
The KLF9–Clock Gene Axis Links Epigenetic Remodeling to PTSD-
Like Transcriptional Dysregulation

Seoyoon Ha

Received August 23, 2025
Accepted December 12, 2025
Electronic December 30, 2025

Post-Traumatic Stress Disorder (PTSD) is a chronic psychiatric disorder characterized by long-lasting changes in brain function
following traumatic stress exposure. Emerging evidence suggests that epigenetic regulation plays a central role in maintaining
the transcriptional effects of stress, yet the specific mechanisms remain elusive. In this study, we established an in vitro
cortisol-induced epigenetic model relevant to PTSD neuronal model by differentiating human SH-SY5Y neuroblastoma cells
with retinoic acid and exposing them to chronic cortisol treatment. Integrated RNA-seq and enzymatic methylation sequencing
(EM-seq) revealed that the transcription factor KLF9 was significantly downregulated in cortisol-treated cells, accompanied
by promoter hypermethylation. Treatment with the DNA methyltransferase inhibitor 5-aza-2-deoxycytidine (5-aza) restored
KLF9 expression and reduced promoter methylation, indicating that KLF9 repression is epigenetically mediated. Notably, the
downregulation of KLF9 was associated with suppressed expression of circadian clock genes PER1 and BMAL1, which also
exhibited promoter hypermethylation. Overexpression of KLF9 rescued PER1 and BMAL1 expression, suggesting a functional
link between KLF9 and circadian gene regulation. These findings support a mechanistic model in which chronic stress induces
epigenetic silencing of KLF9, leading to disruption of circadian rhythms—key to cognitive and emotional regulation in PTSD.
Targeting the KLF9–circadian pathway may represent a conceptual direction for future therapeutic research, although substantial
in vivo validation will be required before any clinical relevance can be established.
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Introduction

Post-Traumatic Stress Disorder (PTSD) is a chronic and com-
plex mental illness that occurs after experiencing an event
that threatens one’s life or causes significant psychological
trauma1,2. Globally, PTSD affects approximately 3-4% of
the population and is closely associated with various trau-
matic events such as war, torture, abuse, disasters, and acci-
dents3,4. In particular, long-term follow-up studies of Jew-
ish survivors who were imprisoned in concentration camps by
the Nazi regime during World War II have provided important
clinical evidence regarding the chronic nature and neurobio-
logical basis of PTSD5,6. These individuals continued to expe-
rience symptoms such as nightmares, insomnia, avoidance be-
haviors, and hyperarousal decades later, suggesting that PTSD
involves persistent neurological restructuring beyond a simple
acute response5,7.

Recently, research has been actively conducted to eluci-
date the pathophysiological mechanisms of PTSD, focusing
on molecular changes occurring in the nervous system ex-
posed to chronic stress. Among these, dysfunction of the
hypothalamic–pituitary–adrenal (HPA) axis, reduced synaptic
plasticity, and epigenetic regulation are proposed as key path-

ways in the development of PTSD8,9. Cortisol, a stress hor-
mone, not only regulates the expression of transcription fac-
tors and receptors in the brain but can also induce long-term
reorganization of gene expression by altering DNA methyla-
tion patterns in promoter regions10.

In this study, human-derived neuroblastoma cells (SH-
SY5Y) were differentiated with retinoic acid and then treated
with chronic cortisol for seven days to establish an in
vitro cortisol-induced epigenetic model relevant to PTSD-
associated pathways. Through integrated analysis of RNA
sequencing and DNA methylation sequencing data, we iden-
tified the transcription factor KLF9 (Krüppel-like factor 9),
whose expression decreased while promoter methylation in-
creased in response to cortisol treatment.

