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A B S T R A C T   

The hippocampus is a highly plastic brain region sensitive to environmental stress. It shows dynamic changes in 
epigenetic marks associated with stress related learning. Previous work has shown that acute stress induces 
substantial transient changes in histone H3 lysine 9 trimethylation (H3K9me3). Moreover, increased H3K9me3 is 
enriched in hippocampal gene deserts accumulating within endogenous retroviruses and transposable elements. 
We have found that in response to acute glucocorticoid treatment, a similar change in global H3K9me3 is 
observed. However, when localized we found that H3K9me3 is markedly decreased at B2 short interspersed 
nuclear elements but not within intracisternal-A particle endogenous retroviruses. Further, decreased H3K9me3 
valence within B2 elements was associated with increased transcript abundance. These data demonstrate the 
capacity for acute glucocorticoids to mobilize transposable elements via epigenetic unmasking. Reconciled with 
previous findings following acute stress, this suggests the capacity for mobile elements to potentially function as 
novel regulators given their dynamic regulation by stress and glucocorticoids.   

1. Introduction 

Stress is an ubiquitous environmental stimuli that is both perceived 
and adapted to by the brain. Stress has certainly been associated with 
pathogenesis of numerous neuropsychiatric disorders including anxiety, 
depression, and post-traumatic stress disorder (Bartlett et al., 2017; 
Guffanti et al., 2019). Physiologically, stress stimuli produce a signaling 
cascade through hypothalamic-pituitary-adrenal axis activation, result-
ing in the release of glucocorticoids which can diffuse and subsequently 
act on receptors within the brain including the hippocampus. Accumu-
lating evidence shows that both stress and glucocorticoids affect the 
hippocampus via epigenetic mechanisms, i.e. histone modifications and 
non-coding RNA expression (Bartlett et al., 2019; Daskalakis et al., 
2018a). Further, epigenetic mechanisms and stress have long been 
linked to the activity of transposable elements and more recent work has 
revealed an adaptive role for transposons in the nervous system and 
beyond (Hunter, 2020; Bartlett and Hunter, 2021; McClintock, 1984; 
Fedoroff, 2012). It has previously been shown that a single acute stress 
episode produces rapid, global increases in H3K9me3 in the CA1 and 
dentate gyrus (DG) of the hippocampal formation (Hunter et al., 2009). 
When changes in H3K9me3 following acute stress were localized, 

increases were observed in hippocampal gene deserts littered with 
transposable elements, notably B2 small interspersed nuclear elements 
(SINEs) and intracisternal-A particle endogenous retroviruses (IAP-ERV) 
(Hunter et al., 2012). Increased H3K9me3 at B2 SINE and IAP-ERV was 
associated with transcriptional repression as hippocampal mRNA levels 
in stressed animals were lower than that of naïve animals. This sug-
gested that the hippocampal H3K9me3 response to acute stress was a 
transposable element silencing mechanism. Here we show that a single 
injection of acute corticosterone (CORT) in adrenalectomized animals is 
sufficient to increase global H3K9me3 levels in the CA1 and DG of the 
hippocampus. Further, we found that acute CORT treatment produced 
markedly different responses in H3K9me3 transposon-marking when 
localized than observed previously under acute stress conditions. For B2 
SINE elements, H3K9me3 occupancy was reduced and permissive for 
increased expression following acute CORT treatment. For IAP-ERV el-
ements, H3K9me3 occupancy was increased but transcript levels were 
comparable to that of control animals. Here, we show that acute 
glucocorticoid exposure is sufficient to induce large chromatin changes 
via H3K9me3 but that B2 SINE elements are epigenetically unmasked 
and transcriptionally active. 
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2. Materials and methods 

2.1. Animals 

All animal protocols were approved by the IACUC at the University 
of Massachusetts Boston. Adult male Sprague-Dawley rats were ordered 
adrenalectomized from Charles River Labs and maintained under social 
housing conditions with standard chow and 0.9% saline drinking water. 
One hour prior to sacrifice rats were i. p. injected with either ethanol or 
corticosterone dissolved in ethanol (3 mg/kg). For immunohistochem-
istry, rats were given a lethal dose of pentobarbitol (i.p.) and fully 
anesthetized prior to perfusion and fixation with 4% formaldehyde. 
Brains were extracted and allowed to reach isotonic state in two serial 
solutions of sucrose (30%). Brains were cut into 35 μm sections using a 
cryostat. For qRT-PCR and chromatin immunoprecipitation, rats were 
sacrificed via rapid decapitation. Brains were removed and hippocampi 
extracted, half the hippocampus was flash frozen for RNA extraction and 
the other fixed for chromatin immunoprecipitation (ChIP; counter-
balanced within groups, i.e. left and right hippocampal tissues were used 
for both RNA and ChIP and mixed within-group across animals). 

