GEO No.

miRNA
15

9

Blood, whole
(Paxgene)

RNAseq

PTSD cross-sectional

8

4

Blood, PBMC miRNA
microarray
(Affymetrix)

PTSD 1 MDD
cross-sectional

17

7

Blood, whole

RNAseq

PTSD cross-sectional

28

27

Blood, whole

RNA microarray
(Affymetrix)

PTSD cross-sectional

8

4

Blood, PBMC miRNA
microarray
(Affymetrix)

8

2578

FDR , 0.05

No

(66)
4 miRNAs were
downregulated (miR-4863p, miR-128-3p, miR15b-3p, miR-125b-5p),
and 4 were upregulated
(miR-19a-3p, miR-1013p, miR-20b-5p, miR20a-5p). Note some
PTSD case subjects also
had comorbid TBI; control
subjects did not have TBI.

GSE87768

71

1163

BH-adjusted
p , .05

No

7 miRNAs were upregulated (67)
and 64 miRNAs were
downregulated in PTSD.
In PBMC cultures,
addition of pre-miR125a
decreased IFNg release.
Note TBI not measured,
some case subjects had
comorbid depression.

None

2

2588

FDR , 0.05

Yes

DICER expression is lower (68)
in case subjects. miR3130-5p and miR-212-3p
were downregulated in
case subjects; the former
replicated in a distinct
cohort.

GSE67663

203

54,675

FDR , 0.05

No

miR-21 was upregulated
(70)
among the 203 mRNAs
found to be changed in
PTSD; some PTSD case
subjects are comorbid for
TBI. Note this is a total
RNA discovery paper with
a single miRNA hit.

None

190

847

p , .05

No

7 miRNAs were upregulated (69)
and 183 were
downregulated; TBI not
measured, some
comorbid depression in
case subjects.

GSE83601
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PTSD cross-sectional

Focus/Study
Design

No. of
No. of
Control
Case
Subjects Subjects

Tissue

Methods

No.
of
No.
Hits Measured

Statistical
Cutoff

Replicated
in Distinct
Cohort?

Main Findings

Ref.

GEO No.

lncRNA/Retrotransposon
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Blood

GWAS

1

730,493

p = 1.28e28

Yes, replicated
when female
subjects
excluded

T allele of rs717947
(BCO36356), an
uncharacterized lncRNA)
associated with elevated
PTSD symptoms; TBI
was not reported.

(95)

NA—GWAS dataset

319

Blood or
saliva

GWAS

1

730,525

p = 5.09e28

Yes

ACO68718.1 is associated
with higher incidence of
PTSD; TBI was not
reported.

(94)

NA—GWAS dataset

1158

2520

Blood or
saliva

GWAS
(gene-based
analysis)

2

634,854

p = 1.55e206

Yes, one hit
ZNRD1-AS1, a lncRNA, was (148)
replicated only
discovered using an array
of gene-based methods.
NLGN1 was also
discovered and nominally
replicated in a replication
study, but ZNRD1-AS1
was not replicated.

115

28

Blood, whole
(Paxgene)

RNA
microarray
(Illumina)

41

10,264

p , .05,
multiple
testing
correction

Yes, lncRNA
did not
replicate

75

75

4 loci
Blood, serum Bisulﬁte
treatment,
PCR, and
pyrosequencing

7 loci

PTSD cross-sectional

63

84

PTSD cross-sectional

94

PTSD cross-sectional

PTSD cross-sectional

PTSD longitudinal

p , .05

No

NA—GWAS dataset

41 transcripts were
(96)
identiﬁed in this mRNA
screen; lncRNA,
LINC01137 (LOC728431),
was discovered in the
initial cohort, but it was
not replicated.

None

4 loci were identiﬁed with
(98,119)
differences in methylation
between cases and
controls; lncRNA, H19
locus: Individuals who
developed PTSD showed
an increase in methylation
from predeployment to
postdeployment when
compared with others
who did not develop
PTSD; retrotransposon,
LINE-1 locus was
hypermethylated in
controls postdeployment;
retrotransposon, Alu
locus (retrotransposon)
was hypermethylated in
cases postdeployment.