KLF9 is known to be a downstream target of the gluco-
corticoid receptor (GR) and is involved in neural differenti-
ation and cell survival11,12; however, its direct connection to
the pathophysiology of PTSD has been relatively poorly un-
derstood. In this study, based on the hypothesis that reduced
KLF9 expression may be associated with altered expression of
key circadian clock genes such as PER1 and BMAL1, thereby
affecting the expression of circadian clock genes13,14, subse-
quent analyses confirmed that treatment with the methylation
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inhibitor 5-aza-2'-deoxycytidine (5-aza) partially restored the
suppression of these genes.

Thus, this study suggests that epigenetic suppression of
KLF9 may contribute to disruptions in circadian gene expres-
sion within our in vitro cortisol-induced epigenetic model rel-
evant to PTSD, providing a mechanistic hypothesis that could
be relevant to stress-related transcriptional changes observed
in human disorders. The stress–clock gene–neurological func-
tion axis mediated by KLF9 is expected to provide new di-
rections for understanding and developing treatment strategies
for various stress-based mental disorders, including PTSD, de-
pression, insomnia, and mood disorders.

Materials & Methods

Cell Culture and Differentiation

Human SH-SY5Y neuroblastoma cells were maintained
in Dulbecco’s Modified Eagle Medium (DMEM) supple-
mented with 10% fetal bovine serum (FBS) and 1% peni-
cillin–streptomycin at 37°C in a humidified 5% CO2 incuba-
tor. For neuronal differentiation, cells were plated at 40–50%
confluency and treated with 10 µM all-trans retinoic acid (RA;
Sigma-Aldrich) for 7 days. Culture medium containing RA
was replaced every 48 hours.

Chronic Cortisol Treatment

To induce a in vitro cortisol-induced epigenetic model relevant
to PTSD stress condition, differentiated SH-SY5Y cells were
treated with 100 nM hydrocortisone (cortisol; Sigma-Aldrich)
for 7 days. Cortisol (100 nM) was dissolved in ethanol, and
the final vehicle concentration was 0.1% (v/v) in all cultures,
including vehicle controls. Cortisol-containing medium was
replaced daily to maintain hormone stability. This concentra-
tion elicits consistent transcriptional responses without cyto-
toxicity. Control groups received vehicle (ethanol) in the same
volume.

RNA Extraction and qRT-PCR

Total RNA was extracted using the RNeasy Mini Kit (Qia-
gen), and cDNA was synthesized using the iScript cDNA Syn-
thesis Kit (Bio-Rad). qRT-PCR was performed using SYBR
Green Master Mix (Applied Biosystems) on a QuantStudio 5
Real-Time PCR System. Gene expression was normalized to
GAPDH using the ∆∆Ct method.

Western Blot Analysis

Cell lysates were prepared in RIPA buffer containing pro-
tease inhibitors. Proteins were separated by SDS-PAGE and
transferred to PVDF membranes. Membranes were probed

Gene Forward (5′ → 3′) Reverse (5′ → 3′)
NR3C1 GACTCCAAGCAG

CGAAGACT
CTCTGGAACACTGG
TCGACC

BDNF GAGCCCTGTATC
AACCCAGA

TCAAATACCATGCC
CCACCT

Arc CCCTCAGCTCCAG
TGATTCA

GTTGTCACTCTCCT
GGCTCT

KLF9 TGGTCTCCTTCCT
GTGTTCC

GTTGCCTGCATTCT
CCACAA

PER1 CACCCTGATGACC
CACTCTT

CCTCCTCCTCCATAG
CCAAG

BMAL1 CCCTGGGCCATCT
CGATTAT

TCATCCAGCCCCAT
CTTTGT

with primary antibodies against KLF9(Abcam, ab227920) and
GAPDH (Cell Signaling Technology, 14C10), followed by
HRP-conjugated secondary antibodies. Signals were detected
using ECL substrate (Thermo Fisher Scientific).

RNA Sequencing and Analysis

Total RNA from n = 3 independent biological replicates per
condition was used for library preparation (NEBNext Ultra
II RNA Library Prep Kit). Raw reads were assessed using
FastQC v0.11.9 and adapter-trimmed with TrimGalore v0.6.7.
Reads were aligned to the human GRCh38 reference genome
using STAR v2.7 with default parameters. Gene-level counts
were obtained using featureCounts (Subread v2.0).