2.2. Cell culture 

Rat C6 glioma cells were maintained at 37 ◦C, 5% CO2 in Dulbecco’s 
Modified Eagle Medium (DMEM) supplemented with 10% Fetal Bovine 
Serum (FBS) on poly-l-lysine coated dishes (Gibco; Sigma-Aldrich). Cells 
were grown to 70–80% confluence for experiments. For serum deple-
tion, DMEM was not augmented with FBS. For histone and RNA 
extraction, after incubation, media was removed and cells were washed 
twice with phosphate buffered saline (PBS) containing protease in-
hibitors. Cells were then collected in PBS with protease inhibitors and 
pelleted. Pelleted cells were then stored at − 80 ◦C until lysis. For ChIP, 
after 1 h in serum-depleted DMEM the protein-DNA interactions were 
fixed by crosslinking for 10 min on a shaker by adding fresh 16% 
formaldehyde to a final concentration of 1% to plate media. The reaction 
was quenched by adding glycine to a final concentration of 0.125 M for 
10 min. Media was then discarded and cells were washed twice with PBS 
containing protease inhibitors (Pierce Protease Inhibitor tablets, Ther-
mofisher). Cells were then collected in PBS with protease inhibitors and 
pelleted. Cell pellets were then stored at − 80 ◦C until sonication. 

2.3. Immunofluorescence 

3-4 dorsal hippocampal sections per animal, selected from − 3.1 to 
− 3.8 mm caudal to bregma, were picked and processed together. Pri-
mary antibody for H3K9me3 diluted in PBS-0.5% Triton-X was incu-
bated overnight at 4 ◦C (1:1000, Abcam: ab8898). Secondary antibody 
raised against rabbit IgG conjugated to Alexafluor-488 was incubated for 
2 h at room temperature (1:200, Invitrogen: A-11008). Coverslips were 
applied with Vectashield hardmount with DAPI. Images were captured 
using Leica DFC and analyzed using ImageJ. 

2.4. Histone extraction and western blotting 

Total histone extractions were conducted according to the manu-
facturer’s protocol (Epigentek). Total histone extracts were aliquoted 
and stored at − 80 ◦C until blotting. Samples were diluted in laemmli 
buffer with 5% beta-mercaptoethanol heated to 100 ◦C for 5 min and 
then cooled to RT. 3 μg of histones were loaded into a precast 4–20% 
stacked polyacrylamide gel (Bio-rad). The gel was run in 1× running 
buffer (Invitrogen) for 45 min at 60 V and then for 1 h at 120 V. The gel 
was then washed with diH2O for 5 min and then allowed to equilibrate 
for 10 min in transfer buffer, 1X Tris-Glycine with 15% methanol 
(Boston Bioproducts). PVDF membrane was activated in methanol and 
allowed to equilibrate for 10 min in transfer buffer. The transfer ran for 
1 h at 100 V at 4 ◦C. The membrane was then blocked for 30 min with 5% 

(w.v.) non-fat milk 0.1% (w.v.) BSA in 0.1% (v.v.) Tween-20 Tris Buff-
ered Saline (TBS-T). Following blocking, the membrane incubated 
overnight at 4 ◦C with the primary antibody for H3K9me3 diluted in 
blocking solution (1:1000, Abcam: ab8898). The membrane was then 
washed 3× with TBS-T for 5 min and then incubated with the secondary 
antibody diluted in blocking solution for 1 h at RT (1:10 K, Thermo-
Fisher: 31460). The membrane was then washed 3× with TBS-T for 5 
min and allowed to incubate with ECL substrate for 5 min. Membranes 
were visualized using biorad chemidoc. The membrane was then strip-
ped by briefly rinsing with 0.1 M NaOH and washing 2× with TBS-T for 
5 min. The membrane was then blocked again before reprobing with 
pan-H3 primary antibody diluted in blocking solution for 1 h at RT (1:25 
K, Abcam: ab1791). The membrane was then washed 3× with TBS-T for 
5 min before incubation with secondary antibody diluted in blocking 
solution for 1 h at RT (1:10 K, ThermoFisher: 31460). The membrane 
was then washed 3× with TBS-T for 5 min before incubation with ECL 
substrate for 3 min followed by visualization. Blot images were analyzed 
using NIH ImageJ to calculate relative H3K9me3 to pan-H3 ratio for 
each sample. 