None
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BH, Benjamini and Hochberg; FDR, false discovery rate; GEO No., Gene Expression Omnibus accession number; GWAS, genome-wide association study; IFNg, interferon gamma;
IL, interleukin; lncRNA, long-noncoding RNA; MDD, major depressive disorder; miRNA, microRNA; mRNA, messenger RNA; NA, not applicable; PBMC, peripheral blood mononuclear
cell; PCR, polymerase chain reaction; RNAseq, RNA sequencing; PTSD, posttraumatic stress disorder; TBI, traumatic brain injury.
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Figure 2. Glucocorticoids (GCs) and noncoding
RNAs. (A) The function of the hypothalamicpituitary-adrenal axis in healthy and posttraumatic
stress disorder (PTSD) patients. Hypothalamichypothalamus
pituitary-adrenal axis basal tone and responses to
glucocorticoid
receptor (GR)
stress are altered in PTSD (149). The increased
corticotropin
secretion of corticotropin-releasing hormone (CRH)
releasing hormone (CRH)
from the hypothalamus in PTSD is represented by a
anterior
thick red line. The decreased anterior pituitary
pituitary
release of adrenocorticotropic hormone (ACTH) and
adrenal secretion of cortisol in PTSD is represented
by thin red lines. The increased negative feedback
inhibition of the hypothalamic-pituitary-adrenal axis
adrenocorticotropic
cortisol
hormone (ACTH)
at the pituitary level in PTSD is represented by thick
red lines and is due to possibly higher glucocorticoid
adrenal
receptor (GR) function (increased receptor number
cortex
or sensitivity). CRH receptors at the pituitary, ACTH
receptors at the adrenal or differences in arginine
vasopressin secretion might be also involved in the
GC alterations in PTSD. It should be noted that this a
glucocorticoids
working model and has not been proven by deﬁnitive
(GC)
data. The GC tone in PTSD, for instance, was
investigated by many studies showing all the spectrum of responses from low to not altered to higher
cytosol
GR
GC-bound GR
levels of cortisol. Explanations have been discussed
sensitivity
GR
GR
for these discrepancies relating to gender, childhood
protein
protein
trauma history, comorbidities (depression, traumatic
GR translocation
brain injury, etc.), stress context, and circadian time
point of sampling. (B) Transcriptional responses
NR3C1 mRNA
elicited by the GR affected by microRNA (miRNA)
nucleus
and long-noncoding RNA (lncRNA) species. In the
miRNA
center, key molecular factors affecting genomic
lncRNA
(miR-18, miR-124, miR-130)
mGRE
(GAS5)
sensitivity to GC signaling are shown. GCs (like
cortisol) bind to the GR in the cytoplasm, which is
coded by nuclear receptor subfamily 3 group C
member 1 (NR3C1) and is part of a complex. Other
members of the GR complex include chaperone
proteins heat shock protein 90 and immunophilins
pGRE
nGRE
Tethering
such as FK506 binding protein 5. The GC-bound GR
complex is translocated into the nucleus and it can
bind to GC response elements (GRE) as a homomRNA
mRNA
mRNA
pGRE
nGRE
dimer in simple GRE sites, in combination with other
transcription factors in composite GRE sites, or
ﬁnally via interaction with other transcription factors without DNA binding [i.e., tethering; right bottom panel (150)]. The bottom left and bottom center panels
depict only simple GREs for simplicity: binding to positive GREs ([pGREs]; center bottom panel) leads to upregulation of target genes, while binding to negative
GREs ([nGREs]; left bottom panel) leads to downregulation (150). Ultimately, the transcription of a myriad of genes is affected by GR in multiple cell types and
tissues. Speciﬁc miRNAs can affect GR signaling by reducing GR protein levels or sensitivity to GCs, leading to a reduced translocation of GC-bound GR to the
nucleus. lncRNAs interfere with the nuclear binding of GR to DNA sites by providing alternative sites for GR-binding. These “decoy” GREs mimic the sequence
of consensus GRE (mGRE). It should be noted that the proposed model in not relevant to a speciﬁc tissue type in the brain or in the periphery. For instance, the
other corticosteroid receptor, the mineralocorticoid receptor is not included. Mineralocorticoid receptor does not always co-localize with GR because
mineralocorticoid receptor is present in speciﬁc brain regions such as the hippocampus and speciﬁc peripheral tissues such as the kidney, while GR is
more abundant. Additionally, the other members of the GR complex might also be regulated by noncoding RNAs. GAS5, growth arrest speciﬁc 5;
mRNA, messenger RNA.

A

Healthy

PTSD Patient

B

moving (transposing) themselves around the genome. Retrotransposons transpose via a copy and paste mechanism using
RNA intermediates. Retrotransposons are further subdivided
into three major taxa: the long interspersed nuclear elements
(LINE), the short interspersed nuclear elements, and the
endogenous retrovirus/long terminal repeat class (103).
Transposons were initially described as “controlling elements”
(104), appearing to be responsive to stressful events (105).
With the capacity to transpose a deﬁning feature of retrotransposons, they are commonly transcribed and provide a
diversity of regulatory RNA motifs. Most lncRNAs derive form
transposons, which have little impact on protein-coding
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sequence (106). There is far higher interindividual diversity
in retrotransposon sequence relative to protein-coding
sequence; it is thought each person carries at least one
“private” retrotransposon, unique to their genome (107). Other
observations have conﬁrmed the expression of transposons
in the brains of healthy and stressed rodents, primates, and
humans under normal conditions. Changes in their expression occur in many disorders of the nervous system,
including amyotrophic lateral sclerosis, depression, and
schizophrenia (108–114). Thus, the importance of these elements to understand complex disorders such as PTSD is
apparent (115,116).
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Retrotransposons in Animal and Human Studies
Recent ﬁndings in human and animal models implicate retrotransposons in PTSD. In the SEFL model, exposure to
repeated shock upregulated the expression of LINE-1s in the
rat amygdala, while exposure to nonsedating doses of anesthetic that block SEFL caused a decrease in the expression of
LINE-1 RNA (117). A study by the same group showed that in
the brains of patients with alcoholism, a common comorbidity
of PTSD (2), multiple classes of retrotransposons showed
upregulation and hypomethylation in cortex, basolateral
amygdala, and CeA (118). Perhaps the most signiﬁcant ﬁnding
to date is the observation that LINE-1 was hypomethylated
after deployment in soldiers who developed PTSD, while Alu
was hypermethylated in affected soldiers before combat
exposure, indicating Alu hypermethylation as a potential PTSD
susceptibility factor (119). Poorly controlled expression of Alu
elements is a causal factor in macular degeneration (120),
qualifying these elements as possible epigenetic regulators in
other disorders such as PTSD. We have hypothesized elsewhere that part of the neuropsychiatric inﬂammatory signature
might result from ectopic expression of retrotransposons that
activate innate immune responses (121,122). Elevated inﬂammatory markers are a characteristic of PTSD, particularly in its
more chronic manifestations (123,124). The evidence of retrotransposons involvement in PTSD remains correlational, but
suggestive enough to warrant future functional validation.