Differential expression analysis was performed using DE-
Seq2 v1.38.0, with median-ratio normalization and Ben-
jamini–Hochberg FDR correction. Genes were consid-
ered differentially expressed with adjusted p < 0.05 and
| log2 FC|> 1.

EM-seq and Methylation Analysis

Genomic DNA from n = 3 biological replicates per condition
was processed using the NEBNext Enzymatic Methyl-seq Kit.
Reads were trimmed with TrimGalore and mapped using Bis-
mark v0.24.0 with Bowtie2.

CpG methylation calls were extracted using the Bismark
methylation extractor, and CpGs with < 10× coverage were
excluded. Promoters were defined as ±2 kb around the anno-
tated transcription start site (TSS).

Differentially methylated regions (DMRs) were identified
using DMRfinder, requiring: ≥ 5 CpGs per region, ≥ 20%
methylation difference, FDR < 0.05.

RNA-seq and EM-seq datasets were generated from three
independent biological replicates per group. Sequencing pro-
duced an average of ∼ 40 million reads per sample with
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> 90% alignment rate (Supplementary Table S1). EM-seq li-
braries demonstrated high conversion efficiency and uniform
CpG coverage (Supplementary Table S2).

QC/replicates/softwares

To ensure transparency and reproducibility, all experiments
were performed with at least three biological replicates unless
otherwise noted. RNA-seq reads were quality-checked us-
ing FastQC (v0.11.9), trimmed with TrimGalore (v0.6.7), and
aligned to the human GRCh38 reference genome using STAR
(v2.7). Gene counts were obtained with featureCounts, and
differential expression was analyzed using DESeq2 (v1.38.0)
with default normalization and an adjusted p-value < 0.05.
For EM-seq, raw reads were processed using TrimGalore and
mapped using Bismark (v0.24.0). Methylation calls were ex-
tracted with Bismark methylation extractor, and CpG methy-
lation percentages were visualized using IGV. Statistical anal-
yses were conducted in GraphPad Prism 9, with normality as-
sessed by Shapiro–Wilk test and significance determined by
two-tailed Student’s t-test. Full pipelines and code are avail-
able upon request.

5-aza-2'-deoxycytidine (5-aza) Treatment

To inhibit DNA methylation, cells were treated with 1 µM 5-
aza-2'-deoxycytidine (Sigma-Aldrich) for 72 hours with daily
media replacement. Control cells were treated with an equiv-
alent volume of DMSO.

KLF9 Overexpression

Cells were transfected with a plasmid encoding human KLF9
(pCMV-KLF9) or an empty vector (scrambled control) using
Lipofectamine 3000 (Thermo Fisher Scientific) following the
manufacturer’s protocol. Gene expression was analyzed 48
hours post-transfection. The pCMV empty vector was gener-
ously provided by Dr. Kim (ChromoGen, Korea).

Statistical Analysis

All experiments were performed using three independent bi-
ological replicates (n = 3) unless otherwise noted. Normal-
ity was assessed using the Shapiro–Wilk test, and paramet-
ric tests (two-tailed Student’s t-test) were used only when
assumptions of normality were met. For RNA-seq, differ-
ential expression was determined using DESeq2 with Ben-
jamini–Hochberg FDR correction. For qRT-PCR analyses in-
volving multiple genes, p-values were adjusted using the Ben-
jamini–Hochberg procedure.

Results

RA-Induced Differentiation of SH-SY5Y Cells Establishes
a Neuron-Like Model for PTSD Studies

Fig. 1 (A) Schematic diagram for RA-induced neuronal
differentiation and chronic cortisol treatment.
(B) Representative images of SH-SY5Y cells before (top) and after
(bottom) RA treatment. Differentiated cells show extended neurites
and neuron-like morphology.
(C) qRT-PCR analysis of neuronal differentiation markers.
Expression of NR3C1, BDNF, and Arc was significantly increased
in differentiated cells compared to proliferative controls.Data
represent mean ± SEM (*p < 0.05, **p < 0.01).