2.5. qRT-PCR 

RNA extractions were carried out according to manufacturer’s pro-
tocol and cDNA generated likewise (Qiagen RNAeasy; Qiagen Quanti-
tect reverse transcription kit). RNA and cDNA concentrations were 
determined using the Nanodrop 2000 (Thermoscientific). For qRT-PCRs, 
Sybr Green Master mix was used with the following primers and allowed 
to run for 40 cycles: B2 FWD 5′AGATGGCTCAGCGGTTAAGA-3’; B2 REV 
5′-GACACACCAGAAGAGGGTATCA-3’; IAP FWD 5′-AATTTCTT-
GAACGGCTCAGCCAGG-3’; IAP REV 5′-TGTTAGCAAACGGT-
CAGTCGTCCT-3’; 7SK FWD 5′- TCGGTCAAGGGTATACGAGTAG-3’; 
7SK REV 5′- TTTGGATGTGTCTGGAGTCTTG-3’. Per1, Myo GRE primers 
were adopted from Polman et al., 2012). Data was then analyzed using 
the ΔCt method. 

2.6. Chromatin immunoprecipitation 

Chromatin immunoprecipitation was carried out on hippocampal 
tissue as previously described (Bartlett and Hunter, 2019). In short, 
following decapitation and dissection, tissue was fixed immediately with 
1% formaldehyde for 15 min under continuous rotation. Cross-linking 
reactions were quenched with 0.125 M glycine for 5 min. Tissue was 
then washed 5 times with ice-cold PBS containing protease inhibitors 
and pellets flash frozen and stored at − 80 ◦C until processing. Chromatin 
was prepared using the Covaris ultra-shearing kit according to manu-
facturer’s instructions using the Covaris M220 ultrasonicator to achieve 
a chromatin smear between 200 and 600bp. Sheared chromatin was 
then used for H3K9me3 immunoprecipitation with magnetic protein A 
beads (10 μg/reaction; Abcam: ab8898; 20 μL/reaction; Millipore). For 
GR-ChIP, 10 μg of primary antibody and 20 μL of protein A magnetic 
beads were used for immunoprecipitation (Santa Cruz: G-5 sc-393232; 
Millipore). Cleared, precipitated chromatin was analyzed using the 
percent input method following qRT-PCR. 

2.7. Statistics 

We used R for preparation of graphs and statistical analysis. Data are 
presented as mean ± standard error (SEM). Data was analyzed using a t- 
test to compare control and CORT treated groups. 

3. Results 

3.1. Corticosterone induces increase in global H3K9me3 in the 
hippocampus 

We used immunohistochemistry to test whether CORT increased 
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H3K9me3 levels in the hippocampal formation in adrenalectomized 
rats. Following acute CORT injection, H3K9me3 levels were increased in 
the granular regions of the CA1 (Fig. 1A and B) and DG (Fig. 1A and C) 
subfields compared to vehicle treated animals (p < 0.05, n = 8 per 
group). 

3.2. Corticosterone induces selective H3K9me3 unmasking of B2 SINEs in 
the hippocampus 

We used qRT-PCR to observe differences in retrotransposable 
element expression levels following acute CORT treatment. We found 
that acute CORT increased B2 SINE expression (Fig. 2A, p < 0.001, n = 7 
per group) but decreased IAP-ERV expression (Fig. 2B, p < 0.001, n = 7 
per group). Concurrently, ChIP-qPCR was employed to assess differences 
in H3K9me3 occupancy at these transposons. We also observed that 
H3K9me3 was markedly reduced at B2 SINE elements following acute 
CORT treatment (Fig. 2C, p < 0.01, n = 7 per group) but was unchanged 
at IAP-ERV elements (Fig. 2D). 