PUTATIVE ROLE OF ncRNAs IN GR SIGNALING IN
PTSD
Given that stress is, by deﬁnition, implicated in the development of PTSD, the primary stress systems, the ﬁght-or-ﬂight
autonomic system, and the HPA axis have been a natural
target of biological studies of PTSD, as reﬂected in the previous sections. PTSD was initially assumed to be a response to
extreme or prolonged trauma with the expectation of increased
levels of the major stress mediators, catecholamines, and GCs
(81). However, PTSD epidemiology revealed that traumatic
events are common (2).
Against expectation, PTSD patients displayed low basal
cortisol, and an exaggerated HPA-axis GR-mediated negative
feedback (Figure 2A), measured most commonly by the
dexamethasone suppression test, while peripheral and central
catecholamine levels were increased (125,126). The reduced
GC tone in PTSD is accompanied by increased levels of
corticotropin-releasing hormone, proinﬂammatory cytokines,
norepinephrine (127–129), and downregulation of genes
associated with GC signaling (96). Genetic and environmental
factors that diminish GC signaling before and after trauma also
associate with PTSD risk (130). Dexamethasone suppression
test ﬁndings revealed increased GR sensitivity in the pituitary,
while in vitro assays of GC sensitivity (mainly in lymphocytes)
revealed that increased GR sensitivity in PTSD might not be
speciﬁc to a single tissue (131). This was conﬁrmed in a rat
study where limbic brain and blood GR signaling were shown
to associate with individual differences in behavioral responses
to predator-scent stress (132).
miRNA might contribute to GC alterations in PTSD and
stress-related psychopathology. miR-18, miR-124a, and miR130b decrease GR (39,133,134) (Figure 2B). miR-15a,

miR-15b/16, miR-223, and miR-379 are induced by GCs,
while miR-15b/16 increases GC sensitivity in leukemia cell
lines (135). In the context of animal models of stress, chronic
corticosterone-mediated depressive-like phenotypes in rats
resulted in 19 upregulated and seven downregulated miRNAs
in the PFC with miR-124 and miR-218 most prominently
affected (136).
Recently, increasing evidence supports the role of lncRNA,
growth arrest speciﬁc 5 (GAS5) in the regulation of GC signaling.
Initially associated with cancer (137,138), functional studies
characterized Gas5 as a suppressor of transcriptional activity of
GC-responsive genes in mice (139,140). GAS5 contains a GRbinding site that “mimics” the sequence of a GC response
element, which allows direct competition for the DNA-binding
domain of the GR itself. By acting as a “decoy” GC response
element, GAS5 inhibits the transcriptional activity of GR with
widespread consequences on transcription of GR target genes
(Figure 2B). To date, there is not a direct link between GAS5 and
PTSD, but the hypothesized mechanism directly targeting one
of the principal pathways implicated in HPA-axis regulation,
make this lncRNA attractive for further investigation.

FUTURE DIRECTIONS AND OTHER POTENTIAL
MECHANISMS
Here, we presented developing evidence that ncRNAs are
involved in key aspects of PTSD pathophysiology and may be
evaluated as biomarkers and therapeutic targets for traumarelated brain disorders. As the functions of many ncRNAs
remain poorly understood, modeling their role in pathology remains a hurdle. For this, we identify several avenues for further
research of ncRNAs. First, the identiﬁcation of risk-associated
ncRNA variants, using both SNVs derived from GWAS and
whole genome sequencing approaches, is the most attainable
goal with present technology. Second, the identiﬁcation of
pathways regulating or regulated by identiﬁed risk-associated
ncRNAs can be facilitated by leveraging epigenomic and transcriptomic data. Third, novel RNA-targeted therapeutics,
beyond current gene therapy approaches, can be developed
and possibly involves CRISPR/CAS9 gene editing (141). Lastly,
noting some of the challenges the ﬁeld faces, future studies will
need to be well powered to improve reproducibility and the
chance for success of functional validation experiments.
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