To establish a neuronal phenotype, SH-SY5Y neuroblas-
toma cells were treated with 10 µM retinoic acid (RA) for
7 days (Figure 1A). Prior to differentiation, the cells ex-
hibited a rounded, proliferative morphology with minimal
neurite outgrowth and clustered growth patterns. Follow-
ing RA treatment, cells displayed pronounced neurite exten-
sion and increased intercellular connectivity, consistent with
a neuron-like phenotype (Figure 1B). These morphological
changes were accompanied by molecular alterations, as con-
firmed by qRT-PCR. Expression levels of NR3C1, BDNF, and
Arc—genes associated with stress response and synaptic plas-
ticity—were significantly upregulated in differentiated cells
compared to their proliferative counterparts (Figure 1C).

These findings confirm that RA-induced differentiation
of SH-SY5Y cells yields a functionally and morphologi-
cally neuronal model suitable for downstream investigation of
chronic cortisol exposure and PTSD-related pathophysiology.
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KLF9 Is Downregulated via Promoter Hypermethylation
under Chronic Cortisol Exposure

Feature RRBS EM-seq
Principle Sodium bisulfite con-

version of unmethy-
lated cytosines

Enzymatic conver-
sion using TET2 and
APOBEC3A

DNA
Integrity

High degradation and
fragmentation due to
harsh bisulfite treat-
ment

Maintains high DNA
integrity through
mild enzymatic reac-
tions

Conversion
Accuracy

Moderate; suscepti-
ble to incomplete or
over-conversion

High; enzymatic
reactions provide
high-fidelity methy-
lation mapping

Coverage CpG-rich regions
only (e.g., CpG
islands, promoters)

Genome-wide CpG
coverage, including
gene bodies and
regulatory regions

GC Bias Significant GC bias Minimal GC bias

Table 1 Table of comparison of RRBS and EM-seq platforms.

Fig. 2 (A) Volcano plot showing differentially expressed genes
following cortisol treatment.
(B) Integration of RNA-seq and EM-seq data identified genes with
coordinated transcriptional and epigenetic changes. KLF9 was
among the downregulated genes showing promoter
hypermethylation.
(C) qRT-PCR confirmed reduced expression of KLF9 in
cortisol-treated cells (left). EM-seq gene track visualization shows
increased DNA methylation in the KLF9 promoter region under
cortisol stress at the 7-day cortisol endpoint (right).

To investigate the epigenetic landscape underlying tran-
scriptional alterations in our in vitro cortisol-induced epige-
netic model relevant to PTSD. neuronal model, we employed

both RNA sequencing and enzymatic methylation sequencing
(EM-seq). EM-seq was selected over conventional reduced
representation bisulfite sequencing (RRBS) due to its superior
accuracy, DNA integrity preservation, and genome-wide CpG
coverage. While RRBS relies on harsh bisulfite treatment and
is limited to CpG-rich regions, EM-seq utilizes a mild enzy-
matic conversion (TET2 and APOBEC3A), allowing for high-
fidelity methylation mapping across both promoter and gene
body regions with minimal GC bias15,16 (Figure 2A).

A volcano plot of differentially expressed genes identi-
fied by RNA-seq following chronic cortisol exposure using
| log2 FC| > 1 and FDR < 0.05 (Figure 2B), and we updated
the figure legend to reflect these thresholds (Figure 2B). Sev-
eral glucocorticoid-responsive genes, such as FKBP5, SGK1,
TSC22D3, and DUSP1, were significantly upregulated (red),
while key neuroplasticity and circadian regulators—including
NR3C1, BDNF, ARC, and KLF9—were markedly downregu-
lated (blue). Notably, KLF9 has been proposed as an extreme
candidate for epigenetic silencing under cortisol stress.