3.3. Acute corticosterone increases global H3K9me3 in C6 cells 

To determine if corticosterone treatment resulted in large changes in 
heterochromatin, cells were treated with a range of corticosterone 
concentrations and collected for western blotting of histone extractions. 

Acute corticosterone treatment, 2 h, produced a logistic curve like dose 
response for H3K9me3 relative to H3 (Fig. 3A). Conversely, long term 
corticosterone treatment, 24 h, failed to produce changes in H3K9me3 
levels independent of dose (Fig. 3B). 

3.4. Acute corticosterone induces retrotransposon RNA expression via the 
glucocorticoid receptor 

To determine if corticosterone activated transcription of repetitive 
transposable elements, cells were treated with corticosterone or vehicle 
for one or 2 h. After both 1 h and 2 h, corticosterone induced IAP-ERV 
transposon expression (Fig. 4A). Similarly, corticosterone also induced 
B2 SINE transposon expression (Fig. 4B). Additionally, 1 h co-treatment 
with GR specific antagonist, RU486, blocks corticosterone induction of 
IAP (Fig. 4C) and B2 SINE expression (Fig. 4D). 

3.5. Acute corticosterone increases glucocorticoid receptor binding to B2 
SINE elements 

Given the relatively short length of B2 SINE elements, we investi-
gated the idea that the GR may bind to these loci. First, we confirmed 
previous reports showing that GR activation induces nuclear GR accu-
mulation (Koufali et al., 2003) (Fig. 5A). An exploratory in silico analysis 
using the MEME suite revealed a potential putative binding site within 

Fig. 1. Immunofluorescent imaging of H3K9me3 in control and CORT treated rats. Representative images of the CA1 and DG subregions of the hippocampus are 
shown (A.). H3K9me3 mean fluorescence was higher in CA1 (B.) and DG (C.) following CORT treatment (*p < 0.05, mean ± SEM). 
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the B2 SINE consensus sequence (Fig. 5E&F) (Bailey et al., 2009) (Bailey 
et al., 2009). Therefore, we predicted that acute corticosterone treat-
ment (1 h) may increase GR binding at B2 SINE loci. We observed an 
increase in GR association to the Per1 GRE following corticosterone 
treatment (p < 0.05, n = 3; Fig. 5B). We observed no difference in GR 
association to the Myo between groups (Fig. 5C). These observations are 
in alignment with previous findings of robust GR association to the Per1 
GRE following GR activation but no such association to the Myo gene 
(Polman et al., 2012, 2013). We observed large increases in GR associ-
ation to B2 SINE genomic loci following 1 h corticosterone treatment (p 
< 0.001, n = 3; Fig. 5D). A de novo motif discovery was conducted using 
MEME with default settings allowing for up to 10 motifs on the B2_Rn 
RepBase consensus sequence (Bailey et al., 2009; Jurka et al., 2005). De 
novo motifs were then compared against known eukaryotic vertebrate 
DNA motifs using TomTom (Gupta et al., 2007). This revealed signifi-
cant alignment between one de novo motif and the GRE consensus 
sequence and Zbtb3 primary motif sequence (p < 0.05; Fig. 5E). Previ-
ous reports have shown that as much as 58% of GRE containing GR 

binding sites contain Zbtb3 motifs (Polman et al., 2012, 2013). A com-
plimentary in silico approach using FIMO revealed significant alignment 
with the Homer GR consensus motif within the B2 SINE consensus 
sequence (p < 0.001; Fig. 5F) (Grant et al., 2011). The FIMO alignment 
overlapped with the location of the de novo B2 motif within the B2 
consensus sequence between bp 30–45 on the + strand, together sug-
gesting a strong likelihood of GR binding to B2 SINE elements (Fig. 5F). 

3.6. Acute corticosterone followed by serum depletion attenuates 
retrotransposon RNA expression 

We previously observed that corticosterone was sufficient to induce 
IAP and B2 SINE RNA expression in a GR dependent manner (Fig. 4). 
Therefore, we aimed to determine if changes in heterochromatin, i.e. 
H3K9me3, acted in a compensatory fashion in response to corticoste-
rone induced retrotransposon activation. The rationale for this experi-
ment was that in vivo circulating glucocorticoids rise in response to acute 
stress but under normal circumstances quickly return to baseline. 

Fig. 2. B2 SINE and IAP-ERV transcript abundance and H3K9me3 ChIP in the hippocampi of control and CORT treated rats. B2 SINE RNA was markedly increased in 
CORT treated animals (A.). IAP-ERV RNA was markedly decreased in CORT treated animals (B.). B2 SINE H3K9me3 association was reduced in CORT treated animals 
(C.) No difference in H3K9me3-IAP-ERV association was observed across groups (D.) (***p < 0.001,**p < 0.01, mean ± SEM). 

A.A. Bartlett et al.                                                                                                                                                                                                                              



Neurobiology of Stress 15 (2021) 100397

5

Therefore, we attempted to model this transient increase in glucocorti-
coids in culture. We observed that following 1 h of corticosterone 
treatment and then 1 h of serum depletion effectively attenuated ret-
rotransposon RNA expression (Fig. 6A and B). This attenuation in 
expression coincided with increased H3K9me3 at retrotransposon loci as 
shown via H3K9me3 ChIP-PCR (p < 0.001, n = 3; Fig. 6C and D). 
Increased H3K9me3 occupancy at retrotransposon loci following serum 
depletion suggests that H3K9me3 acts to suppress corticosterone 
induced retrotransposon activation. 

4. Discussion 

The hippocampus is a brain region that dynamically regulates gene 
accessibility via chromatin modifications in response to acute stress and 
glucocorticoids. Previous reports have demonstrated large increases in 
H3K9me3 in the CA1 and DG regions of the hippocampal formation 
following acute stress (Hunter et al., 2009, 2012, 2013). Our data sug-
gests that these changes may be driven at least in part by 
hypothalamic-pituitary-adrenal axis activation via CORT. Further, 
CORT-induced changes in H3K9me3 appear specific and are not 
observed across stress and glucocorticoid sensitive brain regions 
(Fig. S1). Yet, the increase in hippocampal H3K9me3 following acute 
stress localizes to transposable elements and appears permissive for 
transcriptional repression (Hunter et al., 2012). We have observed that 
in fact H3K9me3 occupancy at B2 SINEs is reduced by CORT treatment 
and remains unchanged at IAP-ERVs. The H3K9me3 unmasking of 
H3K9me3 at B2 SINEs was also associated with increased RNA expres-
sion. One possible explanation for reconciling these findings is that the 
time course for these studies vary significantly. The acute stress work on 
H3K9me3 valence at retrotransposons implemented an acute stress 
period, 45 min, followed by 45 min home cage recovery prior to sacri-
fice. Therefore, at time of sacrifice CORT levels have largely returned to 
baseline. This study utilized a high dose of CORT followed by sacrifice 
an hour later. Perhaps, Hunter et al. observed a compensatory homeo-
static response of retrotransposon re-silencing by H3K9me3 after stress- 
and/or glucocorticoid-induced activation (Hunter et al., 2012). This is in 
line with numerous studies demonstrating glucocorticoid action with 
the recovery phase of the stress response. Interestingly, observed dif-
ferential effects of CORT on B2 SINEs and IAP-ERVs activation and 
silencing, possibly suggesting different time courses across transposon 
families. Evidence of family specific regulation by glucocorticoids was 
observed in the rat hippocampus as we did not observe CORT dependent 
increases in the expression of either LINE1 ORF1 or LINE1 ORF2 or 
expression of LINE1s in C6 cells (Supplementary Fig. 4). Further studies 
are needed to establish the time course of both CORT and stress 

Fig. 3. Corticosterone increases global H3K9me3 in C6 cells following 2-h in-
cubation. 
After 24hr incubation, western blotting for H3K9me3 of histone extracts reveals 
does not reveal a dose response to CORT (Fig. 3A). However, after 2-h incu-
bation, western blotting for H3K9me3 of histone extracts does appear to pro-
duce a logistic dose response curve (Fig. 3B). 