To further identify genes showing coordinated transcrip-
tional and epigenetic regulation, we integrated RNA-seq and
EM-seq datasets (Figure 2C). This analysis revealed two dis-
tinct groups: (1) genes with increased expression and concur-
rent promoter hypomethylation (e.g., FKBP5, SGK1, NR4A1,
PER1), and (2) genes exhibiting decreased expression along
with promoter hypermethylation, including KLF9, NR3C1,
and BDNF. In particular, KLF9 expression was significantly
reduced in the cortisol-treated group, as confirmed by RT-
qPCR. Simultaneously, EM-seq-based genetrack analysis re-
vealed marked DNA hypermethylation near the KLF9 pro-
moter (Figure 2D).

These results are consistent with the interpretation that
chronic cortisol exposure may contribute to epigenetic repres-
sion of KLF9 in this neuronal model.

Epigenetic Silencing of KLF9 are associated with altered
expression of Core Circadian Clock Gene Expression

To assess the functional consequences of transcriptional al-
terations under chronic cortisol exposure, we performed GO
enrichment analysis using differentially expressed genes from
RNA-seq data (Figure 3A). Pathways related to stress signal-
ing, such as “response to stress” and “glucocorticoid recep-
tor signaling pathway,” were upregulated, whereas circadian-
related pathways—including “circadian rhythm” and “cir-
cadian regulation of gene expression”—were significantly
downregulated.

qRT-PCR analysis was used to validate the repression of
key circadian clock genes in cortisol-treated neurons. Specifi-
cally, expression of both PER1 and BMAL1 was significantly
decreased in cortisol-treated cells compared to controls (Fig-
ure 3B). To determine whether this effect was causally me-
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Fig. 3 (A) Gene Ontology (GO) enrichment analysis identified
terms related to circadian processes among genes with altered
expression in cortisol-treated neurons.
(B) qRT-PCR analysis showing reduced expression of core clock
genes PER1 and BMAL1 following cortisol treatment compared to
control (n=3).
(C) Western blot confirming overexpression of KLF9 in
cortisol-treated cells.
(D) qRT-PCR analysis showing that overexpression of KLF9
significantly rescues PER1 and BMAL1 expression in
cortisol-treated cells. (n=3) Data represent mean ± SEM
(*p < 0.05, **p < 0.01, ***p < 0.001).

diated by KLF9, we overexpressed KLF9 in cortisol-treated
cells. Western blot analysis confirmed robust upregulation of
KLF9 in the overexpression group (Figure 3C), and impor-
tantly, qRT-PCR revealed that restoring KLF9 expression led
to a significant increase in both PER1 and BMAL1 mRNA
levels (Figure 3D).

These results provide support the possibility that KLF9 ap-
pears to influence the expression of circadian genes in this
model, as its overexpression partially increased PER1 and
BMAL1 levels.

5-aza treatment partially increases KLF9 and circa-
dian gene expression, consistent with reduced promoter-
proximal methylation

To test whether DNA methylation was responsible for KLF9
downregulation under chronic cortisol exposure, we treated
cells with the DNA methyltransferase inhibitor 5-aza-2′-
deoxycytidine (5-aza). 5-aza treatment partially increases
KLF9 mRNA expression (Figure 4A), consistent with reduced
promoter-proximal methylation, although its global demethy-
lating effects cannot exclude indirect influences.

Genome browser tracks of EM-seq data further confirmed
this finding (Figure 4B), revealing a marked decrease in
methylation at the KLF9 promoter region in the 5-aza–treated
group compared to cortisol-only cells.

Fig. 4 (A) qRT-PCR analysis showing that treatment with the DNA
methyltransferase inhibitor 5-aza-2′-deoxycytidine (5-aza)
significantly restores KLF9 mRNA expression in cortisol-treated
cells (n=3).
(B) EM-seq gene track data showing reduced promoter methylation
at the KLF9 locus following 5-aza treatment.
(C) EM-seq gene tracks illustrating decreased methylation in the
promoter regions of circadian genes PER1 and BMAL1 after 5-aza
treatment.