Fig. 4. RNA expression of IAP-ERV and B2 SINE 
retrotransposons is increased by CORT treatment in 
C6 cells via the glucocorticoid receptor. 
Fold change compared to control at both 1hr and 
2hr is shown for 100 μM CORT treated cells (mean 
± SEM). Expression experiments were indepen-
dently replicated three times to verify the effect, the 
data shown and analyzed is from the first experi-
ment. After 1hr incubation with 100 μM CORT, IAP- 
ERV expression is significantly increased by an 
average of 3.11 fold relative to control (Fig. 4A., 
Student’s t-test, n = 3 per group, p < 0.01). After 
2hr incubation with 100 μM CORT, IAP-ERV 
expression is significantly increased by an average 
of 32.44 fold relative to control (Fig. 4A., Student’s 
t-test, n = 3 per group, p < 0.001). Likewise, after 
1hr incubation with 100 μM CORT, B2 SINE 
expression is significantly increased by an average 
of 7.53 fold relative to control (Fig. 4B., Student’s t- 
test, n = 3 per group, p < 0.05). After 2hr incuba-
tion with 100 μM CORT, B2 SINE expression is 
significantly increased by an average of 27.08 fold 
relative to control (Fig. 4B., Student’s t-test, n = 3 
per group, p < 0.001). After 1hr incubation with 
100 μM CORT, IAP-ERV expression is significantly 
increased relative to control (Fig. 4C, Tukey’s post- 
hoc, n = 3 per group, p < 0.0001). Co-treatment 
with GR-specific antagonist, RU486, blocks CORT 

induction (Fig. 4C, Tukey’s post-hoc, n = 3 per group, p < 0.0001). Interestingly, RU486 alone appears to reduce IAP expression compared to control (Fig. 4C, 
Tukey’s post-hoc, n = 3 per group, p < 0.01). Likewise, after 1hr incubation with 100 μM CORT, B2 SINE expression is significantly increased relative to control 
(Fig. 4D, Tukey’s post-hoc, n = 3 per group, p < 0.05). Co-treatment with GR-specific antagonist, RU486, blocks CORT induction (Fig. 4D, Tukey’s post-hoc, n = 3 
per group, p < 0.01).   
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activation of transposons as well as the time course of transposon 
re-silencing. 

In line with our finding that CORT facilitates epigenetic activation of 
B2 SINEs, activation of transposable elements by environmental stress 
have been observed in several contexts. For instance, in response to 
repeated cocaine exposure H3K9me3 valence was reduced at transpos-
able element loci and associated with increased transposon expression in 

the nucleus accumbens (Maze et al., 2011). Similarly, Linker et al. have 
consistently observed transient transcriptional activation of B2 SINEs in 
the mouse hippocampus following novel environment exposure. First, 
they showed that B2 SINE RNA was enriched in fos + DG cells following 
novel environment exposure (Lacar et al., 2016). Subsequently, this 
group confirmed that these B2 SINE RNAs were in fact bona fide tran-
scripts featuring the necessary machinery for independent 

Fig. 5. Acute corticosterone incubation increases glucocorticoid receptor binding at B2 SINE elements. 
C6 cells were incubated with either 100 μM CORT or vehicle for 1 h prior to cross-linking. As shown above, GR localization is observed in the nucleus following 
corticosterone treatment (Fig. 5A). Interestingly, GR association with B2 SINE elements is higher in corticosterone treated cells compared to vehicle treated cells 
(Fig. 5B; mean ± SEM, student’s t-test, n = 3 per group, p < 0.001) suggesting that GR activation leads to transient binding at B2 SINE loci. GR association with a 
known Per1 GRE is higher in corticosterone treated cells compared to vehicle treated cells (Fig. 5C, student’s t-test, n = 3 per group, p < 0.05). Conversely, GR 
association with Myo gene did not vary between conditions (Fig. 5C). A de novo motif discovery from B2 SINE showed significant overlap with glucocorticoid 
response element (GRE) consensus sequence as well as GR cofactor Zbtb3 primary sequence (Fig. 5E). Similarly, motif search for the consensus GRE identified a GR- 
binding site within B2 SINEs (Fig. 5F). 

Fig. 6. Serum depletion following corticosterone 
incubation attenuates retrotransposon expression 
and increases H3K9me3 occupancy at retro-
transposon loci. 
C6 cells were incubated with either 100 μM CORT or 
vehicle serum augmented media for 1 h then media 
for both conditions was changed with serum- 
depleted DMEM. After 1 h in serum-depleted 
media, cells were harvested for RNA extraction. As 
shown above, IAP-ERV (Fig. 6A) and B2 SINE 
(Fig. 6B) expression is reduced to control levels 
following 1hr depletion. Increased H3K9me3 accu-
mulation at RTs is observed after 1hr 100 μM CORT 
incubation followed by 1hr serum depletion. 
Percent input is shown for H3K9me3-ChIP followed 
by qPCR (mean ± SEM). H3K9me3 binding of IAP- 
ERV elements is significantly higher after 1hr 100 
μM CORT incubation followed by 1hr serum deple-
tion compared to control (Fig. 6C, student’s t-test, n 
= 3 per group, p < 0.001). H3K9me3 binding of B2 
elements is significantly higher after 1hr 100 μM 
CORT incubation followed by 1hr serum depletion 
compared to control (Fig. 6D, student’s t-test, n = 3 
per group, p < 0.0001). Increased H3K9me3 at RT 
after 1hr 100 μM CORT incubation followed by 1hr 
serum depletion is correlated with reduced RT 
expression, returning to control levels, suggesting 
that H3K9me3 silences RT expression following 
CORT depletion.   
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transcriptional activation - not simply an artifact of “read-through” 
transcriptional events (Linker et al., 2020). These findings suggest the 
capacity for hippocampal B2 SINE transposons to be transcriptionally 
activated on the same time scale as immediate early genes by acute 
stress, supporting a potential role for rapid activation B2 SINEs by cor-
ticosteroids. Likewise, cellular stress, i.e. heat shock, has also been 
shown to rapidly activate B2 SINEs though whether this activation is due 
to epigenetic unmasking remains unanswered (Allen et al., 2004; Kugel 
and Goodrich, 2006). Within this context, B2 SINE was shown to regu-
late “housekeeping gene” expression of at least one known sexually 
dimorphic gene, beta-actin (Espinoza et al., 2004; Yakovchuk et al., 
2009). While these experiments have only included males, preliminary 
findings have suggested that hippocampal B2 SINE transcript abundance 
may be sexually dimorphic (Lambert et al., 2019). Future studies 
leveraging next-generation sequencing approaches are needed to 
determine both the presence of internal promoters within CORT acti-
vated transposon transcripts, so called bona fide transcripts, as well as 
the precise genomic loci of transposon-derived RNA (Linker et al., 2020; 
Guffanti et al., 2018). 

Numerous stress-related disorders, for example PTSD and MDD, 
show evidence of epigenetic influences related to acute stress or trauma 
(Daskalakis et al., 2018b). Additionally, the hallmark of these disorders 
is the improper regulation of peripheral endocrine HPA axis response 
(Yehuda and Seckl, 2011; Adam et al., 2010). Many large genome-wide 
association studies have failed to identify significant gene(s) associated 
with neuropsychiatric disease pathology (consortium and Spar, 2015; 
Duncan et al., 2018). Therefore, understanding the basic mechanisms by 
which glucocorticoids interact with the deep non-coding genome is 
paramount to understanding the complex molecular physiology associ-
ated with HPA axis dysregulation and may be pertinent to understand-
ing neuropsychiatric disease states (Bartlett and Hunter, 2018). Here, 
we have demonstrated that glucocorticoids can dynamically induce 
retrotransposon expression and that epigenetic machinery appears to 
control the glucocorticoid dependent window of expression (Fig. 5). The 
current study suggests that perhaps the findings of Maze et al. and 
Hunter et al. demonstrating the ability of the environment to induce 
changes in H3K9me3 at repetitive transposon loci in both the nucleus 
accumbens following chronic cocaine exposure and in the hippocampus 
following acute stress, respectively, represent compensatory mecha-
nisms to regulate environmentally induced repetitive element expres-
sion (10, 20). This idea is further supported by the findings of Lacar & 
Linker et al. showing by single cell sequencing that in the dentate gyrus 
following novel environment stress exposure recently active neurons, 
c-fos positive, show robust B2 SINE expression compared to other local 
neurons (21). In light of our own findings, it is tempting to posit that 
perhaps stress induced B2 SINE expression on the same temporal scale as 
immediate early gene expression may in part be driven by circulating 
glucocorticoids. 