Interestingly, we also observed a similar hypomethylation
pattern in the promoter regions of the circadian clock genes
PER1 and BMAL1 (Figure 4C), which had previously been
downregulated under cortisol stress. These results suggest that
5-aza treatment is consistent with reduced promoter-proximal
methylation at KLF9, PER1, and BMAL1 loci, accompa-
nied by increased expression at the measured time point.
It supports the hypothesis that epigenetic repression of the
KLF9–circadian axis underlies the transcriptional disruption
observed in in vitro cortisol-induced epigenetic model rele-
vant to PTSD neuronal cells.

Discussion

Fig. 5 (A) Graphic illustrating the mechanism by which stress
disrupts circadian rhythms through KLF9 epigenetic remodeling.

Chronic psychological stress is one of the most prominent
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risk factors for the development of neuropsychiatric disorders,
including post-traumatic stress disorder (PTSD)17,18. At the
molecular level, stress exposure leads to sustained activation
of the hypothalamic–pituitary–adrenal (HPA) axis and pro-
longed secretion of glucocorticoids such as cortisol, which in
turn alters transcriptional programs in stress-responsive brain
regions.

In this study, we demonstrate that chronic cortisol exposure
in a neuronal model leads to epigenetic repression of the tran-
scription factor KLF9, a glucocorticoid-responsive gene im-
plicated in circadian regulation and neuronal plasticity. We
show that KLF9 expression is significantly decreased under
cortisol treatment, accompanied by hypermethylation at its
promoter region. Importantly, this repression could be re-
versed by treatment with the DNA methyltransferase inhibitor
5-aza, confirming that epigenetic silencing mediates KLF9
downregulation.

Moreover, our data indicate that reduced KLF9 expres-
sion co-occurs with decreased expression of core circadian
clock genes, including PER1 and BMAL1, both of which
showed promoter hypermethylation and reduced mRNA lev-
els in cortisol-treated cells. Overexpression of KLF9 was suf-
ficient to rescue PER1 and BMAL1 expression, supporting a
regulatory role for KLF9 in maintaining circadian gene ex-
pression.

These findings support a hypothesis that chronic stress
may contribute to epigenetic changes—including promoter-
proximal hypermethylation—associated with reduced KLF9
expression, which may be related to altered circadian gene ex-
pression. This is associated with altered expression of circa-
dian clock genes. However, because samples were collected at
a single time point without entrainment, we cannot infer any
effects on circadian rhythmicity or clock function. This model
aligns with clinical observations linking circadian rhythm dis-
ruption with PTSD symptoms, including sleep disturbances,
emotional dysregulation, and memory impairment19. How-
ever, circadian rhythm disturbances are frequently reported in
individuals with PTSD, the observed changes in PER1 and
BMAL1 in our model may parallel some aspects of stress-
related transcriptional dysregulation, although further in vivo
and clinical studies will be required to establish their transla-
tional relevance. Additionally, key limitation of this study is
that all analyses were performed at a single time point with-
out circadian entrainment. Therefore, although PER1 and
BMAL1 expression levels were reduced in cortisol-treated
neurons, our data cannot address circadian phase, amplitude,
period, or rhythmicity. As such, we interpret these findings
strictly as single-time-point changes in circadian gene expres-
sion, not as alterations of circadian clock function.

Collectively, our findings highlight an epigenetically reg-
ulated KLF9–circadian network that may serve as a concep-
tual starting point for future therapeutic exploration. However,

these observations require extensive in vivo validation and
should not be interpreted as clinically actionable at this stage.
Future work will be needed to determine whether these find-
ings extend in vivo and how they intersect with other epige-
netic and neuroinflammatory pathways implicated in trauma-
related neuropathology.
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