It is worth noting that for many neuropsychiatric diseases, large 
genome wide association studies have failed to identify significant, 
potentially casual, links between protein coding gene mutations and 
subsequent pathology (consortium and Spar, 2015; Duncan et al., 2018). 
This suggests that epigenetic mechanisms and or the non-coding genome 
may likely prove fruitful in furthering our understanding of the molec-
ular underpinnings of neuropsychiatric disease. For instance, many 
transposable elements feature cis-regulatory elements that can function 
as promoters and drive neighboring gene expression (Mager and Stoye, 
2015; Chuong et al., 2017). Therefore, changes in the chromatin land-
scape at these non-coding elements can lead to altered proximal gene 
expression (Lunyak et al., 2007). Transposable elements have appeared 
to co-evolved with host genomes and adapted to recognize host tran-
scription factors (Rebollo et al., 2012; Sundaram et al., 2014). For 
instance, many Alu SINE elements, the primate specific B2 SINE-like 
analog, feature both direct and inverted steroid response motifs while 
others appear necessary for steroid receptor binding to motif “half-sites” 
(Babich et al., 1999; Bolotin et al., 2011; Polak and Domany, 2006; 

Jacobsen et al., 2009). Recent work has suggested an emerging role for 
transposable element RNA in regulating local inflammatory responses 
and housekeeping gene expression (Allen et al., 2004; Espinoza et al., 
2004; Yakovchuk et al., 2009; Kaneko et al., 2011; Tarallo et al., 2012). 
In the former context, accumulation of Alu retrotransposon RNA 
following DICER1 loss of function facilitated NLRP3 inflammasome 
activation and subsequent macular degeneration (Tarallo et al., 2012; 
Bam et al., 2017). Interestingly, DICER loss of function has been asso-
ciated with increased inflammation and PTSD diagnosis and also has 
been shown to be predictive of PTSD status comorbid with depression 
(Bam et al., 2017; Wingo et al., 2015). In the latter, both Alu and B2 
SINE elements were found upregulated in response to heat shock (Liu 
et al., 1995; Fornace and Mitchell, 1986). When elucidated, these RNA 
were found to directly interact with RNA Pol II to pause transcription at 
a number of housekeeping genes (Allen et al., 2004; Espinoza et al., 
2004; Yakovchuk et al., 2009). Further, the processing of SINE RNA 
appears to be necessary to relieve housekeeping gene repression and 
most recently aberrant SINE processing has been associated with Alz-
heimer’s disease (Zovoilis et al., 2016; Cheng et al., 2021). It stands to 
reason that potentially in other contexts, i.e. acute stress or corticoste-
rone challenge, these RNAs are acting as master regulators of gene 
expression changes and may represent a novel basis for understanding 
stress-related brain disorders. 

5. Conclusions 

While large scale hippocampal chromatin reorganization is observed 
in response to acute CORT treatment these changes are similar but 
distinct from those seen in response to acute restraint stress. Acute CORT 
depletes H3K9me3 occupancy at B2 SINEs and increases B2 SINE tran-
script abundance while remaining unchanged at IAP-ERVs. IAP-ERVs 
transcripts are downregulated by CORT treatment but do not show 
differences in H3K9me3 occupancy. This may suggest that silencing of 
IAP-ERVs is facilitated via other epigenetic mechanisms or that any 
change in H3K9me3 occupancy is localized to a region outside our 
amplicon. The precise timings of these events as well as their potential 
relevance for affecting cellular processes remain open questions. Data 
from C6 cells show that CORT treatment rapidly induces global changes 
H3K9me3 and B2 SINE and IAP-ERV RNA expression. GR binding to the 
genomic B2 SINE was observed and may represent one potential 
mechanism by which CORT drives retrotransposon RNA expression. 
After CORT depletion, retrotransposon RNA expression returns to 
baseline and is accompanied by H3K9me3 occupancy at these loci 
suggesting a compensatory epigenetic response to CORT induced- 
expression. Together these data highlight the capacity for stress and 
glucocorticoids to interact with the deep genome via the glucocorticoid 
receptor. 
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